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First g(2+) measurement on neutron-rich 72Zn, and the high-velocity transient field technique
for radioactive heavy-ion beams
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The high-velocity transient-field (HVTF) technique was used to measure the g factor of the 2+ state of 72Zn
produced as a radioactive beam. The transient-field strength was probed at high velocity in ferromagnetic iron
and gadolinium hosts using 76Ge beams. The potential of the HVTF method is demonstrated and the difficulties
that need to be overcome for a reliable use of the TF technique with high-Z, high-velocity radioactive beams are
revealed. The polarization of K-shell vacancies at high velocity, which shows more than an order of magnitude
difference between Z = 20 and Z = 30 is discussed. The g-factor measurement hints at the theoretically predicted
transition in the structure of the Zn isotopes near N = 40.
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I. INTRODUCTION

The neutron-rich N = 40 region is often discussed in
relation to the competition between single-particle-based
structures as observed in the Z = 28 Ni isotopes and the col-
lectivity observed in the Z = 26 and Z = 30 isotopes in their
immediate vicinity [1–4]. Nuclear gyromagnetic ratios, with
their sensitivity to the single-particle properties of the nuclear
states, can provide a sensitive probe of this interplay. Whereas
the g factors of the 2+ states of the stable Ni isotopes show
predominantly single particle behavior, consistent with shell
model structures [5], those of the nearby Zn and Ge isotopes [6]
show a trend consistent with the Z/A rule, characteristic of
collective states. Particular interest in the Zn isotopes (Z = 30)
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arises from a number of theoretical calculations [7–9] which
predict a change in the structure of the Zn isotopes around
N = 40. However these calculations, which differ in the
size of the basis space and the nucleon-nucleon interactions
employed, make very different predictions for the strength of
this transition and how sudden or gradual it might be. The g

factor of the last stable isotope 70Zn does not deviate strongly
from Z/A. In this work we seek to extend the g-factor data to
neutron-rich 72Zn where, according to some of the theoretical
calculations (e.g., Ref. [9]), a strong deviation of the g factor
from the hydrodynamical limit might occur.

Gyromagnetic-ratio measurements on excited states of
radioactive beams are challenging and the number of cases
studied to date is limited [10–15]. The techniques used
successfully are the conventional transient-field (TF) method
at “low” ion velocities [10,15], recoil in vacuum (RIV)
[11,14], and high-velocity transient field (HVTF) [12,13].
Of the available techniques only HVTF is applicable for the
high-energy beams produced by fragmentation facilities.

We use the terminology “HVTF” to designate measure-
ments in which a projectile nucleus is excited in a glancing
collision on a heavier target; it then scatters forward out of the
target into vacuum and is subsequently detected downstream
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near the beam axis. Often the beam energy is above the
Coulomb barrier for a head-on collision between projectile
and target nuclei. In contrast the “conventional” low-velocity
TF method is typically performed at energies below (or near)
the Coulomb barrier for head-on collisions, and the reaction
geometry usually corresponds to backward scattering in the
center-of-mass frame.

In all cases, the transient-field technique is based on the
strong magnetic fields experienced by ions swiftly moving
through ferromagnetic hosts. This field is created by the atomic
electrons bound to the ion which create hyperfine fields at
the nuclear site. In order to obtain a macroscopic net field, a
significant fraction of these electrons must have a preferred
spatial orientation. In other words, the electrons bound to the
moving ion must be polarized. The magnetic field so created
can then be sufficiently strong as to perturb significantly the
nuclear state of interest within its lifetime. The strongest
hyperfine fields, created by the contact field of the K-shell
electrons, have a strength proportional to the Z3 of the ion (see
below). For example, the calculated K-shell contact fields for
Zn and Ge are 485 and 596 kTesla, respectively.

The highest probability of having a single K-shell (or
1s) electron bound to the moving ion occurs when the
ion velocity is comparable to the K-shell electron velocity
vion = vK = Zv0, where v0 = c/137 is the Bohr velocity.
Therefore it can be expected that the maximum of the transient
magnetic field occurs around vion = Zv0. Indeed this is what
has been observed for light nuclei with atomic numbers
between 6 and ∼20 (see Ref. [2] and the references therein).
At first sight, it might be expected that the transient-field
at velocities near vion = Zv0 might show a Z3 dependence
similar to that of the 1s contact field. A much weaker Z

dependence is in fact observed, although the transient fields
for ions moving at Zv0 do increase steadily with Z while
Z � 20 [2,16]. Based on these experimental observations, the
high-velocity transient-field (HVTF) technique was developed
[12,13]. For light ions this method provides strong fields and
large precessions per unit g factor, that can be used for g-factor
measurements on low-intensity fast radioactive ion beams. For
example, the precession angle in measurements on radioactive
beams with Z ∼ 16 can be around 200 mrad per unit g

factor [12,13,16].
However, for applications of the method to heavier ions,

the velocity- and Z-dependence of the polarization process
must be reconsidered. During the passage of the fast-moving
ions through the host material there are multiple interactions
in which electrons are picked up and lost. Somehow the
polarization must be transferred to the moving ion from
the ferromagnetic host. The polarized electrons in iron are
conduction electrons; in gadolinium they occupy the bound
outer shell 4f orbit. In both cases the velocities of the
polarized electrons in the host are much smaller than the
K-shell electron velocities for heavy projectile ions. For light
ions (Z < 20) the degree of polarization for single K-shell
electrons has been found to be largely independent on the ion
velocity up to vion ∼ Zv0 [2,16–20]. However as Z increases
the difference between Zv0 and the velocity of the polarized
electrons increases. It cannot be assumed that the polarization
does not change for ions moving at velocities near Zv0 as

Z increases. Indeed the experimental results for high-velocity
52Cr ions (Z = 24) [21] indicate that the trend of a steady
increase of the transient field with Z and toward vion = Zv0

does not persist (see also [16]). The behavior of the transient
field and its consequences for the general applicability of the
HVTF method for higher velocity heavier ions produced at
fragmentation facilities was therefore investigated as part of
this work.

In Sec. II we will discuss the general considerations for the
preparation of the experiment. The experimental details will
be presented in Sec. III and the analysis procedure will be
outlined in Sec. IV. The experimental results will be discussed
in Sec. V both from nuclear structure perspective and the
general applicability of the HVTF technique to high-velocity
(vion ∼ Zv0) and high atomic number (Z > 30) radioactive
ion beams.

II. EXPERIMENTAL DESIGN

As noted above, the HVTF technique is the only method that
can be used on radioactive nuclei produced at fragmentation fa-
cilities to measure the g factors of excited states with lifetimes
in the picosecond range. The only previous radioactive beam
measurement by this method, on 38S and 40S, was performed at
NSCL [12,13]. Similar measurements on stable beams include
studies on high velocity 32S, 40Ar, and 52Cr [21–24].

Figure 1 shows a sketch of the experimental setup. The ion
beam impinges on a secondary target, which typically consists
of two layers. The first layer is a high-Z material which serves
to excite the 2+

1 state of the beam nuclei via intermediate
energy Coulomb excitation. It may also serve to slow the beam
velocity to the regime near Zv0 so that the transient field can
act in the subsequent ferromagnetic layer of the target. After
passing through the second (i.e., ferromagnetic) layer of the
target, where it experiences the transient field, the excited
beam ion emerges into vacuum. As will be discussed below,
a single target layer of gadolinium can serve to both excite
the nuclei and provide the ferromagnetic medium. For states
with picosecond lifetimes, the excited state of the beam ion

FIG. 1. Experimental setup, from above. The beam traverses the
target and is detected in the forward direction. The target is polarized
by an external magnetic field Bext directed perpendicular to the page.
The de-excitation γ rays are detected by eight EXOGAM detectors.
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TABLE I. Excitation energies, E(2+), reduced transition rates,
B(E2; 0+ → 2+) = B(E2) ↑, and mean lifetimes, τ (2+), of 2+

1

levels.

Nuclide E(2+) B(E2) ↑ τ (2+)
[keV] [e2fm4] [ps]

76Ge 563 2680(80)a 26.9(8)a

72Zn 653 1740(210)b 19.8(24)c

aReference [32].
bReference [33].
cFrom B(E2) Ref.

decays by γ -ray emission within a few hundred microns after
the target. If the ion carries atomic electrons there may be
vacuum deorientation effects [25]. The excited beam ions are
subsequently detected in the particle detector downstream,
in coincidence with γ rays detected by the EXOGAM
detectors.

There are competing requirements that the ion must carry
electrons inside the ferromagnetic medium in order to generate
the transient field, but yet be as free of electrons as possible
when it emerges. The velocity of the excited beam ion must
be near Zv0 as it traverses ferromagnetic medium in order
to optimize the transient-field precession [16]. At the same
time, high charge states (corresponding to no more than a
few electrons bound to the ion) are needed to minimize the
effect of vacuum deorientation when the ion exits from the
target.

The beam energy, target materials, and opening angle
of the particle detector should be chosen so that “safe”
Coulomb excitation occurs for all events recorded. There will
be excitation on the ferromagnetic layer as well as on the
target layer, which must be considered when designing the
experiment.

Two materials can be considered for use as the ferromag-
netic layer, namely iron and gadolinium. Each has advantages
and disadvantages. Gadolinium has a lower stopping power
than iron, allowing for a longer interaction time of the ion
with the transient field. It is also easier to achieve “safe”
Coulomb excitation on gadolinium than iron. However, its
low Curie temperature (293 K [26]) requires the use of
on-line cooling techniques. In contrast, iron is ferromagnetic
at room temperature. The higher stopping power in iron
can be advantageous when the half-life of the state to be
measured is comparable with the interaction time, i.e., for
fast beams (v ≈ Zv0) and short-lived states with lifetimes

of a few picoseconds, as was the case in the measure-
ment on 38S reported in Ref. [12]. In short, the choice of
the ferromagnetic material has to be considered carefully
case-by-case.

With gadolinium hosts somewhat higher magnetic fields
can be reached for light ions [2], however for low-velocity
heavier ions the transient fields in iron and gadolinium hosts are
usually comparable [27]. Whereas the transient field strength
has been measured in gadolinium at Zv0 for Z = 24, there
have been no high-velocity calibration measurements on iron
hosts for Z > 14. Prior to the present experiment there were
no experimental data to indicate which host might produce the
larger fields for high-velocity Z ∼ 30 heavy ions. Therefore
the TF strengths were measured both in iron and gadolinium
hosts with 76Ge beams.

The present experiment was designed by making use of
the GKINT code [28], which calculates the kinematics, cross
sections and other relevant quantities for the transient-field
measurements, based on the theory of intermediate energy
Coulomb excitation as developed by Bertulani et al. [29,30].
Table I summarizes the relevant properties of the 2+

1 levels in
72Zn and 76Ge. For 76Ge, g(2+

1 ) = +0.383(20) [31] is known
with sufficient precision to provide a calibration of the TF
strength.

III. EXPERIMENTAL PROCEDURES

The experiment was performed at the GANIL facility using
a 76Ge primary beam at 59 MeV/nucleon. Table II gives a
summary of the beams, secondary targets and duration of each
measurement.

The first measurement (Run I) used a Pb foil without
any ferromagnetic layer. The purpose of this rather short
run was twofold: First, it was intended to help evaluate the
degree of excitation on the iron layer of the target used
in Run II, some of which was unsafe and could not be
calculated reliably. Second, this measurement gave additional
angular correlation data to help evaluate the effects of vacuum
deorientation.

In Runs II and III the known g factor of the 2+
1 state

of the 76Ge beam was used to calibrate the strength of the
transient field. In order to achieve a velocity range straddling
Zv0 for the ions traversing the iron and gadolinium layers of
the targets, and experimental conditions similar to the 72Zn
case, the 76Ge energy was degraded down to 38 MeV/nucleon
using a 195.5 μm thick Al primary target, and a 553 μm
wedge-shaped Be degrader.

TABLE II. Summary of the different runs performed during the experiment.

Run Beam Energy Target Thickness Intensity Duration
[MeV/nucleon] [mg/cm2] [pps] [hours]

I 76Ge 37.8 208Pb 113 6 × 106 1
II 76Ge 37.8 208Pb + Fe + C 91 + 94 + 1 6 × 106 11.5
III 76Ge 37.9 Gd + C 204 + 2 6 × 106 4.5
IV 72Zn 36.5 Gd + C 204 + 2 2.8 × 105 30
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The secondary target for Run II consisted of a 208Pb
91 mg/cm2 layer attached to a ferromagnetic layer of annealed
iron 94.3 mg/cm2 thick. To ensure adhesion, an intermediate
layer of 300 μg/cm2 indium was used, and the foils were
pressed together. The 2+ state of 76Ge was predominantly
populated in the Pb layer (≈60% of the total Coulomb
excitation). The remaining excitation of the beam took place
on the iron layer. A thin layer of carbon on the back of the
target was added to help raise the charge state of the ion and
hence reduce vacuum deorientation effects (see below).

In Runs III and IV the target was a single-layer of
204 mg/cm2 Gd, which was used both for the Coulomb
excitation of the 2+ states and as ferromagnetic layer. A thin
carbon layer was again added to increase the charge state
of the exiting ions. The combination of Coulomb-excitation
target and ferromagnetic host by means of a single gadolinium
layer can be treated in a straight forward way using the GKINT

code. This method has also been used to study high-velocity
transient fields acting on Mg ions [34].

The magnetization of the targets was measured off line.
These measurements showed that the iron targets can be
safely assumed to be fully saturated under the conditions
of the experiments. Such thick gadolinium foils have not
been used previously for transient-field measurements. Along
with the magnetometer measurements, the magnetic behavior
of gadolinium foils was therefore also measured in-beam at
the Australian National University using 40 MeV 16O beams
from the ANU 14UD Pelletron and procedures as described
in Ref. [35]. The temperature dependence and sensitivity to
the applied field was investigated. From both the in-beam
and off-line measurements it was concluded that, under the
conditions of the HVTF experiment, the magnetization of the
204 mg/cm2 gadolinium foil was at least 85% of that routinely
achieved in transient-field measurements using thinner foils
[35]. Note that a reduced magnetization will reduce the
magnitude of the observed transient-field precession, but have
no direct consequence for the measurement of the 72Zn g factor
relative to that of 76Ge.

Since the precession effect observed with the iron host
(Run II) was consistent with zero, despite the relatively high
statistics, the gadolinium target was used for the g-factor
measurement on 72Zn (Run IV).

Run IV was performed using a radioactive beam of 72Zn.
The nuclei of interest were produced by intermediate-energy
projectile fragmentation of 76Ge on a 500 μm Be target. The
reaction products were separated using the LISE spectrometer
[36]. Further purification of the beam was obtained by means
of a 416 μm Be wedge degrader. A beam purity of ∼75%
was achieved. No beam contaminant lines were visible in the
relevant region of the γ -ray spectrum. The beam size on the
target was limited by upstream slits to be less than 15 mm,
well within the 20 mm separation of the pole tips.

In all of the runs the scattered particles were detected with
a plastic scintillator detector covering angles between 3◦ and
5.5◦ with respect to the beam axis, measured in the laboratory
frame. The particle detector of 140 mm diameter was placed
73 cm down stream of the target to set the maximum scattering
angle. Energy, and time of flight as determined relative to the

radio frequency of the cyclotron (10.88 MHz), were stored for
each particle-γ event.

Direct beam (θ < 3◦) was suppressed by placing a mask
(90 mm diameter) in front of the particle detector. This angular
selection also favored Coulomb excitation over Rutherford
scattering [28]. For the 72Zn measurement the count rate in
the particle detector was reduced by a factor of about 6, to
∼50 kHz, by use of the mask. The upper limit of the angular
coverage of the particle detector (5.5◦) was chosen in order to
select events of “safe” Coulomb excitation, avoiding impact
parameters at which nuclear interactions between the beam
and the target nuclei can occur. (The grazing angle at the front
of the gadolinium layer is about 5.6◦ for the 76Ge beam, and a
little higher for 72Zn.) Since the particle-γ angular correlation,
W (θ ), can be calculated by first principles in Coulomb
excitation, with the exception only of the recoil in vacuum
(RIV) component, selecting “safe” Coulomb excitation events
helps reduce experimental uncertainties in the determination
of the particle-γ angular correlation.

Eight EXOGAM detectors [37] were used to detect the γ

radiation from the de-excitation of the states of interest (see
Fig. 1). Each EXOGAM detector is composed of four HPGe
crystals with a fourfold segmentation. This gives enhanced
angular granularity and reduces significantly the Doppler
broadening. The detectors were positioned in the horizontal
plane at distances of 24.5 cm from the target position. The total
photo peak efficiency of the setup was estimated to be εγ ≈
4.0% at 1332 keV. Six detectors were placed at angles with
the highest sensitivity to the precession effect (±26◦, ±127◦,
and ±154◦) while the two remaining detectors (positioned at
+ 90◦ and −60◦) were included to obtain a better measurement
of the angular correlation of the emitted radiation. In both the
angular correlation and precession measurements, the clover
elements were exploited such that each clover was split into
two detectors at (θ ± 6.5)◦. The data acquisition was triggered
by particle-γ coincidences.

Because the radioactive beam was not stopped in the target,
but 73 cm downstream, there was practically no buildup of
activity in the view of the γ -ray detectors.

The ferromagnetic foils were polarized with an electromag-
net providing ≈0.1 T in the vertical direction. The polarity of
the field was reversed every 200 s to minimize systematic
errors. The direction of the magnetic field, designated “field-
up” or “field-down” was written in the event data. The
measurement on the iron-backed target (Run II) was performed
at room temperature. In Runs III and IV the Gd target was
cooled well below its Curie temperature by means of liquid
nitrogen.

IV. ANALYSIS PROCEDURES AND RESULTS

Doppler corrected γ -ray spectra corresponding to particle-
γ coincidences were constructed from the event data for each
direction of the polarizing field. Particle-γ angular correlations
were determined from the sum of “field-up” and “field-down”
data. Precession effects were determined from double ratios
of “field-up” and “field-down” counts in the complementary
pairs of detectors according to the standard procedures [2,38].

034334-4



FIRST g(2+) MEASUREMENT ON NEUTRON-RICH . . . PHYSICAL REVIEW C 85, 034334 (2012)
co

un
ts

8

10

6

4

2

0

103

prompt

delayed

9 10 11 12 138
time [arbitrary units]

(a)

co
un

ts

energy [keV]

delayed

76
Ge (2 0+ +)800

1000

600

400

200

0
500 550 600 650 700 750

(b)

prompt
511 keV
shifted

shifted

74Ge (n,n )’

FIG. 2. (a) Total time spectrum for all the detectors in Run III.
The two gray zones denote the conditions used for the random
event subtraction. The delayed region was chosen to represent an
equivalent time interval containing a beam burst. b) “Prompt” and
“delayed” Doppler-corrected γ -ray spectra near the 76Ge (2+ → 0+)
line. This spectrum represents all of the data for the pair of Clover
crystals at 148◦ with respect to the beam axis in Run III. The
“random subtracted spectrum”, from which the photopeak intensity
is measured, is obtained with the “delayed” spectrum subtracted from
the “prompt” one.

Random event subtraction was performed using the prompt
and delayed condition on the time spectra (see Fig. 2). This
removed the long-lived activities from the γ -ray spectra. A
significant reduction of the prompt background was achieved
by also requiring a γ -ray multiplicity of one.

In Fig. 3 a typical Doppler-corrected random-subtracted
spectrum for Run IV is shown. Note that the particle-γ
coincidence condition and random subtraction has strongly
suppressed the annihilation radiation and (n, n′) events in the
Ge detectors.

A summary of the energies and velocities of the Coulomb-
excited beam ions as they traversed the ferromagnetic layer of
each target is given in Table III. The mean velocity of the ions
leaving the target was deduced from the average of the Doppler
shifts observed in the segments of both forward and backward
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FIG. 3. Doppler-corrected random-subtracted γ -ray spectrum
near the 72Zn (2+ → 0+) line. This spectrum represents all of the
data for the pair of clover crystals at 148◦ with respect to the beam
axis in Run IV.

detectors. In calculating the kinematic quantities in Table III,
the stopping powers were scaled to reproduce the observed
exit velocities as determined from the Doppler shifts. In this
way it was found that, compared to the stopping powers of
Ziegler et al. [39], the stopping power for Zn and Ge in Gd
was reduced by 3.5%, whereas the stopping power of the iron
host was about 10% higher.

A. Angular correlations and vacuum deorientation

The particle-γ angular correlation in the rest frame of the
nucleus for the present case of a multipolarity-2 transition and
axial symmetry can be written as

Wnuc(θnuc) = 1 + A2P2(cos θnuc) + A4P4(cos θnuc), (1)

where Ak = akQkGk , k = 2, 4, with ak the angular correlation
coefficients calculated with the program GKINT [28] for the
case where there is no vacuum deorientation, and point γ -ray
detectors. Qk are the attenuation coefficients to correct for the
finite size of the detectors, and Gk are the vacuum attenuation
coefficients. Typical ak values for all of the measurements
reported here are a2 � −0.6 and a4 � −0.2. For a single
crystal of an EXOGAM clover detector at 24 cm from the
target Q2 � 0.99 and Q4 � 0.98. Since a4 ∼ a2/3, the k = 4
term has a small effect on the angular correlation.

Obtaining the angular correlations in the laboratory frame,
Wlab(θlab), from that in the rest frame of the nucleus, Wnuc(θnuc),
or vice versa, requires both transformation of the laboratory
angle to the equivalent angle in the rest frame of the nucleus,
and a multiplication by the appropriate solid-angle ratio so
that the γ -ray flux emitted into 4π is conserved. The relevant
expressions have been summarized in Ref. [40], for example.

Examples of laboratory-frame angular correlations from
Runs I, III, and IV are shown in Fig. 4. The laboratory-frame
data were fitted with G2 and G4 as parameters. It was found
that the angular correlations are insensitive to the value of
G4. Consequently, the fitted G2 values are insensitive to any
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TABLE III. Kinematic parameters for the recorded particle-γ coincidence events. Ei,e and vi,e/Zv0 are the average energy and velocity for
Coulomb-excited projectile ions entering and exiting the ferromagnetic layer of the target. (v0 = c/137 is the Bohr velocity.) 〈v/Zv0〉 is the
average ion velocity in the ferromagnetic layer and teff is the effective interaction time with the transient field. Ee and ve/Zv0 also represent
the energy and velocity of the excited ions emerging from the target into vacuum.

Run Beam:Host Ei [MeV/nucleon] Ee [MeV/nucleon] vi/Zv0 〈v/Zv0〉 ve/Zv0 teff [ps]

I 76Ge: 25.6 1.00
II 76Ge:Fe 28.9 7.75 1.07 0.83 0.53 1.95
III 76Ge:Gd 28.2 12.8 1.05 0.89 0.71 2.18
IV 72Zn:Gd 27.2 12.5 1.10 0.94 0.75 2.17

assumed (fixed) value of G4. For reasons that will be evident in
the following, G4 was set to the value of 0.2 in the fits reported
here. It was also found that within experimental uncertainties,
the angular correlations for 76Ge in Run III and for 72Zn in Run
IV were the same. In other words, the G2 values extracted from
the fits overlapped within experimental uncertainties. Given
this experimental result, and the expectation that the angular
correlations for these two runs should not differ significantly,
the data were combined as shown in Fig. 4.
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FIG. 4. (Color online) Laboratory frame angular correlations for
de-excitation of the first excited state of 76Ge Run I (a) and the
combined fit for 76Ge in Run III (b), black diamonds, and 72Zn in Run
IV (b), blue squares. Separate points are shown for detectors on each
side of the beam axis (see Fig. 1), however the data are combined for
the two elements within each clover detector that have the same θγ .

The present G2 values are slightly smaller than the
attenuation factors found for H-like 52Cr ions by Grabowy
et al. [21]. In that work, however, a significant fraction of
the 52Cr ions decayed in the target material before entering
vacuum, so larger Gk values are to be expected.

Vacuum deorientation has a large impact on the sensitivity
of the g-factor measurement, which will be discussed below.
The physics of the vacuum deorientation effects, however, will
be discussed in more detail here, before proceeding to evaluate
the transient-field precessions.

Calculations of the charge-state distributions suggest that
ions emerge from the target with up to three electrons in Run
I, and with up to four electrons in Runs III and IV. Considering
this spread of charge states, schematic calculations of the
expected attenuation factors were performed along the lines of
the calculations reported by Grabowy et al. [21] for 52Cr. As in
that work, it can be assumed that the hyperfine frequencies are
so high that the attenuation effectively goes immediately to the
hard core value. This approximation was valid at Z = 24 and
is even more justified at Z = 30. The hard core attenuation
coefficients for electron spins up to J = 3 are listed in
Table IV. From this table it is evident that for Run I with
G2 = 0.7, the average atomic spin is near J = 1/2. For Runs
III and IV the observed G2 ≈ 0.6 corresponds to an average
atomic spin between J = 1/2 and J = 1, being closer to
J = 1/2. For both cases G4 = 0.2 is a good approximation
across the range of G2 values, as assumed in the fits to the data.

Table V lists the longer-lived electron configurations
of few-electron ions that could contribute to the vacuum
deorientation. It is evident that if the ions were only in their
atomic ground states, the G2 value would lie between 0.76
and 1. The smaller value observed experimentally indicates
that a significant fraction of the ions must have excited
configurations with angular momentum reaching up to J = 2.

TABLE IV. Hard core vacuum deorientation coefficients.

J Gh.c.
2 Gh.c.

4

0 1 1
1/2 0.760 0.200
1 0.473 0.230
3/2 0.276 0.176
2 0.265 0.156
5/2 0.247 0.143
3 0.235 0.135
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TABLE V. Long-lived atomic states in few-electron ions.

Ion Term (2S+1LJ )

H-like 2S1/2

He-like 1S0
3S1

3P0,1,2

Li-like 2S1/2
2P1/2,3/2

Be-like 1S0
3P0,1,2

The same conclusion was reached in the study on 52Cr, and in
related works [21,23]. Our results confirm the expectation that
the vacuum deorientation effect can be reduced by limiting the
number of electrons bound to the ion as it emerges from the
target. The carbon layer on the back of the targets, which is
estimated to increase the charge by one, has evidently played
a part in limiting the deorientation effect in our measurements.

B. TF precessions

The precession angle �θexp was determined using standard
analysis techniques [2,38]. For the case where there is a
significant Lorentz boost [28,34]

�θexp = εlab/Snuc,

where Snuc is the logarithmic derivative of the angular
correlation,

S = 1

W (θ )

dW (θ )

dθ

∣∣∣∣
θγ

(2)

evaluated at the detection angle θγ in the rest frame of the
nucleus. The slope S was computed using Eqs. (1) and (2), and
with the experimental Gk values determined from fits to the
angular correlations. For the clover halves that are sensitive
to the precession effect, the average slope was |S| = 0.61,
with a range from |S| = 0.54 to |S| = 0.66 at 160◦ and 148◦,
respectively.

The counting asymmetry, or “effect”, εlab is determined in
the laboratory frame:

εlab = 1 − ρ

1 + ρ
,

where the double ratio ρ is

ρ =
√

N (θγ ,↑)N (−θγ ,↓)

N (−θγ ,↑)N (θγ ,↓)
.

ρ is a function only of the number of counts per magnetic
field direction (↑ and ↓) at a pair of detection angles ±θγ ,
i.e., it is independent of detector efficiencies and beam current
variations throughout the measurement. The average counts
per clover-half per field direction was ∼1900 for 76Ge in Run
III and ∼2600 for 72Zn in Run IV. By comparison of Figs. 2
and 3 it can be noted that the background level is higher
for the radioactive 72Zn beam. The consequence is a larger
uncertainty in the precession measurement for 72Zn despite
the larger number of counts recorded.

The experimental precession angles �θexp are summarized
in Table VI. The estimates of the average transient-field

TABLE VI. Measured precessions, �θexp, g factors, and transient-
field strengths, 〈Btf〉, for 76Ge and 72Zn ions.

Run Ion �θexp g 〈Btf〉
[mrad] [kT]

II 76Ge −6(6) + 0.383(20)a 0.17(17)
III 76Ge −23(11) + 0.383(20)a 0.58(28)
IV 72Zn −16(14) + 0.18(17)b

aReference [31].
bPresent work.

strengths in Table VI for 76Ge were obtained with the relation

〈Btf〉 = − h̄

μN

�θ

gteff
, (3)

where μN is the nuclear magneton and teff is the effective
interaction time with the transient field.

C. Transient field calibration and K -shell polarization

The precession angles observed for 76Ge in both iron and
gadolinium hosts imply much smaller transient-field strengths
than might have been expected based on the data for lower-Z
ions. This reduction in field strength must be associated with
changes in the effectiveness with which the K-shell electrons,
bound to the moving ion, can pick up polarization from the
ferromagnetic medium.

For high-velocity ions with v ∼ Zv0, the transient-field
strength can be written as

Btf (v, Z) = p1sq1s(v, Z)B1s(Z), (4)

where

B1s = 16.7R(Z)Z3 Tesla (5)

is the magnetic field produced at the nucleus by a K-shell
(or 1s) electron and R(Z) � [1 + (Z/84)2.5] is a relativistic
correction; q1s is the fraction of ions that carry a single K

vacancy, and p1s is the polarization of these vacancies. The
velocity dependence of q1s at high velocities is expected to
resemble that of the hydrogen-like charge fraction for ions
emerging into vacuum, but shifted to a lower energy so that
the peak value of q1s = 0.5 occurs when v = Zv0. The velocity
dependence of q1s can conveniently be parametrized as [16]

q1s = 1
2

√
e(v/Zv0)2e− 1

2 (v/Zv0)4
. (6)

In the present experiments, as well as those discussed below,
q1s remains near its maximum value (i.e., between ∼0.37 and
0.5). The following conclusions are therefore not sensitive to
the form adopted for q1s . Putting these expressions for B1s

and q1s into Eq. (4) suggests that a parametrization of the TF
strength at high velocity can be based on

Btf (v, Z) = 13.8 p1s Z3(v/Zv0)2e− 1
2 (v/Zv0)4

Tesla, (7)

provided a suitable parametrization of the Z dependence of
p1s can be found. In previous work on ions with Z � 16
traversing gadolinium hosts at high velocity it was found that
the data could be described by p1s = (1.94 ± 0.08)/Z [16].

034334-7



E. FIORI et al. PHYSICAL REVIEW C 85, 034334 (2012)
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FIG. 5. K-shell polarization in transient-field measurements on
ions traversing magnetized gadolinium hosts with velocities near
the K-shell electron velocity, Zv0. The dashed line shows the 1/Z

dependence which was used previously to describe the low-Z data.
The solid curve is the fit to Eq. (8).

This parametrization of p1s fails, however, for the heavier ions
studied here.

An extensive series of studies by Speidel and co-workers
[21,23,41–44], as summarized in Ref. [16] and supplemented
by more recent studies on 24Mg [34], gives experimental
transient-field strengths for ions between 12C and 52Cr travers-
ing gadolinium hosts with velocities near Zv0. These data have
been used with the present results, and Eq. (7), to seek a new
parametrization of p1s as a function of Z, as shown in Fig. 5.

The solid curve in Fig. 5 is an empirical fit to the function

p1s = a exp[−(ln Z)6/b], (8)

where the best fit parameters are a = 0.32(3) and b = 328(25).
At face value, this procedure assumes that the average value of
p1s near Zv0 does not depend strongly on velocity, but varies
with Z. However, because the cases considered are constrained
by the requirement that v ∼ Zv0, the changes in p1s required
to fit the data can equivalently be considered to represent a
dependence of p1s on ion velocity.

The data displayed in Fig. 5 do not include corrections for
the beam-induced attenuation effects that have been discussed
by the Bonn group [2,44]. These effects are negligible for the
ions with Z � 16, and are small for the HVTF measurements
on 72Zn and 76Ge because of the high beam energies and low
beam intensities. The case of 52Cr, however, requires further
consideration because a beam attenuation factor of Gbeam =
0.20(6) was proposed in Ref. [21]. More recent studies show
that this value is too small; an attenuation factor of Gbeam =
0.60(5) would now be recommended. Including this factor
would raise p1s for Cr from 0.009(4), as plotted in Fig. 5, to
0.015(6). The two values agree within error, and the line of
best fit changes very little. The trend seen in Fig. 5 is evidently
robust, and our subsequent analysis of the g factor in 72Zn
relative to 76Ge is insensitive to any reasonable beam-induced
attenuation correction factor which might be applied to the
52Cr data point.

As noted above, in light nuclei, Z < 20, the experimentally
observed polarization of the 1s vacancies in gadolinium hosts
was consistent with a 1/Z dependence, which is shown by
the dashed line in Fig. 5. The magnitude of the polarization
for these light nuclei is p1s ∼ 0.1. The measured precession
for 76Ge in gadolinium from the present work implies that the
polarization p1s ∼ 0.002 is about a factor of 50 smaller than
found for the lighter ions.

For the iron host, which has been discussed briefly
elsewhere [45], the observed field strength of 〈Btf〉 = 0.17(17)
kTesla implies a K-shell polarization of p1s = 0.0007(7). In
discussions of the host dependence of the polarization of
K-shell vacancies and the consequent transient-field strength,
comparisons are often made with the degree of polarization of
the outer shells of the host [19]. For iron, this polarization de-
gree is 2.2/16 = 0.14, and for gadolinium it is 7.2/36 = 0.20
[19]. Indeed, larger transient field strengths are observed for
light ions traversing gadolinium. In Ref. [16], which focused
on light ions, it was suggested that the polarization degree
might be falling off faster with increasing Z for gadolinium
than for iron hosts, which made it unclear which host would
be better for HVTF measurements in the Z = 30 region. It
is now evident that the transient fields for Ge ions traversing
iron hosts at high velocity are 0.4(6) times smaller than the
fields for these ions in gadolinium hosts. The experimental
uncertainty is too large to draw quantitative conclusions, but
it is noteworthy that this experimental polarization ratio is
consistent with the ratio of the number of polarized electrons
per host atom: 2.2/7.2 = 0.31.

D. g-factor measurement

The g factor of 72Zn was determined relative to that of
76Ge. Although the experimental conditions were made as
near identical as possible, it is evident from Table III that
the ions traversed the gadolinium target with slightly different
velocities. Moreover, the transient-field strength depends on
the Z of the ion, as demonstrated by the K-shell polarization
data in Fig. 5. To take into account these differences between
the experiments, it is useful to define the precession angle
per unit g factor, φ = �θ/g, in terms of the integral of the
transient-field strength:

φ(τ ) = −μN

h̄

∫ te

ti

Btf (v(t), Z)e−t/τ dt, (9)

where τ is the mean life of the nuclear state, and the transient
field strength, Btf (v(t), Z), depends on the atomic number and
velocity of the ion within the ferromagnetic layer of the target.
ti and te are the times at which the excited ion enters and leaves
the ferromagnetic medium. Equation (9) must be averaged
over the excitations taking place throughout the gadolinium
target. The computer code GKINT [28] was used to evaluate
the average value of φ(τ ), along with average values of other
kinematic quantities such as Ei , Ee, 〈v/Zv0〉, and teff given
in Table III. The computer code evaluates the values of these
quantities at each point of Coulomb excitation within the target
and weights it by the Coulomb-excitation cross section for that
point. The integration is performed over the energy loss of the
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beam in the target and the solid angle subtended by the particle
detector.

The g factor of 72Zn was determined from

gZn = φGe

φZn

�θ
exp
Zn

�θ
exp
Ge

gGe, (10)

where φGe = 45.4 mrad and φZn = 67.2 mrad were calculated
with GKINT, based on Eqs. (7)–(9). Thus the value we obtain
for the g factor of the first 2+ state in 72Zn is g = +0.18(17).
The experimental error is dominated by the uncertainties in the
measured precession angles; uncertainties in the velocity and Z

dependence of the transient field are negligible in comparison.

V. DISCUSSION

A. Nuclear structure

The physics of the Zn isotopes in the vicinity of 68Ni reveals
a complex interplay between the stabilizing effects of the
N = 40 subshell closure [46–48] and the collective features
observed in the Ge isotopes. In order to get deeper insight into
the structure of the Zn isotopes, we used several large scale
shell model calculations. The results for the g factors of the
2+ states in the Zn isotopic chain are presented in Fig. 6. Two
of the interactions, JJ4B [7] and JUN45 [8], have a core of
56Ni that allows for a reasonable reproduction of the Zn nuclei
below N = 40. For N � 40 there is a rapid decrease of the
experimental E(2+) energies (see Fig. 7) accompanied by a
significant enhancement of experimental B(E2) values, that
suggests the development of quadrupole collectivity. These
features are not reproduced in the calculations using a 56Ni
core due to the missing interactions with the proton f7/2 and
the neutron d5/2 single-particle orbits. A modest reproduction

g
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Z/A

neutron number
32 34 36 38 40 42 44 46

JUN45
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LNPS

0.7
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0

-0.1

exp

FIG. 6. (Color online) Large scale shell model calculations of the
g factors for the first 2+ state compared to experimental values ( [4]
and present work) in the zinc isotopic chain. A 56Ni core and effective
spin g factors (geff

s = 0.7gfree
s ) are used in the JJ4B [7] and JUN45 [8]

interactions. The possibility of proton excitations is taken into account
via the use of a 48Ca core with the LNPS [9] interaction. The effective
g factors used by the LNPS interaction are: geff

s = 0.75gfree
s , gπ

l = 1.1,
gν

l = −0.1.
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FIG. 7. (Color online) Energies of the 2+ states (a) and transition
probabilities B(E2; 2+ → 0+) (b) of the Zn isotopes. Filled circles:
experiential values, dashed lines: JUN45 interaction [8], solid lines:
LNPS interaction [9]. Effective charges of (ep = 1.5; en = 1.1) and
(ep = 1.5; en = 0.5) were used, respectively, for the calculation in
the JUN45 and LNPS interactions.

of the B(E2) values in the Zn isotopes is achieved at the cost of
a significant boost of the neutron effective charge (en = 1.1).

A recent interaction (LNPS, Ref. [9]), based on a 48Ca
core, takes into account the excitations across the Z = 28
shell gap by including the pf -shell orbits for protons and the
1p3/2, 1p1/2, 0f5/2, 0g9/2, and 1d5/2 orbits for neutrons. This
extended valence space allows various types of excitations to
develop and the description of possible coexisting regimes. The
interaction was successfully applied to describe the transition
from spherical 68Ni to the island of deformation developing
around 64Cr. With respect to Ref. [9], a slight modification of
the pairing (in particular on the f5/2 diagonal matrix element)
was made in light of the recent 2+ energy measurement in
80Zn [49]. These modifications slightly improve the overall
spectroscopy of all the nuclei studied around the island of
inversion without any significant change in the wave functions.
In all of the calculations using the LNPS interaction presented
in Figs. 6 and 7 up to ten particle-hole (ph) excitations from
πf7/2 and/or νg9/2 were allowed.

The agreement between the calculations using the LNPS
effective interaction and the data along the zinc isotopic chain
is improved for the E(2+) values, the transition probabilities
B(E2) (Fig. 7) and for the g factors as well (Fig. 6). The
systematics in the theory reveal a transition occurring at
N = 42 in 72Zn: the rise of the (2+ → 0+) E2 transition
rate appears in conjunction with a sharp decrease of the g

factor of the first excited 2+
1 state. The analysis of the wave

function for the ground and first excited states reveals an extra
occupancy of two particles in the g9/2 and d5/2 neutron orbits
and almost one particle in the p3/2, f5/2, and p1/2 proton orbits.
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The calculations show a transition with increased collectivity
toward rotational motion from 70Zn to 74Zn. In the latter, the
rotational prescription (see Eqs. (1) and (2) in Ref. [9]) is
achieved where one can relate the spectroscopic quadrupole
moment and the B(E2; 2+

1 → 0+
1 ) to an intrinsic axial shape

of β ∼ 0.25. For further insight into the drop starting at
N = 40 in the systematics of g factors in the zinc isotopic
chain, we performed a detailed analysis of proton and neutron
contributions: the decrease of the g factors from 68Zn to 70Zn
and 72Zn is due to both an increase of the neutron and a slight
decrease of the proton contributions. The overestimation of
the g factors in 66Zn, 68Zn is probably a sign of the lower
convergence of the wave function in these isotopes. The
number of ph excitations through the Z = 28 and N = 40
gaps for those isotopes is greater than for 70Zn and 72Zn due to
Pauli blocking effects, leading to a faster convergence of the
wave functions for the later. The excellent agreement between
the experimental and theoretical energies, reduced transition
rates and g factors for 70Zn and 72Zn demonstrates that most
of the correlations in those nuclei are already accounted for in
the LNPS model space at this truncation level.

B. Evaluation of the HVTF method

The precision of the present measurement was limited
by the discovery that the transient-field strength for these
higher-Z ions moving with velocities near Zv0 is considerably
weaker than expected based on the transient fields observed
at v ∼ Zv0 for lighter ions. In fact the average transient field
strength achieved for these high velocity ions in gadolinium
hosts is about a factor of two smaller than would be achieved
for a conventional transient field measurement at an ion
velocity of 3v0. On the other hand, the net precession angle
is still about twice as large as obtained in conventional
low-velocity measurements because the interaction time in
the HVTF measurements is considerably longer.

The advantage of the HVTF for light ions (Z < 20),
where precession angles an order of magnitude larger than in
conventional low-velocity TF measurements can be achieved,
is not as significant for Z ∼ 30. For measurements of g factors
of higher-Z exotic nuclei produced as radioactive beams other
techniques like recoil in vacuum and the low-velocity transient
field method, should therefore be considered. These tech-
niques require beams with velocities below 5 MeV/nucleon.
Although larger precession angles are obtained in HVTF,
low-velocity measurements may be advantageous in some
cases due to higher radioactive beam intensities, and/or the
ability to obtain cleaner γ -ray spectra.

The present measurements were also adversely affected
by the attenuation of the angular correlations due to vacuum
deorientation. Due to vacuum deorientation with G2 ∼ 0.6
and G4 ∼ 0.2, the slope of the angular correlation at 30◦ (lab
angle) decreases from an ideal S ∼ 1.65 to S ∼ 0.65. A factor
of ∼6 increase in statistics is needed to compensate for this
reduced slope, compared to the ideal case; for G2 ∼ 0.7, the
factor by which statistics must be increased falls to 4. (As
discussed above, the ideal case of no deorientation cannot be
realized in a practical measurement, however it serves here as
a reference point.) In the low-velocity regime, the RIV effects

can, in principle, be used as a measure of the magnitude of the g

factor. Unfortunately at high velocity, the vacuum attenuation
effect is practically independent of the g factor and must be
avoided as far as possible in the experiments.

For lower-Z ions the HVTF method will remain the method
of choice in many cases. The present work demonstrates that
the application of the HVTF technique to radioactive nuclei
with Z � 32 is feasible for beams with sufficient intensity.
Future measurements can be improved by use of a segmented
particle detector. This has several advantages. Aside from the
trivial advantage that count rate limitations for the particle
detector are reduced, the degree of Doppler broadening in
the γ -ray spectrum can also be reduced. In the present
measurements the effect of opening angle of the particle
detector on the Doppler broadening was responsible for the
limit on energy resolution that could be achieved. Future use
of a segmented particle detector could thus reduce the resulting
line widths and hence improve the peak to background
ratios. This consideration is of a special importance when
performing radioactive-beam measurements in which one
typically observes higher background contributions.

The viability and possible application of the HVTF tech-
nique to measurements on ions with atomic number consid-
erably higher than Z = 30 requires further investigation. The
implication of the trend in K-shell polarization shown in Fig. 5
is that the transient-field strengths may become negligibly
small, however further experimental data should be obtained
before that conclusion is embraced.

VI. CONCLUSIONS

Prior to our experiment, the only other application of the
HVTF technique to radioactive beams had been performed
at MSU on 38,40S, using an Au-Fe target [12,13]. In the
experiment reported here the beam was considerably heavier
and the behavior of the transient-field strength was unknown.
It was found that the transient-field strength in gadolinium
hosts is smaller than might have been expected based on the
behavior of lower-Z ions. The transient field for high-velocity
Ge in iron was even smaller. Although these overall trends have
been revealed, a full characterization of the transient field for
high-velocity heavy ions will require further work.

Despite the fact that the precession angle was smaller than
hoped, the HVTF technique still achieves larger precession
angles than can be achieved in the standard lower-velocity
regime. More specifically, the precession angle observed for
high velocity 76Ge in gadolinium was about a factor of two
larger than is typically obtained in low-velocity transient-field
measurements employing projectile excitation and inverse
kinematics (see, e.g., [4]). Our work therefore shows that
the HVTF technique has advantages for use with radioactive
beams produced as intermediate-energy heavy-ion fragments
with atomic numbers up to Z ∼ 30, and beam intensities of
the order of 105 particles per second and higher. Apart from
improving the precision by longer running times, possible
directions to improve sensitivity in future measurements
include (i) taking steps to limit the effects of vacuum
deorientation, and (ii) using a segmented particle detector,
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which allows higher beam intensities and improves the slope
of the angular correlation.

The results from the g-factor measurement on the radioac-
tive 72Zn hint at the theoretically predicted transition in the
structure of the Zn isotopes near N = 40.
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