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The Cu nucleus has been studied via the Ni(a, pny) reaction using different tech-
niques of in-beam y spectroscopy. As in the other odd-odd Cu isotopes, the g9/2 shell plays
an important role for the explanation of observed high-spin states. Some of these (particu-
larly 6 and 9+ states) could be interpreted as two-nucleon states in the framework of a
crude shell model.

NUCLEAR REACTIONS "Ni(a,pny), E=24—40 MeV; measured

Ey Iy (8), y-y coincidence lifetimes by DSAM; Cu deduced high-spin

levels, J, m.

I. INTRODUCTION

The (a,d) (Ref. 1) and the (a, He) (Ref. 2) reac-
tions are known to be very selective. They populate
preferentially two-nucleon high-spin states where
the two transferred nuclixins are coupled to their
maximum spin value. We have deduced a very sim-

ple rule from the crudest shell-model picture: The
energy of such a two-nucleon state is simply equal
to the sum of the two individual single-particle en-

ergies, plus a pairing energy when the two nucleons
are identical. This simple calculation without any
free parameter could account for a large number of
experimental data involving two-nucleon states pop-
ulated by the (a,d ) reaction or the (a, He) reaction.
Such states have often been observed and studied
through fusion-evaporation reactions. The compar-
ison of results from y spectroscopy and transfer re-
actions was always fruitful in the Cu mass region.

All the information about Cu available until

1979 has been summarized by Auble. Only a few
levels of low excitation energy are well known. Re-
cently, Zimmerman et al. have determined many
levels in Cu with a precision of +10 keV via the
( He, t ) reaction. However, J values are not
unique. The y decay scheme of Cu is deduced
mainly from the radioactivity of Zn (Ref. 6) and
from the Ni(p, n y) Cu (Ref. 7) reaction.

II. EXPERIMENTAL PROCEDURES
AND ANALYSIS OF DATA

Using beams from the Grenoble cyclotron, isoto-
pic —1 mg/cm Ni targets, and large volume

Qe(Li) detectors (50—90 cm ) with a typical resolu-
tion of 3 keV at Er 1.3 Me—V—, the following mea-
surements have been undertaken on the

Ni(a, pny) Cu reaction: the yield function of y
rays: E =23—40 MeV; the angular distributions at
E =32 MeV performed at 8 angles from 30' to
150' on an isotopic target with Bi backing in order
to reduce Doppler shifts; the y-y coincidences at
E =32 MeV; the lifetime measurements with
DSAM at E =32 MeV; and the lifetime measure-
ments by electronic methods (lower limit v =3 ns).

Figure 1 shows a single y-ray spectrum of
Ni+a at E~=32 MeV. The main channels are

(a,2py) Ni, (a,pny) Cu, and (a,apy) Co with
relative intensities of 6, 3, and 1. An accurate cali-
bration of high energy gamma was provided by in-
tense gamma rays from the radioactivity of Cu (in
particular the following y rays were used: 1332.5,
1791.6, 2158.9, and 3124.1 keV).

Yield functions. Figure 2 shows the relative in-
tensity of some y rays. As for other (a,pny) reac-
tions with Ni targets, the curves are rather flat ex-
cept for y issued from high-spin states.

Angular distributions. Yamazaki's formalism 8

was used to analyze the angular distribution mea-
surements. The extracted Aq and A4 coefficients
are listed in Table I. Generally, it is not possible to
obtain a unique spin assignment from this measure-
ment alone. However, we quote only the final
adopted solution with regard to the coherence of the
whole available information.

y-y coincidences. An electronic timing measure-
ment showed no isomeric levels with T~~2 &2 ns.
Thus, prompt y-y coincidences were sufficient to
establish the level scheme. The data were recorded
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FIG. 1. Single spectra of the Ni+ a reaction at E =32 MeV.
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FIG. 2. Relative yield functions of some y rays in
~Cu.

on magnetic tapes in the 2048 X2048 format [Er up
to 2 MeV with one Ge(Li) and up to 4 MeV in the
other Ge(Li)]. The two Ge(Li) detectors were per-
pendicular to the beam axis. The angle between
them was 90' and they were separated by a thick
sheet of Pb; thus the 511-511keV coincidence from
P+ decay of Cu and the backscattering from one
detector to the other were strongly reduced. Figure
3 presents some selected spectra observed in coin-
cidence with events in the indicated gate regions
and with subtracted backgrounds. It may be noted
that a few lines, such as 553, 591, and 643 keV, be-
long (at least partly) to Cu and must probably be
located at the top of the level scheme. However,
from y-y coincidences and intensities in a single
spectrum, they cannot be placed unambiguously.
Moreover, some y rays seen on the 558 keV gate are
in fact in coincidence with the close perturbing 553
keV line.

DSAM measurements. We used a self-supporting
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FIG. 3. Selected spectra in coincidence with events in the indicated regions and with subtracted background.

0.9 mg/cm thick Ni target following the method
described at length in Ref. 9. A long lifetime y
transition is used; here, the 1084 keV transition in

Ni with a lifetime of v=423+70 ps according to
the work of Moyat et al. ' to determine the nuclear
stopping power which is assumed to show the fol-
lowing pattern: de/dp =ax/exp (x /2) with
x=bg' . The values of a and b are a=1.08,
b =1.1. All the lifetimes were found to be longer
than 4 ps except those given in Table II. [We give
results only for the shortest ones when the
Doppler-shift attenuation method (DSAM) can be
reliably applied. ] Typical fits are shown in Fig. 4.

Spin parity assignments Spin-parity . assignments
were deduced with more or less reliability using the
following:

(i) the fact that in the fusion evaporation reac-
tions, strongly populated y cascades usually proceed
from higher to lower spins;

(ii) the angular distribution measurements (see
Table I). For two y rays, y& and y2 (y& feeding the
level and y2 emanating from the level) the a2(y~)
value of the alignment parameter for the level cal-
culated by the y& angular distribution analysis
should be near a2(y), the value calculated for the

same level by the yz angular distribution analysis;
(iii) the yield functions —increasing slope corre-

sponds to increasing spin;
(iv) the lifetime measurements or estimations (see

Table II). As all the transitions have T&~q &2 ns,
quadrupolar y rays with Ez&1300 keV have E2
multipolarity (any M2 with E&&1300 keV would
have an observable lifetime by the electronic
method); and

(v) the (a,d) reaction results. '" In particular,
J=6 and 7 states strongly populated in this reaction
are two-nucleon states and thus should have nega-
tive parity.

The deduced level scheme is shown in Fig. 5.
Table III presents the branching ratios of some lev-
els in Cu.

The 287.2 keV leuc/ Auble ado. pts J =(1+,2+).
J~=1+ must be rejected because this level is fed by
a 270 keV y ray (E2 transition) from the 557.5 keV
level with J =4+ (see below).

The 453.8 keV level. This level observed in the
( He, t) reaction with l =4 has positive parity
(J =3+, 4+, 5+) decays through an M 1 transition
to the ground state (J~=2+). Another weak branch
(about l%%uo) of 167 keV y is observed. Therefore,
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TABLE II. Lifetime measurements. E and J are, respectively, the excitation energy and
the characteristics of the studied level which decays through a y line of Ez energy. r; is the
deduced lifetime at the angle 0, degrees, ~~ is the final adopted value. Central values ~; and ~j
are flanked by the lower wl and upper 'TU limits. Crosses indicate the electronic measurements

upper limit. Energies are expressed in keV, lifetimes in ps, and y strengths in %'eisskopf units.
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FIG. 4. Line shape fits with DSAM calculations for some y rays of Cu in singles spectra at forward and backward
angles with E =32 MeV.

the characteristics are J =3+.
The 557.5 keV leuc/ The charact.eristics J~=4+

are confirmed by angular. distributions of three y
rays issued from this level: 558 keV (E2), 270 keV
(E2), and 104 keV (M 1). An E2 character is as-

signed by lifetime considerations as mentioned
above.

The 781.0 keV level. Two y are issued from this
state. The (3He, t) reaction attributes 3+(4+) to this
level. The characteristics J =3+ are adopted since

the 781 keV y ray is an M I /E2 transition
(3+—+2+ g.s.).

The 914.5 ke V level. This state may be identified
with the 900 keV one observed via ('He, t). Its y
decay is compatible with the previous assignments
J =3+,(4+). The angular distribution of the weak
358 keV line favors J =3+ (A2 & 0).

The 1421.5 keV level. It can be identified with
the 1432 keV state seen in the ( He, t) reaction, but
the angular distribution of the 967 keV y ray cannot
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FIG. 5. Decay scheme of Cu as a result of the present measurements.

rule out one of the proposed J =(3+,4+).
The 1603.6 keV leuel. It decays to the 557.5 keV

level (J =4+) by an MliE2, 1046 keV y ray.
Therefore, this level has J =5+. It is strongly pop-
ulated in the ( He, r) reaction with I =6
(J =5+,6+) and in the (a,d ) reaction which favors
two-nucleon states. We conclude from the above
arguments that it is very probably the

(n fs~qvf5~q)5+ state.

The 1778.9 keV leuel. This new level decays by
two transitions: a 1325 keV E2 transition to the 3+
state at 453.8 keV and 1221 keV y ray perturbed by
the 1224 keV y ray in Co. Therefore, this level
has the characteristics of a J =5+ state.

The 2026.6 ke V level. A 1469 keV M 1/E2 tran-
sition (Az ———0.8, 5=1.7) originating from this
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TABLE III. Branching ratios of some levels in Cu.

Levels J
287 2+

E.~Ef
287~0
287-+62

E~ Branching ratios %

287
225

30+3
70+3

454 3+ 454—+0
454 287

454
167

99+0.5
1+0.5

558 4+ 558-,+0 558
558~287 270
558~454 104

58+4
11+1
31+3

781 3+ 781~0 781
781-+454 327

55+6
45+6

914 3+(4+ ) 914—+454 462
914-+558 357

67+15
33+15

3772 7

5188 9

3772-+3155 617
3772~3355 417

5188-+3772 1416
5188~3355 1834

53+5
47+5

54+7
46+7

new state feeds the J =4+ level. We, therefore, as-
sign J =5+ to this level.

The 2197.2 ke V level. This state is strongly popu-
lated via (a,pny) and decays by a 1640 keV E2
transition (L =2 from angular distribution and r=2
ps) with an increasing yield function. It is proposed
as the 6+ yrast level. (However, we notice that the
1640 keV y ray is not unique. It is in coincidence
with another =1640 keV y ray, but it can be es-
timated from coincidence measurements that the in-
tensity of the second 1640 keV y ray represents only
10% of the whole. )

The 2349.5 ke V leuel. This new level decays by a
1792 keV y ray. Spin assignment is not possible be-
cause of an intense 1792 keV y ray in Ni.

The 2691.7 keV level. The 1088 keV y ray has
M1/E2 behavior and thus implies J =6+ for this
new level.

The 2817.1 keV level. The angular distribution
measurements imply L = 1 to the 791 keV y ray and
therefore suggest spin 6 for this new state.

The 3066.5 ke V level. This level is deexcited by a
2509 keV y ray (see gate 558). Unfortunately,
another y ray with about the same energy belongs to

Ni with comparable intensity, so it is hazardous to
give any spin assignment.

The 3155.5 keV leuel. This state decays through
a 1552 keV L =1 transition. Its increasing yield
function suggests J=6 for this state. Now, using

the Ni(a, d) Cu reaction, Lu et al. ' have ob-
served a strongly excited doublet at 3.29 MeV using
50 MeV u projectiles and Sanderson et al. ' have
shown with E =26 MeV that the two components
of the doublet are located at 3.15 and 3.33 MeV. So
the 3155.5 keV level can be identified with the 3.15
MeV state seen in (a,d), which assigns negative
parity and thus the J =6 characteristics to this
level.

The 3190.8 keV leuel. The 1587 keV y ray is an
E2 transition (L =2 from angular distribution, and
a lifetime of 3 ps rules out the M2 character). With
regard to the increasing yield function, a J =-=7+

assignment is quite certain.
The 3354.5 keV level. An intense 1157 keV L =1

transition deexcites this level. Its yield increases
with increasing E~. This state can be identified
with the 3.33 MeV level strongly excited in the
(a,d ) reaction. This confers J =7 to this state.

The 3772.0 keV level. This state is deexcited by
two y transitions of about the same intensity. The
617 keV y ray has L=1 character while the 417
keV y ray has A2-0.26, compatible with a J~J
transition. We assign J=7 and negative parity to
this level since it is strongly excited in the (a,d ) re-
action. "

The 4520.8 keV leuel. Two perturbed y rays
deexcite this state; consequently no spin can be as-
signed.

The 5188.1 ke V level. Two L =2 transitions orig-
inate from this level. An E2 character is assigned
to the 1834 keV y ray because the lifetime of the in-
itial state is 2 ps. The rapidly increasing yield func-
tion favors a 9 assignment. The (irg9/2 vg9/3)9+
level seen via (a,d ) at 5.99 MeV was not sufficient-
ly populated to make the observation of its y decay
possible.

III. DISCUSSION

As a first approximation Cu can be regarded as
a Ni inert core plus one proton and three neutrons
in other active shells. When the four valence parti-
cles are restricted only to the p3/2 pi/2 and f3/2 or-
bits, as in the calculations of Koops et al. ' and
Wang et al. ,

' the highest allowed spin is J =8.
Energy and electromagnetic properties of levels
with J =5+, 6+, and 7+, measured in this experi-
ment, are in good agreement (see Table IV) with
shell model calculations" performed either with
MSDI (modified surface delta interaction) or ASDI
(adjusted surface delta interaction). But to account
for negative parity states or positive parity states
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TABLE IV. Comparison between shell model calculations (Ref. 11) and experimental re-
sults for 5+, 6+, and 7+ levels in Cu.

Excitation energies
exp MSDI ASDI Jf exp

Decay properties ~M
~

i W.u.
M1 E2
MSDI ASDI exp MSDI ASDI

5+ 1.604
5+ 1 779'
6+ 2.197

2.691b
7+ 3.191

1.76
2.30
2.40
3.01
3.27

1.69
2.06
2.03
3.09
3.01

4+ (4.10 2.8

3 11

25 11

0.069 0.039 (5 6.2

rhis level inay have (r/f7/i vf5/i), + configuration. The level calculated by Koops et al.

(Ref. 11) may then be the 2.027 MeV level.
This level may have (nf7/i y vf 5/Q) + configuration.

L0
I

2 3 4 5 6E 9++E~ 9y+ p~
or E~3p~~Ep

MeV

FIG. 6. Experimental energy of the J =6 and 9+
states in odd-odd Cu isotopes as a function of the sum
of two single particle energies.

with spin Jg 8 it is necessary to introduce the g9~z
shell (and/or the breaking of the Ni core).

The level scheme of Cu is quite similar to that
of Cu (Ref. 14). The 3.155 MeV state J =6 de-
cays via an E1 transition to a 5+ state which has
mainly the configuration irf 5/2, vf5/2. This
behavior is different from that of Cu (Ref. 15) and

Cu (Refs. 16 and 17) where the 6 level is isomer-
ic and decays to a J =4+ state through a M2 tran-
sition.

This difference may be understood simply in the
framework of our crude shell model for two-
nucleon states. Indeed, our addition rule predicts
the excitation energy of the (a/f5/2, vf5/2)5+ states

in odd-odd Cu nuclei between 1 and 1.3 MeV, while
the excitation energy of the (irp3/2 vg9/g)& states

varies quickly from 1 MeV for Cu to 3 MeV for
Cu. In the case of Cu and Cu, the 5+ state

may be very near the 6 level so it may explain why
the 6 —+5+ transition is not seen. In Cu, the lev-

el at 1.59 MeV may be double and one member of
the doublet is the 6 state, the other may be the 5+
state seen in (d, a) reaction. ' On the other hand, in

Cu and Cu, the 6 state lies well above the 5+
state and an intense 6 ~5+ E1 transition is ob-
served.

The 6 level is very strongly populated by the
(a,pny) reaction in all the studied odd-odd Cu nu-

clei ( Cu, Cu, Cu, Cu). The 9+ state is much
less fed and in Cu and Cu; it decays via an E1
transition to the 8 state. Figure 6 shows the strik-
ing correlation between the excitation energies of
the 6 and 9+ states and the g9~z single particle en-

ergies in odd-odd Cu nuclei. (Data for Cu and
s Cu are from Refs. 16—18.) For Cu and Cu,
the (d,p) reactions give unambiguously the main
configuration of the 6 state as (irp3/p vg9/2)s .
For Cu and Cu, the other configuration
( irg9/2 yvp 3/g )s is also possible. In Cu our addi-

tion rule predicts neighboring energies for these two
configurations: (mp3/p vg9/i)& at 3.062 MeV and

( irg9/2yvp3/2 )s at 3.042 MeV. There is probably a

mixing of these two configurations.
The confrontation of results from y spectroscopy

studies and transfer reactions has proven fruitful
once more: The assignment of negative parity to
the two observed J=7 states is expected from the
selection rule of the (a,d) reaction and the main
configuration can be assigned. As for the other Cu
isotopes (and also for Zn, Ga, and Ge isotopes) we
point out the importance of the role of the g9/2
shell to build high-spin states. It would be interest-
ing if conventional shell-model calculations in this
region of the chart of nuclides could include the

g9/2 shell and afford in this way a deeper explana-
tion of high-spin states.

The authors thank S. Schacke for a careful read-
ing of the manuscript.
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