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The B decay of °Cu to levels in"3Zn has been studied. THECu nuclides were produced by fragmentation
of %Ge projectiles having energies of 70 MeV/nucleon in a 202 mtbiuk °Be target,8 and y singles,3-y
and y-y coincidence data were collected and used to construct the low-energy level schéf@e.oflew
spin-parity assignments have been deduced for some excited stafé&nirbased on measurefl decay
branching ratios and systematics of othér 43 isotones. A 195-keV transition was identified’fi@n with a
half-life of 13.02) ms, a value several orders of magnitude shorter than previously reported, and is consistent
with an M2 multipolarity. The low-energy level structure &%Zn is shown to be consistent with particle-
triaxial rotor model calculations employing a ground state quadrupole deformation g4th0.2.
[S0556-281®8)00512-3

PACS numbsgs): 21.10-k, 21.60.Ev, 23.20.Lv, 27.58.e

. INTRODUCTION nearly an order of magnitude larger than fi€u production
rate measured for proton-induced superasymmetric fission of
The experimental study g8 unstable nuclei in the region 238 coupled withigisoL [9]. Thus, experimental production
Z~28,N>40 is important for the testing and further devel- rates of secondary fragments produced following the interac-
opment of theoretical models to better describe the propertiegon of an intermediate energy heavy-ion beam and aZow
of exotic neutron-rich nuclei important to the astrophysicaltarget compare favorably with rates obtained in fission ex-
r-process and the progression of shell structure towards theeriments.
neutron drip line. These nuclei have proven difficult to study In this paper, we report on the low-energy level structure
due to low production rates. Runt al. [1,2] completed  of 73Zn populated following theg decay of”*Cu. With only
decay studies of the neutron-rich Cu isotopes using multifive particles outside th&=28, N=40 semimagic shell clo-
nucleon transfer reactions and on-line isotope separatio’ure, one would expect this nuclide to exhibit modest collec-
Two-proton pickup reaction3] have been used to obtain tive features. However, a transition from spherical to de-
spectroscopic information for low-energy states in the Znformed structure was observéfiO] in both the Ge and Ga
isotopes throughA=74. Fission also provides a means toisotopes with the addition of two neutrons, frd=40 to
access this region of the chart of the nuclides. Wirgtesl. ~ 42. The low-energy levels of*>7%n determined from the
[4,5] utilized thermal neutron induced fission &*U to ob- two-proton pickup experiments by Bernasal. [3] and the
tain detailed spectroscopic information on the low-energysystematics of the 2 states in the even-even Zn isotopes
states of even-even Zn isotopes populated following ghe hint at a similar transition in these nuclides. The Hartree-
decay of odd-odd Cu isotopes up Ao=76. Recently, rela-  Fock-Bogoliubov (HFB) calculations in Ref.[3] predict
tivistic fission has been employefb] to produce new gmall oblate deformationd,=—0.1) for "zn but a much
neutron-rich nuclei in the region 28 <44 including the |arger prolate deformationd,= +0.2) for 73Zn. This would

doubly-magic nucleu$™Ni [7]. suggest that théd=40 subshell is weakened within close
Projectile fragmentation has also proven to be a powerfulpproach to th&= 28 proton shell closure.

method for the production of medium-mass, neutron-rich nu-
clei. For example, the production and half-life determination
of heavy Ni isotopes up t6°Ni has been accomplished by
fragmentation off®r [8]. The recent improvements in the ~ The measurements were completed using the K1200 Cy-
intensity of metal primary beams at the National Supercone¢lotron and the A1200 fragment separator at the National
ducting Cyclotron Laboratory at Michigan State University Superconducting Cyclotron Laboratory at Michigan State
has allowed access to regions of the chart of the nuclide®niversity. Radioactive nuclei were produced by fragmenta-
previously unavailable for nuclear structure measurementsion of "Ge™!° projectiles having energies of 70 MeV/

A metal beam of particular interest for the study of neutron-nucleon in a 202 mg/cfrthick °Be target. The A1200 frag-

rich nuclides in the regio@> 28 is "°Ge. By fragmenting a ment separatdrl1] with a 70 mg/cm Al wedge at its second

70 MeV/nucleon’®Ge beam in a Be target, we were able todispersive image was used to separate the fragments. The
produce secondary beams of sevedat 70 nuclides with momentum acceptance was set to 1% of the cenisalding
sufficient intensities to perforng-y and y-y spectroscopic a slit at the first momentum dispersed image of the A1200.
studies on these species. The observed production rate of &urther M/q separation was achieved using the Reaction
3Cu nuclei per second per 5 pnA primaf§Ge beam was Product Mass Separat@RPMS). Identification of secondary

Il. EXPERIMENTAL TECHNIQUE
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FIG. 1. Part of theB-gatedy spectrum of °Cu. Isotope identi-

fication was based of decay half-lives, known-ray energies, and FIG. 2. Decay curves for proposegidelayedy ray transitions
AE-TOF information prior to implantation. Th&ray transitions from 73CU. A representative curve for the 228_kMe|ayed7_ray
aSSigned tdscu are indicated. Unlabeled transitions can be attrib'transition from752n’ the major isotopic Contaminant, is also shown.
uted to theg decay of’°Cu, "*74"Zn, and”>"*"Ga.

implantation. The totaB efficiency of the plastic scintillators

fragments at both the A1200 focal plane and the experimenin the selected geometry was measured to §8)46 Experi-
tal endstation was accomplished by measuring the fragmemtentalg and y ray singles angd-y and y-y coincidence data
energy loss in 30Qum Si PIN detectors and the fragment were collected event-by-event and written to 8 mm magnetic
time-of-flight (TOF) between a thin plastic detector at the tape.
first dispersive image of the A1200 and the PIN detectors.
The A1200 was tuned to the peak of the momentum yield (3/2-y .0
curve for "*Cu secondary fragments. Other activities identi- 73 C AN
fied by AE-TOF at the RPMS tail for this setting of the .  _ 4_}1(3) .
A1200 included’®"Ni, "°Cu, and’*"%Zn. Q. = 6.25 MeV

The desired’*Cu beam was implanted into a collection
wheel consisting of nine aluminum collection foils equally
spaced around the circumference. Movement of the wheel
was achieved using a stepper motor, whose controller was
interfaced to the data acquisition system. A complete count- yranen 10t
ing cycle consisted of a beam implantation period, a decay
period, and a wheel movement period. Data acquisition was
enabled during both the implantation and decay periods.
Both data acquisition and beam implantation were blocked
during each wheel movement, which took approximately 250
ms. The counting cycle intervals were optimized for the par-
ticular species under study. For th&Cu B decay measure-
ments, implantation and decay timefséos and 12 s, respec-
tively, were chosen.

The collection wheel was placed at 45° to the beam axis
to optimize the placement g8 and y-ray detectors around 3% 62 1124
the implantation position. Two 3 mm thin plastic scintillators
coupled to photomultiplier tubes were used for detecjg
particles. Two Ge detectors with efficiencies of 80 and

1559 2

()% 8.3 2009

674 o

120% at 1.33 MeV relative to a 3 k3 in. Nal detector o g

were used to detecy radiations. The energy resolutions of seE o 58 8 s

the 80 and 120 % detectors were 2.9 and 2.2 keV, respec- ¥19% 52 (3/2-) 5 § %0

tively, using the 1.33 MeV transition if°Co. The 8 and 8@)% 62 § — 307

y-ray detectors were arranged as scintillator-Ge pairs in close 5/2+ 195 13.0 ms
geometry on both sides of the implantation point of the col- 2z se 1)z 0.0 235 5
lection wheel, with the plasti@@ detectors placed immedi- ' 73Zn ' '

ately in front of the Ge detectors. One scintillator-Ge pair

was located directly behind the collection foil. The second FIG. 3. Proposed decay scheme fzZn populated via the3
scintillator-Ge pair was placed at a 90° angle with respect taiecay of’3Cu. The logft values are deduced usingQy value of
the beam direction, approximately 40 mm from the point 0f6.25 MeV[12].
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FIG. 5. Portions of they ray singles angs-y coincidence spec-
. RESULTS AND DISCUSSION tra collected during implantation when the A1200 was tuned for
o- peak production of®Zn. The growth and decay curve for the 195-

A part of the B-gatedy-spectrum is shown in Fig. 1. Is
P A9 rSp 9 feV isomeric transition assigned t&n is shown in the inset.

tope identification in this spectrum was based on the know
y-ray transitions and half-lives deduced from our multiscaled _ . _ it . .
y-ray data. Transitions belonging to tt@ decay of 7*Cu sition assoc[ated with*Ga, and,Blfeedlng to gxmted states.
were first identified by Runtet al.[1] at 199, 307, 450, 502, Syst(_amatlcs Of_thf neuEron-rlch oddCu |sotope33 Sug-
and 674 keV, and a half-life of 3(9) s was determined for 9€St Spin and parity”=3/2" for the ground state of C“ﬁ'
73Cu from the decay characteristics of the 450-keV transi-1N€ ground state spin and parity 6iZn is most likely|

tion. The decay curves for transitions assigned todllecay ~ — 1/2 (See, for example, Ref3]). This assignment is sup-
of 73Cu (see Table)l and the 228-keV transition from the ported by the fact that th@ decay of the ground state of

decay of 75Zn, the most abundant contaminant mass are ZN to the 5/2 state in"*Ga has a lodt value greater than

shown in Fig. 2. A weighted mean of the measured half-lives' - . .
for the five transitions shown in Fig. 2 results in a value of . A Strong 3 branch is observed to the 450 keV state in

73 ; ; ; iaqi
4.4(3) s for the half-life of’*Cu, which is consistent with the Zn, which deexcites viay emission only to the ground
previously measured value of 89 s [1]. state. The lodt value of 5.2 to this state suggests an allowed

The proposed level scheme 6izn shown in Fig. 3 is B transition and we have tentatively assignéd=3/2" to
based ony-y coincidence data, intensity balances, and Sumj[his state. The levels at 307, 502, 1124, and 2009 keV are all

energy considerations. Thgy coincidence spectra for the €d weakly ing decay and the deduced légvalues of~6
674- and 1559-keV transitions iZn are shown in Fig. 4 SUdgest that these are all negative parity states with spin
and both are observed to be coincident with the 450-kewalues of 112, 3/2, or 5/2.

transition. The logt values were determined for the decay of .1 he collection ofy-ray singles data during the growth and
73Cu using intensity balance information an@g. value of decay periods made it possible to detect short-livimgli-

6.25 MeV [12]. A ground-state branch of 4212)% was secondl isomers. With the A1200 tuned to the peak produc-
deduced from the difference between the total numbeg of tion of 3Zn, we identified a short-lived 195-keV transition
particles, determined from the growth curve of 218-keV tran" the ¥ ray singles spectrum, whose decay curve is shown in

Fig. 5. These data were obtained using a 30 ms growth pe-
. o - ~riod and a 100 ms decay period, and the deduced half-life of
TABLE |. Energies, relative intensities, and observed coinci- 13.02) ms is several orders of magnitude faster than the
dences fory rays following thes decay of’*Cu. The energy values T,,=5.8(8) s 195-keV isomeric transition assignedzfﬁn
have an error of=0.2 keV, while the error in the deducegiray |,y ‘o nteet al. [2]. Our new measured half-life for the 195-
intensity is given in parentheses. keV transition in"3Zn restricts the multipolarity of this tran-
sition to M2, when using the Weisskopf estimates, which

E,(keV)  Eewa (keV) rel Coincidenty lines establishes the spin and parity of the 195-keV statéZn to
195.5 195.5 bel™=5/2".
307.2 307.2 1) No evidence was found in oys-y coincidence data for
449.6 449.6 10@) 674,1559 the presence of a 199-keV transition havifg,~3.9 s as
502.2 502.2 12 reported in Ref[1] (see Fig. 1 Also, all transitions below
674.4 1124.0 @ 450 100 keV were too low in energy to penetrate the endcaps of
1559.3 2008.9 a 450 our p-type Ge detectors. Therefore we could neither confirm

nor refute the existence ofg,,=5.8 s isomeric transition at
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FIG. 6. Systematics of the low-energy positive parity states in\tke43 isotones.

42 keV as reported by Runtet al. [2]. Such an isomeric rate between such closely-positioned states would be slow.
transition would be reasonable to consider#dn, where a The proposed level scheme f6Zn in Fig. 3 agrees well
low-energy 9/2 level may be present a few tens of keV with the level information obtained fof®Zn using the two-
above the 5/2 isomeric state. The expectdR transition  proton one-neutron pickup reactiotfC, 1’0) on a’®Ge tar-

1400 —
= 75
C Ge
C B = 0.22
1200 :— NEGATIVE POSITIVE E(2+) = 560 keV
C ¢ =07
1000 :_ — 11/2
- 1/2 /e 9/2
—_ - 1/2
E = 3/2 5/2
4 80O — a2
3 C
5 E 1/2
=] = (7/2)
& - N (4
600 — 5/2
- 3% 5/2
C 3/2
E 5/2
400 —
E 5/2
= 5/2
C 3/2 9/2
- o2
200 — 5/2 5/2
- 7/2
c /2 p=-1.19 uy
— p=+0.51 py M=+0.46 uy EXP PTRM
- 1/2 1/2
0 /! /!
EXP PTRM

FIG. 7. Experimental levels i"Ge compared to those resulting from tirerm calculations discussed in the text.
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FIG. 8. Experimental levels if®Zn compared to those resulting from therm calculations discussed in the text.

get by Bernaset al. [3]. They identified levels at 2880),  energy level structure ofZn,; and "*Ge,;. The similarities
50040), and 114040) keV, which correspond to the 307, of the low-energy structures of these isotones is evident in
502, and 1124 keV levels identified in this work. To interpretFig. 6, where the systematics of the low-energy positive par-
the level structure of3Zn, Bernaset al. employed HFB cal- ity states in the odd-mag$= 43 nuclides from’>Zn through
culations to obtain potential energy curves for b6tBn and 7%y are given. Although’®Zn lies only two protons off the
3Zn. While the ground state shape ‘6Zn was suggested to 7= 28 shell closure and the microscopic-macroscopic calcu-
be slightly oblate g,~—0.1), a shape change to a more |ations of Mdler et al.[18] predict ane, value of only 0.06,
deformed prolate structure was proposed f@n. At 8,=  results of other global calculations, for instance, the extended
+0.2 the HFB calculations predict low-energy state$®n  Thomas-Fermi-Strutinsky integralETFS) approach[19]
havingJ"=1/2", 5/2", 5/2", and 3/2. Such a transition to predict moderate prolate ground state deformatigy (

a more deformed shape was also observed betfi@mand  =0.24) for 3zn and°Ge. Our new measurement offers an

SGe[10]. opportunity to explore which prediction is more accurate in
Paar has explained the ordering of positive parity states ithis region of the chart of the nuclides.

the N=43 isotones using the cluster approddi3]. In his The PTRM calculations involved the diagonalization of the

description the low-energy positive-parity states’de are  deformed shell-model Hamiltonian to compute single-
a consequence of the competition between tigg,)C, particle energies and wave functions of a nonaxially sym-
(de)?(ds;), and @e)?(g7) configurations. Thel™  metric deformed Woods-Saxon potentiaD,21]. The quad-
=7/2" state is the lowest energy positive parity staté®@e  rupole deformation parameters were initially taken from Ref.
and can be attributed to the appearance of pgymbol in  [19], and 8, and y were both taken as zero. Positive and
the recouplings for @g,,-hole cluster configuration which is negative parity states were calculated separdtelyoctupole
only positive forJ=7/2. The lowering of thé "=5/2" state  deformation considering all Nilsson orbitals within
to be the lowest energy positive parity state’#@n is due to =7 MeV of the Fermi surface. The relative positions of the
a stronger particle-field coupling strength, i.e., stronger colpositive parity states to the negative parity states were deter-
lectivity of quadrupole vibrations in this nuclidd4]. The  mined from available experimental data. The residual pairing
5/2* ground state of°Se has been attributed to a large par-interaction was treated within the BCS approximation, where
ticle quadrupole-phonon interaction strengifs]. a standard value of the pairing strength param&ewas
We have performed particle-triaxial rotor mod@itRMm) adopted for each isotope using the prescription given in Ref.
calculations[16,17 in an attempt to reproduce the low- [22]. The core 2 energies were taken from the neighboring
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even-even nuclides. The recoil terms in the Hamiltonian TABLE IIl. Experimental branching ratios fdPGe compared to
were treated as one-body operators. Attenuation of the Corresults of PTRM calculations for an axially symmetric rotds,
olis matrix elements by a factor 0.7 was used to reduce the 0.22, y=0°) and a triaxial rotor(8,=0.22, y=30°).

mixing between intrinsic states and to lower the energy of
nonspin aligned members of the band build upon the intruder Experimental PTRM results
v[422]5/2" orbital. A similar attenuation factor was used by I It E,(keV)  branching  y=0° y=30°
Meyer et al. [23] to reproduce the properties of the ground

512, 5127 140 0.5 13
state band built on the[422]5/2" orbital observed %Y. 2 o
The results of theTrRM calculations for'°Ge and’3zn are 52 312 204 99 98 29
52, 12, 457 100 100 100

shown in Figs. 7 and 8, respectively. The fing) values
were very close to those predicted by the ETFSI calculatiors/2,  5/2, 118 0.2 50

[19]. The density of negative and positive parity states be|OV\8/22 5/2, 258 0.1 223
1 MeV and the ordering of the 7/2 5/2", and 9/2" triplet 32, 372, 322 20 1147
of states below 200 keV if°Ge is reproduced by thetRM 32> 1/o- 575 100 100 100
calculations using a prolate ground state deformatio.of

=0.22. The multipole mixing rati®(E2/M1) for the 9/ 712 3/% 76

(G20

—7/2] transition in °Ge, experimentally determined as /&2 5% 194 5 27
—0.11, was calculated to b& E2/M1)=—0.05 using the 72 5 334 100 100
above parameters. However, the predicted half-life of 1.4 né/2  3/2, 398 2
for the 5/2 state is shorter than the measured value of 218/ 31, 310 60 41 24
ns, and the mostlf2 character of the 5[2-7/2] is not 15 57 428 10 2
reproduced. The predicted magnetic dipole moment for thqlz— 5/ 568 13 19
I=1/2" ground state in"*Ge of +0.46uy is near to the /- 3/21 632 42 86 1180
measured value of-0.51uy [24]. The branching ratios for 7.- 1o~  ggs 100 100 100
y-ray transitions between low-energy statei@e are com- 2 !
pared with calculated values in Table II. w(127) +0.5%uy +0.46uy  +0.45uy
The one feature of the low-energy structure Wbe that is
3000 — e
75Ge /
2500 — Ve B, = 0.22 —
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123/ v \\ /
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FIG. 9. Variation in the calculated negative parity energy spectruni®®e as a function of the triaxial deformation paramegethe
calculations assume a fixed quadrupole deformatio,sf0.22 and3,=0. The observed negative parity states below 1.5 Me\?@e are
also shown.
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absent from theeTRM calculations is the 1/2 state at 885 around 1 MeV. The experimental states observetfzm fed
keV. The first excited 1/2 state is predicted to reside at 2.85 in the 8 decay of *Cu are most likely negative parity states,
MeV with the parameter set outlined above. Small changeand map well with those calculated within tlegrm. The

in B, and the core 2 energy did not significantly improve |owest negative parity state is predicted to be 1#4nd is
this deficiency in the calculations. We therefore looked syspredominatelyy[ 301]1/2. The first excited state is the band
tematically at the effects on the calculated structuré®6fe  head of thev[303]5/2 deformed single particle orbital. Both
considering a nonsymmetric core deformation. The energyhe 3/Z and 5/2 states are members of the ground state
spectrum and transition probabilities for the negative parityyand and are predicted to decay primarily to the 1gPound

states in">Ge were calculated including triaxial core defor- giate as is observed experimentaiee Fig. 3. The 3/2
mations in the range 152y<<55°. For theseTRM calcula- _.1/2] transition is calculated to be mostlyM1

tions, B5,,84 were fixed to 0.22 and 0, respectively, and all S(E2M1)=+0.245 and the theoretical B(E2:5/2
other parameters were unchanged. Hheéependence of the [—>(1/25) v;Iue of 0%2932 b2 is at least three ti(meé Ia?ger

negative parity energy spectrum 8fGe is shown in Fig. 9. than that calculated for the other transitions depopulating the
The calculated position of the Lj/2state moves from 2.5 5/2- state
2 .

MeV at y=15° to a minimum energy of 740 keV at . 73 .
=30°. The other dramatic effect is the change in the spacin%fér:rﬁ;&r:agﬁ’ \tﬁz r:iﬁ;:g?;dl;ﬁe;?zc?;rg%gnga;n
between the 3/2 and 5/2 members of thev[301]1/2 495-keV M2 isomeric transition in3Zn has been identified

ground state band. The triaxial deformation value expecteWhiCh connects the 572lowest energy positive parity state
75 . . . - B .
for "*Ge can be estimated in the rigid triaxial rotor modeI.to the 1/2 ground state ofZn. Using the particle-triaxial

Using the energy of the,2and 2 states in the even-even rotor model, we have demonstrated that the low-energy

H 74 76, o o
gi'lggctig(rjsfo??hzgg t\Sg E(E)St]o ye\S/aIrL(leeSs :étiizl ar_}(:]so re?jriﬁte tates in’>Zn are consistent with a nucleus having moderate
Pes, p Y- P auadrupole deformationd,~0.2), consistent with the glo-

bal ETFSI calculations. This moderate quadrupole deforma-
Sion in the ground state offZn suggests a weakening of the

y-ray branching ratios for a core deformatigy=0.22, y
=30°, B,=0 are compared to experimental values and th

Z;Z';" reﬁgltzﬂt\nlgtalgﬁtd \Ilg\]/i?:i?geemarzagleettgr. r-l(;,h(rao:jolj:/:-e q N=40 subshell in close vicinity to th&=28 proton shell
gy Nege party ; o P closure. In examining the low-energy structure of tRe
by considering nonsymmetric core rotation; however, there

was better agreement between the experimental branchi 543 isotone “Ge, triaxiality may prove important in the

; ; T r1)%scription of negative parity states in this region above the
ratios and theeTRM calculations wheny=0° was used. 7-28

e . . L : proton closed shell.

Although only limited experimental information is avail-
able for”3Zn, the results of theTrM calculationgFig. 8) are
encouraging. The calculations using a ground state quadru-
pole deformation of3,=0.20 predict the lowest positive par-  This work has been supported by the National Science
ity state to be 5/2, with a wave function that is highly Foundation under Contract No. PHY-9528844. The authors
mixed between the »[422]5/2°, 1[431]3/2", and thank the operations staff of the NSCL for the successful
v[440]1/2" deformed single-particle states. Two other posi-completion of these measurements, J. A. Winger for his de-
tive parity states having™=7/2", 9/2" are also predicted at sign of the collection wheel apparatus, and R. Harkewicz and
low energy, where the 972state may be responsible for the the ECR group at the NSCL for development of tff&e
T1,=5.8 s isomeric state if*Zn identified by Runteetal.  beam. The guidance provided by P. B. Semmes in use of the
[2]. The next set of positive parity levels are predicted to liePTRM computer codes is also gratefully acknowledged.
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