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Critical and subcritical masses were calculated for a sphere of five curium isotopes from243Cm to 247Cm 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%�k/k relative differences in the neutron multiplication factor for a homogeneous
mixture of 243Cm 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-VI for246Cm 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.

KEYWORDS: critical mass, subcritical mass, curium 243, curium 244, curium 245, curium 246, curium 247,
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I. Introduction

The American National Standard for Nuclear Critical-
ity Control of Special Actinide Elements, ANSI/ANS-8.15-
1981,1) has been reviewed for revision by a working group
chaired by Norman L. Pruvost since 1996.2) The standard was
intended to provide criticality safety guidance for fissionable
actinides other than the so called “big three” actinides,233U,
235U and239Pu, that have been traditionally discussed by the
ANSI/ANS-8.1 Working Group. The ANSI/ANS-8.15 Work-
ing Group was arranged to consist of five US members and
four non-US members, who are from France, Japan, Russia,
and UK. One of the authors of this paper (HO) has been the
Japanese member of the group since 1997, to whom at first
three curium isotopes were assigned:246Cm for inclusion, and
245Cm and247Cm for revision.

There were no critical experiments and only one replace-
ment experiment for244Cm concerning curium isotopes.3)

Consequently, we could almost only rely on calculation for
determining their critical masses. There were several docu-
ments so far that supplied critical mass calculation of curium
isotopes.4–11) They gave us important information; however,
none of the documents covered the whole in the aspect of nu-
clides, moderation and reflector conditions.

Present authors, therefore, calculated critical and subcrit-
ical masses of245Cm, 246Cm and247Cm to accomplish the
task.12) In addition to the requested three curium isotopes,
they recently made calculation for243Cm and244Cm as a
part of ten fissionable nuclides that had comparable critical
masses to that of235U.13) The critical and subcritical masses
of the curium isotopes were calculated as precisely as pos-
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sible by using modern computational tools and the most re-
cently published evaluated nuclear data files for standardizing
these quantities in reference to the previous data. Based on the
present and previously obtained critical mass values subcrit-
cal mass limits were recommended to the ANS-8.15 Working
Group and the values were discussed by its members.

This paper is intended to make a report covering the crit-
ical and subcritical mass calculations of the five curium iso-
topes,243Cm to 247Cm, and also to introduce non-members
the relevant activities of ANSI/ANS-8.15 Working Group to
determine the subcritical mass limits of the curium isotopes.

II. Calculation of Critical and Subcritical Masses

1. Calculation Object
The critical mass is defined as the mass corresponding

to the neutron multiplication factor,keff=1. The subcritical
masses obtained in this paper are limited to the masses cor-
responding tokeff=0.9 and 0.8. Note that the critical and
subcritical masses by these definitions depend on the nuclear
data library, other data assumed in the calculation, such as the
actinide density, reflector conditions,etc., and computation
methods employed.

As stated in Chap. I, five curium isotopes,243Cm to247Cm,
in a metallic state are discussed in this paper. For the fissile
curium isotopes,i.e., 243Cm,245Cm and247Cm, that are capa-
ble of chain fission reactions by thermal neutrons, mixtures of
metal and water are also objects of the study.

The density of each curium isotope in metal was deter-
mined based on crystallographic data compiled by R. G.
Haire and calculated by J. E. Bigelow14) in accordance with
a consensus among the ANSI/ANS-8.15 Working Group
members. For244Cm metal, they suggested 244.06275 for
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atomic weight, 13.518 g/cm3 for material density of metal and
3.335×1022 at./cm3 for atomic density.

The shape of the fuel region was limited to a sphere and
the reflector conditions assumed were three kinds: bare, sur-
rounded with a 30-cm-thick reflector of water and a 30-cm-
thick reflector of stainless steel (SS) of Type 304. The unifor-
mity of fuel was assumed throughout this paper.

2. Method of Calculation
The neutron transport code applied for criticality calcula-

tion was a continuous energy Monte Carlo code MCNP de-
veloped at the Los Alamos National Laboratory of the USA.
The versions of MCNP we used were 4B215) for 243Cm and
244Cm; and 4A16) for 245Cm,246Cm and247Cm. The numbers
of tallied source histories of the MCNP calculation were set to
a million for 243Cm and244Cm and a half million for245Cm,
246Cm and247Cm. The standard deviations for million-history
calculations were typically 0.1%�k.

The evaluated nuclear data file adopted as a standard was
the latest released Japanese Evaluated Nuclear Data Library,
JENDL-3.2.17) Other evaluated nuclear data files, ENDF/B-
VI18) and JEF-2.2,19) were also applied in addition to JENDL-
3.2 to see differences inkeff caused by differences in the eval-
uated nuclear data files.

For determining the critical/subcritical sphere radius of
fuel, i.e., actinide metal or mixtures of actinide metal and wa-
ter, a continuous curve having an algebraic form proposed by
Romboughet al.20) was adopted for fitting the calculated re-
sults. The Rombough’s curve was already employed in “Nu-
clear Criticality Safety Guide”21) to derive critical and sub-
critical mass/dimension curves for233U-H2O, 235U-H2O and
239Pu-H2O. More specifically, in order to determine the value
of a sphere’s radiusr for a particular value ofkeff, at least 4
sets ofr and calculationally obtainedkeff values were fitted to
a continuous curve having the following algebraic form:

keff(r) = k∞(1 − e−r/α)βrγ
, (1)

wherek∞ is the neutron multiplication factor of fuel in infinite
media, andα, β andγ are parameters to be determined by the
least square fitting of the points to the curve. The statistical
errors in the Monte Carlo calculations were disregarded in
fitting the curve.

The corresponding curium massM was then obtained by
the well-known formula:

M = ρ · 4πr3/3, (2)

whereρ is the mass density of curium. It is worth pointing
out that we took into account the differences in the densityρ

by the mass numbers of curium isotopes (seeTable 1).
For odd neutron-number curium isotopes,i.e., 243Cm,

245Cm and247Cm, which are fissile, 10 values were selected
to cover the curium concentration range, from very low to
high as metal for mixtures of curium metal and water to cal-
culate the critical/subcritical masses of curium. The criti-
cal/subcritical curium masses for these 10 values were de-
termined, and three curves for critical/subcritical masses of
curium vs. curium concentrations were drawn through these
points by the spline interpolation method. The minimum crit-
ical and subcritical masses of curium were determined as the

Table 1 Critical (keff=1.0) and subcritical (keff=0.9 and 0.8)
masses of curium isotopes in metal calculated with the MCNP
code and JEND-3.2 library

Nuclide
Density

Reflector
Mass (kg)

(g/cm3) keff=1.0 keff=0.9 keff=0.8

243Cm 13.45
None 10.03 7.08 4.80
Water 3.51 2.43 1.60
SS-304 3.91 2.84 2.05

244Cm 13.51
None 29.95 20.07 13.20
Water 24.84 16.51 10.72
SS-304 15.36 10.62 7.11

245Cm 13.57
None 12.3 8.71 5.99
Water 3.91 2.71 1.82
SS-304 4.73 3.49 2.51

246Cm 13.62
None 70.1 45.5 28.9
Water 57.4 37.0 23.5
SS-304 38.1 25.2 16.2

247Cm 13.68
None 7.06 5.02 3.44
Water 3.10 2.18 1.49
SS304 3.07 2.28 1.63

minimum values of these three curves.

3. Results
An example of the relation between the radius of a fuel

sphere and the calculated neutron multiplication factorkeff is
shown inFig. 1 for 245Cm metal without reflectors. This fig-
ure illustrates how to obtain the radii of fuel sphere, 6.00, 5.35
and 4.72 cm, corresponding tokeff=1, 0.9 and 0.8, respec-
tively, from the fitted curve. The critical mass was derived
as 12.3 kgCm, and the subcritical masses corresponding to
keff=0.9 and 0.8 were determined to be 8.71 and 5.99 kgCm,
respectively, by multiplying the fuel density 13.57 gCm/cm3

to the corresponding volumes (see Eq. (2)).
(1) Critical and Subcritical Masses of243Cm to 247Cm in

Metal
The critical and subcritical masses of a sphere of the five

curium isotopes,243Cm to 247Cm, in metal were calculated
with the three reflector conditions: bare, with a 30-cm-thick
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Fig. 1 Relation between spherical radius of245Cm metal without
reflector and calculated values ofkeff
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water reflector and with a 30-cm-thick SS-304 reflector. The
results are summarized in Table 1 andFig. 2. It is clear from
Fig. 2 that the critical/subcritical mass of a curium isotope
decreases in the order of246Cm, 244Cm, 245Cm, 243Cm and
247Cm for each reflector condition.

The relations between the critical mass of a bare metal
sphere,Mcrit, and the correspondingk∞ are plotted for the
curium isotopes inFig. 3. They are almost all on one curve,

Mcrit = 1

c1 + c2 · kc3∞
, (3)

where c1, c2 and c3 are constants. Note that both fissile
and non-fissile nuclides are included in the plot. Fissile
curium isotopes,243,245,247Cm, have largek∞ values, 3.5–3.9,
and small critical mass values, 7–12 kg; whereas non-fissile
curium isotopes,244,246Cm, have smallk∞ values, 2.3–2.6,
and large critical mass values, 30–70 kg.
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Fig. 2 Critical (keff=1.0) and subcritical (keff=0.9 and 0.8) masses
of curium isotopes in metal calculated with the MCNP code and
JEND-3.2 library
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bare metal and theirk∞

From Fig. 2, it is observed that the lines are almost par-
allel, i.e., the mass reduction rates are almost the same irre-
spective of curium isotopes and reflector conditions. Relative
reduction in masses corresponding tokeff=0.9 and 0.8 to the
mass corresponding tokeff=1.0 for curium isotopes are listed
in Table 2. It shows that the subcritical masses are reduced
from the critical mass to(69±5)% for keff=0.9 and(47±6)%
for keff=0.8. The maximum deviation from the average is
found to be rather small for bothkeff=0.9 and 0.8. These re-
lations give a rough idea that any uncertainties in obtaining
keff should make differences in the critical mass of curium:
An error of 0.1% inkeff will produce a 0.3% error in the criti-
cal mass calculation.

The effect of reflector on the critical mass is generally dif-
ferent from isotope to isotope. However, it is clearly seen
from Fig. 4, which shows the critical masses of curium iso-
topes in the three reflector conditions in a bar graph, that non-

Table 2 Relative reduction of masses inkeff=0.9 and 0.8 to the
mass inkeff=1.0 for curium isotopes

Nuclide Reflector M(0.9)/M(1) M(0.8)/M(1)

243Cm
None 0.71 0.48
Water 0.69 0.46
SS-304 0.73 0.52

244Cm
None 0.67 0.44
Water 0.66 0.43
SS-304 0.69 0.46

245Cm
None 0.71 0.49
Water 0.69 0.47
SS-304 0.74 0.53

246Cm
None 0.65 0.41
Water 0.64 0.41
SS-304 0.66 0.43

247Cm
None 0.71 0.49
Water 0.70 0.48
SS304 0.74 0.53

Average 0.693 0.468

Minimum 0.645 0.409

Maximum 0.743 0.531

Fig. 4 Critical mass of curium isotopes in metal in bare, wa-
ter-reflected and SS-reflected
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fissile curium isotopes (244Cm and246Cm) and fissile curium
isotopes (243Cm,245Cm and247Cm) 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.

It is noted that steel is a better reflector than water for ura-
nium and plutonium isotopes; however, this is not necessarily
true for americium and curium isotopes,13) esp. for245Cm in
metal; as shown in Fig. 4 (see also Table 10). Moderation
in addition to reflection by water helps to reduce the critical
mass for the fissile nuclides having remarkable fissile charac-
ter, like245Cm (see Sec. II-3(2)).
(2) Minimum Critical and Subcritical Masses of243Cm,

245Cm and247Cm in Metal-water Mixtures
Critical and subcritical masses of a sphere of243Cm-H2O 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)
30-cm-thick SS-304 reflected cases.

Quite similarly to243Cm, critical and subcritical masses of
homogeneous245Cm-H2O and247Cm-H2O in a sphere were
also calculated for various curium concentrations.Figures 6
and7 show the homogeneous245Cm-H2O and247Cm-H2O re-
sults, respectively, for the same three reflector conditions as
homogeneous243Cm-H2O. The critical and subcritical masses
of curium in metal are not so different for245Cm and247Cm
from 243Cm (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
in metal. For the case of homogeneous247Cm-H2O, on the
other hand, the minimum critical mass is not so much smaller
than the critical mass of curium in metal in the same reflec-
tor condition: it is less than a factor of 2. The behavior of
247Cm is similar to232U and 236Pu, for which nuclides the
minimum critical mass in the thermal neutron energy region
is only a little larger than the critical mass in metal,22) which
are categorized as “quasi-fissile anomalous nuclides” by E. D.
Clayton.23)

The minimum values of the curium mass curves forkeff=1,
0.9 and 0.8, and the corresponding curium concentrations
for the spheres of homogeneous243Cm-H2O, 245Cm-H2O
and247Cm-H2O in the three reflector conditions are listed in
Table 3. The relation between the minimum critical mass and
the corresponding curium concentration is shown inFig. 8. It
is observed from this figure that the minimum critical masses
of the three curium isotopes in each reflector condition and
the corresponding curium concentrations are well described
in a power relation. There seems to be an approximate power
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Fig. 5 Critical and subcritical masses of a sphere of homogeneous
243Cm-H2O

relation among sets of the critical mass of a fissile nuclide and
its concentration in a metal-water mixture, which was pointed
out earlier by us.13)

III. Comparison with Calculation Results Based on
Other Nuclear Data Files

1. Comparison of the Neutron Multiplication Factor Cal-
culations Based on Various Evaluated Nuclear Data
Files
To investigate the effect due to differences in the evaluated

nuclear data files, the neutron multiplication factor was cal-
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Fig. 6 Critical and subcritical masses of a sphere of homogeneous
245Cm-H2O

culated using the ENDF/B-VI and JEF-2.2 libraries as well
as the JENDL-3.2 library. The calculation was made for (1)
the infinite media and (2) a finite bare sphere of curium, both
(a) in metal and (b) in a mixture of metal and water (only
for fissile isotopes, 243,245,247Cm). The radius of the sphere in
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 critical
mass. The results are shown in Table 4.

It is seen from this table that the results based on JENDL-
3.2 are generally 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) 243Cm
in a metal-water mixture, (2) 245Cm in metal, (3) 246Cm metal
in a finite sphere. In the following three sections, the reasons
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Fig. 7 Critical and subcritical masses of a sphere of homogeneous
247Cm-H2O

for the differences are investigated by comparing microscopic
reaction cross sections. Differences in the critical masses be-
tween JENDL-3.2 and ENDF/B-VI are shown in the last sec-
tion for 245Cm, 246Cm and 247Cm 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
243Cm 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 (ν-value) are compared in
Fig. 9. For the well-moderated system of curium concen-
tration 0.03 gCm/cm3, the neutron flux has a peak around
50 meV. 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-H2O

Nuclide Reflector

keff=1.0 keff=0.9 keff=0.8

Concentration Mass Concentration Mass Concentration Mass
(g/cm3) (kg) (g/cm3) (kg) (g/cm3) (kg)

243Cm
None 0.028 0.391 0.028 0.298 0.022 0.224
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

245Cm
None 0.0094 0.138 0.0087 0.105 0.0081 0.079
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

247Cm
None 0.21 4.15 0.20 2.98 0.172 2.11
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 keff’s of a bare sphere for five curium isotopes, 243Cm to 247Cm, based on three evaluated nuclear
data libraries: JENDL-3.2, ENDF/B-VI and JEF-2.2

Nuclide
Concentration Radius keff

Relative to JENDL-3.2
�keff/keff (%)

(g/cm3) (cm)
JENDL-3.2 ENDF/B-VI JEF-2.2 ENDF/B-VI JEF-2.2

243Cm

13.45
6 1.058 1.107 1.158 4.7 9.5
∞ 3.553 3.577 3.653 0.7 2.8

0.03
15 1.029 1.163 0.895 12.9 −13.0

∞ 2.118 2.335 1.863 10.2 −12.0

244Cm 13.51
9 1.084 1.113 1.064 2.7 −1.9
∞ 2.605 2.643 2.511 1.5 −3.6

245Cm

13.57
6.002 0.998 1.086 1.197 8.8 19.9
∞ 3.550 3.687 3.981 3.9 12.1

0.01
14.887 0.999 1.063 1.116 6.5 11.7

∞ 2.115 2.251 2.343 6.4 10.8

246Cm 13.62
10.713 0.999 1.150 1.150 15.1 15.1

∞ 2.313 2.395 2.395 3.5 3.5

247Cm

13.68
4.957 1.001 1.003 1.003 0.2 0.2
∞ 3.924 3.793 3.793 −3.3 −3.3

0.20
17.062 1.001 1.004 1.004 0.3 0.4

∞ 1.780 1.765 1.766 −0.9 −0.8

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 ν-values. The JEF-2.2 library has a 30%
smaller fission cross section and a 1.3% smaller ν-value with
a little smaller capture cross section compared to the JENDL-
3.2 library. (As the fission 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 keff’s of ENDF/B-VI are larger than those of
JENDL-3.2, and the keff’s of JEF-2.2 are smaller than those
based on JENDL-3.2 for the homogeneous 243Cm-H2O sys-
tem.

3. Comparison of Microscopic Cross Sections of 245Cm
The neutron spectrum for the critical sphere of a bare

245Cm metal has a peak around 2 MeV.12) Figure 10 com-
pares the neutron capture and fission cross-sections and the
ν-value for 245Cm as a function of neutron energy. The
ENDF/B-VI and JEF-2.2 libraries give 4.3% and 9.8% larger
ν-values, respectively, which almost accounts for the relative
differences in k∞ from JENDL-3.2, 3.9% and 12.1%, respec-
tively. Their fission cross sections are larger than JENDL-3.2
at 2 MeV, 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-VI and JEF-
2.2 at 2 MeV 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 245Cm metal from larger to
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Fig. 9 Comparisons of capture and fission cross sections, and of
number of neutrons released by fission for 243Cm

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

4. Comparison of Microscopic Cross Sections of 246Cm
As shown in Table 4, the neutron multiplication factor of

a bare sphere of 246Cm metal that was almost critical accord-
ing to the calculation based on the JENDL-3.2 library was
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Fig. 10 Comparisons of capture and fission cross sections, and of
the average number of neutrons released by fission for 245Cm
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Fig. 11 Neutron spectra of 246Cm 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-VI library for 246Cm).

The neutron energy spectra are compared in Fig. 11 for
the critical bare sphere and for the infinite medium of 246Cm
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metal. The neutron energy spectrum for the critical bare
sphere has values more than half of the peak value between
an energy range from 0.4 to 4 MeV. The neutron energy spec-
trum shifts to 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 ν-value for 246Cm as a function of neu-
tron energy between the JENDL-3.2 and ENDF/B-VI li-
braries. For the neutron energy ranging from 0.4 to 4 MeV, the
ENDF/B-VI library has about 10% larger ν-value and smaller
capture cross sections. The fission cross section of ENDF/B-
VI is larger than that of JENDL-3.2 for the same energy range.
These features explain that the ENDF/B-VI library gives a
larger keff 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 is much smaller than JENDL-3.2, which leads to
a large cancellation with the differences in the ν-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 246Cm

[Note: The JEF-2.2 library has the identical data to ENDF/B-VI
library].

5. Critical Mass Differences for 245Cm, 246Cm and 247Cm
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 245Cm and 246Cm, and slight for 247Cm:
Replacing JENDL-3.2 with ENDF/B-VI reduces the critical
masses to 76%, 56% and 98% of the corresponding masses
for 245Cm, 246Cm and 247Cm, 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 already mentioned in connection with Table 2.

The critical curium masses of a sphere of homogeneous
245Cm-H2O without and with a water reflector were also
calculated as a function of 245Cm 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. These fig-
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-VI are about 15% smaller in both
conditions with and without a water reflector than those based
on JENDL-3.2.

IV. Subcritical Mass Limits

The subcritical limit is defined by the ANSI/ANS-8.124)

standard as follows:
The limiting value assigned to a controlled parameter that

results in a subcritical system under 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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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 calculated with different nuclear data libraries

Cm isotopes Reflector
Critical mass (keff=1) (kgCm)

ME /MJ
MJ (JENDL-3.2) ME (ENDF/B-VI)

245Cm
None 12.3 9.41 0.765
Water 3.91 3.03 0.774

246Cm None 70.1 39.0 0.556
247Cm None 7.06 6.94 0.983

Table 6 Calculated minimum critical masses of homogeneous 245Cm-H2O based on ENDF/B-VI compared with those
with based on JENDL-3.2

Reflector Nuclear data library
Fuel concentration Minimum critical mass Ratio to

(gCm/l) (gCm) JENDL-3.2

None
JENDL-3.2 10.0 138 1
ENDF/B-VI 8.1 117 0.85

Water
JENDL-3.2 12.1 65.6 1
ENDF/B-VI 11.6 54.9 0.84

Fig. 14 Calculated critical masses based on the ENDF/B-VI li-
brary compared with those based on the JENDL-3.2 library for
a sphere of homogeneous 245Cm-H2O

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 already stated in Chap. I, there is no experimental
data except one replacement experiment for 244Cm 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, e.g., 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 keff=1 was found to be nearly equal
to the subcritical mass corresponding to keff=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 critical and subcriti-

cal masses of 243Cm metal in bare, water-reflected and steel-
reflected systems. The present calculation results based on
the JENDL-3.2 for bare and water-reflected 243Cm metal
spheres, 10.0 and 3.51 kg, are close to Komuro’s values,7)

9.72 and 3.35 kg, respectively, based on the JENDL-3.0 li-
brary. Anno’s results9) based on JEF-2.2 gave much smaller
values, which is consistent with the fact that JEF-2.2 gave
larger keff and k∞ values compared to JENDL-3.2 (see
Table 4). 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 243Cm metal.
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Table 7 Comparison of critical and subcritical masses of 243Cm in metal system, and the subcritical mass limits accepted
by ANSI/ANS-8.15 Working Group (kg)

Bare Water-reflected Steel-reflected keff Nuclear Data Library Computer code Ref.

10.0 3.51 3.91 1 JENDL-3.2 MCNP4B2 13)
7.08 2.43 2.84 0.9 JENDL-3.2 MCNP4B2 13)
4.80 1.60 2.05 0.8 JENDL-3.2 MCNP4B2 13)
9.72 3.35 — 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 1.4 1.4 Accepted subcritical mass limits

Table 8 Comparison of the minimum critical and subcritical masses of 243Cm in water mixture systems, and the subcriti-
cal mass limits accepted by ANSI/ANS-8.15 Working Group (g)

Bare Water-reflected Steel-reflected keff Nuclear Data Library 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-IV 4)
— 116 — 1 CEA86a) DTF-IV 5)
— 265 — 1 JEF-2.2 APOLLO-II 25)

— 90 — ANSI/ANS8.15-1981 1)

190 90 80 Accepted subcritical mass limits

a) 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.25)

The minimum critical masses of homogeneous 243Cm-H2O
from various information sources are shown in Table 8.
French results are widely ranged: from 116 to 382 g. We
adopted the latest value 265 g based on JEF-2.2 as the rep-
resentative one of the three French results.4, 5, 25) This value
is larger than the JENDL’s result, as expected from Table 4.
The subcritical mass limits for the homogeneous 243Cm-H2O
in bare, water-reflected and steel-reflected systems, were de-
cided as a half of the JENDL’s results: 190, 90 and 80 g,
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 mass limits
for homogeneous 243Cm-H2O should be smaller if there were
results based on ENDF/B-VI. See Table 4].

2. Cm-244
The critical and subcritical masses of 244Cm 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 a first look: for example, 13.2 to 33.0 kg
for the critical curium mass in the bare condition. However, it
can be pointed out that the old values are smaller; the recently
obtained values are comparatively larger and in a small range:

27–33 kg. The ANSI/ANS-8.15 Working Group decided the
subcritical mass limit as 14 kg for a bare metal of 244Cm
based on the minimum of these values, 27 kg. Considering
the reflector effects, the revised values of 11 and 7 kg, respec-
tively for water- and steel-reflected metal of 244Cm were de-
cided, which became more than twice of the previously rec-
ommended values, 5 and 3 kg, respectively.

3. Cm-245
Table 10 lists the critical and subcritical masses of 245Cm

metal in bare, water-reflected and steel reflected systems. The
present calculation result based on the JENDL-3.2 library for
a bare 245Cm metal sphere, 12.3 kg, is very close to Nojiri’s
result based on the same code-library combination, 12.4 kg;8)

it agrees well with the results based on JENDL-3, ENDL-82
and -85. However, Anno’s result based on JEF-2.2, 6.81 kg,9)

was much smaller. Another result based on the ENDF/B-
V has a comparable critical mass value, 9.33 kg,8) to our
ENDF/B-VI result, 9.41 kg. Similar tendencies were found
for the results with a water reflector and with a steel reflector.
The subcritical mass limits were decided based on Anno’s re-
sults that gave the minimum. These subcritical mass limits
are new in this revision.

The minimum critical masses of homogeneous 245Cm-H2O
from various information sources are shown in Table 11. The
present result for the bare case based on the JENDL-3.2 li-
brary, 138 g, is almost equal to that of Srinivasan’s, 136 g;4)
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Table 9 Comparison of critical and subcritical masses of 244Cm in metal systems, and the subcritical mass limits accepted
by the ANSI/ANS-8.15 Working Group (kg)

Bare Water-reflected Steel-reflected keff Nuclear Data Library Computer code Ref.

30.0 24.8 15.4 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 22.8 — 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)
13.5 11.5 7.6 1 ENDF/B-IV XSDRNPM 11)
27 — — 1 ENDF/B-VI 14)

— 5 3 ANSI/ANS8.15-1981 1)

14 11 7 Accepted subcritical mass limits

Table 10 Comparison of critical and subcritical masses of 245Cm in metal systems, and the subcritical mass limits ac-
cepted by the ANSI/ANS-8.15 Working Group (kg)

Bare Water-reflected Steel-reflected keff Nuclear Data Library Computer code Ref.

12.3 3.91 4.73 1 JENDL-3.2 MCNP4A 12)
8.71 2.71 3.49 0.9 JENDL-3.2 MCNP4A 12)
5.99 1.82 2.51 0.8 JENDL-3.2 MCNP4A 12)
9.41 3.03 — 1 ENDF/B-VI MCNP4A 12)

12.4 3.78 — 1 JENDL-3.0 MULTI-KENO-3.0 7)
9.33 3.14 3.59 1 ENDF/B-V SCALE4.3 8)

12.5 3.86 4.80 1 ENDL-85 MCNP4A 8)
12.4 3.59 4.77 1 JENDL-3.2 MCNP4A 8)
12.3 — 5.80 1 ENDL-82 DTF-IV 4)
6.81 2.61 2.66 1 JEF-2.2 APOLLO-II 9)

— — — ANSI/ANS8.15-1981 1)

3.4 1.3 1.3 Accepted subcritical mass limits

Table 11 Comparison of the minimum critical and subcritical masses of 245Cm 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 keff Nuclear Data Library 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)
— 42.7 — 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,
is a little larger than the corresponding value, 62 g.4) Rossig-
nol gave a considerably smaller value, 42.7 g.5) Recently,
IPSN supplied 46.5 g25) as the minimum critical mass based
on JEF-2.2, on which the subcritical mass limit of 245Cm-H2O
with a water reflector, 23 g, was decided. The subcritical mass
limit for the bare 245Cm-H2O system, 58 g, was based on our
result based on ENDF/B-VI, 117 g.12) As there were no steel-

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 245Cm-H2O system.

4. Cm-246
Table 12 compares the critical masses of 246Cm 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 246Cm in metal systems, and the subcritical mass limits ac-
cepted by the ANSI/ANS-8.15 Working Group (kg)

Bare Water-reflected Steel-reflected keff Nuclear Data Library Computer code Ref.

70.1 57.4 38.1 1 JENDL-3.2 MCNP4A 12)
45.5 37.0 25.2 0.9 JENDL-3.2 MCNP4A 12)
28.9 23.5 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)
37.9 32.9 20.5 1 ENDF/B-V SCALE4.3 8)
84.1 65.8 44.7 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 mass limits

Table 13 Comparison of critical and subcritical masses of 247Cm in metal systems, and the subcritical mass limits ac-
cepted by the ANSI/ANS-8.15 Working Group (kg)

Bare Water-reflected Steel-reflected keff Nuclear Data Library 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 2.91 — 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/ANS8.15-1981 1)

3.5 1.5 1.4 Accepted subcritical mass limits

based on the JENDL-3.2 library are almost equal to Nojiri’s
results8) 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.8, 12) Those calculation results give 15 to
20% smaller values than those based on the ENDL-85 li-
brary.8) The critical mass of a bare sphere of 246Cm metal
based on the JEF-2.2 library, 40.96 kg,25) was 5% larger than
the corresponding mass, 39.0 kg,12) 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 limits in bare, water-reflected and steel reflected
conditions were decided, therefore, based on the ENDF/B-V
and -VI results to be 19, 16 and 10 kg, 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 a list of the critical masses of 247Cm 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 247Cm are small: e.g., the

critical 247Cm mass in bare condition are in a band from 6.9 to
7.9. Looking more carefully at Table 13, however, we would
notice that ENDLs’ results4, 8) are larger than the results based
on other libraries, i.e., JENDLs, ENDF/Bs and JEF-2.2.

The minimum critical masses of homogeneous 247Cm-
H2O are compared in Table 14. The critical mass of IPSN,
2.16 kg,25) which gives the minimum for the water-reflected
case, is very close to the present result, 2.18 kg. The corre-
sponding value by Srinivasan4) is about 26% larger than these
values.

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

6. Summary of Subcritical Mass Limits
Table 15 summarizes the subcritical mass limits for 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-H2O 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 247Cm 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 keff Nuclear Data Library Computer code Ref.

4.15 2.18 1.55 1 JENDL-3.2 MCNP4A 12)
2.98 1.47 1.09 0.9 JENDL-3.2 MCNP4A 12)
2.11 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)

— 0.9 — ANSI/ANS8.15-1981 1)

2.1 1.0 0.7 Accepted subcritical mass limits

Table 15 The subcritical mass limits for curium metal accepted by
the ANSI/ANS-8.15 Working Group in November 2001 (kg)

Nuclide Bare Water-reflected Steel-reflected
243Cm 3.7 1.4 1.4
244Cm 14 11 7
245Cm 3.4 1.3 1.3
246Cm 19 16 10
247Cm 3.5 1.5 1.4

Table 16 The subcritical mass limits for homogeneous Cm-H2O
mixtures accepted by the ANSI/ANS-8.15 Working Group in
November 2001 (kg)

Nuclide Bare Water-reflected Steel-reflected
243Cm 0.19 0.09 0.08
245Cm 0.058 0.023 Not applicable
247Cm 2.1 1.0 0.7

V. Conclusions

The following conclusions were reached through this study.
(1) Critical (keff=1) and subcritical (keff=0.9 and 0.8)

masses were calculated for a sphere of five curium iso-
topes, 243Cm to 247Cm, in metal and three curium iso-
topes, 243Cm, 245Cm and 247Cm, in metal-water mix-
tures, considering three reflector conditions: bare, with
a water or stainless steel 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-H2O and the corre-
sponding curium concentration.

(2) Remarkable relative differences, 10%�k/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, especially for (a) 243Cm in a
metal-water mixture, (b) 245Cm in metal, and (c) 246Cm
metal in a finite sphere. The comparisons of ν-values,
and fission and capture cross sections explained tenden-
cies of the differences.

(3) 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-

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
isotopes were proposed, and the consensus values of the
ANSI/ANS-8.15 Working Group were obtained.

Acknowledgments

The authors are grateful to all the members of the Work-
ing Group of ANSI/ANS-8.15 for discussing and deciding the
subcritical mass limits for curium isotopes. Special thanks
are due to the chair of the Group, N. L. Pruvost for having
assigned one of the authors (HO) to take charge of the curium
isotopes, and to J. Anno and R. M. Westfall for showing the
group members their results. Contributions from domestic
collaborators are also praised: I. Nojiri and Y. Fukasaku sup-
plied the authors with their both published and unpublished
results; and Y. Komuro provided the authors with his results
and also useful information.

A part of this work was carried out by the Japan Atomic
Energy Research Institute (JAERI) under entrustment by the
Ministry of Education, Culture, Sports, Science and Technol-
ogy (MEXT) of Japan.

References

1) American National Standard for Nuclear Criticality Control of
Special Actinide Elements, ANSI/ANS-8.15-1981, (1981).

2) R. W. Brewer, N. L. Pruvost, C. T. Rombough, “ANSI/ANS-
8.15-1981 (R87): Nuclear Criticality Control of Special Ac-
tinide Elements,” Trans. Am. Nucl. Soc., 75, 200 (1996).

3) D. M. Barton, “Central reactivity contributions of 244Cm, 239Pu,
and 235U in a bare critical assembly of plutonium metal,” Nucl.
Sci. Eng., 33, 51–55 (1968);
R. W. Brewer, Replacement Measurements Performed with
Curium-244, Plutonium-239, and HEU Using JEZEBEL,
NEA/NSC/DOC(95)03/VII, SPEC-MET-FAST-001, (2001).

4) M. Srinivasan, K. Subba Rao, S. B. Garg, G. V. Acharya, “Sys-
tematics of criticality data of special actinides deduced through
the Trombay criticality formula,” Nucl. Sci. Eng., 102, 295
(1989).
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