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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 1O MeV. Cross sectioms 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.! 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,?
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 l: Pu-242, Am-243, and Cm—-244. SBRL 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 2PLUS* 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 CASCADE® 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 calculatienal techniques,
particularly for direct inelastic scattering. Also, they provided
a measure for estimating the accuracy of the Cm-245,-247 results.




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
Typical

Reaction Energy ) Deviation from
Type Range, MeV ENDF/B-III Data
o 0.01-10 0%
Og1 0.01-10 5%
ae 0.01-0.1 15%

0.1-1.0 50%

1.0-2.0 30%
of 0.01-2.5 5%

2.5-6.0 20%

6.0-10.0 5%
Oin 0.01-0.1 50%

0.1-1.0 20%

1.0-10.0 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®
(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,

- 10 -




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.

- 11 -




DISCUSSION

Theory — General Concepts
Reaction Types and Channels

Fast neutrons have energies in the range 0.5 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, 0.5 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, oy, are the elastic, inelastic, capture,
fission, and (n,2n) cross sections.

Op = T * Oip * 9 * 0 * Oy 0n (1)

For the purpose of calculation with the compound nucleus theory,
op is divided into a direct elastic cross section g,(1) (also

called the shape elastic cross section og,), some direct inelastic
cross sections og(i) i = 2,3, ... which correspond to the levels
of the target nucleus, and an absorption cross section Og-

ap = z o, (i) + o, (2)
1

The direct elastic and inelastic components o (i) correspond to
scattering without the intermediate process of absorption of the
neutron by the target nucleus. The absorption component o, 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) + M_ - M(Z,A+])] c?2 (3)

-12 -
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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
nucleus.

The absorption cross section is the sum

o, = E o (i) + g  + o + %, 2n (4)
1

The compound elastic cross section 0,.(1) 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

g, = os(l) + or(l) (5)

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

ain(i) = os(i) + cr(i) i=2,3, ... (6)

and 0j,(i) is the cross section for scattering of a neutron
which leaves the target in an excited energy level E:. The
inelastic cross section is then

Uin = X Gln(l) . ) (7)
1

and corresponds to all neutron scattering processés where the final
neutron energy is less than E. The capture cross section g,
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.? 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+1) is greater than U + U', where U' is the separation energy
for the second neutron.

U' = [M(Z,A-1) + M - M(Z,A)] c? (8)

- 14 ~
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The values of U and U' used in this report were taken from Lynn8
and are presented in Table 2, The threshold for the (n,2n)
reaction is E = U'. :

TABLE 2

Separation Energies

Compound
Target Nucleus U, MeV U', MeV
Pu-239 Pu-240 6.52 5.66
Cm-245 Cm-246 6.45 5.52
Cm—247 Cm—248 6.21 5.16

In order to discuss the calculation of the cross sections,
it is necessary to introduce the concept of channels. A chaunnel
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 j. Imn
the incident channel the neutron has incident energy E, the parity
of the relative motion is (~1)% and the angular momentum j has
the values j = 2 * 1/2., Also included in the incident channel is
the initial state of the target nucleus which has the ground state
energy E, = 0, parity =w 1 and spin 1,. The neutron and target come
together and form a compound system with energy E + U, parity
m=m(- 1)%® and spin J with possible values

1T,-3] € J < I ,+j (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', 7', I' in Figure 3. These numbers
are restricted as follows. If a neutrom i§ emitted in the state
E-E', &', j', then O < E' < E, 7' = n(-1D% and |3-5'| < 1' <
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, 7' = -,
and |J-1| < I' € J+1. 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

L'. The possible states of the residual nuclgus (i.e., the dis-
torted nucleus) are 0 < E' < E+U, ©' = n(-1)%, and |J 2|
I' < J+2'. The various cross sections which make up the absorption

‘.15_
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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 ¢, and a final channel by c¢'. Thus, ¢ stands collec-
tively for the quantities E, g, j, E1=0, LAP Il' If ¢' is a
neutron emission channel, it stands for E-E', &', j', E', =', I'.
If ¢' is a photon emission channel, it denotes E+U-E', &'=l, photon
parity = -1, E', n', I', 1If ¢' is a fission channel in the con-
tinuum model it denotes E+U-E', &', parity (-1)2', E', n', 1'.

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+l1,E+U,J,n "forgets" the initial channel ¢ of its forma-
tion sc that its formation in channel ¢ and disintegration in
channel ¢' may be regarded as independent processes linked only by
conservation of energy, parity, and spin. The cross section for a
process ¢ + J, ® + ¢' can then be written in the form

oom (23+1) Jn Jw
Iec' = WZ A2+ Te G (10)

where the dependence on ¢ and c¢' is contained in separate factors
Tg“ and Gg?. The factor Tg“ is referred to as the transmission
coefficient (or penetrability) for channel ¢. This name derives
from the old continuum theory of nuclear cross sections?:10 in
which Tg“ was literally the transmission coefficient, i.e., the
probability that the incident neutron enters the nucleus. The
factor Gg? is called the branching probability for the final
channel e¢'. The branching probabilities are normalized to unity

Joell=1 (11)
C

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

2.2
A%k (12)
2u

E =

-17 -




where U 1s the reduced mass of neutron and target nucleus. The ¢
statistical factor (2J+1)/2(2I,+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 2T, +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

" = T Gi" (13)

and this relation together with Eq. (l1) gives the result

Jro_ LJw Jm
Gcl = Tcl/():;“ Tcu (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 -
¢+ J, ™+ ¢' can now be written as :

; (23+1) 1" 7 , _ -
LI c c
et T I (15)
K* 2(21+1) ] T
cfl

cﬂ

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

Jn Jw
(2J+1) ch rkc,

= — ) (16)
k2 2021, +1) k (Ei"-r*:)2 + (l"i"/z)2

Jm
o
cc

Here Eiﬁ k = 1,2, ... are the resonance energies with spacing D,
Piz is the partial width of a resonance for channel ¢, and the

total width is

Jr _ Jn
T, = (2: M e (17)

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

ke Tie! _ Al (18)
(B" - 02 + (1p"/2)2 p 7

where Fg“ and T 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

T _ 27 T
LR S5 (19)

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

Theory — Optical Model

The Interaction

All of the incident channels are neutron chaunnels. 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(rl,rz,...,rN)
seen by the incoming neutron is replaced by a complex potential
Vg + iV; 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 Q@ = 0,¢. 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

v 2
- - R Ay 1d 1 .
VR(r’ﬁ) - 1 + e(r--R)/a + vS Ln“cJ r dr (1 + e(r-R)/a]-&-E (20)

- 19 -




where ﬁ/mﬂc = 1.4 fm is the w-meson Compton wavelength, If the
neutron channel contains the angular momentum quantum numbers, j,%
then

Les = 1/2[j(i+1) - 2(2+1) - 3/4] (21)

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

o(r-R)/b
I [1+ e(r"R)/b]2

VI(r,R) = = 4V (22)

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

+2 *

R(@) = R[1+8 (20 ]  y2(e)vd%w] (23)
m=-2

where £, is the direction of the nuclear symmetr¥ axis. The
deformation parameter B is given the value 0.26,!3 and the
interaction is expanded to first order in this parameter

av +2
ve [vp(e) + (o] -8R (41 (TR) T we)vmF@) (26

m=-2

The spin-orbit potential is omitted in the derivative dVg/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 Princel" with the exception of
the constant radius R = r°A1’3 fm. The Prince parameters are

Vg = 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<X 0.5
Vy = ¢ 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 Vg = 7.0

The radius r, was allowed to decrease smoothly with energy from a
value of 1.35 at 0.01 MeV!® to 1.26 at 10 MeV and was chosen to
reflect ENDF/B-I1II data for Pu-239.

- 20 -
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Coupled Radial Equations

" The total system Hamiltonian is
H=Hy+ T+V (25)

where Hy 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 E; of Hy are
labeled so that 1 = 1 is the ground state and i = 2 is the first
excited state. These levels have spin and parity numbers
I;,M;,m;. The relative angular momentum £,mp; is coupled to

the neutron spin to form j,m: and this in turn is coupled to

I;,M;,m; to form the total system angular momentum and parity

i
J,M,m. The resulting angular momentum eigenfunctions @i;MI ¥
,I.

are also eigenfunctions of Hy. ii

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

T JnM JTM
. HY¥p, =EVY¥g (26)

and can be expanded in terms of angular momentum eigenfunctions

vg =1 1 @y —F 4, ;my (27)
1i=1 J=|J—Ii|

Note that & is determined by j,m;,% in this expansion since £ is
either j+1/2 or j=1/2 and (-1)% = mn;. The coupled differential
equations for the radial functions are

A2 42 2(%+1) J

u [k% * (drz - r ]] uiji B
It J+L} (28)
z z (j:Ii’Jlevlj',Ii,J,M) u%rjril

i'=1 j'=|J-1}|

The propagation numbers k; are given by

A2 k3
. wn C E-E; (29)

A




The matrix elements which couple different radial functions are
£ JmM

taken between the eigenfunctions (i) Qﬂj I.n.- The interaction, ;o
JI.7,
Eq. (24), is a sum of scalar products.l® tr K
2 +k * 2 :
m m

k=0 m=-k k=0

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

(3,15, 3,4V 31,181,300 = (D% (DIt &
- (31
W(i'TEIT;, 000 [(25+1) 21 53+1) [V/2(T 0T, T (1Y 13

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

tion gives

(Gl hi') = (-1) 1/ 24273 [ 9041) (251 41) 112 %

(32)
(L' 55k) (1Y, 12") -
and the reduced matrix elements of spherical harmonics are
' : : (22'+1)(2k+1) 1/2
(20Y,02') = (£',0,k,0[2',%,2,0) [y (33)
£.16

where (2',m21,k,m|2',k,£,m£) is a Clebsch-Gordan coefficien

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

o o*

Vg = Vg + iVy = T, Yo (34)
so that
0
(L IT I11") = }An v 8 (35)
i 0 1 o ii'

- 22 - ' .



The radial equations can therefore be put into the form

n2 2 d2 2(2+1) J
{7y [ei + (drz -T2 )] + vl Ugii *

(36)
2 J+1l I
) ) (3.15,3.MV,[5",11,3,8) wgryego
i'=1 j'=|J-1}]
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 inteunded for use only with nuclei of even mass and
I,=0,1,=2.

The matrix element of V2 vanishes when Ii = Ii = 0 because of
the identity

Ww(j'0j0;J2) =0 (37)
Comparison of Eq. (24) and Eq. (30) shows that
- dv m
19 = - R AT R)Yz[ﬂl) (38)
V5 dr
so that
dav '
I gT L") = -8R [4% (R} (1 gy nr’ (39)
(izi) N5 [dr)[izi)

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

(21i+1)(s5) /2

40
4m(21,+1) (40)

(r wy s1') = (1',0,2,0{1',2,1_,0)
i 2 i i i i

- 23 -




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

(2,0,2,0]2,2,0,0) = 1//5 (41a)
(0,0,2,0|0,2,2,0) = 1 (41b)
(2,0,2,0|2,2,2,0) = -+/2/7 (41c)
Scattering Matrix

17

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

I,+]
Jﬂ[M +m ] : N Jr 1 o L
¥ 1"/ (inc) - _ ) . (i) Aps T [uz[klr] - up{Kyr)] x
J=|11'J|
(42)

Jn(M, +mg)
¢
.zj,Ilnl

Here we introduce the propagation number k, = k which corresponds

to the ground state E, = 0 of the target nucleus. When I, =M = o,

Jn i 1/2
A ; =y 2241 (%,1/2,3,m_{%,0,1/2,m_] T (43)

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

J“(Ml*'ma)(scat’.) 2 Jri k) 1/2 R
Yg . = 1 (i) W =
i=] j=|J-1.
* i=|3-14] (44)
n uplhyr)  gp o ugln) o Jn(dpmg)
(495 631 — % — - Bgjyi —] 223,1;m;
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The new coefficients are related to the old ones by the scattering
matrix elements

Jur z J Jn
L Syey S A § (45)
i1 £'3'iY Rjizetitit &'yt in

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' =1, 2

dcs[i') 1 1 ®

=1 _ B[i') P 8
s K% 2(21,+1) (i) », (cost)

(46)
L=0 L L ,

where the coefficients By (i') depend upon the S-matrix elements.
The evaluation of these coefficients is discugsed by Blatt and
Biedenharn. 1In the present work only the cross sections integrated

over angles were computed and these involve Bo(i'). The result
is

o (i) =l'?-(—1—-)- T (2341) x
k° 2(21,+1) J,m
1 ’ (47)
J+1, J+1! 2
: §,,.6.,.8 gJT
. . ' ' stV T L I R
J=IJ=11| J'=%J‘Iil £'273'371'1 LY9'1t;231
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
gsection 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

J+I1
T 1 2 ( Jn
g = 2J+1) ) T (48)
T2 [ j :
a k= 2 2114-1 J, j=|‘I-Ill 231
where the penetrabilities are
Jm I 2
Tﬁji =1 z Sl'j'i';lji (49)
zljlil
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and the indices i and 1i' 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 ¢ and disintegration into
final channels ¢'.

b 1 Z z Jr Jnw (50
a T2 (2 41) S - (201} T Ger 0

The initial channel transmission coefficients are

b

T =T (51)

The transmission coefficients for final chamnels that correspond to
compound elastic scattering are also given by Eq. (51). For com-
pound inelastic scattering that leaves the nucleus in its first
excited state, the_final channel transmission coefficients are

T =T (52)

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

T =T . i=3, 4, ... (53)
¢’ 2ji

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

Jm Jn
T =T (E-E) i=3, 4, ... (54)
L31 231 i

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

The total cross section obtained from the optical model is

g =T 1 T (23+1) x
T K 2021,+41) ;g

(55)
J+1
1 Jm Jm#
) [2-s . -8 .
j=|J-Il| 231:211 £315231
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This satisfies the equation

op = 0, + 0 (1) + 0,(2) (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 E; that can be excited by the incident enmergy. An attempt
was made to compensate for the discrepancy between Eq. (2) and

Eq. (56) by adding another direct inelastic cross section to both
6;, and op at incident energies above 2.5 MeV. The nuclear

radius r, was chosen to fit the total cross section of Pu-239 for
E < 2.5 MeV. For the region above 2.5 MeV, r, 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 Acq (= Aoj,), barnms

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 0dd A Target

The 2PLUS code assumes that I1 = 0,ﬂl=+1 and 12 = 2,ﬂ2=+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 j, of the single nucleon is con-
served and combines with the angular momentum I, of the even A
core to form total nuclear angular momenta I; in the range

I. - jn[ < I; € I, + j,. The resulting level splitting is called
a ""core multiplet" by de-Shalit.l® 1In this model the total nucleus
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ground state consists of a core ground state with I, = O plus a
single particle with angular momentum %,,j,. The total nucleus
ground state has spin I, = j, and parity m; = (-1) n. An excited
core multiplet can exist with I, = 2 (f1rst excited state of the
core) and with the single particle state unchanged. This multiplet
would have total nuclear angular momenta ]2—jnf < I; € 2+j, 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 The direct inelastic cross section for
excitation of the excited state multiplet member with spin I; is

(21;+1)
<y = +
05(1) = (zjn+1)(21c+1) 05(2 ) (57)
where I =2 and ¢ (2+) is the direct inelastic cross section

for the 2% first exc1ted state of the even A core as computed by
2PLUS. The weight factor is the number of orientations of Ij
divided by the number of combined orientations of j, and Ic.
Note that

Te*in
(25 *#1)(21.+1) = ) _ (21;+1) (58)
Ii={1-3,1

so that os(2+) igs 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.2? The nucleon angular momentum is not constant in the
field of the deformed core; however, (j,), and (L,), are constants
of the motion (z-axis along the nuclear symmetry axis). A rota-
tion band begins with I; = (j,), and successive levels of the
band have spins I; which increase in steps of umity,

When (ju), = 1/2 in the rotor model of deformed nuclei,
and j, = 1/2 1n the vibrator (core excitation) model of non-
deformed nuclei, there is a correspondence between the spin
assigmments of the first three levels:

rotor model with 1; = 1/2, 3/2, 5/2
(i), = 1/2

core excitation I. =0 I; = 1/2
model with

in = 1/2 I, =2 I; = 3/2, 5/2




3

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.2! The use of this proce-
dure when I, = 1/2 is corroborated by the calculation of Princel*
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 ratioc of 2:3 as predicted by Eq. (57).

In the present work a fictitious 2% level at 0.04 MeV was
asgumed for the 2PLUS calculation. For Pu-239 the computed direct
inelastic cross sectiom cs(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 9/27
and their first excited states lie relatively high at 0.055 MeV and
0.061 MeV, g4(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 mauner in which penetrabilities were
assigned to energy levels. The COMNUC code accepts neutron pene-—
trabilities in an %,j format. Since 2PLUS assumes I, = 0O, LT +1,

the elastic penetrabilities Tiﬂl already depend only on 2,j since
J=3jand 7T = (-1)*. The 2* 1avel penetrabilities Tznz 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

2j (59)

Jw
T (2%) =7 (23+1) T | ///Z (2J+1)
I 132/ 5
where the sum runs over the values [2-j| < J < 2+#j and 7 = (-1)%,

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?? or from Nuclear Data Sheets
(Academic Press). The level density formula p(I',w',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 ﬂiin Ei’ MeV mixLy Ei’ MeV  w.xI; Ei’ MeV
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 0,388 + 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 E;

@ = ] T (E-E) (60)
1 2’-:' 2._‘] 1

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

J+3 E
cg“( ) = 3 (E-E') o{1',n',E') dE’ (61)
, lcont.) = . 2 - f sz E- p ST,
2':] I'=|J-J] Ecut

Here E. ., is the highest discrete level used. In Eq. (60), j takes
values from |I; —JI to I;+J and 2 is restricted co either even or
odd values according to the requirement m;(- D% = n. 1InEq. (6D),
j takes the values 1/2, 3/2, 5/2, ... aund parlty conservation
requires ©'(-1)* = 7. However, since p(I'%',E') is independent

of m', both even and odd values of & = j *1/2 appear in the sum

of Eq. (61) (p contains a factor of 1/2 to account for the two
parities w' = %]). In the case of Curium-245,-247 the *&j are
given by the elastic penetrability Ti“l except for i = 2 which is
represented by T. .(2%) as defined by Eq (59). The same procedure
is used for Pu-23g except that T£J(2 ) is used for i = 2, 3.

The unnormalized neutron emission probability is the sum

Jm Jm
=) o +@ (cont.) (62)
L1 n

The quantity eiJ“ is used to calculate the compound cross section
for excitation of the level E;; in particular, elJ“ 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 w', and excitation energy E',

Gamma Emission

The most important electromagnetic radiation from the compound
nucleus is the electric dipole component which has angular momentum
2' = 1 and parity -l. The transmission coefficient for emission of
a photon of this type with energy E is approximately given by10

Jn .
T =K E? (63)
cl
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where K 1s a constant which is determined by experimental data
with the help of Eq. (19). 1In order to compute the capture cross
section, this transmission coefficient must be summed over all open

gamma emission channels to form the quantity :
Jm Jr
@ =) T (64)
Y c! c'! -

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

T J+1 E+U
e = ¥ [ K (E+U-E")3 p(1',n',E') QE' (65)
Y I'=l3-1| o

where p(I',n',E') represents the level density of the compound
nucleus with charge Z and mass A+l. Parity conservation implies

m' = -m; 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 OYJ" is called
the (unnormalized) 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 eunergy E', parity
', 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 £ = 0 neutrouns are absorbed so that the com-
pound system has spins J = I; * 1/2. 1In the case of even A target
auclei with I} = O the only possibility would be J = I; + 1/2. From
low energy resolved resonance data, the quantity 2qT./D is deter-
mined, This is related to the gamma emission probabilities by the
equation

I.+1/2,m I.-1/2,%w 2
1 3 1 ) _ T
e, +0 Jgwo = Ty (66)
(the second term on the left is omitted if I, = 0). The counstant K

in the terms on the left can thus be found when the resonance data
is known. The values of I, 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.l* For the curium isptopes, level spacings
were determined from level density formulas,2" with pairing and
shell corrections?® extended to heavier masses using level spacing
information from the Physics-8 bomb shot.® The radiation widths

I, 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 5

Radiative Capture Model Parameters

Compound
Target Nucleus PT’ 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
Figsion -

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
Egy (also called the fission barrier energy). The present
calculation used only £ = 2 in the continuum fission model.
Fission is initiated when the distortion energy is in a neighbor-
hood of Eg_  of width‘ﬁwz. The transmission coefficient for fission

is assumed2t0 have the Hill-Wheeler form2’

Jw 1
'I' =
c' 1+ exp[Zn(EBz-E)ﬁﬁmz] (67

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

J+2 E+U p(I',x' ,E') d4E'

eJﬂ( ) z f
cont.) = :
f 'I'=|J-2] E, 1 + exp[2w(EBz—E-U+E );ﬁmz]

(68)

This continuum probability determines o¢ in the range of incident
energies between 1 MeV and the threshold energy E = U' for the
(n,nf) cascade reaction. The cutoff energy E. is chosen to give
the best possible fit for of below 1 MeV. In Eq. (68), p(I',n',E')
is the level density for the compound nucleus with charge Z and

mass A+l. The continuum fission model parameters are shown in
Table 6.
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TABLE 6

Fission Model Parameters
(Energy in MeV)

Compound
Target Nucleus Egy Ee EB2 fﬁwz
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

1 + exp| 2n(E_-E-U+E ) Miw |
B n n

J
Of“(discrete) =¥ (69)

n

where Eg is a fission barrier energy and the E; are transition
state energies which correspond to states of internal excitation
which accompany the elongation toward fission.2® The total
unnormalized fission probability is the sum of continuum and
discrete parts

Jr Jr Jw
Of = Gf (cont.) + Of {discrete) (7o)

The transition energies E, represent a variety of collective
vibrations and have been listed by Lynn?8,29 ang Kikuchi,3?

The barrier energy Eg is given in Table 6. The oscillator
characteristic energy 4w, was always taken equal to 0.50 MeV.
Whereas Ep, was chosen to fit the fission peak around 2 MeV, Ep
was chosen to give the best representation of oy at the lower
energies around 10 keV. The choice of Eg together with E,
(continuum cutoff) also determined the dip in og which occurs
between 10 keV and 1 MeV.

In the sum, Eq. (69), only those E, contribute which corre-
spond to the value of J,r. 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.’! 1In 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 J™ = 3%, 4%, cm-247
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similarly combines to form J" = 47, 57. 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 Jm 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 E, during the process of fitting og.

TABLE 7

Transition States

E T Vibration
n_ J Type
0.0 o*,2%,4%, ..., 8" GS
0.6 17,37,57, .., 77 MA
0.6 2t 3t 4, L., 8

1.0 17,27,37, ..., 8

1.5 27,37,47, ..., 8™ MA+G
1.5 1*,2%,3%, ..., 8F MA+B
1.8 of,2* 4%, ..., 8 26
1.8 17,27,37, ..., 8 B+G
2.1 o*,2*,4%, ..., 8* N4

Cascades

The code CASCADE generates input for COMNUC to take account of
two gamma cascade processes (n,yn), (n,vf) and two neutron cascade
processes (n,2n), (n,nf). This is done as follows. Define the

normalized branching probabilities va a =, n, f:
Ju Jn// Jm Jn Jrn s Jn Jn Jrn Jm
G =0 o ¢ =0 /o G =0 0 (71)
Y Y n n £ f

where

Jw Jw Jm Ju
S] = 0 + © + ef (72)
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CASCADE calculates the unnormalized probability for gamma emission
followed by neutron emission

J+1 E+U
Jn 3 I'n
e = f K (E+U-E*)3 p(I',m',E') G (E'~U) dE'
n

I'=|J-1| U (73)

where o(I',%',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 7' = -%. 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+1 E+U
Ri 'q!
) = ¥ [ K (E+U-E")3 p(I',n',E") Gf (E'-U) dE'

I'=|J-1| U (74)

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

6] =0 - 0 -0

Y Y Yn vf

Jw Jw : Jn
® (cont.) = © (cont.) + © (75)
n n Yn

Jr J Ju
e =0 + B
£ £ v

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
Jw I'w'
© = 1 ) f T (E-E') p(I',m',E') G (E'-U') dE'
n,2n . Lj n
2,j I'=|J-j| U’ (76)
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where p(I',n',E') is the level density of the Z,A nucleus and U' is
defined by Eq. (8). Also G%'“' is the neutron emission probability
for a compound nucleus with charge Z and mass A {corresponding to
target with charge Z and mass A-1); hence, its calculation in the
code CASCADE uses the transmission coefficients for a target with
charge Z and mass A-1. The integrand of Eq.(76) has the interpre-
tation: a neutron is emitted from the Z,A+] 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-1 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 E
Jn I'w'
<) = 3 ¥ [ T (E-E') p(I',n",E") 6 (E'-U') dE'
n,nf . ' . 2] £
2,5 1'={J3-j| U (77)

where G%'“' 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-1). In the
code COMNUC the emission probabilities are again redefined

Jnw Jw Jmw Jm
0@ {cont.) = 0O (cont.) - 0O -9
n n n,2n n,nf

(78)

A rough calculation of cross sections for the Z, A-l 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
ors Oge = 0g(1) and g (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

o (E) = T o(23+1) ¥ T (E) ¢I™(E) : (79)
[v1 : R.J o

i N S

k2 2021+ ;o %,
where the £,j summation for a given J,m is restricted by the
conditions

(-1)*% L |1,-J] < j <14 (80)

Here I,,m, are the target ground state spin and parity.

1
The compound elastic cross section goe = op(1) is given by
Eq. (79) with the branching probability

Jn Ju Jn
G =06 /o (81)
ce

and the elastic cross section g, is then the sum in Eq. (5).
The compound cross section Ur(i? for excitation of the level E;
of the target nucleus is given by Eq. (79) with

Jm Jw Jr
G, =90, < (82)

1 1

The compound inelastic cross section g;,(comp.) is obtained from
Eq. (79) with

Jn Jn Jw Jw
G (comp.) =[] o +0 (cont.)]//% (83)
in 4] 1 n

and the total inelastic cross section oj, is the sum, Eq. (7), of

compound and direct parts. The capture, fission, and (n,Zn) cross
sections o, cf, and g, , are given by Eq.(79) with
¥

Ju J Ju Jw Jw J Jn Jn Jn
G =9 0 G =0 c] G = @ o (84)
c Y f £ n,2n n,2n
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CONCLUSIONS

Pu-239 Calculations

Figure 4 shows oy and o,; for Pu~239. The nuclear
radius was chosen to fit op at energies less than 2.5 MeV.
When the same well parameters are applied to Cm-245,-247 it is
reasonable to expect an error of 5%, especially at very small
energies (E <0.1 MeV) where op is sensitive to the choice of
r,» The good fit for o,  below 2.5 MeV means that the optical
model accurately computed o4 and g,. Above 2.5 MeV, the com-
pound elastic cross section is negligible and r, was chosen to
fit 0g] » 0Oge+ Attempts to fit both op and ¢,y for E >2.5 MeV
had the effect of overestimating o,; this showed up clearly in the
fission cross section. For this reason, only o] was fit above
2.5 MeV and gp 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
o. 15 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 Ep .
The value of o at 10 keV and the dip near 0.5 MeV are determined
by Eg and E,. The height of o; 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 of depends upon an adequate calculation of g, in the
optical model,

The inelastic and (n,2n) cross sections are shown id 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 Tz-(2+) had to be used for these two states.
The close fit for %,2n shows that the continuum neutron model works
well in the CASCADE ccode.

In Figure 8 the direct inelastic c¢ross 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
o¢ at energies below 0.2 MeV. At these low energies the measured
values of o¢ 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, Encugh data were
available so that the four basic fits that were used for the Pu-239
fission cross section ¢ould 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 Ep_ up to the (n,nf) threshold. Above the (n,nf)
threshold roﬁgh continuum fission models for Cm—-244,-246 are
required, and these were also derivable from the data available in
Reference 32. The figsion 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 model
calculations. These were seen to be quite good for Pu-239. The
capture cross section is relatively small and errors in it would
perturb o, and g;, 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. 1In these two
tables and also in Tables 12 and 13 the compound elastic and
inelastic cross sections are shown. Note that these become
negligibly small above 3.0 MeV. For E »3.0 MeV, the imelastic
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 countribution to the total

. inelastic cross section at the higher energies.

| S ———— P = = e i — = = i S s = i e St i




Cross Section (Barns)

= Comnuc — Cascade
e  Measured Ref(32)

Energy (MeV}
FIGURE 9. Fission Cross Section (of) of. Cm-245

- 46 -

10

v




LCross Section {Barns)

- 47 -

| | i ]
—— Comnuc — Cascade
. Measured Ref (32)
ﬁ
I ' i | | i I l
1 2 3 4 5 6 7 8 10
Energy (MeV)
FIGURE 10. Fission Cross Section (cf) of Cm-247




TABLE 8

High Energy Neutron Cross Sectiomns for Cm-245

"(Cross Sections in Barns)

Comp. Total

gggrgy, o1 %e1 % ¢ 0inp cina %1, 2n
0.01 19.10 13.16 0.958 4.98

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  1.06  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 0.0l4 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)

Comp. Total

Mev o og %l T o Uinp %in %, 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

(Cross Sections in Barns)

mnergYs g (1) 0 (1) 0, (2) 0, (2)  05,(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
Q for the First Excited State — Cm—-247

(Cross Sections in Barns)

ENergys g (1) o (1) 0, (2) 0. (2)  o; (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 0.03  0.490 0.028  0.518

1.5 3.45 0.019  0.572 0.018  0.590

1.8 3.3 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  0.656 0.002  0.656

3.0 3.86  0.0006 0.636 0.0006 0.637

o
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TABLE 12

Compound Inelastic Cross Sections for Levels Above the First Excited State — Cmr245

(Cross Sections in Barns)

Energy, g (3) o, (4)  0.(5) o (6) o () o (8 (9 " 0,(10)
0.2 0.314

0.3 0.402 0.065 0.246  0.027

0.5 0.183 0.063 0.206 0.249 0.075 0.169 0.148 0.069
0.8 0.101 0.050 0.098 0.124 0.047 0.107 0.092 0.069
1.0 0.070 0.0405 0.061 0.077 0.032 0.071 0.062 0.052
1.2 0.051 0.0325 0.042 0.052 0.023 0.050 0.044 0.039
1.5 0.034 0.024 0.026 0.032 0.016 0.031 0.028 0.026
1.8 0.021 0.016 .0.017 0.020 0.0105 0.020 0.018 0.017
2.0 0.015 0.011 0.012 0.014 0.008 0.014 0.013 0.012
2.5 0.005 0.004 0.004 0.005 0.003 0.005 0.005 0.005
3.0 0.002 0.001 0.001 0,002 0.001 0.002 0.002 0.002

o,.(11) or(lz) 0,.(13) o (14}
0.049

0.058 0.027 0.009 0.0045
0.044 0.025 0.010 0.006
0.034 0.021 0.010 0.006
0.023 0.016 0.009 0.005
0.015 0.011 0.007 0.0035
0.011 0.008 0.005 0.003
0.004 0.0035 0.002 0.001
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
(Cross Sections in Barns)

Energy, 5 (3) o (4) o (5) 0.(6) o7} 0.8 0.9  o.(10)
0.2 0.265

0.3 0.400 0.179 0.235

0.5 0.266 0.120 0.231 0.287 0.004 0.008 0.040

0.8 0.078 0.033 0.058 0.074 0.003 0.009 0.023 0.040

1.0 0.041 0.018 0.030 0.037 ¢.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 0.011 0.013 0.001 0.003 0.006 0.009

1.8 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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