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Measurements ofg factors and lifetimes of low lying states in®%®Ni
and their shell model implications
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g factors have been measured for the first &tates of °860628{j isotopes employing the combined
technique of projectile Coulomb excitation and transient magnetic fields. Lifetimes of low-lying states were
redetermined using the Doppler shift attenuation method technique. The same target has been used in all
measurements and the isotopes were provided by the ion source of the accelerator. These conditions guarantee
high reliability and precision as demonstrated in earlier experiments. The measiaetdrs and the deduced
B(E2) values are well explained by large scale shell model calculations in which valence particles are strongly
coupled to an excited®Ni core.
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[. INTRODUCTION wave function as thg factors are definitely negative for the
(3/2)” states and positive for the (5/2)tates. The situation
Magnetic moments of nuclear states are particularly senis not so clear for the even isotopes wheredtfactor of the
sitive to the detailed composition of the wave function and2; state rises from a possibly negative value f8Ni to
the particle(proton/neutrop nature as well, because of the large, positive, values for the heavier isotopes suggesting an
specific difference in sign and magnitude of the spifac-  increase of collectivity toward=Z/A=0.44 departing from
tors of the two nucleonggy(p) = +5.586,g9-(n) = —3.826].  the N=28 shell closure. Unfortunately, the existing data
This unique feature has been extensively used for the studyave large errors which do not allow us to draw definite
of the light fp shell nuclei Ti and Cr for which highly mean- conclusions. In any case, most of the theoretical calculations
ingful shell model calculations in a rather large configurationPredict a negative factor for the 7 state 9f58N'r In accor-
space are availablgl—3]. Comparison between precise ex- dance with the experimental val(i]. In view of the exist-
perimental data and theoretical values allows for a stringerit'9 urlcertalntles, a redetermination of tgefactors of the
test not only of the model space but also of the effectivé first 2" states of all even Ni isotopes under improved experi-
interactions used in the calculations. It was found that thdnental conditions was highly desirable. To achieve this goal,
large scale shell model explains rather well bothdtiactors '€ Newly developed technique of projectile Coulomb exci-

and theB(E2) values for the low-lying states &Cr and tation in inverse kinematics combined with transient mag-

5 : . netic fields has been usg@,10]. In addition, lifetimes of
ZCr. In particular, the largeg factor of the 4 state relative excited states were redetermined employing the Doppler
to the 2 state in°°Cr is in excellent agreement with the y

hell I . hich incl h tationt shift attenuation methodDSAM). Like in former experi-
shell model prediction which includes the excitationfeh,  ants on Ti, C1,2], and S€9], the nuclei of interest were
particles to the remainingp shell orbits. In contrast, the

rovided as isotopically pure beams by the ion source of the
high precisiong factors for the Ti isotope4®485i exhibit gccelerator. piealy b y

distinct deviations from the model expectations. These de- 1ne essence of these investigations has already been re-
viations are attrlbut<_ed to excitations of th&Ca core and/or ported as a rapid communicati¢hl]. The present paper is
deficits in the effective interactioris]. _ dedicated to more details of the spectroscopy.
For heavierfp shell nuclei in the iron, cobalt and nickel
region, shell model calculations have been performed by sev-
eral groupg4-6] in the past to descnbe many 'experlment_al Il EXPERIMENTAL DETAILS
data. It was emphasized already in these earlier calculations
that the excitation of both protons and neutrons from the In the present measurements, beamsS8ifi and °™Ni in
0f, shell to the higher orbitals of thig shell is an essential their natural isotopic abundance and enriclédi and 5*Ni
feature of the nuclear structure. were provided by the ion source of the Munich tandem ac-
With respect to the experimental data, in particular for thecelerator and accelerated to energies of 155 and 160 MeV,
Ni isotopes g factors were determined for the first Ztates  with intensities of about 1 pnA on the target. The target
with relatively low precision{7]. However, theg factors of  consisted of several layers: a 0.45 mgeinick layer of
the (3/2)" ground states and first excited (5/23tates of the natural carbon was deposited on a 3.82 md/gadolinium
odd Ni isotopes have been measured with high preci@hn layer which had been evaporated a 1 mg/cm tantalum
The shell model interpretation of the odd nuclei is based orfoil; the tantalum was backed by a 3.5 mg/coopper layer
distinct single neutron configurationsp4, and fs», in the  to provide good thermal conductivity to the whole target. For
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the gadolinium evaporation, the tantalum foil was kept at a
temperature of 800 K to ensure good magnetic properties of FIG. 2. Particle spectrum with a 1Q@m Si detector at low bias.
the gadolinium[12]. The copper backing also served as aThe « particles are well separated from the carbon ions.
stopper for the Coulomb excited Ni ions in a hyperfine o o )
interaction-free environment. The nuclei excited in the cartays from Coulomb excitation of the Ni projectiles appear in
bon layer(Fig. 1) traversed the gadolinium layer with mean the coincidence spectrum. Hence the relatively poor energy
velocities of 0.036 in which they experienced the transient résolution of the Baj-scintillators was not an impediment to
field, and were stopped in the copper backing after traversgPtaining a clean spectroscopy.
through the thin tantalum layer. The target was cooled to Figures 3 and 4 show typicay-ray spectra of the Ge
liquid nitrogen temperature and magnetized by an externdi€tector and the BaFscintillator, respectively, in coinci-
field of 0.06. dence with carbon ions using *%Ni beam.
The y rays emitted from the excited states were measured A ¥-coincidence spectrum obtained witfiNi projectiles

in coincidence with the forward scattered carbon ions usindy 9ating witha particles shows characteristiéray lines of
9x9-cm Bak scintillators. In addition, am-type, coaxial ~-Zn following an « transfer from carbon t&*Ni (Fig. 5).
Ge detector with a relative efficiency of 23% was placed affhe remaining 2 particles from the®Be decay are regis-
0° to the beam direction to serve as a monitor for contamitered in the Si detector leading to tfén spectrum. Evi-
nant lines and to measure nuclear lifetimes via the DSAMdently, the strongesg-ray line refers to the (2—0;) tran-
technique. The high energyrays from*%C target excitation ~ Sition and higher excited states are only weakly populated.
(27 —07 :4.43 MeV) were weak and therefore contributed This feature provides a clear signature for the particle trans-
only a negligible background in the energy region of interestfer c.haracter.of the nuclear. reaction WhICh was studled' in an
lons were registered in a 1Q@m-thick Si detector placed at €arlier experimenf13] and is quite different from a fusion
0° and subtending an angle af20°. For this purpose the reaction. The simple structure of tHféZn spectrum stimu-
beam had to be stopped in a tantalum foil whose thicknesiited a first measurement of tiefactor of the 0.954 MeV,
was such that the carbon ions could easily pass through to
the Si detector. The latter was operated throughout the mea- 2250F P 58Ni
surements at a low bias<5 V) to separate light charged '
particles such as protons and alplabich do not stop com- E
pletely) from the carbon ions. The light particles result from 1750F
sub-Coulomb transfer and fusion reactions with the carbon g
target which may contribute backgroundrays to the coin-
cidence spectra. Figure 2 shows a particle spectrum taken in ‘§1250

o

2000F

1500F

coincidence with ally rays in the presence of ®Ni beam. S 1000

The low energy peak was attributed to particles corre- :

sponding to%2Zn nuclei produced in am-transfer reaction 750

from the examination of the observedray spectrum in co- soof

incidence with particles in the pedkee below. This proce- i

dure of discriminating against light particles has already 250¢ %21 2t ot
been successfully used in earlier experimdBis It should of A

1400 1600 1800 2000
Energy [keV]

be noted that the same structure of the particle spectrum was 1000 1200
obtained with all Ni beams whereby the low energy peak
was always associated with the corresponding Zn isotope: FIG. 3. ®Ni y-ray spectrum observed with the Ge detector in
62 +h58N i 68 H 64n 17 P . . . .

Zn was formed with>*Ni and °°Zn with °**Ni beams. By coincidence with the high energy peak in the particle spectrum cor-

gating on the carbon peak of the particle spectromly v  responding to C ions.
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v-detection plane, alternately in the “up”and “down” di-
rections. The indicek,j represent a pair of detectors sym-
metric to the beam axis. The precession angles are given by

1200 2t o BN

1000} 2]
i ez LR =9 @JtomBTF[vion(t)]-e*”fdt,
£ | S |DR+1 holy,
5600_ (2.1

whereg is theg factor of the 2 state and B is the tran-

! sient field acting for the timet{,—t;,) while the ions
traverse the gadolinium layer; the exponential accounts for
200 the decay of the 2 state with lifetimer.
I The lifetimes of most excited states have been measured
02001000 1200 1200 1600 1800 2000 simultaneously using the DSAM technique with the 0° Ge
Energy [keV] detector. The high ion velocitigsee Table)l implied high

.. ] . sensitivity for the lifetimes in the picosecond range. The
_FIG. 4, N|_ y-ray spectrum observe_d with the_EEaﬁetector in Doppler-broadened shapes of the emitteday lines were
commde_nce with _the high energy peak in the particle spectrum cofiia for the known reaction kinematics applying stopping
responding to C ions. powers[15] to Monte Carlo simulations including the second
order Doppler effect as well as the finite size and energy
7=4.3(3) ps, Z state since feeding from high-lying states resolution of the Ge detector. The feeding from higher states
is negligibly small. Details of this experiment will be re- was also taken into account. The computer cod&sHAPE
ported in a forthcoming publicatiofi4]. [16] was used in the analysis. The high quality of the line-
Particlesy angular correlationdN(6,) and anisotropies shape fits obtained is shown in Fig. 7. Characteristic struc-
W(#6,=50°)/W(6,=80°) have been measured for the, (2 tures in the line shape due to differences in the slowing down
—0;) transition of each nucleus in order to determine theof the ions in the different target layers were well repro-
logarithmic slopesS=[1MW(6,)]-[dW(6,)/d8,] in the rest duced. The_: measured Ilfetlmes are summarized in Table Il
frame of they emitting nuclei at the anglg,=65° where ~together with values quoted in the literature.
the experimental sensitivity to the precessions was optimal
(Ref. [2] and Table ). Figure 6 shows a detailed angular Ill. RESULTS
correlation for the®®Ni(2; —0;) transition.
Precession angle®®*P were derived from double ratios
DR(i/j)=(N;T/N;[)/(N;T/N;]) of coincident counting
ratesN with an external field applied perpendicular to the

The g factors were derived from the experimental preces-
sion anglesb®*P by determining the effective transient field
B+r on the basis of the empirical linear parametrizaiah

Brr(vion) = Gpeam Biin (3.
+ +
900 ; 250t 627 with
800F
v

s Biin=a(Gd)- Zion =, (3.2

600 F 0
‘§ 500F where the strength paramete(Gd)=17(1) T [2], v,
3 0ok =e?/f, and Gpeay=0.69(6) is the attenuation factor ac-

i counting for the dynamic demagnetization of the gadolinium
300F induced by the ion bearf21]. The Gy.,m vValue was deter-
00k . mined on the basis of many experimental data which de-

E 23 — 2] 4 _’213;_>2} 2,07 scribe the dependence of the attenuation on parameters such
100F as the stopping power and intensity of the beam ions in the

o PPt oasrasHhaprn gadolinium host, as well as on the electron orbitals of the
800 1000 1200 1400 1600En;r8g(;0[ke%]0]00 projectile ions which are responsible for the transient field

strength as well3,22]. In fact, the mean stopping power of
FIG. 5. y rays observed with the Ge detector in coincidencetN€ Ni ions in gadolinium was, at their respective energies,
with particles associated with the low energy peak in the particle(d E/dx)=12 MeV/um. Moreover, the mean velocities of

spectrum(Fig. 2). The y spectrum shows that the low energy peak the excited ions in the ferromaghéﬁable ) relative to the
indeed corresponds te particles and ally-ray lines identified be- Bohr velocities of the electrons in theszand 3 orbitals,

long to the deexcitation of%Zn states populated in the-transfer  (Vion/v2sgony = 0.6 andvion /v asgony = 1.7, show that both
reaction. electron configurations determine the ion fractions for the
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TABLE I. Summary of the average velocities of the ions entering, exiting, and traversing the ferromag-
netic foil, the measured logarithmic slopes of the angular correlatidme/|at 65°, and the precession angles

®*P. The ®'""/g values were calculated using Eq8.1), (3.1), and(3.2). The measurement otfFe(2,)
served as a calibration of the transient fiedge texk

q)lin
Nucleus EX(ZI) (vlvo)in (vlvo)out (vion/vo) |S(65°)| L g
[MeV] [mrad| [mrad]

6.5 3.3 4.9 2.336(319  1.74(68)  28.2(2.5)
58N 1.454 6.6 35 5.0 2.415(1P)  0.92(30)  28.4(2.5)

6.4 3.2 4.8 2.482(213°  1.12(38)  28.2(2.5)
e\ 1.333 6.5 3.4 4.9 2.381(45) 4.59(71)  28.9(2.5)
62N 1.173 6.5 35 4.9 2.329(47) 5.10(60)  30.6(2.7)
BN 1.346 6.4 3.6 4.9 2.413(46) 5.51(80)  29.8(2.6)
Fe 0.847 6.6 35 4.9 1.871(25) 19.4(1.3)  31.6(4.6)

#Beam energy 155 MeV.
bBeam energy 160 MeV.
“Vertical mask in front of the particle detector.

transient field strength as well as for the beam induced atin front of the Si detectof23]. The precession®'"/g listed
tenuation. In addition, the magnitude &, was recon- in the table were calculated using E¢®.1), (3.1), and(3.2).
firmed through a precession measurement on the fifst 2 Table Il summarizes thg factors and th&(E2)’s from the
state of *®Fe whoseg factor isg=0.61(8)[8] (Table ). In  measured lifetimes.

this experiment, the same target was bombarded Wit Significant differences are found in the lifetimes between
beams of 155 MeV which refers to ion conditions very simi- the present measurements and values quoted in the literature
lar to those pertaining to the Ni beams. An attenuation factoin particular for the 2 and 4 states of®Ni. In general, all

of Gpeani=0.69(10) was obtained which is in excellent 27 lifetimes are slightly longer than the literature values

agreement with the adopted value. with the exception of?Ni(2;) where the lifetime was con-

The precession data are summarized in Table |. Beafymed. For the 4 states of°®Ni and ®Ni, where only lower
bending effects were negligible due to effective shielding Oflimits of lifetimes were known, definite values have now

the stray magnetic field. The precision of tfi(2]) pre-  peen obtained. It should be noted that the sensitivity and
cession was improved by two additional measurements. In

one of these, the beam energy was increased to 160 Me\’
yielding a higher excitation cross section. Furthermore, the

y-ray anisotropy was enhanced by inserting a vertical mask | 14843 Chisq = 84843
UM = 4,22
L2 1000
1
0.8}
; 100
S nel
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FIG. 6. Measuredy-angular correlation for thé®Ni(2; —07) 1.0 L L L 1 1
transition with a least squares fit to the data. The dashed line at

6,=65° refers to the detector position for the precession measure- FIG. 7. DSAM fit to the Doppler broadened shape of the
ments(see text (27 —07) v line of Ni including a linear background.

064306-4



MEASUREMENTS OFg FACTORS AND LIFETIMES O . .. PHYSICAL REVIEW C 63 064306

TABLE Il. Comparison of the measuregifactors, lifetimes, andB(E2)’s to earlier data and to results
from large-scale shell mod¢SM) calculations in whicht=5 nucleons were excited from thd £, shell to
the remainingfp shell orbits.

Nucl. (1™ 7 [ps] B(E2) [W.u] a(2})
Refs.[17-20 present present SM,_s Ref. [7] present SM_5
Ni(27) 0.96(4) 1.27(2) 7.4(1) 6.60 —0.06(12) 0.0378(85)  0.0350
(41) =14 5.4(6) 11(1)

(23) 0.075(14) 0.108(10)  1.4(H
20 0.050(4) 0.076(12) 5(4)°

S0Nii(27) 1.03(2) 1.31(3) 10.6(2) 9.39 0.09(12) 0.158(28)  0.0975
(47) 1.6(4) 4.8(1.5) 6(2)

E2Ni(27) 2.09(3) 2.01(7) 12.5(4) 10.02 0.33(12) 0.167(24)  0.2050

B4Ni(27) 1.27(4) 1.57(5) 7.7(3) 5.33 0.45(12) 0.184(31)  0.1405
49) =0.45 2.5(4) 6.6(1.0)

35(24 —21)=+0.21(3) (Ref. [17]).
bs(2; —27)=+0.7(4) (Ref. [17]).

reliability of the present experiments were substantially in-(Fig. 9. The magnitude of thé8(E2)’s steadily increases

creased due to the high ion velocities. with the number of particle-hole excitations but finally con-
verges at=>5 as shown by the full calculation fé¥Ni. The
V. DISCUSSION small deviations from the experimental data atttie level

might be attributed to an underestimation of the effective

The experimental 2 g factors andB(E2) values of the charge for protons and neutrons used in the calculations,
(27 —07) transitions were compared with results from large€erf(7) = 1.5, €¢¢¢(v) = 0.%, and/or to a lack of quadrupole
scale shell model calculations in tti@ shell configuration strength in the residual interaction. It should be emphasized
space. These calculations were performed with the computdhat the general trend of the data is very well reproduced by
code ANTOINE [24] using a modified version of the Kuo- the calculations. It is noted that the new lifetime measure-
Brown effective interaction KB325]. The same procedure ment for ®Ni(27) brings the experimentaB(E2) much
was applied earlier to describe similar data for Ti and Crcloser to the calculated value. Hence the peaking of the
isotopeq 1,2]. B(E2) values is shifted fronPNi to neighboring ®Ni in

Both g factors andB(E2)’s are well reproduced by the accordance with the calculation.
calculations. As shown in Figs. 8 and 9 good agreement with
the experimental values is only achieved with excitations of F I I l o ]
t nucleons from the ©,, orbit to the Ips,, Of5;,, and Ipq» 0.4F ° 3
orbits. The most striking result emerges fSNi(2;), with i ]
its small but definitely positiveg factor: g(2;)= : ]
+0.0378(85). In this particular case, the calculagdectors 03F L — 0 3
evolve from negative values for=0 andt=2 excitations to ' ]
positive values which finally converge for5 to the experi-
mental value. For all other isotopes the agreement betwee
theory and the experimental data is nearly of the same qual”;) E
ity, but, as theg factors are all positive, the dependence on .
the number of excited particles is less dramatic tharrfi. i
A full calculation was carried out foP*Ni(2;") which very - et
well agrees with thé=>5 result. It is also evident that for an 0 g ol
inertf,,, shell t=0), the calculations generally overestimate i 06 ]
the g factors supporting the presence of a strong coupling of £ 2 ]
valence particles to an excitédNi core. The same conclu- g f | , ! | L]
sion has been drawn by Otsukaal. [26].|n Monte Carlo S8 60N 2 bay
shell model calculations. In this context, it should be empha- Ni 1 Ni 1
sized that small but significan_t diﬁerer_u:_es in the calculatior_1_s FIG. 8. Experimentay factors of 2 states(solid point3 are
can only be tested through high precision data. Such a criticompared with results from shell model calculations in which the
cal evaluation was not possible with the precision of previ-numpert of nucleons excited from thef@,, shell into the remaining
ous data, which in fact showed better agreement withtthe fp shell orbits(open pointswas varied. The result of a full calcu-

=0 calculationgFig. 8). lation for ®Ni is marked by a star. Lines are drawn to guide the
The calculatedB(E2) values exhibit a similar behavior eye.

8 b ]
5 02f 3 E
< F L

g fan ¥ 353
0.1F
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kb ' ' ' ' and everN=28 isotoneg3]. Similarly, in the present case,
only with the experimental precision provided by the new
] technique, was it possible to show that former calculations of
] the g factor of *®Ni(2;) did not agree with the data. The
] rather sophisticated calculations by Mooy and Glaudemans
] [4] and by Nakadaet al. [6] yieldedg= —0.05 and—0.09,
1 respectively, clearly negative, and in disagreement with the
present result.
] Measurements of lifetimes yielded, for the first time, defi-
. nite values for the 4 states of**Ni and ®Ni. Whereas the
] lifetimes of most states studied were found to be significantly
1 larger than those quoted in the literature, the known
] 82Ni(2;) value was precisely confirmed. The magnitude of
the B(E2) values deduced for the {2-0;) transitions and
their dependence on neutron number indicate some collective
behavior. It is noteworthy that the collectivity reaches its
FIG. 9. ExperimentaB(E2)’s of (2; —0;) in Weisskopf units ~maximum precisely at the middle of tti@ shell(beyond the
(solid pointg are compared with results from shell model calcula- *®Ni core) where the number of particles and holes is equal.
tions in which the numberof nucleons excited from thefg,, shell As a consequence of the gradual filling of thz shell orbits
into the remainingfp shell orbits(open pointg is increased. The the amount of collectivity is reduced as shown by the de-
result of a full calculation for®Ni is marked by a star. Lines are crease ofB(E2) which is further supplemented by recent

B(E2) [W.u.]

O = N W R NN 00D
T

drawn to guide the eye. results for the neutron-ricA®Ni and ®®Ni [27].
In summary of the theoretical situation, baffactors and
V. SUMMARY AND CONCLUSIONS B(E2)’s of the first 2" states of stable Ni isotopes are well

Summarizing the present work, it has been clearly show _eproduced by shell model calculations in a rather large con-

that the new technique of projectile Coulomb excitation in iguration space. The surrender of an inéiti core through

inverse kinematics combined with transient magnetic field§he excitation of more than two particles from the, shell

provides spectroscopic information of high precision and rels revealing of the complex structure pertaining to even these

liability. This finding is especially characterized by the fact sermclosed shell OUde" This scenario s a nece;_gsqrylngredl-
that, in the measurements of series of isotopes like in th&NtiN @n explanation of the positigefactor of the>*Ni(2;)
present case, the same target can be used while the nuclei Yate-
interest are provided by the ion source of accelerators and
through perfect mass separation of the accelerated ions. The
high precision achieved by this technique allows the detec-

tion of subtle effects in nuclear structure and a critical testing The authors are thankful to the operators of the Tandem
of large scale shell model calculations. This strength wasccelerator at Munich for their assistance throughout the
particularly exploited in recent measurements of small bumeasurements. Support by the BMBF and the Deutsche For-
significant differences in the core polarization between oddchungsgemeinschaft is acknowledged.
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