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Abstract. Excited states of*Cu were populated via tH8Cr + 150 (65 MeV) reaction using the
gamma detector array equipped with charged particle detector array for reaction channel separation.
On the basis ofy—y coincidence relations and angular distribution ratios, a level scheme was con-

structed up ta&, = 7 MeV andJ™ = 23/2(”. The decay scheme deduced was interpreted in
terms of shell model calculations, with a restricted basis offth& ps,2, p1/2, go/2 Orbitals outside

asSNi core.
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1. Introduction

The mechanism for the generation of high angular momentum states in the restricted va-
lence space around tHéNi core poses an interesting physics question. Energetically
speaking, the first three shell-model orbitals abovethe= Z = 28 closed shell are

the negative paritys s, f5/2, andp, ,» orbitals. The generation of higher spin states re-
quires either the breaking of tHéNi core and/or excitation into the positive parify,»

shell. The identification of this competing mechanism is one of the main motivations for
the study of the high spin states in the~ 60 region. Such work is also of interest in the

light of recent experimental evidence of a near-yrast superdeformed minimum [1-5] and
smooth band termination [6,7] at high spins in this region. The low-lying level structure of
83Cu has been investigated through various light-ion induced experiments [8-12], but the
information of high-spin states is limited [13]. Here we present the preliminary results of a
near yrast study of afipg shell systenf?Cu. In addition to the general interest in the build

up of high-spin configurations outlined above, a detailed and careful study of the medium
spin, near yrast states in this nucleus is important for reliable assignments of spins and
parities to states in superdeformed bands [1,6] in mass region 60. Also, the observation of
direct proton decay from excited states in Cu nuclei [14] makes it important to determine
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the excitation energies, spins, and parities of levels in this mass region, in order to provide
a complete characterization of the proton-decaying states.

2. Experimental details

One experiment was performed at the Nuclear Science Centre, New Delhi, using a 65 MeV
beam of'60, provided by the 15 UD Pelletron facility, incident on a gold-backed natural
chromium target. This experiment used a 1 mg/ci#Cr target evaporated onto a thick

7.2 mg/cn? Au backing. Prompt-rays were detected using the gamma detector array
(GDA) [15] of twelve germanium detectors (HPGe) with BGO Compton suppressors, in
coincidence with the evaporated lightly charged particles, which were detected with the 4
charged particle detector array (CPDA) [16]. The energy resolutions of the HPGe detectors
were 1.5-2.3 keV for the 1.3 Me¥Y-rays. The efficiencies were about 25% relative to a
standard3” ® x 3" Nal detector. The CPDA, consisted of fourteen phoswidi—FE
detectors, which are made of fast—slow plastic scintillators (BC400 and BC444), selected
the evaporation channels of the charged particles.

3. Data analysis and results

Atotal of 9.4x 10" y—y-charged particle coincidence events were collected event by event
for an offline analysis, from which—y matrices were created by applying different gating
conditions set on the number of detected protons andgpanrticles. They—y coincidence
relationship for®3Cu were derived from dk x 4k matrix gated on thdalp reaction
channel.

Figure 1 shows the typical charged particle- andinset) multiplicity spectrum, which
were used finally to gate on the raywy spectrum to identify the/-rays belonging to
different reaction channels. Each sharp peak position marked with number and type of
multiplicity clearly gives evidence of the clean separation, and, hence identification of dif-
ferent charged particle reaction channel. A comparison of a typical projeetpdctrum
from the total matrix (where no charged particle condition is used) with thatepaated
matrix is shown in figure 2. Panels (a) and (b) in figure 2 present an ungatddand
gated~y-ray spectrum, respectively, while panel (c) is the spectrum obtained by putting
a gate on 342 keV transition §#Cu from theap gated matrix. Coincidence, intensity
balance, and summed energy relations were inspected to deduce the high spin states. The
~v—y spectrum gated byalp exit channel, in panel (b) of figure 2, has the breakthrough
of higher multiplicity reaction channels, in particular, of thelp1n channel (2Cu) [17],
which is most abundantly produced in this reaction. Therefore, this spectrum shows the
v-rays of%3Cu as well as of?>Cu with a high ratio of peak to background and very high
purity.

High resolutiony—y coincidence matrix was then incremented from which decay
scheme of?Cu was constructed. Theray energies and intensities presented in the level
scheme (cf. figure 3) are based on the previously mentibngd gatedy—y matrix. But
for weak transitions and/or doublet structuregjated spectra obtained from totaly ma-
trix were considered. Spin and parity assignments were made on the basis of a DCO-type
analysis [18] and from the known 372spin-parity value of the ground state. A separate
~v—y coincidence matrix was constructed with events detected in detectors‘afgl p8er-
sus those at 99(6,) detectors. By gating a transition of known multipolarity on each axis
of this matrix, a DCO ratio
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L, (61) gated byy, ()
1,,(62) gated byy»(61)

could be obtained. For an (E2, E2) coinciderg,, was found to be approximately 1.0,
while for (E2, E1/M1) pairsRqc, = 0.6. Definite parities were assigned to the excited
states if one of their de-exciting transitions was stretched E2 or mixed M1/E2 transition,
while in the case of pure dipole transitions only tentative parities were ascribed. The ener-
gies, relative intensities, and DCO ratios of theays are given in table 1. Intensity values

are obtained from the total projected spectrum and are normalized with respect to that of
962 keV~-ray. The DCO ratios are obtained from the spectra gated by an E2 342 keV
transition. The DCO ratios of some of the transitions could not be measured because they
were weak in intensity. Hence, no definite conclusion could be drawn about the spin-parity
of some levels, which are left vacant in the table. The decay schefi€ofderived from

Ryco =

N le+06 ~| |Oa AIpha
Lev06 Charged particle ) multiplicity
€ multiplicity 1a
Ocp le+04 -
1cp w _
€
3
_ 2p 8 2a
le+04 le+01 _
- 3cp
2 0 200 400 600
é Channel Number
o _ 4cp
le+02

5cp

6cp

1e+00 | W
- “H‘HH‘ \‘\h 'H‘

0 200 400 600 800 1000
Channel Number

Figure 1. Typical multiplicity spectrum of evaporated charged particles (either proton
ora) anda (inset) detected in the CPDA. Each sharp peak position marked with number
and type of multiplicity (‘cp’ for charged particle and ‘a’ far) clearly evidences the
clean separation and, hence, identification of different charged particle reaction chan-
nels.
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Figure 2. ~-ray spectra: & with no condition, ) gated bylalp and €) gated by
lalp and 342 keV transition &fCu.

this work is shown in figure 3. All the transitions marked in the panel (c) of figure 2 are as-
signed in the level scheme except X-rays andys from gold backing. This present work
confirms almost all the states proposed in the earlier experiments [8—-13], most of which
had used light-ion induced reactions to populate the nuclei. In addition, a total of eight
previously unreported states and 17 ngwansitions (marked by an asterisk in figure 3)
have been observed and properly placed in the level scheme, thereby, extending the level
scheme of3Cu up to an excitation energy ef 7 MeV and spin-parity of 23/2"). The en-

ergies of newly assignegrays are 297, 368, 406, 510, 526, 553, 618, 668, 790 (doublet),
821, 990, 1087, 1271, 1291, 1543, and 1707 keV. We have observed some of thgse
linking some of the already established levels, which have resulted in predicting and/or as-
signing spin parities of the known levels in a more conclusive way. In the gated spectra we
could find several other-rays, which could not be placed in the level scheme due to lack

of proper coincidence relations. The states with tentative spin-parity, d2/2", 17/2"

and 19/21) at 2505, 4155, 4497 and 6283 keV respectively are confirmed in the present
work. Gamma-rays of 406, 821, 990, 1271, 1291 keV transition energies in the data set,
depopulating the states at 2912, 5319, 1952, 5769, 2618 keV respectively, had insufficient
statistics to extract useful numbers of DCO ratios; they consequently remain unassigned.
This does, however, constitute the first observation of these states and their place in the
decay scheme is therefore significant. The state (23)2t 7073 keV, depopulating via

790 keV transition, is observed to be the highest spin state in the decay scheme.
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Figure 3. Proposed level scheme f6tCu. All transitions have satisfieg—y coinci-
dence conditions, and the width of the arrows corresponds to the rejataseintensi-
ties.

4. Shell model comparison and discussion

Shell model calculations have been performedf@u with a model space basis restricted

to the f5 /2, p3 /2, p1/2, andgy /- orbitals (henceforth calledipg shell calculations), using

the OXBASH code [19]. The two-body matrix elements were taken from the work of
Koopset al [20]. The model assumes a closg¢Ni core and does not allow for core
breaking. For both the protons and neutrons, the single-particle energies of these active
orbitals were calculated relative to the lowgfst, state, and found to be 1.01 MeV for
p3/2, 2.83 MeV forp, /,, and 0.68 MeV foy, , orbital.

For $3Cus4, the fpg-shell model space has six valence neutrons and one valence proton
in the four active orbitals, and the maximum angular momentum that can be generated is
(’/ng/2)£1)/2+® (V99 /2) 15+ ® (Vf5/2)% = 5 Fh. The results of this calculation are com-
pared with the experimental levels in figure 4.

While the calculation has not been used to unambiguously assign spins or parities, it has
been useful in inferring probable assignments, or in supporting the validity of claims made
from the DCO data or intensities.
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First few states with negative parity are well reproduced within 50 keV. Some low-lying
states of+ve parity are also well reproduced but the yrast 1742ate at 4497 keV and

Table 1. Level energies.), transition energiesH, ), initial (1;") and final {7) spin-

parity of the transitions, relative intensities gfray transitions ,) and DCO ratios
(R4co) are shown fo3Cu, as obtained from the present work. The error inthe

ray energy is about 0.1 keV. The DCO ratios of some of the transitions could not be
measured because of their weak intensities.

Eq E, Ir Iy Iy Raco
(keV) (keV) #) (@] (%)
962 962 5/Z 312~ 100 0.55
1327 365 712 5/2- 18 0.73
1327 71z 3/2- 38 1.10
1410 448 5/2 5/2~ 4
1410 5/ 312 10 0.62
1861 899 71z 5/2- 8 0.51
1861 712 312~ 18 0.94
1952 990 8
2092 765 712 712~ 3
1130 712 5/2- 37 0.63
2208 881 9/2 712 3
1246 9/ 5/2~ 10 0.98
2505 297 9/% 9/2- 3
413 9/2+ 712~ 28 0.61
553 9/2+ 2
644 9/2+ 712~ 36 0.47
1179 9/2+ 712~ 33 0.67
1543 9/2 5/2~ 4
2618 526 71z
1291 71z 8
2677 468 9/2 3
1350 712 8
2912 406 9/% 4
3295 618 (11/2) 5
790 awuz) 9/t 8
1087 (11/2) 9/2~ 2
3462 956 11/2 9/2+ 21 0.55
4130 668 13/% 11/2+ 12 0.74
4155 694 13/% 11/2+ 14 0.43
861 13/ (11/2+) 6 0.41
1650 13/ 9/2+ 45 1.13
4497 342 17/% 13/2+ 45 1.02
368 17/ 13/2+ 4
4577 421 13/2 10
5008 510 (19/2) 17/2+ 20 0.49
5319 821 1712 2
5769 1271 17/ 8
6283 1707 19/2H) 3
1786 19/5+) 17/2+ 24 0.62
7073 790 23/60) 19/2+) 13 1.15
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Figure 4. A comparison of experimental data alfiglg-shell model calculations for
53Cu. The highly non-yrast calculated levels are not shown.

19/2&” state at 6283 keV are too low by 250 keV. This may suggest that excitation from
the f7 /> orbital in the®®Ni core is important. However, the high spin states (19/and

23/2+) are quite well reproduced by this calculation.

5. Conclusion

In summary, the high spin states%BfCu have been studied with the GBAPDA config-
uration, identifying previously unobserved states up to excitation energy of 7073 keV. This
nucleus was populated following the fusion evaporation reacti@n + 150. Detection of
evaporated charged particles in CPDA allowed excellent separatigregftransitions as-
sociated with the nucleus of interest. From the observed decays of states and DCO ratios, it
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was possible to assign spins and parities of many of the states observed. The resulting level
scheme has been compared with the shell model calculations using a gimplasis with

no core breaking. In general, reasonable agreement has been established at low excitation
energy between experimental results and sinfplg-shell model calculations, suggesting

that the low-lying yrast excited states in this nucleus correspond predominantly to valence
particle excitations into the; />, p3/2, andp, , orbitals. Higher energy and spin states are
fairly well accounted for by allowing only excitations into thee parityg 4/, orbital, with

no core breaking.
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