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ABSTRACT

Neutron cross section data for 2**Cm, 2“%Cm, and ?*%Cm have
been evaluated and put into the ENDF/B format. For each isotope,
the neutron energy region from 10~° eV to 10 keV has been described
entirely with resolved and unresolved resonance parameters based
on the results of differential and integral cross section measure-
ments and isotope production studies. The cross sections from
10 keV to 10 MeV were derived with nuclear model calculations.

The evaluated cross section data have been tested with multigroup
isotope production codes against the results of five independent
reactor production experiments representing a wide range of
spectral hardness, The test results show that these cross section
sets make possible useful production forecasts in thermal and
near-thermal spectra. The cross section data have not been tested
in very hard spectra.
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EVALUATION OF NEUTRON CROSS SECTIONS
FOR 244Cm, 246Cm, AND 248Cm

INTRODUCTION

Differential neutron cross sectiens for several transplutonium
nuclides are required to evaluate programs related to the creation
and disposition of large quantities of heavy actinides as byproducts
of nuclear power reactor operation. The reactor production chain
through the curium region is shown in Figure 1.
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The cross sections and resonance parameters for zuqu 2MCm
and 2*®Cm have been selected by evaluating the results of differ-
ential and integral cross section measurements, nuclear model
calculations, and reactor production experience. Cross section
measurements, both differential and integral, have been relatively
sparse for the three isotopes because of the limited quantities
{typically less than a few milligrams) of sufficiently pure sample
material avallable for measurement. Consequently, only the cross
sections for 2**Cm had been evaluated previously for inclusion in
ENDF/B.! New differential measurements?~® for all three isotopes
made possible the evaluations for 2"®Cm and *“®Cm and the re-
evaluation of 2**Cm; the nuclear model calculations and reactor
production experience served to extend and strengthen these
evaluations. The evaluated neutron cross sections were put into

the Evaluated Nuclear Data File Library B (ENDF/B) Format® through

a contract funded by the Electric Power Research Institute.’ The
evaluations are available through the National Neutron Cross Section
Center at Brookhaven Natiomal Laboratory, Upton, NY 11973.

SOURCES QF EXPERIMENTAL DATA

Four primary data sources were used in the initial evaluation
of the curium cross sections: differential measurements, integral
measurements, nuclear model calculations, and reactor production
experience. The useful differential cross section measurements
are summarized in Table 1. Three series of total cross section
measurements have been made and analyzed: early fast chopper
measurements by Coté et al.® and Berreth et al.,? and more recent
‘Linac measurements at the Oak Ridge National Laboratory ORELA
facility »*%  Nuclear detonation measurements by Moore and
Keyworth?® prov1ded fission data above 20 eV and limited neutron
capture data for 2**Cm and 2“®Cm. Recent Russian fast chopper
total cross section measurements by Kalebin® gave results similar
to those of References 2-4 and 8; Kalebin's results were received
too late to be included in the evaluations, The primary contri-
bution of these differential cross section data was to provide the
resonance structure and resonance parameters throughout the energy
regions indicated in Table 1. The differential measurements of
these three isotopes produced few useful results in the thermal
region of the even-mass curium isotopes because of their very
small capture and fission ¢ross sections. The differential fission
cross section measurements’ gave useful results from the resonance
region to about 3 MeV.

The integral thermal measurements®® " summarized in Table 2
gave the initial estimates of the thermal capture cross sections
for the even-mass isotopes; the thermal fission cross sections
are so small as to be inconsequential in reactor or fuel cycle
applications. The small thermal capture cross sections make



precision measurement difficult because of the significant back-
These thermal cross sections,
therefore, carry large standard deviations,

ground radioactivity in the sample.

TABLE 1

Summary of Differential Data

Energy
Maxtmum Region for
Reaction Enrichment, Resonance
Cross Seciion Neutron Scurce Teolope atom % Pargmeters, eV  Reference
Total Chopper (ANL) ZhtCm 96.5 0-275 8
24Ecm 21.5 0-20 8
Total Chopper {MTR) Z45cm 93.8 0-30 2
2heen 3,94 0-20 2
Total Linac (ORELA) Lhboy 82.5 0-525 3
288 Cm 3,11 0-160 4
2%8¢m 96.8 0-2400 4
Fission® Nuclear 2hiep 98.5 20-980 5
Explosion 246
(PHYSTCS-8) Cm 94.7 20-400 5
2480 89.3 20-100 5
a. Limited capture data for 2““Cm and *“®Cm,
TABLE 2
Summary of Integral Thermal Data
Capturg Fission
Isotope U:;”, b Error, % Reference c;;.”, Error, % Reference
2%%Cm 14 +30 10 1.1 +45 11
1.0 £20 12
24Ecy 1.5 £33 10 0.17 60 11
1.2 +33 13 0.14 +36 12
248¢Cm 2.63 +10 14 0,34 +21 11
3.0 +33 10 0.39 +18 12



The thermal cross sections can be further limited by iterating
through the testing procedure and comparing the results with the
reactor production experience of the Savannah River Plant (SRP).1°®
The exact approach will be described subsequently, but the pro-
duction experiments are listed in Table 3. The experiments are
designated by number and characterized by the ratio of the epi-
thermal to the thermal neutron flux. For all of these experiments,
the initial isotopic concentrations were measured, the neutron
flux history was monitored, and the final isotopic concentrations
were measured. The initial nuclide column indicates the major
initial components,

TABLE 3

Summary of Production Experiments

_ Integrated
Brperiment Fast/Slow Imitial Thermal Flux,
Identification Name Flux Ratio® Muelide(s) n/om®
1 HIFLUX 0.3 242p, 3,8-9 x 1022
2 Q-FOILS 0.3 2%3am, 2%*Cn 1 x 10%3
3 HOUSINGS 0.7 282p, 1.2 x 1023
4 BARELAT 1.9 244 em 1.8 x 102!
5 HARDLAT 9.2 244 e 2.5 % 10%°
10 MeV
~ ¢(E) dE
0.624 eV

a. Fast/Slow Flux Ratio = 0.624 oV
$(E) dE
0

THERMAL AND RESONANCE REGION CROSS SECTIONS

Below 10 keV, the neutron cross sections for 2*%Cm, 2%5Cm,
and **®Cm are described entirely by the Breit-Wigner, single-
level formula using the bound level (***Cm only), resolved, and
unresclved resonance parameters listed in Tables 4-6., The
potential (hard sphere) scattering cross sections associated
with the resonance parameters and listed in the tables were
calculated at 10 keV with the spherical optical model calculations
to be described later.

- 8 -



The capture cross sections in the thermal and resonance
regions below 100 eV are shown for the three isotopes in Figures
2 and 3. Figure 2, a log-log plot, shows clearly the assumed 1/v
cross section in the thermal region due almost entirely to tailing
from the resolved resonances in each isotope. The resonance region
on a semilog plot from 0 to 100 eV (Figure 3) shows the expected
similarity of resonance size and location for the three curium
isotopes. In this energy region, the only resonances that might
be missing would be for 2*®Cm in the region between 15 and 85 eV.
Errors* in the evaluated thermal and low-energy resonance region
are estimated to be 10% where differential, integral, and pro-
duction studies were used. The estimated error then increases
gradually to about 25% at 10 keV where the theoretical calcu-
lations describe the cross section. Errors of 10% in the low-
energy region are consistent with compounding the errors in the
differential experiments®”> and careful examination of the best
integral experiments in conjunction with the consistent set
production studies.!® The 25% error in the capture cross section
above 10 keV is based on experience with similar theoretical
calculations for nuclides whose cross sections were measured,

Fission cross sections in the low-energy region were fabri-
cated by assigning reasonable fission widths to the resonances
below 20 eV where no differential fission data exist. The
intention was to obtain reasonable approximations to the measured
thermal fission cross sections and fission resonance integrals
simultaneously,!'>*? a criterion which could not be met. The
thermal fission cross sections, though small, cannot be described
by tailing from the resolved resonances and a bound level without
assigning an excessively large fission width to the bound level.
The evaluations are compared with measured integral values in
Table 7. Because the fission cross sections for the even-mass
isotopes represent typically only 5 to 10% of the absorption
cross section in the thermal and low-energy region, the exten-
sive effort required to match more precisely the measured
integral fission data was not undertaken. Thus, the fission
cross section errors in this region are large, typically around
80%. From 50 eV to 300 keV, reasonable fission data are avail-
able, and the error is about 30%. Above the fission threshold
at 300 keV, counting statistics are much better, and the error
drops to about 15%.

* Error is used to indicate the standard deviation,

-9 .




TABLE 4

Resonance Parameters for 2%%Cm

En,

eV

-1.
7.

16.
22,
35,
52,

70.

86,

96.
132,
139.
171.
181.
197
209.

222,

230,

234,

242,

3
9
2
3
6
.0
8
1
7
5
7

Fna
meV

(= =T = - ]

25

11

.0633
.4
.88
.855
.79
.61
.653
.6
.77
.53

2.36
3.01
8.76

32

41

. 15
3.

1

.28
45.
.43
.04

19

98

.293

PY’
melV

23
32
37
35
23
35
20
30
51
46
30
34
34
50
34
52
50

41
36

ng

meV

0.50
0.45
1.40
3.50
1,57
1.60
1.70
0.52
2,33
1.62
2.70
1.17
1.84
1.34
0.48
1.80
0.50
0.85
2.20

Eo:
eV

264.8
274.2
317.4
329.,5
343.6
353.1
361.8
364.6
386.3
397.6
414.0
420.6
426.9
443.7
471.1
489.2
492.1
511.1
520.6

Fn,
mel/

11.39
21.53
6.06
42,29
47.08
117.4
22,83
6.11
26.14
17.95
21.36
123.1
20.66
67.41
44.28
22.12
51.45
123.0
40.16

Potential Scattering Cross Section = 10.32 b

Iys  Tps

me¥  meV
40 0.92
35 0.39
35 0.28
45 0.41
30 0.80
35 1.22
42 1.38
39 2.20
30 0.90
39 0.70
35 0.21
33 0.85
19 0.18
41 1.00
46 2.80
20 0.27
33 0.42
41 0.22
28 1.61

Unresolved Resonance Parameters (525 eV < En < 10 keV)

Orbital Angular
{r)

Momentum

0
1
1

Statistical
Spin Factor (g)

1
1
2

Average Level
Spacing (D), eV

14.1
14.1
7.05

- 10 -

T3,
meV
1.695
1.234

0.725

Fys
meV

36,24
36.24
36.24

meV
1.35
1.35
0.675



TABLE 5

Resonance Parameters for 2%%Cm

R R O A AR A
4,315 0.332 31 1,67 250.7 9.34 37 0.38
15.33 0.548 31 0.48 278.3 7.01 37 1.30
84.62 26,7 31 0.70 288.2 590.4 37 0.31
91.91 15.9 37 0.17 313.4 24.8 37 1.50
158.7 28.9 37 0.73 381.1 117.1 37 1.80

Potential Scattering Cross Section = 10.47 b

Unresolved Resonance Parameters (385 eV < En < 10 keV)

Orbital Angular  Statistical Average Level T8 T
Momentum () Spin Factor (g} Spacing (D), eV meV meV
0 1 38 2.3 37
1 1 38 2.0 37
1 2 19 1.0 37
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TABLE 6

Resonance Parameters for 2“°®Cm

R A A S TR
7.247 1.67 23.3 1.40 958.6 108 .4 26 8.2
26.9 19.6 32,0 0.08 994.2 123.0 26 8.2
35.01 11.7 30.2 2.40 1042 190.5 26 8.2
76.1 96.8 26,0 3.3 1103 219.2 26 8.2
98.95 149.2 26.0 4,7 1194 328.2 26 8.2
140.3 1.53 26,0 8.2 1210 34.8 26 8.2
186.4 4,25 26,0 8.2 1262 270.0 26 8.2
237.9 16.5 26.0 8.2 1277 178.6 26 8.2
258.7 62.7 26,0 8.2 1288 53.8 26 8.2
321.8 26.4 26.0 8.2 1389 406.2 26 8.2
380.6 93.6 26.0 8.2 1505 682.8 26 8.2
415.7 50.0 26.0 8.2 1646 129.8 26 8.2
457.7 75.5 26,0 8.2 - 1812 544.9 26 8.2
484 .9 9.7 26.0 8.2 1910 118.0 26 8.2
541.8 384.1 26.0 8.2 2040 198.7 26 8.2
605.3 105.,8 26,0 8.2 2071 782.7 26 8.2
. 047.0 109.4 26,0 8.2 2138 471.6 26 8.2
688.6 39 .4 26.0 8.2 2156 157.9 26 8.2
694.,3% 202;9 26.0 8,2 2215 654 ,2 26 8.2
721.5 91.3 26,0 8.2 2234 85.1 26 8.2
769.4 61.0 26.0 8.2 2291 330.3 26 8.2
865.9 491 .6 26,0 8.2 2369 496.5 26 8.2
887.1 98.3 26,0 8.2 2391 322.7 26 8.2

Potential Scattering Cross Section = 10.40 b

Unresolved Resonance Parameters (2.4 keV < E, <10 keV)

Orbital Angular  Statistical Average Level TS, TE;
Momentum (%) Spin Factor {(g)  Spacing (D), eV meV meV
0 1 40 4.8 26
1 1 40 9.6 26
1 2 20 4.8 26

- 12 -
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TABLE 7

Comparison of Evaluations with Integral Measurements

Reaction Isotope

Capture  2%%Cm
ZHGCm
zh8n

Fission 2%"Cm

246Cm

248Cm

O (thermal), b

I (>0.5 eV), b

Measured Bvaluated Measured Evaluated
14 #4 10.4 650 £50 590
1.5 0.5 1.3 85 %15 104
1.2 20,4 121 %7

2.63 x0.27 2.44 267 227 246
3.0 £x1.0 275 75

1.1 #0.5 0.6 18.0 *1.,0 19.0
1.0 £0.2 13.4 £1.5

0.17 +0,1 0.06 10.0 0.4 9.91
0.14 *+0.05 13.3 1.5

0.34 *x0.07 0.12 13.2 0.8 17.2
0.39 +0.07 13,1 *1.5

2%5Cm Resonance Region

Expansion of the bound and resolved
for 2%"Cm gives 2200 m/sec cross section

OnY = 10.4 b
an = 0.6 b

c = 7.2 b

nn

ch = 18.2 b

resonance parameters

values of:

Reference
10
10
13
14
10

11
12
11
12
11
12

The total cross section above differs from the thermal value of
the total cross section obtained experimentally by Berreth et al.?

(23 £3 b); but this difference is not considered significant

because their data were not corrected for small angle scattering
from oxygen. Such a correction, for example, reduced the 2200

m/sec total cross section for

2%2py from 39.1 to 26.96.1°

The resonance parameters are primarily those determined by

Simpson et al.l”
the differential data in References 2, 3, and 5.

quoted experimental uncertainty to obtain agreement with the
integral data and production studies.

The resonances are all

s-wave resonances and they extend to 525 eV.

- 15 -

through a simultaneous parametric fitting of

Parameters of
the bound and first-resolved resonance were modified within the



2%¢Cm Resonance Region

Parameters for 10 resolved s-wave resonances below 385 eV
are based upon the results of References 2, 4, and 5, The
parameters of the first resonance were modified within the experi-
mental uncertainties to give reasonable agreement with the integral
data and the production studies. A potential (hard sphere)
scattering cross section of 10,466 b associated with these param-
eters was obtained from spherical optical model calculations
described later. Expansion of the resonance parameters yields
2200 m/sec cross section values of:

th =1.297 b
On¢ = 0.063 b

O = 9.682D
g .= 11.042 b
nT

The & = 0 unresolved resonances listed in Table 5 were derived
from the PHYSICS-8 results.® The % = 1 unresolved resonance
parameters were selected such that the capture cross section
from the combination of £ = 0 and £ = 1 parameters joins smoothly
to the results of model calculations at 10 keV.

24%8Cm Resonance Region

The resolved resonance region contains 46 resolved s-wave
Tesonances and extends to 2.4 keV. The neutron and radiation
widths are based on the ORELA total cross section measurements.”
Fission widths for the resonances at 26,9, 76.01, and 98.95 eV
are based on the PHYSICS-8 measurements.®> All resonances above
100 eV have the same fission width f}. ff was obtained by _
multiplying the average radiation width Ty by the ratio of the
PHYSICS-8 fission resonance integral? between 20 eV and 10 keV
to the ORELA capture resonance integral® between 20 eV and 10 keV.
Expansicn of the resconance parameters gives 2200 m/sec cross
section values of:

UnY =2.44 b
O.f = 0.117 b
e 6.14 b
Out = 8.70 b

- 16 -



The unresolved resonance region extends from 2.4 to 10 keV,
The £ = 0 unresolved resonance parameters are average parameters
derived from the ORELA data.* The & = 1 (p-wave) unresolved
Tesonance parameters have a strength function based on an
extrapolation of the curves of Lynn.!® An average fission width
was chosen for both £ = 0 and £ = 1 unresolved resonances to give
a smoother fission cross section across the interface at 10 keV,

FAST CROSS SECTIONS

Cross sections between 10 keV and 10 MeV were computed with
nuclear model codes; only the fission cross sections have been
measured, The fast cross sections for 2*“Cm were taken from
ENDF/B-IV, which contains the Dunford and Alter evaluation.!

The fast cross sections in the Dunford and Alter work were fabri-
cated through deformed optical model calculations.!¥ The COMNUC
and CASCADE codes®® provide a unified model for analyzing compound
nuclear reactions.?! The calculated cross sections were joined to
the lower energy cross sections at 10 keV,

Similar calculations were made at SRL for the fast cross
sections of 2*®Cm and 2"%Cm. A spherical optical model?? was used
to represent the two processes of direct or potential scattering
of a neutron by the target and absorption of a neutron to form
the compound nucleus, In the optical model, the neutron-target
interaction is replaced by a ccomplex single particle potential.
The real part produces the average shape elastic scattering, and
the imaginary part provides a mechanism for absorption or compound
nucleus formation. In the present evaluation, the single particle

potential is assumed to have the form

V(r) = - V_+Y(ap,1) - 40 _+i-$¥(az,1)
LY 5 Gan 2@ - 3/4] XL @)
where
-1
Y(a,7) = [1 + exp(50)] | ©)

- 17 -



In Equation 1, % is the orbital angular momentum of the incident
neutron, and j = | *1/2| is the total spin of the compound nucleus
{the ground state spins of 24%6cn and 2*%Cm are zero). The final
term in Equation 1 accounts for spin-orbit interactions. Table 8

lists the values of the optical model parameters used in the
calculations.

TABLE 8

Optical Model Parameters for **®Cm and 2“°Cm

Parameter Symbol Value
Real well depth v, 45 MeV
Imaginary well depth W0 10 MeV
Real well diffuseness a 0.66 fermi
Imaginary well diffuseness a, 0.48 fermi
Well radius R 1.25A'/% fermi
Z4eCm 7.832 fermi
24 8¢ 7.854 fermi

The optical model calculations were used primarily to deter-
mine the potential scattering cross section and transmission co-
efficients that serve to describe both formation and decay of the
compound nucleus, The SRL versions of COMNUC and CASCADE were
used to calculate the elastic, inelastic, capture, fission, and
{n,2n) cross sections. The fission parameters were determined by
" varying them in the Hill-Wheeler?? formalism until good fits to
the fast fission cross section data of Moore and Keyworth5 were
obtained. The computed cross sections are in Tables 9 and 10.

Cross sections for the excitation of discrete inelastic
states and the inelastic continuum are given in Tables 11 and 12,
Level energies for the first three levels in both 2"®Cm and 2*%Cm
were taken from the compilation of Lederer et al.®® Most of the
remaining inelastic levels were inferred from similar, neighboring
even-even nuclei. Level schemes for the odd-mass curium isotopes
needed for (n,2n) calculations were obtained from Reference 25.
Cross sections were determined for the excitation of discrete
inelastic levels for incident neutron energies from 0,03 to 3.0
MeV. Between 0.5 and 3.0 MeV, the remaining (n,n'} cross section
was treated as a continuum of levels; above 3.0 MeV, the (n,n')
reaction was treated wholly as a continuum. The codes on which
these calculations are based yield an error of about 30%.

- 18 -



TABLE 9

Fast Neutron Cross Sections for 2*SCm

Energy,
MeV g

o
o

H N W W W O N O o O 0 O WMo e oo

0O 0 o QO Q0O 00 ©Q C F BB M N N W & 81 ooy N o 0
P B - e e e e e

n,n’
3.278
3,593

4,145
4,311
4.480
4.646
4.842
4.786
4.316
3.912
3.478
3.330
3.660
4.070
5.934
7.436
9.132
10.362
11.885
12.498
13.076
13.618
13.702
13.624

(== R - B o T o B o |
- N W

From the 2“"Cm calculations.

3.918 -

g

0

0.
0.
0.
0.
0,
0.
.04639
.0566
.0867
.0895
.0901
.1023
.1500
L1750
.2050
0.
0.
0.

o O O © o O o o o

@

o o o o o o

b

0003
0015
0070
0140
0288
0409

2660
3248
4350

cfu b

o O Q C QO O C QO ko N e == NN RN RN R

.213
.289
.398
.427
.388
.216
.952
.942
.874
.913
.998
.046
.838
613
.193
.2493
.0472
.0057
.0019
.0006
.0005
.0005

1

19 -

[¢)
nyn'?

0.0084
0.0251
0.0876
0.1701
0.3220
0.5538
0.8375
0.8309
0.8958
1.078
1.243
1,430
1,616
1,697
1,903
1.832
1.588
1.366
1.146
0,8396
0.6490
0.3364
0

Un,Zn’
0.3788
0.3084
0.1789
0.1005
0.0246
0

]
g7
0.8801
0.8812
0.8863
0.8881
0,8900
0.8876
0.8852
0.8689
0.8426
0.8012
0.7663
0.7168
0.6407
0.5855
0.5413
0.4406
0.3565
0,2677
0.2094
0.1250
0.0918
0.0670
0.0412
0.0276
0.0275



TABLE 10

Fast Neutron Cross Sections for 2“8Cp

Energy,
MeV
16.0
9.0
8.0
7.5
7.0
6.5
6.0
5.0
4.0
3.0
2.5
2,0
1.5
1.2
1.0
0.7
0.5
0.3
0.2
0.1
0.07
0.05
0.03
0.02
0.01

3.327
3.610
3.969
4.163
4,355
4.532
4,679
4,850
4,767
4,282
3.883
3.458
3.255
3.578
4.119
5,800
7.540
9.357
10,56
12,08
12.71
13,36
13.98
14.12
14,18

* From the 2““Cm calculations.

0.00005
0.00031
0.00166
0.00370
0.00951
0.01917

0.02865

0.03447
0.05783
0.06699
0.06884
0.07722
0.1133
0.1550
0.2130
0.3220
0.4190
0.6200

U}u b
2.500
2.497
2.466
2.435
2,321
2,078
1.254
1,253
1,230
1,304
1.431
1.629
1.897
1.999
2,023
1.004
0.2635

0.04386

0.01826
0.00891
0.00778
0.00756
0.00746
0.00748
0.00787

1
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o] b

n,n'e
0.01105
0.03208
0.1180
0.2040
0.3911
0.6989
1.548
1.527
1.538
1.680
1.810
1.883
1.728
1,472
1.589
1.52]1
1.564
1.439
1.221
0.9042
0.6925
0.3325
0

0

0

In, &ns

0,1044
0.1051
0.08684
0.06857
0.03377
0.00372
0

b

=l
£

o O O o O o O 0O O O 0 0 0 0O o e o o o a o o o o o

.8801
.8812
. 8863
.8881
.8800
.8876
.8852
.8689
.8426
.8012
L7663
L7168
.6407
.5855
.5413
.4406
. 3565
L2677
.2049
L1250
.0918
,0670
.0412
.0276
.00275
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TABLE 11
Inelastic Scattering Cross Sections for 2"8Cm

Energy,  Level Energy, MeV

Mev 7048 0.14% 0.295  0.860  0.700 0,800 0.4435  0.877 1060 1.106 — 1.785  Comtimuum
.00 0.0168  0.0144  0.0058  0.0078  0.0103  0.0053  0.0099  0.0098  0.0071  0.0091  0.0090  0.9727
.50 0.0541 0.0439 0.0154 0.0221 0.0271 0.0115 0.0263 0.0250 0.0190 0.0233 0.0219 0.9534
.00 0.1589  0.1187  0.0337  0.0591  0.0637  0.0205  0.0635  0.0561  0.0465  0.0521  0.0447  0.7125
.50 0.3708  0.2360  0.0443  0.1418  0.1182  0.0225  0.1263  0.0941  0.0901  ©0.0843  0.0608  0.2268
.20 0.5688  0.2977  0.0336  0.2262  0.1443  0.0124  0.I587  0.0979  0.0696  0.0462  0.0226  0.0190
.00 0.8575  0.3714  0.0236  0.2025  0.1475  0.0045  0.1354  0.0628 0 0 0 0.0078
.70 1.3505  0.3530  0.0053  0.1215 O 0 0 0 0.0017
.50 1.423  0.1640  0.0010 0
.30 1.341 0.0250 0
.20 1.143  0.0030
.10 0.8396 0
.07 0.6490
.05 0.3364
.03 0 i

O o O O o O Cc o = o =N N W
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TABLE 12

Inelastic Scattering Cross Sections for 2*fCm

Energy, Level Energy, MeV

MeV

3.00
2.50
2,00
1.50
1.20
1.00
0.70
0.50
0.30
0.20
0.10
0.07
0.05
0.03

0,043 0,144 0.300 0.660 ¢.700 0.800 0.843 0.877 02.950 1.010 1.080 1,106 1,129
0.0047 0.0039 0.0015 0.0022 0.0029¢ 0.0015 0.0028 0.0027 ©0.0012 0.0042 0.0020 0.0026 0.0025
0.0170 0.0135 00,0046 0,0071 0,0085 0,0035 0.0084 @¢.0079 0.0141 0.0131 ¢.0061 0.0074 0.0069
0.0602 0.0444 0.0123 0.0224 0.0239 0.0076 0.0241 0.0211 @¢.0127 0.0381 0©.0178 0.0199 0.0169
0.2099 0.,1361 0.0261 0.0776 0.0648 0.0124 0.0692 0.0519 ©0.0397 0.1000 0.0491 0.0463 0.0340
0.4159 0.2305 0.0272 0.1649 0.1114 0.0099 0.1180 0.0767 0.0554 0.0993 0.049% 0.0342 0.0181
0.6866 0.2844 0.0163 0.2590 0.1354 0.0039 0.0071 0.0554 0.0234 0 0 0 0
1.1315 0.2708 0.0034 0.1126 0 0 ¢ 0 0 - - - -
1.4060 0.1572 0,0001 © - - - - - - - - -
1.4114 0.0275 O - - - - - -

1.2177 0.0028 - -

0.9042 © - -

0.6925 - - -

0.3325 - - -

0 - - -

Continuum
1.6453
1.7024
1.5616
0,8108
0.0604
0.0079
0.0026
0.0007

0



AVERAGE NUMBER OF NEUTRONS PER FISSION

The average number of neutrons per fission V(E) was based
upon the work of Howerton, 2®

V(E) = G%h

+ E[0.130 + 0.006(A-235)] {3)
where E is the energy of the incident neutron in MeV, A is the
atomic weight of the target nucleus in amu (i.e., 244, 246, or
248}, and vth is the thermal value for V(E). Because there have
been no measurements of vih for the even-mass isotopes, V¢h was
determined from the semiempirical formula of Gordeeva and

Smirenkin®’ as modified by Manero and Konshin:2®

Vo, = 0.2625Z + 0.0093A - 23.923 + § (4)
where

§ = 0.09 for odd-odd target nuclei

¢ = 0 for odd A-target nuclei

§ = -0.09 for even-even target nuclei

Z = the atomic number

Equation 4 gives the following values for v
3,456 n/fission
248Cm: Vg = 3.475 n/fission
2480m:  Vep, = 3.493 n/fission

th'
zchm: \)th

It

Gordeeva and Smirenkin give a probable error of 3% in
predictions of prompt v¢h with an empirical approach a more
realistic evaluation is given by Manero and Konshin??® who main-
tain that the present knowledge does not permit a prediction
of this value to better than 10% for the transplutonium isotopes,
The energy dependence of V(E) has an error of 1.5% in comparison
of theory and experiment by Howerton;?® thus, the overall error
is dominated by the error in the thermal value and is about 10%.

ANGULAR DISTRIBUTIONS OF SECONDARY NEUTRONS (**®Cm and 2*®Cm)

Angular distributions for elastically scattered neutrons
are from the deformed nucleus optical model calculations of
Dunford and Alter for 2**Cm,! They appear in the form of the
cosine of the average scattering angle in the laboratory system
UL. The values of pp are listed in Tables 9 and 10.
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Angular distributions for (n,2n), (n,f), (n,n') to discrete
levels, and (n,n') to the continuum are all assumed to be iso-
tropic in the center-of-mass system since no experimental data
exist.

ENERGY DISTRIBUTIONS OF SECONDARY NEUTRONS (2*Cm and 2"%Cm)

Fission neutron energy distributions are assumed to conform
to a simple Maxwellian fission spectrum with an effective nuclear
temperature that obeys the expression:?®

_ 1/2
T = 2/3 {0.74 + 0.653 [V(E) + 1] } (5)

Secondary neutron energy distributions for the inelastic continuum
and the (n,2n) reactions are assumed to be evaporation spectra.
The nuclear temperature for the inelastic continuum of 2*®Cm and
2%8cm is described by the expression:zg’aﬂ

Fry 1/2
Tm,n) = () (6)
a
where
g A
© 10,433
E' = secondary neutron energy, MeV

The expression for the temperature for the (n,2n) reaction in

2%6cm and ?%®Cm is of the same general form:36

T(n,2n) = (a+_2) (7)

CROSS SECTION DATA TESTING

Data testing and data modifications have been done by using
results of reactor production experiments with the SRL isotope
depletion and production code GOSPEL. Since GOSPEL uses multi-
group cross sections, the cross section evaluations were processed
from the ENDF/B pointwise format into the SRL 84-group and 37-group
representations., The energy groupings in these libraries are
described in Reference 15,

GOSPEL uses a Runge-Kutta routine, stepping through time to
solve the differential equations for isotopic transmutation. The
loss for a given isotope is through decay (spontaneous fission,
alpha, beta, or electron capture) or through neutron capture {n,y
to the ground state of the subsequent nucleus; n,y to an isometric
state; or n,fission). The production of a given isotope is
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determined by the losses of all the other isotopes that contribute
to it through their decay or neutron interaction. The relative
reaction rates of the nuclides are computed in GOSPEL by summing
over the groups the product of the multigroup cross sections and
computed multigroup flux spectra. The multigroup cross sections
account for rescnance self-shielding as a function of isotopic
concentration by an equivalence principle. The multigroup flux
spectra are computed by GLASS, which contains the lattice physics
modules of the JOSHUA system. GLASS uses standard multigroup
methods (typically in 37 or 84 energy groups) and treats spatial
dependency by integral transport methods. Multiple flux spectra
may be used in GOSPEL to account for spectral changes with time.
Absolute thermal fluxes as a function of time must be specified
separately. This specification is met by a combination of GLASS
calculations and measurement of power produced in nearby fuel
tubes. Time, rather than fluence, is thus the independent variable
in the GOSPEL calculation.

In addition to cross sections for the even-mass curium
isotopes, GOSPEL required suitable cross section data for the
nuclides 2**Pu, **3Am, **°Cm, and *"*7Cm. Older, existing ENDF/B
evaluations for 2*?Pu and 2"°Am were brought ug to date through
the incorporation of recent resonance data;’s! burnup of these
two nuclides is well-described in GOSPEL with the imEroved
evaluations. Evaluations were done for 2“°Cm and 2"’Cm with the
relatively sparse experimental data available.’*!® The production
calculations, however, are relatively insensitive to the cross
sections of all four isotopes —-2“2Pu, 243Am, 21*SCm, and 2*7Cm —
within the range of the experimental uncertainties of the measured
cross section data available for them. The even-mass curium
isotopes are substantially more critical; small changes in the
thermal capture cross sections of parameters of the first reso-
nances may lead to significant changes in the burnup and production
forecasts.

The production experiments have been described in consider-
able detail in Reference 15; a summary is given in Table 3. The
fast-to-slow flux ratic is defined in terms of the total inte-
grated flux in the fast and in the slow region., These experiments
represent a cumulative total of 85 measurements of curium iso-
topic concentration after reactor irradiation in neutron spectra
of varying hardness. Figure 4 shows the percent deviation of the
calculated-to-measured concentration for these data points. The
data are grouped roughly as to energy with the softer spectra
measurements on top. Agreement of measurement and calculation
within 20% for such high burnup would be acceptable; for these
cases, however, 92% of the calculated concentrations fall within
10% of the measured concentrations, and all are within 15%. To
achieve this quality of result, small adjustments were made to
the thermal capture cross sections and the parameters of the
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first resolved resonances; changes were within the quoted
experimental error (vl o). The integral cross sections from the
experimental measurements and from the final evaluation are
compared in Table 7. For 2*“Cm, any significant increase in the
thermal cross section, i,e., greater than a few tenths of a barn,
completely destroys the good agreement between the calculated
and measured isotopic concentrations.

These results represent reactor production forecasts in a
wide variety of thermal and near-thermal spectra, The fast cross
sections for these isotopes are reasonable extrapolations from
theory and experiment, but have not been tested in very hard
spectra. Thus, these cross sections can be used with confidence
for thermal reactors and, with considerable caution, for fast
reactors to predict heavy actinide concentrations as a function
of time.
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