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—Abstract—

A suggestion has been made for neutron dosimetric techniques using activa-
tion and threshold detectors in criticality accidents. Neutron dosimetrical

parameters, namely, the fission spectrum-averaged cross-sections of some
threshold reactions and fluence~to-dose conversion factors have been calculated
by the use of an electronic computer.

It appears that detectors having comparatively high threshold energy give
more fine information on spectral deformation in criticality accidents, while
detectors with low threshold energy are of usefulness for measuring fast
neutron fluence regardless of fissioning types. Unexpectedly it is found that
the fission spectrum-averaged cross sections of the 3:S(x,p)%P reaction is not
sensitive to analytical forms of fission neutron spectrum: the modified Cran-

berg and Maxwellian forms. In addition, the fluence~to—dose conversion factors

seem to be insensitive to both spectral functions and fissioning types.

1. Introduction

Threshold activation methods are com-
monly used to determine fast neutron dose
in criticality accidents.!-® Although other
techniques can provide much more detailed
data, these methods remain most attractive
for neutron dosiinetry because of the small
physical size of the detectors and their
The
however, is to make reliable interpretation
Its reliability is

gamma-ray insensitivity. problem,
of the experimental data.
depending on an accurate information as
much as is obtainable on the neutron
spectrum.

Various

interpretation methods*® have

—

been proposed to derive the neutron spectrum
from the detector responses. Among them,
the spectral index method seems most pra-
cticable to adopt for neutron dosimetry in
criticality accidents. This method was
originally suggested by Grundl and Usner, ®
and was successful to account for the fact
that the spectrum is characterized by
fissioning types. Its particular feature is to
describe the physical meaning of fission.
appli-
cable in usual cases of criticality accidents

No longer this method is, however,

where fission neutrons are not completely
free from contamination due to scattered or
slowing~down neutrons.

It is the purpose of this study to propose
a dosimetric- technique for measuring fast

—



— 2 —
neutron dose with some activation and
threshold detectors in such a case that the
fission neutron spectrum is overlapped by
the slowing-down spectrum. Neutron dosim-
etrical parameters, that is, fission spec-
trum-averaged cross-sections and fluence-
to-dose conversion factors were calculated
with the help of an electronic computer.

2. Spectral Model

The neutrons produced in the fission
process undergo collisions with their surro-
unding materials. There exists therefore, in
critical assemblies, a neutron spectrum
covering an extensive range of energies.
The whole neutron spectrum in this study
is, for convenience, divided into three
energy regions: the thermal region consist-
ing of neutrons in thermal eq\iilibrium with
moderator, the fast or fission region in

which the neutrons from fission are emitted,

and the intermediate energy or slowing- -

down region. It should be noted that this
division is arbitrary and the neutron
spectrum is a continuous function of energy
with no clearly defined boundaries.

An assumption is made on the spectral
model in the specified region: 1) in the
thermal regibn the specfrum has the pure
Maxwellian distribution with neutron velo-
cities corresponding to a temperature of 20
J4°C, 2) the spectrum holds an inverse-
energy function in the slowing-down region,
i.e., 0.12¢V to fission neutron energy, and
3) the spectral distribution of fast neutrons
is- characterized by uncollided  fission
neutrons.

The lower limit of 0.12eV in the slowing-
down region was taken on the basis of Wes-
tcott convention,” while the upper limit
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chosen was based on the concept that the
slowing-down neutrons have fast neutrons
as their source. In the region of fission
neutron energies the slowing-down spectrum
may be weighted by the fraction of neutrons
originating in the fission spectrum greater
than _cgrtain energy E. This weighting is
based on the fact that number of neutrons
slowing down ©past a particular energy
depends upon the number of neutrons origi-
nating at all energies above the one in
question. The mathematical expression for
the slowing-down spectrum may be thus
written by

s(B)=-2-{NB)aE @

where ¢;(E) is the slowing-down spectrum,
N(E) the normalized fission neutron spec-
trum, and E the neutron energy in MeV.
Hereinafter, F(E) refers to the integral
term in the right side. of Eq. (1). 6 is the
flux density of intermediate energy neutrons
per InE, and is given by the well-known
equation

-1 Gt
(Reu—1] fou ()5 dE

@

Here g,: the activation cross-section for
2200m/sec neutron
o.c(E): the differential activation cross-
section
g Westcott factor relating to nuclear
temperature’" '
R.;: Cd-ratio
¢u: the thermal neutron flux density.
Integral term in denominator of Eq. (2) is of-
ten called by resonance intégral, and its low-
er limit of integration E., is usually given by
0.5¢V when 1mm thick Cd is employed. This
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reaction as a function of average fission
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cut-off energy is competing with 0.12eV as
aforementioned for the lower limit of the
slowing-down spectrum. It should be added,
however, that a contribution by neutrons
in between is smail enough to be neglected
when there '_is no prominent resonance peak
in the enérgy range of 0.12 to 0.5eV.

The normalized fission neutron spectrum
is expressed by two representative formulae,
&9 N(E), namely

NA(B) =" 667%56—0?). 493) 172 °XP

— 112
% [__(o. T4+E) _ 1.722F

(0. 667E,—0. 493) f””‘<0. 667, —0. 493

3)

112

. 3 E —
NAB) =22 () e BB )

where subscripts ¢ and m stand for the
modified Cranberg and Maxwellian forms,
respectively. E is the neutron energy in
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Table 1. Average cross-sections of some threshold reactions for neutron
spectra from ?**U-+-# (thermal) and +x(20MeV) fissions

Average cross-sections(mb)

Fission type

Modified Cranberg form ]

Maxwellian form

1In (s, n') 325 (n, p) 7Al(n, a) E uSIn (n, #') l 328 (#n, p) 27Al(n, aj
# (thermal) fission 195. 14 63.47 0.50 184. 62 61.19 0.72
7 (20MeV) fission 217.63 88.75 1.63 209. 69 85.27 1.85
& (for 20MeV fission)
1.12 1.40 3.21 1.14 1.39 2.57
& (for thermal fission)

MeV and Z the average fission neutron
energy (throughout this work this termino-
logy will be denoted by the average energy)
that may describe the fissioning types in
criticality accidents. A detailed description
is made in the papers of Terrell® and Ro
et al.®

3. Method

An interpretation of fast or fission neutron
spectrum is made from the activation data
of Y¥WAu(n,7), “Au(n,7)+Cd, “6In(n,n'),
25 (n,p), and 27Al(n,a) reactions, *7Au and
¥WAu+Cd were employed for measuring
‘thermal and intermediate energy neutrons
while the rest of three as threshold detectors
were chosen for measurement of fast neu--
trons. '

Obviously threshold detector is activated
by both fast and intermediate energy neu-
trons when it is placed in critical assemblies.
The apparent activity or response, R., to
be induced in a threshold detector can be
defined by

Ro=¢: sy NE)E+e (FE) 2 Lar )
in which ¢r is the fast neutron flux density

and o{E) the excitation function of threshold
reaction. The first and second terms of

righthand side in Eq. (5) represent a contri-
bution by uncollided fission and intermediate
energy neutrons, respectively. F(E) is
clearly dependent on the fission neutron
spectrum, but as a preliminary trial in this
study is based on the thermal-induced 23U
fission neutron spectrum.

The fast neutron spectrum is obtained by
relating the spectral index determined by
experiment to that of theoretical basis. The
spectral index, Sz, is given by the ratio of
responses indicated in two different detectors
1 and 2, viz: '

R.—0 {F(&) -"—*fg)— dE

Sizg=—5l-= (6a)
- N
R,’.—oSf(E)—"ﬁ%—)—dE
 [fa@n@aE
Sir= ;1 = - (6b)
ng (E)N(E)dE

Here & is the fission spectrum-averaged
cross-section (hereinafter this terminology
will be represented by average cross-sec-
tions), and subscript » in response R refers
to the induced ag:tivity by fission neutrons
while suffices £ and T mean the spectral
indices determined by experiment and theor-
etical basis, respectively. When the spectrum
is determined, hencefrom fast neutron flux
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Table 2.

Comparison of average cross-sections ratio obtained by

different spectral functions of fission neutrons

Average cross-section ratio

Fission type

Gre/drm ‘ Gsc/Gsu l Gac/Gan
2 (thermal) fission 1. 057 1..037 0.634
7 (20MeV) fission 1.038 1. 041 0. 881
g(for 20MeV fission)

0.982 1. 004 1.270

& (for thermal fission)

Table 3. Computed kerma and maximum dose conversion factor per unit flunence
for neutron spectra from 2*U<4#z(thermal) and+4#»(20MeV) fissions

Conversion factor
Fission type Modified Cranberg Maxwellian
Kerma Max. dose Kerma Max. dose
(rads/(z/cm?) (rads/(n/cm?) (rads/(n#/cm?) (rads/7/cm?)
7 (thermal) fission 2.83X10°* 3.61X10~° 2.83%X10°* 3.61X10"°
n (20MeV) fission 3.31x10-° 4.22X10°* 3.33X10"* 4.25X10"*
d (for 20MeV fission)
— — 1.17 1.17 1.18 1.18
d (for thermal fission) ~
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is easily calculated from  the
single threshold

density, ¢r,

activity induced in a

detector,
sr=(R~0{F®LEL ap) /(o2 N(E)IE

7

and correspondingly neutron doses in terms
of kerma and maximum dose, D, are com-
putgd by the equation.

D=¢:[4(E)N(E)dE ®)
where d(E) is the differential dose.
4. Calculation of Dosimetrical Parameters

The average cross-section, & is obtained
by weighting the excitation function to the
fission neutron spectrum [Eqé. (3) and (4)].
The excitation function of differential cross-
sections for the YIn(n,n’), %S(»,p), and
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27Al(n,a) reactions were taken from several
published articles. -1 A:numerical calculat-
ion of ¢ was performed with varying average
energy (E) in Egs. (3) and (4) up to 20MeV
of neutron energy by an electronic computer
CYBER-73. Although the spectral function
extends. theoretically to infinite energy,
only a sziiall_ portion of contribution due to
neutrons above. 20MeV is expected so 2s-to
be disregarded. The average energy E-values
were varied from that corresponding to
thermal-induced fission (1.98MeV in Egs. (3)
and 1.935MeV in Eq.(4)] up to that of
20MeV fission [2.40MeV in Eq. (3) and 2.335
MeV in Eq. (4.9

The fluence-to-dose conversion factor, d,
is defined by

'=§§(E) N(E)dE//S;N(E) dE )



RAZS/ie/etm2)

Fest Newtron Dosimetry in Criticality Accident

asno?

- MAXIMUA  DOSE {

a2
: — KERMA

m
>
[*]
£
<

4.1 ’
40 T~
39 ¢ .
38 T
37 e
36 Exl9BMey —=
35

34

"

33 =TT 2.40 Mev

32
34
3.0

2.9 ¢

k

28 ¢

2.4

25

26

2.7

28

29

3.0

3l

G, /G5, SPECTRAL INOEX

Fig. 8. Computed kerma and maximum dose

conversion factor for modified Cranberg
form as a function of spectral index
(Gr~to-gs ratio)

in which d(E) is the differential dose in
terms of kerma and maximum dose, and
was mainly extracted from reports. 17 19
The autogamma dose from the H(x,7)2D
reaction in the human body was exempted
from the calculation of 4 based on the
maximum dose, since it can be readily

obtained by the conventional film dosimetry.

5. Results and Discussion

In Figs. 1-3 shown is a relationship of
average cross-sections (5) vs average fission
heutron energy(E) for the SIn(n,»’),. %S
(n.8), and 7Al(n,a) reactions, respectively.
The solid curves are for the modified Cran-
berg while the dotted curves are for the
Maxwellian form. The suffices I, S, and A
in & denote indium, sulphur and aluminum,
respectively. In general. the & values are
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senwsitive to the spectral deformation that is
usually indicated by a variation of the
E-values. and a variation of the & values
for the detectors. having the threshold at
high energy are large compared to thase of
tha detectors whose threshold energies are
Comparatively low. This tendency is also
clearly notsd in the last row of Table 1.
The vatio of the 4, values for thermal-to-20
MeV fission is 1.12 and.1.14 for the respec-
tive modified Cranberg and Maxwellian
forms, This ratio may be further decreased
in actual circumstances of criticality accide-
nts. Bondarenko et al.!® report that the
E-value of fission neutrons induced by fission
neutron itself was observed to be 2. 013MeV,
leading to 1,067 of the # values for the
modified Cranberg and Maxwellian forms,
Tespectively. This phenomenon does strongly
hint that indium can yield neutron fluence
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valﬁes being effectively independent of
virgin spectrum in criticality accidents where
fission neutrons are completely free from
contamination of scattered neutrons. The
similar results have been already reported
by Yook and Ro.2

On the other hand, threshold detectors
with high threshold energy are likely useful
in determining the spectral deformations
because of their high sensitivity to fissioning
types.

As is shown in Figs.1-3, the modified
Cranberg form gives the & values higher
than the Maxwellian form for indium, while
for aluminum the former gives the & values
than ths latter. Obviously this
suggests that the Maxwellian form is
shifted towards high energy compared with

lower

the modified Cranberg form. and subsequ-~ -

ently gives the & values higher than the
latter for threshold detector whose threshold
energy is relatively high. The interesting
result is that the & values for the **S(z,p)
reaction are independent of spectral func-
tions, namely the modified Cranberg and
Maxwellian forms. This tendency is also
demonstrated in Table 2.
subscripts C and M in & represent the
modified Cranberg and Maxwellian forms,
respectively. '

Figs.4-6 show a variation of & values as
a function of spectral index. On the curves
are indicated the upper and lowest limits of
E-values. This relation will serve to improve
the aceuracy in measuring the neutron
‘fluence..

The fluence-to-dose conversion factors as
a function of average energy are showh in
Fig. 7. The solid lines are those for dose
based on kerma while the dotted lines are
for maximum doses. As might be expected,

In this Table.
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the conversion factor based on the maximum
dose is 1.28 times higher than that on
kerma. The modified Cranberg form gives
slightly 4 value lower than that of Max-
wellian form. The dose conversion factor is
relatively insensitive to a variation of

spectral functions and of fissioning types.

This is also summarized in Table 3. In
relation to the result that 7 values for the
¥In(n,n’) reaction is insensitive to fission-
ing types, this fact makes indium applicable
as an integral fast neutron dosimeter in
criticality accidents.

In Fig.8 shown are kerma and maximum
dose conversion factors for the modified
Cranberg form as a function of spectral
index which is equal to @,/as. These factors,
relating to Maxwellian form, are shown in
Fig.9. Generally the conversion factors
decrease linearly with increasing the spectral
index and E-vulues. '

6. Conclusions

A npeutron dosimetric technique was sugg-
ested using activation and threshold detetect-
ors in criticality “accidents. Dosimetric para-
meters, that is, the average cross-sections
of some threshold detectors and neutron
fluence-to-dose conversion factors were then
calculated by means of an electronic com-
puter. As a conclusion, the followings can
be drawn up:

1) The # values are sensitive to spectral
deformation, but their variations of detectors
with low threshold energy are small com-
pared to those of detectors whose threshold
energies are comparatively high,

2) The & values for the 3S(x,p)%P reac-
tion are independent of spectral functions,
namely, the modified Cranberg and Max-
wellian forms,
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3) Maxwellian form is shified towards high
energy in comparison with the modified
Cranberg form, and subsquently gives the s
values higher than the latter for detectors of
which threshold energies are relatively high,
and

4) Fluence-to-dose conversion factors are
insensitive to both spectral functions and
fissioning types.
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