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Level structure of the odd-odd °Cu isotope
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The high spin structure in the nucleG&Cu has been studied using the reactd6r(*°0,3pn) at a beam
energy of 75 MeV. Most of the levels known from earlier experiments have been confirmed and the spin
parity assignments of a few of them have been verified. A number of levels have been proposed extending
the energy scheme up to about 7.6 MeV. A simple interacting boson-fermion-fermion model calculation
has been performed to explain the observed energy spedtB856-28189)06805-3

PACS numbsg(s): 23.20.Lv, 21.10.Re, 21.60.Fw, 27.5¢

I. INTRODUCTION ion induced reaction studigs8]. But this later study{8],
using heavy ion and a four detector setup, did not populate
The recent studies of proton rich nuclei in the mass-6Gny new level that had not been found usiagorojectiles.
region have revealed a rich pattern of shape transformatioAll these reaction studies have provided energy levels up to
and noncollective-to-collective transitions with increasing@n excitation energy of 4.747 MeV and the highest positive
angular momentum. With a limited number of valence par-negative spin observed is 9(87).
ticles outside the doubly magic nucled®i, the low spin
level schemes of these nuclei are dominated by spherical Il. EXPERIMENTAL METHOD
shell model states. However, at intermediate spins the pres-

ence of high orbitals leads to the possibility of the exis- N the present work, the level properties BiCu were

tence of deformed rotational bands which are built on théStUdIed using thé"OCr(_leo,spn)Gzcu reaction at a beam en-
multiparticle-multihole excitations acrogé=z=28 closed 'Y of 75 MeV obtained from the 15 UD Pelletron Accel-
shells. Because of the limited number of particles and holegrator of Nuclear Science Center, New Delhi. The target was
: P nﬁ 20 mg/cr thick foil of isotopically enriched®Cr (isoto-
Co ; ic abundance 92%which was backed by a layer of gold of
Sl.JCh process 1s I|m|teq to 2.5_3.@ When a rotaﬂongl ba”?' thickness 53 mg/ch The resulting nuclei were investigated
with a particular configuration is followed tq a high spin, it standard in-beany-ray spectroscopy techniques which
eventually the total angular momentum available from they,\yed studies ofy-y coincidence data and DCO ratios.
spin alignment of the partlcle_s outside the closeo_l sh_ells i§he multidetector arrayGDA) at NSC comprising twelve
exhausted and the band terming2]. Such a terminating  compton-suppressed HPGe detectors along with fourteen
band has been observed recently in #én isotope[3]. BGO detectorsas a multiplicity filte), was employed for
In this paper we report the results of our study on the levethis purpose. The detectors were arranged in three groups,
structure of odd-0dg3Cus3. This nucleus has been the sub- each consisting of four detectors at 45°, 99°, and 153° with
ject of a number of studies in the past and the results can bespect to the beam direction. The same target-projectile
found in the latest compilation by Kinfgl]. It has been con- combination was utilized to study the level properties of
veniently studied by3 decay of®%zn (t,,=9.186 h) which  %3zZn [9]. In the present case, eighty three million events
populate states up to an excitation energy of 1.52 MeV. Theorresponding to twofold or higher coincidences in HPGe
spin-parities of the levels up t&,~1.0 MeV have been detectors were recorded in the list mode. Each coincidence
firmly established by these work¥Cu has also been studied event with Ge-detectors was qualified with the condition that
using (,2nv) [4], (p,nvy) [5], (3He,p) [5] reactions and simultaneously at least two BGO detectors of the multiplicity
transfer reactions such ad,() [6] and d,a) [6,7]. As far as filter should fire. The detectors were calibrated using the
the high spin part of the level scheme is concerned, the reFays obtained from standaréP’Eu and *3Ba radioactive
evant information has been obtained from the work based osources. The pulse height of each detector was gain matched
the ®Ni(a,pny) reaction[8] and °Cr(**N,2p2ny) heavy to 0.71 keV/channel and the-y coincidence data were
sorted out into a 40964096, E,-E, matrix. The energy
spectra gated by rays of interest were generated from this
*Present address: Department of Science, Technology and NE®)atrix. Figure 1 shows the coincidence spectra with gates on
Government of West Bengal, Bikash Bhavan, Calcutta 700091a few y rays of importance. The energies, relative intensities,
India and DCO ratios of they rays are given in Table I. Intensity
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values are obtained from the total projected spectrum and afest excited state at 40.85 keM{=2") is an isomeric state
normalized with respect to that of the 349.5 keMay. The  with t,,=4.57 ns[4]. Our experimental setup was not suit-
DCO ratios are obtained from the spectra gated by the 349.able for observing very low energy rays. So the 41 keW

and 1332.2 keVy rays. The DCO ratios of some of the ray (2" —1%) is unobserved. It has, however, been possible
transitions could not be measured because they are eithgy observe all the relevant transitions which indirectly pro-
weak in intensity or have close-lying transitions. A partial vided its confirmation. Thus the present work confirms the
level scheméFig. 2) of ®“Cu has been constructed from the existence of the excited levels at 40.9702 243.5 (2°),

v-v coincidence data, the-ray intensities, and multipolari- 390.2 (4'), 426.1 (3"), 675.1 (3"), 1248.7 (2',3%,4"),

ties of they rays, inferred from the DCO ratios measure-1370.4 (5°), 1677.8 (3=5), 2148.3 (6)), 2295.2 (6),
ments. For the DCO ratios measurements, a separate 409891.9(7), 3029.2(7), 3191.5(6), 3434.7 (8), 3627.4,

X 4096 matrix has been generated with the events recorde3b79.0(9), 4164.6(9), and4746.4 (9) keV. It is worth-

at 99° along one axis and those recorded at 153° along thghile to note that our measurement of the energy of the two

other axis. The DCO ratio has been determined as y rays, 924.8 keV (2295.2, 5-1370.4, 5) and 734.1
_ keV [3029.2, (7)»2295.2, 6 ] agree with Ref[8] and

Rocol 71) = I(y1 at 99° with y, at 1539 not with the compilatior{4]. Consequently, the energies of

pcol Y1 I(y, at 153° withy, at 990)' the levels given in Ref[4] as 2293.7, 2889.3, 3025.3,

3625.7, 3977.4, 4161.8, and 4744.7 keV are measured in the

where a stretched | =2 transition (either 349.5 or 1332.2 recent experiment to be 2295.2, 2891.9, 3029.3, 3627.4,

keV) are chosen ag,. The expected values of DCO ratios 3979.0, 4164.6, and 4746.4 keV, respectively. The DCO ra-
for stretchedAl =1 andAl =2 transitions are 2.0 and 1.0, tio of the 980.3 keV transition is measured to be 3.5. We

respectively. have found out that this value corresponds to a mixing ratio
of —0.3. In an earlier experiment, the mixing ratio was mea-
sured to be-0.5[8]. So our measurement agrees reasonably
with them. In addition, we have observed a numbey odys
To facilitate discussion the tentatively assigned spin paridinking some of these already established levels. These have
ties of the relevant levels, to which the transitions are connot been reported earlier. This has resulted in predicting
nected, are also given in Table I. A total of 50transitions  and/or assigning spin parities of the known levels in a more
has been placed in the partial level scheme. In the proces®nclusive way. We will first briefly discuss this aspect of
eight levels are being proposed. Some transitions which haviéie present work.
been observed in the present experiment as well as in earlier The level at 1248.7 keV: Since it is fed from & Sevel
works[4], have been omitted in the scheme. Besides a numand in turn decays, among others, to the [Bvel at 243.4
ber of transitions could not be placed though they probablkeV, the probable spin-parity values of this level are G
belong to this nucleus. Table Il gives a list of such transitions#*. A negative parity assignment may be ruled out because
occurring in some of the gates. the lowest negative parity level is observed at
The present work confirms all the levels proposed in the2295.2 keV(6'). The theoretical calculations described in
earlier level scheme usingx(pny) and heavy-ion induced Sec. IV also predict this & level to be the lowest negative
reactiong 8]. The ground state of?Cu is 1* state while the parity one.

lll. RESULTS
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TABLE I. Energy levels in®2Cu, as observed in the present work. The energies, intensities, and DCO
ratios of they rays depopulating these levels are given. The spin-parity assigned in the earlier works and
proposed in this work are also included. The errofiray energy is about 0.1 keV. The DCO ratios of some
of the transitions could not be measured because of their weak intensities.

Energy level vy ray
Energy(keV) J7 E,(keV) I, DCO ratio
2435 2 2435 30.5-1.9
390.2 4 147.0 87.24.4
349.5 1000.0 1.10.1
426.1 3 385.5 135.46.9
675.1 3 284.8 41523 1.3+0.3
431.6 16.5-4.8
1248.7 (3,4 822.3 45725
858.7 27.6:2.1
1006.0 63.94.4
1370.4 5 944.3 92.1+5.8
980.3 950.6:47.7 3.5:0.3
1677.8 5 429.0 76.:4.3
1251.3
1287.7 45.6:3.6 1.6-0.3
2148.3 6 777.5 30.a:4.2
1757.8 86.6:12.3
2295.2 6 617.8
924.8 926.8:46.4 1.8:0.2
1905.1 10.82.7
2891.9 (7) 596.7 382.%19.3 2.3£0.2
3029.2 (7) 137.3 16.x1.1 0.9:0.2
734.1 111.&5.9 b
31915 (6) 1514.¢ 21.2+35
1821.1 54334 2.+0.4
3434.7 (8) 243.8 191.3+9.7 1.1+0.1
11395 322.%216.5 1.0:0.1
3627.4 (8) 735.2 131.5+6.9 ¢
1332.2 353.6:18.6 1.6:0.1
3979.0 9) 351.6 38.5+2.4 d
544.3 159.@:8.2 2.1+0.2
4164.6 (9) 537.% 62.4+3.5 2.1+0.2
1135.3 48.4+3.4 1.0:0.2
1272.7 147.88.3 1.3:0.2
4446.6 (97) 467.8 50.9+3.0 0.7#0.1
1012.8 33.03.9
1417.8 9.4+3.2
15547 40.1+5.5 1.2-0.3
4628.8 1194.% 23.1x1.9 1.2-0.7
1437.%8 18.5+1.6
4746.4 (9) 1119.0 222.611.9 2.3£0.2
4999.6 99) 835.0% 289.0+14.8 1503
1372.3 64.0+3.7 1.6:0.3
5048.2 419.4 67.1+3.7 1.8-0.3
1069.¢ 20.3+1.7 0.9:0.3
5619.% 571.3 91.3t5.1 2.8-0.4
6008.3 (11 1008.¢ 63.0£6.3 0.8:0.3
1261.9 118.9-6.6 0.8£0.1
7101.6 (12 1092.7 38.9+4.2 2.3:0.3
7620.2 (12 (519.02
1611.7 39.4+3.1 3.0:0.5

8Energy levely ray not reported earlier.

PCould not be measured because of overlap with the 735.27kedy.
‘Could not be measured because of overlap with the 734.1kedy.
dCould not be measured because of overlap with the 349.5-ke .



PRC 59 LEVEL STRUCTURE OF THE ODD-ODD’?Cu ISOTOPE 2443

8.0 —
C — 62
2 T
r @ S0 Cu
7o ha ~ 62 5.0
- = oN
r = g Cu - (9+) 9
6o~ () T — (®7) ot
r - @« - —— =
~ I g 8 o~ — () 8
= 50 1 % 4.0 - — 9
- +
= [ s = @) i}
~ o g ~— - 7
40 E{ . — &) —
- _ | > N -
2 b ) =% &0 @) — S
V] r o~ = 3.0 S o I
geo ; : — =
r - v
- €7) L 2 67) -
20 |- 6" g g - (s+ 6
- ~
r st £ 0 ) 2.0 . —_— et
o[ =l 2l al o3 AIEEE 8 — 5 s+
r £ gl 8 g 8 8| 8 38§ = +
C . - ol &1 2| % lemms L "L T da+ o — 5 .
C pot 3405 147.0°F 355 » 5
0.0 - s 2 2435 = 1.0 4
' 1t ) + at
— 5
Z&* p—
FIG. 2. The proposed partial level scheme B€u deduced /31 \g:
from the present work. 0.0 1 /f,, T+
Expt. Calc.
The level at 1677.8 keV: There has been a controversy

regarding the spin of this level. Bachneral. [7] and Tsan

Ung Charet al.[8] have assigned spin parity 5o this level FIG. 3. A comparison of the experimental and the theoretical

while Daehnicket al. [6] has assigned 3 to it. In our  (obtained on the basis of IBFPMevel spectra in®*Cu.

scheme the two newly observedrays feeding this level,

617.8 and 1514.0 keV, arise from the levels at 2295.2 anfactor for M2 transitions, we do not expect to see such a

3191.5 keV, respectively. Of these the spin parity of the levelow-energyM2 vy ray. Taking all the above facts into con-

at 2295.2 keV had been suggested to be[6,8] while the  sideration the level has been assigned a spin-parity value

spin of the 3191.5 keV level was proposed to be 6. In the(7~). This assignment makes the multipolarity of the 137.3

present work we have proposed negative parity for the levekeV y-ray as E2(but not stretchexd

at 3191.5 keV. The fact that the level at 1677.8 keV is fed The level at 3191.5 keV: The DCO ratio measurement of

from two 6 levels, rules out the B assignment, for this the 1821.1 keVy ray arising from it indicates that it is dipole

state. in character. The 243.5 keY ray which depopulates the 8
The level at 2891.9 keV: It was earli¢f,8] assigned a level at 3434.7 keV, is found to be of quadrupole character

spin value 7. It decays via a 596.7 keV dipoleay to the  from the spectra gated by the 349.5 keMay. Because of

6~ level at 2295.2 keV. This has led us to tentatively assigrthe large retardation factor for low enerdg?2 transitions,

a negative parity to this level. This level is also fed from thewe expect the 243.5 keV to be &2 transition and the level

87 level at 3627.4 keV via a transition of energy 735.2 keV.at 3191.5 keV is, hence, assigned tentatively a spin-parity
The level at 3029.2 keV: It was also assignégB] a spin  (67).

value of 7. The 137.3 keV transition arising from it appears The level at 3627.4 keV: It is known to dec§¥] to the

to be stretched quadrupole in character. This level is fed ™ level at 2295.2 keV via the 1332.2 keV quadrupole tran-

from another level at 4164.6 ke\Md{=9") via a stretched sition. The latest compilatiofi4] has not shown any spin

guadrupole transition of energy 1135.3 keV. A positive par-parity for this level although Chaet al.[8] have assigned a

ity assignment to the level at 3029.2 keV will make the 137.3value of 8 to it. The fact that the 1332.2 keYy ray is of

keV y ray anM2 transition. Because of the high retardation quadrupole nature confirm the latter assignment.

TABLE Il. Some of the transitions observed earlier as well as in the present experiment but not shown in
the level scheme. The transitions not placed in the level scheme but which probably bef8@g tre also

included.
Gate set on Transitions observed but not shown Unplaced transitions in keV
E, in keV in Fig. 2 in keV
349.5 439.3, 668.0, 687.0, 859.2, 1463.5 223.2, 403.5, 494.2, 605.5, 681.5
2435 201.0, 687.0, 882.0, 1491.2 223.2, 359.5, 494.2, 681.5
385.5 272.0, 378.5, 439.3, 587.5, 223.2, 359.5, 494.2, 1261.9

668.0, 687.0, 1060.3, 1491.2,1729.0
1261.9 and 1092.7 201.0 1278.0
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The level at 3979.0 keV: The 544.3 keV transition de- IV. DISCUSSIONS
populating it appears to be of dipole character. So the earlier

spir_1 assignmentJ=9) to this level is confirmed in our ex- has already been used to describe odd-odd Cu isofdés
periment. _ However, for the sake of completeness, we briefly discuss
The level at 4164.6 keV level: It was predictig] to have  ho method of calculation followed in that work. The struc-
a spin value of 9. The 1272.7 ke ray depopulating this y,re of the odd-odd nuclei may be described as an unpaired
level seems to be of quadrupole character and the 537.5 keMoton and an unpaired neutron coupled to a boson core. The
decay is found to be of stretched dipole character. Thesgiamiltonian for the odd-odd nuclei may be written as a sum
have led us to assign a negative parity to this level. of a boson part, two parts describing odd proton-core and
We will now discuss the levels that have been proposed imdd neutron-core interactions, two parts describing the one
this work. They are at energies 4446.6, 4628.8, 4999.6hody fermion terms and a part describing the residual inter-

The interacting boson-fermion-fermion modéBFFM)

5048.2, 5619.5, 6008.3, 7101.0, and 7620.2 keV. action between the odd particlgkl].
The 4446.6 keV level: It decays, among others, to the
level at 2891.9 keV through the 1554.7 keV quadrupgle H=Hg+Hpg,+Hg,+H, +H, +H_,, @
rays, respectively. Hence this level has been tentatively as-
signed a spin-parity (9). where 7 (v) refers to proton(neutron and B refers to the

The levels at 4628.8, 5048.2, and 5619.5 keV: The 1069.y0son core. _ o
keV transition depopulating the level at 5048.2 keV is of The boson part is the usual IBM-1 Hamiltoniet®@]. The
quadrupole character. The 419.4 keV transition arising frondd particle core interaction is the simple form given in Refs.
the 5048.2 keV level is of dipole nature. The level at 5619.9.13,14. The interaction between the odd particles is in the
keV is proposed on the basis of the observation of a 571.%rm of a delta functior{ 15] viz.
keV vy ray in coincidence with the 419.4 key ray. oL L
The level at 4999.6 keV: It depopulates via the 835.0 keV H,=—A(l-ataoc, o, ,—1,), (2
and 1372.3 keVy rays to the 4164.6 keVJ=9") and
3627.4 keV 07=8") states, respectively. Both these transi-whereA and a are adjustable parameters.
tions are of mixed dipole-quadrupole nature and hence this In an earlier wor 10] single particle levels consisting of
level has been assigned spin-parity of {9 fs, Pap, andpq, had been used for both type of particles,
The level at 6008.3 keV: It is found to deexcite via the proton and neutron, to describe the low-lying states of the
1261.9 keVvy ray to the previously known 4746.4 keV{® odd-odd Cu isotopes. The different parameters of the model
level and through a 1008.0 keV one to the 4999.6 keV)(9 were adjusted by fitting the energy levels of the even-even
level. Both these transitions are of stretched quadrupole nacore @°Ni), the two nuclei with core plus one nucleon
ture. Hence a tentative spin df=(11) is assigned to this (®™Ni,®'Cu) and the odd-odd nucleu$Cu). A surfaces
level. plus spiné interaction was taken as the residual interaction
The levels at 7101.0 and 7620.2 keV: These two statebetween the odd-proton and the odd-neut{d®]. The
feed the same level at 6008.3 keV through the 1092.7 an#iamiltonian for the odd-odd Cu isotopgKJ] was diagonal-
1611.7 keVy ray which are observed to be dipole in nature.ized in the basid[j.(j,|nq,v,L))];) wherej.(j,) is the
Hence both these levels are tentatively assigned spin valugsoton (neutror) angular momentum aniy, v, andL refer
12. to boson W5) chain quantum numbers.

TABLE IIl. Major components of the wave function of some of the low lying levels as calculated in the

IBFFM.
State Expt. energikeV) Wave function
1y 0 0.6727mpavfs) —0.467 P32V Par)
—0.324 7 5,0P3) +0.33Q 7f 50 f 510
27 41 0.5317pgvfs) — 0.5047P3rPs2)
—0.498 7Py wPgp) — 0.2337rf 500 f 51
2; 243.4 0.586m P30 fs) +0.605 7PsvPa)
3F 426.1 0.225mP3yvfsp) +0.928 P3P
3 0.848 mp3)ovfs) —0.2171mP3rP3)
47 390.2 0.955m P fs)
43 0.727 7f 5w Psyp) + 0.353 7 f g o0 f 5 0)
+0.2787Pgi vP32® 27 ) 5)
+0.2187P3 vP32® 21 ) 712)
5/ 1370.4 0.8377f50f50) +0.324 7P g vF5® 27 ) 710)
+0.229 7P vf50® 21 ) or2)
55 1677.8 0.2807f 5,0 f 50 — 0.800 7P/ ¥ 5,027 ) 712)

+0.4197P3/ vP32© 27 ) 772)
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In the present work, we have extended the model space tihe shell gag16]. However, that involves detailed knowl-
include both the positive parity orbitalggy, and 7gg. edge of the different configurations of the core as well as that
However, to describe high spin states, the best results coulsf the odd nuclei and it will also be a prohibitively large
be obtained only after increasing the energy ofdimson of  calculation. Since we know only a few levels above the lev-
the core by 100 keV. So the present calculation uses @|s with spin 9, this has not been attempted.
d-boson energgy=1.4 MeV. It may be noted that thereisa |t has been suggestd@] that the 1", 2%, 3", and 4"
typographical error in Re{.10] in the sense that the energy |evels at 0, 159, 362, and 574 keV, respectively®i6u are
values ofez, and esy, in ®'Ni have been interchanged. The muitiplets of the mps,vfs, configuration. However, the
description of other parameters and their values are given igresent calculation suggests that the lower levels are of
Ref.[10]. The calculated energy values up to spin 9 of bothmixed configuration. In Table Ill, we give the major compo-

negative and positive parity states are compared with thents of the wave function of some of the low-lying levels.
experimental results in Fig. 3. It has been already shown that

the positive parity states below 1 MeV excitation energy are
described fairly well in this frameworklQ]. Here we see
that the energy and the spin of the lowest negative parity
state is correctly reproduced. In general the agreement be- The nucleus®”Cu has been studied using a heavy ion
tween the theoretical prediction and the experimental obseprojectile to populate its high spin states. Most of the earlier
vation is found to be fairly satisfactory up to about 5 MeV levels have been confirmed and the spin parity assignments
excitation energy. The high spin states above spin 9 is natf a few of them have been verified. A number of new levels
expected to be explained by this model as there are only twhave been proposed extending the energy scheme up to about
d bosons outside thé®Ni core. The interacting boson model 7.6 MeV. A simple IBFFM calculation seems capable of
can take care of the higher spin states by assuming a diffeexplaining the observed energy spectrum up to spin 9 of both
ent configuration involving particle hole excitations acrosspositive and negative parity states.

V. SUMMARY
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