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Abstract

A new dosimetry system for nuclear accidents .s designed in JAERI.
It is composed of six fission track detectors (UO2 or ThO2 doped glasses)
and one sulfur disc.

Since it is necessary for the assessment of neutron doses in nuclear
accidents to know the shape of neutron spectra, it is assumed that the
spectra of fast, intermediate and thermal neutrons in nuclear accidents
are expressed in the formqof:7%~/gyﬁ-exp(-aE), E"/I(n) and Maxwellian
distribution function, respectively, where E is neutron energy in MeV,
end n are parameters which specify the shape of spectra of fast and’

intermediate neutrons, respectively, and I(n) is a normalization factor
for the spectra of intermediate neutrons.

The theory of determination of the parameters (a and1z) and the fluences
of fast, intermediate and thermsl neutrons with this system is described in
detail.

The system was exposed, in practice, to neutrons of simulated criti-
cality accidents. It was possible to determine the spectra of the fast
neutrons as well as the fluences of fast and thermal neutrons. However,
it was impossible to decide the spectra of intermediate neutrons., The
reasons are discussed.

The detection limit of this system is about 50 rems (as ICRP dose

equivalent) and 10 rads (as surface absorbed dose).
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1. Introduction

JAERT has participated in the fifth nuclear accident dosimetry inter-
comparison study arranged at Oak Ridge National Laboratory in 19681).

The doses evaluated by means of the dosimetry system of JAERI were a
little lower than the average values of the doses reported by other parti-
cipants, but were not the lowest. The weak points of the dosimetry system
of JABRI at that time were that the dosimeters were not used routinely

and that the dose assessment could not be done as quickly as other parti-
cipants.

Recently, some improvements for the dosimetry system have been carried
out. In this report an explanation of a new nuclear accident dosimetry
gsystem in JAERI is given in Sections 2, 3 and 4 and the results of dosimetry
experiments on simulated criticality accidents performed in JAERI is

described in Sections § and 6.

2. Energy Spectrum and Parameter

It is convenient for the assessment of neutron dose received by a
person to express the energy spectrum of the neutrons by an appropriate
formula,.

In nuclear accident dosimetry, it is sometimes assumed that the
neutron spectrum above Cd cut-off energy is expressed by two components,
that is, (1) an intermediate components, ¢ﬁn’ which is explained as a
spectrum of slowing down neutrons proportional to ELl at the range of
from 0.5 X 10'6 to 1.0 MeV (E?is energy of neutrons) and (2) a fast neutron
components, ¢T, which is explained as an uncollided fission neutron

spectrum, and has a formula represented in the following way:
L
@s = const - sinh(2.29E)% . exp(-E/0.965). (1)

This assumption is valid for the well slowing down spectrum such as that
of thermal reactorsz) as shown in Fig. 1. However, in the case of non-
slowing down spectrum such as Assembly Godiva (LASL)B), the agssumption is
not valid as indicated in Fjg. 2, and the discrepancy between the real
spectrum and the uncollided fission spectrum is not made up by a l/E
spectrum.

Therefore, in this study, the following neutron spectra are assumed.
That is,
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Fig. 1 Comparison between a well thermalized spectrum and a 1/E

distribution plus an uncollided fission spectrum.
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Fig.2 Comparison between the spectrum of Godiva* and a 1/E distribution

plus an uncollided fission spectrum. (* after Dennis, J.A.(3))
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¢, (v, E) dE:—IE;—) dE , 0.5 X 107%< £< 1.0 (ev) (2)
and
¢f(a, E) dE =%‘/a3 E - exp(-aE)dE (3)

where ¢in(n,12) and ¢f(a,l?) are normalized spectra of intermediate and
fast neutrons, respectively, m and e are constants and I(n) is a normaliza-
tion factor to unity depending onn. In this paper, the exponent ¢ and
the coefficient m are called (energy spectrum) parameter. In this formula-
tion, when the parameter n is minus one, ¢in(‘l’ E) is equal to l/E—
distribution, and when the parameter a is 0.776, $¢(0.776, E) is almost
equal to the uncollided spectrum4). Since the average neutron energy of
¢f(a,E) is expressed as 3/(2G)MeV, the larger the parameter @ is, the
smaller the average energy is.

A total neutron fluence spectrum Ny iqq ¢%ota1(E)’ is given by a
linear combination of these spectra and a Maxwellian distribution for

thermal neutrons. That is,

Ntotal¢total (E)d E= {Nth(bth (E) + Nin¢in (n E) + Nf¢f (a, E) } dE (4-)

where Nyy, Ny and Np are the thermal, intermediate and fast neutron

n
fluences, respectively, and @ i.;(E) and ®y,(E) are normalized spectra of

total neutrons and the neutrons lower than Cd cut-off energy, respectively.

3. Detector System

In JAERI, fission track detectors, composed of U02 or ThO2 doped
glass plates5) and sulfur discs, are used for neutron dosimetry in nuclear

accidents.

3.1 Detectors for fast neutrons

The energy spectrum parameter a which specifies the shape of fast
neutron spectra can be determined by appropriate combinations of 238U,
2321y or 237Np doped glass and sulfur disc detectors. The determination

method is shown, in detail, in the following section.
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3.2 Detectors for thermal and intermediate neutrons

Incident neutrons are slowed down and thermalized in the body (or

phantom), and the thermalized neutrons are reflected out from the body.

The fraction of incident neutron fluence reflected as thermal neutrons

from the phantom is rather large, especially in the region of thermal and
intermediate energies, as shown in Figm36). Since the fission cross
section of 235U for thermal neutrons is very large, an enriched uranium
doped glass detector was used for the estimation of thermal neutron fluence
reflected from the body. One slightly enriched uranium doped glass
detector and three natural uranium doped glass detectors with different
filters make one set for the detection of direct incident neutrons as well
as thermal neutrons reflected from the body. As shown in Fig. 4, one of the
natural uranium doped glass fission track detectors is wholly covered with
a cadmium filter whose thickness is 0.5 mm (this detector is named NU(Cd—
€d)) and two other natural uranium doped glass detectors are partially
covered with cadmium filters, that is, one is not covered with cadmium but
with tin for the phantom side (NU(Cd-Sn)), and the other is covered with
tin for the incident side (NU(Sn-Cd)J). A tin filter is used for the protec-
tion of the glass plate against mechanical shock and for the protection of
the human body by shieldinga- and #- rays from the uranium. The cadmium
filter also serves for the same protection purposes. The thickness of tin
filters is 0.5 mm, Directly incident thermal neutron fluence is evaluated
from the difference in numbers of fission tracks between NU(sn_Cd) and
NU(Cd-Cd). On the other hand, thermal neutrons reflected from the body,
can be evaluated from the difference in numbers of tracks between NU(Cd—Sn)
and NU(Cd-Cd).

The slightly enriched uranium doped glass fission track detector is
covered with a cadmium filter wholly and this is EU(Cd—Cd). When the
weight percent of 232U in the slightly enriched uranium is 1.44% (twice as
large as that of natural uranium), the sensitivity of EU(Cd-Cd) to inter-
mediate neutrons also are twice as good as that of NU(Cd—Cd), Nevertheless,
since the decreasing of 238U content in EU(Cd-Cd) is negligible (a pércent-
age of U decreased from 99.28% to 98.56%), the sensitivity of EU(Cd-Cd)
to fast neutrons whose energy is greater than 1.5 MeV, is almost equal to
that of NU(Cd-Cd). The difference in numbers of fission tracks between

EU(Cd-Cd) and NU(Cd-Cd) is due to the difference of the sensitivities to
intermediate neutrons between EU(Cd—Cd) and NU(Cd-Cd) (thermal neutrons

are excluded by cadmium filters). Thus, inteitmediate neutron fluence can
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be detected from the combination of EU(Cd-Cd) and NU(Cd-Cd).
4.  Estimation of Energy Spectrum Parameter

4.1 Estimation of parameter @
Responses of detectors, that is, number of fission tracks per unit
area of 232qy doped glass detectors and counting rate (cpm) of a sulfur

disc are given as follpws:

T (a, 232mp) = A}a(232Th)gfm¢T(a, E)0232Th(E)dE

= v a(?22mh)o _po(a, 232m) (5)
T (a,S) = Nﬂus){”¢ﬁa,E)QJE)dE

=Na(S) 0 pp (4, S) > (6)

where T is the number of tracks per unit area or the counting rate,
92320, (E)and g4 (E)are cross sections of 232 and S atoms for nuclear
reactions with neutrons of.E(MeV), respectively, a(2325h) and g (S) are
sensitivities (tracks/cm2 or cpm per fluence.barn) of the detectors,
which are determined using monoenergetic neutrons or neutron sources whose
energy spectra are well known, and geff(a, 232Th) and oeff(a’ S) are
effective cross sections of 232Th and sulfur for neutrons whose
energy spectrum is expressed as ¢T(a,12), respectively. The effective
fission or activation cross section of detector depends on the shape of
the spectrum or on the parameter @. These are shown in Fig 5 .

The ratio of the number of fission tracks per cn? of the ThO doped

glass detector to the counting rate of the sulfur-disc becomes as follows:

T (a, 252m) N@a(2P2m)o ;. (e, 252m) «(23°m) (e, 23°m)

(7)

T(a, S) Nea(S) (a, S) a(s)o_c.(a, S)

Oerf

Since the number of tracks or counting rate, i.e., T(a, 232Th), T(a S)
and sensitivities, @(232Th) and @(S), are obtained experimentally, the

232
ratio of Ueff(a’ 3 Th) to oeff(a,.s) can be evaluated experimentally
using the following equation which is obtained by transforming the

equation above.
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Oprpl® 23%mn)  a(S)T(a,?%%m )
0 (65  a(*Pm)T(as) . (8)

On the other hand, the ratio of aeff(a,232mh) to oeff(a’ S) as a function
of @ can be calculated easily. This ratio is shown in Fig.6. The ratios
of 0_..(e 2380) to o sc(e,5) are also shown in Fig.6 . If the ratio of
aeff(a’ 232mn) to oeff(a, S) is obtained experimentally wusing the
equation (8), the parameter @ is determined as an inverse function of the
ratio. The values of Oeff(a’232 Th) and aeff(a’ S) corresponding to the
parameter a are obtained fromFig. 5 , and thus fast neutron fluence Ag
is obtained from equations (5) or (6).

The dose equivalent, DE(G, rem), recommended by ICRP and the surface
gbsorbed dose*), AB57(a, rad), per unit fluence of neutron, whose energy

spectrum is given as ¢f(a,4E), are given as follows:

DE(a, rem) = /° @e(a, E)DE(E)E | (9)

AB57(a, rad) = /= ¢.(a,E )ABST(E)dE, (10)

*) The surface absorbed dose has been taken as the average dose to the
front 3 cm thick surface element (No. 57) at the middle of a cylindri-
cal phantom (300 mm@ X 500 mm) exposed to normally incident neutrons.
The surface absorbed dose per unit fluence of neutron was calculated

by J. A, Auxier, et a1.7). This surface absorbed dose is often used
in the nuclear accident dosimetry.
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where DE(E) and AB57(E) are the dose equivalent and surface absorbed dose
per unit fluence of monoenergetic neutron whose energy is E MeV, respec-
tively. DE(a, rem) and ABS?(G, rad) as a function of @ are shown in

Fig. 7. For reference, the kerma dose, dose equivalent to the surface

)
c
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3 10 238 /
o r uss
2 o
5 a—t
£ o
o ) /
Th/s .
k]
o
o — 0/
[g 1 0= 1 I "
05 1.0 1.5 20

Energy  Spectrum Parameter : @

Fig.6 Ratio of effective cross sections between one atom to

another as a function of energy spectrum parameter q.

<7

IO(

Dose Equivalent (ICRP, rem/(n/cm?))
== gm—o—— o
‘\'\v
Dose Equivalent (No.57, rem/(n/cm?2)) ’

10

Absorbed Dose (No.57, rad/{n/cni®)

Kerma Dose ( hectoerg/(g-n/cm?))

Capture Gamma Ray Dose (No.57, rad/(n/m?))

10 1 i J
0.5 1.0 1.5 20

tnergy Spect-um Paramefer : @
Fig. 7 Dose per neutron unit fluence vs. energy spectrum parameter a.

No. 57 represents the front 3 cm thick surface element at

the middle of a cylirdrical phantom (300 mm@ x 500 mm)7)
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element and capture gamma-ray dose to the surface element per unit fluence
of neutron also are shown in Fig.7 . As the parameter @ is already
determined, DE(@, rem) and AB57(@, rad) can be obtained from Fig.7 .
Finally, dose equivalent or absorbed dose of No. 57 element for fast
neutrons of fluence Ny is estimated as the product of Ne and DE(a, rem) or
as that of Np and AB57(@, rad).

4.2 Determination of the parameter » and thermal neutron fluence

Numbers of fission tracks produced by neutron fluences of N the Nin
and Np per unit area of the detectors NU(Cd-Cd), NU(Cd-Sn), NU(Sn-Cd) and

EU(Cd-Cd), that is Tl’ 7'2, T3 and T4, respectively, are given as follows:

a(NU) (0.0072 §Ninf51 10_7¢in(n, E) O35, (E) 4E
X

Nl B @ B Yoy (E)dE}

=
Il

+

+

0.9928Ng/"@c(e, B) 0 550 (E)IE + RT) (11)

~
I

a (Nv) ¢ o. oo72{1v f5:<1 1121 E)oyss (E)E

+

Ng of°°¢f(a, E )0235U(E)dE+ N thR(th)023BU(th)

+

% 535, T ‘5 _B,,(%, E )RE)dE

Op35,(th) Ne/ Be(, E) K E) dE}

+

+0.9928Ne/ 0:(a, E)oysg (E)dE+ RT D, (12)

T
5 = @(NU) [0.0072{Nth 0235U(th)

+N S 7®in(%s B ) 05zp (E)AE
5x10 in 235U

+

fo&f(a, E )0235U(E) dE }

+

0.9928Ng/ Be(a, B ) 0y5g (E)AE + RT) (13)
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T, =a(m) 0.0144{Ninf5‘x10_7¢in(n, E)0yz5,(E) dE

a,E)o E)dE
" Nef Bl £ Joyss (B)dE |
+ 0.9856N./"3.(a, E)0ysg (E)UE+2RT) (14)

where(l(NU) and,a(EU) are sensitivities of natural and enriched uranium
detectors per unit tluence per unit cross section, respectively, 0235U(E)
and 0238U(E) are fission cross sections of 235U and 238y atoms, respec-
tively, R (E) is the fraction of incident neutron fluence reflected as
thermal neutrons from a phantom, 0235U(th) is the fission cross section
of 235U atoms for thermal neutrons and<R(th) is the fraction of incident
thermal neutron fluence reflected as thermal neutrons from the phantom.
And,CX(NU)RT'is the number of tracks produced by the neutrons which are
reflected and disturbed by the phantom, but having energies greater than
0.5 eV. That is,CI(NU)RT‘is the number of tracks due to the neutrons of
which origin is fast or intermediate ( E%/I() distribution) neutrons but
are not fully thermalized after colliding with the phantom. The value of
Q(NU)RT is much less than the number of tracks due to the thermal neutrons
reflected.

Subtracting equation (ll) from equation (13), the following relation

is obtained:

Ty = T; = 0.0072 a(NU)Nt (th).

3 h ©35;

As a(NU) can be estimated experimentally, the thermal neutron fluence is

obtained as follows:
Nyyp = (T5 = T,)/0.0072@ (W) 0235U(th) ) (15)

Subtracting equation (ll) from equation (12), the following equation

is obtained:

T, - T, = 0.0072 a(NU)0235U(th){NthR(th)

1
N, fSXlO_7¢in(n,E )K(E)dE + Nf_quf(a, E)R(E)dE} . (16)

Since ¢f(a,E') is already evaluated and R(E) is known as illustrated in



JAERI 1229 4. Estimation of energy spectrum Pparameter 11

016}

g

[
S 5
L 5

(7]
t < *
@
,g S 0Ot14r
e E
e
6 B /
S o
A=, 1 ]
g © o/
~ o 012}
w g ./
o 2
£ 5 /
O i d
£
w

0.10 L L !
05 1.0 1.5 2.0

Energy Spectrum Parameter : @

Fig.8 Effective fraction of incident neutron fluence reflected as thermal

neutrons from a phantom vs. energy spectrum parameter ¢.

Fig. 3, an effective reflection fraction, Reff(a)z fa¢f(a, E )R(E)dE, can
0
be calculated. The calculated values of Reff(a) are shown in Fig. 8.

Therefore, the second term in equation (16) can be determined if T2 - Tl

is obtained experimentally. The second term is expressed as follows:
1
0.0072 ot(NU)a235 (th)N;p S _7%in(n, E)R(E)dE
U 5%10
=1y - 7y = 0.0072 alW) gype (e1) (i, A(t0) + NeRpe(a)]

ET(-n,Reff) . (17)
T(n, Reff) rerresents the number of fission tracks per unit area produced
in the NU(Cd-Sn) detector by thermal neutrons, which originated from the
incident intermediate neutrons but thermalized and reflected from the body.

Similarly, the first term in equation (11) is expressed as follows:

1
0.0072& (NU)N, [ )
in

(nF)a__ (E)dE
5x10~ 7 12 235y

235
I, - 0.0072a(NU)Nfoeff(a, U)
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- o.9928a(NU)Nfa 23811) - a(NU)RT

sl ®

235
3U)

= 7(n, ; (18)

235U) and oeff(a’ 238U) are the effective cross section of

o verg
U and U atoms for ¢f(a,E ), respectively, and they are given in

Fig. 5. If Q(NU)RT is negligible, T (n, 235U) is determined by measuring

Tl' T(n, 235U) represents the number of tracks per unit area of the NU(Cd—

Cd) detector by directly incident intermediate neutrons (¢in =EYI (n))

which collide with 235y atoms before reaching the phantom.

The ratio of T(m, Reff) to T(n, 235U) is expressed as follows:

1
T(n, R_;p) O.OO72a(NU)0235U(th)Nin f5x10'7¢in(n’ E)R(E) dE

1
T(n, 23%U)  o.00722(NU)N, S ¢ (n,E)o___ (E)dE
inY g T i 255y

1
._(n, E)R(E) dE
0235U(th) S 5)(10_795“1(", R(E)

1
S ¢. (n,E)o (E)dE
5x10~ 1 1P 235y

°235U(th) R ¢e(®)

(19)

Oopr (m, 250)

Here, it is possible to calculate the effective reflection fraction of
1

intermediate neutrons from the body, i.e., Reff(n)5f5xlo_7¢in(n,E)R (E)dE,
and also the effective fission cross section of 235U for ¢in(n,E ), i.e.,

235y & B ;
Geff(n’ U)= ./'X O_7¢3n(n,l?) 0235U(EXH?. oth results are shown as a
function of n in Fig.9. The ratio of 0235U(th)Reff(n) to Ogpp(™, 2357) as
a function of m is shown in Fig. 10 . Since the ratio is determined

235U), the energy spectrum

experimentally as a ratio of T, Réff) to T(n,
parameter n is obtained from Fig.1lO0 as an inverse function of
35, ) Rops(®). 0 Oper(m, 232y) or T(n, Rgff)/T(n, 235y). If the para-
meter n is known, the values of Oéff(n, 23)U) and Reff(n) corresponding
to the values of n are obtained from Fig.9 . Then A&n is obtained as

follows (see equation (17)):
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N;, =1(n, Rpe)/0.00720(N0) 0235U(th) R ;o(n) (20)

or (see equation (18)),

2
N, =T(n, P70)/0.0072(W0)0_ (n, 23V). (21)

The dose equivalent, DE(n, rem), recommended by ICRP and the surface
absorbed dose, AB57(n, rad), per unit fluence of intermediate neutrons

whose energy spectrum is ¢3n(n’E ), are given as follows:

1

DE(n, rem) = ‘/%x10_7¢3n(n,12) DE(E) dE, (22)
1

4857(n, rad) = S ¢ (n, E)AB57(E)dE, (23)
5x10

The dose equivalent and absorbed dose as a function of » are shown in
Fig.1ll. For reference, a kerma dose, dose equivalent to the surface
element and capture gamma-ray dose to the surface element per unit fluence

of intermediate neutron also are shown in Fig 11,
The dose equivalent and the surface absorbed dose for intermediate
neutrons of fluence VN; are evaluated as the product of Nin and DE(7, rem)

and that of N, and AB57(n, rad), respectively.

Dose Equivalent {ICRP) o

—
16" /¢
/‘Ae Equivalent (No.57)
J—
/ — o
10 —— /A/"/

Absorbed Dose (Noy//u

—_—

Dose per Neutron Unit Fluence (rem, rad or hectoerg/g per n/cm?)

—
C""’;';ee‘(”,'\]:_“’s??"y Fig 11 Dose per unit fluence of
| arma pose neutron vs. erergy spectrum parameter »
10 —, o
No. 57 represents the front 3 cm
thick surface element at the middle
of a cylindrical phantom (300 mm¢
x 500 mm)7).

9 " S0 05 "o

Energy Spectrum Parameter : /7
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3. Experiment

The present method was applied to neutron dosimetry for a simulated

critical accident.

5.1 Detector unit and phantom

The fission track detectors used were Th.O2 or UO2 doped glass detectors
and S-discs. The specification of the detectros is given in Teble 1 . The
content of 235U in EU(Cd—Cd) is 1.45 %, and it is not just twice as much as
that in natural uranium, but the difference is small. The arrangement of
the detector unit is shown in Fig. 12. The reason why two Th-detectors

232Th is too small to get good

were used was that the cross section of
results with a single detector. A polyethylene bottle (300 mm@ X 350 mm

height) filled with water was used as a phantom.

Table 1 Specification of detectors.

Detector Size (mm) Weight or Weight percent Enrichment Sample
doped in glass Number
Sulfur disc 48,59 x 5.5 Z0.0li 0.1 g 1
'I‘hO2 doped glass | 10 x 10 x 1 28.6 % 2
UO,, doped glass
(natural) 10x 10x 1 10.0 % 3
U0, doped glass A
2(Enrichea 10x 10x 1 9.09% 1.45 % 1
1 2 3
1 NU(Sn-Cd)
2 EU(Cd-Cd)
4 5 6 3 NU(Cd-Sn)
4 Th
5 NU(Cd-Cd)
6 Th
7 Sulphur disc

Detector  Unit

"Fig.12 A detector unit.
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8.2 Irradiation facilities of simmlated criticality accident

The detector unit was put on the surface of the phantom and was
irradiated in the experimental hole of the Japan Research Reactor No. 4
(JRR—4, swimming pool type, 2.5 MW max.). The facilities are chown in
Fig. 13, When the inner boral shutter was open, the uranium converter was
irradiated by neutrons which were slowed down by D,0. Thus fission
neutrons were produced. The specification of the uranium converter is
shown in Table 2,

The phantom was set on the irradiation wheel at a distance of 60 cm
from the wheel head., A moderator, if necessary, was put between the
phantom and uranium converter. Moderators consisted of a Lucite plate of
1 or 2 cm in thickness and a pile of paraffin blocks of 90 X 100 cm? in
area. The total thickness of the moderator was changed from experiment
to experiment. If necessary, a cadmium filter was put on the rear side

of the moderator. The thickness of the Cd filter is 1 mm and the size is
50 x 100 cm2,

Irradiations conditions such as power of the reactor, thickness of

the moderator, time of irradiation are described in detail in section 6.

Lead Shutter (150t)—__

Quter Boral Shutter (17a f)?\\\
Irradiation Wheel ~_
(Steel and Water multi - layer)

Boral Lining (17at) \
[\

\ I :
nd o |

| ro :

| ! |

}.;5_1,500 | i [

i

| L eo'o\'-

(20 NERNEEE —

I| —f~ § LN ;1 7 \li T ———
| |

| Pool . Detectors and Phantom &/

"\ \ Moderator (with or without Cd Filter) <

Center of \\ /\

\Uronium Converter (580 ¢ )

Reactor Core Inner Boral Shutter (17at)

Wheel Platform

Fig. 13 JRR-4 uranium converter facilities.

(Unit of distance or thickness is millimeter)
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Table 2 Specification of uranium converter.

enrichment 20% metalic
Uranium total weight 15 Kg
plate effective dia. 580 mm@

thickness 1.5 mm x 2
Clothing material Al

thickness 2 mm

5.3 Calibration of detectors, etching and counting
A Pu-Be or Am-Be neutron source of 1 Ci was used for the calibration

of detectors. The sensitivities of detectors are given as follows.

(s) counts/min a (s) gounts/min
a - Geff(s’ Pu-Be).fluerce or = oeff(s, Am-Be) - fluence
tracks/cm? tracks/cm®
a (Th) - oeff(Th,Pu—Be)-fluence or (I(Th) = Geff(Th,Am—Be)-fluence
(w0) tracks/cm2 ( . tracks/cm?
a = =
Ny oeff(NU,Pu—Be)-fluence or a(NU) Ueff(NU,Am—Be)-fluence
and
tracks/cm2 tracks/cm?
a(EU) = or a(EU) =

o (EU,Pu-Be)-fluence (EU,Am—Be)-fluence
eff

Oorf

where 0,pp(S, Pu-Be), 0.pp(S, Am-Be), ...., 0,rr(EU, Pu-Be) and
geff(EU, Am-Be) are effective cross sections of S, thorium, natural uranium
and ernriched uranium for the Pu-Be or Am-Be neutron source, respectively.
The fission track detectors were etched in 20 weight percent NaOH
solution at a temperature of 50 * 2°C. The etching time was 10 minutes
for 'I‘hO2 doped glass plates and 20 minutes for UO2 doped glass plates. The
counting of tracks was made with a microscope of 562.5 magnifications.
The activities of the S-discs were measured with a 2 in.® GM counter

directly without treatment such as burning.
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6. Results and Discussion

The first experiment was performed four times from Feb., 24 to Mar. 4,
1971. The irradiation conditions were 1) 200 kW, 20 minutes irradiation
without any moderator and 2) 200 kW, 30 minutes irradiation with a 2 cm
Lucite moderator. The experimental results on responses (cpm and tracks/cmz)
and the sensitivities of the detectors are given in Table 3. The values

of Th detector are the averages of two detectors. The fluence and the dose

Table 3 Responses and sensitivities of detectors,
(Reb. 24 ~ Mar. 4, 1971).

Response (cpm or tracks/cm®)

Condition 200kW, 20 min., no moderator 20kW, 30 min. 2cm Lucite
Feb, 24 Feb., 25 Mar. 3 Mar. 4

S - disc 219 228 259 250
Th 456 482 543 511
NU(Sn-Cd) 8.20 x 10° | 7.80 x 10° | 10.5 x 10° | 11.7 x 10°
NU(Cd-Sn) 1.3 x 10° | 12.6 x 10° | 12.9 x 107 | 14.3 x 10°
NU(Cd-cd) 2.32 x lO3 2.24 x 103 2.62x lO3 2.92x% iO3
EU(Cd-Cd) 3.23 x lO3 3.10 x 103 3.,68x lO3 3.78x lO3

Sensitivity

a(s) 4,98 x 1077 cpn/(fluence-barn)

a(Th) 8.27 x 107" (truck/ch)/(fluence‘barn)

a(NU) 4,88 x 10-‘7 (track/cm2)/(fluence-barn)

a(EU) 4.40 x 107/ (track/cm2)/(fluence-barn)

were evaluatea by the method described in section 4. For example, the
energy spectrum parameter ¢ was obtained from equation (8) and Fig. 6.
That is, first, the ratio of ggpp(@, 27°Th) to o rp(@, S) was determined
on the condition without moderator as follows:

232 232

doprla, “7°m)  a(s)r(e, °°Th)  4.98 x 1077 456

o pela 8)  a(®3°m)T(a, 5) 8.27 x 107 219
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and then the parameter ¢ was determined as 0.89 from Fig. 6 .

6.

Results and  discussion

and the dose evaluated are given in Table 4 .

dose-4 and dose-5 in Table 4. shows the dose equivalent recommended by ICRP,

The fluerce

Dose-1, dose-2, dose-3,

Table 4 Fluence and dose assessment,
(Feb. 24 ~ Mar. 4, 1971).
Date Condition Fast Thermal
Neutron Neutron
Feb. 24 200kW, 20min, 0.89
Energy Spectrum 25 no moderator 0.90
Parameter Mar. 3 200kW, 30min. 0.90
2cm Lucite 0.87
Feb. 24 . 9.31 x 10° |2.89x10°
» 25 9.93 x 109 2.73xlO9
Fluence (n/cm ) 9 )
Mar. 5 11.2 x 10 3.86x10
10.2 x 109 4.32x109
Feb, 24 1 297 3
Dose 1 (rem) 25 516 3
Mar. > 356 4
326 5
Feb, 24 1 24.8 0.1
Dose 2 25 25.1 0.
(hectoerg/g) Mar. 3 28.4 0.1
. > . .
4 26.2 0.
Feb. 24 1 279 3
25 298 3
Dose 3 (rem)
Mar. 33 5 336 4
4 308 5
Feb. 24 1 29.8 1.4
25 31.9 1.3
Dose 4 (rad)
Mar. 3 > 36.0 0.18
4 33,2 0.20
Feb. 24 1 2.05 1.16
25 2.20 1.09
Dose 5 (rad)
Mar. 5 2.49 1.54
2.24 1.73

Dose-1, dose-2, dose-3, dose-4 and dose-5 in
Table 4 shows the dose equivalent recommended by
ICRP, kerma dose, dose equivalent to the surface
element, surface absorbed dose and capture gamma-

ray dose to the surface element, respectively.
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kerma dose, dose equivalent to the surface element, surface absorbed dose
and capture gamma-ray dose to the surface element, respectively. The
parameter @ obtained in the experiment with the moderator of 2 cm Lucite
was almost equal to that obtained without moderator. The moderator of

2 cm Lucite did not affect on the shape of the fast neutron spectrum. As
the ratio of T(n, Reff) to T(n, 235U) was very small (2 ~ 4) the parameter
n could not be obtained. (The ratio must be larger than 5.9 as shown in
Fig. 10, although a(NU)RT is ignored).

In the second experiment, a thick moderator composed of a 15 cm
paraffin pile and a 3 cm Lucite plate was used to change the energy
spectrum of neutrons., The power of the reactor was 2.5 MW and the irradia-
tion time was 30 minutes. The responses of the detectors and the sensi-
tivities are given in Table 5. The results of fluence and dose assessment
are shown in Table 6 . The value of the parameter ¢ of 1.05 was larger
than 0.89 which was obtained without moderator and the average energy of
the fast neutrons was lower than that in the first experiment., Again,

the parameter n for intermediate neutrons could not be evaluated.

Table 5 Responses and sensitivities of detectors,
(May 11, 1971).

Response (cpm or tracks/cmz)

2.5 MW, 30 min.,15 cm paraffin plus 3 cm Lucite
Condition
No. 1 No. 2 No. 3

S - disc 367 365 364
Th 841 847 853
NU(Sn-Ca) 22.3 x 10° 22.1 x 10° 22.2 x 107
NU(Cd-Sn) 17.0 x 10° 13.7 x 10° 4.5 x 107
NU(Cd-Cd) 2.85 x 10° 2.68 x 10° 2.70 x 107
EU(Cd-Cd) 3.38 x 107 3,60 x 10° 3.28 x 10°
Sengitivity

a(s) 5.15 x 1077 cpn/ (fluence.barn)

a(Th) 8.15 x 10~" (tracks/cm2)/(fluence-barn)

a (NU) 5.10 x 10_7 (tracks/cm2)/(fluence-barn)

a(EU) 4.55 x 10_7 (tracks/cm2)/(fluence.barn)
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Table 6 Fluence and dose assessment, (May 11, 1971).

Condition Fast Thermal
Neutron Neutron
Energy Spectrum 2.5 MW, 30 min., 1.04
Parameter 15 cm paraffin 1.05
& 3 cm Lucite 1.06
2.12 x 10° | 9.18 x 10°
2 " 10 9
Fluence (n/cm®) 2.17 x 10 9.13 x 10
2.21 x 101° | 9.20 x 10°
A51 10
Dose 1 (rem) " 664 9
675 10
Dose 2 50.4 0.2
(hectoerg/g) " 51.5 0.2
52.2 0.2
609 11
Dose 3 (rem) " 619 11
630 11
63.7 4.3
Dose 4 (rad) " 65.1 4.3
66.1 4.3
4.81 3.77
Dose 5 (rad) " 4.95 3.75
5.04 3.78

Dose-1, dose-2, dose-3, dose-4 and dose-5 in
Table 4 shows the dose equivalent recommended by
ICRP, kerma dose, dose equivalent to the surface
element, surface absorbed dose and capture gamma-
ray dose to the surface element, respectively,

In the third experiment, the rear side of the moderator (3 cm Lucite +
15 cm paraffin) was covered with a cadmium filter whose thickness was 1 mm
for cutting off thermal neutrons. The size of the cadmium filter was
50 cm in height and 100 cm in width. The experimental results are given
in Tables 7 and 8, The tables include also the results obtained with a
moderator of 1 cm Lucite plus Cd filter. Thermal neutrons were not cut
off completely. Therefore, in the fourth experiment a large cadmium filter

was used. The size was increased to 90 cm in height and 100 cm in width.
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The results are given in Tabled 9 and 10. Thermal neutron fluence decreased,
but the effect of cadmium filter on cutting off thermal neutrons was not
complete. The parameter n for intermediate neutrons and subsequently the
fluence for intermediate neutrons, Nj,» could not be evaluated again in
the third and fourth experiments.

Here it may be appropriate to discuss the reasons why the ratio of
T(n, Reff) to T(n, 235U) obtained were too small to estimate the parameter
n under the present experimental conditions.

In the first to fourth experiments, the T(n, 235U)

was simply estimated
as T minus the contribution of fast neutrons, assuming that the contribu-
tion of A (NU)RT to the Tl(tracks/cm2 in the detector) was small.

This assumption may introduce an error in the estimation of T(m, 235U).
If the contribution of a(NU)RT was fairly large as compared with the total
tracks minus the tracks due to fast neutrons, the disregard of the
a(NU)RT resulted in a large T(n, 235U) value than the true one. Thus, the

ratio of T(m, Reff) to T(n, 235U) must be underestimated.

Table 7 Responses and sensitivities of detectors,
(Aug. 27 ~ Sept. 3, 1971).

Response (cpm or tracks/cmz)

Condition 2.5 MW, 30 min., 18 cm mod.+ Cd filter 1 igongitioimgy’ffiéz;
Date Aug.27, No.l| Aug.27, No.2| Aug.27, No.3 [ Sep. 1 Sep. 2 Sep. 3
S 227 237 232 204 194 194
Th 787 781 779 630 560 586
NU(Sncd) | 3.63 x 10° | 4.13 x 10° | 3.89 x 107 | 4.40x10° 4.71x10° | 4.55x10°
NU(Ca-Sn) | 6.97 x 103 | 7.59 x 107 | 7.19 x 10° |13.9x10° 12.0x10° |12.8x10°
NU(caca) | 2.35 x 10° | 2.47 x 10> | 2.38 x 10° | 3.04x107 2.95x10° | 3.27x10°
Bu(ca—cd) | 2.97 x 10> | 3.20 x 10> | 3.00 x 107 | 4.67x107 | 4.46x10° 4.34x10°
Sensitivity
a(s) 3,06 x 1077 cpm/ (fluence barn)
a (Th) T7.43 x 1077 (tracks/cm?)/(f1luence-barn)
a (NU) 4.46 x 1077 (tracks/cm2)/(f1uence-barn)
a (EU) 4.00 x 10”7 (tracks/cn?)/(f1uence-barn)
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6. Results and discussion

Table 8 Fluence and dose assessment,

(Aug. 27 ~ Sept. 3, 1971).

. Fast Thermal
Date Condition Neutron Neutron
2.5MW, 30min. 1.03
Aug. 27 1 18 cm mod.+ 0.98
Energy Spectrum Cd filter 0.99
Parameter 1 200kW, 30min, 0.91
Sep. 2 2 lem Lucite + 0.84
3 Cd filter 0.88 .
2.16 x 1019 | 6.92 x 108
Aug. 27 1 2,01 x 1019 | 8,96 x 108
2 2.02 x 1010 | 8,16 x 108
Fluence (n/cm ) 3
1 1.48 x 1010 | 7.35 x 10
Sep. 2 2 1.20 x 1018 9.52 x 108
3 1.32 x 10 6.92 x 108
665 1
Aug.27 1 625 1
Dose 1 (rem) 626 L
1 471 1
Sep. 2 2 386 1
3 421 1
51.6 -
Aug.27 1 49.1 -
Dose 2 48.9
(hectoerg/g) i 37.2 _
Sep. 2 2 31.3 -
3 33.8 -
622 1
Aug.27 1 585 1
Dose 3 (rem) 586 L
1 442 1
Sep. 2 2 365 1
3 396 1
65.2 0.3
Aug,27 1 62.1 0.4
Dose 4 (rad) 62.2 0.4
1 47.3 0.3
Sep. 2 2 39.6 0.4
3 42.8 0.3
4.90 0.28
Aug. 27 1 4,52 0.36
. 0.
Dose 5 (rad) 4.7 23
1 3.14 0.29
Sep. 2 2 2.63 0.38
3 2.90 . 0.28

Dose-1, dose-2, dose-3, dose-4 and dose-5 in
Table 4 shows the dose equivalent recommended by
ICRP, kerma dose, dose equivalent to the surface
element, surface absorbed dose and capture gamma-
ray dose to the surface element, respectively.

23
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Table 9

Response (cpm or tracks/cmz)

Responses and sensitivities of detectors,
(May 18 ~ 26, 1972).

JAERI 1229

Condition | 200 kW, 25 min. 1 om Lucite | , 200 K7 27 W%
Date May 18 May 19 May 25 May 26
s 271 252 253 247
Th 553 510 495 505
NU (Sn~Cd) 12.6 x 100 | 11.6 x 10° | 2.86 x 10° | 2.98 x 10°
NU (CD-Sn) 15.6 x 10° 14.1x10° | 8.95x10° | 9.22 x 107
U (Ca-Ca) 2.75 x 10° 2.73 x 10° 2.37 x 10° 2.5% x 10°
EU (Cd-Cd) 3.88 x 10° 3.68 x 10° 35.67 x 10° 3,76 x 10°
Sensitivity
a(s) 5.26 x 1077 cpn/ (fluence-barn)
a(Th) 8.32 x 10~" (tracks/cm2)/(fluence.barn)
a(NU) 5.27 x 10”7 (tracks/cm?)/(fluence.barn)
a(EU) 4.81 x 1077 (tracks/cm?)/(fluence.barn)
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Table 10 Fluence and dose assessment, (May 18 ~ 26, 1972).

s Fast Thermal
Dat C
ate ondition Neutron Neutron
18 200 kW, 25 min. 0.92
Energy Spectrum May 19 | 1 1 cm Lucite ! 0.91
Parameter May 22 > 200kW, 25min., lem 0.88
Y 26 Lucite + Cd filter 0.92
18 1.17 x 1010 | 4.49 x 109
o (/en?) May 19 1 1.07 x 1010 | 4.07 x 10
uence in/en My 25 5 1.00 x 1010 | 0,22 x 109
Y 26 1.07 x 1010 | 0.20 x 107
18 370 5
May 1
1
Dose 1 (rem) 9 239 !
25 319
May 26 2 338
18 29.3 0.1
. .
Dose 2 19 1 27.0 0.1
(hectoerg/g) M 25 25.5
8y 26 2 26.8
18 349 5
Hay 1q 1 320 5
Dose 3 (rem)
) 25 299
May 6 2 319 _
18 7.2 2.1
May 19 1 34.2 1.9
Dose 4 (rad)
25 32.2 0.1
May 52 2 34.0 0.1
18 2.61 1,80
May 1 :
1 . .
Dose 5 (rad) 2? 2.1 163
2,20 0.09
Mey o5 2 2.39 0.08

Lose-1, dose~-2, dose-3, dose-4 and dose-~5 in
Table 4 shows the dose equivalent recommended by
ICRP, kerma dose, dose equivalent to the surface
element, surface absorbed dose and capture gamma-
ray dose to the surface element, respectively.

Making sure it, the a(NU)RT was estimated by the fifth experiments.
First, the detector unit was set on a thin aluminum plate without phantom
and any moderator. The position of the detector unit (i. e., the height
over the wheel deck and the distance from the wheel head) was the same as
that of the detector unit on the phantom, and the power of the reactor was
200 kW and irradiation time was for 25 minutes. Second, the detector unit
was set on the phantom without moderator (200 kW, 25 min.). Third, a Cd
filter of 90 x 100 cm2 in area was placed between the uranium converter

and the phantom (200 kW, 25 min. ). Last, a moderator of 5 cm paraffin

25
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pile and 3 cm Lucite plate was placed in front of the phantom (200 kW,
1 hour). The responses and the sensitivities of the detectors are given
in Table 11. Table 12

conditions.

shows the fast and thermal neutron fluences on these
Counting rates of the S-discs shown in the three columns in
the middle of Table 11 are closely equal to each other and the numbers of
tracks/cm2 of the Th-detectors in the same columns are also closely equal
to each other. It shows that the disturbance of neutron energy spectrum

The
difference between the number of tracks/cm2 of NU(Cd—Cd) in the column of

by the phantom did not occur in the energy range greater than 2 MeV,

with phantom or phantom + Cd filter and that in the column of without
phantom is about 500 tracks/cm®. This difference corresponds to & (NU)RT,

If the tracks, 500 tracks/cmz, which were produced by the neutrons being
reflected from t“e phantom and having the energies greater than 0.5 eV

(the origin of the neutrons was the fast or intermediate (¢h = EQ/[(n))
neutrons), are ignored, the ratio of T(nq Reff) to T(n, 235U) becomes 3. 3,
but if @ (NU)RT = 500 tracks/cm2 is taken into account the ratio becomes 4.8.
However, the disregard of thecx(NU)RT may not explain enough the smaller

values of the ratio.

Table 11 Responses and sensitivities of detectors

(sept. 6 ~ 29; 1972).

Response {cpm or tracks/cmz)

N 200 kW, 25 min. igghkﬁﬁaitg;“’
Without phantom |With phantom | ch@nFOM * ngcgaiigiig *
s 293 286 295 219
Th 613 600 621 456
NU(Sn-Cd) 10.5 x 10° 1.2 x 105 | 3.26 x 107 20.8 x 10°
NU(Cd-Sn) 3.05 x 10° 16.1 x 10° | 12.1 x 10° 13.2 x 107
NU(Cd-Cd) 2,63 x 10° 3.13 x 10° | 3.12 x 10° 1.82 x 10°
EU(Cd-ca) 3.31 x 10° 3.92 x 10° | 4.09 x 10° 2.52 x 10°
Sensitivity
a(s) 5.10 x 1077 cpm/(fluence-barn)
a(Th) 8.23 x 10-7 (tracks/cmz)/(fluence~barn)
a(NU) 5.04 x 1077 (tracks/cm?)/(fluence-barn)
a(EU) 4,58 x 10"'7 (tracks/cm2)/(fluence-barn)
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6. Results and discussion

Table 12 Fluence and dose assessment,

(Sept. 6 ~ 29, 1972).

Irradiation Fast
Condition Neutron
Without Phantom 0.92
Energy
Phantom 0.93
Spectrum
Phantom + Cd Filter 0.93
Parameter
Phantom + Moderator 0.92
Wi thout Phantom 1.31 x 1010
Phantom 1.29 x lOlO
Fluence i)
Phantom + Cd Filter {1.35 x 10
Phantom + Moderator {0.98 x 1010
Without Phatom 414
Dose 1 (rer) Phantom 406
Phantom + Cd Filter 425
Phantom + Moderator 309
Without Phatom 32.8
Dose 2 Phantom 32.2
(hectoerg/g) Phantom + Cd Filter 33.7
Phantom + Moderator 24.5
Without Phantom 390
Dose 3 (rem) Phantom 383
Phantom + Cd Filter 400
Phantom + Moderator 292
Without Phantom 41.5
Dose 4 (rad) Phantom 40.6
Phantom + Cd Filter 42.5
Phantom + Moderator 31.0
Without Phantom 2.91
2.88
Dose 5 (rad) Phantom
Phantom + Cd Filter 3.01
Phantom + Moderator 2.17

Dose-1, dose-2, dose-3, dose-4 and dose-5 in
Table 4 shows the dose equivalent recommended by
ICRP, kerma dose, dose equivalent to the surface
element, surface absorbed dose and capture gamma-
ray dose to the surface element, respectively.

27
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Accordingly, another reason was looked for. It was suspected that low
energy neutrons having the energies of eV order other than thoses represented
by E@/j(n) distribution might exist predeminantly in the incident neutrons
under the present experimental conditions. If the fluence of intermediate
neutrons which are expressed by.EE/I(n) distribution was M and that of eV
order neutrons was Ny, the ratio of tracks produced by these total neutrons
after being thermalized and reflected by the phantom to those due to the

direct incident neutrons is expressed as follows:

Nya(th) x R(E™) + Nyo(th) x R(eV)
No(E™) + Nyo(eV)

here R(eV) represents the fraction of the eV order neutrons reflected as
thermal neutrons from the phantom, o(E™) is the average cross section of
232U for the intermediate neutrons whose energies are expressed by gn
distribution and o(eV) is the cross section of neutrons of eV order. The
value of g(E") is unknown. If m=-1, o(E'l) = 18.6 barns. Assuming
o(eV) is 100 barns and taking R(E'l) and.R(éV) are 0.4§ and 0.55, respec-

tively, the above ratio is expressed in the following way:

577(N, X 0.46 + N, X 0.55)

A& X 18.6 + Ab X 100

Since the ratio of M to Ny is unknown, the above ratio can not be decided.
If A&<§:A%, the ratio becomes about 3. If N =4N2, the ratio becomes about
4,9, As the experimental values of the ratio was 4.8 after correction of
a(NU)RT, it seems that y; — Np. Therefore, it may be concluded that the
intermediate neutrons (0.5 X 10-6 ~ 1 MeV) were not represented by EVI(n)
distribution under the present experimental conditions, and the neutrons
of eV order exist considerablly in the incident intermediate neutrons.

The presence of low energy neutrons (eV order) was demonstrated by

means of gold foils (255 mg/cm2) placing on an aluminum plate when neither
the phantom nor moderator was used. The foils were irradiated for 20
minutes at 200 kW. The counting rate of the induced activity of the front
side of the gold foils of which both sides were covered with the cadmium
filter was 2.4 times as large as that of the rear side. It means that the
activation cross section was very large as well known and the incident

neutron were absorbed profoundly in the gold foils. The largest cross
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section of gold is observed at 4.9 eV where resonance occurs., Thus, the
presence of high flux density of low energy neutrons (eV order) in the
irradiation field was detected. The cadmium ratio of the neutrons moderated
by D0 and 1light water in the pool of JRR-4 (see Fig. 13) is small (about
20, Au foils used*). It was likely that low energy neutrons from the
reactor passed through the uranium converter and were detected with
NU(cd-Cd), NU(Cd-Sn), NU(Sn-Cd) and EU(Cd-Cd).

As shown in Tablel2, the doses due to the intermediate neutrons could
not be-evaluated because the fluence of these neutrons were unknown. As
described above, it was suspected that the fluence of neutrons in the
resonance range was comparable "to that of the intermediated neutrons of E*-
distribution., If the effective cross sections of 23°U atoms for neutrons
in the resonance range and for neutrons of E™distribution were 100 and
18.6 barns, respectively, these two fluences were the same, and. the total
fluence of the intermediate energies becomes 4.8 X 109 n/cm2. This was
slightly larger than the thermal fluence, 3.8 x 109 n/cm2. As the dose
equivalent (ICRP) per unit fluence of neutron whose energy is a few eV is
about lO-9 rem/n/cm2, the dose due to the total intermediate neutrons
including resonance neutrons was perhaps less than 10 rem. In this case,
the contribution of the intermediate neutrons to the total dose is only a
few percents which is less than the experimental error in the estimation of
fast neutron dose.

For comparison of all results, fluences are normalized to 2.5 MW and
one hour irradiation. They are given in Tablel3 . When the thickness of
the moderator was less than 8 cm, the parameter ¢ was about 0.90 and was
equal to the value obtained without moderator. The average energy of the
fast neutrons produced in the uranium converter facilities without moderater
in the JRR-4 was estimated to be 1.67 MeV (= 3/(2a) MeV). This is obviously
lower than 2 MeV which was obtained as the average energy for the uncollided
fission neutrons { @= 0.776). The moderation of neutrons by the aluminium
clothing of metalic uranium and by the pool wall and the scattering of
neutrons by the wall of the irradiation hole and by the irradiation wheel
may explain the lower average energy. The energy spectrum parameter @ of
the neutrons moderated by 15 cm paraffin plus 3 cm Lucite was estimated

1.00 ~ 1.05 as shown in the last two lines in Table12, and then the average

¥ Private communication from Mr. Morozumi, a member of the JRR-4 Operation

.Section.
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was 1.4 ~ 1.5 MeV and was lower than that obtained without moderation,
1.67 MeV. The comparison between the spectrum obtained without moderator
and that obtained with moderator of 15 cm paraffin plus 3 cm Lucite is shown
in Fig. 14 . Thus, the change in erergy spectrum is given as the change of
energy spectrum parameter ¢. This is the merits of the new accident dosimetry
system in JAERI.

Dosage detection limit of this system under the present experimental
conditions (energy spectrum, etching, counting and so on) is about 50 rems

as ICRP dose equivalent or 10 rads as surface absorbed dose.

Table 13 Fluence normalized to 1 hour irradiation at 2.5 MW.

Condition Energy Spectrum| Neutron Fluence(xlolom/cmz)
Parameter
Phantom| Moderator Cd Filter a Fast Thermal
NO NO NO 0.92 39.3 11.2
0.90 36.1 10.6
NO
Yes NO 0.93 38.7 11.5
¥*
Yes 0.93 40.5 -
NO 0.91 33.6 12.8
*¥*
Y Yes Lucite lcm Yes 0.88 33.3 1.98
*
Yes 0.90 31.0 0.63
Yes Lucite 2 cm NO 0.89 26.6 10.2
Lucite 3cm +
Yes Paraffin Scm NO 0.92 12.2 9.3
Lucite 3cm + NO 1.05 4.33 1.82
Yes ; %
Paraffin 15em  y g 1.00 4.13 0.16
* (Cd Filter Size 900 x 1000 x 1 {mm)
** 0d Filter Size 500 x 1000 x 1 (mm)
Lucite, Paraffin 900 x 1000 (mm)
with Moderator 18cm
(x10°)
20 s~
:
N
. 10}
-]
2
~
g Fig. 14 Energy spectra in JRR-4
2 uranium converter facilities.
0
10° 16" 10° 10’

Neutron Energy ( MeV )
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