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Summary 

An evaluation of- neutron cross sections for Cm is presented in the 
energy range from 10"^ eV to 15 MeV, which includes the resolved resonance 
region (10~5eV-280 eV), the unresolved resonance region (280 eV-10 KeV) and 
the continuum region (up to 15 MeV). 

Riassunto 

Si presenta una valutazione delle sezioni d'urto neutroniche dell'isotopo 
Cm nell'intervallo energetico da 10""5 ey a 15 MeV, comprendente la re-

gione delle risonanze risolte (fino a 280 eV), la regione delle risonanze 
non risolte (da 280 eV a 10 KeV) e la regione del continuo (fino a 15 MeV). 
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242 -5 EVALUATION OF . Cm NEUTRON CROSS SECTIONS FROM 10 eV TO 15 MeV 

G. Maino, E. Menapace, M. Motta, M. Vaccari ^ 

INTRODUCTION 
242 

Cm neutron data are generally requested, because this isotope is 
the alpha-decay precursor of ^38pu> since experimental information on 242çm 
is rather poor, the present evaluation is largely based on model calculations 
and takes into account systematics of data for neighbouring isotopes, mainly 
of the same Curium family . 

^ CNEN, TIB, Divisione Fisica e Calcolo Scientifico 

Via G. Mazzini, 2 - 40138 Bologna,Italy 
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RESOLVED RESONANCE REGION 

(E = 1 - 280 eV) n 

The only experimental information we found on the resolved resonances 
is the total cross section measured by Artamonov et al. 1 in the energy range 
E = 1-265 eV. Twelve resonances were identified and their neutron widths 
determined. For the first three the total widths were given, too. The origi 
nal data have been completed as follows: 

i) the radiative widths of the first three resonances were deduced from 
the difference between total and neutron widths. For the second and 
the third resonance, however, the total widths are affected by large 
errors; consequently, the deduced radiation widths cannot be very 
reliable; 

ii) for all the remaining resonances, the radiation widths were assumed 
equal to 38 meV, weighted average for the first three, not far from 
the constant value, 40 meV, adopted in ref. 1 for analysis of the 
experimental data; 

iii) a bound level was added, in order to reproduce the thermal capture 
cross section. 

The evaluated resonance parameters are given in table I. 

Figs. 1a-b-c show total, capture and elastic cross sections in the 
resolved resonance region, evaluated through a multilevel Breit-Wigner formula 
by means of the CRESO code 2. 
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UNRESOLVED RESONANCE REGION 

(E = 280 eV - 10 KeV) n 

In this energy range, neutron cross sect-ions were evaluated by means 
of the strength function model, based on average parameters, for which one 
assumes a smooth variation with neutron energy. Unfortunately, the small 
number of experimental data in the resolved region makes it impossible to 
obtain good statistics from which to deduce average parameters. 

Therefore, a number of values from literature, either evaluated or 
deduced from systematics, were jointly utilized to improve the evaluation. 

An extensive discussion on the systematic trend in the Curium region 
of experimental and theoretical values for the neutron strength functions, 
S and S , level density parameters, scattering radius, etc., has already 
been published Therefore, it will not be repeated here. Only a few 
comments will be made on the adopted average parameters, listed in table II: 

J3, average spacing for s-wave resonances: the adopted value is 
D_ = (10.8 J- 1.6) eV , somewhat smaller than the experimental one , 
D = (17.6 _+ 3.3) eV , because of a correction for missed resonances. 
Such correction was estimated by means of the CAVE code, based on a 
likelihood function method described in ref. 4 ( see fig. 2). 
The same J-level spacing was assumed for both parities. 

ry , average radiation width: the weighted mean value extracted from the 
experimental data of the first three resonance - t r = (38 _+ 11) meV 
was assumed for all J^ - values. 

S , s-wave neutron strength function: the adopted value, S = 0.71x10~4 
o . 1 0 lies within the error bars of the experimental result , 
(0.64 _+ 0.32)x10"~4, and is close to a previous evaluation which 
gave S0= 0.76x10-4. _The average reduced neutron width is assumed 
according to r£ = SQD . 

i) 

ii) 

iii) 
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iv) S p p-wave neutron strength function: statistical model calculations 
and local systematics suggest a value S ^ 2.53x10"^ from which 

DS^/gj is assumed. 

v) r , average fission width: statistical model calculations suggest 
a smooth increase of rf with E for both s- and p-wave neutrons t n r 

in the interval 280 eV - 10 KeV. In this small energy range the trend 
has been approximated to a straight line. The values of Tg at the 
ends of the unresolved region are given in table II. 

vi) R', scattering radius: the value R'= 8.9 fm is derived from deformed 
optical model calculation of the shape elastic cross section performed 
in the KeV energy region. 
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THERMAL CROSS SECTIONS ÀIID RESONANCE INTEGRALS 

The adopted value of the capture cross section at E = 0.0253 eV is 
fi 11 

o n v = 16.0 b . In order to reproduce this experimental value by means of 
2 

the CRESO code from the evaluated resonance parameters, a bound level at 
E0 = -2.4 eV, with Ty= 38 meV, was added to the experimental resonances 
(see table I). Our calculated value is a ^ = 16.5 b . 

th 6 
As for the fission cross section, a value anf = 5.0 b seems to be 

reasonable. Thus, for calculation of the effective resonance integral, a 
1/v part of fission cross section was assumed so as to fairly reproduce the 
quoted value at E = 0.0253 eV . 

n 
The absorption resonance integral estimated in réf. ^ is 

Iabs= (115 _+ 53) b . Our calculated value, including the contributions from 
the resolved and unresolved regions, is l ab s

= 117 b . 
As for the reduced fission resonance integral, In£ , a null value ^ is 

assumed in the previous evaluation. No contribution to In£ is obtained from 
the resolved resonances in table I, since their fission widths are assumed to 
be negligible. _A contribution Inf= 10.81 b is obtained from the unresolved 
region, where rf is different from zero. It should be noted that a correct 
computation of the value must take into account not only the resonance but 
also the continuum contribution. In fact, the latter may be very large, as in 
the present case, leading to the calculated value I nf = 11-6 b. A more 
detailed discussion of the experimental values of thermal cross sections and o resonance integrals may be found m réf. . 
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AVERAGE NUMBER, v , OF NEUTRONS PER FISSION 

The following empirical relation ^ is assumed between the average 
number of neutrons per spontaneous fission, v , and the average number sp — emitted in fission induced by thermal neutrons, v : th 

v ^ + 0.101 B (1) th - SP n 

where B is the neutron binding energy in the compound nucleus. 
n - 7 

From v =2.53 .we obtain v =3.17. Finally, the dependence of _ sp th 
v on the energy, E , of incident neutrons, is approximated by a semi-empirical n q law suggested by Howerton . In the present case: 

v(E ) = 3.17 + 0.17 E n n (2) 
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CONTINUUM REGION 

(E = 10 KeV - 15 MeV) il 

Between 10 KeV and 15 MeV, optical and statistical model calculations 
were performed in order to obtain direct and compound nucleus contributions 
to the main processes in this energy region. 

The reactions taken into acaount are: elastic, total inelastic, radiative 
capture, first- and second-chance fission, and (n,2n). Other reactions, like 
(n,3n) and third-chance fission, are negligible in the above interval. 

The direct contributions to the elastic and level inelastic cross 
sections were evaluated by means of coupled-channel optical model calculations, 
using the JUPITOR code 9 for E < 8 MeV and the ADAPE code 1 0 for E > 8 MeV, 

. . . . n ^ n 
where an adiabatic approximation resulted good enough. 

The parameters of the deformed optical potential, given in table III, 
are substantially those of ref. modified at low neutron energy as in 
ref. f o r g r o u nd state quadrupole and hexadecapole deformations, 

and > respectively, they are strictly related to the adopted radius 
parameter, R , for the central part of the potential. The choice 39= 0.23 is . 1 ì in agreement with the values suggested by Seeger and Howard IJ m the Actmide 
region, while 0 agrees with the systematics in literature 

The direct inelastic cross sections were calculated for the first three 
excited levels. In addition, angular distributions for elastic and inelastic 
channels were deduced by optical model calculations. A few examples are shown 
in Figs. 3a,b,c,d,e and f. 

Total elastic and inelastic cross sections were obtained by summing 
direct contributions to the corresponding "compound nucleus" contributions, 
calculated in the frame of the statistical Hauser-Feshbach formalism. Use was 
made of the HAUSER code As usual, "compound nucleus" angular distributions 
were assumed isotropic. The total angular distributions thus obtained, were . 
fitted by a Legendre polinomial expansion in order to have a compact represen-
tation with only a few parameters in the final file in ENDF/B format. 
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At this point, a few comments on some reactions are appropriate. 

Fission, up to E = 15 MeV, consists of two contributions, first chance, 
(n,f) and second chancen(n,n'f), calculated by means of the HAUSER code 
The calculated total fission cross section, and its second-chance contribution, 
are shown in fig. 4, for comparison with "empirical" total fission data obtained 
as the product of optical model reaction cross section and experimental 
fission probabilities from ref. 16. 

In order to estimate the second-chance fission, the branching ratios 
Pn, ?y, and Pf for neutron emission, y-decay and fission, respectively, were 
determined as functions of excitation energy, spin and parity of the decaying 
nucleus, ^^Cm. 

The branching ratios were then introduced into the code ^ to evaluate 
the cross sections for the processes (n,n'f), (n,n'y) and (n,2n) in the frame 
of the evaporation model. 

As a check of the adopted parameters, the experimental fission probability 
of 2 4 2 ^ a s a fissiotl£ng nucleus was reproduced at excitation energies E* 

corresponding to equivalent neutron energies E_= E*- B„ , where B_ is the 
242 neutron binding energy m Cm. 

Discrete levels and level density parameters for the three nuclei of 
interest in the various reaction channels, 241-42-43^^ a r e gi v e n in Tables 
IV, V and VI. The discrete levels were taken from a recent compilation 
while the level density parameters referring to well-known semi-empirical 
formulae were adjusted so as to reproduce the cumulative number of discrete 
levels at low energy and, at higher energies, the trend of microscopic level 
density calculations ^ that match experimental s-wave spacings, D , at E*=Bn> 

This theoretical approach permitted an estimate of level densities for 242çm 

and a t deformations corresponding to the first peak of the fission barrier, 
where no direct experimental information exists. 

242 243 
The adopted fission barrier parameters for Cm and Cm are listed 

in table VII. They are the height, E , and curvature,^ , of the two barrier 
peaks, slightly modified with respect to ref. for a better fitting of the 
fission cross section. 

No information is needed about the intermediate well since the outer 
saddle point is sensibly lower than the inner one; therefore, fission probabil-
ities are evaluated in a complete damping approximation where the effect of 
quasibound states in the intermediate well is neglected. 

All the cross sections calculated for neutron, gamma and fission channels 
in the energy range 10 KeV - 15 MeV are plotted together in Fig. 5. Figs. 6a,b,c 
and d show total, radiative capture elastic and fission neutron cross sections, 
respectively, in the total range 10"^ eV - 15 MeV covered in the present 



. (*) evaluation 

The evaluated data were compiled and written in ENDF/B-IV format by using 
the SYSMF system of codes 2 0. 





ENERGY SPECTRA OF EMITTED NEUTRONS 

In order to describe the energy distributions of neutrons emitted in 
(n,2n), fission and inelastic scattering processes the hypothesis was made 
that the pre-equilibrium component does not contribute to these channel 
reactions since it is expected to become relevant only at energies above 
10-15 MeV, not considered in the present evaluation. 

With this assumption, the neutron energy spectra can be well approximated 
by simple evaporative formulae: 

g(E,E') = gE1 exp(-E'/Ô(E)] (3) 

where E' stands for the energy of a neutron emitted in the (n,n'y), (n,2n) 
or (n,n'f) reactions, g is a normalization factor and 9(E) can be interpreted 
as the excitation temperature of the residual nucleus after emission of an 
E'^ 0 neutron. The effective thresholds for these three reactions have been 
taken, respectively, at E=0.29 MeV, 6.97 MeV and 5.80 MeV. 

21 
According to ref. the spectrum of neutrons emitted from the fission 

fragments after first-chance fission is described by the Maxwellian formula : 

f (E ,E ' ) - a / F " exp ( -E'/ 0(E) ] (4) 

where 6(E) refers to an effective temperature which depends on the incident 
neutron energy E (see ref. 

Figs. 7a, b and c show the assumed energetic dependence of 9(E) for 
all the reactions here considered. 
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CONCLUSIONS 

Experimental information about Cm neutron cross sections is very 
scarce because of the short half-life of this isotope and of the difficulty 
in producing high purity samples. 

The present work attempts to fill many experimental gaps by means of 
model calculations. However new, accurate measurements are highly desirable 
and may lead to substantial improvements and modifications of this evaluation. 
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TABLE HEADINGS 

I) Parameters of the resolved resonances. Symbols are the same as 

in ENDF/B formats. 

II) Parameters of the unresolved resonance region. Numerical values 

are identified by ENDF/B symbols. 

III) Deformed optical model potential. 

241 
IV) Discrete levels and level density parameters for Cm. 

242 
V) Discrete levels and level density parameters for Cm. 

243 
VI) Discrete levels and level density parameters for Cm. 

242 243 
VII) Fission barrier parameters of Cm and Cm fissioning nuclei. 





T A B L E I 

Cr.ì-242. PARAMETERS OF THE RESOLUED RESONANCE REGION 

Cm-242. PARAMETERS OF THE RESOLUED RESONANCE REGION 
FKEVtt 5: RECALL DATA FROM FILE <CM242> 
DATA OH <C11242> FILE HAUE BEEN RECALLED FROM DISK 

Crn-242. PARAMETERS OF THE RESOLUED RESONANCE REGION 
FKEYtt b: PRINT 

ZAI 
S.62420E+04 1. 

EL 
1.80800E-05 2. 

SPI 
0.00000.+00 8. 

AWRI 
2.33379E+02 0. 

ER 
-2.40000E+W0 5. 
1.36200E+01 5. 
3.03300E+01 5. 
3.74S00E+81 5. 
6.0J000E+01 5. 
8.93000E+01 5. 
1.03480E+02 5. 
1.30300E + 02 5. 
1.48700E+02 5. 
1. 54600E + 02 5. 
2.3520ÓE+02 5. 
2.45300E+02 5. 
2.b-50W0E + 02 5. 

OF THE RECALLED FILE <CM 
ABN b 

00008E+00 
EH 

80080E+02 
H P 

90009E-01 
All 

00000E+00 
AJ 

00000E-01 
00000E-01 
00000E-01 
08080E-01 
00000E-01 
00000E-01 
00000E-01 
00000E-01 
00000E-01 
00000E-01 
00000E-01 
00000E-01 
00000E-01 

0.00000E+00 1 . 
LRU 

1.00000E+00 1. 
b 

0.00000E+00 0. 
L 

0 . 0 0 0 0 8 E + 8 0 0 . 
GT 

3.39073E-02 9. 
3.60000E-02 1 . 
5.80000E-02 3. 
8.04008E-02 4. 
6.16000E-02 2. 
5.05000E-02 1 . 
4.34000E-02 5. 
4.16000E—02 3. 
S.20800E-02 2. 
4.95000E-02 1. 
8.90000E-02 5. 
1.09000E-01 7. 
1.06000E-91 6. 

242 > 
LFW 

00000E+00 1 . 
LRF 

00000E+09 0. 
b 

00000E+08 1. 
b 

00000E+00 7. 
GN 

07324E-04 3. 
82000E-03 3. 
10000E-93 5. 
40000E-03 7. 
36008E-02 3. 
2 5000E-02 3. 
40000E-03 3. 
60000E-03 3. 
4Q000E-02 3. 
15000E-02 3. 
10000E-02 3. 
10000E-02 3. 
80000E-02 3. 

NER 
00000E+00 

b 
00000E+00 
NLS 

00000E+00 
6+NRS 
80000E+01 

GG 
80000E-Ô2 
41800E-02 
49000E-02 
60000E-02 
80000E-02 
80000E-02 
80000E-02 
80000E—02 
80000E-82 
800M0E-02 
80000E-02 
80000E-02 
80000E-02 

0.000W0E+00 
b 

0.00000E+00 
NE 

0.00000E+00 
NRS 

1.30000E+01 
GF 

0.00000E+00 
0.00000E+00 
9.00000E+00 
0.00000E+00 
0.00000E+00 
0.00000E+00 
0.00000E+00 
0.00000E+08 
0.00000E+00 
0.00000E+00 
0.00000E+00 
8.00000E+00 
8.00000E+00 

re f. 1 
8 

0 

0 

0 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
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T A B L E III 

C U R I U M - 2 4 2 

NIS 1 
ISOTOPE 1 ZA I= 9 6 2 4 2 . A B N = 1.000 LFW = 1 NER = 2 

RANGE 2 EL= 2 8 0 . 0 0 0 0 0 0 EH= 10000.0 LRU= 2 LRF = 1 

SPI= 0.0 A=0 .890000 NLS = 2 

L - S T A T E 1 A W R I = 2 3 9 . 9 7 9 0 L= 0 NJS = 1 

(ES(I),1 = 1 , 2) 
2 . 8 0 0 0 0 E + 0 2 " 1 . O O O O O E + 0 4 

J - S T A T E 1 MUF = 1 

0 AJ AMUN GNO GG 

1.08000E+01 5 . O O O O O E - O 1 1 . 0 0 0 0 0 E + 0 0 8 . 1 0 0 0 0 E - 0 4 3 . 8 0 0 0 0 E - 0 2 

(GF(I) ,1=1 , 2) 

3 . 4 2 0 0 0 E - 0 4 3. 9 3 0 0 0 E - 0 4 

U N R E S O L V E D F O R M U L A R E Q U I R E D . O N L Y F I S S I O N W I D T H S ARE ENERGY D E P E N D E N T 

L - S T A T E 2 

< ES(I),1 = 1, 

2 . 8 0 0 0 0 E + 0 2 

J - S T A T E 1 

D 

1 .08000E+01 

(GF(I) ,1=1 , 

1 . 0 3 0 0 0 E - 01 

.J-STATE 2 

D 

5 . 4 0 0 0 0 E + 0 0 

( G F ( I ) , 1 = 1 , 

5 . 0 9 0 0 0 E - 0 4 

AWRI= 2 3 9 . 9 7 9 0 

2) 

1 . 0 0 0 0 0 E + 0 4 

MU F = 1 

AJ AMUN 

L = 1 NJS = 2 

GNO GG 

5 . O O O O O E - O 1 1 . 0 0 0 0 0 E + 0 0 2 . 7 0 0 0 0 E - 0 3 3 . 8 0 0 0 0 E - 0 2 

2) 

T. 18000E-01 

MU F= 1 

AJ AMUN GNO GG 

1 . 5 0 0 0 0 E + 00 1 . 00000 E + OO 1 . 35000 E-0 3 3 . 8 0 0 0 0 E - 0 2 

2) 

5 . 8 5 0 0 0 E - 0 4 

U N R E S O L V E D FORMULA R E Q U I R E D . ONLY F I S S I O N W I D T H S ARE ENERGY D E P E N D E N T 
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TABLE III 

Deformed optical model potential 

1 , . ex P[(r-R )/b] 
L\J = -(V+iW) T - F, D w n - 41 w l + exp[(r-R a)/aj D { 1 + e x p [ ( r _ R ) / b ] } 

exp[(r-R a)/a] 
- V n „ ; here: 

5 0 a r { l + e x p [ ( r - R a ) / a ] } 2 

R L -= R (°^(l + B 2Y? ( e 1 ) + B, Y° ( e * ) ) (6' refers to the body-fixed a,b a, b « 

4e = X / 2tt (reduced pionic Compton wavelength) IT IT 

V = 47.01 - 0.267 E - 0.00118 E 2 (MeV) (E in MeV) n n n 

W = 0 

I' 3 . 195 MeV (E < 2. 25 MeV) 
n = n 

1 2.25 + 0.42 E (MeV) (E in MeV) i- n n 

V S Q = 7.2 MeV 

R'(d) = 1.259 fm ; R ^ o ) = 1.23 7 fm ; a b 

a = 0.66 fm ; b - 0.48 fm ; 

8 2 - 0.23 ; = 0.0 
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T A B L E IV 

E ( K e V ) J n 

0.0 1/2 

53.0 3/2 

103.0 5/2 

157.0 7/2 

255 .0 9/2 

241 
D i s c r e t e l e v e l s and level d e n s i t y p a r a m e t e r s for Cm 

N e u t r o n c h a n n e l : 

D i s c r e t e l e v e l s : 

Con ti n u u m : 

E > 2 5 5 K e V ; level d e n s i t y d e s c r i b e d by the f o r m u l a 

( 2 J + 1 ) exp ( 2/a ( E-A ) ) 2, 

24/2CT a ( E - A + T ) 

w h e r e : a 2 = kT 

E - A = a T 2 - T 

a = 2 2 . 9 M e V "
1 

A = - 0 . 2 4 MeV 

a 2 / T = 1 0 0 M e V ' 1 
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T A B L E V 

242 

D i s c r e t e levels and level d e n s i t y p a r a m e t e r s for Cm 

Neutron channel : 

D i s c r e t e l e v e l s : 

E (KeV ) J 1 1 

0.0 0 + 

42.1 2 + 

139.0 4 + 

285.0 6 + 

Con ti nu urn 

E>285 KeV; level d e n s i t y formula as in table 

with p a r a m e t e r s : 

a = 24.0 M e V " 1 

A = - 0 . 5 4 MeV 

a Z / l = 100 M e V " 1 

Fission channel 

T r a n s i t i o n states at the f i r s t b a r r i e r peak 

d e s c r i b e d by a level d e n s i t y formula as in 

table IV, with p a r a m e t e r s : 

a = 25.2 M e V " 1 

A =-0.25 MeV 

a 2 / T = 98 M e V " 1 
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TABLE III 

Discrete levels and level density parameters for 2 **3 Cm 

Neutron channel: 

Discrete 'levels: 
E (KeV) J* 
0.0 5/2+ 

42 7/2+ 

87 l/2+ 

93 3/2+ 

94 9/2+ 

133 7/2+ 

153 11/2 
156 5/2+ 

164 9/2+ 

173 7/2+ 

219 • 13/2' 
228 11/2' 
260 9/2+ 

Continuum: E > 260 KeV: level density formula as in table IV, with 
parameters: j 

a = 23.0 MeV" 
A = - 0.63 MeV 
02/T = 100 MeV-1 

Fission channel : 

transition states at the first barrier peak described by a level density 
formula as in table XI , with parameters 

a =27.2 MeV"1 

A = - 1.35 MeV 
a2/T = 98 MeV*"1 
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T A B L E III 

242 
F i s s i o n i n g n u c l e u s Cm 

F i r s t peak 

Height E A(MeV) Curvature ffa^(MeV) 

6.04 0.75 

243 
F i s s i o n i n g n u c l e u s Cm 

F i r s t peak 

H e i g h t E^(MeV ) C u r v a t u r e f u j ^ M e V ) 

5.87 0.45 

S e c o n d peak 

E . (MeV) "ff.îuL (MeV) 
B D 

4.2 0.55 

Second peak 

E_ (MeV) 'fiw (MeV) 
B t> 

5.0 0.55 
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FIGURE CAPTIONS . 

241 
Fig. 1a,b,c) Cm neutron cross sections in the resolved resonance 

region (up to E n=280 KeV) for total, radiative capture 

and elastic scattering reactions, respectively. 

Fig. 2) Average s-wave spacing D versus visibility threshold 

of reduced neutron widths, by the method of ref./4/. 

242 

Fig. 3a,b,c,d,e,f)Neutron angular distributions, deduced from Cm 

Fig. 4) 

Fig. 5) 

Fig. 6a,b,c,d) 

Fig. 7a,b,c) 

elastic and inelastic cross sections, for some typical 

values of excitation energy. 

242 

Evaluated Cm fission cross section, in comparison 

with a "simulated" one, deduced from experimental 

fission probabilities (ref. /16,17/). 

242 Cm neutron cross sections in the continuum region. 
242 -5 

Cm cross sections in the total range 10 eV-15 MeV: 

a) total; b) capture; c) elastic and d) fission. 

Energy spectra of emitted neutrons in a) (n,2n), 

b) fission and c) inelastic scattering reactions. 
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Fig. 3a 
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Fig. 3e 
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Fig. 3e 
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Fig. 3f 





Fig. 4 
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N E U T R O N F I S S I O N 
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