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ABSTRACT

Several aspects of nonelastic nuclear reactions which proceed
through the formation of a compound nucleus are dealt with. The full
statistical model and the partial statistical model are described and
computer programs based on these models are presented along with
operating instructions and input and output for sample problems. A
theoretical development of the expression for the reaction cross section
for the "hybrid'" case which involves a combination of the continuum
aspects of the full statistical model with the discrete level aspects of
the partial statistical model is presented. Cross sections for level
excitation and gamma production by neutron inelastic scattering from

127’ 56 Si28

Fe ™, , and Pb208 are calculated and compared

the nuclei A
with available experimental data. In addition, a computer program
to convert inelastic neutron spectrum data from the ENDF/B tapes to
a form compatible with input requirements of the HOl routine of the

COHORT computer program is described.
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SUMMARY

This report consists of five separate sections, each dealing
with a specific aspect of nonelastic nuclear reactions. The restriction
is made that the reactions proceed through the formation of a compound
nucleus, and attention is focused mainly on the inelastic neutron

scattering process.

The first section describes the full statistical model of nuclear
reactions for which the assumption is made that the level structure of
both the compound nucleus and the residual nucleus can be represented
by a continuous distribution of levels. A computer program based on
the full statistical model is then presented. This program is designed
to perform a spectral analysis of the energies of reaction products
emerging from nonelastic reactions. Reactions of the types (y, n),

(y» p)s (y, @), (y, 2n), (y, 2p), (y, np), and, (y, pn) may be handled
where y may be n, p, or «@. Instructions for operating the program
together with input and output for a sample problem involving reactions

56

initiated by neutron bombardment of Fe”” are given.

The second section describes the partial statistical model of
nuclear reactions. Here, the compound nucleus is assumed to have a
continuous level structure as in the full statistical model, but the
residual nucleus is assumed to have the more realistic discrete
structure. Each level of the residual nucleus has, of course, a specific
energy, spin, and parity. A computer program based on the partial
statistical model is then presented. This program is designed to
calculate the cross section for excitation of the various levels of the
various residual nuclei created in the reaction. Reactions of the types

(y,» n), (y, p), and (y, @) may be handled where y may be n, p, or a.
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Instructions for operating the program are given. Also given are the
input and output for a sample problem involving cross section calcula-
tions for the ground level and the first four levels excited by inelastic
scattering of 3 MeV neutrons from Fe56. Results of similar calcula-
tions for the nucleus Yo7 are presented in graphical form, and a com-

parison of these results with experimental data is made.

Contained in the third section is a theoretical development of the
expression for the cross section for the ""hybrid'" case for which the
level structure of the residual nucleus is represented by a set of
discrete levels in the low excitation energy region and by a continuum
of levels at higher energies. Thus, the continuous aspects of the full
statistical model are combined with the discrete aspects of the partial

statistical model.

Presented in the fourth section are results of calculations of
cross sections for level excitation and gamma production by neutron
inelastic scattering from the nuclei A127, Fe56, 8128, and Pb208.
Although the partial statistical model computer program presented
in this report is more general than existing programs in that it is
capable of treating reactions other than neutron inelastic scattering,
it was decided to use the existing program Abacus-2 for the calcula-
tions of this section. The reason for this decision is that certain
approximations are made in calculating the transmission coefficients in
the program presented in this report, whereas the Abacus-2 program
calculates these quantities to a considerably greater accuracy. An
additional computer program was written to calculate cross sections
for producing each of the various gamma rays which are emitted by
the excited residual nucleus. This program uses as input the level
excitation cross sections calculated by the Abacus-2 program and the

gamma branching probabilities obtained from the literature. This



computer program is described in this section. Calculated cross
sections for level excitation and gamma production are presented in
both tabular and graphical form and compared with available experi-

mental data.

A computer program to provide inelastic neutron spectrum
probability tables for input to the HOI routine of the COHORT computer
program is described in the fifth section. This program allows probability
tables for exciting discrete energy levels to be obtained directly from
ENDF/B data tapes for low incident energies. For incident energies
above those defined by discrete excitation levels on the ENDF /B data
tapes the inelastic neutron spectrum is assumed to be a continuum that
is defined by a Maxwellian distribution, and the nuclear temperature
is given as a function of incident energy. This distribution is used to
calculate excitation probabilities for ps eudo-excitatibn levels that are

distributed over the continuum and used to approximate the continuum.
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INTRODUCTION

The FORTRAN program SPECTER performs a spectral analysis
of the energies of reaction products emerging from nuclear reactions
satisfying the following conditions:

® Compound-nucleus formation is the dominant reaction
mechanism

® The statistical model may be applied to the compound nucleus
and all participating residual nuclei.
Reactions of the types (y, n), (y, p)s (v, @), (v, Zn)_. (y» 2p)s (y, np),
and (y, pn) may be handled where y may be n, p, or a. SPECTER is
an outgrowth of the code EDISN (Refs. 1 and 2) which employs the same

theoretical framework but is restricted to (n, n') and (n, 2n) reactions.



THEORETICAL ASSUMPTIONS

STATISTICAL — CONTINUUM FORMULATION

The computer code SPECTER is designed to calculate the energy
distribution of various reaction products emerging from a certain class
of nuclear reactions. Consider the process in which a nucleus Y (N, Z)
is bombarded by a particle y. It is assumed that the ensuing nuclear
reaction proceeds through the formation of a compound nucleus C
(Ref. 3). This excited compound nucleus could in general decay by the
emission of a gamma ray or a particle y'. For the class of reactions
considered here, however, it is assumed that gamma de-excitation of the
compound nucleus does not compete significantly with particle emission.
Following the emission of y', a residual nucleus Y' remains, generally,
in an excited state. This state may likewise decay either by the emis-
sion of a gamma ray or a particle y''. The assumption here is that
particle emission will be the predominant process so long as it is
energetically possible. Such will be the case whenever the excitation
energy exceeds the binding energy of y' in the nucleus Y'. If particle
emission does not occur, SPECTER gives no further consideration to
the reaction. If particle emission occurs, the analysis is continued.
Let Y' be the residual nucleus that remains following the emission of
yv" by Y'. In general, Y' is also created in an excited state. At this
point it is assumed that further particle emission does not occur and
Y' eventually reaches its ground state by the emission of one or more

gamma rays.

Thus, the model on which SPECTER is based pictures the
reaction as taking place in three distinct stages
e y+Y—~>C

e C—y'+Y'
° Yyl 4 Y.



SPECTER restricts the incident particle to be either neutron, proton,
or a-particle. The same restriction is imposed on the first emitted
particle y', and the second emitted particle y" must be either neutron

or proton,

The energetics of a reaction of the type under consideration is
depicted in Figure 1. The kinetic energy of the incident particle is
denoted by €, and €' and €'' are the kinetic energies of the first and
second emitted particles, respectively. A more general formulation
would introduce an exit channel energy which includes the recoil energy
of the residual nucleus. The model employed here, however, is not
expected to be applicable to reactions involving light nuclei. Conse-
quently, the recoil energy, which need be considered only in such an
instance, will be neglected throughout. The ground levels of the nuclei
involved are represented by Gy, G., Gy!,» and Gyn. The quantities 6,
6', and &' are defined in terms of the total nuclear binding energies B

as follows:

6 = B(c) - B(Y) , (1)

8' = B(c)- B(Y') (2)
and

§" = B(Y') - B(Y") . (3)

The excitation energy of the compound nucleus following absorption of
particle y is E, and the excitation energies of the first and second

residual nuclei are E' and E'", respectively.

One observes from Figure 1 that the energy available to the
products y' and Y' of the decay of the level of C having energy E is
E - 8. An apportioning of this energy between kinetic energy of y'
and excitation energy of Y' takes place in a manner which is dependent
on properties of the level E and the level structure of Y'. A similar
apportioning of the available energy E' - 6" between the kinetic energy

of y' and the excitation energy of Y" takes place in the decay of Y'.



FIGURE 1.

ENERGETICS OF A REACTION OF THE TYPE UNDER CONSIDERATION



It is the function of SPECTER to calculate the relative probability of
each possible apportioning. For this purpose SPECTER employs
certain simplifying assumptions embodied in the "statistical-continuum"
model (Refs. 4 and 5). The essential features of this model are aver-
aging over compound nucleus resonances, the neglect of phases between
the various excited levels of the decaying nucleus, and the assumption

of a continuously varying energy density of levels in the residual nucleus.

With application of the Bohr assumption (Ref. 3) to the reaction

Y (y, v') Y' one obtains for the reaction cross section

oy, y') = ocly) Pe(y') . (4)

Here o (y) is the cross section for the formation of the compound
nucleus C and P (y') is the probability that C decays by the emission
‘of particle y'. The first factor in Equation 4 is commonly approxi-

mated by the reaction cross section ¢, which is given by

Op = Op = Ogq (5)

where 0t is the total cross section and oge is the shape elastic cro-ss
section. In equating 0. to oy, it is implied that compound elastic
scattering is negligible. Such is generally the case, provided the
excitation energy of the compound nucleus is sufficiently high and the
levels of the residual nucleus are sufficiently dense to provide several
open decay channels. The assumption here is that these conditions
are satisfied. A widely used means of calculating ¢;, and hence o,
is the optical model (Refs. 6 and 7). SPECTER, however, employs
the considerably less detailed continuum model (Ref. 4). The expres-
sions for evaluating 0, which are derived from this model are given

in the section entitled Cross Sections for Compound Nucleus Formation.



It is useful to specify the reaction Y (y, y')Y' in greater detail
by considering the cross section o (£, £') corresponding to a specific
entrance channel £ and specific exit channel £'. Here £ and £! specify
the quantum states of reaction partners before and after the reaction,

respectively. The cross section is written as
o (€, £') = o () Pc (§') (6)

where o¢(£) is the cross section for the formation of C through channel ¢
and Pc(g') is the probability that C decays through channel £'. Applica-

tion of the reciprocity theorem leads to the following expression for P.(£"):

kgzv Oc (g')

P.(§') = ; . (7)
2 Ky e ly)
Y

Here k§| is the wave number of the particle emerging through channel
€', and o (£') is the cross section for the formation of the compound
nucleus by the inverse process in which §' is regarded as the entrance
channel. The summation is extended over all channels through which
C can decay. Thus, the cross section ¢ (§, £') can be computed if the
cross sections o (§') for the formation of C by all possible channels

are known,

Suppose now that the excitation energy of Y' corresponding to
channel §' is sufficiently high to allow the emission of y'' through
channel €', The cross section for the entire procéss can then be

expressed as

o(E, £, £) = oc (£) P (§') Pyigi (E) . (8)



An expression similar to Equation 7,

kg G (£)
Pyigs (67) = —=— , (9)
), ky? oc (y)
Y

obtains for the probability Py:¢: (€'") that Y' decays through channel

£". The compound nucleus C is here considered to be the nucleus Y',
and o, (§'") is the cross section for the formation of this nucleus by the
inverse process in which §'" is regarded as the entrance channel, In
order to arrive at the cross section for the process in which the second
particle y' emerges through channel £'" irrespective of the intervening

states of the pair (y', Y'), one sums over all such states to obtain

o (€, y's ") = oo (E) ), Pc(8)Pyigr (E") . (10)
gl

The sum, of course, is extended over only those channels for which Y'

is sufficiently excited to emit y'.

The exit channels £' and §'" appearing in Equations 6 through 10
have been assumed to correspond to discrete nuclear energy levels. At
this point the concept of a continuous level density is introduced. Such
a concept is expected to be applicable to certain reactions for which the
participating residual nuclei have many closely spaced levels at the
excitation energies encountered. it should be pointed out that such a
classical statistical-continuum approach constitutes an averaging
process that, for the most part, glosses over such purely quantum

mechanical level properties as spin and parity.

Consider again the decay of C into particle y' having kinetic

energy €y, and residual nucleus Y' having excitation energy E' (€y|).



Let Dy (E') be the average spacing between levels of Y' in the neighbor=-
hood of E'. The level density Py (E') in this region is defined by

pyi (EY) = Dy () (11)

and py, (E') dE' is taken to be the number of levels having energy
between E' and E' + dE'. The counterpart to Equation 7 for the situa- |
tion in which the level density concept is employéd is the familiar
Weisskopf- Ewing formula (Ref. 8) as shown by

By' My €y oc(€yt) pyr (E') . (12)

PC (Eyl) = N
Z v Ky S €y 0c (€y) pR(v) [E (€,)] dE?
v o

Here gyr and ky! are the spin-statistical weight (2 Syt + 1) and the mass
of y', respectively. The sum is extended over all particles v which C
can emit, and the R(v) are the corresponding residual nuclei. The
maximum kinetic energy available to particle v is M,,. Thié quantity
is determined by énergy conservation requirements as illustrated in
Figure 1. The term P¢ (€y') is to be interpreted as a probability
density in the sense that P (ey!) d€y' is the probability that y' emerges
with a kinetic energy between €y and €yt + d€y|. In like manner, a
counterpart to Equation 9 may be written which describes the decay of
a level of the first residual nucleus into a continuum of levels of a

second residual nucleus. Continuum counterparts to Equations 8 and

10 then may be constructed.

From the preceding discussion, it is apparent that SPECTER is
applicable only to reactions for which several conditions are satisfied.

These conditions are

® Compound nucleus formation is the dominant reaction
mechanism



® Compound elastic scattering is negligible

® Reactions other than (y, n), (y, p), (y, @), (y, 2n), (y, np),
(y, pn), or [y, 2p) do not occur to an appreciable extent.
Here y is the incident particle which may be either neutron,
proton, or a-particle.

® The statistical-continuum approximations may be applied to
the compound nucleus and all residual nuclei.

® De-excitation of a level of the compound nucleus or a residual
nucleus occurs by particle emission whenever such emission
is energetically possible.
Whether or not these conditions are satisfied in a given reaction depends,
of course, on such factors as the magnitude of the bombarding and excita-

tion energies and the level characteristics of the particular target, com-

pound, and product nuclei participating in the reaction.

CROSS SECTIONS FOR COMPOUND NUCLEUS FORMATION

A table of cross sections for compound nucleus formation by
uncharged particles is generated at the beginning of the main program.
The calculation employs the continuum theory of Weisskopf (Ref. 4).
According to this theory, the cross section for compound nucleus
formation through channel o is expressed as a sum of partial cross

sections g¢ () or

o0
oo (@) = ), oc,la) (13)

where £ is the orbital angular momentum quantum number associated
with the fth partial wave of the incident particle wave function. Each

- —

partial cross section can be written

o, (@) = (22+1) 7% T, (@) (14)



where T) (@) is a transmission coefficient and X is the channel wave-

length and is the reciprocal of the channel wave number k. This wave
number is given by

[N

(15)

where B is the mass and ¢ is the energy of the incident particle. The

continuum theory yields the following expression for the transmission
coefficient:

4XX‘U£
Tyle) = X% +(2x X + x%2 vp') vy (16)
where
x = kR
X = KR
K - wave number inside the nucleus
and
(X) = : (17)
Ve T Gy? (X) + Fp? (X)
dGy\? dF,\?
o - (3 4 (5 (e
x=X
1
2
Fy(x) = (Eé-’-‘—) I (=) (19)
1+%

10



1

2
Gf (x) = ('1)! (RTX) J'(l‘f‘%)(X) . (20)

The incident channel radius is R which, in the case of neutron bombard-
ment, is simply the radius of the target nucleus. This radius is assumed

to be given by
R = ro A® (21)

where A is the mass number and ry is approximately 1.5 fermi. The

wave number K within the nucleus can be approximated by

1

K = (Ko +k2)?2 (22)

where
1

3
Ko = (%) L . (23)

o

The Bessel function of half-integral order J:t([ +%) is defined in
Reference 9 and can be evaluated from a closed expression given in

Reference 10 as

o)~

T (g +3)00) = (%) [p;s, (4, x) £ Q3 S2 (4, x)|  (24)

where

<1/2 i o
S (6 x) = Y (-1) (1+21).Zi
=0 (2i)! (£ - 2i)! (2x)

' (25)

11



<(£-1)/2 i . \
Seltyx) = Y (-1) (£ +2i+1)" — . @)
i=0  (2i+1)! (£-2i-1)"' (2x)

P = sin(x- £ 7/2) ' (27)

P+ = cos (x +4w/2) , (28)

Q = cos (x- 1 w/2) (29)
and

Q+ = sin(x + £ ™/2) . (30)

The quantities vy and vg' can be written explicitly in terms of the sums

S; and S, as

vy (X) = S12 (L, X)+S2% (L, X) (31)
and
v, (X) = (@.s)z+<dsz+s)Z (32)
! - dx 2 dx ! X :

Values of the dimensionless quantity o /T R® can be tabulated
once and for all as a function of the dimensionless quantities x and Xp

where
x = kR (33)

and

Xo = KO R . (34)

12



CODE DESCRIPTION

Given the mass and bombarding energy of an incident uncharged
particle and the radius of the target nucleus, one can obtain oc for this
reaction from the table. The computer code generates such a table and
stores it on an auxiliary tape for repeated use. At the beginning of each
energy distribution computation, the values of o, /7 R? are transferred
from the tape into the array SICO(J, I) for which the index J, which
labels X,, runs from 1 through 17 and the index I, which labels x, runs
from 1 through 36. The value of X, corresponding to a specified J

value is given by
Xo = (J+5)/2 . (35)
The value of log)p x corresponding to a specified I value is given by
logip x = -2+ (I-1)/10 ) (36)
Thus, 17 X 36 values of o /7 R® are tabulated at points (X, x) where

Xo = 3) 3-5, 4-') L 11 (37)
and

<« = 10°%, 10759, 107V, ..., 1070 . (38)

A portion of these cross section values is plotted in Figure 2.

The main program computes O‘C/ﬂ' R’ using Equations 14, 16,
31, and 32. The summation in Equation 14 is terminated at the point
beyond which the contribution from additional partial cross sections is
negligible. The transmission coefficients are calculated by the

TRANS(TL, L, XS, X L) subroutine. The FORTRAN arguments 1.,

13
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FIGURE 2. CROSS SECTIONS FOR COMPOUND NUCLEUS FORMATION BY UNCHARGED PARTICLES AS
CALCULATED BY THE CONTINUUM THEORY



XS, and XL represent £, x, and X of the above formulation; and TL

represents the desired transmission coefficient Ty which is returned

to the main program.

In the course of an energy distribution computation the cross
section for compound nucleus formation is required, not only for the
original reaction, but for each possible inverse reaction as well. Thus,
0. must be determined for reactions between various projectile-target
pairs at various bombarding energies. The preceding formulation
applies to reactions for \&hich the bombarding particle is uncharged.
Additional cross sections for compound nucleus formation are required
in the treatment of cases in which the bombarding particle is a proton
or g-particle. SPECTER employs tables of such cross sections obtained
from Reference 4. The tables contain values of o for protons and
a-particles as a function of bombarding energy and target Z number.
Values of o are tabulated for rp values of 1.3 and 1.5 Fermi. The
tables are input in card form, and optionally may be stored on the
auxiliary tape for repeated use. The tabulated values are stored in
the CSP array for protons and in the CSA array for g-particles. The
tabulation is employed in cases for which the bombarding energy is

less than 1.8 times the Coulomb barrier height V(R), where
V(R) = Zy Zye?/R . (39)

-‘Here Zy and Zy are the proton numbers of the projectile and target,
respectively, and e is the electronic charge. R is the channel radius,
which in the case of proton bombardment is identical to the target
radius. For g-particle bombardment, however, the channel radius
is obtained by adding the @-particle radius (~1.2 Fermi) to the target
radius. For bombardment by a charged particle of energy €y which

is greater than 1.8 V(R) the following asymptotic formula is used:

15



O.c ~ O'C(u,ey) [1 - (40)

V(R+X) ]
where o _(u,e¢ y) is the cross section for compound nucleus formation by
an uncharged particle u considered as having the same properties as y

excepting the charge.

The subroutine COMPO (COM, JN, JZ, KIND, CHE) provides
values of 0, as requested by the main program. The main program
specifies the neutron and proton number of the target nucleus, the type
of incident particle, and the bombarding energy. These variables are
represented by the FORTRAN arguments JN, JZ, KIND, and CHE,
respectively. If the incident particle is a neutron, then subroutine NEUT
~ is called. It is the function of NEUT to supply o for the case in which _'
the incident particle is uncharged. If the incident particle is a proton
or a-particle, and the bombarding energy is greater than 1, 8 times the
Coulomb barrier height, then the appropriate value of o for the corres-
ponding uncharged particle is obtained from the NEUT routine. This
cross section is then modified in accordance with Equation 40 to obtain
0. for proton or g-particle bombardment. If, however, the incident
particle is a proton or a-particle, and the bombarding energy is less
than 1. 8 times the Coulomb barrier height, then the cross section is
extracted from the CSP or the CSA array with interpolation between

tabulated values being employed as required.

The subroutine DENS (XE, PAIR, CP, AP, RHO) is included in
the code listing appearing in the appendix. This subroutine calculates
the density of levels of a specified nucleus in the neighborhood of a
specified excitation energy. DENS employs a commonly adopted expres-
sion for the level density which is derived from the Fermi-gas model.

The level density p is given as a function of the excitation energy E* by

p (E*) = C exp [(ZaE*)%]. (41)

16



The level structure of a given nucleus is thus assumed to be character~
ized by the parameters C and a. DENS is called by the main program
which furnishes values of these parameters and the excitation energy
E%. The FORTRAN variables which represent these quantities are
CP, AP, and XE, respectively, and RHO represents the calculated
level density. For all but odd-odd nuclei the excitation energy to be
used in Equation 41 should be shifted downward to take into account
pairing effects (Ref. 11), For this purpose the fictitious excitation

energy U given by
U = E¥+ P(N) + P(2) (42)

is introduced. Here, the negative quantities P(N) and P(Z) are the
pairing energies for neutrons and protons, respectively., These quanti-
ties are tabulated in Reference 12. The absolute value of the total pairing
energy P(N)+ P(Z) for the residual nucleus under consideration is
represented by the FORTRAN variable PAIR. It is possible that the

user may wish to use either a different analytical expression or a non-
analytical representation of p. In this event the DENS subroutine may

be suitably modified or replaced.

INPUT DATA PREPARATION

First Input Card

The first input card contains the control number ICON (FORMAT
(12)).
| If ICON is assigned the value 1, then auxiliary tape 11 will be
written, rewound, and read; and the program will proceed with the
calculation for the problem defined by the data on the eight succeeding

input cards.

If ICON is 2, it will be assumed that tape 11 has already been

written. In this case tape 1l will be read, and the program will proceed

17



with the calculation. Once the cross sections for compound nucleus
formation have been written on tape 11, this tape may be retained and
used for successive problems in the same run or for Subseqﬁent runs,
The cross sections on the tape do not depend on any of the input data

defined below.

- If ICON is 3, then tape 11 will be rewound and the run will be

terminated.

For the initial run only, 68 cards are read in at this point.
These cards contain a tabulation of cross sections for compound nucleus
formation by protons and a-particles as a function of bombarding energy
and target Z-number. This information, which is independent of all
other input quantities, is then transferred from the cards to auxiliary
t.a‘q:')e 11. Therefore, for subsequent runs these cards are not required as

inpﬁt.

Second Input Card

The second input card contains values of RZ (FORMAT (F6. 2)).
RZ is the quantity ry of Equation 21, where R is the nuclear radius and
A is the nuclear mass number. This quantity must satisfy 1.3 = RZ £1. 5.

It should be expressed in Fermi units,

Third Input Card

The third input card contains values of JTN, JTZ, KIND, BET,
and BEC (FORMAT(314, 6X, 2F10.4)).

JTN and JTZ are the neutron and proton numbers, respectively,
of the target nucleus. KIND specifies whether the incident particle is

a neutron, proton, or a-particle:

e KIND = 1 implies neutron
® KIND = 2 implies proton
@ KIND = 3 implies a~-particle.

18



BET and BEC are the total binding energies of the target nucleus and
compound nucleus, respectively. These quantities should be expressed

in MeV units.

Fourth Input Card

The fourth input card contains values of JAN(M) for M=1, 2,
*» 7T (FORMAT(714)). The index M labels the exit channels according
to the scheme depicted in Figure 3. If a given channel I is known to be
closed, then JAN(I) is assigned the value 0. Otherwise, JAN(I) is

assigned the value 1.

Fifth Input Card

The fifth input card contains values of BE(M) for M=1, 2, ...,
7 (FORMAT(7F10. 4)). BE(I) is the total binding energy of the residual
nucleus RN(I) (see Figure 3) which remains after a particle emission
through the channel designated by I. The quantities should be expressed

in MeV units.

Sixth Input Card

The sixth input card contains values of C(M) for M=1, 2, ...,
7 (FORMAT(7F10. 4)). C(I) is the level density parameter ¢ appearing
in Equations 42 and 43 for the level density of residual nucleus I.

These quantities should be expressed in units of MeV)~!

' Seventh Input Card

The seventh input card contains values of A(M) for M=1, 2,
*, 7 (FORMAT(7F10. 4)). A(I) is the level density parameter a
appearing in Equations 42 and 43 for the level density of residual

nucleus I. These quantities should be expressed in units of (MeV)-l.
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FIGURE 3.

POSSIBLE DECAY MODES OF THE COMPOUND
RESIDUAL NUCLEI RN(M)

NUCLEUS (CN) AND THE VARIOUS



Eighth Input Card

The eighth input card contains values of PE(M) for M = 1,2, ...,
7 (FORMAT(7F10. 4)). PE(I) is the absolute value of the sum of the
pairing energies P(N) and P(2) for the residual nucleus I (see Equation

42). The se quantities should be expressed in MeV units,

Ninth Input Card

The ninth input card contains values of EIN and IN (FORMAT
(F7.3,14)). EIN is the bombarding energy in MeV units. IN is the
number of energy mesh points (equally spaced) at which the energy

distribution calculations are made.

OUTPUT DATA INTERPRETATION

The first set of results to be printed out .consists of total cross
sections for each of the reactions under consideration. The incident
particle is denoted by y, and the possible emergent particles are n,

p» and @. The FORTRAN variable representing the cross section for

each reaction is given below

Reaction Cross Section
y, n SYN

Yy, P SYP

y, « SY A

y, 2n SYNN

y, np SYNP

Yy, pn SYPN

YV Zp SYPP.

The remaining output gives the calculated probability densities
which describe the energy distributions of the particles emerging from

the reaction. In general, there will be seven sets of data, each corre-
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sponding to a particular exit channel as shown in Figure 3, In a particular
case, of course, sets corresponding to a closed exit channel may not

appear. The seven sets of probability density are

® PI(l, I), which describes the energy distribution of a neutron
emitted by CN

e Pl1(2, I), which describes the energy distribution of a proton
emitted by CN

® PI1(3, I), which describes the energy distribution of a @-particle
emitted by CN

® P2(1, 1, I), which describes the energy distribution of a
neutron emitted by RN(1)

® P2(1, 2, I), which describes the energy distribution of a
proton emitted by RN(1)

® P2(2, 1, I), which describes the energy distribution of a
neutron emitted by RN(2)

e P2(2, 2, I), which describes the energy distribution of a
proton emitted by RN(2).
The index I which labels the energy mesh point appears in the
first column of the output. The energy corresponding to I and the
probability density evaluated at this energy are displayed in the second

and third columns, respectively.

22



10.

11.

12.

REFERENCES

Snow, R., and M. C. George, Nuclear Science and Engineering
35, p. 409, 1969

Snow, R., and M. C. George, "A Computer Code for Calculating
the Energy Distribution of Inelastically Scattered Neutrons'’,
Brown Engineering Company, Inc., Interim Report RL-SSL+200,
July 1968

Bohr, N., Nature 137, p. 344, 1936

Blatt, J. M., and V. F, Weisskopf, Theoretical Nuclear Physics,
John Wiley and Sons, Inc., New York, 1952

Hauser, W., and H. Feshbach, Phys. Rev. 87, p. 366, 1952

Feshbach, H., C. E. Porter, and V. F. Weisskopf, Phys. Rev.
96, p. 448, 1954

Hodgson, C. E., The Optical Model of Elastic Scattering, Oxford
University Press, London, 1963

Ewing, D. H., and V, F. Weisskopf, Phys. Rev. 57, pp. 472,
935, 1940 ‘

Jahnke, E., and F. Emde, Tables of Functions, Dover Publications,

New York, 1945

McLachlan, N. W., Bessel Functions for Engineers, Oxford
University Press, London, 1961

Newton, T, D., Can. J. Phys. 34, p. 804, 1956

Cameron, A. G, W., Can. J. Phys. 36, p. 1040, 1958

23



APPENDIX A

COMPUTER PROGRAM LISTING
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MAIN PROGRAM

DIMENSION BE(7)9C(T)IoAL(T) sPE(T) sDEL(T7)oP1(3+50)
1 ARL1(3)9P12A(2+2+50950) 9AR2(292950+50)+P12(2+2+50)9AR12(202)
2 EMALT)eSPAIT)WFLOGITL1)9SICO(18937) 0sJAN(T)
3 JIN!?).JIZ(7)9CHAM1719$WAT(7)oPA(9)0CSP(2918010)oCSA(ZolBoIO)
COMMON FLOGoSICOsCSP9CSA9RZC0RALCoRMNCDRMPCoRMACoELECoHBARoPI
505 READ(5+500) ICON ' ,
GO TO (5019502+503)41CON
501 REWIND 11
FLOG(1)=0,
DO & 1T=2471
FIT=FLOAT(IT=1)
5 FLOG(IT)=ALOG(FIT)+FLOG(IT=]1)
SPACE=041
DO 822 J=1917
Ya(FLOAT(J+5)) /2
DO 822 l=1,436
XXzm2 o+ (SPACE#FLOAT(I=1))
XSu]10e¥%XX
XLaSQRT{(Y®Y)+(XS%XS))
L=0
S1C=0,
7T FACe((2e%FLOATI(L))+1le) 7(XS#XS)
TIC=aSIC
CALL TRANS(TLeLoXSexL)
SIC=SIC+(FACH*TL)
IF{(TIC/SIC)=0s99) 3348224822
33 Lal+l
GO TO 7 :
822 WRITE (11424) JslsXXeXSsSIC .
8000 REAC(5+8001) (PAINZ)sNZ2=1+9)eKIsKRsNY
WRITE(1198002) (PA(INZ) +NZ=199)9KIsKRoNY
GO TO (8000+800019502)sKI
502 REWIND 11
DO 506 J=1917
DO 506 1=14936
READ(11924)J0919XX9XS9S1IC
506 SICO(Je1)=SIC
DO 8200 J=1+18
8200 SICO(J937)=0s
DO 8300 1=1437
8300 SICO(18Be1)=00 _
8004 READ{(1148002) (PA(NZ)sNZ2=199)sK]lsKRaNY
GO TO (8005480059504} 9K1
8005 DO 8008 NZ=1,9
GO TO (800&+8007) K1
8006 CSP(XRsNYNZ)=PA(NZ)
GO TO 8008
8007 CSA(KReNYsNZ)=PA(NZ)
8008 CONTINUE
GO TO 8004 .
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503

504

© 8009

8010

300

301

302

303

JIN(4)=JCNN=2

MAIN PROGRAM (CONT'D)

REWIND 11

CALL EXIT

DO RO09 KR=1,42

DO B009 NY=1,18
CSP{KRsNY»510)=0.
CSA(XKReNY»10)=20.

DO 8010 KR=1+42

DO 8010 NZ=1.10
CSP(KRs184NZ)=0e
CSA(KR9189N2)=0

READ (54600) R2
READ(549602)JTNsJTZsKINDeBETWBEC
READ(5+696) (JUAN(M) sM=147)
READ(55603) (BE(M) sM=1s7)
READ (5+603) (C(M)sM=1+7)
READ(59603) (A(M)sM=107)
READ(594603) (PE(M)aM=]14+7)
READ (5+604) EINsIN
WRITE(6+620)R2Z
WRITE(69621)JTNsJTZsKINDBETSBEC
WRITE (6+697)

WRITE (64698) (JAN(M) gM=]147)
RITE(6+¢622)
WRITE(69623) (BE(M) sM=147)
WRITE (6+690)

WRITE (69623) (C(M)sM=147)
WRITE(6+624)

WRITE(6+623) (A(M)eM=1,7)
WRITE(66627)

WRITE(69623) (PE(M)eM=1,7)
WRITE (649626) EINSIN
INC=IN=1

RMN=939,,505

RMP=9384211

RMA=37274149

RAL=1e2

PI=341415926536
HBAR=1e05443E=27
ELEC=4480286E=10
RZC=RZ%#140E=13
RALC=RAL#*140E=13
RMNC=RMN/561000E+26
RMPC=RMP/5461000E+26
RMAC=RMA/5¢61000E+26

GO TO (3009301+302)sKIND
JCNN=JTN+1

JCNZ=JTZ

GO TO 303

JCNN=JTN
JCNZ=JT2+1

GO TO 303

JCNN=JTN+2

JCNZ=JTZ+2

CALL COMPO(COMsJTNoJTZ eKINDSeEIN)
S1G=COM

JIN(1)=UCNN=1

JIN({2)=JCNN

JIN(3)=JCNN=2
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700

7

702

50

60

MAIN PROGRAM (CONT'D)

JIN(S) =JCNN=]
JIN(6) =UCNN=]
JIN(7)=UCNN
JI1Z(1)=JUCN2
JI1Z(2)=JCNZ=]
JI1Z2(3)=JCNZ=2
J1Z(4)=JCN2
JI12(5)1=UCNZ~1
JIZ(6)=UCNZ=1
JIZ(T)=JCN2Z=2
CHAM( 1) =RMN
CHAM( 2) =RMP
CHAM{ 3) =RMA
CHAM( &) =RMN
CHAM(5) =RMP
CHAM(6) =RMN

CHAM{ 7)=RMP
SWAT(1)=2,
SWAT(2)=2.
SWAT(3)=1.
SWAT(4)=2,
SWAT(5)=2,
SWAT(6)=2e
SWAT(T7)=2,
DELTA=BEC=~BET
DEL(1)sBEC=BE(1)
DEL(2)=BEC=BE(2)
DEL(3)=BEC=BFE(3)
DEL(&4)=BE(1)=RE(4)
DEL(5)=BE(1)=BE(5)
DEL(6)=BE(2)=BE(6)
DEL(7)=BE(2)=BE(7)
DO 700 M=1+3

AR1 (M) =0s

DO 700 J=1lsIN
Pl1{MsJ) =0,

DO 750 M=192

DO 750 K=192
AR12(MsK) =0,

DO 750 1=1950
Pl2(MesKs1)=0,

DO 750 J=1+50
Pl12A(MsKoeJs1)=0e
AR2 (MoK eJosI)=0s

DO 11 M=1,3
KAN=JAN(M)+1

GO TO(119702) ¢kKAN
EMA(M)=EIN+DELTA=DEL (M)
IF(EMA(M)=041)11911460
SPA(M)=EMA{M) /FLOAT ( INC)
JNBJIN(M)

JZ=J1Z (M)
CHM=CHAM(M)
SW=SWAT (M)

CP=C (M)

AP=z=A(M)

PAIR=PE (M)

DO 111 J=29IN
CHE=FLOAT (J=1)%#SPA{(M)
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111
11

703
61

13
12

910
911

705

970

3022

MAIN PROGRAM (CONT'D)

CALL COMPO{(COMsUN9JZsMsCHE)
XE=EMA (M) =CHE

CALL DENS(XEsPAIRSCPsAPRKHO)
Pl(MsJ)=SWHCHE*CHM*COM*RHO
CONTINUE

CONTINUVE

DO 12 M=1,3

KANz JAN(M) +]

GO TO (12+703)sKAN
IFIEMA(M)=041112+12961

DO 13 J=1sINC
AJ=(Pl(MeJ)+Pl(MeJ+l)) /24
AJsAJ%SPA (M)
AR1(M)=AR1(M)+AJ

CONTINUE
SUM1=AR1(1)+AR1(2)1+AR1(3)
DO 20 M=1,2

KAN=JAN(M)+1

GO TO (20+910) sKAN
IF(EMA(M)=041) 204209911
IN1=JINIM)

J21=J1Z{M)

CHM]1 =CHAM (M)

SW1=SWAT(M)

CPl=C(M)

APl=A(M)

PR1=PE (M)}

DO 21 K=192

MM= ( 2#M)+K+1

KAN=JAN(MMI}+1

GO TO (21+705) sKAN
EMA(MM)=E IN+DELTA=DEL (M)=DEL (MM)
IFIEMA(MM)=0el) 215219970
SPA(MM)=EMA({MM) /FLOAT(INC)
IN2=JIN(MM)

J22=J1Z (MM)

- CHM2=CHAM (MM)

SW2=SWAT (MM)

CP2=C (MM)

AP2=A(MM)

PR2=PE(MM)

DO 2022 1=241IN
CHE2=FLOAT(]=1)%#SPA(MM)
EMAYl=EMA (MM)=CHE?2
IF(FEMAL=0461)20229202293022
SPA1=EMAL1/FLOAT (INC)

CALL COMPOI(CCM23JN219JZ22sKsCHE2)
DO 2023 J=2sIN
CHE1=FLOAT(J=1)*SPAl
EMAX=EMA(MM}=CHEL
SPACE=EMAX/FLOAT( INC)

CALL COMPO(COM1sJN13sJZ1eMeCHEL)
XEl=EMA (M) =CHE]

XE2=EMAl=CHE1

CALL DENS(XElsPR1eCPlsAPleRHOL)
CALL DENS(XE2+sPR2sCP2sAP29RHO2)
PlA=SWI*CHE1#CHM]1 #COM1 #RHO1
P2A=SW2#CHE2#CHM2¥COM2 #RHO2
PI2AIMsKsJel)aPlA%P2A
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2024

2023
2022
21
20

920
921

922
992

404

403
402
401
400

380
381

709
382

460
451
450

MAIN PROGRAM (CONT'D)

DO 2024 Il=1eINC
XzFLOAT(11)*SPACE

CALL COMPO(COMeJIN2 9J22 3K o X}
XE=EMAX=X .

CALL DENS(XEsPR29sCP2+AP2+RHO)
FUNC=SW2%#X*CHM2 #*COM*RHO

ARZ2 (MK sJol ) =AR2(MeK s Js]l ) +FUNC
AR (MoK s Jol)={AR2(MoKoJdol)={FUNC/24) ) #SPACE
CONTINUE

CONTINUE

CONTINUE

CONTINUE

DO 400 M=1,2

KAN=JAN(M)+1

GO TO (400+920)9sKAN
IF(EMA(M)=041) 40094004521

DO 401 K=142

MM= [ 2%M ) +K+1

KAN=JAN(MM) +]

GO TO {(4014922)9KAN
IF(EMA(MMI=0ol) 40144014992

DO 402 1=2sIN
CHE2=FLOAT(I=1)*SPA(MM)
EMA1=EMA (MM ) =CHE 2
IF{EMAL1=041)40294029404
SPA1=EMALl /FLOAT(INC)

DO 403 J=1sINC
SUM2=AR2(MsleJds[)+AR2(Me24Js1)
AJlz=Pl2A(MsKeJdsl) /7 ISUMLI#SUM2)
SUM2=ARZ2(MsleJ+191)+AR2(Me29sJu+1s])
AJ2=Pl2A{MsK oJd+1s1)/7I{SUMLI%SUM2)
Ad={AJ1+AU2) /2
Pl2(MeKe I )=Pl2(MeKsI )+ (AJR#SPAL)
CONTINUE

CONTINUE

CONTINUE

DO 450 M=1,y2

KAN=JAN(M)+1

GO TO (450+380) ¢sKAN
IF(EMA(MI=0el) 45094509381

DO 451 K=1s2

MM= (2%#M) +K+1

KAN=JAN(MM) +1

GO TO (451+709) sKAN
IF(EMA(MM)I=04s1) 45144519382

DO 460 I=1sINC
Al={P12(MeKsl)+P12(MysKsI+1))/20
Al =Al#SPA (MM}
AR12(MsK)=AR12(MeK)+Al

CONTINVE

CONTINUE

SYN=SIG#{ (AR1(1}/S5UM1)=AR12(1s1)=AR12(152))
SYP=SIG#( (AR1(2)/SUM11=AR12(29s1)=AR12(2+2))
SYA=SIG*{ARY{(3)/SUM])
SYNN=SIG*#AR12(1s1)
SYNP=SIG*AR12(12)
SYPN=SIG*AR12(2s1)
SYPP=SIG#AR12(2+2)

WRITE(6+522)
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710
471

482
470

395
396

711
397

494
493
492

500

26
600
602
603
604
626
620
621
622
623
690
624
627
696
697
698
481
483
491
522

523

8001
8002

MAIN PROGRAM (CONT'D)

WRITE (60523) SYNsSYPsSYAsSYNNeSYNPsSYPNsSYPP

DO 470 M=1,43

KAN=JAN(M) +]

GO TO (4709710} sKAN

IF(EMA(MI=04al) 47004T70+471

WRITE(6+¢481)M

DO 482 J=1sIN

EQUT=FLOAT(J=1)#SPA(M)

SP1=P1(MyJ)/SUM]

WRITE (6+483) JsEOUTsSPL

CONTINUVE

DO 492 M=1p2

KAN=2 JAN (M) +1

GO TO(492+395) sKAN

IF{EMA(M)=0el) 492949249396

DO 493 K=1s2

MMs ( 2#M ) +K+1

KAN=JAN (MM) +1

GO TO(493e711) 9KAN

IF(EMA(MM)=0el) 49354939397

WRITE(69491)MeK

DO 494 I=1yIN

EQUT=FLOAT(I=1)%#SPA{MM)

SP12=P12(MeKel)

WRITE(6+483)19EQUT»SP12

CONT INUE

CONTINUE

CONT I NUE

GO TO 505

FORMAT(12)

FORMAT(213s4H XX=2F64395H XS=2E154846H SIC=E1548)

FORMAT(F6e2)

FORMAT(31496X92F10e4)

FORMAT(T7F10e4)

FORMAT(FTe3414)

FORMAT(/5H EIN=FT7¢3410Xe5H IN=14)

FORMAT (4H1RZ=F6.2)

FORMAT(/5H JTN=14s5H JTZ=1496H KIND=1495H BET=2F10e495H BEC®F1004)

FORMAT(//50X9e12H BE(M) oM=1+7)

FORMAT(/T7(F1l0as49¢8X))

FORMAT(//50Xs11H C(M)sM=1sT7)

FORMAT(//50Xs11H A(M)sMz]1s7)

FORMAT(//50X912H PE(M)eM=1s7)

FORMAT(714)

FORMAT(//50X913H JAN(M)eM=197)

FORMAT(/T(19¢8X))

FORMAT(G4HY1 Je»1CXes7H ENERGYs10Xs4H P1(12+5H o J))

FORMAT( /149 7XeE156896X9EL1548)

FORMAT(4H1 I+10Xs7H ENERGYs10Xs5H P1l2(1292H sI12+5H » 1))

FORMAT(2H1 #35X
52H TOTAL CROSS SECTION IN BARN UNITS FOR EACH REACTION)

FORMAT(5H SYN=2E15e8//5H SYP=E15.8//5H SYA=E15.8
//76H SYNN=E15e8//6H SYNP2E15¢8//6H SYPN=E15.8//6H SYPP=E1568)

FORMAT(ETa298E8e232X0212913)

FORMAT(9(1XsEGe2) 94X0212913)

END
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51
50
666
20

60

62
63
71

72
81

61

82

SUBROUTINE COMPO

SUBROUTINE COMPO(COMsUN9JZ 9K INDsCHE)
DIMENSION Cl(Z)oCZ(Z)oC3(2)9C4(2l9C12(2)9C34(2)0C(2)
DIMENSION FLOG(?I)oSICO(18’37)oCSP(ZolBolO’oCSA‘ZolBolO’
COMMON FLOGOSICOOCSP’CSA’RZC’RALCORMNCORMPCORMACOELECOHBAROPI
GO TO (14292) ¢KIND '

CALL NEUTI(CM»UN9J2Z 9K INDsCHE)

COM=CM

RETURN

IF(JUZ=10) 5043451

1F(JZ=90) 343450

WRITE(64666)

FORMAT (29H CROSS SECTION TABLE EXCEEDED)
CALL EXIT

GO TO (20+596)sKIND

CHAR=RZCH* ((FLOAT(JUN+JZ) ) #*%(14/34))
B=(FLOAT(JZ)*ELEC*ELEC)/CHAR

GO 10 7

CHAR=(RZC*( (FLOAT(UN+JZ) ) %#*(14/34)))+RALC
B (24#FLOAT(JZ)*ELECHELEC) /CHAR
CHEC=CHE*1+s60206E=6

YaCHEC/B

IF(Y=0e2)6046162

CQM=O.

RETURN

IF(Y=168)61+61063

GO TO (20971972 )eKIND
BLAM=HBAR/ (SQRT (2 ¢ *RMPC®CHEC) )
BL=(FLOAT(JZ)*ELEC*ELEC)/ (CHAR+BLAM)

GO TO 81

BLAM=HBAR/{SQRT (2 ¢ *RMACHCHEC))
BL=(2e*FLOAT(JUZ)HELEC*ELEC)/ (CHAR+BLAM)
BFAC=1le=(BL/CHEC)

CALL NEUT(CMsUN»JZsKINDICHE)
COM=BFAC*CM

RETURN

ANY=10e*ABS(Y=0e2)

NY=ANY

FNYeNY

DNY=ANY=FNY

ANZsFLOAT (JZ2=10)/10,

NZ=ANZ

FNZ=NZ

DNZ=ANZ=FNZ

DO 100 I=1+2

GO TO (20+82983)9KIND
Cl(1)=CSP(loeNY+1oNZ+1)
C2(1)1=CSP (1 sNY+1eNZ2+2)
C3(1)=CSP(IsNY+2sNZ+))
C4(1)sCSP(IsNY+2eNZ+2)

GO TO 84
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83

84

100

SUBROUTINE COMPO (CONT'D)

Cl(1)=CSA(IsNY+1eNZ+1)
C2(1)=CSA(IsNY+1eNZ+2)
C3(1)=CSALIINY+29NZ+1)
Co(l)=CSA(IINY+24NZ+2)
Cl(I)=ALOGLO(CL(]))
C2(1)=ALOGLO(C2(]))
C3(1)=ALOGLlO(C3(I))
C&l1)=ALOGLO(CLHIT))
Cl2(1)=Cl( (1) +(DNZ#(C2(1)=C1(
C34(1)=C3{I)+(DNZ#(C4{1})=C3(
CtI)=Cl2(1)+(DNY®(C34(])=Cl2
Clli=10e%%C(1])

RZ=RZC#]1 40E+13
FRAC=(RZ=1e3)/(165=16¢3)
COMaC(1)+(FRAC*#(C(2)1=C(11})})
RETURN

END

1)))
1))
(1))
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SUBROUTINE NEUT

SUBROUTINE NEUT(CMeJINsJZ oKINDICHE)
DIMENSION FLOGUT71)sSICOL1883T7)eCSP(2+18+10)9CSA(2018+10)

COMMON FLOGISICO9CSPICSAIRZCIRALCIRMNCIRMPCoRMACHIELECIHBARIPL
CHEC=CHE#*1460206F=6 '

19
23

22
33

18

50

IK=({(Ge*P1)/8e)*#*(1e/34))/R2ZC

TAs N+ JZ
TRERZCH(TA%%(14/3s))
GO TO (1+92¢3)9KIND
CHAR=TR

CHMaRMNC

GO T0O 4

CHAR=2TR

CHM=RMPC

GO 10O 4

CHAR=TR+RALC
CHM=RMAC

X2Zs2K#CHAR
IF(XZ=36)1B+23919
IF{(XZ=116123923+18
ANJ=ABS((2e%X2)=64)
NJsANJ

FNJ=NJ

DNJsANJ=FNJ
SKs(SQRT (2« #CHM*CHEC) ) /HBAR
X=SK*#CHAR
XG=ALOG10(X)
XGNz=2XG+2e
IF{XGN)1B+33922
IF({XGN=3e5133433,18
SPACE=0.1
AN1=ABS{XGN/SPACE)
NI=ANT

FNI=NI
DNI=ANI=FN1
Cl=SICOINJ+1oNI+1)
C28SICOINJ+LNI+2)
C3sSICO(NJ+2eNI+1])
C4zSICOINJ+29NI+2)
C12=Cl+{(DNI*{C2~Cl))
C34=C3+(DNI*(C4=C3))
CM=C12+(DNJ*(C34=C12))

CM= (CM*P ] #CHAR*CHAR) /1 ¢0E~=24

GO TO 50
WRITE(6420)

FORMAT(29H CROSS SECTION TABLE EXCEEDED)

CALL EXIT
RETURN
END
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80
81
82

83
84
85

SUBROUTINE TRANS

SUBROUTINE TRANS{TLsLeXSeXL)
DIMENSION FLOGI(71)

COMMON FLOG

IMAX={/2

IMAX=IMAX+1

SUM1=0,

DSUM1 =0,

DO 1 J=1+IMAX

1zJ=1

FIl=1

Tl=L+(2%])

[2z2%]

I3z ~(2%41])

IF(11=70) 804804590

IF(12=70) 81981490

IF(13=T70) 82482490
AXSFLOG(TI 1+1)=FLOG(12+1})=FLOG(]3+1}
AXSAX= (24 %#F I HALOGIABS(2e%#XS)))
AXBEXP(AX)

FONE={(24#FI) /XS

AXX=2zAX®FONE

Kl=1/2

IF((2#KI)=1)8+98
SUM1=SUM1=AX
DSUM1=DSUMI+AXX

GO TO 1

SUM1=SUM1 +AX
DSUM1=DSUML=AXX

CONTINUE

SUM2=0.

DSUM2=0,

IF{L)I6+6s7

IMAXs(L=1)/2

IMAX=IMAX+1

DO 2 J=1s IMAX

[=J=1

Fla]

Ile| +(2%])+]

[2=(2%])+1

[3al=(2%#])=1

IF(11=-70) 83983,»90

IF{12=70) B4+B4s»950

IF(13=70) 85485490
AX2FLOG(I1+1)=FLOG(I12+1)=FLOG(I3+1)
AX2AX@{ ({2 %F 1)+l ) *ALOGIABS{20%#XS)))
AXsEXP{AX)
FTWO=({(2:%F1)+1c} /XS
AXX=AX#FTWO

Kl=l/2

IF((2%#K1)=1)10+11410

34



10

11

90
91

50

SUBROUTINE TRANS (CONT'D)

SUM2=SUM2=AX

DSUM2aDSUM2+AXX

GO TOo 2

SUM2=SUM2+AX

DSUM2sDSUM2=AXX

CONTINUE

VL= (SUM1#SUM1 )+ (SUM2%#SUM2)

VL=1le/VL

VLP=(DSUM1=SUM2)* (DSUM1=5UM2)
VLPaVLP+( (DSUM2+S5UM1) # (DSUM2+SUM1))
TL=4 o #XS*XLHVL
DEN=(XL¥XL)+( ({2 %XSHXL)+ (XS*XS*VLP) )*VL)
TL=TL/DEN

GO TO 50

WRITE(6+91)

FORMAT (25H FACTORIAL TABLE EXCEEDED)
CALL EXIT

RETURN

END
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SUBROUTINE DENS

SUBROUTINE DENS(XEsPAIRsCPsAPSRHO)
UsXE=PAIR

IFlU)1e242

RHO=04

RETURN
RHO=CP#EXP (2. #SQRT(ABS(AP®U) } )

RE TURN

END
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APPENDIX B

SAMPLE PROBLEM
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1
s 10E~01
¢ 45E=01
.e10E+00
¢17E+00
e 21E+00
e 26E+00
e 28E+00
e31E+00
¢ 33E+00
e 35F+00
¢ 3BE+00
s 4OE+00
e 42E+00
o 45E+00
e« 4TE+QO
¢ 50E+00
¢+ 53E+00
o T4E=02
0375-01
¢ 10E+00
e 16E+00
e 22E+00
2 2T7E+00
e31E+00
e 35E+00
039E+00
e 42E+00
e H6E+00
e 49E+00
e 52E+00
+56E+00
e 59E+00
«e61 +00
«64E+0O
.75E‘06
.295-0“
284E=03
o T1E~-02
e 25€E-01
s 65€=-01
e 11E+00
¢ 1TE+0O
0 22E+00
2 2TE+00
¢31E+00
#36E+00
¢ 39E+00
04 2E+00

¢56E~03
e 78E=02
¢ 28E=01
¢ 77E=01
e13E+00
¢19E+00
¢ 24E+00
0 29E+00
¢33E+00
+37E+00
e 40E+00
e 43E+00
s 48E+00
o 49E+00
«51E+00
«53E+00
e 54E+00
¢32E=03
+59E=02
«28E=01
e T6E=01

¢ 13E+00

#21E+00
.27E400
e34E+00
¢39E+00
o 45E+00
¢50E+00
¢55E+00
«58E+00
e 62E+00
o6 4LE+QO
e6TE+00
«68E+00
¢19€=~10
s 12E=06
024E=04
e 64E=03
061E=02
+28E=01
¢ 75E=01
e 14E+00
«21E+00
e28E+00
e 34E+00
¢39E+00
o 44E+00
e 4L9E+00

e 40E~04
016E=02
e11E~01
»41F=01
¢ 89E~01
¢ 15E+00
0 22E+00
e 29€E+00
¢ 35€+00
o 41F+00
o 45E+00
e 49E+00
¢53E+00
e 56£+00
¢ 59E+00
e61E+00
+62€+00
e18E~=04
e11E=02
#96E=02
¢ 39E=01
¢91E=01
017E+00
¢ 25E+00
e 34E+00
24 2E+00
«50E+00
¢ 56E+00
e 62E+00
o6 TE+OD
¢ T2E+00
e 75E+00
e T7TE+00
e 78E+00
e 52E=14
o 11E~08
e11E=06
213E=«013
.18E-02
e14£=01
e54E=01
¢ 12E+400
«21E4+00
e 29E+00
¢ 38E+00
s 45E+00
¢51E+400
e 56E+00

¢39E=05
¢39E=-03
¢ 48E=02
¢23E=01
065E=01
+13€+00
«21E+00
¢ 29E+00
¢36E+00
o43E+00
e49E+00
«53E+00
«58E+00
e63E+00
«66E+00
+69E+00C
+T1E+00
015F=05
«23E=03
e39E=Q2
¢21E=-0Q1
¢66E~01
el14E+00
e24E+00

e33E+00

e 43E+00
+52E+00
«60E+00
+6TE+00
o T4E+00
¢ 79E4+00
oB4E+0OO
+8BE+00
«90FE+00
« T0FE=17
+30E=10
s 719E=07
0 19E=04
e64UE=03
¢ T4E=Q2
o40F=01
¢11E+00
«21E+00
«31E+00
o41E+0QQ
¢49E+00
¢56E+00
e63E+00

INPUT DATA

e 49E=06
¢10E=~04
«23E=02
.ISE-OI
¢ 48E~-O]
¢11E+00
e 20E+00
0 29E+00
«37F+00
o 45E+00
«52E+00
e59E+00
«65E+00
¢« T0E+00
« T4E+Q0
¢« T7E+00
+80E+00
0 15E=06
¢STE=04
¢15E=02
012E=01
e48E=Q]
«12E+00
e 22E+00
«33E+00
s 44E+0D
e55E+00
¢65E+00
e T4E+00
e8lE+00
¢87E+00
¢93E+00
+97E+00Q
«10E+01
¢93E=20
+8lE~12
«e5T7E~08
228E=0S
023€=03
e39E=02
¢ 30E=~01
e11E+00
oZlE+00
¢33E+00
o L4LE+00
¢54E+00
s62E+00
s 70E+00

e T5E~07
¢e30E=04
ellE~02
¢91€~-02
-385’01
«98E=-01
¢ 18E+00
¢ 28E+0C
+37E+00
o 46FE+00
«55E+00
e 62E+00
«69E+00
« T5E+00
¢ 79E+Q0
«83E+Q0
+87E+00
e 20E=07
e 15E=04
¢ 70E=03
e T6E=02
+35E=01
olOE+OO
e 21E+4+00
«33E+00
e 45E+00
e 58E+00
«68E+00
¢ 78E+00
¢8B8BE+00
«e97E+00
¢+ 10E+01
«11E+01
«11E+01
0 22E~=22
e 12E=13
«53E=09
«69E=06
092E=04
024E=-02
e 24E=01
+ 10E+00
o 21E+00
e 34E+00

e 46E+00

«57E+00
e 66E+00
¢« T5E+00

38

e 10E=Q7
2 92E=05
e 48E~03
e56E=02
0298‘01
¢ B4E=Q1
s 18E+00
¢ 28E+00
e 39E+00
o 4BF+00
+59E+00
«6TE+00
« 75E+00
+8lE+00
+86E+0Q0
s91E+00
s 96E+00
0 29E=09
s4LT7E=05
#32E=03
o 4TE=Q2
e 26E=01
oB?E'Ol
¢ 19E+00
«32E+00
«46E+00
s61E+00
¢ T2E+00
e83E+00
0 94E+00
s 10E+01
¢11E+01
e 12E+01
¢« 12E+0Q1
e SUE=25
.185-15
¢50E~10
e 17E=06
¢37E=04
olSE'OZ

-¢19E=01

«97E=01
e 21E+00
¢ 36E+00
s 49E+00

«60E+00 .

s T1E+00
«8lE+00

¢17E=08
¢30E=05
e23E~0Q03
¢36E=02
¢22E=Q1
e T4E=Q1
«17E+00
027E*00
«40E+00
«50E+00
«61E+QQ
+ TOE+00
+80E+00Q
¢B8TE+0O0
+93E+00
¢ 99E+00
+10E+0Q1
0 38FE~09
¢14E=~05
2 15E-03
0 29E=02
¢ 22E=01
¢ 75E=01
«18E4+00
e32E+00
«4RE+Q0
«63E+00
e T6E+00
+8BE+00
«10E+01
e11E+01
o 12E+01
«12E+0]
«13E+01
«40E=27
+88E=L17
s 7T0E=11
2 45E=07
016E=04
«11E=02
0155-01
e91E=01
0 21E+00
«37E+00
«51E+00
e63E+00
e 76E+00
«8T7E+00

¢31E=09
011€=05
¢12E=03
0 24E=02
e 17E=01
e 64E=01
e 16E+00
«27E+00
«40E+0Q0
«53£+00
+64E+Q0
o T4E+00
«83E+00
«91E+00
¢9B8E+00
s 10E+01
+11E+01
«59E=10
s 45E=06
¢ T5E=04
«1BE~0?2
s17E=01
e65E=D1
2 17E400
«33E+00
2 46E+00
e 64E+00
¢ 79E+00
¢93E+00
¢11E+01
¢12E+401
2 13E+01
e 14E+0}

«15E+01:

e29E=29
0436'18
e9TE=]12
s 12E=07
eHBE=05
s 79E=03
«126=01
o85E~01
¢ 22E+00
#38E+00
e53E+00
e67E*00
+81E£+00
«93£+00
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s 44E+00
s 46E+00
2 4TE+00
¢ T9E=Q7
¢ 18E=04
e61E=03
¢59E=02
¢ 25E=01
e67E=01
»13E+00
e 19E+00
s 26E+00
¢ 32E+00
e 3T7E+00
e L2E+00
s L6E+QO
« S0E+00
¢ 53E+00
055E+00
¢57E+00

1450
30 26
1 1
492.31
035
60
2.77
14,0
3

¢53E+00
¢ S6E+00
¢59E+00
¢29E~11
eS54E=06
¢16E=-04
¢e51E~03
e56E=02
¢28E~01
e81E=01]
s16E+00
e 25E+00
e 33E+00
s LOE+0O
o4 TE+O0
oS53E+0C
«5B8E+00
e63E+00
e 68E+00
e 72E+00

1
0
489

6
0

50

¢61E+00
e 66E+00
¢ 7T0E+00
e T76E=15
037E‘08
+59E=06
«63E=04
0165‘02
014E‘01
¢58E=01
s 14E+00
¢ 25E+00
¢ 36E+00
e 46E+00
e55E+00
e 63£+00
¢ TOE+00
e T6E+00
+81lE+0QO0
¢« 86E+00

492431

1 0

0

INPUT DATA (CONT'D)

«69E+00
¢« T4E+00
e 79E+0Q0
¢« 70E=18
¢15€=10
«2T7E=07
«97E=05
e52E=03
e T4E=02
¢43E=01
e11E+00
«25E+00
«38E+00
2 49E+00
«60E+00
«69F+00
« T8E+00
+85E+00C
«90F+00
«97E+00

0

¢32 464415

¢35
o0
0

035
740
1.44

¢ 7TTE+Q0
e 84E+00
+89E+00
e 64E=21
062F=13
0125-08
e 15E=C5
«17E=03
¢ 39F=02
03ZE‘OI
2 94E-01
e 25E+00
240E+00
¢53E+00
«65E+00
¢ 716E+00
+86E+00
e 95E+00
e 10E+01
«11E+01

499485

481430
035
8.0
1.45

«83E+00
¢ 91E+00
«99E+00
e15E=23
s 15E~14
«27E=09
¢ 35E=06
0655'04
«23E~-02
«25€E=01
«97€E=01
«25E+00
s 41E+00D
¢ 56E+00
« TOE+00
¢ 82E+00
+93E+0Q0
« 10E+01
¢11E+01
+12E+01

482.04
«35
7.0

1.32

39

«90E+00
«98E+0Q0
«11E+01
s 3UE=26
«36E=16
+63E=10
.81E-07
025E~04
e13E=02
«19E=01
+10E+QO
«25€+00
42E+00
«60E+00
e T6E+00
+89E+00
«10E+01
+11E+01
e12E+01
¢13E+01

482

7

¢99E+00
+10E+01
«11E+01
e 12E=28
ollE‘17
oSlE‘ll
«19E=-07
olOE‘04
+T7E=03
2 15E=01
«11E+00
«25E+400
«43E+00
¢63E+00
«B80E+0Q0
¢ 94E+00
«11E+01
¢12E+01
013E+°1
e 14E+01

+11E+401
«11E+01
«12E+01}
o““E-31
e35E=19
e 42E=12
e 46E-08
s 42E=Q5
e 46E=03
¢12€E=01
¢ 12E400
e 26E+00
«45E+00
s 66E+00
«B5E4+00
¢ 10E+0]
2 12€+401
¢ 13E+01
QIQE*OI
¢ 15E+01

204 480,164

¢35
0

1.32

35
740

1.44
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RESULTS

TuTal CKOSS SECTION In dARN UNITS FOR EACH KgA,Tion

SYHs yeBb 271/ DU
SYPs UedYU6U419L=01I
SYAs= OoUOUUJUUUL_"Jd
SYwi= Uegenb2/3k Uy,
SYinP= Y.0UUULOUOL=3n
SYyPns Ue0uuidnUUVL=34

SYPP=E U, 0@lu00ule=3o

40



10
1
12
13
14
15
16
17
16
1Y
2u
2]
22
23
24

25

RESULTS (CONT'D)

LENERGY
0.0U000VUBE=38
Qe28971428E QU
Jeb7142d57€ QU
JeB85714485E LU
OellHeB8571E U
Oel4285714 01
Del72142B57E Ul
Ue2UUUOULUCOE U1
Ve2eBLH7143E Ul
Del57142d89E wul
iJe20871428L D1
Us31428571t U1
Qe34285714E Ul
Jed71428578 01
Ded4uOUOUUOE 0O
Jed42857142E Ul
De4714285€E Ul
Uedus /14288 Ul
Ue51428571E 01
Ce54285713€ 0l
Je¢57142857E Ol
0e59999999c 0
De62857142€ Ul
Qebb57 14285 0

DebbBy/71428E 0!I

41

pyl7*34641£ 00

0.0U0U00000E=-28

34625656329t 00

0,29794480E 00

Je31196551E 0O
0¢30779735€ 00

Je¢29169006cL 00

0.2686]614L_QU_”

Je24170206L 00
Jell3%490%4: 0O
O-labijﬂZh Op
Cel5941192¢t 00
J.1351332%c 00
0-11}26992§ 00
De9394973%k=01

Jel77i%5U489E=0])

3e62741701k=01

245053806401
Je40321791E=01
0.31862729E-01
Cel4932447E=01

0419313077 =u1

Del4803403E=01

0e112)8772L=01)

Jeti40275%8c =02



26
27
28
29
v

3l

32
34
34
s
36
37
38
39
4u
41
4
43
44
45
46
47
4
49

5u

RESULTS (CONT'D)

Uol?ﬂZBbllt
(10742857 3¢
De77142856¢E
0e79999999¢
DeB2HS7141L

(e857 1 4284¢L

veBbu/i4s7¢E
Ue¥1428571¢
116942857 3€
Ue97142856E
Be¥799999Y%¢
UellU285/4¢c
NelUS71428be
UelUbS7i43E
Uel1142057E
Dell428971E
Oell714286E
Qe l2CuOuUUOE
Up12285714£
Jel2571428E
Ue12857143¢
Del3j42857¢€

NDel342B5H71E

JelI714284E

0e¢l4%0UOULU0E

ol
ul
ol
ul
0l

al

ul
al
0!
ol
0l

02

ul
02
ol
p2
gl
02
0e
02
02
ueé
02

02

42

Q,bZlﬂ?BUbt-OZ
Oe4534262YE=02
0632591711E=D2
Ge2304308Ut=02
0015993702E'dé

Je l0B7u442E =02

0e72116061=03

Je4650uU165c=03

302897,660L=03

0o 17299848E=03
0497767902E=04
Se5123133%~04
Ce23978225L =04
Ge91883916c=05
N+20078580E~05
0.0Cc00u000E~-38

J0.00000U0Q0E=38

J.00000030E=38

J.00000000E=38
2,00000000£=38
7.,00000000&=-38
0,00000000E=-38
S.UOUDUOOOt-JB
U.,00000000E=-38

0.0000L000E=38



v
i1
12
13
14
15
16
17
18
1Y
2V
21
22
23
24

25

RESULTS (CONT'D)

ENCRuY
U.0UQJJUUDE=3d
0022969384§ QU‘
Ued44938/7468g 0OV
0eb674U81%3g QU
Ue89877537¢ QU

Nel 12346726 01

Ueld4qdlelle 01

De(5728509E 01

Oel79755u7e 01
Le2u222446E U1
De22469384¢ 01
Qe24716322c 0l
De206906320LE vl
0e292101Y9% 0l
e 314571386 0Ol
De3370U4U/6E DI
Jedb951U15%E 01
De3B1979o3E Cl
Qe4U444bY1E 01
PDe44691830E 0|
De44938768E D
Ue47185706E Ol
De49432645E U
0eS1679583E 01

0e53926522E 0!

43

Pl 2 , J)
0.,0U0Q00000E=38

0.00000000E£=~-38

0,00000000E=38
7,00U00000E=~38
2.00000300 38
3,00000000c=-38

Ce2l1448762E=04

Ue73724202E=04

Je24770646E~33

Jeb6467008k-02

0.10161817e=02

UeiBUG1I251E=02

JalolUbeB32E=02

Qedbdlc052E~02

J.484313001E~02

De54542652E =02

Je60996356E=02

Geb6b894802£=02
D0.70191272E=02
Ce73176241£=D2
Ce/72950027t=02

Je6907210UE=0Q2

0.64996734E£=D2

QebQUbB436L=02

Oeb4842368r-02



26
27
20
29
3V

3l

32
33
34
3s
36
37
3b
39
4y
4l
42
43
44
45
46
47
4o
49

50

RESULTS (CONT'D)

JeH61/3460Q¢€
Le5B42037%
UebULbLOI 33T
0e62914276E
JebSlelllde

De67408152€

NDebYnuduvltL
1e71902u 0L
Ne74148¥58¢L
Ne763959u6k
Je7Bs420845E
DeBUBEI 7oy
jeB8a}36/72!E
OsB85383660L
UeB/7630577¢E
jeBY87 7L 36€E
Ce92124475E
0e943714}3C
De76618352€
De98865470¢C
0elU141223¢€

0eJU3ISTITE

- Delubee )l

0« 10785304E

UellOURPIBE

44

al
Ul
ul
Jl
ul

ul

Ul
ul
ul
Gl
ul
Ul
ul
ul
ul
ul
ul
ol
ol

ui

ve

g2
ue
Q<

0é

JeH497543272=02
0095327065E;;;
Jed766bLedde~02
0eldld50d90E=02

0.274434;3;46;..

Joe23402233L=02

SelPi9U671EL=02
Uolo60/0631E=02
Celdb76403b =02
Cel0U136326=02
Se7876076E=03
Be611457621.=03
Jo4a4d | 0l4e=03
Se34696687L=03
Go25472454e=03
Qe lb371335€=-03
0o012960320e=023
Co88Y17071E=04
Jo58467582E-04
Dedo¥23584L=04
0e22111453E=04
Qe 12289677¢<=04
J.60805801E=05
J023937497E=05

0o249121363E=-C6



ju
i
12
13
|4
15
16
17
18
19
2U
2l
22
23
24

25

RESULTS (CONT'D)

ENLRGY

0«000ULOUUOE=38

Ueb61040365E=01

Oel22U4u/3¢L
Osl83UGIUYE
Je244UBl46E
Ue3USINILIB2E
Ueld6bi2219¢
Deld2714255E
DedbalbcyE
UDe54918328E
DeblUl0304L
Oeb67122401E
De73224437E
Ue79326473E
De8b428510¢
Use91530547E
UDe97632583E
DelU373462E
O«lU983666E
De11593869E
Qe 12204073¢K

0+12814277¢

Ue13424480E

Ue 14034608 49E

Uel4644887E

ou

ou

uuv

au

ou

uu

uu

uo

gu

Jyu

ou

uu

vo

ou

uu

ol

gl

ul

ul
0l
D{
ol

0!

45

plat 1 4, 1

U.0000000UL~

) Jel0029256E

Qe764285214¢L

0s7783210YE

Debb6U43413E

Je53182644L
De4235}1344E
HDed4dseyobdE
Ue268934b0L
Co20738040¢
UelolB7042¢%

Jel2254189¢E

Je91437061E=
0e67099845L=01

Je48359680E=
0o34166319E~
0423577525€=01
Delb844238L
010305448/t~
Deb64l6u422Em

Ue36UBUILDLE"™

1)

38

Gl

G0

o

)8

(014

uo

co

00

0o

uu

01

ol

0l

01

01

(V)4

ue

Do l7b68295E=02

037201940£~03

0e89130644E=

Qes88906447E=03

o4



26
27
28
29
30

k B

32
33
3y
as
36
a7
3y
39
4y
41
42
43
4y
45
46
47
48
(1)

50

T 029289 775E 01

RESULTS (CONT'D)

0415255091 0l
D 15865295E 0!
0e16475498¢ ¢l
001708SjQ2L i
Uel7695906E ¢l

0e1830610% 01!

Je189}16313¢ 0l
UelY526517t 0!
Ue20U136720E 0l
0¢20746924E 01
Ne2i357127L vl
De21967331E 01
0«22577535¢ yl
Ue23187738: 0l
0e23797942E ul’
De24408146E 0!
0025018349 0!
Ue25628553¢ (01
026238756 01
0;2¢aqavaDE ol
PDe274591464E 0V
0e28D69307E 01

De26679571E 01

De¢29899978E 01
46

0«0000000UE=238

et e e e e s e o ——— — e+

J.000000QUE=38

0.00000000E=-238

J.0p0UD0000E=238

0,00000000€=238

C.0000000UE=238

C.U0U00000L=-38
Cs00U0DO0O00L=238
0.00000000€E=~38
0.0000u000E=38

Ge.lUUTOOCUEL=-38

U.00UQUDQOL=38 7

U.00UQQuO00L~-38

0.00000000E=38

0.00000000€£=38 "

0.,00000000€-238

C.00000000L~38

~ 0, 00000000E=-38

0.00000000E=-238

J«.0000pu0JUE~-238

0.00000000E-38"

J.00000000£-238

C.00000000t=38

~ 77 '0,00U00DOUE=-JI8 -

 0,0U00UO0VE~38



SECTION 11. COMPUTER PROGRAM BASED ON THE
PARTIAL STATISTICAL MODEL



INTRODUCTION.

.

TABLE OF

THEORETICAL DEVELOPMENT .

Reaction Cross Section

Transmission Coefficients.

CONTENTS

COMPUTER PROGRAM DESCRIPTION

Input Data Preparation

Output Data Interpretation .

APPENDIX A, PROGRAM LISTING

APPENDIX B. SAMPLE PROBLEMS .

REFERENCES

ii

Page

21
26
26
28
30
39

42



INTROBUCTION

Consider a nuclear reaction Y(y, y') Y' which proceeds
through the formation of a compound nucleus C (Ref. 1). The compound
nucleus, which is created in an excited state, can, in general, decay by
gamma-ray or particle emission. For the present study, however, it
will be assumed that particle emission is by far the predominant process.
This is generally the case whenever the excitation energy exceeds the
threshold for particle emission by as much as several hundred kilovolts.
After the compound nucleus emits particle y', the residual nucleus
remains in an excited state. At this point, it is assumed that the excita-
tion energy of Y' is insufficient to permit further particle emission so
that Y' eventually reaches its ground state by emitting one or more
gamma rays, Attention will be given in a future study to the number and
energy distribution of these gamma rays. The present study is restricted
to the prediction of cross sections for exciting the various levels of the

residual nucleus Y',

The energetics of the reaction Y (y, y') Y' are depicted in
Figure 1. The kinetic energies of the incident and emerging particle are
€ and €', respectively. For the purposes of this investigation, these
particles are restricted to be neutron, proton, or a-particle. The
ground states of the nuclei involved in the reaction are Gy, Gc, and
Gy, and the quantities & and §' are given in terms of the total nuclear

binding energies B:

o]
fl

B(C) - B(Y) (1)

&' = B(C) - B(Y'). (2)



e (1) ey
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FIGURE 1. ENERGETICS OF A REACTION OF THE TYPE UNDER CONSIDERATION
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The excitation energies of the compound nucleus and the residual nucleus
are E and E', respectively. It is seen that the decay of the level of C
having energy E makes available to the products y' and Y' an energy

E - §'. An apportioning of this energy between kinetic energy of y'

and excitation energy of Y' takes place in a manner which is dependent

on the properties of the level E and the level structure of Y'.

In a previous Teledyne Brown Engineering study (Ref. 2, also
found in Section I of this report), the computer program SPECTER was
developed for predicting the cross sections for exciting the various
levels of Y' for the case in which these levels are continuously distri-
buted. This program was based on the '"complete'" statistical model of
nuclear reactions (Ref. 3). The 'partial'' statistical model (Ref. 4) may
be used for predicting the level excitation cross sections for the case of
discrete levels. It is the ultimate objective of the present study to
develop a computer program which can be applied to hybrid cases in
which the lower lying levels of the residual nuclei are discrete, whereas
the higher levels may be represented by a continuum. This report
presents a computer program which was developed to handle the discrete
levels. In the future, it will be incorporated with SPECTER to achieve

the ultimate objective.

According to the Bohr assumption, the cross section o(y, y') for

the reaction Y(y, y') Y' is given by

oly, v') =acly) Pcly'), (3)

where oc(y) is the cross section for the formation of the compound
nucleus C, and Pc(y') is the probability that C decays by the emission
of particle y'. It is useful to specify the reaction Y(y, y') Y' in greater
detail by considering the cross section a(§, §') corresponding to a
specific entrance channel £, and specific exit channel £'. Here, £

and £' represent sets of quantum numbers which completely specify the



quantum states of reaction partners before and after the reaction,

respectively. The cross section is written as

0'(&: gl) = Uc(g) PC(&‘) ’ (4)

where o (£) is the cross section for the formation of C through channel
£, and Pc(£') is the probability that C decays through channel £'. Appli-
cation of the reciprocity theorem leads to the following expression for

Pc(E'):

2 n
po(er) - <& )
Y ky?och)
Y

. (5)

Here, kg,, is the wave number of the particle emerging through channel
€', and o(£') is the cross section for the formation of the compound
nucleus by the inverse process in which £' is regarded as the entrance
channel. The summation is extended over all channels through which

C can decay. Thus, the cross section ¢(£, £') can be computed if the
cross sections o (§') for the formation of C by all possible channels are

known.

The cross section for compound nucleus formation can be

expressed as a sum over transmission coefficients Ty as follows:

o0
cclE) = ), @1+ R T E), (6)
£=0

where

A = 1/ke . (7)



In practice, the sum is terminated at a point beyond which additional
terms become negligible. The derivation in the section of this report
entitled, ''Reaction Cross Section', supplies Equations 4 and 5 with the
explicit dependence on the relevant quantum numbers which are here

combined in § and £'.



THEORETI CAL DEVELOPMENT

REACTION CROSS SECTION

The derivation of the complete expression for the reaction cross
section presented in this section essentially follows the development of
Blatt and Biedenharn (Ref. 5). It is noted, however, that this cited
paper involves a phase error, as has been pointed out by Huby (Ref. 6),
and that this phase error has been corrected in the present development.

This is pointed out again below, at the appropriate place in the derivation.

Additional relevant discussions of the reaction cross section on
the partial statistical model may also be found in Feshbach (Ref, 7)
and in Goldstein (Ref. 4). An important paper in the early development
of reaction cross sections in the (n, n') case is that of Hauser and Fesh-
bach (Ref. 8), where the method developed in this report is applied for
the first time. The most recent review paper on the subject is that of

Cindro (Ref. 9), giving a brief outline, but without calculational details.
The present development was carried out for three reasons:

® To serve as a check on the theory, especially as concerns
the details of the angular momentum algebra involved

® To facilitate the setting up of the corresponding computer
program, and also the future extension to hybrid cases

® To establish the detailed form of the angular momentum and
parity selection rules ina reliable manner.

In addition, the present derivation disposes of the phase error of Blatt
and Biedenharn in a straightforward manner, involving only a change
of representation, rather than a dynamical argument as offered by
Huby (Ref. 6). This has the advantage of showing the source of the
phase error as residing in the definition of the channel wavefunctions,
so that, if the natural forms of these wavefunctions are used, the

phases resolve correctly in a natural manner.



As already pointed out, the physical process may be designated

by the relation

a+¥Y - Y'+b ’ (8)

stating that particle a collides with nucleus Y, and that particle b
emerges, leaving behind the nucleus Y'. The reaction is considered
to be ""sharp', in that the following are completely specified:

® Entrance channel: (o, s, £)

e Exit channel: (o', s', £'),

where a, o' désignate the channels (a, Y) and (Y', b), respectively;

s, s' are the channel spins, and £, £' are the orbital angular momenta

in the center-of-mass system.

The conservation of angular momentum requires the following

to hold:
s = 3+T,
(9)
sto= 14T
where
; s - channel spin vectors
1T - intrinsic particle spin vectors
T, T - spin vectors of the target and residual nucleus,
respectively.
Also,
s+ 4 =T = s 41 (10)



where 1, 7' are the orbital angular momentum vectors, and T is the total
angular momentum of the compound (intermediate) nucleus formed by

(a+Y).

The problem thus resolves into the calculation of the geometrical

and dynamical dependence of the cross section of the collision:
(@ s, £) = J— (o', s', 2') .

As will be seen, the geometrical development, involving Racah algebra,
automatically leads to the selection rules of the conservation of angular
momentum and parity. The dynamical dependence is then contained in
the matrix elements of the scattering matrix, and the essential point in
invoking the partial statistical model lies in replacing these matrix
elements by combinations of transmission coefficients, in the absence

of detailed knowledge of the strong interaction.

As is well known, In the elastic case, where o' = ¢ and there is

only one open channel, the S-matrix is diagonal, or specifically,
<piSig> = exp (2i 6y) , (11)

where 8y is the phase shift of the £th partial wave. In the present

general case, the matrix element
<ao''s'f! lSJla's£> (12)

gives the probability amplitude for the corresponding inelastic collision,

as discussed above.



The procedure employed now consists of two steps:

® The definition of the S-matrix elements (Equation 12), by
writing the wavefunctions

® The partial wave decomposition of the incident plane wave.

With the restriction to one value of J(M), and the open channels a(ky, vo),
where kg = l/ﬂa, is the wave number of channel o and vy is the incident
particle velocity of channel o -- both depending on the channel energy E, --

one may write

product of wavefunctions §(Y) y(a), for channel and

las> =
total channel spin s(i, I)
M . .
Yyps - spin-angle function of compound nucleus, J(¢, s, M),
i. e.,
Y5, = L L Clesy; M) Y3t (o, ¢) X35 (13)
J,es - X s ’ mﬂ mS f ’ ¢ s
m[ ms

where
C(# s J;mp mg M) - Clebsch-Gordan coefficients
YR L8, ¢) - spherical harmonics

Mg
XS

- spin-s eigenvectors.
In the asymptotic region (r — «), one may thus put for the total
wavefunction, consisting of an incoming and an outgoing part, as the

asymptotic solution of the wave equation, for the entrance channel o,

1 M
1 YJ’]SIQS>

la(¢) s, TM> =
(VQ')Z raf

< it {Ag;;g exp |-i{kg ra - 371

- Bilg/; exp [i(ka Ty - —;-11' ﬂ)]} (14)



It is noted that in contrast to Blatt and Biedenhalfn (Ref. 5); thé phase
factor il is inserted explicitly by analogy with the plane wave expansion
(see below). This automatically ensures that in the final expressions

the correct phases will appear.

The S-matrix elements are now defined through the coupling of
the wave amplitudes by the dynamics of the collision, or the dependence

of the outgoing wave on the incoming wave, in the form

IM IM
Byiggt = ;Z%} <a's' g ISTlas 2> Ay, . (15)
S

It is noted that because of the factor 1/Av in the wavefunction, | the A's
and B's are probability flux amplitudes; the S-matrix is unitary (normali-
zation of the wavefunction conserved in time) and symmetric (reciprocity);
the S-matrix is independent of M, as it must be, since the dynamics of

the collision is independent of the orientation of the coordinate system.

The next step is the decomposition of the plane wave

ms
exp (i kg z9) Xg las>

in the asymptotic region, where its incoming part will be set equal to

the incoming part of Equation 14. The familiar Rayleigh expansion is

1
2

1
exp (ikz) = (4m)? )\ i 24+ 1)7 jy (kr) Yg° (0) , (16)

and, using the asymptotic form of the spherical Bessel functions, it is

found in the present case that

10



[N

. mg
exp (ikgzg) Xg  las > (22 + 1)

" 1
r-—oo k o Z {exp [-1(ka,ra,-2'rr 1)}
¥ 1 1 0 ms
- exp 1ka,ra,-21r£ }YI 8)Xg " las>.
(17)
Performing the inverse decomposition, or decoupling,
L+s J M

YO )Xy = ; Y C(2sJ; Omg M) Yyzg . (18)
J s| M=-J

Substituting in Equation 17 and equating the incoming part of Equation 17

to that of

YY) ety s, TM>
TM i

of Equation 14 yields the explicit forms of the amplitude coefficients:

also, using Equation 15,

Mgk

1 1
wst o (T va)? Cll s J; Omg M) (22 + 1)? (channel o, s),

= 0 (all other channels) ; (19)
M 1 J+S :
Byisigt = 1A, (mvg)? Z Clt s J; Omg M)
2=1J-s|
1 J
X (22 + 1)< o' s'" 'S |lasg > . (20)

11



It is now clear that the exit channel reaction wavefunction, consisting of
the difference of the outcoming spherical waves in the asymptotic region,

will be given by

exp (i kot rot)
]a' s'>
ot

¥, (reaction) = 15\0(

XYY cles T; Omg M)
IMT I

-

1
X (21 +1)? ( QCY 65'5 5[1[ °<Q'S'f"SJ‘QSI >>
M
XYJ-I]s] o , (21)

It is at this point that the natural choice of phases in Equation 14
is seen to bear fruit, since the incorrect phase factor il -1' of Blatt and
Biedenharn has disappeared from the dynamical matrix element in
Equation 21.

The next step is to decompose the exit channel spin-angle function

according to

M ' mg!
Wyt = Y Y €l o3 0 mg M) Yhy (0, ¢) Xgi©, (22)
mg! p.'

leading to

fre

ot s' >

"

vy \2 exp i kot Tt
‘Ila,us:(reaction) ié\a,(“q') @ @

va' To!

s' mg!
X Z <a' s' mg [g(0, ¢)la s mg >Xg

mgi=-s'

(23)

12



where the total reaction amplitudes are given by

[> ] J J+s J+s! ! . .
<o s! mg) 'g(e, (b)IQ’ smg > = Z Z E E Z‘I [17(2£+1)]
J=0 M=-J I:lJ_s' 1':IJ-S'I I'L‘z'l’

1
2

XC(L' s' J; p' mgt M) (6‘1,'& Sg1g 81y

]
-<aot st ! ISJI Q'Sl>) Y;’, (6, ¢) .

(24)

The reaction cross sections may now be obtained from Equation 24

in the following manner. The differential cross sections are given by

: 2
de (' s'mg' | @ s mg) = ’ka I<a's'mg' | g0, ¢) ] smg> P dQ,

(25)

and summing over final states and averaging over initial states,

do(o' s'las) = 251+ 3 Z do(a' s'mg' | @ s mg> .
ms msl

(26)

It will be seen below that, as expected, do(a' s' | @ s) and ola' s' | as)

are independent of the azimuth ¢.

The total reaction cross section is then obtained as follows.

Writing

do(a' s'las) = ¢ (o' s'|as)dQ (27)

13



and inserting the proper statistical factor for averaging over s and

summing over s' yields

: i3t
I+1 I'+i 28 + 1

U(a"a) = . U(al‘ s! |a S) 4o ,
S=l;-i| 5'=|ZI:'-‘1'| (2I + 1)(2i+ 1)

(28)

where the integration is over all angles. As can already be anticipated,

at this point, the factor (2s + 1) will cancel out between Equations 26 and
28.

Substituting from Equations 24 and 25 in Equation 26 yields

2 .
dol(a' s' laf‘S) = ZSi 1 Z Z Z Z IE'
2

Jy &y 4y T 4,

o
X [sala ssls 811 l!l - <Cl' s' l ! 'SJI 'a Sfl >]

X [6010 6S'S 522'12 - < o g! fz' [SJZ | ozs!lz >]

X K(Jy £y £, 7, 4, £,'; 8" s;08)de (29)

where

14



1
K(Jy £y £, 0, £, £,% 8" 55 8) = [(24; +1)(22, +1)(24, ' +1)(24, "' +1)]?

’ gl\a{nymsl\zalh; [Z DA

2 ms' ' B!
XC(y sTys ' mg' M)C(L,'s' J,ip,' mg'M,)
XC(Ly" £, L =g’y 'y M)] C(Ly 73 0mg M)
X C (g, sJ,3 Omg M,) Cl2,' £, L 00-)}

X

M
Y1, (6, ¢)
1
[(4m (2L + 1)]2 ) (30)

Here, the coupling rule of spherical harmonics has been used, i.e.,

'

b ' ' 2
Y7 6, &) Y5 (0, 4) = T [‘211:'{22(?‘1)’“ ”} (1™
1

XCg£'1L; - m, m', M)
X C(L £ L; 0 0) Yll\f e, ¢) , (31)

and in the arguments of K, the independence of ¢ has been anticipated,
which will be seen explicitly below. In Equation 30, the summations have

been arranged in such a way that the Racah identity (Ref. 10)

1
YClabe;aB)Cledc;a+B, 8)Chbdf;6) = [Re+ N2+ 1))
B

XClafc,a B+ 8

X W(abcecd; ef)

(32)

15



can be used twice in succession, The W's are Racah coefficients. The
reduction consists of the following. First, the sum in square brackets
in Equation 30 is evaluated by transforming the Clebsch-Gordan coeffi-
cients and by application of Equation 32. Next, the resulting Clebsch-
Gordan coefficient on the right side of Equation 32 combines with two
others in the braces of Equation 30 to form.another triple product. This
is again transformed and reduced by means of Equation 32, Finally, a
reduction of the various powers of (-1) is made, and also, the sum over
M collapses to the term M = 0, in virtue of the parity coefficients

C(¢ ¢2' L; 00), leaving

[

K(Jy 2, £;': 3, £, £,', 8'8;8) = i—[(u, +1)(zz.z'+1)(zz,,'+1)(212'+1)]

s

X 23, + DRI, + DD % T cley £, L;00)
L

X C(Il'lz' L; 00) W(ll Jl 12 Jz; SL)

X W(g,' Iy £,' T3 s'L) Pp (cos 9),
(33)
and K is indeed a function of 6 only.

Substitution of Equation 33 in Equation 29 then gives

2
dofa s'las) Mo
dg T 25+ 1

00 '
Z B1,(a' s' |a s) Pr,(cos8) , (34)
1L.=0

where

16



BLl@ s'las) = SH— T Y TN T Y zu, 54, 558 1)
Jy J; £y 4, £y 4!

X Z([l' Jl le JZ; S'L)X Re[(aala 6S'S 5f1' 11

At

-<al s 4! ISJl las ¢ >) (5a'a 6g1s 84,1 1,
T2
-<ats' 1, 1S ¥ las 4,>])], (35)

and the natural Z-coefficients are

1
Z, I, 2, 3,5 sL) = [@e; + 122, + DT, + 1)27, + D]?

XC(g; £, L; 00) W(g, Jy £, J,;5 s L). (36)

It is noted that in Equation 35 all dependence on unobservable substates
has properly disappeared; the angular momentum conservations of Equa-
tions 9 and 10 are contained in the triangle conditions governing the
Racah coefficients W(¢, J; £, J,; s L); the parity conservation selection
rules are given by the parity coefficients C({, £, L; 00). These are

given explicitly below.

It is now an easy matter to calculate

2w &za/ T N
g‘ do(a' s'la s) _— Z By (e' s' |as) Pi(cos B) sin 6 dO
. 0

2s + 1 I
4“_&2
IR A 2 1 !
_ZS+1B°(aS lor s) , (37)

since P, (cos 8) = 1, and, from the orthogonality of the Legendre

polynomials,

17



™ 281,
g Py (cos 8) Py (cos 8) sin 8 40 = ~ = 28 .
Y0

2L+ 1 1o -

The single remaining coefficient By(a' s' [a 8) is calculated by setting
1 = 0 in Equation 35 and reducing the Clebsch-Gordan and Racah coeffi-
cients in Equation 36 for L = 0. The result is

1
2

-3
Z(y Ty 2, Tpi8 0) = (17N 8y 85 5 (23, +1)%, (38)

so that
1
By s'las) = 5 N0 @7+ 1) 16aa 615 14 - <o s 1S las >I?
J 22 ) :
(39)

and

. - 4\2 o J+s J+s!

S do(a' s'Jas) = 5t 1 2‘ ; 2T+ 1)

1 !
J=0 £=|J-s| £'={J-8"]

X |61y 6515 891y - <C('S'1’|SJ| asp>|% .,

(40)
Then, substitution into Equation 28 finally gives

23+ 1

2
ola'fa) = A / S‘ -
@ %_‘ . ;?w (21 + 1)(2i + 1)

16,1y Ogts O p1 -<af's'£'|SJlars;¢>|z .
a'a 9s's 94

(41)

18



This expression is exact in the sense that if the detailed dynamics of
the nuclear interaction were known, the dynamical matrix elements

could be calculated to give the precise reaction cross section for

ala, Y)— o'(b, Y'),

In the absence of this knowledge, the implementation of the
partial statistical model consists of considering the excited levels of
the compound nucleus to be sufficiently closely spaced so that the

replacement may be made:

J J
Tdigrs' T
<'6a'a 6S'S 6£l£-<a' S'f' ISJIQS £> IZ> - al S a’fS ,

J
Z Z Z Ta”f”s”

a'l gish

(42)

where the T's are the transmission coefficients of compound nucleus

formation, i.e., they are defined through

2
cca = Tha ) 20+ 1) Ty, (E) (43)
Y4
where o, is the cross section for compound nucleus (C) formation
through channel @. On the partial statistical model, the final expression

of the reaction cross section is then

42 FYY Y 23 + 1  Tygrer Tass
acla'le) = whyg ) ). ), ,
bd b I+ (21 +
J st s'p 2 1) ! ) >—‘, TJH tgtt
o', I'n’ g" 2

(44)

(For additional discussions, see References 4 and 7.)

19



The angular momentum selection rules are contained in Equa-

tions 9 and 10. The parity selection rules are as follows. Note that in |

an obvious manner,

na,u = an HYH

Further, for a(Y — C),

2
('1) = na/ HC ’
for (C— Y')b',
'L
("1) = na' HC ’
and for (C— Y')b",
(-l)f = nau HC

(45)

(46)

(47)

.(48)

Combining Equations 46 and 47, it is clear that it is necessary to have

+ |
-t - ong g,

or

even

1 —_
£+ 4 ‘{odd

20

} according to I, I

+1

l
H

.

(49)



The restriction on £' is obtained by noting that in Equation 44, the
'competition ratios',
Té{,l S'f'

J ’
TQI!IHSH

a,l!, ﬂll’ SII

are calculated for all possible exit channels in reactions induced by the

given entrance channel a. Therefore, analogous to the above,

4+
(-1) = Mg M
or using Equation 48,
. eve . +1
2+ = {odd“} according to My M,'" = {_1} . (50)

TRANSMISSION COEFFICIENTS

The calculation of the transmission coefficients Ty required in
the evaluation of Equation 44 employs the continuum theory of Weisskopf
(Ref. 3). As noted in the Introduction, the cross section for compound
nucleus formation through channel € is expressed as a sum of partial

cross sections oy (E) or
o0
2=0

where ¢ is the orbital angular momentum quantum number associated
with the fth partial wave of the incident particle wave function. Each

partial cross section can be written

ccpl€) = 22+ 1) mhA? TyE) (52)

21



where T,(£) is a transmission coefficient and A is the channel wavelength
and is also the reciprocal of the channel wave number k. This wave num-

ber is given by

2p €

e
i
=t t
[N

, (53)

where p is the mass and € is the energy of the incident particle. The

continuum theory yields the following expression for the transmission

coefficient:
4x X vy
Tl(g) X% 4+ (2x X + x? vy') vy ! (54)
where
x = kR (55)
X = KR , (56)
and K is the wave number inside the nucleus and
. (57)
ve(X) GIZ (X) + Flz (X)
. dGy\? dFp\*
oo - |(220 + (5] (58)
’ x=X
1
m™x\°
Fit0 = () Ty
1
. 'z
Gyt = (-1 (BE) T ey (59)

22



The incident channel radius is R which, in the case of neutron bombard-
ment, is simply the radius of the target nucleus, This radius is assumed

to be given by
(60)

where A is the mass number and r, lies approximately between 1 and 2

fermi. The wave number K within the nucleus can be approximated by

1
2

K = (Kp2 + k?) (61)

where

K = (§) 1 : (62)

The Bessel function of the half-integral order Jd:(1+%) is defined in
Reference 11 and can be evaluated from a closed expression given in

Reference 12 as

[S1E]

2
J:l:([’{"%) (X) = (;;) [PI S] (1; X) :*-'-Q:F Sz (l» X) ’ (63)

where

=1/2 i -
) (-1)' (2 + 2i)
S = ) GG el (64)
=(1-1)/2 i .
stx - (-1)" (¢ +2i+ 1) — (65)
20 @i+ 1N (0 -2i-1)0 (2%)
P = sin (x - £ w/2) (66)

23



P, = cos (x+ £ m/2) (67
Q_ = cos (x - £ 7/2) (68)
and

Q, = sin (x+ £m/2) . (69)

The quantities vy and v,' can be written explicitly in terms of the

sums S; and S, as

vp(X) = 5%, X)+ 8,2 (2, X) (70)
and
ds 2 ds 2
vpt(X) = [(-—l-s) +(—l+s)] . (71)
dx 2 dx 1 Jx=x

The calculation of a reaction cross section by Equation 44 requires
a transmission coefficient not only for the original reaction but for each
possible inverse reaction as well. Thus, Ty must be determined, in
the general case, for reactions between various projectile-target pairs
at various bombarding energies. The preceding formulation applies to
reactions for which the bombarding particle is uncharged. The assumption
is now made that the transmission coefficient for the process in which a

charged particle y is incident upon a nucleus can be approximated by

V(R¢)
Tyly, €) = {Tz (r, €) [1 T“‘] €% ViRe) } (72)
0 € < V(R.)
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where

€ - bombarding energy

Ty(n, €) - corresponding transmission coefficient
reaction in which the projectile is uncharged

V{(R¢) - Coulomb potential evaluated at the channel radius.

This latter quantity is given by

Zy Z~ e
V(Re) = Ly cy® (73)

where Zy and Zyare the charge numbers of the projectile and target,
respectively, and e is the electronic charge. In the case of proton
bombardment, the channel radius R¢ is simply the target radius R.

For a-particle bombardment, it is assumed that
R‘C - R + RQ/ ’ (74)

where Ry is roughly 1.2 fermi.
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COMPUTER PROGRAM DESCRIPTION

INPUT DATA PREPARATION

The main program evaluates Equation 44, using the following

input information:

LSM

RZ

JTN
ITZ

BET

BE(1)

BE(2)

BE(3)

NLEV(M)
(for M = 1,
2, 3)

KI

the orbital quantum number of the last
partial wave used in the expansion of incoming
and outgoing wavefunctions

the value of the parameter r, of Equation 60
in fermi units

the neutron number of the target nucleus

" the proton number of the target nucleus

the binding energy of the target nucleus in
MeV units

the binding energy, in MeV units, of the
residual nucleus (1) which remains after the
emission of a neutron from the compound
nucleus

the binding energy, in MeV units, of the
residual nucleus (2) which remains after the
emission of a proton from the compound
nucleus

the binding energy, in MeV units, of the
residual nucleus (3) which remains after the
emission of an a-particle from the compound
nucleus

the number of levels which can be excited in
residual nucleus (M) by the reaction

the type of incident particle; KI = 1, 2, 3,
implies neutron, proton, a-particle, respectively
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v - the energy level of the target nucleus prior
to the reaction; LV = 1 corresponds to the
ground state, LV = 2 to the first excited state,

etc.

EIN - the bombarding energy, in MeV units

BI - the spin of level LV of the target

ITPAR - the parity of level LV of the target

E - the energy of a residual nucleus level, in
MeV units

SPI - the spin of a residual nucleus level

IPA - the parity of a residual nucleus level

The first input card contains values of LSM, RZ, JTN, JTZ,
and BET. The format is I5, F5.2, 215, F10,4.

The second input card contains values of BE(M) for M = 1, 2,
and 3 and NLEV(M) for M =1, 2, and 3. The format is 3F10. 4, 3I5.
The value of NLEV(M) is determined by the quantity EMA(M) = EIN -
BET + BE(M). The level structure of residual nucleus M must now be
examined in order to determine the number of levels (including the
ground level) whose energies are less than or equal to EMA(M). This

number is NLEV(M).

The third input card contains values of KI, LV, EIN, BI, ITPAR,
The format is 215, 2F5.2, 15, An even parity ITPAR is designated by a

+1, whereas an odd parity is designated by a-1.

Next, there are, in general, three sets of cards, each contain-
ing values for E, SPI, and IPA. However, in a specific case, there
may be only one or two sets if it is not energetically poésible to excite
by the reaction any of the levels of any of the residual nuclei (1), (2),
or (3). In such an instance, one or more of the EMA(M) would not be
positive, and the corresponding NLEV (M) would be zero. In general,

the number of cards in the Mth set is, of course, NLEV(M).

27



This completes a description of the input required to solve a
given problem. Having solved this problem, the computer will attempt,
at this point, to read another LSM, RZ, etc., card. If LSM is positive,
the remaining cards which define another problem will be expected. If

LSM is negative or zero, the run will be terminated.

OUTPUT DATA INTERPRETATION

First, the values of the input quantities LSM, RZ, JTN, JTZ,
BET, BE(M), NLEV(M), KI, LV, EIN, BI, and ITPAR are printed out
in a format which is self-explanatory. Next appear one to three sets of
input data, depending on the number of energetically ''open'' reaction
channels. The first set consists of the energy, spin, and parity of the
ground state and each state of residual nucleus 1 which may be excited
by the reaction. The second and third sets contain the same information
for residual nuclei 2 and 3, respectively. Residual nuclei 1, 2, and 3
are the nuclei which remain after the emission by the compound nucelus

of a neutron, proton, or a-particle, respectively.

There now follow one to three sets of output information, each
set being headed by a value of KIP which designates the residual nucleus
according to the scheme described above. Every other line of each set
gives values for LVP, ELVP, EOUT, BIT, and IRPAR, LVP numbers
the levels of the residual nucleus, with LVP = 1,corresponding to the
ground state and LVP = 2 corresponding to the first excited state, etc.
The variables ELVP, BIP, and IRPAR are the energy (in MeV), spin,
and parity of the state, respectively, and EOUT is the corresponding
energy (in MeV) of the particle emitted by the compound nucleus. Each
of these lines, which define a residual nucleus level, is followed.by a
value of the calculated cross section (labeled SIGMA) for exciting this

level.
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In the evaluation of Equation 44, the three subroutines ADDEM,
PEN, TRANS are employed. ADDEM evaluates the sum S(J) in the

denominator, where

J
S(J) = Z TQ"S”[” .
CY”, s', "

TRANS calculates the transmission coefficients for uncharged particles.

The model adopted here does not take spin-orbit interactions into con-
sideration. Therefore, the dependence of the transmission coefficient
on s'" and J is neglected. Transmission coefficients for charged particles

are calculated by the subroutine PEN by modifying the results of the

TRANS subroutine to take into account the Coulomb barrier of Equation 72.
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APPENDIX A. PROGRAM LISTING
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MAIN PROGRAM

DIVENSION FLOG(T71)
DIMENSTION NUEVIZ) 9EMAL3) oENI3920)90SPIINI3420) 9PSPINIT )
1 T(392C920 19 iPARI3920)
DIVENSION BE(3) oJdIN(3)9Jd1213) sCHAY(3)
COMMON FLIGIP L oHEARIRZCIELECHRMNCYRVMPCyRMACIRALC
1 aNLEVEASENISPINGPSPIIiaTeIPAR
FLCG(1)=D,
DO 5 [T=2,71
FIT=FLOAT(]T=1)
5 FLSGUIT)=ALOG(FITI+FLOG(IT=1)
RM52839,5(05
RMF=G3R4211
PVA=3T7274149
RAL=1.2
Pl1=341415926536
HRAR=1405443F=27
ELEC=4¢80286E=10
RALc=t'\fA\L*l.QE-13
RMNC=RMN/5661000E+26
RMPC=RMP/54610C0E+25
RVYAC=RMA/5461000E+26
CHAM{1 ) =RMN
CHAMI{ 2 ) =RMP
CHAM {3 ) =RMA
PSPIN(1)Y=04e5
PSPIN(2)=z0e5
PSPIN(3)=040
A0R READ(2+600) LSMIRZsJTNIJTZHBET
G000 FORMAT{I59F54292150F10e%)
TFLLEM) 71297124713
712 CALL EXIT
713 WRITE(39911) LSMIRZWJTNIJTZHBET
911 FCRMATI(S5HILSM=]13495M R2=F54296H JTN=1396H JTZ2=13
1 6H BET=F10e&)
RZ2C=RL* )14 CE~13
READ(29603) (BE(M)sM=193)s (NLEVIM)sM=2143)
503 FORMATI{3F10e493151]
WRITE(39912) {(BE({M]aM=193) o !NLEV(M)M=1y3)
012 FORMATI(15H (BRE(M)M=2193)=3(F10e493X)s
1 Z17H O (NLEVIM) oM=1931=3(]593X))
READ(23703)LToLVeEIMNeBI o ITPAR
703 FORMAT(215s2F542015)
WRITE{34515)CToLVIEINSB]ISITPAR
915 FORMAT(4H Kl=1295H LV=1396H EIN=F5e2
1 5 RB1=F542¢8H [ITPAR=12)
DO 701 M=1,3
EMA(V)=EIN=BET+RBE (M)
[F{EMA(M)=0e1)701+952¢952
952 WRITE(3,913 1M
913 FORMAT(/7Xe7H ENERGY912Xs5H SPIN9e11Xe7H PARITY
1 5X920H OF RESIDUAL NUCLEUSI3)
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MAIN PROGRAM - Continued

NL=NLEV (M)
DO 704 N=1eNL
READ(2+702)EsSP19IPA
702 FORMAT(2F10e4915)
WRITE(39914) EsSPIeIPA
914 FORMAT(4X9F10e498XeF10e4913Xs12)
EN{MoN)=E
SPIN(MeN)=SPI
704 IPAR(MeNY=]PA
701 CONTINUE
GO TO (80098019802 sK1
800 JCNN=JTN+1
JCNZBJUTZ
GO TO 803
801 JCNN=JTN
JCNZ=JT2Z+1
GO TO 803
802 JCNN=JTN+2
JCNZ=sJTZ2+2
803 JIN(1)=JCNN=]
JIN(2)=sJCNN
JIN(3)=2JCNN=2
JIZ(1)=JCNZ
JI1Z2(2)=JCNZ=]1
JIZ(3)=JCNZ=2
DO 150 M=193
[FIEMA{M)=06e1)15099519951
951 JN=JIN(M)
JZ=J12(M)
NL=NLEV (M)
DO 151 LEV=1sNL
CHE=EMA(M)=EN(M4LEV)
IF{ABS(CHE)=100E=5)15099079907
907 IF(CHE)15001509152
152 LSMA=LSM+1
DO 151 LS=1sLSMA
LLS5=LS=~1
CALL PEN(JIN9JZ I MsCHEsLLS»TAL)
151 T(MsLEVILS)=TAL

150 CONTINUE"®
SI=PSPIN(KI)
FACI=(2e#SI+1e)®(2#B1+1s)
CHMC=CHAM(KI) /5461000E+26
EINC=EIN#1460206E=6 _
SSK=(SQRT (2¢ #*CHMCHE INC) } /HBAR
BLAM=14/SSK
FAC=(PI#BLAM*BLAM) /FACI
FAC=FAC/140E=24
DO 953 M=1,3
IF(EMA(M)I=0a41)953995414954

954 WRITE(39958)IM

958 FORMAT(/30Xs5H KIP=12)
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MAIN PROGRAM - Continued

KlP=M
SIP=PSPIN(M)
NLP=NLEV (M)
DO 955 LvP=1sNLP
EQUT=EMA{(M)=EN(MyLVP)
[FIABS(EQOUT)=140E=5)155399564956
956 IF(EOUT 95399534957
G587 ELVP=EN(MyLVP)
BIP=SPIN(MsLVP)
IRPAR=IPAR (Mo LVP)
WRITE(34959)LVPWELVPIEQUTHIBIP s IRPAR
959 FORMAT(5H LVvP=I39TH ELVP=F542s7HM EOUT=F5e2
1 64 DIP=F542¢98H [RPAR=12)
SUM=0,
SJMI=ABS(RBI=51)
SJPMI=ABS(BIP=SIP)
SJMA=RT4+51
SJPMA=81pP+SIP
JPAR=ITPAR®IRPAR+2
LS=0
428 LSP=0
406 LSUM=LS+LSP
LSUMZ2=(FLOAT(LSUM) /24 )+0600001
GO TO (1000e712+1001)9JPAR
1000 [F(2#LS5UM2=LSUM) 1002440591002
1001 IF(2#LSUM2=LSUMI4054+10024405
180C2 SJ=5JmMl
404 BJUIMI=ABS(SU=FLOAT(LS))
BJIMA=SJU+FLOATI(LS)
SJP=SUPMI
402 BJU2MI=ABS({SJP=FLOAT(LSP))
BJ2MA=SJP+FLOATI(LSP)
RJ=BJ1M]
4C0 IF(ABS(RU=BJU2MI ) =14.0E=5)5001960014+6001
6001 IF(BRJ=BJU2MI)IS002+500195001
5001 IF(ABS(BU=~BU2MA)=140E=5)5003246002+6002
6002 IF(BJ=BJ2MA)YS003+500345002
5003 FACJU=24%8J+1
CALL ADDEM{TUIITPARILSsLSMySUMPP)
JLS=LS+1
JLSP=LSP+1]
TERM=FACU#TIKI oLV oJLSI#T(KIPsLVPIJLSP)
SUM=SUM+{ TERM/SUMPP)
5002 BJ=BJ+1l.
IF(ABS(BJ=BJIMA)=140E=5)40019041904
S04 IF(BJU=BJIIMAI4G0044000401
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PAGE
401

905
403

506
405

407

409
355
g0cC
953

MAIN PROGRAM - Concluded

7

SJP=eSJUP+1l,
IF(ABS(SJP=SJPMA)=140E=5)40299059905
IF(SJP=SJUPMA) 40244026403

SJ=8J+1e
IF(ABS({SJ=SIMA)=]140E=5)40499060906
IF(SJ=SJIMA)&G049404 4405

LSP=LSP+1

IF(LSP=LSM)40604069407

L5=LS+1

IF(LS=LSM)40894089409
SIGMA=FAC*SUM

WRITE(3+900)SIGMA

FORMAT(7TH SIGMA=E15,8)

CONTINUE

GO TO 908

END
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850

300
3Cc1
302

308
306

1020
1201
1002

s0¢
304
906
305
3013

307
907

201
200

712

SUBROUTINE ADDEM

SURBRQUTINE ADDEM{UTJUsITPARILSILSMySUMPP)

DIMENSION FLOGITL)

DIMENSION RLEVI3)oEMAL3 ) oEN(3920)9SPINI3920) sPSPIN(3)
1 T(392C92Q0)sIPAR(3422)

COMMON FLCGIP] sHBARWRZCIELEC +RMNCIRMPCyRMAC 9RALC
1 sNLEVIEMASENISPINSPSPINI T IPAR

SUVPP=0,

DD 200 MPP=14s3

IF{EMA(MPP)=041)20099509950

NePFRaNLEVIMPP)

20 201 LVPP=]1eNLPP

CHEPP=EMA(MPE )= D N{MPE LYPP)

IFLABS({CHERP )m] 4 CE=5)2009508+908

IFICHERPP 120002009202
SYI=ABS(SPIN(NMPEILVPPI=PSPIN(NER))
TSVM]=2e#S51+0e400001
IS¥I=TSM]
JOMI=TSMI/ 2,
IDS=]8MIm (2% JSM] )
TTJ=2e*TJ+2400CO1
ITd=TTJ

JTI=TT U/ 2
IDJ=lTU=(2%0TY)
IF(IDS)I3003C1e30C
IFLIDUI302920129302
[IF(IDUI20193024201
SYMA=SPIN(MPP g LVPP)+PSPIN(NPP)
SJPP=5M]

JPAR=I TPAR®[PAR(NMPP o LVEP | +2

LSPP=0

LSUM={ S+L5PP
LSUM2=(FLOAT(LSUM)/24)+0400C01

G2 TO (1000971210011 s JPAR
IF(2#LSUM2=LSUMY 1002930341002
IF(2#LSUMZ2=LLSUM)I303,1C029¢303
SYMINSARS({SJUPP=FLCAT(LEPP))
SYMAX=SUPP+FLOAT(LSPR)
IF{ARS{TJ=SYIN)=]1e0E=5)30495059305
IF{TJU=51M)30343C&9304
IF{ARS{TU=SHAX)=]1eDE=5)30549069906
IF(TJ=SMAX)30593054303
SUMPPsSUMPR+T (MPP s L VPP 3L SPP+]1)
LSPP=LSPP+]
IF(LSPP=LSM)305+30693C7
SJPP=SJPP+1.
IF(ABS(SJPP=SMA) =] 40E=5)308yCC74907
IF(SJFPP=SMA)305893084201

CONTINUE

CONTINUE

RETURN

caLl EXIT

E'\D

35



80
81
82

a3
B4
a5

10

11

SUBROUTINE TRANS

SUBRQUTINE TRANS(TLILeXSeXL)
DIMENSION FLOG(71) :
COMMON FLOG

IMAX=(/2

IMAX=IMAX+]

SUM1=0s

CSUML1=0.

DO 1 J=1leIMAX

I=J=1

Fl=1

[l=L+{2%])

12=2#]

[3==(2%])

IF{(I1=70) B0 980990
IF(I2=70) 81481990
[F(13=70) B2s82490

AX=FLOG(I1+1)=FLOG(]241)=FLOG(13+1)
AX=AX= (24 *¥FI#*ALOG(ABS(24#XS) ) )

AX=FEXP(AX)
FONE={2¢#F 1) /XS
AXX=AX#FONE

Kl=1/2
IF({2#K][)=1)899s8
SUMI=SUMI=AaX
DSUM1=DSUMLI+AXX

GO TO 1
SUM1=SUMI+AX

DSUM1 =DSUM1=AXX
CONTINUE

SUM2=0,

DSUM2=0.,
IF{L)696e7
IMAX=(L=1)/2
IMAX=]IMAX+1

DO 2 J=1sIMAX
[=d=1

Fl=1

[l=L+{2%#])+]
[2={2%1)+1
[3=L=(2%])=]
IF(I1=70) 83983490
[FII2=70) 84¢84490
IF(12=70) 85485490

AX=FLOG(I1+1)=FLCG(I2+1)=FLOG(I3+1)
AX=AX=(((2e#F )41 ) #ALOG(ABS{24%XS)))

AX=EXP(AX)

FTWO=((24%F1)+14)7/XS

AXX=AX#FTWO

Kl=]/2
[F{(2#K1)=]1)10011010
SUM2=SUUM2=AX
DSUM2=DSUM2+AXX

GC 70 2

SUM2=5UM2+AX
DSUM2=DSUM2=AXX
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~J

G0
51

SUBROUTINE TRANS - Concluded

CONLTINUE

VL= (SUMI*#SUMT )+ (SUM2#SUM2)

VL=1e/VL
VLP=(DSUML1=SUM2 ) # (DSUML=5UM?)
VLP=VLP+ { {DSUM2+SUM1 ) #(DSUM2+5UML))
TL=d et XS#XL VL
DEN=OXL#AL)I+ ({20 ¥XS#XL)+{ XSHXSHYLP ) ) #VL)
TL=TL/DEN

GO TC 50

WRITE(3491)

FORMAT (254 FACTORIAL TARLE KXCEEDED)
CAaLL =xIT

RETURN

END

37



SUBROUTINE PEN

SUBROUTINE PEN(JUNIJZoMeCHESLSHTAL)
DIMENSION FLOGI(T71)
COMMON FLOGHIPI sHBARIRZCHELECIRMNCeRMPCeRMACIRALC
TN=JUN ' '
TZ=JZ
TA=TN+T2
TR=RZ2C*({TA#*{1e/3e))
CHEC=CHE*®*14¢60206E=6
GO TO (19293) M

1 CHAR=TR
CHMC=RMNC
CB=1e
GO TO 4

2 CHAR=TR
CHMC=RMPC
CA=(TZ#ELEC*ELEC) /CHAR

5 CB=1e={(CA/CHEC)
IF(ABS(CB)=1e0E=51319100+100

100 IF(CB)31e3104

31 TAL=0.
RETURN

3 CHAR=TR+RALC
CHMC=RMAC
CA=(2¢4#T2HELEC*ELEC) /CHAR
GO TO 5

4 BK2Z=(((9e%*P1)/8e ) %% (14/34))1/RZC
SK={SQRT (2 #CHMCH#CHEC) } /HBAR
XS5=SK#CHAR
BK=SQRT((BKZ#BKZ)+(SK#*SK})
XL=BK#CHAR
CALL TRANS (TLsLSeXSeXL)
TAL=CB®#TL
RETURN
END
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APPENDIX B. SAMPLE PROBLEMS

Given below are input and output data for cross section calcula- |
tions for the ground state and the first four levels excited by the

inelastic scattering of 3 MeV neutrons from Fe%®.

INPUT DATA

7 1630 30 26 492431

492431 489,432 464415 - 0 0
1 1 3.0 040 +1
00 040 +1
0e8469 240 +1
24085 440 +1
26658 20 +1
20957 240 +1

OUTPUT DATA

LSM= 7 RZ= 1430 JTN= 30 JTZ2= 26 BET= 49243100

(BE(M)eM=1e3)= 49243100 48943200 46441500
(NLEVIM)geM=193)= 5 0 0
KI= 1 Lvs 1 EIN= 3400 BlI=z 0400 [ITPAR= 1
ENERGY SPIN PARITY OF RESIDUAL NUCLEUS
00000 060000 1
OeB4UED 240000 1
2040850 440000 1
246580 20000 1
209570 20000 1
KiP= 1

LvP= 1 ELVP= 0400 EOUT= 3.00 BIP= 0400 IRPAR= }
SIGMA= 0e53890240E 00

LvP= 2 ELVP= Qe84 EOUT= 2415 BIP= 2400 IRPAR= 1
SIGMA= 0610B819439E 01

LvP= 3 ELVP= 2408 EQUT= 0491 BIP= 4400 [IRPAR= 1
SIGMA= 0e¢11998973E 00

LVP= &4 ELVP= 2465 EOUT= Q.34 BIP= 2400 IRPAR= 1
SIGMA= 0625748694E 00

LvP=s 5 ELVP= 2495 EOUT= 0404 BIP= 2.00 [IRPAR= ]
SI1GMA= 0e66001668E=01
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Figure B-1 compares the theoretically calculated cross sections
with experimental values (Ref. 13) for the case of inelastic neutron
scattering from Y®, For this calculation, r, was given the value 1. 10

fermi and the following spin and parity assignments (Ref. 14) were

made:
Level Energy Spin Parity
1 0 1/2 -
2 0.92 - 9/2 +
3 1.53 3/2 -
4 1.75 5/2 _ -
5 2,22 : 5/2 +
6 2.53 7/2 +
7 2. 61 o2 ¥
8 2.86 3/2 -

The agreement between experiment and theory is seen to be only
fair in most cases, and a considerable disagreement is apparent for the
2.22 MeV level. Assuming that the experimental measurements and the
spin-parity assignments are correct, the disagreement is likely to be
due to inadequacies in the totally-absorbing-nucleus model used here
and in the neglect of spin orbit interactions. The introduction of a more
realistic nuclear potential containing both real and imaginary components
and the spin-orbit term would probably bring the theoretical results into

closer agreement with experiment.
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FIGURE B-1. COMPARISON OF THEORY WITH EXPERIMENT FOR INELASTIC
SCATTERING FROM Y83
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PRELIMINARY CONSIDERATIONS

Nuclear reactions which proceed through the compound nucleus
mechanism have already been cbnsideréd in this report. The section
entitled '""Computer Program Based on the Full Statistical Model of
Nuclear Reactions' dealt with the situation in which the level structure
of the residual nucleus consists of a continuum of levels. The section
entitled “Comput_er Program Based on the Partial _Statistical Model of
Nuclear Reactions', on the other hand, considered the case in which
the level structure of the residual nucleus.consisfs of discrete levels
of definite energy, spin, and parity. It is now appropriate to examine
the case in which the residual nucleus level structure consists of a
discrete portion €g¢, €;, . . ., €N and a continuum portion beyond some
value €., > €y (see Figure 1). This is referred to hereafter as the

"hybrid'" case.

The reaction is assumed to proceed as follows:
a+X->C-=>b+ Y » . (1)

where C is the compound nucleus. The following definitions are now

made.
a - entrance channel index
s = entrance channel spin index,

The spin s is given by

Wy
-
—

, | (2)



where

T - spin of incoming projectile a
T

- spin of target nucleus X,

and s takes on values in integral steps from li-I| through (i+I). The
. £ is the entrance channel orbital angular momentum. For the exit

channel one has

@' - exit channel index

s' - exit channel spin index.
The spin s is given by

s = i+ T (3)

where
i' - spin of outgoing particle
T - spin of residual nucleus Y,

and s' takes on values in integral steps from |[i'«I'] through (i'+I').
4' is the exit channel orbital angular momentum. Thus, one designates

an entrance channel by (@, s, £) and an exit channel by (o', s8', 1').

If the total angular momentum of the compound nucleus is K s

then one has from conservation of angular mamentum that
s+ 1=7 (4)
The quantum number J takes on values in integral steps from |s-{]
through (s+£) or from |s'-2'| through (s'+{'). The orbital angular
momentum £, of course, takes on values from |J-s| through (J+s),

and similarly ' takes on values from }J-s'| through (J+s').

Now it has been shown in the section entitled '""Computer

Program Based on the Partial Statistical Model", based



only on compound nucleus formatmn (Bohr assumption) and reciprocity

{(and conservation of normal1zat1on under time reversal), that

(o' s' ) " 'Xaz io 2
g (@ s, as = ———
. (Zs +4_1 J=0 1 -1

J
2
l_(_Z'J +1) 6(2'0 68'8 6‘£|£, - Sals.lll’asl

(5)

and .

. (25 + 1) o |
0'(01:{1’)-;; (21+1)(2i+1)0"(as,as). (6)

Substituting from Equation 5 in Equation 6 one obtains

' ) (2T + 1)
c(a,a)—v{az%:gz Z (21 + 1) (2i + 1)

g s'

T 2
'50‘065'8 dgrg - Sa?s‘l‘, as { . (7)

It is important to note that all statistical faé:tofs.have been calculated
and now reside in the sums over the statistical weight factor. The
conservation of angular momentum is secured by the respective ranges
of summation and will be independent of any specific as sumptioné made
below concerning the squared dynamical matrix elements. Further-

more, conservation of parity requires that



(= 1) = Mg Mgt = Mg Ox My My, (8)
or
10+ 2 = [zzgn] according as Ilg Mgt = [t] : @)

Now in the light of the above, the partial statistical model con-
sists of relacing the squared matrix element by its expectation value
(because a very large number of states of the compound nucleus are
assumed and only resonance contributions are considered), and then
making the replacement '

J J

T
J X\ afs a's'f’
<,6af'016s's Sg1p - sa's'l', asl' > - J (10)
Z a"s||11|

a!'sH lll

This gives
(2J7+1)
1 = Hﬂ(z
o(a', @) a ; ; ; s o (RI+1)(2i+1)
J J
T T
« _  als a';'s' ) (11)
Z TQI'IHSH
Q” sII Ill

It should be noted that, because of the above, no further statistical
factors enter in Equation 10, and therefore in Equation 11. Also,
the factors

(12)



can be regarded as branching ratios, or relative probabilities of decay
of the compound nucleus via channel @'." Thus; the channels @' are
all those that compete with channel o'. Consequently, one has the

additional parity selection rule

IEYE
(=177 = Mg Mg s | (13)

or

L+ 12" = ‘[i\;edn] according as Iy Mg = [+] (14)



PASSAGE FROM THE DISCRETE LEVEL CASE TO
THE CONTINUUM CASE

It is now desired to pass to the complete statistical model, as
concerns the continuum shown in Figure 1, and then to include the discrete

level portion in an approximate fashion. Two cases will be considered

e Exit channel residual nucleus energy €'(a') in the
continuum

® Exit channel residual nucleus energy €'(a') in the
discrete portion, i.e., €' = €; .

The following designations are made.

E = E, - energy of partical a, i.e., energy of
entrance channel o

E'= Eg - energies of particles b in exit channel o'
Q - reaction energy.

Thus, the excitation energy of the residual nucleus is given by
€ = E«E-Q, (15)

and €' ranges from O (when E'= E - Q) to E-Q (when E' = 0). The
case E'= E - Q clearly corresponds to the ground state of the residual

nucleus, i.e., €' = €4 = 0,

The expression to be used in passing from the discrete level

case (Equation 11) to the continuum case is given by Goldstein (Ref. 1).
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FIGURE 1. NUCLEAR REACTION LEAVING THE RESIDUAL NUCLEUS WITH AN EXCITATION ENERGY
IN EITHER THE CONTINUUM REGION OR THE DISCRETE REGION



(23 + 1)
(21 +1) (2i + 1)

cqiq (E, EY) dE' = nX¢ ), Y
s

=~

(3N

E-Q
0

(16)

Here wy (I';€') is the level density of the residual nucleus as a func-
tion of both level energy €' and residual nucleus spin I'. The summa-
tion over o' in the denominator is to be extended over all possible exit
~channels, including the cases where particles of different species are
emitted in the reaction. The next assumption is the well known factori-

zation of w into a statistical factor and an energy factor.

wgr (I's €) = (2I' + 1) wpq (€") (17)



DERIVATION OF THE REACTION CROSS SECTION FOR
FOR THE HYBRID CASE

It is now assumed that Equation 17 applies also when the discrete
states are included. One can then introduce delta functions in wya! (€'),

so that
N
woo' (€') = Z 6 (€' - €5) + wyo (€'Z€p) . (18)
j=1

Thus, one obtains

. N
we (I's €') = (@I'+1) )

> (€' - €5) + 2I' + 1) wo (€' Z €py)s
(19)
with a corresponding expression for wgy!' (I'', €'"). Introducing Equation

17 into Equation 16 one obtains after rearrangement

. .,
T Xy

o J
%o'e By B = GrrTyGIF D) ;; ;(2J+ 1) T,y (E)
3
Torgr g (E') [Z (2I' + 1)] wpo (€') dE!
Il
XL 12 E-Q '
s 1
f Z Z Z Torgrygr (E) I:Z (21" + 1):] woo (€") de'
0 QJ| slllll IH
(20)

In carrying out the sums over I' and I' it is to be noted that I' takes on
values from |s' - i'] through (s' +1i') and I' takes on values from

s - "] through (s'" +1i'). It follows then that



u

Yo@RI'E1) = (28" +71)(21' + 1)

Il
(21)
}1 (2I" + 1) = (2s" +1) (2i" +1) ,
.f‘/'
whence Equation 20 becomes
X2 ) ;o
a
Targ (Er E') dE! = s ; z ; (27 + 1) Ty (E)
8
. (28" + 1) (2i' + 1) Talslll (E*) Wog! (e') de’
X - B "
Py -Q : J
Y o(2i" +1) fE 2 ) @st+) T g (E") @)y (€") de”
all o SHII! 8
(22)

Finally, the cross section for the hybrid case can be written.

For the case in which the residual nucleus is in the continuum the
result is

(1)

o 2 ' (2T + 1) 3
Gig (B, ENAE' = 7 Xg JZZ; mrneirn Test (B
S

(21" + 1) Z Z (2s' + 1) TO"S'I' {E') moa| (€ 2 Em) dE!
% s' 4! .

N

2 Targuge (BjH)
=0

Yoeit+1) Y ) 2s"+1)

aH SH Ill

-Q
+ J.E Tﬂ'“s”l” (E”) w‘m.. (G” : Em) dE”
0 . .

(23)
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where

EJ '—' (E-Q)'EJ’:

o (24)
€ = (E-Q)-E'Z¢

It is also noted that in the sum over j is the denominator only those

discrete levels will contribute for which_(E -Q) = €

case of going into the continuum all discrete levels will of course con-

In the present

. tribute, so that the sum is complete, from j = 0 to j= N as shown.
For the case in which the residual nucleus is in the discrete portion

the result is

) N t v ee  (2I+1) 3
ol (E E) = vXa JZ s'; By GIeT) Test (E)
. n
@i'+1) ) ) @2s'+1) 'rf,.s.,. (E})
e - s' £ . :
N "
.o E Ta"s"l" (Ek)
k=0
Yoeit+1) ) Y (28" +1)
at sn I” _Q J
. + J.E Ta"s"l” (E") wod.. (e" 2 Gm) de"
€1'1'\
(25)
where
Voo - - PN
Ey | E-Q- ¢
. (26)
Ekll - E - Q - €k

An expression . for the reaction cross section for the hybrid case
can be found in Reference 2. There the approximation is made that

J
‘the transmission coefficients T,;, do not depend on s. This, of

11



course, is a perfectly valid approximation, although cross sections
calculated under this restriction would not be expected to be as accurate
as those calculated under more general conditions in which spin-orbit
interactions may be present. The present authors wish to point out
here, however, that the expression presented in Reference 2 appears

to them to be erroneous on the following grounds. In the first place,
the expression is derived difectly from the expression for the cross
section in the full statistical model by'the artifice of replacing the
continuous level density by delta functions to represent discrete levels
and by replacing the integral over the continuum by a sum over discrete
levels. The present authors believe that this approach is not valid and
that the cross section for the hybrid case can only be correctly derived
by going back to the expression for thg cross section in the partial
statistical model for which discrete levels are assumed. Many assump-
tions are made in going from the cross section expression in the partial
statistical model to the corfesponding expression in the full statistical
model. After these assumptions have been made it is not valid to
reintroduce the discrete levels in the simplistic manner of Reference 2.
Secondly, the writing of the cross section for the hybrid case explicitly
in terms of the cross section for compound nucleus formation o, is

not valid. The cross section o. 1is a sum over partial cross sections

Ocy >

Ucf s (27)

9
(o]
il
w8

where £ is the orbital angular momentum. Because of the parity
restrictions given by Equations 9 and 14 all values of £ are not allowed,
so that the reduction in terms of ¢, can not be performed in the
expression for the reaction cross section in either the partial statistical

model or the hybrid case.
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SECTION 1V. CROSS SECTIONS FOR LEVEL EXCITATION AND
GAMMA PRODUCTION BY NEUTRON INELASTIC SCATTERING
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INTRODUCTION

A neutron inelastic scattering reaction leaves the target nucleus
in one of its excited states, and the remaining available energy appears
as kinetic energy of the scattered neutron and target nucleus. If the
excitation energy is not sufficiently high to allow the emission of another
nuclear particle, the nucleus will generally proceed to decay by a series
of gamma transitions until the ground state is reached. For neutron
shielding applications, it is desirable to know for a given bombarding
energy the quantity of neutrons and gamma rays which emerge with a.
given energy. If the cross section for exciting each of the various
nuclear levels is known, the cross section for the production of neutrons
of a given energy can be readily obtained from energy conservation
requirements. If, in addition to the level excitation cross sections, the
gamma transition pfobabilities between the various pairs of nuclear
levels are known, the cross section for producing each of the possible

gamma rays may be determined.

‘The level excitation cross sections depend, of course, on the
nature of the interaction between the incoming neutron and the target
nucleus. An approach which has been highly successful in predicting
these cross sections is that of Hauser and Feshbach (Ref. 1), with the
neutron penetrabilities being obtained from calculations employing a
realistic optical-model nuclear potential. The basic assumption of this
approach is that the scattering process takes place through compound
nucleus formation and that direct interaction effects are not appreciable.
This is expected to be the case for the target nuclei and bombarding

energy range considered in this report.

The computer program Abacus-2 (Ref. 2), which is based on the

Hauser-Feshbach procedure and calculates the necessary optical model



penetrabilities, was used to perform the level excitation cross section
calculations presented in this report. Input required for these calcu-
lations consists of optical model potential parameters and the

energy level scheme for each of the nuclei under consideration.

Consideration is now given to the gamma decay of the levels
excited by the inelastic scattering process. Consider the first n levels
of the target nucleus with the ground state being designated as level 1.
The levels are assumed to be excited by inelastic scattering of neutrons
of energy €. In the general case, lower levels will be subsequently
excited when an initially excited level i decays by gamma emission
to the lower levels. The particular levels which are fed in this
manner and the extent to which each is fed depends, of course, on the
gamma transition probability Pji for the transition from the initial
level i to the lower level j. The levels which are fed by gamma decay
from the initially excited levels can, in turn, feed still lower levels.

In general, there results a cascade of gamma rays of various energies

and intensities.

Let the cross section for the initial excitation of levels i,
i+1, ..., n be denoted by oi(e), atl(e), ..., ob(e), respectively.
The cross section ZJ} (€) for producing a gamma transition between

level i and level j is given by

i i . ; it+1
(€)= le {o'l(e) + oltl(e) P,

Y ik i+ i+2 i+1]
+ o {€) [Pi + Pi+l Pi

. +3 . : . « N
+ it (e) [Pl. + piT3 plTt plts itz P?“]

1 i+1 1 itz i+ i

+ ...

n n n i+1 + p° it2 i+1
t oile) [pi * P E 42 Titr i

n-1 i+1
+ +Pn-1 ne2 Pi ] s (1)




where the indices i, j, and n satisfy 25 i = n and j <i. A computer

program for evaluating this expression is described in the section of

this report entitled "Gamma-Ray Cascade Computer Program''., Input
required for this program consists of the cross sections ¢™(€) for

2 £ m = n and the transition probabilities le for 1 =1 < m.



THEORETICAL ASSUMPTIONS

LEVEL SCHEMES AND GAMMA DECAY SCHEMES

The level schemes and gamma decay schemes of the nuclei under
consideration are shown in Figures 1 through 4. For A127 levels up to

28
7 and Si data were taken to be

5.25 MeV were considered. The A12
those deduced from a variety of experiments and theoretical considera-
tions and given in the review article of Endt and Van der Leun (Ref. 3).
The levels of Al27 for which parity assignments were not given in this
article were assumed to have (+) parity, and the 4.51 MeV level was
assumed to have a spin of 5/2. Further investigation will be required

to establish whether these assumptions are valid. At any rate, the
Al'27 results presénted in this report can be trusted for bombarding
energies up to about 4 MeV, since all data pertaining to levels excited
at these energies are well established. Energy levels for Fe56 up to
4.100 MeV were taken into consideration. The energies, spins, and
parities, and the gamma decay scheme of these levels were taken

to be those deduced from a variety of experiments including Fe56(n, n'y),
Fe56 (p, p'y), and the decay of Mn56 and C056. These data are reported
in References 4 through 8. The Fe56 gamma transition probabilities

of Reference 4 have been adopted for levels up to 3. 856 .MeV. For the
higher levels, an average of the values reported in References 5 and

6 have been adopted. The energy level scheme and gamma decay
scheme of Pb208 for levels up to 3.999 MeV were taken from

Reference 9. As suggested by the calculations of Kuo and Markiewicz
(Ref. 10), the 3.920 and 3.999 MeV levels were assigned spins and

parities of 5 and 7 , respectively. There is also known to be a level

at 3.750 MeV (Ref. 11) whose spin and parity have been assumed to be 3,



4.05
3.96

3.68

3.00
2.98

2.73

ENERGY (MeV)

2.21

1.01
0.84

0.00

0.10
0.70
0.20

0.40
0.25
035

W 5/2+

5/2+

0.56
025
0.20
0.10
0.60
0.10
mz:#

5/2+

1.00
0.80
0.20

5/2+

1/2+

0.65
0.35

3/2+
1/2+

0.99
0.01

0.87
0.13

9/2+

0.24
0.76

3/2+
5/2+

1.00

v 7/2+

1.00
0.97
0.03

Y _3/2+

=

1/2+

v 5/2+

FIGURE 1.

NUCLEAR LEVEL SCHEME AND GAMMA TRANSITION
PROBABILITIES FOR A127

SPIN-PARITY



ENERGY (MeV)

4.100
4,049

3.858
3.829
3.747
3.605
3.599
3.450

3.445
3.386

3.369
3123

3.119
2.960
2939

2.657

2.085

0.847

N o o
a8 o
o o 9 o o
9 &
o ©
(A ]
o & O
®© ¢ o_9 0 O
Q 9 «o
© o o
N -
< 0
o 2 ©°
2
© < 7
T @
Qmmoo
N e o
o C O
0 <
- @
o ©O o
o
-
L
o o
&N @ © O
e o
o o
o
o
-
N o
e o
o o ¥
o
<
- L r s .

1.00

L

hd

< . y L

FIGURE 2. NUCLEAR LEVEL SCHEME (NOT TO SCALE) AND GAMMA
TRANSITION PROBABILITIES FOR Fed6

3+
3+
3+
2+
24+
2+

1+
3+
6+
2+
4+
1+
2+

2+

4+

2+

SPIN - PARITY



ENERGY (MeV)

3.999

0.696
0.021

3.961 —o—9¢—9— 6-
5 &
e o '
3.920 +—¢ 7-
3.750 3-
® o %
o o O .
3.708 - . 4.
>
o
3.475 ~ 4- =
o
=
o
o (7]
. 8 L
3.198 v v 5-
8
Q
2.615 ¢— y v ¥ 3.
0.00 v 0+
FIGURE 3. NUCLEAR LEVEL SCHEME (NOT TO SCALE) AND GAMMA

TRANSITION PROBABILITIES FOR Pb2°°



ENERGY (MeV)

J[ 1.00

4.97 - 0+
Q
4.61 ° 4+
-
—
o
<X
o
=
5
1.78 —¢ v v _ o,
0.00 —¥ 0+
FIGURE 4. NUCLEAR LEVEL SCHEME AND GAMMA

TRANSITION PROBABILITIES FOR Si2®



SPECIFIC FORM OF THE OPTICAL-MODEL POTENTIAL

For the Hauser-Feshbach calculations, an optical model potential

was adopted whose real part consists of a Saxon term,

-V,
v _ (r)

re 1+ exp[(r - Rl)/al—] (2)

and a spin-orbit term of the Thomas form,

v _ -V3 h 2 _1- a-
so  Vy M «C r

dr

Vre(r) 7: . (3)

n

The imaginary part of the potential was assumed to be of the Gaussian

form, .

V. (r) = -V, exp {-[(r- Rz)/az]z} L@

The potential parafneters for A127 and 812_8 were assigned the values

given in Reference 12 which have been found to yield agreement between
calculated and measured elastic and inelastic scattering cross sections
for neutrons on A127. The potential parameters for Fe56 and Pb?‘08

were taken from References 13 and 14, respectively. The parameter

values are given in Table 1.



TABLE 1. VALUES OF OPTICAL MODEL POTENTIAL PARAMETERS
ADOPTED FOR THE HAUSER-FESHBACH CALCULATIONS

127 528 Fa56 pp208
v (HeV) 45.68 45.68 46.90 46.00
Vo (MeV) 5.44 5.44 5.10 5.50
Vs(MeV) 5.00 5.00 14.80 7.00
Ri(fermi) 3.72 3.72 4.90 7.76
Rz(fermi) 3.72 | 3.72 4.90 7.76
a(fermi) 0.655 0.655 0.55 0.43
a(fermi) 0.98 0.98 1.00 1.00
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GAMMA-RAY CASCADE COMPUTER PROGRAM

GENERAL DESCRIPTION

The computer program listed in Appendix A evaluates as a
function of neutron bombarding energy the cross section for the produc-
tion of each of the various gamma rays emitted by a nucleus excited
through an inelastic scattering process. This gamma production cross
section for the gamma ray emitted in the transition frorh level i to
level j is given by Equation 1. The program is given a series of
bombarding energies (laboratory system) and the nuclear level energies
of the target nucleus. For each of the bombarding energies, the program
is also given the cross section for exciting each of the nuclear levels
which can be excited by the particular bombarding energy. The level
excitation cross sections used in this report were calculated by the
Abacus-2 program referred to in the Introduction of this report.‘ In
addition, the program is given the gamma transition probability Pji
for each pair of levels i and j (j < i). The program then calculates
the cross section for the production of each gamma ray for each of the
bombarding energies which is above the threshold for producing the .

particular gamma ray.

INPUT PREPARATION

The first card contains the number of bombarding energies for
which gamma-production cross sections are to be evaluated. This

quantity is denoted by KMAX and is input according to format I5.

A set of cards follows which is KMAX in number. Each card
contains a bombarding energy index K, a corresponding bombarding

energy, and an additional energy €5 which is given by

11



My

€@ Mprmp € 5)

Here, My, and My are the neutron mass and target mass, respectively,
and € is the neutron bombarding energy in the laboratory system. This
energy may be viewed as the energy which is available for exciting

the nucleus. A nuclear level can be excited in the scattering process
only if its energy is less than €. The energies € and €, are denoted
by EN(K) and EA(K), respectively, and are in MeV units. The cards are
arranged in the order of increasing K and correspondingly increasing

bombarding energy. The format is I5, 10X, F8.4, 10X, F8.4.

The next card contains the number of levels N (including the
ground level) in which the nucleus may remain, following the scattering
process when the bombarding energy has the maximum, EN(KMAX),

of its input values. The format is I5.

A set of cards follows which is N-1 in number. Each card
contains an energy level index I and a corresponding level energy
ELEV(I) in MeV units. The ground state (I = 1) is not included in this
set, and the cards are arranged in the order of increasing I and

correspondingly increasing ELEV(I). The format is I5, 10X, F8.4.

Next follows a set of cards, each of which contains an initial
level index I, a final level index J, and the branching probability
P(I, J) for the gamma transition from level I to J. The first card has
I1=2, J=1. The next two cards haveI=3, J=1andI=3, J=2.
The sequence is continued in this fashion until the last card, which

has I= N, J= N -1, is reached. The format is 215, 10X, F7.4.

Next follows a set of cards, each of which contains a bombarding

energy index K, an energy level index I, and a corresponding cross

12



section, SL(K,I), for the excitation of level I by a neutron of bombarding

energy EN(K). The cards are arranged in order of incfeasing K which
takes on values from 1 to KMAX. For each value of K, there musf be a
card for each level I which can be excited from the available energy EA(K).
The condition for the excitation of level I is that ELEV(I) must be less than
EA(K). Cards having the same K value are arranged in the order of
increasing I. The cross sections SL(K, I), which correspond to the

el(e) of Equation 1, are to be given in barn units. The format is 215,

10X, E10.3. If more than one problem is to be solved in the same

run, additional sets of data, each beginning with a KMAX card, may

be stacked. To terminate a run, a KMAX card containing a zero or

a negative integer should be included after the last data set.

QUTPUT INTERPRETATION

The first several pages of output consist of merely a printout
in self-explanatory format of all the input data described above. Next,
the results obtained for the gamma-production cross sections Z‘jl (e)
are printed out. There is a set of results for each allowed gamma
transition. Each set is headed by a line consisting of an I value and a
J value, where I specifies the initial level and J specifies the final level
of the transition. On the same line appears the energy, EGAM, of the
gamma ray produ‘ced in this transition. Each line of the following set
contains a K value, a corresponding value of the bombarding energy
EN(K), and a corresponding calculated value of the cross section
Z?Ji (¢). The FORTRAN variable which designates this cross section is
SB, and the cross section is given in barn units. The first K value
given is that which corresponds to the first energy in the input set of
bombarding energies which is above the threshold for the production

of the particular gamma ray. The index K then takes on increasing

13



values until the value KMAX is reached. At this point, a line specifying
another gamma ray is printed out and is followed by the corresponding

set of SB values for this gamma.
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RESULTS OF CROSS SECTION CALCULATIONS
IN GRAPHICAL FORM

LEVEL EXCITATION CROSS SECTIONS

Calculated cross sections for excitation of the Ievéls of Al27

are shown in Figures 5 through 16. Results for levels up to and including
that at 4,05 MeV are given. The neutron energy was varied from

0.90 MeV fo 5.50 MeV. Results for several additional levels are given
in tabular form in Appendix B. These additional results should be
regarded as uncertain, however, because of possible incompleteness

of the vlevebl scherﬁe beyond the 4.05 MeV level. Figures 29 through

35 show calculated cross sections for excitation of the levels of Fe56.
Resuit’s for levels ﬁp to and including that at 3.123 MeV are shown.
The neutron energy was varied from 1.00 to 4.20 MeV. Results for
several additioﬁal levels are given in tabular form in Appendix C.
Figures 41 through 43 show c‘avlculated cross sections for excitation

of the levels of Pb208

up to and including the level at 3.475 MeV. The
neutron energy was varied from 2.70 to 4.10 MeV, Results for a

few additional levels are given in tabular form in Appendix D. " The
calculat_éd cross sections for the excitation of the levels of Si28 up to
and including the level at 4.97 MeV are shown in Figures 48 through 50.
The neutron energy was varied from 1.90 to 6.40 MeV. Results for

: 2
Si2,8 are given in tabular form in Appendix E. In the cases of Al 7,

56

Fe  , and szog, available experimental cross sections for level

excitation are shown on the graphs.

GAMMA PRODUCTION CROSS SECTIONS

Calculated cross sections for production of gamma transitions
: 2 .
between excited levels of Al ! are shown in Figures 17 through 28.

These results are based on the level excitation cross sections tabulated

15



in Appendix B and the gamma transition probabilities shown in Figure 1.
Results for allowed transitions between levels up to and including that
at 4.05 MeV are shown. Results for several additional gamma transitions
from higher levels are included in the Tables of Appendix B. Asg in

the case of the level excitation cross sections, these additional results
should be regarded as uncertain, however, because of possible incom-
pleteness of the level scheme beyond the 4. 05 MeV level. Figures 36
through 40 show calculated cross sections for production of gamma
transitions between some of the levels of Fe56. These results are
based on the level excitation cross sections tabulated in Appendix C

and the gamma transition probabilities shown in Figure 2. Results for
several additional gamma transitions are given in tabular form in
Appendix C. Figures 44 through 47 show calculated cross sections

for production of gamma transitions between some of the levels of
Pb208. These cross sections are based on the level excitation cross
sections tabulated in Appendix D and the gamma transition probabilties
shown in Figure 3. These results appear in tabular form in Appendix D,
Calculated cross sections for gamma production for Si28 are shown

in Figures 51 through 53 and are presented in tabular form in

Appendix E. These results are based on the level excitation cross
sections tabulated in Appendix E and the gamma transition probabilities
shown in Figure 4. In the cases of Al27 and Fe56, available experi-

mental gamma production cross sections are shown on the graphs.

DISCUSSION OF RESULTS

Most of the level excitation cross sections for AIZ'7 are in
fairly good agreement with the experimental values. It should be
pointed out that the Hauser- Feshbach approach with optical model
penetrabilities yields ''average' cross sections in the sense that

resonances are smoothed over. It is known that the cross sections
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fluctuate quite rapidly with neutron energy, especially at the lower
eneArgies (<2 MeV). This behavior has been observed experimentally
for the 0.84 and 1.0l MeV levels of Alz7 by Chien and Smith (Ref. 30)
at neutron energies below 1.5 MeV. Most of the discrepancies between
the calculated and experimental level excitation cross sections are
probably due to the fact fhat the measurements in question were made
at energies.for which the cross section is near a peak or trough which

departs somewhat from the average calculated value.

There is one case, however, for which the calculated and
experimental values are in wide disagreement. This is the case of
the composite cross section for excitation of the 2.73, 2.98, and
3.00 MeV levels of Al27 shown in Figure 13. The disagreement occurs
for energies greater than 4. 00 MeV where resonance effects are not
expected to be pronounced. It is observed in Figure 9 that at 4.00 MeV,
the measurement of Towle and Gilboy (Ref. 17) agrees with the
calculated cross section for the excitation of the 2.73 MeV level alone.
Furthermore, the composite calculation for the 2. 98 and 3. 00 MeV
levels (Fig. 12) is also in agreement with the measurement of these
workers at 4. 00 MeV. Unless sharp fluctuations in the cross section
are present around this energy value, it would appear that the experi-
mental values shown in Figure 13 are in disagreement with the
experimental values shown in Figures 9 and 12. Thus, the composite
cross‘ section for excitation of the 2.73, 2.98, and 3.00 MeV levels is
probably considerably higher than the measured values as is predicted

by the calculated curve in Figure 13.

Likewise, the calculated cross sections for gamma production
2 . . .
for Al 7 are, for the most part, in agreement with the experimental

values. Departures of experimental values from calculated values and
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from other experimental values at closely neighboring neutron energies
may possibly be accounted for, as mentioned previously, by sharp
fluctuations in level excitation cross sections which are not calculable

by the Hauser- Feshbach procedure.

As can be seen in Figure 29, the calculated cross section for
excitation of the 0.847 MeV level of Fe56 agrees quite well with the
experimental data at the lower energies. There appears, however, to
be a tendency for disagreement beyond a neutron energy of 3 MeV
where the theoretical prediction falls below the data. In this same
energy region, a more pronounced departure from the experimental
data occurs for the calculation of the cross section for excitation of the
2.085 MeV level (Fig. 30). Moreover, Figure 31 shows that the
calculated cross section for excitation of the 2.657 MeV level lies
below the experimental data. Although the optical model potential
chosen for the calculations was shown in Reference 13 to fit the
elastic scattering data vefy well, it is conceivable that another
potential might be found through extensive parameter variations which
would maintain the good elastic scattering fit while at the same time
improving the fit to the inelastic scattering data. A difficulty here is
that level excitation cross sections calculated with this new potential
must not distrub appreciably the FeS6 gamma production cross sections
calculated here, since, with the exception of the 2.272 MeV gamma ray
(Fig. 40), these calculations, as can be seen in Figures 36 through 39,
agree fairly well with experiment. The reason for the wide disgreement
between the calculated and experimental cross section for the production
of the 2.272 MeV gamma ray is not known. One can but conjecture
that direct interaction effects, which are not predictable by the

Hauser-Feshbach method, are operable in this instance,
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It is of interest to compare the results presented here with
those obtained recently by Kinney and Perey (Ref, 31)., In addition
to a few differences in the spins and parities adopted, the optical
model parameters employed by these workers differ somewhat from
those used in the present study. In particular, their potential does not
contain a spin-orbit term. They do, however, introduce width fluctua-
tion corrections to the level excitation cross sections, a refinement
which is not made in the present calculations. The gamma production
cross sections presented here are for the most part in agreement with
theirs. They were also unable to account for the sharp increase in
the 2,272 MeV gamma cross section which is evident in the experi-
mental data at a neutron energy of about 3.5 MeV, However, in
contrast to the results presented in the preéent study, they were
able to fit the experimental cross section for the excitation of the
2.085 MeV level. Further investigation would be required to ascertain
whether it is the width fluctuation corrections or their choice of

potential parameters which leads to agreement in this particular case,

The calculated cross sections for excitation of the 2.615 and
3.475 MeV levels of Pb208 (Figs., 41 and 43) are in close agreement
with the experimental values of Towle and Gilboy (Ref. 11). The
calculated cross section for excitation of the 3.198 MeV level (Fig., 42)
does not rise sharply enough to agree with the data points beyond
3.8 MeV.

Little can be said regarding the reliability of the calculated

. 208 iy
gamma production cross sections for Pb and the level excitation

28 . .
and gamma production cross sections for Si ', since no experimental

values for these quantities could be found in the literature.
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APPENDIX A. LISTING OF GAMMA-RAY
CASCADE COMPUTER PROGRAM

- 72



161
160

162
163

165
164
166
167
168
173

172
174

179
169
171

176
178

179
177

175
190

224

125

DIMENSION EN(85)sEALB5)9SLI165021)eP(21920) 9 TERMIL19)9ELEV(2])
READ(29¢160) KMAX

FORMAT(15)

1F(KMAX]) 10021009162

WRITE(39163) KMAX

FORMAT (6H1KMAX=13)

DO 164 K=1i1KMAX

READ(23s165) KeEN(K)sEA(K)
FORMAT(I5010XsFBels10XoFBa4&)

WRITE(39166) KeENIK)sEALIK)

FORMAT(3H K=13310Xs7H EN(K)=FB8o&s10Xs7H EA(K)=F8.4)
READ(2+167) N

FORMAT(15)

WRITE(3s168) N

FORMAT (3H N=13)

DO 172 1=2N

READ(29173) lsELEVI(I)

FORMAT(15910XsFBe&)

WRITE(3e174) IsELEVII)

FORMAT(3H I=13910Xs9H ELEV(I)=FBe&)

DO 169 I=2N

JLIMzl=1

DO 169 J=1sJLIM

READ(20170) loedePlled)
FORMAT(2I5010X9FTe4)

WRITE(3017)) lsJeP(]sd)

FORMAT(3H [213910Xe3H J=13910Xe8H P(leJ)=FTe4)
ELEV(11=0,

DO 190 K=]lsKMAX

DO 175 l=2eN

IFLELEV(I)=FEA(K)ILT6417T7:177

READ(29178) KeloSL(KeI)
FORMAT(215+10X9E1043)

WRITE(39179) KelsSLI(KsI)

FORMAT{3H K=13010Xe3H I= 13010X99H SLIKs1}=EL1Qe3)
GO TO 175

SL(Kel1=0,

CONTINUE

CONT INUE

DO 222 1=2sN

JLiM=l=]

KLIMaN~T

DO 222 J=1sJLIM

IFIPtIsJ) 22202220224
EGAMsSELEV(I)=ELEV(J)

WRITE(39125) 1sJrsEGAM

FORMAT({3H [=1395X93H J81395Xc6H EGAM=F844)
DO 223 K=1sKMAX

IFIELEVIII=EAL(K) 12292239223
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122 1F{1=N}23+24+100
24 SBaSL(KeN)
GO TO 123
23 SBasL(Ksl)
DO 3 KK=1sKLIM
M=l +KK
IFLELEVIM)=EA(K)) 18091230123
180 1F(KK=1) 10091019102
101 SB=SB+(SLIKeM)*P(Myl})
GO TO 3
102 TERM{1)=pP(My])
SUM=TERM(1)
DO & L=24KK
MLal+l =]
TERM{L }=P(MeML)
LLIMal =]
DO 5 LP=1LLIM
MLP=sML=LP+]
5 TERMIL)=TERM(L)#P (MLPsMLP=])
& SUM=SUM+TERM(L)
SB=SB+(SLIKyM)#SUM)
3 CONTINUE
123 SB=SB*P(]eJ)
WRITE(30126) KeENIK)eSB
126 FORMAT(3H K=13s10Xs7H EN(KIaF743510Xe4H SB=E10e3)
223 CONTINUE
222 CONTINUE

GO TO 161
100 CALL EXIT
END
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APPENDIX B. RESULTS OF A2’ CROSS SECTION
CALCULATIONS IN TABULAR FORM
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KMAXs 47

Ke 1 EN(K)= 069000 EAIK)= 048676
Ke 2 EN(K)=s 140000 EA(K)=  0,9640
Ke 3 EN(K)= 141000 EA(K)® 1.0606
Kz & EN(K)= 142000 EA(K)® 1,1568
Kz 5 EN(K)® 143000 EA(K)= 142532
K= 6 EN(K)= 144000 EA(KI® 143496
ke 7 EN(K)® 145000 EA(K)E  1,4460
Ke 8 EN(K)®  1.6000 EA(K)= 1.5424
K= 9 EN(K)®= 147000 EA(K)=® 1.6388
K= 10 ENIK)® 148000 EA(K)= 147352
K= 11 EN(K)® 149000 EA(K)= 1.8316
K= 12 EN(K)s 20000 EA(K)= 149280
Ke 13 EN(K)s 241000 EALK)® 240244
Kz 16 EN(K)e 242000 EA(K)s 2,1207
K= 15 EN(KYE 243000 EA(K)s 2.2171
Ke 16 EN(K)® 244000 EA(K)= 243135
K=z 17 EN(K)= 245000 EA(K)s  2,4099
Ke 18 EN(K)® 246000 EA(K)= 245063
Ke 19 EN(K)2 247000 TAIK)E 246027
Ke 20 EN(K)e 248000 EAIK)= 246991
Ke 21 EN(K)= 249000 EALK)= 247955
Ke 22 EN(K)= 340000 EA(KI= 208919
ke 23 ENIK)=  3,1000 EALK!= 249883
Ke 24 EN(K)= 1342000 EALK)= 3,0847
K= 25 EN(K)= 343000 EA(K)= 301811
K= 26 EN(K)= 3.4000 EA(K)m 342775
Ke 27 ~ ENIK)e 345000 EA(K)= 343739
K= 28 EN(K)= 3.6000 EA(K)= 344703
Ke 29 EN(K)= 3,7000 EA(K)= 345667
K= 30 EN(K)as 348000 EA(K)= 3.6631
K= 31 EN(K)=  3.,9000 EA(K)= 3.7595
K= 32 EN(K)= 440000 EA(K)= 3.8559
Ke 33 EN{K)2 441000 EALK)= 3,9523
K=z 34 EN(K)2 462000 EAIK)= 440487
K= 35 EN(K)= 443000 EA(K)E 441451
Ke 36 EN(K)= 444000 EAIK)® 442415
Kz 37 EN(K)= 445000 EALK)= 443379
Ks 38 EN(K)= 446000 EA(K)® 646343
K= 39 EN(K)s 447000 EA(K)® 445307
Kz 40 EN(K)= 468000 EALK)® 446271
Ke 41 EN(K)= 4495000 EA(K)= 44,7235
Kz 42 EN(K)a 540000 EAIK)= 448199
Ke 43 EN(K)= 541000 EA(K)= 449163
Ke 44 | EN(K)= 542000 EALK)= 540127
Kz 45 EN(K)= 543000 EA(K)= 541091
Ka 46 EN(K)= 544000 EA(K)e 552055
Ka 47 EN(K)= 545000 EA(K)= 543019
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10
11
12
13

14

ELEV(I)s=
' ELEVII)s
" ELEV(I)e
ELEV(I)=

ELEV(I)=
ELEV(I)=

CELEVII)S

ELEV(I)=
ELEV(])=

ELEV(1)=
CELEVII) =

ELEV(I)=

ELEVI(I)=

048400
10100
242100
247300
249800
340000
346800
349600
440500
44100
445100
4e8100

542500
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PlleJd)m
Pllsdl=
Plled)=
P(leJl=
Plled)s
P(led)=
PlleJ)sm
P(lsJ)e
Pl{ledl=
Plled)e
PllIeJ)=
P(lsJ)=
Pl(lesJim
P(leJd)=
P(leJd)=
P(leJdle
Ptled)=
P(led)=
Pl{leJd)=
P{leJle
Pllsdl=
Plled)a
PlIeJd)=
Plleldl=
P{leJie
PlleJd)=
Pllsdl=
PilloJd)=
P{lsdle
Pl{leJ)=
P(led)=
Plisdi=
Pl{lsdlm
Plled)=
Plledl=
Plled)r
P{leJ)=
PlleJdl=
Pl{loed)=
Plled)=
Plledls
P(leJl=
P(lsd)=
Pl{led)=
Pl{ledls
P(led)=
P(led)m
Plled)e
Plledl=
PlloJ)=

10000
09700
0e¢0300
10000
00000
040000
062400
060000
07600
040000
09900
00100
0«0000
040000
040000
0¢8700
000000
00000
01300
00000
00000
00000
046500
043500
00000
040000
0.0000
00000
10000
00000
040000
00000
040000
0+0000
00000
060000
00000
0+8000
02000
040000
0:0000
040000
00000
040000
00000
05500
00000
042500
02000
00000
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=
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Pllod)=
Pllsd)=
PliyJ)=
Plled)=
PllsJdli=
Plled)=
Piled)=
Pllsd)e
Pl(led)=
Ptied)=
PlleJ)m
P(Isdle
Plled)=
P(led)=
P(lsd)=
P(led)a
Plled)e
Plledle
Plled)=

Pllsdle

PlIsJ)s=
Plled)n
PlIsd)=
Pl{lsJ)=
PlleJ)=
PllsJ)=
PlIsJ)m
PtleJ)=
P(Isd)=
Pllsd)=
Pllsd)e
PlleJ)=
Ptled)=
PlleJd)=
P{ledl)m
Pl(led)=
P(IeJim
Plled)=
PlleJd)=
Pl{led)=
P{leJlm

040000
00000
00000
00000
040000
01000
00000
040000
046000
01000
00000
042000
040000
00000
060000
00000
044000
00000
042500
043500
040000
00000
00000
00000
00000
040000
00000
00000
041000
00000
07000
042000
00000
040000
040000
040000
00000
00000
00000
0¢0000
040000



K=
Ke
Ke
K=
Ke
K=
K=
K=
Kam
Ke
Ke
Kz
K=
K=
K=
Ke
K=
K=
Ke
K=
Ke
Ke
K=
K=
Ks
K=
K=
K=
K=
Ke
K=
K=
K=
K=
K=
Ke
Ka
Ka
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K=
K=
Ks
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K=
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K=
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Ka
Ke
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SLiIKel)n
SL(Kel)e
SLI{KelYe
SLIKel)=
SLi{Ksl)=
SL(Ksl)=
SLIKeI)E
SL({Kel)e
SL{Kel)=
SL(Kel)e
SL(KsI)=
SL{Kel)=
SLIKe )=
SL(Kel)s=
S5L(Kel)=
SLIKsI)=
SL(Kel)s
SL(Kel)=
SL(Ksl)=
SLiKel)m
SL(Ksl)=
SLiKs )=
SLIKeI)=
SLiKsI)=
SLiKell)=
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28 EN(K)= 34700 SB= 0s.143E 00

29 EN(K)= 34800 SB= 0el147E 00
30 EN(K)= 34900 SB= 04148F 00
31 EN(K)= 4,000 SB= 04163F 00
32 EN(K)= 44100 SB= 0e4170FE 00
33 EN(K)= 44200 SB= 0e4177E 00
4 J=z 1 EGAM= 246570
19 EN(K)= 24800 SB= 04¢353E~02
20 EN(K)= 24900 SB= 0e394E=02
21 EN({K) = 36000 SBz Qe4l3E=02
22 EN(K)= 24100 SB= 0e362E=02
23 EN{K)= 34200 SB= 0e347E=02
24 ENIK)I= 34300 SB= 0e345€E=02
25 EN(K)= 34400 SB= 0e345E=02
26 FRN(K)= 24500 SB= 04317€=02
27 EN(K)= 34600 SB= 0e290F=C2
28 EN(KY= 34700 S8= 04270E=02
29 EN{K)= 34800 SB= 04260E=02
30 EN(K)= 34500 SB= 0e248E=D2
31 EN(K)= 44000 SB= De248F=02
32 EN(K)= 44100 SB= 0¢245E=02
33 EN(K)= 44200 S8= 0e236E~«02
4 J= 2 FGAM= 148099
19 EN(K)= 24800 SB= 04173F 00
20 ENiK)= 26900 SB= 04193E 00
21 EN(K)= 24000 SB= 04202E 00
22 EN(K)= 34100 SB= 0e6177E 00
23 EN(K)= 34200 SB= 04170E QO
24 EN(K)= 24300 SB= 0e169F 00
25 EN(K)= 24400 SB= 04169FE 0O
26 ENIK)= 34500 SB= 0.155F 00
27 EN(K)= 34600 SB= 0e142E 00
28 EN(K)= 347C0 SB= 0e4132E 00
29 EN(K)= 34800 SB= De127FE 00
30 EN(K)= 34900 SB8= 04121F 00
31 EN(K)= 44000 SB= 0s121F 00
32 EN(K)= 44100 SB= 0,120E 00
33 EN(K)= 44200 SB= 04115E 00
5 J= 2 EGAM=  2,0920
21 ENIK)= 3,000 SB= De343E=01
22 EN{K)= 34100 S8z 04589E=01
23 . ENIK)= 34200 SB=z 04524E=01
24 EN(K)= 34300 SB= 04504E=01
25 EN(K )} = 26400 S8= Q0e504E=Q1
26 FN(K)= 34500 SB= 0e498E=01
27 EN(K)Y= 24600 SB= 04431F=01
28 EN(K)= 34700 SB=z 0e387F=01
29 EN(K)= 34800 SB= N¢369E=01
30 EN(K)= 36900 SB= 0e352€=01
31 EN(K)= 44000 SB= 0e334F=01
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APPENDIX D. RESULTS OF Pb208 CROSS SECTION
CALCULATIONS IN TABULAR FORM
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KMAX= 15

K 1 EN(K)I= 267000 EA(K)= 246870
Ks 2 EN(K)= 248000 EA(K)= 247865
K= 3 EN(K)= 249000 EA(K)= 248860
K= & EN(K}= 3,0000 EA(K)= 249855
K= 5 EN(K)= 3.1000 EA(K)= 340850
Ke & ENIK)= 342000 EA(K)= 341846
Ka 7 EN(K)= 343000 EA(K)=s 342841
K= 8 EN(K)= 344000 EA(K)= 343836
K= 9 EN(K)= 365000 EA(K)= 3.4831
K= 10 EN(K)=2 366000 EA(K)® 345826
K= 11 EN(K)= 347000 EA(K)I= 346821
K= 12 EN(K)= 33,8000 EA(K)= "3,7817
K= 13 EN(K)= 359000 EA(K)= 3,.,8812
Kz 14 EN(K}= 40000 EA(K)= 39807
K= 15 EN(K)= 461000 EA(K)= 4,0802
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APPENDIX E. RESULTS OF Si28 CROSS SECTION
CALCULATIONS IN TABULAR FORM

120



KMAX= &6

K= 1 EN(K)= 1,9000 EA(K)= 148339
= 2 EN(K)= 24,0000 EA(K)= 14,9304
= 3 EN(K)= 241000 EA(K)I= 240270

K= & EN(K)= 242000 EALK)= 241235

Kz 5 EN(K)= 203000 EA(K)= 242200
= 6 EN(K)= 244000 EA(K)= 243165

K= 7 EN(K)= 245000 EAIK)= 244130

K= 8 EN(K)= 246000 EA(K)= 245096

K= 9 EN(K)= 247000 EA(K)= 246061

K= 10 ENIK)= 208000 EAIK)= 247026
= 11 EN(K)= 249000 EA(K)= 247991
= 12 EN(K)= 340000 EA(K)= 248957

K= 13 EN(K)I= 3.,1000 EA(K)= 24,9922

Kz 14 EN(K)= 342000 EA(K)= 34,0887

Ke 15 EN(K)= 343000 EA(K)= 3.,1852

K= 16 EN(K)= 344000 EA{K)= 342817

Ke 17 EN(K)}= 345000 EA(K)= 343783
= 18 EN(K)= 346000 EA(K)= 344748

K= 19 EN(K)= 347000 EA(K)= 345713

K= 20 EN(K)= 34,8000 EA(K)= 346678

K= 21 EN(K)= 349000 EAIK)= 34,7644

Ks 22 EN(K)= 440000 EA(K)= 348609

K= 23 EN(K)= 441000 EAIK)I= 349574

K= 24 : EN(K)Y= 442000 EA(KY= 440539

K= 25 EN(K!= 443000 EA(K)= 441504
= 26 EN(K)= 444000 EA(K)= 442470

K= 27 EN(K)= 465000 EA(K)= 443435

K= 28 EN{K})= 446000 EA(K)= 444400

K= 29 EN(K)= 407000 EA(K)= 445365

K= 30 EN(K)= 448000 EA(K)= 446330
= 31 EN(K)= 449000 EA(K)= 447296

K= 32 EN(K)= 540000 EA(K)= 448261
= 33 EN(K)= 541000 EA(K)= 449226

K= 34 EN(K)= 542000 EA(K)= 540191

K= 35 EN(K)= 543000 EA(K)= 541157

K= 36 EN(K)= 544000 EA(K)= 542122

K= 37 EN(K)= 545000 EA(K)= 5.3087

K= 38 EN(K)= 546000 EA(K)= 544052

Ke 39 EN(K)= 547000 EA(K)= 545017
= 40 EN(K)= 548000 EA(K)= 545983
= 41 EN(K)= 549000 EA(K)= 5,6948

Ks 42 EN(K)= 640000 EA(K)= 547913

Kz 43 EN(K)= 601000 EA(K)= 5.8878
= 44 EN{K)= 62000 EA(K)= 549844

K= 45 EN(K)= 643000 EA(K)= 640809

K= 46 EN(K)= 644000 EA(K)I= 641774
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N=

=
i{=

ELEV(I)=
ELEVL])=
ELEVII)=

17800
4¢6100

4¢9700
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I=
l=
l=
i{=
is

P UVLWLN

J=
Jz

J=
J=

W NN =

Plledl)=
PllsJ)=
PlIed)=
P(led)e
Pl(Ied)=
P(lsJi=
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10000
00000
10000
040000
140000
020000



K=
K=n
K=
Ke
K=
K=
K=
K=
Ke

K=
K=
Ke
K=
K=
K=
K=
K=z
K=
K=
K=
Ka
Kz
K=
K=
K=
K=
Ke
K=
K=
K=
K=
K=
R=
Ke
K=
Ke
K
K=
K=
K=
K=
K=
K=
K=
Ks
K=
Ke
K=

VOIS WN -

NSPOUNIPOUNDSPLNILNVLNWVWNNWNWRNNRNNMRNRNNMNNNDNNNNDNNNNNNNNNDNDNNDNDNNNNN NN DN

SLIKs1)=
SL(KeI)=
SL{KsI)=
SL(Ksl)=
SLIKel)=
SL(Ksl)=
SL(KsI)=
SL(Kpl)=
SL(KsI)=
SLI{Ksl)=
SL(KeI)=
SLIKe])=
SL(Ksl)=
SL(Ksl)=
SL(KylI)=
SL(Kel )=
SL(Kel)=
SLtKsl )=
SL(KelI)=
SLIKsI) =
SLIKyI}=
- SL{Ksl)=
SL{Kel)s=
SL{Kel)=
SLIKsl)=
SL(KeI) =
SL{Kel)=
SL{KeI)=
SL{Kel)=
SL(Ksl)=
SLIKsl)=
SLIKsl)=
SLIKel )=
SL{KeI)=
SLIKsl)=
SL(Ksl}=
SLIKsI)=
SLIKsI)=
SLIKyI )=
SLIKsI)=
SLIKeI)=
SLIKel)=
SLIKei)=
SL{Kyl)=
SLIKsI)=
SLIKel)=
SLi{KseI)=
SLIKoI)=
SL{KelI)=
SLIKsl)=
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Del36E 0O

0e286E 00

Oe4llE 0O
04505E 00
De¢S572E 00
0.618E 00
Deb64SE 00
0e671E 00
0+686E 00
0e697E 0O
0e704E 00
0« 709E 00
O«713E 00
Qe715E 0O
De717€ 00
QCe718E 00
De719E 00
Oe718E 00
De717E 00
0e717E 00
Oe716E 00

Qe¢716E 00
Qa715E 00
0a714E 00
Qe 714E 0O
0«713E 00
Cs713E 00
0e713E 00
0.713E 00
Qs 708E 0O
0a515E=~02
0e690E Q0
0e287E=0Q1
0.668E 00
0s587E=01
Qeb64b6E 00
0s880E=~01
0e622E 00
Oell4E 0O
De745E=02
0e600E 00
0el134E 0O
0s182E~01"
0e579E 00
0s151E 00
0e297E=01
0e562€E 00
0es164E 00
0a406E-01
0e547E 00



K=
K=
K=
K=
K=
K=
K=
K=
K=
K=
K=
K=

K=
K=
K=
K=
K=
K=
K=
Ke
K=
K=
K=
K=
K=

38
38
39
39
39
40
40
40
41
41
41
42
42
42
43
43
43
44
44
44
45
45
45
46
46
46

fONSsVNSWVWNITONPWNNSUNSTLBNNSRWLAOLMW

SL(Kel)=
SLIKel)=
SL(Kel)=
SLiKsl)=
SL{Ksl)=
SLIKeI)=
SLIKsI)=
SLIKel)=
SLI(KsI)=
SLIKesI)=
SLIKsI)=
SL(KeI)=
SLIKel)=
SLIKel)=
SL(KsI)=
SLIKeI)=
SL(Ksl)=
SL(Kel)=
SL{Ksl)=
SL{KsI)=
SL(KeI)=
SLIKel)=
SL{Ksel)=
SLIKel)=
SL(KsI)=
SL(KsI)=
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0+173E 00
04501E=01
0.535E 00
Oe«181E 00
0«578E=01
De526E 00
Oel86E 00
0e637E~01
0e519E 00
0el191E 900
De683E~01
0e¢513E Q0
0es194E 00
0e715E=01
0e508E 00
0s197E 00
0e737E=~01
04504E OO
0el199E 00
Qe751E=~01
0e500E 00
0«200E 0O
0e¢759E=01
0e¢497E 00
0.202E QO
Qs 762E-0Q1



1=
Ks
K=
K=
K=
Kn
K=
K=
K=
K=
K=
K=
K=
K=
K=
Ke
Ka
K=
K=
K=
K=
K=
K=
K=
K=
K=
K=
K=
K=
K=
K=
K=
K=
Re
K=
K=
Ks
Ka
Ks
K=
K=
K=
K=
Ke
K=
=
K=
K=

b
OVOD IO WMPWNH-N

Pt et Pk b b ot D b
0NN WN

N =
[e XY}

J=

EN(K)=
EN(K)=
ENIK) =
EN(K)=
EN(K)=
EN(K)=
EN(K) =
EN(K)=
EN(K) =
ENt(K)=
EN(K)=
EN(K)=
EN(K)=
EN(K)=
EN(K)=
ENIK)=
EN(K)=
EN(K) =
EN(K)=
EN(K)=
EN(K) =
EN(K)=
EN(K)=
EN(K)=
EN(K)s=
EN(K)=
EN{K)=
EN{K)=
EN{K)=
EN(K) =
EN(K) =
EN(K)=
EN(K)=
EN{K})=
EN(K)=
EN(K)=
EN{K)=
EN(K}=
EN(K)=
EN(K)=

EN(K)=

2

EN(K)=
EN(K)=
EN(K)=
EN(K)=
ENIK) =

EN{K)=
EN(K)=

EGAMs
1900
2000
24100
24200
24300
2400
24500
2600
2700
20800
24900
34000
3100
34200
34300
3,400
34500
34600
34700
3,800
34900
4.000
44100
40200
42300
4¢400
4500
4600
44700
44800
44900
5000
56100
54200
56300
50400
5¢500
5¢600
54700
5800
54900
6000
60100
6200
6300
66400

EGAMs=
44800
40900

1.7800

2¢8299
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SB=
SB=
SB=
SB=
SBe

$8=
SB=
SB=
SB=
SB=

$B=
SB=
S8=
SB=
SB=
SB=
SB=
SB=
SB=
SB=
$B=
SBe=
S8e
SB=
SB=
SB=
$B8=
S8=
SB=
SB=
SB8=
SB=
SB=
SB8=
SB=

SB=.

SB=
SB=
SB8=

SB=
SB=

SB=

SB8=
SB=

0el36E
04286E
Qe4l1E
0e505E
0e572E
0¢618E
Qe649E
04671E
0e686E
04697E
Oe 704E
0e¢709E
Oe713E
Ca715E
O4717E
0+718E
0¢7)19E
Oe¢718E
0.717E
0,717E
0s716E
0e716E
0eT715E
Qe T714E
Oe714E
0:713E
0s713E
0e713E
De713E
Qe713E
0e718E
Oa726E
0.733E
Qs 743E
0e752E
Da759E
0e766E
0e770E
0.773E
De775E
Qe778E
Qe 778E
0e778E
0e778E
0a775E
DeT775E

00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00.
00
00
00

00

00
00
00
0o
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

0e515E=02
0.287E=01



K=
K=
K=
K=
K=
K=
Ka
K=
K=
K=
Ke
K=
K=
[=
K=
Ke
K=
K=
K=
K=
K=
K=

K=
K=
K=

32
33
34
35
36
37
38
39
49
41
42
43

44

45
46

34
35
36
37
38
39
40
41
42
43
4d
45
46

J=

2

EN(K)=
EN(K)=
EN(K)=
EN(K)=
EN(K)=
EN(K)=
ENIK) =
EN(K)=
EN(K)=
EN(K) =
EN(K)=
EN(K) =
EN(K)=
EN(K)=
EN(K)=

EN(K)=
EN(K) =
EN(K})=
EN(K)=
EN(K) =
EN(K) =
EN(K) =
EN(K)=
EN(K) =
EN(K) =
EN(K) =
EN(K) =
EN(K) =

5000
5¢100
54200
50300
5,400
54500
5600
52700
54800
54900
6000
66100
66200
60300
64400
EGAM=
54200
54300
54400
50500
54600
54700
54800
54900
6000
6100
60200
6300
6400
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3.1899

SB=
sB=
SB8=
SB=
SB=
$B=
SB=
SB=
SB=
SB=
5B=
SB=
SB=
SB=
SB=

SB8=
5B=
SB=

SB=
SB=
SB=
SB=

SB=
SB=
SB=

0¢587E~01
0+880E=01
Oell4E 00
Oe134E 00
0e151E 00
0e164E 00
0e173E 00
0el18lE 00
Oe186E 0O
O0e191E 00
0el194E 0O
0e¢197E 00
0e199E 00
04200E 00
06202E 00

0+ T45E=02
0.182€E«01
0e297E=01
0+406E=01
0¢501E~01
0e578E=~01
0e637E=-01
D.,683E=01
04715E=01
0e737E=01
0e751E~01
0e759E~01
Qe762E=01



SECTION V. COMPUTER PROGRAM FOR ADAPTATION OF
NEUTRON INELASTIC SCATTERING SPECTRAL DATA
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INTRODUCTION

The purpose of this program is to provide inelastic neutron
spectrum probability tables for direct input in the HOl code of the
COHORT procedure. In the present version this code provides separate
inelastic neutron spectrum probability tables for secondary neutrons from
inelastic scattering (n, n') reactions, (n, 2n) reactions and (n, 3n) reac-
tions. The probability values are obtained from data given in File 5 of
the ENDF/B Version I data tapes. The probability tables are punched
on cards for direct input into HOl and are also printed for examination.
This code is written in FORTRAN IV for the IBM-7094 and is based on
the SPCT2 code written by James Price and Karl Warkentin of Radiation

Research Associates, Inc., Fort Worth, Texas.



CODE DESCRIPTION

Secondary energy distributions, expressed as normalized prob-
ability distributions, are given in File 5 of the ENDF/B, Version I data
tﬁpes. The file is divided into sections, each giving the data for a
particular reaction type. The sections are ordered by increasing
reaction type number (MT). Data is available for inelastic (MT = 4),

(n, 2n)MT = 16), (n, 3n) (MT = 17) and fission (MT = 18) reactions, if
smooth cross sections for these reactions are given in File. 3. The
present code extracts the data for reactions MT = 4, 16 and 17. Reaction

18 could be included by modifying Statement No. 2222 to include MM = 4,

Inelastic energy distributions are given in File 5 as discrete
levels (LF = 3) plus a Maxwellian distribution with an arbitrary tem-

perature (LF = 9), or with a constant temperature (LF = 8).

The Maxwellian distribution is given by the equation

N(E') = (—g) exp (- —EB—'>

where N(E') is the number of inelastic neutrons per unit energy interval
having energy E'yand 0 is the nuclear temperature used in defining a
continuum for the particular energy range considered. As mentioned

in the previous paragraph, 6 may either be constant (LF = 8), or a

function of incident neutron energy (LF = 9).

For input incident energies exactly equal to the incident energies
tabulated on the ENDF/B tapes, the excitation probability distributions
are extracted directly from the tape. For incident energies in the

range of the values tabulated on the ENDF/B tapes, the excitation



probability distributions are interpolated from the tabulated data
according to the interpolation mode specified on the ENDF/B tapes
{Subroutine INTRP).

For incident energies above those tabulated on the tape, the
excitation probability distributions are calculated for pseudo-excitation
levels which are distributed over the continuum and used to approximate
the continuum. For these calculations it is assumed that the energy
of the scattered neutron is not dependent upon the scattering angle and
that the recoil energy of the target nucleus is negligible. In order to
approximate the continuum of excitation levels with discrete levels, it
is assumed that neutrons with energies close to E' will leave the

scattering nucleus in pseudo-excitation level EL such that
EL = EO - (:E| - AE‘)

where E, is the incident neutron energy, E'is the most probable energy
of the scattered neutron and AE' is a measure of the spread of actual E'
values about the most probable E' value. That is, after a neutron of
energy Eop has excited level EL, the secondary neutrons will have
energies between Ey - EL - AE and Eg - EL + AE, so that the minimum

secondary neutron energy, Ey' is E5 - EL - AE,

The cumulative probability, P [E,, EL(N)], for excitation of

pseudo-energy level EL(N]) for an incident neutron energy Eg is given

by
Eo
N(E') dE'
Ep!
! —
P(E') = =
f N(E') dE!
0



where E;' is the lower limit on the energy of the scattered neutron
after excitation of pseudo-energy level EL(N)., If AE is taken as
1/2 [EL{N+1) - EL(N)] then Ey' is given by Ey' = Eq - 1/2[EL(N) + EL(N+1)]

(BE i) e (25) - (B ) oo (29

P(E') = P[Eo, EL(N)] =
1 - -Ef+1) exp (— %9)

and

——

where

BL = E, - % [EL(N) + EL(N+1)].

The number of pseudo-excitation levels, EL(K), used to define
the continuum for each element is determined by the input parameter,
NPPE(I), which is set equal to MAXL in the primary DO LOOP of the
routine, and by the number (=NK-1) of tabulated discrete-energy levels on
the ENDF/B tapes. The first level is set equal to 0.0 [EL(1) = 0.0]. The
first (NK-1) tabulated discrete-energy levels [ THETA(I)] are used next.

[EL(2) = THETA(1), EL(3) = THETA(2) .. ..

EL(NK) = THETA(NK-1) .

Then the energy range between the highest incident energy, EP(KEBM1),
and the highest tabulated discrete-energy level, EL(NK), is divided into
NPPE-NK equally spaced energy levels, giving a total of NK discrete=
energy levels (including EL(1l) = 0.0) and NPPE-NK pseudo-energy

levels.

A different set of incident energy groups may be input for each

element. However, in COHORT the discrete-energy levels must be the



same for all incident energies for a given element. To eliminate the
probability of a neutron with an energy at the lower end of the group
from being able to excite an excitation level which may be excited only
by neutrons with incident energies near the top of the group, it is
necessary to set the incident energy which represents each input inci-
dent energy group as being equal to the lower bound of the group rather

than some average incident energy.

The HOl library six input format requires that the upper bounds
of the incident energy groups be listed in descending order for each
element and that the energy excitation levels be listed in ascending
order for each element. It further requires that the inelastic scattering
probabilities for each element be listed for each excitation level in
ascending order for the maximum incident energy first, and then for
each successive incident energy in descending order. That is, the
probabilities are to be entered for each excitation level for the highest
neutron incident energy group, then for each excitation level for the
next highest incident energy group, and so on. Probabilities are to be
cumulative probabilities, so the input probability of exciting the second
level, for example, should actually be the sum of the probabilities for

exciting the first two levels.

The probabilities for exciting each discrete-energy level and
each pseudo-energy level are calculated separately and then accumu-
lated and normalized immediately before printout so that the output

of the present routine is in the format required for HO1l input.

The data for each element are calculated and printed out

separately, first for reaction MT = 4, then for MT = 16 and MT = 17

when the data are available.



TABLE 1. INPUT CARDS

FIRST CARD:
o ID(I) I =1, 20 20A4 FORMAT This card simply describes the

problem.
NEXT CARD:
ND(1) ND(2) ND(3) ND(4) : (Symbo1)
1 to 5 6 to 10 11 to 15 16 to 20 (Card Columns)
15 15 15 I5

e ND(1) is the number of sets of input incident energy groups. If
a different set of energy groups is to be used for each material,
ND(1) must be set equal to ND{(2). If the same set of energy groups
is to be used for each material, ND(1) should be set equal to 1

e ND(2) is the number of materials to be considered and must not
exceed ten (10).

e ND(3) is an integer which determines whether to use a new set of
incident energy groups for each material or to use the same set for
each material.

ND(3) = 0 for same set
- ND(3) = 1 for new sets for each material
® ND(4) is the energy super-group number. A separate problem must be

run for each super-group.

NEXT CARD(S):

MAT*(1), NTP(1), MATNP(1), MATN*(2), NTP(2) MATNP(2),
1 to 5 6 to 10 11 to 15 16 to 20 21 to 25 26 to 30
I5 I5 I5 I5 I5 I5

or MATN*(I), NTP(I), MATNP(I), I=1, ND(2), 1215 FORMAT

*The MATN numbers must.be in _ascending order for each tape.

® MATN is the material number used on the ENDF/B tapes

e NTP(I) is the logical unit number of the ENDF/B tape containing
the data for material MATN(I)

-9 MATNP(I) is the integer defining the order of material MATN(I) in
the COHORT input.



TABLE 1 - Continued

NEXT CARD:
NEPM(1) NEPM(2)  .......... NEPMIND(2)]
1 to b 6to10 ...,
15 Is . 15

or NEPM(I) I =1, ND(2), 1215 FORMAT, ND(2) <10

e NEPM(I) is one plus the number of energy groups in incident energy
group set I. That is, incident energy group set I will consist of
NEPM(I)-1 energy groups.

Each NEPM value must not exceed one hundred (100).

NEXT CARD:
NPPE(1) NPPE(2) .eivvun... NPPE[ND(2)]
1 to 5 6to10 ...,
I5 Is e I5

or NPPE(I), I =1, ND(2), 12I5 FORMAT, ND(2) < 10

e NPPE(I) is the total number of excitation levels for material MATN(I)
to be considered for each incident energy. NPPE(I) must not exceed
forty-nine (49).

NEXT CARD(S):

EE(1,1) EE(1,2) EE(1,3)  ...... EE[T,NEPM(1)]
1 to 10 11 to 20 21 to 30  ......

£10.5 £E10.5 E10.5 ..., E10.5

EE(2,1) 11(2,2) EE(2,3)  ...... EE[2,NEPM(2)]
1 to 10 11 to 20 21 to 30  ......

£E10.5 E10.5 E10.5 ... E10.5

or EE(I,K), K=1,NEPM(I), I=1,ND(2), FORMAT 8E10.5

NOTE: IF ND(3)=0 I=1 K=1,NEPM(1)
IF ND(3)=1 I=1,ND(2) K=1,NEPM(I)

o EE(I,K) is the Kth memeber of the input incident energy group set
for material MATN(I). That is, EE(I,K) for K=1 to NEPM(I) is the
complete set of input incident energy groups for material MATN(I).



TABLE 1 - Concluded

¢ These energies must be input in eV in ascending order for each
MATN(I). Energies for each material must start oh a new card.

NOTE: A1l the EE(I,K) are read in but in the calculation procedure, the
upper bound is not used; that is, EE[I,NEPM(I)] is not considered.



TABLE 2. PRINTED OUTPUT

FIRST LINE
ID(I) I=1, 20 FORMAT 20A4 Problem Description
(Same as card input)
NEXT LINE
ND(1) ND(2) ND(3) ND(4)
1tob 6 to 10 11 to 15 16 to 20 Columns

(Same as card input)

NEXT LINE(S)

MATN(I) NTP(I) MATNP(I) I=1, ND(2)
FORMAT 1215
(Same as card input)

NEXT LINE(S)

1, NEPM(I)
1, ND(2) FORMAT 8E10.5
(Same as card input)

EE(I,K) K=
I=

NEXT LINE(S)

Programmed error messages or data unavailability messages possibly

FIRST LINE OF PUNCH SUBROUTINE OUTPUT

CROSS SECTIONS FROM ENDF/B TAPES

NEXT LINE
6 KEBMI  MATPP ND(4) MAXL N1 ... MATP 06001
5 4to8 9to13 14 to18 19 to23 24 to28 ... 61 to 64 65 to 70

Pertinent input parameters and material number for first material
considered. (See HO1 Library Six Input Data Format - CARD A).

NEXT LINE(S)
EL(I) I=1, MAXL FORMAT 6ET10.3

Excitation level for material MATP in MeV, listed in ascending energy
order.



NEXT

TABLE 2 - Continued

For example, if MAXL = 9, output would be

EL(T) EL(2) EL(3) EL(4) EL(5) EL(6)
EL(7) EL(8) EL (MAXL)

1 to 10 11 to 20 21 to 30 31 to 40 41 to 50 51 to 60
where EL(1) < EL(2) < ... < EL(MAXL)

LINE(S)

EPUN(K) K=1, KEBM] FORMAT 6E10.3

Input incident energies used in the calculations for material MATP
in MeV, listed in descending energy order.

For example, if KEBM1 = 8, output would be

EPUN(1) EPUN(2) EPUN(3) EPUN(4) EPUN(5) EPUN(6)
EPUN(7) EPUN(KEBM? )

1 to 10 11 to 20 21 to 30 31 to 40 41 to 50 51 to 60
where EPUN(1) > EPUN(2) > ... > EPUN(KEBM1)

LINE

NEXT

NEXT

MT FORMAT 15
Number identifying the type reaction considered.

LINE(S)

PP (Jd, KK) KK=1, MAXL
JJ=KEBMT1, 1 FORMAT 6E10.3

Normalized, accumulated probability for obtaining an inelastically
scattered neutron from any of the excitation levels through level
EL(KK), assuming an incident neutron energy EPUN(JJ) and reaction
MT printed immediately above.

Note that the subscript JJ begins at KEBM1 and decreases and that
the subscript KK is allowed to vary throughout its range prior to
changing tne JJ subscript.

For example, if MAXL = 9 and KEBM1 = 8, the output would be:

10



TABLE 2 - Concluded

KEBM1

PP(8,1) PP(8,2) . . . . v v i oo PP(8,6)
PP(8,7) PP(8,8) PP(8,MAXL)

PP(7,1) PP(7,2) « v v v v v i o e e s PP(7.,6)
PP(7,7) PP(7,8) PP(7 ,MAXL)

PP(1,1) PP(1,2) « v v v v s e e e e e e e e PP(1,3)
PP(1,7) PP(1,8) PP(1,MAXL)

1 to 10 11 to 20 21to 30 . . . ... ... 51 to 60

where PP(7,6) is the probability of a neutron with incident energy
EPUN(7) being inelastically scattered from either excitation level
EL(1), EL(2), EL(3), EL(4), EL(5), or EL(6).

The probabilities are printed out for each MT reaction type for
material MATP. Then the routine goes to the next material number,
reads the pertinent data on the ENDF/B tapes, calculates the
probabilities and prints the output data for the new material

MATP as above, beginning with the first line of the PUNCH
subroutine output.

11



TABLE 3. ERROR MESSAGE DESCRIPTION

Error Number Description

1 The number of discrete energy levels for one element is
greater than 49,

2 The number of regions having different interpolation
schemes is greater than 10 for one of the discrete
energy levels.

3 The number of incident energies for one discrete level
is greater than 100.

4 The number of energy regions having different interpo-
lation schemes for the energy dependent nuclear
temperature is greater than 10.

5 The number of energies for which nuclear temperatures
are given is greater than 50.

In addition to the above errors, some problems which may be encountered
with the ENDF/B tape data are anticipated and descriptive messages are
printed out when these problems are encountered.

12



OPERATING INSTRUCTIONS

The present code is written in FORTRAN IV for the IBM-7094.
The card input, IN, is assigned logical unit number 5, while the print
output, IO, is assigned logical unit number 6. The IN assignment
routine. The IO assignment is made at the beginning of the main
routine and at the beginning of the PUNCH subroutine. The ENDF/B
tape input, INPT, is assigned logical unit number NTP(I) for material
MATN(I) and is read in on punched cards as part of the card input.
The data for input directly into the HOl code is punched on cards with
the punched output, IOT, assigned logical unit number 7 in the PUNCH

subroutine.

Any changes in the logical unit numbers should be made through

the above mentioned assignment statements.

The input incident energies should be read in eV in ascending
energy order. In the ENDF/B tabulated data, the tabulated incident
energies are often specified to five decimal places at break points in

the interpolation schemes,

Although the punched data output is in the correct format for HO1
input, the HOl routine does not provide for identification of reaction type
(MT number). The punched card output does have MT identification
cards. Therefore some sorting of output cards must be performed

before using the cards as input into HO1,

As now written the present program requires nearly 15, 000
words in common. The maximum common capacity of the 7094 is
approximately 32, 000 words. If large arrays of EE, ESUB and PROB
are to be read simultaneously, it may be necessary to do the problem

in parts.

13



The primary dimension restrictions are:

® Number of incident energy groups must not exceed 25
for each material

® Total number of excitation levels for each material
must not exceed 100

® Total number of tabulated discrete energy levels must
not exceed 50,

P
y-
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DIMENSION THETA (52), EC(12,25%)
COMMUN  PP(25,100), NEPM(L1C),y NPPE(ID), EL(100)
COmMmONID (20, ND(12), Et25), MATNglO). NTP(10)
CoMmMUN  MATNP(LIO), LFP(5D), NBT(S5m,10), INT(50,10)
COmMUN NBTIC10Y, [6TICLD), ESuB(52,1C0), PRUB(50,100), NPN(53)
COoOMmuUn NRI1(82), TEAMP(100), ESUSL(182), PRO(59)
COMMUON AUR JNKsNPP  NRaMAXL
CAMMOnN NUT (4}
10=6
[N=5
REAULTNW15T) (10(1)ei=1,27)
16 FOURMAT (2CA4)
161 FORMAT (1H1, 20A4)
REAU (ING12) (Nwil),l=1,10)
IRITeE (I0e12) (NDCID), iS1413)
12 FOrmMaT (1215}
NMATaND(2)
READ (IN,12) (MATN (L) yNTP(T ), MATNP(I), l=]1,NMAT)
WRITe (104312) (MATN(T ) GyNTE (L) yMaTNP(]), 1=1 ,NMAT)
REau (IiNs1Z) (NEPIULIYsI=1yivmaT)
READ (Iwy12) (NPPECI) L=t vaubbT)
NasnD )
DO 13 [3leNk
KER=NEPM{])
REAVD (IN,14) (EE(],K) K=2] ,KEX)
13 WRITE(T1O0414) (E&(]4K) s &K=14Kkes)
14 FORMAT(BEIDR.23) :
c UETERMINE IF NEW ENERGY GRUGUPS GIVEN FOR EACH MATERIAL

IFtuDI3)) 142,142,145
142 KEBs NEPM(])
) DO 144 Kz [,.KEBR
144 EIK)IZ EE(]4K)
145 D0 w0  MAT= [ NMAT
KEgs NEPM(MAT)
KeBM] ® KEpe-]
MaXlL =NPPE(MAT)
MATE = MATNIMAT)
NTAP = NTP(rAT)
MATHP =MATAP(MAT)
1F (MATP) i5415,17
15 CALL PUNCH (MATPItATPRsL y#AT)

o 60 TO 92
TON7 IFUINUL3)Y) 1bhs1b6Brlbb
166 NENEPM{MAT)

DO 1487 Ksl i
167 E(KI® EE(MAT K]
168 NMT(1)=4

NMT(2)=16
NMT(3}=17
NMT(4)=18MM '3
222 DO 901 =1,
2 MT=NMT(MM)
¢
C DETERMINE 1F INELASTIC LATa IS ON enDF/B TaAPE
o

15



CALL SRCH (MATP.S.MT,NTAP.IZ. 115, THETA)
IF (115=3) 5060,5001,50C0 '
5000 IF (12) 28,2C,18
18 WRITE (10,19) MATP
19 FOoRwmAT (lHl.SQHINELASTIC SCATVYERI NG CROSS SECTIONS NOT GIVEwN FOR
v le ) — .
5001 60 ru 92

¢
C START PROBABILITY CALCULATIUNS
C

20 NKMy=z NK=})

EL(1) =0e0
oL 202 l=2,NK
<02 EL(1)aTHETA(l=l)
rhk= FE(KEBFY)e ELINK)
NL=liaX{ =NK
DELe s ER/FLOATINL)
NUOL®E NK+)
Uy 228 LaNDODL oMAXL
EL(L)I=® EL(L=1)+DELE

- 295 CUNTINUE
V0 G J= 1 JKEBM]
ERP= E(J)

IF(EP=ESUBLL,1)) 2] ,425,25
2! Limax =1 '
PFREGe1Y=0W0
DO 3300 KKsS2.MAXL
JU00 PPLkKIEDeG
GO 10 770 3
25 IF (EP=ESUB(NK,1)) 31,555,558
Al Kxks=3
DO 4a I=l,yNKMY
KK=2 K+
[F (EP=ESUB(]41)) 29,29G343)
A0 arklTe (10,121 HMAT Jy] KK
NENPIKITY
DO 32 K=a2,N
IF (EP=ESUB(IK)) 35,33,32
32 CONTIWUE
Kan
33 PRO{KK)E PROB{IL 4K)
G3 TO 41
35 LNmNRILT)
00 36 JL=1,uLN
IF (KanNaT(l4dL)) 37,337,346
36 CONTINUDE
INTPINT (] LiN)
GQ TQ 42
37 INTPas INT(l,.JL) . :
40 CALL INTRPUINTP PROB (| 4K=1) PROBUT ok ) ESUBLT oK=1) ESUB(].K)EP,PI
PRO(NK])= P
41 LLMaxs KK+!
IF (LK) 48,4345
16



48 CONTINJE
60 TV 7]
45 DO 4500 KaLLMAX,MAAL
4500 PRO(K)I=0e0
G0 10 3817293
29 DO 291 mEKK.AAKL
291 PRU(MI=ALN
_ 40 TO 9109
2900 PRu(KK):PROa(!-I)
NNZKK+|
PO 2931 KKemnig,MAXL
230] PRUIKK)20,0
8uUnNd PPLUL1I=20.0
B DO 8073 k=2 ,MAXL
BU03 PPLUWK)IZPP(JsK=l)+PrUI(K?
L (PP IYIMAXLI=1e0) 8005472 .4735
U003 DY A0ue6 Ka2 1AXL
8006 FP(J.K)ePP{J.K)/PP(J.MAAL)
wl 10 79
55 IF(LFPINK)=B) 449,60,44y
449 IF(LFP(NK)=B) 568,548,542
56 wRITE (10,57) MATPP
57 FORMAT (1 +3BHMAXSELLLAN DISTRISUYT O WOT GIVEN FOR ., 15 )
GU TUO 723 :
88 THET = THETA(NK)
o IF (THET=240) 59,560,59
560 WRITE (10,573
9570 FormAT (IHY JI3HTHETA(NK ) =T 42}
G0 6 77
859 JarP = J
CAlLl. WAXWN (EP,JAP,IHET)
603 TU 73
40 DO A2 Kz2 ,NPP
IF(EP= ESUBI(K)) 65463,62
62 CONTINUE 4
63 THETA(NKISTEMPIK)
CGd TV 88
45 00 o6 LO=14nR
IF IK=NBTI(LO)) 67467466
&6 CONTINUE
INTP=INTLI(NR)
w)d 10 6R
&7 InTks INTL(LO) ,
68 caLL INTRP(INTP.TE”P(K'I}-TEMP(K).ESUBI‘N'I)-ESUBI(K).EP.THET)
GO TO 59 ,
70 CONTINVE .
CALL PUNCH (MATP,MATPP ] AT
901 CONTINUE
90 CONTINUE
100 sTOP
~ENOD
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SUBKQU
DIMENS
K -4

1=l

Yila=
r(2)=
A(l)s
Al2)s=
Jil) s

TINE INTRP

Y1
Y2
Y1
X2
J

(MMoYloYZUXI.KZQUl.V)
TON Y(2),X(2) 40t} V(11

{Fi{tnael) 203N,232,20D0
202 vI{)= Y(M=1l)
Y IS CONSTANT
GO Ty 3ING
24307 JFlima2) 233,2001,203
001 V(ll:(Y(H)-Y(H-l))/(X(H)-A(M—l))*(U(I)-A(M-l))*Y(M-l)
Y LIMUAR 14 &
wd 10 3ANG
2n3 JF (v 3) ZG“").QHZ.ZJ‘“
2002 AX= ALOG{X(M))
bX= ALNDG(X(A=]1))
Cx= ALOG(Ul]L))
Vila® (YAM) =Y (=l )1/ (AX=tX) 4 (Chmisi) + YiMal)
Y CINEAR [N LN X
GO Tu 307
204 {FLiyY(41) 2001,2900,2003
20D3 IF (v twl)) 2050142061 ,2004
200N 1F (=4 200% 4 20259122 73%
2405 AY= ALOGLY (m)
HY= ALOGiY(=]))
VIE)® (AY=BY) /(AAMIoxtlml) ) wlUtjlamAittal) )+ Y
Vvily= ExP(viI))
LN v LINEAR [N X
6 Tu 3IrC
205 AY= sLOGlY(M))
BY=z ALOG{Y{MH=1))
AX= ALOGIX(i))
BX=2 ALOG(X{M=1))
CX= ALOGIUCL 1)
V(1)=(AY~BY)/(AX-BK111CA-BAl+BY
Vilys €XP (V1))
L Y LINEAR IN Liv X
U0 CONTINUE
RE Ttinw
ENU
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SUBROUTINE MAXW(EP s JTHCT) A _
COMMON PP(25,100), NEPK(1IG)Y NPPE(IND), EL(100)
CoOMHONTD(20), NDU10), E(25), MATHN(IN), NTPCID)
COMMON  MATNF (1Q) s LEFPISCY, MNEBT{HMs1n), INTISD,10)
COMMUN NBTLULIG), Nt LUIR), ESUB(52,1LC), PRUB(50,10C), NPN(50)
COrMMQORN NK1(SB),, TEHPOION), LSULY(1OD), PRO(SO)
COMIMON AwR NI GJNPP MR  MAXL

COMMON NMT (&)

PREPARKES CUMULATIVE PROwas!LITY FurR EXCITING PSEUDO STATES FOR
A GIVEN INCIDENT NEUTRON EMERGY tien ThE ENERGY DISTRIBUTIGN
OF THE INFLASTIC WEUTRGOWN 1S MAXwe | L1aAN

MaXe 1S THE MAXIMUM NUMpBER UF LEVELS
€EP 1S THE INCIDENT LkritRoY

e o N a N ol aWaNalakal

DO 127 L=2,MAXL
IF (LaMAXL) 65,866,06

65 BL B EP= QeSw(ELIL) + EL{L*LI))
a0 T0O &7

b bl = .0

67 BU =a gP

85 IF(BL) 90, 93, i20
90 BL = Da.R _ ) o
100 PRO (L) SIEXPU{=BL/THET I*BL/THET +1eU)=EXP{=BU/THET )
1{BU/THET +140))/ 01 aSmb AP (=LU/THET)#(BU/THET+1 0 ) )
) IFtaL =~ 0s0051) 1i1Ge Y10, 120
110 LMAX a L '
GO TQ 130

120 CONTINUVE
13U IFUmAXL = LuAX) 190, 190, 17¢
170 LLtaa = LMAX+!
' DO 183 L s LLIAK. MAAL
180 PRUCL)Y = 1en
190 PPlJsl)s GeBd
D0 200 KK = 2,Maxi
TTTTTTTPRUUWKK)Y = PRO(KK])
200 CONTINUE
RETURN
ENU
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SUBROUTINE SRCH ( TAeluslCinPT,y 124115,y TRHETA)
DIMENSION THETA(LD)

COrMOn PP(25,100)y WEPH(LIG), WPPE(1D)s ELLLOC)
COMMORNIDU20) . HDL13), E(25), MATNIIM, NTP{10)
COMMON MATHRP (ID) s LFPIHCTy WBTLARy10) s INTUSO10)

COMMON NETHCERY, INTLLLa), ESUB(SN,100), PRORI50,100), NPN(50)
COMAOI WRL(ABE) s TEMPOLUC), ESULL(1GD) . PRO(EN)

COMMUN AWR (NK ¢HPP (IR (MAXL
COMMON NMTl4)
l1v=0
12 =2 n
7 READCINPT o 14)  1TwanC MT
14 FORMAT(AOX,14,12,13)
IF U1 T=lAY  741%.7
15 IF(wC=18) Tolba?
16 IFGuT=1C) 7218,17
17 lz = |
RETURN

REAU THELASTIC UATA

[aNaXa)

18 BACKSPACE INPT
KEAD (YNPT!‘V, ZAshik oL Lol &K
19 FORMATIZEL L a3 441104304 ,T24,13 )
IFLak=499) 195,177521975
199 {1} = )
sl 19 K&8
195 DO 49 =1 Nk :
REAULTHPT +19) CLeTHETACL) sListt oivksrPP
IFCuR=10) 1975199741997
1997 11 = 2
GO0 fu Lo
197 IFlipP=275) 1984199441798
j998 11 = 3
GO T H7D
L9 NPN(1) = NPP
MRIC[)Y = MR
LEP (D) = L
GO TQ{BN 50, 20,560,20,50,50,240,<7,6% 4 ,LF
20 REAQCINPT22) (HBT ti9Kis  ihd U skl e K 5 1ol ]
22 FORuAT(&1 1
READCINRPT 923 (ESUE (] yh) yPRUBTL 1)y KSTsHPP )
23 FORMAT (3(E1Ll.,Filae4))
IF(LF=5) 3960,30,3900
390D 1FLLFe9} 49 ,30,%0

30 READUIAPT 1 19) €1 4C2al 14 h2,WR,NFF
: IF{nR=100 32,3020, 3020
3020 11 s 4
GO0 10 400
302 IF(NPP=275) 304,3040,304C

20



3040 ] =& &
) 60 10O S5GQ
304 REAGUINPT ,22)(hNBTLILC  K) INTI Ry K & ) hR
READCILPT ,23) (ESubio K1y TEHEL K)sb=1l PP )

49 CQUl e

40 Tu 60
SUD WwkRITR16,901)) 11
501 FORMAYT (1H1,13HERRUK tUnBER , 13
fis = 3
G0 Tu &1
YU 2 = !
60 RETULH,
[ANED)
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1135
1136
1138,
1139

1134
1144

1146
1156

1147
11567

1178

10

20
.24

26

27

a5
36

1105
1106
1108
1109

1104
1114

‘DiMeNSION EPUN(1O0Q)

SUBROUTINE PUNCH (HATPAMATEP oML MuT)

COMMUN  PP(25,100) NEPM(10), NPPE(10), EL(100)

COMKOWIDI204, NL(1B), E(25), MATN(lG), NTP(1O)

coMmun  MATNP(IC), LFP(50), wBT(SM,10), INT(50,10)
COMMUN NBTLU10)s INTIUIO) . ESUB(50,100), PRGBIS0.,100), NPN(50)

CoMmMor  WRI(%0), TEMF(IG0), ESUB1(100), PRO(SRO)
COMMUKL - AWR G MNKoNPF NRyMAAL

cCoMMOn NMT 4

10 = 6
107 = 7
KEH = NEPH(MAT)

KEﬂM ] = KEB"!

MNMAT = HD(2)

IF (MT-4) 1135, 1134, 1135

IF {MT-16) 1138, 1146, 1136

IF (MT-17) 1138, 1147, 1138

WRITE (IOF, 1139) MT

FORMAT (1H__, 20H ILLEGAL REACTION MT=,)5)
GO TO 1178

WRITE (10T, 1144) MT

FORMAT (1H ., 24 H INELASTIC-(N,NPRIME)-MT=,15)
GO TO 1178

WRITE {I0T,1156) MT

FORMAT (1Hw, 19H (N,2N)-REACTION-MT=,15)

GO TO 1178 '
WRITE (107.1157) MT

FORMAT (1Heme, 19H (N,3N)-REACTION-MT=,15)

GO TO 1178

WRITE(TIQTY 100 KREBMN] y MATEPRY NOU&) MAXL s N1, MATP
FORMAT (LH +4H000&6, 515, 3Zxs 14, & sli00])

IF {N]) 356,355,210

DO 24 1 = 1 ,.MAXL

ELII) ® EL(I) ® leDE-Co

WRITE (10T 426) (EL(L1), I5).Maall

FORMAT (IH , F943, HGE1D3)

b0 27 1 = 1 KEBFK]

KeKEbhw]

EPUN(K)ak (] )¢l 0E~Co

WRITE (10Ts20) (EPUNIK), K=LskEENY]

U0 3 J = 1, KEBN]

JJd = KEbB=J

WRITE (10T ,26) (PP(Juskk)y KK=14MAXL )
- 355_

WRITE(I1D.36) '

FORMAT (1H1,33HCKROSS SECTIONS EPUNM ¢&DF/L TAPES )
IF (MT-4) 1105, 1104, 1105

IF (MT-16) 1108, 1116, 1106

IF (MT-17) 1108, 1117, 1108

WRITE (i0 , 1109) MT

FORMAT (1H.., 20H ILLEGAL-REACTION MT=,15)
GO TO 1128

WRITE (IO, 1114) MT

FORMAT (1Hww, 24H INELASTIC-(N,NPRIME)-MT=,15)
GO TO"1128

22



1116
1126

1117
1127

1128

40

41
Lé

70
1C0O

WRITE (IO, 1126) MT
FORMAT (1H..., 19H {N,2N)-REAC

GO TO 1128

WRITE (10, 1127)

GO TO 1128
wRINELL]IO

FOreeY (1h

I F i1.1)
WRITE (IO
FORE AT LY

H

MT
FORMAT (1H..., 19H (N,3N)-REACTION-MT=,15)

W HLY Y

csh

D6

wRIVE (l1L.bheai

Lo 3T

ek1ITE (TG
CaONT IRLE
RE_I‘ULIM
LhD

o
JJd o = kFEbey

-
-

Ha)

TION-MT=,I5)

Kesml . v BATFRy N (41,

". 5]5. 32)\9
1LG,IDD,4)

14y eplatiCGrl )

(FL(l) s 1 & 1 MNAML )

obLiCec i

(ELPLiN LK) gﬁzlg"\hbf‘l)

LokEbsbed

(FFPlJOJ KK

Kk=l,iiwrl )
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