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ABSTRACT 

The optical model code 2PLUS and the statistical model codes 
COMNUC and CASCADE were used to compute neutron cross sections for 
Cm-245 and Cm-247 between 10 keV and 10 MeV. Cross sections for 
elastic and inelastic scattering, radiative capture, fission, and 
the (n,2n) reactions were computed. The parameters for the fission 
model were selected to yield agreement with the cross sections from 
the Physics-8 bomb shot. Pu-239 cross sections were calculated and 
compared with existing cross section evaluations to demonstrate the 
validity of the calculational methods. 
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INTRODUCTION 

Accurate prediction of curium assays in reactor-irradiated 
fuels is required both for forecasting californium production and 
for evaluating fuel recycle strategies and their implications for 
waste management. The chain for producing curium and californium 
isotopes from Pu-242 by successive neutron captures is given in 
Figure 1. It is desirable to have cross sections for these 
nuclides which extend from very low energies up.to at least 10 MeV. 
The capture and fission cross sections below 10 keV are of prime 
importance in thermal and near-thermal reactor irradiations, 
whereas the cross sections above 10 keV are important in fast 
reactors. 

Savannah River Laboratory in 1975 completed a study which 
yielded a consistent set of cross sections below 10 keV for the 
nuclides in Figure 1.1 The study utilized differential and 
integral cross section measurements and production data from SRP 
irradiations. These cross sections, originally cast in multigroup 
form, have been transferred to the ENDF/B pointwise energy format,2 
and with some modifications and improvements are a part of the 
latest Evaluated Nuclear Data File release, ENDF/B-V. These data 
are available for distribution from the National Nuclear Data 
Center (NNDC) at Brookhaven National Laboratory. 

The preceding ENDF/B cross section file, ENDF/B-IV, released 
in 1974, contains high energy data for only three of the nuclides 
in Figure 1: Pu-242, Am-243 , and Cm-244. SRL has performed 
nuclear model calculations for the high energy cross sections of 
Cm-246 and Cm-248. 3 The Cm-245,-247 calculations described in this 
report serve to complete the important cross section data for the 
curium isotopes. The Cm-245 ,-246 ,-247 ,-248 high energy evaluations 
have been sent to NNDC and are available in ENDF/B-V. 

Since only fission cross section measurements over a limited 
energy range have been performed, it was necessary to determine the 
high energy Cm-245,-247 cross sections using nuclear models. The 
SRL version of the optical model code 2PLUS4 was used to determine 
nuclear penetrabilities and the total, shape elastic and direct 
inelastic cross sections as a function of energy. 2PLUS was 
written for even A nuclei, but was found to be adaptable for use 
with odd A targets as well. The 2PLUS penetrabilities were used 
in the statistical model codes COMNUC and CASCADES to determine 
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the cross sections associated with compound nucleus decay: com
pound elastic and inelastic scattering, radiative capture, fission, 
and (n,2n). The CASCADE code also provided input to COMNUC to 
represent gamma and neutron cascade processes. 

Before performing the Cm-245,-247 calculations, the techniques 
were tested on Pu-239. Pu-239 was selected since, of the nuclides 
where extensive cross section measurements have been performed, its 
nuclear properties are most like those of 'Cm-245 and Cm-247. The 
Pu-239 calculation served to validate the calculational techniques, 
particularly for direct inelastic scattering. Also, they provided 
a measure for estimating the accuracy of the Cm-245,-247 results. 
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SUMMARY 

The calculated cross sections for Pu-239 agreed reasonably 
well with the evaluated Pu-239 cross sections of ENDF/B-III. A 
summary of the comparison follows: 

TABLE 1 

Reaction 
Type 

Energy 
Range, MeV 

0.01-10 

0.01-10 

0.01-0.1 
0.1-1.0 
1.0-2.0 

0.01-2.5 
2.5-6.0 
6.0-10.0 

0.01-0.1 
0.1-1.0 
1.0-10.0 

Typical 
Deviation from 
ENDF/B-III Data 

0% 

5% 

15% 
50% 
30% 

5% 
20% 
5% 

50% 
20% 
10% 

The total cross section agreed at all energies because the optical 
model parameters were adjusted to achieve this result. The large 
difference between the calculated and evaluated radiative capture 
cross section above 0.1 MeV is not unexpected due to the relative 
smallness of the cross section in this energy region. The 50% 
deviation between the calculated and evaluated inelastic cross 
section below 0.1 MeV is attributed to the simplified model for 
direct inelastic scattering used in this work. 

Of the Cm-245 and Cm-247 cross sections, only the fission 
cross sections have been measured at energies in the fast region 6 

(up to about 3 MeV). The nuclear model calculations of this study 
yielded reasonably good agreement with the measured Cm-245,-247 
fission cross sections. Differences from experiment were typically 
10%, although individual points were off by 25%. The methods of 
calculation were identical for Pu-239 and Cm-245,-247 and the input 
parameters for the calculations, e.g., optical model parameters, 
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neutron binding energies, energy level schemes, and strength func
tions for radiative capture, are known with about the same degree 
of confidence for Pu-239 and Cm-245,-247. Thus, the accuracies of 
the calculated Cm-245,-247 cross sections are expected to be com
parable to those for Pu-239, viz. the differences from ENDF/B-III 
shown in the above table. The total cross sections are assumed to 
have 5% accuracy. The calculated Cm-245,-247 cross sections are 
given in Tables 8 through 13 of this report. 

• 
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DISCUSSION 

Theory - General Concepts 

Reaction Types and Channels 

Fast neutrons have energies in the range O.S MeV < E < 10 MeV. 
Neutron cross sections in this region are smooth functions of 
energy. The upper limit, 10 MeV, is below the threshold for 
charged particle emission; the lower limit, O.S MeV, is above the 
region where resonances are resolved. The present calculation was 
extended down to 10 keV to see the trend of the cross sections 
beyond the lower limit. The various cross sections which make up 
the total cross section, or' are the elastic, inelastic, capture, 
fission, and (n,2n) cross sections. 

(1) 

For the purpose of calculation with the compound nucleus theory, 
or is divided into a direct elastic cross section a~(l) (also 
called the shape elastic cross section ase)' some d1rect inelastic 
cross sections as(i) i = 2,3, ... which correspond to the levels 
of the target nucleus, and an absorption cross section aa. 

Or = L as(i) + aa 
i 

(2) 

The direct elastic and inelastic components as(i) correspond to 
scattering without the intermediate process of absorption of the 
neutron by the target nucleus. The absorption component aa is 
the cross section for the formation of the compound nucleus. The 
various scattering processes are pictured in Figure 2. The target 
nucleus with charge Z and mass A is assumed to be in its ground 
state. If the ·absorbed neutron has an incident energy E, the 
compound nucleus has charge Z, mass A+l, and excitation energy E+U, 
where U is the neutron separation energy (binding energy of the 
last neutron in the compound nucleus). 

U = [M(Z,A) + Mn - M(Z,A+l)] c 2 (3) 
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The quantities in the brackets are respectively the mass of the 
target, the mass of a neutron, and the mass of the compound 
nuc leus. 

The absorption cross section is the sum 

cr (i) + cr + crf + cr 2 r c n, n (4) 

The compound elastic cross section crr(l) corresponds to emission 
of a neutron from the compound nucleus with the same energy E as 
the incident neutron energy. The elastic cross section is the sum 
of the direct elastic and compound elastic cross sections 

(5) 

The compound inelastic cross sections crr(i) i = 2,3, ..• are also 
added to their direct counterparts 

i=2,3, •.. 

and crin(i) is the cross section for scattering of a neutron 
which leaves the target in an excited energy level Ei' The 
inelastic cross section is then 

crin = I crin(i) 
i 

(6) 

" (7) 

and corresponds to all neutron scattering processes where the final 
neutron energy is less than E. The capture cross section crc 
corresponds to the capture of the incident neutron followed by the 
emission of a photon from the compound nucleus. In the case of 
fission, some of the excitation energy is used to distort the 
nuclear surface. For nuclei with sufficiently large values of Z2/A 
there is a critical distortion beyond which the long-range repul
sive Coulomb force can dominate the short-range attractive nuclear 
force with the result that fission occurs. 7 The (n,2n) reaction is 
a neutron cascade in which one neutron is emitted and then another 
neutron is emitted. The second neutron emission is energetically 
possible only if the excitation energy of the compound nucleus 
(Z,A+l) is greater than U + U', where U' is the separation energy 
for the second neutron. 

U' = [M(Z,A-l) + Mn - M(Z,A)] c 2 (8) 
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The values of U and U' used in 
and are presented in Table 2. 
reaction is E = U' . 

TABLE 2 

Separation Energies 

Compound 
Target Nucleus U, MeV 

Pu-239 Pu-240 6.52 

Cm-245 Cm-246 6.45 

Cm-247 Cm-248 6.21 

this report were taken from Lynn S 
The threshold for the (n,2n) 

U', MeV 

5.66 

5.52 

5.16 

In order to discuss the calculation of the cross sections, 
it is necessary to introduce the concept of channels. A channel 
is a state of the total system, e.g., a state of the neutron and 
nucleus. It is adequate in this discussion to represent a channel 
by the quantum numbers for energies, parities, and spins. The 
various channels are shown in Figure 3. The angular momentum of 
the relative motion! is added to the neutron spin to form i. In 
the incident channel the neutron has incident energy E, the parity 
of the relative motion is (-1)1. and the angular momentum j has 
the values j = 1. ± 1/2. Also included in the incident channel is 
the initial state of the target nucleus which has the ground state 
energy El = 0, parity ~1' and spin II' The neutron and target come 
together and form a compound system with energy E + U, parity 
~ = ~1(-l)1. and spin J with possible values 

(9) 

The compound nucleus then disintegrates into one of the final 
channels which is open, i.e., which conserves energy, parity, and 
spin. In each case the energy, parity, and spin of the residual 
nucleus is represented by E', ~', I' in Figure 3. These numbers 
are restricted as follows. If a neutron is 'emitted in the state 
E-E', 1.', j', thEm 0 .. E' .. E, ~, = ~(-l)1.' and IJ-j'l .. I' .. 
J+j'. In the case of gamma emission, it is assumed that the radia
tion is of the electric dipole type so that 0 .. E' .. E+U, ~' = -~, 
and IJ-li .. I' .. J+l. The surface distortion which precedes a 
fission process is represented in terms of spherical harmonics in 
the continuum model and thus is assigned an angular momentum number 
1.'. The possible states of the residual nuclyus (i.e., the dis
torted nucleus) are 0 .. E' .. E+U, ~, = ~(-l) i , and IJ-1.'1 .. 
I' .. J+1.'. The various cross sections which make up the absorption 
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cross section are obtained by performing summations over all 
initial and final channels that are open and which correspond to a 
reaction of a given type. In what follows an incident channel will 
be denoted by c, and a final channel by c'. Thus, c stands collec
tively for the quantities E, t, j, E1=D, ~1' II. If c' is a 
neutron emission channel, it stands for E-E', tl, j', E', n l , I'. 
If c' is a photon emission channel, it denotes E+U-E', t'=l, photon 
parity = -1, E', ~', I'. If c' is a fission channel in the con
tinuum model it denotes E+U-E', t', parity (_l)t', E', ~', I'. 
The channels for the discrete parts of the neutron and fission 
models will be discussed under Statistical Models. 

Cross Sections 

As a first approximation it is assumed that the compound 
system Z,A+l,E+U,J,~ "forgets" the initial channel c of its forma
tion so that its formation in channel c and disintegration in 
channel c' may be regarded as independent processes linked only by 
conservation of energy, parity, and spin. The cross section for a 
process c + J, ~ + c' can then be written in the form 

ace' 
~ (2J+l) 

= kZ 2(21
1
+1) (10) 

where the dependence on c and c' is contained in separate factors 
~~ and G~V. The factor T~~ is referred to as the transmission 
coefficient (or penetrability) for channel c. This name derives 
from the old continuum theory of nuclear cross sections 9 ,10 in 

which T~~ was literally the transmission coefficient, i.e., the 
probabi lity that the incident neutron enters the nuc leus. . The 
factor ~V is called the branching probability for the final 
channel c'. The branching probabilities are normalized to unity 

\' GJ~ = 1 (11) 
L t c' c 

where the sum is over all open channels c' for the given compound 
system J,~. The propagation number k in formula (10) is related 
to the incident energy E (in the C.M. coordinate system) by 

E =-fl
2

k
2 

(12) 
211 
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where ~ is the reduced mass of neutron and target nucleus. The 
statistical factor (2J+l)/2(21 1+1) takes account of magnetic 
quantum numbers and represents a sum over the 2J+l orientations 
of the compound nucleus spin and an average over the two orienta
tions of the incident neutron spin and over the 211+1 orientations 
of the target nucleus spin. 

The branching probabilities can be expressed in terms of the 
transmission coefficients. The time reversal symmetry of the 
scattering matrix implies the reciprocity 

( 13) 

and this relation together with Eq. (11) gives the result 

(14) 

where the sum in the denominator is over all open channels. 
Thus, the basic problem is the calculation of the transmission 
coefficients for all channels. The cross section for the process 
c + J, n + c' can now be written as 

(2J+l) TJ1T TJ1T 
nee' = - ---- -'=---"--

l: 
cIt 

J1T 
T " c 

(15) 

It is important to see the relationship between the smooth cross 
section given by Eq. (15) and the resonance representation of the 
same cross section 

J1T 
°ce l 

(2J+1) 
=_1T ---l: 

k2 2(21 1+1) k (E J1T_E)2 + 
k 

(16) 

Here E~1T k = 1,2, ... are the resonance energies with spacing D, 
r~~ is the partial width of a resonance for channel c, and the 
total width is 

r~1T = I (17) 
c 

- 18 -
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" where the sum is over all open channels for the compound system 
J,~. If r~~ « D an energy average of Eq. (16) gives a cross section 
of the same form as the compound nucleus representation Eq. (15)11 

(18) 

where r~~ and r1~are averages of the partial and total width over 
resonance levels. The total width need not be small compared with 
D. Comparison of Eq .. (18) with Eq. (15) gives the fundamental 
relation between transmission coefficients and resonance parameters 

(19) 

In the fast neutron region the resonances are not resolved and the 
smooth cross sections obtained by energy averaging should be the 
same as the experimentally measured cross sections. 

Theory - Optical Model 

The Interaction 

All of the incident channels are neutron channels. Thus, the 
optical model determines the total cross section and the direct 
elastic and inelastic cross sections. In addition, the model gives 
the absorption cross section and the transmission coefficients for 
all final neutron emission channels. 

In the optical model, 12 the many-body potential V(r 1,r 2 , ••. ,rN) 
seen by the incoming neutron is replaced by a complex potential 
VR + iVI which is a function of the relative distance r between 
neutron and nucleus and, in the case of deformed nuclei, a function 
of the spherical angles n = e,~. This replacement is made with the 
understanding that the cross sections derived are energy-averaged 
and can correspond to experimental results only when the observed 
cross sections are smooth functions of energy. The real part of 
the potential is taken to be a Saxon potential with a spin-orbit 
term of the Thomas type 

I + 

1\2 1 d 
(m c) r dr ( 

~ 1 
(20) 

- 19 -



where ~!~c ~ 1.4 fm is the ~-meson Compton wavelength. If the 
neutron channel contains the angular momentum quantum numbers, j,2 
then 

~.~ = 1!2[j(j+l) - ~(~+l) - 3/4] (21) 

The imaginary part of the potential is given a derivative Saxon 
form 

(22) 

Nuclear deformation is introduced by letting the radius R be a 
function of the spherical angles 

IF 
+2 

R(O) = R[l + a L Y~(OI )~* (0) 1 
m=-2 

(23) 

where 0 1 is the direction of the nuclear symmetrr axis. The 
deformation parameter a is given the value 0.26, 3 and the 
interaction is expanded to first order in this parameter 

+2 
L Y~(OI ).~*(O) (24) 

m=-2 

The spin-orbit potential is omitted in the derivative dVR/dr and 
the imaginary well has also been dropped from this term because 
both of these contributions would involve a second derivative of 
the Saxon potential. 

The same optical model parameters were used for Pu-239 and 
Cm-245,-247 and are those given by Prince l4 with the exception of 
the constant radius R = roAl/3 fm. The Prince parameters are 

VR = 46.53 - 0.29E (E in MeV) 

4.27 + 0.756E + 24.4E2 E ( 0.1 
4.27 + 3.64E - 4.35E2 0.1 < E ( 0.5 

VI = 4.27 + 1.89E - 0.86E2 0.5 < E ( 1.0 
5.0 + 0.36E 1.0< E ( 4.0 
5.54 + 0.202E 4.0 < E ( 10.0 

a = 0.65 fm b = 0.47 fm Vs = 7.0 

The radius ro was allowed to decrease smoothly with energy from a 
value of 1.35 at 0.01 MeVIS to 1.26 at 10 MeV and was chosen to 
reflect ENDF/B-III data for Pu-239. 

- 20 -
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Coupled Radial Equations 

The total system Hamiltonian is 

(25) 

where HN is the nuclear Hamiltonian, T is the kinetic energy of 
relative motion between incident neutron and target, and V is 
the interaction of Eq. (24). The energy levels Ei of HN are 
labeled so that i = 1 is the ground state and i = 2 is the first 
excited state. These levels have spin and parity numbers 
1i,Mi'~i' The relative angular momentum ~,m~ is coupled to 
the neutron spin to form j,mj and this in turn is coupled to 
1i,Mi'~i to form the total system angular momentum and parity 
J,M,~. The resulting angular momentum eigenfunctions ~i~M1 
are also eigenfunctions of HN. J, i~i 

The stationary states of the total system (target plus 
neutron) satisfy the Schrodinger equation 

(26) 

and can be expanded in terms of angular momentum e igenfunc t ions 

J~M 
00 J+1· 

~ uiji(r) 
'I'E = L L ~ (i) r 

i=l j=IJ-1il 

. . 
Note that ~ is determined by j'~i'~ in 
either j+l/2 or j-l/2 and (-l)~ = ~~i' 
equations for the radial functions are 

00 

~J~M 

~j , 

this 
The 

l·~ . 
~ ~ (27) 

expansion since ~ is 
coupled differential 

J+I'· 

L ~ (j,1i,J,Mlvlj' ,li,J,M) Ui'j'i' 
j '=IJ-lil 

(28) 

i'=l 

The propagation numbers ki are given by 

",2 k~ 
1 (29) 
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The matrix elements which couple different radial functions are 

b ' f ' ( , ) 9. ~J7[M " taken etween the e1gen unct10ns 1 ~" I ' The lnteractlon, 
kJ) • 'Jr • 

Eq. (24), is a sum of scalar products,16 1 1 

2 +k 2 
v = I I = I (30) 

k=O m=-k k=O 

The Wigner-Eckart theorem is used to evaluate the matrix elements. 

(' I I'" ) = (1')9.'-9. (_l)j+I11-J x J,Ii,J,M Vk J ,Ii,J,M 
(31) 

The reduced matrix elements are defined according to the convention 
of Rose,16 page 85, and W is a Racah coefficient. A further reduc
tion gives 

(jIlYkllj') = (-l)1I2+k-9.'-j' [(2Hl)(2j'+1)]1/2 x 

(32) 

and the reduced matrix elements of spherical harmonics are 

(tIlYklit') = CR.' ,O,k,olt' ,k,t,O) 
(2t'+l)(2k+l) 1/2 

[47[(29.+1) 1 (33) 

where (t',mt"k,mlt' ,k,t,mt) is a Clebsch-Gordan coefficient. 16 

Comparison of Eq. (24) and Eq, (30) shows that the monopole 
term (k = 0) is 

so that 
o 

(I liT III') 
i 0 i 

(34) 

= f"i;; Vo 0 V -r" ii I 
(35) • 

- 22 -
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The radial equations can therefore be put into the form 

R.U,+l»)] } 
2 + Vo 

r 

J 
u R.j i = 

(36) 

2 

I 
J+I! 
I 1 

i'=l j'=IJ-Il.I 

where the left side contains the terms which occur for a spherical 
nucleus and the right side represents the coupling that results 
from a deformed nuclear surface. The summation over i' on the 
right side of Eq. (36) has been truncated to two terms, and the 
resulting coupled equations are used only for i = 1, 2. Thus, 
the ground state is coupled only to the first excited state. This 
approximation is intended for use only with nuclei of even mass and 
II = 0, 12 = 2. 

The matrix element of V 2 vanishes when Ii = Ii = 0 because of 
the identity 

W(j'OjO;J2) = 0 

Comparison of Eq. (24) and Eq. (30) shows that 

so that 

J¥ dV 
(I aT RI') := -IlR 411 (~) 

i 2 i .. 5 dr 

According to Eq. (33) the required reduced matrix element is 

(I ay nI') = (I: ,0,2,011: ,2,1, ,0) 
i 2 ill 1 

(2I!+1)(5) 1/2 
[1 ] 
411(21 i+l) 

- 23 -
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Equations (31), (32), (33), (39), and (40) completely evaluate the 
matrix elements which appear in the coupled radial Eq. (36). The 
relevant Clebsch-Gordan coefficients are 

(2,O,2,O!2,2,O,O) = 1/./5 (41a) 

(O,O,2,O!O,2,2,O) = 1 (41b) 

(2,O,2,O!2,2,2,O) = -./ii7 (41c) 

Scattering Matrix 

In the procedure of Blatt and Biedenharn,17 an incident 
wave solution is defined which corresponds to neutrons traveling 
parallel to the z-axis with spin ms. 

II +j 

I (i)''' 
j=!I1-j! 

J1I(M1+mS) 

~ 
.-'.j,I1"1 

(42) 

Here we introduce the propagation number kl = k which corresponds 
to the ground state El = 0 of the target nucleus. When II = Ml = 0, 

J1I i 
A .. = - 1I 1I2.J2"-+1 
-11. J kl (43) 

In the presence of scattering the outgoing wave takes on contribu
tions from channels other than the incident ones and the solution 
becomes 

2 
= I 

i=l 

- 24 -
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The new coefficients are related to the old ones by the scattering 
matrix elements 

J1T 
B 
tj;i 

= I 
.2.' j' i I 

J1T 
S 
tji;t'j'i' 

J1T 
A 

R.' • , J 
cS 
i'l (45) 

The direct elastic cross section and the direct inelastic cross 
section for the first excited state (assumed to be a 2+ state in the 
2PLUS model) take the form with i' = I, 2 

I 
L=O 

B (i') P (cose) 
L L (46) 

where the coefficients BL(i') depend upon the S-matrix elements. 
The evaluation of these coefficients is discussed by Blatt and 
Biedenharn. In the present work only the cross sections integrated 
over angles were computed and these involve BO(i'). The result 
is 

a (i') 
s I (2J+1) x 

J,1T 

J1T S.,.,., "1 
'" 1 1 ;"J 

(47) 

2 

For i' = 1 this is the direct elastic cross section referred to 
in Eq. (2). For i' = 2, Eq. (47) is the direct inelastic cross 
section for excitation of the first excited state. Direct 
inelastic cross sections for higher excited states are not com
puted by the 2PLUS code. 

The absorption cross section, which is a result of the 
imaginary part of the interaction, is 

I (2J+l) 
J,1T 

where the penetrabilities are· 

I 
t' j' i' 
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and the indices i and i' take the values 1, 2. The absorption 
cross section is viewed as the cross section for formation of the 
compound nucleus in the initial channels c and disintegration into 
final channels c'. 

11 1 
a =-

a k22(2I1+1) J,ll 
L 

e,c' 
(2J+1) (SO) 

The initial channel transmission coefficients are 

Jll Jll 
T = T (S1) 

c ~j 1 

The transmission coefficients for final channels that correspond to 
compound elastic scattering are also given by Eq. (SI). For com
pound inelastic scattering that leaves the nucleus in its first 
excited state, the final channel transmission coefficients are 

Jll Jll 
T = T (S2) 
c' ~j2 

Since the 2PLUS theory couples only the first two levels, compound 
inelastic scattering that leaves the nucleus in levels higher than 
the first excited state can be represented by transmission coeffi
cients calculated from a spherical optical model. Let these be 
denoted by 

Jll Jll 
T = T 
c' ~ji 

i = 3, 4, ... 

Instead of introducing a spherical optical model, the present 
calculation used the elastic penetrabilities. 

Jll 
T 
~ji 

Jll 
= T 

R.jl 
i = 3, 4, ... 

The energy argument is shifted to represent the energy of the 
emitted neutron.' 

(S3) 

(S4) 

The total cross section obtained from the optical model is 

a = 11 1 L (2J+ l) x 
T kZ" 2(21 1 +1) J,ll 

(SS) 

J+I1 Jll Jll* 
L [2 - S 

SR.jl;R.jll 
j=!J-I1 ! 

R.jl;R.jl 
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This satisfies the equation 

(56) 

If the sum over i' in Eq. (36) had not been truncated. Eq. (2) 
would represent the more general result where the sum includes all 
levels Ei that can be excited by the incident energy. An attempt 
was made to compensate for the discrepancy between Eq. (2) and 
Eq. (56) by adding another direct inelastic cross section to both 
Din and 0T at incident energies above 2.5 MeV. The nuclear 
radius ro was chosen to fit the total cross section of Pu-239 for 
E < 2.5 MeV. For the region above 2.5 MeV. ro was chosen to fit 
the elastic cross section. and the total cross section (and direct 
inelastic cross section) was supplemented by the amounts shown in 
Table 3. 

TABLE 3 

Adjustments to the Direct Inelastic Cross Section 

Energy. MeV t.0:r (= t.°in)' barns 

2.5 0.17 

3.0 0.34 

4.0 0.43 

5.0 0.36 

6.0 0.26 

7.0 0.25 

8.0 0.29 

9.0 0.25 

10.0 0.25 

2PLUS With Odd A Target 

The 2PLUS code assumes that II = O'~l=+l and 12 = 2'~2=+1. 
In the present work 2PLUS was applied to nuclei with odd mass and 
half integral spin. This is accomplished by viewing the nucleus 
as a single nucleon coupled to an even A core. If the core is 
spherical. the angular momentum jn of the single nucleon is con
served and combines with the angular momentum Ic of the even A 
core to form total nuclear angular momenta Ii in the range 
IIc - jnl ~ Ii ~ Ic + jn. The resulting level splitting is called 
a "core multiplet" by de-Shalit. 18 In this model the total nucleus 
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ground state consists of a core ground state with Ic = 0 plus a 
single particle with angular momentum ~n,jn. The total nucleus 
ground state has spin II = jn and parity ~l = (-l)~n. An excited 
core multiplet can exist with Ic = 2 (first excited state of the 
core) and with the single particle state unchanged. This multiplet 
would have total nuclear angular momenta 12-jnl ~ Ii ~ 2+jn and 
parity the same as the ground state parity. The single particle
core excitation model was used to describe inelastic proton scat
tering from Ag-107. 19 The direct inelastic cross section for 
excitation of the excited state multiplet member with spin Ii is 

(57) 

where Ic = 2 and 0s(2+) is the direct inelastic cross section 
for the 2+ first excited state of the even A core as computed by 
2PLUS. The weight factor is the number of orientations of Ii 
divided by the number of combined orientations of jn and Ic. 
Note that 

(58) 

so that 0s(2+) is divided among the members of the multiplet by 
Eq. (57). 

In the case of deformed nuclei, the low lying spectrum 
consists of rotation bands. Each band is based on a particular 
intrinsic single particle configuration. The motion of a single 
nucleon in the potential field of a deformed core was described 
by Nilsson.20 The nucleon angular momentum is not constant in the 
field of the deformed core; however, (jn)z and (~n)z are constants 
of the motion (z-axis along the nuclear symmetry axis). A rota
tion band begins with Ii = (jn)z and successive levels of the 
band have spins Ii which increase in steps of unity. 

When (jn)z = 1/2 in the rotor model of deformed nuclei, 
and jn = 1/2 in 'the vibrator (core excitation) model of non
deformed nuclei, there is a correspondence between the spin 
assignments of the first three levels: 

rotor model with I· = 1/2, 3/2, 5/2 
(jn)z = 1/2 

1 

core excitation Ic = 0 I· = 1/2 
1 

model with 
jn = 1/2 Ic = 2 I· = 3/2, 5/2 

1 
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This coincidence has been used to apply Eq. (57) to neutron 
scattering from W-183 which is a deformed nucleus with a low lying 
spectrum consisting of rotational bands. 21 The use of this proce
dure when II = 1/2 is corroborated by the calculation of Prince l4 

who used the coupled channel code, Jupiter I. The direct inelastic 
cross sections for the 3/2+ and 5/2+ states of Pu-239 are roughly 
in the ratio of 2:3 as predicted by Eq. (57). 

In the present work a fictitious 2+ level at 0.04 MeV was 
assumed for the 2PLUS calculation. For Pu-239 the computed direct 
inelastic cross section 0s(2+) was divided between the first two 
excited states (0.00785 MeV and 0.05727 MeV) in accordance with 
Eq. (57). Since the ground states of Cm-245,-247 are 7/2+ and 9/2-
and their first excited states lie relatively high at 0.055 MeV and 
0.061 MeV, 0s(2+) was simply assigned to the first excited state 
in the case of these two isotopes. 

The other accommodation of the 2PLUS code to the present odd A 
target calculations was the manner in which penetrabilities were 
assigned to energy levels. The COMNUC code accepts neutron pene
trabilities in an ~,j format. Since 2PLUS aSSumes II = 0, ~I = +1, 
the elastic penetrabilities Ti~l already depend only on ~,j since 
J = j and ~ = (-l)~. The 2+ l~vel penetrabilities Tij2 must be 
averaged over J values to make them suitable for input to COMNUC. 
The transmission coefficients used for the first two excited states 
of Pu-239 and for the first excited states of Cm-245,-247 are given 
by 

I (2J+1) 
J 

T. I (2J+1) J1T / 
~J2 J (59) 

where the sum runs over the values 12-jl ~ J ~ 2+j and ~ = (-l)~. 
For higher excited states the elastic penetrabilities were used in 
accordance with Eq. (54). 

Theory - Statistical Models 

Neutron Emission 

The compound elastic and inelastic cross sections involve 
emission of a neutron from the compound nucleus. The spectrum of 
the residual nucleus is represented by a few discrete low-lying 
levels plus a continuous level density above these. The discrete 
levels used in this study are given in Table 4 and were taken 
either from the Table of Isotopes 22 or from Nuclear Data Sheets 
(Academic Press). The level density formula p(I',~' ,E') is 
supplied by the COMNUC and CASCADE codes and is discussed in 
Reference' 23 . 
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TABLE 4 

Discrete Levels of the Target Nuclei 

Pu-239 Cm-245 Cm-247 

Level lI·xl· Ei' MeV lIix1 i Ei' MeV lIix1 i Ei • MeV 1 1 •. 
1 + 1/2 0.0 + 7/2 0.0 - 9/2 0.0 

2 + 3/2 0.00785 + 9/2 0.0550 - 11/2 0.061 

3 + 5/2 0.05727 + 11/2 0.1220 - 13/2 0.137 

4 + 7/2 0.07571 + 13/2 0.205 + 5/2 0.225 

5 + 9/2 0.16375 + 5/2 0.2527 + 7/2 0.264 

6 + 11/2 0.193 + 7/2 0.2957 + 9/2 0.315 

7 + 5/2 0.2855 + 3/2 0.35 + 1/2 0.406 

8 + 7/2 0.3301 + 9/2 0.3587 + 3/2 0.434 

9 + 9/2 0.388 - 9/2 0.3884 + 5/2 0.450 

10 - 7/2 0.3916 + 11/2 0.4200 + 7/2 0.516 

11 - 9/2 0.434 - 11/2 0.4431 

12 + 11/2 0.461 - 13/2 0.507 

13 - 1/2 0.4698 - 15/2 0.580 

14 - 11/2 0.486 + 1/2 0.73 

15 - 3/2 0.4922 

16 - 5/2 0.5053 

17 + 5/2 0.5119 

18 - 7/2 0.5562 

19 + 3/2 0.73 

20 + 5/2 0.76 
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The sum of neutron transmission coefficients over all open 
final channels is separated into terms that correspond to processes 
that leave the nucleus in one of the discrete levels Ei 

JlI 
o = 

i t ,j 
T (E-E) 
tj i 

plus a term that corresponds to excitation of the continuum of 
states 

JlI 
0n (cont.) = L 

J+j E 

t, j 
L f Ttj(E-E') p(I' ,11' ,E') dE' 

I'=IJ-jl Ecut 

(60) 

(61) 

Here Ecut is the highest discrete level used. In Eq. (60), j takes 
values from IIi-JI to Ii+J and t is restricted to either even or 
odd values according to the requirement 1Ii(-1)R. = 11. In Eq. (61), 
j takes the values 1/2, 3/2, 5/2, ... and parity conservation 
requires lI'(-l)t = 11. However, since p(I'lI' ,E') is independent 
of 11', both even and odd values of t = j ±1/2 appear in the sum 
of Eq. (61) (p contains a factor of 1/2 to account for the two 
parities 11' = ±1). In the case of Curium-245 ,-247 the Ttj are 
given by the elastic penetrability Ti~l except for i = 2 which is 
represented by Ttj (2+) as defined by Eq. (59). The same procedure 
is used for Pu-239 except that Tt j(2+) is used for i = 2, 3. 

The unnorma1ized neutron emission probability is the sum 

JlI 
o 

n 
= L 

i 

JlI JlI 
o + 0 (cont.) 

i n 
(62) 

The quantity 0iJ1I is used to calculate the compound cross section 
for excitation of the level Ei; in particular, 0 I

JlI is used to 
compute the compound elastic cross section. The integrand of 
Eq. (61) corresponds to the emission of a neutron with energy E-E' 
which leaves the residual nucleus in a continuum state with spin I', 
parity 11', and excitation energy E'. 

Gamma Emission 

The most important electromagnetic radiation from the compound 
nucleus is the electric dipole component which has angular momentum 
t' = 1 and parity -1. The transmission coefficient for emission of 
a photon of this type with energy E is approximately given byIO 

JlI 
T ~ K E3 (63) 
c' 
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where K is a constant which is determined by experimental data 
with the help of Eq. (19). In order to compute the capture cross 
section, this transmission coefficient must be summed over all open 
gamma emission channels to form the quantity 

Jrr 
o = L 

y c' 

Jrr 
T 
c' 

(64) 

where the c' are open y-emission channels for the compound system 
J,rr. This summation is performed within the COMNUC code as the 
integral 

Jrr 
o = 

y 

J+l 

L 
I'=IJ-li 

E+U 
f K (E+U-E')3 p(I' ,rr' ,E') dE' (65) 

o 

where p(I',rr' ,E') represents the level density of the compound 
nucleus with charge Z and mass A+l. Parity conservation implies 
rr' = -rr; however, the level density formula provided by the code is 
independent of the parity, i.e., both parities are assumed to be 
equally numerous in any range dE'. The quantity 0y

Jrr is called 
the (unnorma1ized) gamma emission probability. The integrand of 
Eq. (65) corresponds to the emission of a photon with energy E+U
E', leaving the residual (compound) nucleus with energy E', parity 
rr', and spin I'. 

The connection with low energy resonance data, Eq. (19), is 
used to estimate the constant K. At small energies (E = 0) it can 
be assumed that only t = 0 neutrons are absorbed so that the Com
pound system has spins J = 11 ± 1/2. In the case of even A target 
nuclei with 11 = 0 the only possibility would be J = 11 + 1/2. From 
low energy resolved resonance data, the quantity 2rrfy/D is deter
mined. This is related to the gamma emission probabllities by the 
equation 

(66) 

(the second term.on the left is omitted if 11 = 0). The constant K 
in the terms on the left can thus be found when the resonance data 
is known. The values of fy and D used in the present work are 
shown in Table 5. The value of D for Pu-239 was suggested by 
Prince's calculation. 14 For the cur!um isptopes, level spacings 
were determined from level density formu1as,24 with pairing and 
shell corrections 25 extended to heavier masses using level spacing 
information from the Physics-8 bomb shot. 6 The radiation widths 
ry were determined using the formula of Reference 26, but with the 
coefficients modified to better fit experimental data for heavy 
nuclides. 
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TABLE S 

Radiative Capture Model Parameters 

Target 
Comround 
Nuc eus r y ' meV D, eV 

Pu-239 Pu-240 42.8 9.00 

Cm-245 Cm-246 28.3 4.64 

Cm-247 Cm-248 30.4 4.10 

Fission 

In the fission model of Bohr, Wheeler, and Hill, the nucleus 
is treated semiclassically as a uniformly charged, incompress-
ible liquid drop with a surface tension estimated from the semi
empirical mass formula of Bethe. Distortions of the nuclear 
surface are expanded in terms of spherical harmonics and the 
distortion energy -- the change in electrostatic plus surface 
energies -- is expressed as a function of the expansion coeffi
cients. In the continuum part of the fission model, a given 
harmonic number ~ is assigned a critical distortion energy 
EBi (also called the fission barrier energy). The present 
calculation used only i = 2 in the continuum fission model. 
Fission is initiated when the distortion energy is in a neighbor
hood of EB of width~w2. The transmission coefficient for fission 
is assumed

2
to have the Hill-Wheeler form27 

I 
= ----;------"7 

I + exp[2TI(EB2-E)/~w21 
(67) 

where E is the distortion energy. The continuum contribution to 
the unnormalized fission probability is 

JTI J+2 
e (cont.) = I f 

f ,I'=IJ-2 1 

E+U p (I' ,TI' ,E') dE' 
(68) 1 + 

This continuum probability determines of in the range of incident 
energies between 1 MeV and the threshold energy E = U' for the 
(n,nf) cascade reaction. The cutoff energy Ec is chosen to give 
the best possible fit for of below 1 MeV. In Eq. (68), p(I' ,TI' ,E') 
is the level density for the compound nucleus with charge Z and 
mass A+I. The continuum fission model parameters are shown in 
Table 6. 
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TABLE 6 

Fission Model Parameters 
(Energy in KeV) 

Target 
comround 
Nuc eus EB Ec EB 

2 -t'lW2 

Pu-239 Pu-240 5.62 0.73 6.10 0.50 

Cm-245 Cm-246 5.90 1.60 5.30 0.50 

Cm-247 Cm-248 5.70 2.35 4.49 0.50 

The discrete contribution to the fission probability is 

1 J1I 
o (discrete) = 2 

f 
(69) 1 + exp[2rr(E -E-U+E )~w 1 

B n n n 

where EB is a fission barrier energy and the En are transition 
state energies which correspond to states of internal excitation 
which accompany the elongation toward fission. 28 The total 
unnormalized fission probability is the sum of continuum and 
discrete parts 

J1I 
o 

f 

J1I 
= 0 (cont.) 

f 

J1I 
+ 0 (discrete) 

f 

The transition energies En represent a variety of collective 
vibrations and have been listed by Lynn28 ,29 and Kikuchi. 30 

(70) 

The barrier energy EB is given in Table 6. The oscillator 
characteristic energy~wn was always taken equal to 0.50 MeV. 
Whereas EB2 was chosen to fit the fission peak around 2 MeV, EB 
was chosen to give the best representation of af at the lower 
energies around 10 keV. The choice of EB together with Ec 
(continuum cutoff) also determined the dip in af which occurs 
between 10 keV and 1 MeV. 

In the sum, Eq. (69), only those En contribute which corre-
spond to the val'ue of J, 11. A total of fifty-seven transition 
states were chosen on the basis of Tables 8.1 and 8.9 in 
Reference 28. This large number of transition states was used in 
order to give a uniform treatment of Pu-239 and the curium 
isotopes, although fewer transition states would have been adequate 
for Pu-239 as shown by Prince. 31 In the case of Cm-245, a low 
energy incident neutron with j = 1/2 combines with the target 
nucleus to form a compound system with J1I = 3+, 4+. Cm-247 
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similarly combines to form J~ = 4-, 5-. For this reason the 
representation of the low energy (E ~ 10 keV) fission cross 
sections for these nuclides requires transition states with 
relatively large spins. Table 7 gives the transition states used 
together with their J~ values. The vibration types are designated 
in terms of letters which are explained further in References 28, 
29, and 30. It should be pointed out that no effort was made to 
vary the values of the En during the process of fitting of· 

TABLE 7 

Transition States 

En J~ 
Vibration 
Type 

0.0 0+ 2+ 4+ , , , · .. , 8+ GS 

0.6 1-,3-,5-, · .. , 7- MA 

0.6 2+ 3+ 4+ , , , • •• J 
8+ G 

1.0 1-,2-,3-, · .. , 8- B 

1.5 2-,3-,4-, · .. , 8- MA+G 

1.5 1+,2+,3+, · .. , 8+ MA+B 

1.8 0+,2+,4+, · .. , 8+ 2G 

1.8 1-,2-,3-, · .. , 8- B+G 

2.1 0+ 2+ 4+ , , , · .. , 8+ N4 

Cascades 

The code CASCADE generates input for COMNUC to take account of 
two gamma cascade processes (n,yn), (n,yf) and two neutron cascade 
processes (n,2n), (n,nf). This is done as follows. Define the 
normalized branching probabilities ~~ cr = y, n, f: 

J~ J~ I J~ J~ J'l J~ J~ = eJ~/eJ~ G = e e G = e e G 
y Y n n f f 

(71) 

where 

J~ J~ J~ J~ 
(72) e = e + e + ef y n 
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CASCADE calculates the unnormaJ.ized probability for gamma emission 
followed by neutron emission 

In 
o = 

yn 

J+l 

I 
I'=IJ-li 

f 
E+U 

It 1f I 

K (E+U-E,)3 p(I' ,n' ,E') G (E'-U) dE' 
n 

U (73) 

where p(I' ,n' ,E') is the level density of the compound nucleus with 
charge Z and mass A+l, and U is defined by Eq. (3). Parity conser
vation implies n' = -no Note that a neutron can be emitted only if 
the excitation energy after gamma emission is no less than U. The 
integrand of Eq. (73) has the interpretation: a gamma is emitted 
with energy E+U-E' leaving the compound nucleus with excitation 
energy E'; a neutron is emitted with energy E'-U leaving the resid
ual nucleus in its ground state. The corresponding unnormalized 
probability for gamma emission followed by fission is 

J+l E+U 
In 

o 
yf 

= I 
I'=IJ-li 

f K (E+U-E,)3 p(I' ,n' ,E') 
1'1f' 

G (E'-U) dE' 
f 

U (74) 

In the code COMNUC, the emission probabilities are redefined by the 
equations 

In 
o 

y 

In 
= 0 

y 

In In 
- 0 - 0 

yn y f 

In In 
o (cont.) = 0 (cont.) 

n n 

In 
o 

f 

JlI 
= 0 

f 

In 
+ 0 

yf 

In 
+ 0 

yn 
(75) 

There is no threshold energy for the gamma cascade processes, and 
therefore they affect the cross sections even at small energies. 

The threshold for the neutron cascade processes is E = U' . 
The unnormalized probability for the (n,2n) process is 

J+j E 
I'nl 

T (E-E') p(I' ,n' ,E') G (E'-U') dE' 
In 

= I f o 
n,2n 

JI.,j 

I 
!'=IJ-jl U' 

Jl.j n 
(76) 
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where p(I' ,11' ,E') is the level density of the Z,A nucleus and U' is 
defined by Eq. (8). Also GJ'1I' is the neutron emission probability 
for a compound nucleus with charge Z and mass A (corresponding to 
target with charge Z and mass A-I); hence, its calculation in the 
code CASCADE uses the transmission coefficients for a target with 
charge Z and mass A-I. The integrand of Eq.(76) has the interpre
tation: a neutron is emitted from the Z,A+I nucleus with energy 
E-E' leaving the residual Z,A nucleus with excitation energy E'; 
a second neutron is emitted from the Z,A nucleus with energy E'-U' 
leaving the residual nucleus, Z,A-I in its ground state. The 
second neutron emission is possible only if the excitation energy 
E' is no less than the separation energy u'. The corresponding 
unnormalized probability for the (n,nf) process is 

J+j 
J1I 

o = 
n,nf 

t, j 
J 

E 

U' 

T (E-E') p( I ' ,11 ' ,E' ) 
tj 

I' 'fT' 
G (E'-U') dE' 

f 

I' , where Gf 11 is the fission branching probability computed in the 
CASCADE code for a compound nucleus with charge Z and mass A 
(corresponding to a target with charge Z and mass A-I). In the 
code COMNUC the emission probabilities are again redefined 

J1I J1I 
o (cont.) = 0 (cont.) 

n n 

J1I 
- 0 

n,2n 

J1I 
- 0 

n,nf 

(78) 

J1I J1I 
o = 0 

f f 

J1I 
+ 0 

n,nf 

A rough calculation of cross sections for the Z, A-I targets 
Pu-238, Cm-244, and Cm-246 is required for the neutron cascade 
effects. The n,2n and n,nf reactions for Pu-239 were satisfac
torily represented by using only continuum neutron emission and 
fission models in CASCADE, and this procedure was followed for 
Cm-245, -247 as ,well. Whereas the gamma cascade processes affect 
the cross sections only slightly, the neutron cascade processes 
make large contributions above the threshold E = U' . 
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Final Cross Section Expressions 

The total, shape elastic, and direct inelastic cross sections 
0T' 0se = 0s(l) and 0s(i) are calculated by the code 2PLUS and 
input to the code COMNUC. The remaining cross sections are parts 
of the absorption cross section and are computed by COMNUC in the form 

L (2J+1) 
J,1T 

where the ~,j summation for a given J,1T is restricted by the 
conditions 

Here I l ,1T l are the target ground state spin and parity. 

The compound elastic cross section ace = ar(l) is given by 
Eq. (79) with the branching probability 

and the elastic cross section ° 1 is then the sum in Eq. (5). 
The compound cross section or(ij for excitation of the level Ei 
of the target nucleus is given by Eq. (79) with 

J1T J1Tj J1T 
G = 0 0 

i i' 

The compound inelastic cross section 0in(comp.) is obtained from 
Eq. (79) with 

J1T 
G. (comp.) = 

in 
[ L 
it 1 

J1T 
o 

i 

and the total inelastic cross section cin is the sum, Eq. (7), of 
compound and direct parts. The capture, fission, and (n,2n) cross 
sections DC, Of' and on 2n are given by Eq.(79) with , 

J1T 
G 

f 
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CONCLUSIONS 

Pu-239 Calculations 

Figure 4 shows aT and ael for Pu-239. The nuclear 
radius was chosen to fit aT at energies less than 2.5 MeV. 
When the same well parameters are applied to Cm-24S,-247 it is 
reasonable to expect an error of 5%, especially at very small 
energies (E <0.1 MeV) where aT is sensitive to the choice of 
roo The good fit for ael below 2.5 MeV means that the optical 
model accurately computed ase and aa' Above 2.5 MeV, the com
pound elastic cross section is negligible and ro was chosen to 
fit ael ~ ase ' Attempts to fit both or and ael for E )2.5 MeV 
had the effect of overestimating aa; this showed up clearly in the 
fission cross section. For this reason, only ael was fit above 
2.5 MeV and aT and the direct inelastic cross section were adjusted 
as shown in Table 3. 

The capture cross section shown in Figure 5 fits well at 
energies below 0.1 MeV but less well at higher energies. since 
ac is small in the region of poor fit, the percent error is rather 
large (50%). 

The fission cross section shown in Figure 6 was fit at four 
basic points. The height of the peak at 2 MeV is determined by EB 
The value of af at 10 keV and the dip near 0.5 MeV are determined 2 
by EB and Ec' The height of af above the (n,nf) threshold is 
determined by a rough continuum model for Pu-238 fission. Since 
fission proceeds via compound nucleus formation, the ability to 
compute af depends upon an adequate calculation of aa in the 
optical model. 

The inelastic and (n,2n) cross sections are shown in Figure 7. 
The fit shows that the use of elastic penetrabilities for levels 
above the first two excited states is a workable approximation. It 
was found that the use of elastic penetrabilities for the first two 
excited states as well caused the inelastic cross section to be too 
large; therefore, the Tt j(2+) had to be used for these two states. 
The close fit for On 2n shows that the continuum neutron model works 
well in the CASCADE ~ode. 

In Figure 8 the direct inelastic cross sections for the first 
two excited states as computed by 2PLUS are compared with those 
found by Prince using JUPITER I. It is not surprising that the 
simpler code 2PLUS underestimates the direct inelastic cross 
sections by 25%. 
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The Pu-239 calculations were undertaken only so that they 
could be used as a guide for the curium cross section calculations. 
It was found that the methods used for Pu-239 could be readily 
transferred to the curium isotopes. 

Cm-245,-247 Calculations 

The use of a large number of transition states in the discrete 
part of the fission model was necessary for the representation of 
af at energies below 0.2 MeV. At these low energies the measured 
values of af show fluctuations and the calculation gives only the 
trend of the cross sections. 

The curium calculations would have been less useful without 
the fission data contained in Reference 32. Enough data were 
available so that the four basic fits that were used for the Pu-239 
fission cross section could also be made for Cm-245,-247. Although 
the curium fission cross sections have not been· measured above 
3 MeV, the shape of the curve above this point is determined by the 
parameter EB up to the (n,nf) threshold. Above the (n,nf) 
threshold roftgh continuum fission models for Cm-244,-246 are 
required, and these were also derivable from the data available in 
Reference 32. The fission cross sections for Cm-245,-247 are 
compared with measurements in Figures 9 and 10. 

The fission cross section is a large part of the total cross 
section, and the accuracy of the other cross sections depends upon 
it. Given an adequate fission model, the accuracy of the elastic 
and inelastic cross sections depends primarily on the optical mqdel 
calculations •. These were seen to be quite good for Pu-239. The 
capture cross section is relatively small and errors in it would 
perturb ael and ain only slightly. 

The high energy cross sections for Cm-245,-247 are given in 
Tables 8 and 9. The direct inelastic cross section is the total 
inelastic cross section (column 7) minus the compound inelastic 
cross section (column 6). The direct elastic and inelastic cross 
sections are shown explicitly in Tables 10 and 11. In these two 
tables and also in Tables 12 and 13 the compound elastic and 
inelastic cross s·ections are shown. Note that these become 
negligibly small above 3.0 MeV. For E )3.0 MeV, the inelastic 
cross section consists of the continuum contribution to the com
pound inelastic cross section plus the direct inelastic cross 
section. It is interesting to note that the direct inelastic 
cross section is a result of the nonspherical optical model, and 
this cross section makes a significant contribution to the total 
inelastic cross section at the higher energies. 
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TABLE 8 

I 

High Energy Neutron Cross Sections for Cm-245 
·(Cross Sections in Barns) 

I 
• 

Compo Total Energy, 
°T °el °c Of 0· °in ° 

I 

MeV 1n n,2n 

" 
0.01 19.10 13.16 0.958 4.98 

I 0.03 16.94 13.17 0.550 3.22 

0.05 15.46 12.50 0.387 2.57 

0.06 15.03 12.22 0.327 2.38 0.098 0.104 

0.08 14.15 11.60 0.255 2.10 0.179 0.197 

0.1 13.26 10.68 0.223 1.92 0.370 0.438 

0.2 11.24 8.67 0.120 1.66 0.663 0.786 

0.3 10.29 6.98 0.074 2.02 1.04 1.22 

0.5 9.11 5.60 0.030 1. 70 1.50 1. 78 

0.8 8.04 4.59 0.018 2.09 0.970 1.34 

1.0 7.61 4.11 0.014 2.125 0.936 1.36 

1.2 7.41 3.77 0.011 2.16 1.00 1.47 

1.5 7.43 3.46 0.0086 2.24 1.16 1. 72 

1.8 7.50 3.36 0.0064 2.25 1.27 1.88 

2.0 7.59 3.41 0.0051 2.23 1.305 1. 94 

2.5 7. 79 3.58 0.0026 2.08 1.305 2.13 

3.0 7.95 3.81 0.0012 1. 91 1.25 2.23 

4.0 7.97 4.05 0.0002 1.69 1.19 2.23 

5.0 7.72 4.06 0.00005 1.49 1.225 2.17 

6.0 7.27 3.81 0.00002 1.45 1.14 1.96 0.049 

7.0 6.80 3.43 0.00001 1.88 0.529 1.31 0.179 

8.0 6.51 3.13 2.09 0.197 0.996 0.289 

9.0 6.21 2.88 2.14 0.073 0.805 0.384 

10.0 6.05 2.72 2.14 0.034 0.742 0.447 

.' 
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TABLE 9 

High Energy Neutron Cross Sections for Cm-247 
.,. (Cross Sections in Barns) 

Energy, Compo Total 
MeV °T °e1 °c of ain O'in °n,2n 

0.01 21.18 17.64 1.23 2.31 

0.03 18.33 15.42 0.605 2.30 

0.05 16.52 13.84 0.420 2.255 

0.06 15.98 13.37 0.368 2.245 

0.08 14.95 12.38 0.288 2.15 0.117 0.135 

0.1 13.93 11.12 0.278 2.07 0.417 0.462 

0.2 11.55 8.23 0.152 2.38 0.656 0.788 

0.3 10.52 6.92 0.097 2.17 1.14 1.33 

0.5 9.32 5.70 0.050 1.92 1.35 1.65 

0.8 8.22 4.54 0.016 2.69 0.583 0.972 

1.0 7.76 4.06 0.0098 2.81 0.443 0.884 

1.2 7.57 3.74 0.0072 2.91 0.420 0.910 

1.5 7.58 3.47 0.0051 3.08 0.445 1.02 

1.8 7.62 3.40 0.0035 3.125 0.464 1.09 

2.0 7.67 3.46 0.0027 3.10 0.469 1.11 

2.5 7.84 3.64 0.0013 2.92 0.453 1.28 

3.0 7.96 3.86 0.0006 2.70 0.423 1.40 

4.0 7.96 4.07 0.0001 2.45 0.408 1.44 

5.0 7.72 4.08 0.00003 2.24 0.452 1.40 

6.0 7.28 3.84 0.00002 2.12 0.406 1.23 0.090 

7.0 6.83 3.46 0.00001 2.22 0.205 0.991 0.156 

8.0 6.52 3.16 2.30 0.083 0.883 0.178 

9.0 6.23 2.91 2.34 0.034 0.768 0.207 

10.0 6.04 2.74 2.34 0.019 0.730 0.230 
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TABLE 10 

Direct and Compound Elastic Cross Sections; 
-. 

Direct and Compound Inelastic Cross Sections 
for the First Excited State - Cm-245 1" 

(Cross Sections in Barns) 

Energy, 
MeV Os (1) or (1) as (2) or (2) 0in (2) 

0.01 7.23' 5.93 

0.03 7.10 6.07 

0.05 6.78 5.72 

0.06 6.67 5.55 0.006 0.098 0.104 

0.08 6.43 5.17 0.018 0.179 0.197 

0.1 6.13 4.55 0.068 0.370 0.438 

0.2 5.85 2.82 0.123 0.349 0.472 

0.3 5.70 1.28 0.184 0.297 0.481 

0.5 5.20 0.399 0.279 0.292 0.571 

0.8 4.43 0.164 0.368 0.138 0.506 

1.0 4.01 0.100 0.420 0.085 0.505 

1.2 3.70 0.067 0.469 0.056 0.525 

1.5 3.42 0.041 0.553 0.039 0.592 

1.8 3.34 0.024 0.610 0.022 0.632 

2.0 3.39 0.016 0.638 0.015 0.653 

2.5 3.57 0.006 0.655 0.005 0.660 

3.0 3.81 0.002 0.642 0.002 0.644 
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TABLE 11 

Direct and Compound Elastic Cross Sections; 
.':-;. Direct and Compound Inelastic Cross Sections 
., for the First Excited State - Cm-247 

(Cross Sections in Barns) 

Energy, 
MeV as (1) ar(l) as (2) ar (2) ain (2) 

0.01 7.50 10.14 

0.03 7.65 7.77 

0.05 7.27 6.57 

0.06 7.14 6.23 

0.08 6.82 5.56 0.018 0.117 0.135 

0.1 6.32 4.80 0.045 0.417 0.462 

0.2 5.78 2.45 0.132 0.391 0.523 

0.3 5.63 1.29 0.197 0.322 0.519 

0.5 5.16 0.536 0.298 0.396 0.694 

0.8 4.42 0.118 0.389 0.101 0.490 

1.0 4.00 0.056 0.441 0.048 0.489 

.' 1.2 3.71 0.034 0.490 0.028 0.518 

1.5 3.45 0.019 0.572 0.018 0.590 

1.8 3.39 0.010 0.623 0.009 0.632 

2.0 3.45 0.007 0.646 0.006 0.652 

2.5 3.64 0.002 0.654 0.002 0.656 

3.0 3.86 0.0006 0.636 0.0006 0.637 
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TABLE 12 

Compound Inelastic Cross Sections for Levels Above the First Excited State - Cm-245 
(Cross Sections in Barns) 

Energy, "pO) "r(4) "r(5) "r(6) "r(7) "r(8) "r(9) "rOO) "r(1) "r(2 ) "r(3 ) "r(4 ) 
MeV 

0.2 0.314 

0.3 0.402 0.065 0.246 0.027 

V< . 0.5 0.183 0.063 0.206 0.249 0.075 0.169 0.148 0.069 0.049 

"" 0.8 0.101 0.050 0.098 0.124 0.047 0.107 0.092 0.069 0.058 0.027 0.009 0.0045 

1.0 0.070 0.0405 0.061 0.077 0.032 0.071 0.062 0.052 0.044 0.025 0.010 0.006 

1.2 0.051 0.0325 0.042 0.052 0.023 0.050 0.044 0.039 0.034 0.021 0.010 0.006 

1.5 0.034 0.024 0.026 0.032 0.016 0.031 0.028 0.026 0.023 0.016 0.009 0.005 

1.8 0.021 0.016 ·0 .017 0.020 0.0105 0.020 0.018 0.017 0.015 0.011 0.007 0.0035 

2.0 0.015 0.011 0.012 0.014 0.008 0.014 0.013 0.012 0.011 0.008 0.005 0.003 

2.5 0.005 0.004 0.004 0.005 0.003 0.005 0.005 0.005 0.004 0.0035 0.002 0.001 

3.0 0.002 0.001 0.001 0.002 0.001 0.002 0.002 0.002 0.0015 0.001 0.0009 0.0005 
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TABLE 13 

Compound Inelastic Cross Sections for 
Levels Above the First Excited State - Cm-247 
CCross Sections in Barns) 

Energy. 
MeV OrO) °r(4) °r(5) °r(6) °rC]) OrCS) °r (9 ) °r OO ) 

0.2 0.265 

0.3 0.400 0.179 0.235 

0.5 0.266 0.120 0.231 0.2S7 0.004 O.OOS 0.040 

0.8 0.078 0.033 0.058 0.074 0.003 0.009 0.023 0.040 

~I 1.0 0.041 0.018 0.030 0.037 0.002 0.006 0.014 0.022 

1.2 0.026 0.012 0.019 0.023 0.002 0.005 0.009 0.015 

1.5 0.016 0.008 0.01l 0.013 0.001 0.003 0.006 0.009 

I.S 0.009 0.005 0.007 0.008 0.001 0.002 0.004 0.005 

2.0 0.006 0.003 0.005 0.005 0.0008 0.002 0.003 0.004 

2.5 0.002· 0.001 0.0015 0.002 0.0003 0.0007 0.001 0.0015 

3.0 0.0006 0.0004 0.0005 0.0006 0.0001 0.0002 0.0004 0.0005 
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