


Introduction

It is well known that the existence of delayed neutrons (DN) from neutron
induced fission of heavy nuclei has a fundamental significance for the realization of
a controllable fission chain reaction. The.yields and:time ~characteristics of ‘delayed
neutrons from the thermal neutron, induced fission of the-main reactor isotopes
(U, ®Pu, and 23’3U) are some of fhe most important nuclear reéctor constants used
in reactor kinetics calculations[1-5]. An accuracy lof 3% for 235,U, 4%: for 23‘(9Pu, and
6%, for -233U has how been achieved for - DN yields. The requirements for the
accuracy of the parameters have continued to increaée, especially in connéction with
the problems of the reactor safety [4,5]. -

However, despite a considerable number of measurements the discrepancy in
the obtained data is significant. This discrepancy is especially: :seen when
comparing-.the - DN . data obtained using two radically- different ‘methods of
determining the DN paraméters: 1) DN decay curve measurements with subsequent
a approximation with 4six exponents and determination of DN parameters:: decay

constants A; and weights a;; 2) calculation of the group parameters by summation of
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all precursors yields, included in this group. In the second case, the DN yield for a
given precursor Vg is equal to the product of the cumulative yield of fhe precursor Y;
and the neutron emission probability P,;. For example, the experimentally achieved
DN yield accuracy for one of the well-studied cases (thermal neutron induced
fission of 239Pu) is 4%, but the calculated value of the DN yield v, is 10% above the
experimental one [6]. Moreover, the boundaries of the six groups have an arbitrary
character and vary in the different works [7,8]. One should mention that the values
of the parameters for the 5™ and the 6" groups are determined with the worst
accuracy (20-40%), because of their short decay periods (less than 1 sec.). This is
comparable to the time needed, in some works, to move a sample‘ from the
irradiation position to the DN registration position.

As a consequence, the values of v, and ff = v, /v. (where v = v, +v, is the
total number of fission neutrons and ° v, is the number of prompt neutrons per
fission) are the subject of continuing efforts.to improve their accuracy. " -

The total yield determination for DN from the thermal ‘neutron induced fission
of 233U, » 9Pu, and 237Np, and from the cold neutron induced fission of 233U, 235U, and
2%Pu (by using the data on v4 from the thermal neutron induced fission (;f PUasa

_standard) is the subject of this work. Our specific interest in the. investigation' of
fission characteristics for ’Np was stimulated by the recent work by Lisowski et
al. [9], where it was demonstrated that “’Np is a perspective isotope for accelerator
driven energy production and waste transmutation. Also, one of the purposes of this
work was to. experimentally check the existence of DN groups withAvery short
periods (less than 0.1 sec) in thermal neutron induced fission of 2°U - and **Pu,

“which is stipulated by the existence of such isotopes as **Br, *Rb, '“Rb, and "’Sr.

1. Method

To study the short-lived DN groups in the millisecond time range, a method
of periodic irradiation of the samples without replacement was developed at the

Frank Laboratory of Neutron Physics (JINR, Dubna). Since the method has been
- : :
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discussed in detail elsewhere [10-12], we pr_esént here a short summary with relevapt
formulas. ' )

The IBR-2 pulse reactor [13] was used as the neutron sou>ryce.y kThewréact(‘)r
pulses with a half-width of 230 ps at a repetition rate of 5 Hz and a high intensify of
the pulse neutron flux (the peak power is about 1350 MW) give a umque possnbxlny '
to study DN with short decay periods. The pulse reactor allows us to carry out the
periodic irradiation of samples and to measure the DN in the time intervals between
the pulses. The registration' of prompt neutrons and DN under the same conditions
allows one to determine the Bo value with good accuracy.

In the case of a periodic sample exposure, the counting rate for DN
decreases with timetaccordipg to the following expression: V

: . 1- —A,.At
nty=N,v,.&,. e exp(-4,.20)

~ At 1-exp(—A,.T) ~'e‘xp (_%"t) “ '(D

O<t<T-Ar _
whcre Ny is the number of fission events, & is the (ic}ect()r cffic‘i'enpy{ ‘f’orw DN, A; hnd :
a; are the decay constant corresponding to the half—lifé Tipi{ A= {rié/T ,/:,;)‘:ind the .
relative yield for the ith group of the DN (Xa; = /), respectil‘vi:_‘lyv', Ari.s‘i the
irradiation time, and 7 is the time interval between neutron bursts. The value of 1 is
coﬁnted from the end of the irradiation time-point. This formula uscs.the wcll-
known 6-group approx1mal10n of Keepm [1] and takes into account the periodic
irradiation ot the tarﬂet :

If . the count numbers of prompt N, (measured in some umc |ntuv.1l [tot: D

and delayed. N,, neutrons (in a time interval f1,,t2], see Fl“ 2) are l\n()wn tmm thc.

experunent one can calculate the value of Bo using the tormulas vwen below

In pgmicular, the total number of DN is equal

N . .
s, = E" FAT cA 1 1y, Q)

]
where F(ALT, 1, f‘)) isa functmn thdt can'be obtamcd trom (l) dlld Whth tdl\cs mm .

duount lhe hmte tlme mterv‘ll ol the DN mulsuxumm



j a, 1-—exp(—A4,Ar)

LW, ALT) =
: 1 L, AA1 1—exp(—4,T)

o -1
(cxr)(—l,-'.‘)*_CXP(—l,r,))] (3)

The number of prompt fission neutrons is

N

S, = EI"‘ > 4)

where &, is the detector efficiency for prompt neutrons. Evidently,

Va/Vp= S54/S, ' : ()

and, then v, /v
By=170 v /v, . (©)

" Therefore, the determination of By value is reduced to measurements of the
detector counts for prompt and delayed neutrons, and the ratio of their registration
efficiencies. k ~

The main advantage of this method lies in the fact that it is not necessary to
know the absolute detector efficiehcy, the neutron flux, an(l the sample mass for
these measurements. On the other hand, the measurements of DN from the short-life
groups are carrie(l out with a background from other groups with longer periods,

. which reach saturation in a few minutes after the start of irradiation.

IL. The experimental setup

The measurements were performed on the “Isomer” setup (see Fig. 1), which
was described in detail in [11-12]. The ‘Isomer” facility was placed 27 m’ from the
reactor core and the time-of-flight method allowed the energy of the’incident
neutrons to be determined. The neutrons from the reactor core passed through a bent
mirror guide (cross-section 150x15 mm?®) which considerably suppressed the
background from fast neutrons and gamma quanta. The thermal neutron flux density
at the exit of the mirror gurde was 6:10° n sm>s

The “Isomer facility consrsts of a slow neutron chopper and a 4Tt—neutron

detector The chopper is a Cd disk wnth two sl1ts The rotation of the chopper was
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synchronized with the reactorrne‘utron bursts. The chopper__‘sergvedA the followlng
purposes: 1) to cut off the tail of cold neutrons quickly (during a time of about [1‘
ms) and to produce neutron pulses w1th a w1dth of 10-40 ms, dependmg on the s1ze
of the slrts and the rotation phase; 2) to suppress the reactor neutrons between these
pulses. The action of the chopper is shown in Fig. 2. By shifting the chopper phase
relative to the neutron bursts, one cam choose dtfferent energy mtervals of mctdent
neutrons. )

The neutron detector consists of 12 He counters in a polyethylene moderator
The counters can be placed either in an mtemal ring (@ 22 5 cm) orin an extemal
ring (2 =33 cm). The sample was placed in the central hole (@ =15 cm) of the
detector. To avoid registration of the thermal neutrons, scattered by the sample the
detector was shielded inside by a Cd tube. The outsrdeof the detector was covered

by the 5 cm borate polyethylene shield against the environment scattered neutrons.

3. 6 .7 8

Fig. 1 The scheme of the “Isomer” setup: 1- IBR-2 reactor active zone and the
moderator; 2,3 - colltmators, 4 - bent mirror guide; 5 - chopper; 6- neutron
detector; 7 - 3He -counters; 8 - Cd tube; 9 - sample. '

The high-intensity neutron burst from the reactor causes a pile-up of prompt
fission neutron pulses during the exposure. Also, the dead time of the electronics
used in these measurements leads to additional count losses. Therefore, special

attention was paid to the correct estimation of the loss of prompt neutrons. The total
. 5 ‘ U



‘dead time of the acquisition system 7T was measured by the usual method of two
ueuuon sources. The main part of the measurements was cunied out with 7= 5.5 ys;
other measurements were performed with the improved electronics (7= 2.5 ps). The
 conditions of the experiments were chosen such that the total correction of the
number of detected prompt fission neutrons obtained in such measurements was not
more than a few percent.
CAMAC-based electronics, connected to a PC, were used in the

experiments to collect the data.

- ITL. Measurements

In this section, we present the results of the DN yield measurements for the
.25y, 2py, and 23‘7Np isotopes and the decay curve measurements for the 2°U and
* 2%py isotopes performed in our work.

Due to the large thermal neutron fission cross-section, the samples used for

measurmg the DN yield values for mam reactor isotopes had:masses of about 25-70
‘ mg. As the thermal neutron cross section for 2'Np i is rather small, we used a sample
of ®'Np with a mass of 40 g. For the decay curve measurements, much larger
~ samples of 235U and 239Pu (w1th masses of 7g and 20g,‘respect1vely) were used.

Some characteristics of the samples used are shown in Table 1.

o

T —

Table 1. Characteristics of the samp]es used in the measurements

Chemlc.xl

isotope : Weight (g) Enrichment, % compouud . Bucking
IJSU‘ 0.025 00 oxide Al
By k 170 - ‘A 90 o metal = -

muj 0067 |98 oxide . | Ni
MW9p, 20.0 | 9§f9 metal --

II1.1 Delayed neutron ylelds
A typical spectrum, measured w1th the U sample over 18 hours is - shown in

Fig. 2. The background was measured yylth_g 1.5 mm Cd, ﬁ]tex in the, be"lm Just
behind. the chopper. .The background was due to: a) the (ot,n)-kredetlon_ on the:
backings and. on the oxygen in the oxides of the isotopes, and b) ,the‘seuttering of
fast reactor neutrons in the sample. To reduce the first part. of ithe backgmund. Ni
foils for the backings or metallic samples were used. The bdekoround value in the
time interval [#,,12] for the DN counting was appmxmmtely 15%, for “U. _30% for

', and 45% for pu,
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Fig. 2. The experimental time distributions measured with a *°U sample:

- a) without chopper; b) with the chopper; c) background, measured with a Cd-filter
in the beam. (1) cut-off point of the reactor thermal neutron flux; (2) delayed
neutrons; (3) “satellites" of the main burst due to the specific design of the IBR-2
reactor,

Our preliminary results were obtained from a'number of runs that measured
the effect for several hours and the consequent meastrement of the background for
approx1mately the same time [26] To ensure the long-term stability of the results;
we repeated the measurements ~ with improved detector electronics, software, and
automatlc system, which allowed us to alter the measurements of the effect and the
bdckground with the period 20 min.

" The ratio of the efficiencies for delayed and prompt neutrons was obtained
from the measurements with the °U sample at the mean energy of 0.023 eV and a
value of B, = (0.680 + 0.020)%. The latter was derived using the recommended
~ values of v= 0.01653 [5] and v=2.4320 * 0.0036 [14]. The resulting ratios of the
efficiencies are ¢,/g, = 1.32 £ 0.04 and g /g, = 1.08 £ 0.035 for internal and

external rings, respectively. These values are in good agreement with the

: o e e

calculations made by the Monte-Carlo method, performed with the hfdp of the
MCNP code [15]. g - o : ,

23%py (57 mg) R
Meas. time 8 hours

H L S e
. 100 125 150 175 200
Time, ms

Fig.3. The experimental time distribution, measured with the *’Pu sample.

A typical spectrum, measured with the **Pu sample (57 mg) is shown 1 &
Fig.3. o : _ :

The B values were measured for the neutron energy intervals having mean

- energies of 0.003 eV and 0.023 eV. These energy intervals were chosen by‘ehdnging

the phase of the’ neutron chopper A Be—ﬁlter was used to perform measurements"
with cold neutrons with a mean energy of about 0.003 eV (see Fig. 4). Several runs"
of about 10-15 hrs each were carried out for each isotope. The statlstrcal errors ’
were less than 0.5 % for **U and 233U and less than 1.0% for 239Pu The total error
was calculated as a standard deviation from the weighted mean- value o‘btarned from

all runs and the error of the standard.
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Fig. 4 The experimental time distribution measured with the 3y sample and Be-

: f Iter. ..
The data from main reactor isotopes are shown in Table 2.

| Table 2. The Bo values (in percent) for drfferent energies of the initial
- 235 233
neutrons and their ratios (in brackets) to the standard Bo I U(n,hj) ] for U, U,

and ?3?Pu.

Isotope E,=0.003 eV E,=0.023 eV

5y 0.683 £ 0.021 (1.004 +0.009) | 0.680+0.021 (1.000)

12U 0.274 + 0.009 (0.403 + 0.006) | 0.267 + 0.009 (0.393 + 0.006)

Zpy 0.227 £ 0.011 (0.334 £ 0.016) | 0.234 +0.008 (0.344 + 0.004)
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We should stress that thye'ﬁnal 'e'xperi’mental error of B, includes’ both ‘the’
expenmenta] error ltselt and the error ol the standard used. The main contrlbutron to
the final experrmental error arises from ‘the error of the standard used (~ 3%) The
experimental error itself is ‘much lower ( ~I 5%) and determmed by the statistics and".
losses in count of prompt neutrons. ' ' ‘

One can see from Table that there is no enervy dependence for the B
values in the studied energy remon Therefore we'’ calculated the mean values of [3(,
and, usm*7 the known values of v trom [14] we obtamed the values of v,, shown m"

Table 3

Table 3. The obtained values of By and v, , together with the data from the litera‘ture.

Isotope [30, % . v L Vg i
v ) v our dat.l L ’oth‘er‘data/ Y

“u 0.270+0.009 | 2.4946 £0.0040 |0 006735 + 0. ooo% 0.00667 :K(v).ooozi)[ii ]

“*Pu 0.23240.008 [ 2.8799 £0.0090 | 0.00668 £ 0.00023 | 0.00633£0.00026 [5]

-239

S

_Up to now, the value of v, for = 7Np has been measured only tor tast neutron
induced fission [l7 19]. Measurement of the By value for thermal neutron mduwd
fission is an extremely difficult task because” 17Np has a very small ll\\lOll Cross-
section (21.5 mb [20]), and a relatrvely large neutron background due to the (o, n-
reaction. : .

~ Because of the thermal neutron hssron Cross- sectlon tor Np‘ is 3x10" times
smaller than for **U and **pu, detennmanon of the possible .rdmrxture is @ very
unportant task. Therefore, the * 7Np sample was’ chemre.llly purltud ‘of U and”
Pu contamination to reduce their eoneentranons to a value lt.\\ th.m l() o "/" The

(.on(.entratron of 2Py was’ measured by the method of o- \pet.tm\u)py whuh gave

the lumt of IO‘ "/" Uutortuuately. the methods of u- and y—sputroseopy do not

allow the concentratron of ¥ U to be stLrlnmed wrth good sensmvrty To \ul\L lhl\ oo

problem the method of neutron resonance spectroscopy was used. For this purp()sc

-11




an, romzatlon chamber with 88 mg of *Np of the same purity was, made. The
measurements were carried out at the 16 m ﬂlght base of the lBR 30 booster w1th a
pulse width of 4 us [21] The results showed no indications of the stron«rest
resonances of ~ 234 in the measured spectra. The conclusron that the concentratron of
255U was less than 107 g/g was made from the obtained data..

The measured time spectrum of the DN for *'Np is shown in Fig. 5. One
should note that despite the large mass of the sample, the number of DN counts
was only about 5- 6% relatlve to the background Further mcreases of the sample
mass was useless and was limited by the flux attenuation due to the large radiative
capture cross-section of the thermal neutrons in the sample. As a result of ten runs
of measurements (5-12 hours each) we obtamed

By= (0486 £0.028) %.
» Tacking into account the known value of v =247 % 0.14 [22] one can obtain the
value of v, which is shown in Table 4 w1th the measured [17-19] and calculated

[6] data for fast neutron 1nduced fission.

Table 4. The values of v, for *’Np.

. Va(%)

our work other works

thermal = ' : fast neutrons

neutrons

i20+0.10 |1.18° + | 1224003 " ‘1‘.261:0‘;07 1 1.14+0.12
0.13 - BT R R A1) (6]

/ 12

- In conclusion, the values of f§, for. all isotopes presented here are in agreement

with previously measured data’and have the accuracy * comparable with'that of the

recommended evaluated data [5].i:: v b

L2 Decay curve measurements. ReE

The time" dependence " of the.DN count rate” after-irradiation by'thermal‘
neutrons (the decay curve) was measured for By g and *°Pu (20 g)-in --time
intervals up to 350 ms. In this case, the background was less than 0.1%. It is
interesting to check the consistency between the decay curve of the DN activity that
was measured using our facility “Isomer” and the calculated decay.curves based

on different six-group sets of constants [1,2,6,7,23,24]. '

105 ] AT T T T T

Np-237 (40 g)
. Meas. ti'me,61 h.

Counts

10°4)1

T T T Y T =T
0 50 100 150 ;" 200

__Channel width 1.024 ms

Fig. 5. The experimental spectrum ft;r 7Np. The channel width is equal to 1.024
ms. e z

239Pu respectively“'Iy'he calculated

All curves are shown in Figs. 6 and 7 for 235[l’and
curves were normallzed to the experrmental ones at 350 ms tlme pornt

Each point in Figs. 6 and 7 represents a trme mterval of 1 0% ‘ms and has‘
statistical errors less than 0.3% for 235U and 0.2% for 29py.'One can see from the :

13



résults shown in these figures that the best agreement betWeen the measpred data and
the calculated curves is achieved with the Keepin-Tuttle parafneter set..

To check the existence of the DN groups with short periods, a fit of the U
data was méde with the Keepin-Tuttle parameter set, adding a 7™ group with Ty =
50 ms. The conclusion was made that - the 7™ group was absent at the level of a; <
5.2.107 (with a probability of 95%). A more detailed analysis of the decay curves

will be made in a separate paper.’ R

x 10?

1.10 T
Uu-235
Meas.time 102 hr.

Counts

1,05

1,00 -

0,95 —

0,90

T T T T T T
50 100 150 200 250 300 350
Time, ms, -

235 .
] i d the calculated ones using
Fig. 6. The experimental DN decay curve for‘ Uan ‘ .
different G-group sets of constants: 1I- Keepin-Tuttle [1,2]; 2 - Waldo et al. [23];

" 3-Mills et al. [24].

: IBR-2 5 -
320009, -8
. Pu239 - ¢
1 Meas. time 51 h.
Copnidog ,
300006}
290000 -
280009 |
) v T 1] AN T M
2700003 50 100 150 200 250 300 350

: Time, ms. o o
is. a ) 239 ’ d ones using the 6-group set
Fig. 7. A DN decay curve for ““Pu and the calculate
_of DN constants: B - Keepin-Tuttle [1,2], C - A. Wahl [7], D - R.W. Waldo et
* al.[23], E -- M.C. Brady and T.R. England [6].
> e 7 :
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