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Simple formulas are obtained in the dipole approximation for the cross section and polariza-
tion of the direct nonresonant photonuclear effect, using the shell model with jj -coupling. The
final state interaction is described by means of a complex optical model potential. For the
square well potential, numerical computations are made which enable one to judge the role

of various features of the interaction.

].o In the present paper we continue an investiga-
tion previously begunD] of the direct nonresonant
nuclear photoeffect.* As previously, the problem
is treated within the framework of the jj-coupling
shell model in the dipole approximation. The in-
teraction of the emerging nucleon with the nucleus
is described by means of the complex potential of
the nuclear optical model. Rectangular potential
wells are used for both the initial and final states.
The purpose of this work was to study the influence
of various features of the interaction on the cross
section and polarization for the direct photonuclear
effect.

The numerical computations enabled us to ex-
plain the role of spin-orbit interaction, the effect
of the imaginary part of the potential, and the con-
tribution of the region inside the nucleus to the di-
pole matrix element. The dependence of the com-
putational results on the parameters of the poten-
tial, and especially on the nuclear radius R, turns
out to be very strong. This imposes strict require-
ments on the choice of potential and indicates that
computations which use too crude approximations
are of little valueL 4] Wherever possible we use
the same notation as in 13

2, The cross section for the direct photonuclear
effect, which has previously been given in a com-
plicated form,‘:l’s:I can be written in a form which
is more convenient for actual computations (with
the dependence on I shown explicitly ):

*In [‘], the formulas for the cross section and the corres-
ponding numbers in the table should be multiplied by %. In
formula (2), V 2EV,R should be replaced by V 2Ey V,R. The
numbers given in the table for E =3 and 5 MeV are incorrect,
the correct values being those shown in Fig, 2 of the present
paper.
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B =1 if the subshell contains one particle, g = 2
for the case of two particles in the subshell, 8 = 2j
if there is one ‘‘hole’’ in the subshell, and B = 2j
+ 1 if the subshell is filled.

The corresponding expression for the polariza-
tion of nucleons emerging from a given subshell
(njl ) also has a simple form:*

*The method for calculating the polarization of the nucleons
in the photoeffect and some specific computations are given in
Ll A complicated expression for the polarization was given by
Francis et al[”]
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The polarization vector is perpendicular to the
plane formed by the vectors K and k (the positive
direction being that of K X k). Formula (2) reflects
the interference nature of the polarization. In the
absence of spin-orbit interaction, the occurrence
of polarization is caused by interference of the
waves with L=7l +land L=1-1:
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variant were taken from the paper of Feshbach,
Porter, and Weisskopf,[sj and a constant value of
¢ = — 0.15 was used. The value Af =0.35 x 1072
cm? was taken from the work of Levintov.[10]
These two sets of parameters lead to results
which differ in order of magnitude (cf. Figs. 1 and
2 where, as in all other figures, we use the orbital
angular momentum ! of the shell as the index in
place of (njl ). This marked dependence on the
well parameters is apparently related to the use of
rectangular potential shapes. Here the matrix ele-
ment of the dipole operator is expressed in terms
of spherical Bessel functions, which oscillate, and
this can result in a sharp drop in cross section
for certain parameter values. Precisely this sit-
uation arises when one uses the parameters of

Poji = +sin 2020 + 1) {4 (Anj + Baysin?0)}71 (20 + 1 F 1) Kawai et all8J and radii of 3.8 and 4 Fermis,

x Im (aL=,+1aL= 1_1),

@)

j=1 +Y%. From formula (3) it follows immediately
that for neutrons from the s -shell, the polarization
is equal to zero if we neglect spin-orbit interaction.

For potentials V, and Vg of rectangular shape
(we assume their radii are the same)

Voi(r) = — Uot [f (r) + (4/R) (L) 8 (r — R)],

1o ={o ;3"
the radial matrix element can be obtained in ana-
lytic form; because of their complexity, we shall
not give the explicit expressions.

3. Numerical computations were made for var-
ious values of the parameters of the potential
(cf. the table), for the case of the photoeffect on
C!? with emission of neutrons with energies up to
16 MeV. The parameters of the potential well for
the initial state were determined from the separa-
tion energy of the neutron.

@)

Vari- | R F U,, MeV Aos F Us, MeV
ant
I, 3.88 | 36.85 0.38 40
I 3.88 | 37.76 0 40
11 3,32 43,77 0 42

Two different sets of parameters in the complex
potential were considered. In the first of these we
used the data from the paper of Kawai et al.;[s:‘
the energy dependence of the imaginary part of the
potential was chosen in the form W =¢Us
=— (AE?+ BE + C). The values A = —0.0085
MeV B =0.613, C = — 0.185 MeV were determined
by the method of least squares from the data of
Kawai et al.[8] The parameters in the second

which are ascribed by them to the C!% and O!®
nuclei (we have neglected the difference in radius
of C!2 and C''), Naturally in such cases the de-
pendence on the parameters may be even stronger.
In Figs. 1 and 2 we show the effect of the imag-
inary part of the potential (the quantity B, is not
shown in Fig. 2 because it is small compared to
A; and B;). Including the absorption of the neu-
tron in nuclear matter leads to a significant reduc-
tion of the reaction cross section and can even
change the shape of the spectrum. Spin-orbit in-

A,.8,, mb/sr
0,021

FIG. 1. Dependence of A; and
B; in (1) on neutron energy for
variant Iy (A = 0). The solid
curve is for { = 0, the dashed
curves for { £ 0.
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£, MeV
4, 8,, mb/sr
0.06}
FIG. 2. Dependence of A, 0.04+
and B, on neutron energy for
variant II (A¢ = 0). Solid curves -
for { = 0, dotted curves for
¢=-0.15. 0.02+
aq
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nonresonant nuclear photoeffect from the regions
inside and outside the nucleus shows (Fig. 5) that
each region by itself does not give a contribution
which is close to the total value.

In some papers %7 in computing the matrix
element only the region outside the nucleus is in-
cluded (‘‘surface effect’’). In doing this one
usually relies on the attenuation of the wave func-
tion of the emergent particle inside the nucleus
because of the absorption which is introduced via

FIG. 3. Influence of spin-orbit interaction on the quantity B, . {0 imaginary part of the potential. However the

The solid line is variant Iy, A¢ = 0; the dashed line is variant
I, Af = 0.35(Fermi)?, the dot-dashed line is variant I, A = 0.

teraction produces only a comparatively small
change in the differential cross section for the
direct photoeffect. (Cf. Fig. 3. The dependence

of A, and B on the spin-orbit interaction is
weaker and is therefore not shown.) Even the po-
larization of the emerging neutrons, which should
be most sensitive to this interaction, up to a neu-
tron energy of ~10 MeV is changed only slightly
by including it (Fig. 4). Possibly this is connected
with the use of the spin-orbit potential (4) in the
form of a ¢ function. Figure 4 shows the per-
centage polarization for 0 = 45°; for arbitrary 6
it can be gotten from the formula

P, (8) = P, (45°) sin 28 ( A+ B,) /(A; 4 Bysin?6).  (5)

An estimate of the contribution to the direct

FIG. 4. Percentage

P(45°), % polarization of neutrons

' e from the direct photoeffect,
e 7 Lo —— emitted at 45° to the direc-
6 / Va tion of propagation of the

4F / J y quantum (theoretical

0 // curves). The solid line is

N4 variant I, Ag = 0.35 (Fermi)?,

i , the dashed line is variant

Ia, Af = 0, the dot-dashed
line is variant II.

Ay, B, mb/st
0,02

FIG. 5. Dependence of A,
and B, on neutron energy for
different regions of the radial
integration. Solid line —re-
gion from zero to infinity;
dashed line—the region in-
side the nucleus; the dot-
dashed line — the region out-
side the nucleus.
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rapid falloff of the wave function of the bound nu-
cleon in the region outside the nucleus should in
its turn lead to a reduction of the matrix element
in the external region, which explains the result
found in the present work from a direct computa-
tion.

Comparison of the computational results with
experiment[“] shows that in the case of variant II
(cf. the table) the computation reproduces the
falling energy spectrum of the neutrons and gives
a fair description of the angular distributions for
energies of 3 ~7 MeV (Figs. 6 and 7). The ab-
solute values of the cross sections are more than
an order of magnitude smaller than the experimen-
tal values. This may arise from the important
part played bil the resonance effects, predicted by
Wilkinson,l:12 which are related to the existence
of well separated quasistationary states in this
region of energy of the ¥ quanta. But there are at
least three factors which would apparently help
give a larger cross section for the direct nonreso-

FIG. 6. Comparison
of the theoretical shape
of the energy spectrum
of photoneutrons from
the direct process
(variant II) with experi-
ment (2] (in arbitrary
units). The theoretical /-
curve is normalized to
the area of the histo-
gram starting from
E =3 MeV.

150
4, deg

FIG. 7. Comparison of theoretical neutron angular distri-
butions (variant II) with experiment [:1] (in arbitrary units):
@) 3<E S5 MeV, o(6) ~ 1+ 0.45 sin*6; b) 5 <E <7 MeV,
o(6) ~ 1 + 0,88 sin®6.
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nant photoeffect on C!2. These are a further reduc-
tion of the nuclear radius (the radius R =3.32 F
corresponds to the formula R =1.45 AV F), taking
into account the diffuseness of the nuclear boundary
(cf., for example, [1¥]) and reducing the value of

Ig |, which should occur for nuclei close to closed
shells.[14]

From Fig. 2 it follows that reducing ¢ to zero
does not spoil the agreement of the angular distri-
butions with experiment. Thus by suitably modify-
ing the model we may hope to obtain better agree-
ment with experiment, but the solution of this prob-
lem requires further investigation.

It should be noted that, according to the Wilkin-
son model, no polarization should result from the
photonuclear reaction, since the emerging nucleon
owes its appearance either to the decay of the
compound nucleus or to a direct resonance effect
in which the angular momentum of the emerging
particle is fixed and consequently there is no inter-
ference between states of different angular mo-
mentum. Thus the investigation of the polarization
of the photonucleons may give further valuable in-
formation about the mechanism of the photonuclear
process.

In conclusion I take this opportunity to express
my profound gratitude to Profs. I. S. Shapiro and
V. V. Balashov for discussion of some of the re-
sults of the present work, and also to M. Ogareva
who did the programming and computation of the
quantities describing the neutron wave function in
the complex potential.
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