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ABSTRACT

The neutron dosimetrical parameters, i.e., the fission neutron spectrum-
averaged cross-sections and the fluence-to-dose conversion factors have been
calculated for some threshold detectors with the aid of a computer. The thres-
hold detectors under investigation were the *In(n, n’)%5=In, 32S(m,p)**P and
27Al(n, «) 2*Na reactions.

325 (n, p) P
reaction are independent of the spectral functions, namely, the Watt-Cranb-
erg and Maxwellian forms. In the case of the #7Al (r;, a)**Na reaction a varia-
tion of the # values appears to be highly dependent on the fissioning types.

It seems that both the average cross-section for the !*$In(n, n’)!=In reaction

It is revealed that the average cross-sections(#) for the

and the conversion factor are insensitive to the spectral deformation of fission
neutrons. These phenomena make it applicable to use indium as a possible.
integral fast neutron dosimeter in nuclear criticality accidents provided that

the virgin fission neutrons are completely free from the scattered neutrons.

1. Introduction

It is of importance to have a satisfactory
system of fast neutron dosimetry, which can
provide rapid dose estimates for exposed
persons in the event of nuclear criticality
accidents. The fast neutron dosimetry in

such circumstances is commonly performed

by the system based on threshold activation
because of many desirable properties, i.e.,
simplicity, adaptability and the negligible
gamma-sensitivity.

Hurst et al. ¥ have developed a sophistic-
ated system consisting of multi-component
activation detectors. This system is relat-
ively expensive for the practical use.

Ing and Cross® have proposed a single



component detector using the 1**Rh (n,n") ®=Rh
reaction as a fast neutron personal dosi-
meter. It is reported that the dosimeter can

yields dose reading effectively independent of -

virgin fissiom neutron spectrum. However,
it is not desirable to adopt this dosimeter
of which the radioactivity induced in '¥Rh
is difficult to be absolutely measured and
that is not readily available.

The purpose of this work is to examine the
dosimetrical characteristics (or parameters)
of some threshold detectors which may “be
components for a criticality accident dosi-
metry system, and is then to suggest indium
as a possible integral dosimeter for measur~-
ing the fast neutron dose in nuclear critica~
lity accidents under the scattered-free con-
dition. The interesting dosimetrical param-
eters are the fission neutron spectrum-aver-
aged cross-sections(hereinafter this termino-
logy will be denoted by the average cross-
sections) for the ¥In(n, n/)Ws=In, 32§(n, p)32P
and 7Al(n, «)*Na reactions as well as the
neutron fluence-to-dose conversion factors.
These parameters have been numerically
calculated by means of an electronic comp-
uter.

2. Calculation of Dosimetrical Parame-

ters
The average cross-sections, @, is usually
defined by
azga"(E)N(E)dE/j,N(E)dE .................. 1

where o(E) is the diffrential cross-sections
of the threshold activation reactions and
N(E) the normalized spectral function of
fission neutrons. The cross-section data for
the ¥In(n,n’)M"%~In, 32S(n,p)*P and %Al
(n, a)*Na reaction were taken from a lot
of articles, -7

The normalized fission neutron or fast
neutron spectrum, N(E), is expressed by
two representative formulae, #,%

0.655
N.(E) = {5667 .—0. 4037 °*P

— (0.74-+E) .
x[o 667E,—0. 493 ] x sioh

L722EY2 N o,
* (57667 667E.—0. 493) @
and

@ =2 exp(-1.55]E.)

in which subsc1pts c and m stand for the
Watt-Cranbergi®, 1 and Maxwellian'’ for-
ms, respectively. E is the neutron energy in
MeV and E the average fission neutron ene-
rgy (through-out this work this terminology
will be represented by the average energy)
that may be used as an adjustable parame-
ter depending on the fissioning types in cri-
ticality accidents. A detailed description is
made in the papers of Terrell® and Ro et

al.®
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Fig.1. Average cross-section of %In(n,n’)1s=In
reaction as a function of average fission
neutron energies.
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Fig.2. Average cross-sections of #S(n, p) P react-

ion as a function of average fission neutron
energies.

The average cross-sections of the threshold
detectors under consideration were numeric-
ally calculated for the various values of the
average energy () in Egs. (1) and (2) using
an electronic computer CYBER-73. Practi-

cally a numerical calculation was performed

in the interval from the thermal energy wup
to 20 MeV of neutron energy. Although the
spectral function extends theoretically to
infinite energy, only a vanishingly small

contribution due to neutrons above 20 MeV is
expected so as to be discarded. The a\{efage
energy £ values were varied from that cor-
responding to thermal-induced fission [1.98
Mev in Eq. (1) and 1.935 MeV in Eq. (3)]
up to that of 20 MeV neutron induced-fission
{2.40 MeV in Eq. (1) and 2.335 MeV in Eq.
(2)]12) , 13) .

- The fluence-to-dose conversion factor was
obtained by integrating the product of the
differential dose and the fission neutron spec-
trum, that is, Eqs. (2) and (3). We expes-
ed that

A= [ (EYNEVE[ | NN)E wrovevssrnee @
0 .0

Here d(E) is the differential dose in terms
of kerma and maximum dose, and was
mainly extracted from reports.'?, !9

A numerical computation of d values was
carried out by the computer. It should be
noted that the autogamma dose from the
'H(n,7)2D reaction in the human body was
exmpted from the calculation of d based on
the maximum dose, since it can be easily

obtained by the conventional film dosimetry.

3. Results and Discussion

In Figs. 1-3 shown are the calculated av-
erage cross-sections as a function of the
average energy E for the threshold reactions

of interest. The solid curves are for the

Table 1. Comparison of average cross-sections ratio obtained by different spectral f{unctions

of fission neutrons

Average Cross-Section Ratio

Fission type

Frw/d1m Fsw/3sm Taw/Fam
Thermal fission 1. 057 1.037 0. 694
20 MeV Neutron Eission 1.038 1. 041 0. 881
Fw [#y {for 20 M
wiou V) 0. 982 1. 004 1.270

Fw/dn (for thermal)




Table 2. Average cross-sections of the threshold reactions for neutron spectra from *>U+4n

(thermal) and-+n(20MeV) Fissions

Average Cross-Sections (mb)

Fission type

Watt-Cranberg form

Maxwellian form

15]n(n,n’) { ?S(n,P) | ¥Al(n,«) |"In(n,n")| *S(n,P) | ¥Al(n,a)
Thermal fission 195.14 63. 47 A 0.50 184. 62 61.19 0.72
20 MeV Neutron Fission 217.63 88.75 1.63 209. 69 85.27 1.85
&#(for 20 MeV) :
1.12 1.40 3.21 1.14 1.39 2.57

& (for thermal)

Watt-Cranberg while the dashed curves are
for the Maxwellian form. The subscripts I, S,
and A denoted in the average cross-sections
refer to indium, sulphur and aluminum, res-
pectively. As can be seen in these figures, the
average cross-sections increase with increa-
sing the £ values. The Watt-Cranberg form
gives the & values higher than the Maxwe-
llian form for indium while for aluminum
the former gives the 8 values lower than the
latter.. This may be due in part to the fact
that the Maxwellian spectrum is harder than
the Watt-Cranberg spectrum. The interesting
result is that the @ values for the ¥S(n,p)
2P reaction are nearly independent of the
spectal function, i.e., Watt-Cranberg and
Maxwellian forms. This tendency is also
demonstrated in Table 1. The suffices W
and C in 2 in Table 1 mean the Watt-Cran-
berg and Maxwellian forms, respectively.

In Table 2 summarized are the average
cross-sections weighted for the neutron spe-
ctum from 2U-fission induced by thermal
and 20 MeV neutrons. In the last low of
Table 2 included are the average cross-sect-
jon ratios of the thermal-to~20 MeV neutron
fissions.

For the 2’Al(n,2) reaction, the cross-sect-
iop ratio is large !in comparison with both
15 p(n, n') reactions.

This may hint that the & values for the
27Al(n, &) reaction are highly sensitive to the
spectral deformation, subsequently allowing
it to be used for obtaining a more elaborate
spectral information of fission neutroms im
nuclear citicality accidents.

In the case of tﬁc 15]n(n, n’) reaction, the
cross-section ratio is comparatively small,

1.12 2nd 1.14 for the respective
In

namely,
Watt-Crancerg and Maxwellian forms.
fact this ratio may be further deceased im
actual circumstances of nuclear criticality
accidents. Bondarenko et al.!® report that
the E value of fission neutrons induced by

" fission neutron  itself was obsered to be 2.03

MeV, leading to 1.067 of the cross-section
ratio for both Watt-Cranberg and Maxwel-
lian forms. This may indicate that indium
can yield neutron fluence values being
effectively independent of virgin neutron
spectrum in criticality accidents where the
fission neutrons are completely free from
contamination of the scattered neutrons.

In Table 3 presented the "average cross-se
ctions for the thermal-induced #U fission
neutron spectrum, and the data obtained by
many authors'”-#» are included for compa-
rison. With the exception of those based on the
early works in the case of indium, generally
the result got in this study is in good agre-



20
—— WATT-CRANBERG ~
P ——— MAXWELLIAN
-/‘

.3 ;

£

=z

218 - B
-

]

w1

vy

(%]

(=]

ac

()

w

o

<

“‘z‘tﬂ - .
E

s

es

19 280 _ 22 23 4 25
- £, AVERAGE ENERGY (MaV}

Fig.3 Average cross-section of #Al(n,a)*Na re-
action as a function of average fission ne-
utrcn energies.
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Fig.4. Neutron fluence-tc-dcse conversion facter
as a function of average fission neutron
eneries.

Table 3. Aaerage cross-sections relative to **Su+-n(thermal) fission neutron spectrum

.'.ZS (n’ p) :‘2P

wln (n,n') 15eIn l | Al (n, ) *Na
7(mb) % Ref. Remarks 7s(mb) ‘l Ref. Remarks l 74(mb) l Ref. ] Remarks
170 18 Calculation 5.7 17 Calculation 0.6 18 Calculation
174 19 Not specified 65 18 Not specified 0.59 19 Not specified
181+10 20 experiment 63.8 19 Not specified  0.60+0.03 20 experiment
200+10 22 expesriment 66+1.2 .20 experiment 0.7840.03 22 experiment
195. 14 this Calculation 63.47 this Calculation 0.5 this Calculaticn
work (for Watt- work  (for Watt- work (for Watt
Cranberg) Cranberg) Cranberg)
184. 62 this Caluation 61.19 this Calculation 0.72 this Calculation
work (for Maxwe-~ work (for Max- work (for Maxw-
1lian) wellian) ellian)

ement with others. For the #Al(n,a)*Na
reaction there is a large scatter between
investigator. This scatter is a clear indica-
ti>n of some errors still to be isolated. The
value got for the .Watt-Cranberg form in
this worx is comparatively lower than that
of the Maxwellian form and those by othe-

s. 18) =203, 22) this

may in part come from the fact that the
neutron spectrum of the former is soft com~
pared to the latter.

Shown in Fig. 4 are the fluence-to-dose

As set out previously,

conversion factors as a function of the ave-
rage energies. The solid lines are those for
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Table 4. Computed kerma and maximum dose conversion factor per unit fluence for neutron
spectra from 2**U+n(thermal) and+n(20MeV) fission

Conversion factor
Fission type Watt-Cranberg Maxwellian
Kerma Max. dose Kerma | Max. dose
(rads/(n/cm?) (rads/(n‘cm?) (rads’/(n/cm?® | (rads/(n/cm?

. n(thermal) fission 2. 83x10-° 3. 61x10-* 2.75x10"° 3.52x10-*¢

n (20MeV) fission 3.31x10~* 4.22x10~° 3.27x10™* 4.16x10°

d (for 20 MeV)

1.17 1.17 1.19 1.19

d (for thermal)

the dose based on the Watt-Crakterg form
while the dashed lines are for the Maxwel-
lian form. The dose conversion factor is
insensitive to spectral functions together
with the fissioning types. This is also listed
in Table 4.

Taking account of the result that the 2
values for the 5In{n,n’) reaction is relativ-
ely independent of the fissioning types under
consideration, this fact makes indium appl-
icable as an integral fast neutron dosimeter
in nuclear criticality accidents.

4. Conclusion

Neutron dosimetric parameters, i.e., the
average cross-sections and the dose convers-
ion factors were numerically calculated for
115In (n, n) #5=1n, 325 (n, p) P and Al (n, a)*Na
reactions with the aid of a computer. As a
conclusion, the followings can be drawn up:

1) The & values for the 32S(n, p)3?P react-
ion are independent of spectral functions,
that is, the Watt-Cranberg and Maxwellian
forms,

2) A variation of the & values for the
#Al(n,a) reaction is highly depending on
the fissioning types. Therefrom, this react-
jon can be effectively used for determining
the spectral deformation of fission neutrons,

3) Both & for the ¥®In(n,rn’) reaction and
d are insensitive to the fissioning types. It
is, therefore, conclud ed that indium can be
successfully used as a fast reutron dosimeter
in criticality accidents where the virgin fiss-
ion neutrons are completely free from the
scattered neutrons.
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