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In-gas-cell laser ionization spectroscopy of **'*°Os isotopes by using a multireflection
time-of-flight mass spectrograph
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We performed in-gas-cell laser ionization spectroscopy of **+1%60s, which were produced by multinucleon
transfer reactions at the KEK Isotope Separation System (KISS). The nuclei of interest were identified through
B-decay spectroscopy and a newly applied multireflection time-of-flight mass spectrograph (MRTOF-MS). From
the study of laser resonance spectra, isotope shifts (ISs) of the transition A; = 247.758 nm for '**Os and '*°Os

were measured for the first time. The change in the mean-square charge radius §

(r?)1924 and the quadrupole

deformation parameter (82)!/? were deduced from the IS measurements. The results were compared with the
theoretical calculations and the predicted shape transition at '**Os is discussed.

DOLI: 10.1103/PhysRevC.102.034309

I. INTRODUCTION

There is a long-standing interest in neutron-rich Os-Pt nu-
clei in the region of A ~ 190, where a shape transition has
been predicted. The lighter isotopes in this region are prolately
deformed in their ground states and become oblate as the
spherical shell closure at N = 126 is approached [1-3]. In
Pt (Z = 78) isotopes, the shape transition takes place quite
gradually through the triaxial y-soft isotopes A = 184-196 to
oblate neutron-rich isotopes A = 198-202 [4]. In the case of
Os (Z =76), it is expected to occur suddenly at A = 192-194
[5-7]. However, the exact point where the change occurs in
the Os isotopic chain has not yet been determined. Wheldon
et al. [8] suggested that the shape transition occurs at '**Os,
in contrast to the earlier interpretation of Casten et al. [9]. On
the other hand, the possibility of prolate-to-oblate transition at
19205 has been discussed by other theoretical studies [6,7,10].
Nomura et al. [7,10] predicted the shape evolution from the
prolate deformed '°°Os to the oblate '**Os, passing through
the y-soft nucleus of 1920)g, from interacting boson model
(IBM) calculations.

To resolve the theoretical disagreements, we have applied
the powerful method of laser spectroscopy to investigate the
nuclear structure in this region. By measuring changes in
the atomic transition energy, known as isotope shift (IS),
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the change in mean-square charge radius, §(r?), and the
quadrupole deformation parameter, (87)!/?, can be extracted.
Moreover, the measurement of hyperfine structure gives di-
rect access to nuclear properties such as spin and magnetic
dipole and electric quadrupole moments. Therefore, such
measurements on transitional nuclei help us to understand
how nuclear shape changes when approaching N = 126. To
date, several laser spectroscopy studies of Os nuclei have been
done [11-14], but little experimental information is known for
neutron-rich isotopes due to the difficulty in their production.

In this paper, we report the first measurement of iso-
tope shift for '°+1°0Os through in-gas-cell laser spectroscopy
[15-19]. These nuclei were produced by multinucleon transfer
reactions and extracted using the KEK Isotope Separation
System (KISS) [20-22]. The implantation rates of laser-
ionized '"*!%Qs were measured as a function of laser
wavelength and their laser resonance spectra were studied to
evaluate isotope shifts. The measurements were performed
via two methods: B-decay spectroscopy and time-of-flight
mass spectrometry. The 8-decay spectroscopy was performed
with a multisegmented proportional gas counter (MSPGC)
[23], while time-of-flight mass spectrometry utilized a mul-
tireflection time-of-flight mass spectrograph (MRTOF-MS)
[24]. The MRTOF-MS is a powerful device to perform laser
spectroscopy on long-lived isotopes (77,2 > 30 min) as the
measurement duration is independent of the half-lives and
the online beam time is not consumed by extended periods
of decay measurements [25-27]. From the evaluated iso-
tope shift, we deduced corresponding isotopic variation in
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the mean-square charge radius §(r%)!°>* and the quadrupole

deformation parameter (83)!/> based on the pairing-plus-
quadrupole model [28]. Finally, we discuss the nuclear
structure from the comparison between the present results and
theoretical predictions.

II. EXPERIMENT

A. Apparatus

The experiment was performed with KISS [20-22], which
is an argon-gas-cell-based laser ion source combined with an
online isotope separator, installed at RIKEN Nishina Center.

The 36Xe™"" primary beam (10.75 MeV/A, 50 particle-nA),
accelerated by the RIKEN Ring Cyclotron, impinged on a
rotating '*®Pt target (enriched to 91.63%) with a thickness of
12.5 mg/cm?. The unstable nuclei '**1°°0Os were produced
by multinucleon transfer (MNT) reactions [29]. The reaction
products were implanted, thermalized, and neutralized in a
doughnut-shaped argon-filled gas cell [22] with a pressure of
67 kPa.

The neutralized isotopes were re-ionized in the gas cell by a
two-color two-step resonant laser ionization technique, allow-
ing nuclei with the specific atomic number Z to be selected.
A frequency-tunable dye laser (Radiant Dyes Laser; Nar-
rowScan) pumped by a XeCl:excimer laser (A = 307.9 nm,
Lambda Physik LPX2401) was used for the first step excitation
(A1 = 247.758 nm) with a laser power of 100 ©J/pulse. The
wavelength of the dye laser was monitored by a waveme-
ter WS6 (HighFinesse), which is precisely calibrated with
another wavemeter WS7 (HighFinesse). A second excimer
laser of the same model, operated with a laser power of
12 mJ/pulse and a pulse duration time of 15 ns, was used
for the ionization transition to the continuum. The intense
ionization laser causes unwanted line-shape distortions and
line broadening in a resonance spectrum [30]. To avoid such
effects, the timing of the ionization laser was delayed about
10 ns from the excitation laser. Then, the laser ionized atoms
were extracted as singly charged ions, 1*+!%°Os*, from the gas
cell. The ions were accelerated to an energy of 20 keV, and the
mass-to-charge ratio (A/q) was selected by a dipole magnet
with mass resolving power of R,, = 900. Finally, the isotope
of interest was transported to the detector station located in
the adjacent experimental hall.

The detector station is divided into two parts. One is the
long-standing 8-y detection system and the other is the newly
installed MRTOF-MS [24]. During the experiment, the low
energy beam extracted from the KISS gas cell (hereafter, KISS
beam) can be delivered to either side by use of an electric
deflector. The ions transported to the S-y station were im-
planted on a 12 pum thick aluminized Mylar tape surrounded
by the high-efficiency and low background S-ray detector,
MSPGC [23]. The tape was moved at the beginning of each
measurement cycle (every 15 min in the present measure-
ments for '°°Os) to avoid unwanted radioactivity from the
detection area. The gas counter is sensitive to not only g rays
but also characteristic x rays and internal conversion electrons,
which can be identified by analyzing the multiplicity (M) of
the gas-counter hit patterns [23]. In this experiment, the gas

counter was used as a 8 telescope (M = 2) whose absolute
detection efficiency is as high as about 30% for § rays emit-
ted from '°°Os. Four super clover Ge detectors (Canberra,
fourfold 32 segmented superclover HPGe) were installed to
detect B-delayed y rays. The absolute detection efficiency was
calibrated using '3?Eu and '**Ba y sources and the efficiency
was measured to be about 14% for 400-keV y rays.

So far, heavy nuclei have been identified via decay spec-
troscopy by measuring specific decay properties, such as y
rays and half-lives. However, it becomes untenable to use de-
cay measurements if the particle’s half-life is excessive, such
as in the case of '**Os (T2 = 6.0 yr). To overcome this, we
used the MRTOF-MS to identify °+1%Qs efficiently in real
time, without the need to wait for decays, and thereby quickly
measured the laser resonance spectra of each. MRTOF-MSs
have been widely used as an isobar separator [31-33] and
for precise mass measurements thanks to its mass resolving
power R, > 100000 and the fast measurement time (within
30 ms for each cycle) [34-38]. These capabilities make
MRTOF-MS a powerful tool not only for mass measurements
but also for identifying heavy nuclei in laser spectroscopy.

The KISS beam, delivered to the MRTOF-MS station, was
injected into the 2 mm diameter entrance orifice of the gas-
cell-based ion cooler-buncher (GCCB). The GCCB is at room
temperature and filled with 100 Pa helium gas. The injected
ions were thermalized by collision with helium atoms and ex-
tracted by a radio frequency (RF) carpet [24]. Since the second
ionization potential (IP) of the Os atom is well below the first
IP of He, the collisional interactions strip additional charges
from Os™, resulting in about 80% of ions being extracted in
the doubly charged state. The extraction yield of the doubly
charged ions was estimated by using a '*®Pt KISS beam
[39]. The extracted ions were transported by a segmented
quadrupole ion guide to a triplet ion trap suite, consisting of a
pair of linear Paul traps on either side of a flat trap. In the trap
system, ions were accumulated, cooled, and bunched. Then,
the ion bunches were orthogonally ejected from the central flat
trap and entered the MRTOF-MS. The ions were allowed to
reflect back and forth in the MRTOF-MS for a predetermined
time, leading to n = 385 oscillations in the present measure-
ments, before being released to an ion detector (MagneToF).
Due to the multireflection nature of the MRTOF-MS, two ion
species with different mass-to-charge ratios can have the same
TOF by chance when the difference in mass-to-charge ratio is
sufficient to result in different numbers of oscillations [40].
To avoid such misidentifications, confirmation measurements
with different number of laps (n = 384) were done for each
analyte ion. To calibrate the MRTOF-MS, the trap system
provides reference ions, typically '*3Cs* or 8-%"Rb™, from a
thermal ion source. The measurement of reference ions were
interleaved with that of analyte ions with a total cycle of
30 ms. Ions of each were continuously accumulated in their
respective Paul traps and alternately transferred to the central
trap, in a method we call concomitant referencing [35].

B. Method

In the experiment, the implantation rates of laser-ionized
194196095 atoms were measured as a function of excitation
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laser wavelength and the resonance spectra were studied
to evaluate isotope shifts. To identify the laser ionized Os
isotopes, two separate methods were used. One is the con-
ventional B-decay measurement method and the other is
the newly applied time-of-flight mass measurement by the
MRTOF-MS. The fast measurement cycle of the MRTOF-
MS allowed us to identify long-lived isotopes, such as '**Os
(T1/2 = 6.0 yr), in a limited online experiment period.

For the decay measurement, the mass-to-charge ratio of
the dipole magnet was adjusted to transport A/g = 196 ions
and the lasers were tuned to ionize '*°Os (T} 2 = 34.9 min).
Then, the '*®Os ions from KISS were accumulated during
15 min for each laser wavelength. The growth curves of g
rays, which originate from '°°Os and other contaminant ions,
were measured by MSPGC with the hit pattern of M = 2.
From the fitting analysis of B-ray growth curves, the pure
implantation rate of '°°Os was deduced.

940s and '"°0s were identified from their mass mea-
surement by using the MRTOF-MS. Based on the internal
calibrant ¥Rb*, the MRTOF-MS was tuned for '**!%0s**
to achieve maximum mass resolving power of R,, ~ 120000
at n = 385 laps. Then, the TOF data of ions with a mass-
to-charge ratios of A/q = 97 and 98 were accumulated for 5
mins for each excitation laser wavelength. In the TOF spectra,
19419052+ were found with the known mass and TOF of
the reference ion, and conditions for fitting analysis were
made. From the fit of MRTOF spectra, the number of Os ions
was deduced. Finally, the laser resonance spectra of 194,196 g
obtained by two independent methods, were analyzed with
a simultaneous fitting procedure and the isotope shifts were
evaluated.

III. DATA ANALYSIS

A. Laser resonance spectrum deduced from S-ray
growth curve analysis

Figure 1 shows a typical B-decay growth curve for '°°Os.
The detected B rays originated from the decay of '*°Os, its
daughter nuclei '*°Ir, and some contaminants, mainly '*Ir,
which has a constant implantation rate without regard to the
excitation laser. Considering the implantation of '*°Os and
the contaminant '*°Ir, the decay process can be described
by the following equations:

dNos(t)

L = IOs - )\‘OSN051 (1)
dt

ANy (1)
;t = Iy — AeNi 4 AosNos, @)

where N;(t), A;, and I; (i = Os or Ir) are the number of ions
of a given nucleus as a function of the measurement time 7,
its decay constant, and implantation rate, respectively. The
decay rates of B rays from '*°Os and '*°Ir detected by MSPGC
are given as the product of detection efficiency €g;, decay
constant A;, and N;(t) (i = Os or Ir):

f(t) = €g,0sh0sNos(?), 3)
8(t) = €p A Ni (7). 4
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FIG. 1. Typical -ray growth curve of '*°Os nuclei, which was
measured using the MSPGC (M = 2). The red solid line indicates
the total fitting function, which consists of the f-decay growth of
19605 (dash-dotted blue), **Ir (dotted pink line), and the constant
background (long-dashed black line).

Here, the detection efficiencies eg; were evaluated using
GEANT4 simulation [23]. The B-decay growth curve was fitted
with the combined function of f(z), g(¢), and the constant
background Izg, as shown in Fig. 1. In the fitting analysis,
Ios, I, and Igg were always free parameters, and the decay
constants of '°Os and '°Ir were fixed as A; = In(2)/T1)2
from their half-lives of 7;, = 34.9 min [41] and T;/» =52 s
[42], respectively. The average value of reduced x> for each
measurement was around 1.29 in the range of 0.9-2.03. Fi-
nally the resonance spectrum of '*®Os was obtained as shown
in Fig. 2(a) and we confirmed that the contaminant '*°Ir is
insensitive to the excitation laser, as shown in Fig. 2(b). The
implantation rate of contaminant '*Ir is fitted to be 1.57(13)
particles-per-second (pps) with the reduced- x value of 1.0.

B. Laser resonance spectrum deduced from analysis
of MRTOF spectra

Figures 3(a) and 3(b) show typical MRTOF spectra of the
ions with mass-to-charge ratios of A/g = 97 and 98, respec-
tively. In the spectra, isobaric ions, such as Os, Ir, Pt, and
Au, were identified by MRTOF-MS. Among them, only the
Os ion was produced by resonant in-gas-cell laser ionization.
The others, having a constant production rate without regard
to the laser irradiation, were likely produced by radiation
fields in the region immediately following the KISS gas cell.
Figure 3(c) shows a TOF spectrum of the reference ion,
85Rb*, which is used as an internal calibrant.

The fit function for the ion peaks was determined from
the TOF spectrum of the reference ion. The ion peaks have
non-Gaussian shapes with tails towards larger flight times, as
shown in Fig. 3(c), due to the higher-order optical aberrations
in the mirrors and low-angle scattering from the residual gas
[43]. To describe the asymmetric shape, a Gaussian hybrid
function with two exponential tails was used, as described
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FIG. 2. (a) and (b) are the resonance spectra of the '*°Os and
1961, respectively. The horizontal axis indicates the laser detuning
relative to the transition frequency vy = 1210019.84 GHz (A, =
247.7583 nm). The red line in (a) is the best-fit result of simultaneous
fitting analysis of the **!%Qs resonance spectra. The implantation
rate of '*Ir is independent of the laser frequency, and, therefore, the
rate is fitted as a constant indicated by the red line.

in Eq. (5). The first exponential tail starts at the switching
point of #; =1, + o, and the extended second tail appears
at t, = t,, + o + t., where ¢, is the TOF interval between #;
and t,:

e (—(t=tn)*/20%) fort <4y
1 1
h(t)=Ax { a2 forn <t<n, O
LRI o >,

Here, A is the amplitude, f,, is the position of the maximum
of the fit function, o is the standard deviation of the Gaussian,
and 7; (1 or 2) is the slope of the first or second exponential
tail.

The time of flight ¢ of the ion with mass m and charge ¢
was calculated using

2
t — [
m= immf< 0 ) , ©6)

qref fet — 1o

where m.s and gs are the mass and the charge of the ref-
erence ion, respectively. The constant time offset #y is the
delay between the TDC start signal and the actual ejection
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FIG. 3. Typical time-of-flight spectra of the ions with the mass-
to-charge ratios of (a) A/qg = 97, (b) A/q = 98, and (c) the reference
ion 3Rb* after n = 385 laps in the MRTOF. The shape parameters
for the fitting function were determined with the Pt>* peak (pink line)
in the TOF spectrum.

of the ions from the MRTOF-MS ion trap. The offset time is
determined from the measured TOF and the known masses
[44] of Pt** and ¥Rb™. It is evaluated to be 188(10) ns.

As the isobaric neighbors of '**Pt** are closely packed,
the spectra of A/q = 97 ions, shown in Fig. 3(a), exhibits
only two distinct peaks. The first peak [t = 6763 112(1) ns
at n = 385 laps] is produced by '"#Pt>*, while the second
peak [t = 6763 160(1) ns at n = 385 laps] is an admixture of
1940s%*, 194112+ and '* Au®*. The peak centers of these three
ions, as calculated by Eq. (6), vary by &5 ns, and therefore
cannot be independently fitted but must be treated as a single
spectral peak in the fitting process. Hence, the sum of two
hybrid Gaussian functions with the same shape (having the
same o, 7, and f.) was used for fitting. In the analysis, all
the free parameters o, t, t,,, f. were determined from the fit
of 1*Pt>* peak, and these were applied to the other spectral
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FIG. 4. (a) and (b) are the resonance spectra of '**Os and '**Os,
respectively, obtained by evaluating the Os*" ion counts from the
TOF specta of MRTOF-MS. The horizontal axis indicates the laser
detuning relative to the transition frequency vy = 1210019.84 GHz
(A = 247.7583 nm). The red lines are the best-fit result of the
simultaneous fitting analysis.

peak. As the rate of '**Ir?* and '**Au®* would be independent
of laser frequency, the resonance spectrum for '**Os>*, shown
in Fig. 4(b), was determined from the total count rate of the
spectral peak at + = 6763 160(1) ns. The large background is
the result of the unresolved Ir and Au ions. The error bars are
derived from the error matrix calculated by the ROOT MINUIT
library [45].

In the case of A/q = 98, the calculated TOF intervals be-
tween ions were over 20 ns. Therefore the sum of four hybrid
Gaussian functions with the same shape was used for fitting.
The analysis was done in the same way as explained above in
the case of A/g = 97. Finally we could obtain the resonance
spectrum for 19405 and '"°Os as shown in Figs. 4(a) and 4(b),
respectively.

C. Resonance spectra analysis

Figures 2(a) and 4 show the resonance spectra of '**Os and
19605 obtained from the B-decay growth curve and MRTOF-
MS TOF spectra, respectively. Since there is no hyperfine
splitting for even-A Os with I™ = 0, single resonance peaks
were observed. The line shape for the resonance peaks can

be expressed as a Voigt function, which is a convolution of
Gaussian and Lorentzian components. The Gaussian width
consists of Doppler broadening and laser linewidth, whose
full-width at half maximum (FWHM) values were evaluated
to be 1.0 GHz at 300 K and 3.4 GHz, respectively [14]. As a
result, a total Gaussian width of 3.5 GHz was used as a fixed
parameter in all fitting analysis. The Lorentzian components
consisted of a gas-pressure broadening, laser power broaden-
ing, and the 2.6 MHz natural width of the present transition.
The Lorentzian width I'; was a free parameter in this analysis.

The resonance spectra were simultaneously fitted by Voigt
functions with common free parameters of Lorentzian width
I'y for Figs. 2(a), 4(a), and 4(b) and peak position (corre-
sponding to isotope shift value) for Figs. 2(a) and 4(a). The
fitting analysis was performed using the ROOT MINUIT library
[45]. The reduced-x2 of the simultaneous fitting result was
1.25. From the fitting, I';, was deduced to be 11.8 + 1.8 GHz.
As a result, a total FWHM of 12.8 + 3.4 GHz was obtained,
which is consistent with the previous study [14]. The values of
resonance peak position for '**Os and '**Os were determined
to be v!** = —3.53(58) GHz and v'°® = —6.24(95) GHz at
the gas cell pressure of 67 kPa with the offset frequency of
1210019.84 GHz. To evaluate the isotope shift, the previ-
ously measured value [14] of v1%2 = —0.33(22) GHz at the
pressure of 17 kPa was used for the reference. Considering
the gas pressure shift of —51(4) MHz/kPa [14], the resonance
peak positions are evaluated to be v'* = —0.98(61) GHz and
v!% = —3.69(97) GHz at the pressure of 17 kPa. Finally, the
isotope shifts for '°*Os and '°°Os from the reference isotope
19205 are deduced to be v'%* — v!192 = —0.65(65) GHz and
p1% — 192 = _3.36(99) GHz, respectively.

IV. RESULTS AND DISCUSSION

From the isotope shift of °+1°6Qs, corresponding isotopic
variation in the mean-square charge radius §(r?)!°>4 and the
quadrupole deformation parameter (B3)!/> were evaluated.
Then, the nuclear structure of **'%°Os could be discussed
from the comparison between the obtained results and theo-
retical predictions.

A. Isotope shift

The IS between two isotopes A, A’ in a transition i is the

sum of the mass shift (MS) and the field shift (FS):
5\);4’14, = dvms + SVgs.
The MS is composed of the normal mass shift (NMS) and the
specific mass shift (SMS):
A —A
AA/

In the s> — sp transition the contribution of SMS is supposed

to be as small as (0 £ 0.5) NMS [46]. Neglecting the SMS,
the MS is simply rewritten as

dvms = (Knms + Ksms) %

1 my — My
= V; X
1836.1

where v; = 1210019.84 GHz is a transition frequency. The
FS is expressed as the product of electronic factor F; and the

(SVMS -
ATTA
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nuclear parameter A
BUFS = F,')».

The value of F for the transition A; = 247.7583 nm is evalu-
ated by Hirayama [14] as Fo47 = 20.5 £ 1.76 GHz fm~2 and
is used for the following analysis. The nuclear parameter X is
the sum of the change in the mean-square charge radius and
its higher-order terms:
G G
A=8(r") + —=8(r"y + =838 + - -+, 7
(%) + 0 + 200 + @

where C; are the electronic coefficients calculated by Seltzer
[47] for the K x-ray transitions. Here, the Seltzer values of C;

C C

2 = 1.02x107 fm™2, = =42.74x107 fm~*

C1 Cl
are used. The change in the mean-square charge radius is
considered as the result of the change in the spherical volume
and the shape [48]:

8(r?) = 8(r)sph + 8 () der- 8)

The deformation term §(r?)qe includes dynamic deforma-
tions and higher-order multipole contributions. Employing the
“pairing-plus-quadrupole model” [28], where the nuclei are
described as a uniformly charged axially deformed rotor, the
higher-order contribution can be omitted and be reduced to the

quadrupole deformation, resulting in [49]
5
8(r%) = 8(r)spn + 7 () send (). ©)

Considering the higher-order terms of Eq. (7) up to (r°), the
nuclear parameter A can be rewritten as [49]

5
A= (1+x)8(r*)gpn + (1 +y>E<r2>spha(ﬂ§) (10

with
10 5
MES-EL + 2—R“,
C 7 C 3
G., G,
= —22R® + —23R*,
e C

where R = 1.24'3 fm, A = (A 4+ A’)/2, is the average ra-
dius of the nucleus. Using Seltzer values of C;, we obtain
x = —0.059 and y = —0.079 for Os (A = 192). The spherical
mean-square charge radius (r?)g and its variation §(r?)spn
were calculated using the droplet model [50]. The quadrupole
deformation parameter (/322) 1/2 was evaluated with the known
value of B, = 0.1667(12) [51] of the reference isotope 1920y,
as described in Eq. (11):

(B3)"? = \/5(/33) + B2A = 192). (11)

Finally, §(r2)"9219% =0.034(35) fm?> and §(r2)'921% =
0.177(55) fm®> were obtained from Sp!9%19 =
—0.65(65) GHz and 6v'9%1% = —3.36(99) GHz, respec-
tively. The (82)'/? for 1**Os and '"°Os were evaluated to be
0.147(10) and 0.157(15), respectively. The results are shown
in Table I.

TABLE 1. Measured isotope shifts §v'°>4, change of the
mean-square charge radius §(r?)'*>4, and quadrupole deformation
parameter {82)!/2 evaluated from this work and the previous experi-
ment [14] for Os isotopes.

8U192’A 8()’2)192‘A
A (GHz) (fm?) (B2
196 —3.36(99)* 0.177(55) 0.157(15)
194 —0.65(65)* 0.034(35) 0.147(10)
192 0.0° 0.0 0.1667(12)¢
190 1.22(30)° —0.064(17) 0.1771(46)
189 2.02(28)° —0.106(18) 0.1797(47)
188 3.30(27)° —0.174(21) 0.1761(55)

2This work.
"From Ref. [14].
‘From Ref. [51].

B. Nuclear structure of **+%¢Qs

The evaluated quadrupole deformation parameter of
(B3)1/? = 0.147(10) for **Os is consistent with the recent
experiment [52], in which |B;| = 0.140(10) was evaluated
from B(E2:0%" — 2%). This result is also in agreement
with the theoretical calculations, as shown in Table II.
Nazarewicz et al. [53] predicted an oblate deformed ground
state for '**Os with B, = —0.14 from Hartree-Fock (HF)
calculations. John et al. [54,55] predicted an oblate mini-
mum in the potential energy surface for both '**Os (|8,| ~
0.14) and "%0s(|B,] ~ 0.11) from symmetry-conserving
configuration-mixing (SCCM) calculations. On the other
hand, Wheldon et al. [8] proposed a prolate deformed
ground state for 1°*Os (|8,] = 0.16) and an oblate shape for
190s (|8,] = 0.12) from total Routhian surface (TRS) calcu-
lation, whereas the finite range droplet model (FRDM) [56]
suggests a prolate deformation for both **Os (8, = +0.153)
and '°Os (B, = +0.119). The comparison between evaluated
(B2)1/? and calculated results shows a good agreement for
1940s. Furthermore, the systematic trend of §(r?) and (B7)!/2
suggests a shape transition at '**Os, as discussed in the fol-
lowing paragraph.

Assuming an axial shape with a uniform nuclear charge
distribution, the deformation parameter (83)'/? of °Os was
deduced for the first time from the IS measurement. The
evaluated value of (87)!/? = 0.157(15) is larger than the theo-
retical predictions. This discrepancy could be the consequence
of the shape fluctuation between the axially deformed rotor
and spherical vibrator. The fluctuation is suggested from the
experimental energy ratio E(4)/E (2]) = 2.44 of '°Os [54],
which is close to the y-unstable limit of 2.5. Thus, it would

TABLEIIL. The quadrupole deformation parameter (82)'/? values

for 9+1% Qs from this work and theoretical models [8,53,54,56].

A This work HF SCCM TRS FRDM
194 0.147(10) 0.14 0.14 0.16 0.153
196 0.157(15) 0.11 0.12 0.119
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FIG. 5. Systematics of §(r?)!°*4 and (8%)!/? values for osmium
isotopes. The black open, blue open, and red closed circles represent
the values from Refs. [51,57,58], Ref. [14], and the present work,
respectively.

be hard to discuss (,322)1/ 2 based on the axially symmetric
deformation.

Figure 5 shows the systematics of mean-square charge
radius variation §(r?)'°>4 and quadrupole deformation pa-
rameter (ﬂzz)l/ 2 as a function of mass number A for osmium
isotopes. In the systematics, there is an increasing trend in
§(r*)1924 and a decreasing trend in (B3)!/? as the N = 126
closed shell is approached. The systematics show an almost
linear change in 8 (r?)'9>4 and (/322) 172 with increasing neutron
numbers up to A = 192. However, a rapid change in both
§(r*)1924 and (B3)!/? occurs at A = 194 compared to the trend
in the lighter isotopes. This could indicate the shape transition
from a prolate shape to a less deformed oblate configuration
at A = 194, as expected by theoretical predictions [7,10].

This shape transition can be interpreted by the evolu-
tion of single-particle energies (SPEs), which is discussed
in Ref. [3] for tungsten (Z = 74) isotopes by using Hartree-
Fock-Bogoliubov (HFB) calculations. Here, we assumed that
this interpretation is general in this region and can be ap-
plied to the osmium (Z = 76) isotopes. With increasing
neutron number, the energy gaps between the Fermi level and
7 (3s12), and v(2f5/2) in the prolate side become smaller. On

the other hand, the gap in the oblate side remains. Therefore,
the shape transition from prolate to oblate occurs in this heavy
region.

V. SUMMARY AND OUTLOOK

We performed in-gas-cell laser spectroscopy of neutron-
rich nuclei '°*Os and '°°Os, which were produced by MNT
reactions at KISS. The laser ionized Os isotopes were identi-
fied via conventional g-decay spectroscopy and newly applied
time-of-flight mass spectrometry using MRTOF-MS. The res-
onant laser spectroscopy combined with the MRTOF-MS
allowed us to identify '°*1%°Os in a short measurement time
with high mass resolving power of R,, ~ 120 000. From the
study of resonance spectra, the isotope shifts of two iso-
topes have been evaluated to be §v'°%!%* = —0.65(65) GHz
and 8v'9%1%6 = _3.36(99) GHz for the transition A, =
247.7583 nm. The corresponding §(r?)!%>4 and (B3)!/? for
194,195 were evaluated based on the pairing-plus-quadrupole
model [28]. The calculated (82)'/? of '**Os is consistent with
the recent experiment [52] and theoretical calculations. On
the other hand, that of '"°Os shows a discrepancy from the
theoretical predictions, which could be the consequence of
its y-unstable nature. In the systematics of §(r?)'°>4 and
(B3)!/? for Os isotopes, a sudden change in the increasing
or decreasing trend at A = 194 suggests a shape transition to
a less deformed structure. To clarify this feature, more pre-
cise measurements using in-gas-jet laser spectroscopy [19,59]
will be performed as part of a future plan. Moreover, with a
sustained mass resolving power of 250000, we will be able
to fully resolve '*®Os from neighboring isobars and better
resolve 1%4Os.
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