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The "Ni('He, d}' Cu reaction has been studied at bombarding energies of 35 and 39 MeV. Excitation energies
and angular distributions were measured for levels up to 9.2 MeV in excitation. Distorted-wave-Born-
approximation calculations were performed using resonance form factors for the proton-unstable levels

(E„&—3.4 MeV) in order to make t assignments and to extract the spectroscopic factors. Twelve levels in
' Cu are identified as possible analogs of states in Ni. A particle-core-coupling model is used to predict the
properties of "Cu and fair agreement with the experiment is obtained.

NUCLEAR REACTIONS, NUCLEAR STRUCTURE 5 Ni(~He, d) E =35.0, 39.1 MeV;
measured o'(~}, 5~Cu levels, deduced E,S; identified analog states, calculated J,

m', S, particle-core-coupling model.

I. INTRODUCTION

The structure of "Cu has been studied by sever-
al groups both experimentally and theoretically.
The ('He, d), (n, f), and (d, n) reactions have been
used extensively' ' to obtain spectroscopic infor-
mation on "Cu. Analyses of these results were
genera1. ly limited to levels of excitation &4 MeV,
because the states above 3.4 MeV are proton un-
stable, and therefore distorted-wave- Born-
approximation (DWBA) calculations could not be
performed in the usual manner. However, these
studies yielded important spectroscopic informa-
tion on the low-lying states and the excitation en-
ergies of many higher-lying states. In addition,
Nelson ef a/. ' have used the "Ni('He, dy)"Cu re-
action to determine 4' and obtain mean lifetimes
of levels in "Cu below 3.6 MeV. Considerable in-
formation on unbound levels in ' Cu has been ob-
tained' "by proton elastic scattering on "Ni.
Several levels have been identified as possible
analogs of levels in "Ni and their properties mea-
sured. Investigations" "of the y decay of the
levels at 6.842, 6.889, and 6.903 MeV in ' Cu pop-
ulated with the "Ni(P, y)"Cu reaction have led to
the determination of spin assignments for a few
levels above 3.4 MeV in excitation.

There has been considerable speculation' ' about
the isospin character of many of the unbound levels
observed in proton stripping reactions. The posi-
tions and relative strengths were used as criteria
for identifying "Cu states as analogs of states in
"Ni; however, spectroscopic factors and It as-
signments were not available. The most reliable
identification of isobaric analog states (IAS) has
been done utilizing the elastic scattering'" and
radiative capture data" "where four states have

been identified as analogs on the basis of energy,
J', and spectroscopic factors.

Unfortunately the study of levels just above
threshold is not practical with elastic proton
scattering due to the large Coulomb barrier,
while even at higher energies states with high /

values will be suppressed. The existing elastic
scattering data provide no information on unbound
states below E„=5.2 MeV and could easily miss
states having higher penetrability above this en-
ergy. Stripping reactions however are not very
sensitive to the penetrability, as the yield (for a
given /) is essentially proportional to the single-
particle strength of the state with only a slight
excitation energy dependence. Techniques have
now been developed"" to analyze stripping reac-
tions populating unbound levels; however most of
the published data were taken at relatively low
energies where DWBA analysis, particularly of
higher excited states, is at best suspect due to the
low energy of the outgoing particle. Thus the
"Ni('He, d)"Cu reaction was studied at 35 and 39
MeV incident energies to obtain additional nuclear
structure information about the higher excited
states in "Cu. Additionally, utilizing the above
mentioned DWBA techniques, the existing data for
population of unbound levels in "Cu have been
analyzed where practical.

II. EXPERIMENTAL PROCEDURE

The experimental. details are similar to those
described previously. " A 305 pg/cm self-sup-
porting Ni foil, enriched to -99% in "Ni, was
bombarded with 35.0 and 39.1 MeV 'He ions accel-
erated by the Texas A5 M University cyclotron.
Two silicon detector telescopes spaced 5' apart
were used to reduce data acquisition time and
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FIG. 1. A spectrum of the +¹i(3He,d) '9Cu reaction. The excitation energies of the observed states are indicated in
MeV.

selected data points were checked by measure-
ments with both systems. The detector telescopes
consisted of 2 mm (4E) and 2 mm (E) detectors
for both stacks. A typical 3He spectrum is shown
in Fig. 1. The overall resolution mas about 50
keV full width at half maximum. Due to the high
density of levels in the high excitation region, a
multipeak fitting program, described previously, "
mas used in analyzing the data.

III. DISTORTED-WAVE-BORN-APPROXIMATION
CALCULATIONS

A. Bound states

DWBA calculations were performed using the
computer code DWUCK. " Single-particle wave
functions, used as form factors for stripping to
bound states in "Cu, were generated in the usual
manner by varying the depth of the Woods-Saxon
well. The calculations were done both using the
zero-range approximation (ZH) and utilizing finite-
range and nonlocal (FHNL) corrections. The opti-
cal model, form factor, and FHNL parameters
are listed in Table I. The calculated and experi-
mental cross sections are related by

dQ,„, 2J+ 1 dQ

where 4 is the transferred angular momentum, N
is the normalization constant determined from the
internal structure of the projectile, and C'8 is the
spectroscopic factor. W'e have used values of N
=4.42 and 1.65 for the ('He, d) and (d, n) reactions,
respectively.

B. Quasibound states

Levels above 3.4 MeV excitation energy are
proton unstable and therefore the usual DWBA
computer codes cannot be used to analyze the data.
The DWBA form factors needed for these levels
mere generated by varying the depth of the W'oods-
Saxon well to produce a resonance at the proper
energy having the correct (f,J) '4 Zero- ra. nge
DWBA calculations mere performed in the same
manner as for the bound states; however, a large
cutoff radius (200 fm) is required for convergence
of the radial integrals if the exterior amplitude
of the form factor is large (~0.01 times the interi-
or amplitude). This method is essentially equiva-
lent to that of Vincent and Fortune" and has been

TABLE I. Optical model and finite-range nonlocal (FRNL) parameters used in DWBA calculations (in MeVfm).

Particle fp +c Rb

He'
yd
3He '
yf
P

39
3S
35
35

169.5
103.6
162.0
96.83

1,15
1.Q48

1.1S3
1.081
1.20

0.752
0.825
0.686
0.8 14
0.65

22.09

20.3
47.52

1.57
1.252
1.536
1.2S5

0.787
0.888
0.901
0.784

1.40 0.20
1.30 0.54 0.695
1.40 Q.20
1.30 0.54 0.695

0.85

Nonlocal parameters used in D%UcK.

Finite-range parameters.
c Reference 19.
~ Reference 20.
~ Reference 21.

Reference 22.
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TABLE H. Summary of spectroscopic factors for' bound states of 59Cu.

SCu+ a

E»
(MeV + keV) L& gx b 39 MeV"

(3He, d)
35 MeV'~ 16.4 MeV

(2J + 1)C2Sp

(d, n) (3He y)
7 MeV" 10 MeV Avg. (FRNL) '8

0.0

0.491+ 5

0.913~ 7

1.399+ 7

2+323+ 7

2.710+ 7

3.047+ 7

3,137+ 7

3
2

2

2

3
2

7
2
9+
2

1
2

0.15

3.96

0.32

1.81

1.0

0.31

0.11

2.94

2.1

4.0

0.40

1.85

0.4+ 0.1

0.22

1.47

0.64

0.18

0.14

1.78

0.16

1.28

0.72

2.27

0.29

~ Present work.
J" assignments taken from Ref. 7.' DWBA analysis using the zero-range approximation.
Reference 3.

e Reference 5.
Reference 4.

I Average of the gJ + 1)C2&& obtained from the 35 and 39 MeV data using FRNL.
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FIG. 2. Angular distributions for the 5 Ni (3He, d) 59Cu

reaction leading to bound states. The excitation energies
are indicated in MeV. The errors shown are statistical
only. The curves are FRNL DWBA predictions for the l
transfer indicated.
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524 P. K. BINDAL„D. H. YOUNGBLOOD, AND R. L. KOZUB

TABLE III. Summary Gf experimental results for states of 59Cu vrith E„~3.4 MeV.

Cu+
(MeV+ keV) E&

(He d)
J~ ~ 39 MeV 35 MeV

(d, e} d

10 MeV
Ex

(MeV}

Nuclear Data
Ex

(MeV +keV}

(3.44)
(3.52}
3.582+8
(3.62)
3.707+ 12

3.737+8

3.897+7

4.002~7

(4.06)

(0.12)

0.14

0.17

0.54

3.663

3.742

3.905

4.131"

3 f
T'2

5f
2

3 f
2

3.435+ 12
3.558 +8
3.586+6
3.629+8
3.671+25

3.901+8
3.916+10
4.007+6

4.058 + 6

4.116+6

0.52
0.40
0.36

0.3

4.261'

4.307+7

4.358+10

4.538+ 10

(4.70)
(4.77)
4,828 + 10

5.058 + 10

5.234+ 10
(5.30)

6.301+12

6.513+12 3
(6.73)
6.840+12 4

6.917+12 4

7.116+12 2

7.155+ 15 (2)
(7.20)
(7.26}
7.397+15 (2)

(4}

(5.61)
5.68 1+10

5.856+ 10 3

5.953+ 10 1

(6.11) (4)

6.2O2+10 (3}

3

i
2

i
Y

5
2

5
2

i
2
9+
2

5
2

g+

g+
Y
g+
T

+

Y
5
2

p+
2

g
+

2

5 +

2

5 +

2

1.05 g

0.3O g

0.08

0.15

0.12

0.20

(0.07)

(0 ~ 13)

(0.21)

Il.ft 9

I
0 ' 13

(0.12)

(0.13)

{o.14)

0.08

0.20

0.05

0.29

(0.20)

0.84

(0.50)

4 530

(4.689) "

6.902
2

5 7 h

4.267+8

4.313+6

4.362+6

4.550+15

4.720+ 15
4.777+ 15
4.846+15

5.063+15

5.248+ 15
5.321+15
5.502 + 15
5.625+ 15
5.680 + 15

6.124+20

6.204+20

6.314+20

6.525+20
6.740 +20
6.845+20

6.910+20

7.128+20
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TABLE III (Continued)

59Cug

(MeV+ keV) l&

G).
( He, d) c

J" ' 39 MeV 35 MeV
(d, n)

10 MeV
~x

(MeV)

Nuclear Data
&x

(MeV+ keV)

8.169+20

8.223+20
(8 26)
8.532+20
(9.18)
9.252 +20

+

2

5 +

2

9+
2

9+
2

0.12

0.11

0.13

0.12

G - =(2J+ 1)C2$ .
Reference 23.' Present work.

4 Present analysis of the data in Ref. 4.' J~ values are those which seem most plausible on a shell-model basis; no assignments have been made.
Reference 13.

~Analysis of the experimental data of Blair and Armstrong (Ref. 1) gave (2J+ 1)C S& =0.62, 1.4, 0.31, and 0.85 for the
3.88, 4.30, 4.36, and 6.86 MeV states, respectively. They did not resolve the two levels at -6.9 MeV.

"Reference 11.
' Reference 12.
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FIG. 4. Angular distributions for the 5 Ni(9He, d) 9Cu

reaction leading to quasibound states. The excitation
energies are indicated in MeV. The curves are DWBA
predictions for the l transfer indicated obtained as de-
scribed in the text.
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FIG. 5. Angular distributions for the ~ Ni(9He, d) Cu
reaction leading to quasibound states. See Fig. 4 caption.
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are taken from the ('He, dy) work of Nelson et al. '
Our energy locations, l values, and spectroscopic
factors obtained using ZR DWBA agree reasonably
well with the previous work (which also used ZR
DWBA) for all the states. The fits obtained with
FRNL calculations were slightly better and the
spectroscopic factors decreased somewhat.

B. Quasibound states
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A summary of the results obtained in the present
study for levels above 3.4 MeV in "Cu is given in
Table III and compared with existing information
from the literature. Weak levels observed only
at a few angles are shown in parentheses. For
E„~7.12 MeV only the stronger states were ana-
lyzed. Many weaker states obviously present
could not be resolved and are not included in the
table. Angular distributions and DWBA predic-
tions for the 35 MeV data are shown in Fig. 4.
The DWBA fits to the 39 MeV data are shown in
Figs. 5 and 6. In addition to analyzing the present
('He, d) data, we also analyzed states above 3.4
MeV in excitation populated in the (d, n) reaction
of Ma. rusak' with E,=10 MeV and the ('He, d) reac-
tion of Blair and Armstrong' with E,„=22 MeV.
A fit to the 6.917 MeV state excited in the Blair
and Armstrong work is also shown in Fig. 6. Rep-
resentative fits to the Marusak data for the (d, n)
reaction for four different l transfers are shown
in Fig. 7.

In previous work, spectroscopic factors and l-
value assignments for some of the levels between
3.4 and 4.4 MeV excitation were obtained from pro-
ton transfer reaction studies by comparing with
DWBA calculations performed assuming the states

FIG. 6. Angular distributions for the ~ Ni( He, d) 5 Cu
reaction leading to the possible analogs of 5~Ni. See
Fig. 4 caption.

quite successful for the ('He, d) reaction to un-
bound states in several nuclei. ""It has also
been demonstrated" that the same technique is
adequate for analog states; that is, no special
treatment of the form factor for the analog state
is necessary to obtain reliable spectroscopic in-
formation.

IV. DISCUSSION OF RESULTS
A. Bound states
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A summary of the experimental results for
levels below 3.4 MeV in excitation is given in
Table II. Angular distributions and DWBA pre-
dictions are shown in Figs. 2 and 3 for the 35 and
39 MeV data, respectively. The data are fitted
reasonably well. The spectroscopic factors ob-
tained in the present study are compared with
previous work' ' in Table II. The J' assignments

IO'
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ec ~.(deg )

I I
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FIG. 7. Angular distributions for the ~ Ni(d, n) ~ Cu
reaction leading to quasibound states. The experimental
data are from Ref. 4. See Fig. 4 caption.
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TABLE IV. Spectroscopic factors from 58Ni(pp)
(Ref. 10) obtained Using single-particle %ridths from the
optical moclel.

3.353

3.878

3.742

3.934

3.835

3.911

3.369

3.752

3.473

3.545

6.714

7.228

7.094

7.283

7.186

7.261

6.728

7.100

6.830

6.900

a-
2

f
2

3
2

3
2

3
2

3
2

5+
2

5 +
2'

9+
2
9+
2

206.0

177.2

241.3

59.4

0.251

0.302

(2J'+ 1)C28

0.0039

0.0061

0.0071

0.0025

0.075

0.032

0.18

were bound by a small amount. These results are
generally in good agreement with the values we
obtain as can be seen in Table III.

There is excellent agreement on / assignments
for all the levels from the analysis of the four dif-
ferent sets of data except for the 4.116 and 6.202
MeV levels. An /= 3 assignment is favored for the
4.116 MeV level from the ('He, d) reaction data
whereas an I, =I assignment is favored from the
(d, n) data. Some I =1 contribution cannot be ruled
out in our data. In the case of the 6.202 MeV level,
the 35 MeV data are fitted equally well by / = 3 and
E = 4 transfers, whereas the 39 MeV data are fitted
better by an I = 3 transfer and the (d, n) reaction
data are fitted better by an / = 4 transfer. However,
the analysis of the (d, n) reaction leading to such
highly excited levels is not very trustworthy as
the outgoing neutron is left with so little energy
that the usual DWBA is probably not applicable
here. This may be the reason that the spectro-
scopic factors extracted from the (d, n) reaction
for levels above 5.3 MeV are very high as com-
pared to those obtained from the analyses of the
35 and 39 MeV ('He, d) reaction data. The present
analysis shows that except for the two levels at
3.58 and 3.71 MeV, which are t' = 2, all the levels
up to 6 MeV in excitation correspond to E= 1 trans-
fer (possible 2p, &, and 2p, &,) or I =3 transfer
(If,&,). Most of the levels between 6.0 and 7.2
MeV are / =4 (probably Ig, &,), and at higher ex-
citation both /=2 and E= 4 states are excited.

Levels observed with the (P, y) reaction" " re-
levant to this work are also included in Table III.
Unfortunately, many of the levels reported in
these investigations are weakly excited in the
present work and for these no meaningful com-

parison is possible. Arai, Ogawa, and Sato"
have reported many resonances in "Cu using
58Ni(P, P) in the excitation region of 6.5 to 7.4 MeV.
We have calculated the single-particle laboratory
widths for the strong resonances using an optical
model" with the same potentials as those used
for the corresponding DWBA form factor. Using
the experimental widths, we have extracted the
values of (28+ 1)C'8= (2Z+ l)I"~/I", , expected
for these resonances (Table IV). Our spectro-
scopic factors and l assignments for the —,

"states
at 6.64 and 6.92 MeV (well resolved at 39 MeV,
but not at 35 MeV) and the —". state at 7.1 MeV are
in agreement with (P,P) results. The —,"states at
7.19 and 7.26 MeV are observed at a few angles
but, as expected from their low (p, p) spectro-
scopic factors, were too weak to obtain definitive
angular distributions. The rest of the states would
be too weak to observe in the present study.

C. Isobaric analog states

Excitation of both T= 2(T&) and T=- (T2&) states
in "Cu is isospin allowed with the "Ni('He, d) re-
action. Accounting for the Coulomb displacement
energy, the analog of the ground state of "Ni
(J' = —', ) should lie at about 3.91 MeV in "Cu, and
there has been considerable speculation regarding
the analog correspondence. The states (7&) below

TABLE V. Spectroscopic factors for analog states.

"Ni~ +3.910 b

(M8V)

(3.7 -4.0
4.307

4.358

4.828

5.234

5.681

5.856

6.513

6.917

9.25

1 — 0.52
2

1 T 0 95)

3 ~2 1.20

1 — 0.30
2

1 — 0.13
2

1 — 0.19
2

3 —,
' 0 17

3 —' 0.15
2

3 &2 0.24

0.70
2

2 — 0.09
2

4 — 0.13
2

4 — 0.12
2

3.910

4.250

4.375

4.791

5.308

5.593

5.861

6.544

6.970

8.4 14

8.605

9.361

0.97

1.48

0.42
2

0.10

0.18

0.21

(& ) 0.10

(-,' ) 0.10

g
+

2.94
2

2
0.48

0.28
2

0,30

s
G&~& =(2J+ 1)C2S&, averages of the spectroscopic fac-

tors given in Table III,
5 Ni excitation energies from Hef. 26.

c
G&~

= (2J + 1)/2T+ 1)C S„, averages of the spectroscop-
ic factors obtained from beefs. 24-26.
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4 MeV do not nearly exhaust all the strength of the

2pig2y 2p~(2y 1f5(2» and Ige(2 orbltals how'evex', so
considerable T& stx'ength is expected to lie in the
same excitation energy region as the T states.
This makes it difficult to identify the T& levels in
'9Cu. We have utilized the information on the en-

ergy locations, J' assignments, and spectro-
scopic factors obtained in the present analysis
and compared it to the information known in ' Ni
to identify some of the analog states in "Cu. This
infoxmation is summarized in Table V and rele-
vant angular distributions are shown in Figs. 4
and 6. The energy and J' assignments for all the
states listed hex'e agree well with that expected
from "Ni. These results generally agree with

pxevious identification of the analogs, although
several additional ones are located. The averages
of the spectroscopic factors obtained for ' Cu
using different reactions (Table Ill) a.re compared
with the averages of the spectroscopic factors for
'9Ni obtained from the studies of Fulmer et aE. ,

"
Cosman et al. ,

"and Chow'dhury and Sen Gupta. ~e

For low-lying analog states, the spectroscopic
factors agree well; however, for higher excited
states, they are somewhat lower than those pre-
dicted using the "Ni data. The largest discre-
pancy exists for the 6.917 MeV state in '9Cu which

has been identified to be the analog of the —,", 3.06
MeV state in "Ni by (P, y) studies. The observed
spectroscopic factors for this state are only about
24 jg of the value expected from the "Ni data. In

the recent study of "Ni(P, P) by Arai et al. ,
"the

g, &, resonance at E&= 3.5446 MeV was identified
as the analog of the 3.06 MeV ' Ni state. Utilizing
the technique of Thompson, Adams, and Hobson~'

a spectroscopic factor [(28+ 1)C'S] of 1.5 is ob-
tained compared to our value of 0.70. However,
Arai et al. ' point out that they were unable to ob-
tain reasonable criteria for determining the
matching radius upon which the spectroscopic fac-
tor critically depends. As can be seen in Table
IV, the spectroscopic factor extracted from the
data of Arai et al."utilizing the simple optical
model technique is in agreement with the ('He, d)
x'e suit, .

' Cu adequately. Using a unified model, Castel
et a/. "have been successful in reproducing a few
of the low-lying states. I.amer' has calculated
the structure of N = 29 or Z = 29 nuclei using a
simple core-coupling model with reasonable
success but he did not do calculations for "Cu due
to lack of enough experimental data at that time.
We have used a similar model to predict the nega-
tive parity &, —, , —, , —,', and —,

' states of "Cu by
coupling of the protons in 2P, i„2P,i„and If,i,
orbitals with the 0' ground state and the first 2'
state of "Ni. Details of this model are given
elsewhere. " The values of Hamiltonian parame-
ters y„~, and q, defined in Hef. 17, were fixed
to be 0.47 MeVfm, 0.48 MeVfm, and 0.28 MeV,
xespectively, in accordance with those used by
I.amer in his analysis of other Cu isotopes (&
=61, 62, and 65). The single-particle energies
were taken as e, = e(P, &,) —e(P,i,) =0.85 MeV and

e, = e(f,&,) —e(P, i,) =1.15 MeV.

2.G-

V. STRUCTURE CALCULATIONS WTH THE PARTICLE-
CORE-COUPLING MODEL

In a simple shell-model prescription, one would
expect that for the Ni isotopes (8 = 28), the proton
ld~g2 ~ 28~ )2y 1d3(2, and 1f7y~ subshells al e com-
pletely filled and all othel hlghel oxbitals al e
empty. Therefore, the structure of low-lying
levels in "Cu, where one proton has been added
to the "Nl core should be simple and easy to de-
scribe. However, shell-model calculations of
Singh et al."could not describe the structure of

G.G-
EXPT. THEG.

FIG. 8. Comparison of the experimental. level. s with
the theoretical, predictions foI ~9cu. The J values are
ind'cated on the right.



(3Hc, d) REACTION TO BOUND AND QUASIBOUND LEVELS. .

Theoretical and experixnental results for "Cu
up to 3.4 MeV in excitation are shown in Fig. 8 and
the agreement is excellent for the first four levels
with respect to both energy location and J' assign-
ments. In this figure, me have also included as
dashed lines the possible negative-pax'lty levels
that were not observed in the present study but
mere included in the decay scheme by Nelson et
a/. ' Although the comparison of these states with
theory could be speculative, it appears that the
observed —,"-' state at 1.988 Mev corresponds to
the —, state predicted at 1.43 MeV. The highex

experimental states, namely the —,', (—,'), and —,
'

states between 2.3 and 2.7 MeV in excitation agree
in the order and the J assignments with those px'e-
dleted but Rle about 100 keV lowex'. T11e hlghex'
states are not shown as they are unbound to proton
dec Ry.

VI. CONCLUSIONS

The ('He, d) reaction at 35 and 39 MeV bombard-
ing energies has been used to populate the proton
states of "Cu. The usual D%8A analysis mas
made for the states below 3.4 MeV to make l as-
signments and to extract spectroscopic factors.
The results obtained for these states in the pres-
ent study agreed very mell with previous studies.
At higher energy, we analyzed levels up to 9.25
MeV in excitation and many new levels have been
ldentlf led. D%BA RnRlysls of these proton-un-
stable states above 3.4 MeV mas done for the

present ('He, d) reaction data, the (d, n) reaction
data of Marusak with E„=10 MeV, Rnd the
('He, d) reaction work of Blair and Armstrong
with E,„=22 MeV. E assignments and the spee-
troseoplc factors were extracted a d ln general
ax'e ln good agreement for the differ'ent 1 eaetlons.
The levels seen in the present study between
3.74 ~ &„~5.96 Me V probably belong to 2p, f „2P,y„
and lf, &, orbitals, whereas most of the levels at
higher excitation enex'gy belong to 1g», and 2d, &,
orbitals Rs expected.

Tmelve levels are identified as likely analogs of
levels in "Ni. The spectroscopic factors for most
of the Rnalogs ax'e in agreement mith parent state
spectroscopic factors obtained from "Ni(d, o).""
However, the spectroscopic factor for the g, &,
stete at 6.917 MeV is about 0.70, much smaller
than the expected value of 2.9. Our value is in
agreement with the value of 0.57 we obtain using
the "Ni(P, P) data of Arai ef nl. "

A simple core-coupling model is used to predict
the properties of lom-lying levels in '"Cu. The
calculated results are in good agreement mith
experimental data. Because the levels above 3.42
MeV are proton unbound, comparison is restricted
to levels below this enexgy.
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