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S The trme of—fhght method for a measurement of thermal neutron spectrag
in the pulsed neutron sources with h1gh efflclency of neutron registration, more' ,
than 10° times higherin comparlson with tradrtronal one, is discribed. The main :
problems connected with the electr1c current techmque for t1me-of-flrght spectra -
‘measurement are exammed The’ methodlcal errors, problems of a special’
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L 1 Introd.uction:’ L

e

~The trme~of ﬁrght method is. tradltronally a measurement of the neutron v
,reactron rate-at different instants in time. Neutrons spreadrng with the -
" 'most probable wavelength Am have the most mtensrve Teaction rate, but the k,

." counting rate of mdrvrdual rnteractlons is l.!mlted to the dead time of the 2
'.;‘;.detector When' the wave length increases to the length 2> Am the mea-
- surement time of neutron yield should. increase as (/\//\,,,) Unfortunately,', o
e there is a lack of‘possrbrlrtres to follow the thermal ‘neutron spectrum when
“the temperature Is near 300 K, to’ count separate acts of mteractrons up to A :

=10 A The i mcrease in efﬁcrency of at least '10* times mvolves the electric =

‘ current in the 1n1tral transformer that measures ‘the thermal neutron flux .

o ;yrelded from the hrgh—mtensrty pulsed sources based on the IBR—-2 nuclear.“._ S
© . reactor [1], as well as. the proton. accelerators LAMPF, [2], ISIS 3], IPNS' :

‘etc.,in a dynamrc range of =~ 105 wrthln a time’ 1nterval 0.2 —:150 ms “of ik

~ pulsed current. In this paper we state the dynamrc method and examme RS

" the main- problems connected with' the electrlc current techmque for: tlme-y:';” "

: v;y‘of-ﬁrght measurement of the. therma.l neutron spectra emltted from pulsed NS

" sources. Then, we descrlbe the construction of a system with an’ “initial .

** transformer. based on'a gas -filled romzatlon fission chamber’ and analyze the"‘ '

e baclcground current components some of which might create noise 1072 = . ..

/1074 relative to the useful signal. The results, of this- ‘work - are measured"‘-' L

”‘up to Amx24 A therma.l neutron spectra emrtted from water and cryogenlc A

‘ethane moderators set in the IBR—-2 pulsed reactor

‘;1 Method

’t,'current in the measurmg system as .

: ,_*where Q is’ the average charge per smgle act of nucleus ﬁssron in: the sen-* :

vl sitive volume of the' chamber 77 is the neutron sens1trvrty, W is the tlmel

S dependence of the fast neutron flux of a power pulse Gum, Gp, GE are pulsej;
f;characterlstlcs of the" moderator, 1n1t1al transformer and measurement c1r-{,
' cuitsy respectlvely, IW,ID,IE are’ background current components accord-:{'- »
i : {mgly from 7—rad1atron a- actrvrty of neutron sensmve materlal ms1de the Lt

| ,WwThe tlme—of—ﬂrght spectrum M of thermal neutrons ylelded from the‘,"
fj,moderator surface is. related to the tlme dependence I(t) of the electrlc e

’(‘)‘Q [(W*GM*MJIT)* GD*GEHI +Iu+1E, (1)

chamber and noise of the measurement circuits, and * is the convolution
operator. Let us assume W is a sum of the fast neutron flux within the
power pulse Wp and the background flux between adjacent pulses Wgy, and
include current components due to fast neutrons Iy and neutrons from the
intermediate range of the spectrum I (Fermi range). In this assumption
expression (1) may be written as,

Kt) = [l’Vo * M1]+[Wob *M1]+(If +Ir+ I, + Ip)* M2 + Ig, (2)

where

M]Z(GM*M-UT)*GD*GE-Q; "M, =Gp+GEg.

The typical contribution of background components to I(t) would be :

Igy = [Wes * My ] ~ (10_4 -10-3 ) ~‘1(t);
I, ~ Ip ~ (107% - 107%) - I(t);

Iy = (3-107%) - I(t);
Ig ~ (1073 - 107%) - I(t).

The system employs a gas—filled ionization fission chamber which con-
tains a set of parallel plate electrodes forming two neutron sensitive volumes
separated by a cadmium plate [4]. Electrodes in this chamber are connected
to form a differential circuit so that electric currents Iy, I, and Ip in one
volume are subtracted from the same currents in the other volume because
both volumes have a common external circuit for the signal electrode. If
the chamber is irradiated by a collimated beam directed normally to the
clectrode plates, the current Iz in the first volume is compensated by the
current from neutrons transferred through the cadmium plate to the second
volume. As a result, the current flowing in the external circuit is caused by
those neutrons which have an energy lower than:the threshold energy of the
cadmium filter and which interact with fission nuclei in the first volume, The
noise component [ does not depend on the output chamber current and has
been fixed in another measurement. Thus, for the completely compensated
chamber, expression (2) assumes the form

I(t) - I ~ [Wo M1] + [Wes * My).

The background component of the current from thermal neutrons Iy=Wy,* M,
is measured in the time interval between pulses and can be extrapolated with
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sufficient precision within the time interval of the pulse by means of the fast
neutron flux time dependence. When Iy is known, M is defined as

Wo %G +Gp G + M = L(t)/(nr - Q), @)

where I.(t) = [I(t) — I(t) — Ig] is the chamber current from the thermal
neutron flux yielded from the moderator surface. Parameters that define the

form of functions Gp, Gg, Gasr and M may be varied within a certain inter-

val and selected so that a duration of functions Gp, Gg, G is negligible
compared to M. For this case M is expressed analytically as follows,

: M(t) = L)/ (nr - Q)- (4)

2. Thermal-neutron detection efficiency and the issue of
background current compensation in the ionization chamber

The detection efficiencies € and 5y are related as gy =.¢- S, where S is
the fission coating area. For a chamber containing a set of N:parallel plates
fixed one after another normally to a collimated neutron beam and held at a
high voltage sufficient to provide the saturation ionization current, the value
9t is defined as &

71 = So-0xp(=C) - [1 = exp(=a,)] - [1 - exp(=bN)}/[exp(8) ~ 1],

where a, = X, X; b=ay, + aF; ap = Xpd; L,, XF are the fission macro-
scopic cross sections of nuclei in the chamber and the capture cross sections
of the plate material, respectively; and So is the plate area. The coefficient
C accounts for attenuation of the neutron beam by the chamber wall." The
calculated specific sensitivity 7* = 57/So of the chamber assembly vs. ‘A
and the N number of stainless steel plates of d = 0.4 mm thickness covered
by layers of U30g with a thickness of 1 mg/cm? enriched to 90% (mass) by
2357 nuclei is shown in Figs. 1 and 2. Obviously, in order to accurately
measure the neutron flux at A up ‘to 204, it makes little sense to increase
the number of plates beyond 10 ~ 20 plates. The value of significance Sp
may be calculated using the maximum chamber current I, as follows,

So = In/(@Fm"),

where F,,, is maximum flux neutron density on .a detector. For the sensitive
chamber volume formed with ¥ = 20 plates, we have measured
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Fig.1 The estimated dependence of sensitivity, normalized on a
square unit upon the neutron wavelength (for the set of N plates). S - fis-
sion coating area, F — neutron flux dencity. '
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Fig. 2 The estimated dependence of sensitivity,»norma.lized on a square
unit upon number N plates in the set for thermal neutrons with wa.vel.ength
1.8 A (water moderator at temperature of 300 K}, 6 A (solid methan moder-:
ator at a temperature of 20 K), 20, 30 A and fast neutrons. (#100 means the
result multiplied by 100.) S ~ fission coating area, F - neutron flux dencity.



7* = 0.05, Q = 1.7-10713 C. When the maximum neutron flux density is
Fpp = 210" s~ 1.cm=2 (A = 1.8 A) and I, is limited, for example to 20 mA,
the significance is found to be Sy = 70 cm?. A critical compensation criterion
is the balance of the background current within the sensitive volume placed
in the neutron beam in front of the cadmium plate filter and the current
within second sensitive volume accommodated behind the first one and the
cadmium plate. Taking into account the capture of neutrons with an energy
higher than the threshold capture energy of the cadmium filter and the
ettenuation of y—rays in the collimated beam, the number of fission material
coated plates inside the first N and second K > N sensitive volumes relate
as:

for neutrons

exp(bN) + exp(—bK) =2

for y-radiation

~exp(pdN) + exp(—pdK) = 2,

and for a—a(;tivity of fission material inside the chamber
K =N.

Here u is the linear attenuation coefficient for photon decrease within the
material of the chamber assembly. Fig. 3 shows the correlation dependencies
of the ratio K'//N with N calculated on the assumptions that the background
current within the first sensitive volume is equal to the current within the
other volume under the incident flux of fast neutrons, that the neutrons
have the cadmium filter threshold energy of 0.45 eV. As shown, the ratio
K /N strongly influences the compensation coefficient and the increase in
specific sensitivity of thermal neutrons by enlarging the number N involves
a nonlinear increase in the number K vs. the neutron A. This is why it is
deemed impossible to provide an exact compensation for both background
current components Iy and Ir. In this situation we consider it sufficient to
achieve the exact compensation for only the main item Ir from neutrons
with the energy close to the threshold capture energy of the cadmium plate.
The compensation coefficient for the background current component from
fast neutrons and neutrons with an energy above the threshold energy of the
cadmium plate is close to 100. If N < 20 the compensation coefficient for
I, is around 10. The background current component L, may be efficiently
reduced up to'100 times by placing additional plates without a fission coating

into the set of plates in the compensation volume.
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3. The methodical error

The transition condition from (3) to (4) can be expressed by dispersions
Di, i = 6, M, D, E of functions included in (3) and dlsperswn of a discrete

D, as-follows : .
i3/2 >> D0+DM+DD+DE+Dt,‘ : (5)

where to =. L/vp is the time of flight of neutrons with the velocity wp
=\/2ET[m of the distance L between the moderator surface and the de-
tector; T is the temperature of the neutrons; k is Boltzmann constant and
m is the neutron mass. For a fast neutron pulse with a duration of 0.1-220
mks in a periodical neutron source, the power dependence is like a Gaus-
sian or exponential distribution. The moderator response G can be ap-
proximately described by an exponential distribution. Its duration depends
on the moderator type and equals 50-200 mks. The ionization chamber



with parallel-plane electrodes, the pulse characteristic for positive ions in a
one-velocity approximation can be represented as the sum of the triangular
distributions of both positive and negative charge carriers. The dispersion
value Dp is basically defined by the positive ion assembling time. The char-
acteristic response time v/Dp of the chamber filled with an argon-based gas
mixture may be about 40 mks. The value of Dg as of a low frequency filter
is small and equals 4mks. In this case, the measuring channel influence on
the odd error of the measurements is more than on the spectrum form. So,
expression (5) can be presented as follows :

13/2>> 12p + 1y +a/6 - T3 + AL?,

where Tpp = 0)/,/2.36 for a pulsed reactor, 73p = 74 + t2/12 for a booster;
61/, is the power pulse width at half maximum; t, is the injected neutron
pulse duration; 74 is the first harmonic of the fast neutron flux density decay
constant; Tps is the first harmonic of thermal neutron flux density decay
constant in a moderator; a=1/2; T is the assembling time of positive ions
in the sensitive volume of chamber, and At is the sampling period (30-50
mks). For example, the IBR-2 reactor must fulfill the condition to >200
mks, and for ¢y >2 ms, the thermal neutron time-of-flight spectrum is
described by expression (4) with an error of ~ 1%.

4. The odd error

Let us evaluate the odd error of the ionization chamber current measure-
ment, and the limitations caused by the value of the measurement range.
The principle sources of the odd error are fluctuations in intensity of neu-
trons registered o,, neutron-sensitive chamber materials a—decay back-
ground current o,, measuring channel noise og and analog-to—digital con-
version discretization errors o.. Other error sources, e.g., the number of
charge carrier fluctuations in the sensitive volume of the chamber for one
neutron or a—particle registration, can be neglected in this case. A summary
dispersion of odd noises

az_a +aE+a +a

can be evaluated by the spectral density of each component reduced to the
measuring channel input:

02 =2Q / I. - Ghdf, a§='2Qa/I,,-G';’,df, of = / v? - df,

Afp Afe Afg

8

et ;‘«‘“ D S——

(0 29A)'~’ (0.29- I, /2"GE)?,

where @, is the average charge emitted in the detector for one a—evenf;
I, is the niean background current caused by a-particles; v? is the spe-
cific intensity of the measuring channel fluctuation noise; A is the level
discrete quantum; A fp, A fg are the detector and the measuring channel
bandwidths, respectively; n is the ADC word length; and I,, is the max-
imum current measured. The total dispersion of quasi-flat noises can be
presented as follows:

o} = 2QLIA Sy + Af_1+2QulalA Sy + Af_]+V2Af5+(0.29- I/2°GE)?,

where A f, = 1/(2xTy), Af- = 1/(2xT_), and T_'is the assembling time
of electrons’in the sensitive volume of the chamber. The relative error can be
reduced by averaging thé complete signal by the number of neutron pulses
and by optimal filtration of the useful signal can be obtained by effectlve
coherence of the filter bandwidth A fr with the sngnal Under the condltlon
Afp <Afi Af, Afg < I. [2xQ, the relatlon

0% /12 ~ 48 f1Q/(I;m)[1 + Q4 a/(QIc)+v2/(QI M+ R
+(0.291,/Gg2"?/pIZ - « (6)

is obtained. The factor p in (6) depends on the technical realization of the
measuring channel and input noise level. Thus, a filter-dependent com-
ponent noise dispersion decreases in approxnmately (6f+ +6f_)m/(2AfF)
times, and a discretization dlspersmn in 1 < p <« 'm times. For small cur-
rents (meaning I, < 2rQA fr) the frequency ﬁltra.tlon has practically no
influence on the neutron noise dispersion, which can be reduced only by av-
eraging the signal over a number of neutron pulses. When Q=17-10713C,
Qo =~ 107" C and A fr = 20 kHz, a threshold current va.lue, below of which
the frequency filtration is not effective, equals about10~#A for neutrons and
10~2 A for a-particles. Note that in gas—filled chambers 90% enriched by

235U nuclei, the a—current level is usually a little higher than the threshold

and equals about 6-10° A per 1 g of 235U. Therefore, a current value of
10~8A can be taken as a lower measurement limit.

‘At considerably large values of I, > 2rQA fr a real noise reduction,
without taking into account the discretization noises for the argon—baSed
gas mixture filled chamber, equals about 13 - m (T4 = 50 mks, T ='30
ns). From here it follows that at the IBR~2 reactor pulse frequency equals

9



5 s~1 relative rms errors can be reduced by 500 times for about one hour of
measurements. It is necessary to note that under the same conditions, the
current technique neutron registration efficiency is at least 104 times higher,
and the rms error at optimal filtration is 103 times smaller than for single
neutron transaction counting.  The basic error of the lower measurement
range is brought by a discretization error. Practically, with signal averaging
the discretization error and related dynamic measurement range is altered
essentially less than in \/p times, as would follow from (6). It is because
(6) does not take into account the multitude of small errors, which totality
depend on the value of the dynamic range of the lower limit. Examples
are: a round-off and integer-to-real conversion error, the deviation of a
real noise spectrum from a flat one, and so on. Therefore, if one defines
the value of the dynamic range by its lower limit as 2", then for 10° range
realizations an ADC word length n should be not less than 17. Since a
measuring system of this kind is difficult to realize, the following approach
was used. At small values of current, a basic noise is caused by discretization
error, which could be minimized if the measurement is carried out at a large
gain factor in comparison with the large current range. In this case at a gain
factor relation of 2("‘1) ‘the measurement range is defined as 22:("=1) and is
equal to 2.6 - 105 for n = 10. The dlscretlzatlon error in this case does not
exceed 1.5%.

5. Electronics equipment and program support.

The method described is on the basis of a measuring-computing system,
which consists of a initial transformer, an electronic unit and an IBM-
compatible personal computer. The KNK-21A ionization chamber was used
as the primary converter. It consists of a row parallel plates 44 mm in di-
ameter. These plates form two neutron sensitive volumes, separated. by a
cadmium plate with a diameter of 46.4 mm and a thickness of about 0.4
mm. Both signal electrodes are electrically connected. Plate surfaces i in
each volume are covered by layers of 25U nuc1e1 enriched ‘uranium oxide
with a thlckness of 1 mg/cm? over 1000 cm? area. The chamber is filled
with an argon-based gas mixture at a pressure of 0.3 MPa. The chamber
sensitivity to thermal neutrons is v7 = 0.3 cm? at a temperature of 30()‘K Q
=1.7-10713C. The I, and L, current compensation factor is about 70: The
cha.mber with a cyhndrlca.l cadmium collimator was located in the channel
behrnd the b1010g1ca1 shleldmg at a distance of 5.55 m from the surface of
a grooved water moderator, which surrounds the core of the IBR-2 reactor.
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The collimator aperture angle was chosen to cover the entire surface of the

moderator as viewed through the neutron channel. A compensation factor

for the current caused by the fast neutron pulse is equal to 4. ’

The thermal neutron current signal from the chamber, synchronized with

the IBR-2 control system’s "Start” signal, was included in the electronics

unit input. The signal is pre-amplified, filtered, and digitized by a 10-

bit ADC. ADC data are transmitted to the computer memory by a DMA

channel. All the measurement and acquisition parameter control and data
processing is accomphshed by specialized software. The user interface is

presented in the form of a branched menu. The measuring program was

written on Turbo Pascal and includes a set of low-level hardware controlling
routines. It allows one to.turn the low—frequency filter on/off, to set the
optimal ADC discretization period from 30 mks to 35 ms, to choose the
period and number of points for one measurement, to select one of four
input signal ranges (2, 20, 200, 2000 mkA), to set the extra gain factor
(from 1 up to 64) in any of them, and to define the number of measurement
cycles for averaging. This program also produces a normalization of the
measurement data, graphical visualization and saves the data in a disk file.
All measurement parameters can be written in a conﬁguratxon file, allowing
the experimental conditions to be reproduced. The processrng program is
written in FORTRAN-77. It performs the data processing in accordance
with the algorithms described in the present paper. The final result of this
program operation is a calculated thermal neutron flux density distribution
within wave length. The interaction between the measuring and processing
programs is rea.hzed on a ﬁles exchange level.

6. Exp erlmental results

The chamber current time dependence averaged for approxrmately one hour
of thermal neutron flow measurement, is shown in Fig.4. The neutrons were
coming out of the water moderator at a mean reactor power of 2 MWt and
a pulse frequency of 5 s7!. It can be seen that the neutron current fast com-
ponent in an' IBR-2 power pulse in instant 2.64 ms is compensated 4 times.
In the same figure is shown an I current time dependence as well. This
is the result after subtraction of the background thermal neutron radiation
and pulsed background current, which was caused by a power emission at
the time the counterbalance of the main movmg reflector blade passed near
the core.

11
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Fig.4 Detector current time dependence a.veraged for one hour of mea-
surements at the IBR-2 reactor. Pulses frequency ‘is 5 s‘1

1. Sum of the section currents;

2. Section current caused by neutrons W1th an energy lower than the

cadmium filter threshold;

3. Section current component after subtraction of the ba.ckground

neutron radiation between pulses.

The thermal neutron spectra measurement results for the water and
cryogenic methane moderators at corresponding temperature of 300 K and
60, 32 and 13 K are shown in Fig.5. The spectrum for the water moderator
is approximated by the Maxwell distribution density at Ag = 1.77 A:

M(X) = No - (M/X5) e~/

where Nj is the factor depending on the measurement conditions;
Ao = h - tg/m ; and The neutron temperature was calculated from

T = m - (L/ At )/ (4k),

where A t, is the time interval between maxima caused by thermal and
fast neutron pulses. The corresponding value of T is 304 K. At increasing A
values, the actual spectra measurement result is deviated from the Maxwell
distribution. Mainly, this is caused by flight-base air, flux weakening in
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the wall of the moderator and partial absorption in the sensitive volume of
the chamber. The spectrum for the cold methane moderator greatly differs.
from its Maxwell estimation. In this case the main differences are related to
neutron capture in the thick aluminum wall of the moderator.

5 :
o 10 ‘

(g‘ 1 Cold Moderator (Grooved), W = 1 MW
e '

010

=

,7“10‘2

LIJ1O—3 \

= H20 300 K

¥ 10 ~* Flat Moderator

x

3

1o

| -

S -

§1O o 5 10 15 20

Wavelength, A

Fig. 5 The rthermal neutron flux density spectrum upon A and its
Maxwell approximation for a water moderator, and the spectra for a grooved
solid methane moderator at a temperature of 60, 32 and 13 K

Conclusion

Thermal neutron spectra and temperature measurements in pulsed sources
were carried out successfully using an ionization chamber which operates in
a current mode. In this case the statistical precision is increased, and the
measurement time is shortened. It gives the ability for an experimentor to
obtain experimental data which are inaccessible to traditional single neu-
tron transaction counting techniques. The authors hope that by means of
optimizing some of the ionization chamber parameters, low energy neutron
registration efficiency can be increased and that the spectra measurement
precision can reach up to A = 27 A.
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