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The one-particle (direct) mechanism of photonuclear reactions at high energies is inves-
tigated on the basis of the shell model. It is shown that the ground state momentum distri-
bution obtained from that model allows one to explain the forward shift of the maximum in
the angular distribution of the photoprotons and leads to a correct magnitude of the reac-

tion cross section.

1. INTRODUCTION

THE study of photonuclear reactions at large en-
ergies (220 Mev) of the emitted nucleons is im-
portant because it gives a direct method of inves-
tigating the correlations of the nucleons and their
momentum distribution in the nuclear ground state.
Of equal interest is the question on the interaction
of the electromagnetic field with the nucleus at
high photon and reaction product energies. The
characteristic peculiarity of photonuclear reac-
tions lies in the fact that the photon carries a
momentum which is several times smaller than
the momentum of the emitted particle. One there-
fore has to provide for such a reaction mechanism
which will secure the fulfilment of the conservation
rules. The two nucleon (“quasi-deuteron”) model
which was proposed by Levinger1 and further de-
veloped by Dedrik? and Gottfried® has been since
fully confirmed experimentally®® and is generally
accepted as the model of photonuclear reactions
at high energies. However, there exist also ex-
perimental data not contained within the frame-
work of the two nucleon mechanism. These are:
(i) the presence of photoprotons with energy al-
most equal to the maximum energy of the x-ray
spectrum;®’® (ii) forward shift of the peak in the
angular distribution into the range 20 — 50°;%7
(iii) direct observations of the (v, p) and (v, n)
reactions at high photon energies.8

In connection with the indicated facts the im-
portance of the (one-nucleon) direct photoeffect
has been repeatedly mentioned. In particular, this
idea has been successfully applied to the region of
the giant resonance.’

In the present paper the one-nucleon direct
photoeffect will be investigated on the basis of
the shell model in its simplest form. The con-

servation of momentum will be taken care of by
considering that a bound nucleon possesses mo-
mentum (the internal momentum distribution).
Furthermore the forward shift of the angular dis-
tribution will find an explanation analogous to the
case of the atomic photoeffect.!? The well known
success of the shell model justifies the hope that
its wave functions will sufficiently accurately give
the ground state momentum distribution of the
nucleons.

2. THE REACTION MECHANISM AND THE
CROSS SECTIONS

The basic assumptions which we will make are
the following:

1. The nucleus in its ground state can be de-
scribed as a system of nucleons moving independ-
ently in a certain spherically symmetrical poten-
tial. The state of each nucleon is described by the
orbital angular momentum [, its projection m,
and the energy ¢€;. The spin and magnetic moment
of the nucleon will not be taken into account. This
in the present case is equivalent to the neglect of
the spin-orbit interaction. It should be mentioned
that the disregard of the nucleon-nucleon interac-
tions allows only to consider excited “hole” states
of the daughter nucleus; the excitation energy of
these states is included into the binding energy
of the particular nucleon.

2. The final state interaction is given by the
optical model of the nucleus.

3. The impulse approximation is applicable.

In a system of noninteracting particles only
transitions involving the excitation of a single
particle can be induced by a one-particle operator
like the interaction operator of the electromag-
netic field with a system of charged particles. If
we separate mentally the particle that makes the
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transition into an excited state, then we can say
that the remainder of the nucleus acts rigidly
with respect to the electromagnetic disturbance,
i.e., the electromagnetic field acts coherently on
the nucleons that do not participate in the transi-
tion. It is further known that the demand of keep-
ing the center of mass of the nucleus fixed leads
to the appearance of the so-called “effective
charge” for both protons and neutrons. This can
be understood as due to the absorption of photons
by the recoiling remainder of those nucleons
which do not make a transition. Thus there are
two possible photon absorption processes by nu-
clei within the framework of the one-particle
mechanism: absorption of a photon by the nucleon
making the transition and absorption of a photon
by the remainder of the nucleons not participating
in the transition. Clearly, a process of the first
kind can occur only for the case of proton emis-
sion. The above can be expressed as the following
assumption:

4. The interaction operator of the electromag-
netic field with the nucleus can be written in the
form

. : Ze — X
V= l‘[,:—i ekarip, + /T,?‘__,ill elk“‘rzpz] , (1)

where e;, m;y and r; — the charge, mass and
radius vector respectively of the nucleon making
the transition, Ze and M are the charge and
mass of the nucleus, r, is the radius vector of
the center of mass of the daughter nucleus, and
j is the polarization vector of the photon. The
necessary normalization of the electromagnetic
field can be achieved by adding the factor
(2mi/cw)Y? in (1).

We now introduce the center-of-mass system
of the photon and the nucleus. In this system the
nucleus moves with momentum K = -k, and the
two parts of the nucleus move with respect to its
center of mass with momenta X, and —¥,. Then
the wave function of the initial state can be written
as

Y (ry, ry) = (2r)~"¢ (r) e’KR, r=r,— Iy
R = (myr; + mry) [ M.
After absorption of the photon, the wave func-
tion describing the motion of the photonucleon and
the daughter nucleus is @ (ry, ry) = (27r)'3/ch (r).

As is well known, the reaction cross section
is given by

ds = ZE | MPp(E), ()

M= S(D+(r, r) VW (ry, ) drdrs, p(E) = &2 540, (2)
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where k is the relative momentum in the final
state.
We introduce

M = (2n)° [7";—1 S O (ry, 13) €%V, (ry, 1p) drdr,

Ze—er { g g
+ 2 (@, 1) o™V (1, 1) didrs | (3)
and go over to momentum space.
We write

O(r,, 1) = (25)72{ € (ky, ky) etkrmhemdidky

and insert this into (3). Going over to relative
coordinates and recalling that the photon polari-
zation is transverse and K= -ky, we obtain

M = S dk,C (ky, —ky) [;—11 ge—ftk—k;rr iV (r) dr
Ze—e - yri.
—En g =itk TV (r) dr] , (4)
where

K, = mko /M, ko, = moky,/ M,

k = (mok; —mk,) /M (mg =M — m,).

Clearly C (k;, —k;) is the amplitude of the mo-
mentum distribution of the nucleon which is making
the transition. It can be written in the form

C (ky, —ky) = C (k) =(20)~"% Se—fkrr;p ) dr. (5)

Further, in the spirit of the impulse approxima-
tion and taking into account the kinematics of both
kinds of processes, we put in (4¢) k = k;;, where
ki, is the momentum of the emitted nucleon right
after absorbing the photon: then both k;, —k¢, and
ki) + kj, represent that initial (internal) momen-
tum which is necessary for the fulfilment of the
momentum conservation law. Integrating (4) by
parts we obtain the matrix element M’ in the
form

M’ = (2ry" g dk,C* (k,) [-”j_i G (ko — ko)
— B2 G (o + k)] ik, (6)
where
G = @)~ (e ry () dr ™

is the amplitude of the momentum distribution in
the nuclear ground state.

3. COMPARISON WITH EXPERIMENT

For the comparison with experiment one has
to make a choice of initial and final state. As is
well known for light nuclei the oscillator potential
gives good results when applied to the ground state.
The solution of the Schrédinger equation in momen-
tum space gives for the momentum distribution
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of a state with principal quantum number unity the
following expression:

G (py) = C exp (—pa/2uhor) poY 1m (Do/Po)s (8)

where
C = w2V 2T (1 4 3/2) (1 /whivy)@t+374
Pi == hyE = 2 (kD + kd — 2ok, cOs0)
(absorption of type 1)
P = 25 = 42 (kiy + ka -+ 2kok cos 0)
(absorption of type 2)

6 is the angle between k., and ky;, and p is the
reduced mass. The only parameter in (8) — the
characteristic oscillator frequency w, — is deter-
mined by the condition that the rms radius of the
nucleus agree with the experiment.!

The determination of C (k;) turns out to be a
difficult problem. In the considered energy region
the known approximate methods are not applicable;
the exact computation of C (k;) requires the solu-
tion of an integral equation of complicated charac-
ter. It should however be borne in mind that the
choice of the form and the parameters of the inter-
action in the final state at large energies is rather
problematical. Therefore an exact complicated
calculation would actually not have a greater value
than an approximate estimate based on simple con-
cepts. This estimate is easy to perform with the
assumption that the final state interaction can be
described by an optical model. This provides in
essence two effects: (1) The imaginary part of the
potential leads to a decrease of the cross section
of the direct photoeffect because of the appearance
of cascades within the nucleus and (or) the exci-
tation of compound nucleus type excited states; the
latter receives also a contribution from the reflec-
tion from the barrier. (2) After absorption of the
photon, the nucleon experiences elastic scattering
due to the real part of the potential, which will
lead to a certain smearing out of the angular dis-
tribution.

The first effect can be easily estimated from
the mean free path of the nucleon within the nu-
cleus, the second — from the experimental elastic
scattering cross sections. At high energies the
barrier has a minor influence. This way one can
as a rough approximation assume a plane wave for
the final state wave function: ¢ (r) =exp (ik-r);
then C (k) = (27r)3/26 (k—k{). In order to deter-
mine the momentum of the photonucleon within the
nucleus, ky;, one still needs to know the depth of
the potential well. Taking for simplicity a square
well we have ki, = 2mh 2 (Ep + V- ¢7) where V
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— the depth of the well; its value can be obtained
from the analysis of the elastic proton (neutron)
scattering in the framework of the optical model.!?
Assuming circular polarization and averaging
over the initial states, we obtain for the cross
section of the one-particle photoreaction on a par-
ticle with orbital angular momentum [, in the
center-of-mass system (for the (v, p) reaction)

2
do; = al = Bpip

e (pﬁmo)'/’ mE,

X sin20] A" (1) — A" (2) (1 — F) R, dQ, 9)

where py =V 2mEp » Ep is the energy of the pho-
tonucleon in the center of mass system, E, is
the photon energy;

A’ (1) = exp (—pi/2uhao) po (whee) V2 »
Po = Plo + Pa — 2proPe cos 0;
A (@) = 2= exp (— p2uhon)pd (whog) 12,
Py = Pl + PE + 2p1epu cos 6.

F is a coefficient describing the absorption of the
nucleons, Ry=1, Ry = 2/3, and R, = 4/15. For

(v, n) reactions Al(l) = 0, and the factor
(Z-1)/(A~-1) has to be replaced by Z/(A-1).
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Points: experimental data of Whitehead et al.,® curve A:
calculated with a potential V = Vgy -5 Mev, B: calculated
with a potential V = Vgy + 5 Mev, where Vgy is the poten-
tial (set B) of Riesenfeld and Watson."* a: E, = 37 Mev, E, =
45 to 56 Mev; b: E; =78 Mev; E,,= 90 to 110 Mev.

We shall compare our results with the experi-
ment for the C2 nucleus. We further choose those
data where the (v, pn) reaction cannot take place
because of ehergetic reasons. From the figure
one can see that one can obtain agreement with
the experimental points by varying the depth of
the potential well for the final state.

It should be mentioned that according to calcu-
lation the transitions from the 1s;s, orbit in C'
do not contribute more than 10% to the total cross
section. Therefore the assumption that the nu-
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cleons do not interact, which is particularly bad
for nucleons in the 1sy/, state, cannot essentially
influence the results.

In conclusion the author expresses his thanks
to Professors L. A. Sliv and I. M. Shmushkevich
for a number of remarks.
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