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Core excitations up to E, = 4 MeV in **Cu have been studied by the reactions **Cu(p,p’)**Cu and **Cu(p,t)**Cu at
40 MeV proton energy. The transferred angular momentum L has been determined for each transition on the basis
of the angular distribution shape. A quartet-plus-doublet pattern is consistently observed for the groups of states
corresponding to the 2, 37, and 4; states of the core nucleus ’Ni. This implies the existence of doublets arising
from the coupling of collective states of the core with the 2p,,, proton orbital, in addition to the quartets from the
coupling with the 2p,, proton orbital considered in the conventional weak-coupling excited-core model. It is
pointed out that the existence of a weak-coupling situation cannot be proved only on the basis of transfer-reaction
data, and in this regard the importance of a comparative study of the inelastic-scattering and transfer-reaction data

is emphasized.

CLEAR REACTIONS %5Cu(p,#)%Cu and %3Cu(p,p’)®3Cu, E=40 MeV; measured
. and ¢(0), determined L. Resolution 16 keV for the (p,t), 20 keV for the
(p,p’). Enriched targets. Deduced excited-core multiplets.

I. INTRODUCTION

Low-lying states in a number of spherical, odd
nuclei have been interpreted in terms of the
particle- (hole-) core-coupling picture'? or the
particle- (hole-) vibration-coupling picture.®*
The nucleus ®3Cu is a typical example of such
nuclei. In the particle-core-coupling picture,
the nucleus ®Cu consists of one proton added to
the proton-closed-shell nucleus ®*Ni which is
called the core.*® Inelastic scattering has been
shown to be an effective means of selectively
exciting collective degrees of freedom of the
core.®™ More recently, the **Cu(p, {)**Cu reac-
tion was used to study the quadrupole excited-core
components of low-lying states in ®*Cu.!®!! The
(p,t) reaction on an odd-proton target nucleus is
a very appropriate tool for studying core excita-
tions, since the state of the odd proton is kept
unchanged to first order during this reaction
process.'®

While the (p,t) and inelastic scattering reactions
have much in common as a means of core excita-
tion, they provide different kinds of information,
because they have essentially different reaction
mechanisms. Therefore, a comparative study
of the (p,t) reaction and the inelastic scattering
leading to the same final nucleus may give new
insights into core excitations and the particle-
core-coupling in an odd-proton nucleus.

Previous experiments have studied the (p,p’)
or (p,t) reaction separately. For example,
angular distributions of differential cross sec-
tions for the %3Cu(p, p’)®*Cu reaction were pre-
viously measured at E,=17.5 MeV (Ref. 9) and

lower energies.®!? In addition, the ®*Cu(p, ¢)**Cu
reaction has been studied at E, =19.5 MeV (Ref. 11)
and 51.9 MeV.!° However, the present paper
reports a comparative study of these two reactions
for the first time. The present experimental study
also has better energy resolution and covers a
larger range of excitation energy in °®Cu than the
previous experiments.

II. EXPERIMENTAL PROCEDURE

The reactions ®*Cu(p, t)%Cu and **Cu(p,p’)?*Cu
have been studied at the incident proton energy
of 40 MeV using the Michigan State University
Isochronous Cyclotron. The particles from the
target were detected by a delay-line counter'?
placed on the focal plane of the Enge split-pole
magnetic spectrograph. Time-of-flight and ener-
gy-loss signals were used for particle selection.

A. $5Cu(p,r)53Cu

Differential cross sections for the ®*Cu(p,#)®*Cu
reaction were measured over the laboratory
angular range of 6° through 64°. The target was
a self-supporting metallic foil of ®**Cu with a
thickness of 250 pg/cm?. The overall energy
resolution was 16 keV. Figure 1 shows a typical
spectrum. There is practically no background.

B. %3Cu(p,p")53Cu

Differential cross sections for the proton in-
elastic scattering by **Cu were measured over
the laboratory angular range of 8° through 95°.
The target was a self-supporting metallic foil of
83Cu with a thickness of 520 pg/cm?. The overall

1960 © 1981 The American Physical Society



23 CORE EXCITATIONS IN 6Cu BY THE %3Cu(p,p')%Cu... 1961

1000
§ | EX=O.OO—1
Z
S | |
g Ex=1.33 MeV
[}
[
Zz -
2
[e]
o
500 | |
Ex=2.68 i
L Ex=3.72
- ‘ 1
) [ |
! i oph Lout R i ! :
0 \u‘r\l‘f\_ﬁ» Nvu\,’f& AMMJ‘ M;'Lﬁtﬂi T ’\J’\. U 4 Lo

2000

3000
CHANNEL NUMBER

FIG. 1. Triton momentum spectrum for the reaction $Cu(p, ¢)¥3Cu at 15° lab. The excitation energy in ¢3Cu is de-

noted by E, .

energy resolution was about 20 keV. Figure 2
shows a typical spectrum. The protons elastically
scattered by ®*Cu were always placed beyond the
end of the delay-line counter by choosing an ap-
propriate magnetic-field strength. This made it
feasible to measure inelastic-scattering cross
sections at forward angles with reasonable ac-
curacy.

II. EXPERIMENTAL RESULTS
A. 65Cu(p,t)“Cu

Angular distributions of differential cross sec-
tions were obtained for 38 transitions to states

5000

Ex=3.72

COUNTS PER CHANNEL

Ex=2.68

3250

in ®Cu up to an excitation energy of 3.90 MeV.
They are shown in Figs. 3 through 7 grouped
according to their shapes. The error bars indicate
only the statistical errors. There is no uncertainty
from background subtraction. The absolute cross
section scales in Figs. 3 through 7 are correct

to within +15%.

A summary of the observed states in ®*Cu is
given in Table I. The excitation energy (E,) is
correct to within +0.01 MeV for E_<2.70 MeV,
and within £0.02 MeV for E_>2.70 MeV. The
states reported at E, =2.51, 3.58, 3.68, 3.79, and
3.90 MeV in Table I appear to be unresolved

Ex=1.33 MeV
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FIG. 2. Proton momentum spectrum for the reaction 53Cu(p, p’)*3Cu at 24° 1ab. The excitation energy in ®Cu is de-

noted by E, .
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FIG. 3. The experimental angular distribution (upper)
for the ground-state transition in the reaction $Cu(p, t)
63Cu, compared with that (lower) for the ground-state
transition in the “core” reaction ¥Ni(p, #)52Ni (Ref. 15).

multiplets. The possibility of unresolved
multiplets is not excluded for other peaks at
excitation energies higher than 3.14 MeV. The
determination of the transferred angular momem -
tum L on the basis of the angular distribution
shape will be described in Sec. IV.

B. 3Cu(p,p’)%3Cu

Angular distributions of differential cross sec-
tions were obtained for stronger transitions to
20 excited states up to an excitation energy of 3.89
MeV. They are shown in Figs. 8 through 11
grouped according to their shapes. In contrast
to the above case of the (p,¢) reaction, errors
in differential cross sections originate from un-
certainties in subtraction of the background and
occasionally in separation of peaks. The error
bars in Figs. 8 through 11 include errors of this
kind. In general, the statistical errors are neg-
ligibly small. The absolute cross section scales
are correct within +15%. There seem to be a
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FIG. 4. L =2 angular distributions in the reaction
8Cu(p, ¢)3Cu. The numerical value given near each
angular distribution shows the excitation energy E, of
the final state in ®3Cu in units of MeV. The same is
true for all the following figures. The angular distribu-
tion for the 1.86 MeV state is an exception, being L =2
+ 4, and is shown here for illustrative comparison.

large number of weakly excited states at excitation
energies higher than 2.68 MeV (Fig. 2). A higher
energy resolution would be required to resolve
individual levels.

A summary of the observed states is given in
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FIG. 5. L =4 angular distributions in the reaction
65Cu(p,t)"’?'Cu. The numerical value near each angular
distribution shows E, in MeV.

Table I. The excitation energy E_ is correct
within +0.01 MeV for E_<2.70 MeV, and within
10.02 MeV for E,>2.70 MeV. The determination
of the transferred angular momentum L for each
transition on the basis of the angular distribution
shape will be described in Sec. IV.
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FIG. 6. L =0+ 2 angular distributions in the reaction
8cu(p, t)**Cu. The solid curve shows the result of
superposing the experimental angular distribution for
the ground-state transition ®Cu(p, )*3Cu (Fig. 3) with
that for the transition to the 1.33 MeV state (Fig. 4)
with a relative weight of 0.17 to 1.00.

IV. DETERMINATION OF THE TRANSFERRED
ANGULAR MOMENTUM L

A. $5Cu(p,r)%3Cu

1. Empirical systematics

In the (p,t) or (¢,p) reaction process, only
neutrons are rearranged according to the usual
single-step DWBA (distorted-wave Born approxi-
mation) theory, taking account of only leading-
order transition matrix elements. Thus, the (p,?)
or (t,p) reaction on an odd-proton nucleus pro-
ceeds through single-step core excitations leaving
the odd proton intact as a spectator.'®!* By means
of the experimental information on the (p,t)
angular distributions for L =0, 2, 3, and 4 transi-
tions obtained by a study of the “core” reaction
%4Ni(p,?)*Ni at the same incident energy of 40
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FIG. 7. Other angular distributions in the reaction
BCu(p, t)cu.

MeV,'® empirical assignment of the angular -mo-
mentum transfer L was made to each transition.

Figure 3 shows the experimental angular dis-
tribution for the ®*Cu(p,#)%*Cu transition to the
ground state of *Cu compared with that for the
“core” transition **Ni(p,?,)**Ni.'® The two angular
distributions are almost identical. Therefore,
the °°Cu(p, t,)®*Cu transition is concluded to be
a rather pure L =0 transition.

All the angular distributions in Fig. 4 have peaks
around 30° and 50° c.m. The characteristic fea-
ture of the L =2 angular distributions for the tran-
sitions to the three lowest excited states (E,=0.67,
0.96, and 1.33 MeV) is the occurrence of peaks
at 10°, 31°, and 52° c.m. with well-defined minima
in between, and this feature is possessed, too,

by the angular distribution for the transition to
the 2.01 MeV state.

The angular distribution for thé 1.86 MeV state
indicates the presence of substantial L =4 con-
tributions filling in the valleys of the characteris-
tic L =2 angular distribution (see below). There-
fore, the transition to the 1.86 MeV state is as-
signed to be an L =2 +4 transition. All the other
angular distributions in Fig. 4 are assigned to be
L =2,

Figure 5 shows L =4 angular distributions. The
angular distribution for E,=3.68 MeV, however,
corresponds to an unresolved multiplet, and may
have contributions of other values of L.

Figure 6 shows angular distributions for mixed
L =0+2 transitions. The general shapes of these
angular distributions can be reproduced by super -
position of the pure L =0 and L =2 angular dis-
tributions [for the ground-state transition
®Cu(p, t,)®*Cu in Fig. 3 and for the transition to
the 1.33 MeV state, for example, in Fig. 4].
Transition amplitudes with different values of
L contribute incoherently to differential cross
sections in both the (p,t) and (p,p’) reactions
as long as the assumption of a single-step core
excitation is correct.’® An example of such an
angular distribution made by superposition is
shown in Fig. 6 by a solid line.

Since a (p,t) transition with L =0 is possible
only if the final state of the residual nucleus **Cu
has the same spin-parity 3" as the initial ground
state of ®Cu, observation of the presence of the
L =0 component in the experimental angular dis-
tribution leads directly to the assignment of J*
=37 to the states at E_=1.55, 2.79, 3.44, and 3.58
MeV in ®*Cu. As the 3.58 MeV state appears to be
an unresolved multiplet as already stated in Sec.
III, a more accurate statement would be that there
exists a 3~ state near E,=3.58 MeV. The assign-
ment of J* =3 to the 1.55 MeV state was made
first by Markham and Fulbright on the basis of
the (p,¢) angular distribution shape at E,=19.5
MeV.! This assignment was confirmed later by
studies of electromagnetic transitions'!® and is
also consistent with the present (p,#) work.

Figure 7 shows other angular distributions
having less characteristic shapes. The states at
E_ =2.08 and 2.09 MeV were not resolved, but
the 2.09 MeV state seems to be excited more
strongly than the 2.08 MeV state. The angular
distribution of the summed differential cross
sections for these states (Fig. 7) is assigned to
have an L =2 +4 shape. A comparison with Figs.
4 and 5 shows that the valley around 45° c.m. of
the L =2 angular distribution is filled in by the
peak of the L =4 angular distribution located just
at the same angular position, and that there still



23 CORE EXCITATIONS IN Cu BY THE ®3Cu(p,p’')%Cu...

TABLE I. States in %3Cu observed in the reactions %5Cu,#)®3Cu and $3cup,p’)®Cu.

$5cugp,t)®cu Bcup,p’)cu y-ray work®
E, L @d0o/dQ) max E, L do/dDR) max E, JT
(MeV) (ub/sr) MeV) (mb/sr) (MeV)
0.00 0 588 0.0000 }
0.67 2 16.4 0.67 2 2.27 0.6696  }~
0.96 2 43.5 0.96 2 9.41 0.9621 22"
1.33 2 103 1.33 2 9.47 13270 17
1.41 2 9.9 1.41 2 0.95 14120 37
1.55 0+2 7.4 1.55 2 0.60 1.5470 &7
1.86 2+4 10.8 1.86 2+4 0.69 18612 17
2.01 2 15.2 2.01 2 0.34 2.0112  §7
2.06 2 15.1 2.0622 §,3°
2.08 944 117 2.08 2+4 0.25 2.0815 27
2.09 2.0927 17
2.21 4 11.0 2.21 4 0.21 2.2080 &
2.34 4 21.0 2.34 4 0.10 2.3365 37
2.41 2+4 2.1 2.41 2+4 0.13 2.4048 17

2.4971°¢ 21'(;')

251>  (0+2)+3 21.6 2.51 3 1.83 251200 17,37,8
2.54 4 21.4 2.54 4 0.27 2.53580 3~
2.68 4 53.8 2.68 0.55
2.79 0+2 6.0
2.82 2 6.5
2.85 4 5.0
2.88 4 6.0
2.99 2 7.1
3.04 2 11.6
3.11 2 2.6
3.14 2 2.9
3.19 4 10.6
3.21 4 14.7
3.23 4 6.2
3.26 4 21.0
3.31 (?)+3 18.5 3.32 3 1.12
3.38 4 2.8
3.44 0+2 7.0
3.47 (?)+3 17.3 3.48 3 0.86
3.58b 0+2 15.4
3.68° 4+(?) 18.0
3.72 (?)+3 18.5 3.72 3 0.81
3.790  (?)+3 10.4 3.81 3 0.60
3.84 (?)+3 5.7 3.84 3 0.52
3.90b  (?)+3 12.6 3.89 3 0.34

2 Reference 18.

b Unresolved multiplet.

¢ See text (Sec. IV Al).
d See text (Sec. VI B3).

1965
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FIG. 8. L =2 angular distributions in the reaction
63Cu(p, pr)GI’Cu.

remain traces of the characteristic peaks of the
L =2 angular distribution around 10°, 30°, and
50°. The angular distribution for the 2.41 MeV
state seems to have qualitatively the same fea-
tures as the above one, but with a dominant con-
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FIG. 9. L =3 angular distributions in the reaction
Gﬂcu(p’ pl)63cu~

tribution of L =4.

There are at least three states reported at
excitation energies very near 2.51 MeV. Recent
gamma-ray work reported a state at £, =2.4971
MeV with J*=3" or 3 and another one at E,
=2.5120 MeV with J"=3", $°, or $.!® On the
other hand, ®*Ni(*He,d)**Cu data showed the
existence of a state with J' =§* at E,=2.51 MeV
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FIG. 10. L =4 angular distributions in the reaction
8cu(p, p")¥cu.

(Ref. 19) or E,=2.500 MeV.?° With the energy
resolution (0.016 MeV) and the accuracy in E,
(+0.01 MeV) of the present experiment, it is im-
possible to uniquely identify the peak observed

in the present experiment at E =2.51 MeV with
any one of the three previously reported states.
The (p,t) work of Markham and Fulbright at E,
=19.5 MeV reported a state at E,=2.498 MeV,"
which may be identified with the 2.4971 MeV state
observed in the gamma-ray work.'® They assign
J*=%"to this state based on the fact that the shape
of the angular distribution is that of an L =0 +2
transition.!' Referring to the (p,¢) angular dis-
tribution for the 2.51 MeV state in Fig. 7, the
part that lies in the angular range more forward
than 30° c.m. also suggests an L =0 +2 transition.
The overall shape of the angular distribution
cannot be reproduced, however, by superposition
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FIG. 11. Other angular distributions in the reaction
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of the L =0 and L =2 angular distributions. In
contrast to the L =0 +2 angular distributions in
Fig. 6, the angular distribution for the 2.51 MeV
state in Fig. 7 has a small hump instead of a dip
in the angular range from 30° to 40° c.m., and
a dip instead of a hump in the angular range of
40° through 54° c.m. These features indicate an
admixture of the L =3 contribution corresponding
to the excitation of the above mentioned §* state
found by the (*He, d) reaction, since the pure L =3
angular distribution has a peak in the angular
range of about 30° through 40° c.m. followed by
a sharp fall around 50° ¢.m.!® Thus, the experi-
mental angular distribution for E_ =2.51 MeV in
Fig. 7 apparently corresponds to summed differ-
ential cross sections for at least two final states.
A rise is observed in the angular range of about
30° through 40° c.m. on all the angular distribu-
tions for the transitions to the states at E_ =3.31,
3.47, 3.72, 3.79, 3.84, and 3.90 MeV, in addition
to the one for the transition to the 2.51 MeV.
This indicates the occurrence of an L =3 con-
tribution.'® It is not feasible, however, to pin
down the magnitudes of the L =3 contributions
in the angular distributions, nor to determine
what other values of L contribute to them. The
3.79 and 3.90 MeV states are unresolved multi-
plets.
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2. DWBA calculation

The empirical L assignments made above are
corroborated by DWBA calculations using the
zero-range DWBA code DWUCK 72.2! Figure 12
shows calculated angular distributions for L =0,
2, 3, and 4 together with typical experimental
angular distributions for L =0, 2, and 4. It is
seen that there is no ambiguity in distinguishing
between pure L =0, 2, 3, and 4 angular distribu-
tions. The potentials used in the calculations are
given in Table II. The proton opitcal potential is
the standard Becchetti-Greenlees potential.??
The stability of the calculated DWBA curves was
tested by varying each one of the trition optical
parameters. The overall shape of the calculated
angular distribution is stable to the extent that
no misassignment of L can occur for a pure L =0,
2, 3, or 4 transition.

B. %3Cu(p,p')%3Cu
1. Empirical systematics

About a decade ago, a number of (p,p’) experi-
ments were performed on even-even medium-mass
nuclei at incident energies of about 40 MeV .2 2¢
Empirical (p,p’) angular distributions for L =2,
3, and 4 are well established. By means of these
empirical systematics, L assignment was made
to each (p,p’) transition on the basis of the ex-
perimental angular distribution shape. The
angular distributions for stronger L =2, 3, and
4 transitions observed in the present experiment
agree with the L =2, 3, and 4 angular distributions
observed in a previous (p,p’) experiment on the
core nucleus ®Ni at the same energy of 40 MeV,**
within the experimental errors of the latter ex-
periment.

Figure 8 shows L =2 angular distributions.
There are peaks around 47° and 76° ¢.m., and a
valley around 66° c.m. on all of them. A bump
is observed in the angular range from about 20°
to 32° c.m. on the angular distributions for the
0.67, 0.96, 1.33, and 2.01 MeV states, but not
on those for the 1.41 and 1.55 MeV states.

Figures 9 and 10 show L =3 and L =4 angular
distributions. Other angular distributions are
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FIG. 12. L =0, 2, 3, and 4 angular distributions in the
reaction 5Cu(p, £)**Cu calculated by the zero- range
DWBA code DWUCK 72, The experimental data are for the
transitions to the ground, 1.33, and 2.21 MeV states.

TABLE II. Potential parameters used in the DWBA calculations.

v Wp w Ve 7o g 7§ Y 0g a a’ a” [

(MeV) (MeV) (MeV) (MeV) (fm) (¢m) ¢m) ¢m) @¢m) (¢m) (Em) (fm)

p 46.67  3.09 6.10 6.20 1,17 1.32 1.32 1.01 0.75 0.59 0.59 0.75
t 169.7 0 22.8 0 1.10 1.51 0.832 0.796

n Varied* 0 0 Varied® 1.25 1.25 0.65 0.65

2 The wave function for a bound neutron is calculated by the well-depth method.

b 25 Thomas units.
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shown in Fig. 11. All these angular distributions
are assigned to be L =2 +4 by a comparison with
the angular distributions in Figs. 8 and 10. The
bumps around 25° and 76° are traces of the L =2
contribution. The valley around 66° c.m. of the
L =2 angular distribution is filled in by the peak
of the L =4 at the same angular position, and the
peak around 47° c.m. of the L =2 angular distribu
tion is canceled by the sharp fall of the L =4.

2. DWBA calculation

The above empirical L assignments are further
corroborated by DWBA (dynamical collective
model) calculations made by the zero-range
DWBA code DWUCK 723! Figure 13 shows results
of DWBA calculations using the Becchetti-Green-
lees proton optical potential (Table II) in com-
parison with experimental data. It is seen that
there is no ambiguity in distinguishing between
the L =2, 3, and 4 angular distributions.
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FIG. 13. L =2, 3, and 4 angular distributions in the
reaction #Cu(p,p’)**Cu calculated by the zero-range
DWBA code pwuck 72. The experimental data are for
the transitions to the 1.33, 3.32, and 2.68 MeV states.

V. DISTRIBUTION OF THE TRANSITION STRENGTH
FOR EACH MULTIPOLE L

A.L=0

Monopole core excitation is observed only in
the ®Cu(p, t)°*Cu reaction. Only the ground-state
transition is purely L =0.

Mixed L =0 +2 transitions are observed leading
to four states at E,=1.55, 2.79, 3.44, and 3.58
MeV (Fig. 14). The distribution in E, of the L =0
strength for %®Cu is qualitatively in agreement with
that for the core nucleus ®*Ni, as shown in Fig.
14. Seth and collaborators found for 1f;,,-shell
nuclei that a single state in an odd nucleus car-
ried a major fraction of the L =0 strength of the
first excited 0* state in the even-even core nu-
cleus, and that the state in the odd nucleus was
located approximately 0.4 MeV lower in E_than
its counterpart in the core nucleus.?*?® The cor-
respondence between the 1.55 MeV state in **Cu
and the 2.05 MeV state in ®*Ni (Fig. 14) indicates
that the systematic behavior found by Seth et al.
persists beyond the 1f, ,-shell closure. However,
the 1.55 MeV state is of a complex nature, as is
suggested by the large L =2 contribution in its
excitation (Fig. 6), and will be discussed in detail
in Sec. VI

B. L=2

The distribution in E_ of the L =2 transition
strength is shown in Fig. 14. Six L =2 transitions
are observed in the %3Cu(p,p’)%*Cu reaction leading
to states at E_=0.67, 0.96, 1.33, 1.41, 1.55, and
2.01 MeV. All these states are excited also in
the %°Cu(p, ¢)**Cu reaction. The state at E =2.06
MeV observed in the ®*Cu(p, #)°*Cu is missing in
the %*Cu(p,p’)%*Cu. The (p,t) transition to the
1.55 MeV state has also a large L =0 contribution
(see above).

C. L=3

Information on the L =3 transition strength was
obtained only from the ®*Cu(p,p’)**Cu, and is
shown in Fig. 15. The octupole transitions have
been already reported and discussed in a separate
paper.?”

As expected, the octupole core excitation is
weak in the ®*Cu(p,?)**Cu reaction. The collective
octupole excitation is made up of a coherent
superposition of particle-hole excitations that lift
a nucleon to the next major shell,?® whereas the
(p,t) reaction has large amplitudes only for pro-
duction of two holes (hole-hole excitations) in the
same major shell.

D. L=4

The distribution in E_ of the L =4 transition
strength is shown in Fig. 16. In both the



1970 IWASAKI, CRAWLEY, AND FINCK 23
4
’>‘ -
> —
b3 -L ho—
X g
w I 3
3-: b L=0 B
- =
o L=0 — L
| — I
o; A I A 1 i 1 1 ] 1 I 1 1 1 1 2 1 L 1 A A L i
0 500 O 100 O 10 O 50
ub/sr mb/sr
$Ni(p, 1) $Culp, t) Sculp, p) N1 (p, p)
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%Cu(p, t)**Cu and *Cu(p,p’)**Cu reactions, a
quartet of L =4 transitions is observed leading

to states at E_=2.21, 2.34, 2.54, and 2.68 MeV.
These L =4 assignments have been made for the
first time, except for the (p,¢) transition to the
2.54 MeV state which was assigned to be L =4 by
a previous (p,t) experiment at E,=19.5 MeV.!!
There are also two states at E_=2.85 and 2.88
MeV excited by weak L =4 transitions in the
%5Cu(p, t)**Cu reaction. Small peaks are observed

at E_=2.85 and 2.88 MeV in **Cu(p,p’)**Cu spectra.
x ’

Differential cross sections, however, were not
derived for these peaks because of very large
uncertainties in background subtraction. Still
higher in E,, the (p,¢) data show the existence
of another L =4 quartet with very closely spaced
members at E_=3.19, 3.21, 3.23, and 3.26 MeV.

VI. DISCUSSION

A. General remarks on the core excitation in the reactions
SCu(p,r)®*Cu and BCu(p,p')83Cu

Comprehensive theoretical study of the structure
of %®Cu has so far been limited to low-lying states

(E,<2.01 MeV).245 12 In the simplest excited-
core model for ®3Cu, the ground state of ®3Cu

is the pure proton single-particle state [2p, /2
®0;j(core)], ,, with the odd proton occupying the
2p, /2 orbital coupled with the ground state of the
core nucleus ®Ni. There arises a quartet of
excited states [2p,,,®2]], /5,3/2,5/2,7/2 bY the cou-
pling of the 2p,,, proton orbital with the first
excited state of the core.®® The inadequacy of
this model was recognized quite early in both
experimental and theoretical studies.>® Deviations
from the model are produced by particle-core
interactions with a rather strong quadrupole-
quadrupole part and the occurrence of the proton
single-particle states [2p, ,®0}], ,, and [1f; ,,
®0;]; . in addition to the [2p,,,®0}],,,. The
particle-core interactions mix the excited-core
states and single-particle states.?'5'3° In particu-
lar, the ground state is now a linear combination
of components such as [2p,,,®07];/5, [205/,®21);2,
[2p1/2®2ﬂ3/2a [1f5/2®2;]3/2’ etc.>*° Even if the
reaction mechanism of the proton inelastic scat-
tering is a single-step core excitation leaving the
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odd proton intact as a spectator, the occurrence
of excited-core configurations in the ground state
makes the physical picture far from the simple
weak -coupling excited-core model. For example,
the following three reduced matrix elements are
involved in the (p,p’) core excitation of the low-
lying states, provided no other collective states
of the core other than the 2] are mixed into the
ground state of ®3Cu (if other collective states
are present, too, the number of reduced matrix
elements is larger):

(62;2;]|7,|0f;62),
(62;2]|7, [21;62),

@)
)
and
(62;0]|7, ||2:; 62)
(=(62; 2|7, [|0};62)*),

where Y'z is the quadrupole core-excitation
operator due to the nuclear interactions of the
incident proton with the core, and 62 denotes the
mass number of the core nucleus, ®Ni. Since
the three core-excitation matrix elements con-
tribute coherently, the relative cross sections
for the low-lying states are very sensitive to the
mixed wave functions and the relative values of
(1), (2), and (3). In this situation, it is not pos-
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FIG. 16. Distribution of the L =4 transition strength. Peak cross sections in the reactions ®Ni(p, t)8?Ni, ®Cu(p, ¢)

8Bcy, Bcu(p, p')¥¥Cu, and 2Ni(p, p’)**Ni are shown.
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sible to apply the (2J +1) rule®-® as well as a sum-
rule argument that compares the sum of the cross
sections for the excited-core states with the cross
section for the corresponding core state in ®?Ni.®®
The (2J +1) rule and a sum-rule argument make
sense provided only the reduced matrix element
(1) is involved in the core excitation.

The situation is similar in the **Cu(p, ¢)**Cu
reaction. In the core excitation of the low-lying
states in ®*Cu, the following three reduced matrix
elements contribute coherently to the cross sec-
tions:

(62;2; |7 [0};64), (1)

(622173 (]21; 69, (2)
and

(62;07||73]|21;69) (3")

where f’; is the L =2 two-neutron-annihilation
operator, and 62 and 64 stand for the core nuclei
®2Ni and ®‘Ni.

Within the framework of a model that assumes
the single-step core excitation as the only mech-
anism for both the °*Cu(p,p’)**Cu and %Cu(p, ¢)%*Cu
reactions, the only sources of differences between
the relative cross sections for the same final
states in the reactions 5Cu(p,p’)**Cu and
%5Cu(p,t)®*Cu are the differences between the
relative values of the reduced matrix elements
(1) through (3) and (1’) through (3’), as well as
the difference between the particle-core wave
functions for the ground states of ®*Cu and °*Cu
in the entrance channels of the reactions. If the
ground states of **Cu and ®Cu have the same
particle-core wave function, and if the relative
values of the matrix elements (1) through (3) are
equal to those of (1’) through (3’), the relative
cross sections for the low-lying states in the
S3Cu(p,p’)*Cu are equal to those in the
%Cu(p,t)®Cu. Other detailed differences between
the (p,p’) and (p,t) reactions are irrelevant, as
far as the relative cross sections are concerned.
More discussion of this point will be given in
Sec. VIC and VID.

Similar statements apply to higher-lying excited-
core states. For example, hexadecapole excited-
core states are excited coherently by the reduced
matrix elements

(62;41 |7, [|0}; 62), )
and
(62;4; |7, ] 21;62) 5)

in the **Cu(p,p’)%*Cu, and by

(62;4;]173][0};64), (4"

and
(62;41||7: ]2 64) (5")

in the **Cu(p, t)**Cu, where 1?4 and ¥/ are the
hexadecapole core-excitation operators conserving
the neutron number and decreasing it by 2, re-
spectively. Even if the weak-coupling picture is
correct for the hexadecapole excited-core states,
the (2J +1) rule and a sum-rule argument are

not applicable to them in general because of the
occurrence of a transition amplitude involving
the matrix element (5) or (5’) in addition to the
one involving (4) or (4’). In other words, devia-
tions from the (2J +1) rule or a sum rule do not
necessarily mean breakdown of the weak-coupling
picture for the hexadecapole states. Although the
low-lying quadrupole excited-core states are
subjected to a substantial particle-core mixing,
there still remains a possibility that the weak-
coupling picture may be applicable to the octupole
and quadrupole excited-core states. No compre-
hensive theoretical study has been done for the
octupole and hexadecapole states in %*Cu.

B. Grouping of excited states in $3Cu into excited-core
multiplets

1. Quadrupole multiplets

Although the low-lying excited states in ®*Cu
were interpreted at first by the simple excited-
core model,®~® the existence of relatively closely
spaced proton single-particle orbitals 2p,,,,
2p,,2, and 1f; ,, and the substantial quadrupole -
quadrupole particle-core interactions complicate
the situation. Even the large volume of the theo-
retical literature testifies to the importance and
the difficulty of the subject.? %28 3°

In the early days, the greatest puzzle on the
experimental side was the missing [2p;,,®2]];,
state. Markham and Fulbright assigned J* =3~
to a state at E,=1.547 MeV and identified it with
the configuration [2p;,,®2{];/,, as no other states
were established to have J* =37 at that time.'

De Jager and Boeker performed calculations as-
suming the 1.55 MeV state to be the [2p,,,®2],/,,
but further considered the case of another possible
value of E_ for the [2p,,,®2}],,,.° Later, a state
at E_=2.011 MeV was established to have J"=3"
by electromagnetic-transition studies!”r!® in
agreement with the assignment from the

$2Ni(*He, d)**Cu reaction.?’ Britton and Watson
suggested that rather than the 1.55 MeV state,
the 2.01 MeV state might have the configuration
[2p3/2®2”3/2-20

In the present %*Cu(p,p’)**Cu experiment, tran-
sitions to six final states have been assigned to
be L =2 (Fig. 14). All these states are also excited



in the ®*Cu(p, ¢)**Cu reaction. Of these six tran-
sitions, the four leading to the states at 0.67, 0.96,
1.33, and 2.01 MeV have very similar angular
distributions both in (p,p’) (Fig. 8) and in (p,¢)
(Fig. 4). Therefore, the 0.67 (37), 0.96 (37), 1.33
(37), and 2.01 MeV (3°) states are considered to
be the members of the quartet 2p,,,®2;.

The (p,p’) angular distributions for the 1.41
and 1.55 MeV states are similar to one another,
differing from the above-mentioned four states
in the angular range from 10° through 40° c.m.
(Fig. 8). This suggests a difference in the excita-
tion mechanisms between these two states and
the four states mentioned earlier. The 1.55 MeV
state is excited by a mixed L =0 +2 transition in
(p,t) (Fig. 6), as already mentioned. As pointed
out in Sec. V A, this state has a substantial
component [2p,,,®0;];,,, where 0; indicates the
first excited 0 state at E,=2.05 MeV in ®Ni. On
the other hand, the fact that the 1.55 MeV state
has a very small spectroscopic factor in the
reaction ®*Ni(*He, d)°*Cu and decays mainly by an
M1 transition®!® led Britton and Watson to suggest
that it is a member of a doublet formed by cou-
pling a 2p, ,, proton to a one-phonon state.?® If a
low-lying 3~ state has a large component of the
form [2p,,,®2]],,, as a member of the quartet
2p;,,®2], it must have a substantial admixture
of the component [2p;,,®0;];,, through the particle-
core interactions, which means in turn a substan-
tial spectroscopic factor in the reaction
%2Ni(*He, d)**Cu.*?° This expectation is met by the
2.01 MeV state, but not by the 1.55 MeV state.?®
Thus, the properties of the 1.55 MeV state are
quite different from those expected for the 3~
member of the quartet 2p,, 2]. If the 1.55 MeV
state has a substantial amplitude of the compon-
ent [2p, ,,®27];,,, some other state must contain
as its component the other member [2p, ,, ® 2}];,,
of the doublet 2p, ,®2]. The similarity of the
(p,p’) angular distributions for the 1.41 and 1.55
MeV states (Fig. 8) suggests that the 1.41 MeV
(3 7) state has a substantial [2p, ,,®2}];,, compon-
ent. It may be that the absence of a bump around
25° c.m. in those (p,p’) angular distributions in-
dicates some effect of the interference between the
pure core excitation (62;2||Y,[|2}; 62) and the ad-
ditional proton spin flip (2p;,, ~2p, ,,) accompany-
ing the core excitations (62; 2;||7,]/0;; 62) and
(62;2117,112¢; 62).3*  Although the (p,t) angular dis-
tribution for the 1.41 MeV state is clearly L =2,
it is somewhat different from the angular distri-
butions for the 0.67, 0.96, 1.33, and 2.01 MeV
states.

The identification of the 0.67 (37), 0.96 (3°),
1.33 (37), and 2.01 MeV (3°) states with the mem-
bers of the quartet 2p,,, ®2], and of the 1.41 (3°)

23 CORE EXCITATIONS IN 6Cu BY THE %3Cu(p,p’)%Cu... 1973

and 1.55 MeV (3°) states with the members of the
doublet 2p, ,®2] is strengthened by the B(E2) val-
ues derived from the most recent y-decay data.!®

Because of the mixing by the particle-core in-
teractions, the proton single-particle components
[203/:®0%ls /25 [21/2 ® 03]z, and [1f 51, ® 035/ are
present, respectively, in the 2.01 MeV ($°) state,
0.67 MeV (3") state, and 0.96 and 1.41 MeV (3°)
states, with the spectroscopic factors measured
in the ®2Ni(®*He, d)%*Cu reaction.?’ If the Z =28
shell closure is assumed to be complete, as is
usually done in the particle-core-coupling calcu-
lations, there is no room for the proton single-
particle component [1f,, ®0;], .. If the 1.33 MeV
(") state is thus assumed to be the pure excited-
core state [2p,, ®2}],,,,%% the transition amplitude
involving the reduced matrix element (3) or (3')
vanishes in the transition to this state. Further,
if the transition amplitude involving (2) or (2’) is
far smaller than that involving (1) or (1’), then
the transition to the 1.33 MeV (§-) state is
made only by the transition amplitude involving
the reduced matrix element (1) or (1’) which con~
nects the component [2p,,, ®0}],,, of the ground
state of ®Cu or ®°Cu to the pure configuration
[2p3,,®21], .- Thus, the same matrix element is
involved in the above transition and the transition
to the 2] state in ®Ni in the “core” reaction
82Ni(p, p’)**Ni or ®Ni(p,?)®2Ni. In such a case, the
ratio of the cross section for the transition to a
pure excited-core state [nlj ®1], with spin J to that
for the transition to the corresponding collective
state with spin 7 in the “core” reaction is equal to

2J +1
R=SGiaer1)’ ®

where n,1,j denote a relevant proton single-parti-
cle orbital, and S denotes the spectroscopic factor
for the proton single-particle component [nlj ® 0{],
in the ground state of the target nucleus. Using
J=%,j=%4, I=2, and $=0.75 from the
62,84Ni(®*He, d)®%:*°Cu work,?° the ratio R=0.30 is
obtained. For the ®3Cu(p,p’)*3Cu, the ratio de-
rived from the present data and the ®2Ni(p, p’)®2Ni
data®* is 0.31+0.06, which is in agreement with
the prediction of the model.3* For the 8°Cu(p, ¢)®3Cu
reaction, the ratio derived from the present data
and the ®*Ni(p,#)**Ni data'® is 0.32 + 0.06, which is
again in agreement with the model prediction.
Thus, the assumption that the transition amplitude
involving (2) or (2’) is far smaller than that in-
volving (1) or (1’) is consistent with the experi-
mental data. The assumption requires the ampli-
tude of the component [2p,, ®2}],,, to be far small-
er than that of the component [2p,,, ®0}],,, in the
ground state of ®3*Cu or ®°Cu, unless (2) or (2) is
far smaller than (1) or (1’). The reduced matrix
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element (2) is of the same order of magnitude as
(1).2:5

The 2.06 MeV state is excited by an L=2 (p,t)
transition, but is missing in the (p,p’) (Fig. 14).
This state was also observed in y-ray work!"18
and in a ®2Ni(*He, d)®*Cu experiment.?® The j de-
pendence of the [ =1 (*He, d) angular distribution
was used to assign J*=3" to the state,?® while
the y-ray work did not exclude the possibility of
JT=%".1%18 If the assignment of J"=3" is correct,
the state is certainly the partner of the 0.67 MeV
(37) state in the particle-core mixing, just as the
2.01 MeV (3) state is the partner of the ground
state. The absence of the 2.06 MeV state in the
(p,p’') spectrum is somewhat puzzling, but an
“accidental” cancellation can occur between tran-
sition amplitudes involving the reduced matrix
elements (1), (2), and (3).

In summary, the present (p,p’) and (p,?) data,
together with previous experimental evidence,!®2°
establish that the states at E =0.67, 0.96, 1.33
and 2.01 MeV have the properties expected of the
+7, 37, %7, and 3+~ members of the quartet
2p,,, ®2;. The states at E =1.41 and 1.55 MeV
have most of the properties of the 3~ and "~ mem-
bers of the doublet 2p, , ®2].

2. Octupole multiplets

A quartet-plus-doublet pattern is observed for
the octupole states in %3Cu (Fig. 15). The 3.32,
3.48, 3.72, and 3.84 MeV states have been iden-
tified as the members of the quartet 2p,, ®3], and
the 3.81 and 3.89 MeV states as the doublet 2p, ,
®3;, where 3 denotes the 3~ state at E_ =3.75
MeV in ®Ni.?” The relative cross sections for the
six states have been reproduced by the use of a
new ground-state wave function.?” The major fea-
tures of the wave function are the small size of
the component [2p,,, ®2}],,, and the large size of
the component [2p, ,, ®21];,,.

A comparative analysis of the angular distribu-
tions for the ground-state transitions in the reac-
tions %°Cu(p, ¢)¥3Cu and **Ni(p,¢)%?Ni (Ref. 16) also
suggests that the [2p,,, ®2;],,, component in the
ground state of ®3Cu is small. Further evidence
from the properties of the 1.33 MeV (£°) state
was discussed above. On the other hand, the large
size of the component [2p, , ®2}],,, makes possible
the core excitation of doublets 2p, , ®2], 3], etc.,
with observable strengths.

The octupole state at E, =2.51 MeV (Fig. 15)
will be discussed below.

3. Hexadecapole multiplets

The 2.21, 2.34, 2.54, and 2.68 MeV states, ob-
served in both the reactions ®*Cu(p,#)**Cu and

83Cu(p, p’)**Cu, are considered to be members of
the quartet [2p;,, ®4{]5/5,7/2,0/2,11/2 fOrmed by the
coupling of the 2p,,, proton orbital with the 4] state
at £, =2.33 MeV in ®Ni (Fig. 16). An analogy with
the case of the octupole states?” leads to the iden-
tification of the 2.85 and 2.88 MeV states observed
in the ®°Cu(p, t)53Cu with the members of the doub-
let [2p,,, ®4]];/2,0/.- The 2.21 and 2.34 MeV states
seem to be identical with the 2.2080 and 2.3365
MeV states with J"=2" and 4" (Table I) reported
in the y-ray work of Papadopoulos et al.'® The
2.54 MeV state cannot be identified with the
2.5358 MeV state (Table I) of Papadopoulos et al.,
if their assignment of J*=3" to both the 2.3365 and
2.5358 MeV states is correct. A state is reported
in the literature at E_=2.543 MeV along with the
2.5358 MeV state.3*

The 2.68 MeV state is the strongest hexadecapole
state in both the (p,p’) and (p,t) reactions (Fig.
16). This indicates that the state is the J*=41"
member of the quartet 2p,,®4]. The members of
the quartet are excited coherently by the two amp-
litudes involving the reduced matrix elements (4)
and (5) in (p,p’), or the reduced matrix elements
(4’) and (5’) in (p,¢). The J*=4l- member is ex-
pected to be least mixed with other configurations
because of its high spin. If the 2.68 MeV state is
assumed to be the pure [2p,,, ®4}],,,, state, and
if the transition amplitude involving the reduced
matrix element (5) or (5’) is far smaller than that
involving (4) or (4’), then formula (6) is applicable.
The ratio of the cross section for the 2.68 MeV
state to that for the 2.33 MeV state in ®2Ni is pre-
dicted to be R =0.25, by substituting $=0.75,2°
J=4, j=3, and /=4 into (6). The experimental
value of the ratio in the (p,p’), derived from the
present data (Fig. 10) and the ®2Ni(p, p’)®?Ni data,2*
is 0.26 + 0.05, in agreement with the predicted
value.®®* The experimental value in the (p,#), de-
rived from the present data (Fig. 5) and the
84Ni(p, ¢)*2Ni data,'® is 0.28+0.05, also in agree-
ment with the predicted value within the experi-
mental error. Thus, the identification of the 2.68
MeV state with the J"=24L" member of the quartet
2p,,, ®4] is reasonable. It is further consistent
with the fact that the state is missing in ®2Ni(®He, d)
experiments!®? and has never been found in y-ray
work that has so far been able to detect only low-
spin states.!7s18

The 3.19, 3.21, 3.23, and 3.26 MeV states are
considered to be members of the quartet corres-
ponding to the 4; state at E,=3.27 MeV in **Ni
(Fig. 16). While their extremely close spacing
might suggest a weak-coupling situation, para-
doxically these transitions carry only a small
fraction of the strength of the “core” transition to
the 3.27 MeV (4}) state in the ®*Ni(p,#)**Ni reaction



(Fig. 16).!* There seems to be a large amount of
mixing with other configurations. The state at
E,=3.38 MeV is a candidate for the doublet
[20,,,®43)1/2,0/2- In view of the above-mentioned
quartet-plus-doublet pattern of the states cor-
responding to the 2.33 MeV (4;) state of the core,
the extremely close spacing of the members of the
quartet 2p,, ® 4; suggests the possibility that the
3.38 MeV state may be the unresolved doublet

[2Px 2® 4§]7/z,9/2'

4. Other states

Not all the states observed in the present ex-
periment belong to excited-core multiplets. The
1.86, 2.08, 2.09, and 2.41 MeV states are excited
by mixed L =2 +4 transitions (Table I). The L as-
signment is consistent with the spins and parities
of these states. These states do not belong to
particular multiplets. They may arise through a
mixing between multiplets with different L’s within
the framework of the particle-core-coupling pic-
ture, but the persistent occurrence of a quartet-
plus-doublet pattern for each of the 2], 37, and 4;
states of the core implies that such mixing is
weak. More probably they correspond to micro-
scopic configurations that are beyond the scope
of the particle-core-coupling picture. For ex-
ample, the Z =28 shell closure is not exact, and
proton configuration (2p,,,)*(1f,,)™ can form states
with J*= %" or $~. Multistep processes may be
important, too, in the excitation of complicated
states.

The very strong octupole transition in the
83Cu(p, p’)®3Cu to the 2.51 MeV state is not under-
standable as a simple core excitation (Fig. 15).
The state is to be identified with the one observed
in ®2Ni(®He, d)*3*Cu experiments and assigned to be
a predominantly proton-single-particle state
[1gg/2 ®0;]5,2,"%*° since no other positive-parity
state is known in the vicinity of E,=2.51 MeV.
The large cross section for the transition to the
predominantly single-particle state is a puzzle.
Klaasse and Paar pointed out a possibility that the
interference between the octupole proton-single-
particle transition 2p;,, —1g,,, and processes in-
volving the virtual excitation of the 37 state of the
core can produce a large cross section.3® A quan-
titative solution of this puzzle remains a task for
future theoretical studies.

C. Energy dependence of the $3Cu(p,p')%3Cu reaction

The above-mentioned difference between the
L =2 (p,p’) angular distributions for the quartet
states and for the doublet states (Fig. 8) has been
observed for the first time in the present experi-
ment at E,=40 MeV. In order to establish that the
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effect is due to a difference in the reaction mech-

anism corresponding to a difference in the nuclear
structure, it is necessary to study the energy de-

pendence of the proton inelastic scattering by 3Cu
and to check the stability of the difference.

In the low-energy region where the previous ex-
periments®®!2 on the %3Cu(p, p’)®*Cu reaction were
performed, the mechanisms of proton inelastic
scattering seem to be more complicated than at
higher energies. An “anamolous” difference was
observed between the angular distribution for the
0.67 MeV (z") state and those for the 0.96 (§°) and
1.33 MeV (§°) states,'? and there were some con-
troversies about the apparent “final-state-spin
dependence” in proton inelastic scattering.!2:38-38
No effect that amounts to a “final-state-spin de-
pendence” is observed, however, at E,=40 MeV
in the present experiment (Fig. 8), which shows
that the above “anomaly” exists only in a limited
low-energy region. Also, the angular distribu-
tion for the 1.55 MeV (-i-') state is rather flat at
E,=11 MeV,® indicating the existence of compli-
cated mechanisms.

Although the reaction mechanism of proton in-
elastic scattering is simpler at higher energies,
effects beyond the scope of the single-step core-
excitation model are naturally expected to occur.
Observable changes in the angular distribution
shape can be produced, for example, by the inter-
ference between the proton-single-particle excita-
tion and the dominant core excitation, or by the
interference between the first-order (single-step)
process and higher-order (multistep) processes.
The differences among the forward parts of the ex-
perimental L =2 angular distributions (Fig. 8)
contain information on the reaction mechanisms.

Not only the angular distribution shape, but also
relative cross sections for different states pro-
vide information on reaction mechanisms. If
only the single-step core excitation is possible,
the relative cross sections for transitions of one
and the same multipole L are energy independent,
even if there is a particle-core mixing. This is
due to the energy independence of the relative val-
ues of the reduced matrix elements involved in the
single-step core excitation of a given multipole L.
For example, referring to the case of L =2, the
relative values of the reduced matrix elements
(1), (2), and (3) are energy independent, because
(1), (2), and (3) are matrix elements of 172, which
is the quadrupole moment operator multiplied by
a constant. Thus, any deviation from energy in-
dependence of the experimental relative cross
sections for the same multipole L is evidence of
more complicated reaction mechanisms. The
relative cross sections for different multipoles
L depend on energy, since the multiplicative con-
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stants for different multipole moment operators
have different energy dependences.

The statements in the above paragraph apply to
the (p,t) reaction as well as to the (p,p’). Table
III shows the experimental energy dependence of
the relative cross sections for L =2 transitions to
the four lowest excited states in the ®3Cu(p,p’)**Cu
and ®°Cu(p,#)%*Cu reactions. A remarkable de-
viation from energy independence is observed for
the (p,p’) transition to the 1.41 MeV (3°) state,
suggesting the existence of many excitation mech-
anisms.

D. Apparent weak-coupling pattern observable in transfer
reactions

Since the earliest (p,¢) experiments on odd-
proton nuclei,!?’!'25:39 there has been rapid pro-
gress in the application of transfer reactions to
the study of particle-core coupling.?® %% The in-
formation obtainable by transfer reactions has a
unique feature in contrast to that obtainable by in-
elastic scattering. To be specific, the case of the
reaction **Cu(p,#)**Cu is considered and it is as-
sumed (fictitiously of course) that the ground state
of %*Cu is simply a pure proton-single-particle
state [2p,,, ® 0t],,,. Then, only one transition
amplitude which involves a reduced matrix ele-
ment of the type (1’) or (4’) would be different
from zero for each collective state of the core.
The ®*Cu(p,#)**Cu reaction would not populate ex-
cited-core doublets [2p,,,®2);/,.5/2, [20,/,
®3;)s/2,772, and [2p,,,841], /5 5/,- Only the quartets
[21’3/2®2”1/2.3/2.5/2.7/2’ [Zpa/z‘g’3;13/2,5/2.7/2.9/2:
and [2p,,,®4)5/2.7/2.0/2,11/2 WOuld be observed in
%Cu. There would be no interference effect in
the core-excitation process. The relative cross
sections for the members of a quartet would fol-
low the (2J+ 1) rule,®® even though there is a
substantial mixing of the members with other con-
figurations, provided that the mixing were uni-
form for the quartet members. Of course, the

absolute cross sections for the quartet members
would be smaller than in the case of no mixing in
8Cu. Still the ratio between the sum of the abso-
lute cross sections for the quartet members and
the absolute cross section for the ground-state
transition would indicate qualitatively a weak-
coupling situation, as is often observed,!% 42
since the latter is smaller, too, than it should be
in the case of no mixing. Thus, there would ap-
pear a simple weak-coupling pattern, which is
deceptive in view of the real particle-core-cou-
pling situation in 63Cy, In short, in spite of a com-
plicated particle-core-coupling structure, a sim-
ple weak-coupling pattern may appear in transfer
reaction data because of the simplicity of the
ground state of the target nucleus. For exam-
ple, “unexpected weak-coupling behavior in
"0(°Li, d)*'Ne”*? may arise because of the simple
particle-core structure of the ground state of
170, even if the particle-core mixing is large in
#Ne.

There is another source of the deceptive appear-
ance of the weak-coupling pattern in transfer re-
actions. It is easily seen that the argument in the
preceding paragraph can be generalized: A weak-
coupling pattern appears if the particle-core mix-
ing is uniform, even though large in a nucleus,
and if the core excitation is effected by only one
transition amplitude involving a reduced matrix
element of the type (1) or (1’). The latter assump-
tion is satisfied even if the ground-state wave
function of the target nucleus is not as simple as
in the preceding paragraph, if matrix elements of
types (2) and (3) [or (2’) and (3’)] are far smaller
than the matrix element of type (1) or (1’). This
is impossible, however, in inelastic scattering,
where the reduced matrix element (3) is always
equal in magnitude to (1), and (2) is generally not
small compared with (1).>5 In the (p,¢) reaction,
the reduced matrix element (3’) may be far small-
er than (1’) (for example, toward the end of a

TABLE III. Incident proton energy dependence of the relative cross sections for the four
lowest excited states in ®3Cu. Summed cross sections are normalized to 1.00 for the 1.33

MeV state.
Gﬁcuw’t)eiicu G3Cu(p’pl)330u
E, 19.5 MeV? 40 MeV® 52 MeV® 17.5 MeV? 40 MeV®
0.67 0.18 0.16 0.18 0.29 0.23
0.96 0.46 0.43 0.46 1.00 0.91
1.33 1.00 1.00 1.00 1.00 1.00
1.41 0.09 0.10 0.07 0.16 0.08

2 Reference 11.
b present work.
¢ Reference 10.
4 Reference 9.



large neutron shell), and (2’) seems to be consid-
erably smaller than (1’).}* Therefore, even if the
particle-core structure of the ground state of the
target nucleus is not simple, a weak-coupling pat-
tern may appear in transfer-reaction data in some
mass regions.

The above arguments demonstrate the import-
ance of the comparative study of core excitations
in the same nucleus by the inelastic scattering and
transfer reactions. While it is dangerous to con-
clude the existence of a weak-coupling situation
only on the basis of transfer-reaction data, they
give unique clues for unraveling generally more
complicated information from the inelastic scat-
tering.

In the present case of the *Cu(p,p’)®*Cu and
%Cu(p,t)®Cu reactions qualitatively similar spec-
tra are observed in the inelastic scattering and the
transfer reaction for the L=2 and L =4 excitations.
This is readily understandable. First, the ground-
state wave functions of *Cu and ®Cu are similar.
Secondly, at the middle of the neutron 1f-2p shell,
the reduced matrix element (3’) is close to (1’).1*
The difference between the ratio of (2) to (1) and
the ratio of (2’) to (1’) is the major source of dif-
ferences between the ®*Cu(p,p’)**Cu and the
8Cu(p,£)®Cu in the relative cross sections for the
members of the L =2 multiplets (Fig. 14).

VII. SUMMARY AND CONCLUSIONS

It has been shown that a quartet-plus-doublet
pattern exists consistently for the groups of states
located at excitation energies near to the 2}, 3,
and 4; states of the core nucleus ®*Ni. The quartet-
plus-doublet interpretation which was worked out
quantitatively for the octupole excited-core states?”
seems also to be applicable to the quadrupole and
hexadecapole excited-core states, at least qualita-
tively. The present data for the reactions
BCu(p,p’)*®Cu and ®Cu(p,t)**Cu, combined with
previous data from the ®*Ni(*He,d)®Cu reaction®
and y decay,'® have clarified the situation regarding
the low-lying quadrupole states, making it possible
to identify the members of the quartet 2p,,,®2;
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and the doublet 2p,,,®2; and to distinguish them
from other states of more complicated nature
such as the 1.86 MeV (%‘) state. The hexadecapole
multiplets have been discovered for the first time.
The persistent occurrence of the quartet-plus-
doublet pattern is evidence that the mixing be-
tween different multiplets (in particular, multi-
plets corresponding to different collective states
of the core) is weak, and that the component

[2p,,, ®21],,, exists in the ground states of **Cu
and ®*Cu with a considerable amplitude.

Differences between the relative cross sections
for the members of a multiplet in ®3Cu(p,p’)**Cu
and ®°Cu(p,?)®3Cu are attributed to differences be-
tween the relative values of the core-excitation
matrix elements in the two reactions, as well as
to differences between the ground-state wave func-
tions of *Cu and ®*Cu. These arguments can be
generalized to apply to other nuclei and to other
reactions. Inelastic scattering and transfer reac-
tions thus give different information about the
particle-core-coupling structure of the same final
nucleus, because of the different relative values
of the core-excitation matrix elements and the dif-
ferent particle-core wave functions of the ground
states of the target nuclei. The comparative study
of the core excitations by the inelastic scattering
and the transfer reaction is therefore very im-
portant.

The present experimental study has created a
coherent qualitative picture of the particle-core
coupling in ®3Cu, which is supported by a large
amount of experimental evidence. The richness
of high-quality experimental data on ®3Cu that have
been accumulated in recent years”:*8:20:27 ghould
hopefully encourage a comprehensive theoretical
investigation to try to achieve a better quantita-
tive understanding of this nucleus.
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