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Nuclear moments of germanium isotopes near N = 40
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Collinear laser spectroscopy measurements were performed on 7'"73Ge isotopes (Z = 32) at ISOLDE-
CERN. The hyperfine structure of the 45s°4p® 3P, — 4524 p5s°P| transition of the germanium atom was probed
with laser light of 269 nm, produced by combining the frequency-mixing and frequency-doubling techniques.
The hyperfine fields for both atomic levels were calculated by using state-of-the-art atomic relativistic Fock-
space coupled-cluster method. A new ”Ge quadrupole moment was determined from these calculations and
previously measured precision hyperfine parameters, yielding QO = —0.198(4) b, in excellent agreement with
the literature value from molecular calculations. The moments of %Ge have been revised: 1 = +0.920(5) py
and Q; = +0.114(8) b, and those of "'Ge have been confirmed. The experimental moments around N = 40
are interpreted with large-scale shell-model calculations using the JUN45 interaction, revealing rather mixed
wave-function configurations, although their g factors are lying close to the effective single-particle values.
Through a comparison with neighboring isotones, the structural change from the single-particle nature of nickel
to deformation in germanium is further investigated around N = 40.
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I. INTRODUCTION

Over the years, structural changes have been intensively
investigated in the region between the semimagic ®Ni and the
doubly magic "®Ni [1-6]. The investigation involves multiple
experimental methods as well as theoretical models, which
provide various nuclear properties (masses, spins, lifetimes,
transition probabilities, excitation energies, moments, and
radii), aiming to get a global view of the nuclear structure
in this region. As studies deepen, more interesting nuclear
phenomena appear. Some examples include collective effects
that occur around and above N = 40 [7-10], the proton p3,,
and f5,, orbitals that invert as neutrons are filling the neutron
go2 orbital due to the tensor part of the monopole interac-
tion [5,8,11], a spherical shape that coexists with a deformed
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FIG. 1. A schematic view of the COLLAPS experimental setup and the laser frequency-mixing and frequency-doubling system. For details

see text.

state around the neutron closed shells N = 40, 50 [12-14],
the indication of a weak subshell effect observed at N = 40
disappears quickly with more protons added above Z = 28
[3.7].

The nuclear properties of ground and isomeric states, such
as spins, moments, and charge radii, have made significant
contributions in elucidating the above-mentioned nuclear phe-
nomena. This was achieved by laser spectroscopy measure-
ments on the isotopic chains of nickel (Z = 28), copper (Z =
29), zinc (Z = 30), and gallium (Z = 31) [3,5-8,11,13-18].
Nuclear spins and magnetic dipole moments are sensitive
probes of the single-particle nature or configuration mixing of
the wave functions [5,6,8,11], while the electric quadrupole
moment and charge radii tell us more about the nuclear shape
and collectivity [3,13,14].

Deformation, triaxiality, and shape coexistence have been
observed for zinc isotopes, which have also been reported for
germanium isotopes around N = 40 based on y-spectroscopy
and reaction experiments [7,19-21]. Germanium (Z = 32) has
four protons outside the Z = 28 major shell closure, which
may induce additional correlations leading to a complex wave
function and collective effects for the low-lying states of ger-
manium isotopes around N = 40 [19,22,23]. This collective
feature can be further investigated with the nuclear moment
measurements of germanium isotopes around N = 40 in com-
bination with wave-function calculations using large-scale
shell-model interactions.

Until now, collinear laser spectroscopy has not been ap-
plied to study germanium isotopes, due to the fact that
(1) germanium species cannot be easily produced at ISOL
facilities, and (2) the suitable fine-structure transitions are
not easily accessible with standard laser equipment. In
this article, we report hyperfine structure (hfs) measure-
ments in the 4524p? 3P, — 4s?4pSs 3P(1) transition of 717> Ge
atoms by combining the frequency-mixing and frequency-
doubling laser techniques. State-of-the-art relativistic Fock-
space coupled-cluster (FSCC) calculations of the atomic
hyperfine fields and electric-field gradients have been per-
formed, showing good agreement with the experimental
values and thus benchmarking these atomic theories. The

calculations also reveal that incorrect nuclear moments have
been reported for ®*Ge from earlier atomic beam magnetic
resonance studies [24]. The extracted nuclear moments are
compared with large-scale shell-model calculations using the
JUN45 interaction in the f5,,pgo/>» model space in order to
understand the collective effects. The systematic comparison
of the nuclear moments of the 9/2% states in zinc (Z = 30),
germanium (Z = 32), and selenium (Z = 34) allow the in-
vestigation of the structural evolution from single-particle to
collective effects around N = 40 as more protons are added
above the Z = 28 shell closure.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the collinear laser spec-
troscopy setup, COLLAPS [25], located at ISOLDE-CERN.
The radioactive germanium isotopes were produced by a 1.4-
GeV proton beam impinging on a ZrO, target with a sulfur
leak. The sulfur vapor was introduced into the target material
where the sulfur atoms bind to form volatile GeS molecules.
These molecules easily diffuse out of the target and then
disassociate under electron impact to form germanium ions
inside a plasma source. The germanium ions were accelerated
to 50 keV, mass separated using the high-resolution isotope
separator (HRS) and subsequently cooled and bunched in a
gas-filled linear Paul trap (ISCOOL) [26]. The accumulated
ions were released in short bunches with a typical temporal
width of 5 us every 5 ms. Due to the large isobaric con-
tamination in all of the Ge beams [27], the accumulation
time was optimized at 5 ms to avoid the overfilling of the
ISCOOL.

As shown in Fig. 1, the bunched ion beam was then de-
flected into the COLLAPS beamline, where it was neutralized
in-flight by passing through a charge-exchange cell (CEC)
filled with sodium vapor. The state 45s°4p? 3P, of the germa-
nium atom was populated in the neutralization process [30]. A
frequency-fixed continuous-wave (cw) laser beam, overlapped
with the germanium beam in a collinear geometry, was used to
probe the 4s%4p? 3P| —45%4p5s3P] (269.13411 nm) transition
of the germanium atom. By applying a varying voltage to the
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FIG. 2. Color-coded 2D plot with time vs frequency (voltage
step) vs counts acquired for ”>Ge with the new DAQ system (TILDA)
of COLLAPS. The two components presented in the TOF spectrum
are corresponding to the germanium atom bunch (gate 1 in red)
and the possible molecular contamination bunch (gate 2 in green).
Gating on the germanium atom bunch allows the hfs spectrum to be
reconstructed with a significantly reduced background.

germanium ions before entering the CEC, neutralized germa-
nium atoms were resonantly excited to the 45s24p5s 3P} state
through Doppler tuning. The emitted fluorescence photons
from the resonantly excited atoms were detected as a function
of the tuning voltage, by the use of four photomultiplier tubes
(PMTs) [31]. A software time gate was applied in order to
select photons only when each bunch of germanium atoms
passes and deexcites in front of the PMTs. This resulted in a
reduction of the background from stray laser light, nonreso-
nantly scattered photons, and PMT dark counts by a factor of
about 10°.

To take full advantage of ISCOOL and to retain as much
information on the beam structure in the recorded data as pos-
sible, a new data-acquisition system (DAQ) was introduced
at COLLAPS. It was developed at the TRIGA-SPEC setup in
Mainz [32] and here we report its online operation. The main
advantage of this DAQ is the time-resolved photon detection.
To reduce the photon background, the detection of photons
has to be restricted to the time window when the bunched
beam is traversing the detection region. Previously, this was
realized by hardware gating, which had to be adapted in ad-
vance for each isotope according to the time-of-flight (TOF)
recorded. With the new DAQ, photons are recorded with a
time stamp relative to the ion extraction trigger of ISCOOL.
This is shown for 7>Ge in Fig. 2(a): the x-axis represents the
scanning voltage, converted into frequency, while the y-axis
is the TOF since the ISCOOL extraction pulse. The number
of photons detected within a 500-ns interval during n-time
extractions from ISCOOL are color coded. These numbers are
integrated along a specified time in Fig. 2(b), which provides
the time structure of the bunch. Integration along a fixed
frequency reveals the hfs resonance spectrum of the isotope,
as illustrated in Fig. 2(c). The spectra in Figs. 2(c) and 2(d) are
obtained by selecting events within the specific time window

indicated with dashed horizontal lines in Fig. 2(a) and with
their corresponding colored dashed lines in Fig. 2(b).

In Fig. 2(a), three regions can be clearly distinguished.
Outside of the dashed lines, the background is dominated
by stray laser light, which is weak compared with the more
intense signal within the time gate of the bunch. One can
clearly see that the bunch is separated into two parts, the
first one arriving after about 52 us, while the second one
is delayed by another 5 us. The time interval between two
bunches released from ISCOOL is about 1000 times longer.
Thus, the two consecutive “bunches” seen in Fig. 2(a) are
from photons emitted from two different species. Those with a
heavier mass arrive later in front of the PMTs. In the first time
window (gate 1), clear resonance spots are seen, as well as
an additional beam-related but frequency-independent back-
ground [see also Fig. 2(c)]. This background is attributed to
the deexcitation of all contaminant neutral particles that were
excited in the charge exchange process. The second part of the
bunch (gate 2) does not exhibit any resonance-like structures,
only beam-related photon background, as seen in Fig. 2(d). It
is assumed that this beam-related photon background is due
to laser-light scattering from the molecular contamination in
the beam and deexcitations of these molecules excited via the
charge exchange process.

With the latest DAQ, these individual parts of the bunch
can be clearly separated in online and offline analysis. There-
fore, by gating on the first component (gate 1) instead of the
plotted range (40 us) of the TOF spectrum, the hfs spectrum
of 7Ge was obtained with a much improved signal-to-
background ratio, as shown in Figs. 2(c) and 2(e), respectively.

One challenge for the laser spectroscopy measurement
of germanium atoms is the production of the 269 nm cw
laser light. It requires frequency-doubling of the wavelength
538 nm. This wavelength is lying in the “green gap” region,
which is not covered by the commonly used continuous wave
(cw) Ti:sapphire and dye laser systems. To bridge this wave-
length gap, a frequency mixing method was employed. As
shown in Fig. 1, a 824 nm laser beam from a Ti:Sa laser cavity
(Sirah Matisse-2) and a 1550 nm laser beam generated by a
single-frequency fiber laser (Koheras Boostik E 15) are super-
imposed and single-pass through a periodically poled crystal
in a frequency mixing unit (Sirah MixTrain) to generate the
sum frequency of 538 nm (; = ;- + ;o). This light is then
coupled into a frequency doubling unit (Sirah WaveTrain) to
produce 269 nm light with an output power around 90 mW. A
small fraction of the output light from the frequency mixing
unit was locked to a wavelength meter (HighFinesse WSU10),
which was regularly calibrated with a stabilized diode laser
(Toptica DLPRO780) locked to the F =2 — F = 3 hyper-
fine transition of the D1 line in 8’Rb.

III. RESULTS

The obtained hfs spectra of *71"73Ge isotopes, as shown
in Fig. 3, were fit with a x2-minimization Python routine
using the SATLAS package [37]. A Voigt profile with one side
peak was used to compensate for the slightly asymmetric res-
onance peaks, which resulted from the energy loss due to the
population of higher atomic states or the collision-excitation
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FIG. 3. Hyperfine structure spectra of %7'7*Ge in the

45%4p* 3P| — 45?4p5s°P| transition. The red lines show the best
fit with a Voigt line profile. Note that the production of the known
short-lived isomers of ""*Ge [T1/2(7lmGe) = 20.41(18) ms and
Ty, ("™ Ge) = 499(11) ms] [33,34] is at least 100 times lower than
that of the ground state [35]. Thus, these isomers could not be
observed in this experiment.

in the charge-exchange process [38,39]. All the recorded hfs
spectra of each individual isotope were fit simultaneously,
generating one optimal reduced x 2, with magnetic dipole and
electric quadrupole hyperfine constants (A and B) as common
fit parameters for each isotope.

The A and B parameters for the lower atomic state
(4s24p2 3P,), named A, and B in the following, are reported
in literature with high precision for each of the three odd-A
germanium isotopes from atomic beam magnetic resonance
experiments [24,28,29,36], as summarized in Table 1. We
therefore fit our data in two ways: (1) with the A; and B
values fixed to the literature value and upper hyperfine con-
stants as free fit parameters for each isotope, and (2) with
all lower and upper hyperfine constants as free fit parameters.
The ratio of the hyperfine parameters of the upper and lower
atomic states (Ry = Ay/A;, Rg = B,/B) reflect the ratio of

TABLE II. Deduced Ry = Ay/A; and Ry = B, /B, for ®7'3Ge
isotopes with the A, and B, fixed to literature values or with all
hyperfine constants as free fit parameters.

Ra Rg
All free A, fixed to lit. All free B, fixed to lit.
®Ge —17.1(4) —21.21(4) —0.64(11) —2.8(4)
TGe —17.3(3) —16.79(2)
BGe —16.3(5) —16.87(8) —0.70(17) —0.73(11)

the atomic hyperfine fields of both levels. These ratios should
be the same for all isotopes, apart from a possible small
hyperfine anomaly that can cause some scatter of the order
of at most a few percent in R . In Table II, as well as in Fig. 4,
the ratio of Ry and Rp resulting from the two fit procedures
are shown. When using the first fitting procedure, both the
A and B factor ratios for ®*Ge deviate strongly from those
observed for the other isotopes, suggesting a problem with
the reported hyperfine parameters of ®Ge [24], from which
the literature nuclear moments have been deduced. When all
four hyperfine parameters are free fit parameters, the deduced
ratios of Ry and Rp are consistent for all three isotopes, as
shown in Table II and Fig. 4. To corroborate these conclu-
sions, state-of-the-art atomic calculations were performed, as
discussed in the following section.

A. Atomic hyperfine-field calculations

To further investigate the aforementioned discrepancy
between the hyperfine constants from literature and our
experimental results for ®“Ge, we performed atomic
calculations to obtain the hyperfine fields of three
atomic fine-structure levels (4s%4p>3p;, 4s%4p?3p,, and
45°4p5s PY), for which experimental information is available
for the stable ">Ge isotope [29].

High-quality treatment of relativistic and electron cor-
relation effects is required to obtain accurate and reliable
computational results. Therefore, the multireference relativis-
tic FSCC method [42,43] is employed for the investigation of
the electric-field gradients (EFGs) (¢"°°") and the hyperfine
magnetic-field constants (Ag‘e‘”). This method was shown to
be one of the most powerful approaches for treatment of
spectra and properties of heavy many-electron atoms [44].

The FSCC method requires a closed-shell reference state
from which the ground state and excited states can be
reached by adding or removing electrons. Neutral germa-
nium has an open-shell ground-state electron configuration

TABLE 1. Magnetic and electric hfs constants (A and B) for both atomic states (4s°4p” P, and 4s°4p5s 3P'f) obtained from this work. The

numbers from Refs. [24,28,29] are also summarized as a comparison.

A N I T Al (MHz) Ai (MHz) A, (MHz) B (MHz) B (MHz) B, (MHz)
69 37 5/2  39.05(10)h  F23.40(3) [24] —29.0(7) +494.6(9) 1+8.28(8) [24] +32(2) —21(3)"

7139 1/20  11433)d —87.005(3) [28] +1460.8(16)

73 41 9/2+ Stable +15.5480(18) [29] —2622(12)  —54.566(9) [29] +40(6)

2Correlation C(B;, B,) = —0.445.

054331-4



NUCLEAR MOMENTS OF GERMANIUM ISOTOPES NEAR ...

PHYSICAL REVIEW C 102, 054331 (2020)

Mass number A

69 73
-16.0 +
v y
-17.04 A
5 X
5 s ——
@ .18.0
°
@©
= 1907 —— Free mean: -17.1(3)
-20.04 ---- Theory: -17.8(16)
Y A fixed to literature
2101 ¢ A Al free (a)
-0.5
IS F
-1.01
& -1.51
.o
® -2.01
m —— Free mean: -0.7(1)
-2.51 --=-- Theory: -0.75(5)
Y B, fixed to literature (b)
-3.0 A Allfree
37 39 n

Neutron number N

FIG. 4. Ratio of the (a) A and (b) B hyperfine constants for the
4p?3P; (lower) and 4p5s3P] (upper) atomic states, deduced with
two fitting procedures. One with the A; and B; values for each
isotope fixed (green) to the high-precision value reported in literature
[24,28,36], and one with all hyperfine constants as free fit parameters
(black). The ratios of hyperfine constants calculated with atomic
relativistic FSCC are shown by red dashed lines.

[Ar]3d'%4s%4p*> and thus the closed-shell Ge>™ system
([Ar]3d'°45?) is used as the reference state. The ground state
and excited states of interest are reached by adding two
electrons to the corresponding virtual orbitals, which com-
prise the model space. The intermediate Hamiltonian (IH)
approach is applied to avoid the intruder-state problem [45].
The finite-field method [46] is used to determine the qthe"r and
Ag‘eor properties, as described in Refs. [47,48]. All calcula-
tions are carried out in the framework of the Dirac-Coulomb
Hamiltonian and the nuclear charge distribution is modeled
by a Gaussian function as described in Ref. [49]. The gtheor
calculations were carried out using the DIRAC1S program
package [50], while DIRAC17was used for the Ag‘em calcu-
lations [51]. The final values are obtained by using the full
four-component DC Hamiltonian and the relativistic core-
valence four-zeta basis set of Dyall [52] (cv4z), augmented by
three diffuse functions in each symmetry in an even-tempered
fashion. A large model space was used, consisting of the 4pSs
(4d5p6s4f5d6pTsSf5g7p6dT1d8p6g8s6f) orbitals, where the
orbitals in parentheses are in the intermediate space P;. All the

electrons were correlated and virtual orbitals with energies up
to 500 a.u. were included in the calculation. The finite field
perturbation strength A was 1 x 107 for the ¢""*°" calculations
and 1 x 107 for Alfecr,

To estimate the uncertainty on the calculated values, we
have investigated the effect of various computational param-
eters: the error from the limited size of the basis set, model
space, and active space, while also estimating the missing
contribution from higher-order excitations and the relativistic
Gaunt term. These sources of error are combined by assuming
them to be independent to give a total conservative uncertainty
estimate for each calculated property. The uncertainty of ¢
is 3.0% for the 4p? 3Py and 4p” states and 6.4% for 4p5s 3Pl",
while for Ag‘eor the uncertainties are 7.8%, 3.5%, and 3.4%,
respectively, for these three states. The final recommended
values and uncertainties for ¢"°" and AT are shown in
Table III. Further details on the procedure used for the cal-
culation of these properties and the uncertainties can be found
in Ref. [53].

The calculated atomic observables Ay and ¢ are propor-
tional to the magnetic hyperfine field (By) created by the
electrons at the point of the nucleus, Ay = By/J, and to the
electric-field gradient V,, created by the electronic cloud, g =
eV,,, respectively. Here, J is the atomic spin. These atomic
observables are related to the measured A and B parameters
as follows: Ag = Al/u and g = B/Qs, with u and Qg being
the nuclear magnetic dipole moment and electric quadrupole
moment, respectively, and I the nuclear spin. From the ex-
perimental hyperfine constants of the three atomic states
taken from Refs. [29] and measured in this work, as well
as the experimental magnetic and quadrupole moments from
Refs. [40,41], we can calculate the experimental Ay and g
parameters for °Ge. These can be directly compared with
atomic theory calculations, as presented in Table III. A re-
markable agreement is achieved for both A and ¢, for all three
states within less than 5%. We further compared the ratios
(Ra, Rp) of hyperfine constants of two atomic states (4p? 3P,
and 4p5s3P) measured in this work with the atomic calcula-
tion, as shown in Fig. 4. The ratios of the hyperfine constants
from theory show a good agreement with experimental values
for all three isotopes **"1"7*Ge obtained with fitting procedure
(2). This further supports our experimental result for the A;
and B hyperfine constants of *Ge.

B. Hyperfine structure constants and nuclear moments

As mentioned above, both our experimental results and
the atomic calculations are inconsistent with the literature
hyperfine constants for the 4p? 3P, atomic state of ©Ge. A

TABLE III. Atomic Ay and g parameters extracted from ">Ge experimental results and calculated with atomic relativistic FSCC method.

At. state AS (MHz) AS™ (MHz) Atheor (MHz) B (MHz) ¢ (MHz/b) g"her (MHz/b)
4p*3p, +15.5480(18) [29] —79.667(10) —74(6) —54.566(9) [29] +278.4(14) +277(8)
4p* 3P, —64.4270(7) [29] +330.12(2) +321(11) +111.825(13) [29] —571(3) —564(17)
4p5s3PS —262.2(12) +1343(6) +1314(45) +40(6)* —204(31) —208(13)

*Hyperfine parameters measured in this work.

054331-5



A. KANELLAKOPOULOS et al.

PHYSICAL REVIEW C 102, 054331 (2020)

TABLE IV. Magnetic dipole and electric quadrupole moments of %71*Ge isotopes compared with JUN45. The numbers from

Refs. [24,29,40,41] are also summarized as a comparison.

AN T H i) A ) ™ () 0" ) o) O™ ()
69 37 5/27 0.735(7) [24] +0.920(5) +1.048 —+0.027(5) [24] +0.114(7) +0.150
71 39 1/27 +0.54606(7) [29] +0.547(5) +0.438

73 41 9/2% —0.87824(5) [40] —0.904(21)* —0.955 —0.196(1) [41] —0.198(4)* —0.258

*Weighted mean of the moments extracted from the measured hyperfine parameters and calculated hyperfine fields of the three transitions in

Table III.

revision of the lower-state hfs parameters of ®Ge is therefore
suggested. From our measurements, the upper-state hyperfine
parameters, A, and B,, can also be determined for the first
time for all isotopes, yielding an independent measurement
of the nuclear moments. For """3Ge, the final A, and B, are
obtained with A; and B fixed to the literature values [28,29],
since they are known with high precision. In Table I, the re-
vised hyperfine parameters of the lower atomic state for “Ge,
and the newly measured hyperfine constants of the upper
atomic state for 71> Ge are shown together with literature
values.

A precise nuclear magnetic moment of "*Ge has recently
been redetermined using gas-phase NMR measurements on
GeH,4 [40] and a precise electric quadrupole moment was
extracted from molecular microwave data of GeO and GeS
[41]. Thus, the magnetic dipole p and electric quadrupole Qg
moments of ®7!Ge can be calculated from the experimental
A and B parameters in a model-independent way relative to
those of ">Ge by using

IA

n= LotArr Meref 5 (1
B

Qs = %Qs,ref- (2)

The large A, hyperfine parameter is used to extract the
magnetic moments of ®*7!Ge via Eq. (1). Since the hyperfine
B parameters for both atomic states are comparable in mag-
nitude, two sets of electric quadrupole moments are extracted
from By and B, using Eq. (2). We use the weighted average
of the two quadrupole moments as the final value, after tak-
ing into account the correlation between the two hyperfine
B parameters [54]. The results are summarized in Table IV
together with the literature values.

197/2
50 50
199/2 _O'O_
2p1)2 _O'O_
_— s 00080
—00—00- 1,

JUN45

—o-0—00-
28 28
1fy2
proton neutron

FIG. 5. Proton and neutron orbitals around the Z, N = 28 and the
Z, N = 50 major shell closures according the nuclear shell model.
The model space of the effective interaction JUN4S is also marked.

For the reference isotope "*Ge, we also determine an inde-
pendent set of nuclear moments, using the measured hyperfine
parameters and calculated hyperfine fields for each of the three
atomic states shown in Table III. These moments are fully
consistent with the literature values Table 1V), in particular,
for the quadrupole moment, reaching almost similar precision.
This illustrates the significant progress that has been made in
atomic calculations in the last few years.

IV. DISCUSSION

The relevant proton and neutron shells in the nickel mass
region are displayed in Fig. 5. For the even-Z elements (like
nickel, zinc, and germanium), with neutron numbers between
N =28 and N = 50, the neutrons are expected to dominate
the ground-state structure of the odd-A isotopes in a naive
single-particle shell-model picture. By filling the v2p;3),
v1fs/, v2pi2, v1go), orbitals, this would lead to ground-state
(g.s.) spins of 3/27, 5/27, 1/27, and 9/27 for the odd-A
isotopes, respectively. Thus, for ®*Ge and its isotones ®'Zn
and %Ni, with N = 37, the unpaired neutron is expected to
occupy the v fs, orbital, resulting in a g.s. spin of 5/27, which
is consistent with the experimental assignment for each of
these isotones [55—57]. For isotones with N = 39, a spin 1/2~
is then expected and also experimentally confirmed for %’ Ni,
97n, and "'Ge [33,56,57]. So, below N = 40, the single-
particle (SP) shell-model filling seems to be respected in
germanium, despite having four valence protons, which could
induce significant correlations and deformation. Moving to
N =41 and beyond, the filling of the vgg/, orbital is then
beginning and the odd-N isotopes are all expected to have g.s.
spin of 9/2%. This is indeed the case for "*Ge and ®Ni but
not for 7'Zn [33,34,57]. This might suggest some stabilizing
effect from a completely filled 7 ps/, orbital in *Ge, and
the onset of correlations between protons in the open 7 p3/»
orbital in 7' Zn.

Recent studies have suggested that the structure of the
zinc isotopes between N =40 and N = 50 [5,13] presents
some complexity with long-lived SP-like or deformed isomers
occurring in each of the odd-N isotopes. For the germanium
isotopes, deformation was proposed for the even-A isotopes
around N = 40 [22,23] but a systematic discussion of the
nuclear moments of the odd-N isotopes has not yet been done.
We first investigate the nuclear structure around N = 40 by
looking at the low-lying energy levels of ®~*Zn and %> Ge
isotopes, as summarized in Fig. 6. Note that only the en-
ergy levels with a firm spin assignment and with measured
half-lives longer than 10 ns are plotted, as nuclear moments

054331-6



NUCLEAR MOMENTS OF GERMANIUM ISOTOPES NEAR ...

PHYSICAL REVIEW C 102, 054331 (2020)

67 69 71 73
750 - Znsy | Zn3g | Zng | Znys 52+
9/2%
— 500 1 92+ 1 92+ 1 ]
> —
(9]
=
w 9/2*
250 1 1 1 ] 5/2%
9/2% —
12~ — 12-
5/2- 12- —
0 — ] 4 — — 4 — g —
5/2~ 1/2~ 1/2~ 1/2- 1/2- 9/2* 1/2- 9/2%
69Ge 1Ge 3Ge 5Ge
750 - 37 1 39 | 41 | 43
5/2*
— 500 1 1 J i
> 9/2*
v/
— 9/2 %
w 5/2%
250 1 1 9/2+ b T 5/2%
B} o2+ 172~ 12”
12~ 12 5/2 12~ o 75
5/2~ 572 7/2*
0 - — — - —— — - [ ] - —— —
5/2~ 5/2~ 1/2- 1/2- 9/2* 7/2* 1/2- 9/2+
Exp. JUN45 Exp. JUN45 Exp. JUN45 Exp. JUN45

FIG. 6. Ground and low-lying excited (isomeric) states of 73Zn (top) and ®7°Ge (bottom) compared with results from JUN45
calculations. States with half-lives of at least 10 ns and a firm spin assignment are plotted. Thick lines represent states with half-lives longer

than 1 ms.

have been measured for most of them [58]. These energy
levels are also compared with large-scale shell-model cal-
culations using the JUN45 effective interaction [59] in the
f5/2P89/2 model space starting from a Ni core, as illustrated
in Fig. 5.

While the shell-model reproduces well the level ordering
in germanium and zinc isotopes below N = 40, it fails to
reproduce the complex level structure in both isotopic chains
beyond N = 40 [13,19-21]. This is apparent from the spins
of the low-lying states in ">7>Ge and *Zn, which may not be
easily understood from the normal filling of the shell-model
orbitals. In the *Zn isotope, the isomeric character of the
5/2" state allowed a measurement of its nuclear moments,
and an unambiguous assignment of its spins and parity to be
made, which was debated before in the literature [5]. From
the magnetic moment, it was clear that the unpaired neu-
trons mostly occupy the go/» orbital, but the large quadrupole
moment could be only explained by including proton and
neutron excitations across Z = 28 and N = 50, leading to
a triaxial shape [13]. Investigating the experimental elec-
tromagnetic properties of the low-lying states in the odd-A
germanium isotopes will thus help to get a better understand-
ing of their structure, which will be discussed in the following
sections.

A. Magnetic moments

The magnetic dipole moment, and more specifically the
related g factor (g = u/I), is an excellent probe of the orbital
that is occupied by the unpaired particles (in this case neu-

trons). The available experimental g factors of the ground and
isomeric states of ©~°Ge are compared with the effective SP
g factors of relevant orbitals, as presented in Fig. 7(a). The
effective SP g factors for the orbitals of vfs,, vpi,2, vgo/n
are calculated using effective g factors of g = 0.7g™® and
g = g'e, which are the typical values used in the region
[14,60].

The newly measured magnetic moment (and g factor) of
the 5/27 g.s. of ®Ge (W = 37) is in excellent agreement
with the v fs/, effective SP value, intuitively pointing to its
simple shell-model character of an unpaired valence neutron
in the v f5/, orbital. The available experimental g factors for
the states with spin 9/2% in %71-73Ge lie close to the effective
SP g factor of the go,, orbital, as shown in Fig. 7(a). Again this
suggests a configuration dominated by an unpaired neutron
in the vgg,, orbital. More interestingly, the g factor of the
9/2* state of *Ge deviates more from the effective SP g
factor [enhanced in Fig. 7(b)], pointing to a possible onset
of collective effects from N = 41 onwards. As for the g.s.
of 73 Ge, both having a spin-parity of 1/2~, the structure is
likely dominated by an odd neutron in the py,, orbital as the g
factors are close to the vpy,, SP value, yet deviate somewhat.
Similar deviations have been observed for other 1/27 states,
e.g., in the neighboring zinc isotopes [5], as well as for heavier
isotopes with spin 1/27 with a valence particle filling the p;/»
orbital (e.g., Ag and In) [61].

These experimental g factors are also compared with the
shell-model calculations using the JUN45 interaction, as pre-
sented in Fig. 7(a). The calculations nicely reproduce the new
experimental value of the 5/2~ g.s. of °Ge (W = 37) as well
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FIG. 7. (a) g factor of ground and low-lying isomeric states of
6775Ge, compared with the shell-model calculations using JUN45
interaction. (b) Experimental g factors of ground and low-lying iso-
meric 9/2% states of the isotones of even-Z, zinc, germanium, and
selenium isotopes.

as the g factors of the 9/2% states in ®7*Ge. However, the
calculated wave functions for these states are found to be
very fragmented. The calculated dominant configuration of
the wave function for the 5/2~ g.s. of %Ge is about 26%. For
the 9/2% states of 9-73Ge, the main component of the wave
function is, in all cases, less than 50%. For all the isotopes,
the leading configuration is the same as that concluded from
the effective SP g factors. Surprisingly, the calculated g factors
of the 1/2~ g.s. of ""7>Ge are close to the SP values, so they
also deviate from the experimental values. Further theoretical
investigation is needed to understand this deviation for the
1/27 states.
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FIG. 8. (a) Quadrupole moments of ground and low-lying iso-
meric states of "> Ge compared with the shell-model calculations
using JUN45 interaction using effective charges 5" = 1.5¢, and
e = 1.1e,. (b) Experimental quadrupole moments of ground and
low-lying isomeric 9/2% states of even-Z zinc, germanium, and
selenium.

Earlier studies have shown that the N = 40 subshell ef-
fect observed in the nickel and copper isotopes, quickly
disappeared with more protons added above Z = 28, as de-
scribed by various experimental observables: magnetic and
quadrupole moments [5,6,8,11], charge radii [3,7,16], nuclear
masses [62,63], E(2T) excitation energies, and B(E2) tran-
sition rates [9,10,64,65]. This indicates that an increase in
collectivity around and above N = 40 is expected when going
away from Z = 28, as has been observed in the zinc and
gallium isotopes [5,7-10,13,62-65].
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To have a systematic investigation of the structural evo-
Iution from single-particle nature to the collective effect, we
compare the experimental magnetic moments of the 9/2%
states for even-Z nuclei (zinc, germanium and selenium)
around N = 40, as shown in Fig. 7(b). The g factors of all
the 9/27 states in the region around N = 40 are close to the
effective SP g factor, clarifying the leading configuration of
an unpaired neutron in the go/, orbital in their wave func-
tions. However, a continuously increased deviation from the
SP value is obvious from zinc, to germanium and selenium,
giving a clear sign of the increased collectivity as more pro-
tons are added above Z = 28 closed shell. This is further
confirmed by comparing the contribution of the main config-
uration of wave functions (single neutron in the g, orbital),
which is about 35% for %°Zn and 14% for 7' Ge.

B. Quadrupole moments

The known experimental quadrupole moments of ground
and isomeric states in ®7>Ge are presented in Fig. 8(a). The
new value of the quadrupole moment of the 5/2~ g.s. in ®Ge
is well reproduced by the shell-model calculation. The same
agreement can be found for the 9/27% states of "73Ge. It
is known from the above-discussed magnetic moments that
the main configuration for these 9/2% states comes from the
unpaired valence neutron in the vgy, orbital.

In Fig. 8(a), we see a linear trend in the quadrupole mo-
ments of these 9/2% states, when more neutrons fill the vgg/»
orbital. A similar trend has been observed in the neighboring
zinc isotopes [5,13], which are compared with those of ger-
manium in Fig. 8(b). In the case of the zinc isotopic chain,
the quadrupole moments of the 9/2* states in ©°Zn (N = 39)
and ”°Zn (N = 49) reflect a relatively pure configuration of
single-neutron particle and single-neutron hole in the vgy,,
orbital, respectively [5,13], from which we estimated the SP
quadrupole moment of vgg, orbital (see Ref. [5] for more de-
tails). A linear trend for quadrupole moments with increased
neutron number for a seniority-1(vgy,2)" configuration is then
calculated, as shown by the black dashed line in Fig. 8(b).

For the Ge isotopes, with only three measured quadrupole
moments, it is difficult to make a firm conclusion. It appears
that the slope of the curve is somewhat steeper than for the Zn
isotopes, which would point to some enhanced deformation
(correlations) for these isotopes with four protons outside the
Z = 28 shell. However, more data on neutron-rich isotopes
are needed to make a firm conclusion.

V. SUMMARY

The hfs of germanium atoms was measured in the
454p* 3P — 45°4p5s3P] atomic transition, taking advan-

tage of the development of the laser frequency-mixing
technique. A clear discrepancy with the literature mag-
netic and electric hyperfine parameters is observed for “Ge.
The systematic analysis of the hfs of >7"73Ge isotopes
obtained in this work requires a revision of the hyper-
fine constants for ®Ge, resulting in different magnetic
and quadrupole moments. State-of-the-art atomic relativistic
Fock-space coupled-cluster calculations were performed for
the hyperfine fields in three atomic fine-structure levels, al-
lowing us to determine the quadrupole moment of *Ge to
a precision of 2%, in agreement with the precision value
obtained from molecular theory calculations and experiments.

The available experimental nuclear moments of ground
and isomeric states of ®~7>Ge around N = 40 are interpreted
through a comparison to large-scale shell-model calculations
in the f5,,pg9/» model space. A comparison of the g factors
with the effective SP g factors reveals the nature of the or-
bital occupied by the unpaired neutrons. Yet the calculated
wave functions reveal a very mixed configuration. Through a
systematic comparison of the nuclear moments of germanium
isotopes with its isotones (zinc and selenium) around N = 40,
an increase in collectivity is observed, when protons are added
to Z = 28, reflecting a sign of structural change from single
particle to deformation when moving away from Z = 28.

To shed more light on the structural evolution in the region,
further study of germanium isotopes up to N = 50 and even
beyond is necessary, with the well-established laser systems
and atomic transition studied in this work. This will allow
us to have a better understanding of the structure changes
in the nickel region, particularly the gradual emergence of
collectivity.
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