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Sign of the g factor of the 4+
1 state in 68Zn
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In two recent papers a negative g factor was reported for the 4+
1 state in 68Zn. The negative sign is unexpected.

It is not consistent with the systematics of g factors in the neighboring Zn and Ge isotopes and could not be
explained by shell-model calculations even when significant contributions of the 0g9/2 neutrons were included.
Therefore, an independent g factor measurement was performed, using 68Zn projectiles which were accelerated
to a higher energy in order to obtain a higher yield for the 4+

1 state. The new measurement yielded a positive
g factor, g(4+

1 ) = +0.6(3), which agrees with the results of full fp spherical shell model calculations, as well as
with Z/A, the collective model prediction.
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The measured signs and magnitudes of the magnetic
moments of nuclear states provide information sensitive to the
respective neutron and proton contributions to the wave func-
tions of these states. In two recent publications [1,2] a negative
g factor was reported for the 4+

1 state in 68Zn. This negative
sign is surprising because it disagrees with the systematics of
g(4+

1 ) factors in this region. According to Refs. [1,2] the sign
and magnitude of this g factor indicate and require strong
contributions from neutron excitation into the g9/2 orbital.
However, detailed shell-model calculations presented in those
two papers could not reproduce a negative value, even when
significant contributions of the 0g9/2 neutrons were included.

Substantial deviations of a measured moment from the
results of shell-model calculations and from systematics of
the data for neighboring nuclei raise questions about our
understanding of the underlying nuclear structure and call for
additional experimental work to clarify the situation.

The g-factor measurements of short-lived and weakly
excited states, using the transient field method, are especially
difficult and present major experimental challenges. In the
first such experiment [1] to measure the g(68Zn,4+

1 ) NaI
detectors were used. The γ -ray line corresponding to the
4+

1 → 2+
1 transition sits on top of a substantial Doppler shifted

Compton background (including the Compton edge) from the
3−

1 → 2+
1 transition; furthermore, it is not resolved from the

2+
3 → 2+

1 transition. This makes it difficult (see Fig. 3 in
Ref. [1]) to subtract unambiguously the background under
the 4+

1 → 2+
1 transition. That experiment yielded a precession

of �θ = −11(5) mrad, consistent (in the notation of [1]
Eq. (1), which uses a sign convention opposite to the standard
convention in the field of hyperfine interactions [3]) with a

*Present address: GSI, Gesellschaft für Schwerionenforschung
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negative g factor for the 4+
1 state. Since this negative value

was unexpected, this result stimulated a follow-up experiment
by the same group. The second measurement [2] again utilized
the transient field technique but used high resolution Ge
detectors. The data had low statistics, yielding a precession
angle of �θ = −6(8) mrad which, however, does not exclude
a negative sign for the g factor.

This paper reports on a remeasurement of the g factors of
the 2+

1 , 2+
2 , 4+

1 , and 3−
1 states (Fig. 1) of 68Zn, with special

emphasis on the sign of the 4+
1 g factor. The transient

field technique was used on projectiles excited in an inverse
kinematic condition. The current experiment is essentially a
repeat of the experiment of Ref. [2] except for the larger γ

detectors (Clover type) and the higher beam energy, which
results in a higher excitation cross section for the 4+

1 state.
A beam of isotopically pure 68Zn was accelerated to

energies of 180 and 200 MeV at the ESTU Tandem of the
Wright Nuclear Structure Laboratory at Yale University. The
target consisted of a 0.42 mg/cm2 carbon layer deposited on
3.24 mg/cm2 gadolinium evaporated onto a 1.4 mg/cm2 tanta-
lum foil backed by 3.5 mg/cm2 copper. A 5 µg/cm2 titanium
flashing was added between the carbon and gadolinium to
ensure good adherence of the carbon. The magnetization of
the target was measured as a function of the temperature in the
range between 25 K and 150 K in an AC magnetometer [4]. It
was found to be M = 0.1726 T, approximately constant from
60 K to 120 K. An additional copper foil of 11.2 mg/cm2 was
placed behind the target to stop the beam.

The beam projectiles which are Coulomb excited in the
carbon layer are stopped in the copper backing of the target.
The scattered carbon ions, as well as light particles from
reactions were detected in a PIPS Canberra particle detector
positioned 26 mm downstream of the target and subtending
an angle of ±20◦. The γ rays were detected in four HPGe
Clover detectors mounted outside of the vacuum chamber, at
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FIG. 1. Energy level diagram of the low-lying levels and transi-
tions in 68Zn.

129 mm from the target. All particles and γ rays were recorded
as singles in a PIXIE-4 system from XIA [5]. From the trigger
times for each singles event, particle-γ coincidence spectra
were constructed offline.

Figure 2 shows a 12C-γ coincidence spectrum obtained for
a beam of 200 MeV. Compton scattered γ -rays were added
back to the spectra of each individual detector segment. The
particle-γ coincidence condition ensures that only Coulomb
excitation in the carbon layer is considered. The energies and
velocities of the probe ions entering and exiting the gadolinium
foil are summarized in Table I.

Two quantities are required to determine a g factor: the spin
alignment of the state, determined from an angular distribution
measurement, and the spin precession, determined from a
measurement of the rotation of this angular distribution.

Particle-γ angular correlations, W (θ ), were determined
for each state from an anisotropy measurement in which
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FIG. 2. A random subtracted 12C-γ -coincidence spectrum for one
segment of a Clover detector at 66◦.

TABLE I. Summary of beam energies, angular momenta and
parity of each excited state, and kinematics of the recoiling ion.
The 〈E〉in and 〈E〉out, and 〈v/v0〉in and 〈v/v0〉out, are, respectively,
the average energies and velocities of the excited 68Zn ions as they
enter into and exit from the gadolinium layer; v0 = e2/h̄ is the
Bohr velocity. �θcalc is the expected precession for the target and
kinematic conditions of this experiment for g = 1 using the Rutgers
parametrization [6].

Ebeam Iπ 〈E〉in 〈E〉out 〈 v

v0
〉in 〈 v

v0
〉out �θcalc(g = 1)

MeV MeV MeV mrad

180 2+
1 80.9 32.7 6.93 4.40 23.7

200 2+
1 91.5 40.6 7.36 4.91 22.9

200 2+
2 92.0 41.0 7.38 4.93 21.7

200 4+
1 92.3 41.2 7.40 4.94 20.7

200 3−
1 92.5 41.4 7.41 4.95 14.9

each of the four Clover detectors was alternately placed at
two angles: θ1 = 50◦, close to a maximum, or θ2 = 80◦,
near a minimum of the angular correlation (see Ref. [7] for
more details). The experimental A

exp
2 and A

exp
4 coefficients,

as well as the logarithmic slopes of the angular correla-
tions, S(θγ ) = 1

W (θγ ) · dW (θγ )
dθ

, were derived for each transition
from the measured anisotropy ratios R as described in
Ref. [7].

For the precession measurements the target was mounted on
the tip of a closed-cycle refrigerator and kept at a temperature
of about 60 K. An external field of Bext = 0.07 T was applied
alternately up (↑) or down (↓) with respect to the γ -ray
detection plane; the field direction was changed every 136 sec.
The four Clover detectors, 1 to 4, were placed at angles of
+114◦,+66◦,−66◦, and −114◦, respectively, with respect to
the beam axis, where the logarithmic slope of the angular
distribution is optimal.

The precession angle �θ = ε/S was determined from
the ratios of the peak intensities N↑ and N↓, which were
extracted from the spectra for each individual detector [8]. The
precession effect ε = (ρ − 1)/(ρ + 1) was then determined
from quadruple ratios involving the four detectors:

ρ = √
ρ1,4/ρ2,3 where ρi,j =

√
(N↑

i · N
↓
j )/(N↓

i · N
↑
j ).

(1)

In order to obtain a negative g(4+
1 ) the precessions for the

2+
1 → 0+

1 and 4+
1 → 2+

1 transitions should have opposite signs.
In Fig. 3 the effect ratios, ε, are shown separately for the
different runs during the experiment. The runs are arbitrarily
split from each other, and the ε’s are displayed from left to
right for successive runs. Also shown for each run, denoted by
triangles, are effects εc = (ρc − 1)/(ρc + 1) calculated from
so-called “cross ratios” ρc = √

ρ1,3/ρ2,4. These are obtained
from the same data for detectors grouped into pairs, which
should always yield a zero effect. The points on the extreme
right site of the graph are the weighted averages of all runs.
It is seen that the two triangles which represent the weighted
averages of the cross ratios indeed have zero values. The top
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FIG. 3. (Color online) Precession effects for the 2+
1 and 4+

1 states
in 68Zn for arbitrarily split runs. The squares are the effect ratios,
ε, the triangles are “cross ratios” of the same data for detector pairs
which should have no net precession.

of Fig. 3 shows the good overall quality of the experiment. A
comparison of the upper and lower parts of Fig. 3 indicates
that the two ε’s, for the 2+

1 and the 4+
1 states, have the same

sign. Since the slopes, S, for both transitions have the same
sign, it follows that the g factors have the same positive sign.

Finally, the g factors for each state were extracted from the
corresponding measured precession angles, �θ , using

�θ = −g · µN

h̄
·
∫ tout

tin

BTF(v(t), Z) · e−t/τ dt. (2)

Here BTF, the transient field, is a function of both the velocity
v and the atomic number Z of the projectile ion, τ is the
mean lifetime of the state being considered, and tin and tout

are the mean entrance and exit times of the ions into and out
of the ferromagnetic gadolinium layer. The value of BTF was
derived from the Rutgers parametrization [6]. In general, in the
velocity regime of this experiment, the Bonn [1] and Rutgers
parametrizations are in good agreement, and any difference
between them leads only to a small change in the absolute
value of g, but not in its sign. The calculated precessions,
�θcalc(g = 1), are listed in Table I.

The results of the measurements of the current experiment
are presented in Table II together with the weighted averages
of the g values from Refs. [1,2]. The accuracy of the g(2+

1 )
measured at 180 MeV is limited due to a short runtime. The
data for the 2+

1 → 0+
1 transition were corrected for the feeding

from higher excited states. At 200 MeV, even though good
statistical accuracy was obtained for the 2+

1 → 0+
1 transition,

substantial feeding corrections contribute to the large error.
There is excellent overall agreement between the results of

the present work and those of [1,2] with the sole exception of
the sign and magnitude of g(4+

1 ).
The last column in Table II refers to the results of

calculations that were carried out using the computer code
ANTOINE [9] and the GXPF1A interaction [10] in the full fp
shell model space. The GXPF1A interaction provided the best
agreement with the experimental data. These results suggest
that the observed g factors in 68Zn can be explained without
including the g9/2 orbital in the shell model space. However,
due to the large errors in g(4+

1 ) one cannot rule out some g9/2

admixture.
In an effort to calculate a negative g(4+

1 ) the authors of
Refs. [2,11] have included the g9/2 orbital in their shell model
calculations. Their latest results, labeled SM-4 in Ref. [11],
yield g(4+

1 ) = +0.003. In addition, this calculation fails badly
in its prediction for the 2+

1 state, yielding g(2+
1 ) = +0.148.

The negative sign measured in Refs. [1,2] for the
g(4+

1 ,68Zn) raised the question of whether there was a
similar negative sign for the g(4+) in the isotone 70Ge [12].

TABLE II. Level energy Ex , spin and parity, mean life, logarithmic slopes S(θγ ) of the angular correlations, measured precession angles
�θ , experimental g factors and theoretical predictions.

Ex Iπ τ (ps) Ref. [1] Transition |S(66◦)| �θ (mrad) g

this work Refs. [1,2] theory

1077.4 2+
1 2.33(3) 2+

1 → 0+
1 2.21(2) −12.5(13) +0.53(6)a +0.48(3) +0.58

2.01(7) −12.4(14) +0.54(6)b

1883.1 2+
2 1.5(1) 2+

2 → 0+
1 1.11(10) −11.8(55) +0.6(3) +0.50(11) +0.88

2417.4 4+
1 1.14(6) 4+

1 → 2+
1 0.86(8) −12.1(70) +0.6(3) −0.37(17) +0.65

2750.4 3−
1 0.37(1) 3−

1 → 2+
1 0.35(3) −4.9(61) +0.3(4) +0.4(3)

aEbeam = 180 MeV.
bEbeam = 200 MeV.
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Preliminary data obtained at Yale earlier did not support
that suggestion [13]. A new subsequent recent measurement
yielded unambiguously a positive sign for the g factor of the
4+

1 state in 70Ge [14].
The authors are indebted to the staff of the Wright

Nuclear Science Laboratory for their assistance during the

experiment. The target used in this experiment was prepared
by Dr. P. Maier-Komor (Physik-Department der Technischen
Universität München, D-85748 Garching, Germany). The
work was supported in part by the U.S. National Science
Foundation, and the U.S. Department of Energy under Grant
No. DE-FG02-91ER-40609.
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