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The contributions to the Coulomb excitation probability due to virtual electric dipole transitions into
the giant resonance have been studied. Use has been made of the fact that the second-order transition ampli-
tude can be related to the photonuclear absorption cross section which is known experimentally. Two ex-
amples are discussed in some detail: (1) The Coulomb excitation of a first-excited 0* level from a 0 ground
state; (2) second-order corrections to a 0t — 27 transition. In the latter case, the corrections are of the same
order of magnitude as those due to the reorientation effect which has been proposed as a means to measure

the quadrupole moment of excited states.

I. INTRODUCTION

N the last decade, Coulomb excitation has become
a most valuable tool of nuclear spectroscopy.! The
experimental accuracy has now been increased to such
a degree that multiple processes and higher-order
corrections can be observed.? By multiple excitations it
is possible to reach higher energy levels and to study
reduced transition probabilities between different states.
An example of a second-order correction is the reorienta-
tion effect caused by E2 transitions between the mag-
netic substates of the final state in a 0 — 2+ excitation.
This effect has been proposed?® as a means for determin-
ing the quadrupole moment of excited nuclear states.
In general, higher-order effects will be most easily
observed for low-lying rotational states because of their
large E2 matrix elements. In nuclei with less strongly
enhanced FE2-transition probabilities, however, one
might expect that contributions from other multipole
orders would not be negligible.

It is the purpose of this work to emphasize that
second-order E1 transitions via the giant dipole reso-
nance may give important contributions to the transi-
tion probability in Coulomb excitation. Electric dipole
transitions into bound states are usually weak and can
be neglected. As will be discussed below, the corrections
due to virtual transitions via the giant resonance may:
(1) affect the determination of the quadrupole moment
by the reorientation effect, and (2) give some informa-
tion on the giant resonance not attainable by direct
absorption studies since the final state reached by
Coulomb excitation is different from the initial state.
Virtual excitation of the dipole resonance has also been
considered in Ot— Ot transitions by two-photon
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emission,*® but Coulomb excitation seems to be much
more promising for a study of the giant resonance.

Section IT gives an outline of the calculations and
contains a discussion of the quantity n which relates the
virtual E1 transitions to the photonuclear absorption
cross section. Two specific examples will be discussed
in Secs. III and IV, namely, 0t — 0t and 0*— 2+
transitions.

II. SECOND-ORDER TRANSITION AMPLITUDES

Let us consider the excitation process i—n— f
where 7 is the 0t ground state of the target nucleus, # is
one of the highly excited 1~ states of the giant resonance,
and f is the final state with spin 7=0* or I=2% and
projection quantum number M. If the charged pro-
jectile causing this transition is a heavy jon with a
typical experimentally available energy, it is well
justified to treat the motion of the particle in the
Coulomb field of the nucleus classically. Under this
assumption, the second-order transition amplitude® is!
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where @ stands for the principal part of the integral.
The projectile is characterized by the charge number Z;,
the velocity v, the deflection angle 8 (in the center-of-
mass system), and by a, half the distance of closest ap-
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proach in a head-on collision.! The dipole operator is
denoted by z and

tin=(En—E;)a/tw, &np=(E;—E.)a/hv.

I,,(0,¢) is the classical orbital integral' and gives
appreciable contributions to the integral of Eq. (1) only
if £=0. For transitions via the giant resonance,
£in~—E,221; hence, 1/x does not change much in the
region of interest and can be taken out of the integral.

This leads to

(i|z|n)n|z| f)
Fuw=— h w—w (0,&i .
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where

2)
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no longer contains the energy of the intermediate state.
The sum in Eq. (2) is closely related to the (—2)
moment of the photonuclear absorption cross section,”

o (E) ¢ _ (i|z|n)n|z|i)
0_25/ dE=A4n*—Y ———— | (4)
E? fic » E.,—E;
which is known to be a smooth function?’
_9=~=3.5458 yb/MeV
of the mass number 4.
we now write
(i|z|n)n|z| f) (i|z|n)(n|2|i)
> =732 &)

keeping n as a parameter which is expected to be smaller
than 1. Evaluating the integrals p numerically, one can
write the second-order transition amplitude, Eq. (1),
in terms of o_s and 7.

The ratio n of the two sums could possibly be small
for two reasons: (a) The matrix elements (#|z| f) could
be smaller than (#|z|%); (b) there might be cancellations
in the left-hand swn of Eq. (5) due to fluctuations in
the sign of (#|z|4)/{n|2| f). If A is the correlation length
of these fluctuations and T' the energy interval covered
by the sum, then |y| should be of the order of A/T,
which may be quite small in general. On the other hand,
it is known?®*® that the dipole state of closed-shell nuclei
essentially consists of particle-hole excitations and it is
believed® that the valence nucleons do not change this
interpretation even for nuclei far from closed shells.
This means that the giant resonance behaves like a
single state and therefore one would not expect the sign
of (n|z|i)/(n|z|f) to fluctuate very rapidly. In other
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words, if only one shell-model state o contributes to
the giant resonance, one can rewrite Eq. (35) as

(l5la)al m)nla)als]
zn: E.,—E;

Yy (i]z]a)a|n)(n|a)a|z|i)
n E,—E;

(|| fy=nle|z|D).

It would be interesting to test this picture by an experi-
mental determination of 7.

Let us consider two experiments in which the effect
of the giant dipole resonance may be studied.

or

III. COULOMB EXCITATION OF A FIRST EXCITED
0+t LEVEL FROM A 0* GROUND STATE

The second order is the lowest order which can con-
tribute to the excitation of the 0% level. The final state
can be reached either by dipole transitions via the giant
resonance or, in competition, by quadrupole transitions
via a 2+ intermediate state m. If we call the correspond-
ing transition amplitudes 5,® (E1) and &0® (E2), the
second-order transition probability is given by

P(2,2)=|5o® (E1)+bo® (E2)|2. (6)
From Egs. (1) to (5), we obtain
A2 A 508 Epg oyl
bo® (E1) =117 X104 —————npui(0,£:), (7)
Z1ZP(1+A41/A,)°

where Ay, Ay, Z1, Z» are mass and charge numbers of
the incident particle and of the target nucleus, respec-
tively; Emev is the energy in MeV of the incident
particle in the lab system, and p is defined® by Eq. (3).
The amplitude 8,® (E2) may be calculated from Ref. 1.
It depends, of course, on the enhancement factors y.m

and v,y of the E2 transition amplitudes defined by
Bexp(E2; 6 — b) =742 X 3X 10754 ,4%¢210~48 cm?t.  (8)

In order to give an idea of the effects to be expected, we
present in Table I characteristic amplitudes for the

TasBLE I. Second-order transition amplitudes for Zr® at 150°.

Bbo® (E1) bo® (E2)
45-MeV O 8.8%X107%  4(1.4440.9) X 10 3Yiryms
100-MeV A §1.8X107%  $(0.23-440.12) X102 imyms

excitation of the 1.75-MeV state of Zr® for §=150° (the
2.18-MeV state serving as the 2t intermediate level).
The transition probability is at the limit of what may

10 Numerical values of p;; for backward scattering may be
obtained from Fig. 1 and the relation p1:(180°,8) =[f12(180°,£)/
f11(180°,8) ] 122(180°,£), where I22(6,£) is tabulated in Ref. 1.
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experimentally be detected at present. The contribution
from the 2% intermediate state may be larger than that
from the 1~ state if the quadrupole transitions are
sufficiently enhanced. In principle, it is possible to
distinguish between the contributions by using different
bombarding particles and by measuring P(2,2) at
different scattering angles.

IV. CORRECTIONS TO THE COULOMB
EXCITATION OF A 2+ LEVEL

In this case, first-order transitions are possible and
occur with the probability P(1,1). The term of next
higher order in the perturbation expansion is the inter-
ference term P(1,2) between first-order and second-
order transitions. Assuming virtual transitions via the
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Fic. 1. Angular dependence of second-order Coulomb excitation
via the giant dipole resonance. The ratio fi»/f11 from Eq. (9) is
plotted as a function of the scattering angle 6 for various values
of &.

giant resonance, we find
P(1,2)

P(LL)
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where
Sre=38Is 2 p_11F3l2.0 p1,0F312,2 p1,1
and
Ju= LI PR S P T P

Here the arguments 6 and &;; in oy, puw, fi2, and fu
have been suppressed. The ratio fis/f11 exhibits a
pronounced angular dependence which is given in
Fig, 1 for various values of £;,
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Fi6. 2. Angular dependence of second-order effects in the

Coulomb excitation of the 556-keV 2% state in Cdi4 by 45-MeV

oxygen ions. Solid curve: effect of the giant dipole resonance for

|n] =1 and ~is-n negative. Broken curve: reorientation effect for
0=0.5X10"2 cm?

For |5| close to one, the second-order correc-
tion is quite appreciable. This may be seen in the
case of Cd bombarded by 45-MeV O ions (Fig.
2). We have used the value |v;s| =5.74 and |9|=1
and have arbitrarily chosen a negative sign for
the product v;m. The second-order correction due to
the giant resonance is of particular interest since it has
been proposed? to measure the quadrupole momemt of
excited states by a similar second-order correction,
namely the reorientation effect (higher-order transition
between magnetic substates) in Coulomb excitation.
For comparison, we have therefore calculated P(1,2)/
P(1,1) arising from the reorientation effect for 45-MeV
016 jons on Cd4, The result has been plotted in Fig. 2,
assuming a quadrupole moment of Q=0.5X10"%* cm?
(the effect is linear in Q). The Coulomb excitation
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Fic. 3. Energy dependence of second-order effects in the
Coulomb excitation of the 556-keV 2% state in Cd* by oxygen
ions (0=180°). Solid curve: effect of the giant dipole resonance
for |n]| =1 and vis-n negative. Broken curve: reorientation effect
for 0=0.5X10"% cm?
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Research Council, Washington 25, D. C.).
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parameters in this example are such!? that third-order
reorientation effects are small.

In Fig. 3 we have plotted P(1,2)/P(1,1) as a function
of the bombarding energy E for the fixed angle 6=180°
using again the example of Cd'** with 0=0.5X10"2 cm?
and |n|=1. The assumed quadrupole moment is
probably quite realistic, so that both second-order
effects may have the same size. The difference in the
energy dependence (Fig. 3) or the difference in the
angular behavior (Fig. 2) might serve to distinguish
between the two effects.

2D. L. Lin and J. F. Masso, Proceedings of the Conference on
Reactions between Complex Nuclei, Asilomar, California, 1963
(unpublished).
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Summarizing, we may say that any attempt to deter-
mine a quadrupole moment by the reorientation effect
must take into account virtual transitions via the giant
dipole resonance. This requires a higher experimental
accuracy, but, on the other hand, a determination of
the structure parameter 5 is an interesting problem in
itself.
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The excitation function and the product recoil behavior of the Zn®8(p,2p)Cu” reaction was studied using
incident protons of energy between 80 and 430 MeV. The thick-target thick-catcher technique was used in
which effective recoil ranges were measured in the forward, backward, and transverse directions. The data,
were interpreted in terms of the knock-out mechanism. The data were also fitted to a recoil velocity dis-
tribution written in terms of a power series in the cosine of the scattering angle. Ranges calculated by this
treatment are consistent with the interpretation that the reaction proceeds mainly by the knock-out mech-
anism. Reasonable agreement was obtained between the recoil kinetic energy, calculated on the basis of the
assumed recoil velocity distribution, and that which would be obtained from an abrupt removal of a proton

from the top of the nuclear well in Zn%8.

INTRODUCTION

HAT class of high-energy nuclear reactions known

as the “simple reactions” are thought to involve

the interaction of the incident particle with the target
nucleus via nucleon-nucleon collisions within the
nucleus. For (p,2p) and (p,pn) reactions, only one
collision of the incident proton with the appropriate
nucleon is required. In principle, if it can be assumed
that the interaction involved in these simple reactions
involves only the collision of the incident proton with a
target nucleon, no other effects manifesting themselves,
then an observation of the momentum distribution of
the products should reflect the momentum distribution
of the struck nucleons prior to the collision. Several
groups of experimenters have measured the angular
and energy distribution of the protons emitted in
(p,2p) reactions,'® but no recoil distribution of the
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product nucleus has been measured at incident energies
above 100 MeV. Most studies of (,2 nucleon) reactions
have been confined to measurements of the cross section
for the reaction as a function of the bombarding
protons.*=® Only a few product recoil studies of (p,pn)
reactions have been reported,’®® and of these only the
C2(p,pn)CH reaction, as studied by Singh and Alex-
ander, and the Cu®(p,pn)Cu® reaction, as studied by
Merz and Caretto, were investigated in sufficient
detail to examine the assumptions underlying the
concepts of simple high-energy reactions. As an exten-
sion of these studies, preliminary recoil studies have
been made of the Zn®(p,2p)Cu® reaction since (i)
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