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Theg factors of the first 2 states and thB(E2) values of the (2—0;) transitions have been determined
with high precision for all stable doubly even Zn isotopes employing the combined technique of projectile
Coulomb excitation in inverse kinematics and transient magnetic fields. In addition, this systematic study was
supplemented by a first measurement of radioactid® (T,,=9.2 h) formed in ana-transfer reaction with
a %Ni beam. Theg(2;) values obtained are in good agreement with previous data but provide considerably
higher accuracy. The same quality of agreement was found foBtE®) values with the exception dfZn
where the measured value is slightly smaller. The experimental data were compared with large scale shell
model calculations considering configurations in fipeand fpg model spaces with inert cores 8fCa and
%6Ni, respectively.
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[. INTRODUCTION the small number of valence particles in these nuclei and
their proximity to theN=2Z line nuclear structure studies are
In the following contribution we report on an investiga- Of particular interest since reliable microscopic calculations
tion of the nuclear structure of Zn isotopes at low excitation@'® available to examine the specific influence of isospin
energies through measurementsgofactors and lifetimes.  Symmetry and neutron-proton pairing correlations.
The present work is an extension of recent experiments on For the low level structure of stable Zn isotopeEactors

Ni isotopes where the data had been very well explained iof the first 2" states were determined with relatively low
. ision in two i t A, 11]. | th
the framework of large scale shell model calculatibhg)]. rﬂ)rec:lsmn In two independent measuremeut, 1. In bo

k ' - : experiments the technique of transient magnetic fields was
In this particular case it was demonstrated tHadi must be  gpplied. Coulomb excited Zn ions recoiled through thin fer-

abandoned as an inert core. Both the measg(@dl) factors  romagnetic iron layerELO] or were stopped in ferromagnetic
and B(E2) values could only be reproduced by including gadolinium[11]. The measured precessions were relatively
particle excitations from the f§,, shell. In fact, a closed small in Fe host due to the short interaction times and the
“Oca core and excitations of both protons and neutrons frortower field strength compared to Gd, or had to be corrected
the Of,, shell into the remainingp shell orbits (s, for static field contributions in the Gd host.. N
Ofs,, and Ip,,) were together with a well established ef- In the present measurements the_ experlme_ntal conditions
fective nucleon-nucleon interaction the essential ingredient¥/€re considerably improved for all isotopes aiming at sub-
of these calculations. stantially higher precision of botp factors and lifetimes of
This experience has motivated us to extend the investigdDe first excited 2 states. This goal was achieved employing
tions to even heavier nuclei in this mass region. For the zrih€ newly developed technique of projectile Coulomb exci-
isotopes®26466.88.79 with two protons and 4—12 neutrons tatlpn in inverse kinematics combined with transient mag-
outside the doubly magibi=Z=28 shell, transitions from Netic fields[12,13. The method allows us to perform mea-
single particle to collective degrees of freedom are expecteds.u_rements on accel_erated and |sotop|9a[ly pure _Zn beams
This scenario has been previously discussed in several theSing the same multilayered target consisting of a light target
retical papers based on the nuclear shell model as well g8Yer for Coulomb excitation and a ferromagnetic layer for
particle core coupling calculatiof8—6]. With respect to the ~Precession of the nucle_ar excited state. .
shell model frame the restriction of the configuration space L|fet|me_s of the excited state; were measured §|multa—
to thefp orbits must be suspended by including occupationgleous!y with theg factors employing the Doppler shift at-
of the Ogg, Orbit. In odd-mass isotopes,, single particle tenuation methoch_SAM). DeducecB(EZ_) values are sen-
states are clearly identified at low excitation energies. Ther itive to the c_ollect|V|ty of the states of interest. It is noted
is further evidence that particulary for the heavier Zn iso-that the _magmtude of thgfac_:tors is only weakly dependent
topes the wave functions of low energy states have stron n the lifetimes of t.th excited states as long as these are
components of this configuration. rger than the transit times of the ions through the ferromag-
Moreover, in a recent study of high spin states®f@n netic target layer.
superdeformation was found for the first time in this mass
region[7]. This phenomenon was expected from calculations
predicting large shell gaps in the single particle energies for In the present measurements isotopically pure Zn beams
proton and neutron numbel, Z=30-32[8,9]. Because of were provided in their natural abundance as Zn§) the ion

Il. EXPERIMENTAL DETAILS
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Eiva tion reaction in which states of high energies and spins are
MeV] Tlps] Tlpsl Tlps] Tlpsl Tlps] . .
026 populated and the low-lying states are fed via cascade tran-
3 N 4 sitions. The absence of strong feeding ensures a clean mea-
4 * . :
2t . 027 surement of the precession of thg &tate. It is noted that the
2 38 29 o = 2

035 same strength ot transfer has been observed with Ti and Cr
beams using carbon as tardét,16. Such a reaction has

[ s 42 5 26 ot =2 42 recently been used to measure théactor of the first 2

Q‘ state of>Cr [16].
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The y rays emitted from the excited"2states of the dif-

o — o— 0— 0 0— ferent isotopegsee Fig. 1 were measured in coincidence
- 30=Z‘;1322h) 302034 302036 30203 302040 with forward scattered carbon ions or thexdarticles(from
v the decay of®Be in the a-transfer reactionusing 9x9-cm

FIG. 1. Low-lying states of2-"%n [21-25. BaF, scintillators. A Ge detector of 23% relative efficiency

was placed at 0° to the beam direction and served as monitor
source of the Munich tandem accelerator and accelerated for contaminant lines and for the measurement of nuclear
energies of 160 MeV with intensities of about 20 nA. For thelifetimes via the DSAM technique. Like in several former
least abundant®Zn isotope(0.6% the beam current on the experiments with other ion beams and using the same target,
target was only 2 nA which, however, was sufficient to ob-fusion reactions with carbon nucléassociated with light
tain accurate data due to the high efficiency of the experiparticle emissioncontributed a negligible background in the
mental method. The beam ions were Coulomb excited to the-coincidence spectra, showing that carbon is ideally suited
first 2* state by a natural carbon layer of a multilayeredfor this type of spectroscopic studies. Figure 2 shows typical
target which had been already used in several earlier experis spectra from Coulomb excitation of 160-Me%zn pro-
ments (see, e.g., Ref[1]). It consisted of a 0.45-mg/cm jectiles. In contrast t&®Ni beamsa-transfer reactions with
nalC layer deposited on a 3.82-mg/€ngadolinium layer Zn beams of 160 MeV leading to Ge isotopes are obviously
evaporated at 800 KK14] on a 1-mg/crf tantalum foil fol-  suppressed. The reason is that the reaction witfNabeam
lowed by a 3.5-mg/ci copper layer. The copper backing takes place close to the Coulomb barrier whereas®fze
served as a hyperfine interaction-free environment for théeam energy is appreciably lowe=0 MeV). This differ-
stopped Zn ions and provided good thermal conductivity toent behavior is clearly seen in the coincidence particle spec-
eliminate beam heating effects. The target was cooled to ligtra [Fig. 3(@)] where the low energyr peak is well pro-
uid nitrogen temperature and magnetized by an external fieldounced with &°Ni beam but completely absent with®4Zn
of 0.06 T. In default of a radioactivé’Zn beam this nucleus beam. These spectra were obtained by detecting the forward
was produced in am-transfer reaction by bombarding the scattered ions in a Si detector with nominal thickness of
above-mentioned target with ¥Ni beam of 155 MeV fol- 100 wm placed at 0° and subtending an anglex#0°. For
lowing the reaction?C(°®Ni,2«)%%Zn* . In this reaction the this geometry the beam had to be stopped in a tantalum foil
first 2* state is predominantly populated whereas higher{placed behind the targetvhose thickness allowed the car-
lying states are only weakly excited. This selectivity has abon ions andx particles to pass through to the Si detector.
distinctly different character from that of a fusion evapora-For the clean separation efs from the carbon ions due to
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FIG. 2. %Zn y-ray spectra observed witta) Ge detector andb) BaF, scintillator in coincidence with carbon ions of the particle
spectrumsee Fig. 8)].
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6000 | ) FIG. 4. y rays observed with the Ge detector in coincidence
: " ; with the a-particle peak in the particle spectruffig. 3a)]. All
: | Cions from y-ray lines identified belong to the de-excitation &Zn states
5000 - : 12C(642n, 12C) Stzn" populated in thex-transfer reaction.
4000 [ logarithmic slop§§S=[1/\N(.¢9y)][dW(t9,/)/d«97] in the rest
é i frame of the emitting nuclei at the anglg=65° where the
g i sensitivity to the precessions was optimal. Whereas the spin
O i . L
3000 1 alignment was rather good for Coulomb excitation only
C small anisotropies were found in thetransfer reaction. In
2000 |- case 0f%Zn(2; —0;) the slope value was derived from a
; detailed measurement of the angular correlation between
i particles andy’'s (Fig. 5. A slightly larger anisotropy was
1000 ) . . ; . ) .
i obtained by inserting a vertical slit mask in front of the Si
i . detector. The measured slopes are summarized in Table |.
..... (I P PEE R el

Precession angle®®*P were derived from double ratios
DR(i/j)=(N;T/N;1)/(N;T/N;1) of coincident counting
ratesN with an external field applied perpendicular to the

FIG. 3. Particle spectra obtained with a 1061 Si detector at  y-detection plane, alternately in the “up” and “down” direc-
low bias in coincidence with all rays for(a) *®Ni and (b) ®Zn  tions. The indices, ] represent a pair of detectors symmet-
beams. Thex particles in(a) associated wittf°Zn are well sepa-  ric to the beam axis. The precession angles are given by
rated from the carbon ions corresponding to Coulomb excitii
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oo T VDR=1  puy [tou .
incomplete stopping of the light particles in a reduced deple- @ -s’ W‘g' 7Ln Bre[vion(t)]-€77dt,
tion layer the Si detector was operated at a very low bias 2.1)
(=5 V). By gating either on the carbon ions or thepeak

(see Fig. 3, only y lines from Coulomb excitation of the \hereg is theg factor of the 2 state and B is the tran-
beam ions or nuclei following transfer appear in the spec- sjent field acting on the nucleus during the time interval
tra (Fig. 4). Hence the poor energy resolution of the scintil- (¢ —t. ) which the ions spend in the gadolinium layer; the
lators was no impediment to obtaining a clean spectroscopyyxponential accounts for nuclear decay with lifetime
As evident from Fig. 4 thé°Zn spectrum has a rather simple  The lifetimes of the first 2 states of all Zn isotopes and
structure in which the most prominent line refers to the the 4* state of%2Zn have been determined in DSAM mea-
(27 —0;) transition whereas the higher excited states ar&urements. The high velocitié§able ) implied high sensi-
only weakly populated. tivity for the lifetimes in the picosecond range. The Doppler
Particley-angular correlations W{,) and anisotropies proadened shapes of theray lines were fitted for the reac-
W(#6,=50°)/W(6,=80°) have been measured for the{(2 tion kinematics applying stopping powef47] to Monte
—0;) transition of each isotope in order to determine theCarlo simulations and including the second order Doppler
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FIG. 5. Measuredy-angular correlations for the’®Ni(2; T e

1
—07) transition (solid point3 and the %2Zn(2; —07) transition 0.1 1800 1840 1880 1920 1960

(open pointy with least squares fits to the data. The dashed line at
®,=065° refers to the detector position for the precession measure-
ments(see text FIG. 6. DSAM fit to the Doppler broadened shape of the
%zn(2; —0;) v line including a linear background.

effect as well as the finite size and the energy resolution of
the Ge detector. Feeding from higher states could be ne- B1r(vion) = Gpeam Biin (3.1
glected. The computer codeNESHAPE [18] was used in the |
analysis. The high quality of a typical line-shape fit achievedVith
is shown in Fig. 6. It is noted that characteristic structures of

; ; ; ; Uion
the line shape from the slowing down of the ions in the Bin=a(Gd)-Zign- —, (3.2
different target layers are very well reproduced. The mea- Vo

sured lifetimes are summarized in Table Il together with val- _
ues quoted in the literature. where the strength paramete(Gd)=17(1) T [15], v,

=e?/f, and Gpea,=0.64(6) is the attenuation factor ac-
counting for the demagnetization of the gadolinium layer
induced by the ion beafd9]. This value is close to that used
. RESULTS AND INTERPRETATION for the experiments with Ni beani& .= 0.69(6)[2] ] on
The g factors were derived from the experimental precesthe same target accounting for small differences in the con-
sion angles by determining the effective transient figig:  ditions of present Zn ions. Fot¥?Zn involving *Ni beams
on the basis of the empirical linear parametrizaiisee, e.g., the attenuation factor is identical to that used for the Ni ex-
Ref. [15]): periments[2]. Beyond that, many other experimental data

Energy [Channels]

TABLE I. Summary of the average velocities of the ions entering, exiting, and traversing the ferromag-
netic Gd foil, the measured logarithmic slopes of the angular correlatioft,Jat 65°, and the precession
angles®®*®. The ®''"/g values were calculated using E@8.1), (3.1), and(3.2).

Nucleus Ex(21+) (v/vo)in (vlvo)out (Vion/vo) |S(65°)| oexp P'"
g
[MeV] [mrad| [mrad|

527n 0.954 7.9 4.8 6.3 0.408(51) 14.63(6.26) 35.5(3.1)

7.7 4.5 6.0 0.591(7§) 12.55(3.91) 35.4(3.1)
64Zn 0.992 6.5 3.5 4.9 2.139(23) 13.92(62) 31.3(2.9)
667n 1.039 6.5 3.5 4.9 2.113(38) 12.38(54) 31.0(2.9)
87 1.077 6.5 3.6 5.0 2.151(38) 13.38(71) 30.7(2.9)
07n 0.885 6.4 3.6 4.9 2.471(38) 12.51(77) 33.1(3.1)

aBeam energy 160 MeV.
bBeam energy 155 MeV.
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TABLE Il. Comparison of the measuragifactors and lifetimes with data from literature.

Nucl.(I ™) 7 [ps] 9(27)
Refs.[21-25 Present Refl10] Ref.[11] Present
2zn(2;) 4.2(3) 4.3(3) +0.371(99)
(47) 0.76("32 1.2(1)
®4zn(2]) 2.60(6) 2.70(8) +0.42(8) +0.46(10) +0.445(46)
%zn(2)) 2.38(9) 2.43(5) +0.26(7) +0.47(11) +0.399(41)
%8zn(2;) 2.18(9) 2.32(7) +0.50(9) +0.46(14) +0.436(47)
Ozn(27) 4.2(4) 5.3(3) +0.30(7) +0.30(7) +0.378(42)

were included which describe the dependence of the attendy,,,, and (f5;, valence orbitals. Due to the extremely large
ation on parameters such as the stopping power and intensitimensionalities involved, the configuration space was re-
of the beam ions in ferromagnetic gadolinium as well as orstricted to a maximum of four particle—four hole excitations
the electron orbitals of the projectile ions relevant for thefor 62zn and 84zn. This restriction, however, has only a mi-
transient field strength19,2Q (see also discussion in Ref. nor influence on the calculated quantities. For example in

[2]). 66zn, the energy gain between th@4h space and the full

The experimegztal precession angles are summarized ighace results is only 17 keV. The effective interaction used
Table 1. For the>Zn result several runs were needed t0¢,, the calculations is KB3G from Ref28].

obtain sufficient accuracy of thg factor. The reason lies in Model space II(LSSM 1) is based on &®Ni core and

the small slope value of the angular correlation and the thu ; :

reduced senspitivity to the precegsion The precessidiigg fhcluding the G5, 1pa2, 1Py, and Qg valence orbitals.
' The two-body matrix elements are fromGamatrix calcula-

listed in the table were calculated using E(s1), (3.1), and tion [29,30 whose monopoles have been modified to repro-

(3.2). Table Il summarizes the measurgdactors and life- L )
times. These have been compared with adopted valu%me energy systematics in Ni isotopes & 50 isotones

qguoted in the literaturd21-25. With the exception of ) )
07n(2;) all lifetimes were very well confirmed with an All calculations were p_erformed _Wlth the computer code
accuracy sometimes better than that of the adopted val@NTOINE [31]. A polarization effective charge of 0.5 was
which is an average of several independent measurements. #§ed forE2 rates and effectivg factorsgg = 0.75gf¢ and
case of 7%Zn the measured lifetime is found to be signifi- 9'(7)=1.1, g'(»)=—0.1 for the magnetic moments.
cantly larger. For%Zn a lifetime was obtained also for the  In view of the results and discussions from our previous
4" state with much higher precision than that quoted in thevork on Ni isotopeg1,2], the fp valence space is expected
literature. For all isotopes the negvffactor values agree very to be relevant up to neutron numiér= 36, but the inclusion
well with earlier data. of the gq,, orbital becomes extremely important for describ-
The new data ofgy factors andB(E2)’s of the present ing the heavier Zn isotopes. This feature was also empha-
work were compared with results from large scale shellsized in earlier calculationsee, e.g., Ref.3)).

model calculation§LSSM) assuming two different configu- The newg factor data are displayed in Fig. 7 together
ration spacegTable Ill): model space (LSSM 1) [26,271  with the results of LSSM (+ II) calculations(see also Table
refers to an inert!®Ca core and including thef@,, 1pg,, ll1). As expected, the LSSM | results are in rather good

TABLE Ill. Comparison of present experimentglfactors and BE2) values in Weisskopf units with
results from large-scale shell model calculations LSSM | and LSSiddé texk

Nucl. (I7) B(E2) [W.u.] g(1™)

Expt. LSSM | LSSM I Expt. LSSM | LSSM I

52zn(2;]) 17(1) 16.9 11.4 +0.371(99) +0.46 +0.467
(47) 16(1) 19.8 15.0 +0.57 +0.448
84zZn(2;]) 20.7(6) 15.4 11.3 +0.445(46) +0.48 +0.448
(47) 15.3 14.3 +0.73 +0.362
%zn(2;) 17.5(4) 12.5 10.5 +0.399(41) +0.48 +0.578
(49 13.8 12.9 +0.74 +0.436
%8zn(2;) 14.7(4) 9.0 9.7 +0.436(47) +0.58 +0.733
49 3.3 10.9 +1.08 +0.404
0zn(2;) 16.5(9) 4.4 9.7 +0.378(42) +1.70 +0.633
(47) 1.1 11.1 +1.22 +0.357
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(large solid points and staare compared with results from shell
FIG. 7. Experimentap factors of 2 states(large solid points model calculations. Small circles refer td%a core(LSSM ), and
and stay are compared with results from shell model calculations.squares to &Ni core (LSSM Il). The lines are drawn to guide the
Small circles refer to 4°Ca core(LSSM ), and squares to &Ni eye(see text
core(LSSM II). The lines are drawn to guide the efsme text

A preliminary result for’%n in this valence space yields for
agreement with the values f6#Zn to 6zn. As for the ex- theg f_«':ICtOFQ(Zf): +0.45[32] which is indeed close to the
perimental data, the calculations show almost no dependen@e(perlmentm vallue.. .
on the neutron number for these isotopes. The (ris¢ seen Similar behavior is found for th&(E2) values(see Fig.
in the experimental datdor ®8zn and 7°Zn simply reflects 8). LSSM I calculations reproduce rather well the trend of
subshell closures in the limitekh valence space. The strik- the experimental data 6¢~°Zn while the LSSM Il calcula-
ing deviation from the experimental data is therefore a strondfOns undervalue the data due to tRe-Z=28 shell closure.
indication for a larger valence space including thg,9 or- he LSSM | results yield slightly weaker transition rates; the

bital. The importance of thedy,, orbital for describing the reason is not clear and could originate from fluctuations of
heavy Zn isotopes originates from the strdig 1 attraction the effective charge or lack of the quadrupole strength for the

- Ofss, 1psj, 1Py, matrix elements. Fof’Zn again, the ex-
between the s, 1ps», 1Py, and the @g, orbitals: at the 5/2 : .
end of thef p shell, filling the neutrons brings down the/g, clusion of the @q,, neutron orbital has a strong effect. Like

hell. | lar off £ 7070 is sh for the g factor, again a dramatic change is obtained by in-
E eh' ts spectacu arle i?tl'?n tlg;la_‘e}ctqrol q n Is's O\t/)\{n | cluding this orbital to a*3Ca core. The calculations in this
y the LSSM II result which explicity includes this orbital. valence space yield fof%Zn B(E2,21+—>Ol+)=15.4 Weis-

Evidently, for the other isotopes, the excitation of particlesskopf units in excellent agreement with the experimental
from the Of;, shell improves the agreement with the datay e of 16.89) W.u. Another interesting result is that the
(see Table Il and Fig.)7 The same tendency was seen in the ather accurat®(E2) value of the (4H21+) transition in
calculations for the Ni isotopes smoothing thdactor de- 62, agrees very well with both LSSM | and 11 calculations
pendence on neutron numbir,2]. On the other hand, the (rig g9 and Tabie Ill. More accurate measurements for the
vanishingly small difference between the LSSM | and Il ré-peavier isotopes are highly desirable to test the calculations
sults for theg factors of ®Zn and ®Zn shows that the exci- \hich predict a decrease of t(E2;4; —2;)'s with in-

tation of particles from the 3, shell and the population of creasing neutron number in contrast to previous data.
the Ogg/, Orbital play only a minor role for the light Zn nuclei

(see Fig. 7. This feature, however, is not seen in BEE2)

In view of these results large scale shell model calcula- Summarizing the present work, it has been shown that
tions in thefpg valence space, beyond“dCa core, would  projectile Coulomb excitation in inverse kinematics is a
certainly be optimum which, however, are at present not feapowerful technique in combination with transient magnetic
sible due to computer limitations. An almost equivalent ap-ields for g factor measurements of series of isotopes. It re-
proach in this direction are calculations considering®@a  quires advanced ion source techniques in accelerators to pro-
core, with 0f 75, 1pa;p, 1pyp, and Ofgp, active proton orbit-  vide the various isotopes as beams with high efficiency. This
als and G55, 1ps», 1p1n, and Qg active neutron orbitals.  potential was effectively exploited for the Zn experiments
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The other important result of the present investigations is
the use ofa transfer to beam ions for populating selective
states of unstable nuclei. Although the spin alignment of the
excited states is poor and therefore the anisotropy of the
y-angular correlation small, it still enables to measgifac-
tors of radioactive nuclei. This is shown by the successful
measurements on curreftzn and former®“Cr [16].

The present results og factors andB(E2)’s strongly
request a large configuration space in the shell model calcu-
lations including the 0, shell below **Ni and thegg, in-
truder orbit in addition. That®Ca is a more suitable core
than >®Ni was also an essential feature for explaining the Ni
data[1,2]. In view of the new and very encouraging results
for 7%Zn a *®Ca core seems to be a highly valuable compro-
mise for describing the Zn nuclei. This finding reflects the
well-known fact that the neutroiN=28 shell closure is a
. | | | | rather stable configuration. Moreover, the calculageféc-

6 64 66 68 70, tors of 4" states imply large variations compared to the 2
Zn Zn Zn Zn Zn values which should certainly be investigated by similar

FIG. 9. ExperimentaB(E2)’s of (47 —2;) in Weisskopf units ~measurements. These require, however, higher beam ener-
are compared with results from shell model calculations. The valuglies to enhance the Coulomb excitation cross sections.
marked by a star refers to the present measurements whereas theFinally, there is no clear evidence for tlg, subshell
other data(triangles are taken from Refg21-25. Small circles  closure at®®Zn by the present data although tBEE2) value
refer to a*°Ca core(LSSM I), and squares to &Ni core (LSSM  of %8Zn tends to be slightly smaller compared to neighboring
II). The lines are drawn to guide the efge=e text isotopes.
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where the natural isotopic abundances were sufficient to pro-
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