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’ The 19" Intematlonal Semmar on Interactron of Neutrons with Nucle1

“‘-Fundamental Interactions & Neutrons, Nuclear Structure Ultracold Neutrons

Related Topics™ (ISINN-19), was traditionally orgamzed by the Frank Laboratory of
Neutron Physics (FLNP) of the Joint Institute for Nuclear Research (Dubna, Russia).

The Semmar continues the series of annual conferences in the field. of neutron

hysics.

i ISINN-19 was held in Dubna from May 24 to 28, 2011 More than 100
participants attended the Seminar representing leading nuclear, centers of Belarus,
Czech Republic, France, Germany, Korea, Republic of South Africa, Romania,
Russia, Serbia, Ukraine, and the USA. A numerous and representative delegation
from JINR included participants from the FLNP, Flerov Laboratory of Nuclear
Reactions, Veksler-Baldin Laboratory of High Energy Physics and Dzhelepov
Laboratory of Nuclear Problems. More than 80 oral and poster reports were presented
at the Seminar.

The Seminar started from discussion of ultracold neutron (UCN) physics and
fundamental properties of the neutron. As usual, very interesting new results, obtained
at one of the best research facility in the world — research reactor ILL, were presented.
UCN optics and gravity resonances were discussed. Important progress in study of
fundamental properties of the neutron by the method of Laue diffraction in large
silicon crystal was presented. Preliminary results of large international collaboration
on investigation of space parity violation in (np,dy)-reaction were reported and
generated debates. .

Many talks in the second day of the Seminar were devoted to different aspects
of neutron induced reactions. The focus was on experimental and theoretical study of
the (n,a)-reaction. The important for application results were presented by a group
from Institute of Physics and Power Engineering (IPPE), Obninsk, Russia and from
FLNP. There were also discussed the new: approaches for description of photon
strength function and statistical properties of neutron and gamma widths of compound
states as well as P-odd effects in (n,y)-reaction. Information on the new basic facility
of FLNP IREN and coordination of its scientific program with that of a similar pulsed
neutron source in Pohang, Korea was met with interest.

Third day was full of interesting reports devoted to nuclear ﬁssmn Experiments
with slow polarized neutrons provide important information on basic mechanism of
the fission process. The results of last measurements done at ILL and Hahn-Meitner
Institute discovered new properties of binary and temary fission. The report on study
of nuclear tripartition in collinear geometry aroused great interest. Such experimental
approach permits to discover the new phenomenon — cluster decay of strongly
deformed fission products. The important new results were presented also for study of
delayed neutrons and for development of new experimental technique related to

ceincidence detection of fission products. The day ended with a very informative
Poster session.



The final day of the Seminar includes two parallel sessions. One was devotc_ed_ to
various methodical aspects. It includes in particular a series of talks summarizing
recent successes in application of micropixel detector systems for multidimensional
experiments. Beside that the progress in development of neutrqn pulsed source at
Institute of Nuclear Research, Troitsk, Russia was reported. The different apl?llcatlons
‘of Neutron Analytical Methods were discussed in the parallel session. :l"he
environmental pollutions and human health problems were m the center of .dlscussmn.
- We would like to acknowledge the traditional support of the Seminar by the
Russian Foundation for Basic Research (grant Ne 11-02-06044-r) .This allowec.l many
young ‘scientists to take part in the Seminar and ‘made it possible to publish the

Seminar Proceedings.

ISINN-19 Co-chairmen '

e i g - W.I.Furman
V.N.Shvetsov

... T-ODD ANGULAR CORRELATIONS IN THE EMISSION
. . OF PROMPT NEUTRONS IN %5y FISSION INDUCED
2 BY POLARIZED NEUTRONS T

N Danilyan G.V.1, Klenke J.2, Krakhotin V.A.!, Kopatch Yu.N.3, :

- Novitsky V.V.3, Pavlov V.S.1, Shé.ta.lov PB.!

‘,f.i;Iﬁstitufe for Theoretical and»Experimental’Physics, Moscow, _Russia

'Germany

2 Forschungs-Neutronenquelle Heinz Meier-Leibnitz (FRM II), Garching,
~A3‘§ Frank Laboratory of Neutron Physics, JINR, Dubna, Russial

- In 1998, the collaboration of Russian and German institutes performed
at the high-flux reactor of the Institut Laue-Langevin (ILL) an experiment
on search for the T-odd three-vector correlation in ternary fission of 233U
by cold polarized neutrons. The investigated angular correlation can be
represented by expression — ‘

W =1+ Dy (o - [Fn % prF]). - ()

'He_fe D, is the correlation coke,kfﬁé‘iént; &, is the spin of the neutifon
captured by 2*3U; and 7, and ;5 are the momenta of the « particle emitted
in ternary fission and of the light fission fragment, respectively. All the

vectors are'normaljzed. ‘ o ‘ o o
Such an experiment to test the time reversal invariance of nuclear forces
had been proposed earlier in [1]. But the violation of time reversal invari-
ance in the inelastic nuclear reaction cannot be observed due to unavoid-
able final states interaction, which can imitate the T-odd correlations. So,
unexpectedly large magnitude of the coefficient D, (10~3) [2] was very
surprising. It can result from interference effect in strong and/or electro-
magnetic interactions of o particle with fragments in final states. The most
simple theoretical model explained the observed correlation by the Coriolis
mechanism [3]. R I
_ Later, a detailed study of the correlation (1) showed that the angular
distribution of & particles relative to the fission axis is shifted when invers-
ing the polarization direction of neutrons inducing fission [4].The direction
of shifting is determined by the direction of ‘neutron beam polarization.
Being unable Yo find any systematic effects which could explain the ob-
served phenomenon, the authors concluded that the effect is caused by the
rotation of polarized fissioning nucleusvbefore‘it'splits into the fragments,

11



and called it ROT effect. Analysis showed that it is not the shift of the
angular distribution of « particles, which is formed with respect to the
axis of deformation of the fissioning nucleus, but the rotation of the fis-
sion axis by a small angle with respect to which the angular distribution
of a particles is measured. This axis deviates from the original direction
of the deformation axis due to the composition of radial and tangential
velocities of the fragments. The trajectory of the fragments, instead of
linear.in the absence of rotation, becomes hyperbolic.- The polarization
of the neutron beam determines the direction of polarization of the fis-
sioning nucleus and sets the direction of its rotation; this determines the
direction of the deviation of the fragment trajectory. Such a correlation
of light charged particles emission directions with the direction of neutron
beam polarization can also be formally represented by a T-odd function
(ﬁve-vector correlation):

W=1+R(d'n-[E7xﬁLF]) (a-ﬁ,-,f). )

-In contrast to the correlation (1), the momentum of the fragment is
squared in (2), and therefore, the effect has the same sign for both light
and heavy fragments The correlation coefficient R is proportional to the
rotation angle of the fission axis during the acceleration of the fragments
due to Coulomb repulsion and to the derivative of the angular d1str1but10n
of the a particles, detected at an angle 9 to the fission axis. ‘

From the above semiclassical description of the ROT effect it follows
that a similar phenomenon can be found in the angular d1str1butron of any
other partlcles accompanying fission of the nucleus into two fragments.
Therefore, once data were pubhshed in [4], an expenment has been set
up at the beam of polarrzed cold neutrons of the BER-II reactor of HMI
in Berlm in order to measure the ROT effect in the emission of prompt
7 rays in binary fission of #5U by polarized cold neutrons [5, 6]. The
sought effect was found, but about an order of magmtude smaller than
for o particles. The angular distribution of 7y rays emitted by fragments is
a.msotroplc with respect to the direction of the momentum of the fragment
and this experimental fact was expla.med by Strutinsky [7] as a consequence
of the spin alignment of the fragments durrng breakup of the nucleus in a
plane orthogonal to the deformation axis of the fissioning nucleus. So 7
rays emitted by the fragments are anisotropic with respect to the axis of
the ﬁssronmg nucleus deformation. And a.lthough they are emitted not at
the moment of scission, however, they may demonstrate the ROT effect.

‘12
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(Fig. 1).

Similar effect can be expected in the emission of prompt fission neutrons,
assuming that the angular distribution of prompt neutrons in the rest frame
of the fragments is anisotropic.

We have performed such an experiment at a beam of cold polarized
neutrons MEPHISTO at the FRM II reactor of the Technical University
of Munich [8]. The threefold and fivefold correlations in the emission of
prompt neutrons from fission of %*U were measured simultaneously. The
neutrons were detected by plastic scintillators placed at angles 90° 4 22.5°
and 270° £ 22.5° to the fission axis in coincidence with light and heavy
fragments. The detectors recorded <y rays and neutrons being separated
from ~ rays by time of flight from the target to the detector. To control
the operation of the equipment, threefold and fivefold correlation in the
emission of 7y rays were measured. ROT effect in the emission of v rays
has been confirmed with high precision, but other effects were not found
within the experimental errors of the order of (2 — 3) x 1075, Since the
desired effects were measured only at an angle of 67° to the fission axis,
the setup was slightly modified and measurements were continued.

Collimated beam of cold polarized neutrons passes through a system of
controlling the direction of the longitudinal polanzatron and, being guided
by leadrng magnetic field, enters into a fission chamber ﬁlled with isobutane
to a pressure of 8 mbar. It hits the target, which is a 1-mm-thick zirconium
plate, covered by a layer of oxide-protoxide of U with a thickness of
500 ug/ cm®. The start and stop multiwire proportional counters are placed
parallel to the 'target plane at a distance of 2.5 and 12.5 c¢m from the
target, respectively. “Start-stop technique allows identifying the mass of
the detected fragment, i.e., separating the light and heavy fragment groups
-Eight neutron detectors, which are plastic scintillators with a
diameter of 70 mm and a length of 120 mm, supplied with a photomultiplier
EMI 98394, are placed outside the chamber at a distance of 25 cm from the
target center. Neutron detectors are located at’ angles of +22.5°, +67.5°,
+112.5°, +157.5° relative to the direction of registration of the fragments
Centers of neutron detectors and detectors of the fragments are located in
the plane orthogonal to the direction of the neutron beam passing through

‘the center of the target. Neutron detectors allow for the registration of ~

rays as well Separation of neutron and ~ Tays could be done using time-of-
flight techmque (Fig. 2). Every event matching coincidence of the signals
from the neutron and fragment detectors is digitized by multichannel TDC

'CAEN V775N and stored together with the information about the direction

13
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‘Flgure 1: ROT effect for different groups of fission fragments.

FF - time-of-flight spectrum of 23U fission fragments at 10 cm base;
R(9) - ROT effect at angle of ¢ relative to the direction of the fragment’s
motlon

A

of pola.rization of the neutron beam. Reverse of polarization occurs at a
frequency of 1 Hz, the input of the TDC being inhibited by the time
of the neutron spin flip. At the same time, for the on-line control of
the installation, the coincidence count rates of neutrons/« rays and the
light/heavy fragments were recorded by counters, which were read out
every.5 min for each detector. The values of asymmetries, calculated by
the formula R = 5 +ﬁ_, were constantly monitored. Here N* and N~ are
the coincidence count rates for opposite directions of neutron polarization.
Simultaneously, the asymmetry of the fragment count rates was measured
and controlled. ’

Table 1 shows the values of ROT effect in the angular distribution of
prompt neutrons and v rays from fission, obta.med in this study, [5] and
[8]. Figure 2 shows the results of measurements of ROT effect in separate
intervals of the TOF spectrum of coincidences of the signals from neutron/y
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Figure 2: TOF spectrum of neutrons and +y rays, ROT effect in fission of

. 35U for different intervals of the time-of-flight spectrum.

Left — the prompt 7y ray peak; right — the peak of prompt fission neutrons;

R(¥) -ROT effect at angle of s relatlve to the dlrectlon of the fragment s
motion. " -

Table 1: 'ROT effect R for dlfferent angles relatlve to the ﬁssmn axis in
235U ﬁssmn

9 Ry 1075 qu, o

22.5° 212425 129+24
35° 105 15+4
55° 0+6 23+4
67.5°

~03+22 20.0+18
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Figure 1: ROT effect for different groups of fission fragments.

FF - time-of-flight spectrum of >**U fission fragments at 10 cm base;
R(9) - ROT effect at angle of ¥ relative to the direction of the fragment’s
motion. ‘ ' o
of polarization of the neutron beam. Reverse of polarization occurs at a
frequency of 1 Hz, the input of the TDC being inhibited by the time
of the neutron spin flip. At the same time, for the on-line control of
the installation, the coincidence count rates of neutrons/~y rays and the
light/heavy  fragments were recorded by counters, which were read out
every 5 min for each detector. The values of asymmetries, calculated by
the formula R = %—L‘r%, were constantly monitored. Here N* and'N~ are
the coincidence count rates for opposite directions of neutron polarization.
Simultaneously, the asymmetry of the fragment count rates was measured
and controlled.

" Table 1 shows the values of ROT effect in the angular distribution of
prompt neutrons and + rays from fission, obtained in this study, [5] and
[8]. Figure 2 shows the results of measurements of ROT effect in separate
intervals of the TOF spectrum of coincidences of the signals from neutron/«y

14

L i T M T M T T T v
[ N
4 R(225%) . 140
4 30
" 2 -4 20 'f, .
o) i
~ - {10 ¥
g ' 9
&0 ° 5
| ——1 9
4 -10
2 | 14 -20
30

500 1000 1100 1200 1300 1400
Channel (75 ps/channel)

700 800

Figure 2:-TOF spectrum of neutrons and ~y.rays, ROT effect in fission of
257 for different intervals of the time-of-flight spectrum.

Left — the prompt « ray peak; right — the peak of prompt fission neutrons;
R(?) — ROT effect at angle of ¥ relative to the direction of the fragment’s
motion. " R S ;

Table-1: ROT effect R for different angles relative to the fission axis in
25U fission - ' o '

9 Ry 107 R, 1075
22.5° 212425 12.9+24

35° 105 154
55° 0+6 23+4
67.5°

-03+£2.2 20.0+1.8
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ray detectors and the fragments. The effects in the maximum of neutron
peak are about two time larger than the effect in the 7 peak, which can
be explained by a larger anisotropy of the neutron emission in the rest
frame of the fragment, compared to that of the v rays. The ROT effect is
showing for prompt fission neutrons of 1 MeV and higher (see Fig. 3).
' Since the setup allowed us to distinguish between light and heavy fission
fragments, we were able to compare values of ROT effect at angles of 22.5°
relative to the direction of light and heavy fragments motion. One can see
in Fig. 4 that magnitude of ROT effect is higher at angle of 22.5° relative to
the direction of heavy fragment motion. We tried to obtain more detailed
dependence of ROT effect on fragment’s mass, and the result is shown in
‘Fig. 1. Higher statistics and better mass resolution are necessary to make
up any conclusion. )

TRI effect in the emission of prompt fission neutrons at angle of 67.5°

" relative to fission axis D(67.5°) = (—0.7 % 2.3) x 1073, so the correlation
coefficient D, in formula

W =1+ Dn (Pa - [& x PLF))
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Figure 4: TOF spectrum of neutrons and < rays, ROT effect in fission
of 35U for different intervals of the time-of-flight spectrum for light and
heavy fragments separately. R(®) — ROT effect at angle of ¥ relative to
the direction of the light fragment’s motion. : »

Dy = (—0.8+2.5) x 107,

.Main result of this work is observation of the ROT asymmetry in the
emission of prompt fission neutrons. There is significant asymmetry at
angle 22.5° relative to fission axis, while the effect at angle 67.5° has not
bee‘n observed. ROT effect increases with increase of the energy of prompt
fission neutrons. It is higher in the direction of heavy fragment’s motion.

. In a first approximation, the results are consistent with the calcula-
tions of the effects at angles of 22.5° and 67.5°, represented in the work of
Guseva [9]. Calculations were performed under the assumption that the
angula.r distribution of fission neutrons in the rest frame of the fragment is
anisotropic. Mechanism for the appearance of anisotropy in neutron emis-

J6veliMHEHHbIH HHCTHTYT
ALlePHBIX | HCCTiefjoBaHuM
l__ BUBJTUOTEKA




sion from excited fragments is similar to the mechanism of anisotropy of
prompt'fy rays and can be explained by alignment of the spins of fission
fragments in the plane orthogonal to the deformation axis of the fissioning
nucleus. Thus, both the emission of neutrons and «y rays from fission frag-
ments are anisotropic with respect to the axis of deformation of the fissile
nucleus, which leads to the observed ROT effects.

We are grateful to Yu.A. Belov and A.S. Zhokhov for technical assis-
tance in carrying out the experiment, Prof. W. Petry for supporting the
setting up of the experiment at the reactor FRM II, and Prof. M.V. Danilov
for his interest in this work. This work was supported by the Russian Foun-
dation for Basic Research (grant no. 10-02-00350-a) and the Ministry of
Education and Science of the RF.
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Fractlonal yields of delayed neutron precursors from fission of 2**U by relativistic protons

gorov A.S., Piksaikin V.M., Roshchenko V.A., Mitrofanov V.F., Myakishev G.A., Samylin B.F.,
) Goverdovskl AA.

State Scientific Center of Russian Federation
Institute of Physics and Power Engineering, Obninsk, Russia

Vaishnene L.A., Morozov F.A., Vorobyev A.S., Shcherbakov O.A.

Petersburg Nuclear Physics Institute, Gatchina, Russia

Abstracts

In present paper the method and set-up for measurements of delayed neutron
characteristics in interaction of heavy nuclei with relativistic protons are described. On the basis
of this method the time dependence of delayed neutron activity has been measured from
interaction of 2*U sample with 1 GeV pulsed proton beam of the synchrocyclotron of the
Petersburg Institute of Nuclear Physics, Gatchina. The measured data was analyzed in frame of
8-group precursor’s model with a consistent set of half-lives. Obtained results on the fractional
yields of ‘delayed neutron precursors are compared with an appropriate data from the fast
neutron induced fission of 2**U and systematics developed on the basis of these data. It was
shown that there is strong redistribution of fission products'in the case of fission of 2*U by
relativistic protons in respect of the neutron induced fission.

Experimental method and set-up

The measurements of delayed neutron decay from the ﬁssnon of 28U induced by
relativistic protons were carried out on the set-up installed at the synchrocyclotron of the
Petersburg Institute of Nuclear Physics, Gatchina. The synchrocyclotron is a pulsed accelerator
with a I GeV proton beam intensity of about 10" protons/cm®s in the location of sample. The
width of proton pulses in the ¥%U experiment was 0.008 s with the repetition time of 0.02 s.
Time profile of proton beam measured by neutron detector with the help of prompt neutrons
from secondary (p,xn) is presented on Fig.1. The targets in these measurements were the water
enriched by isotopes '®0 and polytetrafluoroethylene.

The experimental method employed in the measurements of delayed neutron decay
curves is based on cyclic irradiations of the 2**U samples by protons followed by the registration
of the time dependence of accumulated delayed neutron activity.
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Block diagram of the experimental set-up is presented on figure 2.

COMpressor (e —

PSC 8 P Beam
controfler
]
PXI

PXI-6602

Start Trigger Bus

Ll -
132Mbytes/s, 33Mhz, 32-bit PCI Bus

PXI Trigger Bus

Fig. 2. Block diagram of the experimental set-up: 1,6-sample position detector; 2-neutron detectory 3
preumatic transfer system; 4-neutron detector shield; S-beam ling; 7-sample of ¥*U; 8,9 Lase
positioning device; (P) preamplifier, (D) pulse discriminator; (Z) summator; (PSC) Pneumatic Systel
Controller; In the bottom of the figure the Data Acquisition system based on the National Instruments!
modules and the Labview programs is presented.
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" The boron’ counter of SNM-11 type at the operational potential of 650 V in the
proportio'n'al mode of operation was chosen as the main detector counting unit. Radiator in this
counter is a1 mg/sm” thick layer of boron enriched by isotope 9B up to 95%. The counter is
filled by the gas mixture of *He (97%) and Ar (3%). The SNM-11 counter is one of the best one
in respect to balance of neutron and gamma ray detection efficiency. The pulse amplitudes from

the compton electrons originated from gamma rays are significantly smaller than amplitudes

from neutrons. The test of the neutron detector showed that the detector is insensitive to gamma
rays from BNp sample of 2 grams. The manufactured detector is an assembly of 15 boron
counters distributed in three separate blocks of polyethylene moderator. The detector is shielded
against the neutron background by borated polyethylene and cadmium sheets. The amplifier (A)
and pulse discriminator (D) were used for two sets of counters — outer and inner as related to
incident neutrons. The output signals from these electronic channels are fed to a mixing module
(Z) coupled with DAQ electronic system. The dead time of neutron detector is 2.3+0.2 ps.
""" The pneumatic transfer system is capable to transport the sample for the time short
enough to measure the delayed neutron yields with the shortest half-lives. Two electromagnetic
valves ‘are responsible for the sample transportation route. The stainless steel tube with inner
diameter of 12 mm and wall thickness of 1 mm serves as a pneumatic flight guide (3). The
positions of the sample in the neutron detector and irradiation location are fixed by the plugs
with adjustable central hole  which provides the excessive pressure in front of the moving
sample and smoothes the contact between the sample and the plug. The information on the

* sample location is obtained from sample position detector (6). Time of flight of the sample is
* about 150 ms. : = ,

"Data acquisition system (DAQ) is based on the National Instruments mddqlfés [2]. The

* system is comprised of controller PXI-8104, multifunctional high speed module M ~ PX1-6251

and time counter PXI-6602. Controller PXI-8104 is made on the bases of processor Intel
Celeron M 440 ‘with frequency 1.86 MHz and dual memory DDR2 with frequency 533 MHz.
All modules are installed in special chassis equipped with PXI/PCI bus that allows to integrate
all modules in single platform. Counter/timer PXI-6602 was used for registration of the time
dependence of delayed neutron intensity. The PX1-6602 unit contains 8 cotinter/timer channels
each of which has size 32 bite. Three of them can be used simultaneously in high-speed pulse
counting in the buffered operation mode with direct access memory (DMA) and the rest 5
counters can be run with interrupts procedure. Counter/timer PXI-6602 is fully integrated in

- DAQ system with the help of RTSI real-time bus that enables its synchroniiation with other

modules of the system.
Measurement procedure

238 . . . . . .
U sample was made of metallic uranium. It was installed in a hermetic container made

of stainless steel. The container with the *®U sample was enclosed in thin metallic can which

transported by the pneumatic system. The start of the measurement was initiated by TTL DAQ
signal which was used as a command to open the proton beam. The same signal was generated
at the end of irradiation with the purpose to shut down the proton beam. Timebase stability of

'the DAQ system was determined by a crystal oscillator and was equal to 50 ppm (parts per

million). Background was measured with the help of a sample unit with the same construction
parameters but without 28U,
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where N(t) - the number of counts in the time-channel & with time-channel width Af, registered
in N cycles. of »i,rr'cidiai'tiqdb, va- the total delayed neutron, yield per one fission, B- the intensity of
neutron packground, 4 w a; - the decay constant and the relative abundance of i-th group of
delzi');/ed/neimon, precursors, n- number ,of proton; pulses in onie cycle of irradiation, . m- the
ﬁurﬁber“df;’;de_layed: neutron groups, T - the duration of one cycle of mea_sur_ements,' which
includes .,the,ir'radiati(')_n and delayed neutron counting time, ;- width of proton. pulse, & -
efﬁciehey of neutron detector, @ - the proton flux, or— the fission cross section, ‘Ny- the number

of atoms in a sample under investigation.

. The accumulated decay. curves were analyzed in the 8-group model épp'r'dximation:[4]
with the help of the iterative least-squares method [5]. The relative abundances for B8 were

obtained on the basis of experimental data which were measured with different irradiation times.

In the analysis of the delayed neutron time-dependence the data with irradiation time of 180 s

were used to obtain the group constants for the first, second and third group ‘of delayed neutrons.
Group constants for the fourth to the eighth groups were obtained from the data measured in the
experiment with the irradiation time of 15 's. The group constants obtained from the long time
irradiation data were fixed in the analysis of short time irradiation data. In the course of data
proCessingtwo additional groups of delayed neutron precursors were introduced to take into
consideration decay 16C and '™N with half-life 07471 4.17 s respectively. These nuclides ére
produced in interaction of 1 GeV proton with 28U with high probability [6]. It is allowed to take
into account a contribution of the fragmentation channel in the composite delayed neutron decay.

curve. Thus the obtained fractional yields of delayed neutron precursors are corresponding

mainly to the fission channel of the investigated interaction. The average half-life of delayed
d half-lives of their

neutron precursors was obtained on the basis of the relative abundances an

precursors according to formula <T>=%T;a; (=1-8). Obtained results on the fractional yields of
delayed neutron precursors and their average half-life calculated on the basis of these data are
presented in table I. -

Table L. Fractional yields of delayed neutron precursors and their average half-life from fission
of 238U by 1 GeV protons. c B

Group number, half-life and predominant precursors of delayed neutrons

1 3
55.6¢ 163 ¢
“Br SlBr

0.025 0.090 0.068

10.001 | £0.003 +0.003

It was shown in [7] that the average
the fast neutron induced fission of all isotopes of heavy nuclides can
exponential expression <I>= a-exp[-b-(AJZ)-92)], where 4 and Z

-

Average half- ‘
life, s

Target, 3
245¢
proton 137y

X
energy <T>=.T-q
v 1=

0.289

10.005

»

half-ife of delayed neutron precursors obtained in
be approximated by the
_ the mass number and
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e Results and ‘di‘scus‘sioAn

» 'CompoSite decay curves which were measured in interaction of 1 GeV pulsed beam of
pmtons with 28y with 'llfradiation times 15 and 180 s is presenfed on ﬁg.y3. The original scale of
time analyzet (0.0001 s/channel) was transformed in scale of 0.1 s/channel. The obtained data
were also corrected for the degradation effect of counting response of neutron detector placed in
a high intensity field of neutrons and gamma rays during irradiation time 31

o -U-238, tir=180s
. -U-238,tir=15s

1000

i L
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. Fig, 3.2(J:somposite delayed neutrons curves measured from interaction of 1 GeV pulsed beam of
protons with *°U with irradiation times 15 and 180's. Solid lines — results of delayed neutron parameters

e_stimatiqn. Time-channel width —0.1s. -

The_ general equation for the determination of the temporary delayed neutron
Fharactenstlcs (a;, M) on the basis of measured values in case of cyclic irradiation with pulsed
proton beam can be represented by the following expression ' '

N(tk)%A.Zz;.%_(l_é—kwk),e-#u d—B'Nk,

=1 i

B ST (ot I S =™ ),
- ey —em =™y

A =g,0r¢Nyva,
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. atomic number of compound nucleus respectively. As compared with (Ae-3-2)AJL systematic
(8], which is valid for isotopes of one element, systematic (4/Z)92 allows to predict the
average half-life of isotopes of all elements with the only set of parameters a and b. On fig.4 the
evaluated values of average half-life obtained on the basis of experimental data for the fast
neutron induced fission of U, Pu, Am, Np and Th isotopes are shown by separate points. Solid

line is an approximation of these data by the dependence <T>="a-exp[-b-(4/2)92)}- -

I5F o -uUisotopes” N o R
14 E O - Puisotopes : .
1B E A - Thisotopes
O - Am isotopes
12 E m - Npisotopes :
ngE—- <T>= a*exp[-b*(Ac/Z)*92)]
= @ -Ac220
10 E
3
“
A SE
= 85
v E
1E &
6 F
5SE
. ] ; il B . 1 ;
220 R R R | R S A 240

(A2

Fig.4. Systematics of the average half-life of ‘de"lay‘ed neutron precursors <7> from fast neutron

induced fission. The <T> values evaluated on the basis of experimental data for neutron induced fission
of heavy nuclei are shown by separate points. An approximation by expresion <T>= a-exp[-b(4/Z)92)]
is shown by solid line. The <T> values for | GeV proton induced fission of **U is shown by semi-filled
circle. e PRSI N .
: In order to compare the systematic (4/2)92 obtained for the <7> data obtained from the
fast neutron induced fission with the average half life <T> of delayed neutron precursors from 1
GeV proton induced fission of 2*U we need information about nucleon composition of
fissioning system. The parameter (4./Z)92 was estimated on the basis of the data on the cross
sections and the ratio of the average number of neutrons to number of protons obtained for
products from the inverse kinematics reaction 28)(1 A I>B)+p [9] presented on fig.5. The data
on the prompt neutron emission from fission fragments were taken into account. . -
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Fig. 5. Left side: the production cross section of products formed in interaction BIY (1 ATaB)+p
as a function of charge [9]. Gauss-like distribution in the middle of picture is related to fission products.
Right side: the ratio of the average number of neutrons to number of protons as a function of product
charge. . .

Obtained data are shown on fig.4 by semi-filled circle. It is seen that the average half life
of delayed neutron precursors from relativistic proton induced fission of 8y is significantly
different from the appropriate data related to the fast neutron induced fission. For more detailed
picture of distinctive features of low and high energy fission of 2384 the ratio of fractional yields
of 8 groups of fission products from: 1 GeV. proton:and 4.7-MeV neutron induced fission was
calculated. The results are presented on fig.6. This ratio is closely refated to the ratio of
cumulative yields of -appropriate fission products inasmuch as’ the emission’ probability of
delayed neutrons Py, in both cases is the same. ' o
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Fig.6. The fractional yield ratio of 8-fission product groups from 1 GeV proton and 4.7 MeV
neutron induced fission of P*U. First line under points are the group number; second - average half-life,
s; the rest — dominant precursors of the group.
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It is seen from fig.6 that there is strong redistribution of fission products in case of
fission of 2%U by relativistic protons. One can observe a decrease of contribution. of short lived
precursors groups with half-life 0. 195 and 0.424 s and an increase of contribution of the
precursor groups with half-lives 5.21 and 55.6 s in the composrte delayed neutron curve as
compared with the fast neutron mduced ﬁssron
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1. Introductlon

“The new - physical effect of the T-odd asymmetry of the light charged particle (LCP)
emission relative to the light fission fragment direction (with the unit momenta p, and py) in
the °U ternary fission induced by the cold polarized neutrons (with polarization o, ) was
observed for the first time by the wide international collaboration at the end of 90-th at the
ILL High Flux Reactor in Grenoble /1,2/. It was named “TRI-effect” because of formal
similarity to the well known effect of Time Reversal Invanance in B~decay 73l.

Wiri=1+DmrrOu[prxpal - ()
No essential dependence of the T-odd asymmetry coefficient Dirron the angle between the
vectors pr and pg was observed in the first expenments But with further investigations of the
smlla: effect in the **U ternary fission and with the increasing of experimental accuracy in
the U ternary fission the definite and specific dependence of such coefficients has been
established /4,5,6/. The observed second type of the T-odd asymmetry effect named “ROT-
effect” could be described by the followmg vector-scalar product:

 Wgor=1+Dror0wlpr xpal(®rPd S @
In this equatlon ) the coefﬁcrent DROT represents the angle of the LCP angular dlstrrbutron
shift.

To account for these effects the quasi-classical mode] of the polarized ﬁssromng system
rotation about its polarization direction has been proposed by the authors for the first time,
/5,6,7,8/. Such a model seems to be rather natural if one takes into account that the even-even
compound fissioning system formed after the cold polarized neutron capture, has mainly
collective types of excitations above the barrier top (including rotation ones). The directions
of such rotation and the start velocity have to be completely defined by the compound state
spins and their projections on the system symmetry axis. With theassumption’ that 'this
symmetry axis is conserved along whole way of the system decent from the barrier top to the
rupture point, the rotation speed has to be progressively reduced-as the mertra momentum is
increased with the nucleus elongation up to the rupture.

As a result of the system rotation the trajectorics of the resultmg charged fission products
will be affected in the motion' in its relative Coulomb field. In its turn such trajectory
Changmg after fissioning system rupture may give rise to a small turn (or shift) of the LCP
angular distribution, compared to the angular distribution without the system rotation. In a
general sense the ROT-effect can be considered as a first direct exhrbmon of the polarized
nucleus rotation. :
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By now' detailed investigations of both T-odd asymmetry ‘effects have béen performed only
for the 373U, °Pu and partly for the **Cm ternary fission induced by the cold polarized
neutrons. Therewith, all obtained experimental . results for the TRI and ROT-effects are
successfully described in the frameworks of our semi-classical model of rotation /8/. - :

In principle, since the-T-odd asymmetry effects discovery for the' LCP it was evident that
similar effects can exist for the neutrons and +Y-rays emitted near the rupture time.
Nevertheless, the first experiments in the 2*35y binary fission d1d not lead to these eﬂ'ects
observation /9,10/.

However, already collected 1nformat10n allowed to’ conclude that the new T-odd
asymmetry effects are closely connected with low energy fission dynarmcs and its further
investigations may open absolutely new ways for the studies of the fission dynamxcs

After discovery of the TRI and ROT-effects of the LCP emission asymmetry and its first
detailed investigations a number of theoretical publications appeared with the attempts to find
acceptable explanations of these two effects in low energy fission. First of all it was done in

the framework of the statistical model /11/, then within pure quantum mechanical approach -

/12/. and, recently, in .the approach of spin-orbital interaction /13/. In two first cases the
authors left room for pOSSlblllty to use quasi-classical model for the T-odd asymmetry effect

explanation but underlined the necessity to take into account different interference effects

between nelghbourmg nuclear levels. The author of the third. pubhcatlon doesn’t need any
rotation of the system to explain the T-odd asymmetry effects. However, neither of the three
theoretical works gives any ways to perform numerical analysis of the experimental data and
the ‘more so to get any estimations of expected values of parameters of new planned
experiments . ,

2 The mam experlmental results of the TRI and ROT-effects mvestlgations in ternary
. - fission

All resu]ts of the TRI and ROT-effects 1nvest1gatlons were obta;med with the use of the
'same experimental set-up. Being placed at the polarized neutron beam of ILL High Flux
Reactor - this set-up makes. possible to measure simultaneously energies and angular
dlstrlbutlons of the LCPs and fission fragments emitted from the thin targets of fissile nuclei.

" Normalized differences of the LCP emission probabilities for two mutually oppos1te
directions of the cold neutron polarizations as a function of the angle between LCP and the
light fraements emlsswn directions (ROT-effect) are presented in the Flgs 1,2 and 3.
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Flgl ROT-effect in 2°U ternary fission . Fig.2. ROT effect in %Py ternary fission
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T

Target | spin [ROT" [TRI 107

m’% 2',3°( 0.03(1) | -3.9(1)

| U | 3,4 |0.215(5) | 1.7Q2)

pu | 07,17 |0.020(3) |0.023(9)

Cm| 37,47 12(1)*
ey rrerrverreeeprerreerr) -~ Table L TRI and ROT effects
Af\ogles?aeteeear? pioa::%o;:, lﬁ?g " values for all investigated fissile

Fig. 3. ROT-effect in 9Py ternary fission " heavy nuclei i

In these cases the part of information that has no angular dependence (TRI-effect) has been
subtracted. The LCP angular distributions are shown as the histograms, the points with the
error bars are experimental asymmetries of the LCP emission and the calculated asymmetry
values are shown by the crosses. The deviations of the experimental and calculated points
from the smooth behavior (especially for the case of 2°Pu fission) in the region (90° + 120%)
may be connected with registration of some admixture of the heavy mass fragments because
of relatively bad experimental mass resolution. ..

Separate values of the TRI and ROT-effects for the 2“”‘”U and 2Py terary fission are
presented in the Table L. In the case of the % Cm ternary fission only the sum of both T-odd
asymmetry effects has been measured up to now. P

3. Comparison of the results of model calculatlons thh the expenmental data

: _The rotation model ana.lyses of the TRI and ROT effects are based on the txa_]ectory
calculations of the LCP emission with taking into account the-rotation of the: polarized
fissioning system about the polarization axis. To estimate the influence of the system rotation
on the fragments and LCP trajectories in the Coulomb field one needs to know the angular
velocity of the system and the start position of the charged fission products just near: the
rupture point. ‘The angular velocity of a strongly deformed fissioning system just near the
rupture point is obtained with the following main assumptions:

1. After the cold polarized neutron absorption the resulting excited compound nucleus is
- brought above the fission barrier with the spins of the transition states J*.= (I % %).
The ratio of these states occupancies s = of I — ¥3)/o( I + %) can be obtamed from the
nuclear data analysis.
2. The resulting polanzatlon of these transition states is conserved up to the ﬁssmmng
system rupture and is defined by the following equations: ~
PY)=2I+ 3)/[3(21+ DJ-ps for '=(A + %) and P(F )=~1/3-p, for J -(I V) 3)
where p,  is the cold neutron. polarization. ‘The . resulting  polarized - compound
“ nucleus will undergo rotation around the polarization axis with the angular velocity @

29



-2
JU+D-K* n
JUADZK R e s=141/2

w1=UiK) = M = , @
JUJ+D-K% h :
S __._.E;:T)-—.-Z—S—pn for J=I—1/2

" where X is J projection on the fission symmetry axis, which is conserved the whole
fission process, and 3 is the moment of inertia, which constantly increases during the
descent from the fission barrier to the rupture point. :
If the fission process is going through several transition states, then to obtam the
effective angular velocity one needs to perform the following summation:

b o)=Y lafevi). )
. where’ la K|2 - probability of the (J K) state existence.

3. Fissioning system configuration just before the rupture time was chosen in such a way
that * all” energy  and -angular distributions of fission products well known from
. experiments would be well described. /7/
With such assumptrons the first estimates of the LCP angular dlstnbutlon shifts were
obtained /8/.

* In contrast to the ROT-effects of T-odd asymmetry the TRI-effect has no such a wsual
1nterpretat10n In principle some factors may have an influence on the probability of the LCP-
emission relative to the plane of fission fragments and LCP emission direction such as: a
character of vibration excitations on the way -to-the rupture and the ‘peculiarities of the
fissioning system rupture into the. fragments and LCP. As a result, it is evident that some
supplementa.ry forces may have an effect on the LCPs in addition to the Coulomb and nuclear
ones, as’ for example: Coriolis, centrifugal, and inertial* (catapult) forces, connected -with
successive decreasing of the rotation velocity. It is important to note here that these forces
depend on the rotation velocrty, starting posrtlons and lmear veloc1t1es of the ﬁssron
fragments and LCPs: { 8

“Feoi=—2m [y X 0] Feentr =M@ X [r X (o] Fc.t.p =m [r X dm/dt] "(6\)
As both T-odd asymmetry effects appear together and are closely connected with ﬁssmmng
system rotation it seemed to be reasonable to try to find the way of their joined description in
the frameworks of our. model. To do so both observed T-odd asymmetry effects were
presented as the following sum:

L 1 ;S o 1 ) - S
D™ _ - oS kB K +K - @
ROT ROT+D17U 4 [(0 1+s I+s] [ L d+s l+s:|

where 5= O'(J+)/O'(J') is the ratio of fission probabilities through the transition states with the 1
spins J*, @* - the proper angular velocities, calculated with the formulas (4), and A, B —the 3}
constants. These constants were found from the fit of expression (7) to the experimental data §

for the TRI and ROT-effects in the 2°U ternary fission, where the measurements were
performed with the best accuracy.

The empirical expressron obtained in such a way was used then for the calculations of the T- 1

odd asymmetry effects in the 2*U and 2*Pu temary fission. Tables II - IV show the calculated

/'T-odd effects for different combinations of the K. and K_ values with the s-values (ratio of J+ 1
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) mU ROT (0) c(J-—2)/c(J~3)—0 79 114/

and J- cross sections) and the experimental values of De,, shown in table captions. The value
whichi 1s the closest to the experlmental one is shown in bold.

Tables II III IV. Calculated values of the ROT-effects ﬂeﬁ 51dc) and TRI-effects (nght side)

in the ternary fission of 2*#°U and » Pu

B3y TRI-apdext (x 10° %)

Dexp= 3(1)K+ Dexp=-3.9:10°
K,=0 | K.=1 = : K.=0 | K= =
T0.118 | 0.102 | 0.053° > Kol 1 Kem2
L2 , 0] 0 | 24| 35
(013110115 12966 4 K=1 [ 0861 -15 | ~2.6
0.170’0.153 0.105 K=2 [ 069 | 17 ] 28

235U ROT (. c(J—3)/c(Jf4)—0 5715/ B3y TRI-atpcpem (x 10 %)

245 '
: Cm ROT (). 0(J—3)/0L—4})— 57/ 5/,

- D= 0.215(1)° Deyp=1.7:107 :
K.=0 | K«=1 | K,=2 K+=3 : JX=0 [Ki=1 [K:=2 =3
K=0 | 0.183 | 0.169 | 0.128 | 0.058 K=0 0 35 [ 60 | -6.1
K=1-]0.191]0.177 | 0.135 [0.066 K=l ]| 12 | -24 | -48 | -50
K=2]0215 0.201 | 0.159 0090 K=2] 1.7 ] 18 [ 43 | 44
2”Pu ROT(°) o=0/0(J=1)=2.09/15/ mPu TRI-sdpexr (x 10° -
© " Dep=0.020(3) , " Dep=-0.2310"
K:=0 [K.=1 : ‘ K.=0 [K.=l
K=0 [0.057 [0.028 |- K=0|] 0 [-038

““As one can see, it is possible to explain successfully all experimental data using equation
(7) both in'values and in srgns Moreover, the most probable calculated values of the TRI and
ROT-effects in the #*U and 2**Pu ternary fission very well coincide with experimental ones.
This fact, on the one hand corroborates the main assumptions of our semi-classical model and
on the other hand perrmts to gredlct the expected T-odd asymmetry effects in the new planned
expenments in the 2#'Pu and **Cm ternary fission.

-1t is-well known that the transition state spins of the 2*’Pu” and 246Cm formed after cold

neutron capture coincide in values with the corre sponding spins of 4" and P6U*. Then, if
one assumes that the TRI and ROT effects in the 2*2Pu” and ***Cm” ternary fission exist at the
similar J,K combination as in the 2**U” and 2**U* one can expect therr srgns and values given
in the bold type (see Tables V and V).

‘ Tables V and VI. Expected values of ROT and TRI-effects in the 2°Cm and 2*'Pu ﬁsston

. ¥py RoT ). c(J=2)/c(J=3)=0.15 /15

0*= K=l IK=2 |K,=3 K=0 ] K=1 [ K=2 | K:=3
:O-igg -0.159 |-0.169 | -0.185 K=0 | 0277 | 0252 | 0177 | 0.052
=138 | -0.141 |-0.150 | -0.166 K=1']0.280 | 0255 -|.0.181 |- 0.056
1 -0.083 {-0.086 | -0.095] -0.111 o LK=21:0292 | 0.267 | 0.192 | 0.067
: 0;009 0.006 - | -0.004 | -0.020 - o :
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 25¢m TRI (x 10%)

24py TRI-sddexr (x 107)

Ke=0 | K1 K=2 K.=3 ; :
K=0 0 -0.829 | -1.396 | -1.440 K=0 | K.o=1 K=2 K=
K=1| 2.751 1923 1.355 1312 K=0 0 23.746 | 5.448 | -3.065
K=2| 4.002 | 3.173 | 2.606 2.562 K=1] 0256 | -3.490 | -5.193 | -2.809
K=3 | 2251 | 1422 | 0.855 0.812 K=2 | 0.205 | -3.541 | -5.244 | -2.860

The simultaheous déscription of both, TRI and ROT effects by the same combination of the

K+/K- values for each measured nucleus, including the predicted ones for 2Py’ and *°Cm”,;
will be very convincing argument in the support of our rotation model of the T-odd
asymmetry effects of the LCP-emission in the ternary fission of heavy polarized nuclei. '
4. Main results of the search for T-odd asymmetry effects of the y-rays and neutron .
S emission in the binary fission of polarized nuclei

} As it was pointed out in introduction, just after the first observation of TRI-effect of the . §

LCP emission in ternary fission it was evident that similar effects should exist in the
processes of the neutrons and y-quanta radiation if they are emitted near the rupture point. But
these effects in the 223U binary fission have not been observed in the first experiments /9,
10/ up to the level of accuracy about 5-10°. And only in 2009 in the work /16/ the ROT-effect
of T-odd asymmetry was observed for the y-quanta radiation in the 235 binary fission and
-was considered by the authors as an evidence of the prompt y-quanta emitted near the rupture
~ time. Our subsequent work /17/ corroborated this observation. However, quite different

explanation of the observed effect has been proposed. Following the work of Strutinsky /18/
and the mention of Novitsky /16/ we are convinced that this effect is the direct consequence 4
of the appearance in the rupture process of a strongly deformed fissioning system of large |
angular momenta of the fission fragments. These momenta, which are normally oriented |
relative to the fission fragment axis of symmetry, are conserved up to the time of the Y-quanta
emission ( =10 sec) and lead to the well known angular anisotropy of the y-quanta emission 1

and the T-odd asymmetry effects: : ~

W(6')=1+ A-cos*8+ Doy (80, lp'p"]) e

This‘expressiorll after some simple transformations will lead to the following formula for the
‘T-odd asymmetry coefficient value: i ' .

D™ zor = ~A-8-sin(26')/[1+ A-cos*(6")] © |

k where & is the shift of the y-quanta angular distribution, 6’ — the angle of the y—quahta l
emission, and ‘4’ — angular anisotropy value. The value of § obtained in our work /17/ was |
equal to 0.1030, whichis not too far from the angle of the LCP angular distribution shift in the

ternary fission of the same nucleus 2**U. ,

* It is necessary to point out that in spite of relatively simple and quite understandable ]

' mechanism of the y-quanta ROT-effect appearance in the binary fission it is undoubtfully

closely connected with fissioning system rotation. Namely because of these circumstances the
future investigations of this effect in comparison with similar effect for the LCP in ternary

fission may be very fruitful for the fission dynamics study at the low excitation energies.
e
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The quesﬁori about eXisttence qf the ROT-effect for the fission neutrons and its energy
dependence’has been. theoretically investigated in details in the work /19/. The main results of
this work together with the recent results of its experimental investigations /20/ are shown in
Figure4. . . C ' oo ‘ c

(NNJIN SN
]

2'0 4'0 0’0 l;) 160 150 1;0 150 1;0

Angle, deg.
. Fig4. I::xperimental ROT-effects for neutrons /20/ (black squares) in éomparison with
~ theoretical angular dependence of the ROT effects for neutrons and y-quanta /19/

With regard to the first observation of the ROT-effect of the neutron emission asy
the‘ fol}owm 3x;emarks have to be pointed out. First of all the deﬁnite"phys,ic'aie‘szalf(‘)fr;cat‘'Sg"\rililcll?arelgy
exists in the U binary fission induced by the cold polarized neutrons. However the sign anc)l,
value of. the obs.erved effe'ct turn out to be in the contrast with the theoretical predictions /19/.
" But if the dlfjfel-'enc:e in signs may be explained by another choice of the vectors order in

e formula (?), it is difficult to find the reason for the two times larger size of the effect. It
suggests an idea to propose that some instrumental asymmetry could exist- during ihe
;xl{:;.surements or the experimental result presented in the Fig.4 includes some value of the
[ -ef;fect of the T-odd asymmetry of neutron emission. In principle TRI-effect value about
1.5:10™ would not contradict to the upper limit of this effect existence (< 6-10”* ) obtained by

—the same authors in the work /9/.

Snr:atlll]e nc:ther. s1;le ct.Jmplete. absence of the TRI-effect for the neutron emission or its relatively
P aasgmtu e gx(;res evidence of absolutely. dlfferent mechanism of neutron emission in
b r’nuc }(l:olmpare to the LCP. The angular distribution of so called “scission” neitrons has
ki ess pr'onouncg! cotppared tq tht? LCP one. In addition, the yield of “scission”
sl tlil;:ncourlnpamed the ““U binary fission is not_higher than (3+5)-102/21/, which is much
Al % average of 2.5 prom[?t neutrons emitted from the excited fission fragments.
ROT-effons Zlf ;ug;):ri the n:ces;nty of new more detailed investigations of the TRI and
similar effects in ternary ﬁmﬁm%enflg;’?:;igfoxqumm rediation in comparison with
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- ONLINE COINCIDENCE DETECTION OF FISSION
’ FRAGMENTS AND LIGHT CHARGED PARTICLES
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Abstract ‘
With' the: goal to study- angular correlations of rare fission decay, charged-particle
Spatlal- and time-correlated measurements of fission fragments are being investigated with a
modular multi-parameter coincidence system based on several pixel detectors Timepix. In
addition to high granularity, wide dynamic range and per pixel threshold, Timepix provides
energy and time sensitivity capability per pixel. The detector is operated with the integrated
USB 2.0-based readout interface FITPix and the data acquisition software tool Pixelman. A

number of coincidence setups and techniques were investigated. Triggered measurements are
performed with an integrated spectrometric. module with embedded analogue signal chain

. electromcs Demonstratlon of the techmque is prescntcd with 4 spontaneous fission source.

Motivation

, Charged—pamcle c01nc1dence studlcs such as a.ngular correlations - between temary
particles and main fission fragments provide so far only partial information such’ as’energy
cutoff, poor spatial resolution and narrow range of studied ion Z numbers. Many of these
drawbacks which arise from the standard detectors used so far can be solved by highly
segmented quantum counting pixel detectors. Desired tasks include measuring the angular
distributions of light chargcd pamclcs (LCP) and resolvmg different modes of rare fission
decay (see Flg l) : .

_a);,_..,

Figure I: Two modes of quaternary fission: (a) true and (b) pseudo quaternary fission.

Spatial information of the emitted Itgh! charged particles detected in comc:dence gives the
signature. -
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Rare fission decay with the emission of one (ternary fission) or two. (quaternary
fission) LCPs is a unique_ tool to gxplorevthe dynamics and structure of atomic nuclei by
probing the fissioning system near the scission point and observing fissioning reaction and
* decay mechanisms [1]. Detailed spectroscopy of fission products is the necessary input for the
understanding -of fission configurations and dynamics of reaction mechanisms. Observables
. such as the angular momenta of LCPs correlated with the binary fragments are closely related
to the dynamics of the fissioning system in its final stages [1-31. o ‘

. Pixel Detector Timepix + FITPix Readout Interface + Pixelman Control/DAQ

. The -hybrid semiconductor pixel detector of the Medipix type [4] consists of a
radiation sensitive sensor bump bonded to an ASIC readout chip with integrated electronics
per pixel (see Fig. 2a). The chip is divided into an array of 256 x 256 pixels of 55 pm pitch
‘with full sensor size 14 x 14 mm?. Hybrid technology allows using sensors of different

materials (Si, GaAs, CdTe) and-thickness (300, 700, 1000 pm). Per-pixel pulse processing

electronics provides fast and noise free images.

) csespre b)

Semconducior
detectar

Bump-bond
contact

ASiC

Figure 2: Left: Principle of the hybrid pixel detector Medipix with the Sémicoﬁa’ugtbr sensor
bump-bonded to the readout ASIC chip containing integrated signal electronics per pixel.

Right: Medipix/USB radiation camera assembled from the chipboard and USB-based readout
interface (right). Data link to PC/notebook via USB port.

In addition to high granularity, wide dynamic range and per, pixel . threshold - the

Timepix device [5] provides energy and time sensitivity capability per pixel. The detector-

provides more complete information (position, energy, time, stopping power) for basically all
types of jonizing particles. Per-pixel threshold is about 4 keV for.a 300 pum silicon device.
Interaction/arrival time can be determined with a step of 25 ns. For charged particles, the
spatial resolution can reach, by event-by-event analysis and pattern recognition of the particle
track, sub-pixel resolution down to few pm.

The pixel detector is operated with integrated USB-based readout interfaces such as *
the USB 1.0 [6] and FITPix [7] devices (see Fig. 2b) which provide control, power and DAQ.’
Operation and online visualization are enabled by the sofiware package Pixelman [8,9): The

assembled system serves as an online radiation camera [10] for table-top and vacuum
operation, portability and configurability of different measurements and setups.

>
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Online Detection of Fission Fragments

The response of the Medipix2 detector to fission fragments were demonstrated ’[l 11.
The resolving power of the Timepix device to an alpha and spontaneous fission source (*°Cf)
is shown in Fig. 3. Timepix allows applying timing and spectral correlated techniques in the
same  sensor - for enhanced - background- suppression and unambiguous event-by-event
detection. We have developed 2 variety of instrumental configurations, trigger architectures
and multi-detector setups. These features combined with pattern recognition and event track
analysis provide enhanced signal to noise ratio with marked suppression of background and
unwanted events. As Fig. 3 shows, the-spatial information can be correlated to the spectral
information in order to distinguish desired events and suppress unwanted background. =

48.IMeV
N fragment -

3.

Fi iglzlre 3: Lefi: Online visualization window of the Pixelman software showing the response to
a “2Cf source of the Timepix detector operated in energy (TOT) mode. Sensor region shown

“of about 80 x 80 pixels. Right: Detail of detection of a fission fragment and several a

I.Jarticles.. Sensor region shown of about 45 x 45 pixels. Inaddition to' the spatial ‘2D
mformatwn the energy per pixel is recorded and can be displayed as_a third axis by the
vertical bar in color. Unwanted events such as a-decay pa‘rticle‘s',‘ pile-ups, X-rays and

 electrons.are clearly resolved by the spatial- and spectral-analysis (particle tracking and
pattern recognition). : . A

Coincidence Detection of Fission Fragments

In order to detect particles in coincidence, such as the Vtwokbinary fission fragments or

“a LCP_correlated to the binary fragments, we carried out measurements with two and also

with four pixel detectors. The experimental ‘layout with four detectors and ‘a spontaneous
flssxon source (32Cf) carried out at the JINR Dubna is shown in Fig. 4. Déébriptidn of the
instrumentation is given in Ref. [12]. In addition to the trigger implementation, an integrated
r{llaster module has been newly built [12] in order to validate the operation and synchronize
the c!ata readout when two and more detectors are connected. This syn’chronizingl'rhodixle
provides fully correlated data readout among all detectors maximizing data taking and

suppressing dead time but also significantly easing the offline data evaluation.
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Figure 4: Experimental setup of coincidence detection of fission fragments with 4 pixel =

detectors in vacuum. The analog signal from one detector is processed by an integrated
spectrometric module which triggers itself and all other detectors. L

~ Several ‘hardware techniques have been implemented and tested on various setups with
, a spontaneous fission source &y

"“a) Software Trigger + Low Threshold + Short Exposure Time

In this approach, the detectors start simultaneously by trigger generated arbitrarily. and
sequentially by the readout interface of one of the detectors. The detectors are run with low
per-pixel threshold and collect data in short. exposure time (Fig. 5). Data shown .were
“collected in Time mode in which the time of interaction (time stamp) of every, event is
registered and can coincidence events can be correlated among different detectors. In these
_measurements one detector acts as master and sequentially generates the trigger to all other
* detectors. This technique is useful when it is desired to register all types of radiation including
low energy particles. The data count rate is limited by the dead time of the readout interfaces
' which is about 15 ms and also the USB 2.0 speed capacity and the ‘performance of the PC. Up
“to about 10 and 20 fps per device can be collected with four and two detectors, respectively.
“Thus up to 10 and 20 sets of coincidence events can be recorded per second.
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Figure 5: Detection in coincidence of two fission fragments Sfrom a *’Cf source by two
Timepix detectors in low pixel threshold. Data taken in time mode and short exposure_time
(10 ms). The spatial information (top) correlates to the timestamp (bottom spectra). The time
scale is displayed in color by the vertical scale in ps. The large clusters correspond to two
binary fragments (appear in red at 8.846 ms). The small clusters are a particles from a decay
of *Cf. The frames correspond to the full sensor area (256 x 256 pixels = 1 4 % 14 mm’) of
two Timepix detectors equipped with a 300 um thick silicon sensor.

b) Software Trigger + High Threshold + Lo‘ng Exposui-e Time ‘

In another approach, the per-pixel thresholds are raised in order to suppress unwanted events
(Fig. 6) also allowing measuring for long exposure times. In this approach, only the fission
fragments are registered. Unwanted events such as a-decay particles and electrons from
interaction of y rays in the sensor are fully suppressed and produce no signal. This approach
thus maximizes the signal to noise ratio and count rate minimizing dead time. The count rate
of desired events (correlated pairs of fragments) can be thus increased by a factor 10-100
compared to the technique above (a). This factor can be even higher with a higher activity
source and/or closer target geometry. . !
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were- operated in time mode registering the events interaction time. Correlated events are
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¢) Hardware Trigger + Integrated Spectrometric Module

Another technique implemenfed for online detection of fission fraérriéhté >[V137]‘ makes use of

the analogue signal of the common sensor of the pixel detector (called back-side-pulse) which

can be used as an independent tool to control the start or end time of detector acquisition.
With devoted spectrometric signal chain electronics and processing, this signal can be, like for
standard p-i-n diodes, used to tag desired ions and provide a fast trigger.” We employed a
devoted spectrometric module built on an integrated and miniaturized chipboard which can be
embedded into the USB 1.0 readout interface. This module is operated with'a Windows
running plugin application which loads and controls the sensor bias, sets the threshold level
and displays and stores the module’s MCA. The triggered detection of three fragments in
coincidence is shown in Fig. 7. The data shown were collected in energy TOT mode. The
short exposure times provide unambiguous identification of coincidence event and
~straightforward analysis.
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Fi igure 7: Dgtection of three fragments in coincidence using a setup of four pixel detectors (shown in
i." ig. .4) consisting of two Timepix devices (bottom) and two Medipix2 devices (top). Events measured
in trigger mode (trigger signal generated by detector TPX'J06) and short exposure time (I ms). The
timestamp of data transfer and storage at the measuring PC for each frame is indicated. R

) The tim-e registry of transfer storage of the given frame in the measuring PC is
mcludeq. The time shift between the triggering detector (master) and the triggered detectors
(slave) is abf)ut 1-2 ps (trigger generation in the USB 1.0 interface) plus few tens:of ns
(processing time of trigger in the slave detectors). The data packages are then sent and stored
at the mea§uﬁng PC at yet greater different times (due to the data transfer and the data storage
at the _PC introduce further shifts) which can reach few tens of ms. During this interval the
next trigger can be generated which means some of the detectors may not be ready to collect a
;ew frame. This results in unsynchronized and incomplete sets of correlated data frames at the

C. Thus'the need arises for a coincidence veto module [12] which can validate the status and
synchronize the data readout of all detectors.
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Source Target Image Reconstruction ‘
. The spatial information obtained from the coincidence detection of the main binary
fragments can be used further — e.g. to visualize the distribution and determined density of
source material in the target. The target used and its reconstructed image with the material
. density are shown in Fig. 8. o . L

200

150

. 100

50

o
P : : - ~ L0 50 .. 100 150
- Figure 8! B20f source target used (left) and its reconstructed image (right). The source size is
“ 3.4 mm. The material distribution and spatial density are shown in color by the vertical bar.

Conclusions & Future work ) . :

The setup and operation of up to four pixel detectors have been implemented for
spatial and time coincidence detection of correlated particles for spatially directional studies
of rare fission decay. Several techniques have been constructed and demonstrated under a
number of particular detector and experiment conditions such as trigger implementation, per-
pixel threshold, sensor bias, and measurement exposure time. Fully synchronized data
acquisition and readout require a devoted coincidence module. to sever as arbiter for
ready/busy/veto device monitoring. Analysis of angular distributions/correlations and data
evaluation of ternary fission are underway. Long term measurements are planned for studies
of low yield rate such as quaternary fission. '
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‘Investigation of the Sub-threshold Fission Cross Section for 22Th and
2385
Yu V. Grlgonev 12 D, V Khlustm Zh.V. Mezentseva YuV. Ryabov

lInsutute for Nuclear Research RAN, Troztsk Russza
2 Joint Institute Jor Nuclear Research Dubna, Russia

Abstract ’I‘lme-of -flight spectra from 1% to 15* gamma-rays multiplicity coincidence of B2Th and 23!U were
measured on the 121.65 m flight path of the IBR-30 using the16-section liquid (n, 7)- -detector "PARUS" [1]. Two
plates of metallic thonum and a U;Oq powder with 99.9 % of By were used as the radiator-samples.. The U304
powder was packed in the aluminium tank. The spectra from: 1* to 7" multiplicities coincidence of Y-rays and
their averaged muluphcmes <K> =IP;*K (K - multiplicity number, Py - part of multiplicity) were used to obtain
the resonance and group capture cross-sections at the energy range from 1 eV to 4.65 keV. The spectra from 9
to 15" multlplxcmes coincidence of y-rays were served to determine the sub-threshold fission cross-section of

22Th and *U. The normalization of the sub-threshold fission cross-secnons at the energy range from 1 eV to .

4.65 keV was done using the fission cross- secuons for 232Th and U at the energy range from 2 5 MeV to 4
MeV. . :

We have carried out measurements of the TOF-spectra from 1St to 15‘h mult1p11c1ty
coincidences ‘of gamma-rays of 232Th and 23"IU to ‘determine the radiation" capture cross-
sections at the energy range from-1 eV to 4.65 keV. These ‘measurements have been

performed on the 121 m neutron flight path of the IBR-30 (W =10 kW £f=100 Hz, t =4 ps)

with the 16-section liquid detector “PARUS” [2] with a total volume of 80 1. The general
view of this detector is given in F1g 1.

Fig. 1 The general view of the experiment: 1 — the IBR-30 fuel core moderator; 2, 5, 7 -
collimators; 3 — resonance filter; 4- monitor; 6 — sa.mple—ﬁlter 8 — lead shielding of the (n,
v)- detector; 9— liquid detector; 10— rad1ator-sample 11 - HPGe - detector; 12 - neutron
detector

The intensity level of the neutron source was controlled by two boron counters SNM 12.
The neutron flux on the sample was detemnned by the followmg expresswn.

© 400
¢) (E ) Tpee [em’seV] (1)

- Two plates of metalhc B2Th (99.4%, 4 g) with a total tluckness of 0. 2 mm and w1th an area

. of S=4.5x45 cm? were used as the radiator-samples: The U;Os powder with 28U (99. 999%)

and 3.86 g of a weight, packed in the aluminium tank, was served as standard radiator-sample
as well.

To determine background components in time-of-flight spectra were used the resonance
filters from Al, Mn, Na, Cd -and B4C; which were fixed in the neutron beam. The background
components were subtracted and measured spectra were brought to a general monitor
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Fig. 2. The measured time-of-flight spectra of **Th' and 2*%U after background subtraction.

" The integral ‘ counts within the energy groups are- connected w1th 232’I'h and %U
capture cross-sections by the followmg expression: - :

: MYSUn/ND :
c (Th) =0, (U L2 Ao oy
)M S"'n"'N“ @ . .
Where <6>™ and <o‘c - capture cross-sections, Muand M™ momtor coefﬁc1ents for

the U and Th samples, n Yand n™ - thicknesses of radlator-sarnples sv and S ™ . areas of
radiator- samples. ' g

We assume that the registration efficiency of y — rays for the uU. and Th samples is the

s
- same. Then to. determine capture cross-sections of B2Th one can use the express1on 2),
Aknowmg capture cross-sections of 23xU '

S Since an influence of scattered neutrons 1s observed in the first three multuphcmes the
ummat1on from the 4™ multiplicity to the 7" one was performed to obtain capture cross-
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section. The experimental errors of capture cross sections 'arc" about 7%.
" Also the radioactive capture cross-sections were ca\lcul»atedby the GR
the base of the estimated data of various libraries.” ) 4 out
To determine the 2°*U and *’Th radioactive capture cross-sections were carried ou

several campaigns of measurements to obtain a good statistical ac{:utacy in counts per /
channel in every multiplicity. It was also allowed to observe a. weak resonance effec? of the
sub-threshold fission. To achieve. the statistical accuracy in the fission: cross-section the
measured TOF spectra from 8" to 15" multipli_citieslkwer‘e u§§d in the broad energy region.
These spectra are shown in Fig.3. = CURI T BT
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Fig. 3. Sum of the time of-flight spectra of **Th and **U from 8™ to 15" multiplicities
. without background subtraction. e

As one can see, that ény resonance structure of the sub-threshold fission cross sections
was not observed in the energy region from 1 eV to'10 keV. The accuracy of - determination
of sub-threshold fission cross sections for Th and 233 was done by comparison the fission
cross sections in the energy range 1 eV — 4.65 keV  with one <o = 0.13 barn of 2*Th
and <o&ME = 0.58 bam of 28U in energy range from 2.5 MeV to 4 MeV by the following
expression: '

NJE =¢™ < g, > MSn

N =¢" <o, SE MSn (3)
<o, > NEgHE

<0.f >HE N;IE¢LE

where: <o>"F and <o - fission cross-sections at the HE — high energy and at the LE - low

v
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: one, M - a monitor coefficient, n -a thickness of the radiator-sample;: S- an area of radiator-

sample, N£E, NHE - counts within the energy groups, €., OME — neutron fluxes within the
energy groups. P ) ) .

It should be stressed that the background components in the measured spectra was
practically coincide with the own background of the “PARUS” setup, consisting of the
electronic noise and cosmic radiation. -

In future, we are planning to continue this investigation in order to determine the sub-

_ threshold fission cross-sections by this method at better background conditions at the setup .

IREN-1 (FLNP JINR, Dubna). [4]
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“Ni”~BUMP AND ITS INTERNAL STRUCTURE

In our recent publications [1] we have presented experimental evidences of ‘existing of a
new type of ternary decay of heavy low excited nuclei called by us collinear cluster tri-

partition (CCT). The results were obtained in the frame of the “missing mass” approach. It. - |

means that only two from at least three decay partners were actually detected whereas a total

mass of these fragments being less the mass of mother system serves a signature of multibody -,

decay. Evidently direct detection of all CCT: products proves:to be a most convincing
experimental approach but much complicated one because mosaic detection systems must be
used to achieve the goal. : .

COMETA (Correlation Mosaic E-T Array) setup aimed at studying of rare multibody,
decays was put into operation recently in the Flerov Laboratory of the JINR. It is a double
arm time-of-flight spectrometer which includes micro-channel plate (MCP) based "start"

detector with the 2*2Cf source inside, two mosaics of eight PIN diodes each and a-"neutron”

belt" comprises 28 *He filled neutron counters. Below we discuss some results obtained at the
COMETA setup. o . ' : ‘ :

LIGHT CHARGE PARTICLES ACCOMPANIED CCT: SPECTATORS

OR PARTNERS OF THE DECAY?

We report here some results of three different experiments (marked Ex1, Ex2, Ex3 below)
devoted to the search for collinear cluster tri-partition of 22Cf (sf). The TOF-E (time-of-flight
vs. energy) method for the measurements of two FF masses in coincidence with detectors
placed at 180 degrees was used in all three experiments. In this method, the fragment
velocities ¥, obtained by means of TOF and the energy E are measured for each detected
fragment individually. Only two fragments were actually detected in each fission event (in
two detectors, at 180°) and their total mass, the sum M; will serve as a sign of a multi-body

decay, if it is significantly smaller than the mass of the initial system (“missing mass”

method). :

The most pronounced manifestation of the CCT as a missing mass event is a bump (fig. 1)
in the two dimensional of the mass-mass correlation plot [1]. In this distribution of the fission
fragment masses the bump occurs in one of the spectrometer arms with dispersive media (M),
whereas it is absent in the analogues variable for the second arm (M). The bump is marked
by the arrow in fig. 1a. We see two great bumps due to binary fission; the pronounced vertical
and horizontal intensities are due to binary fission fragments scattered from the entrance
support grid for the windows of the gas detectors. The FF mass correlation plot similar to that
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. experiments. The shift of the peak for the

obtained in Ex1 ‘(fig. 1a) is shown in fig. 2a. Projections of this distribution both on the M,
axis and on the M;-= const directions are presented in fig. 2b, and‘c, respectively. They are

:compared with ‘the analogous spectra from the experiments Ex1 including the’ result from the
235()(ny, f ) reaction [1]. The bump in the projected FF mass correlation data in fig. 2b is
- centered on mass (68+70) amu, associated with magic isotopes of Ni. This bump will be
.called below- as the “Ni”~bump.  The bump marked by the arrow in fig. 2a looks less
;pron()unced as compared to that obtained in Ex1 (fig. 1a). This can be partially explained by a

worse mass resolution due to the wide-aperture avalanche counter used ‘as “start” detectors in
Ex2,"instead - of the MCP based detector .in- Ex1. Projections- for Ex2 are shown in the

. «gifference” version, i.e. as a difference of the tail regions in'arm1 and in arm2, respectively.

Overall a good agreement is observed in the ?osition of the peaks in fig. 2b, and c for all three
U, ) reaction in fig. 2¢ has already been
discussed in ref. [1]. ' S L
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FIGURE 1. 2) Contour map (in logarithmic scale, the steps between the lines are approximately a:
‘factor 2.5) of the mass-mass distribution of the collinear fragments of BCE (sf), detected in
coincidence in the two bppositc arms of the FOBOS spectrometer. The specific bump in arml is
indicated by an arrow. Two large windows w1 and w2 are used in the later analysis (section 4). b)
The region of the mass distribution for the FFs from the reaction > 5U(n,h,»f ) around the bump. The
bump is bounded by magic clusters (marked by corresponding symbols near the axes). The tilted
arrow shows a valley between the ridges M, + M, =210 amu of M, = const. See text for details.
The methodically . quite  different -experiment Ex3:shows results, which confirm our
previous results concerning the structures in the missing mass distributions. In this case there
is no tail due to scattering from material in.front of the E-detectors. Fig. 3 shows the region of
the mass distribution for the FFs from *2Cf (sf) around the “Ni”~bump (M, = 68+80 amu, M,
=128+150 amu). The structures are seen in the spectrometer arm facing the ‘source backing
only. No -additional selection of the -fission events has been -applied. in-this: case; the
experiment has no background from scattered FFs. A rectangular-like structure below - the
locus of binary fission is bounded b_)/ magic nuclei (their masses are marked by the numbered
arrows) namely '%Sn (1), **Ni (2),” ?Ni (3). Two tilted diagonal lines with M, = 196 amu and
M;=202 amu (marked by number 4) startfrom - the partitions 68/128 and : 68/134,
respectively. In experiment Ex1- [1], Figure 6, similar sub-structures have:been seen for
masses M; = 204, 208, 212, 214 amu where they were revealed indirectly by the applying of
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the -second -derivative filter, but:in thelabsolutely statistically reliable r,distrib}ltion;(“Nl”—
bump) processed. Bearing in mind essential difference in the geometry of blocking medlur_ns
in Ex1-and Ex3 to be decisive for the relative experimental yields of the CCT modes with
different angular distributions between the fragments forming the fork flying in the same
direction the preference of lighter. partitions standing behind the tilted ridges in Ex3 is 'not
strange. Positions of the points in the lower part of fig. 3. do not contradict to posmble
existence of all the ridges revealed in Ex1 if the following magic partitions are assigned to
their beginnings: 70/134, 68/140, 68/144,70/144,. . : SR e
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S0 DR I FIGURE 2. Ex2.a) Contour map of the mass-mass
#20¢ {sf}, Ex1  distribution (logarithmic scale, wi.th }ines :
- S 1k approximately a factor 1.5) from a comcxd(.mce in
) e AN " the two opposite arms of Ex2. The bump in the
£ B e ] P v spectrometer arm (arml) facing the backing of the
8 L LN Gt Cf source is marked by the arrow. b) Projections
= e W x2 onto the M; axis for comparison with the
cish. £x2 : experiments Ex1, and with the results of the
- & B5U(ny, f) reaction (fig. 1b) [1]. ¢} Projections onto
° : the direction M; = M, + M,. Ex1 is presented by two

mo e W We w2 B cyryes marked by the arrows 1 and 2 (dotted) for
W, amu) the armland arm2, respectively.

Thus, comparison of Ex1 and Ex3 which are absolutely different both by the Qetectors and
mass calculation procedures used as well as the statistics collected delivers strong

confirmation of the existence of tilted ridges M; = const linked with magic partitions. As can.

be inferred from fig. 3, the yield of the FFs with the mass 128 amu, .wh.ich is extremely !ow in
conventional binary fission, is clearly seen. It means tl}at scattered blnaxy,fragmen‘ts in any
case cannot give rise to this structure. A part of the plpt just below the locus 9f the bl.narXOFFS
is shown in a larger scale in the insert. The structure is bounded by the magic nuc'le1 of *'Ge,
Ni, 1¥28n, **Ba (their masses are marked by the arrows 5, 6, 7,.8; respfactlvely). The
observations presented point to the fact that the .CCT 'decay occurs in a variety of. modes
(mass combinations), which could not be distinguished in Ex1 yvlthout afidmonal gating due
to the large background from scattered FFs. Likely due to the difference in the gz;rametgrs of
the blocking mediums the yield of the “Ni”~bump in Ex3 d9es not exceed 107> per binary
fission i.e. much less then inEx1 and Ex2. At the same time with the absence of scattered FFs
in Ex3, allowed the observation of the internal structure, without any additional cleaning of

the FF mass distribution.
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FIGURE 3. Results of Ex3: The region of the mass- -
"mass distribution for the FFs from 2>Cf (sf) around the
. CCT.bump (figs. 1a and 2a). No additional gates were
applied. An internal structure of the bump as the - - -
straight lines (marked by the arrows) is seen in fig. 2c,
as a projection. A part of the plot just below the locus -
of binary FFs produces the rectangular structure seen -
before. It is shown in the insert in a larger scale.

190 . 140 150 160 470 180
M, (amu)

' SOMETHING NEW IN “BUMPOLOGY”

Above we have discussed the “Ni”-bump, which is vividly. seen in the FFs mass-mass
correlation plot without any processing (fig. 1), because it is located below: the loci of binary,
fission. As was stressed in ref. [1] the bump shows internal ‘structure consisting of two
different sequences of ridges namely M; = M, + M, = const (tilted ridges) and M; = const
(where M; is the lighter fragment among two detected). In the neutron gating data obtained at
the modified FOBOS and COMETA spectrometers [2] we have observed rectan%ular
structures bounded by magic clusters not only spherical (Ni, Ge) but also deformed ones (*°Sr,
'%Mo). This observation gave hints that in the data of Ex1 deformed light clusters could
manifest themselves as well. In order to peruse this idea we have reanalyzed the data of Exl1,
namely the M—M, distribution (fig. 1a); in this figure we choose two large windows w1 and
w2. The corresponding projections of the distributions onto the coordinate axis in the “clean”
arm2 (box w1) and those facing to the source backing, arm1 (box w2), are compared in Figure
4a. The spectra were normalized to the same number of counts. The difference spectrum is
shown in fig. 4b). Some statistically significant peaks are seen. The first one from the left is
the projection of the “Ni"~bump onto the M, axis. Further structures follow: a wide peak
bounded by magic nuclei of *Ge and **Kr (deformed), and peaks centering, respectively, at
%3r and '®Mo isotopes (both to be magic and deformed).The origin of the peaks becomes
clear from following consideration illustrated by fig. 5.-Let us focus our attention on the peak
in the vicinity of mass 70 amu (Ni) in the difference spectrum (right part of the “Ni”~bump,
fig. 4b). The fact that the “Ni”~bump is observed only in one of the spectrometer arms facing
the source backing was treated above as being due to a stopping in the entrance mesh of the
ionization chamber of the third light fragment directed in the same arm as the Ni cluster. In
contrast, the same pair of fragments directed at the “clean” arm2 predominantly (due to a low
angular divergence) gives overlapping energy signals in the “stop” detector and time-of-flight
signals corresponding to the faster of them. As a result the calculated mass ‘will bé incorrect
but registered as an “almost normal” binary decay. within the experimental mass dispersion.
Such events from arm2 play a role of “donors” for the bump events in arm1. In other words
the events being actually temary should move from the locus defined as binary in arm2 to the

* “Ni™~bump in arml. (illustration in the upper part of fig.'4d). As a result the difference
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spectrum Y(w2)-Y(wl) (low part of fig. 4d) must have ‘the peak’ of positive counts and
corresponding negative counting -tail - for the “donors” fragments in ‘the region of binary
fission. Evidently the yields of the bump and the “tail” must be equal to each other. In the
experiment -one. observes ‘a- superposition : of - partial contributions - from - different 'magic
clusters. For instance, the gross central peak in'fig. 4b lies on the negative “background” (tail)
provided by all less massive magic clusters. The position of the local peaks in fig. 4b could"
depend from a possible shift in the centers of the spectra in fig. 4a due to independent mass.
calibrations in the opposite arms of the spectrometer. We have two independent evidences for
the required quality of the calibrations. The maximal mass of the light fragment in the mass-
asymmetric fission mode cannot exceed 120 amu due to the known extreme stability of the
complimentary heavy fragment (double magic 1328 nucleus). This is just the feature observed
in fig. 4b: the negative yield in the difference spectrum vanishes for the mass partition
120/132 amu. The negative minimum at M,/2 (fig. 4b where M. is the mass of the fissioning
nucleus of *Cf, shows, that ternary fragmentation is likely to occur in the region of mass-
symmetric fission as well. Another argument for the quality of the mass calibrations can be
inferred from fig. 4c. The figure shows the second derivative of the mass spectrum linked
with the box w2 of the data from Ex1 this shows similar peaks as the difference spectrum in
fig. 4b. Thus fig. 4b can be treated as a manifestation of a whole sequence of bumps, based on
magic spherical and deformed clusters of 68.70Ni, #2Ge, *Kr, ~9BSr, 1027, 1080 fo, ' Tec. The
yield of the most populated “Mo”~bump (4 = 106 (111) is about 8x107per binary fission, i.e.!
twice as high as the corresponding value for the “Ni”~bump directly seen in-the mass:
correlation plot (fig. 1a). : : . ;
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FIGURE 4. a) Projections of the events from box wl and box w2 (Ex1, shown in fig. 1a onto M; and ) ‘

‘M, axes, respectively; b) difference between these projections and, ¢) the second derivative of the’
spectrum being the projection of the events from box y2 onto M axis, d) schematic representation of "
fig. 4) (upper part of the figure) for illustrating a reason of forming a negative tail of the “Ni”~bump in
the difference spectrum of yields ¥ (w2)-Y (w1) (lower part).
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~~  RESULTS ON TRUE TERNARY COINCIDENCES

“'In this section terary events observed at the COMETA- Séfuﬁ' will be analyzed. It means
that three fragments were really detected in coincidence in each event. The FFs from such

. events are labeled as my, ma, m3 in an order of decreasing masses in each ternary event.-Mass

correlation plot for the masses mj, m; is shown in fig. 5. It is observed only for the events
where the fork of two fragments was detected in the spectrometer arm faced to the source
backing. e : :

1704 .
Ms=252, .
160 a=252amu w2

o104 L . e i
RTER
1303 "

FIGURE 5. Correlation mass plot for

two heavy partners of ternary decay.

‘Rectangular structure in its center is
bounded by the magic nuclei. -:

120 3
110 3
100

" M2{amu)

904 .,-
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"'Agé Z-'"Sn é"‘Ba
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--60

B(; ”9‘0 160 1;0 v‘iéi) 1:‘30 11;) 1%0 1é0 1;0 1&0 150 .
\ ‘ N“(amui b .

- Rectangular structure bounded by the magic nuclei is seen in the center of the plot. Missing
masses are ranged from 4 (alpha particle) up to 48 amu. Another distribution (fig. 6) is
convenient for testing mass conservation law in ternary decays. Normally experimental points
must lie on the line M, = 252 amu (where M; is a total mass of all three decay partners i.e. M;
= m + my + ms),within mass resolution of the spectrometer. It is not so for the bulk of the
‘points presented in the typical Mj;,—m; distribution in fig. 6. It seems they form some families
of events which met the condition mj + m = const what corresponds to the fixed mass of the

*third fragment. But only part of this fragment was actually detected almost in all the évents

presented. For, instance, presumable configuration for the events marked by the circle is
shown in the insert of Figure 6. Likely the middle fragment of the initially three body chain
was clusterized into two lighter fragments in the scission point and only one of them (*C)
was detected.’ .

The following alternative scenario could give rise to-the peculiarity mentioned (fig. 7).
After first rupture, for.instance, in the configuration shown in the insert of fig. 6, B2gn
nucleus and di-nuclear system' Ge/S become free. Then a break-up of the molecule appears to
oc¢cur due to inelastic scatterin% in the backing of the source. As.a result the scattered Ge
nucleus and knocked out ion of 7Al or 190 can be detected in the corresyondixig spectrometer
arm while the *°S nucleus flies in the-opposite direction following '**Sn nucleus. Similar
process with even larger energy is known as Coulomb fission [3]. The yield of such process is
strongly dependent from the binding energy of the molecule and scattering angle. If the
scenario under discussion is really realized a knocked out ion can be regarded as a specific
spectator of the CCT process. : - B T

53



(Ms=M{i+M2)amu

Inelastic scattering

. backing
5 mucw 20 25 30 3 43 45 SO ] "Nzoag_""‘ on the backing

M3{amu)

FIGURE 6. Typical distribution My, = m;+ my FIGURE 7. Possible waj of forming a fork of
vs. my. Presumable pre-scission configuration for  two fragments flying in the same direction due to
the events underlined by the circle is presented in a breakup of the di-nuclear molecule in an

the insert. See text for details: inglastic scattering in the source backing.

Summing up, the results obtained at the COMETA sett;p_:on direct detecting of three ‘

partners of at’least ternary decay of BICf (sf) can be treated in the frame of two following
hypothesis. The first one is that the light detected fragment (m3) can be some part of the
middle clusterized fragment of the three-body chain-like pre-scission configuration in the
CCT channel. The second hypothesis treats m3 as a mass of the ion knocked out from the
source backing. The same inelastic scattering gives rise to the break-up of the di-nuclear
molecule formed after first rupture of the pre-scission CCT configuration.

TO A UNIFIED MODEL OF TERNARY DECAYS OF LOW EXCITED
: NUCLEI ' :

~ For the moment three different types of temary decays of low excited nuclei are known,
namely, conventional ternary fission, polar emission and CCT. It seems there is a deep link
between the polar emission and CCT, at least with the CCT accompanied by a light charged
particle [4]. It would be extremely interesting to compare all three ternary decays in the frame
of the unified experimental approach. We are planning to do this by means of step by step
increasing of the aperture of the COMETA spectrometer and the first step has been already
done. Recently COMETA-2 set up (fig. 8) was putqik t(; op altai{or’i at th
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FIGURE 8. COMETA-2 setup. The scheme of the FF:
side).
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¢ FLNR of the JINR. "

g : T (I =l
s detectors (left side) and their photo (right .

It complains four mosaics of Si semiconductor detectors of eight diodes each and the micro
channel plates based “start” detector with the 22Cfi inside. The FFs detectors are surrounded

by the “neutron belt” which was used previously at the COMETA spectron i
of the data of the test run is in progress. pectrometer. Processing

CONCLUSIONS
1. New evid'ences were obtained in favor of conclusion that the CCT is due to the ‘
preformation of at least two magic clusters, deformed as well. The CCT modes based
on these combinations are more preferable, - e e ¥
2. Nev&! experimental i.nfom_lation obtained gives evidence of a nontrivial scenario of the
collmf:ar cluster tri-partition process and structure of the lightest decay partner
especially. T

3. Additi_onal efforts are needed for studying of all known ternary decays in the frame of
the unified experimental approach. L ’ S
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, STUDY OF RARE MODES OF S
“COLLINEAR CLUSTER TRI-PARTITION” OF BICE (SF)
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" V.E. Zhuchko'

! Joint Institute for Nuclear Researcli, Dﬁbna, Russia
) o Iptoscow Engineering Physics Institute, Moscow, Russia
3University of Stellenbosch, Faculty of Military Science, Military Academy, Saldanha 7395, South Africa

INTRODUCTION

In our experiments devoted to the study of a new ternary decay of low excited heavy nuclei
called “collinear cluster tri-partition” (CCT) [1-3], a specific CCT mode was observed based
on the double magic '**Sn cluster. Mass-mass distribution for the events selected by velocities -
and energies is shown in fig. 1. Tilted red lines correspond to missing magic clusters of 132Sn
and **Ba. They are vividly seen as well in the mass spectrum (fig. 2) which is the projection
along these lines. Co Ny : IR s

Pre-scission configuration which presumably gives tise to the mode under discussion. is
shown in fig. 3. Sn cluster can “move” as a whole along the cylinder like configuration which
consists of residual nucleons. Two light fragments’ marked ‘by symbols M1 and M2 were
actually detected in previous experiment. The mass M2 changes in the range {0+(252-132-
95)} amu while M1 cannot be less 95 amu (deformed magic “Rb nucleus). EERRRY
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FIGURE 1. Mass-mass distribution of FIGURE 2. Mass spectrum for the structures o
fragments selected by velocities and marked by red in fig. 1. Missing magic clusters ’

energies. of 28n and '“Ba are vividly seen.

MOTIVATION

The question arises whether 1325, can be changed by also double magic 208ph? Theoretical
indication on such mode was obtained in [4]'(fig. 4). It would be a new type of lead ]

radioactivity. Searching for such mode is one of the goals of our forthcoming experiment.
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We need as well better statistics to be collected and more precise ‘ i
flights for studying of the CCT modes observed earlier. ) P measur;:mem of time-of-

FIGURE 3. Schematic pre-scission configuration
of the CCT mode based on the double magic *2Sn
c cluster.

FIGURE 4. The bottoms of the fission valleys as a
function of parameter Q (proportional to the )
quadfuple moment) for 2Cf nucleus. The panels
d?plct the shapes of the fissioning system at the "
points marked by arrows. Valley 1 in the figure is
_ due to preformation of double magic 208pp,
Evolution of the nuclear shape in this mode is
presented above the figure.

EXPERIMENTAL PROBLEMS =

iriv?ssti ;::ilo:(:l _;;ferre:li_ from fig: 1 the masses 9f fragments defining the modes under
hey, Therefol er rahlcally, namely one of ‘them is very light-while the second one is very
and et i ;}; wfc‘:h ave a prqblem myolvmg the method of measuring the correct energy
stop™ Gotent 01 1?1 eavyions in the w1de'rmge of energies and masses using PIN diodes as
for timing of ttis.fr order to exclud.e negative influence of the known “plasma delay” effect

Also ool k:i agr‘nents, thrc_:e mxcro-q}:ar}nel .b‘ased timing detectors will be used (fig. 5).

o 2ocount uo I:an ‘gu}se height defect” in silicon semiconductor detectors will be taken
first approxiomn 5 special procedure worked out by us earlier [5]. In our previous experiments

n approach was used for this purpose (fig. 6). .
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In principle the value ovf B o\?tained from the heavy fragment and the value of B obtained from

the light fragment has a significantly small difference from each other, so the average between

the two values is used and is given by the following:.
RN poButB

e 2 6
Once we have )obt.ained the values of 4 and B we apply equation (2) to our raw data to
calculate the time in nanoseconds. We then use the time from equation (2) to calculate the

" yelocity in centimeters per nanoseconds as follows: . -

- Lror » , ' a ’
Vi[cm/ns] —m 3 (7)

EquatiOﬁ 1) and (7) allows us to calculate the mass as follows:
; M, [amu] = 1.9297E,[MeV']

(Vi[em/ sy’

LR o G Syl S (8)
FIGURE 5. Schematical view of the setup to be u:

The “first approximation” is based on the simple transformation of energy and time in §
channels to MeV and nanoseconds (ns), respectively. Using these values we calculate the §
mass of the heavy and light fission fragment in atomic mass units (amu). This “first |
approximation” approach neglects the energy lost in the entrance window of the “start”
detector and the source backing, while the PHD is estimated rather roughly. We also neglect ;
the so called “plasma delay” in the time signal. s " Lo g

The “first approximation” comprises of reading the raw data and performs the necessary
transformations into the required units. The energy in channels E [ch] is converted according §
to the following equation to the energy in MeV, E [MeV]:

E,.[MeV.]'= C-exp(— Ej[ch]

, After processing an amount of data, a mass spectrum is obtained. The process of the “First
Approximation” approach is illustrated in fig. 6.

- The improved version of code for calculating of fragment mass is presented in fig. 7. The
true energy calibration and reconstruction of FF masses.is quiet a complicated task do due to
the - influence of pulse-height defect (PHD). The channel number of energy in which we
register the fission fragment depends on the energy of the fission fragment as well as on the-
PHD. But on the other hand, the PHD depends on the mass and the kinetic energy of the
regi.stered fragment. To combine together the calculation of true energy and reconstruction of
fission fragments masses we use a specially designed procedure presented in [7-8].

)+, W

The values of C, D, and Eq are determined by using the known positions for the energy |
peak of light and heavy fragment and the natural alpha peak from 22cf 'with Ea = §
6.118 MeV. The subscript i in equation (1-2) shows that each event is processed individually.

The time in channels T [ch] is converted according to the following equation to the timein
nanoseconds T [ns]: e ‘ :

Tjns}= 4-T[ch]+B @)

The values of 4 and B are determined by using the known velocities V4 of light and
heavy fragment from literature. The experimental expected time-of-flight in nanoseconds of J
the light and heavy fragment is calculated as follows: R
L=z, TR |

HEY

L. LH ST
where Lior is the flight path of fission fragments. Knowing the values of Try from equétion “ 
(3) we calculate the value of A4 as follows: o : L

JoLimsl=LIsl @

T, [ch]~T,[ch] 0
Therefore the value of B is calculated as follows: o S
B,, = H,,_[ns]—(A'TH,,_[ch] : - ‘('5) 3

) FIGURE 7. Processing of velocity- energy . -
113 w4 : H t1] gy
” ,appr)ig;UfRE 6i F1r§t approximation” data for calculation of fragment mass. Code is
: °h for ca culation of fragment mass.. ‘ based on parameterization [6] of pulse height

h o defect in PIN diodes.

on Cufrrennim idea of the procedure is to calculate the FF mass spectrum Yex(MrE) depending

iteraturg [QV?luc*:s of Pparameters ar}d compare this  spectrum with a known one from the
e ] ThlS Procedure is applied to every single detector. The energy E in MeV, 'of the
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height defect denoted by R(M, E):

E=E. +RM.E), )
where the detected energy of fission fragments is given by: ;
‘ : E, fMeV])= E[ch)-dE/dk+E;, . (10) -

where dE/dk and Eo are calibration parameters. These  parameters ‘are calculated

experimentally by using a high precision pulse generator (in our case we use ORTEC 448

Research Calibrator) and the natural alphas from 252f source. The expression for the pulse-
height defect in equation (9) was proposed by Mulgin and his colleagues [6] as the following
~ empirical expression: :

R(M,E):—j’—"E—E-’+a-ME+,B‘E, ; at)’
v
where {}\, ¢, &, B} are parameters for the true calibration. In addition we know that: :
M-V o
= s 12).
1.9297 . (12) ¢l

where E is the energy of the FF in MeV, M is the mass of the FF in amu-and V is the velocity
of the FF in ecm/ns. The velocity, for this purpose is calculated using the parameters obtained
from time calibration. From the above equations, we can calculate the mass of the fission’

fragment provided the parameters {2, ¢, o, B}-are known. It is worth noting that the numerical . |
values for the parameters {\, ¢, o, B} proposed in [6] make it impossible to reconstruct the':

mass Mt for the FF. : . : .

In order to find the correct values of the parameters {A, ¢, O, B} a special iteration:

procedure has been . designed. This procedure consists in obtaining the- solution - of the
following equation analytically: - i : e :

To obtain the solution of equation (13) above, we combine equation '(9), amn, aﬁ}li(lz) as’
follows: - S : P . ;

w4

2 My? A ;
2 : 2172 2 )
MV —E, + k2+a'MV +,B?MV ’ o (14)
k , |4 k ko’ e
. ]+¢.._ )
where k = 1.9297. The above equation can be written as follows: L
: M} +aM*+bM +c=0, o - (15)
where : R R .
2 -
a=wf¥ﬂ+ﬂl
ok a
kE,, oV’ ‘ :
b=—%11—(f-1 16
—ia+E (8D _ (16)
c_¢Ede(
a

As we can see equation (15) is a third order equation, which means its solution consists of

three roots. To select the roots that must be used from the three possible roots, we must take
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registeféd'ﬁssion fragment is defined as the sum of the detected?énefgy Ege and the pulse

“note of the fact that:the mass cannot be negative, so any root that is negative we neglect it. We

also neglect the complex roots. In case of three real roots which are greater than zero, we
compare them with the value of the mass obtained from “first approximation”, i.e. we takf’: the
root that is closest to the value of the mass obtained from first approximation. A special
program for this purpose was designed using FOTRAN-99 codes. ...

Using the above procedure we process each event individually based on the current values
of {\, ¢, 0, B} and calculate the mass of the fission fragment. The mass is calculated under

_ the condition that Mrg € [1 amu, 252 amu]. After processing an amount of data a mass

spectrum is obtained. . .
__ The procedure uses the MINUIT package [MIN] to minimize the following criterion
function by changing the parameters{, ¢, o, p}: ; S :

F=[(<ML, >~<ML>)"
. +(<MH,>—<MH>)2] ' (17)

(Y(MTE)_YT(MTE) 2«. :
g )

where |1 is a free parameter that is chosen by the user and it is used as an input parameter to
the MUNUIT minimization procedure. This parameter plays a role of specific relative weight
of the second term in the criterion function F. The values <ML> and <MH> are average
masses of light and heavy fragments calculated from the experimental mass spectrum Y (Mr1e).
In the above equation the known values from literature are denote by “T”. It is worth noting
that the first square bracket term in equation (17) is sensitive to the difference between the
centers of the mass peaks for the fission fragments while the second term ‘is responsible for
the agreement in shapes between the experimental mass ’spéctx:um' Y(Mrg) and the mass
spectrum from literature Yr(Mrg). ' o ‘
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P Relative yields of delayed neutrons and half-lives of
- their precursors from fission of 2*'Am by neutrons in the energy range
. L 1-5 MeV :

Piksaikin V.M., Mitrofanov K.V.; Egorov A.S,; Goverdovski A.A.

State Scientific Center of Russian Federation
Institute of Physics and Power Engineering, Obninsk, Russia

Management of radioactive waste is one of the key issues encountered in considering
the prospects for nuclear power. The special place in this issue is paid to the development of
concepts and technologies of high-level nuclear waste disposal based on the fundamental
possibility of a significant reduction of their lifetime by their transmutation during which the
minor actinides and long lived fission products are dangerous. The main source of long-lived

components of radioactive nuclear wastes is obtained by the extraction of uranium and ;

plutonium isotopes from spent fuel are minor actinides (MA) - isotopes of neptunium,

americium and curium. Several physical processes are currently considering that could form i
the basis for technology of transmutation radionuclides. Among them the most promising are :
the processes associated with the use of nuclear reactors and_sub-critical systems with high ¥

neutron flux generated by particle accelerators.

Delayed neutrons play an important role in the safe management of nuclear power
plants and its kinetics. Therefore the development of any of the above ‘concepts of nuclear

waste transmutation,reqﬁires information about the nuclear physical characteristics of delayed }
'Am is one of the
ncandidates” for transmutation by fission in nuclear reactors of new generation. These reactors
will have a harder neutron energy spectrum. Therefore the availability of reliable information
about the characteristics of delayed neutrons from fission of 2'Am by neutrons with |
corresponding energies is essential for safe operation of the reactor in which such §

neutrons for MA in the reactor energy range of primary neutrons.

transmutation would be. .

The purpose of this study was to measure the energy dependence of the relative yields
of delayed neutrons and half-lives of their precursors from fission 2*! Am in the neutron energy ‘

range 1-5 MeV.

Experiment

The measurements were made with beams of protons and deuterons-of the cascade ¢
generator KG-2.5 (FSUE «SSC RF — IPPE”). Generation of neutron beam was carried out by :
nuclear reaction' T(p,n) and D(dn). The basic experimental method employed in these
experiments is based on cyclic irradiations of the 2*' Am samples in a well defined neutron flux
followed by the measurement of the time dependence of delayed neutron activity [2]. The
variation of the sample irradiation times and the registration time of delayed neutrons can -

enhance the contribution of certain groups of delayed neutrons in the composite decay curve of

the neutron activity. This circumstance makes possible to obtain more reliable information -
about the characteristics of individual groups of delayed neutrons. In the experiment we used @ -
pneumatic transport system for transferring the sample from the irradiation position to the *

neutron detector. Two electromagnetic valves are responsible for the sample transportation
route. The information on the sample location is obtained from two photodiodes and light

sources installed on a flight tube at the sample irradiation position and the central point of the
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‘neutron detector. The time of sample transportation from the irradiation position to the neutron

. detector was approximately 150 ms that allowed to obtain information about the most short-

lived groups of delayed neutrons. o e

The Faradz.ly cup §erved as a device for switching on the ion beam to the aécelerafor
target to start the irradiation of a fissionable sample and switching off the ion beam from the
target at the beginning of the delayed neutron counting.

The boron counter of SNM-11 type at the operational potent‘ial of 650 V in the

proportional mode of operation was chosen as the main detector counting unit. In general the

" neutron detector is an assembly of 30 boron counters distributed in polyethylene moderator

along three concentric circles with diameters of 106, 160 and 220 mm. The outer diameter of
moderator is 400 mm, its length is 300 mm. In the centre of the detector there is a through hole
with diameter of 36 mm to install the sample flight tube. The detector is shielded against the
neu.trol? backgr(_)und by. borated polyethylene, boron carbide powder and cadmium sheets. The
g};am difficulty in carrying out 9f t.he experiment and processing the data was that the saml;le of

Am made of americium dioxide along with a large gamma-ray activity is a source of
neutrons produc?.d by the reaction O(a,n). Gamma rays were suppressed by lead cylindrical
screen m.stalled in the center of the neutron detector, Neutron background due to the reaction
O(a,n) significantly exceeded the background of the experimental hall of the accelerator (the
hall plus a sample) and was about 130 counts per second. This is more than two or three order
times larger than the value of background that took place, for example, when the characteristics
of delayed neutrons on B2Th, 23U were measured (see Table 1). ’

- g‘zable 1. zglo'rriparisoln of the background conditions of the experimeﬁt with nuclides
Th, =°U anq “Am. (t — delayed neutron counting interval (s), b — intensify of neutron

b;)ckground (neutron/s), T(Nd) — number of counts in appropriate time interval (724.5 or 224.5

S - N hEs . - “ y

oL Ly Ly *
Z(b)‘tt,/Sz(N , 724.5 224.5 724.5 224.5 229.5 224.5 100
a)s :
% ? 1 1.10-1.84 | 0.35-0.58 595 . 2.69 952 95.1.- | 415
b,1/s > 0.16 ' 70073

129.9 - ’

) For obtaining the more information from experiment as possible the optimization of
experimental parameters was carried out - such as the time of irradiation, the registration of
;I:ldmu;:)ed neutron activity, the mez}surement time of neutron background,’ the width and the
e tf;ti (c:rt; cfhtzi.lnnfals ot: a multxchannel analyzer designed for “measuring’ the temporal
oo (:1 N e mtt;r}s;:y of d.ela.lyed ne_utr.ons. As a result the delayed neutron decay curves
detnred s enetr from which a statlstlcal!y significant number of events related to "pure” effect of
measuremelflltsoni' mast?xtragted. In Figure 1°you can see an example obtained in one run of
activi its of the time epeng’iencetolf the neutron activity which consists of the induced
: ivity 9f delayed neutrons and neutrons from the reaction O(e;n) in a sample of 1Am. The

ashed line shows separately the contribution of the background from the reaction O(en) to

“the ivi P
" the total measured activity. Solid line shows the curve obtained by the estimation of parameters

of de}gyed neutrons using an iterative least squares method [3]. !
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Figure 1. Time dependence of neutron activity caused by theuilnduced activit?' of.
delayed neutrons and neutrons from the reaction O(an) in a sample of “* Am. Deshed_lme -
the neutrons from the reaction O(an). Solid curve - the time dependence obtained in the
process of estimating the parameters. :

Results -

As a result-of the measurements a 6-group data on the relatiz\fg yields of delayed
neutrons and half-lives of their precursors were obtained from fission “’Am by neutrons at
energies of primary neutrons 0.75 - 5 MeV (see Table 2).

Table 2. The energy dependence of the relative abundances and half-lives of their
precursors from fission of *'Am. -

E, Group number : ) . <T>.s
MeV i 1 2 3 4 5 6
: 0.0434 0.264 0.201 0.317 0.152 0.0229
ai 0.001 +0.008 | £0.006 | +0.009 | +0.005 | £0.0007 10.16 4: 0.27
0.620.06 543 21.94 6.08 - 224 0.496 0.179 - - . o
: T +£16 | +0.66 +0.18 + 0.07 +0.015 | +0.005:.

00432 | 0271 | 0.199 | 0314 | -0.151 | 00228 )
% | 400005 | +0.003 | +0.002 | £0.004 | 20002 | +0.0003 10454 0.11
5397 | 2261 | 608 | 224 | 0498 | 0.179

Ti | ioe1 | 2025 | 2007 | 2003 | 0006 | 0002

0.86 +0.06

o 00436 [ 0284 | 0.199 | 0302 | 0148 | 00235
+0.0007 | +0.005 | +0.003 | +0.005 | +0.003 | +00004 |
0.96 + 0.06 T 53.99 23.51 6.27 2279 | 0494 | 0.179 11.04£0.17
4 +0.93 +0.39 +0.11 | £0.039 | +0.009 | +0.003
@ 0.0436 10276 | 0202 | 0308 | 0.148 | 00223
£0.0009 | +0006 | +0004 | +0.006 | +0.003 |0.000s
1.06 +0.06 T 540 2392 | 6.13 231 049 | 0.179 10.98+0.21
i +1.1 045 | 002 | 005 | 2001"| +0.004
@ 00434 10272 [ 0199 [ 0312 | 0.150 | 00229
+0.0009 | +0.006 | +0.004 | +0.007 | +0.003 | 0.0005
327+0.14 - 545 2347 | 610 | 226 | 049 | ou79 | 10.75+021
i +1.1 +0.49 + (.13 +0.05 | £0.011 | +0.004
" 00433 170251 | 0201 | 0329 | 0.53 | 00238
+0.0007 | £0.004 | +0.003 | +0.005 | £0.003 | +0.0004| -
3.81£0.11 T 5447 21.28 5.85 223 0503 | 0.179 9.69+0.13
i 2093 | 2031 | +0.09 | 004 | £0009 | +0.003
a 00433 T 0266 | 0202 | 0317 | 0.149 | 00238 |
£0.0009 | +0.006 |'+0.004 | +0.006 | +0.003 | +0.0005
421£0.11 T 544 72175 7599 | 230 | 049 | o9 | 1016%0.19
i 12 | 2041 | 2012 | +005 | 001 | 20004
a | 0043 [ 0237 70202 | 0336 | 0.159 | 00229
! | #0001 | £0007 | +0.006 | +0.008 | 0.005 | +0.0007
497£0.13 7 56.5 2219 | 569 218 | 0502 | 0.180 9.65+0.21
i 217 | 2039 | 015 | 2005 | 20015 | +0005

Cbmpa.rison of parameters (a;, T;) -obtained in this work with the relevant data from other
authors was carried out in terms of the average half-life of delayed .neutron precursors
<T>=ZaT; [4]. A similar approach was used for analysis of the behavior of the energy
dependence of relative yields and periods of individual groups of delayed neutrons. Figure 2
presents. the energy dependence of the average half-life delayed neutrons precursors from
fission *'Am by neutrons calculated and data from other authors.z.v w T

However, it should be noted that the data of other authors are described as obtained
from fission 2*'Am by fast neutrons. It means that these data are representing the averaged
values over a finite energy interval that does not allow a correct comparison of these data with
the appropriate data of the present work. Figure 2 shows that the present results averaged in the
range of 0.6-1 MeV within the limits of their uncertainties agree with the data from the papers
[5, 6]. .

Fi%ure 2 shows that the behavior of the average half-life of delayed neutron precursors
in fission “! Am in the range of 1-5 MeV is similar to the behavior of this quantity in fission of
other nuclei **u, Wpy 23 U, etc) - average half-life <T> decreases with increasing
excitation energy of fissioning nucleus. A specific feature of the energy dependence of the
temporal parameters of delayed neutrons in fission 2*'Am is a sharp increase in the average
half'life of delayed neutron precursors near the threshold of fission reaction (0.5-1 MeV) up to
a maximum value of 11 at the first plateau of fission cross-section. The effect of increasing
<T> at the threshold of fission cross section found in fission **'Am is not observed in case of
other threshold nuclides. Moreover, in case of *’Np one can observe the opposite effect - the
Increase of the average half-life of delayed neutron precursors with decreasing excitation

- energy of compound nucleus [7).
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Figure 2. Energy dependence of the average half-life of delayed neutron precursors §-
from' fission 2*'Am in a 6-group representation (parameters are taken from the compilation 9f 1

Spriggs and Campbell [8])

It is well known that the average half-life of delayed neutron precursors for isotopes c_)f
one element exponentially depends on the parameters related to nucleon content of compoupd
nucleus ~ (A¢-3Z) or close to it Z%/A., where A, — mass number and Z — atomic number of
compound nucleus [4]. Estimated value obtained under the systematics of the delayed neutrons
characteristics is shown in Figure 3 by dotted line. S : L
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Figure 3. Systematics of the average half-life as a function of the fissility parameter for
americium isotopes [4] (values aretaken from the compilation of Spriggs and Campbell
(1999)).

@ present work

As it is seen from Figure 3 the data obtained in this study for the relative yield of
delayed neutrons and half-lives of their precursors in fission of 2! Am by neutrons expressed in
terms of the average half-life agrees with the estimates made with the help of the systematics
of the delayed neutrons time parameters [4].
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ARE THERE PHYSICAL SPECTATORS OF THE CCT PROCESS?

yu.V. Pyatkovl'2 D.V. Ka.ma.mn AA Alexandrov’, IA Alexandrova N A. Kondratyev',
E.A. Kuznetsova o.V. Strekalovsky V.E. Zhuchko'

1Joint Institute for Nuclear Research, Dubna, Russia
IMoscow Engineering Physics Institute, Moscow, Russia

INTRODUCTION

In our recent publications [1] we have presented expenmental evidences of existing of a
new type of ternary ‘decay of heavy low excited nuclei called by us collinear cluster tri-
partition (CCT). The results were obtained in the frame of the “missing mass” approach. It
means that only two from at least three decay partners were actually detected whereas a total
mass of these fragments being less the mass of mother system serves a signature of multibody
decay. Evidently. direct detection of all. CCT products proves’ ‘to"be a most convincing
experimental approach but much complicated one because mosaic detection systems must be
used to achieve the goal.

COMETA (Correlation Mosaic E-T Array) setup- aimed at studymg of rare multibody
decays was put into operation recently in the Flerov Laboratory of the JINR. It is a double
arm time-of- ﬂlght spectrometer which includes micro-channel plate (MCP) based "start"
detector with the 2*2Cf source inside, two mosaics of eight PIN diodes each and a "neutron
belt" comprises 28 *He filled neutron counters. Below we discuss some results obtamed at the
COMETA setup.

LIGHT CHARGE PARTICLES ACCOMPANIED CCT: SPECTATORS
OR PARTNERS OF THE DECAY?

In this section ternary events observed at the COMETA setup will be analyzed. It means
that three fragments were really detected in coincidence in each event. The fission fragments
(FFs) from such events are labeled as m;, mz, m; in an order of decreasing masses in each
ternary event. Mass correlation plot for the masses m;, m; is shown in fig. 1. It is observed
only for the events where the fork of two fragments was detected in the spectrometer arm
faced to the source backing.

Rectangular structure bounded by the magic nuclei is seen in the center of the plot. Mrssmg
‘masses are ranged from 4 (alpha particle) up to 48 amu. Another distribution (fig. 2) is
. convenient for testing mass conservation law in temary decays Normally experimental pomts

must lie on the line Ms = 252 amu (where Ms is a total mass of all three decay partners i.c.
Ms=m;+m,+ m;) within mass resolutron of the spectrometer. It is not so for the bulk of the
points’ presented in the typical Msj;-m; distribution in fig. 2. It seems they form some
families of events which met the condition m; + m; = const what corresponds to the fixed
_mass of the third fragment. But only part of this fragment was actually detected almost in all
the events presented For instance, presumable configuration for the events ‘marked by the
- circle is shown in the insert of fig. 2. Likely the middle fragment of the 1mt1ally three body
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. FIGURE 2. Typical distribution Ms;; = my +m; vs.
ms. Presumable pre-scission configuration ff)r the
events underlined by the circle is presented in the

insert. See text for details.

‘. FIGURE 1. Correlation mass plot for two
heavy partners of tenary decay. ‘Rectangular
. structure in its center is bounded by the .
magic nuclei.

The following alternative scenario could give rise to the peculiarity mentioned (fig. 3).

FIGURE 3. Possible way of forming a fork of
two fragments flying in the same directiog due
to a breakup of the di-nuclear molecule in an
inelastic scafte_n'ng in the source backing.

‘ ./. 77 Jnalastic scattering
- backing o o ine backing
Ny oo o,

i
. After first rupture, for instance, in the configuration shown in the insert of fig. 2, °"Sn

nucleus and di-nuclear system Ge/S become free. Then a break- up of the molecule appears to i

i ing i i ered Ge |
- oceur: due: to. inelastic scatterm%_’m the backing of the source. As a result the scatt i

‘nucleus and knocked out ion of Al or %0 can be detected in the qonelsgonding spectromete
‘arm while. the *°S nucleus flies in the opposite direction follow1r.1g Sn nuclt?us. Slm;lar !
}prorcéss with even larger energy transfer is known as Coulomb fission [2]. The y}eld of sg,c1
. process is strongly dependent from the binding energy of the molecule and scattering angle‘,f :
- the scenario under discussion is really realized a knocked out jon can be regarded as a specif ic §
: rocess. ; : S ) T
, _Sp,e ;;ﬁ’;?:gth:p?ftipresults obtained at the COMETA setup on direct detecting (if ;h‘ree
: partners of at loast temary decay of 22CF (sf) can be treated in the frame of two fo ‘O‘fv’tﬁi
;hy'ploth'esis.,'Ihe first one is that me,light,detecteq fragment (m3‘) can be some paﬂ (')‘A‘the
‘middle clusterized fragment of the three-body chain-like pre-scission configuration in
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CC’I‘,channeerhe second hypothesis treats m; as a mass of the jon knocked out from the
source backing. The same inelastic scattering gives rise to the break-up of the di-nuclear
molecule formed after first rupture of the pre-scission CCT. configuration. In the latter case

lightest detected fragment plays a role of the CCT spectator. *

e UNIDENTIFIED CCT SPECTATORS .

Analysis of the data obtained at the COMETA setup let us to suppose that sometimes we
have the “start” signals provided by the MCP based detector to be shifted as compared to the
“normal” ones delivered by the accelerated electrons (mode 1 of the detector operation)
(fig. 4)- In order to test this hypothesis a series of dedicated experiments were carried out. In
one of them the external accelerated greed of the electrostatic mirror was. switched off
(mode_2). - '

FIGURE 4. MCP >based Sstart” deiector.' The

MCP can be hit by the accelerated electrons
produced by the ion passing through the
T2 detector or directly by some CCT spectator.
direct ’ -
eXposure foacﬂnl
Te~2n3

Nevertheless there were signals from the detector resulted from the direct exposure of the
MCP by an unknown ionizing substance. Time-of-flight channel was previously calibrated at
the usual operation of the timing detector (the mirror is switched in, mode_1). Typical time-
of-flight (Te) of the path “emitting foil-MCP” and corresponding velocity of the electrons are
marked in fig. 4. For a spectator time-of-flight of the direct path from the foil to the MCP is
designated Tst2. FFs correlation mass-mass. distribution’obtained under condition that the
“start” detector was operated in mode_2 is presented in fig. 5."The position of the loci of

~conventional binary fission known due to the calibration is marked by the ovals. As can be

inferred from the figure direct hitting of the MCP can appear to occur by the CCT spectator
which could be both “faster (Tst2 < Te) or slower (Tst2>Te) the accelerated: electrons
provided the signal in mode_1. - B g : R A
In-the next experiments two “start” detectors were simultaneously used: operated- in
mode_1 and mode_2 respectively. In this case Tst2' parameter was used for selecting of
fission events. Mass-mass distribution of fission events under condition that slow’ spectator
gave a signal in MCP 2 is presented in fig. 6. Rectangular structure bounded by magic nuclei
Is seen in the center of the plot. The upper boundary of the rectangle coincides with the line
MI +M2 = const (missing '*0 nucleus). Similar line but starting 'from its low left-corner

’ (m?rked by the arrow) corresponds to-the missing *Al nucleus. The stricture was never
.??Setved before at another gating, S : ST R

PO .
R
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FIGURE 6. Mass-mass distribution of
the fission events registered in
coincidence with slow spectator. See
« text for details.

FIGURE 5. Correlation plot of the masses of
fragments detected in coincidence in the opposite arms
of the COMETA setup. See text for details.

FIGURE 7. FFs mass-energy
distribution in one of the spectrometer
" arms under condition that timing
detector operated in mode_2 was .
heated by some spectator and total
- mass of two detected fragments is less -
than 252 amu. See text for details. ; - ;

M2({MeV)

Mass-energy distribution of fission events which met the conditions that total mass of two
detected fragments is less than 252 amu and some spectator heated -the timing detector
operated in mode_2 is shown in fig. 7. Two groups of events below the line Mc/2 where Mc is
a mass_of the decaying system are seen. They radically. differ:by the energy. The group of

events inside the circle shows masses and energies typical for the fragments of the light mass .

peak of conventional binary fission. At the same time the fragments with similar masses can
have the energies approximately 70 MeV lower. Keeping in mind that in fact according to the
gating all the . events presented in fig. 7 are temary ones two different - pre-scission
configurations shown in the bottom of the plot give tise to the corresponding groups: of the
decay events under discussion. An interesting peculiarity of the low energy group of events
should be stressed. There is a specific shoulder at the mass ~80amu associated with magic Ge
nucleus. While pre-scission elongation of the decaying system increases due to Coulomb

forces the mass of the light fragment (Ge) stays unchanged in some range of elongations and
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only then destroying of the Ge cluster appears to occur with the transfer of the nucleons to the

heavy fragment. ‘ ~
In the frame of the experiments discussed in this oti i
¢ 2 I s section we cannot identify spectators
used for the gating of fission events. Nevertheless, gated data contain original manifgstations

of different CCT modes. Thus it is promising way of revealing the'
developed in forthcoming experiments. i caling the CCT events to be

H

CONCLUSIONS
1. Experimental approaches additional to the missing ‘mass method confirm the existence

of the CCT decay channel.

2. New experimental information obtained gives evidence of a nontrivial scenario of the

collinear cluster tri-partition process and s ;
- tructure of t
especially. he lightest decay partner

3. Further studying of the process stays an actual task.

REFERENCES

1. Yu.V: Pyaikov et al., Eur. Phys. J. A 45 (2010) 29.
2. L. Wilets et al., Phys. Rev. 156 (1967) 1349,

73



INVESTIGATIONS OF THE NEUTRON CROSS-TALK EFFECT IN
DEMON DETECTORS :

Telezhnikov S.A.®, Kopatch Yu.N.?, Mezentseva Zh.®, Stuttge L.°, Goennenwein F.9,
Mutterer M., Chernysheva E.?, Dorvaux O.¢, Hanappe F.f, and Hambsch F.-J.&

& Frank Laboratory of Neutron Physics, JINR, 1{1980 Dubna, Russia
b Flerov Laboratory of Nuclear Reactions, JINR, 141980 Dubna, Russia
<Institut de Recherches Subatomiques, F-67037 Strasbourg Cedez, France
d Physikalisches Institut der Universitdt, D-72076 Tiibingen, Germany
e Institut fiir Kernphysik, Technische Universitt, D-64289 Darmstadt, Germany
fUniversite Libre de Bruzelles, 1050 Bruzelles, Belgium '
eEC-JRC-Institute for Reference Materials and Measurements, Retieseweg 111, B-2440
' Geel, Belgium b i

1. Introduction . - -

The experiment on fragment-neutron angular correlations, aimed at the investigation
of the influence of fragment angular momentum (spin) on the neutron emission process is
performed at Strasbourg (France) [1] using the CORA setup, which consists of the double
ionization chamber CODIS [2] for measuring the fission fragmients and a set of DEMON
neutron detectors [3]. It is well established that the prompt neutrons evaporated from the
fragments of nuclear fission are emitted anisotropically with respect to the fission axis,
main source of the anisotropy being the kinematic focusing of the neutrons, emitted from
the moving fragments [4, 5]. However, various attempts to analyze the experimental data
on neutron emission anisotropy lead to a conclusion that the anisotropy cannot be fully
described only by the kinematic focusing, but an additional component of the neutron
emission should exist, which is either isotropic (or close to isotropic) in the laboratory
system — so called scission neutrons, or anisotropic in the center-of-mass system of the
fission fragments [6], which leads to a slight change in the neutron emission anisotropy in
the laboratory system, observed experimentally.

In the CORA experiment triple fragment-neutron-neutron angular correlations in the
spontaneous fission of 2*2Cf are analyzed, which are supposed to be sensitive to the
anisotropy of the neutron emission with respect to the fragment spin direction. The pre-
liminary analysis of the experimental data showed that one of the most important sources

of the background is the so called cross talk effect — scattering of neutrons between neigh-

boring DEMON detectors. The main aim of the present work is to obtain quantitative
characteristics of the cross-talk effect in the DEMON detectors. ’

In order to investigate the cross talk effect and its influence on the main experiment two -

dedicated measurements have been performed. In both of them an Am-Be neutron source
was used, which emits only one neutron at a time, thus any measured neutron-neutron

coincidence in two or more neutron detectors should be due the cross talk effect. In the .-
first experiment two separate DEMON detectors were placed at a distance to the Am-Be
neutron source, approximately corresponding to the geometry of the main experiment. .

Neutron-neutron coincidences were measured as a function of the distance between the

two DEMON detectors. In the second experiment the same Am-Be neutron source was -
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placed at the-position of the 252Cf source and neutron-neutron coinci
; - cide :
with the full set of DEMON detectors.-. - ROURY . : m»:e,s vger'e meafsur?d
The main ;')g.ranl‘eter of 'the cross talk effect, which can be measured, is its probaBility.
Ifa nel}?ron is registered in detector. a, then scattered and registered in detector b, the
probability of such'a process in terms of measurable values can be defined as .+ - . :
B D Be=Na/N, T T
where N, is 'the number of neutrons registered in detector a and N.,b iS‘the,nu;nbef of
neutr.onfxdwhlch Iwere scattered from detector a and registered in both detectors‘a and b
in coincidence. It can be shown that the probability of cross talk i i
e enn | ty i obse{rvz}a.tlyon,fieﬁned in
e Pu(Ep) = poy(E,) x &(EL) - v - (2
WPere Pab i the prob'abillil:y of neutron scattering from detector a to detector b, E, and
f"t - tenelr)gles of the incident and scattered ‘neutron, and ‘¢, is the detection efficiency of
etector b.

2. Experiment with two detectors

In this experiment one DEMON detector was placed at a fixed position at a distance
75 cm fr'om the source to the front side of the detector. The second detector was placed
at six different positions with distances between the centers of the two detectors: 27.5
33.5, 40.0, 46.0, 53.0 and 59.0 cm; and distances from the front side of the second dt;tecl;or,
to the source: 77.0, 75.0, 75.0, 74.0, 75.0 and 82.0 cm, respectively. In addition, a BaF.
fietegtor‘ was placed near the source and was used as a trigger by gamma-rays ,emittej
in coincidence with neutrons. For each DEMON detector the time-of-flight was r,rieasured
with respect to the BaF; signal, as well as the standard Qo and Q,u,, values - total
and slow parts of the collected charge, allowing for the n-gamma discri'mmi”nation.
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Figure 1: ‘(a) TOF spectrum from detector 1. (b) Neutron-gamma separation (plot :

' The TOF spectruniifrom detector 1 is sh in Fi ‘ Stance the t
) ( \ own in Fig.1 (a). ‘At this distance the ti -
flight parameter could be effectively used for neutron-gamma separation. Thé‘ba.ckgz)?xzfi
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was assumed to be constant-in time, it was determined from the region on the left side
from the gamma peak and extrapolated to the full spectrum.. The time of appearance
of the coincident signals in detectors 1 and 2 relative to the start signal from BaF; was
used for the identification of the primary and scattered neutrons — the earlier signal was
always interpreted as the primary event..Those events which appeared in both detectors
within a coincidence window of 10 nsec were assumed to be neutron-gamma cross talk
events (most probably due to the (n,n'y) process) and were excluded from the analysis.
Another method of neutron-gamma seéparation is provided by the pulse-shape analysis
of DEMON signals. Figure 1 (b) shows the Qoat/@sic plot with neutron events selected
by a polygon: As one can see from the TOF spectrum, the admixture of gamma-ray
events in the neutron part is rather small, thus the time-of-flight method could be .used
alone for the n-gamma separation.' The Qyotat/ Q.o method is less accurate, especially in
the region of small amplitudes where neutrons and gamma-rays practically overlap, so it
was.used only as extra more strict criterion in addition to the time-of-flight separation.
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Figure 2: Cross talk probability asa function of the distance between two DEMON detec-
tors. (a): only TOF n-gamma separation; {b): TOF + Qtotat/ Qeios n-gamma separation.

Figure 2 shows thé dependence of the cross talk probability, as defined by formula
(1), on the distance between the centers of two DEMON detectors with TOF n-gamma
separation (left) and with TOF + Qtotat/ Qsics N-gamma separation (right). Two curves
correspond to the scattering from detector 1 to detector 2 and vice versa. One can see
that the addition of more strict Quiat/Qiton criterion practically doesn’t influence: the
probability of the cross talk effect. The difference of the effects for detectors 1 and 2
is explained by different settings of the electronic detection threshold, which resulted in
different detection efficiency and different cross talk probabilities according. to formula
(2). In our further analysis only the TOF n-gamma separation method was used.

The dependence of the cross talk effect on the energy of incident neutrons has been
also analyzed. Neutron energy was determined by the time-of-flight method, and the
cross talk probability as a function of distance was plotted for several intervals of incident
(primary) neutron energy. It is shown in Fig. 3 (left) for the neutrons scattered from

-
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detector 1 to detector 2. The cross talk probability slightly increases with the increase of
the neutron energy. Such an increase is indeed expected according to formula (2). It turns
out the.zt the most important parameter, responsible for,the magnitude of the (;I'OSS talk
feffect,_ls the eﬂicienqy of detector b, which is mainly governed by the setting of the ener,
detection threshold. ‘For the DEMON detectors this threshold is typically between 5%
keV fmd 1 MeV. For low energy incident neutrons; hitting detector a, there will be always
relatively large number of scattered neutrons, which fall below the d,etection threshold fn
detector-b.- Such events will not be registered in the experiment and will not contribute
to the observable cross talk effect. With an increase of the neutron energy the number of
those neutrons which fall below the threshold will decrease, thus increasing the detecti
efficiency and, in turn, the observable cross talk effect. . o
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gigure 3: Left:‘Cross t‘alk. probability as a function of the distance between two DEMON

Met:;:tors for different incident neutron energies, from bottom to top: 0.1-3 MeV; 3.1-6
eV; 6.1-9 MeV; 9.1—1_2 MeV. ;Right: Energy spectrum of neutrons from the Am-Be

source, recons;ructed using the time-of-flight method and compared to literature data.’

An attempt to obtain spectrum of neutron energies from Am-Be source by TOF mefhod
was made. As the length of the detector (20 cm) is comparable with the distance to the
source, there is rather large uncertainty in the neutron flight paths as long as information
ab'out a plaf:e of interaction of neutrons in detector is absent. In order to account for
thl:S uncertainty in the process of conversion from TOF to neutron energy the interaction
point of each event was randomly distributed along the full length of the sensitive part
:fottlzd detectf;)r. "I‘he' resulting neutron energy spectrum appeared to be smoothed. It is
calculatzg tl:lxs‘l;hfx:s nl]n[g]l_g. 3 (ng#t) 1}n comparison with results of other g?(pke‘x"ir’i»lgpts and

2. Expe;imex{ltv with sxxty td'etectors
Sixty DEMON detectors, which were installed for the CORA éxperiment; were used

;lll1 th;e secoxfc!’part 9f the pr.ésent work. The geomentry of the experiment, as well as
¢ electronics remained basically the same as in the main experiment ‘wi‘tbh‘”onlry‘ minor
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. otectors were placed in nearly spherical geometry around
modification, The DESM(:? I‘:Ixngttzfxica.l support;: each holding 5 'DEMON detectors were
the s T‘Zo t'I}g;x such supports (five of each type) were placed in a circle around the
used (s?e Fig. )t order.~ Thus, there were 5 horizontal rings of 10 DEMON detectors
Sonree mda::msnlgnf (tbp and bottom) of 5-DEMON-detectors. - The distance from .the
::Slrlt’:eail:lo theofront side of the detectdrs in the .mid'd_le ring was 60 cm.” Schematically top
view of the positions of all detectors is shown in Fig. 5. ; B o
. . In this test measurement an additional BaF, detector was u.sed»m the same way.as
in the experiment with two .DEMON detectors. -It was placed in the-lqwer p‘art f’f the
installation in.such a way that the Am-Be source could be g!g.cedon; it, being in the
'geometrica.l center of the set-up, e.g.’ in the pO?lthn of -the .#*2Cf . fission source. Th.e
lower hemisphere of the full installation was partially shaded. by the BaF, det.ector. This
changed slightly the counting rates of the detectors located in the lower heml.spher_e and
the energj' spéctrlim of the neutrons, registered by those detectors, but we believe that it
"didn’t have any significant influence on the properties og the cross talk effect.
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Figure 4: Two types of DEMON supporting ét_?uz_:tures used in the experiment

Asin thé experimént with two detectors, BaF, was used as a start for the time-of-flight -

measurement, and for each DEMON detector the TOF, Quotar a0d Qa0 Parameters were
recorded. A coincidence between the BaF; and any of the DEMON detectors wars_’us’ed as
a trigger. Those events which occurred simultaneously in any pa.i.r of DEMON detectors
within a given coincidence time window and w_hich were 1den}:1ﬁed as neutr‘on.events
were assumed to be the cross talk events. The background due to random coincidences
was determined for each DEMON detector in the same way as in the first part of the
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. present work. For simplicity reasons neutrons and gammia-rays were separated using only

the time-of-flight method, keeping in'mind the result from the first experiment which
demonstrated that the more strict Qrota1/Quton D-gamma separation doesn’t change the
measured probability of the effect. As in the experiment with two detectors, the event,
which arrived first after the start signal from BaF,, was assumed to be the primary
neutron event, all subsequent events were assumed to be scattered ones. Those events
which occurred within a time window of 10 nsec after the primary event were counted as
neutron-gamma cross talk and were excluded from the analysis. '
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Figure 5: Top view of positions of detectors

During the experiment more than 128 millions events were collected. Onl‘yktv{ro-fold
coincidences between any pair of DEMON detectors were analyzed as cross-talk events. -
Higher multiplicities give only minor contribution to the effect. Do

Figure 6 (left) shows the normalized total number of events collected by seven horizontal
rings of DEMON detectors. The rings are numbered from top to bottom. The total
number of counts in each ring is divided by,thei' number of detectors in the ring (five
detectors in rings 1 and 7 and ten detectors in rings 2-6). In addition, it is weighted by
the squared inverse distance to the corresponding ring to compensate for the differences in
solid angle. In the right side of Fig. 6 the mean number of double coincidences in the same
rings is plotted, normalized to the corresponding number of single coincidences. In both
Plots all measured events were summed up, without separation of neutrons and gamma-
rays. The first figure demonstrates the differences in efficiencies of the DEMON detectors.
It predictably drops for those detectors, which are located in the lower hemisphere, as’
they are partially shaded by the BaF; detector. The second plot, which shows the ratio of
multiplicities 1 and 2 for each ring, indicates the differences of the cross talk 'ptObaBilify
for each ring, albeit both, for neutrons and gamma-rays. One can see that the ‘presence
of the BaF; detector has almost no influence on it (except for the slight difference at ring
7). The increase of the cross talk for the central rings is easily explained by the closer

distance between neighboring detectors in these rings

LI [ i
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Figure 7: Cross talk probability as a fun(}tidn of distance between two detectors for all *

possible pairs of detectors. -

From all obtained statistics the events with multiplicity 2 for all 60 detectors. were
analyzed in the following steps: }

1. Neutrons were separated from gamma-rays using time—of—ﬂight spectra, asin Fig. 1(a). .

2. The primary neutron event was assumed to be the one having smaller TOF value
with respect to the start signal from the BaF, detector. The second event was
assumed to be scattered one.
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3. If value tof(2) - tof(1) was smaller than 10 ns, stich an event was supposed to be
neutron-gamma scattering and was excluded from the analysis.
" 4. For all pairs of detectors total number of neutron-neutron COincidencw ‘N and Ni,

(see formula 1) was determined. At the same time, number of single neutron events
in each detector was counted. AT L N

" 5. The cross talk probability was determined fdr éabh pair of detectors as the fétio
between the number of coincident a.nd single events, as defined by formula |

The resulting cross talk probability is plottéd in Fig. 7 as a function of the distance
between two detectors for all possible pairs of DEMON detectors.

3. Conclusions

The dedicated experiments on cross talk with two DEMON detectors and with: sixty
detectors in the same arrangement as the main experiment demonstrated that the proba-
bility of its registration is about 1% when the distance between the centers of the detectors
is about 30 cm. It drops by a factor of 5 when the distance increases by a factor of 2 to 60
cm. More strict n — v separation using Qtotat/Qstow Plots doesn’t change the probability
of the cross talk observation. The main factor which has large influence on the measured

" cross talk effect is the neutron detection efficiency of the second detector (the one which

measures scattered neutrons). A possible way to reduce the cross talk effect in an exper-
iment would be to increase the registration threshold of all detectors. Application of a
special filter for cross talk rejection, as it was proposed in [8] and tested in [9] is even more
efficient way for reducing the background in the experimental data, caused by the cross
talk effect. The final plot (Fig. 7) shows large fluctuations in cross talk detection prob-
abilities between different pairs of detectors even at.the similar distances between them.
The reason for these discrepancies is most probably the above mentioned differences in
the detection efficiency, which is caused by different settings of electronic thresholds or
different amplification of the signals in individual detectors. :

References: , . ) ‘ ,
1] L. Stuttge et'al, Proc.‘ Int. Sen;ina.r on Fission, Gent, Belgium, 2010, p. 181 -
(2] Yu.N. Kopach et al, Phys. Rev. Lett. 82, (1999), p. 303 :
[3] Tilquin I. et al, NIM A 365 (1995) p 466.

[4) H.R.Bowman et al: Phys. Rev.126(1962)2120
[5] K.Skarsvag and K.Bergheim: Nucl. Phys. 45(1969)72

(6] V.E.Bunakov et al, Proc. Int. Sem. ISINN-13, Dubna 2005, p 293 .

[7] A. D. Vijaya and Arun Kumar, NIM A 111 (1973) pp 435-440.

:[8] F.M. Marques et al: NIM A 450 (2000) 109
 19] E. Prokhorova et al: Int. Seminar ISINN-14, Dubna, Russia, 2006, p. 125

81



Digital pulse processing ionization chamber pulses
Sh. Zeynalov®, O. Zeynalova™,M. Nazarenko®, F.-J. Hambsch®, S. Oberstedt’

“JINR-Joint Institute for Nuclear Research, Dubna, Moscow region, Russia
”Moscow State Institute of Radioengineering and Automation, 78 Vernadski Avenue, 119454
" Moscow, Russia , ! v
“EC-JRC Institute for Reference Materials and Measurements, Retieseweg 111, 2440 Geel,
' Belgium o : k

Abstract. The purpose of the present paper was to report the recent results, obtained in
development of digital pulse processing mathematics for prompt fission neutron (PFN)
investigation using twin ionization chamber (TIC) along with fast neutron time-of-flight detector
(ND). Due to well known ambiguities in literature (see refs. [4, 6, 9 and 11]), concerning a pulse
induction on TIC electrodes by FF jonization, we first presented detailed mathematica! analysis of
fission fragment (FF) signal formation on TIC anode. The analysis was done using Ramo-Shockley
theorem, which gives relation between charged particle motion between TIC electrodes and so
called ' weighting potential. Weighting potential was calculated by direct numerical solution of
Laplace equation (neglecting space, charge) for the TIC geométry and ionization, caused by FF.
Formulae for grid inefficiency (GI) correction and digital pulse processing algorithms for PFN
time-of-flight measurements and pulse shape analysis are presented and discussed.

Keywords: Grid Inefficiency, B2Cf{(sf), Tonization chambers, Fission.
PACS: 29.30.Hs, 29.40.Cs, 29.40.Mc, 29.85.Fj, 25.85.Ca

INTRODUCTION
Nuclear fission model and prompt fission neutron emission (PFN) was first considered in

classic paper of N. Bohr and J. Wheeler [1], ‘where nuclei considered as-a drop of charged
liquid, which surface constantly distorted in competition between attractive nuclear and

repulsive Coulomb forces. Rarely large distortion brought the nuclear into the configuration,’

where repulsion could not be compensated by nuclear force and the system split, sometimes
after neutron emission. In this case the neutrons, called scission neutrons in order to
distinguish them from the PFN, which are emitted from the fully accelerated fission
fragments. First investigation of PFN emission was done in experiments [2, 3} in 1960-ies
concluded that about 5 to 15% of fission neutrons were emitted before the fissile system split.
Development of experimental technique and birth of commercial nuclear electronics allowed
measurement of fission fragment (FF) and fission neutron kinematic parameters in a single
fission event. In new experimental a}Jproach developed in ref. [4] authors investigated PFN
emission in spontaneous fission of »*2Cf using twin Frish-grid ionization chamber (TIC) for
FF kinetic energies and PFN emission angle along with PFN velocity measurement with help
of liquid scintillator (NE213) based neutron detector (ND). Despite the authors demonstrated

a power and high capacity of the new approach, some of . their results (for-example,

dependence of average PFN multiplicity on total kinetic energy of FF) contained obvious
contradictions with simple energy balance in fission: In present work we described further
development of the experiment using modem digital pulse processing (DPP), implemented
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: w‘tgp the detector signals along with in depth analysis of a signal induction on TIC electrodes

SIGNAL FORMATION ON TWIN IONIZATION CHAMBER ANODE

A sketch of the experimen‘tal"setup with digital pulse proceséiilg}‘éleétrbrﬁcs is shown in
Fig. 1. A TIC was used for- fission fragment mass-TKE and PFN emission angle (@)

electrons drifted inside the chamber to respective anodes. The electric charge, induced on two
anodes and common cathode. were proportional to fission fragments kinetic energy, are
measured by three synchronized waveform  digitizers (WFD). Approximately 0,15% of

fission fragment  detection coincided with neutron . detection b i i
5Si0 ! h e ) y ND, which signal was
digitized using fourth WFD. The common time base was achieved due to all four digitizer

was ¢ _ ; , j'>

| I PCI -
WED WFD toIBMPc ’
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FIGURE 1. Scketch of experimental setup |
§alr'1pli1.1g detector p.ulses synchrbnously and the common cathode pulse v{ra‘s considered as an
Pm;;;:attilon off: a ﬁsswn event. The common cathode pulse was used as a “T-zero” signal for
neum,mmg:t)e;llgl}t {geatshure{nenf and as one of the ir.qut pulses -of gfoincidéhce unit. A
PN In’ dete ed inside the time mtex:val of 200 ns dumthn after “T-zero” was considered as
with- h a way two.types of fission events were recorded in given experiment: with and
thout coincidence. with ND pulse. Apparently, the intensity of -fission events - with

Coincidence with ND was proportional - to: conditional probability of neutron emission in.a

the TIC axis). The information about listed trieve > sam
- Th : parameters was retrieved from the sampled TIC
and ND pulses using DPP algorithms. The waveform of the anode signal, being prepl;ocessed
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by charge-sensitive preamplifier, was step-like pulse with height proportional to total charge
of the electrons released during FF deceleration. The FF angle information can be obtained.
from the anode pulse rise time, which is proportional to the electron drift time from the point
of origin to the respective -anode. Relation between chamber geometry and the charge
induction on the anode of TIC is given by the Ramo-Shockley theorem [5, 6]. According to
the theorem a full charge, induced on the electrode by a moving charge can be calculated
using a  weighting electric field potential, calculated for all electrodes grounded except the
considered one; which potential is raised to 1. V. In present work the calculation was done for
a single cell with periodical boundary conditions in respect to x-axis -of two dimensional
Cartesian coordinates chosen as schematically shown in Fig: 2, where D and d are cathode-
grid and grid-anode distances respectively. Dirichlet boundary conditions for this case’
required us to specify the potential along the boundaries: anode potential set to 1, cathode and*
grids both grounded, potential along the dotted lines set to-linear rising function of y
coordinate from the zero at the cathode to 1 at the anode. Coe , :

The electric potential can be found as the solution of Laplace equation

O’F(x,y) , 9°F(x,y)
3 =0
axzh + ; ayl

satisfying to described above boundary conditions. To solve eq. 1 numerically the inside of
the rectangular cell was covered with a uniform computational grid with pitch h and the
following finite difference approximation formulae were used:

FF_ 2F . 2F. 2F 9’F . . 2F, L_2F _2F

W v+e) 9@+ @’ 9 plptw) u(p+w) | pu @
F, F '
- —+ E—+ £ _putey F, - finite difference Laplace equation
v(v+q) q(v+q) p(p+u) u(p+u)  pugv. S T
K Anode . o
HilE :
By Grid
o--t-e--0 Fp
L
0) I H b) 5
I - ‘ h N Fo .
| | e— 3 ©Fq
Bl ! e
! ! “ Cathode
‘X Fu:

FIGURE 2 a) Area, confined by dashed lines, where the Laplace equation solved with periodical'f( ‘
Dirichlet boundary conditions. b) generalized finite difference scheme demonstrating how the second
order derivatives were calculated at the grid node Fyusing adjacent nodes F, , F,, F,and F,- "

When the point F, was far énough from the gnd the distan;es p;q,u and v were supposed to be 1
equal to the chosen pitch . When at least one point crossed the grid boundary, then the B
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on the anode as:"

" corresponding distance was set to the distance between F,

. L d ] i
solution F(x,y) was integrated over x-coordinate and plotted s, boundary. The obtained

in-Fig. 3a as Fy(y).
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FIGURE 3. a) Weighting"potent‘ia{ for the anode b) lllustration of the free electron drift in TIC

Charge induced on the anode when free electrons with total . a 1 s
! Induced on the anode w trons with total charge ¢ are drifting from
point of origin 7 (we suppose that the t-axis aligned along the FF mgtign djrecﬁdlril)gto":moti}rll‘:
with potential Fy(3) can be calculated using the following formula; - oREe

Q(y);(Fx(y):'"F,(y'=1><cos(®.)4)>‘<c‘1" 3
ging bf calxvlvc':ﬁia;te(\i“ Q.éightiﬂg potentiai,f( g in
g dependence of averaged weighting on y was obtained and ;ﬁ)ﬁed

where subscript x in Fﬁ) denotes évéra
Tespect to x. The followin
in Fig. 3a:

0'—;-‘ for 'os‘y'<1:)./

EO)= @

-D . o
(1-0)27= 40 for DsysD+1f

The paranieter o—is a gri ) . : o e
grid inefficiency factor [6] and eq. 3 gi / i
b ; i eq. 3 gives charge g=p(r)dr, ind
p())’iltllz’ehelef:u'ons in t.he interval (1:, T +d 1) when they drifted from the faoi‘rllt—lc’)?{)ﬁgi:ln t;l :ﬁg
o, aving potential Fi(3), the induced charge dQ(y) can be expressed as il o

400 = (- 0)x 222

—oxEXCOS(©) L i e
i ‘ ‘ +O' oxX= D p(ydr i ()
this:;lmi all FF decelerated inside the cathode-grid area and integrating eq.-5 over r gives
arge Q, mduced by whole glectrons along a FF deceleration path, when they collected

i
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o .V\Q(5+‘d.;);:’]'e;‘pir)x'(l—dx&;—si@)dr=NXex(l—aXx—(Es(—G—)-) ®
: 0

I L. L
In eq. 6 the X= I‘L‘x p()dtis the “centre of charge” and N = Ip(x)dx is a total number of
B U UE RN - o ’
electrons, created during the FF deceleration.. Drift time T of the “charge centre” of FF

jonization from the poiﬁt of origin to the point with coordinate y=D+—12— can be calculated

as: .
' Dy, L _X
T= 7 a+ "D cos(©)) o

Eq. 7 describes dependence of drift time T on c0s(6). The DPP algorithms and praciical
implementation of pulse height and angle evaluation were described in previous papers [7-9].
In next chapter we are providing some new results related to PFN time-of-flight spectroscopy.

DPP FOR PROMPT FISSION NEUTRON TIME-OF-FLIGHT SPECTROSCOPY

Measurement of PFN time-of-flight in present experiment we ‘sed cathode pulse of TIC as
a “T-zero” signal and the ND signal as “Stop” signal. Time difference between these two
signals was considered as the PFN time-of-flight (TOF). Narrow bandwidth (100 MHz
sampling) available in our measurements and wide pulse height range (~100) of ND pulses,
made data “analysis more complicated due to some surprising effects was not foreseen
beforehand. ND, used in experiment, was sensitive to prompt fission gamma radiation and
this fact became helpful to overcome the limitation of narrow bandwidth of the apparatus.
The bandwidth of ND pulse can be evaluated from the pulse rise time, which was found to be
~100 MHz for ~4 ns rise_time. Because of 100 MHz sampling frequency and taking into
account Shannon sampling theorem the signal bandwidth was limited with help of ‘anti-
aliasing filter of 4-th order (Bessel filter with 45 MHz cutofT frequency). Before data analysis
ND waveform passed additional 4-th order digital Butterworth filter, constructed using
algorithm described in ref. [7]. Constant fraction time triggering (CFTT) was implemented
digitally to measure the time difference between TIC cathode and ND pulse. It is well known

that CFTT works well when it is implemented to pulses, -having identical rise times. In .

present measurement scheme the identity of ND pulses was guaranteed by filters, applied to
ND signals as was described above. Constant fraction value was selected 0.2 of pulse height

and parabolic- interpolation was implemented between successive samples. Resulting: TOF §}.
distribution measured using considered approach and pulse shape separation of neutrons from- 3§
gamma radiation presented in Fig.4a. In order to demonstrate the effects, distorting the shape |
of the TOF plot from Fig. 4a, two-dimensional plot in coordinates TOF — ND total light
output was plotted in Fig. 4b. The points on the Fig. 4b, corresponding to gamma-radiation,

demonstrate obvious dependence on the total light output (proportional to ND pulse height).

We explained that dependence by the filters, introduced additional phase delay for ND pulses.
To correct those phase delays we first parameterized gamma radiation shift on the ND pulse §
height using linear approximation. Then the shift corrected for both neutron and gamma
radiation pulses in similar way during data analysis. Result after correction presented on Fig. -
5 and looks more reasonable in comparison with Maxwell distribution with parameters taken
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from ref. [4]. It should be noticed that problems related to

. R . hase dela; i i
for investigation using pure theoretical approach and sho o v> ars quite complicated

uld be combined with experimental

methods.
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FIGURE 4. a) TOF distribution obtained using digital CFTT method. b
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) analysis of signal formation in TIC and -
developed DPP algorithms for prompt fission neutron TOF spectroscopy allowed us to avoid some

uncertainties and correct the final results of PFN emission, a) time-of-fli istributi
A 0 N -of-flight distributi :
correction for pulse height dependence and pulse shape analysis, b) Two-diugll;nsional ;gg-;t‘gr.

lot
after correction. P

DISCUSSION

ver?l;ro::iszlt :oncermn'%h grid inefficiency (GI) correction factor, deducted from eq. 6, is in
be metrond iatt:n.lent with' paper from ref. [6] and early result published in ref, [10]. It should
publishe o f1n1 recent years th?re was another point of view to GI factor correction
digitizog o ;e . [ 1], where experimental .method of GI factor determination with help of
lansin o] ode signal waveform was provided. Eq. 6 in present work was deducted from

electrodynamics (see ref. [5]) and reflects the electrostatic induction of charges,

. Moving in the electrostati . : '
\ ref. [10] and ref. . [li atic field, created by the electrodes of TIC (Fig. 3a). Both authors of -

1 used correction of eq. 6 in order to eliminate effect’ of angular

d
quenden%- In case of ref. [10] the goal was achieved by addition to eq. 6 of the

87 .



X cos(®)

term Neo ————— X cos(@)
D

, and subtraction of the term Neo(l—
From practical point of view both approaches bring to correct results, when proper
spectrometer, energy calibration procedure was implemented. For example, when one
calibrates the energy scale of. spectrometer with alpha pamcles with extrapolation to FF
energy range then approach of ref. [10] would be more precise, because it does not introduce
additional shift of Neo . In case of the energy scale calibration using known average heavy
and light FF kinetic energy values both approaches will bring to the same results because any
systematic shift is eliminated in the energy calibrating.
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Abstract

Already at the end of the last century theory predicted that. the wave number and .
frequency of any wave will change when passing through an accelerating refractive .
medium. The effect was calculated both for electromagnetic and neutron waves. As a.
refractive index may be introduced for waves of any nature one can speak about a very
general Accelerating Medium Effect. As far as we know this effect has not yet been
observed for light. Here we report on a neutron-optics experiments performed with-
ultra-cold neutrons where this effect has been demonstrated for the first time ever. The
maximum energy transform in the experiment was £ (2+6) x10- 1% &V, which agrees -
with theory within less than 10%. Possibilities for future 1nvest1gat10ns of the
Acceleratmg Medium effect will be discussed.

1. Introduction

The investigations of light propagation through a moving matter are continuing, starting
from the historical paper of Fizeau [1] and up to the nowadays. In the 1970's the similar line
of investigation has appeared also in the neutron optics [2-9]. By analogy w1th the hght optlcs
the neutron experiments with. moving matter are called.Fizeau neutron expenments Some
results of the light and neutron optical 1nvest1gatrons were reviewed and compared in[10). In
most of the mentioned papers, authors were mainly interested in the phase shift of a wave
transmitted through a moving sa.mple Less attention .was pald to the, questlon of wave
frequency in matter.

However, if a layer of some matter and its boundaries moving as a smgle whole, the wave
frequency in matter measured in the laboratory frame will be different from that in vacuum.
This is the case both in light [11] and neutron optics [2,12], where the frequency shift is
caused by the Doppler effect and is determmed by the followmg relatlon "Aw= (n 1) oV s

where » is the index of reﬁ'actlon in the movmg coordmate frame with matter at rest ko is the

- Wave number of the incoming wave, and v is the speed of the moving matter.

In the case of uniform motion of a material layer the Doppler shift resultmg from passage
of the wave through two boundaries are equal in magnitude but opposite in sign. The total
effect is zero and the frequency of the wave transmitted through the moving matter does not

, chaﬂge For a long time the role of uniform velocity has been underestimated, although itisa
- decisive one. In the case of arbitrary motion frequency shifts on the sample boundaries do not

cancel each other and the frequency of the transmitted wave is not equal to the incoming one.
is was first shown by Tanaka [13] who solved the problem of electromagnetic wave
"aﬂsmlssron through a linearly accelerated dielectric matter on. the ‘basis of a,covariant

genemhzatlon of the Maxwell equations. As far as we know, the correspondlng llght optics
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ékpeﬁmegt has not:been carried out till now, although the possibility of doing that has been
discussed [14]. o . :

The problem of neutron transmission through a layer of matter moving with linear

- acceleration was considered by Kowalski [15] in the context of a new type of experiment to

Verify the “equivalence’ principle. The author comes to the conclusion ‘that the energy of
neutrons transmitted through such a layer must change. Later, the same result was obtained by
Nosov ‘and Frank [16] who calculated the velocity of the neutron transmitted” through the
accelerated boundaries of the sample. e T O e

The first brief note of experimental observation of neutron energy. change on transmission
through accelerated matter can be found in [17]. A more detailed investigation of the
accelerated medium effect (AME) is given in [18]. Recently, acceleration and slowing down
of neutrons on transmission through an oscillating sample was observed by a peculiar time-of-
flight method [19]. The detected energy change was'in a 'gqu‘agreement with the theory.

In the next sections we shall present rather briefly the main results of the experiments
[18,19]. Then Wwe discuss some new aspects of the neutron AME for the birefringent media.

2. Observation of the accelerating matter effect ‘in experiments’ with _ultracold
neutl"(.).hs.» o : : . . | v.”‘

21 'Séebtroséopy with UCN e : .

The equation determining énergy change due to AME was obtained by the different
methods in [15,16] in the form

AEEmwd(—l-—-l) i - M
n

*‘Where m is the neutron mass, d - thickness of the sample, n — refraction index and w — sample
“acceleration. ‘As shown in [18] eq. (1) can be obtained with good approximation from ‘the
“equivalence principle without any detailed calculation. It was tested with reasonable accuracy
“in spectroscopic experiment with ultracold neutrons (UCN) [18]. S
" The change ‘of energy by transmission  through an- accelerating sample was firstly
" measured several years ago in experiments with ultracold neutrons. Neutrons passed through a
“ silicon sample, which oscillates. Accordingly the energy change of the quasi-monochromatic
neutrons is given as - o it )
’ o s . . . : 2 l—n . - ) Vi \
. 'AE = -mAQ d-—n—Sant, . ~,Q<<—d—, . S (2)

2

where A and Q — denote the oscillation amplitude and frequency of the sample and v; — their
" velocity ‘inside the sample material. The layout of the experimental setup, a modified
*spectrometér of [15,16], is shown in Figure 1.~ "7 o 0

Ultra-cold neutrons enter the top ‘part of the' spectrometer horizontally before falling
“through an annular corridor. At the lower end of the corridor, 2 monochromator (1) is placed.

“It is a neutron interference filter and acts as a kind of Fabry-Perrot interferometer (FPI). It .

Y transmits only UCN with a narrow spectrum’ of vertical velocities. The sample (2), silicon
¢ plates of 0.6 and 1.85 mm thickness respectively, are located just below the monochromator.
‘It can be harmonically moved up and down' by means of a special driver (3). The sample was
- oscillating with 40 or 60 Hz. The maximal tunable acceleration of the sample was 90m/s%. ~*

“' Passing the monochromator and sample, neutrons arrive at a vertical mirror neutron guide,
* where the second FPI, analyzer 4, is'located and whose position can be varied in height. A
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The max1mum change in the energy of UCNs, which is determmed by Eq. (6), reaches
aPprommately 0.6neV. dul i e
" The phase and amplitude of the count rate modulation were measured in the experimes
various positions of the analyzer filter. The time dependence of the count rate was determined
in a time interval equal to the oscillation period. The origin of the scale was “specified by a
generator controlling the sample motion. The data were normalized to the averaged count rate
and fitted to the function f(t)= 1+ Bsin( 2t - @) . The amplitude B and phase @ of the count
rate oscillation were determined by such a way in each value of the posmon of the analyzer.
Some results from the phase measurements are shown in Figure 3.
Monte Carlo simulation of the oscillation phases were repeated usmg “the relation

_ AE——KmA.QzL[( 1-n )/n]sm £2t which differs from equation (2) by the correction factor

K. For the latter one a value of K =0.94+0.06 was found. Thus, the results of the
measurements of the counting-rate oscillation phase are in reasonable agreement with the
existing theory of the accelerating medium effect.

2.2.The Accelerating Medium Effect and time focusing of neutrons.

2.2.1: Experzmental Prmczple

Recently a new type of expenment for the observation of the AME was carried out [19]. Here
a plate, vibrating in space, was used as penodrc modulator to change the velocity of ultra-cold
neutrons. The main idea of this experiment is rather similar to experiments on time -focusing
[20] and its main principle is illustrated in Figure 4. Monochromatic neutrons are transmitted
through a modulator-— acting as a time: lens. The neutron velocity was changed penodrcally
such that in the ideal case all neutrons arrive simultaneously in the detector. L. The lens is
working in a cyclic regime and time focuses those neutrons passmg through it in one cycle. In
reference [20] an aperiodic diffraction grating moving across the neutron beam was ‘used as a
lens: In the current experiment we used a-plate of silicon oscillating along the propagation
direction of the ultra-cold'neutron beam: Moving with penodlc acceleration it was periodically
accelerating or slowing down the neutrons due to the AME. Here the momentum transfer to
the neutrons was insufficient for an efficient focusrng and the focal plane was srgmﬁcantly
away (to the right side) from the plane L. However, in the detection plane there occurs a
substantial concentration in time of flight of the incoming neutrons. This leads to a time
modulation of the count‘rate at the detector. It can be shown that'in this case the time
dependence of the detector count rate is determined by the derivative of the modulation
function Av(t). The change of velocity by passing the oscillating plate is according to equation
(2) given by av =-AQ2*— d (l )sm $2¢-and therefore the weak focusing leads to the

vo\l n
follow1ng time dependence of the count rate o ,

N, (t)= N+CA.(2 ( = )cos.()(t+r) ) (3
where N, — is the mean count rate, T - is the average time of flight and C, — is a constant

coefficient. Obviously the harmonic movement of the sample leads to a periodic variation of
the neutron velocity with respect to the sample. As the dependence of all absorbing processes

in the case of ultra-cold neutrons is proportional to 1/v the transmission of the sample is also

changing accordingly. Therefore, additionally to the AME given by equation (8) there is
another systematic effect described by the following equation N, (¢)=N;+C,AQcos(t+7).
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""Flgure 4.

A coordmate versus ’
- time dlagram
" illustrating the 1dea
__of time focusing.

As both effects are synchronous thc harmonlc modulatlon of the count rate is obtarned by
summmg the a.mphtudes of both s AR

Cweaa(cars) e
Expressron (4) is written such, "that it underlines the main pr1nc1ple of the given’ cxpenment
the measurement is carried out such that the quantity ASZ. stays constant. and.the AME is
growing proportlonally wh11e the systematrc velocrty effect 1f 1nverse1y proportlonal to, the
frequency of modulatron

The systematic velocrty effect s was encountered in former expenments [17 18] In these
measurements it was alrcady found that if the monochromatrsatron happens after transmlsswn
through the sample the AME is excluded. All experlmentally observed modulations are due to
the systematic velocity effect. This finding has been explored for the current measurement.

The experimental strategy consisted in the measurement of the modulation amplitude of the
ultra-cold neutron count rate transmitted through an oscillating sample for a large set of
frequencies 2 and fixed values of ASZ. The measurement was carried out in two geometries.
In the first case the. :monochromatic neutrons were transmitted through the sample and the
amplitude modulatron was given by equation (4). In the second case the neutrons were
transmitted through the oscillating sample and only after through the mononchromator In the
second case the modulation amplitude is defined by the systematic velocity effect only. The
frequency dependence of the difference of both effects is defined excluswely by the AME and
should depend llnearly on the ﬁ'equency of modulatlon

2.2.2. Experlmental realtsatlon and results

For the experlment the ‘same spectrometer as in reference [18] was used A schematic
illustration is given in Figure 1. The only difference consists in the absence of the analyzer 4.
As in earlier, -works we used a Fabri-Perot . interferometer as monochromator It transmits a
single wave length at about 107 neV with a relative width of AE/E = 0.04. As a sample we
used a wafer with 1.85 mm thickness, which was put into oscillation by the same driving stage
as in.[18].:The time depending acceleration was permanently measured: by a’piezoelectric
sensor, the sinusoidal signal of which was also used for the stabilization of the amplitude of
the driving stage. This allowed to stabilize the quantity Wy, =462 ‘on the level of 2%. The
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h measurement was carried out for two values Wpa = 57 m/s? and Wpe = 72 m/s? and for a
frequency range of /=20 +100Hz. The obtained results are shown in Figure 5.

The results show without any doubt the presence of weak time focusing, i.e. the
acceleration/slowing down of neutrons when passing the oscillating sample. The modulation
amplitude in the geometry excluding the AME ‘effect (lower blue points) is substantially lower
than the amplitude of modulation sensitive to both effects (upper red pomts) Further, it can be
seen that the dlfference between both effects is: growing w1th an. mcrease of the modulatlon
frequency.

* Unfortunately it is difficult to directly compare these data w1th calculatlons The reason is
that the modulat1on amplitude is also depending on the dispersion of the time of flight, i.e.on
the width of the spectrum transmitted by the monochromator. -Additionally it turned out that
the background of the spectrometer is slightly changing, when the monochromator is changed
from one position into’another. Therefore a number of calibration measurements were added,
in which the modulation of the ultra-cold neutron flux was realized via a' mechanical chopper.
In these measurements the non moving ‘silicon sample was also present and the
monochromator was. changed ‘between - different positions. Such calibrations allowed to
normalize the data of Figure 6. The difference of the two curves:should.be-a straight line,
corresponding to the first term of equation (4). These results are shown in-Figure 6. and it is
possible to compare them directly to theoretical calculations. The main parameter here is the
inclination angle of the straight line, The calculations were done by assuming several origins
of the background The dlspers10n of the calculated background values was 1nc1uded mto a
systematlc error.

. The error of the linear fit of the data'in Flgure 6 was cons1dered to be the statistical error.
‘From the obtained results it was p0551ble to ‘estimate the agreement of the calculated veloclty
change when neutrons are transmitted through an oscillating refractive ‘sample,

< For the factor K = Avexp/Ave,q, and values of wm =AQ% as mentloned above the agreement
fof expenment and calculatlon was: Kl— 0. 95 + 0 lOsm t0. OSSyst and Kz = 0 95 + 0 055,_-,1
0. 05sys ) , ,
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Flgure 5. The count rate oscxllatxon amphtudc as a ﬁlnct1on of frequency for a fixed value of -
max- =AQ? =72m/s’. The measurements were done in two geometncs, which symbohcally are
mdlcated on the right. Here M — is the monochromator and S —~ is the sample.
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3. The Acceleratmg Matter Effect in the case of double refractlon o

In the present works concerning the AME the polanzatlon of waves was not cons1dered S0
far. In order to partially fill this gap we will consider briefly the case of matter with double
refraction, which is characterized by two indices of refractionn,, accordlng to two
polarizations of the i incoming wave. . :

In neutron optics the quantities. nt correspond to two dlfferent pmjectlon of the neutron
spinon a phy51cal axis! Accordingly we will rewnte equation (l) as.
AEt _mwd 1- nt)/nt » A, =AE /h

Aﬂer transmlss1on through an accelerated blrefnngent sa.mple the two spm components of the
neutron wave function differ by a frequency and form a non-stationary superposition. In the
case of an arbitrary polanzatlon of the ong1nal wave functlon ¥, (x t) the ﬁnal state w1ll have

Y(x,t)=A, exp[—i Ak, X +Am t+x~+)]|T)+A exp[—i Ak _x+A®_t+y_ )]ll) G
where Ak, (m/ h’)(AEt /k,) and tis the time counting from the moment when the wave

escapes . the .matter. The constant phase, angles, X s [that are irrelevant to what follows

determine spin directions on transmlss1on through a moving sample [21] The wave functlon
in equation (5) describes the state with spin precess1on The precession angle is obtamed from
the difference between the phase angles of two spin components ;

, @(x,t)=(4k, - Ak)x (4o, — Am._ )t+Z+‘ ,z; _
Assuming here the simplifying condition’ AE /E <<1 it - possxble to write
that (4k, — 4k_)x = (4w, ~ A0 )x/v, from which follows that in the reference system

moving with the velocity of the neutron. the direction of the, spin- vector is unchanged
However, in a fixed point of observation, x=L, the spin direction changes periodically in time
with the frequency £2= Aw, — Aw_. This periodic change of the' polanzatlon direction can be

measured. The beat frequency Q and respective energy transfers #42 ' can be qulte small.’
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In neutron optics there can be several physical reasons for double refraction. First of all
one should mention the rather simple case of interaction of the magnetic momentum of the
neutron pL with a magnetic field B. Obviously any space in which the magnetic field has a

nonzero value is acting with two refraction indexes n, =(1F ,uB/E)"z If this space moves

together with its field boundaries it will generate according to what was mentioned above a
non-stationary state (10). Sample material, put into a magnetic field can also act as double
refracting material for neutron waves [22,23). This will be caused by different neutron wave
numbers due to the presence of the magnetic field and the dispersion of the material itself. An
accelerated motion ‘of the sample in-a constant magnetic field will also lead to states with
different frequencies for the different spin_components of the wave function. ‘Double
refraction might also occur in the absence of a magnetic field. First of all one might | focus here
" on nuclear pseudomagnetism; which takes place when a neutron wave is propagating in matter
with polarized nuclei. [24,25]. Due to the spin dependence of the nuclear interaction the
coherent scattering length by is different for the two values of the total sp1n As a result, the
medium has two refractive indices. ' ‘

Finally, double refraction might be caused by . parity violation  in " neutron-nucleon
interaction. The forward scatter length and consequently the refractive index will be
depending on the neutron spin orientation [26, 27]

4 Concluswn

It was shown, that the Accelerating Medium Effect is closely related to the equivalence
principle (EP). Consequently, the equations-which describe the frequency change after their
passage through accelerated refractive samples, may be derived not only from first principles
but from the EP too. This can be interpreted as additional evidence for the general nature of
this effect which exists for waves and particles of different nature. Two experiments detecting
the AME in neutron optics were described. The measured energy variations were equal or less
than 5x10"° eV while the velocities changed by about 1 cm/s. The measurements agree with
theoretical predictions better than 10%. New possibilities for the detection and for appllcatlons
of the AME may be possible by the use of birefringent material.

This work is partly supported by the Russian Foundation for Basic research (project 1 1 02-
00271).
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New spectrometer for test of equivalence principle wnth UCN
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Abstract: © o moerin S
We propose a next generation experiment to test the equivalence principle for
neutrons. For this purpose a new spectrometer has been build. The main
‘modification is the measurement of a modulation phase instead of the absolute
count rate. By this reason it is expected to ‘overcome former limitations due to
background fluctuations and to improve the “sensitivity by one order of

magnitude. First tests of the new spectrometer were performed. *

In our expérimént [1] the change in the energy of the ultracold neutrons
falling in the Earth’s gravitational field (mgH) was-compensated by the quantum
of energy transferred to the neutron (462 in the nonstationary interaction with a
moving phase grating. The results of that experiment confirm the validity of the
equivalence principle within 2x107>. One of the major limitations of this
experiment was a time dependence of the background count rate. Later we found
[2] that the precision of the experiment of this type may be improved at least by
one order of magnitude using the same UCN source. '

The controlled variation of the neutron energy in a planned new experiment
on verification of the weak equivalence principle will be measured by a peculiar
time-of-flight method. For this purpose the neutron flux will be modulated by a

chopper and the detector will measure the corresponding oscillation of the count .

rate. The count rate oscillation phase @ =2nFt, where F is the frequency of the
chopper, is proportional to the time of flight =.
For these purposes a time-of-flight gravitational spectrometer with neutron

interference filters has been built (fig. 1). At the end of 2010 first tests of the .

new spectrometer were performed. The main part of this device was the
chopper-modulator of the UCN beam (fig.2). Two aluminum disks with 3
opened sectors might be rotated in opposite directions with the help of high
vacuum PHYTRON stepper-motors and toothed belts. The rotation frequency
and relative phase of discs rotation were controlled by a computer.
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Figure 1. New spectrometer. 1 —
monochromator, 2 — motor. for
the  grating spinning, 37/ = -
chopper-modulator, 4 — analyzer -
(can be moved in vertical -
direction), 5 — glass neutron
guide, 6 — detector.

Figﬁre 2. Chopper-modulator -,

Two test experiments were performed. In the first one quasi-monochromatic

- neutron beam,. prepared by transmission ‘of UCN through Fabry — Perrot

monochromator, was modulated by the chopper. The amplitude and }jl)és"e‘:‘_“c:)'f the
count rate oscillation were measured for different modulation frequencies. It was
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found that the amplitude of count rate oscillation decreases with increasing of
frequency relatively slowly (see fig.3) and modulation frequency around 100 Hz
may be used in the experiment without serious loss of the contrast.
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Fig.3 Amplitude of the count rate oscillation measured at different modulation frequencies
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Fig.4 Phase of the count rate oscillation measured at different modulation frequencies

From the measurement of the dependence of count rate oscillation phases on
frequency it was possible to obtain the value of UCN time of flight. It was found
as t=0.13548 + 0.00002_s¢c.

100

The second test experiment’ was to measure the dependence of the count
oscillation. on the position of monochromator at a fixed frequency. In this
experiment UCNs of a wide energy spectrum passed through modulator and only
after that through Fabry — Perrot monochromator located below modulator. The
position of the last one was possible to vary in height. TThis test experiment was
important, because such experiment will be a part of ‘experimental procedure of
the planning test of the equivalence principle: Results are presented in fig. 5.

It was shown experimentally that new spectrometer  with Fabry-Perrot
monochromator and fast modulation of UCN flux might be used for real
measurements. S ’
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Figilre.4 Phase of count rate oscillation measured at 60Hz of modulation frequency, -
at different position of the analyser o R
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Annotation

Based on critical analysis of our experiment on radiative decay, as well as the experiment
of emit group and work conducted at NIST, we present the methodology for measuring the
main characteristic of radiative neutron decay, namely, its'relative intensity (B.R.). Relying on
spectra measurements of double beta-electron and proton coincidences and triple coincidences
of beta-clectron and proton with the gamma quantum, we discovered the events of radiative
neutron decay and measured.its relative intensity B.R.=(3.2+1.6)10° (with C.L.=99.7% and
gamma quantum energy over 35 kev).

The double coincidences spectrum we measured corresponds in all of its characteristics
with an analogous spectrum obtained by emiT group studying ordinary beta neutron decay. In
particular, this group also observed a significant ionic background, comparable with the value
of the beta-decay peak. From Avogardo's law it follows that even with a very deep vacuum
inside the vacuum chamber, molecule concentration remains sufficient for the creation’of a
significant ionic background, comparable to the effect itself, Besides, the value of the ionic
background is only very slightly dependent on the vacuum: it is proportional to the cubic root
of pressure. Even if the pressure is reduced by two orders of magnitude, the value of the ionic
background goes down only by a few times. The analysis of ionic background structure shows
that research publication presents not a narrow beta-decay peak but rather a wide ionic peak.
Ga:nma background must also be considered - when -measuring the triple coincidences.
Besides, the gamma spectrum shows a wide peak of artificial radioactivity due to the presence
of intense radiation. In its width, the peak corresponds to-the only gamma peak measured at
NIST and so has no relation to radiative nentron decay. ‘Our spectrum of triple coincidences
shows not only this wide peak of artificial radioactivity but also a narrow peak, formed by the
events of radiative neutron decay. However, our spectra also show additional background

response peaks, arising from the response of our electronic system to the reglstratlon of beta-
electrons and protons. The only solution to the situation where backgrounds cannot be ignored
is precisely measuring the time spectra of double and triple coincidences and clearly
distinguishing both the ionic and the gamma backgrounds from these spectra. For our new
experiment on precise BR measurements we, created a new. electronic system, which
s1gmﬁcantly overcomes the response and which allows:to “obtain a BR value' with 1%
precision by measuring the time spectra of double and triple coincidences.

PACS numbers: 13.30.Ce; 13.40.Hg; 14.20.Dh
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Introduction. Among the many branches of elementary decay with charged particles
in the ﬁnal state, the radiative, branch, where the decay occurs with the creation of . an
additional particle — the gamma quantum, is usually the most 1ntens1ve, as “the . relatlve
mtensﬂy ( or branching ratio B.R. ) of this mode is determined by the fine structure constant a
of 107 order of magnitude. This decay branch is well established and has been investigated
for almost all elementary particles. However, the radiative decay of the free neutron

no>ptet V+y
has not been discovered, and all the expenments were almed at the study of the ordmary
neutron decay branch.

The main characteristic of any rare mode of elementary partlcle decay is 1ts Trelative
intensity, branchmg ratio (BR). By definition, BR is equal to the ratio between the 1nten51ty of
the rare decay mode to the intensity of the ordinary mode. In the case of neutron, this intensity
ratio can be reduced to the ratio between the number of tnple comc1dences between the
registration of beta-electrons, radiative gamma-quantum ‘and the delayed proton Nt to the
number of double coincidences between the’ reglstratlon of the ordmary decay products, beta
electron and rec01l proton Np:

BR= I(radiative decay) / I(ordmary decay) N(e,p,y) /N(e,p) = Nt/Np
These two values can be determined only from the analys1s of temporary spectra. of double
and triple coincidences, which form correspondmg peaks Identifying these peaks and
distinguishing them from the significant background 1s the central problem m the
methodology of BR measurements.

Further, this experimental BR value needs to be compared with the theoretical value,
estimated within the framework of the electroweak model. Any difference between these two
values would mean that we are observmg a deviation from the electroweak interaction theory

Qur group calculated the neutron radiative spectrum in the framework of standard
electroweak theory: about ten years ago {1-4]. The calculated branchmg ratio for this decay
mode as a function of the gamma energy threshold was publlshed in these papers This value
for the energy region over 35 keV was calculated to be about 2+ 107,

In 2002 we condugcted the first experiment on the discovery of this rare neutron decay
branch on the intensive cold neutron beams at ILL (Grenoble, France), where we received a
limit for the relative intensity: B.R. <.6. 9%10> ( 90%.C.L.) [5]. This value exceeds the
theoretical value we calculated and published by only-a few orders of magnitude. This, in
turn, means that in our experiment of 2002 we came very. close to d1scovenng the rad1at1ve
mode of neutron decay. For reasons outside of our control we did not receive beam time on
intensive cold neutron beam at ILL for a number of years and were able to continue our
experiment only in-2005, after we received beam time at the newly opened FRMII reactor in
Munchen. In the 2005 expenment we identified the events of radiative neutron decay and
measured its relative intensity B.R.=(3.2£1.6) 107 with. C.L.=99.7% and gamma quanta
energy over 35 kev [6]. A year after our discovery of the radiative neutron decay,’a NIST
experimental group published the results of their experiment on the study of the radiative
neutron decay [7] in Nature, with their own value of B.R. = (3.13+0.34)-10 with C. L.=68%
and gamma quanta energy from 15to 340 kev. Here'it is also 1mportant to note the’ ‘work of
the emiT group, where the team researched the asymmetry of electron departure in ordmary
neutron decay and measured the time spectrum of double comc1dences between beta-electron
and the delayed proton. .
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- “We will formulate the optimal conditions for our ‘future experiment on radiative
neutron decay based on a comparison between the expenmental spectra.of double and triple
c01nc1dences obtained in the expenments of these three groups.

Comparison of double coincidences spectra. We have published the diagram of our
experimental equipment on numerous occasions [5-6, 8]. Here we will simply note that in its
parameters our equipment is comparable to the equipment used by the two other groups and
the distance between the observed decay mode and the proton detector in our equipment is
about 0.5m. The accelerating potential of the electric field is also approximately the same in
all three equipment sets, so all three experiments should lead to similarly shaped spectra of
double and triple coincidences spectra.

Fig. 1 demonstrates the summary statistics on double e-p corncrdences (coincidences

of electron with delayed proton). Fig. 1 clearly shows two major peaks: one peak with a
maximum in channels 99-100, which is the peak of zero or prompt coincidences [6, 8]. The
position of this peak marks the zero time count, namely the time when the electron detector
registered the electron. This peak is not physical in its nature. Instead, it is a reaction of the
detectors and the electronic system to the registration of the beta electron. It is namely the
pulse from the electron channel that opens the time windows on spectra Fig. 1 for 2.5 pis
forward and backwards. The next peak visible on Fig. 1 has a maximum m channel 120 and is
the peak of e-p coincidences of electron with delayed proton

Number of events
25+ Spectrum of double comcrdences e-p

4l . : . These two main peaks of double
10 Responce to the pcak / coincidences for “ordinary beta decay
20 | of electrons. This peak ! were observed multiple times by our
corresponds to the * 1= and emiT group [11] at NIST
promt or zero

coincidences Recoil proton or peak of beta :
/ decay events

15}

sT Minor noise peaks that were removed

" by the triple coincidences The ion background

0 FHR I 00 OO0 I 0 0 OO VO A T Y O O 00 I A N N I O O O O T A O O KA O o O O O O O I O O O O

1 26 51 76 101 126 151 176 201 226 251

Fig. 1. Timing spectrum for e-p coincidences. Each channel corresponds to 25 ns. The - peak at
channel 99-100 corresponds to the prompt ( or zero ) coincidences. The coincidences between
the decay electrons and delayed recoil protons (e-p c01nc1dences) are contained in the large
peak centered at channel 120.
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* An analogous situation was observed in experiments on the measurement of the cotrelation
coefﬁcrents by two independent groups at ILL [10] and emiT group at NIST [11], and it was
also”mentioned ‘at [12]. We would especially like to emphasize the correspondence of our
spectrum of double coincidences with an analogous spectrum from the result obtained by the
emiT group from NIST [11]. ' On:Fig. 2 we present their spectrum and diagram for the
registration of - the beta electron and the recoil proton.'A comparison of our results with the
results of the emiT group shows their unquestionable similarity. Moreover, the position of the
second proton peak in Fig. 2 (emiT group), like in Fig.:1 (our result), corresponds well to the
simple estimate obtained by dividing the length of a proton trajectory by its average speed."

Here we will also note the presence of a significant homogenous ionic background in
Fig. 1 and Fig. 2. However, in both cases this background allows to easily distinguish the
neutron decay peak. As we will® shortly demonstrate, -this ionic background will play ‘a
dominant role in the presence of a strong magnetic field and it w111 become 1mposs1b1e to
distinguish events of ordrnary neutron decay agamst it, ~ ’

500

prompt background

400 -4

counts

' ]
-4 -2 0 2
, beta- proton relative ime (ps)

!<-— 20cm’ —>‘
Fig. 2 Spectrum of double electron-proton coincidences obtained by emiT Group [11] with
two peaks and ion background value comparable to the neutron decay peak; emiT group

;.scheme for reglstenng beta electron and recoil proton. :, .

-]

PR A

Fig. l shows that the total number of events in e-p comctdeﬂces pea.k in our
expenment equals ND—3 75'10%. This value. exceeds the value we obtamed in our. previous
experiment conducted on beam PF1 at ILL by two orders of magmtude It was’ preclsely
because of the low statistics volume that we could not identify the events of rad1at1ve neutron
decay in that experiment and instead defined only the upper B.R. limit [5] Ttis very 1mportant
to note that the peak of double coincidences between . electron and the delayed proton is
observed against a non-homogenous background: be51des the homogenous ionic background,
which has a value comparable to the value of the e-p corncldences peak, there is an obvious
peak in channels 99-100. In essence, this peak is a response peak to. the time spectrum of
electron registration, which contains just one peak in channels 99-100, srgmfymg the time
when the electron detector reglstered the electron. We will shortly see that the radiative peak
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of triple coincidences appears against a non-homogenous background with not one, but two
response peaks.

.. The remaining peaks on F1g 1 are small with Just seven peaks d1st1nct from the
statistical fluctuations. These occurred because of the noise.in-the. electric circuits of the
FRMII neutron guide hall. There are no other physics-related reasons for. their occurrence.
These peaks appeared and disappeared depending on the time of day, reaching their maxima
during the work day and disappearing over the weekends. . Such .behavior was observed
throughout the experiment as we collected statistics. . Since the nature of these seven small
peaks is in no way related to radiative and ordinary decay, we d1d not emphasrze them in our
article. -

The comparison conducted demonstrates that our results on the spectra: of double
coincidences completely correspond with the results obtained by the emiT group. Now we
will compare these two spectra with the spectrum of double coincidences obtained. by the
third group. Unfortunately, the authors did not publish the spectrum of double coincidences in
their original Nature article, instead it was only published this year in paper [13]. Fig 3
displays the spectrum of triple coincidences and the diagram of their experimental equipment.

4u_l.'.'\’.'.l.r.rl....l....l

Counts

|||||||||||1||||||

5 10 15
EIectron—Proton Time Difference [ps] -

Flg 3 Equipment dlagram and the single peak of “electron-proton c01nc1dences publlshed in
(lower, middle and upper curves subsequently for 0, 300, 500 volts on electrostatic mirror
[13]. The location of the peak’s maximium and its significant width differ-from our and the
emiT results subsequently by one and two orders of magnitude. The location and the width of
the peak also deviate by one and two orders of magmtude from thc elementary estlmates of
delay times (see below)

- The significant deviation obtained is explalned by the fact that the peak in the NIST
experiment consists not of beta-decay protons, but'rather ‘of ions.” The density of gas
moelecules inside the equ1pment is propomonal to pressure and- accordmg to the Avogadro’s
Law is at the order of 10’ mol/cm® even at the pressure'of 10~ 10 mbar. This is a very.
significant number, which quite enough for creation<the’ large ionic background inthe
presence of ionizing radiation. The energy of beta-electrons significantly exceeds the energy
of ionization. Besides, the probability of ion creation by electrons is proportional not to
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volume taken up by one molecule but to the average distance between molecules. It is
precisely due to this reason that the jonic background falls proportionally to the cub1c root of
the pressure and not propomonally to pressure. In our experiment the pressure was 10 mbar,
while the emiT group it was the same as in the NIST experiment, i.e. several hundred times
lower. However, the values of the ionic background differ by only 5-6 times of magnitude.

" The light ions, together with the beta protons, should have a delay time comparable to 1 ps.

The pulses from these particles are simply not visible in the spectrum due to the NIST group’s
use of combined - electron-proton detector (see Figure 4 with the shape of electron and ion
pulses). The maximum of the proton peak in the NIST experiment, according to the delay
times estimations (delay time is proportional to square root of ion mass), falls exactly to the
air ions 4-6 ps.

Fig 4 presents the impulse forms on the electron-proton detector. As was pointed out above,
the significantly delayed impulses of low amplitude correspond to ion impulses, and the
impulses from protons are simply invisible due to a presence of a wide electron impulse of -
high amplitude. Namely this fact explains the dead zone around zero on the spectrum of
electron-ron coincidences on F1g 3

Signal (arbitray units)
60 - .
/ Electron
401
: Proton -~ Photon -
200
0

ol 1 1 ] 1 L

10 20 30 40 50
. Time, ps

Flg 4. The srgnal from the decay proton has to be delayed by less than one m1crosecond
which is why it is located at the base of the electron pulse ( see line number 2) and so cannot
be registered by the combined electron-proton detector. The pulses that are delayed by longer
than 1 microsecond are pulses not from decay protons, as it was indicated i in ref, [7], but
rather from ions, formed in the decay zone. The line number 1 shows the shape of. pulses
from the gamma detector

Comparison of triple coincidences spectra In paper [11] the emiT group researched only
the ordinary decay mode, thus this companson is limited to our spectrum. of ‘triple
coincidences, presented in Fig 5, and the only peak published by the NIST authors in "Nature
(71, presented on Fig 6. Analysmg the double coincidences spectra obtained by our ‘and the
emiT groups (both of which present two main peaks) ‘shows that in the spectrum “of triple
corncrdences we should observe not two but three peaks Namely, along with the sought aﬁer
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radiative peak, the triple e-p-gamma coincidences spectrum should show two response peaks
to the registration of beta-electrons and the registration of- protons. Fig. 5 of triple
coincidences clearly shows three peaks, and the lefimost peak with the maximum in channel
103 is connected to the peak of the radiative gamma-quanta in question, as this gamma-
quantum is registered by the gamma detectors in our equipment before the electron.

Fig. 5 Timing spectrum for triple e-p-g coincidences. Each channel corresponds to 25 ns. In
this spectrum, three main peaks in channels 103, 106 and 120 can be distinguished. The
leftmost peak in 103 channel among these three main peaks is connected with the peak of
radiative decay events.

Comparmg Fig. 1 and 5, it becomes clear that if we ignore the first leﬁmost peak with the
maximum in channel 103 in Fig. 5, the spectrum of double e-p coincidences will resemble the
spectrum of triple e-p-y coincidences on Fig.1. The peak with the maximum in channel 106 on
Fig. 5 is connected to the left peak of false coincidences on Fig. 1, and the peak with the
maximum in channel 120 on Fig. 5 is connected to the right peak of e-p coincidences on Fig.
1. The emerging picture becomes obvious when one uses a standard procedure, introducing a
response function for gamma channel Ry(t, t) [6] , which is.also necessary for calculating the
number of triple radiative coincidences Nt in radiative peak. Using the method of response
function, one can confidently define our. double-humped background: the narrow peak with
the maximum in .channel 106 on Fig. 5 is the. response to the narrow peak of zero
coincidences (by other words this peak is response to beta-electron registration) in channels
99-100 on Fig. 1, and the second peak in this double-humped background on Fig. 5 is the
response to the peak-in channels 117-127 on Fig. 1 (or this peak is response to proton
registration).

When discussing the similarities between the spectra on Flg 1 and Fig. 5, it is important to
note that the response peak on Fig. 5 with a maximum in channel 106 is shifted to the right or
delayed in comparison to the peak respond»mg to electron registration in channel 100 on Fig 1.
This is due to the fact that in our electron diagram we used a constant fraction discriminator

(CFD). CFD has its own delay line and the location of the time-pickoff signal it generates is -~

determined by the method of comparing the fraction of the original signal to the delayed
(CFD method [14]). Thus, there is a shift in the first response peak with a maximum in

108

channel 106 on Fig 5 versus the first peak on Fig 1 with the maximum in channel 100. The

value of this delay is equal to the length of the gamma quantum impulsé signal front and is on
average 150 ns. The CFD method 0bv10usly also shifts the radiative peak but it should be
located to the left of the response peak, as is observed on Fig 5. ,

- As for the wide, almost indistinguishable peak in channel 165 on F1g 5 its mﬂuence
on radiative peak in channel 103 is neghglble Its nature is in no way related to the researched
phenomenon, so we do not discuss it in our article. This peak is created by the radioactive
gamma quanta delayed on average by 1.25 ps and emitted by the radioactive medium within

our experimental equipment. The medium is activated by registered beta-electrons. This event
of artificial, induced radioactivity has been known: for over 100-years and does not have
anything in common with the new event of radiative neutron decay which is the subject of
current research. As we will demonstrate below, only this 1 microsecond peak and delayed
from the registration time by about the same time can be compared to the peak observed by
the authors of paper [7] at NIST (see Fig. 6). Thus, the authors of this experiment observed
not the events of radiative decay but rather the event of a.rtlﬁcral radroact1v1ty, already well
known in the time of Joliot-Curie.

After analyzing the spectra with the help of the non—local response functlon we ﬁnahze the
average value for the number of radiative neutron decays Nr=360 with a statistics fluctuation
of 60 events. B.R. can be expressed as-a ratio of Nt to Np as BR = k (Ny/ Np'), where
coefficient k=3.3 is the:geometrical factor that we can calculate by using not.isotropic
emission ‘of yadiative gamma-quanta Fig. 3.. With the number of observed double e-p
coincidences Np = 3.75-10° and triple e-p-y coincidences N-.- 360, one can deduce the value
for radiative decay branching ratio of (3.2'+ 1.6) - 10°(99.7 % C.L.) with the threshold
gamma energy w=35-keV. The average B.R. value we obtained deviates from the standard
model, but because of the presence of a significant error (50%) we cannot make any definite
conclusions.” The - measurements must ‘be made with greater precision. “According: to “our
estimates, in our future experiment we will be able to make more definite conclusions about
deviation from the standard electroweak theory with experimental error less than 10%. "~

1 1 . . : . 1
350 g

4 Counts

300 —

% Dpata
Gaussian fit -

250 -
200 —

150

LI A B I S SO It A L N N R O |

Eleclron—pho(on llme delay (us) )

- Fig. 6 Only peak of “electron-photon” coincidences, shrfted to the left of 0 - the time of beta—
electron registration — by 1.25 microseconds, published in [7]. '
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The difference between the NIST experiment and our experiment becomes immediately
apparent. - First and foremost, it is the time scale: in our spectra, the scale is measured in
nanoseconds, while in the other experiment the scale is in microseconds. Besides, we used
three types of detectors, each of which registered its own particle: one detector for the
electrons, one for the protons, and six identical detectors for the radiative gamma-quanta (see
[6]).: The duration of the front pulse from the electron and proton detectors is 10 nanoseconds
in our experiment and 100 times greater than that in the NIST experiment, in the order of 1
us. The rise time of gamma signal from our gamma-detectors is on average 150 ns, and from
avalanche diode on the NIST equipment greater than 10 ps, besides that the diode pulse
arrives with significant noise, which makes the thickness of the front pulse line equal to more
than 0.5 ps (see the photon line on Fig. 7 from [7]). All of this leads to our factual time
resolution being two orders of magnitude better than the resolution achieved in the NIST
expenment However, as the two experiments used equipment which was practically the
same in size and smaller than 1 meter, the choice of the time scale is a matter of principle.
Given this geometry, it is unposs1ble to get microsecond signal ‘delays: from all of the
registered charged particles, i.e. electrons and protons. In this light, it is surprising that the
peak identified by the authors of the NIST report [7] as the peak of radiative gamma-quanta,
is shifted by 1.25 microseconds to the left. The expectation that magnetic fields of several
tesla in magnitude delay all electrons and protons, are absolutely ungrounded.

Indeed, the magnetic field cannot change the speed of charged particles. It can only '

twist a line trajectory into a spiral. The length 1 of this spiral depends on angle 8 between

particle velocity and magnetic field direction. In beta decay, electrons can fly out under any -

angle 0, therefore the magnetic field can increase the time of delay by several orders of
magnitude only for a negligible portion of the charged particles. Even this negligible number
of particles that flew out at an almost 90 degree angle to the direction of the magnetic field
that coincides with the direction of the narrow neutron guide (see Fig. 3) will most likely end
up on the walls of the neutron guide rather than reach and hit the detector due to the presence
of the strong electrostatic field.. Because the distance between the point of decay and the
detector is about 0.5 meter and electron velocity is comparable with speed of light, the
electron time of delay should be less than a microsecond by two orders of magnitude.

Thus, both the 1 microsecond shift and the width of the only peak on Fig 6 in the
experiment conducted at NIST, is in sharp contradiction to elementary estimates. We; on the
other hand, did not observe any wide peaks before electron registration and our gamma
background is very even in this part of the spectrum (see Fig 5). However, when we assume
that the NIST - experiment authors observed the wide peak, shifted by 1 microsecond, not
before, but after the registration of beta-electrons. In that case, the wide peak on our spectrum
in Fig 5 completely corresponds to the wide peak on Fig 6. However, as noted above, density
of gas molecules remains high even with the pressure of 10 - 10° mbar and this atmosphere
is activated by beta-electrons. The wide peak in our spectrum is forrned by the delayed
gamma quanta from this induced artificial radioactivity.

Conclusions.

The main result of our experiment is the discovery of the radiative peak namely in the
location and of the width that we expected. The location and the width of the radiative peak
correspond to both estimates and the detailed Monte Carlo simulation of the experiment.
Thus, we can identify the events of radiative neutron decay and measure its relative intensity,
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which was found to be equal B.R. =
energy over35keV).

At the same time, the average expenmental B R. value exceeds the theoretical value by 1.5
t1mes However, due to a significant error we cannot use ' this result to assert that we observe a
deviation from the standard model. Therefore, our most immediate goal is to increase
experiment precision, which we can improve by several percents according to estimates.

For last two years we were preparing this new experiment and conducted number of tests
for our new electronics. We constructed multi channel generator what can generate the pulses
with the same forms as our electron, proton and gamma detectors. During these tests we got
the same responses as during our last expenment on real neutron beams at FRMIL It means
that all additional peaks on our spectra have no any physics reasons and It proves once more
that we were absolute correct when applied the response function method for explammg these
peaks as response ones and for developing our experimental spectra.

We created and tested our new electronic system for obtaining experimental spectra By -
using this new programmable electronics we can significantly reduce the influence of
response peaks on peak with radiative decay events. Now we can get this peak almost isolated
from responses. On our estimations all these allow us to reach ~accuracy for our new
experiment about 1% So, on the base of our new. electronics we can confirm or refuse the
deviation of our average expenmental value of BR from the standard model one. -

As concerning the comparison of our experimental results with others we can make the
following two main conclusions. The main parameters of our spectrum of double electron-
proton coincidences identifying the events of ordinary neutron decay fully comc1de with an
analogous spectrum published by emiT group in [11].

Unfortunately we cannot say same for another experiment measuring the rad1at1ve neutron
decay published in [7]. Particularly vexing is the authors' unsubstantiated assertion that they
observe their only wide peak of gamma quanta before the registration of beta-electrons. Both
the position and the- width. of: this; :peak . are ‘located in sharp contradlctlon to. both " the
elementary estimates, and the results of our expenment In the course of o our entire expenment
we did not observe such a wide peak in the triple coincidences spectrum located before the
arrival of electrons at-a huge distance of 1.25 us. However, it is possible to reconc1le our
spectra of triple coincidences with the one isolated peak observed at NIST , if we assume, that
at NIST, the gamma-quanta were registered after the beta electrons. Only in this case does the
NIST peak almost completely coincide with the peak we observed in the spectra of triple
coincidences with the maximum in channel 165, both in terms of the huge delay of 1.25 ps
and in terms of its huge width. This peak is created by the delayed secondary radioactive
gamma-quanta, arising from the activation by beta electrons of the media inside experimental
chamber, which was the real object of the NIST experimentalists’ observation.

Despite the recent disagreements [15], which we consider to be subjective in nature [16], we
acknowledge the contribution of our Western colleagues Profs. N. Severijns, O. Zimmer and
Drs. H.-F. Wirth, D. Rich to our experiment conducted in 2005. Here it is important to note
that the authors of the article published in Nature [7] consciously misled first our Western
colleagues and then the physics community at large by insisting that their only wide peak is
removed by 1.25 microseconds to the left from the time of electron registration, when in
reality this peak was formed by delayed gamma-quanta, emitted by the activated medium
inside the experimental equipment, and corresponds to our wide peak with the maximum in

(3.2+1.6) 107 ( with C.L.=99.7% and gamma quanta

- channel 165 (refer to Fig. 6) [15, 16]. The authors would like to thank Profs. D. Dubbers and

Drs. T. Soldner, G. Petzoldt and S. Mironov for valuable remarks and discussions. We are
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also grateful to the administration of the FRMII, especially Profs. K. Schreckenbach and W.
Petry for organizing our work. We would especially like to thank RRC President
Academician E.P. Velikhov and Prof. V.P. Martem’yanov for their support, without which we
would not have been able to conduct this experiment. Financial support for this work was
obtained from RFBR (Project N 07-02-00170).
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* CALCULATION OF CORRECTIONS FOR PRECISE OBTAINING THE
n,e-SCATTERING LENGTH FROM THE ANGULAR ANISOTROPY OF
SLOW NEUTRONS SCATTERED BY NOBLE GASES "

L V. Mltsyna A. B Popov -

. Frank Laboratory of Neutron Physxcs :
Joint Institute for Nuclear Research, 141980 Dubna, Moscow region Ru:sza

For the preclse measuring the angular anisotropy of neutrons scattered by noble gases in
energy region from ‘a few meV up to 1 eV with use of time-of- ﬂlght method it is
necessary to know all corrections with the accuracy not worse than of 107, Only in this
case one can assure obtaining the n,e-scattering length b, with the accuracy 2 — 3 %. The
corrections for efficiency difference of detectors, which register slow neutrons scattered
forward or backward, with taking into account the thermal motion of Ar is calculating by
Monte Carlo method in real geometry.

1. Introduction

As we noted more than once (see, for example [1]), a necessity of measuring the n.e-
scattering length is still kept, as a dispersal of a number of obtained by this time b, values is
several times more than their uncertainties. Thus, an accuracy of corrections in precision
experiments is open to question. From the point of view of corrections clarity the experiment
with measuring the angular anisotropy of slow neutrons scattered by noble gases is the most
easily understood. The:b,. value extraction from a neutron scattering anisotropy, when
neutrons elastically scattered by noble gases forward and backward, was done by Krohn and
Ringo a long time ago [2]. But as these experiments were carried out at the reactor. using
thermal neutron beam, the authors had to average all energy dependent corrections and atom
form-factor over whole neutron spectrum. Application of the time-of- ﬂlght method [3]
allows exact corrections introducing at certain neutron energies. . .

The success: of b, value extraction is.determined by the accuracy of obtamed
intensities ratio at neutrons scattering forward (6, ~ 450) and backward (82 ~135%). Of course,
the correction for the thermal motion of gas atoms is the largest one in this _experiment, but it
must be calculated in case of noble gas sample absolutely correctly for each certain neutron
energy [4]. Seemmgly, the main difficulty in this expenment is the correct ‘calculation of the
energy loss at scatterin -§ of a neutron: it is necessary to know the counters efficiencies ratio
with the accuracy ~107" in order to obtam bre value with systematlc uncertalnty notably less
than statistical one.

2. Setting of experiment and geometry for calculatlons

The expenmental installation represents the turn-table a.nd fixed on'it the chamber with gas
Arand four *He-counters (with gas pressure 8 at and sizes @3%18 cm). Neutron counters are

: placed at the angles 45° and 135° relative to the beam axis at the distance 30 cm from the
. center of working volume, where neutrons are scattered. The scattenng volume is conﬂned

by cadmium (or boron polyethylene) collimators, which also restrict the scattering angles
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range. Using the Monte Carlo method the calculations of the neutron scattering anisotropy
were carried out taking into account.thermal motion of gas atoms for argon in geometry,
which is shown in Fig.1. . , . N L ' :

The chamber, ina which neutrons are scattered, is a double cross of collimators. They
form neutron beam and windows in the directions of detectors. Four collimators with
detectors at the ends (in the boron polyethylene shielding), where neutrons come after
scattering, and collimators for neutron beam passing before scattering are disposed cross-
wise. Tuming at 45° the turn-table allows to use for measurements all possible positions of
each detector with respect to neutron beam.

oo § 2Rdet

NN\

1,2,3,4 -He-3 counters

Rdist

Fig.1. Scheme of the installation for calculating the neutron scattering (view from above).
1, 2, 3, 4 — detectors in shielding at the ends of collimators on the tern-table.

Width of collimators slit before detector Wc and diameter of the detector 2R are equal
to 3 cm, height of counters inlets is 18 cm, and the height of collimators slits and neutron
beam is the same. Width of collimators for neutron beam is 2Xv=3 cm, their length is Rv=30
cm, length of collimators from the centre of installation to the slit is Re=30 cm. -

For each of four counters a measuring anisotropy of neutrons scattered at angles 6, an
6, is determined as a ratio of scattering intensities I(E,0): '

R(E) = o(E,6,) _ I(E,8) C(E),
o(E,6,) I(E,6,)
where I(E,f) are the scattering intensities of neutrons. The correction coefficient C(E) =
&(62)/e(6y) for efficiency variation of neutron registration at different angles is indispensable

to extract the b, value. The motion of tum-table changes positions of detectors, and -

intensities ratio is obtained from the ratio of counts of neutrons scattered forward (6~ 45°%)
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and backward (G~ 1350), which are measured alternately at turning the installation relative to
the beam axis. This ratio is calculated by the formula of the geometrical mean ~ -

) 1747
R=(NIIN2[NJIN4[J
) N;bNAleszb’ .’ ) )
where N are corrected counts, numbers determine’ counters, and counters positions (at
forward or backward scattering) are indicated by letters fand 5.

3. Results of calculations

The ratio of counter efficiencies for neutrons scattered backward and forward-is dependent
on energy of incident neutron and real scattering angular distributions, which are complicated
by thermal motion of gas atoms. It must be calculated carefully to have a possibility to
correct experimental results at each point of investigated energy range. For that the Monte -
Carlo calculations were carried out at initial energy of neutrons from 0.001 eV to 1 eV for
argon pressure 10 at. The capture cross section was presumed to be zero to reduce a counting
time. Addition individual calculations showed that influence of capture can be neglected for
argon. These calculations in above-mentioned geometry allowed to obtain the angular
distributions of neutrons scattered into forward and backward detectors and efficiencies of
their registration with taking into account thermal motion of gas atoms.

60000 .. 4
. L]
. L
50000 | . En=8meV
. -
S 40000 4 . .
b .
o
2 - . .
S 30000 o . .
5
[1] i
[~ . .
) 20000 ~1 i . .
. K . N
10000 - * .
L .
0 Ay 7"
4 44 48 52 56 124 128 132 136 140

‘ ,scatfering angle, grad scattering angle, grad

Fig.2. The calculated angular djstributiohs of neutrons with initial energy,S xﬁeV scattered by
argon forward (left picture) and backward (right picture) taking into account registration
efficiency of counters (one run for ~10" neutrons falling into the target) -~

With the purpose to ‘determine the conectibnVéo’efﬁcieht“‘C(E)twi/thv_‘thg adéquate

accuracy it is necessary to carried out a multiple calcula}tiénswfo‘r each energy point: (the
higher neutron energy the more statistics of events is required). Gradual “rise of statistics™ is
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realized by averaging-out of independent calculations, which imitate separate measurements,
with computation of random uncertainty of their arithmetic mean. Bit by bit this uncertainty
is made more exact.

The angular distributions of neutrons with initial energy 8 meV for one of the
calculations are shown in Fig.2. The statistics was 6x10'° of incident neutrons into scattered
volume. As Fig.2 illustrated the limited by detectors slits dlspersmns of angles in given
geometry after forward and backward " scattering are 38°+ 58° and 122%+142°,
correspondingly.

The scattering anisotropy dependence on neutron energy R(E) for argon is shown in
Fig.3. Here the results of calculating the R(E) without taking into account of the efficiencies
of neutrons registration and after introducing of these corrections are shown by the black and
open points, correspondmgly In'all calculations the effect of n,e- scattering was taken into
account, and it was of opinion that b,.= —1.32- -1073 fm. Effect induced by n,e-scattering is
apparent in the Fig.3 as a evident depression of revised (open) points relative to R(E)=1.07
what must be at bp= 0 in the concerned neutron energy reglon

1,08
1 ' >. N I T
1,074 iigbs ... ----- T e &Y
1,06~ "",§§§§ "
’ 7 '-" [ ]
o 2 s
1,054 .
@ ; ~,

1,04- i "o } E

1,03 §

1,02 Ty T ML EMRAAT T T
0,01 0,1 1 10

EeV

Fig.3. The neutron scattering anisotropy dependence on their incident energy with taking into
account themxal ‘motion -of argon atoms (scattering length of n,e- interaction is
bye=-1,32-10" fm): open circles are calculations with correction for cfﬁcxency, black
circles are the calculations without these con'ectlon Dashed curve is anisotropy -
calculation without taking into account n,e-scattenng )

At last, the calculations of the energy dependence for correction coefficient C(E) is

shown in Fig.4. For comparison a rough count of C(E) without taking into account thermal .

motion of argon atoms is illustrated by a dashed curve. In this case a counter efficiency was
calculated as multiple integral by working scattering volume and by volume of counter, and
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the energy losses for neutrons scattered forward and backward were determined exactly at the
angles 45° and 135° [(without angular dispersal), i.e. the neutron energy E,, aﬁer scattering

was found from a simple expression E,, = E, (40+ cos@)? /(40 +1)?, where @ is a scattering

angle, and E, is the initial neutron energy. Taking into account the thermal motion the energy
distributions of neutrons scattered backward shifts towards smaller energies at E;>0.025 eV
and towards bigger energies at E;<0.025 eV. The efficiency of *He-counter with gas pressure
8 at slumps with neutron energy increasing (from almost 100% at the neutron energies ~
meV up to somewhat more 15% at 10 V), and hence at E;>0.025 eV the counter efficiency
of registration for neutrons scattered backward become higher. And vice versa, the counter
efficiency for these neutrons become smaller at E,<0.025 eV. This explain trend of curve
C(E) at these neutron energies below 1. The .energy distributions of neutrons ' scattered
forward shifts incidentally, and the efficiency of registration for neutrons scattered backward
becomes shghtly hlgher than for neutrons scattered forward at the energies more than 0.05
V. As it is shown in our papers, to ensure an accuracy of the b..c value 2-3% the energy
region more than 0.1 €V is very important.

1,03 g e %‘f
1,02 R
: B
1,013 s
o : ’t” Q
1 - -
1,00 F==== 3
: P
0,993 o
0,01 0,1 1 10
E,eV

Fig4. The cormrections C(E)=¢(135°)/£(45%) obtained from Monte Carlo calculations for
intensities of neutrons scattered forward and backward by argon. Dashed curve is raw
count of C(E) without taking into account thermal motion of gas atoms.

Calculations showed that the introducing of comrections for efficiency variation is
necessary in principle, if we use ‘He-counter with gas pressurc 8 at as a detector.
Parameterization of C(E) values calculated in certain energy points by curve with adequate
accuracy will allow correcting the desired quantity of R(E) at any neutron energy. In order to
improve an accuracy of these corrections calculations are still continued.’
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Conclusion

The bulky calculations in real geometry with taking into account the thermal motion of
gas is urgent to reduce the uncertainty of correction coefficient C(E) to required ma'gnitude
Just accurate takmg into account of these corrections allows obtaining the R(E) values in the
neutron energy region more than 0.1 eV.
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STUDY OF THE NEUTRON LAUE DIFFR.ACTION IN LARGE SILICON
CRYSTAL FOR THE BRAGG ANGLES CLOSE TO 7r/2

E.O. Vezhley, V.V. Voronin, 1. A. Kuznetsov, S. Yu. Semenikhin, V. V. Fedorov
Petersburg Nuclear Physics Institute, Gatchina, Russia
Abstract » k ‘
The Laue diffraction on (220) plane of large (~ 200 mm) silicon cr‘ystal was invesfigated for.
the Bragg angles close to /2. It was demonstrated that the effective neutron absorption
length for the low-absorbed Bloch wave can reach about 3 m instead of 40 cm for the
non-diffracted neutrons. Therefore, we saw reasonable reflected neutron beam intensity for
the Bragg angles about 88° and it was possible to observe specific dynamical diffraction
effects for Laue neutron diffraction with such Bragg angles in the extremely thick crystal.

Experimental results are in good agreement with theoretical predictions for both one-crystal
scheme and for two-crystal scheme of setup.

Introduction

The crystal-diffraction expenment to test weak equivalence prlncxple for the neutron was recently
proposed [1, 2]. It is based on the essential magnification of external affect on the neutron
diffracting under Laue for the Bragg angles close to the right one. ‘Recently. we observed an
additional enhancement factor of small effects exerting influence on a neutron undergoing Laue
diffraction at such Bragg angles [3]. This factor arises due to the time of diffracted neutron delay
inside the crystal and is proportional to tanz(HB) Its value can reach 103 In the aggregate with
diffraction enhancement factor, which is also known as decreasmg of dlffractlng neutron effective
mass [4], the total diffraction enhancement factor may be as large'as 10°. So, it becomes
interesting to try to utilize this enhancment phenomenon for investigation of external affects
acting on a diffracting neutron.

In the experiment we were working with two-crystal scheme of Laue diffraction in large 150 x
220 mm3 silicon crystal. The working crystalographic plane is (220). Experimental setup is based
on direct neutron beam collimation with system of slits which allows us to observe neutron beam
shift on the exit surface of the crystal. In this consideration specific dynamical diffraction effects
become very significant. First of all, effect of anomalous transmission or Borrmann effect: 5]
should be taken into account. This effect gives different absorptlon lengths for different types of
Bloch waves excited in crystal (in fact for low-absorbed wave absorption length is by one order
of magnitude higher than' for non-diffracted neutrons). :Borrmann ' effect’ was investigated for
x-rays more than fifty years ago and its detailed description can be found in: [5]." Theoretlcal
consideration of this effect for neutrons can be found in [6] and also in |7, 8].

1. Neutron Laue diﬁ'ractiOn in perfect crystals =

Here we consider the symmetncal Laue diffraction scheme in a transparent crystal w:th the' system
of crystallographic planes described by the reciprocal lattice vector g normal to the planes (see
Fig. 1), g = 2m/d, d is the interplanar distance. In this case, the neutron wave function in a

- crystal will be a superposition of Bloch waves

PE=a@, &
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“In two-beam approximation (1) becomes a superposition of two Bloch waves ™ and p®@
corresponding to two branches of the dispersion surface [6] ‘

P2 = gt L2, @)

where 1), — is the wave function of direct beam and 1 — is the wave function of reflected beam.
In the plane wave approximation neutron currents directions (Fig. 1) in crystal can be defined
for each Bloch wave field separately and, neglecting the fast oscillating interference terms, are
given by | )
. hlk 2 2 ,
R O L 4 ) ®)

m
where ng and n, — are the unit wave vectors corresponded to direct and reflected directions.

System of slits

Figure 1: Laue diffraction in single crystal. ji and j, - directions of neutron currents.

Neutron currents-in crystal are bounded by the size of so-called " Borrmann fan". It’s conve-

nient to describe distribution of " Borrmann fan" by using the parameter of deviation from exact
Bragg condition : e

_w@ = W
‘ tg(6s)  2Ltg(9s) A
Under this term "Borrmann fan” lies between —1 < T' < 1. One can also describe the wave
amplitudes inside the crystals by the terms of I'. They are given by the following expressions:
1-T
BN K 72 S . Sl S
w (0= v
al? () = ——1—
€ 2y/1-T?%"

o

(6)
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Finally without taking interference effects into account one obtains the intensity profile Bn the
exit surface of crystal [6] , T
Rog (T) = [(a2? (1)) 4+ (a2 ()2 R

/, The intensity profilé (7)>sho‘wks increase of the inténsity on the margins o,f'.th’e "'B‘orrmann fén"
(when |r|— 1). This effect in neutron diffraction was first observed in [9] and gxpléined in [10].

2. Influence of absorption
For the case of non zero absorption the amplitudes of diffracted in Bragg direction waves are
given by [6]: - - :
. e “0%e
. aé-z (F) = WX ;
x (sin? (gr) + sink? (2, Lo, vI=T2)) ",

where o = £ 0l and g = & Texp (%"gr;)a,-’ ~ zero and g-harmonic of absorption (o] - is
1 B

)

L] .
total cross-section of absorption and incoherent scattering); Less = L/ cos8p — effective crystal
length; A = (wL)/&, where & — is so called extinction length which describes the period of
"Pendellosung” oscillations [6]. ‘ L
With increasing of crystal length and consequently the (wL)/&g value one can average the
amplitudes over " Pendellosung™ oscillation period. Therefore (8) can be simplified:

1,2 _ e Toless
al?(r) = AT (£cosh2 (ZgLessv1—T2)). (9)

In case of diffraction in thick crystal when‘Egva,‘,,f >> 1 what gives us. éxp(—EgLe‘,,),'<< 1,

the amplitudes (9) become:

exp (—Leff (20 + Ejm))

12 () —
| | W=y (1)
The almplitudes value for transmittéd wave cvén be‘okb'kcained similar to (10
aé"(r)=e"p(‘L=ff (BoxZVT-T9)) AT (1)
4(1 -2 1+T°

‘ 1Ii'Lhe intensity profile at the exit surface of the crystal after averaging over interference term
will be: ,

Ro= ()’ +(&)?,
2 2 (12
Rg= (aé) + (ag) . ‘ )
b From equations (10, 11) one can see that for the second type of two Bloch waves (34, ¥3,)
°f5°fPtlon will be much more weaker than for the first one. In fact this is the direct consequence
anomalous transmission or Borrmann effect. This effect gives an opportunity for the diffracting

Neutrons to pass through extremely large (we worked with 220 mm of silicon) crystals without
considerable Josses of intensity.
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3. Experimental observation of Borrmann effect

Experimental studies were done at WWR-M research reactor (PNPI, Gatchina). Neutron Laue
diffraction with Bragg angles close to 7/2 was investigated both for one-crystal (Fig. 1) and for
two-crystal (Fig. 2) schemes on (220) crystallographic planes of large (2150 x 220 mm3) silicon
crystal with interplanar distance d = 1, 92-10~8 cm. Silicon crystal was mounted in thermostat for
minimization of thermal deformation effect in crystalline medium. The necessary high collimation
of the neutron beam was provided by the first crystal with slits placed on entrance and exit faces.

Ja (220) |i7lann jz.z jz.x

System of slits - ‘ :

Figure 2: Two-crystal scheme of Laue diffraction. Collimating slits are mounted at the
entrance and exit surfaces of the crystal. 'j; and j; — directions of neutron currents in the
first crystal; j;; (4,7 = 1,2) — directions of neutron currents in the second crystal. ‘

in the experiment we took the intensity dependences for one- and two-crystal schemes of
Laue diffraction on a Bragg angle value (Fig. 3). Bragg angle value reached 880, On the Fig. 3
one can also see effective crystal length value L.s; = L/ cos0p that reaches 6 meteres for 88°.
Theoretical calculations were made for silicon absorption length Lay, = 40 cm. The g-harmonic
of the linear absorption coefficient can be presented by the following formula

Fg=To(1-5) - (13)

where &g — is a free parameter. The best agreement with experiment had been obtained for
8¢ = 0,012. In this case the linear absorption coefficient value for the first Bloch wave type is

I = Eo(2 — &) = 0,05 cm~*,
and for the second Bloch wave type is

Tz = Tofg = 0,003 cm™".
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Figure 3: Intensity dependence on a Bragg angle value for one- and two-(;rysta.l schemes of
the setup for silicon crystal. Crystallographic plane (220). Crystal thickness L = 220 mm.
Dots stand for the experimental data and lines for ‘theoretical predictions.

For the two-crystal scheme of Laue diffraction the intensity profile‘for trémsmft‘t‘éd; beam
(Fig. 2) can be derived from s B

Ro=3Ro(L/2) Ro(L/2) = .
=t @@ + @)

Dependence of intensities values ratio on a Bragg angle for one- and two-crystal schemes is
shown on the Fig. 4. Taking diffraction focusing [11] and.Borrmann effects into account theory
predicts increasing of intensity for the two-crystal scheme in comparison with one-crystal scheme
when diffraction is going with normal Bragg angles. But when Bragg angles are tending to /2
the intensity in two-crystal scheme becomes lower than for one-crystal scheme. This fact coincides
with our experimental setup geometry and also corroborates results of plane wave approximation
for Laue diffraction case. )

e
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Figure 4: Dependence of intensities values ratio on a Bragg angle for one- and two-crystal
schemes of the setup for silicon crystal. Solid line is a theoretical curve.

4. Influence of an external force on a Laue diffracting
neutron

For the neutron Laue diffraction in deformed crystals special theory was developed [10]. In this
theory effective ” Kato force” f; is imposed. This force describes diffracting neutron propagation
inside weakly deformed crystal {12]. In terms of the " Kato force” neutron current’s behaviour in
deformed crystal is determined by the equation

&z

where ¢ = tan fg and mg = 2F;d/V is the so called " Kato mass” with F; ~ the neutron structure

amplitude and V — the unit cell volume. The sign % in‘equation (15) corresponds to dxfferent'

Bloch waves.

In (15) the "Kato force” depends on the spatial coordinates X and Y (see Fig. 1). It can
be easily demonstrated that putting an undeformed perfect crystal in a force field affecting the
neutron along the reciprocal lattice vector g, we will have the same result as for a deformed
crystal. So, the theory which was developed for weakly deformed crystals also works well in the
presence of any external field affecting the diffracting neutron in undeformed crystal. An external
field affecting a diffracting neutron was considered in [13].

It is also easy to show that an external force F', acting on a neutron along vector g (X axis,

see Fig. 1) is equivalent to a gradient of interplanar distance with the value
K

&= ﬁ, . (16)
where E, is the neutron energy. n
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ay =3— fk(yr 1,‘), : , (15)

.- Therefore the neutron trajectory equation (15) in the crystal in the presence of an external
field will have the form ‘

#x_, 2 B
. 3y2 2my 2E
Let's compare this equation for the " Kato trajectory with that for a usual trajectory of

a neutron under the same external field in free space. The last one is descnbed by standard
Newtonian equation which has the form

(17)

8%z R,
%E = EE: (18)
As it follows from (17) and (18) the "curvature” of the diffracting neutron trajectory in the
crystal is magnified by the factor '

czg

Ke=+—= g

(19)
This factor depends on the Bragg angle as ¢2 = tan? 0p, so for Bragg angles 0p =~ (84 — 88)°
influence of deformation can be intensified by a factor ~ 100 — 1000 as compared with a Bragg
angle of ~ 45°,
The numerical calculation ‘of the factor K. for (220) silicon crystallographic planes gives

K = 30.85 - 108, ‘ (20

for a Bragg angle 6p = 87° (¢=20).

Therefore, a 10 cm long crystal is equivalent to ~ 1 km of free flight. The diffraction
enhancement of the angular deflection of a neutron trajectory inside a crystal is well known, see
for instance [14], but we have to note that such an effect can be considerably magnified by an
additional gain factor proportional to tan? 6y for Bragg angles close to m/2 [15]. The observed
effects give us a chance to build a device with’ unprecedented sensitivity to external force acting
on a neutron. ’

5. Possible application of two-crystal dlffractlon scheme.
m;/m¢e experiment with neutron

Principle scheme of the setup is based on two-crystal scheme of diffraction as it was shown in

Fig. 2. The necessary high collimation of the beam was provided by the first crystal with slits
placed on entrance and exit surfaces, for details see [14]. An external force which is parallel to
the reciprocal lattice vector curves the neutron trajectories inside the crystals. This results in a
shift of the neutron beam along the exit surface of the second crystal:

1rc2L

S -

v where + corresponds to the two type of Bloch waves exclted ina crystal
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After averaging over " Pendellosung” oscillations which arise due to the interference of (1)
and 1(2) and in case of large crystal (see section 2) we get the shift of the neutron beam along
the second crystal exit surface

.
Ag=Ap = mod Ee E'..F"’ - (22)
The resolution of the external force, i.e. magnitude of force when the neutron beam shift Ag
is equal to the slit size 4,, is equal to:

mod E,

DR, (23)

w =

One of the applications can be connected with the measurement of inertial to gravitational

neutron mass ratio. Our Earth is moving at a stationary orbit around the Sun, it means that
the gravitational force which is proportional to the gravitational mass is in balance with the
centrifugal force which is proportional to the inertial mass. If this is not so for free neutrons, then
in the coordinate system connected with the Earth a free heutron will feel a non zero force!

Fm - (m.- - maz) . GMS
R

where mg and m; are the neutron gravitational and inertial masses, G is the gravitational con-

stant, Ms is the mass of the Sun, Rs is the distance to the Sun, Ag; = (m; — mg)/mg.

Moreover, this force will oscillate in the laboratory coordinate system with one day period due to
the Earth spinning motion, see Fig. 5.

= Agi-6-10"*mgg (24)

Figure 5: Position of the setup relativély to the Sun. g, is the setup orientation.

Conclusions

The good agreement of experimental results with theoretical predictions based on specific dynam-
ical diffraction speculations was shown. With taking Borrmann effect into account absorption

!The idea of this experiment is an analogue to the well known Edtvas experiment for the equivalence
principle checking [16] "

126

length for low-absorbed Bloch wave for (220) silicon plane is by one order of magnitude higher.
compared to non- -diffracted neutron.

Observed dynamical diffraction effects discussed in this paper give a chance to measure any
small external force acting on a neutron with unprecedented sensitivity. Preliminary estimations
and test experiments [1, 17} showed us that the possnble sensxtlvxty to external force can reach
the magnitude : : .

a(Fm) = 10717 eV/cm,

which provides us for instance measuring m;/m ratio with the accuracy o(m;/mg) ~ 1075 for
the available silicon crystal and cold neutron beam flux. This is more than one order of magnitude
better than the best modern result [18].

This work was supported by RFBR (grants 11-02-00188 and 11-02-12161-ofi-m-2011) and
program of Russian Ministry of Sciense and Education (grant 2.1.1/12359).
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Prospects of Using the Compllcated (‘ﬂaky )

Neutron—Optlcal Potentlal
Yu.Alexandrov!, G.Anikin?, V.Anikin?

'FLNP, JINR, Dubna, Russza e-mail: alex@nf jinr.ru
Instuitute of Physics and Power Engmeertng, Obmnsk, Russia

Abstract: The bzg work on research of thin structure of neutron- optzcal potential for heavy
nuclei has been done.

Motivation of this research is connected with necessity of an explanatton of. followmg

phenomena:

1.Presence enough sharp ﬂuctuatzon of parameters of potential by studying of thezr power
dependence which at neutron energies more than 0.5 MeV appear to be very close, for
example, for lead and uranium nuclei.

2.Correlation of structures ‘in energy dependence of any characteristics of interaction of
neutrons with nuclei: full cross ‘sections, cross sections of fission, kinetic energy of products
of fission and etc.

3.Equidistant arrangement of correlating structure szmzlar under the form not in scale of
energies but in a scale of lengths of waves of neutrons.

4.Small-angle neutron scattering of MeV neutrons by heavy nuclei.

The assumption of possibility to explain the observable phenomena by diffraction of
neutron waves on spatially divided structures of a nucleus with inevitability has raised the
question about existence of correlations in cross sections for various radiations, for
example, neutrons and gamma beams, ‘at coincidence of their lengths of waves. The first
attempts to find such correlations have crowned success and are the most difficulty
refutable proof of exzstence of spatzally dzvzded nuclear structures..

Figure 1 shows two vanants of the opt1ca1 potentlal real part obtamed in the work [1]
in result of a detailed search, where at.every integration step of: Schrodinger. equation the
ordinate of the potential is considered to be a free parameter. At that, an apprehension can
arise that in such search procedure a risk exists of the terms values of potent1a1 departmg into
the physically unreal area of the parametric space.

Nevertheless,  this risk might be brought to a minimum: ﬁrstly, the ordinates of the
potential should be announced as free only after the approximation of the expenmental data
had been obtained using it (i.e.-the squared search functional.is in the minimum, and the
optimal value of the volume integral of a required potential had been acquired). Secondly,
radical methods of search should not be applied, e.g., random search, when the random
number generator can ‘throw’ the parameter set to the phys1cally unreal area of the parametric
space.

A more time consuming but a more dependable method of cychc enumeration of
parameters with their small increments at each search step was used in the work [1]. In this
case, a departure from already found _minimum of the quadratlc search functxonal is
practically impossible. - © -

: The work [1] emphasizes that at the initial stage' of the search the expenmental
material was used for full cross-sections and differential cross-sections’ of neutron scattering
by lead to large and small angles [2]. In the aftermath, small- angle scattering was excluded

“from the consideration. Thus, further, to evaluate the neutron electnc polanzabxhty w1th a

hew potential the verification ofits peripheral part is to be carried out.

It can be said that the search of the nuclear potent1a1 was performed as a search for its
more complicated form. The idea of heavy nuclei ‘neutron coat’, for instance, ‘compelled the
authors 'of the work [2] to use the real part of the potent1al in the form of two Woods Saxon’
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*terms. The investigation of the nuclear charge density distn’butio;l by way of research of high
. energy electrons scattering (E, ~ 120.+ 180 MeV).by Hofstadter. et al {3,4] lead to the
conclusion of a possibility to reduce protons density in the center of the nucleus. This result
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Fig. 1 N o
The real part of the nuclear-optical potential from the work [1] (see the text).

was more surely registered for gold nuclei, and was not marked for lead-208. " oo
" With account of these results, the work [5] on the possibility of scattering very high
energy protons (Ep~ 1 GeV) by nuclei also comes to the conclusion of a possibility to reduce
protons density in the center of the nucleus. The work [6] considered the possibility to
introduce analytically the decrease of a potential hole assuming of the real part of the potential
in the ‘bottle bottom’ form. " ’ S R
The authors of the work [7] realized this idea using the real part of the potential as the

sum of three members: . : . e

"VT.ZL' Vil(1-exp(@-n i)

- The initial values of the parameters V3 and r3 were: V3=0,13=3Fm - . e

~ In the automatic search process these parameters acquired the. values: Vi = - 445
MeV, 3 = 2.75 Fm (for uranium) and V3= 3.25 MeV, r3 = 2.56 Fm (for lead) which provided
the decrease of a potential’s pit depth in the central area of the nucleus by the range of about 4
MeV. This decrease disappears very rapidly with the growth of the distance from.the nucleus
center (parameter a;= 0.1 Fm). - Lo : :

.. Ttis marked in the work that the increase of a; parameter up to 0.2 Fermi doubles the
squared search functional for angular distributions of neutrons with a wave length of 2 + 3
Fm. This suggested the idea of existing of structural elements with rapidly changing with
radius in the nuclear potential and served a stimulus for conducting a detailed research of the
optical potential radial dependence [1]. One of the found variants of the real part of:the
potential is presented in the work [8]. :
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It turned out that the potential possesses a ‘flaky’ (almost periodical) structure, the
elements of which do not have an over high ‘hardness’. The work {1] shows that each of these
clements can deform at coincidence of its radial address with the indicated wave length M2m
of the oncoming neutron. : B v O

In view of the above, it can be possibly noted that the most suitable instrument for the
nuclear structure investigation could have been. a detailed. examination of cross-sections of
neutrons scattering with not so high energy (e.g..0.05 MeV. <E, <25 MeV). At using very
high energy particles, as it is correctly noted in the work [5], we can obtain the picture of
localization of individual nucleons in the kernel, but the structures being ‘the result of: their
interaction will be scarcely evaluated accurately. Most probably, they will be deformed or
even destructed. - e N T P S

Reviewing the prospect of a more precise determination of. neutron_ electric
polarizability, it needs to assess — if all the possibilities had been used in already completed
works. There, the correlation is marked of deviations from the theory of the experimental
small angle cross-sections with energy dependence of the real part of the nuclear amplitude
[9]. That indicated the interferential nature of the deviations which were maximal at neutrons
energy of 1 +:2 MeV. It is not. surprising that. propositions were -expressed to repeat. the
measurements of differential cross-sections namely at these neutrons energies [10]....+. ... .
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Comparison of the cross-sections calculated dpplying the optical model with'the :
‘flaky’ potential (dotted curves) with experimental data for heavy (tuclei (see the text).

At the assessment of neutron polarizability, the analysis of kg:rdss"-.secti.ons'_‘tak‘es'place,
which cross-sections are averaged in a certain energy interval. But, as was noted in the works
[11, 12], the elements of the full cross-section resonant structure should be also taken into

. account -
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For assessing the resonant structures in the cross-sections the complicated (‘flaky’)
potenhal of the optical model could be used, as shown in Fig. 1. Its possibilities are illustrated
in Fig. 2, where the results are shown of the adjustment of the potential to describe the full
cross-sections massive measured in Los-Alamos [13]. The massive contained 11 thousand
values of oy in the range of neutron energy from 0.1 to 12 MeV. In the result of the averaging
procedure it was reduced to 300 values (it is represented in the figure by continuous curve
with number 2). The dotted curve under number 1 is the result of calculations of full cross-
sections with ‘flaky’ potential [1]. It is worth to note a considerable consent in the behavior of
the averaged o/ with the calculated cross-sections values. Moreover in the energies range of
about 0.5—1 MeV the calculation also reproduce separate narrow resonances.

Curves 3 and 4 represent the cross-sections of fissions of Cm-247 [14] and U-235'

[15 16), correspondmgly On the curve 6 the cross-sections of fission of Th-232 [17] are
shown, elevated by an order, for a better compactness of the figure. Curve 5 is the cross-
section of the compound nucleus formation, normalized in.such way that its resonances
allowed to track the structures correlation in the calculated and experimental cross sections in
a better. way, and also the structure correlation of experimental cross sections for various
heavy elements with the structares in lead o, . These correlations are discussed in detail in the
work [18]. They also became one of the stimulus of the search for spatial structures in the
nuclear potential as the source of additional diffraction effects in the cross sections. Especially
meaningful in this respect are the correlation of structures in neutron cross sections and photo-
nuclear reactions cross-sections at coincidence of neutron and % ray wave lengths. The
examples of such correlations are given in the works [1, 18]. We reproduce one of them in
this work in Fig.3.

The degree of correlation of the structures presented in Fig. 2 is increasing with the
growth of neutrons energy since for these neutrons the role of diffraction effects becomes
more important in the inner nucleus ‘layers’, which are practlcally similar with heavy nuclei.
At the decrease of the energy the correlation for fission cross-sections remains notable,
whereas the correspondence in the positions of resonances with those in lead cross section

diminishes, since the peripheral part of the potential comes into play, perhaps, reflecting the :

presence of nucleonic ‘stratosphere’, which is more poor for lead than for other heavy nuclei.
At the adjustment of the potential its terms [curve a) in Fig. 1] was taken with a certain
change: the central part with the depth of about 50 MeV, left from Woods-Saxon potential,
was replaced by small (nearly zero) values. Energy dependence is tracked anew of the real
spin-orbital and imaginary part of the potential, K, Kso, K coefficients are found, by which
the depths of these parts were multiplied in 12 energy intervals, into which all the energy

range was divided (from 0.1 to 12 MeV) The interval limits in Table 1 are 1dent1ﬁed as By

and E; (E, < E, <Ey).

Table 1
E;, 0.1.]015]031]051] 08 1.0 1.3 1.7 1 22 29 | 35 55
MeV -
E,, 0.15{ 031|051 080 [ 1.0 1.3 1.7 1222935155 12
MeV !

Kg 0.60-| 030 { 0.23 | 0.34 { 0.40 | 0.39 | 0.40 |-0.44 | 0.49 | 049 | 0.10 | 0.10 -

| Ks2 -] 2.17 | 6.16 | 6.18 06 |06 | 06 061.06]| 06| 0600} 00
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The said multipliers were calculated by the table data as Krg=KgE,, Kso=KsiE,+Ks2,
E, is neutron energy. What concerns the imaginary part its energy dependence rate is
approx1mated analytically by the formula :

_00031/E”2+ZK,m, E, exp(B,)/(1+exp(B,))

Here B; = [E—~E/J/A;, and the rate of attenuation of exponents A, was changmg its
values at threshold values of E;: A;= Ag at E, < E;and A;= Ap at E, =E,. -
The parameters of this formula are specified in Table 2.
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Comparison af ﬂuctuatwns of U” Y fission cross-sectton by neutrans w;th the energy of
= 0.08 MeV' [29] (dotted curve) and the cross-section of the interaction af gamma-rays ’
with lead o in the gigantic resonance area [3 0] (contmuous curve) ;

It is worth notmg that some juxtaposition of full cross-section’structures of neutrons
interaction with lead and *flaky’ potentlal structures had been already presented in the said
work [8]. ~
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Table 2

[/ 1 2 3

Kpmi 0.037 0.09 0.24
E;, MeV 0.27 1.40 7.0
Ay, Fm 0.004 0.215 0.4
Alz, Fm 0.48 1.0 2.0

It was stressed in the work [11] that thie sensibility to the change of the positions
(‘addresses’) of resonances acquired in the calculation of the energy scale, first of all, of the
real part of the potential, makes the reproduction of these ‘addresses’ the most reliable
criterion of the found terms of the potential real part (and hence, the nucleon density
distribution in the nucleus). Further, it could be reasonable to work on detailing the ‘flaky’
potential peripheral structure to get the assessment of neutron polarizability.

The question inevitably is also raised about the atomic nucleus structure in view of the
‘flaky’ organization of the optical potential. Of course, we can further consider that within the
divided limits nucleons go on moving almost independently, with a little ‘residual’
interaction. But we can accept another radical variant — cluster organization of nucleon
membranes, when nucleons are tied similar to carbon nuclei in fullerenes.

The concept of cluster in atomic nuclei was infroduce Blokhinsev still in the middle of

1950s during his work in Obninsk and published in 1958 [19] in connection with discovery of

emission of clusters from nuclei at high energies protons incident upon them.

Are there any hints to that in the experiment? The work [20] reviews a triple fission of
Cf-252 nuclei with escape from the neck of the fissile nucleus of light nuclei from tritium to
carbon. The yield of a major part of masses (H-3, He-6, He-8, Li, Be, B) corresponds its
statistical evaluations, whereas the output of He-4 and C-12 excess these evaluations by two
orders. The authors of the work make the conclusion of the cluster nature of the yield excess,
i.e. admit that these two nuclei already exist in the form of a cluster before the escape from
the neck of the fissile nucleus. But when we recall that numbers 2 and 6 are the first in the
row of the occupation numbers of nucleon shells of the nucleus, it would be reasonable to
assume that ready clusters also exist in the nucleus for the next occupation numbers.

As the argument in favor of existence of spatial spherical nucleon ‘flaky’ in the
nucleus the, possibility can serve to get the numbers occupation sequence, clearly from the
geometry point of view. Assuming that the maximum number of nucleons that can
accommodate in the layer is proportional to the sphere space with the radius equal to the layer
radius, and also that the layers are positioned in the nucleus equidistantly, the following table
of occupation of nuclear shells by nucleons can be compiled (see Table 3, V.Anikin) .

In the cluster variant, the number of nucleons in the shells is proportional to the square
of its radius R,. Non-dimensional values B in the table, giving the correct occupation numbers

by the formula NV = B*-0.25 can be selected at any length measuring unit, though the right _

distances (R, — Rnr ~ 1.3 Fermi) between the shells found at the adjustment of the optrcal
potential are obtained at applying the length units of 1.3 Fermi.

It is shown in the table that the ‘magical’ numbers, if referred to the nuclei with
occupied shells, can be obtained only with the omission of certain shells. It is, perhaps, related
to proton shells of the heavy nuclei, and is connected with the necessity of the nuclear
attraction and Coulomb repulsion forces balance. ~
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.Table 3.,
Shell number I 2 173 1415 (76T 8
B=R,/ Length unit 15125]| 35| 45|55 | 65| 75| 85

Fill number N=B>-0.25 2 6 12 120 30 ‘42 56| 72

'~ Magic numbers:

2 2

8 2 6 .

20 2.6 12 .

28 2 6 .. - 200

50 2.6 12 - 30 s

82 26 12720 - 42 i

126 26 1220 030 e s
184 26 12 20 30 4 -7

Then, takrng into account that the nucleus sometimes’ is decomposed mainly to
deuterons or alpha-particles in the reaction with energetic particle, a temptation emerges to
create the alpha-particle or deuteron model of the nucleus. At the same time it would be
reasonable to assume that the nucleons positioned in the nucleus shell in the ‘chessman’ order
are capable to form various clusters dependlng on lengths of the waves excited on the nucleus
shell by the incoming particle.

Of course, while accepting the cluster structures, it would be necessary to change the
approaches to solving a lot of problems concerning the nucleus structure: distances between-
nucleons inside the nucleus, calculation of the nucleus level dens1ty, where the cluster
component should have been sharply raised. Some works have already indicated the necessity
of accounting the influence of clusters on the atomic nucleus features, in partlcular on the
nuclear level density (see e.g. [21-24]). c

In addition as show the analysis [25] in the determmatlon of the polanzablllty of the
fast neutron scattering by heavy nuclei one should consider the 1mpact of nuclear charge form
factors. Such consideration should be especially actual in the case of ‘flacy’ potential. Must
also bear in mind that in [12] was shown that the polanzablllty of the electron shell of a heavy
atom may give appreciable contribution to the anomalous scattering of neutrons at energres of
several MeV. For the neutron polarizability obtained in this case the order of 104 cm®. This
means that the electric polanzablhty of the neutron was observed i in expenments on neutron
scattering at smiall angles in heavy nuclei already in 1957 (first job [26]) i.e. one-two years
after the hypothesis of it and sooner than the polarizability of the proton in the experiments on
the yp-scattering [27], conducted in 1960. Detection of polanzablllty (ie. deformatron) of the
nucleon (as well as first (1953-1957) Hofstadter’s expenments) was direct ev1dence of the
spatial expansion of the nucleon.

It should be noted that W-type structures of the ‘ﬂaky potent1a1 can be consrdered as

-zero approximation of assessments of potentials (n, p)-interaction (external part of the

structure, more distant from the nucleus center) and (n, n)-1nteractron (1ntema1 part of the W-
Structure). . s o :

Such conceptron could be Justrﬁed 1f to consrder that the protons and neutrons form a
single shell where the protons are offset by Coulomb forces to the nuclear periphery. Both the
Potentials (n, p) and (n, n) have limited height repulsive kems in the center.
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Conclusion

The fact of existing of correlating resonant structures in the cross-sections for various
radiations (e.g. neutrons and gamma-rays), at coincidence of their wavelengths and not
energies, ‘indicates that the atomic nucleus has space-divided nucleons complexes. Such
correlation can hardly be explained by anything but the waves diffraction on the same nucleon
structures. The examples of similar correlations are given in the works [1], [18] and in this
"~ work (see Fig. 3).Some correlation effects in resonance structure of different nuclides are
considered for instance in [28] and other publication of these authors.

A detailed adjustment for the experiment of the optical potential gives the picture of
nucleon density distribution in the nucleus only in a first approximation.

At the same time, as Fig. 2 of this work shows, the approximation turns out to be
acceptable since it allows replicating not only the general nature of the averaged resonance
structures, but also some narrow resonances in the full cross-sections. The necessity of future
work is evident to ascertain the details of the potential and their physical interpretation. A

substantial contribution in such ascertaining could be made by the description of precisely -
measured angular distribution of scattered neutrons. It might be noted that such measurements .

can be accomplished, e.g., in the Institute for Physics and Power Engineering in Obninsk
where the accelerators are available, which are able to provide neutron currents from
kiloelectronvolt single units to 15 MeV.

The authors are grateful for the discussion of the above matters to O.D. -
Kazachkovskiy, B.D. Kuzminov, P.P. Dyachenko and B.1. Fursov, and also to A.V. Gulevich =~

— for the attention and the interest to the work.
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Abstract

Interesting nuclear structure physics exists near the neutron dripline; extremely
neutron-rich nuclei can even have different magic numbers than their more stable
peers. Studies of these exotic nuclei at the National Superconducting Cyclotron Lab-
oratory (NSCL) at Michigan State University demand knowledge of the complete
reaction kinematics and require high detector efficiency as well as the capability for
multiple neutron detection and discrimination. The Modular Neutron Array (MoNA)
[1) has been successful at meeting these demands and has led to furthering our under-
standing of the nuclear structure for a number of exotic nuclei such as 2Li [2], °Be,
*F, and '®B [3]. The first decay energy spectrum for neutron unbound states in 240
was observed by this array, and data suggest 240 is a doubly magic nucleus [4]. This
year MoNA will be used with LISA (Large multi-Institutional Scintillator Array) for
a higher-resolution measurement of the first two excited states of 20 with possible
confirmation of a newly found excited state at 7.5 MeV. A MoNA-LISA study of 26C
in an effort to better understand how the sd shell evolves with neutron number is
also in preparation.

Introduction

One only has to look at the experimental facilities being upgraded to see that studies of
exotic nuclei at the neutron dripline play a key role in the international nuclear physics
program. While the European Union continues to support CERN’s ISOLDE (on-Line Iso-
tope Mass Separator), Canada is upgrading the Isotope Separator and Accelerator (ISAC)
to ISAC-II. In addition, France is upgrading the Systme de Production d’Ions Radioactifs
en Ligne en Legne (SPIRAL) to SPRIRAL2 and Germany is upgrading their Heavy lon
Synchrotoron (SIS) to the Facility for Antiproton and Ion Research (FAIR) [5]. Japan
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Figure 1: Expected reach of the FRIB and the present NSCL CCF (Cogpled‘Cyclotron
Facility) for light neutron-rich nuclei. Lightly shaded fields indicate nuclei predicted to be
found and in reach of the CCF and FRIB (previously called the ISF). Darker fields show
unbound nuclei where ‘spectroscopy has been performed or can be done. The darkest
fields at the dripline represent isotopes beyond the dripline which can be confirmed to be
unbound with the FRIB, respectively [6].

R

plans to upgrade the RIKEN Accelerator Research Facility (RARF) to the R.a.re-Isotope
Beam Factory (RIBF), and in the US the Facility for Rare Isotope Beams is cu.rr/(‘e‘ntly
under construction, supporting the US campaigns at both the Holifield Ra}dlf)a.ctlve If)n
Beam Facility and NSCL. This paper focuses on the current neutron dripline physics:
program supported by two detector arrays, the Modular Neutron Arrz‘ay (MoNA) and
the Large multi-Institutional Scintillator Array (LISA}, both currently in use at NSCL.
MoNA-LISA has the appropriate energy resolution and efficiency for use at FRIB, and
plans are underway to use the combined detector system at that facility. -

Physics at the neutron dripline takes place on short time scales — the lifetimes of ex-:
tremely neutron-rich nuclei beyond the dripline are on the order of 1072 s. Bf)und nuclei
close to the dripline usually lack bound excited states; -ray spectroscopy is therefore
not feasible. Instead, these short-lived nuclei are studied indirectly by inferring structure
based on their detected decay products (the neutrons and the charged-particle fragments
are measured in coincidence). Both a highly efficient, position sensitive neutron detector .
array like the MoNA-LISA detector system, as well as a set of charged particle dfztectors,,
are necessary.: For the experiments performed at the NSCL, the charged pa.rtlclfs are
“swept” out of the neutrons’ flightpath by a large bending magnet, the “Sweeper.” :
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Figure 2: Typical layout of the MONA-LISA in at the NSCL. The beam enters the vault
from the bottom right.

Nuclear structure measurements with MoNA-LISA
and the Sweeper ‘

To create neutron-unbound states of oxygen, for example, as was previously done by the
MoNA Collaboration [7], a beam of %F from the NSCL A1900 spectrometer was incident
on a %Be target to create neutron-unbound excited states of 2O as well as the ground
state of 250. All charged fragments (including non-reacted beam) were deflected with
a rigidity up to 4 Tm through the Sweeper (8, 9, 10,°11]." Neutrons are not deflected
and a gap in the Sweeper magnet allows transmission of these neutrons; MoNA or LISA
can therefore be at zero degrees relative to the F beam. MoNA and now also LISA
record both the neutron’s position and time signature (with multiple-hit capability). The
neutron energy is determined based on its time-of-flight (TOF) and the neutron position
along each scintillator bar found from the time difference between photomultiplier sig-
nals at either end of each scintillator. The TOF spectra and the position of the neutron
yield the neutron’s momentum vector [1]. LISA was built and benchmarked in 2010 and
installed in the N2 vault of the NSCL in the spring of 2011. Like MoNA, LISA consists
of 144 plastic scintillators, each 2 m x 10 cm x 10 cm. A typical configuration of MoNA,
LISA and the Sweeper with necessary charged particle detectors is shown in Figure 2.

All isotopes are identified by a set of charged-particle detectors that determine each frag-

»

140

ment’s energy loss, position, time of flight, and total kinetic energy. Position information
comes from cathode-readout drift chambers. The energy deposited for a particular frag-
ment in an ion chamber and also in a thin plastic scintillator in conjunction with a
measurement of the remaining kinetic energy with a thick plastic scintillator yields the
proton number for each fragment since energy loss per unit thickness is proportional to
the proton number Z. See the work by Frank et al. for more details about the charged
particle detection system [12].

For isotope identification, however, we need not only Z but also A. Typically the resolu-
tion on the energy-loss'information is not high enough to resolve specific isotopes. The
MoNA collaboration uses TOF information that must be carefully analyzed in order to
resolve isotopes. The t,r, for such a technique comes from a timing detector located
immediately upstream from the reaction target (in this example of creating neutron-
unbound states of oxygen, the reaction target is 9Be). Raw TOF data is insufficient since
the charged fragments are sensitive to the non-uniformities of the Sweeper magnet’s field.
Fragment energy and emission angle at the reaction target are determined using cosy
INFINITY [13], based on an inverse transformation of the fragment’s trajectory at the
charged particle detectors using the measured Sweeper magnetic field map.

Once isotopes are correctly identified, then the decay energy for a particular isotope can
be found via the invariant mass method, where the relativistic four-momentum vectors of
the fragment and the neutron are determined from detector information and calculated
at the point of the neutron-fragment state’s breakup:

Egecay = \/m"}mg +mZ +2(Efrag* En— Pfrag* Pn" c0s(8)) — Mfrag — M, » (1)
where Egecqy is the decay energy of the state, 0 is the angle between the neutron and
the fragment in the laboratory frame, Ej.qq is the fragment’s total energy, mrag is the
fragment’s rest mass, m, is the neutron’s rest mass, E, is the neutron’s total energy,
Dfrag is the fragment’s momentum, and p, is the neutron’s momentum.

The structure of 0

An exotic nucleus of special interest, due to the strong possibility that it may be doubly
magic, is 240 [4]. In June of 2011 a commissioning experiment for LISA will remeasure
the neutron-unbound excited states of 20. In the work by Hoffman et al. .[7], the first
two excited states of 20 were measured at 4.7 and 5.3 MeV but with limited energy
resolution. The June experiment will use a thinner 9Be target to increase the energy
resolution of the previous measurement and higher beam current for better statistics.
See Figures 3 and 4. o

Previous experiment shows that 20 has an excited state at 7.5 MeV, beyond the Sy,
level of 6.8 MeV [14, 15]. Analysis by Hoffman et al. {16] suggests a cascade through a
resonance at 0.6 MeV with neutron decay to the unbound first excited state of ,?30 and
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Figure 3: Decay energy spectrum for two excited states in 20 [4]. Note that the states
are not well resolved due to the thickness of the °Be target.
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Figure 4: Simulated decay energy spectra for 24() excited states. The single peak repro-
duces previous experimental data [4]. The two-peaked spectrum simulates a thinner °Be
target (by a factor of two) but with increased beam current and the addition of LISA to
MoNA.
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then a 0.045 MeV resonance with neturon decay to the ground state of 220. An analy-
sis technique called two-neutron coincidence spectroscopy is noteworthy, demonstrating
where spectroscopy techniques can be used for l}ighly excited unbound ‘stat‘.e‘s." T

The June commissioning experiment will also study the unbound excited state of 230,
previously measured to be 4.0 MeV. This nucleus is of special interest to shell model
theorists. Data suggest it has two sizable subshell gaps at N=14 and-N=16{17]. . The
shell model predicts this state to be a vds/s single particle state [18]. A previous exper-
iment used a (d,p) reaction to create the unbound excited state of 230. The June 2011
commissioning experiment will populate the unbound excited state of 230 using the *F
on a ®Be reaction target through proton knockout followed by two-neutron decay. - :

Previous data suggests that 2¢O has more to tell; excited states higher than the 7.5 MeV .
state may well exist. These possible states would likely decay:through the 4.0 MeV
neutron-unbound excited state of 230 to the *0 ground state.. With both LISA-and -
MoNA used together for the June 2011 experiment, the greater effective solid angle al-
lows a better search for these higher energy excited states in #0. ) ’

The structure of 2C

2007 is one of a number of heavy carbon isotopes of special interest to nuclear structure.
physics. Halo nuclei, deemed “one of the most spectacular phenomena that nuclear struc-..
ture physicists have observed,” include 20 as the heaviest example to date [19)." And
yet, it seems that 2°C is not a halo nucleus based on data and theory [20]. How the core
nucleus couples to valence neutrons, in the nomenclature of halo nuclei, can b{é‘fused" to
further our understanding of shell structure far from stability. TR

The N=14 magic number was first identified from a study of 220 [21], and it raises ques-
tions about.how the sd shell evolves with neutron (and proton) number. The MoNA
Collaboration is preparing a study of *C in an effort to better understand how the sd
shell evolves with neutron number. The proposed experiment will take place at the NSCL
and use both MoNA and LISA as well as the Sweeper and charged particle detectpts.

20(Y will be created via (d,p) on '°C using a deuterium target. -

This campaign has two experimental differences from the oxygen campaign.’ Previous
experiments to study oxygen, for example; have either used a 26Ne beam on a ?Be target
(to produce neutron-unbound excited states in 20 and 230) or a *°F beam on a °Be
target to produce neutron-unbound excited states of 220 as well as'the ground state of
250, The charged fragments of interest in the oxygen measurements can be differentiated -
from unreacted beam. However, in the C-measurement the unreacted beam of 19C
beam must be distinguished from the '°C fragments.’ A new hodoscope, currently under
development by Nathan Frank of Augustana College, will improve the kinetic energy
resolution to the level where the beam can be distinguished from the 19C fragments.. !
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The second experimental difference from the oxygen campaign is the possible existence
of neutron-bound excited states in 1C, and therefore, gamma-ray spectroscopy should be
utilized. The MoNA Collaboration proposes to use CEASAR (CAESium iodide ARray),
a set of 192 CsI(Na) scintillators for in-beam gamma-ray spectroscopy [22].

Conclusion

The era of exotic beam facilities marks an exciting time in nuclear structure physics;
improvements in beam development techniques, analysis, and magnetic spectrometer
technology push measurements further up -the neutron dripline. Experiments at the
NSCL and future FRIB using neutron detector systems like MONA-LISA will continue
to inform our knowledge of nuclear structure. Halo nuclei and studies of nuclei like 240

and 2C demonstrate the high sensitivity nuclear structure has with regard to neutron
(and proton) number.

¢
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Abstract © " 0

Measurements of prompt y-ray yield produced by the interaction of 14 MeV neutrons
with cadmium have been performed. Time-of-flight method based on pulse neutron generator
was applied. Differential cross sections of "Cd (n, xy) reactions were unfolded from
amplitude spectra and cross section uncertainties were estimated. Experimental results are
compared with theoretical calculations performed by the use of EMPIRE and TALYS codes.
Sensitivity of the calculations to characteristics of nuclear excited states was analyzed.

1. Introduction

Determination of the cross sections of (, xy) reactions induced by interaction of fast
neutrons with nuclei of the reactor constructive materials is of special importance for the
calculations of the y-ray fields in the active zone of the reactors. These cases are important for
estimation of energy release and y-ray radiation shielding. The cross sections values are also
needed for investigation of -different nuclear reaction mechanisms in the neutron induced
reactions as well as characteristics of nuclear excited states and their decay.

Despite of numerous experimental measurements performed by neutrons with 14 MeV
energy, data on y-spectra in full energy range (up to excitation energy of the nucleus) in the
same experiment are absent. In this contribution we present results of the y-spectra
measurements from (n, xy) reactions on "“Cd within the energy interval from 2 to 18 MeV.
Measurement results are compared with theoretical calculations allowing gamma-emission
from compound nucleus states and preequilibrium states. T '

2. Experimental measurements and data analysis

The measurements of y-spectra are performed using the scintillation y-spectrometer based
on 15x10 cm Nal(T1) detector. The geometry of the experiment is presented on Fig. 1.

y -
-------- ..—-‘e«.-—--.u.-.- : )
-N e, Shielding . el |
e () |

" { Accelerator | |

Sample

Ti-T-target

L.

172cmy

. Fig. 1. Geometry of the experiment.
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Time-of-flight method based on pulse neutron generator was applied for separation of

prompt y-rays from source neutrons, background and rescattered y-rays. Reaction T(d, n)*He

in Ti-T target was used as neutron source. Deuterons were accelerating by low-voltage |
accelerator with klystron bunching of deuteron beam and finally deuteron energy was |
130 keV. Pulse generation frequency was equal-to 7.25 MHz, average neutron intensity

~10"s'. Measurements were performed with neutrons of energy 14.020.2 MeV which
corresponds to the angle 90 ° on deuteron beam. Neutron source was placed in the centre of
ring sample of cadmium with radius 16 cm. The Geiger counters were used in anti-
coincidence with spectrometer signals in order to reduce the influence of cosmic rays. The
flight path between the neutron source and Nal(Tl) detector was equal to 172 cm which
provides reliable separation of prompt y-rays from neutron and y-ray background (Fig.2).
More details concerning experiment can be found in Refs. [1-3].

| ", with sample
2000 L ‘Y"" without sample

4000 p

Counts

s
Seevpnee

100 150 200 250 300 350
Channel

Fig. 2. Time separation of the prompt y-rays and background neutrons: solid curve — spectrum,
obtained with sample, dashed curve — withqut sample.

Relation between amplitude spectra A(V.4V.6,) and differential cross section
o,(E,.0,)= dza(Er,er)/dE},d.Q, is given by the expressipn

-
A(V.4V,6,)= | R(V.E,)-0/(Ey.6,)E,. , )
Y .

where V is signal amplitude; AVis signal amplitude width; 6 is scattering angle; E, is y-ray
energy; Ema=EntS, where E, is energy of incident neutron, S, is neutron separation energy

of composite nucleus;
. VAV /2

| Goy(E (V.EJdV. @
v-AV /2
Here, G is geometry factor; 0(E,) is energy-depended coefficient of the y-ray self-absorption
by sample detector; &(¥, E,) is detector response function. The expression for the detector

R(V,E,)=
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response function (¥, E,) was taken from Ref. [4]. Itis baséd on analytical approximation of
the bremsstrahlung experiment with correction on Monte Carlo simulations as well as on
detection of 4.43 MeV 7-rays from neutron inelastic scattering on carbon. . ...~

Amplitude spectrum have been measured at g, = 90°;. which gives -cross . sections
G/E; 6,=90°) . Because of weak angular dependence of the differential cross sections the
quantity 470,( E,.6,=90°) can be considered as angle-integrated energy spectrum

do(E,)
dE,r =0(E,)=47-0,(E,.0,=90°) =~ @

We use this expression for determination of experimental data on angle-integrated y-spectrum.

Eq.(1) is Fredholm integral equation of the first kind. There are ‘problems in its
solving due to instability of unfolded spectra to the experimental data uncertainties (so called
ill-posed). Algorithm on the compact set of limited variations with set of monotonically
decreasing functions [5] was used to find cross sections. Uncertainties of the cross sections

were estimated in assumption that the amplitude spectrum is distributed with" Gaus
distributions due to the large number of external factors; then additional unfolding procedures
were used [3]. Sensitivity of the unfolded cross sections to variation of detector response
functions was also analyzed. It was obtained that variation of response function within interval
of 10-15% leads to changes of cross sections values not more then 5-7%.. ~ ~ = =
Experimental values of the unfolded differential cross sections and their uncertainties
are shown on Fig. 3. o - o o G
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Fig. 3. Differential cross sections of the reactions * Cd(n, xy) obtained using regularization algorithm
on the compact set of limited variations: points — results of our experiment, = Crosses— experimental
data from_ [6], triangles — {7].

- Rather good agreement of measured cross sections with results frévaéf. 16,7 is
obtained. N S R
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3. Results of the theoretical calculations

Experimental results were compared with theoretical calculations of inclusive V-

spectrum which corresponds to the sum of spectra for all possible reactions with incident
neutron: ‘

do(n,xy) _ do(n,Y) +3 do(n, jb,Y) " do(n,y,ke) @)
T dE ’

dE, dE, 4 dE

Y 1 1 Y
where j and k are the numbers of emitted particles b, ¢ of different kind (5, ¢ =n, p. d, ¢, a)
determined by conservation laws. _ ; _

Theoretical calculations performed using EMPIRE (version 3.0) [8] and TALYS
(version 1.2) [9] codes with allowing emissions from compound nucleus and preequilibrium
nuclear states. The Hauser-Feshbach model was used in the calculations of emission from
compound nuclei and the exciton model was applied from calculations of preequilibrium
emission. the following input parameters are required for cross section calculations[10]:
nuclear level density, optical potential and radiative strength function (RSF).

Fig. 4 shows experimental differential cross sections of the reactions ™ Cd(n, xy) in
comparison with theoretical calculations. In case of EMPIRE code, the following input
parameters were used in the calculations [12]: dipole electric RSF (E1 RSF) within model of
modified Loretzian (MLO) and Enhanced Generalized Super-Fluid Model (EGSM) for the
nuclear level densities. In TALYS code E1 RSF was calculated within Enhanced Generalized
Loretzian (EGLO) with Gilbert-Cameron approach for nuclear level densities. These set of
parameters are used in corresponding codes as default ones. The following isotopes of
cadmium were considered in the calculations: °Cd (12 %), '"Cd (0.9 %), '’Cd (12,4 %),

g (12,8 %), "2Cd 24%), 1PCd (123 %), '"Cd (28,8 %) and '"°Cd (7,6 %) where

abundances of corresponding isotopes are indicated in brackets. Calculated values of cross
sections for each isotope were summed in accordance with their abundances to obtain cross
sections of reactions on "*Cd .
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3 3
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- ™Cd(n, 1 .
g | (n, xy) i . " Cd(n, x1)
.E 3 nimg&\ _g 3 1311 111
0.1 = = 0.1 A " " A 1 N
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Fig. 4. Differential cross sections of the reactions " Cd(n, xy) performed using EMPIRE (a) and |

TALYS () codes: points — our experimental results, solid curve — calculations within Hauser -
Feshbach model, dashed curve — calculations within Hauser - Feshbach model with taking into account
preequilibrium emission (PE).
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As one can see from Fig.4, rather satisfactory agreement of the theoretical calculations
with experimental data is obtained for the "“Cd(n, xy) reactions almost in all energy range
accept interval from 6 MeV to 11 MeV, where experimental results exceed theoretical ones. It
is also can be concluded that taking into account preequilibrium processes gives the better
agreement of experimental data and theoretical calculations for the energy range above
12 MeV. Calculations within EMPIRE and TALYS codes are in rather good agreement.

Sensitivity of the calculated cross sections to input parameters mentioned above was
analyzed. Calculations were performed with using EMPIRE code. Fig. 5 demonstrates the
cross sections obtained by the use of different optical potentials taken from [11-13]. It can be
seen from Fig. 5 that theoretical results obtained using all potentials gives- rather same
agreement of theoretical calculations with experimental results.

1000 5 r ;
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Koning et al. o
: Wilmore et al,  seecnemmcese
100 Becchetti et al.
>
2
S 10}
g
o
3
5 1p
0.1 . . . . A A A ,

2 4 68 1012 14 16 18 "
E,MeV )

F.ig. 5. Diffe}'ential cross section of the reactions ™ Cd(n, xy) calculated with EMPIRE code using
different optical potentials: points - our experimental results, circles — Koning potential [11], dashed
curve — Wilmore potential [12], crosses — Becchetti potential [13].

To check sensitivity of the cross sections to the different approaches for nuclear level
densities the following models were used: Enhanced Generalized Super-Fluid Model (EGSM),
Back-Shifted-Fermi-Gas Model (BSFG) and Gilbert-Cameron approach (GC). More detailed
description of all the models mentioned above can be found in Ref. [10]. Fig. 6 demonstrates
the example of the dependence of "*Cd(n, xy) reaction cross sections on nuclear level density. -

It can be seen from Fig. 6 that theoretical results obtained using both EGSM and BSFG
models gives rather same agreement of theoretical calculations with experimental results.
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Fig. 6. Differential cross sections-of the " Cd(n, xy) ‘reactions calculated with EMPIRE code using
different models different models for the nuclear level densities: open circles - EGSM model, dashed
curve — BSEG model, crosses — Gilbert-Cameron approach. Experimental results are shown by points.

We also checked sensitivity of the calculations to the shape of electric dipole RSF.
Calculations were performed using the following models: Standart Loretzian (SLO),
Enhanced Generalized Loretzian (EGLO), modified Loretzian (MLO), Generalized Fermi
liquid (GFL) model [11, 14-16]. EGSM model was used for the nuclear level densities.
Results of the calculations are shown on Fig. 7.

As one can see, the best agreement with the experiment is obtained in case of using
SLO and MLO models for radiative strength function.

It was also checked that calculated cross sections are insensitive to the high values of
the y-ray transition multipolarity. It is caused by the fact that number of the nuclear levels is
large and electric dipole transitions are dominated.
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Fig. 7. Differential cross sections of the ™ Cd(n, xy) reactions calculated with EMPIRE code using

different models for the RSF : open circles — SLO model, crosses — EGLOQ, dashed curve — GFL, solid )

line -~ MLO. Experimental results are shown by points.
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From the results presented on Figs. 5-7, one can ;:onélude that good agreement of the
theoretical calculations with experimental results can be obtained in the case of simultaneous
changes of the models both the nuclear level density and E1 radiative strength function.

4. C(mclusim'x;sr .

Differential cross sections of "*Cd(#, xy) reactions were measured using time-of-flight
technique. The algorithm on the compact set of limited variations was used in order to obtain
the cross sections values and their uncertainty estimations. PR

The experimental results are compared with theoretical calculations performed with
allowing emission of y-rays and particles from equilibrium and preequilibrium nuclear states.
It was demonstrated that taking into account preequilibrium processes gives the best
agreement of experimental data and theoretical calculations. Results of the calculations are
rather in good agreement with experimental data except energy region from 6to 11 MeV.
Disagreement within this interval can be caused by some effect of nuclear structure on the
input parameters, especially on nuclear level density.

In order to obtain the best agreement of calculated cross sections with experimental
results, the optimal set of models for nuclear level densities, potential and RSF should be
used. According to our analysis, cross sections of " Cd(n, xy) reactions calculated by the use
SLO and MLO models for radiative strength functions and with EGSM for the nuclear level
densities lead to the best agreement with experimental results. R
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;The experimental mvestlgatlon of '°B(n ao) to l°B(n oc,) branchmg ratxo for
fneutron energy reglon from4to7MeV. = :

1.P. Bondarenko V.A. Khryachkov B D. Kuzmmov N N Semenova A I Sergachev ’
FSUE “SSC RF —IPPE”, Obninsk, Russra
Abstract ‘ . o R o

The method of branching ratio l(’B(n,(xo) to 10B(n,o.,) experimental investigation is described
in this work The ionization chamber with Frisch grid, filled up with-gas mixture of 95% Kr
and 5% BF3, was used in these experiments. Using of fast neutron beam profiling method
allied with digital signal processing allowed us to select particles, appearing in fixed volume
of working gas. This method of branching ratio measurement is almost free from systematical
uncertamnes whlch is typical for.experiment, where the solid target is used.  The branching
ratio B(n,ao) to B(n ay) measurement results for neutron regron from 4 to 7 MeV are
presented in this work. -

Introduction

9B (n,a)’Li reaction is related to standard nuclear reaction and is of great importance
for criticality control of any .reactor type due to usage of boron:as neutron:absorber. In
addition, this reaction isvery -important for dosimetric. (neutron detectors; mdwndual
dosimetry) and radiobiological (neutron capturing therapy) applications.-.;

All modern national and regional bases of evaluated nuclear data are represented by
experimental cross section data related to '°B(n,a) reaction, caused by neutrons from 4 till 7
MeV energy region, obtained by Bonner’s group in.1961 [1]. In that experiment considerable
mistakes could be caused by side effect that relates from angular distribution of o pamcles
This distribution is undefined and may, vary from one neutron energy to another. ;

A new method based on gaseous target usage and digital signal processing was used in
present work. The usage of this method allowed us to decrease parasitic:reaction:influence
significantly and to:rectify many systematical uncertamtles that are so. typical for classical
spectrometers. In current work The branching ratio '"B(n,ao) to '°B(n,a;) measurement results
for neutron region from 4 to 7 MeV are presented in this work.. Typical uncertamty of data
obtained is approx1mately 5 %: ‘ :

Experimental method

Pulse ionization chambers with sohd targets set on the cathode are w1dely used for
direct measurement that based on number of appearing o-particles estimation. ‘This method
allows us to get double-differential cross-section, though it has a few drawbacks 1) number
of investigating isotope nuclei number, that could be set as a'solid target, is relatively small
due to a-particles energy loss in the target and their full absorption in it; 2) the determmatlon
of accurate nuclei number of target is a very complicated problem éspecially in case of the
stable element; 3) in case of working with high energy neutrons the detector itself (chamber

electrodes, target backing, chamber working gas) becomes a powerful source of background
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from o-particles, protons, y-rays and so on, 4) chamber response function, especially in case
“of light nuclei as emitters, becomes complicated —
emission angle due to in-target energy loss and kinematics. The emission of both:reaction

products inside the sensitive volume of the chamber (particles leakage) becomes |
kinematically possible. Amendments (on kinematics, energy. loss,in layer) are different for .
events taking place in solid target and working gas components. Still classical method (of :

working with analog signals) does not allow us to separate signals that makes. obtained
spectrum analysis much more complicated, 5) all measurements should be carried out twice to
get full cross section — for direct (at-particles is emitted in neutron movement direction) and
back (a-particles is emitted in opposite to neutron movement dlrectlon) geometryns.

1t is known from literature {1], that BF; (enriched with 1B isotope) was used as the
target and injected in work gas (Ar). This allowed to increase target nuclei number in 100
times approximately and to make simple analysis of one dimensional spectra for events
number determination. Really, both a-particle and re51dua1 nucleus contributed to anode
signal amplitude for the event took place on work gas components. In this case summarized
energy (Esum) doesn’t depend on emission angle and will be: :

‘Esum=Ea + Eg=En+Q, - /1/

where Ea - o-particles energy , Er —~ residual nucleus energy , Q — reaction energy.
Besides, anode specter is discreet and every peak can be associated with exact channel of the
reaction, that takes place on such and such isotope. In the described works the whole chamber
was irradiated by fast neutron beam. Big uncertainty in number of investigating isotope nuclei
estimating ought to be limitation of these methods. Especially due to great contribution that
events on these nuclei make to complete absorption peak. Side effect is related from chamber
geometry and reaction products angle distribution and can’t be dtermined with adequate
accuracy. Significant background that prevents events' number determination is caused by

* events distorted with side effect, events take place on construct:on e]ements and events ﬁom
protons appeanng in working gas.

That is why it was decided to use neutron colllmator and digital processing methods
for separating fixed gas:sell in the working volume. This sell was chosen so that particles
produced in it could not reach chamber electrodes or escape from sensitive volume of the
chamber. Collimator is forming a truncated cone sell inside working gas, which height is set
by developed digital signal processing method. Finally, effective:number of engaged in the
reaction boron atoms could be estimated from comparison of three factors: sell volume,
working gas pressure, concentration of investigating atoms in working gas. But for ay/a;
branching ratio determination it is not necessary to know the number of atoms. It is only
enough to provide number of atoms equality. Meaning the atoms forming peaks correspond to
investigating reactions.

Digital spectrometer based on ionization chamber with Frisch grid was created for
solving this problem. Detector construction scheme is on Fig. 1.

Krypton Kr(95%) and boron.trifluoride BF3(5%) gas mixture with pressure of 3
.atmospheres (absolute pressure). was used as working a gas. This gas mixture was made with
high accuracy ( 9.10+0.27% BF3, other —Kr) by Linde AG, Linde Gas Deutschiand.

5 . Presenting in working gas boron was also the target-where investi gatmg reaction (n,a)
took place. Falling neutron beam was coincide with chamber symmetry axis. The beam 1tself
was formed by copper collimator. Expenmental setup scheme is on Fig. 2.

Cathode and anode signals from main chamber, was amplified and get to the wave :

g‘form dlgltlzer input to be converted into digital view. The described process was ruled by
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observable o-particles energy depends on

standard signal gathered from cathode signal. Using of such signals. converting. scheme

allows us to keep digitized Jinformation about expenmental events on PC hard. drive for
further digital signal processing analysis [2] : . -
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Figure 1.1 — anode 2 —~Frisch gnd 3 — cathode, 4 — anode pin, 5 — cathode pm 6—
voltage divider, 7 — guard electrodes

] ﬁ\\ SPA
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— sh+— PC
il I ) |
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» Figure 2, SPA - signal preamplifier, SA — signal amplifier, DU — delay unit, SD — signal

digitizer, PC — personal computer.

There are a few main parameters that we use: anode and cathode amphtudes, max1ma.l‘
electron drift time (that are the most distant from anode - the only beginning and the end of
€ track) TD=(TEA-TSC), and anode signal rising time (while anode collects electrons)
‘(TEA-TSA) Maximal drift time can be easily converted to distance between cathode and
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track beginning (ending) at most distant from anode. Measurement of anode signal rising time_f
allowed us to get the length of track projection on chamber axis. All further digital processing " |

is based on these parameters.

Digitization of signals and their further digital processing allow us to develop superior
method of particles registration and determination of their birth place in cathode — Frisch grid
interval. Use of this method makes it possible to separate events take place in working gas
from that take place on chamber electrodes and also from events distorted by side effect.

Results obtained

There are lots of data on (n, o;) reaction channel determined by y-rays. In case we
know ap/a; branching ratio, we can determine as og cross section-as full cross section.

19B(n,a0)’Li to 1Ol,?o(n,al)"Li branching ratio was obtained for 4 to 7 MeV neutrons. The data-

obtained both with nuclear data from ENDF/B-VIL0, JENDL 3.3,-and also Bonner[1] and
Sealock [3] data are shown on Fig, 3.
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Figure 3. 1°B(n,a0)’Li to IQB(n,al)7Li branching ratio.

*
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Conclusion ) RO N SO S S 20

New method that makes it possible to use toxic and mordant gas BF; as working one
was developed. This method is based on signal wave form digitizing allied with usage of
jonization chamber working gas as a target. The fixed gas cell separation inside the sensitive
volume of ionization chamber was used. The method allowed us to compensate electron loss
due to their broad capture by very electronegative gas (.BF;). The energy resolution that
permit us to separate o and o channels of reaction loB(n, @)’Li was obtained. The /devélof)ed
methqd of determining branching ratio of different reaction channels is almost free from
statistical uncertainties. The branching ratio for neutron energy region from 4 to 7 MeV were
obtained in this work. The obtained data is in a close fit with Bonner data and JENDL 3.3
estimation, but seriously (up to 30%) differs from ENDF B VII estimation. = '~

All experimental and theoretical data that is obtained in this work can be used in -
different nuclear data libraries. T g e

This work was carried out with RFFI and Kaliga region administration support (arant
Ne 11-02-97523). ' ; s - u?tm',s‘ugpqn (grent
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Abstract

In this work experimental investigation of '“N(n,t)!*C reaction is described. The ionizing
chamber with Frisch greed was used for reaction products spectroscopy. Working gas of the
ionizing chamber contained ~3% of nitrogen. This gas we used as target where. investigated
reaction took place. Using of digital signal processing methods allows us to select the signals
correspond t ion from 1 ber of back, d “N(n,t)'? i
pond to (n,t) reaction from large number of background events. (n,t) °C reaction
cross section experimental data for is presented in this work._ ”

Introduction

One of the possible fuel types for advanced nuclear reactors is nitride fuel. This kind of fuel
has a lot of advantages - nitride fuel is high-density, has good heat conductivity that provides
rather low temperature of fuel elements at operation and it, in turn, has positive effect for
safety. Nevertheless there is a big problem which connected with an additional tritium source
from "N (n, t) 'C reaction. _ e e (
Tritium leaks in the environment because it has a high mobility and easily penetrate
through constructional materials. Tritium is dangerous for personnel of nuclear stations
because it can easily replace light hydrogen isotope in human body and it can create inn
radiation source. ‘
The set of experimental data for N (n, t) 2¢ reaction available from the literature as
well as different theoretical estimations show big discrepancy. In this condition only new
experimental research of '“N(n, t)12C reaction cross section based on modern techniques can
provide sufficient precision for this value.

Experimental method

. 12 .
In present work measurement of section of **N(n, t)'*C reaction were executed on accelerator

EG-1 of IPPE. Neutrons were generated in D (d, n) reaction on a firm titanic target, which:

thickness is 1 mg / cm?. Measuréments were executed for 37 various neutron energies in an
interval from 5.1 to 7.0 MeV. ‘
Cross section research was carried out using doubled ionizing chamber with a common
cathode. The main ionization chamber with Frisch grid was used as detector of the events of
neutron interaction with nuclei of nitrogen. A parallel plate chamber which contains a thin
solid 228U layer was used as neutron flux monitor (fig. 1).

Signals from various electrodes of the chamber were amplified and then were digitized
with the help the wave form digitizer — LeCroy 2262. The further processing of signals was
made by means of programs. The information on amplitudes of anode and cathode signals,

and also the moments of the beginning and the ending of these signals was taken during
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processing. Joint analysis qf this information allowed us to, define charged particle energy;
place of event occurrence in the interelectrode space and charge cdllecting time"(charge is
formed by a particle). : L R i

)

AnodeL I
TFA
rovessofommme—]
l P e
B
= l__.'..:'_ _______ .;
g !
Az
PA SA 1 D P DLA : WFD<:> PC :
: 1
l Vi ==
H
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- i
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Figu're 1. Block diagramme of experimental setup. DA — preamplifier, TFA - timing filter
amplifier, D — discriminator, SA — spectroscopy amplifier, DLA — delay line amplifier, WFD
- waveform digitizer, DC — personal computer. ] o

Chambers were filled by 97%Kr + 3%N; gas mixture. The nitrogen contained in
working gas was a target for neutron interactions. Gas target use has allowed us to
considerably increase nuclei number in the investigated.sample and ﬁence, to reduce time of
measurements. Use of fast neutron collimation together with signal digital processing
methods has allowed us to allocate a certain gas cell in the sensitive volume of the chamber.
So we can take in consideration events 'that happen in the cell only. One of the main
advaptages of such approach is that accurate choice of the gas cell size and position makes it
Possible to suppress wall effect practically. Number of nitrogen atoms in' can be .easily
calculated for fixed gas cell using simple gas laws. ’ o R

It should be noted especially that the increase time of anode signal bears in itself type

- of the registered particle information. For example, free path and time of charge collecting for

-Proton appears much more than for a-particles of the same energy. In this work it was

IR

IéQSsible to use this principle for particles division on type and to reduce a background arising
TOm parasitic reactions in working gas and on detector electrodes. In Fig. 2, the spectrum of
. @ode signals received from the detector (top part of figure). In the bottom part of figure 2 the
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same spectrum after suppression of a background is given. Really, only after background
suppression it is possible to-observe a number of lines related to ay, a3 channels of “N @, o)
reaction and the channel of reaction with tritium emission which is the subject of the current
research, Application of powerful digital methods of suppression of the background, which is
not used in other works, essentially has allowed to improve the situation with definition of
number of events correspond to the channel of reaction (n, t).

. Nq
2000 -

A

Anode pulse amplitude, channel

FiFure 2. Energy spectrum for: A ~ all events; B'— after selection. 1-""N(n,a), 2- "N (n,a1),
3-"N(@,t), 4-'*N (n, 02), 5-'*N(n, as). ‘ S

Experimental results
14N (n, t) reaction cross sections data that is obtained in this work are shown in fig. 3 and fig.

4. On the fig.3 new data and experimental data available from the literature [1-4] are shown.
On'the fig.4 our experimental data is plotted together with different libraries estimations
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(ENDF/B VII, BROND, and JENDL). In average, for neuron‘en'érgy range 5.6-7'MeV our
cross section data level in 2-3 times less then other authors’ one. For low neutron’energy
range (5.25-5.6 MeV) value of cross section significantly higher then Bonner group data [1].
Additionally our energy dependence of 14N (n, t) reaction cross section is different
from other authors’ one. In our data set we don't observe the well shaped resonances in (n, t)
reactiiion4<):ross section for energy 5.66, 6.05 and 6.7 MeV predicted by ENDF/B VII library
(see fig.4). ’
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Figure 3. "N(n,t)'?C reaction cross section in comparison with experirrieﬁfal data of other
authors. o R ‘ . st )
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Figure 4. “N(n,t)"2C reaction evaluated cross section in comparison with experimental data.
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At the same time in our cross section data we have clean peak for energy 5.4 MeV

which is not presented in available estimations. The same structure we can see in tendency of

data, predicted by ENDF/B VII library, but a peak position on a energy scale essentlally
differs (250 keV). : .

Conclusion

In this work was used a set of new methods which allows us significantly reduce a
background and improve reliability for number of N(n,t) events definition. As effect —
background suppression for developed spectrometer is much better than for the others were
used before. The obtained results strongly differ from other authors’ data accessible from the
literature. None of the available theoretical estimations can describe energy dependence for

cross section obtained in. this work. Only additional experimental and theoretlcal effort can

solve the problem of 4N(n, t) reaction excitation function behavior. -
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Investlgatlon of *Cr(n,a)*"Ti reaction cross section for neutron energy less than
7.2 MeV ,

1

V.A. Khryachkov I.P. Bondarenko B.D.Kuzminov',

0.T.Grudzevich?, T.A.Iuanovaz,
N.N.Semenova', A.L.Sergachev' o
!nstitute for Physics and Power Engineering (IPPE), Obninsk, 249020 Rus51a,
20bninsk Institute for Nuclear Power Engineering, Obninsk, Russ1a :

Abstract

%0Cr(n,a)*’ reaction cross section experimental investigation results is presented in this work.
An ionization chamber with Frisch grid allied with wave form digitizer was used for this
1nvest1gatlon The developed investigation method of information - accumulation and
processing allowed significantly decrease background from parasitic reactions and select
signals from-investigating reaction.. The * Cr(n a)47T1 cross sectlon measurements for 4.7 —
7.2 MeV neutron energy region is presented in this work.

Introduction
Construction materials radiation resistance is con51derably deﬁned by gaseous products (such
as helium or hidrigen) of (g, nuclear reactions. The carried out analysis made it clear the
lack of experimental data for a few elements (though of their great practical importance), for
example, chromium is investigated for 14 MeV only [1-3].-And even these data differ from
author to author in tens of percents (ﬁg 1).-There is total data absence for neutrons from
reactor energy reglon The consequence of such situation is wide dlspers1on in theoretical
estimations of ° Cr(n )"’ reaction cross section, shown . also.on Fig..1. Compa.nson of
ENDF/B VII to JENDL 3 SOCr(n o) ? "Ti reaction cross section data is shown: on Fig. 2. The
difference between them raise up to 27 times for low energy neutrons! This dlfference can
only be solved by appearance of new experimental data. _

¢

0,144 ——ENDFBWVII ’
! . N :
jEERr JENDL 3 c’("'“)
. 012 4 * Demdorfer, 1981 }
' | ™ Grimes ’
¢ Dolya 1973
0,10
E 008
&
o
"B 008
0,04
0,02
0,00 | . . —— . —
4 8 8 .- 10 12 . .14 16 18  20 .,
En, MeV

Figure 1. soCr(n,a)‘”Tl cross section experimental data and theoretical estlmatlons known for
today.
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Figure 2. Comparison of ENDF/B VII to JENDL 3 5°Cr(n,a) “Ti reaction cross section data.’

Experimental method

The solid cromium target with 96,8% of O¢cr isotop was used in this work. The other isotopes
were: >2Cr (2.98%), *>Cr (0.18%), and **Cr (0.04%). Target’s full mass is 5.15 mg. The target
was spread on golg foil with 84 mg/sm’ thickness. The target was plased in ionization
chamber with Frsch grid filled up with 97%Kr+3%CH,4 gas mixture wich pressure was 3
atmospheres.- Great background to investigation effect arise from recoil protons registration
that appears due to usage of hydrogen reach methane. Still, an attempt to use carbon dioxide
has brought almost the same level of background, this time from oxygen. We found out that
signal digital processing is easier for working with recoil protons background than oxygen a-
particles.

First attempt of placing the target on the cathode showed that its material components became
intensive source of o-particles appearing from (n, o) reaction. The authors have great
experience of (n, ) reaction investigation in case of gaseous targets [4-5]. So, using this
experience, the target was placed in the cathode — Frisch grid interval (Fig. 3). This approach
allowed us to separate O-particle signals of different origin: from target surface, from cathode |
or that appeared in working gas. It is important that such a detailed analysis can be made with :
signal digital processing only.’

Signals from anode and cathode were digitized separately, resulting numerical matrix with
their amplitudes in different moments of time. This digitized signals were kept on PC hard
drive for further processing. So we could get amplitudes of signals and their start and end
time moments. Information joint analysis for each event allowed us to get detailed
information about registered particle — energy, place of birth and her type. Every of .
determining parameters allow to reduce background and so, to increase number of
investigating events determination reliability. ‘
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Figure 3. Detector construction scheme. 1 — *°Cr target; 2 — 28y target; 3 — HC
Anode; 4 — common cathode; 5 — Frisch grid; 6 — guard electrodes; 7 — divider. Fanh
All described investigations were carried out on EG-1 accelerator of IPPE. Neutrons were get
from D(d,n) reaction on.solid titanium target wich thickness is 1 mg/sm>. Investigations is
made for 4,7 t0.7.2 MeV neutron energy region. , : T N T TR
Flat double ionization chamber was used in our investigations. The second, made in back-to-
back geometry, ionization chamber with 23U térget (99,99% eﬁrichnient) ‘was used as O~
particle source for neutron flux monitoring. Uranium target is 4,60 mg (determined by mass-
spectrography). The describing methode allowed us to make the same dead time for both
reaction channels — in main and monitor chambers. So we can record signals from common
cathode not depending what sterted it — event from main or monitor chamber (fission
fragments and a-partiles of *U). EERRRE

Results obtained

Results of our investigatins are shown on Fig. 4. CoBeplueHHO OYeBHAHO 4TO Pe3yNETATh
HallkX M3MepeHuil MOMHOCTBIO POTHBOPEYAT OLiCHKe Nasaemoit ENDF/B VIL B psane Touex
OTHowenne ceuenns masaemoro ENDF/B VII k skcnepumenty mocturaer 50. B 3amerHo
Iy9IIeM cornacuy KCIEPHMEHTAIBHEIE JAHHEE HAXOIATCA C MPELCKA3AHHSMH JABAEMEIMH
6u6mnorexoii JENDL. Onrako u B 3TOM ClTyuae MOXHO OTMETHTB, 4TO B LEJIOM TOYy4EHHOE
SKCIIEPHMEHTAIBHO CeYeHHE CHCTEMATHUYECKH HAXOMHTCH HIKE ouenky. - Kpome ‘Toro B
OKCNIepUMEHTANEHBIX JIAHHEIX OTYETIHBO MPOCHEKHBACTCA HeKoTopast CTPYKTypa B 06NacTH
SHEPrUH HelTPoHOB ~ 6 MaB KoTopas oTCyTCTBYeT B oueHke fapaemoit JENDL. .
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Figure 4. 50Cr(n,a)47Ti reaction cross section experimental data.

Conclusion

New digital spectrometer with a solid target for (n, o) reaction cross section investigation was
developed. Its reliability of working in heavy parasitic- reactlons background was -proved.
Dlgltal algorithms for background suppression was found. °Cr(n,)*"Ti reaction cross section
in neutron energy region from 4,7 to 7,2 MeV was measured. Big discrepancy (up to 400%)
with ENDF/B VII-was found. Though JENDL data is much closer to experimental data, its
average cross section and its excitation function tendency is not match with expenmental
data. S i
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" STATISTICAL MODEL ANALYSIS OF (n,0) CROSS SECTIONS
AVERAGED OVER THE FISSION NEUTRON SPECTRUM -

G. Khuukhenkhuu Yu.M. Gledenov2 M.V. Sedysheva and M. Odsuren’

’Nuclear Research Center, National University of. 'Mongolia, Ulaanbaatar Mongolia
Frank Iaboratory of Neutron Physics, JINR, Dubna, Russia

1. INTRODUCTION , S :

The study of  (n,or) reaction cross section for fast neutrons is: 1mpox1ant to estlmate
radiation damage due to. helium production, nuclear heating and . transmutations. in the
structural materials of fission and fusion reactors. On the other hand, systematical analys15 of
neutron cross sections is of interest to study nuclear reaction mechamsms In addition, it is
often necessary, in practice, to evaluate the neutron Cross sectlons of the nuclldes, for whlch
no experimental data are available. :

Analysis of the experimental (n,0) cross sectlons was camed out in 1973 by
Levkovskii [1] and a systematic dependence of the (n,o) cross sections on the relative neutron
excess parameter (N-Z)/A of the target 1sotopes was observed for 14-15 MeV' neutron enérgy.
This systematic behavior of the cross sections is termed in the literature as isotopic effect. Several
formulae were proposed to describe the isotopic effect for the- (n,p) and (n a) cross sections
around the neutron energy of 14-15 MeV [1-7], only.. :

In 1994 we observed a similar dependence for the' o, a) cross sectlons in the neutron
energy range of 8 to 16 MeV [8]. Moreover, the statistical model was suggested [9] to explain
the isotopic dependence of the (n,o) cross sections for wide energy range of neutrons, - - ...

In this work we have used the statistical model based on the Weisskopf and Ewmg
theory [10] to carry out a systematlcal analysis of known expenmental (n,0) cross sections
[11-14] averaged over the ﬁsswn neutron spectrum produced by thermal neutrons

2. STATISTICAL MODEL FORMULAE

The direct and pre-equilibrium mechanisms are neglected for ﬁsswn neutrons and 'the
compound mechanism can be considered, only. Then, the (n,x) reaction cross sectlon in the
framework of the compound mechanism can be written as follows:

~o(n,x) = 0,(n)G(x) )

-~where cc(n)—ﬂ:(R+7U21t) is'the compound nucleus formatlon " Cross, sectlon R-roAm is the

target nucleus radius; A is the mass number of the target nucleus; A is the wave length of the
incident neutrons. The decay probablhty of the compound nucleus into channel x (x—p n,
@..) is expressed as .

G(x)=

Z = @
where I and I"are the partial and total level w1dths respectlvely

The decay width of the compound nucleus can be written as follows usmg the Welsskopf-
Ewing evaporation model and detailed balancmg pnnclple [14]

28,41 &Y
I=—=5"—= Mx U

where Sy, M,, & and V, are the spin, mass, energy and Coulomb potent1al for the outgomg
Particle x, respectively; po(E:) and py(Uy) are the compound  nucleus and re51dual nucleus.
level densities, respectlvely, o.(E.) is the inverse reaction cross sectlon

167



Then, the partial level width can be determined using the constant nuclear temperature
approximation [15) and the semi-classical formula for the inverse reaction cross section:

Nl B 4+8,+¢,
28,410 o v, Bl
1-:\,= 70‘72 MXR2JGX(7—E} e dﬁ'x (4)

Here: B, and §; are the binding energy and odd-even effect parameter for the x-particle,
respectively; ©=kT is the nuclear thermodyna.mic temperature; k is the Boltzmann constant.
We can neglect the y-emission, use the Weizsacker’s formula [16] for binding energy and
carry out the integration of (4). Then, a formula for fast neutron induced (n,0) reaction cross
section can be obtained from (1); (2) and (4):

: SR N-Z+05

" Nzeas ‘ , ;_
ocha)CfR+N’e A, _ OF

where C=2exp A _ r—‘3ar+r 4,{, +£a—2.058—-,z,—3 ' N (OR
V135 (€, +Qu L A A T

_' A -
and K ‘25\} 135€,+Q,,) . , ' M

Here: N and Z are the neutron and proton numbers in the target nuclei; o, ¥ and & are the
Weizsaker’s formula constants; €¢ is the internal binding energy of a-particle; Quq is the
reaction energy; £, is the neutron energy. . '
The parameters K and C in formula (5) can be determined by two methods. First, they
can be fitted as constant parameters at each energy point for all isotopes. Second, the K 'and C
parameters can be immediately obtained from the formulae (6) and (7). We will use here the
first method. : ,

3. SYSTEMATICAL ANALYSIS OF THE (n,0) CROSS SECTIONS

; ~ The values of C and X, as fitting parameters, were obtained by using the formula (5) from the
systematical analysis of known experimental (n,0f) cross sections averaged over the fission neutron
spectrum. The result of such an analysis for 35 isotopes of BNa to "W is displayed in Fig. 1. ‘

10" ) T T ’
102 — E"=2 MeV__1
= 10° s
| =4
S 10* i ..". °
+ °
.[I 10‘5 [ ] P
FOF . s
= g0} C=0.02 . _ .
2 . ' K=62.5 i .
% 107 R*=0.87 4 :
10° ' -
000 005 010 015 0,20
' " (N-Z+0.5)/A

‘Fig.1. The dependence of the reduced (n,ot) cross sections on the relative neutron excéss
parameter at E;=2 MeV. .
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Here, black points are the recommended by Calamand - d ine i
theoretical one with fitted parameters C=0.02 and K=62).,5 for the forrmﬁ:la(S[)l.l,n] o 1111?‘ ’15 e

The light isotopes, such as 7Be, 1B and l9F4 were not considered in this sys'tei’natic because
the (n,0) cross sections for these nuclei have resonance structure and essential deviations from one
energy point to other one. Also, *Ti and **Sn were riot included in the analysis in connection with
visible deviation from the systematical behaviour of the (n,0!) cross sections which is well described
by the formula (5). ' ' b T o

4.  THEEFFECTIVE NEUTRON ENERGY

0.6

0,5 . ',' A R

) 235 -
2 vy |\
S 04} \ ;
. [
£ oz2f \ .
= . ‘ " Iss
© 0,1 : : . Ni(n,0)
. . S0 N ’ ° o
0.0 \
0,1 L 10

.
E, (MeV)

Fig. 2. Fission neutron spectrum of 2%U [17] and éross section curve of the **Ni(n,a)*’Fe
reaction [18] .. . - y , . : E

) The effective neutron energy is impoitaht for theoretical analysis of avéragedheutmn CTOSS
s'echons. Average energy for fission neutron spectrum is, usually, around 2 MeV [17]. ‘At the same
time, the threshold energy of (n,o) reaction for most of isotopes lies in the region of Ey~3-6 MeV

-~ [18]."So, the effective average energy of the incident neutrons for fission spectrum in the case of

(11,0? reaction should be different from 2 MeV. To clarify this statement the excitation finction of
?he 8Nl(n.,ct)ssFe reaction [18} is shown in Fig.2, as example. Fission neutron spectrum of unT
1s, also, displayed in Fig.2. It is seen that an average (n,o) cross section is determined by overlap of
two curves for neutron energy spectrum and excitation function. Almost the same pictures can be
drawn for other isotopes given in [11,12]. . i

Therefore, the weighted average (n,0r) cross s;ctién is expressed as follows:

[07a (B 2 (E, HE,
| (o(n,a)) = [, 2, an
. Where ¢(E,) is the neutron spectrum.

. In order to determine the average neutron energy of fission spectrum for the (n,0)) cross
S"C:‘;ms we should take into account the systematical regularity of parameter X [19). Values of the
019 Parameters K and C were obtained by using formula (5) at neutron energies of 6 to 20 MeV

v 1. Th;se values of the K and C parameters are given in Table 1. ‘ '
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Fig.3. Energy dependence of parameter X

Table 1. The K and C Parameters th~ " . Kd' s linearly
It is seen that the parameter K depends li
En (McV) K ¢ on the neutron energ)E But, our value K=62.5 at E=2
6 62.1 1041 MeV given in Fig.1 is not placed on the line which
8 59.0 1.10 was drawn through all points for each energy of
neutrons (see Fig.3). .
10 534 1.46 As a result, we can find the value of parameter K
13 48.3 1.80 for fission spectrum by variation of the effective
average neutron energy. In this case the value of
14.5 382 1.2 parameter K was found to be 63.1 for E=~5.5 MeV.
16 343 0.55 This result shows that the average effective energy of
, fission neutrons for (n,0) reactions is to be <Ex>=5.5
18 %25 048 | MeV which is in good agreement with linear
20 . 253 0.17 dependence of X on neutron energy (see Fig.4).

5. EXPERIMENTAL AND THEORETICAL CROSS SECTIONS :
10?

10' -2
'\‘i\ o

1o°_ o e
{ ]
[ ]
[ ]

1
<E >=5.5 MeV|

0 5 10 15 20
(N-Z+0.5)/A

Fig.5. Calculated (n,0!) cross section (solid line) and experimental data (black points)
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Result of the theoretical calculation for the (n,0)) cross section using the formula (5)
with parameters K=63.1 and C=0.03 is compared in Fig.5 with expenmental data taken from
[12]. It can be seen that theoretical line is'in good agreement with the expenmental datain the
case of average effective neutron energy <En>=5.5 MeV for (n,0) reactions.’

6. CONCLUSION

1. Known experimental (n,a) cross sections for fission neutron spectrum of 2**U were
analyzed using the statistical model based on the Welsskopf ~Ewing theory and certain
systematical behaviour was observed.

2. The average effective energy of fission  neutrons of the 35U was found to be around
5.5 MeV for (n,a) reactions. G

3. It was shown that the experimental data of (n (x) Cross sectlons for fission neutrons is '
described by the statistical model.
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" MIXING OF THE S-WAVE AND P-WAVE RESONANCES
. AND P-ODD ASYMMETRY OF y-QUANTUM EMISSION
IN THE RADIATIVE CAPTURE OF A SLOW POLARIZED

NEUTRON BY A SPINLESS NUCLEUS
V. L. Lyuboshitz, V. V. Lyuboshitz *

Joint Institute for Nuclear Research,
141980 Dubna, Moscow Region, Russia

* E-mail: Valery.Lyuboshitz@jinr.ru

Abstract -

Using the technique of helicity amplitudes, the theoretical consideration of the P-odd.

asymmetry of y-quantum emission in the radiative capture of an S-wave polarized neutron by
a nucleus with zero spin, which is conditioned by the mixing of S-wave and P-wave.

resonances with equal spins and opposite space parities on account of weak interaction, has
been performed. It is shown that, under the parity nonconservation, the differential cross,

section of the radiative capture of a slow neutron by 2 spinless xiucleus is anisotropic and has
the following structure: A4+ B (P, 1,) , where the coefficients 4 and B depend on the neut-
ron energy but do not.depend upon the angle of y-quantum: emission, the coefficient 4

depends also on the parameters of the S-wave resonance, and the coefficient B depends upon
the parameters of both the S-wave and P-wave resonances as well as upon the matrix element

of mixing due to weak interaction, P is the neutron polarization vector and lY is the unit

vector directed along the y-qﬁantum momentum .
1. Helicity amplitudes and differential cross sections of resonance binary
processes ' ’

The helicity amplitude of a binary resonance process a +b—>R—>c+d “has
the following structure : ‘

fab cd(xa’xb; A'c’l'd)= - 3
N 2y ko Kea ER_E__IZ_FR

Here J; is the resonance spin, Eg is the resonance energy, I'z is the total
resonance width, AgsAys Ashy are helicities of the primary and final particles,
A,(A,,A,) are the helicity amplitudes of resonance decay into the channel
R->a+b, A;(A\,A,;) arcthe helicity amplitudes of resonance decay into the
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2l Ahar) RO 40N

channel R —»>c+d, d{®) () are Wigner d -functions of the order Jz , 0 is
the angle between the momentum %K, of the primary particle a and the mo-
mentum Ak, of the final particle ¢ in the féaction c.m. frame, g’ is the azi-
~muthal angle , k,, =|K,, |, kg =|kg |,

are the differences of helicities for"th; f;nal articles and pri irti
. : . s ‘ ' ) m it
respectively, which satisfy the conditions :+: ;- p p mary pa lCleS ’

N< Ty, N<s, 45,5 Ao, ASs, 48 i —0 @)
where s,,5,,5.,5; are thg spins of thg primary and ﬁhal particlesk. -
In doing so, the sums |
2 N : ! ,' . :
S 40A) =T, Y |4, [ =T @

xal.,, l‘ld .

have the meaning of partial widths of the resonance decay into the ;CHannels
R—a+b and R—> c+d,respectively. Itis obvious that

DIP=>TP=I; , : ‘ )
ab cd '

where T is the total resonance width included in Eq. (1) .

The. differ.enti.al cross section of the resonance ' binary process L,' summed over
the spin projections of the final particles ¢ and d and averaged over the spin
projections of the primary particles a and b,amountsto: ’~

dca+b Roc+d v‘ 7 . k 1 i

(g +1)? 1

T a2 (2s, + D2 T e
( S, )( Sb+1) (ER_E)Z_'_ZI*; i L ; (6) .

; DI (TR WL L OF TR

Aahp Aehg
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(here k=kzj).

g Takmg iﬁto account the relation :

4n
U2)(0))2dQ =
o I(d'“‘ ©)d 2Jp+1

which is true at any values of A’ and A ( integration is performed over the full
solid angle ), the integral cross section of the resonance binary reaction a+b —
R—c+d equals: .

2+l n  Prd -
a+b—R-c+d (zsa +l)(2sb +l) k2 (ER _E)z +%I";

- (®)

(¢}

(we have applied Eqs. (4) ) -

Let us consider now the neutron radiative capture by a nucleus n+a— y+e.
According to Eq. (8), the integral cross section of resonance radiative capture on
an unpolarized nucleus is as follows : ' =

2+l n LT

, : ®)
2
2(2s,+1) K (ER-—E)2+-‘III“,§

CpiasRoy+e =

where T, is the neutron width and T’y is the radiative width .

If the nucleus a is spinless , then in case of the S-wave resonance .

JR=%, s,=0, and Eq. (9) gives :

= LPh
2

__n v ) (10')'

1
K (E,-E) +ZI‘,§

0'n+a—>R—>7+::

It'is easy to see that in this case the differential cross-section of radiative
capture is isotropic and it does not depend upon the neutron polarization :
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) dcn+a—>R—ﬁ+c,_ 1 ( rp?) ryb

aQ 4k (ER“‘,E)Z"'%I%

2. Mixing of the S-wave and P-wave resonances w1th opbbs;ite kSpyivce parities
Under kthé'space parity nonconservation, the S-wave and P-wave resonances

with equal spins are mixed by the weak interaction. The new quasistationary

states with mixed parity have the form [1,2] : .- .- Cania t il

[sh=|s)+elp), |PY=IpY=els) v o wilvounr o 00 .(12).

where | s) and | p) are the S-wave' and -P-wave states with the positive and -
negative parity, respectively, £ is the mixing parameter. In the Born

approximation, we have : .-

W e s
£= = - ' a3
E,~E,~=(T,~T,) S

5

where W, =(p|W|s) is the matrix element of weak interaction, E, ,E, are

energies of the S- and P-wave resonances being mixed, [';, T, are their widths.
Due to hermiticity and T invariance, W, =W, , Im W, =0 . Obviously,
le|l<<1. ' ; : R I

Taking into account the smallness of the mixing parameter, we have neglected
the contribution of terms of the order of | ¢ | into the normalizing multipliers for
the states | s') and | p").Indoingso, E,=E,, I =T, E,, ~E, I,=T,.

According to relations ,(1,‘,2,)’ the states with deﬁnife'spaée ,‘yyparity rcﬁfeséﬁt,the
superpositions of the quasistationary states |s') and | p') : R

Isy=|sY—e|p) » 1Py =Ip)+els) . } . (14)

Since the slow neutron is captui'ed by the nucleus a into the S-state (1s)),the
spins of the S-wave resonance and the P-wave resonance being admixed are
equal to : '

IO =JP =511 (15)
R R a 2

where s, is the spin of the primary nucleus a .
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3. Helicity amplitudes of resonance radiative capture of neutrons at the
- mixing of S-wave and P-wave resonances , .

Let us con51der the P-odd asymmetry at the radiative capture of a polanzed
In this case, the neutron is

slow neutron by a nucleus with zero spm (2, 3]

captured into the S-state | s)=|s")— elp y with spln JO =J(P) = —;— .

At the electnc and magnetlc dipole radiation, the spins of the final nucleus ¢

can take the values s, = —12- and 5. =

1
5. ==

c

. The y-quantum helicities can take the values A, =+1 and A, =-

: A, =+—1— and A, -1
2

and the helicities of the final nucleus ¢ with spln ;
At the total angular momentum J =

the decay into the y quantum and the final nucleus are : a,( 1, ——2—) and

1
a,(—-l,+—2-) .

In doing so, o

TP TN B
asl)(—’z_)=ay(|)(+5) ’ a's)(l’_-z_ )—-a, (_1’+E’) ’

. 1 : [ .
‘a’(,")(l,—-i )=-a§P)(—1,+E) B )

Taking into account relations (1) and (12)—(14), the helicity amplitudes of the
resonance process have the form : -
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.To be definite, we will consider that .

2 .

—;— the nonzero helicity amplitudes of :

a6 |

' 1., 1
f;l+a—)1+c(+—’ 1 "E)'—_
1
a(-v)(
n (}’)
——2 0 b
A )e

a(’)(+l) o
27 i
~ Sk, Ay ®e’
Lo
f;l+a—)1+c(+ -1+ )—
a®(+—~
D) 0

=J__~¥V@e

1 1

) i 1 [ 1 i
a$’(1,—5)+8a$")(1,—5) aa(")(l -—)
CCE/SE-LL E E——r -
, 2" 2
[ a(’)(l——l-) o | W (p) 1
T\ spav ( —-)

E,—~E--T, (E,—E-- _g-L
L 2 s . (‘«J' E 2'1—‘4')("EpK E: zrp)

i

@141y
a’’(-1,+=)-
y (-L+2)

+

W a(")( 1+l)j j

-"P 1

E,-E-ir,
2

fn+a—>1+c(_5; ls__)_ S

2

(S) _-
_ (Z)M

Jhok % }/(G)e

2

1

1
f;r+a—)1+c (_E; _1’ +E) =

a(-3) .

(}/) (e)e-'2

=‘7=———yy

a‘y )(1’__2-)

(E, E——l")(E E——l")

(18)

’ 2 el ).
W a(") L-3

Py

£— + -
E,~E-=T,
2

1
a¥(-1,+=
O(-L+2)

: ,
(E_,k—E—,Ers) (EP—E _JEF"-) L

P

1
W, alP(-1,+—
| (-L+3)

+

E,-E--T, (E,
2
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—E—Er,)(Ep-E——z-rp)

(19)



Here k,=|k,|, k, =|k,| , where 1k, and Ak, are the respective mo-
menta of the neutron and y quantum in the c.m. frame of the resonance reaction

nta-—>ytc.
4. P-odd asymmetry at the radiative capture of slow polarized neutrons

Let us remark that, taking into account T invariance, all the helicity amplitudes
of decay may be conSIdered to be real, neglecting the electromagnetic final-state

interaction . ;
In accordance with relations (16), we have :

o) et (o) o)
Y ] 2 Y " 2 ’

2
("”(1——)) ("”( L+ )) ; @)

9 1.1 1 & 1, e 1
a§>(-1,+5)a§">(-1,+5)=—a,>(1,—5)a," (1,—5) .

Disregarding the second-order terms ~ W,p , we obtain — taking into account

equalities (20) —
radiative capture of slow neutrons with the hellcltles (+ )} and (—— ) by a

spinless nucleus
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the following expressions for the dxfferentlal Cross sectlon of :

do, 1
+— =
d_Q( 2) nta-y+e
k. 1 2 ‘
_k 1 1 1.2
[ fretrg o) 5

( 1a"’(+ )2 (1, —)|2"

49D (}/)

B Gl [( /y(")) ( yy“’))]
4 .

CYSRENEINE 1
2 lax (+2)1° af(1, =)W aP)( 1,_—1,);(15pr);_ L

+k_2 . 2 27 . X
’ [(E ~Ey+Le } [(E _E) +r,,] '

(80 (o))

ey
do 1 k5 1 2 B _,.,;‘liz
dQ( 2) n+ta—dy+e kn[ f;H‘a_w‘H"( 2’ 1’_—2_) + f;y.-}a—b'{‘kc(—z; _1,+5) ]:
Ia(i)(_l)IZIG(x)(l _l)lz T
1 n
= d(}/) 0 d(}/) 0
- E)+1:;2 [(VV()) ( }’}/())

9¢_1 . 1
2 |a’(')(_5)|2a1(' )(1’_5);4/: a(P)(l __)(E E)

+=
K 2 2
" E —E)? Fs_ - 3
{( s E) + 4 ] [(Ep E)2+ :]

(4 0) < 40| <

As it is known, the d -functlons correspondmg to the angular momentum /

(22)

' have the form : ,

( |
: d;}(e) d‘{/’ _y©®= cosg, df{}z’_%(e)b ;ﬁ/’y(e) sm_ @)
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Without losing generality, the phases of states |s) and | p) may be chosen in
such a way that : -,

2 (s) 2 r‘(P)
RS NPT v a1y 2Bl (ge-ly) =,
|a’(')(+5)|2_—_——2—, (ag (1,—5) == a,” (1, 2) 5

(249)
1 1 1 [TOr®
‘15:)(1,-'2—) agp)(l,_i) = '2' FY( FYP ’

where T, is the neutron width of the S-wave resonance, 1",(‘) and I‘,(”) are the
radiative widths of the S-wave and P-wave resonances, respectively .
Taking into account Egs. (23) and (24), in the considered case of radiative
o 1 1 . .
capture of slow neutrons with helicities (+5 ) and (——2— ) the differential

cross section has the following structure :

d_°(+_1_) =A+BcosB, .
dQ 2 n+a—>y+c ) (25) .
_dﬂ(_l) =A—BcosH ,
dQ 2 n+a—>y+c
where

5 (s)
1 F,f ) L

' 26
PR i @)
" (B, -B)'+
4
) ()(p) -
B= 1 F,S)Wsp\lrv L," (E,—E) i 27N

T2 r: |
" [(E, -Ey +—‘;—] [(Ep ~Ey’ +—:—]

aﬁd" 0 has the meaning 6f the angle between the neutron and y-quantum mqf
menta .
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Let us note that, as follows from relations (18), (19) and equalities - (16), (20),
the products of helicity amplitudes of the reaction n+a — Y + ¢ , correspond-
ding to the opposite primary helicities and equal final helicities, are expressed
through the quantity’ B and the angles determining the direction of vector k,:
k[ 1 )

: . o B8 .Vlvﬁ s i ;
r [Freancter s b freane i Lo+

. 1 1 1 1
+fn+a—>1+c(+'i‘; —k1)+5)fn+ya—01+c(—'5';—l)+5)]

) ,\ io -~ . —i i .-
=B [dﬁ/f%(e) d%{%(e)e"p - df;//zzf 4,(®) df},/ff_yz(e)e ‘P]=Bsxn 8cos ¢ .
(28)

Thus, at the parity-violating mixing of the S-wave and P-wave resonances, the
differential cross section of radiative capture of a slow neutron with an arbitrary
vector of spin polarization P is as follows : o * :

dc

) =A+B(BcosO+P sinBcosp) : (29)

nta-syic

where the quantities 4 and B are determined according to Egs. (26), (27), R, is
the degree of neutron longitudinal polarization, P, is the degree of neutron -
transverse polarization, 6 is the angle between the vectors k,, K,; ¢ is the

éngle between the neutron polarization plane (P, k,) and the reaction plane
(k,, k,).

Formula (29) may be rewritten in the simple form :

% =A+B(Pl) , , €V}

n+a—y+c

- where 1, is the unit vector along the y-quantum momentum .
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. - Differential cross section evaluation in (n,0) reaction with fast
neutrons using Hauser — Feshbach formalism -

A. Oprea, C. Opred, Yu. M. Glé;iehov, PV. Sedyshev, M.V. Sedysheva
141980 Dubna, Moscow Region, Russian Federation

Joint Institute for Nuclear Research (JINR)
Frank Laboratory for Neutron Physics (FLNP) - -

Abstract. In this work we have analyzed the *Zn(n, ¢)®/Ni reaction with fast neutrons.
For incident neutrons energy from / MeV up to 8 MeV .we have evaluated the cross section
and differential cross sections using the computer codes Talys and his-default parameters for
mentioned reaction. The done evaluation established that the contribution to the cross. sections
are mainly due to the compound processes and direct processes can be neglected. For these
reasons the cross sections were evaluated in the frame of Hauser — Feshbach formalism (HF).

The obtained results were compared with existing experimental data. These
experimental data were in principal obtained at the electrostatic generators from JINR FLNP
Dubna (EG-5) and from Institute of Heavy Ions Physics — Pekin University (China). - -

Theoretical and experimental data are in a satisfactory agreement but in'the future it is
necessary to try other parameters then Talys default to have a better agreement.

Intljod_uctiqn .

Researches, of the nuclear reactions induced by fast neutrons with emission of charged
particles like protons and alpha particles are important from theoretical point of view as well
as for applications in the field material science for construction of reactors. .~ |

In the conventional classification of the neutrons fast neutrons are considered from
0.5 MeV up to 20 MeV¥ [1]. In this neutron energy interval are few experimental data that
differ from one group to another. Cross sections for (1) and (n,0) reactions are of order of
tens of milibarns or lower and.difficult to measure or evaluate. The difficulties are coming
from the background caused by many open channels., Further, in this energy interval, .for
incident neutrons usually together with compound processes are present other. reaction
mechanisms like direct or preequilibrium. Therefore it is of great interest for theory to

~ establish the quote of each type of process (compound, direct, preequilibrium) to the cross

sections. The experimental and theoretical evaluations are. also important in the field of
nuclear structure and astrophysics [2]. S e e
For practical purposes the knowledge of the cross sections induced by neutrons and
emission of charged particles is of a great importance in material sciences field for nuclear
Ieactors construction [2]. During the time takes place a process of accumulation of Hydrogen
and Helium in the walls of reactor building, vessels and other. object around. the reactor
ensemble. This accumulation leads to the changing of resistance parameters of these walls and
in this light it is clear that the evaluation of accumulation process is direct related to the cross
Sections. et T S WYR UL S NI L
. We have evaluated the differential cross_sections for %Zn(n, )°!Ni: reaction ‘for

- Meutrons energy from 1 MeV up to 8 MeV using the Talys computer codes [3]. The incident

Neutrons energy interval was chosen in relation with our experimental possibilities because in
fact the codes allow in principal to study the nuclear reaction up to 200 MeV including all
Necessary reaction mechanisms. -
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Talys codes can be; very useful for theorist and experimenters in the field of nuclear

reactions. In this software are implemented many nuclear reaction models, data basis for

nuclear structure, density levels and others for quick and efficient analysis of nuclear reaction.
Talys is an open project and many researchers may - bring " their contnbutlons to the
improvement of the codes [4].

Theoretical background

For the evaluation of the cross sections we used mainly the HF formalism [51. This
formalism is an efficient tool for cross section evaluation and first was developed in the *50
years of last century for binary reaction induced by neutrons with formation ‘of an
intermediate compound nucleus. For a binary reaction of type a+4—C— f+B (& - incident
particle, A4 — target nucleus, C — compound nucleus, §-— emergent partlcle B - resrdual
nucleus) the cross section has the followmg form: :

a

, T,T, Ll y, : : : ‘ (15'
ZT , :
T= transmlssron coefficient, ¥,5= width fluctuation correction factor (WFC). S

As it can be seen an important factor in the cross section evaluation are the
transmission (or penetrability) coefficients in the incident channel and emergent possible open
channels. ‘This coefficient represents the probability for a particle to penetrate a potentlal
barrier and can be evaluated using the so called “semi classical” approach or more accurate in
the frame of a quantum mechanical formalism described in [6]. The authors have evaluated
the penetrability coefficients in the both approaches in [7], respectively [8].

First expression of relation (1) was without of WFC [9]. This factor shows the
correlation between the incident channel and outgomg channels. With the i mcreasmg of the
incident particle energy the correlation also is increasing. Quantitatively WFC is equal to
unity when no correlation yield and slowly decrease with energy.

The differential cross section in the HF formallsm has the expressron (for 51mp11c1ty
wrthout WF C factor): -

d——mtz 21+1TZ (”j”"””) o @

4,010 |0) Z|1 J0m |1, jsJm)*|(0, st m | 1',jf;Jm]’|Y,.,,.(0,¢]2 3).

We also have evaluated the contribution of direct processes but their contribution ¢ can

be neglected in the mentioned neutron energy interval and therefore we do not show here the
marn formulas for these processes.
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" Results

We used the default Talys parameters and first we have evaluated the cross section and
from cross section has resulted that the dominant processes are the compound ones.

80

60 -

50-
40
30
20

10 1

(mb)

na

(o)

Neutron Energy (MeV;)r R

Fig.1. Cross section of *Zn(n, 2)*'Ni reaction. 1 — contribution of the compound processes on
discrete states of residual nucleus (10 levels), 2 — contribution of the compound processes on
continuum ' states of residual nucleus, 3 — contnbutlon of all processes (mc]usrve neglected
d1rect processes),4 experrmental data .

In the beginning the compound processes on discrete states of resrdual nucleus are
dominant but with'the increasing of the energy they reach a maximum and- after that _they
slowly decrease giving priority to the compound processes on continuum states (Fig.1). Here
is not showed but higher than 8 MeV’ processes on continuum ‘also reach a maximum followed
by a slow decreasing, direct and multiples processes (like (n, 2n), (1, np) and others of such
type) becommg dominant. Experimental data [10] (4 from Fig.1) are obtained mamly by our
group using a double gridded” ionization chamber and in the begummg can be con51dered m"
agreement with theoretical evaiuation. ‘

We have obtained the differential cross section for all energies but in Flg 2.are shown
only the cases for 5.5 MeV and 8 MeV. From Fig.1. it is expected that the differential cross
Section will be symmetric around 90° due to the contribution of the compound processes For -
indicated neutrons energy interval in the evaluation were taken into account neutrons with
°rbltal momentum greater than zero and as results the differential cross section has an
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anisotropy (the presence of Legendre polynomials of second order or fourth, sixth, erght
orders for higher energies if is necessary).

0 20 40 60 80 100 120 140 160 180
Angle (degrees)
Fig.2. Differential cross section forv 64Zn(n, Q“’N: reaction.. 1 — for 5.5 MeV, 2 — for 8 MeV '
Discussion and Conclusions
Theoretical evaluations presented in this work are not final. First, it is necessary totry
other parameters than defaults suggested by Talys in order to describe better the experimental

data. In future a set of experimental data in a large energy 1nterval will be of a great help in
the selection of necessary optimal parameters. ’

Also will-be of great interest a set of experimental data for dlfferentlal cross section’

for different energies to verify the presence of the anisotropy and / or the existence of a
forward — backward asymmetry. This asymmetry will confirm or mﬁrm our statement
concerning the presence and the contribution of the direct processes.

.. . The 64Zn(n (,196’N1 reaction is a part of a research program for nuclear reacuons
mduced by neutrons with emission of charged particles (protons, alpha partlcles) on medium
and heavy nuclei developed at JINR FLNP Dubna for many years. o

The work was supported partzally by the Program of Collaborauon between JINR and

Romaman Research Institutes on 2010 and 2011 years under the coordination of Romaman
Plempotenttary Representative to JINR. :
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Abstract

The npdgamma Collaboration uses a pulsed polarized cold neutron beam, a para-
hydrogen target, and an array of 48 CslI scintillation detectors to measure, in n+p

— D + « reaction, the parity-violating asymmetry A, of the photons emission along

the neutron spin and opposite to it. The theory-predicted value is A, & —0.5 x 107

Knowledge of A, and other parity-violating observables in few-body nuclear systems
should provide constraints for a parameterized description of the parity-violating

phenomena free from complications of nuclear structure. We report final results of the
first phase of the experiment, which took place at the spallation neutron source of the

Los Alamos Neutron Science Center: A, = —(1.242.1(stat.) £0.1(sys.)) x 1077, and - -
* the parity allowed, left-right (LR) asymmetry AX® = —(1.8+1.9(stat.) +:0.2(sys.)) x

10~7. Qur A, value reproduces the previous upper limit from a measurement at the

Grenoble ILL reactor facility, while the AL® value is obtained for the first time. The

second phase of the experiment, aimed at a better statistical accuracy, is presently

started by the npdgamma Collaboration at another source — the Spallation Neutron
" Source of the Oak Ridge National Laboratory.
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Introduction

The observable of interest in the polarized cold neutron capture  +p — D + (E,=2.2
MeV) is the parity-violating (PV) asymmetry A, in the angular distribution of the 2.2-
MeV photons with respect to the dlrectlon of the neutron polarlzatlon P,

dw

B4 APsaek). e
The scalar product in this equation’ reduces to & cos & where 0 is the angle between the
neutron spin s, and gamma momentum k,, (sn and k, are unit vectors). In the absence of
parity violation, A, = 0. A nonzero asymmetry A, results from an interference between
regular M1 and the PV admixed El ‘gamma’” tran51t10ns The M1 transition connects
the parity conserving 1S; np scattering state to the parity’ conservmg 38, deuteron state
(labeling of states is 2*'L; with L = S,or P as the orbital momentum, I — the spin
of the pair and J — the total momentum) The El tran51t10n can be, for example, from
the 35) np-scattering state to the PV admixed ip deuteron state. The matrix elements
(351/M1]'Sp) and (*P|E1[>S)) can be calculated in theory, see for example (1, 2,'3]. In
the meson-exchange framework, the result for A, which is essentially the ratio of of these
quantities, is

Ay = ~0.1069h) — 0.0014A} + 0. 0044hl ~ =0 11k, @)

where the Ay, hl, hl are weak meson-nucleon coupling constants. They have been calcu-
lated in Ref [4] from the Standard Model using a valence quark model of QCD. In thls
meson exchange picture, the ‘nucleon-nucleon weak 1nteractlon is modeled as a process
in which the three lightest mesons (w, “p, “and w) couple to one nucleon via the weak
interaction at one vertex and to the second nucleon via the strong interaction at the other
vertex. In the latest decade the effective’ field' theory approach to ‘the weak 1nteract10n'
has been also developed, €.g..in Refs. [5, 6, 7),. It reformulated the problem in terms of
the parameters of the parity v101at1ng Lagranglan This new approach, which thought to
be less model dependent, invigorated the present study of parity violation in the npdy
reaction and few body systems

In particular, the valie of the Rl coupllng constant is w1dely debated. With the 'best
DDH’ value of hl = 4.6 x 10~7 the predicted A, value is ~ —5 x 107%. Such a value is
really small and has not been yet expenmentally ‘proved, only an upper limit of ~ 10 -7
was obtained in the npdy experiment at Grenoble [8, 9].” Measurements of the circular
polarization of the gamma ray decay in '®F, e.g. [10], and of the par1ty-v1olat1ng tri-
ton emission asymmetry in the SLi(n,a)T reaction [11] have been interpreted to indicate
a rather small value Al < 1'x 1077 as compared to the theory expectation, while the
anapole moment of 133Cs from the parity violation in Cs atoms seem to favor a much
larger value [12] h! = (9.5+2.1) x 10~7. So the Al remains to be proved experlmentally

The left-right asymmetry in the npdy reaction is due to the parlty-allowed interference
of M1 and E1 capture amplitudes and is described by the form ALBs, - [k, x k,]
1+ ALRP, sin@sin¢. The angle ¢ is between ky, and k,. The calculated value ALR
0.67 x 10~2 at energy of 3-meV [13] and increases linearly with the neutron energy.
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. v+ Figure 1: The experimental setup of the npDg experiment at LANSCE.

190

The apparatus and experiment

The np—D7 experiment has been performed at the spallation neutron source of the Los
Alamos Neutron Science Center (LANSCE) [14]. The spallation neutrons, produced by
20 Hz 250 ns-long 800 MeV proton’pulses on a tungsten target, are. moderated by ‘a 5
cm-thick liquid hydrogen moderator.  The neutron flight path FP12 and the apparatus
were developed by the Collaboration. The FP12 neutron supermirror guide ends at'about
20 m from the moderator. Fig. 1 shows a schematic side view and the cross section of the
apparatus. Not shown are magnetic field coils providing a vertical guide field. There are
three beam monitors. The distance from M1 to M3 is about 1.7 m. Besides the guide, the
flight path beam line consists of a shutter, and a beam chopper. The chopper is used to
define the neutron time of flight region within the 50 msec time of flight frame set by the
20 Hz source frequency. This corresponds to energy range from 2 to 15 meV and prevents
neutrons from different frames from mixing. For this energy range, the integrated neutron
current at the end of the guide was measured to be 1.0 X 10° n/s s ‘at an average proton
current of 100 A" An instantaneous intensity was about four order of magnitude higher,
therefore the gamma-detector ‘array, as well as monitors, were run in current' mode [15]:

The neutrons were vertically polarized' by passing through a 12 ¢m’ diamétei-"glass'cell
containing polarized *He [17, 18, and references there]. The *He polarization ‘was mon-
itored using NMR. The beam polarization was measured with the beam monitors using
neutron transmission through the polarized and unpolarized *He target. The neutron
energy averaged polarization was 5547 %. The beam polarization was reversed with each
spallation pulse using a radio frequency. (RF) spin rotator [16] — a solenoid positioned
coaxially with the beam that operates by magnetic spin resonance. :In this device, the
neutron spin precesses in the presence of the static 10 G holding field ‘and RF field of the
solenoid. To make RF field proportional to the neutron velocity, the amplitude of the RF
field was varied in time as 1/TOF, so that all neutrons within the measured time-of-flight
(TOF) region were rotated by 180° while moving inside the solenoid.”

The proton target was a 16-liter parahydrogen in a cryogenic vessel [19]. About 60% of
the polarized neutrons that enter the target are captured on hydrogen: The parahydrogen
is required to ensure that the heutrons are not depolarized in the liquid hydrogen before
capture. Ortho-H, depolarizes cold and thermal neutrons, while in para-H, only thermal
neutrons with energies greater than 16 meV are depolarized. - The thermal equilibrium
fraction of ortho-Hj is known to be low at liquid hydrogen temperatures (= 17 K), how-
ever the rate of conversion is slow. In our experiment, the-para-H, concentration higher
than 99.9% was achieved and maintained by circulating the liquid hydrogen through a
chamber of iron oxide catalyst. ; :

The 2.2-MeV gamma rays were measured using the detector. described in [20]. This is
an array of 48 CsI(T1) scintillator cubes, each with a 15-cm side length. It was designed
to have sufficient spatial and angular resolution, high efficiency, and large solid angle
Coverage. There are four rings of detectors, arranged in a cylindrical fashion:' Each ring
has twelve detectors, as shown in-the cross sectional view of -Fig.::1. - Current. mode
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detection is performed by converting the scintillation light from CsI(T1) to current signals

using vacuum photo diodes, and the photocurrents are converted to voltages and amplified -

by low-noise solid-state electronics [15].

Asymmetries were measured in TOF bins for 55 different neutron energies between 2 and
16 meV. The analy51s of data was performed separately in this bins on each of the six
detector pars in each ring. Geometry of pairs in one ring is shown in- Flg 1. The raw
asymmetry A, for an Upper (U), Down (D) pair was defined by

A = Nus(6) = Nps(6) — Nu,(0) + Np, (6) 3
" Nya(8) + Nps(8) + Ny, (6) + Np,(6)
and the physics asymmetry A, was calculated from equation
AP, c0s0 = Araw- : . : 4)

Here N is the detector signal. Symbols 1 and | refer to'the direction of beam pola\rization.‘ :

To suppress detector gain drifts, one such raw asymmetry was calculated (summed) over
one eight step secuence (TJ,J,TJ,TTJ,) and raw asymmetrles were formed from all ’valid

sequences’ in the run. Typical run lengths were =~ 8.3 minutes and included 10000 beam "

pulses or 1250 eight step sequences. .One successful week of measurements resulted in
about 700 runs.

NPDGamma PV Asymnietry, runs 41550-44800,45800-47623 (424 hrs)

A =(11£2.1) x 107

LUEREALLLL EEEELUL BRI IR R SR AL

1T |
. -0.008 -0.006 -0.004 -0.002 0 0.002 - - 0.004
8-pulse spin sequence asymmetry

Figure 2: An example of measured row _asymmetries for hydrogen.

The Results

PI‘IOI‘ to the main experiment, the control measurements of the PV asymmetry in cold
‘neutron capture on a 1-cm thick CCly target have been performed. The obtained result
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Table: PV asymetries results and their statistical uncertainties o

Ring € | Direction | A,y (ppm) | 0raw (PPm) A, (ppm) oy (ppm)
1 05 UuD © 027 -0.29 -0.38 0.49 -
LR ’ ' -0.20 g 0.28 : -0.20 - 0.49
2 0.4 UD . -0.015 ", 0.24 0.01 0.36
’ LR ©-0.29 0.24 -0.33 0.35
3 0.2 UD -0.17 0.33 -0.19 0.40
LR -0.38 0.27 -0.42 . 0.33-
. 012| UD 002 | 043 -0.013 0.48
’ LR |* 041" -} ~0.40 0.48 1 0.45
. UD =012 -+ 015 ’ -0.12 - 0.21
bined i :
Combine LR .| 023 . 014 |  -018 | 019

A,(Cl) = —(19.0£2.0) x 10~ is in an agreement w1th ‘that of = (21 2+1.7) x 106 in Ref.
[21]. The left-right asymmetry is much smaller an‘d cannot;be seen in this measurement.

An example of measured row asymmetries for hydrogen is shown in Fig 2.’ Detailed results
are presented in Table. They are statistically limited. The final statistical uncertainties
are higher than the uncertainties for the raw asymmetnes due to a ~30% background
The main source of background were capture gamma rays from the aluminum’ wall of
the cryogenic vessel. The quantity € = Y}y, /Y}, is the fractional background to hydxogeu
yield. The total asymmetry A, is a sum of a left~r1ght parlty-allowed term and an up-
down PV term which were extracted from a fit to the angular dependence ‘of A L0)=
AYPcosf + ALRsing.

The uncertamtles on the beam polarlzatlon and spin flip eﬁiclency were’ measured to be
5% and 1% respectively. Possible systematic uncertainties are discussed elsewhere [22].;:

Summary

The final result for the parity-violating asymmetry A, = —(1.2 % 2.1(stat.) £ 0.1(sys.)) x
10~7 reproduces the previous upper limit from a measurement at the Grenoble ILL reactor
facility. The result for the parity allowed left-right (LR) asymmetry ALR = —(1.8 +
1.9(stat.) £ 0.2(sys.)) x*107 is obtained for the first time. The second phase of the
experiment, aimed at a better statistical accuracy, is presently under preparation at the
Spallation Neutron Source (SNS) of the Oak Ridge National Laboratory. The beam
line FNPB with a supermirror polarizer is built there. The installed npD~ apparatus is
currently undergoing modifications for starting PV runs at FNPB. Both LANSCE and
SNS are pulsed spallatxon sources, but SNS is ‘expected to prov1de an average neutron
lntens1ty on the target of about 30 times greater than at LANSCE.- A main modification
is the change of the neutron polarlzer from the 3He ﬁlter to a supermlrror Fe51 bender.
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-MODIFIED MODEL OF NEUTRON RESONANCES WIDTH DISTRIBUTION.
RESULTS OF REDUCED NEUTRON WIDTHS APPROXIMATION FOR MASS
REGION 35=A 949 :

- A'M‘ Sukhovol, V.A. Khitrov
Joint Instztute far Nuclear Research Dubna Russza

Abstract

The distributions of the reduced neutron w1dths of s-, p- and d—resonances of nuclel of
any type from nuclear mass region'35 <A <249 ‘were approximated with maximal precision
by the model which presents experimental data set as a superposition of, maximum, -four
independent neutron amphtudes Under the assumptlon that each of these amplitudes has the
Gauss distribution with the unique maximum there were detemuned the most probable values
of contribution of each-amplitude in summary width distribution, their most probable mean
values and dispersions. Companson of the obtairied 9 values with value o at _description of
the experimental data by one distribution of neutron amplitudes with best fitted parameters
shows that all widths from more than 157 analyzed data sets can have few dlfferent types of
their wave functlons '

l.Intl'Odl.lCthn‘ t - R B ,:wtc’

Experimental investigation . of super-ﬂmdlty of heated nuclel -can give :unique
information on so fundamental physics process as interaction and intertransition between
Fermi- and Bose-systems. The new of prmmple data as compared with the other objects of
investigation can be obtained in thls case owing to radical difference of parameters of macro-
systems and nucleus.

The main parameter that charactenzes the degree of super-ﬂuldlty of heated nucleus i is
entropy and determined by it density p of excited levels [1]. The special interest for its study
is the regxon of nuclear excitation energy from doubled energy of nucleon panng ‘A'up to their
binding energy ' B,. Just here is developmg the process of break up of Cooper palrs of nucleons
onto the pairs of mdependent quas1-pa.rtlcles Unfortunately, just in this region of excitations
the p value is determined in the expenment with inevitable and, often, rather SIgmﬁcant
systematical errors. This conclusmn follows from comparison of nuclear properties, obtamed
from mterpretatlon of the one-step reactions data, (which determine p. from the total gamma-
spectra {2] or spectra of evaporatlon nucleons [3) and two- step reactlon (o, 2. o

Respectively, a nucleus can be presented as:

(a) the system of non-interacting Ferrm-pa.rtlcles, ‘ .
(b) the Bose-condensate (practlcally only below nucleon blndmg energy B,.) or )
(¢) the mixture of increasing number of quasi-particles and some number of phonons, where
occurs break-up of Cooper pair number n with 1nterval of about 2An, wh1ch decreases with
increase of nuclear excitation energy [4]. ' B

Thesé prmmpally mcompatlble concluswns [2-4] of nuclear propertles pomt to
presence of serious systematlcal errors in different “experiments. "The most probable and
largest systematlcal error 1s caused by the use the model ideas of unknown [5] probablllty of

and

the reaction product emission,’ correspondmg to transition of nucleus between. its exc1ted

levels and low sensitivity to variations of the des1red parameters [6]
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- The noticeable problem can be and error in determination of the experimental density
of neutron resonances p;=D;" from the results of analysis of the experimental data with the
use of the neutron time-of-flight method. - This value is. basic for any experiments where
nuclear level density in the excitation region above some MeV is derived from the spectra of
gamma-rays or evaporation nucleons.. But, potentially high precision in determination of Dy -
can be realized , at least, by careful accounting and correction of all systematical errors of the
experiment. This statement concerns, first of all, the model intended for description of
distribution form of the obtained values of reduced neutron widths of resonances I’ (or

I,'...) for its following extrapolation below sensitivity threshold of the experiment. Of course,

precision of this grocedure is determined by degree of correspondence of theoretical ideas on
distribution of I'," to the experiment. L

The not removable uncertainty Dy’ is caused boy the fact that the independent variable
of the analyzed distribution of the widths X= I,0/< I? > always contains unknown
systematical error. This error is caused by impossibility of unambiguous determination of the
mean value- < I7,’> only from the set of the experimental. values of widths. According to the

theoretical analysis, the I, value for neutron resonances is determined by few-particle

components.of wave function, whose square contribution in normalizing is estimated [7] in
nuclei of middle and large mass by the value of about 10°-107, It is generally accepted that
the experimentalists use the Porter-Thomas hypothesis [8} for description of fluctuations, of
I,Y and parameters of its distribution. The smallness and chaoticcharacter of items of neutron
amplitudes of resonances are determined by strong fragmentation [9] of low-lying one- and
two-quasi-particle states of a nucleus. Id est., it is confirmed by modern nuclear theory.

Another obligatory condition of applicability of [8] - mathematical expectation of mean value

of amplitude A4 =\/f‘,? must be equal to zero and its dispersion — to mean < I',’>. Both
conditions: =
M(A)=0,
D(A)=<I;"> : . )
are not tested in modern analysis of experimental values I, . Id est., applicability of the
Porter-Thomas distribution is postulated, but ground conditions of its truth are not proved.
Experimental distribution of widths is not also tested for possibility of existence of
superposition of several gamma-functions with different values. M(A) and D(A). The latter
situation can appear at presence of groups of neutron resonances with noticeably (or strongly)
differing structure of wave functions and is trivial at presence of two and more spins of
resonances. Approximation [4,10, 11] of level density below B, derived from intensities of
two-step gamma-cascades, shows that the structure of any nucleus at increase of excitation
energy undergoes cyclic change because of discrete character of break-up process of Cooper
pairs of nucleons. Corresponding conclusion was_obtained for different tested functional
dependences of correlation function of two nucleons A, on excitation energy of a nucleus for
the set from =40 nuclei from the mass region 40 <A <200. High reliability of establishment
of this fact is conditioned by its obtaining in the frameworks of the only realized by now
practically model-free method for determination of p - [12]. ' '

Cyclic change of structure of neutron resonances at increase of excitation energy of a
nucleus must occur owing to appearance of nuclear states with increasing number of quasi-
particles and with possible variation of number and type of phonons. Fragmentation of these
complicating nuclear states inevitably changes coefficients of 'wave functions of neutron
resonances (as it follows from the main notions of quasi-particle-phonon model of a nucleus).
As a result, there is possible violation of the Porter-Thomas distribution in its existing today
interpretation (1). | ’ "

196

2. Modern status of problem of the e)ipgrimgntal data analysis

Distributions of the experimental I, values ‘are usually approximated at analysis in
different form of functional dependence [8]. But, experimental data contain fixed (and
limited) quantity of information. Therefore, the accessible for its" extraction maximally
possible volume must not depend on analysis type. And choice of form of data presentation
and algorithms of analysis are determined only by problems of obtaining of maximally
precise values of the determined parameters at presence of random ‘and systematical efrors

JREEN A )

and, it is desirable, the best visualization of the obtained results.

The main problem of analysis’ of distribution of the measured neutron widths at
presence of their registration threshold ‘- absolute absence of the experimental data on value
of it’s portion which is really observed i experiment. In the other words, modern experiment
cannot give the I » /<I,’> values. As a consequence; here arises the problem of the random'
value unit — it must not depend on presentation form for distribution. The most suitable form
of the data presentation for the task under solution is cumulative sum of the experimental
values X= I,,’/<I}%>, which increases at increasing .X. The main preference of - such
presentation is cleamess of the presence of change in form of distribution and the lowest
degree of its dependence on the erfor '<I',’> and revealing of the most strong misprints. The
example of expected random cumulative sums for distribution’ [8] is shown in Fig. 1." =

Corresponding: analysis was performed for the obtained experimentally and included
in known compilations (for example, in [13,14] or library ENDF/B-VII [15]) values of widths
of neutron resonances,: < - i 0w v S ao e

3. The model and method for the suggested analysis*

The sample average ~< I',’> for the experimental cumulative sum was determined
from this set without accounting for omitted resonances and their unresolved multiplets. This
uncertainty does not tell on influence on of ratio of values o for different’ approximziting
functions — the shapes of experimental and approximating’ distributions and their relative
fd‘igference‘ for cumulative sum X do not depend on the units in which is determined the width

n - 5 o g ; . SO N
The fitted object is the sum of % distributions of gamma-functions” I'(X) for squares
of normally distributed random- amplitudes with independent variables X; each. The desired
parameters in compared variants are the most probable value &; of amplitude 4;, “its
dispersion g; and the total contribution Cj of gamma-function number & for the variable
X=(deb))/d’y T T gy
in the full experimental cumulative sum of widths Se(X). The maximum possible value of &
is determined by variation of its tested values at the beginning from " % =1, Here can be also
used fitted threshold of resonance parameters registration. =~~~ U

The number of distribution % and sign of amplitude 4; for given resonance are .
unknown. That is why, further was used only its positive value because (2) is invariant with
Tespect to simultaneous change of ‘sign of both 4, and b;. But, everywhere is supposed that
I considered distribution number k can exist the only desired value &;.. Id est., any

 distribution number % of widths has only one most probable value of amplitude. There is the

main (and absolutely necessary) hypothesis of the performed below analysis of distributions

"of the reduced neutron widths of resonances. It should be noted in addition that the modules

of values by and o are strongly correlating variables, at least, for large enough values by, -
Concrete value of function P(X) for variable (2) in the described analysis was

‘Obtained by compression and shifting of the generally known Euler gamma-function. The -
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obtained in this way value corresponds to the magnitude of th1s mention. function-for the ‘

variable X=(A-a+b)’. At present the basis for this algorithm for setting of parameters of
approximating function is excellent degree of description of all known expenmental
distributions of the widths.

’ It is obvious that the case : k=1, b;=0 and - a—l corresponds to d1str1but10n [8]. The
case of arbitrary value b; =const and =0 corresponds to the degenerate"(caused) distribution
of widths for corresponding value of amplitude. Any: other values of approximation
parameters correspond to. any point of the spectrum of possible values of amplitudes for wave
functions of concrete neutron resonances. Accordmg to the main axiom-of mathematical
statistics, their most probable values correspond to minimum of 2. Naturally, the best values
of .k, b, o and contribution of each from k partial distributions in the total sum are d1storted
by random fluctuations of widths in maximally, possible extent. However, unlike usual
approximations of distributions of neutron widths, the obrained values of the parameters
contain maximally possible information on their real structure. ... .

Analysis of the different spin of resonances data sets was approx1mated a d1str1butlon
g I,? (s-resonances of even-odd and A-odd target nucle1) oronly .I;° for fixed (on basis of
some information) spins of resonances. More correct methodically and physically is separate
approximation of the data of the one and the same spin. But, it is true only.for the case if they
were determined for the all resonances with high enough precision. In principle, real analysis
must take into account distortions of the experimental data so that the most probable

parameters of the width distribution would be maxlmally reliable at presence. of arbltrary

systematical errors. By this reason it was performed in given work only for. g I',’.

The region of approximation for distribution [8] must be great enough In all the‘

calculations adduced below it was corresponded to the interval from zero to the maximal.
experimental values 1.5X,:. Cumulative sum in point Xp,.x was normalized to the number of
the experimentally determined widths. By this, the region (0-1.5 Xiax) in all cases contained
more than M=1000. points, where was  minimized the . difference .of . .the -experimental:

cumulatlve sum SE,,(p and' approximating it .function - Sg. This-is necessary because- the

approximating function is determmed by numerical integration of width distribution.

_In the region of neutron resonances, the experimental level density of nuclei from‘

mass region 40 <A =200 obtained in Dubna (by model-free method of analysis of intensities
of two-step cascades), according to [4,10, 11}, is described by sum of four. (sometimes three)
partlal level densities with different number of quasi-particles and phonons. Just from this

follows that neutron resonances can, in principle, have several different. types.of wave:
functions. In pract1ce, it is accepted by calculatrng problems. that the expenmentally observed;

resonances can in limited cases belong, maximum, to four different distributions of ! for
even-even target nuclei. It is true for A-odd nuclei (and all p-resonances) at: equality <g I,

for resonances with different spms J. In the other case the results of approximation can be_

determined also by the possible spin dependence of the neutron strength functions.
Physically, from parameters of different variants of approx1mat1on of the total set of
level density, obtained for 40 nuclei in Dubna, it is follow also to limit the maximal value - k
-by magnitude ' &=4. In this case the system of correspondlng non-linear equations will be
badly stipulate and sometimes - degenerate Last remark concerns only “partial” cumulative

sums with number &, sum Sg, of which is the approximation of expenmental value Sexp. And

instead of determination of their unique function parameters value, in this case is necessary

and poss1bly to determine only limited region of 4,, b, and o, variation, which corresponds..

to one and the same » minimum,

198

" 4, Practical approximation of the data -

Relative smallness of set of the expenmental values of w1dths and exponentxal
functlonal dependence of probability of their, observauon at dlfferent ‘g I’ very strongly

. complicate the process of search of approx1mat1ng function’ Sht, wh1ch provides the lowest

value Xz (( Sexp Sﬁ,)/acum) /M. Therefore, it is.worth while to realize this operat1on 50 that
the algorithm for search of the minimum would admit stable approximation of Sexp at
presence of two and more weakly differing by parameters 5 and . ¢ distributions, sum of
which is equal to Sg. Practical degeneration of the realized process makes difficult (but does
not exclude) the use of the Gauss method for solution of systems of non-linear equations in
form of existing library programs. But, the cases of appéarance (as the most probable value)
of near to zero values ¢ and corresponding to ‘them’ “steps” in cumulat1ve sums ‘exclude
possibility to use this method. Id est., some part of neutron w1dths sets contams as the most
probable, some quantity of non-ra.ndom values.

In this situation the most 51mple way for fit of parameters of the w1dth dlstnbutlon lS
to use the Monte-Carlo method of solution of the systems of degenerate - equations. Namely -
combination of randomly choice of elements of orrection vector of parameters for fitted
function with maximum possrble variation of the1r initial values By the use of two’ and more
sets of unknown parameters (2) for approximating curve it is very worth while to’ account
strong anti-correlation of the total value of cumulative sums for different k for acceleration of
convergence to zero the length of correction vector. The used’ (and decreasmg with different
speed) in this work their values for the beginning of random process were varied usually by 1
to 5 percents of initial values of b, ¢ and C. This provided achievement of local ; minimum of

i after some tens of thousands of iterations. Obvious criterion of achievement of absolute

minimum of f for such well regulated ﬁmctron as cumulat1ve sums — equality of value’ of

approx1mat1ng function to the value 0. 5(S +Sl+|) for its element number itl Ttis effectlve at'
estimation of approximation precision for the’ maln pan of the expenmental data but ‘may be

non-effective for the maxrmal values X;.

In practlce “the unsolvable problem. is settmg of dlsperswn acu,,. of each pomt of
cumulative sum for arbitrary X value for calculation of unshifted value ’ xz The regulanty of
the data set in cumulative sum sharply decreases ﬂuctuat1ons of form of the analyzed here
data. By normalization of cumulatlve sum on the expenmental number, of resonances, acum
changes from zero to the some maximal. value in region of magmtudes X 2 2-10 (see F1g 1)
and then - up to zero. Dispersion of each’ elémént of cumulative sum’ ‘consists from the
experimental error of neutron width and unknown value of its fluctuations. Naturally, it must
be one and the same in all variants of approximation for 1 <k=4.

Methodlcally, the problem has the simple’ solution:  there “are’ generated the large
(minimum 105 random numbers) sets of cumulative sums of squares of normally distributed
random values w1th given b and ¢ for each partial function. Then, by means of usual relations
of mathematical statistics, from them is determmed for each value of variable the dlspers1on
of cumulative sum’ oeum=f(X) in any pornt ‘X. But, really this procedure requires unacceptable
computer time. Therefore, possible change in value Xz for different expected dens1t1es of
neutron resonances for realistic magmtudes of d1sper51ons of cumulat1ve sums was performed
only for #*2Th, 2***(J and 2**Pu and only in variant b—0 and a—l The marn results of g g1ven
here analys1s keep and in the realized case. acumfl )

Besides, it must be taken into account that’ the practlcal search of parameters b and a,
which provide minimum of xz in the used’ algorlthm of analysls ‘cannot guarantee the best
approximation of the experimental data i in arbltrary vanant of calculatlon Only many tlmes

199



repeated variation of initial values and ways of random processes provides the sufficient for
practical applications reliability and precision of determination of the lowest possible value
. The results of approximation of the experimental cumulative sums, as it is seen from the
comparison of the data presented in figures 2-18 for each nucleus, depend on model notions
and, first of all, on concrete value k. The analysis was limited by nuclei i in which the set of s s-
resonances had, with some exceptions, the value N, =90 and more.

5. On influence of experimental systematical errors to the approj(imation parameters

~ An attempt of objective estimation of the portion of resonances not observed in
expenment with accounting of poss1ble discrepancy of their real distribution to the Porter-
Thomas distribution was realized in [16]. There was obtained, proceedlng from 1ndependence
of »* on varied portion of omitted resonances, that this criterion of the maximum likelihood
methdd can have the lowest and equal value in the interval corresponding to the portion of
omitted resonances from zero to ~90%. This result is truthful, at least, for actinides. Id est,,
the value of the most serious systematical error for density of neutron Tesonances (and
correspondingly, mean value of widths) cannot be ob_]ectlvely determined at present from the
model approximations of the observed data and following extrapolatlon of the approxlmated
distributions to their zero value. .

Some notion on the value of the next by srgmﬁcance uncertainty of analysis can be

obtained from the data [14] for *Tc. According to th1s compilation, there are at present two
0 values sets [17, 18], Wthh contarn
(a) 658 and '
(b) 689 s- and p-resonances Accordmgly, the number of 's-resonances for them is equal to~
516 and 383. The results of approximation of these four sets are compared in Fig. 19.'1t is
seen that the errors of determination of orbital ‘momentum of resonances and/or their omission
do not change principally the conclusion on possible difference of structure of neutron
resonances and rather weakly change the form of cumulative sum for the case ' /=0. Twofold
change of number of p-resonances not1ceably distorts the form of cumulative sum in the
region of the largest values of X. The sum “of the o values for /=0 and /=1 in variant k=1 for
the set (a) is 1.3 times more than for (b); for k—4 they practically coincide. Id est., examined
systematlcal errors in determination of / and’ T, values bring distortions in the picture of the
studied here nuclear propertles which are acceptable for rellablhty of conclusions obtamed
below.

6. Problems of interpretation the results of analysis

The key_problems of analysrs of the form of neutron widths distributions for the
expenmental data, as it can be seen from the data presented in Figures 2-18, are “the
determination of the number of poss1ble types of their wave functions with maxrmally
p0551ble rellab111ty and determination of <g I',”> with the highest precision. The senously
problem here is the really unknown and not removable fluctuations of cumulative sums in
function of parameter X. Id est., it is necessary to extract new information on propertres of
neutron resonances at presence of different nature significant deviations of the expenmental
data from their real value and not removable ambiguity of the used algorithm of analysis.

" Parameters of approximation (Figs. 2-18) contain superposition of useful and wrong
1nformat10n and depend on:
(a) portion of resonances with the widths which are less than the registration threshold
- (b) structure of resonances under consideration,
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(c) systematical error of determination of mean value <g I > -

(d) systematical errors of determmatlon of para.meters of the each existed resonance and

(€) magnitude of d1spers10n of their pure “nuclear” ﬂuctuat1ons ‘
This mixture can be decomposed onto components only with’ us1ng of the additional
experimental data. The existing and potentially posstble ‘nuclear models like [8] cannot
provide acceptable for the present solution of such problem The ground here can be only the
“hypothesis of the Gauss form of distribution of neutron amplitudes. But, the performed
analysis also is not the more or less strong proof of last essumptlon - the lack of any facts
which contradict any hypothesrs cannot be its proof. " "

The attempt [16] of maxrmally correct appr0x1matlon of the d1str1butlon parameters of

the experimentally observed resonances for the following extrapolation of the distribution to

I,’=0 demonstrated that the accepted in [8) assumption about small’ portron ‘of omitted
resonances is not grounded. There is possible with non-zero probab111ty the situation that the
number of resonances below threshold of experiment can many times exceed the number of
the observed resonances: analysis [16] showed- that ‘the: maximally probable ‘density of
resonances can be 5-10 times larger than the accepted values: This conclusion was obtained in
the frameworks of the only hypothesis of the Gaussian form of the dlstnbutlon of neutron
widths and does not require fixation of values k, b-and . o000t e

- Besides, this analysis allow also to estimate of the lowest number of resonances Wthh

permits one .to determine realistically the presence/absence : of“noticeable : variations of
structure of wave functions of resonances. Any distribution from assumed superposition must
contain much more resonances than the number of parameters (which equals three for every
k). Both- the proof of truth or. mistakenness of pos51ble - very. ‘considerable - error of

determination of D', and fact of existence of groups of resonances with dlfferent structure of

their wave functions require correspondmg decrease of the observatlon threshold of weak
resonances and ‘precise enough determination’ of- their parameters as compared w1th the
achieved by now level of the expenment in formatlveness

In spite of this, the performed analy51s of 157 sets of resonances allows one to make
conclusion on high probability that in experiment is really observed superposition of levels
whose wave functions concern two or more their types. Such result was obtained- owing to
revealed in [16] zero or very weak dependence of: pararneter ¥ (e form of general
azproxrmatmg curve) on number ‘of omltted resonances m wide enough mterval ‘of their
values -

In Fig. 20 is shown the h1stogram of values of ratio R of approx1mat10n pararneters
£ lk= =4) to (k =1). From this distribution follows that the analyzed set of the data has value
<R>=0.33(19). This permits one to make the conclusion on high probability of existence of
resonances with different structures for nuclei of different mass and orbital momentums 0 <l <
3. Realistic estimation of reliability of this’ conclus1on requlres, most probably, analys1s of the
factors of d1stort10ns of the expenmental data (b) (d) =

7. Conclusion Loy

1. The results of the performed analy51s do not contradlct the notion" of normal
distribution of neutron amplltudes with _the changlng from nucleus to -nucleus
parameters b and o, at least, for the main part of studied resonances. In this case, the
mean value of amplitudes and the1r d1sper310n can depend on structure of wave
function of levels excited by resonance neutrons and in prmclple, on excitation energy
of a nucleus.
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2. A totality of the data on parameters o and b and dyna.m1cs of their change w1th
change of mass of a nucleus fully permits possibility of values ¢ =1 and b=0 in some
energy ‘intervals of neutron resonances. The width of correspondlng 1nterva1 and its
location in scale of excitation energy of given nucleus cannot be, most probably, one
and the same for different nuclei.

200 iz
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3. Precision of the approxunated by model [8] neutron resonance widths distribution (1n . I 00-
the generally accepted notions or with the vaned values of parameters b and o) is M = 75 T
enough for any practical applications. 2001 14 o - =1

4, 1t is possible that for determination of.the reliable propertles of a nucleus there are
necessary the estimation of required precision of parameters of the width distribution
for concrete situation (experiment) and the use of the best data for.parameters of the
available sets of widths.

5. The presence of several neutron amplitudes with dlfferent mean values and
dispersions is alternative to [8] notion on distribution gt practlcally for all nuclei

studied here. It is worth while to take into account this :possibility in analysis of
distributions of widths by use of the. new expenmental data for maximal rellablllty of
the obtained conclusions. ‘
6. The increase of precision of determination of any nuclear-physms para.meters requlres
most probably, to take into account the degree of influence of structure of the excited
nuclear levels on their density and -emission probability of .the nuclear reaction

products in wide excitation energy dlapason In particular — in the region of neutron Folg2 s% The results of approximation of distribution of neutron widths for 35Cl “Ar and
resonances. 5 $0°234Cr, Histogram — the experiment, dash line — approximation for k=1, thick line < k=4, dot
7. The unique conclusion on this statement requires one to perform the expenment in lines — the variant of decomposition of experimental distribution over partial functions.

which the observables depend on structure of wave function of resonances. For
example, there can be the expenment where is measured the ratio of intensities of the
primary gamma-transitions to the groups of levels with different number of the broken
" Cooper pairs. This conclusion was made in- [19] on the basis of approxunatlon of the

radiative strength functions of the primary gamma- transitions in near to the neutron 150
bmdmg energy diapason. .. ; o \ 100
1o ", O — - 2000, o D 50
=385 == ‘
- o=9 o =095 : e 0
1200 74 I I B ) 1500} .\ 0
100} /¥ S
7 300 =11 . o -
80 f a=1.15 1000 0=1.05 . 100
6o} [ff - 200 »
40 : i
g : 100 ‘ 500
§ 20
g o9 ) 0
g % i ¢t 101214 024681012140 2 4 6 8 101214
z TR 350 — “1400
100 =
300 g 1200
F 80 , 250 1000
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eo} &F 200 ] 800
" 150 600
; 100 400
2rF 50 200
R S R ) 00246810_00246810, .
X Fig. 3. The same, as in Fig. 2, for ***Fe, *%Co and **Ni.

Flg i Upper row — the example of cumulative sums for some tens of sets from 150, 500 and 2000
random X values. Lower row — cumulative sums for the same sets after exclusion of 30% of the lowest
X values.
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Fig. 4. The same, as in Fig. ‘2, for

58,60,6]Ni’ 63,6SCu and 642n.
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50 50} /:
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Fig. 5. The same, as in Fig. 2, for

66,67,68,70 Zn, 75As and 79,81Br.
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Fig. 6. The same. as in Fig. 2, for 8By, 5Rb, 84'86Kr and Sr.

X

100
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Fig. 7. The same, as in Fig. 2, for **Y, *Zr, >*Nb, 97’§8Mo, %Ry, '*Rh and '%P. d
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Fig. 8. The same, as in Fig. 2, for 108py 1071970 113Cd and 10,
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Fig, 9. The same, as in Fig. 2, for ''6**/%%8n, '*%8b and 1224312 ¢,
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Fig. 10. The same, as in Fig, 2, for 125,126, 127129 ;1nd 133¢s.
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Fig. 11. The same, as in Fig. 2, for 13¢g,, 91 a; ”°Ce,_}4fEr; M3I45Nd and 105 m,
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' Fig. 14. The same, as in Fig. 2, for "™'Pyb, 1L 177y 181 182,183,184
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Fig. 15. The same, as in fig. 14, for 184,186y 135.187p ¢ 186187188035 and 192py,
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Fig, 16. The same, as in Fig. 2, for 197 7y, 242%297p}, and Blp, Fig. 18. The same, as in Fig. 2 for 239240241202py, 241283 A 230 and 2Bk
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Fig. 17. The same, as in Fig. 2 for 2327}, %’Np and 233, 234235236238y, - o : - o | .
Fig. 19. Approximation of two sets of neutron widths of s~ and p-resonances ~Te.’

210 ‘ 211




. 40 T T ' '
ol 4
20t 1
Z
o L . : : '
0,0 0.2 04 08 08

k=4 (=1) .

Fig. 20. Frequency distribution of the sets of resonances for different values Y’ (k=4)/ L &=I)
ratio.
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" MODIFIED MODEL OF NEUTRON RESONANCES WIDTH DISTRIBUTION.
ESTIMATION OF THE QUALITY OF RESULTS AND INTERPRETATION OF .
. ... AVIALABLE PHYSICS INFORMATION: . -~ .0 o
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., Abstract .

In the work was performed analysis of parameters Apf ébbrokir;latiéh of 157 sets of resonances
in the mass region of nuclei 35 <A <249. It was shown that the experimental values of
widths can correspond with high probability to superposition of several independent neutron

widths with their non-zero mean values and non-unit dispersion. -

1. Intrbduction e B -

; Extraction .of any nuclear-physics information is. impossible, at least, at present
without the use of model ideas. These ideas are formed on the grounds. of the limited by
volume and distorted by errors of experiment information. Moreover, usually there is realized
the analysis algorithm which provides objective unambiguity of the obtained conclusions on
determined parameters of a nucleus. As a consequence, determined with-unknown error of a
model. . . o : O ST E PR T D S e

~One can bring as an obvious example the problem of detcnninaiion of penetrability. T
for product emission of the used reaction.and level density p -of complicated nuclei- in
excitation region where the mean spacing between them D=p" is less than resolution of
spectrometer FWHM. The known methods. for. determination of this value -[1]-and.[2] from
one-step reactions (registration of reaction products without regime of coincidences) the use,
for example; the not tested model: notion on independence of  the T=f(Epwa) -values on
excitation energy of final nucleus. Evident mistakenness of this hypothesis was revealed: [3,4]
by analysis of the:experimental data of the two-step reaction (,2y). This fact.could-be
obtained more earlier. For this the authors of.corresponding experiments had to perform
analysis of obtained data in comparison of its results by means of different nuclear models.
Here — of two long ago known, but principally different models of level density [5,6]. ... L

There is rather considerable and the other aspect of this problem: connection between
the measured spectra (cross-sections) and deterinined parameters of réac\:tionrunder_lstudy is
nonlinear, and systems of corresponding equations are badly stipulated or degenerated. L. e.,
the desired data, at least in some cases, cannot be unambiguous even in principle. However,
the interval of their possible values, corresponding to maximum . of the likelihood , function,
can be final [3,4].- . . o A '

el

2. The pfoblém_s of the use of new method for analysis of tﬁe’ﬁéutrﬁn w1dthdlstr1butlons

This situation is observed and by analysis of the data on the reduced neutron widths of
resolved resonances: in frameworks of the modified model of .their distribution - (several
independent neutron amplitudes with different mean values and dispersions can correspond to
the existing set of the experimental I, .0 values). There were used in the corresponding
method [7] the model ideas which are equivalent to the widest set of the fitted functions (the
‘Porter-Thomas distribution [8] —their only particular case) and selection of the most suitable
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one is pAéffoiﬁled by the criterion . In this case, to the ga;pe‘ minimum of - ¥ in variapt Qf the
best approximation usually correspond the functions with dlf:ferent_ values of the parameters.
But only their superposition in any set from 157, presented in .[7] results of ana1y51s. of the
concrete : I;0 values, was the only which reproduced cumulative sums of the experimental
widths with a precision which'is higher than that provided by model - [8].

Just so was obtained the main conclusion of analysis {7] — neutron resonances of any
nuclei with 4 = 35 for 0</ <3, as a minimum, can have different structure of their wave
functions. And number of probable groups of like by structure neutron resonances can
achieve the value k=4. Unfortunately, at present this conclusion is not, as a minimum,
absolute. As a consequence, it is necessary, first of all, to take into account and analyze a
possibility that the interpretation of the experimental width distribution'as a:superposition of
several identical functions with different values of parameters of their neutron amplitudes can
be the result of random (first of all — nuclear) fluctuations of widths of resonances. - e

Although the number of the experimental values of neutron widths strongly exceeds
the number of parameters of approximating curve (4 —for Variant k=1, 13 — for &=4) for the
main mass of nuclei by ~80 and more units, the number of degrees of freedom: decreases
when X increases. This circumstance excludes any possibility of simple application of the
criterions ‘of mathematical statistics for estimation of probability of random appearance of
small values of R=x2(k=4)/xz (&=1). Just small volume of the data on the I; i values does not
allow one to make absolute conclusion on this account only from analysis of ratios 7 fq;
competing notions. ‘ L i -

Therefore, besides the analysis of the experimental data it is worth while in addition
completely to model the algorithm of the method [7] for random values which corr'espf)nd.by
their quantity to typical experimental sets. One variant must by parameters of dlsmbqtlf)r}
correspond to model [8], the other - to typical values [7]. ‘ A

3. Analysis of results of approximation of experimental data in modified model . - -

The statement on reliability of the main results of approximation [7] requires, first of

all, to proof their independence on mass of nuclei and number of resonances in t.hq
approximated .sets. This can be done only by means of analysis of. ratios
R=z*(k=4)/27*(k=1) as unitary set of random values. The data in Fig. 1 do not reveal
evident dependence of the R values for nuclei with different parity of nucleons and  orbital
momentums of neutrons. Its maximal scattering for the lowest numbers of resonances Ny in
any of 157 data sets has, most probably, clearly statistical nature. The mean value of R for s—
resonances varies from 0.34(16) to 0.42(22) for nuclei with different parity of nuc.leons ».and
from 0.30(16) to 0.21(15) for their p- and d-resonances. (Discrepancy of ‘fhxgscale for
different / is, most probably, caused by imperfection of the methods for dgtenmr;at;on (of the
momentum values of concrete resonances.) o o : _

In Fig. 2 are given the ratios R of parameters of approxngahon, averaged over several
intervals of nucleus mass A and numbers of resonances N,. Evident absence of dependence
on both parameters and their considerably less than unity e{cpeﬁmental and mode! ‘value.s'for
big enough N, quite correspond to preliminary c9ncll}510n {7] on existence in arbitrary
nucleus of superposition of neutron resonances with different structure,

" Relatively small random fluctuations of form of the width dlstnbu?lon at truth of the
Porter-Thomas distribution [8] can be expected for the sets of resonances with their number "
N~400-500 and more. That is why, the approximate conservation of form of the analyzed
cumulative sum of widths in different energy intervals of neutron resonances of large engug}}
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1ot allow one to make the final choice between the variants'k'=1and k>2. '

resonances of different structure in their experimentally obtained set. -

" Really such analz'sis (although - with insufficient data set) can be performed only. for
s- and p-resonances of ***U and *U réspectively. Although in compilation [9] and library
ENDF/B-VII [10] are given the data on of spins of resonances, but at’absence of the
quantitative data on' reliability of their determination' it is preferably to use in'the testing
analysis the values g I, Both sets contain resonances with two possible spins. Therefore, the
possibility of difference between the mean values of “g T}, can bring to ‘superposition of two
distributions with the expected 'and practically constant relation of their contributions in the
total function at any neutron energies * E;; but, in principle; with different parameters of “their
neutron amplitudes. (The evaluated data of ***U’'for ‘p-resonances * contain ’ “fictitious
resonances” of small width, introduced by authors [11]: for reproduction of the capture cross
sections of neurons. But they, probably, increase the ratio; R.) S c
The energy interval of the studied resonances E, for the nuclei under consideration
equals 2.26 and 20.0 keV, respectively. Cumulative sums.of g I, were obtained.in two
variants in the intervals of energy AE,=0.45 and 4.0 keV. for the data presented in Fig. 3 and
=450 and 400 (Fig. 4) for °U and ***U respectively. Approximation of these cumulative
sums was performed completely by analogy with [7]. 1d est., by singular distribution (k=1)
with varied magnitudes of the mean value of neutron amplitude b and its’dispersion o: The
variant with superposition of four such distributions was used for comparison of the obtained
results. The obtained ratios y’(k=4)/ y’(k=1) for each’ interval are shown in Fig:'5,-and
approximated parameters b and o —in Fig. 6. et
As it is seen from Fig, 4, cumulative sums for *°U change from interval to interval
more strongly than for 2*U. In correspondence with the experimental data [7] and theoretical
a.nal?'sis [12], one can expect, from the one hand, noticeable change of structure of resonances
in %°U just inside of the accessible to the experiment by the time-of-flight method -région of :
neutron energies. On the other hand, one cannot exclude and possibility of resulting influence -
of omission of s-resonances and increase of portion of the mistakenly: identified - p-"
resonances at increase of E,. v ' B ' . P P
- . The comparison of the values of ratio L=4)/ xz(k=1)'for different intervals of -
neutron energies with the values from [7] allows one to conclude that, with the high
probability,  the set of the. experimental widths corresponds -to: superposition . of several
distributions, but it is not the result of random grouping of the widths at some their values.
Also, the b and o parameters undoubtedly change at change of .E, (as a mass of a nucleus), as

- width would be an additional argument in favor of hypothesis on, superposition_of: neutron

- it follows from theoretical analysis [12] by V.G. Soloviev and L.A. Malov of main principles

of fragmentation of the complicated nuclear states. Making more precise ‘reliability- this
conclusion or its refutation requires the data on some thousands of resonances for many nuclei :
with different parity of nucleons and from different diapasons of their masses. - S
'In Fig. 7 are- compared the best parameters' b and o of distribution of neutron
amplitudes of all 157 nuclei in'the variant of approximation k=1 with analogous values of the :
partial distribution, which: gives. the - greatest - contribution in . approximation ..of “the
experimental . cumulative: “sum. . Noticeably . lesser .. scattering . of ~ the . latter is. indirect

confirmation of conclusion - [7] on presence in any nucleus of . levels with different structure

- and above the neutron binding energy..~ <~ EERT

As it-can be seen from comparison of F1g 7andthe data of Table 1‘, considerable ‘;

- fluctuations of parameters b and o point to presence in the tested sets of the reduced neutron
\ Widths of noticeable systematical errors, as'a minimum.’ And,’ as a maximum —on presence of ,

evident deviations of these parameters.from assumptions [8]. Therefore, the available data do
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%0 T results ‘of approximation [3] of the experimental level density below the neutron

binding energy, determined from the spectra of intensity of cascade gamma-transitions show
that one can expect noticeable change in structure of neutron resonances at change of nucleus
excitation energy by AE, =1-2 MeV. So, one can expect small enough variations. of
magnitudes of the parameters b and o in the interval of neutron energy of about some tens
keV or somewhat less. And the best parameters of width distribution in neighboring intervals
of neutron energy differ only in limits of errors of approximation. As a result, there is the
main basis of quantitative modeling of the approximation process. This. was done for two
possible variants of the initial model set. It is assumed that such set corresponds [8] to: - .
(a) the unique (%=1) partial distribution, or to o .

(b) superposition of several (k=4) partial distributions of neutron amplitudes.

Table 1. The averages of the best values of approxiiﬁation pa.rameters of. variant (a).

parameter B b - b B bs by

model 0 - - - . i
N,=150 . 1-0.14(43) .| -0.05(19) 1.60(46) 1 1.78(28) 1.58(52) .- .
N,=800 -0.02(11) 0.088) .. |2.07(42) 1.62(55) . .- | 1.88(46) :: -
N,=3000 0.03(6) 0.015(86) " | 0.73(55) _ +2.06(77) 1.49(60) - -
parameter z O 2 ] O3 : 104 = i
model 1 - - - v |- o
N, =150 0.90(14) 0.19(4)  -:. 1 0.07(8) 0.05(4) 0.01(3)

N, =800 -[°0.88(19) 0.66(24) 0.58(34) 0.82(41) © - ] 0.66(38) .-
N;=3000 0.90(29) - {0.96(11)- 0.42(23) 0.64(22) 0.66(36) -
parameter C [ C e Cq
model 1 : - R R - ‘ -
N, =150 1 0.52(9) - 0.26(8) 0.15(4) * ]10.07(2)
N, =800 1 0.90(5) 0.07(4) 0.025(19) 0.004(3) =
N, =3000 1 07914 . 1017149 0.03(3) 10.027(37)

Al

Table 2. The averages of the best values of a}iproximation parameters of variant (b).

parameter B ' by 1 by ’ bs R bs

model - 0 ’ 1 14 - 1.7

N, =100 -0.4(4) -0.22) 1503 1.70) - 2.1(5)

N, =500 -0.2(1) -0.2(2) 1.4(2) 1.4(2) 1.8Q2) -

N,=3000 -0.3(1)° -0.2(1) 1.3(1) 1.5(2) 1.6(2) '

parameter b G G . a3 Gy -

model - 0.4 0.3 0.2 . 0.1

N,=100 0.45(13) 0.50(1) 0.28(16) 0.23(8) 0.04(4) ,

N;=500 0.31(8) - 0.50(1) . 10.21(5) - . ]0.24(10) _{0.11(5) . -

N,=3000 0.3(1) 0.50(1) 0.31(9) - 10.21(3) 0.09(2) ..

parameter C e [ c3 . C4-

model |- 0.45 0.25 . 0.2 . A

N,=100 - . 11 0.54(8) 0.10(11) 0.17(11) . 0.18(8) -

N, =500 ... 1 0.49(10) 0.20(12) - 0.08(7) - . [0.22(12). -

N,=3000 1 0.55(7 10.109) - - - 0.06(7) 0.29(4) . -~
216

Acco.rdir.lgly, the quit'e randoxp‘ app;oxirr}a»tién' parameters in the first variant will be
C, b, o with indexes 1-4, in the second .~ B and Z. The ‘ahalj'/s‘is was performed for three
sets of the random X values which cover the interval of number N, of the included in analysis
resonances. O e A
It should be n(-)t.ed that the mean value’ <g fnoé inmveth'oa [7] will be always shifted at
presence of superposition of several (2<k<4) types of the resonance wave functions even
at‘absence: of any e)fpenmental errors. Therefore, all the parameters of the best approximation
will be §h1ﬂed rela‘tlvgly to the initial values » and o. The same concerns and parameter T of
the variant k=1: its significant deviations from unit are always presented in the used
normalization to the experimental mean value* < [0~ o e i
. :I:he random differences between the approximation of the modeled distribution and
their initial values are small enough as at determination of B and X (Table 1), as for b,-b,and
0,-0, (Tgblg 2) even fqr,_tléu?‘set from N,=100. resonances (random values X). o
- The dependence of B and X on random set number (“mass of nucleus™) for variants
k=1 and k=4 is shgvs'n flflfF;g. 8. It is possible to estimate from this modeling the number of
resonances N, , which is necessary in order to obtain reliable conclusions on real ‘parameters
of neutron amplitudes by quantity of about 3000-4000 and more.
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Fig. 2. Histograms are the ratio of average criterions ¥ for two variants of analysis in
function on nuclear mass A or number of resonances N, Points with errors — model
(expected) value for independent neutron amplitude distributions (closed — the case k=1, open
—the case ki=4).
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e MODIFIED MODEL OF NEUTRON RESONANCES WIDTH DISTRIBUTION
RESULTS OF TOTAL GAMMA-WIDTHS APPROXIMATION -

A.M. Sukhovoj, V.A. Khitrov i
Joint Institute jbr Nuclear Research Dubna Russza

Abstract

Functwnal dependences of probability to observe glven F value and algonthms for
determination of the most probable magnitudes of. the modified model resonance parameters
distribution were used for analysis of the experimental data on the total radiative widths of
neutron resonances. As in the case of neutron' widths, :for precise description ‘of the I}
distributions requires a superposition of 3 and more probablhtles distributions for squares of
the random normally distributed values with the non-zero average and non-unit d1sper51on

This result confirms the preliminary conclusion obtained earlier at analysis of 130 on
presence in all 56 tested sets of resonances - several groups notlceably dlfferlng by the
structure of their wave functions from each other. -

1. Introduction

In 1936 N. Bohr suggested the hypothesis- [1] on extremely complicated structure of
high-lying levels of compound-nucleus. After. this, respectively, the properties :of: neutron
resonances are described in frameworks of statistical approach. But, the experience:of the
science shows that the real picture of the phenomenon under study is usually much more
complicated than any hypotheses and notions on it. Most probably, the hypothesis [l] isnota
exception , as well.

Estimation of its precision can be performed on the basls of the modern experlmental
data and theoretical developments of existing nuclear models. So, the realized in FLNP JINR
idea of obtaining - the direct'and ‘reliable experimental information - on -such: nuclear
parameters as the level density and radiative strength functions {2], and interpretation of the
obtained data [3,4) shows that structure of a nucleus below the neutron binding energy B,
undergoes cyclic change with a step of about-2A,. By-this, the correlation: function of the
Cooper pair of nucleons in heated nucleus below B, insignificantly differs from the analogous
value Ay for cold nucleus (although,” most probably, decreases:at increase: of: excitation
energy). A degree of fragmentation of nuclear structures like ‘»#-quasi-particles ® : m-phonons
for these states in region B, according to theoretical analysis by L.A. Malov and V.G.
Soloviev {5], cannot be the same. Id est.; one can expect that'in 'the wave . functions of
neutron resonances at change of the1r energy can appear avallable for observatlon changes

Itis absolutely necessary for thelr revealmg to execute two condltlons

s

(2) to use the algorithm of a.na]ys1s for any experlmental data ‘with the Iowest poss1ble

.- quantity of model notions and - AT e e e LR S

(®) to perform quantitative companson of few variants of approx1mat10n of the tested
Tesonance parameter distributions, for example. The more essential is the second condition —
Just it determines the vector of- required changes in the existing notions of nuclear properties
in the studied region of excitation.’ Unfortunately, the vanants of analys1s of neutron’



resonancés parametex‘s performed by now did not take into account these circumstances: But,
both conditions were to a full degree realized in  [6]. : C )

2. Conditions of I, analysis

" The intensity of the primary gamma-transitions following decax of neutron resonance
depends on the same components of their wave ﬁmctiox}s. Therefore, in the dlstnbutlons. of
partial radiative widths must appear the peculiarities which are analogous to those appearing
" in distributions of reduced neutron widths. First of 'all,. there is the dlscre.pa.ncy [7] with the

Porter-Thomas :distribution [8] in any form. The indlre_ct answer on this question can tfe
obtained from the analysis of the distributions of cumulative sums of the relative [y values in
axi  wide interval of nuclear mass. ‘ : ‘
mﬂlm;‘lh}; analysis of form of distribution of the randO{n I, values was used the same
élgorithm and programs .which were prepared for analysis of the reduced neutron wgdths
distribution. The independent variable of analysis . X;= Iy /<> corresponds to the ratio of
total radiative width of given resonance to the mean expenmoental value of the tested set.
Naturally, all events with X=1 (used by determination ?f - I, for some reso.nances)'were
excluded from analysis. This selection is really nonessential because corresponding portion of
cumulative sum can be with good precision approximated by \(alue.a<0.01. The analysis was
performed by analogy with the analysis of reduced neutron widths for two hyppt@eses_. ‘The
. first — the distribution of the total radiative widths of resonances corresponds to (!1stnb}1t10nlof
squares of the normally distributed random values : w'ith'one. and tpe same dispersion and
mean value (k=1). The-second one’s used the same dlst}'lbutlons with several set (k$4) of
different parameters. Practical basis for this variant is obvious asymmetry of cumulative sums
of distributions of the experimental - X, values for'many nuclei. Unfortunately, the use of
relative values of radiative widths inevitably shifts obtained values parameters b and g. .-

3. Results of analysis and their interpretation . . .-

B Iani‘g. 1 are presented model distributions of squares of the random X=(.(§-l~'b)/a)2
. values for, parameters '5=0.5, 1, 2; 6 =0.01, 0.03, 0.10 for & — standard normally dlstnb}lted
random variable. Cumulative sums were normalized, naturtilsl , 1o thez?;/erage <X>:In Fig. 2
— approximation of the experimental distributions of I for. ] Eu and “2U. These target-_nuclel
essentially differ only by parity of proton number. . But difference of he. mean spacing Do
_between resonances, neutron binding energy Bn and :spin 9f target.J :is not cha}nged of
 principle. In table are presented quantitative results of thc:. relative : Iy values gum}llatlve sums
distributions approximation for some differing by their- parameters x;uc_lel w¥th maximal
number of their existing: experimental values. Also, there is any nonpnnmp!e dlfferepge for
part of-table data, but the part of cumulative sum . of. two rr}ost essential i:lmchons of
superposition conserves with high precision. There is the sufficient argument in favour of
conclusion that the experimental data on neutron resonances parameters correspond to several
sefs of noticeably differing by their wave functions structure. o )

In figures 3-8 are presented the results of -approximation ‘of the-radiative width
distributions for 54 sets of the data, although analysis was performed for some larger m;mb?t
of the sets. Practical selection was done by condition that the sets of s-resonances ir} figures in
most cases correspond to not less than 45-50 I3 value§. Id est.; nu'm‘t’)’gr of points of eﬂée
approximating curve for superposition'fron_x k=4 approximated “partial”’ functions exceeds

maximal number of parameters of approximation by a-factor =4 and ‘more. The ratios
2 (k=4)/ ¥ (k=1) for all 56 data sets are shown in Fig. 9.

-
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. The ratio of the criteria ¥° of the best fit for I', has random nature as for analogous
distribution of neutron widths. However, considerable decrease of its value for.the case of
[ does not allow one to connect the observed picture only with effect of random fluctuations.

Table. The approximated main parameters of nuclei with the largest values of number

N, of experimentally determined values- I,. R= LO=4) k=1 ') — the ratio of the best fit

arameters of both variants of analysis; § — the portion of two functions ‘with maximal
contribution in cumulative sum; o and  — dispersion and their most probable mean value.

Nucleus | N, R Xzﬂc=4)”Vy S | ar by | Sy a; v | by
i,l=11 173 0.027 {1 0015 | 045] 0.08 | 0.85 034 0.07 0.49
Eu 185 0.073 | 0.044 0.49 | 0.008 | 1. 0.36°:10.02- | 0.95
Sm 525 0.033 | 0.012 044 | 0.06 | 0.68 0.38 0.06 0.87
U 2297 0.068 | 0.042 .| 0.43 {0.006].097 ....]1 0.31.{0.05 0.76

It follows from both the dataof this figure and form of dependence of cumulative
sums of the X, values for different nuclei that the I', values with high probability depend on
structure of the wave function of a neutron resonance, and the set of the experimental values
of widths can be divided onto several groups of resonances noticeably differing by structure
of wave function of corresponding high-excited nuclear level. R ‘

Unfortunately, this conclusion can be mistaken if systematical errors of T, are caused
by the strong enough unknown and determinate by experiment condition dependence on
resonance energy, its neutron widths and so on, For example, by the larger, as compared with
the mean, probability of resonances omission not only with small' I’,’, but and with small I}.
Or — in the case'if in the experiment was revealed only very small part (for instance, from
several to 10-20%) of really existing levels of compound nucleus with fixes spin above B,.
Such possibility follows directly from the attempt [9] approximation of actinides reduced
neutron widths experimental distributions and following its extrapolation to the I3,=0 value
in frameworks of the modified model of neutron widths distribution. (The Porter-Thomas
distribution [8] is its particular case). . - D e e e i

4. Conclusion 5
Practically model-free a.nzﬂysis of the neutron- resonances total radiative widths

distributions confirms the determined specific of the existing experimental data: ~ ~

(a) the absence of uniformity of the I, distributions for different nuclei,

(b) significantly better correspondence of the experimental data to the hypothesis of
superposition in those data the of combination of resonances with noticeably ‘differing
structure, than to the assumption on practical (in the frameworks of modern status of science)
constancy oftheir structure. " -, U b L n U e eeesd

Probable presence of groups of resonances with the different mean valués’ < I,> quite
corresponds to the conclusion [10] “on difference of the radiative strength functions of the
primary transitions which exceed the limits of the expected random fluctuations. This
conclusion well explains and difference of the strength functions, measured in. the thermal -
point, with the data for ¥Ni obtained [11] from re-analysis of the intensities’ of gamma--
cascades following proton capture in several tens of $co proton resonances [12]..-; v o

Final conclusion concerning this matter can be obtained after observation
corresponding differences in the spectra of the primary transitions in a number of neutron
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resonances of the same - nucleus. Modem:state of nucleus quasi-particle-phonon mode}

development does not exclude [13] possibility of qualitative observation of such dependence. |
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Fig 1. The expected distribution of cumulative sums of relative values I of the total radiative
widths of resonances. The dispersion ¢ and mean value b are also given in figure. )
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Fig. 2. The result of I distribution - approximation for BIEy and #°U.;- - Histogram -~
experiment, dashed line - k£ =1, solid - k=4, dotted lines — variant of decomposition of the last
into four “partial” functions. : S ‘
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Fig. 3.The same, as in Fig. 2, for 35¢1, %°Cr, **Fe, $850Ni, °Co, ®*Cu and Hzn. il

Fig. 4. The same, as in Fig. 2, for 6

320, A, 1B, ¥Kr, ¥R, 5t and "2,
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equals 0.26(17).
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MICROPIXEL AVALANCHE PHOTODIODE AS ALPHA PARTICLE DETECTOR

F.Ahmadov"?, G.Ahmadov'?, R:Madatov’, Z.Sadygov'?, S.Tiutiunnikov',
o Vihezhed o
'Joint Institute for Nuclear Res‘eziréh, Dubna,Ru551a, *Institute of Ph'ySics-ANAS'; Baku -
Azerbaijan, *Institute of Radiation Problems-ANAS, Baku —Azerbaijan

. ABSTRACT

Public security (explosives and drugs detection) and environment protection (radioactive isotope contamination
detection) issues require new methods for detection of ionizing radiation. The most challenging is registration
of alpha particles that are absorbed ‘basically 'at ‘the surface of a detector. The goal of the work is an
investigation of detection of alpha particles by silicon micro-pixel photo diodes (MAPD) in combination with
lutetium fine silicate (LFS) scintillators. ! ;

Challenges of the last decade have made detection of explosives and drugs in baggage
and large cargoes an important task. A tagged neutron method was developed to solve the
first problem [2]. The method is based on the following principles. The creation of a neutron
in the generator as a’ result of interaction of deuterium beam with a tritium - target is
accompanied by:emission of alpha particle flying in the opposite to the neutron direction.
Detection of the alpha particle allows one to determine direction of the neutron and generate
a trigger signal. Capture of neutrons within a given nuclei produces a’specific for the
resulting isotope gamma spectrum. Analysis of the gamma spectrum allows one to determine
atomic composition of the substance, and, therefore, identify it. Another issue is a detection
of radioactive isotope contamination in various environments., The most challenging task
here is registration of alpha particles what do not penetrate deeply ‘within " the detector
volume, . . L D L L

Design and operation principles of the MAPD were described in [1]. Basic structure of
the MAPD is shown in Fig. 1. Investigated photodiode MAPD-3N had 3x3 mm? active area
and pixel density 1.5x10° mm™. A single pixel gain was of order 10° depending on bias.
High pixel density provided for linearity of device’s response in wide range of registered
energies and sufficient energy resolution. o SR

FIPER

[Avalanche] - .. o

Al contact . ’ ? ?

,pSi epi. layer ofl
-{d~3-5p

AY

Deep micro-well for

} ¢charge collection —
Density~10* mni2

Fig. 1. Basic structure of the MAPD.
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A Am isotope (kineti¢ energy of alpha particles is 5.486 MeV (85 %) and 5.443 MeV (13
%), half life period is 432.7 years) was used as an alpha source. The lutetium fine silicate
(LFS) crystal named as “LFS-8” was used as'a scintillator. The size of LFS-8 was selected
3x3x0.5 mm°. The decay time of LFS-8 was 19 ns. LFS-8 was coupled to the MAPD-3N

with silicone optical grease. The MAPD samples and LFS-8 scintillators were manufactured

in collaboration with Zecotek Photonics Singapore Pte. Ltd. [4].

4.5k

Keithley
6487

LeCroy L.
12494

._:m

Fig. 2. Block diagram of the experimental setup.

Fig. 2 shows block diagram of the experimental setup. Keithley 6487 voltage source was
connected to MAPD through RC-filter. The signals were read out from 1k<2 load resistor
through the coupling capacitor and a linear amplifier. Gain of the amplifier was 20 in the
case of measurement with LFS scintillator. Delayed signal was fed into LeCroy 2249W
ADC. CAEN N-48 shaping discriminator was used to form a gate'signal for the ADC.
Digitized signal was read out by a personal computer through CAMAC interface. Peak
positions and their full width at half maximum (FWHM) were obtained from Gaussian fit.
All measurements were carried out at room temperature. ‘ o

In order to measure alpha spectra with LFS-8 scintillator the later was placed on top of
the MAPD under the %! Am source. The scintillator crystal was not covered in order to avoid
attenuation of alpha particle flux. When an alpha particle hits the scintillator it deposits its
entire energy producing light pulse. The scintillation light was detected by MAPD. o

Fig. 3 shows the alpha spectrum measured with the LFS-8 scintillator and MAPD at bias
voltages in a range of 92.3-93.5V. The measured energy resolution for the 5.5 MeV alpha
particles was 14.6% at 93.2V. The quite low energy resolution can be explained by three
reasons. First, part of the scintillation light has escaped uncovered LFS-8 scintillator because
in our case the reflecting cover would absorb the alpha particles. Second, because of very
thin scintillator (0.5 mm) the scintillation photons produced by the alpha particle hit a small
part of the detector surface with limited number ‘of pixels. Finally, because of the finite
number of the MAPD pixels many photons could hit the same pixel producing the same
resulting signal as in the case when only one photon would hit the pixel.
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Fig. 3. Spectra of the alpha particle measured with LFS scinti)lator k ‘ ‘
an4 MAPD at the different bias voltages (amplifier gain is 20). k

_The obtained results show that the MAPD could be used to detect and count alpha

particles by itself as well as in combination with scintillators. S e
) .The measured energy resolution for the 5.5 MeV alpha particles in- this case is
sufficient to separate signal from background for most practical purposes although additional
studies are required to improve energy resolution for alpha particles.” = = - "o e
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Measurements of characteristics of the pulse neutron sources RADEX

and IN-06 of the Moscow Meson Factory (INR RAS, Troitsk)

Yu. V. Grigorievl'z, D.V. Khlustin, Zh. V. Mezentseva?, LA. Vasiliev!, Yu. V. Ryabovl :
1 Institute for Nuclear Research RAS, Moscow, Russia »

2 Joint Institute for Nuclear Research, Dubna, Russia

Abstract. A source of thermal neutrons IN-06 of the Moscow meson factory (MMF) INR RAS started
operation in mid-November 2010. We have carried out time-of-flight measurements on 22.4 m flight path of the
first IN-06 neutron channel. The neutron source IN-06 has werked ina §tarting regime, i.e. a proton beam has
been moved on its metal tungsten target only during a day, and at night the proton beam has been shifted on a
tungsten target of the RADEX setup. Such a mode of operation allowed to carry out measurements at the IN-06,
and on the 50-meter flight path of the RADEX setup with a 8-section liquid (n y)-detector (49.5 m) and a
neutron cylindrical *He counter (51.5 m). The registration efficiency of thermal neutrons by the He-3 counter
was approximately 100 %. It was used on the 22.4 m flight path of the IN-06 and on the 51.5 m flight path of the
RADEX. The usage of the *He allowed to determine parameters of two neutron sources stmultaneously and to
carry out comparative analysis of their characteristics. Parameters of a proton beam of the linear accelerator were
approximately identical for the IN-06 and for the RADEX.
Time of flight spectra were measured by two systems of the experimental information storage: a slenv
system with a minimal width of the time channel 4 ps and a performance < 10* /s [1] and a fast system with a
~width of the time channel 121.2 ns and a performance < 107 o/s. The fluxes of thermal neutrons, measured on lhe
22.4 m flight path of the IN-06, were determined ﬁ'om the experimental spectra at different frequencies ‘ef
neutron pulses. At a frequency of 50 Hz the neutron flux was equal to F=821 n/ cm’s. A small intensity of t.he
source of thermal neutrons IN-06 is the result of not opnmal geometry of a target and moderator and also of
possible losses of the proton beam during its transportation to the tungsten target. The flux of thermal neutrons
on the 50 m flight path of the central beam of the pulsed source RADEX was determined F =‘150 w/em’s at the
following conditions: the frequency of 25 Hz, the pulse duration at half height of 60 ps, the pulse proton clirrent
of 5 mA, the energy of protons of 209 MeV and a diameter of collimator of 2 cm, installed at a distance of 20m

from a moderator.

Earlier in 1998 {2] and 2004 [3] other groups carried out measurements on the pulsed
source IN-06, but at that time it was not possible to determine basic characteristics of the
neutron source IN-06 because of different reasons. The measurements of time-of-flight
spectra at the RADEX setup were realized since its start in 1996 [4, 5, 6], therefore a large

amount of the experimental information, including characteristics of the neutron pulsed
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source RADEX, was collected. The geometry and other experimental conditions at the IN-06
and at the RADEX differ from each other. A schematic view of experiments-at the IN-06 and
at the RADEX is presented in Figure 1. The moderator’s luminous surface at the RADEX was

" equal to 113 cm’. It was caused by internal diameter of a steel neutron guidevd;= 12 cm.

] AN
= lowing down time h|gh aperture \
- - spectrometer P
[——— 2 —
[ 3 ]

Complex of the proton tnerapy
s s e
a B i e g
]
P cealen v ollomslienie

3

Fig. 1. A general scheme of pulsed neutron sources RADEX and IN-06 placement in ..
experimental complex (building 25) of Institute of Nuclear Researches of the Russian -

Academy of Sciences.

A collimator 50 cmofa length made of a mixture of parafﬁn and boron carblde w1th an
aperture of 6 cm in dlameter was posmoned ata dlstance of 20 m from moderator in the hole
of neutron guide. The resonance filter made of 1 manganese ox1de with a thickness of 1 cm and
NaCl of the same thickness were installed behmd the collimator. Filters allowed to determme
positions of a neutron ﬂash and’ to estlmate background at the energy of 336 eV and of 2.4

keV. The width of neutron ﬂashes was approx1mately 60 p.s a time delay of 200 ps An

additional lead colhmator was used at a dlstance ‘of 45 m from moderator This colllmator had

an aperture of 6 cm in diameter. The carbon colllmator w1th a length of 1 m with an internal

aperture of 6 cm in diameter was Iocated before the 1ron protectlon at a distance of 40 m
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‘inside the vacuum neutron guide with a diameter of 17 cm. The powder of Smy0O; packed into
‘the aluminum container was used as a radiator-sample. It was positioned in the center of a |
liquid (n,y);detector. '
To determine position of the neutron flashes and their durations, the *He counter with 3
the efficiency of ~100 % was used. The internal cavity of the counter, filled with *He at the
pressure of 8 atrnospheres, has thickness of 3.5 cm and internal dlameter of 12 cm. Sometlmes ’;
this *He counter was moved to the central neutron channel of the RADEX setup where a j
collimator with an aperture diameter of 2 cm was installed at a distance of 10 m from the
moderator surface. It reduced the pulse count of *He counter approximately be a factor of 10
that allowed to observe neutron flashes without overloads using "old" slow measuring system.
The measurement conditions of the TOF spectra on the first neutron beam of the IN-06
were the following. Two collimators with rectangular apertures with the area of 17 cm * 8 cm
= 136 cm? at the entry of the first collimator and 11.5X6.5 cm = 75 cm? at the exit of the
second collimator with a length of 1.7 m and 0.95 m before the mirror neutron guide were at a
distance of 0.6 m from vertical water moderator (22X22 cm = 484 cm? area and thickness of 5
“cm). The full length of the mirror neutron guide with a cross section of 11.5 cm *6.5 cm =75
cm? was about 12 m. The neutron guide had a vacuum level of approximately 10'2 Top. The
length of the ﬂlght path in measurements was 22.4 m. The core with 2 cm in diameter made
from the pressed powder of technical diamond was placed at the end of the flight path. The
cylindrical 3He counter [1] was installed in a trap of cadmium sheet and plates made from a
mix of paraffin and boron carbide. It was placed on the neutron guide axis and irradiated with
neutrons from the moderator surface with the area of 136 sm?, In front of the detector on the
neutron guide wall a collimator made of 2 mm thickness cadmium with window area of 10 sm
* 34 sm = 34 sm’ was placed. The dlamond sample was used for measurements of a
dlspersmn spectrum at 90° and 180° to the neutron guide axis. Presence ofa dlamond sample
on the neutron beam resulted in reductlon ofa ﬂux of thermal neutrons by illuminated surface
of He? detector approx1mately to the value of 15 %.

It is necessary to note, that two 1ndependent tungsten targets (top with water coolmg
used in our measurements and bottom W1th liquid deuterium moderator) exist in accordance
with the techmcal pro_|ect IN-06 spec1ahzed in the work with thermal and cold neutrons. 12
vacuum neutron guides come to these two targets some of them for improvement of

background conditions look not at the target, but at the peak of neutron ﬂux den51ty in thc
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moderator. One of those 12 neutron guides has aidiameter of '1:m, other three having a
standard diameter of 200 mm get out the expeﬁmental building and might be lengthened up to
500 meters. The cooling system of the IN-06 was built upy' for an average current of »lth, that
at designed protons energy of 600 MeV and pulse-repetition frequency of 100 Hz corresponds
to the average target power of 0.6 MW. The name “IN-06” derives from this fact.’

Thus, the IN-06 setup has a serious potential of development (by ‘nitabet of operated
neutron guides three times more, by density of neutrons flux twice times more), which will be
involved in the nearest years.’'As the IN-06 will come close to the designed parameters; this
source approach to other similar installations of our country (the pulsed reactor IBR-2 in--
JINR, Dubna, and the reactor "PEAK" in Saint Petersburg INP- which is currently under
construction) by the majonty of characteristics and surpass in separate parameters. It could
classified among ten best 1nstallat10ns of the world

Two systems of data acquisition were used’ for storage of the T OF spectra.: -A slow
system on the basis of PC-386 and d1alogue program ROM which smultaneously allowed to
measure TOF spectra from the 8- sectlonal hquld (n, Y) detector and from a He’® cylindrical
counter. In parallel with this system the speclal single- channel hlgh-speed system on the basis
of notebook through USB 2.0 port was used. In the first system the w1dth of the tlme channel
was 4 s in 4096 time channels. In the second system it was 121.2 ns in 160000 channels, that
allowed to observe thermal neutrons spectra in the energy range of thermal neutrons from
0.006 up to 0.2 eV (in time interval t = 20000 — 3500 ps = 0.0165 s) at the frequency of
neutron fluxes of 50 Hz, The max1mum of thermal neutron peak was observed at the energy
of 0.06 eV. The following ratio was used to deﬁne the flux of thermal neutrons F on the
surface of He® detector (22.4 m):

N
S*T’ .
the total number of registered thermal neutrons dunng the tlme T = t*R =
0. 01655* 50964 = 84ls

where N —
14 minutes at the registration efﬁclency of 100 %, — start number
Ofthe time analyzer; S‘ area of the illuminated surface of the detector.

In such measurements a number of regrstered thermal neutrons was equal to N =
22636714 at R = 50964, The average ﬂux of pulsed thermal neutrons on the rllummated
Surface of the He® detector with the area of S= 34 sm was deten'mned to be 821 n/s*sm The

Maximal peak flux of thermal neutrons at the energy 0. 06 eV was F.m = 2460n/s*sm
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- Below we briefly give a description of the new high-speed system of data acquisition.
In Figure 2 and Figure 3 are presented Photo of the system and the general electronic scheme.

A prototype of the time - digitizer converter (TDC) has been developed to modernize the data °

acquisition system made in CAMAC standard for TOF measurements. A start signal and a
signal from the detector are connected through the entrance cable header of CP50 type. The
device consists of  the USB-controller FT245R, the programmed integrated chip (PIC)
XC9572XL, the signal shapers on the basis of Schmidt triggers and generator with 66 MHz
frequency. In the PIC the 8-digit shift register (SR), registered at the input signal from the
detector and also the auxiliary logic containing a counter of time channel number and a final

automatic device, formed read and write signals for the USB-controller are realized.

XC9572 FT245R
detector @uﬁ Shi:’tt 8| usB USB 2.0
) ' register ~ —
78 bit _ FlFO
8 reading
it_art Vi logic . :
‘ : writing
66 MHz L[]}

Fig. 2 Functional scheme of the DAQ device

Maximum number of time channels 524272

Maximum number of events in the channel 2’21

Width of the time channel 121.2 ns

Minimal period of pulses repetition ' 140 ns

Minimal duration of pulses registration Ins

Level of the entrance signal ‘ TTL, 5 volt, poSitive polarity
Connection interface with computer - USB2.0 -

The experimental data come through the bi-directional 8- dfgit bus to the chip which
groups them into the continuity of the protocol USB ‘and transfer them into computer. This
chlp has buffers FIFO of information reception and transfer with a volume of 256 and 128
bytes respectively for carrying capacity smoothing The data exchange between TDC and

computer is carried out in the followmg way:
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1. The command processor transfers into TDC a value specifying a number of time channels;

2. TDC passes into sleep mode of a start pulse;

3.:From the moment of start pulse arrival the shift register starts to work and then the transfer
of the information to the computer takes place byte-by-byte; ..

4. After transfer of a required number of time channels .the. TDC forms, a status byte

informing the program about successful or mistaken transfer of data frame at buffer FIFO
overflow. '

Fig. 3 Photo of the device

A possibility of TDC dumpingﬁ in initial condition with a Command of the'command
processor is additionally realized. With the exception of storage memory from the TDC
structure and load shifting into the computer, the significant Simpliﬁcation of the dev1ce was
achieved. The ‘maximal data stream, given by the TDC comes to 8 Mbytes per second At the
same time modern multinucleate processors with a set of vector instructions are available to
process at least two orders of magnitude larger data streams This fact allows construct even
faster multichannel TDC based on the above-mentioned principle limited only by cash

bandwidth of the USB controllers The model of TDC was successfully tested with the linear

v accelerator of protons of the INR of Russian Academy of Science during the beam time at the

RADEX and IN 06 setups and also at the isotope complex
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‘For* def nition of background components the samples of metal cadmium wrth a

the He detector. The measured experimental energy spectra (22.4 m flight path of the first

channel of the IN-06) by means of "old" slow system of data acquisition with a time channel

width of 4 ps in 4096 channels (t =16384 ps) are presented in Figure 4.
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Fig 4. The energy spectra measured at 22.4 m flight path of the first channel of the IN-
06 (time channel width 4 ps in 4096 channels t = 16384 ps)

Spectra w1th samples of indium and cadmlum in the neutron beam are reduced to the
common momtor count of the open beam under burst and in the first 100 channels behind
neutron burst, where the proximity effect of samples in spectra is very small. As one can see
from Frgure 4, background components in spectrum of thermal neutrons for the open beam

are negligible (about 0.01 %) This is a kind of spallatron neutron sources on the basis of

proton accelerators and non-multlplymg targets from tungsten. For comparison we note that‘

in reactors even based on the pulsed action such as the IBR-2 (FLNP JINR), presence of
delay of neutrons and small subcntrcalrty between bursts results in a level of background
components up to 10 %. To the neutron energy region higher than 0.4 eV the background

level in this area for the given measurements is about 20 %.

240

thickness of 1mm and indium of 3 mm thickness were installed in the neutron beam before 5

Figure 5 shows the TOF spectra with a sample of cadmium and without it in the
neutron beam, measured on the 22.4 meter flight path of the first channel of the IN-06 source
py means of fast data acquisition system with a time channel width of 121 ns in 321240
channels (t = 39500 ps). As well as in case of the parallel measurements can'ied out with the
slow data acquisition system, spectra of the similar form were obtained but with the more
pronounced Braggs dip in the thermal part of the energy spectra of d1amond sample at the
energies of Q.0l33 eV (14000 ps), 0.0049 eV (23000 ps), 3.7* 103 ev (26000 us). As there
was no special'rnonltor counter, integral sums under burst and in the first channels after burst

were used for reducing to monitor count of the open beam.

Fig 5. TOF spectra of the open beam and TOF spectra with cadmium sample, measured on
the 22.4 m flight path of the first channel of the IN-06 source (time channel vyidth 21 nsin
321240 channels, t = 39500 ps) o

As Figure 5 indicates the main part of neutron spectrum is located within the limits of

20 ms at the 22.4 m flight path. Therefore for the majority of experiments at the IN-06 a
frequency of neutron burst with a repetmon of 50 Hz is affordable. For specral experiments

with solid-state. subjects and cold neutrons the frequency of 25 Hz or even 10 Hz might be

needed due to the presence of recycled neutrons

The maximum frequency of the accelcrator 100 Hz allowmg double statistic set speed,
cOuld be adjust to the IN-06 only for limited number of tasks on the 11 m flight path. This is
one of drfferences of external environment of the source IN-06 havmg the thermal and cold

Neutron spectrum from the neutron source’ RADEX where a hrgh frequency of neutron burst
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repetition is available due to the resonance neutron spectrum. In some cases at short neutron
bursts (about 0,5 ms) and at increase of intensity of neutrons in thermal energy region less
than 100ikeV, realization of different neutron-nuclear studies is possible at the frequency‘ of
100 Hz..

5000 1 ’ .
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Fig. 6. Energy dependence in the TOF spectrum of the open beam, measured on the 50 m
flight path of the central channel of the RADEX setup (time channel width 4 pus in 4096
channels t = 16384 ps)
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Fig. 7. TOF spectra of the open beam, measured on the 50 meter ﬂlght path of the central
. channel of the RADEX setup (time channel width 4 ps in 4096 channels t = 16384 ps)
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Measured time-of-flight spectra at the central flight path of ‘the RADEX setup are
presented in Figures 6 - 8. These spectra were\‘used fcr cbtaining flux kof‘ thermal neutrons on
the 50 m flight path by analogy with the above-mentioned method for the IN-06 source. The
flux of thermal neutrons was estimated at the rate of about 150 n/cm?s at the burst frequency

of 25 Hz and pulse duration of 60 ps. . =

¥
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Fig. 8. TOF spectra of the open beam measured on the 50 meter ﬂlght path of the central
channel of the RADEX setup (t1me channel w1dth 4 psin 4096 charmels t=16384 ps)
After recalculation of the RADEX measurement at the same experimental conditions
as on the 22.4 m flight path of the IN-06 source we discovered, that the thermal neutron flux
at equal charactenstrcs of the proton beam of the. RADEX is approxrmately 20 times larger,
than that of the IN-06.
Conclusion ) R ; . ;
During start measurements at INR of Russian Academy of Science of the pulsed source
of thermal neutrons IN-06 measurements of its basic characteristics were carried out, also in
parallel measurements of parameters of ear.l.ier started neutron source RADEX were realized.

Fluxes of thermal neutrons were determined on the 22.4 m flight path of the IN-06 and on the

50 m flight path of the RADEX, at the average proton beam power, of 6 kW and available

experimental conditions accordingly Fiyos = 82 1"6/5*&3?‘5‘&& Fradex =150 n/cm’s. It turns out, that
at the identical proton beam the flux of thermal neutrons at the RADEXis approximately 20 times
larger, than at the IN-06. It may be connected with the different orientation of neutron guides of the

* RADEX and the IN-06 setup (neutron guides of the RADEX look on the neutron production target

243+



whereas neutron guldes of the IN-06 look on the water moderator).

Durmg preparatlon to the around-the-clock running conditions the new high-speed data
acqursmon system was developed and tested. Comparison with the spectra measured by the old
measunng system in standard CAMAC, validate the operation of the new data acquisition system. At
the same time maximum statistic set speed has been increased by an order of magnitude from 80
kHz for the “old” system up to 8 MHz for the new one. It managed to reduce the time channel width of
the new data acquisition system down to 121 ns.

In conclusion authors would thank director of the INR RAS V.A. Matveev and also deputy-
directors L.V. Kravchuk and E.AKoptelov for support of this work, teams of accelerator and
experimental complexes for successful providing of a proton beam and assistance in the realization of

measurements at the neutron sources RADEX and IN-06 at the Moscow Meson Factory of INR.
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Measurements of Neutron Total and Capture Cross Sections at the TOF
spectrometers of the Moscow Meson Factory

Yu.V. Grigoriev'?, D.V. Khlustm ZhV Mezentseva Yu.V. Ryabov

lInstztute for Nuclear Research RAS, T rottsk, Russia
%Joint Institute for Nuclear Research Dubna Russia

Abstract. At the 50 meters flight pat.h of t.he pulsed neutron source RADEX of t.he Moscow Meson Factory
(MMF) INR RAS measurements of. neutron total and capture cross sections were carried out. For these
measurements a detector system “REPS” consisting of the 8-sectional liquid (n,‘y)-detector with a volume of 40
liters (L=49.3 m) and the neutron detector with *He counters (L=51.5 m) of a high efficiency €(Ep.)=95 % was
used. Time-of-flight Spectra were mieasured for the thin metal radiator-samples of **Mn, **Nb, Mo, In, "*Sm,
18540, '#'Ta, W and 2*U with a dlameter of 80 mm. The analogous values of the group total and capture cross-
sections for above menuoned matenals were obtained from the measured time-of-flight spectra at the 18 m (25
m) flight path of a pulsed neutron sotirce with Rb target of the radiochemistry setup MMF by means of 3He, 1B
and Nal (T1) counters. These values were also obtained by GRUCON code on t.he basis of the estimated data
libraries. .

To investigate the resoharlce structure of the neutron’ crosSTSections measurements of
time-of-flight spectra have been carried out at the 50 m flight path of the REPS setup (see
Fig.1) [1] and at the 18 m flight path of the radiochemical setup (RCS) of the MMF (see Fig.
2). - :
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Fig.1 A schematlc v1ew of the TOF neutron spectrometer 1- bnck wall 2-tungsten target -
" owith
a water moderator 3- blologrcal shleldmg of the neutron source RADEX 4 cast-lron
shleldmg from neutrons and gamma-rays 5~ neutron gulde in the from of steel’ vacuum tube,
7- 3He neutron detector, 88— multlsectronal llquld (n,y) detector 9-— multlangular setup to
investigate the neutron scattermg, 10 — concrete sh1eldmg of the neutron spectrometer, 1 1-
- gate of a neutron beam, 12 - expenmental building.
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Fig. 2 The setup REPS at the 50 meter flight path of the pulsed neutron source RADEX with"
W target and water moderator: 1 - monitor counter, 2, 9 - collimators, 3 - sample-filter,
4 - neutron guide,5 — boron and lead shielding, 6 — FEU-110 photomultrplrer, 7 - 8-sectional
liquid scintillation (n,y)-detector, 8 —radiator- sample, 10 - neutron 3He detector, 11 - water
moderator, 12 - W target, 13 — Pb shielding, 14 - neutron multiscattering detector, 15 -neutron
guide, 16 - neutron 198 detector. Indexes 13, 14, 15, 16 correspond to a vertical flying base of
the RADEX, where they plan to perform some new experiments, including measurements of
’ the n-n scattering cross sectron . ;

The measurements were performed by means of the 8 sectron hqurd (n y)-detector and
neutron detectors with ‘He counters. The metal targets made from a natural tungsten with a
thickness of 7 cm were used as the pulse neutron sources (at the RADEX setup) [2]. At the

RCS the metal targets made from a natural Rb with a thickness of 6 cm were also served as a
source [3]. Targets were illuminated by a proton beam with an energy of 209 MeV at the
RADEX setup and with an energy of 160 MeV at the RCS. The operated parameters of the
pulsed neutron source of MMF were the pulsed proton current of linear accelerator I, = 11
mA, the proton energy E,.=209 MeV, the proton pulse repetition rate f = 50 Hz, the proton
pulse duration T=2 —200 mks.

As the radiator-samples and ﬁlter-samples were served metal and oxide drsks made from
55Mn, ®*Nb, Mo, In, 1**sm, '*Ho, 181Ta, W and ***U-with a diameter from 50 mm to 80 mm of
a drfferent thickness. An intensity level of the neutron beam at the REPS setup was controlled
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by a 3He counter (SNM-18) mstalled at 114 meter flight path before a tungsten target ¢ of the
'RADEX source. At the RCS a B’ counter (SNM 13) was. in use before a Rb ta:get

The data acquisition was realized by means of measurement modules on the basrs of PC
wrth two types of equipment and software: at 1 Hst t1me channel wldth (author T.G. Petukhova
FLNP JTNR) and 0.01 ps (developed at INR Tr01tsk and JINR, [4]) "The mrnrmal duratlon of
the time channel is limited to the minimal duratlon of a proton beam of the accelerator These
two systems in. existing measurement conditions were approxrmately equrvalent The mam
feature of these measurements is usage of the ion’ gurde as. a neutron gurde ThlS allowed
perform new expenments requmng much more t1me measurement and hrgher energy
resolution. -

o /// A

Frg 3A schemat1c view of the neutron setup w1th a Rb target 1 = proton ion gurde with .
equipiment for 2 beam control, 2 — cast-iron ‘cube shielding for a target placement 3-

equipment for a target movement, 4..12 - functional elements of the RCC, 13 - entrance into

a target hall A detailed view of the target constructron is shown on the nght
In- the last 2007- 2010s measurements of the time-of- ﬂrght spectra of the gamma-rays
have been carried out at the radioactive neutron capture by nuclei of ”Mn, 93Nb Mo, In,
148S 165l-lo mTa, W and 238U For these measurements the 8- section quuld (n 'y) -detector
with a total volume of 40 litres and “He neutron detector have been mstalled at the 50 meter
flight path of the REPS setup of the Moscow Meson Factory (MMF) A duratlon of analog
pulses was 35 ns and 1 us from ‘the (n, 'y)—detector and from the 3He neutron counter

respectrvely The regrstratron efﬁcrency of the (n, ¥)- -detector was ‘détermined using the Y- -lines "~

of ®Co source and was equal to 30 % at the energy resolution of 30 %. The registration
efficiency of thermal neutrons of “He neutron counter was approx1mately 95 %. The'
experimental time-of-flight spectra are shown in Fig. 4 (x-axis corresponds to the energy).
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" The background components in time-of-flight spectra come out from the gamma-rays and E
neutrons scattered in the experimental hall. These components were measured by resonance

filters havrng so-called déep “black resonances” like, for example Al (35 keV), Mn Q4 keV
Jand 336 eV) and W(20 V). It should be stressed that protons falling onto the target cause
neutrons with a broad energy spectrum in which a 15 % fraction of fast neutrons in the energy
range from 14 MeV to 209 MeV after moderation. These neutrons fly out from the target
mainly forward where detectors of the REPS setup are located and result in background
increase and in overload of spectrometric electronic equipment. At 18 meter and 114 meter
flight paths, where proton ion guides were used as neutron guides, the fraction of background
neutrons is less because these neutrons fly towards the proton beam.

In the near future 18 meter flight base of an isotope setup will be prolonged by means
of the lengthening of the neutron gurde channel into the next room through aholeina
concrete wall, that also allows improve background conditions.

In the previous measurements at the REPS setup new resonances of a natural W have
been observed at the energy of 7 eV and 18 eV. These results are very interesting in respect to

the nucleus theory and its practical applrcatrons -
— NbMVEL=493m, 60", F05mkA
1400 | - - = -In MMEL~493m, t=60", F0.SmkA
1200 Ta MVHL=49.3m, t=60",1-0.5mkA
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Fig. 4. Time-of-flight spectra of 93Nb (d=2 mm), In(d=0. 5mm),mTa(d-0 2 mm).
transmissions, measured by the liquid (n,y)-detector at 49.3 m flight path. Parameters of
proton beam are: E;=209 MeV, [;=5 mA, =50 Hz, At=1.5 ps, dtey=1 ps.

To determine fluxes from thermal neutrons time-of- ﬂlght spectra measurements were
camed out at the 50 meter ﬂlght paths of the neutron source RADEX by means of 3He
counter and at 18 meter flight path of the isotope setup by means of '°B counter at a neutron
burst duratron of At =65 ps and 200 us at a frequency repetition rate of 1 Hz and 50 Hz.

v
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In Fig. 5, 6 time-of-flight spectra, measured at 50 m of the neutron source RADEX
and at 18 m flight path of the isotope complex, are presented.
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Fig. 5. Time-of- ﬂrght spectra of W, (d-O 4 mm) transmrssrons, rneasured by the 3He counter at 51 m
flight path of the REPS setup ‘Parameters of proton beam are E;=209 MeV; T,=5mA, f=1 Hz, At=65
s, Atey=16 ps, tpes = 60 mmutes

As one can see from the Figure 6 a maximum peak of thermal neutrons is situated at
the energy of 0.062 eV and a spectrum of thermal neutrons is located in the energy range from
0.0032 to 0.25 eV. It is 1mportar1t that a thin W sample mstalled in the neutron beam
practically did not decrease the neutron beam mten51ty It allowed. estlmate the backgroundrl

components in this energy region usmg W resonances with a precrslon of 3 %.

Since the registration efficiency of thermal neutrons by 3He counter was approximately
95 % and an illuminated detector surface came to 30 cm’ then averaged flux of thermal”
neutrons will be @, = 3000000 n/(cmz*sec) at 51 m flight path of the REPS setup at the
proton beam parameters E;=209 MeV, I;= 10 mA, f =50 Hz, At=200 ps. "~ ' =

‘The test measurements were performed using the 3He counter at thel8 m flight path’of
the isotope complex with the Rb target (see Fig.3). The neutron counter was placed by a flank’
to the neutron ﬂux to achieve the registration efficiency of thermal neutrons of 94 % at a flank
surface of 7-cm®. Because of copper plates with a thickness of 3 cm located behind the ion
guide in the neutron beam the neutron flux decreased by order of magnitude 10. In this case’
the thermal neutrons flux was 600 n/cm’ s. That is why the neutron detector should be well
shielded from neutrons and gamma-rays-at 27-degree’ turn -of the ion gurde and precrsely'
adjusted along the neutron beam rigidly collimated by the ion guide. e

If we suppose that thermal neutrons are emrtted in '"He counter’ dlrectron installed at a
distance of 18 m from the target surface of 3 cm?, than the thermal neutrons flux at the source-
surface should be approximately 10 n/em®s. Evidently the thermal neutrons flux will be
3*10° n/sm?s at a drstance of 18 m from the neutron source where the rmg momtor detector
‘VaS plaCfﬂj : ;o P : ns : :

It would be possrble to carry out investigations of the (n, n) and (n,p) scattenng by the
method of incoming beams and overtaking neutrons [6] using of W and U targets to increase
the neutron beam intensity.
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Fig. 6 Time-of-flight spectra, measured by the '°B counter at 18 m flight path of the isotope
complex. Parameters of proton beam are E=160 MeV, L,=5 mA, =50 Hz, At=165 ps, dta=4 s, tmes =
, 10 min. R

Conclusion

During last years 2007-2010 several expetiments on the resonance structure investigation of
neutron cross-sections at time-of-flight spectrometers of the MMF were carried out. Time-of-
flight spectra of Mn, Cr, Nb, Mo, In, Ta, Wand U metal samples were measured at the REPS
setup using the g.section liquid (n.y)-detector and *He counter. The averaged group total
transmissions and cross-sections were extracted from the experimental spectra in the energy
range from 1 €V to 10 keV. ' “ : ‘ it

Two new resonances in the radioactive capture for natural W were revealed at the energies
of 4 ¢V and 17 eV, The new time-of-flight neutron spectrometer was constructed on the basis
of 18 m ion guide of the radioisotope setup of the MMEF. Test measurements were carried out
to determine its characteristics. Similar test measurements Were also carried out at the 114
meter ion guide before the neutron source RADEX. These original spectrometers allow
increase measurement. time of nuclear-physical values in the thermal and resonance neutron
energy region. R S S e

Also there is in process of creation the vertical neutron guide with high vacuum on
installation "RADEX" for original . experiments on measurement of n-n scattering and
definition of charge radius of a neutron. o

250

RO,

References

|. Berlev AL, Grigoriev Ju.V., The REPS S_étup for the ‘inQéstigation of the neutron
cross- sections structure and fundamental characteristics of neutron: Preprint INR
RAS Ne1183/2007.—Moscow: INR RAS, 2007. :

2. Benetsky B.A., Vahetov F.Z., Grachev' M.L e.a., Program of experimental researches
on device RADEX:VPrgprint INR RAS Ne 1058/2001. - Moskow: INR RAS, 2001.

3. B.L. Juikov, V.M. Kohanuk, Ju.G. Gabriclants e.a., Device for production of radio
nuclei on 160 Mev beam removal of Moskow Meson Factory // Radiochemistry. —
1994. — V.36, Release 6. — P. 499-504. - .

4. 4. Berlev AL, System for registration, gathering and accumulation- of experimental
data from nuclear — physical installations by time — of - flight method: Preprint INR
RAS Ne 1189/2007, Moscow: INR RAS, 2007. R

5. 5. Grigoriev Yu.V., Method for determination éross-sections of ‘neutron ~ ‘neutron
interaction: Pat. USSR Ne 549023. — Moscow, 1976. S

6. 6.E.A. Koptelov, V.A. Fedchenko,; O.N. Goncharenko, M.I. Grachev, L.V. Kravchuk,
V.A. Matveev, A.D. Perekrestenko, Yu.V. Ryabov"and'S.F.fSidorkin.' Spallation
neutrons at INR’RAS — a facility status report // ICANS-17, 2005, <« i it

231



A MULTI-SECTION FRISCH-GRIDDED IONIZATION CHAMBERZ
FOR STUDIES OF NEUTRON-INDUCED FISSION AT THE GNEIS
SRR : FACILITY ‘ :

N.V. Kovalev'?, LV. Ryzhov', G.A. Tutin',
O.A. Shcherbakov?, A.S. Vorobyev’, L.A. Vaishnene?

Y Knlopin Radium Institute, Saint-Petersburg, Russia
2 Petersburg Nuclear Physics Institute, Gatchina, Russia

Abstract : :

A multi-section Frisch-gridded - ionization chamber adopted. for operation at the
neutron time-of-flight spectrometer GNEIS is described. The data acquisition system based on
a waveform digitizer is discussed as well as the digital signal processing. Results of test
measurements carried out in the neutron energy range 1-200 MeV with 235U and ?Th targets
are reported. ‘ '

. . S Introduction :

The study of neutron-induced fission has been and still remains one of the most
important subjects of nuclear physics and has a great fundamental and practical importance,
Nowadays, there is an increasing interest in studying neutron-induced fission of actinides at
intermediate energies, i.¢., between 20 and 200 MeV. It is motivated by nuclear data needs for
feasibility studies of emerging nuclear systems dedicated to the generation of intense
radioactive ion beams, incineration of nuclear waste, isotope production, etc.

Successful implementation of such tasks is impossible without a thorough
understanding of the physics of the nuclear fission process at intermediate-energy, and can
only be based on reliable experimental data. On the other hand, after many years of research
the neutron-induced fission of actinides remains an intriguing subject of studies in nuclear
physics.

Fragment mass distribution is one of the most important characteristics of the nuclear
fission process. At present, a consistent description of mass splitting in fission is far from
being achieved. It is believed that the formation of the fission fragment mass distribution is
closely connected with the potential energy surface in deformation space (at the stage of
saddle-to-scission descent) while dynamical effects (nuclear friction and inertia) have less
influence on the shape of the mass spectra. A number of theoretical models have been
proposed at different times to quantitatively predict fragment mass yields [1-5]. It should be
pointed out that modeling of intermediate-energy neutron-induced fission is severely
complicated by the fact that fission, being a relatively slow process, follows pre-equilibrium
particle emission and competes with neutron evaporation. As a result, a number of nuclides,
each with its own fission characteristics, will contribute to the experimental fission
observables. This suggests that a model of fragment formation should be embedded in 2
proper nuclear reaction code which takes care of pre-fission particle emission (see, €.8., 6,

)2

intermediate energies. To date the neutron-induced fission cross sections of many actinides
relevant to advanced nuclear applications have been measured at incident energies up to 200
MeV [8-11], but there is a lack of experimental data on fragment mass yields. So far we know¥
only two experiments in which kinetic energy distributions and mass yields of"the- fission
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Further development of the fission reaction models requires new experimental data at

fragments in the reaction ¥y (n, f) and 237"I'h have been measured as a function of incident
peutron energy. The first, experiment: was performed by Zoller et al. [12] using the neutron .
source LANSCE at the LANL, but the distribution of the fragments obtained in [12] has a
relatively poor statistical support. It is accumulated several thousands of events (per neutron
energy interval of 1 MeV) for incident neutron energies from 10 to 100 MeV, which drops to
a fow hund-red events in the region 100-200 MeV. Such a low statistical support complicates
the comparison of obtained data with the theoretical predictions. The second experiment was
carried out at the neutron beam of the cyclotron facility CYCLONE in Louvain-la-Neuve
(LLN). The facility has been dg}sxcribed in de2t3ai15 in Refs. [13,-14]. It was measured the mass
git;t;téosng?; 1i:rllz;g\rln[elnst]s ﬁ‘O? : U(n,f) and 2’l'h(n,f) reactloné at_the neutron energies 32.8,
In this work we report on the results of test me nts carri i
oexgy cange 1.200 MV with B0 gt By targes, asgre@ents C@ed out in the neutron

. Experimental set-up

Th_e experiment was carried out at the neutron time-of-flight spectrométer GNEIS [16] -
which is based on the 1 GeV proton synchrocyclotron of Petersburg Nuclear Physics Institute k
(Fig.1). The GNEIS facility is intended for investigations of neutron interaction with atomic .
nuclei in the energy range from 102V up to several hundred MeV. ... . L

" . GNEIS buiiding - R

Noi No.2 No.¥ SN

Noad, §

"+ “Experimental roos
XX m

g wall of the * °
central room

. Collimators .+

7
*; Drive of the target-

e
Phuga i
- moderator system

Fig.1. General layout of t}}é xﬁeésureinents at thé GNEIS facility.

p 'I_'o de.tect ﬁs.sion fragments, we used a multisection Frisch-gridded ionization chamber
weSmt{ed in detall_s elsewhere [15]:“1{1‘ contrast with our previous measurements, the chamber
abu shght]y‘modlﬁgd. In particular, we were forced (due to the background problems) to .
andon the scheme with common anodes, so .the present_detector “consists_of 5 .fully

independent twin Frisch-gridded ionization chambers. The idhization chamber was located at =

‘:hdistance of 36.5m from the neutron source in a gap of flight tube of the neutron beam N5 of -
p ¢ GNEIS facility (Fig.2). Close to the chamber (downstream) was located a so-called y-flash
Stector — FEU-30 PMT without scintillator. which was used to produce a trigger. (START)

Pulse for time-of-flight measurements.
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"Fig.2. Multisection Frisch-gridded jonization chamber at the GNEIS.

The electrode assembly is placed into .a thin-walled (1 mm) stainless steel detector
housing. All the electrodes are of circular form with a diameter of 110 mm. The anodes are 50
pm thick aluminium foils, sandwiched between two 1 mm thick duralumin rings with inner
diameter of 90 mm. The cathodes are stainless steel annular disks of 2 mm thick and 68 mm
inner diameter. The target holders are mounted in the central part of each cathode using spring
catches. The grids are mounted in parallel on the stainless steel rings of 2 mm thick and 90
mm inner diameter. The grids are made of gilded molybdenum wires of 80 pm in diameter
spaced by 1.25 mm. The distance between anode and grid is 8 mm. The. cathode to grid
distance is 24 mm. The working gas mixture is composed of 90% argon and 10% methane (P-
10). The chamber operates at pressure of 1.16 bar (without a continuous gas flow).

The fissile targets were prepared by vacuum evaporation of B5UF, and **ThF, onto 30
pg/cm’ thick Formvar backings. The backings were covered by 15-20 pg/cm? layer of gold to
make them electrically conducting. The chamber sections N1,2 were loaded with the thorium
targets, while the uranium ones were placed into the sections N4,5. In the central section, a
calibration 2*Cf source was mounted. The targets parameters are summarized in Table.l.

Table 1. Parameters of the fissile targets.

235 232
Fissile UFs ThE, 320f
material ‘712,02 ~171 2 ~1 f/sec

pg/em pg/cm
Conduct “Au : Au- Au
or ~15 pg/em® | ~15 pg/em® | ~20 pg/em’

| Backing - Formvar 5 Formvar ) Al O3 )
~30 pg/em® | ~30 pg/em” | ~45 pg/em
Data Acquisition ! o
The data acquisition system (Fig.3) of the experimental set-up is based on two flash ADC

waveform digitizers CAEN V1721 which are used for signal processing.
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anode) were recorded for each section, so 10
burst (9 from the chamber and 1 from the -

The Model V1721 is
a VME module with 8 input channels, 8 bit and maximum sampling frequency 500 MS/s.
The on-line processing computer software is based on a ROOT package [17]. )

For the present experiment, the chamber was loaded with 3 fissile targets:
and 2Cf, Three signal waveforms (cathode + 2

signal waveforms were recorded for each neutron

flash detector). In total it was accumulated 23 thousands of fission events of 2%y and 15
thousands of fission events of ¥Th. - - R

Hv-1.25v

O

|

l

* Compulter | == - Grids

Fig.3. Data acquisition system. DU e b Pl

. "Signal Processing -~ . s o e nmic iy
A specific feature of the TOF spectrometer GNEIS 'is-its relatively high intensity. of the
neutron and gamma flash. This léads to the fact: that:each flash results: in .a-noticeable
ionization of the working ‘gas in all sections of-the :chamber.  As'a result,: the.shape’of
background pedestal of a signal is different in different sections. An example of anode signals
from each chamber section is shown in: Fig.4. To - determine ‘the amplitude and:time
characte_ristics of the digitized signals, it is necessary to find some characteristic points ‘on a
s ' : time scale (Fig.5): - SR -
(1) peak of the signal -from the .y-flash
detector — the point in time T; when proton
bunch impinges the Pb target; .
(2) the beginning of- the growth of the
cathode signal — the point in time T, when
ionization of  the working gas by fission
fragment takes place; :
(3) the end of the growth of the. cathode
WWM signal — point in time when all electrons pass
Fig. 4. Anode signals (channel width=2 ns). through thegrid; = .-+ -

RARSRRES
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- TPy Y - Flash detector
E'-E signals - the point in time Ts when first
d ':E electrons pass through the grid;
Fo , _ (5) the end of the growth of the cathode
‘.E {,,ww_% . signal — point in time T4 when all electrons
W e hididoss reach the anode.
— Channel mumber Calculation of signal characteristics:
L B Corode Tr— N * to determine the incident neutron energy by

TOF method it's necessary to calculate the

- difference between T, and Ty;

* to determine the mass and energy of the
fission fragments it's necessary to calculate
the difference between pulse- heights PH,

i
€ 200
&g '-E:
AL
T
3
.-
2 a
-
3
"

[ SO IO PO WO  BISOL ST Sy,

e g“ eI oo G e oas 4PH .
o and PHy; . .
N - : . * 1o determine the emission angle by drift-
e / time technique it's necessary to calculate the
3 /- difference between T3 and T
g :( n.w,/" -
St . L
e TR Fig. 5. Characteristic points of the signals.

rumber

Experimental data analysis

After the calculation of pulse height and time position for each signal from the chamber, the
TOF (neutron energy) and pulse height (fragment mass and energy) spectra were obtained.
The next step of the data processing procedure consisted in neutron energy and fission
fragment energy calibrations for each individual target. The - calibration implying
transformation of the TOF ‘scale into. the neutron energy scale was performed using - the
relativistic formula and locations of the neutron resonances in the total cross section of lead
(material of neutron producing target) observed as resonance dips in TOF spectra (Fig.6). The
vertical arrows indicate position of the resonances while the numbers.are resonance energies

in MeV. : : i
Calibration of the fission fragment energy
scale was carried using the well-known
alpha-particle lines of U, **Th and *’Cf.
Transformation to the energy scale was
carried out using the precision pulse
generator. At the present stage of :data
processing the pulse height defect was not
taken into account. Fission fragment kinetic
energy distributions obtained in present
measurements are given in figures below for

Neutron induced fission spectrum of **U

S e tmans - S o . .
Fig 6. Neutron time-of-flight spectrum measured’ all incident neutron energies. ~= - zmmm
with the 2°U target t

-
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Conclusion .

A multl sectlon Fnsch-gndded ionization chamber formerly used in ﬁsswn expenments ¥
qua51-monochromat1c neutron sources was adopted for measurements on a “white” neutrg !
spectrum in intermediate energy range. Beside a minor modification of the chamber itself, ;28
new data acquisition system based on the flash ADC waveform digitizer was developed. A;
new experimental set-up was tested in the measurements of fission fragment mass and kinetj,
energy distributions at the neutron TOF-spectrometer GNEIS. The results of teg
measurements carried out in the neutron energy range 1-200 MeV with 2**U and **Th targets *
are reported. ’
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Status of Pulsed Neutron Facility in Korea
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Abstract. We report on activities using a pulsed neutron facility consisting of an electron linear -
“accelerator, a water-cooled Ta target with a water moderator, and a 12 m time-of- ﬂlght path. It !
is possible to measure neutron total cross sections in the neutron energy range from 0.01 eV toa
few hundred €V by using the neutron time-of-flight method; photo-neutron cross sections can ',

* also measure by using the bremsstrahlung from the electron linac. A'.°LiZnS(Ag) glass
scintillator was used as a neutron detector. The neutron flight path from the water-cooled Ta
target to the neutron detector was 12.1 m. In this paper, we report total cross sections of Nb and/ )
also resonance parameters obtained using the SAMMY fitting program, The present results are
compared with the previous experimental results and the evaluated data in ENDF/B-VII, We*’
also report on the mass-yield distribution of fission products in the 2. 5-GeV bremsstra}ﬂung- :
induced fission of Pb and **Bi measured at the 2.5-GeV electron linac using a recoﬂ catcher
and an off-line y-ray spectrometric technique. : o

Keywords: Pulsed neutron facility, Time-of- flight method Neutron total cross-sectlon, Photo-
neutron cross section, mass-yield distribution.”
PACS: 29.87.+g, 25 60 Dz, 28 20 Ka, 29 20 Ej

INTRODUCTION ' L L
Electron linear accelerators (lmac) are bemg used throughout the world m a vanety of
-important applications. The pulsed neutron facility based on an electron linac is effective for
.measuring energy dependent cross sections with high resolution by the time-of-flight (TOF)
technique covering the energy range from thermal neutrons ‘to a’ few tens of MeV. The
measurement of neutron cross sectwns gives basic information about the mternal structure of
. atomic nuclei and their constituents. Precise measurements of neutron cross sections are of
-great importance for the safety design of nuclear reactors and for the evaluatlon of the neutron
flux density and the energy spectrum around a reactor. e
¢ The pulsed neutron facility based on a 100-MeV electron lmac was proposed in 1997 a.nd
construction was completed at the Pohang Accelerator Laboratory in 1999 {1] Its mam goal
sto provxde the mﬁ'astructure for nuclear data measurements in Korea. o
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PULSED NEUTRON FACILITY

. The pulsed neutron facility consists of an electron linac, a water-cooled Ta target, and g3
~12-m-long TOF path. The characteristics of the facility are described elsewhere [2]. The§
beam energy of the electron linac is varied from 75 MeV to 50 MeV, and the beam currents
the end of linac are in between 100 mA and 30 mA. The length of electron beam pulse is 1-
ps, and the pulse repetition rate is 10 Hz. Pulsed neutrons were produced via the 81T (ym
reaction by bombarding a metallic Ta-target with the pulsed electron beam. The estimat
neutron yield per kW of beam power is 1.9x1 0'2 n/s for electron energies above 50 MeV a
the Ta-target based on the MCNP code [3]. To maximize the thermal neutrons in this facility, :
we used a cylindrical water moderator contained in an aluminum cylinder with a wall”
thickness of 0.5 cm, a diameter of 30 cm, and a height of 30 cm. The water level in this
experiment was 3 cm above the target surface. The pulsed neutron beam was collimated to 5.
cm diameter in the middle position of the collimation system where the sample changer wag
located. The sample changer consisted of a disc with 4 holes; each hole was 8-cm in diameter,
which matched: the hole in the collimator in the neutron beam line. The sample changer was
controlled remotely by using a CAMAC module. : i

The neutron guide tubes were constructed of stainless steel with two different diameters,
15 cm and 20 cm, and were placed perpendicularly to the electron beam. The neutron
collimation system was mainly composed of H3BO;3, Pb, and Fe collimators, which" were
symmetrically tapered from a 10-cm diameter at the beginning to a 5-cm’in the middle
position where the sample was located, to an 8-cm diameter at the end of guide tube where the
neutron detector was placed. There was a 1.8-m-thick concrete wall between the target and
the detector room. "

NEUTRON TOTAL CROSS SECTION MEASUREMENT

Since the experimental procedure has been published previously [4-6], only a general
description is given here. The experimental arrangement for the transmission measurements is
shown in Fig. 1. ‘ ) :

The neutron detector was located at a distance of 12.1 m from the photo-neutron target. A

51i-ZnS (Ag) scintillator (BC702) with a diameter of 12.5 cm and a thickness of ‘1.6 cm
‘mounted on an EMI-93090 photomultiplier was used as a neutron’ detector. During the
transmission measurement, the electron linac was operated with a repetition rate of 15'Hz, a
pulse width of 1.1 ps, and the electron energy of 65 MeV. The peak current in the beam
current monitor located at the end of the second accelerator section was greater than 50 mA,
which was almost the same as that in the target. A high purity (99.99%) natural niobium (*Nb
100% abundance in nature) metal plate with a diameter of 80.11£0.01 mm and thickness of
15.04+0.03 mm was used as a transmission sample. The main impurities of this sample were
Ta (<0.1%), O (<0.06%), N (<0.04%), and C (<0.02%). A set of notch filters of Co, In, and
© Cd plates was used for the background measurement and the energy calibration. The
configuration of the data acquisition system used in this measurement is also shown in Fig. 1
and details of this are described elsewhere [4]. B
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FIGURE 1. Configuratlonof ‘ggpéﬁvn;emg"l setup and data acquisition systein.l‘ :

The neutron total cross’section is ‘determined by measuring the transmitted neutrons
through a known amount of sample and comparing this with the transmitted neutrons without
sample. The accumulated neutron TOF- spectrum for the open beam operation and for the
transmission spectra of the natural Nb sample are shown in Fig. 2, together with the estimated
background level, which is indicated by a solid line. -+~ - =
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FIGURE 2. Neutron TOF spectra for the sample-in and for the sample out of 15-mm Nb, together

with the estimated background level indicated as a solid line. - . .. : e

0 N
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The total neutron cross sections for natural Nb were obtamed in the neutron energy rang 3
from 0.05 to 300 eV assuming that numbers of count in‘each energy group ‘are uniformiy§
distributed. The overall statistical errors for the measured total cross sections ranged from 593
to -25%, - depending on the neutron energy. The systematlc uncertainties came -from the
following sources: uncertainties from the flight-path measurements (2.0%), the background '
estimation (0.04%), the sample thickness (2.6%), and the dead time, the normalization; etg
(2.0%). Thus, the total systematic error of the present measurement is about 3.8%.

The measured total cross sections are generally in good agreement with other existing daty” 1
[7-10] and with ENDF/B-VIL0 [11] and JENDL 3.3 [12] evaluated data assuming 300 K fol»
Doppler broadening, as shown in Fig. 3.

10
@) o Preseatwork > 198IM.AZD
; = 1958V.EPliche . & 1970 M. R Serpa
] --=- JENDL33 ENDF/B-VILO

) . ® Presentwork
¢ 1965 KK Seth = 1955 VI. Pilche
154 == JENDL-33 =~ ENDF/B-VIL0

®  Present work

v . 1968 K.K. Seth .

= 1958 V.E. Pilche
=-=+ JENDL33
—— ENDF/B-VILO

Neutron Total Cross Section (mb)

8 120 160 200 240 280
Neutron Energy [eV]

FIGURE 3. Measured total neutron cross sections for 'Nb compared
with previous experimental and evaluated data.

The data measured by M. Adib et al. [7] in the energy region from 0.00232 to 2.2461 ¢V
are lower than present results. The data from M. R. Serpa [8] are almost similar to that of the
present values in the energy region from 0.14 to 2.1 €V, but his results in the neutron energy
below 0.14 eV are different from the present ’results and other measurements. The data
measured by V. E. Pilcher at al. [9] are higher than the present results at energies from 3 03 to
9.47eV and 29.2 to 299.7 eV, respectively.

K.-K. Seth et al. [10] measured the total cross sections from 47.1 to 166.9 eV a.nd their
results are in general good agreement with the present results. The present results are in
general good agreement with the evaluated data from ENDF/B-VII 0 [11] but slightly lo lowef

= than those of JENDL 3.3 [12]7= 7 =7~ === === - S

. We fitted the transmission of the natural Nb sample-with the SAMMY code [13] to obtain
resonance parameters of each resonance peak in the neutron energy region from 10 to 280 €V,
as shown in the Fig. 4.
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FIGURE 4. Measu.red transmission of Nb v was ﬁtted w1th the SAMMY code

MASS-YIELD DISTRIBUTION OF FISSION PRODUCTS

The mass- y1eld distribution of fission products in the 2.5-GeV bremsstra.hlung-mduced
fission of ™Pb and **Bi has been measured by using a recoil catcher and an off-line y-ray
spectrometric technique. The experiment was carried out at the 10° beam line of the 2.5 GeV
electron linac of the PAL. The details on the experiment are given elsewhere [14,15]. The
bremsstrahlung was produced when a pulsed ¢lectron beam hit a tungsten (W) target with a
size of 5 cm x 5 cm and a thickness of 1'mm. The W target was located at 38,5 cm from the
electron exit window. The "'Pb metal f01l of 0.5 mm thick and 25 cm? area (12,417 g) and the
Bi metal foil of 3 mm thick and 25 cm’ area (74.417 g ) were wrapped with 0.025 mm thick
aluminum foil with purity more than 99.99%. Each sample was fixed on a stand in air at 24
em from the W-target and positioned at 0° with respect to the direction of the electron beam.
Each sample was .irradiated for 4-7 hours with the end 'point energy of 2.5-GeV'
bremsstrahlung. The irradiated target assembly was cooled for 2 hours. The aluminum catcher
and the lead or the bismuth foil were taken out from the irradiated assembly and’ were
mounted separately on two different Perspex (acrylic glass, 1.5 mm thick) plates. The Perspex
plate with an Al catcher contains primarily fission products together with reaction products
from the Al catcher itself. The other Perspex ‘plate “with an irradiated Pb (Bi) metal foil
contains fission products and significant (y,xn) reaction products from the lead (blsmuth) foil
with high y-ray intensity, .

The y-ray activities from ﬁss1on and reaction products were measured using an energy- and
efficiency-calibrated HPGe detector coupled to a PC-based 4K-channel analyzer. The HPGe
detector with 20% efficiency was a p-type coaxial CANBERRA detector of 7.62 cm diameter
x 7.62 cm length. The y-ray spectrum was obtained by usmg a program Gamma Vision 5 0
(EG&G Ortec).

The data analysis was done primarily from the y-ray spectrum of the fission products of the

" Al catcher to avoid difficulties of efficiency calibration for low energy y-rai's in the thick lead

or bismuth foil. The details on the data analysis are given elsewhere [14,15]. The absolute

Cumulative yields of the various fission products as a functlon of the mass number:for the 2:5-==--
- GeV bremsstrahlung-induced fission of “*Pb and *®Bi are plotted in Fig. 5. We do not

consider the charge distribution corrections on the cumulative yields because_of the closeness
of the fission products to the beta stability line. The yields of fission products are fitted with a
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Gaussian curve to obtain the mean mass and the FWHM of the mass-yield distribution. Thg#
mean mass and the FWHM of the mass-yield distribution for the photo-fission of ™'Pb andgy
2095 at 2.5-GeV bremsstrahlung are 9420.5 and 55.0+2.0 mass units, and 95.0+0.5 .
51.0£2.0 mass units, respectively. The mean: mass and the FWHM of the mass-yi
distribution in the bremsstrahlung-induced fission of "Pb and 209B] at various energies a
iven in Table 1 and also plotted in Fig. 6. It can'be seen from Fig. 6 that for both ™Pb ang
®B;i the FWHM of the mass-yield distribution increases with increasing bremsstrahlung
energy. On the other hand, the mean mass of the mass-yield distribution decreases with
increasing bremsstrahlung energy. These phenomena are due to the increase of the multj.

104

nucleon emissionand due to the increase of the multi-nucleon emission and the multi-chance § 1004
of fission probability with increasing excitation energy. =
: o g 9%
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3 'g o rwamezs i . lg <A>=102.5, FWHM=23.0 - polynomial fitting for the data points listed in Table 1. - SRR
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FIGURE 5. Measured yields of fission products (%) from the photo-fission of *'Pb and “"Bi as a " 25000 05.0+0.5 51.0£2.0
' function of the mass number. The line indicates the fitting for the measured data points )
. <A> and FWHM are the mean mass number and the full-width at half-maximum of the © ~
mass-yield distribution. S e e I DISCUSSIONAND SUMMARY
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The Pohang pulsed neutron facility based on an electron linac was constructed for nuclear
data measurements in Korea. This paper has ’presen’tgd neutron total cross-sections and
Tesonance parameters for "Nb in the neutron energy region from 0.01 €V to 300 eV. These

.Cross sections and resonance parameters are in general consistent with other measured results

and the evaluated data. We have also presented the mass-yield distributions of fission

Products of ™Pb and 2Bi with bremsstrahlung energies of 50-70 MeV and 2.5 GeV. It was

found that the mean mass of the mass yield distribution of the fission products decreases with
!he increasing bremsstrahlung energy. However, the FWHM of the mass yield distribution
Icreases with the increasing bremsstrahlung energy.
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CORRELATED MULTI-PARTICLE DETECTION WITH FOUR
PIXEL DETECTORS TIMEPIX L
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UInstitute of Experimental and Applied Physics, Czech Technical University -~
’ " in Prague, Czech Republic . = *: i o o o
Faculty of Electrical Engineering, University of West Bohemia, Pilsen, Czech Republic:
Abstract . : B TR TN )
An integrated coincidence system for multi-particle detection has been built to validate the
coincidence detection and synchronize the readout of several pixel detectors. A system of two
and also four detectors was built for measurements of angular correlations of rare fragments
in ternary and quaternary fission which are detected in coinc¢idence with the binary fragments.
The pixel detectors are operated with the readout interface FITPix which ‘provide power,
control and DAQ." FITPix provides in addition signal communication ports and extended
operability for the pixel detectors and the Timepix device (such as widely adjustable internal
clock, external clock, clock gating, etc.), enables advanced.triggering and high frame rate (up
to 40 fps). The whole measurement can be triggered by a single event. An integrated analog
spectrometer based on the USB 1.1.2 readout interface equipped with devoted module is used
to provide a trigger from the common sensor signal of one pixel detector. The coincidence
unit then monitors, validates and synchronizes the readout of the digital data. All operation
and DAQ are managed by the modular software package Pixelman. The whole system can-
operate in vacuum and can be configured and extended into more detectors for a wide range
of particle coincidence physics experiments. ’ ' : :
Introduction = ‘

Semiconductor pixel detectors of the Medipix type [1] show great potential for precise studies
of fission [2]. These devices provide more complete spectrometric information on different
types of particles such as the position of single particles with pm resolution. The Timepix
device . [3] allows registering” in -addition the" deposited energy ‘and the particle time ‘of
interaction’ per. pixel. The .physics aim of this program is the detection of rare fission
fragments in coincidence with the binary fragments and the measurement of their angular
spatial distributions [4]. e ’ AR B

The pixel detector Timepix

The Timepix detector [3] is composed of a semiconductor integrated chip and a sensor. The
chip is divided into a matrix of 65.536 pixels (array.of 256 x 256, pixels of 55 pm pitch).
Sensors can be provided from different semiconductor material (Si, GaAs, CdTe) and also
thickness of (300,700, 1000 pm). The principle of detection of ionizing radiation is based on
the PN junction, which is connected in reverse. bias. Under. the sensor is placed the ASIC
integrated circuit by bump-bonds.. The. ASIC. contains for each pixel an electronic circuit
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composed: of analog and:digital' parts. The analog section-contains the amplifier and

comparator. The .comparator threshold can be set by a DAC in each pixel individually. When ; - g . .
the energy deposnted in the pixel is greater than the preset threshold value, the comparator : . : : : == Trigger In #1, Busy #1
generates a pulse in the digital part. The digital section includes a processing unit for pulse ‘ - B
synchronization with unit clock signal and a 14-bit counter. The digital unit can operate in one . g o : :

of three modes. The first mode is the time over threshold (TOT) mode which measures the . L g v Triggerin #2, Busy 42
energy deposited in the pixel. The second mode is the time of arrival (Timepix) mode which Trigger Out {1,2,3,4] . H : ’
measures the particle time of interaction (arrival time). The third mode is the counting (or
Medipix) mode in which the counter counts the number of particles crossing the threshold in
the given pixel within a period of time. The counter can also work as a shift register. This
mode is used when reading data from the detector. In each column there are shift registers
connected to a 3584-bit shift register which is connected to a Fast Shift Register (FSR). FSR
is part of the digital interface used to configure the detector, data reading and control. Reading
of the data is possible via a serial interface that uses the LVDS voltage standard. The second
option is to use 32-bit gate, which uses the CMOS standard The maximum readmg frequency
for the whole chlpboard is 100MHz.

Trigger In #4, Busy #4

Peccsscansssanace

The FITPix readout inferface v o .

FITPix [5] is a new control and DAQ mterface for the Medipix type pixel detectors. The

interface is based on a FPGA which is located in the digital system. The firmware can be

divided into two parts. The first part is responsible for communicating with the PC. The

second part devotes to the full operation of pixel detector. The device and the illustration of .
the architecture are shown-in Fig. 1. Currently there are several types of communication.
standards supported (USB 2.0, Spacewire, RS-232). FITPix reaches up to 90 frames-per

second which corresponds to a data flow of 90 Mbit/s. The interface can be synchronized via

an external port with other devices. This allows comcrdence measurements for multl-partlcle

detection. : i

ll . TriggarIN -
FromU5B1.0

Voltage f
for ADC and DAC || BRI

Figure 1: Architecture of FITPix (a) and the assembled interface (b) with dimensions 45 mm % 66 mm PeWer .
consumption is 2.5 W. The interface can operate in vacuum. Figure taken from Ref. [5]
<R . N : : .

Coincidence module: multi-detector DAQ validation and synchronization .
. S : Figure 3: Coincidence module connected to one USB 1.0 interface (provides trigger) and four FITPix interfaces -

In order to monitor and validate the operation as well as synchronize the data readout of- (take trigger). The readout interfaces appear in the background partially hidden.
several detectors run in coincidence, an integrated synchronization master unit (coincidence o s N R FE

module) was constructed. The layout of the module architecture is shown in Fig. 2. ‘ SR R L I

P
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The module connected to one USB 1.0 interface, which produces- the trigger in signal, and
four FITPix interfaces, whichreceive the trigger start signal, is shown in Fig. 3. The block
diagram of the assembled coincidence system for multi-particle detection is shown in Fig. 4.

Figure 4: Block diagram of coincidence system for rnultiepartrcle detection validated and synchromzed by the
constmcted comcrdence module In the figure all detectors are equlpped with devoted analog specl‘rometrlc
. modules. -

Each FITPix is assigned with a'sync port equipped with several signals' trigger in, busy, out
trigger. The coincidence module picks up for example the busy signal from all the interfaces.
As long as there remains at least one busy signal: classified as active, the coincidence unit
ignores the trigger signal from the analog Spectrometer (trigger) and the data frames are not
readout The scheme of the srgnal ﬂow in the corncidence module is shown i in Frg 5.

Ext Tngger \' ' / EE k
Busy #17 "\ IR EE

“Busy #27 \- R — ;
Busy #3° L : SSAY R
Busy #4 \ ' _ | Er—

Start Meas for Fltplxes
Flgure 5: Scheme of signal flow in tiie‘coincidence module for the setup in Fig. 4.~ : .

Signals from the coincidence unit are linked to the FITPix interfaces via external digital port

which is designed to synchronize multiple devices. A busy signal indicates that the given.

interface is ready and able to handle/receive the external trigger. The unit verifies that all

devices are ready in which case passes on any exteral trigger signal coming and the
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measurement can start. A trigger out signal is fed into the interfaces and validates the
measurements. The maximum inaccuracy, given by two periods in the dual sampling, is 20 ns
(for a.100 MHz frequency is the coincidence unit). Thanks to the structural design of gate
array ﬁrmware it is easy to add more channels into the coincidence ‘unit and prec1sely
synchronize an arbitrary number of FI'I'P1x mterfaces (lnmted only by the number of pins in
the FPGA). D : ,

Measurement of fission fragments in coincidence

The module was tested on-a-setup consisting of four pixel detectors, each controlled by
separate FITPix interface, and one USB 1.0 interface, housing the analog spectrometric

module connected to one sensor for common trigger (setup shown in Fig. 6). The detection of
three particles in coincidence is shown in Fig. 7. The setup equipped with the module run

continuously for several days providing full synchronization of DAQ readout for all devices.

Figure 6: Experimental setup for coincidence detection of fission fragments consisting of four pixel detectors '
(two Timepix and two Medipix2) devices each controlled by separate FITPlx mterface See block layout in

Fig. 4.
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Figure 7: Detection of three pamcles in coincidence for the setup shown in Frg 6. Frame acqutsmon started by
tngger (generated by detector TPX 106) and frame exposure t1me 100 ps.
Conclusions

The coincidence module was developed for precise synchromzatron of four FITPix-run pixel
detectors for the purpose of experiments on correlated detection of fission fragments. While
the FITPix interfaces are controlled by the software package Pixelman, which controls. the
data acquisition, but cannot_ guarantee a smooth -and fully synchronized - readout for ‘all
detectors. The - constructed : coincidence - module “enables accurate synchronization ® and
maximizes the number ‘of data readout rate reaching up to frames per second for. four pixel
detectors. This gain significantly reduces dead time and eases the offline data. evaluatron
Successful operation of the module was demonstrated with measurements on a spontaneous
fission source. Nearly forty million data frames were readout from up to four detectors during
two weeks with full synchromzatlon won
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ON THE POSSIBILITY TO INCREASE A NEUTRON BEAM FLUX
OF IREN
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Abstract

A system of the neutron generating IREN target circled with beryllium cylinder of 11 -
41 cm thickness is considered. A sizeable (n,2n) cross section for beryllium, which has a
value about 0.6 b at 4 —10 MeV neutrons energies, can increase a neutron flux of IREN
experimental beams, if real neutron spectrum from source has essential part of fast neutrons,
Using GEANT and FLUKA codes the neutron yield and time distribution of neutron in W-Be
source were estimated.

-

There is a paradox, which appear on application of the electron accelerator with a
neutron-produced target for time-of-flight neutron spectrometry: if the energy of the
accelerated electrons reaches or exceeds 30 MeV, the neutron intensity becomes proportional
to the electron beam power. In this case it is possible to double the intensity at the facility like
IREN due to ones more accelerating section only. And the additional section must duplicate
all the parameters of functioning one, what practically demands the funds redoubling. That is
why we were interested in the possibility to increase the neutron source intensity for the time-
of-flight investigations without using the additional accelerator equipment. '

The influence of a beryllium block, which is situated around the tungsten (or uranium-
238) bremsstrahlung target, on the neutron source characteristics is considered below.
Beryllium has a visible cross section of reaction (n,2n) for fast neutrons and slight scattering
cross section at negligible capture.

Using the well-known programs GEANT and FLUKA for different configurations of
the target and beryllium block relative position the calculations were made to evaluate 2
change of neutron yield from the combined source and a flux of resonance neutrons at a
required flight path. The cross sections of (n,2n) reaction and of the elastic scattering for Be
are presented in Fig.1.

The effect of increasing the number of neutrons after their passing through Be layer
with the thickness L can be counted up as:

L
(o}
N =N, +N, [lexp(-no,x)n o’,dx];_—’z" = Ny(1+4),
0

t

p=222001 " exp(-no,L)]
g,

t
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‘Inacaseof L>10-cmofBe u= ;:2" , and for neutron energies more than 4 MeV: ¢ =1/2.
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Fig.1. The cross sections of (n,2n) reaction (upper p1cture)and of the elast1c
scattering for Be( lower plcture)

Thus, one can expect the neutron mten51ty mcrease in 1.5 times. ~The calculatrons with a Be
ball with point neutron source in the center of 5 MeV energy 1s demonstrated m F1g 2 and

il
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Relative dN/dE

shows that there is the 1.5 multiple neutron intensity increasing if the diameter of Be ball is 20
cm.

neutron current from Be ball with radius R

1,6
] No/Ni =ratio of outgoing neutrons to initial one
1,54 s %0 En=5 MeV
] o o
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Fig.2. FLUKA calculations of dependency of the fieutron yield per incident
neutron with energy 5 MeV from the Be ball radius.

For our task solving it is important to know the neutron spectrum from the
bremsstrahlung target. The postirradiation neutrons spectra calculated by FLUKA u GEANT
programs at electron energles 30 and 50 MeV are presented in Fig, 3.

: H——20cm
2R=11. 21\ 31\ 41cm
2r—1cm

- h=4cm .
a=2cm’

Fig.4. The source construction for demonstrated calculations.

The calculations were carried out using GEANT for tungsten target (in version of cylinder
with 1 em diameter and height L=4cm) inside of beryllium cylinder of different diameters and
20 cm height and for two energies of incident electrons. Two variants of the calculations were
carried out: for air-filled cylinder and for beryllium cylinder of the same sizes.

' Table 1. o B
Neutron yields per 1 electron obtained by GEANT. -

Cylinder diameter
3 20e10° GEANT 4.04.2011 Neutron spectra (in 4n) 11 cm l 21 cem - ' 31 cm l 41 cm
o ErTiomev.damof wetom) | 1Y Points- W &=40 mm L=40 mm ~_Electron energy 30 MeV i
© EesSOMev.giamofW=tcm | | y’;% Cuves= W esI0mm L=40mn Air 0.00648 | 0.00642 [ 0.00647 | 0.00640
e, damofieem | | vao'd :2 i Yield in 47 0.0064" | 0.0063° | 0.0062°
" g . Be 0.00728 0.00760 | 0.00779 -| 0.00767
woord {4  soey ) Ratio Be/Air .12 | 118 | 1.20 1.20
i Yield from Air 0.00575 0.00452" '} 0.00362 | 0.00289
N cylinder side Be 0.00662 0.00514 | 0.00343 0.00200
W aridor Lo oX05 eMTZ | sartoS ‘ Ratio B&/Air 115, | L4 095 | 069
4‘“;.__% without moderator Electron energy 50 MeV N ) S .
“%uﬁf“exam . 00 = Airt' 00139_‘ 00139 ., 1.0.0139° | .0.0139,
1000 2000 3000 4000 5000 ° Yield in 47 L 0.0128 | T S
E keV Be 0.0159 | -0.0166 -] 0.0167 [: 0.0167 -:
. Ratio Be/Air 1.14 1.19 1.20 1.20
Fig.3. Neutron spectrums in W target calculated by FLUKA (left picture) and Yield from Air 0.0123 0.00983 { 0.00776 1. -0.00631
GEANT (right picture). cylinder side __Be. .| . 0.0145.| 00112+ | 0.00738 | 0.00440
Ratlo Be/Alr 1 18 1 14 10095 5070

Unfortunately, these two programs bring out not the same spectra, and the results of
_completed calculations are different. Namely, FLUKA calculations does not give an increast
of neutron yield when W target is surrounded by Be, whereas GEANT does it. In Table !

there are the results of GEANT calculations for the compound W-Be target, which is show?
in Flg 4.
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- earmarked vaIues were obtamea' by FLUKA program
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It is srgmﬁcant that there are little experimental data about photoneutron spectra:in the
literature. There is information that maximums of photoneutron spectra for wide nuclg
diapason are located at the same energies 1 — 3 MeV. There are also experimental daty
measured at 30 MeV electron accelerator in Toronto [1], where photoneutron spectrum for py,
have a maximum at 2 MeV and sizeable tail of fast neutrons up to 6 MeV. And there is g
experience of forming the medical beams of fast neutrons too [2]..

Thus, our expectations of increasing the neutron yield from source by placing the
target inside of Be block did not find an undoubted confirmation. To clear up this question j;
is necessary to carry out measurements at the target of IREN facility putting it into Be block.

The calculations presented in Fig.5 shows that apprehensions about possible time
delay of neutrons because of their moving through beryllium (and as a result essentig)
broadening of produced neutron pulse) can be found unfounded, as calculated broadening of
pulse is not more than 200 ns.

0,0015

o
8
S
1

0,0005

Netrons per 1 electron

0,0000

0 100 200 300 400 500 600 700 800 800 4000
‘ Delay time ns Lo
Fig.5. Time delay distribution for neutron moved in beryllrum (diameters of Be
cylinder are 21 and 41 cm). :

. In, conclusion we wonder to note two important aspects, which follow from'our
executed calculations: 1) making the W target length longer than 4cm does not increase
neutron yield; 2) extension of target ‘cylinder diameter from 1 cm to 4 cm (diameter of
incident electron beam is less than 1 cm) augments the neutron yield ~ 1.5 times for electron
energies 30 and 50 MeV alike. First result corresponds to conclusion of [3], and the second
one contradicts to deductions of this paper.
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MULTIINPUT ENCODER FOR RECORDING SPECTRA OF
SCATTERED NEUTRONS USING TIME OF-FLIGHT METHOD

Shvetsov V. N , Alpatov S. V , Astahova N V » Gundorin N A.!, Enik T L.5, !
Mitsyna L.V.! Prkelner LB. Popov AB! Salamatm ILM.! Salamatm KM 4
Samosvat G. S Sedyshev P V.}, Sirotin A. P !

'FLNP, JINR, Dubna Russza 281144, Dubna Russia; * SII “Atoll”, Dubna, Russia;
*“Dubna” University, Dubna, Russia s

INTRODICTION
Because of putting into operation of the new neutron source IREN ona base of linear

accelerator the conditions of experrrnentatron changed essentrally The short path is used for
time-of flight experiments, the new electronics for spectra regrstratron with a narrow channel
width and conforming to this soﬁware‘are worked: up. In this »yor’kh the hard:ware-soﬁware
system for trme-of -flight spectra recordmg is described, wh1ch is mtended for mvestrgatron
of IREN charactenstlcs, of new detectors, and also for executron of the precrse expenments
in new conditions, specrﬁcally, in the expemnent for obtalmng the n e-scattermg length b,
with the accuracy 2%. ‘ , ol ;

Thereto it 1s proposed to ‘use the new 8 charmel time encoder in the precise
experiment for measuring the angular anrsotropy of neutrons scattered by noble gases in
energy region .from a few meV up to 1 eV with use of time-of- ﬂlght method This time
encoder connected to the computer USB-2- port will reg1ster srgnals from four neutron
detectors and two monitor counters, which control a relatrve neutron ﬂux in the beam. The
program was developed to realize mterchange of detectors posmons at adjusted parameters,
exposition in each of positions and 1nformatron reservatron ing spectrums (for each *He-
counter in two positions). The control of data storage stabrlrty relative to monitor readrng is
provided by this program, and handy v1sualrzat10n of cuxrent and collected lnformatron is

also realized by it.

1. TIME ENCODER DESCRIPTION

=== The device was made on a bas¢” of discrété” logrc programmable logrcal mtegral circuitry -

- Xilinx of Spartan3E series and mrcrocontroller Cypress of FX2LP series. A functional

scheme of the time encoder was shown in Frg L. L s
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Fig.1. Functional scheme of the time coder

Safeguards - were destined to set amplitude limits of voltage and . current pulses
pl-oduced by static electricity discharge and by static of powerful electromagnetic sources.
Level of limitation is determined under permissible parameters of scheme elements. The
level converters transform an output NIM-CAMAC signal of neutron detectors into LV-TTL
standard needed for device operating. A driving generator produces a signal with frequency
of 100 MHz, which is used for clocking (synchror’lization) of all another scheme elements
working. Device realizes a detachment of entry pulses fronts (of detector and START pulses)
and forms the control signals for a given time moment. The START entry is additionally.

blocked at a short time (1000 mks) after pulse coming, what. guarantee higher stability, of

device working in conditions of powerful electromagnetic static.

P

FIFO 256 of pulses

Serial
cyclic
gather

Fig.2. Internal buffers FIFO structure , - : R

The time counter cleared and increment of START signal counter is made, when the-
START pulse come. The value of the time counter is increased every 10 (or 100) ns and “is
freezed” on reaching a maximal count. The increment frequency of this counter determines a
discontinuity of measurement and maximal time of signal entrance from detector relative to
the START one. Each detector pulse produces an increment- of corresponding counter of
detector pulses, and information about the pulse (current value of time counter and detector
umber 0....7) is stored to the certain buffer FIFO. If the buffer is overflowed a pulses count
is continued without recording of information right up to buffer deallocation (at least partial).
Ablocking of all detector entry for a given time from the beginning of time window (START
Pulse appearance) is realized with use of time channel number comparator. -

In the parameter registers there is information about parameters of the. current
Measurement run: '

recording process status, and the state of detector buffers FIFO;
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* desired number of START signals (time windows) for control of recording continuance; .
= period of time counter increment (10 or 100 ns); - '
= duration of blocking the intervals of detector entrances.

A control module coordinates a synchronous work of scheme elements. An emulatop
of detector and START pulses may be used for calibration and.testing. It works irrespective
of the rest part of scheme producing pulses of 20 ns duration with periods 10, 485, 760 for
detector signals and 10, 485, 740 ns for START pulses. These pulses are converted to
physical levels of standard N‘IM-CAMAC. Microcontroller impléments the next functions:

e data moving from the detector buffers FIFO to inside binary buffer FIFO USB;

¢ data communications through USB; ’

- alignment up to transferable data volume (divisible by buffers length),

e receiving and fulf Iment of usb-command;

o transfer of 1nforrnatron about state of recordmg process and of detectors buffers FIFO by
USB interface.

2. TECHNICAL PARAMETERS OF THE TIME ENCODER

* The number of independent detector entries o . 8
* Signal standard “NIM-CAMAC (16 mA)
* Minimal duration and interval between detector pulses 10 s
* Minimal width (discontinuity) of time channel 10/ 100 ns
= Number of pulse time channel 0...22"1
* Maximal working duration of the time window 20/ 200 mc
* Summary number of pulses over each channel 0..:2%-1
= Allowable intensity of recorded pulses; v
o average total count over all detectors 8*10° pulse/s
o  average count at each detector 9*10° pulse/s
o  peak “ momentary” total count over all detectors 4096 pulse
o  peak “ momentary” count at each detector 512 pulse
= Preliminary setting the number of START signals (windows) 1. 224-l
= Parameter of the data volume alignment for transfer ...215.1 byte
= Parameter of duration of entry blocking 0.. .22'-1 -chan.
= Interface USB2.0 HS
» Qverall sizes [40*¥115%35 mm
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« Power supply device ~ USB (250 mA)

3. SOFTWARE OF TOF SYSTEM

goftware of TOF system is operated by Windows and inclades:' .

" programs of driver level;
. a control program;
o program of data sorting control;

. program of data treatment;

.
o secondary service programs.

CONCLUSION e

The time- of -flight spectra obtained at 9-m path of IREN faclllty is shown in F1g 3 Neutrons
were measured by *He-counter CHM—17 The spectra cons1sts of three groups of channels
with widths 20 ns ( in channels up to 1000), 200 ns (in the channel 1nterva1 1001 - 5000) and
2000 ns (from 5001 to 8000 channel). ‘

10000?
7 : 4
1000 -

100 4

counts

r — ; - —_— 2

20I00 4000 .. 6000 ..« 8000 . "10000
 channelnumber [T
Fig. 3. Neutron spectra obtalned at 9 m path of IREN fac111ty e
Embodiment of USB- 1nterface prov1des the system w1th moblllty It can be used also

in out experiments.
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Compilation of nuclear excited states CRF
S.I. Sukhoruchkin, Z.N. Soroko, D.S. Sukhoruchkin
Petersburg Nuclear Physies Institute, 188300 Gatchina

Abstract

The contents and scientific applications of 5-volumes compiiation CRF (Com-
bined Reaction File) of excited states of all nuclei are presented.

1 Introduction

We present here the contents and some scientific applications of 5-volumes compilation
CRF (Combined Reaction File) of excited states of all nuclei prepared for vol. LB I/25
Springer (Editor H.Schopper). Volumes A,B,C,D,E contain data for nuclei with Z=1-29,
30-47, 48-60, 61-73 and 74-104. Each volume starts with a chapter in its Introduction
written by the invited author to present one of advanced methods of data measurements,

Such a chapter. of the first volume is written by A. Sukhovoy and V. Khitrov under
the title ”Capture «-ray cascade measurements in JINR (Dubna)”. It describes the main
advantages of neutron capture gamma-gamma method developed in LNF JINR by the
group of scientists headed by Yu. Yazvitsky and Yu. Popov. Parts of this chapter con-
- cern: 1) Methods of measurements; 2) Spectroscopic information from the summation
of amplitudes of coinciding pulses; 3) Construction of the -decay schemes and 4) De-
termination of the population of levels in cascade. A great number of excited states in
CRF measured at JINR is an important step forward in the nuclear spectroscopy.

A special chapters in the second and the fourth volumes written by U.Kneissl (Darm-
stadt) and E.Grosse (Dresden) are devoted to Nuclear Resonance Fluorescence method
in nuclear spectroscopy. Application of nuclear data in astrophysics is described by
P.Descouvemont (Brussels) in the chapter in the second volume. Description of the
method of neutron capture +-ray coincidence measurements is presented in the chap-
ter by I.Tomand! in the third volume. Compilation' CRF contains also data on highly
excited states of light and near-magic nuclei derived from charged-particle and neutron
resonances. In many cases it permits an additional study of few-nucleon effects.

In a special chapter of the first volume a new method of the correlation analysis of
energy levels connected with the study of nuclear tensor forces is considered. It resulted in
the selection of the interacting nuclei according to their spin-orbit orientation and seems
to be effective during the study of many nonstatistical effects. Such a new outlook on the
role of pion-exchange dynamics is based on observations by J.Schiffer et al. and T.Otsuks
(1] on a stable character of excitation due to meson-exchange interaction of nucleons.

Data in CRF are presented in tables whose format is analogous to that in the work
by P.Endt. In tables each horizontal line belongs to one state. The line starts with the
excitation and spin. We show here in Tables only isotopes with number of levels >100.

It was suggested by S.Devons [2] that exactly measured nuclear excitations can show
effects connected with the nucleon structure. Nucleon mass splitting §my=1293.3 keV is
definitely one of nucleon low-energy parameters. Presence of excitations equal or rational
to the value dry [3-6] (called "tuning effect”) is considered here. :
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2 Method of the analysis of spacing distributions

Linear increase of 7/2% excitations (a slope of 161 keV per neutron pair in Sb-isotopes)
observed by J.Schiffer and T.Otsuka can be considered together with the observed sta-
ble character of valence neutron excitations in !°41%Sy (the same Sn core). The ex-
citations which coincide within 1-2 keV are 1/3 of the stable interval D=512 keV in
979%Pd (again N=51) and 1/6 of the parameter £,=1022 keV=2m, corresponding to the.
spin-flip effect in 1B [5]. Parameter. D=161 keV from the linear shift in excitations of
123-1338b is 1/8 of the nucleon mass difference Smy=1293.3 keV [3-6]. Two parameters
D=170 keV=¢,/6 (E* in '%11%8n) and D=161 keV=Fmy/8 together with a stable inter-
val 2x161 keV+170 keV=492 keV observed in the independent D-distributions of many
nuclei were fixed.- These systems were used .in the analysis.of spacing distributions’of
other nuclei collected in all five volumes of CRF-compilation.. The distribution of ob-
served numbers of isotopes (of elements Z) where stable intervals with values nx 161 keV,:
n'x170 keV and n” x492 keV (n,n',n"=1/2,1,2 etc.) were observed is shown in Fig. 1. Ten:
regions corresponding to the local maxima in Fig.1 can be noticed: Z=9-11,'19-22,°29-30,
38-39, 45-47, 50-52, 64, 68-69, 76-78, 82. The region Z=50-52 corresponds to discussed by
T.Otsuka effects.due to pion-exchange dynamics in nuclei around large neutron v1hy, .
subshell. The region Z=76-82 corresponds to large proton.w1hyy/; subshell. Analysis of -
data is given in [7,8]. Each nucleus where parts of the above mentioned systems of periods.
where found corresponds to the input An=1 in the distribution in Fig.1. . v

22— B30 250,51,52 : 2z

21 . R i

18 4

16 4

RCTHT

Ze 46 60 68 727678

0'I'l'l'l'l'l'l'I:‘;"‘Ia!ﬁ.*}*§
0 10 20 30-°49 50 6 70 807 90 100 "110°

Fig. 1 Distribution of numbers of isoto;)és where stable intervals with values nx161 kev,'
X170 keV and n” x492 keV (n,0’,n"=1/2,1,2 etc.) - were found in the analysis of data in CRF.:
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3 Analysis of data for nuclei with Z=5-47

Strong interactions between nucleons are described in a good approximation by an ex.
change of mesons — hadrons consisting of a quark and an antiquark. Nucleons themselveg ::
are hadrons consisting of three so-called constituent quarks. The pions (J=0") and p.

mesons (J=17) are the main participants of the interaction. In Fig.2 (left) regions of
nucleon interaction are marked: one- and two-pion exchange and the hard core. In'the
hadronic phase at low temperatures and densities the quarks and gluons (vector: fields
acting between quarks) are confined in color singlet the composites with almost massless
up and down quarks. The progress in the theory is connected with QCD-calculations
which include gluon-quark-dressing effect [9,10]. Together with Constituent Quark Model
and further development of the Standard Model it forms a solid base for nuclear physics,
T.Otsuka showed [1] that nuclear tensor forces are responsible for the observed sys-
tematic shift of energies of states in many nuclei. Fig.2 (right) represents an illustration
how the tensor forces work for two interacting nucleons situated on two orbits j and j'.
T.Otsuka noticed that "using notations js. = !+ 1/2 and jo = Il — 1/2, where [ is the
orbital angular momentum, one can see that in the former case the spin and orbital mo-
“mentum are parallel, whereas in the latter they are opposite. The tensor force is acting
only if spins of two nucleons are parallel coupled to the total S=1 (like in the deuteron).
Spins can be fixed as being ”up”, but the orbital motion can be in either way. " If two
nucleons are in orbits j¢ and j4 they are moving in opposite directions (marked ”a”),
the relative momentum at nucleon collision is high, ... the tensor force works attractively.
If two nucleons are in orbit j, and j, they are moving together (marked ”b”) and the
tensor force works repulsively. The tensor force changes the single-particle energy de-
pending on the numbers of nucleons in other orbitals and it becomes evident once the
systematic behavior over the long isotope chain is obtained”. The clear example of the
tensor interaction were given in [1], namely, between states 1gz2 (j<) and lhuye (5>)
in the A=100-130 region. Exact integer ratios between observed excitations in series of
nuclei with one valence proton (Z=>51 in Sb) and different number of pairs of neutrons in
the large subshell was an indication of very simple internucleon dynamics.

T | m i I
il ! E
I 2 R .
a . o '
] o (a} (b}
z | \ P 0 C ‘D’
N . N
pio.
nk exchange I J A
datancs
NXN 4 spin Owove tunction of relative mation

Fig.2 left: Hierarchy of scales governing the NN interaction: the distance r is given in units of
the pion Compton wavelength, p~! ~1.4 fm. right:. Illustration of tensor forces acting between
two nucleons on orbits j and j’. Notations <, > mark spin/orbital-momentum orientation [11]~
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sble 1. Numbers of states in compound nuclei 4Z with Z<29 contained incompilation
CRF (I/25A).. The ratio shows number of states in the book and in the Supplement

=72 N,,/N, AZ. Nu/N, Az Ny/N, - AZ N,,/N A7 N.,/N
Tp 2/100 ST 104/105 *3Ca 5/243 sy 206/580 %6Co . 115/116
18F  433/433 328 5/322. *Ca 5/161 %2V 123/1202.57Co 41/842
WF  43/238 %S 366/400 “Ca 167/168 %Cr -189/189 58Co 354/354.
2F  6/170 S  38/295 *Ca 139/139 ¥Cr - 162/162 . %°Co- 6/354
WNe 250/251 %S  4/139 .. *3Ca 242/251 SCr 270/652.  %Co  1/1124..
ANe 66/173 *Cl 36/263 *Sc 3/200  *2Cr 68/311  ®'Co 4/120
2Ne 63/152 Cl 23/328 *2Sc 158/159 %3Cr .61/518 - *°Ni- 95/102 -
2Na 7/214 ®Cl 9/397 “Sc 111/476 **Cr 139/267 -5'Ni- 31/197
BNa 215/324 ¥Cl 63/524 *Sc 31/137 %Cr. 54/453 . 5®Ni  518/519 .
#Na 150/339 *°Cl 48/178 “5Sc 629/1390 °!'Mn. 57/544  5°Ni. 630/2316 ..
2Mg 83/116 Ar 21/288 4°Sc 8/452  *Mn 357/1127 ®Ni 314/314
uMg 184/331 FAr 13/105 'Sc 148/429 ‘Mn 98/436  °INi . 480/2694
®Mg 129/195 38Ar 777/777 “8Sc 20/104- *Mn 55/520  ®Ni' 8/1837
BMg 52/343 PAr 114/114 .4°Sc 214/322 *Mn 265/435° %Ni~8/182"
BA] 3/248 OAr 22/216 “Ti 119/141 *'Mn 91/101 - *Ni 110/110
Al 15/386 “'Ar 106/438 °Ti 294/448 S2Fe 47/101 - %Ni .169/169
8A] 1227525 ®K 103/103 #Ti 214/324 %*Fe 108/108 Cu 117/117
7g)  62/133  ¥K  234/235 ‘°Ti 293/405 S‘Fe 237/237 *Cu 102/583
BG 17/344 WK 9/305 °Ti 186/201 - *Fe 184/1080.°'Cu 152/859
g 5/359 YK 262/460 ®Ti 263/263 *Fe 311/384  ®Cu 147/147 -
05 170/248 K 6/453 47V 122/402 °"Fe 5/1420 . %Cu 7/589
0P 156/156 ©Ca 72/620 *°V  100/207 . ®Fe ~157/311 %‘Cu 11/762
Bp  158/530 4'Ca 1/507 4V 193/1431 ®Fe 25/185 . ®Cu 273/273
2p  2/496 “2Ca 9/590 °V 292/292 %Co 485/485 %Cu 124/570
. 1keV o

E“’T ‘ .-zw129
0 144 4 ) o
212-] [ )
'Ew-
o 8 Al
B 5? | ‘ l ’ Il :
g \’ | ! l };‘ i ] o
41 ‘u!' llx il il i ki it

2] lll'l ll IR U \ ! |

04

2T 1% 200 %00 400~ 50 600 700 900

'560~

1000 1100 1200 1300
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Fig.3 left Sum E*-distribution in nuclei with Z-3-29 (AE‘—5 keV) Ma.xxmum at

E*=1291 keV close to Smp corresponds to E* in
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388 (baxed) and many Z-odd nuclei (Table 2).



Exact integer relation 1:2:3 similar to that in Sb-isotopes was noticed in case of valence
neutrons N=21,22. Here excitations in three nuclei “'Ca, 3°Ar and 3’S shown in Table 9 §
(top left) are proportional to the number of the proton pairs in 1d3/2 subshell (from 3 in
41Ca up to 1 in 378, ratio 1942.8 keV/646.3 keV=3.006). The excitations in neighbour :
375-385 with one and two valence neutrons (AN=1 and AN = 2 above N=20 shell) are *
also exactly rational each other 1292 keV/646.2 keV=1.999. The parameter of this effect *
coincides with nucleon mass splitting 6my=1293.3 keV (top right part of Table 2. Ap-
pearance of such excitations in Z-odd nuclei with Z=19-29 was noticed earlier (see bottom
part of Table 2) and is resulted in maximum at E*=1291 keV= dmy seen in the total E°.
distribution in all nuclei contained in the first volume of CRF compilation (Z=3-29, Fig 3).

Table 2. Top: Linear trend in E* (in keV) in levels of N=21 nuclei; the excitations
forming the slope 4x161 keV=D,/2 are boxed. Bottom: Stable excitation in nuclei with
Z=19-29 with the value 646 keV of 7/2™ state (J"—3/2 ) in %3Co boxed (nucleus with near-
magic configuration Z=28-1, N=28-2).

(Z-13)/% 3 2 1(AN=1) 0 1 (AN—2)
AZ 10, 39Ar 37S 33Mg 32si SBS
E* |00 [1942.8J0.0 1267 0 [646.2] 159 .484 [1942] [1292]
2J" |7 3 7 3 1 3 (1) (3) 2* 2+
n2 [ 0 1941 0 1203 0 646 161 483 1941 1293
n 12 8 4 (1) 3 12 8
AZ ag 47V 51y 53Mn 55Mn ‘ 59Mh 5300 5900
277 [3% 3 7T 7T 5 5= T 7
2J" 7= 11~ 5 3 (1Y) 11~ 1= 11- 3 3
E* 1293.6 1294.820.11289.8 1289.1 1292.11293.0 1300.9[646.2] 1291.6
n2e 11293 1203 323 1293 1293 1293 1293 1293 646 1293
n |8 8 2 8 8 8 8 8 4 8

Similar integer relations exist in some light nuclei (Table 3, boxed value &,, the ratio
5110 keV/1021.8 keV=>5.001). The parameter €,=2m, is three times the above mentioned
stable excitation in 3Sn and twice the interval D=512 keV in 9%Pd (N-51,52). In Table
3 (at right) and table 4 rational relation with the parameter €, observed in energy mtervals
of light nucle1 are presented [11]. ;

Table 3. Comparison of E* (keV) in near-magic nuclei with multiples of 10B spin-flip eﬂ'ect

Az, 105 g 1og 120 120 160 ' 18Ne 18Ne 18Ne lsNe“Ar 550

+o-t+1 2= 3~ 0of o0*T=2 3~ of o0F 2t Dy; Dy

E* 5110 6127 7654 27595(2) 6130 3576 4590 5106 6137 1021512
n(e,) 5 6 15/227 6 72 9/2 5 6 1 12
ne,/2 | 10220 5110 6132 7665 27594 6132 3577 4599 511061321022511.
DIf. [02(2) 03 3 11 1(2) .2 1(2) 98) 4(8)5 1(2) 1(2).
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Table 4. Comparison of energies in near-magic nuclei (2=26-29) with integers of €,/12=85 keV
[k

Az (5Fe 55Co T=3 5Nj 59Nj - . 58Cu T=1 %Co

E*, keV| 0 411 931 4721 47485743 0 769 1113 0* 339 203 10511652 [84]

C9J* {3~ 175 3 3 5 3 5 1~ -3~ 5 0F (1Y) 2+ D

diff - 11022] 995 SN 848 1449

n( 425 935 1022 7651107 .. 340 850 1445 85
n 5 11 12 . 9 13 . ..2 o 10017 1

47 |¥Co  T=1 *Fe C0u : 8Cy. . SCcy . SCy

E', keV] 0 9371146 0
2J% 0+ 1+ ot 0+
“n(% 9351147

12
n - 11 17

849 2384 0 10281106 0 ‘[84.6] ~0 771 1116
2t 4+ 3~ 57 1= 1+ (2f)" 38 5 '1I- D
850 2384 10221107~ "85 " 7651107 85
10 28 12 13 .0 1. 913 1

In Tables 5-6 and Fig.4 results for nuclei with Z=30-47 are presented. : Here in the -
region of 2py/2 subshell stable interval close to e, appears again (seen as maximum at -
1024 keV in total E*-distribution for the second CRF volume)." The close dublet in *Br -
at this energy (splitting about 1 keV or 10~3) can bé compared with nonstatistical éﬂ‘ectsf
in neutron resonance data [12] observed by M.Ohkubo. Several specml programs fora
study of rational relations in nuclear exc1tatlons were pr0posed and can be useful in the' '
a.nalysxs of data for nondeformed nuclei. i P

Table 5. Grouping of excitation E‘ at the 50-1022(2) keV in nucle1 thh Z—-33—35

AZ T4As TAs TGe 75Se "Sei 8By 8°Br : x‘"Br 82Br 85"Br

E*,keV | 1022 1023 1022 1021 1024 m m 1024 1023 1022
27 |20 20 9v 5t - 3 53
2J% [ <332t 1737 1730 (134) (54) (1-)2.3* (5)

N 41 43 39 41 43 45 45 46 47 48

Data for nuclei contained in the third volume (Z=48-60) turn to be useful for check of -
the above discussed effects of the tensor forces in SN-Sb region. Maxima at E*=161 keV,-

483 keV and 644 keV (n=1,3,4 of the period dmy/8=161 keV) support the systematic

character of the effect observed. by Schlﬁ'er and Otsuka as the linear E‘-dependence (the .
slope 160 keV). g o

The grouping of excitations at E‘—1212 keV (averagmg mterval 5 keV) corresponds -
to the well-known effect of stable 2+ excitations in nuclei around the tin.:
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4 Analysis of data for nuclei with ,Z/’,=48_-60 (vol. I/25C)

Table 7. Numbers of bound states in compound nuclei AZ with Z=48-60 contained in .
v.J/25C. The ratio shows number of states in the book and in the Supplement.

Table 6. Numbers of states in compound nuclei 4Z v;rith Z=30-47 contained in v. I/258, 4

%2 Ny/N, 2Z __NgN, 22 N,/N, *Z  N,/N, A7

®'Zn 131/149 "As 2/156 ®Rb 65/162 %Nb 15/106 !°2Ru

®Zn 112/161 TAs 30/103 ®Sr 125/132 “Nb 32/624 'SRu’ Biy| FZ___N/N. 2 N/N, 2 NN, 2 N/N, 7 NN,
MZ * 0/2 7 81 95 101 g ‘ e ' . ’
T il L I L —
Zn  165/172 TSe 82/160 ®Sr - 1/106 Mo = 237/239 1%3Rh 213/13 wCd  116/116 !¥Sn 88/118 1  173/173 ¥Ba 125/134 !¥Ce -103/103
“Zn  3/528  ™Se 185/185 S'Sr 1/202 %Mo 55/143 I%Rh 7204/218 10404 111/111 '%Sn. 253/253 I 171/171 '*Ba- 153/157 9Ce  194/195
%Zn  20/631 '™Se 69/112 ®Sr 362/363 Mo 184/195 I0Rh 104;?“ 105Cd  136/138 !7Sb  67/67 P  163/163 !29Ba 135/144 4Ce .39/120
®Zn  2/360 - ™Br 110/110 ®Sr 16/581 %Mo 148/166 “'Pd <170/“2 WICd  147/147 - 1®Sb  95/113 XL 107/107 !3'Ba 129/129 M6Ce  19/118
"Zn  157/229 TBr 61/124 ®'Y  114/114 Mo 120/121 %Pd 11/1:;;0 1°8Cd  107/301 MSb  114/114 BT 155/156 !32Ba - 197/197 - '28Pr - .155/167
65G& . 331/332 75Br 37/102 83Y 106/106 97Mo 192/192 102Pd ' 111/1 lOQCd 134/134 112Sb 160/160 1261 72/122 133Ba,: 145/145 "130Pr '133/152
67Ga 39/285 77Br 98/110 85Y 57/117 " QSMO 395/396 103Pd 115/149 llOCd 273/290 114Sb 128/128 1271 117/138 134Ba 5/125\ 132Pr~ 88/144
GQGé 6/112 79Bl. 106/140 87Y 147/147 99Mo 74/134 lMPd 158/1;5 lllCd 173/173 117Sb 55/104, 1281 3/232 lssBé 134/134 133PI" "214/214
2, 90/110 80y 149/170 89y 328/426: 1000 o 335/335 lOSPd : 116/18 1n2cqd 219/305 ‘118G 49/146 1311 93/114 136By ‘42/101 1361)1'.‘ 63/105
®Ge 129/171 SBr 112/112 Y 20/880 ®Tc 117/339 %pg 135/1;1;: uSCd  235/235 1°Sb 143/144 USXe 91/103 *Ba 77/163 Pr 103/103
69Ge 1/173 76Kl‘ 155/155 83Zr 98/123 ) 94T 111/111 107Pd 104/104 14Cqd 128/180 12le v118/191 1”Xe 89/138 13984 . 10/108 “°P'r\" ‘106/106
PGe 43/191 Kr 122/122 ®Zr 105/113 ®Tc¢  130/141 '®Pd 134/13 | °Cd 196/196 ¥Sb, 118/118 'SXe 101/121 '2’La 100/101 '4!Pr 188/188

MGe 2/180  *Kr 101/101 ®Zr 1/132. %Tc  143/143 'OPd . 99/194 o 56/145 !PSH 24/118  SXe 152/152 '2‘La’ 112/112 4?Pr..13/178.
“Ge 181/181 ®Kr 12/252 ™Zr 369/392 “'Tc  207/207 WAg 12213y | 'OIn  145/146 '#Sb  104/104 ™Xe 68/121 'La 1017102 '°Nd . 124/125.
BGe  8/119 8Kr . 5/2T7 N7r  54/406 Tc '63/129 105Ag_"# 93/203 M, 230/243 1*¥Sb . 100/100 :'?'Xe - T7/124  ¥La 126/127 13!Nd-. 154/154

74Ge 38/258 87Kr 143/963 92Zr 236/669 lOch 106/106 IOGAg : ;169/169 121, 67[137 ‘l,mTe, 155/155‘ ‘22Xe . 125/125 13°La 68/107 _13?Nd _126/126
75Ge 57/103 75Rb 119/119 93Zr 17/230 QGRU 114/114 107Ag 146/146 “3In 177/177 . llZTef 136/136 ‘123Xe 83/143 ‘llea' : 136/136 ';33Nd j205/205
“Ge 14/138 SRb 103/103 %Zr 17/217 Ru 134134 1%%Ag 2/168 WIn  104/125  MTe  79/105 1*Xe . 184/242 (“Le; 143/145 Nd ;124/138
®As 153/162 ®Rb 151/151 °Zr 150/355 %Ru  92/102 MAg 115/13l 85n  73/111  M8Te . 97/201 1%Xe - 371/375 !%La -107/107 ¥Nd . 161/221
As  145/145 ®Rb 5/117  %Zr - 135/135 %Ru  120/120 ‘ 19Sn 917108  9Te . 175/175 -1%Xe : 203/326 136La :126/126 . ¥7Nd . 144/144
As 11/161 ®Rb 4/416 = °Nb 117/147 ®Ru 192/192 Nign  132/143 MTe 14/113 127Xe - 104/107 °La 136/136 !38Nd 64/120:
As  31/122 ¥Rb 18/117 %Nb 4/165 Ru  34/150 e u2gn  84/137 'Te 168/209 .128Xe :222/232 40La ;256/256 14ONd . 271/271
‘ o UsSn  174/174  122Te. 2247226 !*°Xe ; 64/116 1%5Ce. 131/131 3Nd. 43/247

886 keV‘ ’ . U4gn  52/271 © 8Te - 240/240 '¥"Xe ; 168/207 - 128Ce . 97/122  ¥°Nd . 5/252
10, ? 41024 keV. . . 1. U58n . 190/190 < '%*Te- 304/304 124Cs - 121/121-15Ce 115/115 }4Nd  23/202°
18gn - 309/309 .1%Te: 20/308 -:1%5Cs : 111/149 3°Ce -171/171 15Nd': 142/142

| ‘ UTSn  151/151 . 1%6Te. 108/157 2°Cs 92/120 .13'Ce - 108/144 !6Nd- 47/291:
] ' . : 5Gn  166/166 !¥"Te 2817286 3!Cs 155/155 32Ce - 166/236 47Nd ; 139/139
1 R e 0 Gt b 1 T o 5Sn  156/156 -1Te 1/323  13¢Cs 12/120 133Ce : 199/199 1Nd ;31/113
{1 IR R 1 8n  20/137 :1Te 318/321 4Cs 63/105 '3*Ce. 96/135 !4°Nd : 106/106
21gn - 142/142 18] 171/171 124Ba 171/174 1360e 51/101 15"Nd ~\29/133

«
Qo
L

number of E* per 5 keV
[N
o

-
o
n

The maximum at E‘—272 keV which is close to dlfference JmN—s., 1293 keV—1022 keV—
: =271 keV is considered in [8]. The additional confirmation of 161 keV/170 keV systems
0 0 100 200 300 400 500 600 700 800 900 1000 1100 12'00 1300 ’ - observed in SN-Sb region was obtained with the data for Pd-lsotopes where stable mtervals )

'E*, keV - ===~ | == D=512 keV, 648 keV-and 1293 keV were found [35)=

Fig.4 left: Sum E*-distribution of all nuclei with Z=30-47 (AE=5 keV). Maximum at \ -
E*=1024 keV corresponds to excitations at E*=¢, in many nuclei with Z=33-37 (Table 5).
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5  Analysis of data for nuclei with Z=61-73

1212 keV
Table 8.- Numbers of bound states in compound nuclei 4Z with Z=61-73 contained i m 2 272 keV 644 keV: - &
v.I/25D. The ratio shows number of states in the book and in the Supplement. : 4071 161 keV * . 483 keV & & S ' i
5 ’ Lt
AZ ' Nb/N, Az Nb/N, 4z Nb/N, 4z Nb/N, Az Nb/N, f:.SO- o ‘I 0 “ 1 | ‘\ln”", ”I
o i } i I i '
. = It \ 1ty ,I iy ) H |
15Pm 90/105 M5Gd 10/196 %Dy 53/142 '*'Tm 92/104 ™SLu 62/138 g% Ll i R i T il
3%Pm 96/134 47Gd 242/243 Dy '95/124 '®?Tm 212/212 SLu 151/195 2 il : ;
143pm  101/101 M8Gd 73/304 1°Dy 248/249 'Tm 141/141 Lu 141/212 3101
“7Pm  138/138 1%°Gd 82/393 6Dy 105/183 !®Tm’ 159/175 I66Hf 187/187
S1pm  133/133 '5°Gd 23/133 2Dy 282/283 !®*Tm 184/203 68Hf 262/262 01

95m  62/106 1SIGd 225/225 1Dy 353/354 '%Tm 239/239 IHf 159/159 . P A 4

X ! 0 100 200 300 400 500 600 T 800
M3gm  47/125 1%2Gd 100/231 Dy 54/171 ¢'Tm 104/164 Hf 231/231 , " o 1009 "°° 1202- ‘.?3‘\’,
Sm  31/184 !%Gd 131/220 '®*Dy 25/173 .'®Tm 224/226 ™Hf 175/175 Fig.5 left Sum E*-distribution of all nuclei with 7=4860 (AE—5 keV). Maxima at

M58m  171/171 '™Gd 248/250 %°Ho 116/116 'Tm 152/153 172Hf 270/287 . .
146G, 11/190 $Gd 119/223 %Ho 150/150 '°Tm 63/258 1™Hf 127/145 E —161-483-?:14 keV correspond to excitations in Sb, at E*=¢, e.nd 1212 keV - to phonons

M7Sm © 102/103 1%6Gd 125/272 "Ho 226/247 *°Yb 119/119 !™Hf 230/255
485m  57/289 17Gd 43/347 5®Ho 119/120 $%Yb - 122/134 175Hf 146/177
1496m  56/193 '%8Gd 557217 1%°Ho 125/125 YL 132/132 ITOHf 221/221
1%05m  191/191 '9Gd 44/300 !%Ho 90/101 'Yb 140/176 THf 125/145
BlSm  239/240 6°Gd 105/119 '*'Ho 108/154 8Yb 197/197 179Hf 249/249
1525m  36/154 Tb 79/105 *Ho 102/102 !Yb 237/237 !80Hf 139/279
15355m  296/206 Tb 201/201 !%Ho 222/278 !"Yb 124/213 18'Hf . 47/186

1345m  110/110 M9Tb 113/178 '%°Ho 358/358 1"'Yb 58/176 167Ta 118/118
155Sm  142/142 °Tb 10/115 1%Er 122/122 !"?Yb 58/311 169Ta 187/187
M2Ey - 54/127 'Tb 308/308 S"Er 178/214 "Yb 43/137 170Ta 332/332
MSEu- 68/202 12Tb 17/142 '®Er . 129/129 'Yb- 41/376 Ta 207/207 Coi
By  7/144 1Th  139/139 !¥Er 177/197 ™ Yb 47/185 12Ta 171/185 0 T 10 200 30 40 500 60 700 oe0 oo 1000 11-60 1200 1300

MSEy - 257/274 !Tb 163/163 'Er 200/243 "Yb 35/162 !™Ta 173/173 E; keV

WEy 203/203 'Tb 96/129 ®'Er 112/122 ®'Lu 167/167 ™Ta 127/127
uspy, 104/104 1597 45/118 162pr 128/128 1621 4 91/104 175y 116/126 Fig.6 left Sum E*-distribution of all nuclei with Z=61-73 (AE—5 keV) Ma.xxma at

M9Ey  130/130 Tb 63/183 !SSEr 381/381 !$SLu- 252/260 1"Ta 127/128 |- E*=1297 keV correspond to stable excitations E* close to dmy=1293.3 keV (see some of them
BEy 178/178 Dy 61/367 !Er - 136/204 ®*Lu. 117/117 Ta 196/19% in Table . ~ '

8

\ 1059 keV{ 1204 KeV ;
/ 531 eV i

N
o
L

20 1 1k i

number of E* per 5 keV

-
o
N

2Fy  37/195 S1Dy 175/175 Er 44/105 Lu  309/309 !™Ta 159/150 ] Yy '
183Fy 14é /168 152D§ 77/é50 1665, 224 /233 7Ly 188;188‘ 1797, 1595159 }‘able9 Excitations (in keV)-in even-even heayy.nuclel Z=68-76 close to pa.rameters
4By 159/159 '©Dy 143/223 Er 88/200 '5Lu  118/118 !®Ts 166/246 my=1293.3 keV and €°“2”‘=‘1°220kev IR SR S
4204 124/124 %Dy 221/221 %Er 455/455 ®Lu  100/101 1$'Ta . 107/139 5 5 AT
U3Qd  60/107° 55Dy 158/186 °Er 157/158 ©Lu  203/203 2Ta 178/178 A 1804,

. 3 d VA 160 170 162 172 176 178 172 178 184 176 178 1§0
44Gd 98/167 1Dy 243/314 ™Er 113/172 "Lu  163/202 Yo "Yb THE THE HE THE W W 4w 05 05 Os
45Gd  151/151 "Dy 205/205 MEr 56/104 Lu 58/193

, , ~ E* | 1293 1292 1293 1293[1203] 1201 1292 [1294] 1295 1025 6 1023. 2@
In this work we checked a new trend in an interpretation of nonstatistical effects in 2| 2t (a)t ot g+ (2,3,4) s+ g
excitation of a great number of nuclei. The role of the pion-exchange dynamics is seen N 9 100 90 100|104 .

; o . ST 104 98 |[.104 110 102 I I
also for heavy nuclei (see E*-distributions in Fig. 5-7). Clear nonstatistical effects were ; —

observed in D-distributions for !*Ho and !™Lu shown in Fig.8. - Analysis of neutron
resonance data for heavy isotopes could be important.
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6 Analysis of data for nuclei with Z=74-100

Table 10. Numbers of bound states in compound nuclei AZ with Z=74-100 contained i m

v.I/25C. The ratio shows number of states in the book and in the Supplement.

N,/N,

A2 Ny/N, 42  Ny/N, 472 N,/N, 77, N,/N, 4Z

7MW 210/210 '™Os 134/134 5Pt 66/191 93T1  141/141 2Bi 243/244
7SW  126/127 '%00s 140/144 '¥Pt 160/160 4TI 125/125 20At  32/124
W 152/157 810s 222/254 92Pt 135/181 23Tl 15/105  2MAt  26/117
8W  274/274 $20s 208/208 %Pt 109/150 2*T1 122/258 2%Th 23/111
W 182/185 !®0s 103/158 '%5Pt 19/114 20°T1 95/537  2%Th  245/247
10W  84/125 1840s 204/204 %Pt 142/142 '*2Pb 91/116  *'Th 160/160
- 18w 178/178 1%0s 123/192 7Pt 1/104  '%Pb 238/248 22Th 174/174
183y 78/201 1850s 108/164 |¢Au 126/126 1%Pb 327/343 BTh 74/226 -
184w 257/257 '*80s 65/190 %7Au 312/312 1%Pb 161/161 24U  152/152
185W 28/367 '%°0s 36/153 %°Au 74/275 19Pb 300/300 U  138/220
W 345/346 !%20s 22/110 !°Au 59/102 ¥Pb 155/240 U 122/122
Re 97/113 'Ir 128/128 !*'Au 186/186 !%*Pb ~196/199 U  226/270
Re 115/121 'Ir 109/122 '%Au 236/236 '*°Pb 167/168 28U  118/163
"Re 214/253 Y®Ir = 226/226 !**Au 140/158 'Pb 124/124 U  61/108
Re 137/137 '!r 147/181 %°Hg 165/196 2*‘Pb .180/180 2¥Np 52/105
18Re 138/138 '#7Ir 202/202 !°'Hg ‘215/217° *Pb  145/1036 23Np 47/129
181Re 130/162 ®Ir 62/156 !°2Hg 130/156 2°°Pb. 335/335 23%Pu  100/125
18Re 149/187 '92Ir 20/231 !%Hg 246/252 2"Pb 103/961 24°Pu 181/181
1#Re 121/121 *Ir 118/177 %*Hg 130/154 2®Pb 287/1380 24'Pu 57/106
1%Re 129/186 !8'Pt 137/138 !'®Hg 135/211 Pb 9/388 HAm. 110/110
2MOAL 32/124  83Pt 63/103 20Hg 133/138 °Bi 239/246 2%2Am  89/165
ALAL 26/117  ¥4Pt  131/131 '89TI . 130/130 2%9Bi 5/228 24Am. 29/114
> 707 44keV | 588 keV

£ 146 keV

ool | |

2 [

« 504 ! | i 1 i

- , ' i i I L SRR o T i

8 401 i M fl"l i‘ ,‘ i At t ‘L‘"I‘ {h ‘ i “" 4 ‘lw

£ 304 RE I |

E ] |

20 f
10 .
0 100 200 300 400 500 .600 700 800 900 1000 1100 1200 - 1300
E*, keV

Fig.7 left Sum E*-distribution of all nuclei with Z=74-100 (AE=5 keV). Maxima" at
E*=44 keV and 146 keV correspond to stable excitations in heavy even-even nuclei (spins 2+

and 4*+). Stable excitations in the region E*=683 keV=(2/3)e, were considered in [13].
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Fig. 8. Top: D-distribution of levels in 1*Ho (n=372) and distribution of 1nterva.ls a.d_]acent to
D=x=647 keV (ratio 2:1). Bottom: D-distribution of levels in l7"’Lu (n—139)

7 Conclusions

Tuning effect in nuclear excitations should be considered as confirmation S.Devons sugges-
tion on the presence of fundamental aspects in the analysis of aocurately measured nuclear
data. The extension of long-range correlations observed in nuclea.r excltatlons can be seen
in particle masses [3-6}).: The specific propertles of neutron resonance spectroscopy (hlgh
energy resolution, interconnection between excitations and binding energy) could be very
useful for a study these fundamental proprieties of nuclear matter. . S
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Compilation of Nuclear Binding Energies MDF
S.L Sukhoruchkin, D.S. Sukhoruchkin -
Petersburg Nuclear Physics Institute, 188300 Gatchina

Abstract

The role of pion-exchange dynamics in tuning effects in nuclear binding energies
was studied with data from the compilation MDF (Mass Difference File).

-1 Introduction

In this report we describe data analysis from the compilation MDF (Mass Difference File)
[1] in connection with A.Arima and A.Bohr remark that nuclear binding energies and
nuclear excitations are results of the same nucleon interaction. Hence positions of neu-
tron resonances being the difference between them could provide additional information

on properties of nucleon interaction. Correlations in neutron resonance positions were .

reported by M.Ohkubo, K.Ideno, G.Rohr, F.Belyaev and others (see [2] and the previous
previous ISINN). According to Arima-Bohr suggestion the same parameters should be
used for the description of few-nucleon effects in both nuclear characteristics £* and Ejp.
1t was noticed by C. Detraz: ”...the force at work between nucleons is not the genuine
strong force but only what spills over from the quark bag. This leads to setting. for
an effective force ... should not be taken to mean that nuclear science is completely
understood ... First, one lesson from a hundred years ago is that a breakthrough is not
always foreseen ... The hadronization of quarks ... can best be clarified ' when quarks
are studied within a collective state, i.e. in the nucleus... Concerning point 2 ... it is
probably insufficient known that nuclear physics ... has provided illuminating insight into
some of the most basic properties of matter. For one of its properties at least, the nucleus
exhibits of a pure interaction. It is the weak interaction, as occurs in Fermi transition
between two analogous 0 states” [3]. This remark permits to distinguish in the nuclear
spectra the 0+ state. In the 1°B it is a member of 7ps/;vps/2 multiplet and beside states
0+-1+-2*+_3* the remaining 1} state corresponds to the spin-flip effect of 1p nucleons. The
corresponding distance £,=E*(0)-E*(1{) coincides within 10~* with 2m,. Presented in
Table 1 excitations in light nuclei and standard parameters €zqp of the residual interaction
of valence nucleons in this region [4] are rational to the £,. Relations in any mass/energy
data with 2m,. and with nucleon and pion mass differences were named " tuning effect”.

Table 1. Comparison of E* and AEp (keV) in near-magic nuclei with multiples of e,=2me.
AZ 10B 10B IOB 12C (T=2) 160 lSNe lsNe ISNe lSNe 20Ne SBe

Jr o+l 2- 3~ of o 3~ Oof of 2t QS
E* 1021.8(2)] 5110 6127 7654 27595 6130 3576 4590 5106 6137 4076 71531

n(e,) 5 6 15/221 6 7/2 9/2 5 6 4 1
ne, 10220 5110 6132 7665 27594 6132 3577 4599 5110 6132 4088 7154
DIf. 02(2) 03 3 11 1(2) 2 1(2) 9(8) 4(8) 5 -12 -3

296

2 The role of cluster effects .

Cluster effect in binding energies is one of the ways for a study of tuning effect. The
gtability of experimental differences of binding energies AEpg in nuclei with N582 is
cearly seen as a sharp maximum in Figure 1 [4) at 46.0 MeV=45¢,. It corresponds to the
grouping of AEp in nuclei differing with AZ=2, AN=4 (°He cluster, Fig.2 left (5D- -

In Tables 2 a long-range correlations in values AEp with the parameter ¢, are seen
from their proximity to the integer number of €, (small boxed values in the central part of
Table 2). Theoretical values AEp from all existing models do not show such effect (large
differences at the bottom). Similar correlation was observed in the near-magic light nuclei
during the study 4c and 2a clusters (two first columns of Table 3 and Fig 3 top): - -

. Comparison of AEg, keV in nuclei differing by 2AZ=AN=4 with 45€,==45990 keV.
TE;\})JS.Z < Ié: /199Cg %s La La gLa, Ce 138Ce 10Ce [ ¥La- -
N s so [ m s [g] 78 80 [82] | [82]
AEp 45952 45946 45970 46018 45927 46024 - 46087 - 45997 '~ 45996 91975 ¢
aiff. 38 -4 o8  -63 [34] 97 [1]  [6]
Theory 46143 46353 46550 45933 46203 46673 46373 46573 47063 | 92816 -
diff. 153 363 57 213 [683] 383 583 [1073] ] [836]

Table 3. Comparison of E* and AFp (in keV) of some’ near-magic’ nuclei wiéh nxa:.,
AZ N 36K 39K 3BCa IIBSb IISSn l()lsn l():isn llﬁsn'IISSn llSSn 117Sn
N 17 69 68 53 66 68 68 67

oJnJr AEp AEp |AEp AEp AEp T5  7H 0t 0t 0% 1+
2J*J" 4a 4o .| Sa S, Spm 5* 5+ 0+ .2+ 0t 5%
E*, AEp 147152 147160 | 13289 5109 25547 [171.7] 168.0 2027 2043 2057 1020
n(e,) 16x9 16x9 | 13 5. 25 16 1/6 2. 2 2. 1
nxe, 147168 147168 |13286 5110 25550 170 170 2044 2044 2044-1022

af.  1610) [8]|[3G)] -1 -314) I e SO I -2

46.0 MeV=45¢g,

-

@

o
“—

Number of AE, per 0.5 MeV
§ 8 3

]
Q

o
o

- 1
o , 20 . 40

N - o 60
. IAEy(MeV)

7 Fig.1. Distribution of differences of binding energies AEp in nuclei with Z<58; the maximum
at 45¢,=46.0 MeV corresponds to the grouping of AEp in nuclei differing with AZ=2, AN =~4‘,
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Fig. 3 AEp-distribution of 2a- and 4o-clusters in light nuclei Z<26 (top) [5]. e <26 an.d x=147.2 MeV=185, the maximum at 73 6Me =80, Jottom ;eft‘ o av.rnla‘.lys';sbof
e e s . . - all nuclei Z<26 and x=73.6 MeV=88=16A.  Bottom i ht: AIM analysis.of odd-even nuclei
AEg-distribution in all even-even and all odd-odd nuclei separately (bottom). o= : 0=16A. | Bovtom Ty Lo P Re
and x=46.0 MeV=4b¢, with maxima at 31.2 MeV and 32.7 MeV,='3y2§q_(data‘ AME2012). .
298 o - 299




AIM method was used to check the tunmg effect in Ep of odd-even nuclei. Usrng x=46.0 Mqu‘g

(the maximum in Fig.2) the maximum wes found at AEA™™=32.7 MeV=32¢,,.

The interval AEp=147.1 MeV=18x8¢, was found a.lso in all heavy nuclei differing wrth
AZ=8, AN=14 (two neutron less than 4°He, Fig.7 top). This effect préserves in new data from
AME?2012 [8]due to the fact that maxima in distributions are located at nearly the same energy
AEg for all types of nuclei (Fig.8 center and bottom).

Periods €, and A=9m, were observed in A Epg-distributions in N-even and: N-odd nuclel
Z=50-82- corresponding to four proton separation energies (Fig.6 top) as well as in all N-even
and odd-odd nuclei (Fig.6 bottom, data from MDF).
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Fig. 5 Top: AEp-distributions in all nuclei with AZ=8,” AN=14 and N=82-126 with data
from MDF (left) and from AME2012 (8] (right). Center and bottom: Parts of total AEs-
- distribution for different types of heavy (N—-82-126) nuclei: odd-even, even-even, odd—odd and
even-odd nuclei separately (data from AME2012).
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3 Confirmation of the Devons suggestlon R e

At the 1961 Rutherford Conference Samuel Devons stated a suggestxon [9] it is a natural
temptation to make comparisons between the present stage in’ the ‘study of nuclear: structure
with the exploration of atomic structure in Rutherford’s time... the study of optical spectra,
became a fruitful means of éxamining the refined details of atomic structure after Rutherford’s’
direct approach led to the Bohr theory, and the subsequent development of quantum mechanics.

. there are still to be discovered subtle features of complex nuclei...” which may even prove
difficult to observe in direct study of the elementary particles themselves ... cases as the study of
some elementary-particle ... can be facrhtated by observatron of phenomena xnvolvmg complex,
Ruclei, the fullest possible understandmg of nuclear structure becomes a prereqmsrte '
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The confirmation of Devons suggestion [10-11] is based on the fact that nucleon mass dif.
ference mp-m,=06my=1293.3 keV is a well-known parameter of the nucleon structure. There
is a systematical observation of this value as the stable nuclear excitation in Z,N-regions where
pion-exchange dominates [10-15]). In data from 5-volumes compilation CRF [14] in three (out
of five) independent E*-distributions there are maxima at 1291-1294 keV (= 6my=1293 kev)
and a sequence of maxima at E*=161 keV - 483 keV - 644 keV (Fig,7 bottom) [15).

This effect of stable excitations was noticed initially in Sb-isotopes as a linear trend in E* for
N=72-82 (small deviation from 161 keV xn in Table 4 center). It was explained [12] as a stable
character of an interaction between 1g7/2 proton and pairs of 1y o' neutrons, namely, paralle]l
spins and opposite direction of orbitals of interacting nucleons strongly enhance tensor forces
due to the pion-exchange [14]. The observed slope 161 keV manifests itself also as a maximum
at D=160 keV in D-distribution of neighbour isotopes 12%1243h (Flg 7 top left).

The presence of maxima in D-distributions due to very stable and simple dynamics could
be reflected in nonstatistical effects in spacing of higher excitations seen as neutron resonances,
Maxima in spacing distribution of resonances in the same 2Sb (Fig.8 top left) correspond to
numbers n=2x17 and n=4x13 of the period §"=11 eV observed by K.Ideno [16].

Table 4. Comparison of E* in Z = 51 nuclei with nx(161 keV=1293 keV/S).
AZ 12SSb 12SSb 127Sb 12QSb . ISISb ISSSb 12SSb llQSb llssn IISSn;t
(N-70)/2 - 1 2 R
E*, keV [160.3 332 1[ 491 2 | |645 2] 798 44| 962 0] 644 644.0 293 6] 1292.0°
JoARLLCE -0 7 2 -2 [

n‘s—"g‘i 161 323 484" 646 808 969 646 646 1293 1293

E*Figd 160 483 644 . 644 644
3 = 530 kev 3 v % 544 kov
é mt‘uv n-:?abuz 4 Kl s e sian 648 ke j“.: 3 v
g ol ! g
3 : s
2 3 °
fo $" 5"
: sl . g 15 :
Z10 .
© 1 1 o
00 500 500 700 s 800 R
D kev E'(keV) i
1212 keV*
" 272 keV o4 hov
161 keV* 483 keV* Wl
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Fig.7. Top left Sum D-distribution in 22124Sb and the same in 9798Pd with maxima at
512 keV=¢,/2 and 648-6my /2. Top fight: Sum E*distribution in Z-odd nuclei Z=47-57.

Bottom: Sum E*-distribution of all nuclei with Z=48-60 (AE=5 keV) [14,15], Table 4 bottom
line. :
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to 8xe”=11 eV introduced in [7].) Center: Spacing distribution of resonances in 123Sb adjacent
to x=D=373 eV, the ratio 1:2:4. Bottom: D-distfibutidng in resonances ofl,l,"‘f”Rl‘l, 1°“@Pd,:79Br.

Intervals 373-745-1501 eV (ratio 1:2:4) in }24Sb were found by the Adjacent Interval Method
(17] (they-are forming triplets, Fig.8 center). Such small stable intervals D=750-1500 eV were
found also in D-distributions of neutron resonances in %Rh, 1%Pd, 80Br etc (Fig.8 bottom).
In data for low-lying levels of 9798Pd observed stable mterva.l D= 648—-4x 161 keV (Fig.4 top
center) and D=1293 keV=6my [18] correspond to the equ1d1stant excxtatlons in 97Pd (N—51)
14
[ ]We c<;me to conclusion that stable character of a/ pa.rt of nucleon mtera.ctlon whlch resulted
in observed common nonstatistical effects in different nuclei (at low energies and at high ex-
citations as well) could be consldered by taking into account the fact that the mass of the
charged pion is a natural pa.ra.meter in pion-exchange processes. . The ratios between common
intervals 161 keV=6my /8 and m,i=140 MeV (1.15-10~%) and the ratio between D=1500 eV (m
resonances) and dmy are close to the well-known QED radiative correction a/27=1.159-10~5.
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The above mentioned radiative’ correction of the type g/2m is used frequently for the kco‘m.
parison of effects with different scales [19]. In Table 5 some of such examples are given starting
with the coincidence of the ratio m,/Mz with a/2r used in construction of Table 6 to repre.
sent together particle masses (upper part of Table 6), parameters of NRCQM model and stable
intervals in Ep, the discussed nuclear intervals of fine and superfine struqtu‘:% and the ratio
m,/My between the mass of the cirrent strange quark m,=147-150 MeV,in'NRCQM ‘and the
preliminary value My of the SM-scalar from ATLAS-experiment [20} (bdttop’x line of Table 5),

Table 5. Comparison of the parameter d/27r with ratios between mass/energy.values.:

No | Parameter | Components of the ratio | Value x10°
Apte/tte =a/2m-0,328 o? /n? 115.965
&(émz)/9m, | [[A-4593,66(48)keV]/(9m.=A) | 116(10)
dmyfmy, [(23x9m,-m,)/m,, [7] 1121
+-/2 2.285(19)x1073/2 [21] 114(1)
1 m,/Mz | mu/Mz=91161(31) MeV | [115,90(3) ]
2 /e 1,35(2) eV/1,16(1) keV [7] 116(3)
€le, 1,16(1)keV/e,=1022 keV [7] 114(1)
€of2M, €o/3(ma-mpy) [7] : 116.02
3 | émn/ma | |(axme-mn)/m.=1617(2) keV/m,|| 11586
4 | myMy 147 keV/126 GeV [20] 117

Table 6. Presentation of parameters of tuning effects in particle masses and nuclear data (in
lines marked X=-1, 0, 1, 2 at left) by the common expression n-16m,(ct/27)X M with the QED ra-
diative correction a/27 (@=137"!). Values m,-m,, m,/3, the neutron mass shift N§ — m, — m,,
m, and the possible Higgs boson mass [20] are boxed. Stable intervals in excitations (E*, Dy,
X=1) and in neutron resonances (X=2) are considered as indirect confirmation of relations in
particle masses (X=-1). The value A° ~4 GeV close to m, was observed at TEVATRON [23]:

X M n=1 n=13 n=16 n=17 n=18.

-1 3/2 m,=171.2 : T
Mu=126] [20]

GeV 1 2A°2M, Mz=91.2 My=115 [22]

0 1 16me=6 m, = 1057 f,=131 [Mrm,) m,=147-150
MeV 1 2A:g 106 = AEg 130 = AEg 140 = AEg 147.2 = AEg
1 , : mp-m,/2=147 °
3 Mg = m,/2 NRCQM My=41=AEjp :, .
1 1 |N6-mp-me=161.6(1)] [170 = m./3
kevV 1 9.5 123 152 161 (*8F, Sb) 512 (Co, Pd) .
4 492 648 (°798Pq) 682(Co)
8 984 1212 1293 (Pd), £E* 1360 (Te)
2 1 11 143 176 " 187, 749 (®Br) D in neutron
eV 4 4 570 (Sb) . 1500 (Sb,Pd,Rh) . resonances
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4 Estimation of nucleon structure parameters

In Fig 9 the position of the nucleon mass (N, 940 MeV)_amoné 6the'r masses is shown.” The
nucleon mass in nuclear medium is about 8 MeV below it on line between w and 0.

Mt . . . . :
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Fig.9. Position of different mass intervals and 7-lepton mass in two-dimensional presentation
with the horizontal axis in units 16 - 16m, close to m,,/6. The values M;-kx (16 - 16m.=8) are
displayed along the vertical axis in 16m, units. 7-lepton is somewhat above the integer number
of My=mz- /3 (its mass is twice the mass of K*-meson). Two lines with different slopes .
correspond to the pion mass (140 MeV=m,,/6+5) and to the stable intervals m,y-mp=m,-m&
(n=50 in units §=16m., crossed arrows). 'A%rP and N*"P=880 MeV are considered in [5].
The proximity of nucleon A-excitation m,,/6+2§=2x147 MeV to stable interval between - -
masses of the decuplet baryons (value m,=147-150 MeV) gives the long line from kaon to E.
The lines corresponding to 2% excitation of both vector mesons (J*=1" ~ J™=3~, from K* to
K3 and from w to w3) are parallel with the Sternhetmer’s interval Mj close to AMp (these
intervals are between 7-meson — muon, kaon - nucleon; nucleon ~ Z-hyperon).
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Additional support for the Devons. suggestion was found in the extension of the above dis:
cussed long-range correlations in nuclear data with the parameter €, Table 1 for E*, Tables 2,3
for AEg). Boxed in Tables 5-7 are important relations between the accurately measured masses
of the neutron and the electron (from m,/m.r ratio and nucleon mass difference). The shift
of the neutron mass relative to the integer number of §=16m, (1156 — m.) is determined with
the accuracy of 0.1 keV and within such uncertainty it accounts 161.6=(1/8)émy. The ratio
8-1.0003(2) exists between émy and the shift. Such shift was found also in nuclear data.

The confirmation of the value My=126 GeV permits a consideration of additional relations
with parameters m,=AMa=AEp=147 MeV. Part of them is shown in Fig.9 (and Table 1 in
[5]). Possible shift in masses of neutral octet baryons Z° and =° (Table 7 baxed) zre considered.

Table 7. Comparison of particle masses with periods 3m, and 16m,=6=8176.0 MeV (N peri-
ods), neutron A°-excitation is compared with 2A E'g; asterisk marks values considered elsewhere,

Particle m;, MeV m;/3m, N-16m, N N-16m, Comments
n 105.658367(4) 68.92* 106.2878 13 -0.6294 -0.511-0.118
n° 134.9766(6) 88.05* 138.9917 17 -4.0174 i
t 139.5702(4) 91.04* 17 +0.57624 +0.511+0.065
938.2720(1)  612.05° 940.2380(-1) 115 -1.96660 |-m.-(9/8)0my
n 939.5654(1) 612.89" 115 -0.6726(1) |-me-(1/8)6my |
e 1192.64(2) 777.98 1193.693 146 {-1.05(2) ~0.51-2=-1.02
=° 1314.86(20) 857.71 1316.333 161 |[-1.47(20) -0.51-3=-1.53
P 775.49(34) 505.87 784.8943 96 -9.40(34) -9.20 = -2A
A° 1233.8(2)  804.83 123457 151  -0.8(2) ,
A°-n 294.2(2) 191.9 294.3 36 2AEp=294.4

The tuning effect in particle data is connected with the doubled value of the pion B-decay
energy §=16m,. The pion mass m,z, its parameter f,=131 MeV, the muon mass and the value
AMA=147 MeV were found to be close to integers of §=16m. (n=17,16,13,18, Table 7 [10,11]).

Recent understanding of nucleon structure is based on the Standard Model (SM) where the
scalar field (Higgs boson with estimated mass Mj) is responsible for fundamental fermion masses
(families of quarks/leptons) and masses of vector fields (Mz, Mw). Light quarks (together
with the electron and neutrino) are the lightest SM-family and the QCD (as a part of SM)
describes strong interaction between quarks (and the resulted nucleon interactions). The gluon-
quark-dressing effect [24] produces constituent masses out of small initial quark masses (of
several MeV).:Three constituent masses (M,) are forming baryon mass and two constituent
quark masses (M) are forming masses of vector mesons (mw,m,). The pion and p-meson are
important for understandmg of nucleon structure and their interaction. The pion is a QCD’s
Goldstone mode [25] and the pion exchange between constituent quarks [26] gives the nucleon
A-excitation (m%-mp,=294 MeV=2AMAa) corresponding to the spin-flip of baryon quarks. ™

The inclusion of the electron mass into comparison with the other energy/mass intervals is

based mainly on restlts obtained with nuclear data. V.Belokurov and D.Shirkov [28] suggested -~

that QED radiative correction (a/27) similar to that in the magnetic moment of the electron
pe could be assigned to me. It should be noticed that there exists the results of the analysis
of particle masses performed by R.Frosch who found a period of 3m. {27] in a search for the
periodicity in masses. In Table 7 relations between 6=16m,, 3m, and some particle masses are
shown.
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There exists the coincidence of the lepton ratio L=m,,/m,=206.77 with the mteger L=207=13-
16-1 after a small QED correction, namely my,/m.(1 = a/27)=207.01. The same ratio exists
petween masses of vector bosons Mz=91.188(2) GeV and My, =80.40(3) GeV and two estimates

of baryon and meson constituent quark masses M;=441 MeV=(3/2)(ma-my)=mz/3=3m,
and M!'=m,/2=T75.5(4) MeV/2=387.8(2) MeV. These ratios are- My /441 MeV=206.8 and
Mw/(m,/2)=207.3 [10,11]. These empirical relations are in accordance-with Y.Nambu sugges-
tion [29] that mass relation can be useful for further development of the Standard Model.

5 Conclusions

Described here ‘study of nonstatistical effects in complex spectra of many nuclei permits the
confirmation of the Samuel Devons suggestion about the fundamental aspect in the analysis
of accurately measured nuclear data. Recent understanding of strong interaction as a part of
the Standard Model and the role of pion-exchange dynamics permitted to distinguish regions of
the nuclear chart where observed tuning effect could be explamed Combined analysis of data
from three compllatlons of nuc]ear data (MDF CRF, NRF) can prov:de the matenal for the
development of the fundamental physxcs
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Study of nonstatistical effects due to tensor forces
‘ S.I. Sukhoruchkin, M.S. Sukhoruchkina ‘
Petersburg Nuclear Physics Institute, 188300 Gatchina

Abstract

~ 'The effect of the linear trend in excitations E* of near-magic Sb—isotobm found
by J.Schiffer and T.Otsuka was checked with the data for other selected nuclei.

1 Introduction

There exists a new outlook on the role of pion-exchange dynamics in nuclear spectroscopy -
based on the observation by J.Schiffer {1] and T.Otsuka {2] on the interaction of nucle-
ons moving with opposite direction of orbitals (v1h;1/2 — mlgz/2 in case of Sb isotopes). -
Observed linear trend with the slope 161 keV=4my /8 is shown in Table 1 (boxed val-

ues at top arc comparcd with the period dmy /8, where dmy=1293 keV is nucleon mass”
splitting). Excitations in N-even Sb isotopes (N=72-82) reflect the stable character of the

interaction of the 1g7/2 proton with numbers (N-70)/2 of neutron pairs in 1512 subshell..
The parameter 161 kcV corresponding to such stable interaction manifests itself also as a*

maximum at 160 keV in D-distribution in neighbour isotopes 12124Sb and as a series of .

maxima at 161 keV, 483 keV and 644 keV in E*-distribution of all nuclei with Z=48-60"
(Fig.5 in (3], Table 1). The similar effect was observed in Pd isotopes (Table 1).

Table 1. Comparison of E* (in keV) of Z = 50, 51 nuclei with nx1293 keV/8 and £,=1022 kev. |

AZ 1aasb lalsb I‘ZQSb 127Sb 12SSb 12asb llssn lmsn 103sn ll7sl,'l ‘!
N 82 80 78 76 74 72 66 51 53 67
(N-70)/2 6 5 4 3 2 1 ‘
2J"J" 5t 5% 5+ 5t 5t 5 2+ : 1*,5%

E*, keV 171 170 D=1020

nfmx 969 808 646 484 323 161 1293 | &/6 €,/6 &,

512=¢,/2

E*D(Sb,Pd) 644-648 483 ~ 160-161 1293
D(Sb,Pd) eV 572 375

A stable character of excitations in nuclei 1°1%Sn situated over the 1%Sn-core man-
ifests itself in a proximity of E*=170 keV and E*=168 keV close to£,/6 °11%Sn, The’
parameter £,=2m,=1022 keV corresponds to the stable phonon in nuclei !16:117:118gq (see -
Table 3 in [4]). Both parameters D=161 keV=0my, D=170 keV=¢,/6 and combined in-"
terval 2x161 keV+-170 keV=492 keV were uscd as repéres during the analysis of spacing
and excitations in all nuclei collected in the recent compilation CRF [5]. Appearance of,
stable energy intervals related to nucleon mass difference dmy or m. was named ”tuning
effect”. The similar effect in particles masses was considered in [6]). :

o
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2 :’I‘wo additional methods of data analysis

Intervals nx161 keV and mx170 keV are scen frequently together (as in Z=50,51 nuclei,
Table 1). For example, intervals D=512-682-keV {n=3-4, the period ¢,/6) in the spectrum
of ®Co (Fig.2 left) were studied with a special Adjacent Interval Method (AIM). It consists
in the fixation in the spectrum of all pairs of levels (E;, Ej) forming a maximum in usual
spacing distribution (D;;=x) and plotting Djdistributions from the fixed levels to all other
levels (E) in the spectrum (DM, DAIM or DAIM). Arrows indicate the direction (along
E" axis) from the fixed energies. For example; the interval D=1022 keV=¢, in 55Co is the
distance between the low-lying T=-3/2 statcs. By fixating all intervals x=¢,, one obtains
a distribution with maxima D#M=511 keV=¢,/2 and 324 keV= 2 x 161 keV (soen at
left in Fig.2, right), These intervals are forming triplets. o )
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Fig. 1 Top left: D-distribution in 55Co. Top right: D.’r“M -distribution for x=1022 keV, 55Co.
Bottom: D-distributions in '8F and 22Na, proximity of D=637 keV and D=062-865 keV.” =

Stable intervals scen as maxima in D-distributions have frequently proximate values in
different neighbour nuclei. Such effect exists in the low-lying levels of 8F (E* <10 MeV,
number of levels n=80) and in levels of Na (Fig.1, bottom). To check this result for 1*F
the AIM-analysis with x=962 keV was performed. The distribution D™ with maxima
at 324 keV and 636 keV (1:2:3) corresponds to the period 2x161 keV.
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The second way to check a general character of the pion-exchange dynamics is based
on the fact that in highly excited states of the same or neighbour isotopes several close
to each other small splitting were observed. For example;, intervals D—375-750-1500 eV
in 14Sb and D=750-1500 eV in isotopes of Pd and Rh (Fig.8 in [4]) were considered in
[6]. Periodicity in positions of neutron resonances in '?Sb found by M.Ohkubo {7] is
presented in Fig 3 Resonance positions given at the bottom of Fig 3 are expr@sed as
312 eV+nx88 eV, or as the period 44 eV due to the ratio: 131eV/ (88eV/ 2—44eV)-2 98.-
The ratio 9:13:17 (in units 44 eV) for position/spacing in resonances -coricerns 'strong
resonances at 572 eV and 750 eV comcxdlng with D=572"¢V and 373 eV-750 eV observed
as maxima in the independent spacing distribution in 124Sb (shown in Flg 8 in [4]).

Two maxima at 44 eV-and 572 eV were found independently- earlier in sum distritbu-
tion of resonance positions in all nuclei with 33-56 (Fig.4 top left). A'systematic character

of intervals of superfine structure (periods 44 eV) corresponds to the discussed structure of
the values (including 492 keV. and 644 keV=4x161 keV) if one notices that a ratio between
such small intervals and intervals in low-lying levels of the same nuclei are close to QED ra-
diative correction (a/2r=1.159-10~3). Simultaneously a stable interval/period 161 keV is
in the same ratio with the mass of charged pion (161.7 keV/(m,=138.6 MeV)=1:167-10"3
[6]. This SFERC method (Scaling Factor Equal to Radiative Correction) permits to use
the observed nonstatistical effects in neutron resonances as an 1nd1rect c nﬁrmatlon of
the common a.nd universal nuclear dynamics: '

‘88 eV series

T T
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I 55 eV~l' seriels ‘ l
26— '
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‘_ | | |n‘ | ul L l I I
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Fig. 3 Positions and neutron widths of resonances in targct nucleus 123Sb (by M. Ohkubo [7])
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Fig. 4 Top left: Distribution of positions of relatively strong neutron resonances in all nuclei
with Z=33-56. Top right: Spacing distribution of all neutron resonances in 134Cs. Bottom:
D-distribution for all neutron resonances in 233Th and for strong resonances (gI'3 >1 meV).

Table 2. Repéres of the periodicity in resonances of *24Sb introduced by M.Ohkubo (boxed)
and possible nonstatistical effects (stable D) in neutron resonances of the neighbour isotopes.

A7 12ZSb 124Sb 124Sb 12'81 T307 IMCS
A 51 51 51 53 53 55
N - 71 73 73 13 713 713 73 |75 T 7779
E.,Di;eV 389 198 375 574 [ 88 200 985 396
number/5 eV 20,25 62 64 61 | 66 141,57 119 24
selection 2gT2 1=1,0 all all all |[I=1all,1=0 all 2meV:
n(44¢V)=n4é" 1meV [9] 9/2 17/2 13 | 2 9/2 5(9/2) 9

A system in resonance positions introduced by M.Ohkubo as repéres (fixed intervals)
to study nonstatistical effects in other isotopes) is shown in Table 2. In this Z,N region
the presence of pion-exchange dynamics can be more clearly manifested even at higher
excitation. Possible grouping effects are shown in Table 2 and Fig.4 (top right). More
accurate data for resonances in !22124Sb and !33135Cs are needed for a definite conclusion.

Nonstatistical effect in D-distribution of resonances in 22Th was marked in 60-ties
by the Columbia Nevis Cyclotron Group. Recent result is shown in Fig.4 (bottom left).
Selection of strong resonances results in a’ grouping effect at a repére n=13 for 571 eV
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3 Spacing distributions in nuclei with Z=5-29

The first step in the analysis of stable nuclear excitations was obtaining a sum E*-
distribution for all nuclei in the first volume of compilation 1/25A (Z=1-29). The maxi-
mum at 1291 keV (Fig.3 top) is due to a grouping of ‘E* in 0dd-Z nuclei Z=19-29 (Fig.3
bottom). The maximum at 3936 keV=8x492 keV (Fig.5 center ) is discussed later. =
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Fig. 5 Top and center: E*-distribution in nuclei with Z=4-29 for cnergics E‘={@300 keV and
3000-4300 keV. Bottom left: E*-distribution for Z-odd nuclei (2<29).. Bottom right: Strong
transitions from proton resonances in %Co to lqw-!ying states at E*=dmy and 26mN.
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In the lightest nuclei only for ®!%2F there are a sufficient total numbers of excited

states (n=359, 229, 149) to perform the combined correlation analysis.  The number of
excited states in ®F used for the analysis could be increased from n=359 to n=431 by
inclusion E* known with uncertainty =30 keV (this file was not used here).

Stable interval D=1289 keV close to §my was found in spacing distribution for all 359
excited states near-magic nucleus '*F (levels are known with the uncertainty 15 keV or
less, distribution is shown in Fig.6 (top). This interval is marked with the arrow, and
“his clear nonstatistical character was checked by the AIM method. Distribution of D’“ M
(Fig.6 center) has a clear maximum at the exactly doubled value Df/*=2577 keV. The
distribution of the interval D{¥ (in downwards direction from the upper levels of pairs
forming x=1290 keV) contams a maximum at D{"*=1931 keV=(3/2)x (Fig.6 bottom).
It corresponds to a frequent appearance of mtervals D=642 keV=x/2 below the fixed
intervals x. Another interval D=493 keV was observed in total D-distribution for 8F
(Fig.7 top, deviation about 30 with smaller energy averaging interval AE=3 keV, while
AE=5 keV is the commonly used parameter). For x=493 keV in D{/™-distribution
there exists the interval 611 keV=(5/4)x. Intervals 614 keV and 490 keV—984 keV were
found also in. D-distributions of '°F and %F. They belong to the system of intervals
nx(1/4)492 keV=123 keV (a period) observed also as the above discussed stable intervals’
493 keV-611 keV in !®F. Observed in D-distributions for '®-2F (Fig. 5-7) maxima at
D=492 and 984 keV are rational (1:2:8) to the grouping effect at E*=3936 keV. Such
excitations appear in nuclei with Z=16-20 (Table 3). In the nucleus 3S it corresponds to
the exactly equidistant AJ=1 excitation (Table 3 left).

Table 3. Excitations in light nuclei (in keV), from %S up to 39Ca

g, 3+ ®Cl  ¥K  FAr BAr  ¥Ca | Dy("F) Dy;(*F)

oJ B, dift | By, B, E., E., E, |493keV  490keV

5+ 1967 1968 | 1982 2523 1410 . 2167 2469 984 keV=_

3+ [3935] [3938] [3939] [3937] [3937] [3936] 3936/8 3936keV/4

Presence of the exact rational relations in excitations of '*Q (the system similar to
18F, two valence nucleons over !°0) can be seen in Table 4 (left). Several excitations
are rational to the observed stable interval 1778 keV in spacing distribution Three out of

four known 0%, 4% excitations are in ratios "n” (within A=5 keV) to the observed stable -

interval 1778 keV in spacing distribution. Simultaneously the first 0+ excitation in 80
can be expressed as E(07)=(12/13)3936 keV (the groping at 3936 keV see in Fig.5).

Table 4. Rational relation 1:2:3:4 between spacing and excitation energies E* (in
keV) in ¥ and relations in spacing D;; {in keV) in light nuclei !°F and !%2Ne.

180 19Ne 19p 20Ne
O+ 2+ 4+ 0+ 0+ 4+ D.J D‘J D,‘j ~
00 1982 3555 3634 5336 7117 | 77(2) 908(2) 339(2) 339(2)
n(1778) 2 3 4 | 8¢ 12x85 368 366
nx1778 [3556] (12/13)3936 |5334| |7112| 76 909 341 341
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Fig. 6 Top left: D- distribution for all levels i in mF maxima at 493 keV and; 1289 keV B
Top right: D-distribution for all levels in 18F with averaging mterva.l AE 3 keV maxima are
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Bottom: D-distribution in 1F and D{™™ -distribution in 19F x—614 keV
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distribution in levels of 2Na (n=335) with the maximum at 428 keV and the periodical structure
with the parameters of 85 keV checked with the AIM-method (x=428 keV, right). :

In spacing distributions of the neighbour N=even isotopes 2 Na and #*Na the promi-
nent maxima are located at the same energy 428 keV which in »Na is a part of the
periodical structure with the interval of 85 keV (Fig.7 bottom). The presence of the
maximum at the doubled value Df“ M —2x=857 keV corresponds to pairs of such intervals
in the spectrum. In the next N=even isotope %Na (number of known levels n=40) a

sequence of three stable intervals D=858(2) keV was noticed. The interval D=x=428 keV"

itself is composed of intervals 203 keV—226 keV. The interval x=428 keV is adjusted with
D=514 keV (seen in the spacing distribution in Fig. 7 left) and with D=247 keV equal to
1/2 of the interval 492 keV in spacing distributions of »2°F (Table 3, Fig. 6,7.).

The observed rational relations and coincidences in spacing in experimental nuclear
spectra of light Z=9-11 nuclei could be used for production of the microscopic nuclear
models based on better understanding of nucleon structure.

The tuning effect in particle masses considered in [4,6,8,9] consists in rational relations
between the well-know particle masses, namely, masses of muon, pion, neutron, w-meson,
the pion parameter f,, constant splittng between pseudoscalar mesons, the parameter of

316

residual interaction of constituent quarks (A Mja) and initial constituent quark mass itself
M,=441 MeV=3AMp. They correspond to n=13,17,115,48,16,50,18,54 with the param-
eter of the discreteness §=16m, which is very close to double pion 8-decay energy. The
initial mass of the baryon in NRCQM has a value about 1320 MeV (three quarks about
M,=436 MeV [10] or M, £440 MeV from the Z-baryon mass [11,12]). Due to the con-
stituent quark mteractxon this mass becomes the mass of the well-known A- ba:yon (mass
1230 MeV of three quarks with the mass M £=410 MeV each) The spin dependent resid-
ual interaction is well-known from the nucleon A-excitation 2AMa=2%147 MeV (close
to'2x188). Difference mao—my,=1233.4(7)-939.57 MeV=293.8(7) MeV=2x146.9(4) MeV
coincides with 2x188. The mass of nucleons in nuclear medium (mjy) is about 8 MeV
(= 6) less compared with free nucleon mass my=1154 (see Fig.9 in {4]). Tt means that the
difference between m} = 1146 and w-meson mass (6x158) accounts about 147 MeV=183.
If the preliminary value of scalar field mass My=126 GeV [14] will be confirmed, the
proximity between ratios in lepton masses (1/3)m./(m,=AMp=147 MeV)/Mp=c/27
and m,/ Mz=c/2n (Table 5) could be connected with the suggestion by V. Belokurov and
D. Shirkov that in the electron mass there exists a component proportional to a/27 similar
to that in the electron magnetic moments (Schwinger term of QED correction).: Ratios
(a/27)7! in stable nuclear spacing (€,=2m.)/(e'=9.5 keV/8=0"/8)/(e"=5.5 eV [4= 8"/8)
were introduced in {15]. The parameter of 5.5 eV of superfine structure in spacmg of me
was found by K.Ideno and M.Ohkubo [16].
The observed long-range correlations in nuclear data ‘and-in nucleon masses themselves
are indications on the validity of the common fundamental microscopic approach to the
description of results of the nuclear /neutron-resonance spectroscopy :

Table 5 (from [6,8]). Presentation of parameters of tuning effects in particle masses ; and
nuclear data (in lines marked X=-1, 0, 1.2at left) by the common expression n- lﬁme(a/21r)x M
with the QED radiative correction a/2r.(a=137"1). Values m;-m,, me/3, the neutron mass
shift N6 — my — me, m, and the possible Higgs boson mass [14] are boxed. Stable intervals in
excitations (E*, D;;, X=1) and in neutron-resonances (X=2) are considered as confirmation of
relations in particle masses (X=-1). The value A° =4 GeVa m; was observed at TEVATRON

X M n=1 n=13 n =16 n=17 n= 18
1 3/2 o me=171.2 , ’
Gev 1 2A°-2M; Mz=91.2 My=115 Myp=126 .
0 1 16m.=0 m, =105.7 f,=131" . my=147-150 :
MeV. 1 2A-g; 106 = AEg 130 = AEg’ 140 = AEg 147.2 = AEg 3
1 ma-my/2=147 :
3 M'g=m,/2  NRCQM M, =441=AEg -
11 T [N6-m,-m,=161.6(1)] {170 = m./3]
keV 1 95 123 152 161 (I8F, Sb) 512 (Co, Pd)
4 402 . . . 648 (°MPd) 682(Co)
8 084 .. 1212 1203 (Pd), E* 1360 (Te) _
2 1 11 143 176 187; 749 ("*Br) - - D in neutron
eV 4 44 570 (Sb) 1500 (Sb,Pd,Rh) .  resonances
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4 Discreteness in parameters of nucleon interaction) ..

Dependence of neutron separation energy S, on the proton number (shown in Fig. 8) in

case of near-magic nuclei with N=83 and Z=57-61 (*°La-'4?Pr-"#Pm, 2/, and n2ds/5~
m1gy/2) has exactly linear character with the parameter £, 5,=683(1) keV-(2/3)Eo (boxed

values at the bottom of Fig.8. The same ¢, 3,=688(4) keV and €,,2,=339(3) keV=(1/3)e,

correspond to differences in S,=7493-6806-6467 keV for nuclei *#I-'22Sb-'*Sb (N=T71, .
v1hyy /2, dark triangle and the box in the middle of Fig.8). In Fig.9 it is seen as maxima, .
in distributions of standard parameters €,2, and €q2,. In the isotopes under discussion .

1221249}, these parameters are close to maxima of distributions.
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Fig. 8 Dependence of the neutron separation energy S, on the proton number Z=43-67.
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5 Conclusions

Presence of stable mass/energy intervals in the regions where the dominance of the plOIl- .
exchange dynamics is expected permitted the observation of common tuning eﬁects the
estimation of the common parameters and long-range correlations in nuclear and particle L
data. Importance of expanding data on highly excited states and the confirmation of the
scalar mass SM parameter is outlined.

Authors appreciate the help of D. S. Sukhoruchkin in this work.
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STUDY OF HEAVY METAL CONTENTS IN SOIL, RIVER WATER.
SNOW, NEEDLES AND MOSSES OF IVANOVO REGION -

Dunaev A M., Latukhina K.S., Abdalla A.A., Rumyantsev L.V., [Nikiforov A.Ya)]

Ivanovo State University of Chemistry and Technology, Russia, Ivanovo, F. Engels prospect, 7

Introduction

An increase of anthropogenic impact causes a degradation of environmental quality,
heayy metals (HM) being one of the most dangerous pollutants. They exist in all haturai
environments and frequently have a tendency of bioaccumulation. Their expressed toxicity
and high level of the influence define the urgency of investigation of heavy metals migration
and transformation in natural ecosystems. This paper is concerned with the study of HM
contamination level in Ivanovo region carried out in this scale for the first time.

) Materials and methods

Ivanovo region situated at interfluve of the Volga and Klyaz’ma rivers with an area of
22 000 km? was the object of the investigation. There were 45 squares (Fig. 1) separated
within the region with average area of 400 km?. Samples of soil, needle of spruce (Piceg
Abies), mosses and snow were taken from each square. Water samples from the main rivers

were also sampled.
i,.
o3

24 ivanovo 37
28

032 o)

36

Telkovo

1] 40.00
e

kilometers
Scope: 1:650 000

Fig. 1. Sampling map.
Sampling was made according to standard techniques for soil and needles [1], moss

[2], snow [3]. and water [4]. The analysis of HM content (Pb, Cd, Cr, Cu, Co, Ni, Mn, Fe and
Zn) was carried out with the use of flame atomic absorption spectrometry. The concentration
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o of gross and movable forms of the metals was‘measured;in_fsoil samples,:while in others -

only gross forms. Determination uncertainties were about 20-30%.

R IR

-Results and discussion > - il ol

The data visualization and statistical ‘analysis were employed in results” of
investigation. Maps of spatial distribution of HM in the examined environments. were created

with the.use of Maplnfo software. We applied .IDW _(Inverse Distance Weighting) |

interpolation method for the subject maps. S R S IR S o
The factor analysis of the given data was done to detect potential origins of the intake °

and establish the correlation of the HM content in different environments. Processing was :

carried out by principal component method with the Varimax rotation, * /.~ = "ol

Table 1. HM concentrations in soils and background concentrations (ug/g). -

, o ,,E‘ ol B § p
- z :%D ig — ig ' ‘ig 8.£§L : ﬁg -
8 E g 2 g = a | .g 8% @
1) L @ ] Q o ..g .°~§ﬁ g.’.‘_."
b= .E* g g ) e . | ™ b% =
’ = 1237 B 2F 8 -5
@ =] e e e
: 2 ; b B
Cr | <0,01-1,67 | 0,12 | 029 | 140 | 180 | - 46 47 (1,4-530)

Mn | <2,5-1880 | 420 .| -144..]- 650 715 ... 590+,

270 (7-2000)
Fe? | 71414400 | 5490|2030 | - .| | Ll

Co | <0,02-458 | 1,3 o088 | - | 8ar| 72| 5507165 |

Ni | <0364 | 867 | 243 st |232:] 20 | 13¢-110) 70|

cu | <0220 |624 | <02 | 23 153 | 27 | 13(@70): |-

Zn | 41770 {195 | 113 | 49 | 413 | 50 | 453522000 |

cd [<0002-025 | 003 o003 | - | o7 | 03 |o03700127: |

Pb.| <0,02-332 1023 033 |19 1,5 | 2500 |222370) 0]
1 — local background (average concentration for 10 samples with least - e I
concentrations); o

%)~ in 7] is value 38000 ug/g; o
) — value used for calculations in given work. ‘

Average HM content in the soil samples was. within-the range: of maximum :
permissible concentration (MPC). However, the increasing'HM content in the soil near large :
industrial centers evidenced of their anthropogenic origin. The most of samples sites had a
HM concentration, which was lower than background (Table 1). = . -~ 0y

Besides, the comparison of HM content in Ivanovo and neighboring regions was"
made (Table 2). The given data argued about lower level of HM content in Ivanovo region as
compared with other regions. The soil of Nizniy Novgorod region was: the closest in’
chemical composition. ST e e
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Table 2. Data of HM content in soil in Ivanovo and neighboring regions (ug/g).. ' -

The factor analysis of the glven data also confirmed anthropogcmc charactcr of areas
with higher HM content. Six factors, which explained 76% of the dispersion; were separated.
The three most important of them might be interpreted as a result of anthropogenic 1mpact
due to activity of different industries and automobile transport.

The analysis of needles showed the absence of Cd, Pb, Cr, Co and partlcula.rly N1
Other elements likely had natural ongln )
Table 3. Data of HM content in mosses in Ivanovo and other regions (uy g).

Metal Kostroma Vladimir Nizniy Novgorod - Ivanovo region,
region, 2010 region, region, 2007 /10/ 2010 '
/8/ 2000 /9/

Form Gross Gross Gross Mov. Gross Mov.
Cr 72,63 80 11,91 0,29 0,12 0,03
Mn 645,2 692 - - 420 40,4
Fe 18398,8 27700 - - 5490 84
Co . 15,63 : 6 ) - - 1,3 -
Ni 23,39 . 29 20,46 0,78 8,67 0,99. .
Cu 23,23 - - 8,05 0,29 6,24 0,77
Zn 48,40 47 25,91 0,59 19,5 :3,66
Cd - - 0,39 0,13 0,03 <0,003
Pb - 16 6,17 0,64 0,23 -

Tveﬁ?gg;;l/&;\;l/(zooo- Tula (1998-2000) /12/ Udmnrm; 1(’;’,;)05-2006)

min max | mean min max | mean min ‘max _'{ mean
.Cr 0,2 27 1,5 0,6 28 ‘5 3 48-. | 62
Mn - 45 2200 | 400 35 820 300 43 700 210
Fe 68 3690 | 550 350 19700 | 2200 380 3545 890
Co 0,05 3,5 0,41 0,14 2,66 0,63 0,07 | 2,13 0,4
Ni. | 0,25 22 2 0,7 11,7 3,7 1 16 4,7
Cu 3,2 9,2 5,1 4 36 - 9 3 22 8,5
Zn 13 85 34 16 105 | 54 18 115 42
Cd 0,03 0,82 0,27 0,04 1,22 0,32 Rk
Pb 2,1 12,2 6 3,8 18,6 8,7 : o

min, max and mean- minimal, maximal and average concentrations respectively
Ivanovo (2010) :

min max | mean
Cr <0,01 16,7 1,7
Mn <2,5 1250 231
Fe 4,17 750 262

- Co . 1<0,02 {<0,02 |'<0,02 .

Ni <0,3 166 |43
Cu <0,2 44 8,6
Zn- 2,4 120 | 31 ;
Cd: <0,05 1,25 0,14
Pb <0,02 | 41,7 3,5
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Heavy metals can migrate from soils into rivers. Thereby, it was also necessitate
carrying out the analysis of river water. The content of Fe,/Zn and Mn was below maximum
pel ermissible concentration for water for all rivérs. The excess of this level 'was ‘marked for Ni
compound in two rivers ~ Matnya and Shacha. The increase of the content in these rivers was

'probably due to’ activities of industries  of Shuya c1ty and Furmanov city. The' excess of

copper content above MPC was fixed for seven rivers. The most probable reason of this
metal arrival might bc erosion from the bedrock and the 1nﬂuencc of the river head ‘often
situated at swampy area enriched by metal compounds. ' :

The values of the index of water. pollution were . ca]culated The results allowed
ranking the water quality in examined rivers. Overwhelmmg majonty (9 of '14) was
characterized as first or second class of pollution and was pure. There were three only rivers
with class of pollution above 3. It pointed out 51gnlﬁcant degree” of contammatlon and
requll’ed the development of measures for changmg present situation.

‘Table 4. Factor analys1s. S L et e e et

, Component ©~ = -0 B

s 2 3 4 s o e Vo
Cd.s m ‘| 0,957 - S| -0,124 | _ ) -0,105 |
Cr s m |.0,957 4-0,124 |0 e -0,105
Crm’ | 0853 10424 | ‘ o I
Cum { 0,834 S o487, ) APETR [P P
Cd m | 0,661::]:-0,100 -| -0,163 | 0,580 Sl et ]-0,168:
Nis-m"~| 0,637 | 0,394 |7-0296 | = - S -0,102 [t
Mn s m 0,932 |.0227 |. o ‘
Nisg | - |oos | | - Tois4 RN R
Pbsg |- 0,768 |:0,352 |- 0 140,390 | -0,164: it
Fe's m *| -0,184 | 0,756 |'0,150 |-0,131 |:0250 | - |:
Fe s g | -0,115 | 0,734 | -0,210 .. ] -0,122°.].0,298 .| .
Cusg | 0184 | 0,638 |~ "-0,126 - | 0,400 -| 0,135 "
Pbm [’ Sohee02 | ] 0,207 R DR N
Zn_m ' ] 0,868 N B 5T
Cdsg | - 0,370 | 0,636 ~1.0,589...{--0,127 |+ ...+:
Fe n -0,174 {-0,292- 0,807 e e i
Zn'n : 0,251 |-0,188 | 0,785 . 170,393 |
Fem .| 0218 | .. . |0269 J0779. | .. 0« |e.0i ..
Ccsg |7} 700,170 s 0,875 s T i
Cos g “] 0,228 | 0452 | 0,484 | -
Cun ‘ 0175 | . | 0887 [ . .|
Mn s g | -0,150..1.0135 | ..o :]. . -~ |.-0,108 .| :0,878 -] 0,106
Ni;n' e e fed e e e f e s s 0,928
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Zn s g 0,122 0,345 0,795,
Mn_n -0,246 0,223 0,129 0,148 -0,258 0,190 0,164
Ni_m 0,465 -0,265 | 0,347 -0,121 | -0,267.
Cu_s m | -0,221 | -0,132 -0,132 | 0,349 | -0,182 | -0,183:
Zn_s m | -0,103 -0,147 -0,142 A
Mnm |[-0258 |-0270 , 0,297 | -0,301 | -0,149" |-
Extraction Method: Principal Component Analysis. ‘
Rotation Method: Varimax with Kaiser Normalization.

Indexes: s_g — soil gross; s_m — soil movable; m — moss; n — needles.

i

Data of 25 moss samples (Hylocomium splendens, Pleurozium schreberi and
Polytrichum commune) were processed. All obtained metals were present in samples (Table
3). Values of HM content in moss were compared with the résults of the research in
Yaroslavl, Tver’, Tula region and Udmurtia republic. All these data were measured by NAA
method. In fact level of HM content in Ivanovo region was very close with neighbor regions,

Samples of snow were collected on March, 2011. HM content in bulk snow and solid
fraction were measured. Composition of snow solid fraction (Zn, Mn, Fe) was an evidence of
their soil origin. These metals were most common in soil and under wind transfer they could
migrate in snow from roads. In bulk snow Cu, Zn, Mn and Fe were found. The
concentrations of copper were the same as those of Nizniy Novgorod region, but zinc content
in Ivanovo was less than in Nizniy Novgorod. Intensities of atmospheric deposition, which
. were calculated from the HM content in snow, were less than urban intensities of HM
deposition [5). S

Factor analysis of the total array of data of HM content in different environments was
made (Table 4). As a result 9 factors, which explained 86% of whole dispersion, were singled
out. The first four factors were most important and interesting. : L

The first factor concerned with movable forms of Cr, Cd and Ni in soil, and Cr,:Cd
and Cu in moss. Such coincidence might explain the origin of these elements in soil. Moss
gets the nutrition elements only from air. Hence Cr and Cd had atmospheric origin.

The second factor combined gross forms of Pb, Ni, Fe and Cu in soil and movable
forms of Fe and Mn, probably; being a group of elements migrated into soil from the
bedrock. The 4™ factor was determined by the content of Fe in needles and moss, and Zn in
needles. ’

The third factor included gross forms of Co and Cd in soil, and Pb and Zn in moss.
Origin of this factor probably dealt with the influence of automobile transport.

The samples will be measured by the neutron activation analysis on the basis of the
Laboratory of Neutron Physics of Joint Institute of Nuclear Research. It allows extend
considerably the number of the observed elements. The results of the research will be
included into European Atlas of HM deposition according to the Long Range Transboundary
Air Pollution programme. The results of the research will be given in community ecological
council for the development of measures of Ivanovo region aimed at the maintenance of
favorable quality of environment.

It will be possible to define spatial and temporal trends of HM distribution in natural
environments and determine the regularity of their behavior in the environment during next
two years.
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DETERMINATION OF MAGNESIUM, ALUMINUM AND SILICON CONTENT IN
WATER SAMPLES BY GAMMA-ACTIVATION AND NEUTRON-ACTIVATION
ANALYSES USING THE MT-25 MICROTRON

-Maslov O.D,, Gustova M.V., Belov A.G. and Drobina T.P.

Joint Institute for Nuclear Research, Dubna, Russia

Abstract. The possibility of determining Mg, Al, and Si content in water samples using
nuclear physical methods has been studied. The detections limits of 0.1, 0.03, and 0.1 mg/L

for Mg, Al, and Si in water samples have been obtained.

Monitoring of the aluminum and silicon content in water is important because the hrgh

concentration of aluminum or the low content of silicon in drinking water may be risk factors _

for Alzheimer's disease.

INTRODUCTION

Aluminum occupies one of the main places among elements used in the producétion:of ‘

industrial materials. Accordingly, there is a necessity of its control and analysis in the

nonferrous metallurgy, in an alloy composition of the construction elements, in paiticular’for

the space rocket industry, in optical and glass industries. The aluminum content control is

important as well in the food-processing industry, agn'cultt;re and at drinking wa'tjer

preparation. Aluminum arrives in natural waters from partial dissolution of clay and

aluminum silicates, atrnospheric precipitation, and waste waters from various manufactures'.‘ .

Aluminum is rather well known as a metal, soluble forms of which can be poisonous
and lead to encephalo- and polyneuropathy with dementia phenomena. Recent research
confirms [1,2] that the growth of aluminum content in drinking water increases the risk of
Alzheimer's disease. At present in Russia the aluminum maximum admissible concentration
(MAC) in process water and public waters is established at a level of 0.2-0.5 mg/L, and in
water of reservoirs used for commercial fishing — 0.08 mg/L (3].

According to the data of the American scientists [2], daily consumption of 0.1 mg of
aluminum with drinking water increases the risk of dementia 2.26 times and consrderably

reduces intellectual abilities. However, daily consumption of silicon in dnnkmg water up to

10 mg reduces the risk of a similar disease by 11%. Further research is planned to adjust the -
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'protectlon from neurological diseases. .

A sorms of aluminum and silicon content in drinking :w_a_ter{lt will be done for the purpose of -

Silicon is a constant component of natural water chemlcal compos1t10n due to. wide
spread occurrence of silicon compounds in soils and mountain rocks. Significant quantmes of
silicon arrive into natural waters in the process of ground and water plant bod1es dying off,
with atmospheric precipitation, and also with industrial waste water of the enterpnses
producmg ceramrcs cements, glassware, silicate paint, bmdmg matenals orga.nosﬂlcon
rubber, etc. The concentration of silicon in river waters ranges usually from 1 to 20 mg/L
gilicon MAC is equal 10 mg/L [4]. Silicon is a powerful water activator and has lmportant
antibacterial properties. The presence of silicon at a concentration more than 2 mgL detams
and inhibits development of blue-green algae [5]. Bt

As arule, chemical analysrs methods are used for the determmatlon of Al and Sl [6 7,
8, 9], and this methods are rather labour-c onsummg But the urgent character of this problem
requires development of new and approbatlon of the known methods for the elements

analysis in environmental media and food

EXPERIMENTAL ‘
Element analysis of water samples was carried out by gamma-activation and neutron
activation analyses using the MT-25 microtron. ‘ o
Water samples from the Volga river and drinking water samples aﬁer standard ﬁlter
treatment were taken for analysis. Water samples in the volume of 1 L were evaporated SOlld
residue was packed into packages of 10-m1cron lavsan film.

.Gamma activation and neutron actlvatlon analyses “The' analysed samples were
posrtloned in the centre of the 1rrad1atlon umt and 1rrad1ated with 22 MeV bremsstrahlung
(the average electron current was equal approxrmately to 15 WA) or w1th a thermal neutron
flux for 5-15 mmutes in a water moderator on the MT—25 m1crotron Gamma spectrometnc
measurement of the 1rrad1ated samples for the determination of elements was camed out with
the HPGe detector w1th 1. 5 keV resolutlon on the lme of 1. 33 MeV (6°Co) Sl Mg, and Al
were determined by the foloowmg reactlons Sl (7 p) 28Al (Tm 2 2 mm, E,— 1779 keV),
i (1, p) Al (Tm— 6.6 min, E},ﬁ;— 1273 keV), ?SMg a, ) Na (Tm— 14 96_}3" "E, =
1369 keV) and 27Al (n 'y) 28A1 (Tm 2 2 mm E = 1779 keV) ‘

gy f T U S
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RESULTS AND DISCUSSION
The results of some chemical elements determination in water samples are givér;' in
Table 1. Fig.1 shows a gamma spectrum of a water sample after activation.

Table 1. Element content in water samples, mg/L

Elements | MAC, ~ Samples Analysis [Detection
mg/L Volga 1stageof |2 stageof water |method [limit,
[4] water purification mg/L :
purification | (industrial filter) :
( coal)
Si 10 5.3140.1 1.410.1 0.810.1 GAA 0.1
Mg ’ 20-85 17.1104 | 12.510.4 7.63:0.4 GAA 0.17
Al 0.2-0.5 | 1.0240.07 | 0.69£0.07 | 0.1940.07 NAA 0.03:
Cl 350 ' 2.610.3 10.740.3 1.3103 NAA | 0.1 :
Na 200 | 87206 | 87406 | 82106 NAA |03
55
N Na-24 (Mg)
g'sa AL28 (S) ’
Ezz
a ! o b
0 ; : ; :
1232 1320 Energy, keV uos - 1496 ‘

Fig.1 Gamma spectrum of the evaporated sample of water after gamma activation
On the basis of the carried out experiments, the maximum limit detection of Si — O.i
mg/L, Mg — 0.1 mg/L (GAA), and Al — 0.03 mg/L (NAA) was evaluated. These limits are

sufficient for estimation of the given elements at water quality determination.

The content of elements in the Volga water is within the limits of MAC except for _

aluminum, which exceeds twice the limits. The standard water treatment allows one to lower

the Al content to tolerable norms. However, it can be seen from the Tables that water
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yreatment with coal and industrial filters reduces silicon quantity 10 times in comparison with
It should be noted as well that the water purification'leads hardness salts (Ca, Mg)
extraction, as a rule. The low content Ca and Mg is not always favorable for héalfh. A
qumber of ecological and analytic epi’dirrieo‘logicyalls‘tvu"dji'é{s;hai/‘em:‘fdui;idfé, ‘sf/igniv‘ﬁcant

dependence between water hardness and cardiovascular disease [16].

o CONCLUSION R

1. The techniques of the analysis bf Si, Mg, and Al' with the use of the MT,-‘2)5’ mfcrotron are
developed. Si, Mg and Al were determined by the following reac‘tion‘s:",Z?Si (, p) 2Al '
(Tip=22min, B= 1779keV); 0gi (y,p) PAl (Typ = 6.6min, E; = 1273keV);
Mg (v, p) 2*Na (Tip= 14.96 h, E, = 1369 keV) and AL (n,y) BAL (Tin =22 'min,
E, = 1779 keV). ‘ IR

2. The detection limits of Si — 0.1 mg/L, Mg — 0.1 }ng/L (GAA) and Al - 0.03 mg/L (NAA)
are determined. The reéults obtained are sufficient for estimation of the given elements at

water quality determination.

w

The content of elements in the Volga water is within the MAC limits except for
aluminium, which exceeds twice the limits, but standard water treatment allows one to
lower the Al content to tolerable norms. However, the water purification with coal and
industrial filters results in a 10-times reduction of silicon quantity in comparison with

MAC.
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RADIOECOLOGICAL INVESTIGATION AT THE CONSTRUCTION OF «BELENE»
NPP A

Hr.G Khristov', S. G Marinova, M. V. Gustova O.D. Maslov2
lPlovdlv Umver51ty “Paisii Khxlendarskl” PIOVdIV Bulgana o
2JINR Dubna, Russia -

INTRODUCTION = :

Normally, when nuclear power plants (NPP) are in ordinary mode of operatlon the
exhausts of the radioactive elements into the environment are insignificant and, in particular,
consist of radioactive iodine and cesium. Therefore, it is important to conduct preliminary
measurements of soils on the territories with possible radioactive. pollution, in order to find
out whether there are. such radioactive elements as cesium, uranium, thorium and radium.
Also it is necessary to define the radioactive background in such areas in order to obtam the
database for comparing data after the launching of the NPP...

For this purpose the soil samples taken from the regions of NPP «Belene» the towns of
Svishtov and Belene, as well as the villages of Oresh, Dekov, Bulgaria were investigated (Fig.

1.

Flg 1. The Reglon of NPP “Belene” and place of samplmg ] .

EXPERIMENTAL METHODS AND RESULTS
To determine the concentration of natural radioactive elements: U-238, Ra-226, Pb- 210
Th-232, K-40 and anthropogenic radionuclide Cs-137 (Table 1), the semlconductor gamma-
spectrometer with GC(LI) -detector with 2,0 keV resolutlon for 1332 keV gamma—lme ‘of “Co
was used. ' '

Table 1. The concentration of radioactive eléments in soil - o
Thoz | Kdo | Cs137 |

Place of U-238 | Ra-226 | Pb-210

sampling . | By .| . Ba/ke. |- Bake,- . Bakg | ‘Bakg | Bake, |-
Svishiov | 2120 | 2853 ' | <46 |- 28:17-| 43914 | 3202 |
Oresh | 207 T6t2 | 5225 | 1541 | 336%11 | 2,0£0,1
Dekov 43x10 | 45+7. | <62 5051 | 546£18 | 7,903
Belene 34£11 | 3843 <65 | 40kl | 539%17 | 1,940,1
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'In the Table 2 the results of measurement of the natural radiation background in the
places of sampling are presented. =

Table 2. The natural radiation background in the places of sampling.

Place of sampling Power of the equivalent dose, pSv/h
Svishtov 0,16
Oresh 0,13
Dekov 0,14
Belene 0,11
Average value 0,13

Another important problem occurring at the NPP construction site is the activation of
concrete by the neutron irradiation during reactor operation, One of the important tasks in thig
area is to choose such a concrete that activates less, so as to decrease the irradiation of the
personnel and the pollution of the environment with radioactive wastes on terminating the
exploitation of reactors. ‘

The calculation of the concrete activation is complicated because there is insufficient

data on the concentration of elements forming long-living nuclides, in particular, Eu, Co, Cs,
Fe [1] (Table 3).

Table 3. Nuclear characteristics of the radionuclides.

Element Reactions with Activation cross- | Radioactive half-life
thermal neutrons section, barn
Fe *Fe(n,g)" Fe 1,28 44,6 days
Co *Co(n,g*Co 37,45 5,3 years
Cs 3Cs(n,g)™*Cs 29,0 2,06 years
Eu PEu(n,g)™?En 5939 13,3 years
Eu Eu(n,g)**Eu 603 8,8 years

The purpose of the present work is to experimentally determine the concentration of
these and other elements in concrete samples from NPP «Beleney. ‘

Four samples of concrete fromdifferent locations of the NPP «Belene» were chosen as
an investigation material. These are as follows: sample 1 — reactor building; sample 2 —
location near reactor; sample 3 — diesel-generator station; sample 4 — communication
channels of special enclosure. :

The concentration of elements is determined by means of the RFA-analyzer with the

semiconductor Si-detector in the Laboratory of nuclear reactions, JINR, Dubna. The results
for 28 elements in concrete samples are presented in Table 4, '

s e
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Table 4. The concentration of elements in concrete samples.

™ Element - . " The concentration in samples from concrete - - = =
’ Sample | Sample 2 Sample 3 5 Sample»4‘
K, % 1.630.4 1.6404 - |0 ‘16204 T 0.840.2
Ca, % 1142 24+0.4" 1442 *5.240.5%
T, % - 0.10£0.05° | 0.1240.05 0.240.05 © ' | 0.0940.05"
Mn, % ©0.0630.01 0.060.01 0.0740.01 " | 0.0440.01°
™ Fe, % 1.440.2 1.240.2 C11H0.2° 0.602° .
Co, ppm <10 <10 <10" <11
Ni, ppm 30.043.0 <24.3 <23.8. .. 40.043.0
Cu, ppm 7045 7044 6014 80+5 - ..
7n, % 0.2040.01 0.04140.01 0.0540.01 0.1920.01
As, ppm <21.0 <20.3 <10 <10 ¢
Se, ppm 2.340.6 <12 1.740.6 2.040.6 o
Rb, ppm 55%6 6016" 6046 3626 |
Sr, ppm 220+40 20040 380140 170440 D
Y, ppm <27.1 <29.2 <27.9 - <28.8'w:' ied
Zr, ppm 60060 1400260 360+60_ _450i6o' ,
Nb, ppm 612 ' 942 <57 <5.7.
Pb, ppm 110430 4010 40£10° 8030 ..
Th, ppm 1745 2145 1745 1745
Cd ppm 3.941.0 2.140.5 2.240.5 5.01.0
Sn, ppm 137 8+3 543 743
Sb, ppm 2.0 <1.9 <2.0 <1.8
Cs, ppm 1045 945 2045 945 .
Ba, ppm 800150 70050 19004100 70050
La, ppm 3345 2745 2415 2545
Ce, ppm . 5445 5445 4745 4245
Nd, ppm 4015 3045 4015 4015
Eu, ppm <0.5 <0.5 <0.5 1.0+0.5
| Ag,ppm 1.640.5 1.440.5 1.440.5 1.740.5

In works [2, 3] in portland cements the average concqn.tration of Eu,.Co, Cs, 1Fefls
measured to be 2,4 ppm, 6,3 ppm, 1,2 ppm and 1,6 ppm, respectively. The ob@mgd resuht's or
the NPP «Belene» concretes show that Eu and Fe values are lowgr,”an‘d Cs ya}ucs are igher ;
than in portland cements. In order to define the Co value more precisely it is pecessarz;j (t:':-'
carry out new investigations applying another method, for example — gamma-. an
neutron-activation analysis. , DU

CONCLUSIONS - rimr oo o
The obtained values of the concéntra_tionfof ihe'naturégl radionuclides of U-238, Ra-226,

Th-232, Pb-210 and K~40 in soil from the NPP «Belene» region _appéa{ to be in the ﬁ.ames of
average’ values for Bulgaria, and the value of anthropogenic radionuclide of Cs-137 is lower
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than an average for Bulgaria — 25 Bo/kg [4]. o .
The measured level of the radiation background (0,13 uSv/h)
values for Bulgaria [4].

The obtf;ined resul'ts indicate the present radiation state and may serve as a basis
future comparisons at estimating the changes of ecological state of the NPP «Belene» regio; x

The novel results were obtained on the element composition of the concretes ugsleél :
NPP <fBe1ene)) construction. These results present.a possibility to estimate the ind 5
activation of concretes and the personnel and environment irradiation dose. UCed
The authors acknowledge the financial support of the Fund of the scientific researcil» LGd

mobile projects at the Plovdi iversity “Paisii Hi 21 .
037/200,;-2_;) . e Plovdiv University “Paisii Hilendarski”, Bulgaria (Grani aFF.
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Abstract. The objective of this study is‘to evaluate the changes in surface afrnbsphe}ic
distribution of '¥'Cs before and after the Chemoby! accident. Measurements of 137Cs in the air
carried out in Bratislava, Slovak Republic, from 1977 until 2010 years ’s‘hqw'thatfthe"main
source of ¥’Cs surface air activity is the residue of the global fallout from the atmospheric
muclear weapon tests. From these measurements it follows that the decrease -of ;“‘”VCs
concentration in air has an exponential dependence with the ecological half-life T'= 59:1
months, except for a significant increase in activity level during the years 1986-1988 due'to
the Chemobyl accident. At present the level of airborne B¢ activity is about 0.3 uBg/m*. It
appears that the decreasing trend (with ecological half-life) has stopped after the year 2008,
and a shift of the '*'Cs concentration peak from summer to winter season is obserVédfﬁfis
effect may be associated with transfer of radiocaesium from soil to vegetation and subsequent
burning of biomass, or with soil resuspension. ' ' i s

Keywords: '*’Cs in surface air, Long-term variation, seasonal variation, Chernobyl fallout; !
nuclear weapons fallout R E

~

Introduction : : - R

The radionuclide "’Cs is released to the environment by several types of nuclear
activities including testing of nuclear weapons and accidents in nuclear facilities; operation of
nuclear power reactors, and reprocessing of spent nuclear fuel. The: ” ’Cs release .into
atmosphere is a. result -of nuclear fission, and it can be. considered’ as'one:of ‘the most
hazardous radionuclides in the environment: It has a high fission yield, long physical half-life
(30.07 years), high solubility and physico-chemical properties similar to potassium. ... ...

' The testing of nuclear weapons in the atmosphere involyed unrestrained releases of
radioactive materials directly to the’ environment. During atmospheric nuclear bomb testing ™
1375 was released in the stratosphere. Approximately 10-PBg (1 PBq=10"* Bq) of "'Cs, was
injected in the stratosphere (UNSCEAR, 1982) from past tests. A major part of the emissions
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(~60%) took place during the period 1961~1962. One may expect that the peak concentratioy,
of *'Cs in surface air from nuclear bomb tests was observed in 1963 when the radioacﬁve
fission products from the explosions began to fall down from the stratospheric reservoir ing,
ground surface atmosphere. ) :

By exchange processes '*'Cs was transported to the troposphere and further as falloy
to the Earth surface. After the end of the atmospheric nuclear weapon tests in 1963
(thermonuclear explosions in the atmosphere were completely terminated in 1980), the
content of this radionuclide in the environmental reservoirs gradually decreased. Until the
Chernobyl event on 26 April 1986, surface air activity of *’Cs occurred mostly as a result of
global fallout from atmospheric nuclear weapons tests. The Chernobyl event was restricted iy
space and time. The radionuclide releases from the damaged reactor occurred mainly over a
10-day period (United Nations, 1994). Totally 77 PBq of *’Cs entered the atmosphere Within
a few days following the accident. The localized fallout from the event covers large areas of
Europe, including Slovakia. According to the assessment of the Russian National Report
prepared by the Institute of Nuclear Energy Safety, Moscow, 0.18 PBq of '*'Cs was deposited
to the territory of Slovakia, which is 0.28% of the total deposition in Europe (Shoigu et al,,
2008). The distribution of deposition was non-even. Based on measuremenst of *'Cs activity
over the whole territory of Slovakia from 1990 till 2003 by means of ground gamma-
spectrometers and atmospheric aerosols sampling equipment it was established (Gluch, 2006)
that the generally highest values (> 3000 Bg/m?) were observed in the areas with altitude
exceeding 800 m (The HighTatras, The Low Tatras, Stavnica vrchy). The maximum
measured values occurred in the vicinity of the towns Banska Stiavnica (18000 Bq.m?) and
Novy Tekov (28700 Bq.m?). In the vicinity of Bratislava the activity was in the range of
1500-1800 Bq/m? (with reference to 1.1 .2005). ‘

Systematic monitoring of airborne *’Cs activity has been done by the Department of
Nuclear Physics and Biophysics of the Comenius University in Slovakia over the periods
1977-1987 and 2002-2010. In the atmosphere the concentrations of '*’Cs (together with 'Be,
“K and 2'%b, were measured in industrial city of Bratislava. Bratislava (with 0.5 million
inhabitants) is situated near borders with Hungary, Austria and Czech Republic and at a
distance of 1000 km from the Chernobyl Power Plant, where the 1986 accident occurred. '

Material and Methods

Aerosol particles in the atmosphere were collected using aerosol filters SYMPOR 3
(1977-1988) and nitro-cellulose filters (2002-2010), both with a collection efficiency of
approximately 100 %. The sampling location was at the Meteorological Station near the
Faculty of Mathematics, Physics and Informatics (FMPI), Comenius University, Bratislava
(48°9°N, 17° 7" E, 164 m as.l.). Using a sampler device with an air-flow rate of 30 m>.h"*

aerosol particles were collected on the nitro-cellulose membrane filters (PRAGOPOR, pore -

size 0.85 um, the collection efficiency approximately 100 %). The sampler device is situated
at height of 2.85 m above ground at the Meteorological Station near the FMPI. The filters are
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changed every week and about 3000 m’ of air is pumped t}qougl}"eech sa.lgyrfple.’kll)r} Septer;xl;;r
2004 the new sampling device was launchedi and the voilume(’){t: pdrpped air 1pc;ea§edtfwo old.

Gamma spectrbfnetry on the air-filter. sajmplesl,wa‘;s1 perf.p;njned m the !ow-level_
packground counting laboratory of the Department of Nuclear Physics and Bldph){s_les of('i the
Comenius University in Bratislava, Slovakia, using a ORTEC IdPGe detector w'1th Be win ov&i
and Canberra HPGe detector (177 cm’) with a carbon window, placed in a low'-leve .
packground shield. The measuring time was 24 hours or more. lelleo pezt]_cls cdgsspond1n4go It(o
the 46.5 keV, 477 keV, 662 keV and 1461 keV gma rays of I"b,‘ :}'Be,' Cs and s
respectively, were recorded for activity determination. The uncertainty 'in the resulte v:}z:s
mainly due to “counting statistics, which was normally 3% or better. Thej count-rates in 1 fe
full-energy peaks were corrected for the background of the measurement eystem and for se t-’
absorption. The detection efficiency for the sample geometry was evaluz’i»tedr:friom:a;Mon e
Carlo model using the GEANT 3 code. ) .

In our depariment concentration of *’Cs was measured from J uly 01, 1977 (ngmec et
al, 1988) up to present, regrettably with an interval from August 1, 1988' until Japuary. 1,
2002. During the years 1993 - 2000 regular collection df (aero.sol sdmples for - fdut}ne
environmental air monitoring was carried out in six measuring points within the Radlatlpn
Monitoring Network of Slovak Republik (Cabanekova, 1998; Cabanekova and Gomo a,

2001).

Result and discussion

a. Long-term variations o

The overall results of the air-particulate monitoring ‘for_mCsvis shown.u'l Figure 1 and
covers a period from July 01, 1977 (Povinec etal, 1988) up to presex.xt7 In add1t10n to our d;;e
we included .averaged values from 1993-2000 in the six measuring points used by The
Radiation Monitoring Network of Slovak Reppblic (Cabanekova, Viadar, 1998, Cabanekova,
Gomola, 2001). |

In Bratislava the annual average activity of B37¢Cs in surface air deereased pegularly
from 130 puBq/m® in 1977 down to 0.3 uBg/m® in .2009, except for a mgmﬁcant increase
during the years 1986-1987 due to the Chernoby! accident. : e

From these measurements it appears that the decrease ink concentrat{on of C‘s_‘m‘.z;l:
follows an exponential trend according to the following equetion A= 130 e?(p (- 05(; 1 ;SS:nt());lihs
is expressed in months after 1.01.1977. The apparent ecological meed-llfe-t};pe 1s 59-1 months
(the corresponding half-life time is around 41 months).

Before the Chemobyl accident, the eoncentfatiqp of ¥'Cs decreased w1thapprox1m8t—e;z)'
the same effective life-time as after 1993 (F?gﬁnl). In 1983 it vanedw1thm the rarnge”lz3 2
nBg/m®. Measurements performed in Sweden (Kulan,” 2006) gave avalue of '287.8‘ pqm

during the period August 1972 - December 1985, close to the presentdata R
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_ In Slovakia the maximum air concentration of {37Cs from the Chernobyl accident at
the ground level was registered on May 1, 1986. Monthly averaged concentration for AMay
1986 was 14500 uBq/m® (Povinec et al., 1988). Then it decreased with an ecological life-time
of 2.8 months @alf—time 1.93 month)." At the end of 1987 it approached again thq leve]
determined by the previous recorded decline in global fallout (see inserted picture in Fig. 1).
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Fig.1. Long-term variation of *’Cs in surface air in Bratislava, based on monthly mean values.

Inserted picture is monthly average values during 1986-1987. The time t in the formula -
is in months. ’ :

The most active years of testing from the standpoint of the total explosive yields were

in 1961-1962. Subsequently, the maximum concentration of *’Cs in surface air was

observed in 1963 (Makhonko, Kim, 2002). They obtained a value of 2450 qu‘/m3 as a
weighted mean over 89 sites used to monitor radioactive aerosols localized in the territory of
the former USSR. If to extrapolate our data back to 1963, the concentration of 137Cs in the
vicinity of Bratislava was 2220 uBg/m’ at that time.

The trend of decreasing volume activity of 1*’Cs in air appears to cease after the yea}
of 2007 (Fig. 2). This indicates that the current main source of atmospheric 1¥Cs in Slovakia
is different from the previous period. As demonstrated by analysis of moss samples
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. (A]eksiayenak et al.,~2011) there is still a; considerable -residual '*’Cs activity level in

terrestrial surfaces affected by fallout from the Chernobyl accident, and it is conceivable that

elease of particulate material from these surfaces could be a main séu'ri:’evg_f th‘e‘ifutfféut level
~of ¥'Cs in air in Slovakia. - T

b.  Seasonal variations L P

In recent years, in contrast to the period 1977-1980, we observe a shift 9f maximum -
concentration of 37Cs from summer season to winter season (Fig. 2). Th1s is fanother
indication of a change of source distribution of **'Cs in air.
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Fig.2. Seasonal variation airborne concentration of **’Cs and *K (date with standard deviati;on) :
" in air in Bratislava over the last years. For comparison the seasox:la.l vanatlons of EC
concentrations are shown. :

The seasonal variation of '¥’Cs activity concentration in surface air correlates well (R
= (.78) with that of K (Fig. 3)." This has’been ‘expected as .bo_th “the  source-term (a
resuspension from soil) and behavior are similar. We inc;h.ld?gi_,m this eyaluatlon only the.: data
for the 2007-2010 period, as we assumed that the cgl_,ange in Cs activity goncgnt;atxfan in .the
atmosphere ceased in 2007. The average ‘°K and 1157CS aoctmty. concentrations fpr/t\k‘l;s4 penod
are 4.4 uBq m™ and 0.3 pBq m>, respectively (the Cs/K activity ratio’is 0.069).57: 5

<1339



131Cs and *K levels measured in oak and beech leaves collected fr i
of §lovakia in 2001 and 2002 varied within the range of 0.4-3.5 Bq kg™ ((r)x?;:r:fizei{zztl 73
kg').a:nd '173—365 Bq kg (mean value 230 Bq/kg), respectively, Table 1. However. 1
activities |]r317 conifer needles were below a detection limit. This would indicate that ’a T
uptake of ~'Cs by plants could be a dominant process. The concentration of stable K p

were determined i i i Do
me{h ‘ de. ermined in Frank Laboratory of Neutron Phys1.cs, JINR, at reactor IBR-2 using INAA
1,4
12 *
= 1! * ’/‘ /
E ¢
E _0,8 <+ e P // J
2 o6 R ~ hd
g S, e
a2 04 R A 4
02 * * R=0.84
’ “ v
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0 2 4 6 8 10 12 14 . 16
“K [uBa/m?]

Fig.3. A plot of correlation between activity of *’Cs and K in surface ai i '
air (Bratislava).
data from the period 2007-2010 are included. : r (Brtisiave). Odly

. In the foliage samples the 1Cs/ %K activity ratio is 0.01. Higher rati
regstered l:)y Ko et al. (2002) in broadleaf treeylitter. Even highg1 le\l::lsoif('OI.%GC‘;s) ::rr:
reglster?d in piedmont broadleaved forests Malyi Utrish (44°44'N 37026'E) in Russia
(approximately the same latitude as Bratislava). Pokarzhevskii et al. ’(2003) reported *'Cs
levels between 76 and 140 Bq kg™ in litter found below oak, hornbeam and beech trees.

Table 1. Concentration of radionuclides in Slovakian samples of foliages, needles and moss.

re'giom

Bq
C

Number of |Stable K, K, Stable Cs, '
Samples samples |mg/kg Ba/kg mg/kg Bgkg |
Foliage (oak, beech) 25 9840 230 0.044
Spruce needles 2 6360 120 0.22 <0,2 (DL)
Moss 11 7080 138 0.41

Possible reasons of increased atmospheric '*’Cs levels during the autumn—winter

season may be due to:
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@ surface soil resuspension and transport of released '*’Cs' by" winds,
particularly from open agricultural areas; : '

(i)

releases of t‘lecomposedpylan't materials by wind erosion;
(iiiy ~ buming of biomass (Bburéig:ir'_v‘et' al, 2010y .. R ) .
(iv) specific meteorological conditions during wmter with * temperature’

gradient inversions (Povinec et al., 201 D.

All these mechanisms could contribute significantly to the observed recent changes in’
the seasonality of '*’Cs in Slovakia, where the alternation of annual seasons is regular, and
the period of snow cover is insignificant. Bratislava with 0.5 million of inhabitants is also a’
large industrial zone where specific meteorological .. conditions  during winter - prevent
dispersion of pollutants from the town, as documented by l"COzkobservaytions in the ground-
Jevel air (Povinec et al., 2011). The fact that the *’Cs/K ratio observed in aerosols (cf. Fig.
3) exceeds recent’ values observed in vegetation may indicate that soil resuspension’ is "
responsible for at least part of the increased 13¢5 activity observed during the winter season.
The mean *'Cs (15 Bq kg") and *°K (300) levels observed in soil around Bratislava gave for’
the ¥'Cs/ K activity ratio a mean value of 0.05, which is closer to the value for the surface
air (0.07) than for the tree leaves (0.01). A few single 137Cs peaks observed in one-two
months (Fig. 2) may indicate contributions either from biomass burning of highly
contaminated areas in the Eastern Europe (Povinec et al., 2011); or from Saharan dust events
(Pham et al., 2005). Cw L TR » : enhowhl

Conclusions

Sources and variations of '*’Cs and “/K in the ground-level air of Bratislava have been
compared and discussed. The main findings of the paper may be summarised as follows: -

@) The '¥’Cs activity concentration in the surface air between 1977 and 2010 has been"
decreasing with an ecological half-life of 3.4.years (high values.observed ‘during
1986 and 1987 due to the Chernobyl accident were excluded from the evaluation).
However, during 2007-2010 the yearly averaged '*’Cs activity concentrations were.
almost the same. ‘ R L S

(i)  The increased atmospheric 137¢s and “K levels observed during the autumn-winter
season may be due to surface soil resuspension and radionuclide transport by
winds, ‘particularly from open ‘agricultural areas (also confirmed, by high~
correlation coefficient, R = 0.84, between the 137cg'and *°K atmospheric'levels).
Decomposed plant materials,  biomass burning - and: specific -meteorological*
conditions during winter with temperature gradient inversions:: could ; also
contribute to higher *’Cs and 40K 1evels observed during the autumn and winter
monthsf, o R T R SO S S onEagih A
The P7Cs*°K activity ratio for the surface air (0.07) is closer:to the-mean value
observed in soil (0.05) than to the mean value for the itree:leaves.(0.01),:what
would also,_indicate a.predominance of soil resuspension processes on .the
atmospheric concentrations of these radionuclides during the winter season.”

(iii)
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Introduction

Bone tumors are a heterogeneous group of tumors that all arise from bone tissue, which
consists of cartilaginous, osteoid and fibrous tissue, and bone marrow elements. Each tissue
can give rise to benign or malignant tumors. The differentiation of benign and malignant
intraosseous lesions can often be accomplished by means of conventional roentgenology, CT,
and MRIL All of these methods of introscopy are very important, particularly for: the
assessment of tumor location, form, size, and infiltration of the adjacent tissue. However, the
radiographic appearance of many lesions is indeterminate, and final diagnosis must be
achieved using biopsy and histopathologic evaluation, Y

It is well known that tissues of human body differ greatly in their contents of chemical
elements. Thus, it can be expected that bone tumors of a different origin would have specific
elemental composition. In vivo neutron activation analysis (in vivo NAA) allows
determination of some chemical element contents (Ca, Cl, and Na) in tumor tissue and has a
potential to become a useful tool in oncology diagnostics [1,2].

To our knowledge, no data are available about the chemical element contents of bone
tumors with respect to different origin of disease. Therefore, we determined the Ca, Cl, Mg,
Na, and P contents in the osteogenic sarcoma and intact bone tissue using instrumental

neutron-activation analysis with high resolution spectrometry of short-lived radionuclides
(INAA-SLR). : .

Experimental

Samples of osteogenic sarcoma tissue were obtained from 61 patients (18 females and 43
males from 6 to 71 years old). All patients were hospitalized at the Medical Radiological
Research Centre. In all cases the diagnosis has been confirmed by clinical and morphological
data. The tumor samples for NAA were received from biopsy and resected specimens. The
control group consisted of 27 patients with intact bone (7 females and 20 males from 6 to 50
years old) who died from different deceases. The intact cortical bone samples of femur and
tibia were collected at the Department of Pathology, Obninsk City Hospital. All bone samples
were freeze dried until constant mass was obtained. Then samples were sealed separately in
thin polyethylene films washed with acetone and rectified alcohol. The sealed samples were
placed in labeled polyethylene ampoules.
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To determine contents of the elements by comparison with a known standard, biological
synthetic standards (BSS) prepared from phénql—fohﬂaldehydg  tesins - were used BB
Corrected certified values of BSS element contents were reported by us before [4]. In addition
to BSS, aliquots of commercial, chemically pure compounds were also used as standards. T.en
certified reference material CRM IAEA H-5 (Animal Bone) and standard reference mgtenal
SRM NIST 1486 (Bone Meal) sub-samples weighing about 50-1 00 mg were analyzed in the
same conditions as bone samples to estimate the precision and accuracy of results. ;

The contents of Ca, Cl, Mg, Na, and P were determined by INAA-SLR using a horizontal
channel equipped with the pneumatic rabbit system of the WWR-c research nuclear reactor.
The neutron flux in the channel was 1.7><1.013 nem? st Ampoules with bone samples, BSS,
intralaboratory-made standards, CRM and SRM ‘were put into polyethylene‘rg{pbits and then
irradiated separately for 60 s. Copper foils were'used to assess neutron flux. The measurement ’
of each sample was made 1 min after irradiation." The duration of the measurements was 10
min. A coaxial 98 cm® Ge (Li) detector and a spectrometric unit (NUC 8100), inclu.ding a‘PC-‘
coupled multichannel analyzer, were used for measurements. The spectrometric unit pr0\(1ded
2.9 keV resolution at the **Co 1332 keV line. The information of used nuclear reactions,
radionuclides, gamma-energies, and other details of the analysis including the quality control
of results were reported by us before [5].

A dedicated computer program of NAA mode optimization was used[6]: Using/s;anda;d
programs, the summary-of statistics, arithmetic mean, standard deviation, standard error of
mean, minimum and maximum values, median, percentiles with 0.025 and 0.975 levels were
calculated for- different chemical element mass fractions. The reliability of difference in the
results between intact bone and osteogenic sarcoma tissue was evaluated by Student’s t-test. -

Results and discussion

Table 1 represents certain statistical parameters (arithmetic mean,-standard- d;viagiqn;«
standard error of mean, minimal and maximal values, median, percentiles with*0.025"and
0.975 levels) of the Ca, Cl, Mg, Na, and P mass fractions in intact cortical bone samples and
osteogenic sarcoma tissue. . e e

The information of-the effect of cancerous transformation on the chemical element
contents in-bone tissue is presented in Table 2. From Tables' 2, it is observed 'that in.
osteogenic sarcoma tissue the mass fractions of Cl and Na are higher (p S.0.00.I) and the mass
fraction of Ca is lower (p <0.001) than in normal tissues. Different directions of chapges
suggest potential of mass fraction ratios of these elements as osteogenic sarcoma {nark.ervs..’ N

Table 3 depicts our data for some ratios of Ca, Cl, Mg, Na, and P mass fr'actllons in‘intact
cortical bone samples and osteogenic sarcoma tissue. It was shown that hlgper. Cl{Ca and
Cl/Na mass fraction ratios as well as lower Ca/P, Ca/Mg, and Ca/Na mass fraction ratios were
typical of osteogenic sarcoma tissue compz_z.lfed with intact cortical .bqn-e (Table 3)." Bt

Fig.1 shows the histograms of Ca/Na, Cl/Ca, and. CI/Na ratios in-all samples of intact
bone (1) and osteogenic sarcoma tissue (2). Ca/Na, Cl/Ca, and CI/Na ratios were ;c_hos.en
among others because it is possible to determine these ratios by in vivo NAA [11. .Usu}g ratios
of chemical elements mass fractions instead of the absolute values of mass fraction is better
for making a specific diagnosis because of at least two reasons: 1) relaftions of elements. do not
depend on the moisture content (water) in the tissue; 2) defining relations of elements is more
convenient for in vivo analysis. -
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Table 1. Some statistical parameters of Ca, Cl, Mg, Na, and P-mass fractions in intact corticay

bone and osteogenic sarcoma tissue (gke, dry weight basis)

SEM _ Min

Max Med

P0.025__POGT5

9.3 166 369
030 040 6.80
017" 090 5.04

036 380 11.7

6.1 66.0 174

212 174 317
1.10 0455 504
3.00 151 436
600 441 109
107 661 168

Tissue Element M SD.
Intact Ca 222 43.6
cortical Cl 1.52 1.42
bone Mg 294  0.79
n=27 Na 6.40 1.74
) P 112 29.5

Osteogenic Ca 136 70
sarcoma Cl 8.68 6.81
n=61 Mg 2.84 1.14
Na 873 343

P 117 57

10 204 287
099 160 354
0.17 0298 5.10
0.51 290 155

8.5 34 306

141 224 279
660 173 288
255 130 489
830 340 153
103 400 202

M - arithmetic mean; SD — standard deviation; SEM — standard error of mean; Min -

minimum value; Max — maximum value; Per. 0.025 —

percentile with 0.975 level

percentile with 0.025 level; Per. 0975~

Table 2. Comparison between mean values (MLSEM) of Ca, Cl, Mg, Na, and P mass fraﬁtion

in intact cortical bone and osteogenic sarcoma tissue (gkgl, dry weight basis)

Element Intact cortical bone (I) Osteogenic sarcoma (II) RatioIlto I v .
. ‘ n=27 n=61 p (Student’s t-test)
Ca 22249 137£10 0.62°
Cl 1.5240.30 8.7£1.0 5.72¢
Mg : 2.45+0.37 2.940.2 1.18
Na 6.4010.36 8.710.5 1.36°
P 112+6 11749 1.04

M - arithmetic mean, SEM — standard error of mean, n — numbcr of samples, © - p =0,001

Table 3. Comparison between mean values (MESEM) of Ca/P, Ca/Mg, Ca/Na, Cl/Ca, and’
Cl/Na mass fraction ratios in intact cortical bone and osteogenic sarcoma tissue

Element Intact cortical bone (I) Osteogenic sarcoma an Ratio IT'to I
n=27 n=61 p (Student’s test)
Ca/P 2.0610.07 1.31+0.09 0.64°
(Ca/Mg)-0.01 0.81£0.07 0.4910.03 0.60°
(Ca/Na)-0.01 0.3610.02 0.201£0.02 0.56°
(Cl/Cay100 0.5910.10 1444 23.7°
Cl/Na 0:2240.03 0.8410.04 3.82°

M - arithmetic mean, SEM — standard error of mean, n — number of samples,

®_p <0,01,°—p <0,001
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Fig: 1. Histograms of Ca/Na, Cl/Ca, and CV/Na ratios in all samples pfjintgét‘bb'n'e a
and osteogenic sarcoma tissue (2) : : S

As evident from the histograms, the Cl/Ca ration is-the most -infoﬁngtion ’for the
differential diagnostics. If (Cl/Ca)*100 ratio level of 1.0 (M+SD) was gs"sumed to be‘ an upper
limit of intact bone tissue (Fig.1), the results of estimation “osteogenic sarcomaor . intact
bone” are the following: co : Ty AR

Sensitivity = {correct positive test (CPT)/[CPT + false 'fl\eg’a‘tiﬁ/e‘tc:.‘st" (F/NT)]}\ﬂ(:)O% =
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Specificity = {correct negative test (CNT)/[CNT + false positive test (FPT)]} x100% «
92+5%;

Accuracy = [(CPT+CNT)/(CPT+FNT+CNT+FPT)] x100% = 96+2%.

The confidential intervals of these calculations with taking account of the number of the
examined samples were taken from the Statistical tables by Genes [7]. In other words, if the
analysis showed that (CL/Ca)x100 ratio does not below 1.0 in tissue of bone examined site
one can diagnose a osteogenic sarcoma with accuracy of 96+2%. Using CL/Ca -test makes i;
possible to find the 9812% osteogenic sarcoma cases (sensitivity). :

Conclusions

INAA- SLR is the adequate analytical tools for the non-destructive determination of Ca,
Cl, Mg, Na, and P contents in the human bone samples and samples of intraosseous lesions
weighing about 50 mg. It needs no more than 15 min (1 min irradiation by neutrons + 1 min
exposure + 10 min spectrometric measurement) for analysis. It was found that in osteogenic
sarcoma tissue the mass fractions of Cl and Na are sig}xiﬁcantly higher and the mass fraction
of Ca is lower than in normal tissues. Moreover, it was shown that higher Cl/Ca and Cl/Na
mass fraction ratios as well as lower Ca/P, Ca/Mg, and Ca/Na mass fraction ratios were
typical of osteogenic sarcoma tissue compared with intact cortical bone. Differences between
Cl/Ca ratio can be used as an additional test for differential diagnosis of normal bone and
osteogenic sarcoma. -
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Introduction -

The bioaccumulation of chemical elements in human bone is rat}}er 'a'cor_r1p1¢X~ process.
Factors that' influence bioaccumulation include age, gender; genetic inheritance; .dleta;y
habits, environmental quality, and so on. Many chemical clements in humaq organism act:
antagonistically and/or synergistically. Some elements in thf: bone can be sqbs_tltute.d by other;
elements and, as a result, change.biochemical, reactions in human§. ,’Vanatlons.m:relz_itlve’
content of chemical elements in the bone lead to modulation/dysfunction of bone vrr'letabqh.sm.

To use chemical  element composition. as :estimation- of bone “health in- clinical, .
geographical, environmental and occupational -medicine, - paleoanthropology, “and -other
directions, it is necessary to know normal -levels and age- and gender—related.;hange§ of

ical element ratios. e e R A
cherf[l'his work had three aims. The first one was to determine the Ca,:Cl, K, Mg, Mn;:Na,. P,y
and Sr mass fractions in the normal human rib bone.by instrurr.lentalrneutron ‘activation-
analysis with high resolution spectrometry of short-lived radionuclides.(INAA-SLR) and to:
calculate some statistical parameters of .Cl/Ca,;- K/Ca, Mg/Ca, -Mn/Ca, Na/Ca, P/Ca, Sr/Ca,
Ca/P, CI/P, K/P, Mg/P, Mn/P, Na/P, St/P, Ca/Mg, Cl/Mg, Mn/Mg, Na/Mg, P/Mg, Sr/M/I%,
Ca/Cl, K/Cl, Mg/Cl, Mn/Cl, N&/Cl, P/Cl, St/Cl, Ca/K, CIK, Mg/If, Mn/K, Na/K, P/K, :r K,
Ca/Na, ClNa, K/Na, Mg/Na, Mn/Na, P/Na, and Sr__/Na mass fractloq ratios. The.secon aim
was to evaluate the effect of age and gender on mean values of ratios of <:.hem1cal elerpent
mass fractions in intact human rib bone. The third aim was to estimate the ;\mtgr_corrc}:”lqt}f)r»ls
between Ca,' Cl, K, Mg, Mn, Na, P, and Sr mass fractions in the normal human nb.bone. . h ; 1

All studies were approved by the Medical Radiological Research Center, ObQIF‘Skz Et yllcla‘ .
Committees.. . P : e R T s

‘ Experimental '

Rib bonc samples were obtained at postmortems from intact cadavers (3.8_femef1;g: and 4:6
male, 15-55 ygars old) within 24 h of death. The bone sa.mples‘yvere 1.rnmcdgately rozen at -
18 °C until usc.. Al subjects died suddenly due to automobile accident, falls, 'shocc)itm.gs};
stabbing, hanging, acutc alcohol poisoning, or hypothermia. The sample sulgs_‘co_nt‘ac:g‘()lv:;}:l ",
surgical instruments werc cut off and soft tissue and leOfi were‘removed. A titanium oL s
used to cut and to scrub samples. Samples were freeze dried ur;t}l constant mass was O}lt(;i(l).ne .
A titanium scalpcl was used to cut thin cross sections of the rib weighing about 50-100 mg,
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and containing cortical and trabecular parts in natural ratio. The rib samples for INAA-S]

were sealed separately in thin polyethylene films washed with acetone and rectified alcohol
The sealed samples were placed in labeled polyethylene ampoules.

To determine contents of the elements by comparison with a known standard, biologicy)
synthetic standards (BSS) prepared from phenol-formaldehyde resins were used [11.
Corrected certified values of BSS element contents were reported by us before [2]. In addmon
to BSS, aliquots of commercial, chemically pure compounds were also used as standards. Tey
CRM IAEA H-5 (Animal Bone) and SRM NIST 1486 (Bone Meal) sub-samples welghm
about 50-100 mg were analyzed in the same conditions as bone samples to estimate the
precision and accuracy of results. :

The contents of Ca, Cl, K, Mg, Mn, Na, P, and Sr were determmed by INAA-SLR using a
horizontal channel equipped with the pneumatic rabbit system of the WWR -¢ research nuclear
reactor. The neutron flux in the channel was 1.7x10"* n cm™
samples, BSS, intralaboratory-made standards, and certified reference materials were put into
polyethylene rabbits and then irradiated separately for 30 s. Copper foils were used to assess
neutron flux. The measurement of each sample was made twice, 1 and 120 min after
irradiation. The duration of the first: and second measurements -was 10 and 20, min,

respectively. A coaxial 98 cm’ Ge (Li) detector and a spectrometric unit (NUC 8100),
including a PC-coupled multichannel analyzer, were used for measurements:: The
spectrometric unit provided 2.9 keV resolution at the °Co 1332 keV line. The information of
used nuclear reactions, radionuclides, gamma-energies, and other detalls of the a.naly51s
including the quality control of results were reported by us before [3].:
A dedicated computer program of NAA mode optimization was used [4]. Using standard
programs, the summary of statistics, arithmetic mean, standard deviation, standard error of

mean, minimum and maximum values, median, percentiles with 0.025 and 0.975 levels were

calculated for different ratios of chemical element mass fractions. The reliability of difference
in the results between two age groups and between females and males was evaluated by
Student’s t-test. A correlation analysis was used to identify relationships between elements. :i:

Results and discussion

Tables 1-3 represent certain statistical parameters (arithmetic mean, standard deviation,
standard error ‘of mean, minimal and maximal values, median, percentiles with 0.025 and
0.975 levels) of 42 different ratios of Ca, Cl, K, Mg, Mn, Na, P, and Sr mass fractions in the
normal rib bone of males and females, and of both females and males, taken together.- _

The obtained values for Ca/P ratio, as shown in Tables 1-3, agree well with median of
means cited by other researchers for the human rib bone [5-7]. No published data refemng to
ratios of other chemical element mass fractions in human rib bone was found.

To estimate the effect of age on the chemical element ratios in rib bone we examined two
age groups: one comprised a younger group with ages from 15 to 35 years and the other
comprised older people with ages i'anging from 36 to 55 years (Table 4). No changes with age
in Ca/P ratio in human rib bone were demonstrated in previously published studies [5-7]. No
published data referring to age-related changes of ratios of other chemical element mass
fractions in human rib bone were found. .

We used the entire data set for both females and males taken separately, seeking to detect
the presence of gender-related differences (see Table 5).
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. Table 1. Some statistical parameters of 42 dlfferent ratios of Ca, Cl, K; Mg, Mn, Na, P,.and
Sr mass fractions in the normal male rib bone

“Ratio M SD _ SEM _Min _ Max Med  P0.025 P029ZS
(CUCa)x10° 632 249 038  3.19 134 568 381 .1 E
(K/Ca) x10° 58 271 041 117 131 -~ 585 164 10

(MgCa)xlo2 121 027 004 - 0560 215 118 0773 163
(Mn/Ca)XlO 156 091 0.4 0303 470 ..130 0418 . 3.53
(Na/Ca) x10* 261 053 008 128 456 -255 192 - 375
P/Ca . 0433 0061 0009 0319 0634 0420 0331 0.528
(St/Ca) x10° . 145 066 0.0 028 292 138 0352 :,262
Ca/P 235 032 005 158 3.3 ©238 18  3.02
(CUP) x10? 147 055 008 0635 311 134 0733 259
(K/P)xlo2 138 066 010 0272 317 139 0392 267
(Mg/P) x10? 2820 059 009 112 419 28 186 386
(Mn/P) x10° 359 223 035 0724 119 ¢ 319 0932 1923
(Na/P) x10? 618 169 026 273 136 593 310819
(St/P)x10° . - 338 153 023 0685 701 . 333 0829 . 635
CaMg 869 221 33 466 178 . 849 614 - 129

Cl/Mg 0537 0207 0.031 0237 . 1.16 . 0537 0252 .0.993
K/Mg 0493 0236 0036 - 0120 112 0489 0143 0.951
(Mn/Mg) x10* 135 088 014 0224 446 116 0258 . 328
Na/Mg 294 062 009 118 ~ 427 218 128 -.:3.74
P/Mg 374 107 16 239 892 350 259 -53.8
St/Mg 0125  0.066 0010 0030 0378 0123 0.031 0244
Ca/Cl 179 583 .88 748 314 176 782 -.263
K/Cl 0.963  0.441 0067 . 0263 194 0850 0427 1.92
Mg/Cl 215 084.. 013 0861 - 422 18 101 3’9;
(Mn/Cl) x10°* 561 145 -.023 0686 634 237 0745 60

Na/Cl 453 133 7020 212 755 451 215 730
P/C 772 275 41 321 157 . 746 386 137
Sr/Cl 0248 - 0.133 0020 0.042 - 0.541 0214 0067 0516
CaK 8 154 - 23 764 855 171 923 610
CUK 127~ 063 0095 0516 3.80 118 0520 234
Mg/K 265 1.59 - 024 0892 831 204 105 ‘,:,7.03
(MwK) x10* 301 192 030 0541 9.00 291 0676 - 68

Na/K 560 342 052 226 217 451 262 - 141
P/K 990 684 103 316 367 717 375 255
Sr/K 0303 0237 0036 0027 119 -0245 0.103 - 1.09
Ca/Na 398 83 13 210 779 0 392 267 521
Cl/Na 0242 0080 0012 0.133 0471 0222 0.37 0465
K/Na 0220 0087 0013° 0046 0443 0222 0071 0381
MgNa - 0478 0.131  0.020 0234 0.848-.10.458 0267 : 0.780
(Mn/Na) x10* 0.614 0349 ~0.055 0.130° - 1.80 = '0.548 0.191,:% 1.30
P/Na- 174 506 076 737 - .36.7 '«,=;.16.9 122 325
St/Na 0559 - 0.270° 0.041:° 0.119::1.41 +°0.509 ~ 0.124 . 1.06

M - arithmetic mean; SD — standard deviation; SEM — standard error of mean; Min — minimum value, Max -
maximum value; Per. 0.025 — percentile, with 0. 025 level; Per. 0.975 - percenule with 0.975 level
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.Table 2. Some statistical parameters of 42 different ratios of Ca, Cl, K, Mg, Mn, Na, P and Table 3. Some statistical parameters of 42 different ratios of Ca, Cl, K, Mg, Mn, Na, P, and
- Sr mass fractions in the normal female rib bone Sr mass fractions in the normal rib bone of both males and females, taken together
. Ratio -~ M ) SEM  Min  Max Med P0.025 PO.975 Ratio M SD SEM Min  Max Med  P0.025 P0.975
(CYCa)x10° 426 268 044 0699 13.6 418 0749 110 (CUCa)x10’ 538 276 031 0699 136 469 130 12.8
- (K/Ca) x10° 321 196 035 0214 867 3.10 0533 7.0 (K/Ca) x10° 473 274 031 0214 131 418 0749 102
* (Mg/Ca) ><1o2 0.977 0338 0.056 0355 1.61 1.01 0422 148 (Mg/Ca) x10° .10 032 004 0355 215  1.16 0431 1.61
© (Mn/Ca) x10° .62 130 022 0276 718 126 0318 484 (Mn/Ca) x10° 159 111 013 0276 7.8 127 0322 4.53
(Na/Ca) x10? 241 058 009 0860 3.88 238 0.885 338 (Na/Ca) x10 252 056 006 0860 476 248 126 3.79
P/Ca ‘0444 0.073 0.012 0264 0708 0432 0358 0.58] P/Ca 0438 0.066 0.007 0264 0.708 0.426 0331 0.567
(St/Ca) x10° 160103 017 0140 588 135 0314 327 (Sr/Ca) x10° 152 085 010 0140 588 138 0332 292
Ca/P 231 038 0062 141 379 231 173 28 Ca/P 233 035 004 141 379 235 176 3.02
(CUP) x10 1.00 068  0.11 0.141. 335 03883 0.152 267 (CVP) x10? 126 065 007 0141 335 1.2 0274 261
(K/P) x10? 0.763 0.483 0.085 0.052 211 0724 0114 1.64 (K/P) X107 1.12 066 008 0052 317 1.02 0178 2.53
(Mg/P) x10? 229 097 016 0756 556 248 0797 413 (Mg/P) x1o2 258 083 009 0756 556 268 091 - 3.97
(Mr/P) x10%- 3.62 260 043 0627 127 296 0773 112 (Mn/P) x10° 1361 240 028 0.627 127 298 0785 111
(Na/P) x10? 557 1.68 028 177 114 564 209 870 (Na/P) x102 590 170 019 177 136 579 217 840
(St/P) x10° 371 254 042 0352 133 288 0.749  9.60 (St/P) x10° 354 205 023 0352 133 328 0791 725
CaMg 119 53 87 622 282 989 676 238 Ca/Mg 102 424 47 466 282 865  62.1 = 232
Cl'Mg 0.423 0.178 0.029 0.124 .0.911 0401 0.171 0.851 C/Mg 0.485 0202 0.022 0124 116 0449 0.184 0915
K/Mg - 0302 0.156  0.028 0028 0.738 0.256 ~ 0.099 0.630 K/Mg , 0.412 0226 0.026 0028 - 1.12 0375 0.120 0.908
(Mn/Mg) x10°* 213 261 043 0212 128 134 0365 104 (Mn/Mg) x10* .72 193 022 0212 128 125 0254 629 -
Na/Mg 291 159 026 0535 775 249 103 6.43 Na/Mg 255 121 013 0535 775 223 114 6.06
P/Mg 536 278 45 180 132 403 245 126 P/Mg 448 218 24 180 132 372 252 110
Sr/Mg 0.181 0.120 0.020 0.012 0.529 0.159 0.025 0.498 Sr/Mg 0.151 0.099 0.011 0012 0529 0.131: 0.030 0.468
Ca/Cl 357 295 49 73.7 1431 239 914 1335 Ca/Cl 260 221 25 737 1431 213 - 779 770
K/Cl 0.733 0302 0.053 0.051 136 0704 0270 133 K/Cl 0.867 0403 0.046 0051 194 0815 0325 191
Mg/Cl 285 143 023 110 809 250 118 593 Mg/Cl 247 119 013 0860 809 223 109 545
Mw/Cl) x10° 6.16 862 144 0772 391 326 0998 335 Mw/Cl) x10° 429 624 072 0686 39.1 264 0769 237 -
Na/Cl 8.82 796 131 0634 367 627 197 358 Na/Cl 649 584 065 0.634 367 505 212 201
P/Cl 162 148 243 299 710 113 376 . 656 P/Cl 116 110 12 299 710  89.7 384 365 °
Sr/Cl 0.536 0.634 0.104 0.063 3.78 0376 0.064 1.84 Sr/Cl 0.381 0462 0.052 0042 - 378 0.283 0.064 1.28 .+
CaK 598 829 147 115 4662 322 140 2288 Ca/K 384 576 66 76.4 4662 240 983 - 1342
CIK 209 325 057 0738 196 142 0755 6.73 CIK © 162 218 025 0516 196 123 0523 3.10
Mg/K 498 600 106 135 363 390 160 146 Mg/K 363 421 048 0892 363 267 110 831
(Mn/K) x10°* 6.83 757 136 0894 399 417 109 249 (Mn/K) x10* 473 548 0.65 0541 399 346 0.841 163
Na/K 122108 - 1.9 155 418 754 292 415 Na/K 836 812 093 155 418 - 577 256 - 320
PIK 257 345 61 475 1907 138 620 1017 PK 166 241 28 316 1907 978 395 568
St/K ) 089 144 025 0073 805 0535 0090 4.04 St/K. 0.552 0990 0.114 0.027 805 0322 0092 225
Ca/Na 455 187 3.1 258 116 420 297 113 Ca/Na 424 143 1.6 210 116 404 = 264 79.6.:
Cl/Na 0213 0255 0042 0027 158 0159 0.028 0583 Cl/Na 0229 0.181 0020 0.027 158 0198 0.050 0471
K/Na 0.147 0117 0021 0024 0.643 0.133 0.024 0378 K/Na 0.189 0.106 0.012 0024 0643 0173 0.032 0391
Mg/Na 0.456 0300 0.049 0.129 187 0401 0156 1.01 Mg/Na 0468 0223 0.025 0.129 - 1.87 0448 0.165 0.877.
(Mn/Na) x10* 0.726 0.688 0.115 0.129 3.62 0543 0.179 0282 (Mn/Na) x104 0.667 0536 0062 0.129 3.62 :1:0.547 0.179 191
P/Na 203 9.6 1.6 877 563 177 116 480 P/Na 187 76 084 737 563 173 . 119 - :46.1
St/Na 0.760 0.691 0.114 0.055 339 0561 0.131 2.93 | St/Na 0.652 0516 0.058 0.055 339 0536 0.123 197
M - arithmetic mean; SD — standard deviation; SEM — standard error of mean; Min — minimum value; Max — M - arithmetic mean; SD — standard deviation; SEM - standard error of mean; Min ~ minimum value; Max. -
maximum value; Per. 0.025 — percentile with 0.025 level; Per. 0.975 — percentile with 0.975 level maximum value; Per. 0.025 — percentile with 0.025 level; Per. 0.975 — percentile with 0.975 level
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Table 4. Effect of age on mean values (M+SEM

in intact human rib bone (Student’s s-test)

) of ratios of chemical element mass fractiong

Males

Ratio Females ‘

15-35 year _36-55year _p __ 15-35 year  36-55 year 3
(CUCax107 4732070 3824055 N, 5705041 6872060 NS
(K/Ca)x10° 3332040 3.054062. NS. 5196061 6442054 NS,
(Mg/Ca) x107  1.04£0.08 0912008 NS. 1242005 1194006 NS,
(M/Ca) x10° 1482015 1744039 NS. 1282015 1812023 N,
(Na/Ca) x10° 2372012 2.4420.15 NS. 2.52000 2.69£0.13 NS,
PICa . 0432001 046:0.02 NS. 0432001 044001 - NS,
(St/Ca) x10 1.76£0.31  1.440.15 N.S. 133%0.15 1.56:014 NS,
CaP 236005 2.26:002 NS. 236006 234:007 NS .
(CUP) x10 L11£0.17  090£0.15 NS. 134009 1594013 NS
(KP)x10°  0.79%0.10 0732016 NS. 1232015 1512013 NS,
(MgP)x10°  246:0.18 * 2126026 N.S. 292:0.12 2742013 NS,
(MuP) x10 3.52039 3712076 NS. 297:033 4158058 NS
(Na/P) x10 5.55:028 558048 NS. 5.99+030 636£041 NS .
(St/P) x10 4.16£0.72  328:0.44 NS. 3.05:0.31 3.70:034 NS,
Ca/Mg 108£10  130+14 NS. 834%36  90.1455 NS
Cl/Mg 0.43:0.04 0412004 N.S. 047004 059:005 NS
K/Mg ., 031003  030:0.05 NS. 0432005 055:0.04 N.S.:
M/Mg) x10°  1.54£021  2.66:0.79 NS. 1.04:0.12  1.632023 <005
Na/Mg 258£029 3224043 NS. 211012 237:013 NS
P/Mg 461349  60.8+74 N.S. 35717  39.0427 NS
Sr/Mg 0.18£0.03  0.18:0.03 N.S. 0.112001 0142002 NS. .
Ca/Cl 331474 38164  N.S.  192+12 167412 NS.
K/Cl 0.78£0.07  0.67:0.08 N.S. 091£0.09 . 1.01£0.10 NS -
Mg/Cl 2812037 2892030 NS. 238:0.18 1942017 NS, -
(Mn/Cl) x10° 4562104  7.5942.5 N.S. 2358031 2844033 NS -
Na/Cl 8.04:1.9  9.56:1.8 N.S. 4732028 435:028 NS . .
P/Cl 14334 181235 N.S. 820454 ° 727461 NS .
St/Cl 0.56£0.20  0.52:0.09 N.S. 025:003 024003 NS
CaK 443190 797313 NS. 26038 199427  NS. .
CUK 1.48£0.14 28713 NS. 13420.16 1214011 NS
Mg/K 3812040  6.50:24 NS. 3.074034 2.26:032 NS
(M/K) x10*  6.10£12 772427 N.S. 2864038 3334047 NS..
Na/K 107423 141232 NS. 624087 5028057 NS -
P/K 192442 3424128 N.S.  112:17 8684121 NS~ -
St/K 0.68£0.15  1.15:0.55 N.S. 0332006 028005 NS .
Ca/Na 45.6+43 454245 NS. 411221  386+15 NS -
Cl/Na 0.25:0.08  0.1820.03 N.S. 0232001 026£002 NS .
K/Na 0.16£0.03  0.13:0.02 N.S. 020£0.02 024£0.02 NS, .
Mg/Na 0.50£0.09  0.42:0.05 N.S. 051003 045:002 NS, .
(M/Na) x10*  0.71£0.14  0.74£0.18 N.S. 0512006 0714009 NS -
P/Na 19317 213226 - N.S. 17.8£12  17.0¢1.0 NS .
Sr/Na 0.86£021  0.67+0.11 N.S. 0.54£0.06  0.58+0.06

M - Arithmetical mean, SEM - standard error of mean, N.S. — non significant
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Table 5. Effect of gender on mean values (M+SEM) of ratios of chemlcal element mass

fractions in intact human rib bone (Student’s ¢-test)

Ratio- Females . Males P
(CU/Ca)x10° 4.26+0.44 632:038 1 <0.01
(K/Ca) x10° 3.2120.35 5.84£0.41 - '<0.001
(Mg/Ca) ><1o2 0.98+0.06 1212004 - . ... <0.01:.
(Mn/Ca) x10° 1.62+0.22 - 1.56£0.14 .. ~NS.-
(Na/Ca) x10? 2.4120.10 .2.6120.08 ;
P/Ca 0.44420.012 0.4330.009

(Sr/Ca) x10° 1.60£0.17 1.45+0.10

Ca/P 2.3120.06 2.35+0.05

(Cl/P)><102 1.00£0.11 1.47£0.08 .. .. .
(K/P) x10° 0.760.09 1.38+0.10 .. " ..

(Mg/P) ><1o2 2.2940.16 2.82+0.09

(Mn/P) x10° 3.62+0.43 3.59+0.35

(Na/P) 10 5.57+0.28 6.18+0.26

(Sr/P) x10° 3.71£0.42 3.38+0.23

Ca/Mg 1199 86.9+3.3

Cl/Mg 0.423+0.029 0.537+0.031

K/Mg 0.302+0.028 0.493+0.036

(Mn/Mg) x10* 2.13+0.43 1.35£0.14

Na/Mg 2.91+0.26 2.24+0.09

P/Mg 53.6+4.5 37416 .

Sr/Mg 0.1810.020 0.125+0.010

Ca/Cl 357+49 17949

K/Cl 0.733£0.053 0.963+0.067

Mg/Cl 2.85+0.23 2.15+0.13

(Mn/Cl) x10* 6.16+1.44 . - 2.6140.23

Na/Cl 8.82+1.32 4.53£0.20

P/CI . 162424 77.2+4.1.

St/Cl - 0.536+0.104 0.248+0.020

Ca/K 598+147 228423

CIK 2.09+0.57 1.27+0.10

Mg/K 4.98+1.06 2.65+0.24 .

Mn/K) x10* 6.83+1.36 3.1140.30

Na/K 12.2£1.9 5.60+0.52

P/K 257+61 99.0+10.3

Sr/K 0.888+0.250 0.303+0.036

Ca/Na 45.543.1. 39.8+1.3 ¢

C/Na 0.2130.042 0.242+0.012

K/Na 0.147+0.021° 0220£0013 1
- Mg/Na 0.45620.049 0.47820.020 ="t
(Mn/Na) x10* 0.726+0.115 0.614+0.055 -

P/Na 20.3+1.6 - 17.4£0.8 .-

Sr/Na 0.760+0.114. - 10.559+0.041 -

M — Arithmetical mean, SEM — standard efror of mean, N S —non slgmﬁcant SR
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A statistically significant tendency of gender-related differences was detected fi k
K/Ca, Mg/Ca, CI/P, K/P, Mg/P, Ca/Mg, CU/Mg, K/Mg, Na/Mg, P/Mg, Sr/Mg. Cafocrl C}il/ca’
Mg/Cl, Mn/CI, Na/Cl, P/Cl, St/Cl, Ca/K, Mg/K, MK, Na/K, P/K, St/K, and K/Na %
fractfons ratios. .No gender-related dependence in Ca/P ratio in humax’m 1ib bone was fourr:(liatss
prey10usly published studies [5-7]. Any published data referring to gender dependenc of
ratios of other chemical element mass fractions in human rib bone was not found o
' Table 6 depicts the inter-correlation calculations including all chemi;:al elem
identified by us. The positive inter-correlations of Ca mass fractions with Mg (p<0.001) er?/[t;

(p<0.01), Na (p<0.001), P (p<0.001), and Sr (p<0.05) mass fracti in nc
D e e (p<0.05) mass fractions were found in r}9rma1

Table 6. Inter-correlations (r — coefficient of correlation) of C
; C a, Cl, K, Mg, Mn,
mass fractions in the normal human rib bone ) e Min. o, B, and Sr

Element ~ Ca Cl K Mg Mn - Na P : ‘S
Ca 1.00 0.144 0047 0562° 0305° 0648 0813 0 2g4a
Cl 0144 100 0525 0470° 0348 0038 0067  0251°
K 0.047  0.525° 1.00 0332° 0352 0312° -0.038  0.106
Mg 0.562° 0470° 0.332° 1.00 0.084 0308 0487  0.261°
Mn 0.305° 0348° 0352° 0084  1.00° 0297 0274  0.102
Na 0.648° 0.038  0312° 0308° 0297° 1.00 0.418° 0123
P 0.813° 0.067 -0.038 0487° 0274 0418 1.00 0.250°
Sr 02648 0251° 0106  0261° 0102 0123 0.250° 1.00

Statistically significant difference: °- p<0.05,® - p<0.01, © - p<0.001.

Conclusions

All the deceased were citizens of Obninsk, a small city of non-industrial region 105 km
south-west from Moscow. None of those who died a sudden death had suffered from an
systematic or chronic disorders before. Thus, our data for Cl/Ca, K/Ca, Mg/Ca Mny/Cy
Ne/Ca, P/Ca, Sr/Ca, Ca/P, CUP, K/P, Mg/P, M/P, Na/P, St/P, Ca/Mg, CI/Mg’Mn/M:
Na/Mg, P/Mg, StMg, Ca/Cl, K/CL, Mg/Cl, Mw/Cl, Na/Cl, P/Cl, St/Cl, Ca/K, CIK, Mg/K,
Muw/K, Na/K, P/K, Sr/K, Ca/Na, CI/Na, K/Na, Mg/Na, Mn/Na, P/Na, and Sr/Na mass’fractior;

ratios in the iptact rib bone may serve as indicative normal values for residents of the Central
European region of Russia.
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Introduction

Globally, prostate cancer is the sixth most- common cancer, and the third most common
cancer in males in Western industrialized countries [1,2]. In North- America, it is the most
common’ cancer in males and, except for lung cancer, is the leading cause of death from;
cancer [3-5]. Although the etiology of prostate cancer is unknown, ‘several. risk: factors
including age and diet (calcium, zinc and some other nutrients) have been well .identified
[6,7]. 1t is also reported that the risk of having prostate cancer drastically-increase with:age,
being three orders of magnitude higher for the age group 40-79 years than in those younger
than 39 years [7,8]. A : SRR AR B PR SRR

It is well known that zinc levels in the peripheral zone of dorsal and lateral-lobes of the
prostate are almost 10 times higher-than in other soft tissues [9]. The high content of zinc in
the prostate suggests-that zinc'may play a role in prostate health.. Therefore, in investigating:
the effect of diet:on prostate cancer risk, ‘much. attention has been paid to dietary -and -
supplemental zinc [10-19],as well as consumption of red meat [20-25], as it is a major source:;
of zinc from food for the residents of the continental countries [26]. It shouldalso be noted.
that zinc is more bioavailable in red meat and less bioavailable in vegetables [27]. Estimates.:
of per capita zinc intake in many countries showed a positive correlation with mortality from
prostatic cancer [10,.11;: 18]. A positive association with risk of prostate cancer. was also .
observed ‘in a population-based case-control :study -in :the island of - Oahu,-Hawaii -[12].*
Leitzmann et al. [19] examined the association between supplemental zinc intake and prostate
cancer risk among 46,974 U.S. men participating in the Health. Professionals Follow-Up -
Study. It was shown that men who consumed more than 100mg/day did have a relative risk of
advanced prostate cancer of 2.29-2.37 greater than nonusers. Consumption of rgc.i meat»}}as
been proposed as a possible tisk factor for prostate cancer [21]. Many epidemiologlcal' smd{es -
that have presented results on this subject showed statistically significant increased nsk with
increasing -meat consumption - [20-25]..-On’ the. contrary, : modest" to -moderate  inverse
associations were observed in two case-control studies for- dietary zinc (15} and zinc
supplement - use [17]. Some . case-control studies have not observed a:cancer protective
association for dietary or combined dietary and supplemental zinc intake [1 3,14,16].. 7 i
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The possibility that zinc adversely affects prostate cancer opposes its possible beneficig
effect on the health of elderly individuals [28-32]. It is, therefore, important clarify the role of
dietary zinc and supplemental zinc on prostate cancer risk among older men. )

At present there are two diametrically opposite points of view on this issue. Proponents of
the position that high zinc intakes and, consequently, high intraprostatic zinc concentrationg
may be positively associated with prostate cancer risk use multiple arguments to support thejy
theory [18,19,33]. For example, zinc enhances the activity of telomerase [34], an enzyme
thought to be responsible for unlimited proliferation tumor cells, the activity of which is
increased in prostate cancer [35]. Zinc has also been found to antagonize the potentia}
inhibitory effect of bisphosphonates on prostate tumor cell invasion [36]. Excessive intake of
zinc has undesirable metabolic effects, such as immune dysfunction [37] and impaired
antioxidant defense [38] that are potentially related to prostate cancer. In humans, zinc intake
is positively correlated with circulating levels of insulinlike growth factor-I [39] and
testosterone [40] that are directly related to prostate carcinogenesis. Much data have been
accumulated on both direct and indirect effect of zinc on the DNA, and to its vital role for
prostatic cell division [41-43]. All these facts allow it to be assumed that excessive
intracellular concentrations of zinc are probably one of the main factors acting at both
initiation and promotion stages of prostate carcinogenesis. Thus, zinc supplementation could
promote the development of prostate cancer. e

Much of the interest in zinc as an agent for prostatecancer treatment and prevention [44-
46] is due to studies that have shown a marked reduction in prostate tissue zinc levels in
prostate cancer cells versus normal prostate cells [9]. Proponents of this theory think that high
cellular zinc accumulation is detrimental to the malignant activities of prostate cancer cells,

Due to lifestyle, eating and dietary habits, and physiological effects of aging, the elderly male
population is normally predisposed to conditions of zinc deficiency [28-31,47], which:can
increase their susceptibility to prostate cancer. According to their hypothesis in the absence of
zinc supplement cellular zinc uptake will be depressed and zinc levels in prostate normal cells
will be reduced [44,46]. - e

There are few studies regarding the effect of age on Zn content in prostate, using chemical
techniques and instrumental methods [48-51]. However, majority of these data are based on
non-intact tissue. In many studies tissue samples are ashed. In other cases, prostate samples
are treated with solvents (distilled water, ethanol, etc.) and then are dried at high temperature
for many hours. There is evidence that by these methods some amount of chemical elements
is lost upon treatment [52]. Moreover, only one study used a quality control using certified
reference material for Zn content [51]. ' o

" This work had three aims. The first one was to assess the Zn content in intact prostate of
healthy men using instrumental neutron activation analysis (INAA) and inductively coupled
plasma mass spectrometry (ICP-MS). The second aim was to evaluate the quality of obtained
results. The third aim was to compare the contents of Zn in different age groups. G

All studies were approved by the Institute of Forensic Medicine, Moscow, and the’
Medical Radiological Research Center, Obninsk, Ethical Committees.

Experimental

Prostates were removed at necropsy from 64 men (mean age 36.5 years, range 13—66) -

who had died suddenly. The majority of deaths were due to traumas. Some of deaths were due
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to alcohol poisoning and acute illness (cardiac insufficiency, stroke, embolism of pulmonary
artery) but without inpatient treatment. Information about . chronic - alcoholism  or . other
diseases was not available from the medical reports of subjects. All cadavers had undergone
routine autopsy at the Institute of Forensic Medicine, Moscow. Tissue samples were collected
from the peripheral zone of prostate dorsal and lateral lobes within 2 days of death and then
divided into two portions. One of them was used for morphological study. while another was
intended for chemical element analysis. A histological examination was used to control the
age norm conformity as well as the absence of microadenomatosis and latent cancer. After the
samples intended for chemical element analysis were weighed, they were transferred to — 20
°C and stored until the day. of transportation in the Medical Radiological Research Center
(MRRC), Obninsk. In the MRRC all samples were freeze-dried and homogenized. The
pounded samples weighing about 50 mg were used for Zn measurement by INAA and ICP-
MS. A tool made of titanium and plastic was used for sampling and sample preparation.

A vertical channel of nuclear reactor was applied to determine the Zn content by
instrumental neutron activation analysis with high resolution spectrometry -of long-lived
radionuclides (INAA-LLR). The quartz ampoule with prostate samples, standards, and
certified reference materials was soldered, positioned in a transport aluminum container and
exposed to a 24-h neutron irradiation in a vertical channel with a neutron flux of 1.3x10" n
cm? s, Ten days after irradiation samples were reweighed and repacked. The samples were
measured for period from 10 to 30 days after irradiation. The duration of measurements was
from 20 min to 10 h subject to pulse counting rate. The gamma spectrometer included the 100
em3 Ge(Li) detector and on-line computer-based MCA system. The spectrometer provided a
resolution of 1.9 keV on the 60Co 1332 keV line. Details of nuclear reactions, radionuclides,
gamma energies, methods of analysis and the results of quality control were presented in our
earlier publications concerning the chemical elements of intact human prostate [53]. ¢ ¢...»

For ICP-MS analysis 1.5 mL of concentrated HNO; (Nitric acid 65%, max. 0.0000005%
Hg, GR, ISO, Merck) and 0.3 mL of H2O, (pure for analysis) were added to tissue samples,
placed in one-chamber autoclaves (Ancon-AT2, Ltd., Russia) and then heated for 3 h at 160-
200 °C to decompose. After autoclaves were cooled to room temperature solutions from the
decomposed samples were diluted with deionized water (up to 20 mL) and transferred to
plastic: measuring bottles.- Simultaneously, the same procedure was performed in autoclaves
without tissue samples (only HNO; + H,0; + deionized water), and the resultant solutions
were used as control samples. Sample aliquots were used to determine the content: of Zn by
ICP-MS using an ICP-MS Thermo-Fisher ““X-7* (Thermo Electron, . USA)., The
measurements were made with the spectrometer parameters: RF generator power — 1250 W,
nebulizer — PolyCon, spray chamber — cooling 3°C, plasma gas flow rate — 12 L/min, auxiliary
flow rate ~0.9 L/min, nebuliser flow rate — 0.9 L/min, sample update — 0.8 mL/min, resolution
~0.8M. o e

The main parameters of mass-spectrum measurements were: detector mode — double
(pulse counting and analogous) and scanning mode ~ Survey Scan and Peak Jumping. The
setting for the Survey Scan was: the number of runs — 10, dwell time - 0.6 ms, channe!s per mass
~ 10, acquisition duration — 13.2 s. The setting for the Peak Jumping was: sweeps - 25, dwell time
~ 10 ms, channels per mass ~ 1, acquisition duration—34s. ..". B ‘

The Zn contents in aqueous solutions were determined, by 'tyhé;iluanti_tatviye ’me:thfidkusAing
calibration solutions (High Purity Standards, USA) with 5, 10, and 100 pkg/L. Indium was

used as an internal standard in all measurements.
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The detection limit (DL) was calculated as: DL = Cz + 3-SD, where Cgz, is a_m'ear‘lA ;’alue
of the Zn concentration for measurements in control samples and SD is a standard deviatiop
of Cz, determination in control samples. a o

Uncertainties of Zn determination in prostate samples by ICP-MS expressed as mean
relative standard deviation (+RSD) in repeatability study did not exceed 10% o
Ten certified reference material (CRM) IAEA H-4 Animal muscle [54] and IAEA "HH-
Human hair [55] sub-samples and three certified reference material INCT-SBF-4 Soya bean
flour of the Institute of Nuclear Chemistry and Technology (Poland) sub-samples weighing
about 50-100 mg were treated and analyzed in the same conditions as that of the prostate
samples to estimate the precision and accuracy of results. The CRM IAEA H-4 Animg|
muscle and IAEA HH-1 Human hair sub-samples were analyzed by INAA-LLR. The CRM
INCT-SBF-4 Soya bean flour sub-samples were analyzed by ICP-MS. ' e

All prostate samples were prepared in duplicate and mean value of Zn content was used
in final calculation. Using standard programs, the summary of statistics, arithmetic ‘mean,
standard deviation, standard error of mean, minimum and maximum values, median, ‘and
percentiles with 0.025 and 0.975 levels were calculated for Zn content, The reliability of
difference in the results between three age groups was evaluated by Student’s t-test,. '

Results and discussion

Table 1 depicts our data for Zn mass fractions in sub-samples of certified reference
material and the certified values of these materials. Good agreement with the certified data of
certified reference materials indicate an acceptable - accuracy of the results obtained in'the
study of Zn mass fraction in the prostate tissue. e

Table 1. INAA-LLR and ICP-MS data of Zn content (M£SD) in Certified Refereﬁce
Materials compared to certified values (mg/kg on dry weight basis) e

Certified INAA-LLR ICP-MS

Reference Material Certificate  This work result  Certificate This work result
IAEA H-4 : :
Animal muscle 86.3411.5° 9142 - -
IAEA HH-1

Human hair 174+9* 17317 - -
INCT-SBF-4

Soya bean flour - - 52.3°+1.3 54.846.6

Mean — arithmetical mean, SD — standard deviation, a — certified values

Fig. 1 shows the individual data for Zn mass fraction obtained by INAA (A) and ICP-MS
(B) in all samples of prostate tissue, and exponential lines of trend with age. ' ‘

Table 2 represents certain statistical parameters (arithmetic mean, standard deviation,
standard error of mean, minimal and maximal values, median, percentiles with 0.025 and
0.975 levels) of the Zn content in intact prostate of apparently healthy men obtained by
INAA-LLR, ICP-MS, and INAA-LLR + ICP-MS (together). The coefficient of correlation
between INAA-LLR and ICP-MS data was r = 0.993.
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Fig. 1. Individual data for Zn mass fraction obtained by INAA (A) amj ICP-MS (B) m gll =
samples of prostate tissue, and exponential lines of trend with'agye; ‘ A

Table 2. Some statistical parameters of Zn content (mg{kg on dry weight basis) in th‘e‘plfostate '
tissue of healthy men obtained by INAA-LLR, ICP-MS;, and INAA-LLR + ICP-MS (together) -

Method M SD SEM - Min  Max ~ Med  P0.025 P0.975
INAA-LLR 72 576 72 900 3513 533 152 1987
ICP-MS 746 55 69 716 3510 619 145 1865 . .
INAA+ICP-MS~ 734 562 50 808 3512 568 148 1865

M - arithmetic mean; SD — standard deviation; SEM — stand'fxrd error of mean, Mm—
minimum value; Max — maximum value; Per. 0.025 — per(’:en‘tviyle w1th 0.025 level; Per. 0.975 -
percentile with 0.975 level AT

s

To estimate the effect of age on Zn content in prostate (T able 3) we e‘e)v(amined» thr;g age. :’i
groups: the first comprised a younger group with“'age.s‘from: 13 to 20 years (mgaq'vg;gAe' 16.‘3‘.’
years, n=9), the second comprised men with ages rangmg‘fmm 21‘ to 49 years (mean'age 30.4
years, n=28) and the last one comprised older persons w1th. ages ranging from41 to 60 year;
(mean age 49.6 years, n=27). The values of Zn content thgmefi by INQA»—L.L{{, IgR'MS’, an
INAA-LLR + ICP-MS (together) were used in calculation. g R

Table 3. Effect of age on mean values (M+SEM) of Zn oont¢nis (mgkg!, dry weight basis)

Method Age groups “Ratios, p (Student’s ¢-test)
Group 1 Group 2 Group 3 2tol" '3tol 3to2
13-20 year 21-40 year .~ 41-60 year T L
n=9 n=28 n=27 \ - -
INAAZLLR 3842102 521244 10453140 136 272, 201°
ICP-MS 382103 55744 © 11504203 146 3.01° " 2.06°
III\(I:%AI\ZS 383173 530430 ¢ 1097£120 7 1417 286" 2.04°

‘ - 5
M - arithmetic mean, SEM — standard error of mean, * — p<0.01, * — p<0.001
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A statistically significant tendency of age-related increase in Zn i

in prostate. (Table 3). For example, in prostate of 50 years old ménmtitsesrrﬁr::r:l%rrll zzssso?rsaecrt"led
was 2.86 txmos greater than in prostate of 16 years old persons, respectively. This result is1 o
accordz%nce with earlier findings in human prostate [48-51]. For example, Heinzsch et al. [4;;1
and Leissner et al. [49] found that zinc content in whole adult normal, prostate was h:i'gh
after tl.1e age of 30 by approximately 1.9 and 1.5 times, respectively, in spite of si‘m'ler
prostatic ufexght. In the study of Tisell et al. [50], men 50-69 years of ’age had higher" e
mass ﬁ'act10n§ in their dorsal and lateral prostatic lobes than had men 20-29 years of a, :lgc
11}'6 ond _1.7 times, respectively. In accordance ‘with Oldereid et al. [51], the mean Zn gmasz
sua;)oitelgtx;m prostate of 60‘yea:xs old-men was 3 times greater than in pros~tate‘ of 20 ye'éu" old

As we have found, the age-dependent increases of the Zn i :

exponential better than a linear trend (Fig. 1). The finding, that agrgﬁzpﬁngtn:hg;‘s”?: tﬁg

mass fraction of Zn i i i i
o 1on of Zn in human prostate best fit exponential curve, was prewous}y pubhshed

However, we calculated these values usin i
> . g published data for water—80% [56] and ash—1°
on wet weight basis [57] contents in prostate of adult men. * 6] * l A '

Ta!)le 4. M_edi‘m,’ minimum and maximum value of means of Zn contents (mg/kg on dry e
weight loasm) In intact prostate of adult males according to data from the literature in :'y
comparison with our results ) -

Published data [Reference]

This work results ™

Median Minimum Maximum M+SD
of means, (n)* of means, (n)** of means, (n)** n=64
482 (48) 111(-) [58] 2735 (10) [59] 734+562

M - arithmetic mean; SD ~ standard deviation; (n)* — number of all references; (n)** -
number of samples. \ ’

All the deceased were oitizens of Moscow. None of those who died a sudden death had
suffered from any systematic or chronic disorders before. The normal state of prostates was
confirmed by morphological study. Thus, our data for Zn mass fractions in intact human

prostate may serve as indicative normal values for urban population of the Russian Central
European region, e

Conclusions
INAA-LLR and ICP-MS are the adequate analytical tools for the non—destructi}v;'e,f

determination of Zn content in the tissue samples of human prostate. From the time of puberty
and up to 60 years the mags fraction of Zn in prostate tissue exponentially increases almost 3
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times. Thus, the data do not support the hypothesis. of age-related deficiency of zinc in
prostate tissue and the need for zinc supplementation for the correction of this deficit.. - .
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TIME DIFFERENTIAL PERTURBED ANGULAR CORRELATION STUDY.OF
VEGETABLE OILS i

C. Oprea, A. Velichkov, I.A. Oprea, D.V. Filosofov, P. J. Szalanski
Joint Institute for Nuclear Research (JINR), Dubna 141980, Russian Federation

Abstract

nt a series of measurements of the time- and reactant-dependent in.ter_actu')ns -m‘t?le
xz‘ﬁ;sio rrelation of ///In in vegetable oils. In our stllildies we_;mplpy Tlme’_]l)lllffe:rentlyal
perturbed Angular. Correlation (TDPAC) of the ! ”In{l Cd =y cascade from In p;ptpe‘n
nucleus to investigate aspects related to physicochemlf:al structure ot_‘ vegetabl? oil (as for
example, Oleum embryonum triticu). The above experiments are carried out using a home-
made TDPAC spectrometer which consisting of a four detector fast-‘sl‘oﬂw coincidence system
using Nal(T) scintillators with a time resolution of 2.5 ns. :

Keywords: TDPAC, "' In, vegetable oil, Electric FieIdYGradient, physicpchemical ‘orgqnjz‘qtio‘r‘t v

Introduction

After the first paper of D. R. Hamilton (1940) on the thgory .of the gjlr'e(;tlonal:
correlation of }‘—7cascade, it took seven years before Brady a.nd Deu};gh (1947) ??ihz'eq tl};ef
experimental adequate conditions to measure such a c.orrelatlon'. Thep the perturbed angu
correlation started as a nuclear physics technique used in measuring spins a.nd.pantles.. o "

Following the technological development-of -the expenm‘ental PAC 1n§taélqt10nsi Z
perturbed angular correlation spectroscopy (PAC) .has been w1desprye_ad’app1;‘e‘ 1.r: ’alfa;s,d
variety of condense matter studies from the atomic scale to el.gm?r“ltamry,dq ect itself : .
nowadays one uses the vacancy clusters as the object of investigation. The most’ comm

application of PAC is the time differential perturbed angqlar correlation (TDPAC) which

measures the‘angular correlation between pairs of gamma rays emitted by radioactive nuclei,”

i i i i iate state.
as fraction of the time the nucleus spends in the intermedia
During the present researches, the !!'In TDPAC measurements were conducted to

i i ' ics of vegetable oil (as for example,
lore the physicochemical structure and TDPAC dynfimlc§ o . &
z)xll;\gx embl:ygnum triticu that was previously tested blologxcglly). M s ﬁequently used in
biomedical and pharmaceutical researches and it is readily available. ; '

Theoretical background of TDPAC R
This section reflects tﬁe huclear physical origins qf‘ the quadrupole interaction dar::i1

describes the magnetic interaction’ in hyperfine interactions (.HFIs) ‘that car(li be~1(1lsrcf1 <V>1e'

condense matter applications. The interaction of the magnetic moment and quadrup

moment of the probe nucleus with the extra nuclear magnetic field and electric field grkaydikcpt‘s‘ ;

i i lation of - rays.
i esult in the perturbation of the angula:r correlati Tays. o
respec’?l‘mlglgagi}:g:‘)prerturbed angular correlation consists in producing a radioactive nuclei (in

i i -cascade by emission of }to the
ited state with nuclear spin |, m:>) that decays over a yy |
ier):t(:elnerxediate state I, followed by decay (to the ground state |1 m/> of the daughter nucleus Ir\
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by emission of a second y-quant ¥ The angular correlation function #: % %:0) is a measure o
N ’ 0

the probability that yis detected in directio i
: hat y n —k,and ¥is det in directi
the density matrix formalism [4,5] it can be writtén as i detected in direction k. Utlhzmg

tV;/lhere m, m " define the inhomogeneous population of the m-states of the intermediate state.
e.matnx. elements (m|p(7,,0m) are the probabilities of finding the system in an eigenstat;
m immediately after the i, transition. Performing the mm'sum the relative probability

W(8)dQ of detecting y; in the solid angl i i i ¢
Legadeo polpnne angle dQ with the angle @in respect to y; is obtained‘as

W©@)= 3 4,B(cos6) ‘ "(2)

k=even

where Ap = Ap (11)Ax (72) are the an i i
gular correlation coefficients and are depending of
Zegulla;r glomenta of the state and'the multipolarities of the transitions; the S\?; is ofl; oilhe:
0<e/:1 . ecause t'he odd Akl; disappear as a consequence of parity conservation and
<min(2l,, Ii+1") (Note: the polarization of the 7Y photons is not measured). S

The summation is finite dué to co rvati k
3 nservation of angular momentum. Fo :
=5/2 the summation index limit is kpq = 4, thus ' ' ¥ the frequently teed!

WO)=1+ AP, (cosB)+ AqsPs (cos6) 6)
Through the perturbation of the i '
' ; probe nucleus during the finite lifeti
intermediate state from the hyperfine interaction of magnetic or electric extra ﬁe;gl;;ifieg::

;)f measured sax?aple material the angular correlation function depends only on the angle
etween Ydetections, @, and time between detections, ¢ as i

WB,0)= Y 4,Gy (VP (cos6), @
k=0 a

even

where Gu(?) is the perturbation factor containing the information about the interaction.
The interaction can occur between the nuclear magnetic dipole moment yu of the intennediate

state I; and the extranuclear magnetic field B or betw
een the nuclear electri
moment () and the extranuclear electric field gradient ¥ = o, ar electric quadmpéle
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Magnetic hyperfine interactions o .
The magnetic hyperfine interaction is measured by the Larmor-frequency -

where g is the dimensionless g-factor (Land é-factor) of the intermediate state; uy is the

nuclear magneton (uy=5.03-1 07%7 J/T); Bis the magnitude of the magnetic field at the probe,
(i.e. the hyperfine magnetic field). L

The magnetic hyperfine interaction splits the intermediate state into |2/+]| equidistant
sublevels with AE’ ‘ : R

AE =1, =g, B | e

Electric hyperfine interactions ; B o
The electric hyperfine interaction between the charge distribution of the nucleus and the

extranuclear static electric field occurs only for electric field gradients (EFQG) that are strong -

enough to be measured. ‘
The energy of the sublevels for axially symmetric EFGs is

OV,
2714121 -1) : L e e
where Q is the quadrupole moment; ¥, is the the principal component of EFG with largest
magnitude; e is the fundamental unit of charge; / is the total spin of the intermediate nuclear
state. J : . ; : : S . T S O B

GrP =1 +1)) | | DR ()

The energy difference between two sublevels m and m'is given by

- aEg=hay- Y’ - e

where ay is the quadrupole frequency.

It can be deduced from (8) that the splitting of the sublevels of electric quadrupole hyperfine
interaction is non-equidistant since it depends. on the angular moment [ of the sublevel.
Practically is used.the quadrupole coupling frequency vg which measures the strength of the
electric hyperfine interaction in time and is independent from the nuclear spin/; .. | SR

Vo= A

eQVu‘ L e )

Experﬁnental methodology

TDPAC sources T
The PAC probe nucleus should to acts as a foreign agent that scopes out its environment

and emits/decays by correlated y- ray cascades. TDPAC method measures the angular
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correlation as fraction of the time the nucleus spends in the intermediate state. For this the
intermediate state needs to meet the following expectations: -

- it must have a reasonably long lifetime so that the probe has time to “feel” the extra.
nuclear fields and to interact with them;

- the y— ray energies should to be sufficiently different so that : and 72 can be
distinguished;

- the nuclear moments of the intermediate state, as well as the anisotropy of the angular
correlation between - rays have to be large enough to allow the measurement of the
perturbation function;

- the parent nucleus must be available, and it must have a long enough lifetime to be
practical to work with. ;

The sensitive /"/In/'"!Cd-PAC probe nucleus has been diffused into the oil materia]
under study for ex;l)erimental EFGs determination. '//Cd is the decay product of electron.
-capture-decay of '"’In with a half-life of 2.83 days. The properties of the PAC pair parent.
daughter probe nuclei relevant for TDPAC measurements are presented in Table 1.

Table 1: Relevant properties of PAC probe nuclei

Parent to Az Tin 71 72 T tn g-factor | Quadrupole
probe [keV] | [keV] [ns] Moment
decay

""mn>""Cd| -0.18 [ 2.83d | 171 245 | 512 85 -0.306 | +0.83(13) |

Note. Ty, is the half-life of parent nucleus; [ and ¢, are nuclear spin and half-life, respectively, of the
intermediate level in the 7 -7; cascade; g-factors and quadrupole moments are of the intermediate state,

Although all the experiments were based on the measurement of the electric. field
gradient (EFG) at the probe sites, they have been performed with different biochemical
reactivants concerning vegetable oil properties. In order to study the physicochemical
structure of vegetable oil, the biochemical reactivants as ether, heptanol [CH3(CH,)sCH3), and
Dekan [CH3(CH,)sCH20H], were employed in experimental measurements. They were used
in different chemical complex solutions, as '"/In in ether + 14% HDPD, "'In in 500ml
CH3(CH)sCH; +13% HDPD, and '''In in 21% HDPD + CH;(CH,)sCH,OH.

TDPAC spectrometry

The above experiments are carried out using a home-made TDPAC spectrometer
(Brudanin, NIMA 2005), which consisting of a 4-detector fast-slow coincidence system using
Nal(Tl) scintillators (40 x 40 mm) arranged in the plane at 90° intervals. The fast timing
signal is fed into the time-to-amplitude converter which allows to measuring the time the
nucleus spent in the intermediate state of the cascade. The delayed coincidence counts W, t)
within a resolution time of 2.5 ns between the 90° and 180° detector pairs were recorded and
stored as histograms. ‘

Starting from the equation 2 the number of coincidences measured by the apparatus can
be calculated as

N(@,0)=Noe™ -W(8)= Nye ™ -(1+ 4, P, (cos ) + A, P, (cos 6) (10)
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where Np is the t;Jtal counting rate; 1 the decay constant; the rest term describes - the
isotropic emission probability; usually the coefficient A4s is much smaller than Az (Ags <<
Az)- Then A:Ga() is defined as the ratio :

|N(180°,t)—N(90°,t)t’ ; ‘ Can
|N(180%,6)+ 2N (90°,1)| L
The least-squares fitting from the angular correlation perturbation models&,-for (EFG)-

A4,G, (1) =2

parameter determination was used: . s Sr

4:G3() = a0 + a exp(-321) (dynamic) R (12)
A;Ga(t) = ag + a, cos(an 1) exp(-At ) (static), :

where Ga(1) is perturbation function extracted from the time ‘spectrz;l; A, is relaxation
parameter; 4 is width of the quadrupole frequency distributiqn relative to mean value of ay.

Results - L i

By the use of biochemical solutions the formation of hompgeneous phases with 51m1tlhar
Jocal structures previously observed in the liquid state occurs gFlgs 1-5). The spectra gr(;;n :;
Figs 1-3 displays a superposition of signals cortesponding at lf:ast t(? two di Zrex?t
environments of the probes due to a degree of disorder around the ra§1qnuc1[de-prot3§%. sit

can be seen in figures, the error bars increase with time between y— ray emissions.

15y, in ether + 14% HDPD

4 :
.. t[ns]

Fig. 1. TDPAC perturbation spectra of 1 ¢4 p-ycascade using My in.'ether + 14%
HDPD solution; vg=137(12) MHz quadrupole frequency for axial §ymmetr1c EFG m=0)
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Fig, 2. TDPAC spectra of '"'In/""!Cd y-ycascade using I in 500ml CHy(CHy)sCH; +13% 0:39 ns/ehni

HDFD solution; vo=218(10) MHz quadrupole frequency for axial symmetric EFG (11=0) Fig. 4. Fitting * of the TDPAC spectra for ''In in ether + 14% HDPD solutlon ;
(Founer transform dlsplay) ‘ :

1 .
' "In in 21% HDPD + CH3(CH2)sCH,OH ‘
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Fig. 3. TDDPAC spectra of !/ In/'"'Cd -y cascade using '''In in 219% HDPD + o 0.38 nsfchnl

CH3(CH)sCH;0H solution; vq=156(16) MHz quadrupole frequency for EFG (n=0)
Fig. 5. Fitting x? of the TDPAC spectra for In in CH3(CHy)sCHj +13% HDPD solution

(Fourier transform display)
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.’I‘DPAC perturbation spectra are fitted to a theoretical expression of the perturbatj
fu.ncftlo.n by v§rying parameters in the model function until a x* goodness of fit parametero'n
mmqmz;d (Figs 4-5) by using the DEPAC ‘software. Best-fit values obtained from fits :
provide information about physicochemical organization of the vegetable oil. From the fittin
calculz}ted‘parameters as ag, a1 and vy, it results that these processes of diffusion of the PA
probe in oil are responsible for dynamic character of the perturbation of angular correlation ¢

Conclusions

'It was shown the suitability of TDPAC method to anal i icochemi
?lrFam'zation in oil solutions. It was developed an experimentalyrzngtghot(}il;cfg};y sl:;oglil:ﬁr;zi;d
In in several reactant solutions of preparation the vegetable oil analytical sample,
E?;penmental and calculated electric field gradients (EFG) on '//In probe atom diffu I:i _s.
different vegetable oil solutions were obtained. e
The results were analyzed in terms of a diffusion process appro. i i
observed effects due to the dynamic character of the pgrturbatioflpofailg:&cgoﬁgllztﬁsnthl:
was obtained the minimization of the ¥ fit parameter up to best-fit values for the TDP/-\C

perturbation spectra to a full-line theoretical expression of th i i i
P Do Speatrat p X e perturbation function by using
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Evaluation of parity violation effects for thermal neutrons scéttering on **Pb micleus
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Frank Laboratory for Neutron Physics (FLNP) -

Abstract. Isotopes of Lead are suitable for studies of parity viclation effects in nuclear
reactions. We have estimated the energetic-dependences of some of these effects in the elastic
scattering of thermal and resonance neutrons on ?**Pb. For this nucleus experimentally was found
a great value than expected of the neutron spin rotation. The spin rotation of the transversal
polarized neutron beam passing trough the matter was explained by the presence of the weak
interaction but -in the case of 2*Pb the measured unexpected value may: indicate . also, the

presence of an unknown negative resonance of the compound nucleus ?%*Pp. - o

Introduction

The presence of the weak interaction between nucleons in compound nucleus leads to the
asymmetry effects in nuclear reactions. In the elastic scattering of neutrons some of these effects
which can be measured in the experiment are [1]: the asymmetry of the emitted neutrons, the spin
rotation of the transversal polarized neutrons beam and the longitudinal polarization of an initial
unpolarized neutrons beam. ~ . : : i T

We used the approach very well described in [1] and applied the obtained formulas in the
case of 2%Pb. First we used for our estimation of the mentioned parity violation effects the
resonance parameters from [2] and after that the parameters for unknown negative P resonance
proposed in [3] in order to explain the big unexpected value for spin rotation.

The natural Lead is a mixing of four isotopes with following masses and abundances 204
(1.43%), 206'(24.15%), 207 (22.4%) and 208 (52,4%). The isotope **Pb is double magic and
therefore all Lead isotopes have low levels densitie [3]. The analysis effectuated in [3] suggested
that the main contribution to the spin frortat‘io'n ‘comes mainly 'from. ,204Pb' isotppe. The
experimental value for the spin rotation is of order of a few units of 10°° [4, 5]. This value is of
three order higher than the theoretical estimation [3]. o )

In this work we evaluate the energetic dependence of the three mentioned effects in the
two levels approximation for elastic scattering of neutrons on “*Pb nucleus, first using the
resonance parameters from [2]. After we compare the results with the values obtained with
parameters for negative resonance from [3]. According with [2] the S and P resonance parameters
for 2/Pb nucleus with widths parametric expressions from [2] and [6] are: . - :.

Es =-2980 eV and Ep = 480 c¥ o it ()

The negative P resonance parameters proposed in [3] extracted from the comparison between
experimental [4, 5] and theoretical values [3] are : - i : RS

Ep=-16eVand Ip =3 x 1073 eV ®



Maip formulas

Now it is the time to define the parity violation effects. Let suppose that we have a
transversal polarized neutrons beam interacting with a target nucleus. Due to the presence of
weak interaction, in the process of scattering in the outgoing channel appears an asymmetry of
scattered neutrons and by definition this effect has the following form: ‘

do(l) do{l)

aQ dQ .
a= E
do‘(ﬂ+ do(l) e
dQ dQ
do(l) dofl) _ . . g
%),—Zé—) =differential cross section of scattered neutrons with spin up (1) and down

(}) related to the initial neutrons spin direction.
For the rotation angle of initial neutron spin on length unit we have:

dop )
Z="N'1R°(f+ —f_) - ey

With simple transformations the neutron rotation angle can be written as:

— 1 'd_q)__Re(_f——./;) CL
®=No, dz Tmlf+f) (f)

tot

The terms in relations (4), (5) are: N = number of target nucleus on volume unit, A=
neutron wave length, f4, £ = scattering amplitude on zero degree direction with positive (+) and
negative (-) neutron spirality, o, = the total cross section. B

The last effect is the longitudinal polarization of an incident not polarized neutron defined
by the relation: ‘

O_.-0.
p="Cr
o_+0, v ©)

0., 0, = total cross section with negative (-) and positive (+) spirality. !
The physical quantities defined in relations (3), (4) and (6) correspond to the following
correlations between main vectors (as neutron spins and neutron initial and outgoing directions): |

a—)(a,.-n,),¢—)(&:xa_})-r;;,P—)(a_}-n_;) ~ . (7)'
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;, ,0_'} ,r;: ,r?, = initial (/) and final (f) l{hit vectors of neutljon: 'gpin andgimpylsyg
directions. . R I e

Using the relations of definition (3), (4), (6) and the approach described in [1] we have
obtained the following expressions for the asymmetry of emitted neutrons (@), rotation angle ?f
outgoing neutron spin (&) and longitudinal polarization (P) in the two levels approximation in
the case elastic scattered neutrons on 204pp nucleus: - .

19

F;(E—EP)—F;(E-Es)+2kR(E—EsXE—EP)

T ®)

a=2Wy, I:;FF (Y 1P+ (T2 Y i1+ 4(kr) [s1P)
_4WSP\/I—‘;’—I‘;"(E—ESXE—EP)¢-££":_ .
B R R ;‘

ey [T B BB o

r,7 [P+ T2 0s]+ 4(kR) [STP]

The factors of (kR)z present in (8-10) are due to ;he potential scattering included in calculations.
The elements of (8-10) are: Ty, T,= total S, P widths, I, I’z = neutron §, P widths, Eg,E,=S,
P resonance energy, k = neutron wave number, R= nucleus radius, W, = weak matrix elgment;

Y T S
[s]=(E-Es)* +, [Pl=(B-E,) +=
Resqit;

Experimental results for the spin rotation around the impulse direction of polarized
transversal neutrons are [3-5]: '

®=(224£033)-10° and ® = (3.53£0.79)-10%rad = Sy

Using the resonance parameters from [2] and considrgr‘ing for the weak matrix elemer}t a
value of order of Wsp = 2:107 eV (fair value for heavy. elements [1], [3]) the theoretical
estimation gives fof, spin rotation for thermal neutrons the r¢§ult: . L : e

®=-628-10"rad R (o

With P resonance parametgré suggested in [3] (Ep' = -I 6 eV)‘a;hd s 'resf)na\xice parameters
from [2] we have fo,r‘spih‘ rotation a value inavery gogd agreement with exper;xn¢n;gl data (11):

<I>=18810'° fad S A D N worrsmrsiommnieo (13)
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Thelas?'mmetry S?') and longitudinal polarization (P) for incident thermal neutrons are of

order of 107" and 107" respectively with parameters from [2] and higher with res

onany
parameters from [3] (J0'* and 10" order magnitude) but still very difficult to measure in tli:
experiment and therefore we did not insisted in the analysis of them. ’
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Figure 1. Spin rotation for neutrons scattering on “*Pb in the two levels approxixﬁétions usihg{: 8
a) parameters from [3] supposing the existence of negative P resonance, Ep = -16 eV
b) parameters from [2] around the S resonance with Es = 480 eV energy

]
479,0

In Figure 1 we have illustrated two interesting cases of spin rotation angle using different
resonance parameters. In the case a) due to the fact that in the estimation we used two negative
resonances (one S and one P) the spin rotation angle is decreasing with the energy. In the second
b) case with one § negative resonance (Es = -2.98 keV) and one P resonance (Ep = 0.48 keV) we
obtained the well known expected shape of asymmetry effects in the two levels approximation
estimated by authors for (n,p) reaction for 3¢l and "N [7] nuclei. '

We have obtained the energetic dependences in the scattering of neutrons on 2*Pb
nucleus for other parity violation effects i.e. asymmetry of emitted neutrons (@) and longitudinal
polarization (P) but there are not presented here because they are some order of magnitude lower
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than the spin rotation (®) and therefore i'éry'difﬁcﬁlt to be exi)er{mentélly measured but their
shape are similar to those from Figure 1 a) arid b). .

Discussion

We have evaluated the asymmetry effects due to the presence of weak interaction in the
two levels approximation using two sets of resonance parameters [2], [3]. The parameters from
[2] are universal accepted but the evaluated effects for thermal incident neutrons energy (Es =
0.0253 eV) have very low values that are very difficult to measure experimentally.: As we
mentioned before the coefficients @and P in the thermal point are lower than 10" 10 and the spin
rotation @is of order of 10" 8,

The situation is changing in better with resonance parameters from [3] where ‘the main
idea is that the author had obtained from experimental data and theoretical ‘evaluation in the two
levels approximation for thermal energy the existence of an negative P resonance with energy Ep.
— .16 eV. The o and P effects increasé with two or three order of magnitude and the spin rotation
&is of order 107 — 10°® in a very good agreement with the experiment (see relations (11-13)).
This fact makes sense to effectuate an experiment for measurement of spin rotation angle. of
neutrons scattered on 2**Pb in thermal region. o T a

In Figure 1 a) and b) we have the energetic dependence of spin angle rotation for the two
sets of resonance parameters. From Figure 1 b) (resonance parameters from [2]) results that
around the P resonance Ep = 480 eV the spin rotation reaches the values /0 4 change it sign in a
very short energy interval (about 2 eV) and is zero in the resonance. In the experiment it is more
casier to evaluate a 107 effect but here it is very difficult to find source that can give us the
necessary intensity for incident transversal polarized neutrons with energy around 480 V.

Finally it is of interest to evaluate the effect of other resonances in spite of the fact that in.
many papers their influence is neglected due to the very low value of the cross section.

The work was supported partially by the Program of Collaboration between JINR and .
Romanian Research Institutes on 2010 and 2011 years under the coordination of Romanian
Plenipotentiary Representative to JINR.
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TRACE HEAVY METAL UPTAKE BY CROP ROOTS
C. Oprea, M.V. Gustova, LA. Oprea
Joint Institute for Nuclear Research (JINR), Dubna 141980, Russian Federation

Abstract

Cabbage, potato and celeriac, grown in industrially polluted region, were included in the

present research. We investigated the level of pollution and the way heavy metals enter the'

crop root, by surveying soil and plant samples. The contents of heavy metals in chosen

samples were determined by analytical measurements. with photon neutron actlvatlon
spectrometry method (IPNAA). In particular, cabbage is suitable for growing in mdustnally
polluted regions as it removes considerable quant1t1es of heavy metals from the soil by the
own root system and can be used as potentlal crop for remediate soil from heavy metals.
Keywords: crop root, IPNAA, heavy metals, bio-accumulation, uptake

Introduction

The behavior of heavy metals released by industrial activities is reflected in agriculture

lands and that has been the center of much attention during the last decades. Prekus ’

experiments - established that a clearly distinguished species characteristic exists in the

accumulation of heavy metals in the vegetatlve parts of several agricrops. As a developed ;

continuation of the earlier researches of the paper’s authors, The Project: Trace Heavy Metal
Uptake by Crop Roots (201 1-2012) was sta:ted

Toxic heavy metals such as As, Co, Cr, Fe, Ni and Zn, are constantly released into the

environment. In particular, heavy metal pollution of soil is a significant environmental

problem with a negative potential impact on human health and agriculture. The crop root, as

an important interface of soil and plants, plays a significant role in transmission of

contaminated soil by heavy metals through the food chain. This project develops a
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methodology to evaluate transport of the main contammatmg trace heavy metals from root
soil and its uptake by crop roots. ‘ ‘

The aim of this study was the continuation of the previous researches of the heavy metal
bioaccumulation in the several agricrops. Determination of heavy metals in agricultural ¢ crops
is frequently required in health-related environmental studles because of severe toxicity of
trace amounts of such elements for human organism. : :

For the assay of essential and trace heavy metals content in'the aimed samples the
photon neutron activation spectrometry method was already been tested and:it is employed

during the present researches.
Materials and methods

Sampling

The ehvironmental samples were collected from the agricultural area surrounding a
ferrous work near Ploiesti. The experimental plots were situated at different diStahces'(O.S and
15 km) from the source of pollution—the Ferrous-Metal Work. The same types of samples

were recorded from a rural area chosen as a clean spot, situated at 20 km remoteness.

Sample preparation

I;rior to analysis the crop samples were rinsed with distilled .water to cethove the
adherihgg panicles from soil and/or atmospheric deposition For each type of crop,"ah average
sample was prepared by m1x1ng the samples collected from a site (three pleces) Then the
samples were air dried. for about one month and later by 48 hours at 40°C in the thermostat
until constant weight. ‘Aliquots of about 2 g’ “of ‘each sample were used’ for - IPNAA." The
fresh/dry mass ratio \detem'liynedfor crops were 7.62, 524 and 8.36 for cabbage root, potato‘

root and celeriac root, respectively.
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IPNAA

For the heavy metal assay, the photon neutron activation analysis at the Microtron
MT-25 was used. The analytical methodology of IPNAA at MT-25 was largely described in
our previous papers (see list of references). -

The method provides detection limits of about 10 % for the elemental concentrations in
investigated crops. On the crop samples were done four types of measurements; in order to
account the elemental concentrations based on the activity of very short-, short-, medium- and
long lived isotopes which exhibit times of disintegration of about few minutes, few hours, 1-3

days and, respectively, more than 4 days.

Results and discussion
Contents of toxic heavy metals such as As, Co, Cr, Fe, Ni and Zn, were determined 'by
IPNAA in the studied crop roots, respectively cabbage, potato and celeriac (Table 1). As it is

observed, the crop species showed remarkable difference in metal bio-accumulation. and

uptake from the root soil.

Table 1. Heavy metal concentrations (mg/kg) in crop root at 1 km from the ferrous complex

as x+SD; x -average value (mg/kg) from five repetitions; SD: mean standard deviation -,

HM/ Crop Cabbage root Potato root Celeriac root
type )
Cr 17507 47503 - T2T0d
Fe 5370+ 110 518+ 26 63235
Co 5.08+0.11 0.71+£0.04 0.95+£0.05 - '
Ni 8.32+0.25 1.30+0.21 085+ 0.17’
Zn 61+2.0 24%15 28+1.6 -
As 0.73£0.09 . 0.22 £0.05 0.30+0.07 _
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The content of the same inorganic constituents for the concerned root soil are reported
(Table 2). The distribution in the bio-accumulation of heavy metals from soil to plant for the
studied crops seems to be selective, following the decreasing.order: soil>root>pulp>leaf.
Cabbage is the crop that most strongly absorbs and accumulates heavy metals from the soil.
(as shown in Tables 1 and 2). With some exceptions, the levels of the heavy metals recorded
in plants are in agreement with the normative allowable Ievels established in Romania. '

A strongly exhibited tendency towards diminution of the contents of heavy metals in the
soils and crop roots is observed with the increase of the distance from the ferrous smelter-

complex. The results concerning this aspect will constitute the subject of another report... ¢

Table 2. Heavy metal concentrations (mg/kg) in host soil of the crop root at 1 km from the

ferrous complex as x:SD; x -average value (mg/kg) from five repetitions; . e

Fies

SD: m%m standard deviation

R AT

Spil of o Soil of st R Soil offq':«:\:" )

HM / Crop
type ‘cabbageroot |. .- . potatoroot- celeriac root:
Cr 647230 753542 | 6130 v
“Fe ' 31650+ 450- *38150£ 650 |+ '~30840i450
Co 183i05 21.6£0.5 B 181i05
Ni 41&9 ; : 3s;j2‘ T =9,
Zn 95#1,57 ; 115+£20 92:&13
As 14115 18325 13.8+14
Conclusionv

It was established from the present ﬁndingS that cabbage root is a hyper-accumulator of
most of the trace heavy metals such as Fe, Zn and As. This peculiarity could be used for

selection of this vegetable crop for cultivation on metal contaminated soils.
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The three vegetable crop species also showed notable dlfferences in respect of heavy
metal uptake and their bio-accumulation. Then our results may be useful for selecting su1tab1e
crop species for different metal contaminated soils.
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Abstract , : C .
Authors present the results of radloactlve nuchdes 1dent1ﬁcatlon in the air filter materials,

collected at the territory of Poha.ng city (Repubhc of Korea) one month after the Fukusima

nuclear power plant acc1dent

Introduction .

Experiment on air filters act1v1ty measurements have been conducted at POSTECH
University located at Pohang city on the cast side of the Repubhc of Korea one ‘month after
the devastating earthquake and tsunam1 demolished many small cities and v1llages at Japan
as well as severely damaged several blocks of the Fukusima nuclear power plant. Air filters
were collected approx1mately one month after the earthquake at a distance of about 1000 km
to the South-West from Fukusima. c

There are several kinds of detectors that detect the gamma rays emltted from radioactive
samples, but High-Purity Germanium detector (HPGe) is w1dely used because of the h1gh
resolution and efficiency. ,

We used the HPGe detector (ORTEC GEM- 30180) w1th 20% efﬁclency for our
measurements. The detector is p-type, which can measure the energy spectrum range of 100
keV.to 10 MeV, and the energy resolutlon (FWHM) is 1. 63 keV with 1. 33 MeV °°C0 gamma
line. To accumulate pulse helght spectra we used- the computer based DAQ syslem ‘with
Gamma-Vision 321" software from ORTEC. The detector locatxon is the first floor of
Neutron laboratory at Pohang accelerator laboratory Detector sh1eld1ng consists of about 20;

cm thick lead and 5 cm copper. Detector and shleldmg are shown at Flg 1.
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Fig.1. Detector and shielding box v{ew

Samples collection and preparation

T ' .
o collect necessary amount of the sample, we need a filtering system because an amount

of the radloactlve nuclides of interest is too small in the air to be directly detected. The
filtering system collects the dust assumed that the radioactive nuclides are included in
atmosphere. The system was set up on the open roof of RIST building located at Pohang cit
(Republic of Korea) around 18 meters above the ground (Fig.2). ’
The collector consists of two parts, namely: pump and filter. The pump sucks the air into
the filter. The pumping rate is about 1 Nm’{min at constant rate. ‘
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Fig.2. A1r ﬁltermg system locatxon at the roof of the RIST bulldmg

We collected two dxfferent filter samples usmg same pumpmg equxpment 1t took one day
per sample to be sufﬁc1ently collected for this research. First filter sample in paper form was
made by QMA (Qualtz Mlcroﬂber Filters, Cat No.: 1851 865 pamcle retention (0.3 pm):
minimum 99.95%) and had the _following samplmg t1me 13 04 2011 14:00 ~ 14.04.2011,
14:00 (around 24 hours) As the result of samplmg, the wexght of collected particulates was
0.161 g and the total ﬂow was 1440 1 Nm’/day The average concentratlon of pamculates

representing the amount of the dust in air is 111 pg/Nm (F1g 3).

Fig.3. QMA paper before and after sampling
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Second sample was different from QMA filter in many ways. In- case of second, it is

comprised of 3 layers of foam rubber, AC (Absorbent Coal) and foarn rubber in order (Fig.4).
The AC filter was also collected below the sarne condition of QMA filter.

Fig.4. Second sample: foam rubber (top and bottom) and AC layl:r in the middle

Measurements

Sample measurements were performed three times according to the type of filter sample
material. The first was of AC filter a couple of days later after filter collection. After
conducting the pretests, energy. calibration, peak identifications and background
measurements, it was carried out in the Pb-Cu shielding structure by HpGe detector for
100300sec. The beaker of AC was parallel to the axial of the detector and was put close by
the end of the detector head ask'possible so that the activity calculation of the nuclides of
interest can be more convenient. ’Sccondly, two paper’ filters, which were respectively
collected on the different days, March 14 and April 13, were measured after the AC filter
measurement. Since they.are very thin and wide compare to the AC sample, it is difficult to

achieve the detector count rate, which shouldbe large to identify the signal of interest in
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given time. Therefore, we have to compress the paper filters by. folding it in four layers and
then the folded paper filters were put on the surface of the detector head. Measurement time
duration was 156139 sec for April's sample and 170060 sec for March's sample respectlvely

The next measurement was conducted with the foam rubbers They were collected at the
same time with AC filter. Since each of foam rubber was inserted at the top and bottom of
the collecting rod with AC filter as the center, the position of two foam rubbers make :
difference. As the result, we just measured the bottom rubber. We supposed that the
accumulated amount of the dust on top rubber is a negligible quant1ty because the top rubber

plays the role as the inlet of airflow and the bottom rubber play the role as the outlet ;

Results

Before sample measurements, the detector background was carefully mvestlgated First, we

measured experimentally the efficiency of our passwe background shleldmg
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Fig.s. Detector background without shielding (upper spectra) and inside the shielding box (lowe!
spectra)
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Fig.6. Shielded detector background spectra accumulated during 55052 seconds with nuclides T 6,0x10° |
identification and energy calibratipn
g. -]
Fig.6 demonstrates one of the shielded detector background spectra accumulated during our O 4,0x10° -
L
measurements with gamma lines identification and energy calibration. o
The QMA filter samples measurements d1d not reveal any nuclides different from the §~ 3
o 3 .
background except for gamma line’ with measured energy 477.662(9) keV that we are 2,0x10™
identifying as the line from cosmogenic origin nuclide Be produced by GCR particles
spallation reaction at oxygen and nitrogen in the atmosphere.
. . ’ . . 0,0 T ! ; 5 ’
AC filter in 1ts tum also'did not reveal any gamma lines different from background ones ’ 320 330 340 .350 360 370 v3§° . 399 e
except the gamma line with identified energy 364.4 (1) keV which potentially could be the ; ‘ Energy (keV)
) line (reference energy 364.489 keV). AC filter material spectrum with background one in N
_ . tra
corresponding energy range are shown at Fig.8. Fig.8. AC filter material spectra compared to the background spec < with AC
To clarify the nuclide identification in the latter case we repeat the measurements wi i
filter material approximately one month after the sample ;ollectign. Havir;g in mind the °I:
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lifetime that is 8 days, we supposed that corresponding peak would di

sappear one month
after collection. )
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131 .
Fig.9. ®'I peak disappear 1 month after sample collection. Solid line — "fresh" sample, dashed line -
one month later. ,

Fig.9 demonstrates comparison of the two gamma spectra from AC filter material collected
immediately after filter collection and one month later. Numerical analysis of the data
obtained gives an activity estimates for the '3[ accumulated in AC materjal during 1 day of
the air filter system operation (1440 Nm?® of air) equal to 0.6+0.1 Bq.
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Abstract

The measurements of the P-odd asymmetry in radiative cross section on natural
lead have been performed at the PF1B instrument of the ILL reactor (Grenoble,
France). The integral flux of cold (mean wave length is 4.7 A) neutrons was ~ 10'° 1/c.
The neutron polarization was not worse than 92 %. Polarization was been switching by
an adjabatic flipper. The sample was placed into a box of lithium rubber opened from -

a side of beam entrance. Two crystals of Nal (TI) served as the detectors. The integral - -
method of P-odd effect measurement was applied. Measurements, including the “0”-
experiment, lasted 17 days. Taking into-account the result of."0-test";. an effect of ..
asymmetry is a,('“‘Pb) (2.3+3.5)107 ora;<8.1:107 at 90% c.l. SR

Introduction

Natural lead is a mixture of four isotopes: 204(1 43%), 206(24.15%), 207(22.4%), and
208(52.4%). None of the isotopes contains any suitable pairs of s- and p-resonances that may
be responsible for P-odd effects in reactions with neutrons.

Nevertheless, in two measurements of the spin rotation angle for neutrons polansed
transversely to their momentum vector in a sample of natural lead there was: obtained the
rotation angle Ag = (2.24 * 0.33)-10° rad/em [1] and A¢ ='(3.53 * 0.79)- 106 Tad/em’ 2k
Moreover, the measurement of the effect in a sample enriched with the 1sotope Pb to 87%
gave the spin rotation angle Ag < 4.3-10% at 90% c. 1. [2]. This establishes the grounds for
making the conclusion that the isotope 2*Pb is a source of the effect. ;

 The mechanism responsible for the observed spin rotation angle of neutrons traversmg
a lead sample is mixing of the compound-nucleus states of the spin havmg opposite parities.
Paper [3] suggests the existence of a “negative” p- wave resonance in 2**Pb to explain the P-
odd effect in the spm rotation angle. Another measurement of Ad was done with a Pb sample
enriched with 2Pb to 36.6 %. [4]. The obtained result for the neutron spin rotation angle in
the lead sample'is Ag = (8 £ 2)- 10® rad/cm for the lead with 100% content of 2*Pb. It is
shown [5] that the traditionally being measured effect includes two components, namely truly
spin rotation when transmitting through the sample and some -addition explained by
instrumental error of the method. Recently, a search for the p-resonance in the measurement
of the radiative neutron capture cross section at resonance energy was undertaken in Dubna
[6]. The group used a sample of natural Pb and a sample enriched with 2**Pb.to 36.6 %. The
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1

conclusion of paper [6] is that the isotope 2’Pb has a strong “negative” p- resonance, which
may explain the parity-violation effect in natural lead. Therefore, in comparison with the
conclusion of papers [1,2,4] and [6] there appears some contradiction concerning 2P,

From our point of view there are the possibilities to obtain additional information which
may help to solve this problem. According to the optical theorem the P-0dd effect in neutrop
spin rotation must be accompanied with P-odd effects in the total cross section

_ Otor — Oty

_ Aoy
n =

= > =
Otor + Opor 2040

@
and in the radiative capture cross section

g - o, _ Ag,
F——=— (2)
gy + oy 20,

a)’ =
for longitudinally polarized neutrons. Here, 0%y, 0 and 0"y & yare the total cross sections
and radiative capture cross sections for the neutrons having opposite polarizations with
respect to the momentum. Although these effects are much weaker than that in the Ao
measurement, the realization of these experiments is much easier methodologically. As it was
shown by numerous experiments A0 = Ady for slow neutrons. As far as the radiative neutron
capture cross section for natural lead at thermal energy (0.17 b) is much less than the total

cross section (11 b), we decided to carry out an experiment on the measurement of parity
violation effect namely in radiative Cross section.

Experiment

The measurements were performed on the PF1B beam of polarized cold neutrons [7] at
the Institut Laue-Langevin (ILL) in Grenoble, France. The average neutron wavelength at the
PF1B was <4,> =4.7 A. The neutron beam at the sample position was 80 mm by 50 mm. The
total neutron flux at the sample was equal to ~10'° ¢!, The neutron polarization was not
worse than 92 %. A scheme of experiment is shown in Fig. 1. The guiding magnetic field was
produced by Helmholtz coils (not shown in figure); it was reversed periodically during
measurements. The strength of guiding magnetic field was equal to several Oersteds. The
neutron polarization was reversed via switching high-frequency flipper. A sample was placed
between two detectors. The sample represented 2 cylinders of natural lead (99.95% purity) in
diameter of 80 mm and height 100 mm located one after another on the neutron beam axe.
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Fig. 1. A scheme of experiment.

Each y-quanta detector consists of an Nal (T1) cr)'!stal w1th a dlafncter of 200 mmzand a
thickness of 100 mm. "Hamamatsu" $3204-03 photodiodes with a size of 18x18 mm lwg{'e
used to detect scintillation ‘photons. The photodi_odes a.reiconnec.tefl to the Nal(TI) chsta S \/11]2:
Plexiglés light-guides. The detectors were inserted into. fllmnlmum-alypy ca§es.8 9c)uﬂ'1?h !
method for the event detéction was used (for more details see, for examplf:, [ ;h 1. e
current preamplifiers used in our experiment _cqnyertet_i the detector currentlmto e o:ltl;t) !
voltage. The output signal was digitized by a digital signal processor [10]. n’expenm
quantity was measured: :

Ak % @,
S Sy : pl el

y i iies of defecte - rres; ding to thedlfferent n'eu;t:pn
Iy, Iy - are the intensities of detected y-quanta correspondi 1e different ne
:el}giiieg. Tﬁis quantity is connected with the asimmetry in radlat}ve f:aptpre cross section as
ay= - 8/P,, where P, is polarization of neutron beam. For rec!ucu.lg mﬂuem_:e of the reactor
pcr)wér ﬂué't’uations the frequency of neutron polarization sw1tch‘m%.was }fllghc;r,t_}zlzgor:a;g
i ’ i trum . .Frequency of switching of polari
frequencies of reactor noise spec [10] O B o
i . To compensate. false asymmetries the dire ft
experiment was equal to 8.3 Hz 1 yrametries. the direction of the
idi i ed every series (every 4 min). For.the gex S |
guiding magnetic field was revers (evi e i
i t the direction reverse of actual P-odd effect due to reverse ¢ f the gui
:g:]g(ngzz g:;:c‘lm'?he P-odd effects are added in this case, because they have oppotsnf es:;gx:: the
" mai i i ili f the setup was tes
Before main experiment the working ability. o 1 ;
measufer:lént of the radiative capture asymmetry for natural Br. We useda30g sampl’(: :; it::;
KBr powder. For 4 hours of measurement we obtained P-odd effect in radiative crosls oton
a,(Br})) = (11.0 £ 1.3)-10%, that coincides with the earlier result of Ref. [11] a,(Br) ,—“(719. =
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Measurements on lead were performed during ~ 10 days. The corrected for the neutronk

polarization result is a,” = (3.3 £ 2.9)-10”. For the "zero" experiment a box of lithium rubber
without lead was located to the place of a target between detectors. Measurement time
cotsisted of 6.5 days. The result of measurement is ap = (1.0 + 2.0)-107. The value is

normalized to the y-intensity in measurement with lead (see, for example, [8]) and corrected
for the neutron polarization. ’

Taking into account "zero" experiment the asymmetry of radiative capture cross section
on natural lead is a,(™Pb) = (2.3 £ 3.5)}-107 or a, < 8.1-10”7 at 90% c. .

Discussion

Unique measurement of the P-odd asymmetry in total cross section at passage of the
longitudinaly polarized neutrons trough natural lead has been performed in [12]. Result of this
experiment (an integral neutron flux was 2:107 ¢!, polarization was 85 %) at thermal neutron
energy is a, = - (7 + 8)-107, Using Exp. (1) and (2) and taking in to account that Ac;, = Aoy,

one can calculat the size of a, from aj, for thermal neutrons (1 = 1.8 A): ay=(3.1£3.5)-10% It

is seen, that an experimental accuracy received by us is 100 times better the accuracy of the
previous experiment.

In Ref [3] G. Lobov performed the calculation of the P-odd asymmetry in total cross

section for natural lead under assumption of existence of negative p-wave resonance in 2**Pb
with E, = - 16 eV. He used the typical parameters for p-wave resonances: a neutron width is

I"p = 3.107 eV, a radiation width is I7p = 0.1 eV. For s-wave resonances he took

experimentally known resonances with Es = -2.98 keV, [Ms="72 eV [13]. Using éxperimenta}

values for the neutron spin rotation [1, 2] and relation between Ag¢and a,

E b EP
Ip

Ap =nAc 4

Ac=2a,(E)o : 5)

the author has calculated size of P-odd effect in total cross section for "Pb at neutron
energies corresponding to the wave lengths of 1= 6.8 A and 1 = 1.8 A: 4,*¢ = 2.107 and a, ™k
=1.10" respectively. As the total cross section in (4) and (5) he used the values of ¢ 6.8 A) =
225band o (1.8 A) = 0.65 b. However, as one can see from [13], this size corresponds to the
radiative cross section with the 1/v behavior. Thus, from our point of view, he actually
calculated P-odd effect in radiative cross section, instead of total cross section where it is
necessary to consider potential scattering. Therefore, 1f we are right, his calculation can be
compared directly with our experimental result. " ’ ' ‘

According to the same work [3], a, ~ 1IN E, , where E, is the energy of neutrons.
Then, for neutron energy in our experiment (. = 4.7A), the Lobov’s estimation gives a; =
1.4-107. .

As one can see, the accuracy reached in our experiment is insufficient for certain
conclusions about presence or absence a negative p-wave resonances. It is necessary to
increase for increasing, at least, in 3-4 times. There is a possibility to reduce significantly the
background coming from the interaction of neutrons with air'and construction materials of
installation [10] and to increase the measurement time. According our estimation the accuracy
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of experiment can be increased in factor of 2-5, that can be sufficient for unequivocal
conclusions. S .

This work is suppoxtéd by the Russian Foundation for Basic Research, Grant No. 10-
02-00174-a. .
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Abstract

Nuclear Analytical Methods (NAM) could provide the basic tools for certifying
environmental natural-matrix and for verifying environmental and 'rad:ioanalytical test
samples for the traceability evaluation. The effects of environmental pollution on soil-
plant-water system are under observation of worldwide scientists reunited in different
national and international scientific organizations and analytical laboratories.' An example
of the use of radloanalytical methods to probe key que‘sti.ons about the environmental

media evaluation in view of the element patterns of the main pollutants was been tested
 and further described. ' ‘

Keywords: Nuclear Analytical Methods, trac'eabiﬁty, elements, environment assessment

Introduction

Natural-matrix of environmental samples provides the basis for the assessment of the
cleanliness of the natural ecosystems, the air quality and consequently the human health
environmental conditions.

In the present project, some environmental pollution indicators, such as some known

biomonitors, soil and others, all from a natural ecosystem greatly affected by natural and

anthropogenic causes, should to be characterized by several spectrometric methods of !

activation analysis at the microtron MT-25 and XRF analysis. The space and time integrated

sampling of surface area over transects should to reveal pollution sources, the physical and
biological status of the region.
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NAM traceability

The main objectives of the NAM include measurements on the composition and nature
of matter in space and time, in order to gain quantltative and'qua.litative information on their
uncertainties, validation and traceability to known standards. '

Traceability is defined as the property ofa result ofa value measurement whereby it can
be compared with an appropriate- standard, through an’ unbroken chain of comparisons, all
having stated uncertainties. Usually such a testing method is applied considering generally
international or national accepted standards. The test sa.mples from nature should be similar to
those routinely tested by participating laboratory in the companson exercise.

Generally applied, there are two ways to establish »trac_eablllty of the element levels in
the biological material: i ' e
1. To use an absolute method as activatlon analysis by direct measu.rements;

2. To use an etalon e.g. to relate the found values to the level in a certified reference material
of similar composition and element concentration; the etalon should to be measured together
with the unknown sample. L

Biological matrices can vary substantially from each other. Most however contam
various amounts of interfering elements, making them potentially probleematrc to analy;er

Samples with too different concentration levels of ‘thev analyteoose _anot’her type of
problem. For exa.mple if the element concentration is too high to, be analyzed by the direct
measurement, the sample suffers a radlochemlcal pretreatment If thls preparatlon is. too
larger, the matrix can be changed to a level where itno longer will have the sa.me influence on
the analyte, thus becoming an entirely dlfferent analysis. , ; ST

* Any NAM procedure cons1sts of sampling and sample preparatlon measurement of the
test sample, evaluation of the measurement (data reduction), and reportmg measurement
results in terms of an estimate of the measurand amount and its (uncertai‘n_tyﬂ. The detectable
analyte depends on the selectivity of the analytical procedure (Figure 1). In a sequence
presentation, it is a step by step procedure of information quantiﬁcation-lacalizqtion

interpretation.
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Sampling
Sample preparation
* =
Analytics

. 4

Data processing
and interpretation’

— W

Assessment and utilization

gFigure 1. Procedure of analytical method

Reference materials

Reference Materials (SRM OR CRM) are materials of whose chemical composrtron is
sufficiently homogeneous and well established to be used for calibration and/or assessment of
analytical method and also for etalonate the measured values to material. In many analytical
determinations, the reliability of measurements is based on the reference materials. The
certification of references materials should include the primary methods (i.e. methods of a
highest metrological quality) to make property values traceable to SI-unit (Figure 2).

CRM:s have the form of pellets, globules, shot, wires and bars, intended to be used as
amount” of substance standard. They can be constituted from pure elements, blends or
synthetic mixtures, or even spiked or unspiked real-life standards. The pure elements can be
used as:

- the amount of substance standard, if all impurities are known as determmed in ‘stated

uncertainty limits;

- the chemical composition standards, if the high quality content of the all metallic traces are

at ultra trace level certified.
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Analytical Problem and Stategy A

ot W S S i

" “Measured quantity

I

l . CRM" -

' | Primary ratio methode :: I
Primary direct methode ..

SI-unit (e.g. mass):

Figure 2. Traceability of a measurement result

In the routine analytical evaluation of blologrcal materlals a matnx-matched reference

matenal of a similar composrtron as the measurand better to be used asa control sarnple

Measurement assurance

The measurement assurance approach is generally understood as the measurement
quality control for the hrgh -level calrbratlon analyt1ca1 procedures N IST NBS) For the most
applrcatrons measurements with lnsufﬁclent accuracy can result in erroneous consequences
Then it has to be established a momtonng of the state of routrne statrstrcal qualrty control of
the expenments in order to assure a quantrﬁed measurement uncertarnty Wrthout a valld
uncertamty statement and evidence that that the measurement process remarns 1n an assured
state of statistical control no one can determrne whether a glven measurement is adequate for
the ‘intended scope. Since the uncertainty of a calibration process may change with trme ‘the
traceability of the measurement is foreseen in measurement assurance. In general ‘the sourdes
of standard uncertainty in NAM procedure should be grouped according to the ‘step by step
analysis into four categories: i) preparation of the sample and comparator; ii) irradi_ation; iii)

y-ray spectrometry measurement; iv) radiochemical separation, if performed. o
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Application: Traceability of trace"elerments in some biological materials

In environmental studies, traceability is the proof of trueness of a peculiarity observed
in the element concentration data overall set.

Continuous efforts are done for the improvement of analytical measurement of

environmental pollutant concentrations, including trace heavy metals. Vegetation is often of

primary interest monitoring method in polluted areas to stabilize soil with respect to wind and

water erosion and to minimize downward translocation of contaminants. Field and analytical
evaluations are needed to quantify the effects of vegetation on the leaching of metals.

Several research monitoring projects of the main author (see list of references) is
currently underway and their main features is the assessment and improving of the
environmental quality in the studied territory.

Impact of mobility of pollutants on vegetation was monitored by the two types of
biomonitors used to indicate the level of regional pollution, namely mosses and agricrops.
They were sampled according to transect of 55 km from the frontier RO HU up to Western
Carpathians, accounting for 880 km? network. The Pleurozium schreberz mosses were chosen
for this monitoring study as they are widely spread in the investigated area. As crop

monitoring results, the concentration values of maize constituents were used in presentation.

AA and XRF analytical measurements were performed to determinate concentrations of -

heavy metals in vegetation samples. The CRMS wheat RJI, moss DK-1 and chernozem CII1-3
were used for precision, quality assurance and control (QA/QC) for element measurements.
The precision of analytlcal procedures was expressed as StDev which ranged from 5-10 %
The recovery rates of measured elements ranged as 68-92 %. ’

The concentrations of the most signiﬁcant elements for the survey done are shown in
Table 1 as overall mean values charactermg the low altitude (plam) area.

The va.lues along transect are expressed as biological concentration factor (BCF) and

translocatron factor (TF). BCF is done by the ratio between element concentration in plant
root and that in own soil:

BCF = celementm,
C

element,

4y
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TF is the ratio bétween element concentration in plant shodt to that in plant root:

] TF _ celement,,,w, B

¢
celementm, c
Table 1. Mean values in mosses and crops (mg/kg)
Mosses Crop root Crop shoots Soil
Metal | Mean |StDev |Mean StDev Mean | StDev. | Mean . ‘SotDevA ,
(%) ' o) BN ) B i (%)
As 0.58 |21 0.26 15 022 . [8&8 " | 1.7- . ,12
Cd 0.35 15 0.23 21 0.157 |'11" 714, 30 |
Cr 8.5 13 16.2 10 . {14 |23, |357., 16 .
Cu 48.2 25 1-38.6- 15 {26 .. |15 385, oS
Ni 10.7 27 | 15.7 19 12 12003132, e 1130
Pb 44.9 17 21.8 14 . [182 - |25::]285 18 -
Sb 0.21 9 0.16 23 0.13 12000 0.315"»‘ 9
\'A 114+ |20 17 - 411 1103 1324 85.3\?1 - 12 _
Zn 388 |16 58 24 54 9’ - s ( 10 =

:Accumulatron of selected metals varied greatly among plants species due to differences

in the mechanism of element uptake “The crop specres momtored was efﬁcrent to absorb and

translocate more than one metal from roots to shoots. The results 1nd1cated that none of the
plants were recogmzed as hyperaccumulator because they accumulated heavy metals less than

1000 mg/kg.

R (BCF OR TF)
B

40 50 55
Transect distance (Km)

. Figure 1. BCF and TF for lead concentration in crops
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Note: A part of the experimental material (measured spectra) is still under processing.
When the work will be ready, several aspects as demonstration of traceability for
environmental radionuclide measurements, and the basis for measurement comparison over .
time comparing with data from literature are foreseen, There is expected more information on. !

the metal accumulation and mechanisms of plant growing on contaminated soil to survive,
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