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Critical and subcritical masses were calculated for a sphere of five curium isotope¥i@imto24’Cm in metal

and in metal-water mixtures considering three reflector conditions: bare, with a water reflector or a stainless steel
reflector. The calculation were made mainly with a combination of a continuous energy Monte Carlo neutron transport
calculation code, MCNP, and the Japanese Evaluated Nuclear Data Library, JENDL-3.2. Other evaluated nuclear data
files, ENDF/B-VI and JEF-2.2, were also applied to find differences in calculation results of the neutron multiplication
factor originated from different nuclear data files. A large dependence on the evaluated nuclear data files was found in
the calculation results: more than 10%y k relative differences in the neutron multiplication factor for a homogeneous
mixture of243Cm metal and water when JENDL-3.2 was replaced with ENDF/B-VI and JEF-2.2, respectively; and a
44% reduction in the critical mass by changing from JENDL-3.2 to ENDF/B-VPM8Em metal. The present study
supplied basic information to the ANSI/ANS-8.15 Working Group for revision of the standard for nuclear criticality
control of special actinide elements. The new or revised values of the subcritical mass limits for curium isotopes
accepted by the ANSI/ANS-8.15 Working Group were finally summarized.
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|. Introduction sible by using modern computational tools and the most re-

The American National Standard for Nuclear Critical_cently published evaluated nuclear data files for standardizing

ity Control of Special Actinide Elements, ANSI/ANS-8.15-these quantities in reference to the previous data. Based on the

1) . . . poresent and previously obtained critical mass values subcrit-
198.1’ has been reviewed for revision by a working grou cal mass limits were recommended to the ANS-8.15 Working
chaired by Norman L. Pruvost since 1996 .he standard was Group and the values were discussed by its members
intended to provide criticality safety guidance for fissionable Thiz paper is intended to make a rep{)rt covering tﬁe crit-
23%“”""35229‘“” than the so called b!g three _actmﬁé@), ical and subcritical mass calculations of the five curium iso-

U and<°*Pu, that have been traditionally discussed by th?opes 2430 10 247Cm. and also to introduce non-members
ANSI/ANS-8.1 Working Group. The ANSI/ANS-8.15 Work- oo, ot activities of ANSI/ANS-8.15 Working Group to

ing Group was arranged to consist of five US members an : . L L2
etermine the subcritical mass limits of the curium isotopes.
four non-US members, who are from France, Japan, Russia,

and UK. One of the authors of this paper (HO) has been t . . .

Japanese member of the group sinrt):eplgsg% t?) whom at fnit Calculation of Critical and Subcritical Masses

three curium isotopes were assign8¥Cm for inclusion, and 1. Calculation Object

245Cm and?*’Cm for revision. The critical mass is defined as the mass corresponding
There were no critical experiments and only one replacéo the neutron multiplication factokes=1. The subcritical

ment experiment foP*‘Cm concerning curium isotopés. masses obtained in this paper are limited to the masses cor-

Consequently, we could almost only rely on calculation foresponding toke=0.9 and 0.8. Note that the critical and

determining their critical masses. There were several docyubcritical masses by these definitions depend on the nuclear

ments so far that supplied critical mass calculation of curiurgata library, other data assumed in the calculation, such as the

isotopes’™) They gave us important information; however,actinide density, reflector conditionsic., and computation

none of the documents covered the whole in the aspect of nttethods employed.

clides, moderation and reflector conditions. As stated in Chap. |, five curium isotopé&$3Cm to24’Cm,
Present authors, therefore, calculated critical and subcrifr a metallic state are discussed in this paper. For the fissile

ical masses of**Cm, 2#°Cm and?*’Cm to accomplish the curium isotopesi.e., 243Cm,245Cm and?4’Cm, that are capa-

task!? In addition to the requested three curium isotopesle of chain fission reactions by thermal neutrons, mixtures of

they recently made calculation ff3Cm and?*Cm as a metal and water are also objects of the study.

part of ten fissionable nuclides that had comparable critical The density of each curium isotope in metal was deter-

masses to that Gf°U.*® The critical and subcritical massesmined based on crystallographic data compiled by R. G.

of the curium isotopes were calculated as precisely as pagaire and calculated by J. E. Bigel&tvin accordance with

a consensus among the ANSI/ANS-8.15 Working Group

members. Fof*Cm metal, they suggested 244.06275 for
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Critical and Subcritical Mass Calculations of Curium-243 to -247 1073

atomic weight, 13.518 g/cfrfor material density of metal and Table 1 Critical (ket=1.0) and subcritical K.s=0.9 and 0.8)

3.335x 107 at./cn? for atomic density. masses of curium isotopes in metal calculated with the MCNP
The shape of the fuel region was limited to a sphere andcode and JEND-3.2 library

the reflector conditions assumed were three kinds: bare, sur-

rounded with a 30-cm-thick reflector of water and a 30-cm- Nuclide 2N Reflector Mass (kg)
thick reflector of stainless steel (SS) of Type 304. The unifor- (g/en) ket=1.0 Ker=0.9 ker=0.8
mity of fuel was assumed throughout this paper. None 10.03 7.08 4.80
243Cm  13.45  Water 3.51 2.43 1.60
2. Method of Calculation SS-304 391 2.84 2.05
The neutron transport code applied for criticality calcula- None 29.95 20.07 13.20
tion was a continuous energy Monte Carlo code MCNP de-*‘Cm 1351  Water 2484 1651  10.72
veloped at the Los Alamos National Laboratory of the USA. $S8-304 1536  10.62 711
The versions of MCNP we used were 482or 243Cm and None 12.3 8.71 5.99
244Cm; and 4A° for 245Cm, 246Cm and®*’Cm. The numbers ~ ?**Cm 1357  Water 3.91 2.71 1.82
of tallied source histories of the MCNP calculation were set to SS-304 4.73 3.49 251
a million for 2*3Cm and?*Cm and a half million foP*°Cm, None 70.1 45.5 28.9
248Cm anc?*’Cm. The standard deviations for million-history 2*Cm  13.62  Water 57.4 37.0 235
calculations were typically.Q%AKk. SS-304  38.1 25.2 16.2
The evaluated nuclear data file adopted as a standard was None 7.06 5.02 3.44
the latest released Japanese Evaluated Nuclear Data Library}’Cm  13.68  Water 3.10 2.18 1.49
JENDL-3.217 Other evaluated nuclear data files, ENDF/B- SS304 3.07 2.28 1.63

VI and JEF-2.29) were also applied in addition to JENDL-

3.2 to see differences iy caused by differences in the eval-

uated nuclear data files. o
For determining the critical/subcritical sphere radius ofinimum values of these three curves.

fuel,i.e., actinide metal or mixtures of actinide metal and wa-

ter, a continuous curve having an algebraic form proposed @y Results ) )

Romboughet al 29 was adopted for fitting the calculated re- An example of the relation between.th_e rgdlus of a fuel

sults. The Rombough’s curve was already employed in «Nphere and the calculated neutron multiplication faktgris

clear Criticality Safety Guidé® to derive critical and sub- Shown inFig. 1 for 2*Cm metal without reflectors. This fig-

critical mass/dimension curves f8BU-H,0, 235U-H,0 and Ure illustrates how to obtain the radii of fuel sphere, 6.00, 5.35

239p-H,0. More specifically, in order to determine the valugand 4.72cm, corresponding tr=1, 0.9 and 0.8, respec-

of a sphere’s radius for a particular value okeg, at least 4 tively, from the fitted curve. The critical mass was derived

sets ofr and calculationally obtainekis values were fitted to @S 12.3kgCm, and the subcritical masses corresponding to

a continuous curve having the following algebraic form:  Ker=0.9 and 0.8 were determined to be 8.71 and 5.99 kgCm,
respectively, by multiplying the fuel density 13.57 gCmfcm

1 /o~ BrY
Ket(r) = Koo (1 — &7/)P", (1) to the corresponding volumes (see Eq. (2)).

wherek, is the neutron multiplication factor of fuel in infinite (1) Critical and Subcritical Masses 8f°Cm to #4’Cm in
media, andy, 8 andy are parameters to be determined by the Met&_"_ N ]
least square fitting of the points to the curve. The statistical The critical anz‘?‘aSUbC““Za?' masses of a sphere of the five
errors in the Monte Carlo calculations were disregarded igHrum isotopes“Cm to <*/Cm, in metal were calculated
fitting the curve. with the three reflector conditions: bare, with a 30-cm-thick

The corresponding curium ma$sé was then obtained by
the well-known formula:

1.15
M = p-4rr3/3, 2 110 |
wherep is the mass density of curium. It is worth pointing 1.05
out that we took into account the differences in the density 1.00 ; — T
by the mass numbers of curium isotopes (Falgle 1). N Am2mormy)
For odd neutron-number curium isotopdsg., 243Cm, 0 : i 7
245Cm and®’Cm, which are fissile, 10 values were selected 0.90 : me | 09521 0208
to cover the curium concentration range, from very low to 0.85| ‘ Chisg | 144e051 NA
high as metal for mixtures of curium metal and water to cal- 0.80 ‘
culate the critical/subcritical masses of curium. The criti- 075 : ‘ ‘ : ‘
cal/subcritical curium masses for these 10 values were de- 40 45 50 55 60 65 70 75
termined, and three curves for critical/subcritical masses of Radius of Fuel Sphere [cm]

curiumyvs. curium concentrations were drawn through thesg_ 1 Relation b herical radius?4fC | with
points by the spline interpolation method. The minimum crit™'9: 1 Relation between spherical radius®ofcm metal without
ereflector and calculated valueslQf

ical and subcritical masses of curium were determined as th
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water reflector and with a 30-cm-thick SS-304 reflector. The From Fig. 2, it is observed that the lines are almost par-
results are summarized in Table 1 &fid. 2. It is clear from allel, i.e,, the mass reduction rates are almost the same irre-
Fig. 2 that the critical/subcritical mass of a curium isotopspective of curium isotopes and reflector conditions. Relative
decreases in the order &fCm, 24/Cm, 2*3Cm, 23Cm and reduction in masses correspondingktg=0.9 and 0.8 to the
247Cm for each reflector condition. mass corresponding tQ=1.0 for curium isotopes are listed
The relations between the critical mass of a bare metal Table 2. It shows that the subcritical masses are reduced
sphere,Mqit, and the correspondinky, are plotted for the from the critical mass t069+5)% for ke=0.9 and(47+6)%
curium isotopes irrig. 3. They are almost all on one curve, for kes=0.8. The maximum deviation from the average is
1 found to be rather small for bot+=0.9 and 0.8. These re-
(3)  Ilations give a rough idea that any uncertainties in obtaining
ket should make differences in the critical mass of curium:

where ¢, C; and ¢ are constants. Note that both fissilean grror of 0.19% inke will produce a 0.3% error in the criti-
and non-fissile nuclides are included in the plot. Fissil@m mass calculation.

5 H 43 245,247, . A .
curium isotopes’ Cm, have largé values, 3.5-3.9, 1 effect of reflector on the critical mass is generally dif-

and small C”t'cazl hass values, 7-12kg; whereas non-fissijgrent from isotope to isotope. However, it is clearly seen
curium isotopes;™*“*Cm, have smalks, values, 2.3-2.6, gom Fig. 4, which shows the critical masses of curium iso-

and large critical mass values, 30—-70kg. topes in the three reflector conditions in a bar graph, that non-

Mcrit = i cz
C1+Cp - ks

--0- 243Cm, Bare —e— 243Cm, Water
-—0- 244Cm, Bare —e— 244Cm, Water
-—O- 245Cm, Bare —®— 245Cm, Water
-—O- 246Cm, Bare ——@— 246Cm, Water
-—0- 247Cm, Bare —e— 247Cm, Water

243Cm, SS304
244Cm, SS304 Table 2 Relative reduction of masses kg#=0.9 and 0.8 to the
245Cm, SS304 H H H

Sa60m, 59304 mass inker=1.0 for curium isotopes
247Cm, SS304

100 ‘ ‘ ‘ Nuclide Reflector M(0.9)/M(1) M(0.8)/M(1)
None 0.71 0.48
243Cm Water 0.69 0.46
= SS-304 0.73 0.52
=, None 0.67 0.44
a 243Cm Water 0.66 0.43
g 10! | SS-304 0.69 0.46
= None 0.71 0.49
=) 245Cm Water 0.69 0.47
(5) SS-304 0.74 0.53
None 0.65 0.41
246Cm Water 0.64 0.41
1 SS-304 0.66 0.43
| L L L
0.75 0.80 0.85 0.90 0.95 1.0 1.1 None 0.71 0.49
Kqg 247Cm Water 0.70 0.48
SS304 0.74 0.53
Fig. 2 Critical (key=1.0) and subcriticalk.z=0.9 and 0.8) masses Average 0.693 0.468
of curium isotopes in metal calculated with the MCNP code and —
JEND-3.2 library Minimum 0.645 0.409
Maximum 0.743 0.531
80
o) 70 Cm-246 y = 1/(m1+m2*M0”m3) . 1o W Eare ;
= 60 o] on| o | Wateretiected ;
E m2 0.409 0.202 — | L o -iEieciasl | |
O 50 m3 | 0317 016] - E | |
"5 Chisq 7.85 NA —_ | |
n 40 R| 0999 NA o
0 L Ty |
T 301 1 = | i
= = :
< 20| 8 [ | |
=
L E |
E’ 10 5 L) |
) 0 i i Cm_24§Cm-247
2.0 25 3.0 3.5 4.0 | CmeEe3 Cme2da Gm ?4!.' GreEdd CmeadT
Koo Muclide

jfFig. 4 Critical mass of curium isotopes in metal in bare, wa-

Fig. 3 Relation between the critical mass of curium isotopes i
ter-reflected and SS-reflected

bare metal and thel,,
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fissile curium isotopes$“Cm and?46Cm) and fissile curium 100 e e ©
isotopes $*3Cm, ?**Cm and?*’Cm) each have a common ten- :
dency. Non-fissile curium isotopes have only a little water-
reflector effect: the critical mass in water-reflected condi-
tion reduces less than 20% from the bare critical mass; SS-
reflector effect is larger: the reduction rate is nearly 50%.
Fissile curium isotopes have a large reflector effect both by
a water reflector and by an SS reflector. The critical mass of
a fissile curium isotope in a metal sphere reflected by either
water or SS becomes less than half of that in the bare condi-
tion. 04 Ll i el

It is noted that steel is a better reflector than water for ura- 0.01 0.1 1 10 100
nium and plutonium isotopes; however, this is not necessarily Cm Concentration [gCm/cm?]
true for americium and curium isotop&® esp. for24°Cm in (a) Barecase
metal; as shown in Fig. 4 (see also Table 10). Moderation 10 crit_cm243_wat
in addition to reflection by water helps to reduce the critical P T T
mass for the fissile nuclides having remarkable fissile charac-
ter, like?45Cm (see Sec. 11-3(2)).
(2) Minimum Critical and Subcritical Masses 6f3Cm,

245Cm and?*’Cm in Metal-water Mixtures

Critical and subcritical masses of a spheré®€m-H,0 in
bare, with a water reflector and with an SS reflector are shown
in Fig. 5. Although their values are different, their behaviors
as a function of curium concentration are similar irrespective
of the reflector conditions; and they are decreasing in order of
magnitude, (a) bare, (b) 30-cm-thick water reflected, and (c) 0O T T T T e o
30-cm-thick SS-304 reflected cases. Cm Concentration [gCm/cm?]

Quite similarly to***Cm, critical and subcritical masses of (b) Water-reflected case
homogeneou$*Cm-H,0 and?*’Cm-H,0 in a sphere were
also calculated for various curium concentratioREgjures 6 10
and7 show the homogeneod®Cm-H,O and?*’Cm-H,0 re- i
sults, respectively, for the same three reflector conditions as
homogeneou¥3Cm-H,0. The critical and subcritical masses
of curium in metal are not so different f6f°Cm and?*’Cm
from 2*3Cm (see Fig. 4). However, the decrease rate of crit-
ical/subcritical curium mass with decreased curium concen-
tration, which is the gradient of mass slope in the figures,
is quite different for these three isotopes. Curium-245 has
a noticeable fissile character: the minimum critical mass is -
almost two orders of magnitude smaller than the critical mass o.o% o ””(')”1 - '1 — Hml‘lo T
in metal. For the.c.ase of hqmogene&ﬁé:m-l—bo, on the Cm Concentration [gCm/cm?]
other hand, the minimum critical mass is not so much smaller

” L . (c) SS-reflected case

than the critical mass of curium in metal in the same reflec-
tor condition: it is less than a factor of 2. The behavior ofig. 5 Critical and subcritical masses of a sphere of homogeneous
247Cm is similar t0232U and 2%%Pu, for which nuclides the  2%Cm-H,0
minimum critical mass in the thermal neutron energy region
is only a little larger than the critical mass in met&lwhich
are categorized as “quasi-fissile anomalous nuclides” by E. Iaslation among sets of the critical mass of afissile nuclide and
Clayton2?) its concentration in ametal-water mixture, which was pointed

The minimum values of the curium mass curvesdge=1,  out earlier by us.'®
0.9 and 0.8, and the corresponding curium concentrations
for the spheres of homogeneof¥Cm-H;0, **Cm-H,0 |||, Comparison with Calculation Results Based on
and?4’Cm-H,0 in the three reflector conditions are listed in  Other Nuclear Data Files
Table 3. The relation between the minimum critical mass and
the corresponding curium concentration is showfig 8. It 1. Comparison of the Neutron Multiplication Factor Cal-
is observed from this figure that the minimum critical masses culations Based on Various Evaluated Nuclear Data
of the three curium isotopes in each reflector condition and Files
the corresponding curium concentrations are well described T0 investigate the effect due to differencesin the eval uated
in a power relation. There seems to be an approximate powaiclear data files, the neutron multiplication factor was cal-

——k=1.0]]

k=0.9 E
k4=0.8

Mass of Cm [kgCm]

-

-
e

or

—k,=1.0]
ke=0.9 |4

k,=0.8] 1

01F *
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——k =10
k=09 |
keﬁ:0'8 B

01k
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Fig. 6 Critical and subcritical masses of a sphere of homogeneous
245Cm-H20

culated using the ENDF/B-VI1 and JEF-2.2 libraries as well
as the JENDL-3.2 library. The calculation was made for (1)
theinfinite media and (2) afinite bare sphere of curium, both
(@) in metal and (b) in a mixture of metal and water (only
for fissile isotopes, 243245247Cm). The radius of the spherein
curium metal was selected to be almost critical. The sphere
radius and the curium concentration of the mixture were de-
termined so that the sphere gave nearly the minimum critica
mass. The results are shown in Table 4.

It is seen from this table that the results based on JENDL-
3.2 are generaly small compared to the results based on the
other libraries with some exceptions. The results also show
that the absolute values of differences are typically several
percent; especially large differences are found for (1) 2*Cm
in ametal-water mixture, (2) 2°Cmin metal, (3) 2Cm metal
in afinite sphere. In the following three sections, the reasons

100 - -
k=101
=3 * k=094
% : keﬂ:0'8 ]
=3
E |
O
©
0
0
o
=
1 vl ol L
0.1 1 10 100
Cm Concentration [gCm/cm?]
(a) Bare case
crit_cm247_wat
10—y e
= \/’\
Q 3 . "
fe)) P ‘..
X - - S
£ e e ]
5 1
kS ——Kg=1.0
[%]
i =k =0.9
= * ky=0.8
e
0.1 1 10 100

Cm Concentration [gCm/cm?3]
(b) Water-reflected case

crit_cm247_sus

10 L ] L

E
O
o)
=3 B
£ 1y T " 4
(@) SPES ——kg=1.0
E """ ke=0.9
a —— k0.8
=
0.1 M| N | Ly
0.1 1 10 100

Cm Concentration [gCm/cm?3]

(c) SS-reflected case

Fig. 7 Critical and subcritical masses of a sphere of homogeneous
27Cm-H,0

for the differences areinvestigated by comparing microscopic
reaction cross sections. Differencesin the critical masses be-
tween JENDL-3.2 and ENDF/B-VI are shown in the last sec-
tion for 2#°Cm, 2%6Cm and 2*’Cm as examples.

2. Comparison of Microscopic Cross Sections of 243Cm
To clarify the reason behind more than 10% absolute dif-
ferences in the results of the neutron multiplication factor for
23Cm in infinite media and in a finite sphere of a metal-
water mixture (see Table 4), the microscopic capture and
fission cross sections, and the mean number of neutrons in-
duced per neutron-induced fission (v-value) are compared in
Fig. 9. For the well-moderated system of curium concen-
tration 0.03gCm/cm?, the neutron flux has a peak around
50meV. The ENDF/B-VI library has a 13% larger fission
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Table 3 The minimum critical and subcritical masses of curium in homogeneous Cm-H,O

ker=1.0 ker=0.9 ker=0.8
Nuclide  Reflector Concentration  Mass Concentration  Mass Concentration  Mass
(g/em?) (kg) (g/em?) (kg) (g/em?) (kg)
None 0.028 0.391 0.028 0.298 0.022 0.224
243Cm Water 0.041 0.186 0.039 0.135 0.036 0.098
SS-304 0.041 0.155 0.036 0.117 0.034 0.088
None 0.0094 0.138 0.0087 0.105 0.0081 0.079
245Cm Water 0.0125 0.066 0.0120 0.048 0.0106 0.035
SS-304 0.0125 0.059 0.0115 0.045 0.0098 0.034
None 0.21 4.15 0.20 2.98 0.172 211
247Cm Water 0.26 2.18 0.24 1.47 0.221 1.00
SS-304 0.27 1.55 0.24 1.09 0.226 0.77

Table 4 Comparison of ke;'s of abare sphere for five curium isotopes, 22Cm to 2”Cm, based on three eval uated nuclear

datalibraries: JENDL-3.2, ENDF/B-VI and JEF-2.2

Relative to JENDL-3.2
Kest

. Concentration  Radius Akt / Keit (%
Nuclide (g/omd) (cm) t/ Kett (%0)

JENDL-3.2 ENDF/B-VI JEF-2.2 ENDF/B-VI  JEF-2.2
13.45 6 1.058 1.107 1.158 4.7 9.5
' 00 3.553 3.577 3.653 0.7 2.8

243Cm
0.03 15 1.029 1.163 0.895 12.9 —13.0
' ] 2118 2.335 1.863 10.2 —-12.0
9 1.084 1.113 1.064 27 -19

244,

cm 1351 0o 2.605 2.643 2511 15 -36
1357 6.002 0.998 1.086 1.197 8.8 19.9
' 0o 3.550 3.687 3.981 39 121

245Cm
001 14.887 0.999 1.063 1.116 6.5 117
' 00 2115 2.251 2.343 6.4 10.8
10.713 0.999 1.150 1.150 15.1 151

246

cm 13.62 00 2.313 2.395 2.395 35 35
13.68 4.957 1.001 1.003 1.003 0.2 0.2
' 0o 3.924 3.793 3.793 -33 -33

247Cm
0.20 17.062 1.001 1.004 1.004 0.3 04
' 00 1.780 1.765 1.766 -09 -038

cross section and a smaller, almost a half, capture cross sec-
tion than the JENDL-3.2 library. The two libraries have al-
most the same v-values. The JEF-2.2 library has a 30%
smaller fission cross section and a 1.3% smaller v-value with
alittle smaller capture cross section compared to the JENDL -
3.2 library. (Asthefission cross section has values about four
times larger than the values of the capture cross sections, the
difference in the capture cross section has little effect on the
absorption cross sections). These comparisons quantitatively
explain that the ke;'s of ENDF/B-VI are larger than those of
JENDL-3.2, and the kg+'s of JEF-2.2 are smaller than those
based on JENDL-3.2 for the homogeneous ?Cm-H,0 sys-
tem.

VOL. 39, NO. 10, OCTOBER 2002

3. Comparison of Microscopic Cross Sections of 2°Cm
The neutron spectrum for the critical sphere of a bare
25Cm metal has a peak around 2MeV.'? Figure 10 com-
pares the neutron capture and fission cross-sections and the
v-value for 2**Cm as a function of neutron energy. The
ENDF/B-VI and JEF-2.2 libraries give 4.3% and 9.8% larger
v-values, respectively, which amost accounts for the relative
differencesin k., from JENDL-3.2, 3.9% and 12.1%, respec-
tively. Their fission cross sections are larger than JENDL-3.2
at 2MeV, however, their values are smaller than JENDL-3.2
below about 0.7 MeV; therefore, there might be some cancel-
lations. The capture cross sections of ENDF/B-VI1 and JEF-
2.2 at 2MeV are smaller than and almost as large as that of
JENDL-3.2, respectively. The comparisons account for the
order of the evaluated nuclear data libraries that produce the
neutron multiplication factors for 25Cm metal from larger to
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4. Comparison of Microscopic Cross Sections of 2Cm
As shown in Table 4, the neutron multiplication factor of

abare sphere of 2*5Cm metal that was almost critical accord-

ing to the calculation based on the JENDL-3.2 library was
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Fig. 11 Neutron spectra of 2°Cm metal in an 11-cm bare sphere
and in the infinite medium

15% larger than unity if the calculation was based on the
ENDF/B/VI library. The relative difference was reduced to
3.5% for the infinite system. (Note that the JEF-2.2 library
has the same values as the ENDF/B-V| library for 2*5Cm).
The neutron energy spectra are compared in Fig. 11 for
the critical bare sphere and for the infinite medium of 2*6Cm

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY



Critical and Subcritical Mass Calculations of Curium-243 to -247

metal. The neutron energy spectrum for the critical bare
sphere has values more than half of the peak value between
an energy rangefrom 0.4 to 4 MeV. The neutron energy spec-
trum shiftsto lower energy for the infinite system: the energy
having a half-maximum neutron flux ranges between 50 and
600 keV.

Figure 12 compares the neutron capture and fission cross-
sections and the v-value for #6Cm as a function of neu-
tron energy between the JENDL-3.2 and ENDF/B-VI li-
braries. For the neutron energy ranging from 0.4to 4 MeV, the
ENDF/B-VI library has about 10% larger v-value and smaller
capture cross sections. The fission cross section of ENDF/B-
V1 islarger than that of JENDL-3.2 for the same energy range.
These features explain that the ENDF/B-VI library gives a
larger ke value than the JENDL-3.2 library. For the energy
range 50 and 600 keV, where the neutron spectrum of the in-
finite system has dominant values, the fission cross section of
ENDF/B-VI ismuch smaller than JENDL-3.2, which leadsto
alarge cancellation with the differences in the v-value.
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Fig. 12 Comparisons of capture and fission cross sections, and of
the average number of neutrons released by fission for 26Cm
[Note: The JEF-2.2 library hastheidentical datato ENDF/B-VI
library].
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5. Critical Mass Differences for 2°Cm, #*5Cm and 2*’Cm

The critical masses of curium isotopes in a metallic form
were also calculated using the ENDF/B-VI library instead of
the JENDL-3.2 library to see the effect of different nuclear
data libraries on the critical mass. Table 5 summarizes the
results. The differences due to different nuclear data libraries
are very large for ?Cm and 2*Cm, and slight for 24’Cm:
Replacing JENDL-3.2 with ENDF/B-VI reduces the critica
masses to 76%, 56% and 98% of the corresponding masses
for 245Cm, 2*6Cm and 2*'Cm, respectively. Figure 13 illus-
trates the relation between the relative difference in the ef-
fective multiplication factor based on ENDF/B-VI from that
based on JENDL-3.2, and the ratio of the critical mass based
on ENDF/B-VI to that based on JENDL-3.2. The relative
difference in the effective multiplication factor of 10% cor-
responds to about 30% reduction of the critical mass, which
was aready mentioned in connection with Table 2.

The critical curium masses of a sphere of homogeneous
25Cm-H,0 without and with a water reflector were also
calculated as a function of 24°Cm concentration to be seen
in Figs. 14(a) and (b), respectively, comparing the results
based on ENDF/B-VI with the JENDL-3.2 results. Thesefig-
ures show that the ENDF/B-VI results are smaller than the
JENDL-3.2 results throughout all the curium concentration
ranges. Table 6 summarizes the calculated results of the min-
imum critical masses and the corresponding concentrations
of curium, which shows that the calculated minimum critical
masses based on ENDF/B-V1 are about 15% smaller in both
conditionswith and without awater reflector than those based
on JENDL-3.2.

IV. Subcritical MassLimits

The subcritical limit is defined by the ANSI/ANS-8.1%%
standard as follows:

The limiting value assigned to a controlled parameter that
resultsin a subcritical systemunder specified conditions. The
parameter limit allows for uncertainties in the calculations
and experimental data used in its derivation but not for con-
tingencies; e.g., double batching or failure of analytical tech-
niques to yield accurate values.
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0.6

Mc(B-VI)IM(3-3.2) [-]

245Cm

0-5 L L 1 L 1 1 L
0O 2 4 6 8 10 12 14 16

Koy (B-VIY/K (3-3.2) -1 [%)]

Fig. 13 The relation between the relative difference in the effec-
tive multiplication factor based on ENDF/B-VI from that based
on JENDL-3.2, and the ratio of the critical mass based on
ENDF/B-VI to that based on JENDL-3.2
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Table 5 Critical masses of Cm isotopes cal culated with different nuclear datalibraries

Critical mass (kgt=1) (kgCm)

Cmisotopes Reflector Me/M;
M; (JENDL-3.2) Mg (ENDF/B-VI)

2650 None 12.3 941 0.765

Water 3.91 3.03 0.774

26Cm None 70.1 39.0 0.556

27Cm None 7.06 6.94 0.983

Table 6 Calculated minimum critical masses of homogeneous *>Cm-H,0 based on ENDF/B-VI compared with those

with based on JENDL-3.2

Fuel concentration
(gCm/l)

Reflector  Nuclear datalibrary

Minimum critical mass Ratio to
(gCm) JENDL-3.2

JENDL-3.2
ENDF/B-VI

10.0

None 8.1

138 1
117 0.85

JENDL-3.2
ENDF/B-VI

12.1

Water 116

65.6 1
54.9 0.84

-
=
=

—
[ =]
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P S
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Fig. 14 Calculated critical masses based on the ENDF/B-VI li-
brary compared with those based on the JENDL-3.2 library for
asphere of homogeneous 2*Cm-H,0

The standard states the subcritical limit should be based on
experiments:

Where applicable data are available, subcritical limits
shall be established on bases derived from experiments, with
adequate allowance for uncertainties in the data. In the ab-
sence of directly applicable experimental measurements, the
limits may be derived from calculations made by a method
shown by comparison with experimental data to be valid in
accordance with 4.3

As adready stated in Chap. I, there is no experimental
data except one replacement experiment for 2#Cm involv-
ing curium isotopes. Consequently, we, the ANSI/ANS-8.15
Working Group, made a technical judgment based on calcu-
lational studies to decide the subcritical mass limits for the
curium isotopes. Like other actinides without experiments,
we followed a criterion to decide subcritical mass limit: 50%
of the minimum of the critical masses calculationally obtained
with various methods. In so doing, we decided the latest
version of nuclear library would take priority over the older
versions in the same series. Therefore, eg., if we have both
results based on ENDF/B-V and -VI, we selected only the
ENDF/B-VI result to find the minimum.

Note that through the comparisons below, half of the criti-
cal mass corresponding to k=1 was found to be nearly equal
to the subcritical mass corresponding to kg=0.8. This fact
might help in discussing about and establishing a margin for
subcriticality of the system having no critical experiments.

1. Cm-243

Table 7 gives a comparison of the critica and subcriti-
cal masses of 24Cm metal in bare, water-reflected and steel-
reflected systems. The present calculation results based on
the JENDL-3.2 for bare and water-reflected 2Cm metal
spheres, 10.0 and 3.51kg, are close to Komuro's values,”
9.72 and 3.35Kkg, respectively, based on the JENDL-3.0 li-
brary. Anno’s results” based on JEF-2.2 gave much smaller
values, which is consistent with the fact that JEF-2.2 gave
larger kg and k., values compared to JENDL-3.2 (see
Table4). Although there are no ENDFS' results, they are
expected to be between these two (see again Table 4). The
subcritical mass limits were decided essentially based on the
Anno’s results that gave the minimum of the calculated crit-
ical masses. These subcritical mass limits are new, as the
previous ANSI/ANS-8.15 standard did not supply subcritical
mass limits for 2Cm metal.
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Table 7 Comparison of critical and subcritical masses of 22Cm in metal system, and the subcritical mass limits accepted

by ANSI/ANS-8.15 Working Group (kg)

Bare Water-reflected  Steel-reflected kg Nuclear DataLibrary  Computer code Ref.

10.0 351 391 1 JENDL-3.2 MCNP4B2 13)
7.08 243 284 09 JENDL-3.2 MCNP4B2 13)
4.80 1.60 2.05 0.8 JENDL-3.2 MCNP4B2 13)
9.72 335 — 1 JENDL-3.0 MULTI-KENO-3.0 7
8.10 — 3.28 1 ENDL-82 DTF-IV 4)
7.34 2.83 2.76 1 JEF-2.2 APOLLO-II 9
— — — ANSI/ANS8.15-1981 1)
3.7 14 14 Accepted subcritical masslimits

Table 8 Comparison of the minimum critical and subcritical masses of 2*3Cm in water mixture systems, and the subcriti-
cal mass limits accepted by ANSI/ANS-8.15 Working Group (g)

Bare Water-reflected  Steel-reflected kg Nuclear DatalLibrary  Computer code  Ref.
391 186 155 1 JENDL-3.2 MCNP4B2 13)
298 135 117 0.9 JENDL-3.2 MCNP4B2 13)
224 98 88 0.8 JENDL-3.2 MCNP4B2 13)
739 382 — 1 ENDL-82 DTF-1V 4)
— 116 — 1 CEA86? DTF-1V 5)
— 265 — 1 JEF-2.2 APOLLO-II 25)
— 90 — ANSI/ANS8.15-1981 1)
190 90 80 Accepted subcritical masslimits

3 The cross sections were first thought to be based on the JEF-1 library, however, it was recently revealed that

they were from ENDF/B-V.2)

The minimum critical masses of homogeneous >**Cm-H,0
from various information sources are shown in Table 8.
French results are widely ranged: from 116 to 382g. We
adopted the latest value 2659 based on JEF-2.2 as the rep-
resentative one of the three French results.*>2® This value
is larger than the JENDL's result, as expected from Table 4.
The subcritical mass limits for the homogeneous **Cm-H,0
in bare, water-reflected and steel-reflected systems, were de-
cided as a half of the JENDL's results: 190, 90 and 80g,
respectively. [Note: As shown in the footnote of Table 8,
the cross sections of CEA86 were considered to be origi-
nated from the JEF-1 library at the ANSI/ANS-8.15 Work-
ing Group meeting in November 2001. However, it was re-
cently revealed that they were from ENDF/B-V. The authors
would propose the members of the Group to make a calcula-
tion based on the ENDF/B-VI file. The subcritical masslimits
for homogeneous 23Cm-H,0 should be smaller if there were
results based on ENDF/B-VI. See Table 4].

2. Cm-244

The critical and subcritical masses of **Cm metal calcu-
lated in this study are shown in Table 9 in comparison with
those obtained according to other studies. A wide range of
values was found at afirst look: for example, 13.2 to 33.0kg
for the critical curium massin the bare condition. However, it
can be pointed out that the old values are smaller; the recently
obtained values are comparatively larger and in asmall range:
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27-33kg. The ANSI/ANS-8.15 Working Group decided the
subcritical mass limit as 14kg for a bare metal of 2Cm
based on the minimum of these values, 27kg. Considering
the reflector effects, the revised values of 11 and 7 kg, respec-
tively for water- and steel-reflected metal of 2**Cm were de-
cided, which became more than twice of the previously rec-
ommended values, 5 and 3kg, respectively.

3. Cm-245

Table 10 lists the critical and subcritical masses of 4°Cm
metal in bare, water-reflected and steel reflected systems. The
present calculation result based on the JENDL-3.2 library for
a bare 2°Cm metal sphere, 12.3kg, is very close to Ngjiri’s
result based on the same code-library combination, 12.4kg;®
it agrees well with the results based on JENDL-3, ENDL-82
and -85. However, Anno’s result based on JEF-2.2, 6.81kg,?
was much smaller. Another result based on the ENDF/B-
V has a comparable critical mass value, 9.33kg,® to our
ENDF/B-VI result, 9.41kg. Similar tendencies were found
for the results with awater reflector and with a steel reflector.
The subcritical mass limits were decided based on Anno’sre-
sults that gave the minimum. These subcritical mass limits
are new inthisrevision.

The minimum critical masses of homogeneous >**Cm-H,0
from various information sources are shown in Table 11. The
present result for the bare case based on the JENDL-3.2 li-
brary, 1389, is dmost equal to that of Srinivasan’s, 136¢;%
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Table 9 Comparison of critical and subcritical masses of 2Cm in metal systems, and the subcritical mass limits accepted

by the ANSI/ANS-8.15 Working Group (kg)

Bare Water-reflected Steel-reflected kg Nuclear DataLibrary  Computer code Ref.
30.0 24.8 154 1 JENDL-3.2 MCNP4B2 13)
20.1 16.5 10.6 0.9 JENDL-3.2 MCNP4B2 13)
13.2 10.7 7.1 0.8 JENDL-3.2 MCNP4B2 13)
27.6 228 — 1 JENDL-3.0 MULTI-KENO-3.0 7)
21.2 10.6 — 1 ENDL-82 DTF-IV 4)
33.0 26.9 16.0 1 JEF-2.2 APOLLO-II 9)
135 115 7.6 1 ENDF/B-IV XSDRNPM 11)
27 — — 1 ENDF/B-VI 14)

— 5 ANSI/ANS8.15-1981 1)
14 11 7 Accepted subcritical mass limits

Table 10 Comparison of critical and subcritical masses of 2*Cm in metal systems, and the subcritical mass limits ac-

cepted by the ANSI/ANS-8.15 Working Group (kg)

Bare Water-reflected  Stedl-reflected kg Nuclear DataLibrary  Computer code Ref.

12.3 3.91 473 1 JENDL-3.2 MCNP4A 12)
8.71 271 3.49 0.9 JENDL-3.2 MCNP4A 12)
5.99 1.82 251 0.8 JENDL-3.2 MCNP4A 12)
9.41 3.03 — 1 ENDF/B-VI MCNP4A 12)

124 3.78 — 1 JENDL-3.0 MULTI-KENO-3.0 7
9.33 3.14 3.59 1 ENDF/B-V SCALE4.3 8)

125 3.86 4.80 1 ENDL-85 MCNP4A 8)

124 3.59 477 1 JENDL-3.2 MCNP4A 8)

12.3 — 5.80 1 ENDL-82 DTF-IV 4)
6.81 261 2.66 1 JEF-2.2 APOLLO-II 9)
— — — ANSI/ANSS.15-1981 1)
34 13 13 Accepted subcritical masslimits

Table 11 Comparison of the minimum critical and subcritical masses of 2*>Cm in water mixture systems, and the subcrit-
ical mass limits accepted by the ANSI/ANS-8.15 Working Group (g)

Bare Water-reflected  Steel-reflected kg Nuclear DataLibrary Computer code  Ref.
138 66 59 1 JENDL-3.2 MCNP4A 12)
105 48 45 0.9 JENDL-3.2 MCNP4A 12)
79 35 34 0.8 JENDL-3.2 MCNP4A 12)
117 54.9 — 1 ENDF/B-VI MCNP4A 12)
89.2 40.5 — 0.9 ENDF/B-VI MCNP4A 12)
136 62 — 1 ENDL-82 DTF-IV 4)
— 27 — 1 JEF-1 DTF-IV 5)
— 46.5 — 1 JEF-2.2 APOLLO-II 25)
— 30 — ANSI/ANS8.15-1981 1)
58 23 — Accepted subcritical mass limits

however, the present value for the water-reflected case, 66 g,
isalittle larger than the corresponding value, 62 9.9 Rossig-
nol gave a considerably smaller value, 42.79.5 Recently,
IPSN supplied 46.5g? as the minimum critical mass based
on JEF-2.2, on which the subcritical masslimit of 2*Cm-H,0
with awater reflector, 23 g, was decided. The subcritical mass
limit for the bare #*°Cm-H,0 system, 58 g, was based on our
result based on ENDF/B-VI, 117 g.? Asthere were no stedl-

reflected data in November 2001, when the Working Group
meeting was held, the Group did not recommend any subcrit-
ical mass limit for steel-reflected 24°Cm-H,0 system.

4. Cm-246

Table 12 compares the critical masses of *Cm metal in
bare, water-reflected and steel-reflected conditions. The crit-
ical masses obtained as a result of the present calculations
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Table 12 Comparison of critical and subcritical masses of 26Cm in metal systems, and the subcritical mass limits ac-

cepted by the ANSI/ANS-8.15 Working Group (kg)

Bare  Water-reflected  Steel-reflected kg Nuclear DataLibrary  Computer code  Ref.
70.1 57.4 38.1 1 JENDL-3.2 MCNP4A 12)
455 37.0 252 0.9 JENDL-3.2 MCNP4A 12)
28.9 235 16.2 0.8 JENDL-3.2 MCNP4A 12)
39.0 — — 1 ENDF/B-VI MCNP4A 12)
40.96 — — 1 JEF-2.2 APOLLO-II 25)
379 329 20.5 1 ENDF/B-V SCALEA4.3 8)
84.1 65.8 447 1 ENDL-85 MCNP4A 8)
70.0 58.6 38.7 1 JENDL-3.2 MCNP4A 8)

— — — ANSI/ANS8.15-1981 1)
19 16 10 Accepted subcritical masslimits

Table 13 Comparison of critical and subcritical masses of 2*’Cm in metal systems, and the subcritical mass limits ac-

cepted by the ANSI/ANS-8.15 Working Group (kg)

Bare Water-reflected  Steel-reflected kg Nuclear DataLibrary  Computer code Ref.
7.06 3.10 3.07 1 JENDL-3.2 MCNP4A 12)
5.02 2.18 2.28 0.9 JENDL-3.2 MCNP4A 12)
3.44 1.49 1.63 0.8 JENDL-3.2 MCNP4A 12)
6.94 — — 1 ENDF/B-VI MCNP4A 12)
7.00 291 — 1 JENDL-3.0 MULTI-KENO-3.0 7)
7.15 3.66 2.94 1 ENDF/B-V SCALE4.3 8)
7.88 3.71 3.42 1 ENDL-85 MCNP4A 8)
7.25 3.01 3.15 1 JENDL-3.2 MCNP4A 8)
7.87 — 3.36 1 ENDL-82 DTF-IV 4)
7.21 — — 1 JEF-2.2 APOLLO-II 9)

— — — ANSI/ANSS.15-1981 1)
35 15 14 Accepted subcritical mass limits

based on the JENDL-3.2 library are almost equal to Nojiri’'s
results® based on the same library, considering the errors as-
sociated with the Monte Carlo calculations. The JENDL-3.2
results are about 80% larger than those based on the ENDF/B-
V or -VI libraries®'? Those calculation results give 15 to
20% smaller values than those based on the ENDL-85 li-
brary.® The critical mass of a bare sphere of 25Cm metal
based on the JEF-2.2 library, 40.96 kg,2 was 5% larger than
the corresponding mass, 39.0kg,'? based on the ENDF/B-VI
library. As the original nuclear data are the same, the small
difference may have been originated from the difference in
the densities and/or the criticality calculation codes. The sub-
critical mass limitsin bare, water-reflected and steel reflected
conditions were decided, therefore, based on the ENDF/B-V
and -V results to be 19, 16 and 10Kkg, respectively.

There was no description on subcritical mass limits for
246Cm in the ANSI/ANS-8.15-1981; therefore these are new
recommendations.

5. Cm-247

Table 13 gives alist of the critical masses of 24/Cm metal
in bare, with a water-reflector, and with a steel-reflector. In
comparison with the other four nuclides mentioned above, the
differences among the results on 2*’Cm are small: eg., the
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critical ?4’Cm massin bare condition arein aband from 6.9 to
7.9. Looking more carefully at Table 13, however, we would
noticethat ENDLS' results*® arelarger than the results based
on other libraries, i.e.,, JENDLs, ENDF/Bs and JEF-2.2.

The minimum critical masses of homogeneous 24’Cm-
H,O are compared in Table 14. The critical mass of IPSN,
2.16kg,? which gives the minimum for the water-reflected
case, is very close to the present result, 2.18kg. The corre-
sponding value by Srinivasan® is about 26% larger than these
values.

In deciding the subcritical mass limits, e.g. 1.0kg for the
water-reflected case, 50% mass rule was applied, however in
arather conservative way, considering there were no results
based on ENDF/Bs.

6. Summary of Subcritical Mass Limits

Table 15 summarizesthe subcritical masslimitsfor curium
metal, on which the ANSI/ANS-8.15 Working Group reached
a consensus at the meeting held in Los Alamos in November
2001. Subcritical mass limits agreed at the same time for ho-
mogeneous Cm-H,O mixtures are listed in Table 16. A draft
of revision for the ANSI/ANS-8.15 is going to proceed with
voting by the ANSI/ANS-8 members in late 2002.
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Table 14 Comparison of the minimum critical and subcritical masses of 24’Cm in water mixture system, and the subcrit-
ical mass limits accepted by the ANSI/ANS-8.15 Working Group (kg)

Bare  Water-reflected  Steel-reflected kg Nuclear DataLibrary  Computer code  Ref.
4.15 2.18 155 1 JENDL-3.2 MCNP4A 12)
298 147 1.09 0.9 JENDL-3.2 MCNP4A 12)
211 1.00 0.77 0.8 JENDL-3.2 MCNP4A 12)
5.048 2.728 — 1 ENDL-82 DTF-IV 4)

— 2.160 — 1 JEF-2.2 APOLLO-II 25)

— 09 — ANSI/ANS8.15-1981 1)
21 1.0 0.7 Accepted subcritical masslimits

Table 15 Thesubcritical masslimitsfor curium metal accepted by
the ANSI/ANS-8.15 Working Group in November 2001 (kg)

Nuclide Bare Water-reflected Steel-reflected
23Cm 3.7 14 14
24Cm 14 11 7
25Cm 34 13 13
26Cm 19 16 10
27Cm 35 15 14

Table 16 The subcritical mass limits for homogeneous Cm-H,O
mixtures accepted by the ANSI/ANS-8.15 Working Group in
November 2001 (kg)

Nuclide Bare Water-reflected Sted-reflected
28Cm 0.19 0.09 0.08
25Cm 0.058 0.023 Not applicable
27Cm 21 1.0 0.7

V. Conclusions

Thefollowing conclusions were reached through this study.
(1) Critica (kg=1) and subcritical (kg=0.9 and 0.8)
masses were calculated for a sphere of five curium iso-
topes, 2*3Cm to 24/Cm, in metal and three curium iso-
topes, 22Cm, ?Cm and 2’Cm, in metal-water mix-
tures, considering three reflector conditions; bare, with
a water or stainless stedl reflector. Systematic relations
were mentioned (a) between the critical mass of curium
metal and k., and (b) between the minimum critical
mass of curium in homogeneous Cm-H,O and the corre-
sponding curium concentration.

Remarkable relative differences, 10%Ak/k or more,
were found in the neutron multiplication factor calcu-
lations based on different nuclear data files, JENDL-3.2,
ENDF/B-VI and JEF-2.2, especidly for (a) ***Cmin a
metal-water mixture, (b) 2°Cm in metal, and (c) 2*Cm
metal in a finite sphere. The comparisons of v-values,
and fission and capture cross sections explained tenden-
cies of the differences.

The present study supplied basic information to the
ANSI/ANS-8.15 Working Group for revision of the stan-
dard for nuclear criticality control of special actinide el-

2

©)

ements. Based on the present study, information from
members of the Group and past literature, the new or
revised values for the subcritical mass limits of curium
i sotopes were proposed, and the consensus values of the
ANSI/ANS-8.15 Working Group were obtained.
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