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Probing the 3; Ga ground-state properties in the region near Z = 28 with high-resolution
laser spectroscopy
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Magnetic-dipole and electric-quadrupole moments for ®67:675782Ga are reported using the Collinear
Resonance Ionization Spectroscopy (CRIS) technique at the ISOLDE facility, CERN. The moments of % Ga have
been measured for the first time: u = +1.775(3) uny and Q; = +21.0(15) e fm?. These results are compared to
shell-model calculations using the GXPF1 and JUN45 interactions and the trends of the moments approaching
the region of the doubly magic **Ni are discussed. Additionally, new values for the change in mean-square charge
radii for ®*Ga and ©’Ga allow investigation into the odd-even staggering in the region below N = 40.
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I. INTRODUCTION

Over the past few decades, the investigation of the ground-
state properties of isotopes residing in the vicinity of the
shell closure Z = 28 has attracted significant interest. In
the region near the doubly magic isotope ZgNim, there are
signatures of shape coexistence: low-energy intruder states in
the nearby N = 49 isotones [1,2] and the observation of an
intruder 0; state in 3°Ge [3]. A kink at N = 50 in the relative
mean-square charge radii for the gallium isotopes adds further
confirmation to its status as a magic number [4,5], and several
theoretical studies have been dedicated to the study of this
magic number [6-9].

Additionally, the reversal of the 7w 1 f5/, and 2 p3 , orbitals
can be attributed to an attractive monopole interaction which
strengthens as the neutron vgy,, orbital gets filled [10]. This
eventually manifests itself with a ground-state spin change and
has been observed for the copper and gallium isotope chains: in
BCulll]and °Ga[12] respectively. The monopole tensor in-
teraction has also been important for explaining the triple shape
coexistence exhibited in °Ni [13], along with the presence of
proton and neutron excitations across the Z = 28 shell gap.
The inclusion of these cross-shell excitations in shell-model
calculations has recently helped explain the systematics of
the nuclear electromagnetic moments for this region, such as
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the electric quadrupole moments in the manganese isotopes
[14]. However, the amount of excitations required in shell
model calculations to explain evolutions in shell gaps and
single-particle energies still remains to be discovered.

For the neutron-deficient region above Z = 28, a sudden
increase in the magnetic moment was observed for °’Cu,
towards the effective single-particle w(mwps/ ) value [15].
While N,Z = 28 are still good magic numbers in this region
of the nuclear chart, a softer 33Niag was required to obtain good
agreement between experiment and theoretical predictions
[16]. However, the electric-quadrupole moments are a better
probe of the softness of the core, due to the strong correlation
of collectivity with pair scattering across the orbitals. Later
studies of the copper quadrupole moments revealed an in-
creasing collectivity as N = 28 is approached and reinforced
the suggestion of a soft core [17], although they could not
reach N < 29. Similar studies into these moments for the
neutron-deficient gallium isotopes will provide additional
insight into this phenomenon.

In this article, we report on the measurements of the ra-
dioactive gallium isotopes :67-6%75-7-82Ga_ Newly presented
magnetic dipole and electric quadrupole moments for Ga are
compared to shell-model calculations from recent interactions,
helping to characterize the systematics in the neutron-deficient
region below N = 40. Changes in the mean-square charge
radii for %-*’Ga are also presented alongside literature values
for other gallium isotopes. Where available, data are compared
to literature values, showing good agreement and a similar
precision for the moments and changes in the mean-square
charge radii.

II. EXPERIMENTAL METHOD

Beams of radioactive gallium isotopes were produced at
the ISOLDE facility in CERN [18] by first impinging 1.4 GeV
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FIG. 1. A diagram of the resonance ionization scheme used for
neutral gallium, including the allowed hyperfine transitions (not to
scale) for the 417.2-nm transition, assuming ™ = 3/2~.

protons from the Proton-Synchrotron Booster [19] onto a solid
tungsten neutron converter [20]. Neutrons produced from the
resulting spallation processes irradiated a thick UC, target to
induce fission events. From this, gallium isotopes diffused out
of the target material and effused towards a high temperature
(~ 2200 K) tantalum ion source, where they were laser-ionized
using the Resonance Ionization Laser Ion Source (RILIS) [21],
and extracted at 30 keV. The mass regions of interest were
selected using the high-resolution mass separator [18] and
subsequently cooled and bunched using the ISOLDE cooler
buncher ISCOOL) [22,23].

After reaccelerating to 30 keV, the ion bunches were elec-
trostatically deflected into the collinear resonance ionization
spectroscopy (CRIS) beamline [26-28] and passed through a
Charge Exchange Cell (CEC). This was filled with a potassium
vapor (held at 460—470 K), which neutralized the ion bunches
with a neutralization efficiency of 2.5%. At this temperature,
charge-exchange calculations based on the work of Rapp and
Francis [29] showed that the ground and metastable states (as
shown in Fig. 1) are roughly equally populated. Any non-
neutralized components remaining were deflected away. After
passing through a differential-pumping region (just after the
CEC), the neutralized atomic bunches entered the laser-atom
interaction region. They were collinearly overlapped with the
laser pulses and synchronized with the duty cycle of the laser
system. The ionization scheme used in the experiment is shown
in Fig. 1 and probes the same transition from previous work on
gallium isotopes [2,12,24]. 417.2-nm laser light was produced
by frequency-doubling light from an M-Squared SolsTiS
continuous-wave Ti:Sa laser (pumped by a Sprout G-18 18W
continuous-wave DPSS laser), using an ECD-X frequency
doubler. The chopping of this light was performed with the
Pockels cell setup as detailed in Ref. [30]. A 35-m multimode
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optical fibre was used to transport the 417.2-nm laser light from
the CRIS laser laboratory to the CRIS beamline. The 639.7-nm
light was produced from a Spectron pulsed dye laser, pumped
with 532-nm light from a Litron LPY-601 Nd: YAG laser. This
laser system had two laser heads which could be controlled
independently. The other laser head produced the 1064-nm
light required for the ionization step. The interaction region
was maintained at 2 x 10~ mbar to minimize the background
due to nonresonant collisional ionization with gas molecules
and isobaric contamination (such as rubidium). After resonant
excitation and laser ionization, the ions were detected by
deflecting them onto a Hamamatsu F4655-12 positive-ion
microchannel plate (MCP) detector biased at —2250 V.

III. ANALYSIS AND RESULTS

Previous use of the target-ion-source unit with direct
impact of the protons on the target resulted in large beams of
isobaric rubidium and strontium contamination. Produced via
proton-induced fragmentation, long-lived and stable isotopes
of these elements had accumulated in the target matrix and
were released and surface ionized throughout the experiment.
This prevented measurements of exotic gallium isotopes past
82Ga from being performed. Despite relatively high count
rates of ’Ga in Fig. 2, considerable background rates are
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FIG. 2. Example hyperfine spectra for %%’ Ga, using the 4p > P 2
— 5528, ,2 transition. The solid lines are the best fit using an asym-
metric Gaussian profile, assuming a spin assignment of / =3/2".
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TABLE I. The A(4p?2Pp; ,2) and A(Ss 28, ,2) factors and magnetic-dipole moments for the gallium isotopes studied in this experiment.

Statistical uncertainties are enclosed with parentheses.

A(4p’P3p) (MHz) A(557S,2) (MHz) 14 (1)
A 1 This work Cheal et al.? This work Cheal et al.* This work Cheal et al.? Ref. [25]
65 3/2 +166.7(6) +940.3(13) +1.774(3)
67 3/2 +174.7(38) +175.8(10) +978.0(61) +979.7(25) +1.845(12) +1.848(5) +1.8507(3)
69 3/2 +189.8(13) +191.5(9) +1067.7(18) +1069.5(15) +2.014(4) +2.018(4) +2.01659(5)
71 3/2 +242.7(6) +242.8(7) +1357.7(17) +1358.2(16) +2.56227(2)
75 3/2 +172.6(1) +173.6(9) +971.7(12) +973.1(15) +1.833(3) +1.836(4)
79 3/2 +97.3(38) +98.3(9) +550.2(112) +555.0(14) +1.038(21) +1.047(3)
80g 6° +1.4(7)¢ +0.9(1)¢ +0.061(29)¢ +0.036(4)¢
80m 30 —68.0(2)° —67.5(1)° —1.435(5)¢ —1.425(5)4
81 5/2 +98.6(10) +98.9(4) +555.7(26) +555.6(13) +1.747(8) +1.747(5)
82 20 +178.7(49)¢ +182.5(14)¢ +0.449(12) +0.459(4)

2Values taken from Refs. [2,12,24].

bSpins based on suggested assignments for 80Ga [2] and ¥ Ga [24].
©A(55%S))2)/ A(4p? P3)y) constrained to +5.592(9) [12].
dMagnetic moment calculated using A(4p 2p; /2) values.

also observed. This contamination is suspected to be stable
titanium compounds [31] and has already been reported in
previous studies around the same mass region at the ISOLDE
facility [32].

The extraction of the ground-state properties from the
hyperfine spectra for each isotope was performed with a
¥ >-minimization routine [33]. High-frequency tails have been
observed in all spectra analysed in this experiment, resulting
from AC Stark shift effects induced by the high power of
the ionization laser. Although recent studies have suggested
these distortions can be removed by delaying the ionization
laser light [34], the short lifetime of the Ss ZS, /2 state (t, =
5.7(6) ns [35]) did not permit this. Therefore, asymmetric
fitting profiles defined by a Gaussian function with a power-law
high-frequency tail were used (colloquially referred to as the
Crystal Ball function) [36,37]. The analysis of the data was
performed with no restrictions on the A and B hyperfine
parameters and the intensities of the hyperfine peaks, apart
from the case of %% Ga.

Spin assignments were deduced by comparing ratios of the
resulting A-hyperfine factors for a particular spin assignment
to A(552S12)/A(4p?Ps)p) = +5.592(9), arising from the
weighted mean of ratios for gallium isotopes measured in
Ref. [12]. Magnetic-dipole and electric-quadrupole moments
were extracted from the known ratios © = pirefl A/ Lt Aref
and Q; = BQ,./ B and are displayed in Tables I and II,
respectively. Measured observables were determined relative
to ' Ga, using Aer(55 251 2) = +1358.2(16) MHzZ [12], jtrer =
+2.56227(2) iy [25], Bret(4p?P3p2) = +39(2) MHz [12],
and Qs = +10.7(1) e fm? [39]. The low Z of gallium meant
that sensitivity to the hyperfine anomaly could be neglected
[40].

Isotope shifts were extracted by comparing the centroid
frequency of a given spectrum to the nearest ''Ga spectrum
taken in time. These values are presented in the second column
of Table III and compared with values from previous studies in
the fourth column [4]. Additionally, Fig. 3 plots these values
from both studies against each other. The systematic offset

TABLE II. The B(4p>P; ,2) factors and electric-quadrupole moments for the gallium isotopes studied in this experiment. Statistical

uncertainties are enclosed with parentheses.

B(4p?P35) (MHz) Q; (efm?)
A 1 This work Cheal et al.? This work Cheal et al.? Refs. [38,39]
65 3/2 +75(1) +20.7(11)
67 3/2 +71(4) +73(4) +19.5(15) +19.8(16) +19.7(2)
69 3/2 +61(8) +63(2) +16.7(24) +17.1(11) +17.1(2)
71 3/2 +38(3) +39(2) +10.7(1)
75 3/2 —107(2) —105(1) —29.5(16) —28.5(17)
79 3/2 +49(12) +58(2) +13.4(33) +15.8(10)
80g 6° +186(7) +174(3) +50.7(35) +47.8(27)
80m 30 +132(3) +137(3) +35.8(23) +37.5121)
81 5/2 —12(5) —18(3) —3.3(13) —4.8(8)
82 20 +74(29) +72(3) +20.0(80) +19.7(13)

2Values taken from Refs. [2,12,24].
bSpins based on suggested assignments for 80Ga [2] and ¥*Ga [24].
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TABLE III. Isotope-shift values for the isotopes studied in
this work. Statistical and systematic uncertainties are enclosed in
parentheses and square brackets respectively. See text and Fig. 3 for
further details.

sv714 (MHz)
A This work Corrected values Procter et al. [4]
65 +101(5) +106(6)[0.8]
67 +74(11) +77(12)[0.6]
69 +33(35) +34(36)[0.3] +40(4)
71 0 0 0
75 —44(4) —46(4)[0.4] —45(2)
79 —173(11) —182(12)[1.4] —186(2)
80g —230(4) —241(4)[1.8] —239(4)
80m —224(4) —235(5)[1.8] —232(3)
81 —252(7) —264(8)[2.0] —272(2)
82 —207(4) —217(5)[1.7] —222(9)

between the two data sets is highlighted by the deviation of the
green dotted and blue solid lines. It can be attributed to an offset
in the ISCOOL acceleration voltage, which is known to vary
between experiments at the ISOLDE facility [4,41,42]. In order
to directly compare between the two data sets, isotope shifts
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FIG. 3. Isotope shift values from literature [4] plotted against
this work. The green-dotted line represents consistency between the
two data sets and the blue solid line represents the current relation
between the two. Each data point is labeled according to the mass
number involved.
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obtained in this study were modified by applying a correction
factor given by the gradient difference between the two lines
in Fig. 3, given by

Svgid = 1.049(8)8vlgis. (1)

where & vlz,ll(;f represents modified isotope shifts obtained in this
study, which are presented in the third column of Table I1I. This
modification benchmarks these values to previous literature [4]
and, in particular for °’Ga, makes them directly comparable
to the rest of the isotope shifts that have already been obtained
across the gallium chain. The associated error represents an
additional systematic uncertainty and is quoted separately for
the modified isotope shifts given in Table III. Changes in the
mean-square charge radii were calculated from the modified
isotope shifts by using the equation

’

SvAY = My, + Fy78(rHy2?, (2)

AA

where A and A’ are the atomic masses assigned to the reference
and measured isotopes respectively [45]. The parameters
My17 = —211.4(210) GHz amu and Fy;7 = 0.40(6) GHz/fm?
represent the atomic factors and contain all the optical de-
pendence for the 417.2-nm transition [4]. Reported hyperfine
coefficients and isotope shift values for 7:6%7579-82Ga in
Tables I, 11, and III are consistent with tabulated literature val-
ues [2,4,12,24]. Hyperfine parameters for A(2 Ps)2), A(le 2)s
B(Ps /2), and (Svéi{’fg were determined from a weighted mean
of values obtained from the analysis of individual hyperfine
spectra. Statistical uncertainties were determined from a
weighted standard deviation of the individual values.

IV. DISCUSSION

A. Electromagnetic moments for 28 < N < 40

An analysis of the hyperfine A factors for ®Ga revealed
ratios of +5.641(32) and +5.686(37) for I =3/27 and I =
5/2~ assignments. This results in standard deviations of lo
and 20, respectively, from +5.592(9) [12]. Therefore, I =
3/2" is assigned for ®Ga and confirms the ground-state spin

T 1% : v 14
50 : 50
9o/2 E

40 :| 40

2 ==
1 28

Frro f— —
20 : 20

GXPF1: JUN45

FIG. 4. A schematic representation of the model spaces involved
for the GXPF1 and JUN4S5 interactions, shaded in blue and red
respectively.
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FIG. 5. (a) The extracted g factor for ®Ga (light-blue triangle), alongside tabulated values across the gallium isotope chain from
Refs. [4,25,43] (dark-blue squares). Apart from 51Ga, the error bars are smaller than the marker size. (b) g factors for the odd-A copper isotopes
in the same mass range [15] (dark-blue squares). Values are compared to GXPF1 (black circles) and JUN45 (red diamonds) calculations.
Effective g-factor values for the 7 p3,, and 7 f5/, orbitals are illustrated with dashed lines.

assignment already made for this isotope [46]. Similar analyses
for °7%Ga also confirm the ground-state spins of / = 3/2~ as
reported in Ref. [12].

Shell-model calculations of the nuclear moments for the
lowest-lying 3/2" states for >*~7!Ga were performed using the
KSHELL code [47] with two effective interactions: GXPF1 [48]
and JUN45 [49]. The model spaces used for each interaction
are displayed in Fig. 4. GXPFI calculations are performed
in a full pf model space with respect to the *°Ca core.
The values reported in this work are performed with up to
2p-2h excitations across the N,Z = 28 shell closures for the
neutrons and protons, respectively. Calculations allowing up to
4p-4h excitations revealed that a convergence is reached at the
2p-2h level. This interaction has already been used to interpret
the moments for the neutron-deficient odd-A copper isotopes
down to °’Cu [15,17], in addition to the quadrupole moments
for the odd-A manganese isotopes in the same mass region
[14].

The JUN45 calculations are performed starting from a
%Ni core (see Fig. 4), including the upper pf orbits and
the g9 orbit as a valence space for both protons and
neutrons. Calculations with this interaction were performed
previously, in order to compare with moment measurements
of 63.67.69.71Gy [4,33]. In this article, we extend this study
by including 3% Ga. The following effective g factors
and effective charges were used for GXPF1: g = 0.9g™°,
g = +1.1, — 0.1 and e;ff = 1.5¢, €& = 0.5e, respectively
[48]. For JUN45, the values geff = O.7g§ree, glelcf = +1.0,0 and

s

et = 1.5¢, e = 1.1 were used [49].

The g factors for *'~"'Ga are presented in Fig. 5(a). Values
for the Cu isotope chain are presented alongside in Fig. 5(b)
for comparison. With only one proton outside Z = 28, the
GXPF]1 calculations reproduce the Cu magnetic moments very
well, due to the inclusion of excitations across the N,Z = 28
shell closures. Indeed with the JUN45 interaction, in which
these excitations are not included in the model space, the Cu

magnetic moment trends are less well reproduced. For the Ga
isotopes however, the agreement of both GXPF1 and JUN45
interactions is similar.

Quadrupole moment values for the same isotopes are pre-
sented in Fig. 6. An increase towards the midshell at N = 34
(between N = 28 and the N = 40 subshell gap) confirms the
increasing presence of neutron correlations, similar to the trend
seen in the copper quadrupole moments [17]. Comparable
parabolic trends can be seen in the experimental B(E2) values
between N = 28 and 50 for the nickel isotopes [50], and
between N = 50 and 82 for the tin isotopes [51]. It is also

oG]
o 19’ - ‘ ........ | B \\
E 18 1 Oy CHE
48' 12t o O 2 |
5 6°
€
@
©
2 _gl A This work ~O GXPF1
g 1 0. B Otherwork -§- JUN45 O
_1d .é,:,:,:@-“::‘_g_ _“._”'.._,‘:--:@_ -
R
_odl Cu |

28 30 32 34 36 38 40
Neutron number
FIG. 6. The extracted electric quadrupole moment for % Ga (light-
blue triangle), alongside literature values for the gallium [4,38]
and copper [17,44] isotope chains (dark-blue squares). Values are

compared to GXPF1 (black circles) and JUN45 (red diamonds)
calculations.
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FIG. 7. Proton and neutron orbital occupations for odd-A 3*7'Ga, across the combined orbital space for the GXPF1 (black circles) and
JUN4S5 (red diamonds) interactions. Proton occupancies (top) are viewed with respect to the occupancy of a single proton, while neutron
occupancies (bottom) are viewed with respect to the total occupancy for a given orbital.

noted that the quadrupole moments of the odd-A Ga isotopes
and those of the odd-A Cu isotopes have a similar magnitude,
but an opposite sign. This reflects the rather pure nature of these
configurations: for a pure 7 p} 1, configuration, one expects that
Qs'p(npé/zvcu) = - Qsp(npg/z’Ga) [52].

Figure 7 illustrates the changes in the proton and neutron
orbital occupations in the odd-A Ga wave functions, across
the combined GXPF1 and JUN45 model spaces displayed
in Fig. 4. The striking similarity between the trends in the
JUN45 7 p3,, orbital occupancies and the magnetic moment
values described in Fig. 5 suggests that contributions from
this orbital are important to describe the magnetic moments
between N = 28 and 40. While the "' Ga moments predicted
by JUN45 correspond to mixed 7 p3/»/m f5/2 configurations
over the full range (due to the scattering of protons in the upper
pf orbits), the 7 p3» occupancy for GXPF1 increases towards
N = 40. This illustrates how blocking the neutron orbits above
N = 40 leads to reduced proton excitations across Z = 28 as
the neutron shell is being filled. Furthermore, although proton
and neutron excitations from the f7,, orbital are allowed
in this case, this does not improve the reproduction of the
experimental moment values.

B. Changes in the mean-square charge radii for % Ga

The changes in mean-square charge radii for ®%’Ga
are given in Table IV and displayed graphically alongside
literature values in Fig. 8. For this discussion, neutron numbers
are used for the charge-radii superscripts. Uncertainties quoted
in Table IV originate from the statistical and systematic

errors quoted in Table III, plus an additional systematic
uncertainty from the Fy; and My7; atomic factors. The
odd-even staggering (OES) was investigated by calculating
the D(N; 8(r2)40*N) parameter [53,54], given by

D(N;8(r?)*N)

— (_l)N [8(r2>40,1\7 _

8<r2)40,(N—1) +8(}’2)40’(N+1)
5 )

and is also shown in Fig. 8. A normal odd-even staggering
corresponds to positive D values, corresponding to odd-odd
Ga isotopes having a slightly smaller charge radius than their
odd-even neighbors. This is due to the odd neutron in even-N
isotopes blocking the scattering of boson 0T pairs over several
orbits from its own orbital [55].

Values with D(N;8(r?)*¥) < 0 can be attributed to a
reversal in OES. This has been observed in the N & 40 region
not only with gallium [4], but also in the krypton and strontium

TABLE IV. Changes in the mean-square charge radii for % Ga
(N = 34,36), using the modified experimental isotope shift values in
Table III. The statistical, modified-systematic, and atomic-systematic
uncertainties are enclosed within parentheses, square brackets, and
curly brackets, respectively.

N 8(r?)**N (fm?)
34 —0.422(14)[2]{93}
36 —0.252(30)[2]{58}
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FIG. 8. (a) Changes in the mean-square charge radii across the
gallium isotope chain. Red circles represent new measurements for
6567Ga (N = 34,36) and blue circles denote literature values [4].
Statistical and atomic systematic uncertainty bounds are given by the
shaded areas and black-dotted lines respectively. (b) Corresponding
D(N; 8(r?)*N) values representing the odd-even staggering, calcu-
lated from Eq. (3).

chains [56]. It is also observed in the N = 134 region in the
francium and radium chains, in which it coincides with aregion
of octupole deformation [54,57]. The reversal at N = 50 is
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caused by the dramatic increase in the charge-radius value of
82Gaat N = 51, the signature of a shell closure crossing [4,5].
Further investigation with greater isotope shift sensitivity is
also required to assert odd-even staggering characteristics at
N =35.

V. CONCLUSION

Gallium isotopes were studied at the CRIS experiment at
ISOLDE, with the use of a three-step laser ionization scheme.
The electromagnetic moments of ®>Ga and the changes in
the mean-square charge radii for ®>%’Ga are reported. A
comparison of the moments for 28 < N < 40 with shell-
model calculations suggest that, as protons occupy the upper
pf orbits, calculations starting from a °Ni core reproduce
the moments equally well as calculations that allow proton
and neutron excitations across N,Z = 28. The inclusion
of the vgy,» neutron orbit is only important for isotopes
near N = 40. For the mean-square charge-radii values, an
inverted odd-even staggering is observed around N = 40,
although an explanation for this has not yet been proposed.
A small inversion is observed also at N = 35; however,
a remeasurement of the isotope shifts with better voltage
precision is suggested to assert OES inversion in this region.
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