PHYSICAL REVIEW C 89, 064305 (2014)

=

Transition from collectivity to single-particle degrees of freedom from magnetic moment
measurements on 32354 and 33Srs,

G. J. Kumbartzki,” N. Benczer-Koller, S. Burcher, A. Ratkiewicz, S. L. Rice, Y. Y. Sharon, and L. Zamick
Department of Physics and Astronomy, Rutgers University, New Brunswick, New Jersey 08903, USA

K.-H. Speidel
Helmholtz-Institut fiir Strahlen- und Kernphysik, Universitdt Bonn, D-53115 Bonn, Germany

D. A. Torres

Departamento de Fisica, Universidad Nacional de Colombia, Bogotd D.C., Colombia

K. Sieja
Université de Strasbourg, IPHC, CNRS, UMR7178, F-67037 Strasbourg, France

M. McCleskey,! A. Cudd, M. Henry, A. Saastamoinen, M. Slater, A. Spiridon, S. Yu. Torilov,! and V. I. Zherebchevsky*
Cyclotron Institute, Texas A&M University, College Station, Texas 77843, USA

G. Giirdal and S. J. Q. Robinson
Physics Department, Millsaps College, Jackson, Mississippi 39210, USA

S. D. Pain
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

J. T. Harke
Lawrence Livermore National Laboratory, Livermore, California 94551, USA
(Received 12 March 2014; revised manuscript received 5 May 2014; published 10 June 2014)

Background: The §§Sr and )Zr nuclei have been utilized as closed cores for large-scale shell-model calculations
in the 28 < Z < 50 region around the N = 50 shell. Measurements of magnetic moments for nuclei in this
region would provide microscopic information about the use of 38Sr and *°Zr as stable closed-core nuclei. While
the g factors of the 2] states in the stable Sr isotopes have been previously measured, experimental g factors for
the radioactive 32?°Sr have not been obtained to date.

Purpose: The purpose was to measure the g factors of the 2 and 4 states in the unstable 32Sr and *°Sr nuclei in
order to extend the systematics along the Sr isotopic chain. A comparison of the structure of the N = 52 isotopes
90Sr and *?Zr will shed light on the relative robustness of proton subshell closures at Z = 38 and Z = 40.
Methods: The pickup reaction of « particles in inverse kinematics together with the transient field technique
were applied to beams of 8Kr and ®Kr at the Cyclotron Institute of Texas A&M University.

Results: The values g(®*Sr;2)) = +0.44(19), g(®*Sr;4)) = +0.53(39), g(*°Sr;2{) = —0.12(11), and
2(*°Sr; 47) = —0.02(17) were measured for the first time. Simultaneously, the g factors of the low-lying states
in the Coulomb-excited beam projectiles were remeasured. The g(47) = +1.03(14) in 3Kr was also measured
for the first time.

Conclusions: For #2Sr both g factors are in agreement with the collective value Z/A expected for nuclei in the
middle of a major shell. The g factors in °°Sr are negative but smaller than in the isotone **Zr. The results also
indicate that 8Sr is a proton-soft core nucleus and perhaps even softer than *Zr.

DOI: 10.1103/PhysRevC.89.064305 PACS number(s): 21.10.Ky, 25.70.De, 25.70.Hi, 27.50.4-¢

I. INTRODUCTION

The systematics of nuclei within isotopic chains around the
closed neutron shell N = 50 are of longstanding interest [1,2].
Studies of trends in excitation energies and reduced transition
probabilities have been carried out on even-even nuclei
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FIG. 1. (Color online) The g(2}) factors of isotopic chains on
both sides of the closed neutron shell N = 50. The Z/A line represents
an average value for the given range of nuclei.

B(E2; 2;“ — O]L) and B(E2;4;r — ZT), show a marked de-
crease with the corresponding increase in neutron number, with
values consistent with collective excitations below N = 44 and
with single-particle magnitudes above N = 44. Furthermore,
all these values for Kr, Sr, and Zr are remarkably similar.

Studies of Sr and Zr nuclei [5-9] have raised the central
question of whether 55Sr or 30Zr should be considered as the
closed core for shell-model (SM) calculations. Measurements
of magnetic moments of 2} and 4, in °>%*Zr [10] have already
shown that proton excitations play an important role. The
magnetic moment of the 2] state in J9Srsy, the isotone of
%Zrﬂ, could answer the question of whether 88Sror Zris a
better closed-core nucleus.

A compilation of the g factors of the first 2" states from
30Zn to 43Cd is shown in Fig. 1. At the shell closure N = 50,
the positive large g factors indicate dominant single-particle
proton states, while away from this closed neutron shell, both
protons and neutrons contribute to the wave functions. As a
matter of fact, most g(ZT) factors are close to the collective
value of Z/A, although significant deviations in certain
isotopic chains were partially explained by SM calculations.
But Zr with 40 protons clearly stands out. Adding neutrons
beyond N = 50 results in negative g factors. Obviously,
neutron excitation dominates in the structure of these excited
Zr states. If this effect were simply attributed to a 1p;,»
subshell closure for protons at Z = 40, a similar behavior
might be expected for the neighboring Sr isotopes since at
Z = 38 the proton 1p;,, orbital is empty and the 0 fs5,, and
1p3/2 orbitals are completely filled.

Only the three stable 3+86-83Sr isotopes have had magnetic
moments measured [11,12]. The present investigation focuses
on the measurements of magnetic moments of 2 and 4} states
in the outlying unstable 82°°Sr isotopes. Radioactive beams of
Sr isotopes are not yet available. However, a-capture from '>C
by stable beams of 7®86Kr populates states in 8>%°Sr.

The «a-transfer reaction has been observed in nuclei as
light as S [13] and has been used for many studies ranging
from lighter nuclei such as %°Zn [14] to the heaviest one
investigated so far, 100pq [15]. While the details of the
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a-transfer reaction are not yet well described and even
less understood, nevertheless, the body of measurements has
proved to be coherent and robust.

As part of the study, the Coulomb excitation of the 73-8Kr
beams was also examined, both for internal calibration
purposes and for a determination of the magnetic moment of
the 4] state in 36Kr, which had not been measured previously.
In addition, from experiments carried out at three beam
energies, a qualitative measure of the excitation cross section
for the -capture reaction as a function of energy was obtained.

II. THE EXPERIMENT

The transient-field (TF) technique in inverse kinematics was
applied to measure the magnitude and sign of g factors of short-
lived excited states using the perturbed angular correlation
method. The probe ions were Coulomb excited and spin
aligned on a light target material. They subsequently traverse a
polarized ferromagnetic layer where the spin precession occurs
and, finally, stop in a field-free environment. Simultaneously,
when the projectile energies exceed the Coulomb barrier for
the light target nuclei, pickup reactions lead to excited nuclei
suitable for TF measurements.

Isotopically pure ’Kr and 86Kr beams at an average
intensity of ~1 pnA were delivered by the K500 Texas
A&M University (TAMU) cyclotron. Two experiments were
performed. For the first experiment a beam energy of
3.2 MeV/u was chosen. This energy is above the Coulomb
barrier by 9% for 8Kr on '2C and by 6% for 78Kr on >C. It was
found that the yield for the a-transfer reaction with *Kr was

External
Magnetic
Field

®6

,‘:‘: ' 113 Particle
T /Detector
S 6T

Cyclotron Beam

\

B Carbon
. (| Gadolinium
& Tantalum
@ Copper

FIG. 2. Experimental setup. Four clover HPGe y detectors and
a circular (300 mm?) PIPS Canberra silicon surface-barrier particle
detector were located symmetrically around the target. Clovers 2 and
3 were placed in the forward hemisphere at +67°, while clovers 1
and 4 occupied the backward angles at +113°, all at a distance of
120 mm from the target. The particle detector was positioned 20 mm
downstream of the target at 0° to the beam direction and spanned an
opening angle of £24°. Inset: The multilayered target design.
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TABLE I. Composition of the targets used in these experiments.
All thicknesses are given in mg/cm?. Additional copper foils of
5.6 mg/cm? were placed behind the target and in front of the particle
detector to prevent the beam from reaching the detector.

Target C Gd Ta Cu
I 0.9 5.096 1.1 5.03
II 0.62 6.109 1.0 4.84

about 3 times higher than that with 3¢Kr. Therefore, in the sec-
ond experiment 86Kr was run at the lower energies of 3.1 and
3.0 MeV/u. The «a-transfer yields indeed increased upon
lowering the beam energy. A qualitative measure of the
excitation via « transfer was obtained and is discussed below.

The experimental setup is similar to that used in former ex-
periments carried out at WNSL, Yale University. A schematic
is presented in Fig. 2.

The composition of the multilayered targets [16] is reported
in Table I. Target I was used at 3.2 MeV /u, while target II was
used in the second experiment.

Both the Coulomb excitation of beam projectiles and
the o transfer to the beam occur in the carbon layer. The
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FIG. 3. (Color online) Particle spectra and overlaid spectra of
particles in coincidence with y transitions in °*Sr and ®2Sr at the
three beam energies. The lightly shaded areas show AE spectra
of « particles. At the lower beam energies the spectra of the
Coulomb-scattered carbon ions and « particles overlap more and
more. The “cusps” in the spectra are artifacts due to the finite thickness
of the particle detector.

PHYSICAL REVIEW C 89, 064305 (2014)

10000

1000

100

T T

Counts
W
(=)
(=}

sl
(=]
(=}

Aol
(=)
(=}
(3]

i )
(=)
o

1000

IRAL UBmmaai

100

T

10

\
500 1000 1500 2000
Energy (keV)

FIG. 4. Random-subtracted y-ray spectra in coincidence with
forward-scattered carbon particles recorded in a clover segment at
6 = 121°. The ¥’Rb lines in the 3Kr spectrum arise from the proton
pickup reaction '2C(®°Kr,''B)*’Rb, where ''B is indistinguishable
from '?C in the particle spectrum.

reaction products move forward and traverse the gadolinium
and tantalum layers. While the heavier reaction products are
stopped in the copper layer of the target, the lighter products —
carbon nuclei, o particles, and protons — reach the particle
detector.

The target was mounted on the tip of a Displex Closed
Cycle refrigerator, which serves as one pole piece of an
electromagnet. An external magnetic field of 0.07 T was
large enough to saturate the gadolinium layer of the target.
The field direction was reversed every 130 s. The target was
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FIG. 5. Random-subtracted y-ray spectra in coincidence with the
double « peak in the particle spectra showing the transitions in 2Sr
and *°Sr. *>Zr is populated in the *C(®°Kr,a2n)**Zr reaction.
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kept at a temperature of about 50 K during the precession
measurements.

The preamplifier output signals of the particle and y detec-
tors were digitized using a PIXIE-4 digital pulse-processing
multichannel data acquisition system from XIA [17]. The
energies and times were recorded as singles events, from which
off-line event files for particles and y’s with a time difference
of less than +2 us were selected. The y energies of all 16
clover segments were gain matched and Compton addback
was performed for each segment in a clover.

In Fig. 3 particle spectra associated with both the Coulomb
excitation of the beam and the « transfer are shown. Appropri-
ate gates on time and on y energies were applied to produce
the a-particle spectra.

The particle spectrum associated with the «-transfer reac-
tion shows two peaks related to the detection of either both
a particles or only one from the 3Be breakup. The particle
detector is 100 pm thick. Neither « particles (~40 MeV) nor
other light particles stop in the detector.

In Figs. 4 and 5 partial y spectra are shown. In the data
analysis each clover segment (germanium crystal) was treated
as a separate detector.

III. MAGNETIC MOMENT MEASUREMENT

The magnetic moment of a given state is determined
from the measurement of the precession of this moment in
the TF magnetic hyperfine field while the ions traverse the
ferromagnetic foil. The precession gives rise to a rotation of the
particle-y angular correlation. This rotation is obtained from
the change in the intensity of the particle-y coincidence rate
as the direction of the magnetic field at the target is changed
from up to down with respect to the plane defined by the y
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detectors. As fully described in Ref. [18], the precession angle
AB = €/5(0) is derived from double-counting-rate ratios € in
1 dw

the four y detectors. The logarithmic slope S(6) = W@ o

is calculated from the measured angular correlation
W@O)=1+A,- Qs - Py(cosO)+ Ay - Q4 - Py(cos0). €))]

Here the Py (cos6) are the Legendre polynomials of degree &,
the A are the experimental angular-correlation coefficients,
which depend on the multipolarity of the y-ray transition, and
the Qy are the geometrical attenuation coefficients accounting
for the finite solid angle of the y detectors.

The particle-y correlations were determined from
anisotropy ratios. In a dedicated set of measurements opposite
detector pairs were set at 50° and 80°, respectively, in
their specific quadrants, and anisotropy double-ratios, like
those used for the precession measurement, were calculated.
Anisotropy ratios were also derived from the granularity of
the clover segments at the precession angles. The precise
location of the individual clover segments was determined
from detector scans with a collimated '*’Cs source. The
relative energy efficiencies of the segments were measured
with a 2Eu source at the target position and checked with
isotropic y lines in the precession data.

In the y-detection plane two clover segments are separated
by 16°. When using the higher statistics precession data, ratios
of the sums of the up and down y -line intensities in each clover
detector segment, corrected for relative detection efficiencies,
were used to form anisotropy ratios. The intensity ratios for the
59°/75° and 121°/103° data are in all cases >1, confirming
spin alignment even from the weak «-y correlations. Examples
of measured angular correlations are shown in Fig. 6.
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FIG. 6. Angular correlations for Coulomb excitation and « transfer derived from precession data in clover segments. The «-transfer data
for %Sr also include data for clover detectors positioned at 50°, 80°, 100°, and 130°.
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TABLE II. Summary of the kinematic parameters for the
transient-field measurement. (E);, and (E)oy, and (v/vg)i and
(v/vo)ou» are, respectively, the average energies and velocities of the
excited probe ions as they enter into, and exit from, the gadolinium
layer; vy = e?/h is the Bohr velocity. The values are calculated for
the 2" states, at the given beam energies and for the different targets.
T.t, the effective transit time of the ions through the ferromagnetic
layer, takes into account the decay in flight, which is important for
the short-lived states.

EBeam Target (E>in (E>0ut <%>in <%)0ul eff

(MeV/u) (MeV) (MeV) (MeV) (fs)
BKr 32 249.6 I 106 26 7.4 3.7 548
828r I 119 33 7.6 4.0 508
86Kr 32 275.2 I 130 43 7.8 45 228
NSr I 141 49 79 47 461
86Kr 3.1 266.6 1I 137 35 8.0 40 274
OSr II 149 41 82 43 564
8Kr 3.0 258.0 II 132 32 7.9 39 278
OSr 1I 143 38 8.0 4.1 581

The «-transfer reaction populates the nuclear states more
uniformly and with little alignment. The angular correlation is
attenuated and the logarithmic slopes are less than a quarter
of the typical slopes for Coulomb excitation, which severely
constrains the sensitivity of the precession measurements and
can only be compensated for by higher counting statistics.

The kinematic parameters relevant to this experiment
are compiled in Table II. The results of the precession
measurements are listed in Table III.

IV. RESULTS

Below the Coulomb barrier the Coulomb excitation of
the beam projectiles is the dominant reaction channel. At
higher energies, fusion evaporation reactions take over and
flood the particle detector with high-energy light particles.
These particles do not stop in the detector but produce the
intense low-energy peak in the particle spectra. As more
reaction channels open up the Coulomb excitation channel
is increasingly suppressed.

The o pickup is a resonance-like process near the Coulomb
barrier. In earlier measurements it was found that the onset of
« transfer is already observed at beam energies just below the
Coulomb barrier. In order to obtain an excitation yield for the
« transfer at the three 8Kr beam energies, in the absence of
a beam current integration, the yield of Coulomb-excited Gd
y rays in the target was used for normalization. The Coulomb
excitation of Gd by Kr occurs well below the barrier and
its energy dependence was calculated. In Fig. 7 the relative
yields for the Coulomb excitation of the beam particles and
a-transfer reactions are shown for 8Kr at three beam energies.
The Coulomb excitation yield was derived from the intensity
of the combined y peaks at 1534 and 1564 keV (Fig. 4).
The a-transfer yield was taken from the sum of the 824 and
832keV y lines in *°Sr (Fig. 5). The data in Fig. 7 indicate that
the «-pickup cross section decreases rapidly at higher beam
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FIG. 7. (Color online) Energy dependence of the yields for
Coulomb excitation and « transfer with 3Kr beams.

energies. It should be noted that the beam loses about 30 MeV
of its energy in the carbon layer of the target and that therefore
a more quantitative analysis cannot be made.

A. BKr

The dominant feature in the de-excitation of "8Kr is the
2 — 07 transition. Feeding from the 47, 27, and 3| states is
negligible. The g factors obtained in this work are in excellent
agreement with the earlier measurement [20]. A comparison
is reported in Table III. In the older measurements the light
target layer was 2°Mg and the beam energy was below the
Coulomb barrier (less feeding). The new results have slightly
better statistical errors.

B. %Kr

The g(ZT) factor was also measured before [20]. In that
previous experiment the same target was used as for "*Kr. The
beam energy' of 2.67 MeV/u was well below the Coulomb
barrier of 2.87 MeV/u on *Mg. At that energy, only the ZT
state was excited and four 5 x 5-in. Nal crystals were used to
detect the y rays. In the present experiments the 3°Kr beam
energies were above the Coulomb barrier (2.93 MeV /u on
C) and the 4?' and 3| states, which decay into the 2;“ state,
were increasingly excited. The g(41+) = +1.03(14) was never
measured before.

The y line of the 2] — O transition cannot be individually
analyzed. As shown in Fig. 4 (3*Kr), the 1564 keV y line is
fully Doppler shifted. The 2| state has a very short lifetime of
7 = 0.44 ps. The feeding by the 4] state, due to its long lifetime
of T = 4.5 ns, contributes the stopped part of the 2;” — OIL y
line. The 1534 keV decay y rays of the 3] state are also fully
Doppler shifted, setting an upper limit of 300 fs on its lifetime.

Especially at the forward precession angles the different
components, the ZT, 3, and 4]L decay y lines, overlap and

'In Ref. [20] the beam energy was incorrectly reported for 8Kr in
Table I. The correct value is 229.6 MeV.
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TABLEIIL Experimental results for states in 7®86Kr and #°°Sr. Also included are the slopes for full clovers and precession angles. Af(g = 1)
was calculated using the Rutgers parametrization [19]. The lifetimes are taken from the National Nuclear Data Center (NNDC) data base [4].

Egeam I E, T Ab(g=1) |S(67°)] A6 g
MeV /u (keV) (ps) (mrad) (mrad™") (mrad) This work Ref. [20]
78Kr
3.2 2f 455.0 31.3 50.4 2.04(2) 22.4(4) +0.45(2) +0.43(3)
4t 665.0 3.49 46.7 0.80(3) 23.1(22) +0.48(5) +0.46(7)
25 1147.0 5.34 46.0 1.71(4) 25.5(28) +0.55(7) +0.54(10)
86
Kr
3.2 2f 1564.8 0.44 22.2 1.36(5) 22.9(15) +1.03(6)
3.1 26.9 1.48(1) 29.9(17) +1.11(10)
3.0 26.8 1.58(5) 31.9(15) +1.19(8)
Weighted mean +1.10(5) +1.12(14)
3.2 4 685.3 4.5 ns 46.7 0.90(20) 42.3(101)) +0.91(22)
3.1 57.3 0.85(15) 71.1(150) +1.24(27)
3.0 58.3 0.75(15) 58.2(152) +1.00(27)
Weighted mean +1.03(14)
SZSI.
3.2 2f 573.5 12.8 50.3 0.29(4) 22.2(94) +0.44(19)
a7 754.9 1.44 40.2 0.55(6) 21.4(157) +0.53(39)
%SI'
32 2f 831.7 10.1 47.0 0.39(4) —7.6(140) —0.16(30)
3.1 57.6 —0.9(118) —0.02(20)
3.0 58.5 —9.4(88) —0.16(15)
Weighted mean —0.12(11)
3.2 4f 824.2 17.3 47.0 0.56(10) —1.2(112) —0.03(25)
3.1 57.6 3.5(221) +0.06(38)
3.0 58.5 —3.6(168) —0.06(28)
Weighted mean —0.02(17)

cannot be separated. Since a measurement of g(2fr) was not a
primary goal, only the spectra of the two backward detectors,
where the 3] y line was well separated, were analyzed. The
slopes and results are listed in Table III for the three beam
energies. The weighted mean is in agreement with the literature
value of g(ZT). When the forward detectors are included in the
analysis, the result is the same within the errors, which is
not surprising, since g(4f') ~ g(ZT). The 37 — ZT transition
contributes a negligible precession effect because the lifetime
of the 3] state is short and the slope of an E1 angular
correlation at 67° is small.

The reproduction of the earlier Kr measurements confirms
the calibration of the TF and strengthens the confidence in the
current data, an especially reassuring fact when, as in the case
of 2°Sr, small effects are to be expected.

C. %8r

Clean 32Sr y spectra can be produced by gating on the
double-a-peak region in the particle spectra (see Fig. 3). Some
additional intensity in the 82 Sr lines was obtained by extending
the gate to include the single o peak.

D. *Sr

The particle gates have to be chosen carefully to obtain clean
PSr y spectra with low background. Although at the lower

beam energies (Fig. 3) the o-transfer reaction is enhanced, the
Coulomb-scattered carbon ions have less energy and therefore
overlap with the double « peak. Furthermore, the o particles
are more spread out in the spectra. A clean separation of
the different reaction channels is not possible. In addition,

T T T T T T T T T

[\®]
(e}

—_
(9]

Ju—
(e}
T
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(9,
1

S| ¥
0 20 40 60 80
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FIG. 8. (Color online) Corresponding particle yields for the main
reaction channels obtained with the 3.0-MeV /u 3Kr beam. The graph
for 8Kr 2 is scaled down by a factor of 6.
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FIG. 9. (Color online) Comparison of the g factors in the Zr

and extended Sr isotopic chains. The new results (N = 44, 52) are
highlighted. Missing error bars are smaller than the symbol size.

with the 3¢Kr beam a significant one-proton pickup to 8’Rb
occurs. This 2C(®Kr,''B)}"Rb reaction, as well as a strong
12C(80Kr,02n)*?Zr reaction, were observed. Neither reaction
channel was seen with the "*Kr beam (see Fig. 4).

The various overlapping particle yields and their energy
dependences are shown in Fig. 8. The relative yields were
obtained from the intensities of the respective y lines in
spectra gated by particle slices. The strong proton pickup may
be related to the N = 50 structure of 3Kr. The "B nuclei

overlap with the « particles (see 8’Rb and *°Sr in Fig. 8) in the

particle spectra. The 845 keV y line of the %_ — %};5' transition

in 8Rb, = 146(10) fs [21], is fully Doppler shifted and
interferes with the 824 /832 keV lines of *°Sr in the backward
detectors for particles with more than 40 MeV.

The experimental results for 78Kr, 86Kr, 82Sr, and %°Sr are
summarized in Table III and the new Sr results are added to
the systematics of the previously obtained Sr and Zr g factors
in Fig. 9.

V. DISCUSSION AND THEORY

The present measurements encompass three distinct re-
gions, 42 < N < 46, in the middle of a major shell where
collectivity dominates the structure, N = 50, characteristic
of closed-shell nuclei, and N = 52, the onset of the next
major shell. The isotonic pairs of 3gSr and 49Zr isotopes
have very similar structures. The main difference between
them is that in Sr the proton p;/,, orbital is empty, while
in Zr it is filled. As a result, the low-lying states have
almost-equal values of excitation energies, reduced transition
probabilities, and magnetic moments [12]. The measured
g factors of the 27 and 4] states in *Sr, %Sr, and
87r are g(®*Sr;27) = +0.44(19), g(®?Sr;4]) = +0.53(39),
¢(¥*Zr;21) = +0.48(10), and g(®*Zr;4]) = +0.51(23) [22],
all close to ~Z /A, reflecting collective structures.

The structure of nuclei with N = 50 is expected to reflect
mainly proton excitation. In ¥Kr both 2] and 4, states ex-
hibit large g factors, g(86Kr;2]L = +1.10(5) and g(%Kr;4;r =
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TABLE IV. Excitation energies (in MeV) and magnetic moments
(in n.m.) obtained for *°Sr in shell-model calculations based on a 78Ni
core. Proton and neutron contributions to the magnetic moment are
listed separately.

J" E 2 Mp Mn
ZT 0.93 —0.18 0.45 —0.63
4 1.63 —1.36 0.33 —1.69

+1.03(14), comparable to the g(ZT) values observed in the
neighboring 88Sr, 99Zr, and **Mo nuclei of +1.20(9) [11,12],
+1.25(21) [23], and +1.15(14) [24], respectively. These
numbers agree well with +1.35, the Schmidt value for protons
excited into the g9/, orbital, calculated with an effective
gt = 0.75g e [25].

The g factors of the 2 states in the N = 52 isotopes,
9Sr and °?Zr, are smaller than those of the neighboring
even-odd nuclei with N =51, g(89Sr;5/2+) = —0.459 and
g(®'Zr;5/27) = —0.52 [4], which are close to the effective g
factor of a ds/» neutron, —0.57. From a simple SM perspective,
the addition of another neutron in the ds/, orbital should not
change the g factor.

SM calculations for *°Sr and 36Kr have been performed
in a model space outside the "3Ni core containing the proton
0f5/2, 1p3/2, 1P1/2, 0g9/2 and the neutron 1d5/2, 0g7/2, 1d3/2,
2512, Ohy1/, orbitals. The effective interaction for this valence
space has been constructed by monopole corrections of the
realistic G matrices based on the CD-Bonn potential [26,27].
Details of this procedure can be found in [2]. The interaction
has been previously employed in a large number of studies
of neutron-rich nuclei with Z = 3240 and N = 52-56
(see, e.g., [28-30]). In particular, it has been successful in
the description of excitation energies of °>-%°Sr isotopes [31].

The Hamiltonian matrices’ diagonalization in the complete
model space has been achieved with the j-coupled code
NATHAN [32]. In the calculations of magnetic moments, a
standard M1 operator has been used with the 0.75 quenching
of spin g factors.

The results of SM calculations for *°Sr are summarized
in Table IV, where the excitation energies and magnetic
moments of the lowest excited states are listed. The total
contributions of protons and neutrons to the magnetic moments
are given individually. As reported in Table V, fair agreement
is found between theoretical and experimental results. The
SM correctly predicts the sign and magnitude of the magnetic
moments; however, the absolute value for the 4;r state is

TABLE V. Comparison of experimental (Expt.) g factors with
results of large-scale shell-model calculations using a "®Ni core.

8Kr (this work)  59Sr (this work) %7Zr (published)

Expt. SM

g2f) +1.105) +1.03 —0.12(11) —0.09 —0.18(1) —0.24
g4 +1.03(14) +0.99 —0.02(17) —0.34 —0.50(11) —0.43

Expt.  SM  Expt.[10] SM [2]
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slightly overestimated. One should note that the final value
of the magnetic moment results from a cancellation between
the large negative value for neutrons and the smaller posi-
tive contribution from the proton part. The nonzero proton
contribution comes from the excitations of the f5,, and p3/,
protons to the p;/, and gg,» shells, whose summed occupation
is 1.3 particles in the 2] and 1.25 particles in the 4] state. The
amplitude of the neutron contribution is maximal when the two
neutrons occupy the ds; shell. The ds > occupation obtained in
these configuration-mixing calculations is large: 1.75 particles
in the 2] and 1.9 particles in the 4;. The fact that, instead of
2, only 1.75 neutrons in the ds, shell are sufficient to account
for the g factor of the 2;“ state suggests that neutron-neutron
interactions probably also contribute to the reduction of the g
factor. Something similar has been observed in the 0ds, shell
in oxygen isotopes. Their measured g('70;5/2%) = —0.7575
and g(180;2f) = —0.29 were reproduced in calculations with
the USD interaction [33] in the sd shell with neutrons
only (g = —0.65 and g = —0.35, respectively), implying that
neutron-neutron interactions are responsible for this effect.

88Sr has been previously used as a doubly magic core in
SM calculations for Zr isotopes [5]. However, it has been
suggested in Ref. [2] that the proton excitations are important
in the description of the low-lying excited states in this region.
In the latter SM calculations using the 78Ni core, ®Sr is
predicted to have 60% of the closed-shell configuration in
its ground state. In comparison with the results with a 78Ni
core presented in Table IV, the calculations with the 33Sr core
and the interaction from Ref. [5] give larger negative values
of the magnetic moments in *°Sr (—0.31uy for the 2] and
—1.90uy for the 47), confirming further the non-negligible
role of the proton excitations across the Z = 38 gap that are
included when a "8Ni core is used.

The SM calculations using the 7®Ni core and the ex-
tended model space yield, for %Kr, g(2/)=+1.03 and
g(4;’) =+0.99. All these results are in good agreement with
the measured g factors. The experimental data and the SM
calculations are summarized in Table V.

VI. SUMMARY

Magnetic moment measurements of the 2;“ and 4?’ states
were carried out in 8Sr and °Sr nuclei, which extend the Sr
isotopic chain on both sides of the line of stability. The isotopes
were populated by the a-transfer reaction from a 'C target to
beams of stable "8Kr and %K.

The lighter 32Sr, with N = 44 neutrons, lies in the middle
of a major neutron shell. Collectivity is therefore expected
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to characterize its structure. In contrast, for the heavier °Sr,
lying above the line of stability, with two neutrons beyond the
magic N = 50 shell, single-particle degrees of freedom should
be the dominating feature of the nuclear structure. Both these
expectations have been confirmed by the present experiments.

The values of the g factors of the 2] and 4] states in *°Sr
provide information about the integrity of 38Sr as a closed-
core nucleus. The observed negative magnetic moments indeed
confirm the expected dominance of neutrons in the structure
of these states; however, the smaller-than-expected measured
g-factor values suggest that the 33Sr core proton excitations
also play an important role. The same arguments were used
before [10] to explain the measured moments for the 21+ and
47 states in **Zr. Furthermore, the comparison of the measured
values of the 4? states of *Sr and °?Zr [with the magnitude
of the negative g(4;) factor of **Zr being significantly larger
than the corresponding value of °Sr] indicate that 38Sr is a
proton-soft core nucleus and probably even softer than *Zr.
The present and former SM calculations for these two nuclei
are generally in good agreement with these observations, as
demonstrated by the close reproduction of the experimental
g(2T) factors. However, the calculations of the g(4T) factors
seem to underestimate the proton contributions, which are
manifested in the almost-vanishing experimental g(4;") factor
in 2Sr.

As a corollary, and as an additional check on the calibration
of the TF, the magnetic moments of the 2F, 4;”, and 2;“ states in
78Kr were remeasured. In this experiment at the higher beam
energies, the 4] state of 86Kr was also strongly excited and its
magnetic moment was measured for the first time.
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