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Abstract: An united fornmla calculating neutron fluence attenuation and gamma-ray

self-absorption in a large cylindrical sample was proposed, which can be used in mea-

surements of gamma-ray production cross sections from fast neutron induced (n,xy¥)

reactions. The position correlation of these two effects was taken into account in

the deduction. The formula has obvious physical meaning. The preliminary calculations

were completed at a IBM-PC microcomputer, the comparisons with some other methods

were made, and satisfactory results were obtained.

(nuclear reaction, cylindrical sample, neutron fluence attenuation, gamma-ray self-

absorption, gamma-ray production cross section)

Introduction

Measurements of associated gamma-ray cross
sections from various nuclides under fast neutron
bombardment are of interest for theory researches
and practical applications. In the measurements
by means of pulsed neutron source large cylindri-
cal samples are usually adopted. There are atte-
nuation of incident neutron and absorption of
outgoing gamma-ray by the sample, and amount of
attenuation and absorption must be determined to
obtain correct absolute gamma-ray production
cross sections from the neutron fluence incident
upon the sample and gamma-ray yields determined
by the experiment. Certainly, except above two
corrections, other corrections, for example, neu-
tron mltiple scattering correction, neutron
attenuation correction in the backing and cooling
water of the neutron target, the correction for
contributions from activated gamma rays and so on,
must be also considered. But the experience has
proved that all other corrections aren't usually
larger than 15% and corrections of neutron fluence
attenuation and gamma-ray self-absorption are
usually of amount from tens percents to several
hundred percentsl. For example, for Fe sample in
3cm diameter and 3cm high the attenuation amount
of 1l4.9MeV neutron is 25%, and self-absorption
amount of 847keV gamma-ray from this sample under
14.9MeV neutron bombardment is 60% or so, but all
of other corrections are only about 12%. Thus it

can be seen that it is of interest for measure-
ments of discrete gamma-ray production cross sec-
tions from the reactions induced by fast neutrons
to search a reliable and fast method calculating
two corrections mentioned above.

In previous experiments neutron fluence
attenuation correction in a large cylindrical
sample was usually calculated by means of Monte-
Carlo method proposed by J.B. Parker et al.2 or
a semi-empirical analytic method proposed by C.A.
EngeibrechtB. Although reliability of the former
is good, its calculation is time-consuming, and
calculation of the later is simple, but its reli-
ability poorer. Gamma-ray self-absorption correc-
tion was usually calculated by an integral for-
mula proposed by Boring(1960) or an approximated
analytic formula proposed by J.K. Dickensh, but
two methods consider gamma-ray self-absorption
correction independent of processes of neutron
fluence attenuation., This consideration doesn't
agree with actual status. In fact, neutron
fluence density in the sample isn't homogeneous
because of the following factors: 1. the neutron
fluence varies as diametral direction for a point
neutron source, and 2. neutron fluence is atte-
nuated by the sample material. Thus the contri-
butions from different position of the sample to
a gamma-ray yield corresponding to certain ener-
gy, which was measured by the gamma-ray detector
at certain angle relative to incident neutron
direction, aren't different, that is, gamma-ray
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self-absorption correction is a function of posi-
tion in sample, and depends on neutron attenua-
tion status in that point directly. In Boring me-
thod only factor 1 was considered. In J.K., Di~
ckens method all of the two factors hadn't been
considered. Perhaps this is important one of rea-
sons inducing discrepancies among previous expe-
rimental data of gamma-ray production cross sec-
tions obtained by different laboratories.

In present paper an united formula calcu-
lating two corrections mentioned above was de-
duced from actual transportion processes of neu-
trons and gamma-rays in large cylindrical sample.
The two factors mentioned above were strictly

considered in the deduction,

Deduction of United Calculation Formula

In the measurements of discrete gamma-ray
production cross sections from fast neutron in-
duced reactions general geometry arrangements are
shown in Fig.l and Fig.2. It is assumed that neu-
tron source is a point one. Sample is a cylinder,
radius and height of which are RC cm and H cm,
molecular weight of sample element A, weight of
sample W g. Cylinder axis of sample is perpendi-
cular to the plane defined by lines from the
center of sample to the center of the neutron
target and the center of gamma-ray detector, Dis-
tance from neutron target to the sample is D,
Neutron fluence was measured by means of associ-
ated particle method, and gamma-ray spectrum was
measured by Ge(Li) detector. A beam of monoener-
getic neutrons with energy En from neutron source
S goes into sample through A and reaches B with
definite probability, and interacts with the nuc~
lei in differential volume element (equal to RdR
dgdh) near point B. If neutron fluence per stera-
dian in sample direction is $ay, and differential
cross section of gamma-ray with energy Ey from
the reaction is ¢(Ey,#) it can be known from de-
finition of differential cross section that
emittance rate of gamma-ray with energy Ey in
steradian of 9 direction is following

Poa(NAG(Ey, 6)exp(-sy, (En)AB
dRd¢dh
AR (1)

dn’O(E’, 0)=

in which R=3B, Np is Avogadro constant, Un(En)
macro absorption cross section of sample nuclide
to neutron with energy En, ¢ density of sample.
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Fig.l The geometry arrangement in the experiment
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Fig.2 The geometry used in deducting the fonmlaeJ
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calculating neutron and gamma ray attenuation in

sample

If density of sample is homogeneous, P can be

written as

! (
= 2)
TRCH
ingert (2) into (1) we have
Wi NoG(Ep, 8)exp(ldn (En)AB)
dnyo (Ey, 8)= — dRdpdh
TRCTHAR (3)

If a part of gamma-rays with energy Ey produced
in point B exit from point E on surface of sample
along g direction and reach Ge(Li) detector, count
rate of gamma-ray with energy Ey from sample in
Ge(li) detector is ny(Ep,§), solid angle subtended
by Ge(li) detector to sample isfp, intrinsic and
geametrical efficiencies of Ge(Li) detector are
€b(Ey) and £(Ey) respectively we have

Y ny (By , 0)igexp (-Lly (Ex)BEYEb (Ep ddng o (Ey , 6)
=L €(Ey ) exp(Lly (Ey)BE)dnyo (Ey, 6) (4)

insert (3) to (4) we have
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LE(Ey)wpn) Nyo(Ey,8)
RGHAR

Ay (Ey,0)=
-exp(-4n(En )AB) exp(-Lly (Ey)BE)dRd¢dh (5)

The neutron fluence rate incident upon the sample
determined by associated particle method is fol-
lowing

ny
$n1- e (¢) (6)

in which ng is count rate of alpha particles, fix
is the solid angle subtended by the alpha par-
ticle detector with respect to the neutron target,
A3(¢) an anisotropy factor of neutron emittance
from T(d,n)l‘He reactions. Inserting (6) to (5)
and integrating (5) over the sample volume V we

have

LE(Ey)wnuo(Ey, B)Na ¢ H/2[ $o(SGHAG
nY(EY: 8)= j { j

RC2HANA -H/2) g, 5G-AG
.Aot(?)exp(-ﬂn(En)rB)exL(#r(Ey)ﬁ)dftd?dh n
R

Assume that neutron source S, R, AB, BE are on
the same plane with center cross section over the
sample and D is much larger than RC, then R, AB
and BE are independent of sample height h. In
addition, Ax($) can be approximated as a constant
Ag in the solid angle subtended by the sample
with respect to the neutron source ( the error
induced by this proximaty is usually less than
0.1%). Thus formula (7) can be changed into fol-
lowing form

LE(Ey )Wy AaNpT(ky, 8)

ng(Er,v)" R_CzAﬂoL

. X 9js—c+mexp(-lln(El)A_E)exP(-”l(EY)EE)de’ (8)
R

-] 5G-AG
let
1
f X ?o]m*mexp(-un(En)TB)exp(-ﬂi(EJ)ﬁ)dey )
~§o) SG-KG !

from (8) and (9) the formula calculating diffe-
rential cross section can be obtained
AQGRCny (Ey, 8)

a(Ey,8)= f (10)
LWnaAuNA

It is obvious that neutron fluence attenuation

and gamma-ray self-absorption corrections are in-
cluded in fator f, in which FTI;, I;I‘I, &, 5G and AG

can be obtained from Fig.2

FB=R-Deosg-t[RC2-D2sin (11)

BE=Rsing/sing+(U-Reosp-Rsinpctegd)coss

tja‘c:ﬁ(D-Rcos,-Rsinyctge)Zsinzs (12)
Po=arcsin(RC/D) (13)
§-G=l)cosf (14)

KG= ’ﬁz-uzsinzy (15)

insert (11), (12), (13), (14) and (15) to (9) we
have

fe 1 (16)

S arcsln(R(,/D)IDcos’ﬁ‘HC D2 ain

F(R,?,B)de
-arcsin(RC/D) Dcosg~ ,.IRC -2 sm s

in which

F(R,?,9)=ex'p{-ﬂn(En)(R—Dcosy+’RCz D°sin’g

Uy (Ey)[Rsiny/sma +(D-Rcosp-Rsinpctgs)coss
+JRC -(D-Rco s’—Rsinyctgo)zsin 01}/}1 (17)

(16) is just united calculation formala used in
neutron fluence attenuation and gamma-ray self-
absorption corrections for (n, xy) experiments.
It can be seen from formmla (11), (12), (16) and
(17) that there is really the position correla-
tion between the two corrections because AB and
BE are the pathes through which incident neutrons
and outgoing gamma-rays travel in the sample and
are functions of R.

Only total correction value of the two
effects can be given by (16). Sometimes every
one of the two corrections mist be calculated
separately, for example, the comparisons with
other methods need to be made. Thus the represen-
tations of every correction factors must be found.
On the basis of analysis from actual physical
process it can be known that because amounts of
neutron attenuation in the sample are independent
of gamma-ray self-absorption the representation
of its correction factor can be obtained by dele-
ting factor exp(-Uy(Ey)BE) from (9) and removing
effect of neutron fluence density's varying as

diameter direction from f after f was calculated.
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wWhen calculating gamma~ray self-absorption factor
exp(- n{En)AB) can not be deleted from f becaunse
of existence of position correlation between it
and neutron fluence attenuation. The representa-
tion of calculating gamma-ray self-absorption
correction may be obtained by removing effects of
neutron fluence attenuation and neutron fluence
density's varying as diametral direction from f at
the same time after f was calculated. In order to
reduce writing let

arcsin (RC/D) Dcos,+lﬂ-(‘32-Dzsin2y
dep=J - J — 5~ dRdg (18)
-arcsin(RC/D) Dcos,-lRC -D'zslny

(19)

Fn(R, ) =exp(-¥n(En) (R-Dcoswlfc'z—Dzsinz? ))/1(120

If fn and fy are used for representing neutron

FR(R)=1/R

fluence attenuation and gamma-ray self-absorption
correction factors respectively, from above ana~
lysis we have

tn={ aagFp(R)/[dRagFn (R, 9) (21)

£y =[dRagFn (R, )/[dRagF (R,?, §) (22)

In the deduction of formula (7) it is assu-
med that outgoing gamma-rays from every part of
the sample to the gamma-ray detector have same
outgoing angle ¢. This assumption is reasonable
because diameter or height of the sample is usu-
ally much less than the distance from the sample
to the gamma-ray detector.

In addition, it mst be explained that for-
mla (10) only includes two corrections of neu-
tron fluence attenuation and gamma-ray felf-ab-
sorption in the sample. In practical application
other corrections must be also considered so that

correct differential cross sections are obtained.

Calculation Results and Analysis

The calculation program of relevant formulae
mentioned above was written by means of FORTRAN-
77 in a IBM-PC microcomputer. Validity of these
formulae was tested by some calculations.

It can be used for testing validity of cor-
rection methods that samples with different size

are measured under same experimental conditions

because the two corrections depend on size of the
sample and reaction cross sections are indepen
dent of size of the sample., We have measured dif-
ferential production cross sections of 847keV
gamma-ray from two Fe samples with different size
under 14.9MeV neutron bombardment at 90 degree.
Differential cross sections were calculated by
formula (10), and other corrections were consi-
dered at the same time, the contributions of
which were not more than 12%. Neutron fluence
attenuation correction fn and gamma-ray self-ab-
sorption correction fy were calculated by (21)
and (22) respectively. Relative data and results
were listed in Table 1.

Table 1l.Comparison of experimental
results from two Fe samples

RC(cm)|{ H(em) | fn fy |o(847keV,90°)
2.98 [1.253(1.60(67.24,.0mb/sr
2.044]1,180 [1.42|67.14) .2mb/sr

sample
large one{l.396
small one|l.000

It is seen from Table 1 that although there are
about 1/3 difference between values of two
samples and between values of fn and fy of two
samples their differential cross sections are
nearly the same. This result proved that the cal-
culations of f are basically correct.

In Table 2 the results of 14.9MeV neutron
fluence attemiation in V, Fe, Co and Nb samples
calculated by formula {21) and Monte Carlo method
were listed.

Table 2. Comparison of results of neutron

fluence attemuation correction calculated

by present method and Monte-Carlo method
sample| RC | H D fn

(cm)| (cm)!| (cm)| formula (21)|Monte-Carlo
v 1.50|3.,00(13.4 1.212 1.210
Fe 1.40(2.98|13.4 1.253 1.250
Co 1.5013.04(13.4 1.292 1.294
Nb [1.51(3.04113.4 1.293 1.292

It can be seen from Table 2 that the results of
four samples obtained by two methods are nearly
consistent. The calculation time of persent me-
thod is much less than one of Monte-Carlo method.
It takes several seconds for present method and
20 minutes for Monte-Carlo method to complete
neutron fluence attenuation correction calcula-
tion of one sample at a IBM-PC/XT microcomputer.
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In Table 3 self-absorption cerrection re-
sults of 847keV gaemma-ray from Fe sample under
14,9MeV neutron bombardment at three angles,
which were obtained by formula (22) and Boring
method, were listed.

Table 3. Comparison between present method
and Boring method calculating gamma-ray

self-absorptoon correction

angle £y
formula (22) Boring method
30° 1.705 1.649
90° 1.600 1.604
140° 1.516 1.568

The results listed in Table 3 can be explained

by analysis of practical process. Effects of neu-
tron fluence attenuation in the sample and in the
case of point neutron source neutron fluence den-
sity's varying as diametral direction result in
that the neutron fluence density in half sample
cylinder facing to neutron source is higher than
one in another half sample cylinder. Thus when
measurements in smaller angles were made the area
with higher neutron fluence demsity is farther
than one with lower neutron fluence density for
the gamma-ray detector, and when measurements in
larger angles were made opposite status occur.
Therefore self-absorption correction amount of
gamma~-rays measured at smaller angles must be
larger than one of gamma-rays measured at larger
angles, At 90° because the distance from the area
with higher neutron fluence density to the gamma
ray detector is the same as one from the area with
lower neutron fluence density to the gamma-ray
detector, on an average outgoing gamma-rays from
two areas to the gamma-ray detector travel
through same path in the sample, therefore amount
of gamma-ray self-absorption correction mmst be
independent of neutron attenuation status in the
sample, When measurement angle increases or de-
creases from 90° the effect of neutron attenua-
tion status in the sample to gamma-~ray self-ab-
sorption correction must be larger and larger.
The results in Table 3 are consistent with above
analyses. It can be seen from Table 3 that the
results at 90° calculated by two methods are the
same, At 30° and 1h0° although the change tenden-
cies of the results calculated by two methods is

same there is difference of about 5%. This dif-
ference just reflects effect of neutron fluence
attenuation to gamma~ray self-absorption in the
sample,

From above analyses we can obtain following
conclusions:

1. Dickens method can not be used in data
precessing of measurements of differential gamma-
ray production cross sections because in which
the effect of neutron fluence change in the
sample to gamma~ray self-absorption correction
hadn't at all been considered.

2. Boring method is suitable only for data
precessing of this type of experiment at 90°.

3. Although Monte-Carlo method is correct
for neutron fluence attenuation correction it can
not be used in data precessing of this type of
experiments until position correlation of neutron
fluence attenuation and gamma-ray self-absorption
corrections is settled.

4. The united calculation formula given in
present paper is more suitble for data prece-

ssing of (n,x¥) experiments.
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