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Abstract- The fission cross sections of 247Cm, 254Es, and 250Cf are measured with the Rensselaer in-
tense neutron spectrometer from 0.1 eV to 80 keV. The cross sections are normalized to the 235U

ENDF / B- V broadened cross section. Fission areas and resonance widths are determined for low-
energy resonances in 247Cm. The 254Esand 250Cffission cross sections are the only reported measure-

ments for these isotopes. The 254Es isotope is the heaviest odd-odd isotope ever measured over this
energy range. The thermal fission cross sections for 247Cm, 254Es, and 250Cf are determined by extrap-
olation of the low-energy region of the cross section and are in good agreement with other reported
measurements. Resonance integrals are reported for the energy range of 0.1 eV to 80 ke V, and the areas
for 247Cm and 250Cf resonances are also reported. The previously reported 246Cmfission cross section
was corrected for fission in 247Cm.

1. INTRODUCTION

The fission cross sections of the even curium iso-
topes 242Cm,244Cm,246Cm,and 248Cmwere measured
at Rensselaer Polytechnic Institute (RPI) previously by
Maguire et al. 1 and Alam et al. 2 This measurement
completes the fission cross-section measurement set for
the curium isotopes.

Einsteinium-254 has a short half-life of 276 days
and therefore has a high alpha-particle activity. The
fission cross section of such a heavy odd-odd nucleus
is interesting for its physical properties, and as is
shown, the 254Esfission cross section looks different
from all other measurements and shows an interesting
lack of structure.

The 250Cfmeasurement was taken to correct for
possible contamination in the einsteinium sample,

which decays by alpha- and beta-particle emission to
250Cf. Because of the high rate of spontaneous fission,
this sample had the lowest signal-to-background ratio
ever measured in the Rensselaer intense neutron spec-
trometer (RINS).

The einsteinium, curium, and californium isotopes
that were measured are hard to obtain, and only mi-
crogram or submicrogram quantities of samples were
available; however, the RINS system has the capability
to measure such small samples because of its high neu-
tron flux. The RINS system couples the RPI 60-MeV
electron linear accelerator (linac) to a lead slowing-
down-time spectrometer that consists of a helium-
cooled tantalum target inside a 1.8 m on a side, 75-t
lead cubic pile.3 The RINS produces a very intense
broad-resolution neutron flux in the energy range of
0.1 to 80000 eV. The flux intensity obtained is _104
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Sample Content

252Cf 313.5:t 0.1 pg .
(212.01 :t 0.08 fission/s)a

235U + 252Cf 6.37 /Lg 235U

(0.619:t 0.004 fission/s)a

250Cf 0.149:t 0.008 /Lg
(441.87 :t 0.11 fission/s)a

254Es 0.21 :t 0.01 /Lg
[13.03 :t 0.02 fission/s

(due to 250CfW
247Cm 3.16 :t 0.024 /Lg 247Cm

3.48 /Lg 244Cm
0.093 /Lg 245Cm

3.96/Lg 246Cm
0.003 /Lg 240pU

(30.86 :t 0.03 fission/s)a
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times greater than an equivalent resolution from a 5-m
time-of-flight (TOF) experiment. 3 The RINS neutron
density has a Gaussian shape with an energy resolution
of -0.35 [full-width at half-maximum (FWHM) i~.E/E]
from I eV to I keV.

In order to measure highly alpha-particle active
samples, the hemispherical fission chamber was devel-
oped4 and used in previous RPI RINS measurements
of heavy transactinides. 1,2The chamber's hemispher-
ical shape combined with very fast rise time custom-
designed electronics5,6 reduces the alpha-particle pileup
problem that might be troublesome otherwise.

II. EXPERIMENTAL METHOD

The RINS system provides an intense source of
neutrons with an average neutron energy E (in elec-
tron-volts) given by3

E = 165000

(t + 0.3)2

where t is the slowing-down time in microseconds.
During the linac pulse, the electrons hit the tantalum
target and produce intense bremsstrahlung radiation
that in turn produces neutrons by a ('Y, n) reaction.
The pulse of bremsstrahlung, also called gamma flash,
causes a high count rate in the fission chamber (due to
gamma-induced ionization) and will show up in one of
the early channels of the TOF spectrum; this channel
is defined as slowing-down-time zero (t = 0). The lead
slowing-down-time spectrometer resolution function
was first derived theoretically by Bergman et aI. 7 Fishers
made a Monte Carlo calculation with the MCNP
code9 and fitted his numerical resolution results to the
Bergman et al. theoretical form. The resolution func-
tion used by Stopa5 and Alam6 was used in this work
in a resolution-broadening program; the resolution
function is given by

(dE ) = [0.0835 + (0.128
)E FWHM E

+ 3.05 x 10-5 E]

1/2
(2)

T~e relative energy-dependent neutron flux was
also fItted by Fishers and is given by

1>r(E) = E-O.776exp
[

_ (0.~14 )1/2], (3)

where E represents the average neutron energy as given
by Eq. (1). The hemispherical fission chamber used by
Alam et al. 2 and ~lam6 was used in this experiment;
the chamber was fIlled with 2 atm (absolute) of pure
~ethane gas and was operated with a 500- V negative
b~as. The sample order in the chamber is shown in
FIg. I. The 235U + 252Cf and 252Cf samples are the
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(1)
Fig. 1. A side-view sketch of the inside of the fission

chamber (not to scale; see Ref. 2 for more details).

same samples used by Alam in his experiment. The
247Cm, 250Cf, and 254Es samples were chemically pu-
rified to remove other actinides and any interfering nu-
clides prior to the measurement. The isotopic content
of the samples is listed in Table l. The purified samples
were then electroplated as -6-mm-diam spots on the
surfaces of hemispherical nickel foils that were assem-
bled in the fission chamber. The electroplating solution
was a mixture of 95070isopropyl alcohol and 5% 0.2 N

TABLE I

Sample Contents in the Fission Chamber
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aThe spontaneous fission count rate of the sample.
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HCI. To minimize 250Cf contamination in the einstei-
nium sample, the 250Cf was separated from the 254Es

at Lawrence Livermore National Laboratory (LLNL)
48 h before beginning the collection of data at RPI.
The 247Cm is from the same sample used by Moore
and Keyworth 10in their experiment in 1969. The mass
content of the 247Cm sample was corrected for iso-
topic decay. The sample contents are listed in Table I.

Each fission chamber is connected in sequence to
a fast preamplifier, a power filter module [both custom
designed by Oak Ridge National Laboratory (ORNL)
(Ref. 2)], a LeCroy 612M amplifier, and a constant
fraction discriminator ORTEC 473A. The constant
fraction discriminator was set to a 1.5-V integral dis-
crimination level to discriminate against the lower am-
pliJude alpha-particle signals and electronic noise. The
fission detection efficiency was determined by record-
ing the spontaneous fission count rate as a function of
discrimination level and by fitting the plateau region
to an exponential. The ratio of the count rate at a 1.5-V
discrimination level to the extrapolated count rate at
zero discrimination is the efficiency 'Y/for that sample.
The output from each constant fraction discriminator
was connected to a TOF clock and an HP-lOOO, A-900
computer for the data acquisition.

The cylindrical fission chamber was inserted 90 cm
deep into the 75-t lead pile in a hole whose axis is
60 cm from the bottom and rear face of the lead cube
and was surrounded by machined lead blocks so that
there were no big air gaps between the chamber and the
lead. The RPI linac was operated at an average current
of 15 fJ-A and an average pulse rate of 90 pulse/s,
which gave an average power of 900 W on the tanta-
lum target. The linac pulse width was 200 ns. Data
were taken for - 29 h with the linac on and 8 h with the
linac off to measure the spontaneous fission back-
ground.

III. EXPERIMENTAL DATA REDUCTION

The data were collected in 29 separate files with
each file representing a sum of -I h of data collecting.
The first step was to correct each run for dead time
and sum all runs to get one file that contained all the
raw data. Since the resolution of the lead spectrome-
ter is relatively broad, the second step was grouping the
data into macrochannels with wider time widths than
the basic clock channels. The grouping was done in a
consistent way with the RINS resolution so that the en-
ergy width of the macrochannels did not exceed 25070
of the RINS resolution width. The data were reduced
from 3072 channels to 150 macrochannels, which gave
an improvement of the counting statistics per channel.

The counts in channel i for sample x can be calcu-
lated by the following equation:

e;'" = F,Y}xNxrj)r(E;)af(E;)D.E; , (4)
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where

er = counts from sample x in macrochannel i

F = flux normalization factor

'Y/X= fission detection efficiency

NX = number of atoms of sample x

E; = average energy of macrochannel i

rj)r(E;) = relative energy-dependent flux given by
Eq. (3)

af (E;) = resolution-broadened fission cross sec-
tion of sample x in channel i

D.Ei = channel i width in energy units (D.Ei =
E;+1 - E;).

The third step was to find the flux normalization
factor relative to 235U. This was done by first taking
the ENDF /B- V (Ref. 11) point cross-section file for
235U and broadening the cross section with the RINS
resolution, ending up with a broadening cross section
at average macrochannel energies. The normalization
factor is calculated by

em
F =

'Y/
235N235

CPr(~;) ap5 (E;) !:lEi
(5)

The term aj (E;) is the 235U broadened fission cross
section given by

(6)

where

(]j(E) = ENDF/B-V (Ref. 11) 235Ufission cross
section

G (E, E;) = Gaussian resolution function6 of the
RINS system around energy E;.

Equation (5) was applied to each channel corre-
sponding to neutron energies from 0.7 to 50 keY. The
channel normalization factors were then averaged to
give the overall normalization factor F. The standard
deviation of the average was taken as the error in F,
and this error is 4070over the above normalization en-
ergy range. A normalization over all the RINS energy
range from 0.1 eV to 100 keY gave a normalization fac-
tor that is 5070smaller than the normalization factor
used, and this is not a large discrepancy relative to the
10070overall error in the cross section obtained. After
F was obtained, the fission cross section of sample x
at macrochannel i is given simply by

1 er
(]j(E;) = r(NX Frj)r(Ei)D.E;

(7)



247Cm 254Es 250Cf 247Cm 254Es 250Cf 247Cm 254Es 250Cf
Energy ur u( uf Energy u( Ur Uj Energy uf uf af(eV) (b) (b) (b) (eV) (b) (b) (b) (eV) (b) (b) (b)

0.1l6E+00a 56(6) 755(70) -60(92) 0.192E+02 63(7) 82(8) 3(5) 0.38IE+03 16(2) 22(2) 0(1)
0.150E+00 50(6) 698(65) 7(73) 0.205E+02 51 (6) 79(7) 9(5) 0.4IOE+03 15(2) 21(2) 2(1)
0.189E+00 45(5) 621(58) -22(61) 0.220E+02 40(5) 79(7) 2(4) 0.443E+03 15(2) 20(2) -0.4(0.9)
0.233E+00 41(5) 574(53) -5(52) 0.236E+02 33(4) 77(7) 4(4) 0.473E+03 15(2) 18(2) I (I)
0.282E+00 39(4) 528(49) 77(46) O.254E+02 28(3) 77(7) 1(4) 0.499E+03 15(2) 17(2) I (I)
0.336E+OO 36(4) 495(46) 76(41) 0.270E+02 26(3) 74(7) 3(5) 0.528E+03 15(2) 18(2) 0(1)
0.396E+00 36(4) 449(42) 111(38) 0.284E+02 26(3) 71 (7) 5(4) 0.559E+03 14(2) 16(2) 0.0(0.9)
0.46IE+00 36(4) 430(40) 169(37) 0.300E+02 25(3) 67(6) 9(4) 0.593E+03 14(2) 16(2) 0.5(0.9)
0.532E+00 38(4) 406(38) 184(35) 0.317E+02 25(3) 67(6) 6(4) 0.63IE+03 13(1) 16(2) 1.1 (0.9)
0.611E+00 47(5) 389(36) 162(32) 0.335E+02 25(3) 62(6) 1(4) 0.672E+03 13(1) 16(2) 1.4(0.8)

0.697E+00 74(8) 350(32) 110(28) 0.355E+02 25(3) 64(6) 3(4) 0.717E+03 12(1 ) 15(1) 0.4(0.8)
0.789E+00 146(16) 344(32) 99( 26) 0.377E+02 26(3) 64(6) 9(4) 0.766E+03 12(1 ) 15( I) 0.8(0.8)
0.890E+00 285(31 ) 325(30) 43(23) 0.401E+02 28(3) 61(6) 4(3) 0.821E+03 11(1) 15(1 ) 0.3(0.7)
0.998E+00 472(51) 314(29) 18(21 ) 0.427E+02 32(4) 57(5) 3(3) 0.882E+03 II (I) 14(1) 0.1(0.7)
0.112E+Ol 625(68) 288(27) 30(20) 0.456E+02 36(4) 59(6) 2(3) 0.951E+03 10(1 ) 13(1) 0.7(0.6)

0.124E+Ol 647(70) 269(25) 44(19) 0.488E+02 41(5) 58(5) 5(3) 0.103E+04 10(1 ) 13(1) 0.9(0.6)
0.138E+Ol 539(58) 253(23) 2(18) 0.523E+02 45(5) 57(5) 4(3) 0.lllE+04 9(1) 13(1 ) 0.6(0.6)
0.152E+Ol 383(41) 240(22) 13(17) 0.562E+02 50(6) 57(5) 2(3) 0.121E+04 9(1) 12(1) 0.6(0.5)
0.168E+Ol 259(28) 229(21 ) 27(16) 0.595E+02 53(6) 56(5) 5(4) 0.129E+04 9(1) 11(I) -0.3(0.7)
0.184E+Ol 181(20) 216(20) -12(15) 0.618E+02 56(6) 55(5) 2(3) 0.137E+04 8.4(0.9) 11(1 ) -0.1(0.5)
0.202E+Ol 147(16) 202(19) 10(15) 0.643E+02 57(6) 51(5) 5(3) 0.149E+04 8.1(0.9) 12(1) 0(0)
0.221E+Ol 149(16) 194(18) 20(14) 0.669E+02 59(7) 52(5) 4(3) 0.162E+04 8.0(0.9) 10(1 ) -0.5(0.5)
0.242E+OI 191(21) 186(17) 6(13) 0.696E+02 59(7) 51(5) 2(3) 0.I77E+04 7.8(0.9) II (I) -0.4(0.4)
0.265E+Ol 258(28) 175(16) 0(13) 0.726E+02 58(6) 52(5) 6(3) 0.193E+04 7.8(0.9) 10.0(0.9) -0.4(0.4)
0.288E+OI 317(34) 167(16) 28(13 ) 0.757E+02 55(6) 49(5) 3(3) 0.2IOE+04 7.6(0.9) 9.4(0.9) 0.0(0.4)

0.314E+Ol 331(36) 156(15) -3(11) 0.791E+02 50( 6) 47(4) -1(3) 0.229E+04 7.2(0.8) 9.3(0.9) -0.1(0.4)
0.342E+OI 297(32) 149(14) 4( 11) 0.827E+02 46(5) 46(4) 1(3) 0.25IE+04 6.9(0.8) 8.9(0.8) 0.0(0.4)
0.372E+Ol 257(28) 143(13) 8(10) 0.865E+02 41(5) 42(4) 0(3) 0.276E+04 6.6(0.7) 8.5(0.8) -0.4(0.3)
0.404E+OI 246(27) 136(13) 5(10) 0.906E+02 37(4) 42( 4) 1(3) 0.304E+04 6.2(0.7) 8.5(0.8) -0.2(0.3)
0.438E+Ol 248(27) 136( 13) -12(10) 0.956E+02 34(4) 40(4) 2(2) 0.338E+04 5.9(0.7) 8.0(0.8) 0.4(0.3)

0.473E+Ol 235(26) 136(13) 10(10) 0.102E+03 32(4) 38(4) 0(2) 0.374E+04 5.7(0.6) 8.2(0.8) -0.1(0.3)
0.511E+Ol 203(22) 129(12) 8(9) 0.108E+03 29(3) 38(4) 0(2) 0.412E+04 5.5(0.6) 7.5(0.7) -0.2(0.3)
0.553E+Ol 162(18) 128(12) 2(8) 0.115E+03 27(3) 38(4) 1(2) 0.455E+04 5.2(0.6) 7.2(0.7) 0.0(0.3)
0.598E+Ol 133(15) 127(12) 9(9) 0.124E+03 25(3) 37(3) 2(2) 0.507E+04 5.0(0.6) 6.7(0.6) 0.1(0.2)
0.643E+OI 118(13) 121(11) 7(8) 0.132E+03 23(3) 36(3) -2(2) 0.567E+04 4.7(0.5) 6.5(0.6) 0.1 (0.2) ,
0.694E+OI 108( 12) 114(11) -2(8) 0.142E+03 23(3) 34(3 ) 0(2) 0.639E+04 4.5(0.5) 6.2(0.6) -0.1(0.2)
0.746E+01 100(12) 112(10) 7(8) 0.152E+03 23(3) 34(3 ) 1(2) 0.726E+04 4.2(0.5) 5.8(0.5) -0.1 (0.2)
0.799E+OI 95(11 ) 106(10) 7(7) 0.162E+03 24(3) 32(3) 1(2) 0.831 E+04 4.0(0.5) 5.8(0.5) 0.1(0.2)
0.858E+Ol 92( 10) 98(9) 2(7) 0.173E+03 25(3) 30(3) 1(2) 0.961 E+04 3.7(0.4) 5.4(0.5) 0.00(0.10)
0.923E+Ol 88(10) 91(9) 8(7) 0.184E+03 24(3) 29(3) 2(2) 0.112E+05 3.6(0.4) 5.1(0.5) -0.10(0.10)
0.997E+OI 79(9) 87(8) 3(6) 0.197E+03 24(3) 28(3) 3(1) 0.131E+05 3.4(0.4) 4.7(0.4) 0.00(0.10)
0.107E+02 69(8) 85(8) 7(7) 0.212E+03 23(3 ) 28(3 ) 2(1) 0.152E+05 3.2(0.4) 4.5(0.4) 0.00(0.10)
0.114E+02 58(6) 89(8) -2(6) 0.228E+03 23(3) 27(3) 1(1) 0.177E+05 3.0(0.3) 4.4(0.4) 0(0)
0.122E+02 49(5) 90(8) 3(6) 0.243E+03 23(3) 26(2) 0(1) 0.2IOE+05 3.0(0.3) 4.2(0.4) -0.08(0.09)
0.131E+02 43(5) 92(9) 10(6) 0.258E+03 22(2) 26(2) 0(1) 0.254E+05 2.8(0.3) 4.0(0.4) -0.04(0.08)
0.14IE+02 43(5) 88(8) 7(5) 0.274E+03 20(2) 26(2) 2(1) 0.312E+05 2.7(0.3) 3.8(0.4) 0.08(0.07)
0.15IE+02 50(6) 92(9) 10(6) 0.291E+03 19(2) 24(2) 1(1) 0.393E+05 2.5(0.3) 3.7(0.3) 0.05(0.06)0.160E+02 59(7) 90(8) -2(6) 0.31IE+03 18(2) 24(2) 2(1) 0.509E+05 2.4(0.3) 3.4(0.3) 0.01 (0.05)
0.169E+02 67(8) 90(8) 5(5) 0.332E+03 17(2) 23(2) 0(1) 0.687E+05 2.3(0.3) 3.2(0.3) 0.00(0.04)
0.180E+02 69(8) 87(8) 3(5) 0.355E+03 16(2) 23(2) 0(1) 0.976E+05 2.0(0.2) 3.2(0.3) -0.04(0.03)

344 DANON et al.

TABLE II

Fission Cross Sections and lu Error*

*The IUerror is in parentheses.
aRead as 0.116 x 100.
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IV. RESULTS

The fission cross-section results for 247Cm, 254Es,
and 250Cf are listed in Table II and plotted in Figs. 2,
3, and 4. The errors shown in Table II and on Figs. 2,
3, and 4 are due to uncertainties in the fission count-
ing efficiency, the number of atoms in the sample, the
neutron flux normalization factor, and the counting
statistics. We are able to observe resolved resonances
and clusters of resonances below - 200 eV in the
247Cm. At higher energies, the RINS resolution can no
longer resolve resonances, and the observed fission
cross section is smooth.

10' 102 103 104
Neutron Energy (eV)

Fig. 2. The 247 Cm fission cross section.

Halperin's Thermal Value
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Iv'A. Curium-247

The 247Cm sample was prepared from the same
materials used in Moore and Keyworth's experiment, 10
and this sample contained impurities of mainly 244Cm
and 246Cm, as shown in Table I. The fission cross
section was corrected for these two isotopes using the
results of previous measurements done at RPI by
Stopa.5 The correction was small « 1070)because of
the high cross section of 247Cm, relative to 244Cm and
246Cm. In this sample, resonances or clusters of par-
tially resolved resonances were observed up to -200 eV.
The 247Cm cross section reaches a peak of 647 b at
1.2 eV, and resonances were observed at 1.2, 3.1, 4.4,
9.2, and 18.0 eV. At these energies, the only other ex-
perimental results available are from the transmission
measurement by Belanova et al. 12They observed five
resonances in their data at 1.247,2.919, 3.189, 9.55,
and 18.1 eV. Except for the 4.4-e V resonance, our res-
onance energies are in good agreement with their en-
ergies. The RINS system, however, could not resolve
the resonances reported by Belanova et a1. at 2.919 and
3.189 eV; we observed only one resonance at 3.1 eY. A
resonance was observed at 4.4 eV that was not reported
by Belanova et aI., and it is possible that this resonance
was lost in the corrections that they made for other cu-
rium, americium, and plutonium isotopes contained in
their sample.

To determine the fission widths of the resonances
observed, the area under each resonance was deter-
mined. The relation between the area under the reso-
nance and the fission width is determined from the
Breit- Wigner single-level formula:

2 x 10°
2 X 10-2 10-' 100 10' 102 103

Neutron Energy (eV)

Fig. 3. The 254Esfission cross section.

NUCLEAR SCIENCE AND ENGINEERING VOL. 109 DEC. 1991



Belanova et al. I2.a,b Mughabghabl3,c This Experimentb

E f 2gfn ff fr Ar E
(eV) (meV) (meV) (meV) (meV) (b . eV) (eV)

1.247 74 :t 4 0.56 :t 0.09 34 :t 7 34 :t 6 427 :t 24 1.2
2.919 70 :t 30 0.1 :t 0.04 30 :t 30 --- --- ---
3.189 130 :t 6 1.0 :t 0.1 62 :t 6 70 :t 14 444 :t 70 3.1
--- --- --- --- --- 107 :t 47 4.4
9.55 166 :t 60 0.9 :t 0.33 125 :t 60 117:t 83 141 :t 70 9.2

18.1 210 :t 170 3.7:t 1.5 167:t 170 166 :t 152 332 :t 46 18.0

346 DANON et al.

120
Eo = 0.53 eV

AI = 71 :t 9 b.eV
,;;-
6
~ 80

Ir>~ 40
6
W

o

-40
10-' 100 10' 102 103

Neutron Energy (eV)

Fig. 4. The 250Cffission cross section.

where

A f = area under the resonance,

Af = ~ a(Ei)I1Ei

a(Ei) = fission cross section in barns at average
energy of macrochannel i

0'0 = peak cross section in barns given by

where

Eo = resonance peak energy (eV)

g = statistical weight factor for s-wave neu-
trons given by

2J + 1
g=

2(21+1)

(8)

where

I = spin of the nucleus

1=9/2 for 247Cm and therefore
J = 4,5 and g = 0.5 :t 0.05

r,rn,rf = total, neutron, and fission widths, re-
spectively (eV).

The fission widths were calculated using Eq. (8)
with the rand 2gr n resonance parameters reported by
Belanova et al. 12Our results are reported in Table III,
where the 1a errors are due to errors in r ,2g rn re-
ported by Belanova et aI., and the error in calculating
Af' The errors in the resonance area Af were calcu-
lated from the overall error in the fission cross section,
as reported in Table II. The fission widths of 247Cm
were also estimated13 by assuming r" = 40 meV and
then rf(E) = r (E) - rn(E) - r,,(E); these results
are also listed in Table III. A comparison of the two
values shows very good agreement; the errors in the fis-
sion widths reported are mainly due to errors in the to-
tal width r as reported by Belanova et al.

Moore and Keyworth 10measured the 247Cm fis-
sion cross section directly by a nuclear explosion exper-
iment, and their results are reported only for energies
>20 eV; the resolution of their experiment is much bet-
ter than the RINS resolution. The Moore and Key-
worth fission cross section was broadened to the RINS
resolution and plotted in Fig. 2. It is seen that both ex-
periments agree on the shape of the cross section, but
the Moore and Keyworth cross section is - 30<TJo lower
above 150 eV; the source of this discrepancy is un-
known.

The fission cross-section low-energy tail was ex-
trapolated to 0.025 eV, and a thermal fission of 106 ::!::
53 b was obtained for 247Cm. This value agrees with

TABLE III

Resonance Parameters for 247Cmin the Energy Range from 0.1 to 18.1 eV

aResonance at 4.4 eV was not observed by Belanova et al.
bResonances reported by Belanova et al. at 2.919 and 3.189eV, observedin our experimentonly as one resonanceat

3.1 eV.
CMughabghab13assumes

f" = 40 m~V and using f and fn calculates ff'
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af (0.025 eV) . If
Sample References (b) (b)

254Es Diamond et al. 15 3060 :t 180 ---
MacMurdo and Harbourl6 2930 :t 130 2200 :t 90
Halperin et al. 17 1970 :t 200 1200 :t 250
This Experiment 1749 :t 110 896 :t 54

247Cm Icels 1400 ---
Diamond et al. 15 108 :t 5 ---
Smith et al. 19 409 ---
Halperin, Oliver, and Stoughton2O 120 :t 12 1060 :t 110
Benjamin, MacMurdo, and Spencer14 82 :t 5 778 :t 50
Zhuravlev, Kroshkin, and Chetreikov21 80 :t 7 730 :t 70
This Experiment 106 :t 53 890 :t 53

250Cf Metta et al. 22 <350 ---
This Experiment 112 :t 99 161 :t 39

WCm, 254Es, AND 250Cf FISSION CROSS SECTIONS

the Mughabghab-evaluated value13 of 81.9 ::!:4.1 b.
The resonance integral from 0.1 eV to 80 keY was also
calculated and found to be If = 890 ::!:53 b, which is
slightly higher than the evaluated value 13of 760 ::!:50 b.
Other experimental results are presented in Table IV.
The 6070error in the resonance integral is mainly the re-
sult of uncertainties in flux normalization, counting ef-
ficiency, and sample mass.

The 246Cm fission cross section reported by Ma-
guire et al. I has a resonance at 1.2 eV that was tenta-
tively assigned to 246Cm. Using the 247Cm fission
cross section measured in this experiment, we corrected
the Maguire et al. measurement for the 0.084070247Cm
impurity in their 246Cm sample. The results of this
correction are shown in Fig. 5, where it is seen that the
1.2-eV resonance that appeared in the 246Cm measure-
ment came from the 648-b resonance at 1.2 eV in
247Cm.

The other fission cross sections of even curium iso-
topes measured at RPI previously 1,2did not have any
significant correction because of 247Cm impurities in
their samples.

IV.B. Einsteinium-254

The 254Es sample is a pure sample with contami-
nation only from the decay daughters of 254Es, that is,
250Bk and 250Cf. The 250Bk content in the sample is
constant and was calculated to be -0.04 wt07o, which

347

would have negligible effects on the fission cross sec-
tion of 254Es. The 250Cf was growing into the sample
during the measurement. When the experiment started
-48 h after the separation of 250Cf and 250Bk from
the 254Es at LLNL, we measured, by counting the
spontaneous fission background, -1 wt070of 250Cf in
the sample. At the end of the experiment, -81 h later,
we measured 2 wt070of 250Cf in the sample. The effect
of this 250Cf buildup on the cross section is negligible
because of the very low fission cross section of 250Cf.
The spontaneous fission of the 250Cf was subtracted
as a constant background counting rate.

The 254Es fission cross section plotted in Fig. 3
shows very unusual structure. The cross section is
decreasing as a function of energy in a rather smooth
way with only some structure observed around 4.3 and
13.1 eV; the cross section seems to behave like l/v up
to 10 eV, and above 10 eV, it is falling slower than l/v.
There are two possible explanations for not observing
any structure in our measurement. As an odd-odd
nucleus, the level spacing of 254Es was calculated by
Diamond et al. 15using the Gilbert and Cameron23 ap-
proach to be 1.1 eV. We calculated a level spacing of
0.9 eV using the Gilbert and Cameron approach as-
suming a binding energy of 6.26 MeV (calculated from
the mass of 254Es, 255Es, and the neutron mass), a de-
formed nucleus model, and calculating the rest of the
parameters (a and 0")from data given by Gilbert and
Cameron; it is possible that the level spacing is even

Thermal Fission Cross Section and Resonance Integrals* for 254Es, 247Cm, and 250Cf

TABLE IV

*The resonance integral is calculated as

1
80 keY dE

If
== a(E)-

0.5 eV E
the resonance integral for 250Cf was calculated as

j
'SO keY dE

If == a(E)-
0.1 eV E
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Fig. 5. The 246Cm fission cross section corrected for 247Cm impurities.

smaller than that which we calculated. With a small
level spacing and no resonances below -2 eV, the
RINS system will not resolve any resonances, and all
we could expect to see is a smooth cross section with
some small wiggles due to structure. The other possi-
bility is that 254Es has large fission widths, larger than
the level spacing; therefore, resonances overlap each
other, and the continuum we see is the true structure
of the 254Es fission cross section. The answer to this
problem can be found only by performing another ex-
periment with better resolution.

The 254Es fission cross section was extrapolated to
0.025 eV, and the thermal cross section was found to
be 1749 i: 110 b. Table IV lists some other values of
thermal cross sections for 254Es. Our value is in good
agreement with the Halperin et al. 17value of 1970 i:
200 b. Our resonance integral was found to be 896 i:
54 b, which is lower than the Halperin et al. value of
1200 i: 250 and lower than MacMurdo and Har-
bour, 16who measured 2200 i: 90. The 6070error in the
resonance integral is mainly the result of uncertainties
in flux normalization, counting efficiency, and sample
mass.

IV. C. Californium-250

The 250Cf sample was the smallest sample we had
in this experiment, only 0.149:t 0.008 p,g. This sample
also had the highest spontaneous fission rate of 442 :t
11 spontaneous fission/so The signal-to-background
ratio is very close to zero in most energy regions, but
still we were able to see a single resolved resonance at

0.53 eV with a peak cross section of 184 :t 35 b and an
area of 71 :t 9 b .eV and some structure in the energy
range of 17 to 76 eV with an average cross section of
-4 b. The cross section multiplied by .[E is plotted in
Fig. 4 and given in Table II. This result shows the ad-
vantage of using a lead slowing-down-time spectrom-
eter to obtain high flux for such measurements. The
fission cross section of 250Cf was averaged in the en-
ergy range from 1.5 to 61 eV, and assuming a 1/v cross
section, we extrapolated to 0.025 eV and calculated
a contribution to the thermal cross section of 112 :t
99 b. We found only one other measurement by Metta
et al. 22 that reported the cross section to be <350 b.

V. CONCLUSIONS

The fission cross sections of 254Es and 250Cf were

first measured in the energy range of 0.1 eV to 80 keY.
Einsteinium-254 showed only very little structure pos-
sibly because of wide fission widths and small level
spacing; only further experiments with better resolu-
tion can verify that. The 250Cf fission cross section has

only one resonance at 0.53 eV and has an average cross
section of the order of -4 b in the 17- to 76-eV energy
range.

This is the first 247Cm fission cross-section mea-
surement at the energy range of 0.1 to 20 eV, and the
resonance parameters obtained are in good agreement
with those from the Belanova et al. transmission mea-
surement and Mughabghab's evaluation. In the energy
range from 20 eV to 100 keV, the shape of the cross
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section agrees with the fission cross section measured
by Moore and Keyworth, but >150 eV, our results
are - 300/0 higher. Thermal cross sections were ex-
trapolated for 254Es and 247Cm, and they are in good
agreement with other experimental results; in the case
of the 250Cf thermal cross section, there is no other
measurement with which to compare.
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