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A method for the calculation of nucleon-capture cross sections and excitation functions is presented. The
method is based on the statistical compound-nucleus model. The method is applied to the calculation of
the excitation function for the reactions In'~{n y)In"8 and Bi20'(p y) Po"0. The result of the analysis of
this paper indicates that the compound-nucleus mechanism is responsible for a considerably larger part of
the cross section than previously believed.

I. INTRODUCTlON
"N this paper, a method for the evaluation of cross

.. tions and excitation functions for (n, y) and (p, y)
reactions is presented. The method is based on the
compound-nucleus statistical model. According to this
picture the cross section and the excitation function
depend mainly on the cross section for the formation of
the compound nucleus, the radiation or y width, and
the nucleon width. The cross section for the formation
of the compound nucleus is calculated using the optical
model. The nucleon and y widths are determined using
the reciprocity theorem for nuclear reactions. According
to this theorem, each width depends on the cross section
of the appropriate inverse process. In particular, in the
present study, the information about photonuclear
cross sections and the shape of the giant resonance play
a major role in the investigation of the radiation width.

The compound-nucleus picture proved very valuable
in the interpretations of cross sections other than those
related to radiative capture. However, it was realized' 4

that the statistical model underestimates the radiative
capture cross section, especially for heavy nuclei and
higher nucleon energies. The lack of agreement between
the statistical model and experiment was attributed to
large contributions from direct reactions. Lane' and
Lane and Lynn' developed the formalism for the study
of direct capture reactions. Here, the previous ideas' '
were put into a quantitative form. The work of Lane
and Lynn" was extended by many authors, c1 ieQy
by Lane and co-workers~ and Brown. ' Some of these
studies compare the consequences of different models,
others dwell particularly on direct reactions, and still
others consider only very high-energy p rays and semi-
direct processes.
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On the other hand, the statistical theory was success-
ful in the interpretation of y-ray spectra to various
degrees of accuracy~ii —1s especially for lower energies
Benzi and Bortolaniie applied the statistical model to
the calculation of the excitation function for radiative
capture. They ignored the contribution to the inverse
cross section from the giant resonance. Also, their cal-
culation is based on a nonrealistic spin dependence of the
density of levels. Yet their resu1ts agree fairly we11 with
experiment.

The latter successes of the statistical model motivated
the present study. The purpose of this paper is to
reexamine the applicability of the statistical model to
the analysis of radiative capture processes, in particular,
to the interpretation of excitation functions. It is
shown here that the inclusion of the giant resonance in
the cross section for the inverse process, a use of im-

proved versions for the density of levels, and a more
rigorous and up-to-date treatment of the nucleon width
yield mucb better agreement between experiment and
the statistical model. One learns, therefore, that the
statistical processes play a more important role in
radiative capture processes than older studies seem to
indicate. It is also shown that the validity of the statis-
tical model can be extended to higher nucleon energies.
However, for very high energies (corresponding to
energies above the giant resonance) and for very heavy
nuclei, even the present approach fails to account for
the entire (n, y) or (p, y) cross section.

H. THEORY

The cross section 0 (n, y; E) for an incoming nucleon
with an energy E, in which e stands for a nucleon and
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not for a neutron only, is written as a sum of terms

tr(n, p; E; Jo) =P o (n, y; E; J, Jo) .
J

In Eq. (1),~(n, y; E; J, Jo) is the partial cross section
when the intermediate state or the state of the compound
nucleus has a spin J. In the compound nucleus, states
with various spins are excited. In Eq. (1), Jo is the
spin of the initial state. According to the compound-
nucleus theory, the cross section o (n, y; E, J) can be
written

o (e, y; E; J, Jo) =o.(e; E; J, Jo)

&((I' (E+B, J)/I' (E+B, J)]. (2)

In Eq. (2), I'~(E, J) and I', (E, J) are the radiation
width and the total width, respectively, of a state with
an excitation E and spin J.When the incoming nucleon
has an energy E, the compound nucleus is excited to an
energy E+8, where 8 is the nucleon binding energy.
Therefore, the radiation width and total width are
calculated for an energy E+B. The total width is the
sum of widths for all possible decays. For most cal-
culations, the total width is the sum of the nucleon
and p widths. Therefore, the present theory dwells
mainly on the evaluation of the nucleon and y widths.

The cross section for the formation of the compound
nucleus at an energy E+Bwith a spin J, by bombard-
ing a target of spin Jp with a nucleon having an energy
E, becomes'P

J J l j+1i2
n, (n; E, J; Jo) =orKo p (2j+1)Ti,;(E)~ (3)

~iJ~JI ~=~u2

The transmission coeKcient Ti,,(E) is a function of the
nucleon energy E, its orbital angular momentum /,
and total angular momentum j. These coefficients are
determined, using the optical model. In the present
paper, the transmission coefficients for neutrons and
protons are obtained from the work of Mani e] al.""

Now the nucleon width I' (E, J) is evaluated. This
nucleon width is written

r„(E, J) =a+ S.(E, J; E', J') dE'. (4)Ji B

In Eq. (4), S"(E, J; E', J') is the nucleon decay rate
or the probability of nucleon emission per unit energy
range per unit time. This nucleon decay rate is evalu-
ated by breaking it into a sum of terms, ~ each term
S(E, J; E', J'; l, j) corresponding to the emission of a

"J.M. Blatt and V. F. Weisskopf, Theoretica/ Nuclear Physics
(Wiley-Interscience, Inc. , New York, 1952)."G. S. Mani, M. A. MelkanoG, and I. Iorti, Cent. Nucl. Soc.
Report No. CEA 2380, 1963 (unpublished).~ G. S. Mani, M. A. Melkano6', and I. Iorti, Cent. Nucl. Soc.
Report No. CEA 2379, 1963 (unpublished).
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nucleon with a specified angular momentum l and total
angular J, so that

J J' j=l 1/2
S"(E, J; E', J') = S"(E, J; E', J'; l, j).

j=l J—Jil j=i-~/2

(5)

The expression for S"(E, J; E', J'; lj ) is obtained by
using the reciprocity theorem for nuclear reactions. In
the present treatment, the reciprocity theorem is applied
to each channel with a specihed l and j, so that each
S"(E, J; E', J'; I, j) is treated individually instead of
applying the theorem directly to S"(E, J; E', J').
This treatment yields"

o (E—E', l,j; E', J'; E, J)S-(E, J; E', J', l, j) =

lo ) lo p(E, J)
In Eq. (6), R is the nuclear radius and

lo = Lo/A.

The critical angular momentum Lp is related to the
nuclear radius and the incoming nuetron energy E by

Lo ——Ro (2tsE) "'

In Eq. (6), p(E, J) gives the nuclear density of states
as a function of energy and angular momentum and will
be discussed later in this paper. Here, a(E E', l,j;—
E', J'& E, J) is the inverse cross section for exciting a
nucleus at an energy E' and spin J' to a nucleus with an
energy E and spin J by absorption of a nucleon of
energy E—E' and of orbital angular momentum /

and total angular momentum j. This cross section for
the inverse process is written

&(E—E', lj;E', J', E, J) = (2j+1)or%'Ti, (E—E').

Now an expression for the radiation width I'~(E, J)
is derived.

4+1 E
I', (E, J) =5 g S'(E, J; E', J')dE'. (10)Ji=J—1 0

In Eq. (10), S&(E, J; E', J') is the p decay rate.
Since only dipole radiation is considered, the summation
over J' is from J—1 to J+1. Using the reciprocity
theorem for nuclear reactions, the decay rate for p
emission can be written

S"(E,J; E', J')

o (E—E'; E', J'; E, J) (E—E')' p(E', J')
Sc p(E, J) (11)
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In Eq. (11),o (E E'—, E', J'; E, J) is the cross section
for the absorption of a photon with an energy E—E' by
a nucleus with an energy E' and spin J', the photon
exciting it to a state with an energy E and spin J.
The inverse cross section for the photon absorption
o(E E',E—' J'; E, 1) is written

TABLE I. Comparison of experimental and theoretical-excita-
tion-function results for the reaction In'7(e, y}In~. The cross
o„pt is the experimentally measured cross section, orth, & is the
cross section as calculated by Benzi and Bortolani, and oth
is the cross section as calculated in the present paper. All cross
sections are in mb.

o(E E'; E—', J', E, J)
=o (E E'; 0,—J; E—E', J) (bz, z t+hq-, q+B~,~+t)

o(E») (4',z—1+4',2+4',2+1) ~ (12)

The b functions appearing in Eq. (12) reflect the
selection rules for dipole transitions.

Equation (12) is based on the assumption that the
photonuclear cross section of a nucleus in an excited
state depends only on the p-ray energy and not on the
excitation energy or the spin of the initial state. "
Different expressions in difterent energy ranges are
used for o (E») .' '4 "

2.05

2.65

3 ' 33

4.00

4.80

5.50

6.2

14 ~ 0

&expt

29a1
16.5&1

12.8&1

9.9~1
9.0~0.7

5.2+0.5

2.5w0. 5

trtheoret 1

53.6

30.5

16.7

9.3

2.6

1.5
0.0

&theoret 8

50.5

27.0

16.5

11.0

8 ~ 9

7.0

5.0

single-particle levels per MeV, and (rw') is the mean

o(E ) —3 g
'

for E ~3 MeV (13) square of the magnetic quantum numbers of the excited
7 100 5 particles. It has been suggested'~~ that for every

speci6ed energy there is a corresponding spin J~ such
that at this energy there are no states with spin values

(E»—En) '+II'»' higher than J~ and the density of levels vanishes. This
property of the density of levels is included in the pres-
ent study. The maximum spin is related to the energy by

Ev'rv'
o(E») =os, for E») 9 MeV.

2 s+E 2P 2

In Eqs. (13)-(15), all energies are in MeV and the
cross section is in b. In these equations, E& is the energy
of the peak of the giant resonance, and I'~ is the width
of this resonance. In Eq. (14), b=0 3MeV '.'.

The density of levels p(E, J) appearing in Eqs. (6)
and (11) is written as a product of a spin-dependent
term and an energy-dependent term'~' so that

p(E, J) = (21+1)p(E) exp —E( J'+~a) '/2o'j. (16)

p(E') =C(E'+T) "'exp(2aE')'I'. (19)

Here the nuclear temperature and the excitation are
related by

E =ST —T~
where

Jsr ——(2Eg/fi') 'I'

Nuclear densities of levels have been discussed by many
authors. '~"'~3s Shell and pairing e6ects have been
considered. In the present paper, the form suggested
by Lang and LeCouteur~ has been used. Following
Lang and Lecouteur, the energy-dependent term in the
density of levels p(E') is given by

The square of the spin cutoG parameter cr is related to
the nuclear moment of inertia 8 and to the nuclear
temperature T by"

E'= E for odd-odd nuclei,

E'=E—8 for odd-A nuclei,

(21a)

(21b)

o'=rfT//fis= gT(ra'). (17)

In Eq. (17), g is the number of proton and neutron

"P.Axel, Phys. Rev. 126, 671 (1962).
~' K. G. Fuller and K. Hayward, in Nuclear Reactions II, edited

by P. M. Kndt and P. B. Smith (North-Holland Publishing Co.,
Amsterdam, 1962), p. 113.

'6 H. A. Bethe, Rev. Mod. Phys. 9, (1937}.
C. Block, Phys. Rev. 93, 1094 (1954).

28 T. Kricson and V. Strutinskii, Nucl. Phys. 8, 284 (1958).»T. Ericson, in Aduawces zn Physics, edited by H. F. Mott
(Taylor and Francis, Ltd. , London, 1960), Vol. 9, p. 425.

E'=E 2h for even-even nu—clei. (21c)

In Eqs. (21b) and (21c), A is the gap parameter. The

3 J. R. Grover, Phys. Rev. 127', 2142 (1962}."D.Sperber, Phys. Rev. 138, B1028 (1965).
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'4 D. W. Lang and K. J.LeCouteur, Nucl. Phys. 14, 21 (1959}.~ D. W. Lang, Nucl. Phys. 26, 434 (1961)."D.W. Lang, Nucl. Phys. 42, 353 (1963}.~ T. D. Newton, Can. J. Phys. 34, 804 (1956)."A. Gilbert and A. G. Cameron, Can. I.Phys. 43, 1446 i1965),
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FIG. 1. The cross section for the reaction Bi'~(p, y) Po'" as a
function of proton energy. The dots represent the observed cross
sections. Curve {a) represents the results of the present cal-
culations; curves {b) and {c) represent calculations by Lane
and Lynn, using different densities of levels.

theory developed in this section is used in Sec. III for
the calcuj ation of the excitation function. The calculated
excitation functions are then compared with experiment.

~ P. E. Nemirovsky and Yu Adamchuk, Nucl. Phys. 69, 279
{2965).

~ A. E. Johnsrud, M. G. Silbert, and H. H. Barschall, Phys.
Rev. 116,92'I, {2959).

IG. NUMERICAL RESULTS AND DISCUSSION

The power of the method described in this paper is
demonstrated by performing sample calculations and
comparing the results with experiment.

In the calculation performed in the present paper, the
parameter "a",appearing in the form for the density of
levels, is taken as —,'OA MeV ' (here A is the number of
nucleons). A rigid moment of inertia is assumed. The
gap parameter is taken from the work of Nemirovsky
and Adamchuk. 39

Two reactions were chosen for comparison between
theory and experiment, one for a (I, y) reaction and
one for a (p, y) reaction. For a (e, y) reaction,
Inn'(e, y)lnns was chosen. The capture cross section
for this reaction was measured by Johnsrud et at.~ The

excitation function for the same reaction was analyzed

by Benzi et a/. "A comparison between the predictions
of the present theory, the work of Benzi ef ul. ,'~ and
experiment is found in Table I. A comparison of the
two theoretical results with experiment shows that the
present theory is much more satisfactory, at least up
to neutron energies of 14 MeV. For a (p, y) reaction,
BI209(p, y)Po"' is chosen. The excitation function for
this reaction was measured by Andre et al." and pre-
viously analyzed by Lane and Lynn. e A comparison
between experiment, the work of Lane and Lynn, ' and
the present work is shown in Fig. 1.It can be seem from

Fig. 1 that the present statistical analysis is more satis-
factory than a similar analysis previously undertaken.
In particular, the present theory gives excellent agree-
between theory and experiment for proton energies less
than 15 MeV. Above 15 MeV the discrepancy between
theory and experiment, according to the present picture,
is much smaller than the equivalent discrepancy arising
from the previous compound-nucleus analysis.

In the present paper, the statistical model is used in a
more rigorous way. The present values for the proton
and neutron width is improved. This improvement
stems from a more realistic evaluation of the cross
section for the inverse reaction. The calculation of the
inverse cross section is updated in two ways: (i) an
optical potential replaces the simple square-we/1 poten-
tial; and (ii) the angular momentum dependence of the
inverse cross section is calculated more rigorously than
in the older papers on capture processes. In the present
analysis no parameters are adjusted, all parameters are
obtained from the literature.

The present analysis suggests that the compound-
nucleus mechanism accounts for a considerable fraction
of the capture processes, certainly a larger fraction than
believed in the past. This is true in particular when the
energy of the nucleon is lower than the energy at which
the giant resonance peaks. The compound-nucleus
mechanism accounts for almost the entire cross section.
On the other hand, the reduced, but existing, discrep-
ancy between the prediction of the present theory for
higher energies indicates clearly the existence of some
mechanism other than a compound nucleus, one such
as direct capture. However, the present analysis sug-
gests a reduced contribution from such a mechanism.

4' C. G. Andre, J. R. Huizenga, J. F. Nech, W. J. Palmer, W.
J. Rambler, E. G. Rauch, and S. R. Rocklin, Phys. Rev. 101,
645 {1956).


