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Hyperfine structure (HFS) measurements of neutron-rich iridium isotopes °¢!71%8[r (Z = 77, N = 119-121)
were performed via in-gas-cell laser resonance ionization spectroscopy at the KEK Isotope Separation System.
Magnetic dipole moments u and isotope shifts were determined from the HES spectra. The variation of mean-
square charge radii and quadrupole deformation parameters of these isotopes were evaluated from the isotope
shifts. The p value of “’Ir agreed with a theoretical value based on the strong coupling model, and the Ir
nucleus was interpreted as prolately deformed by the theoretical calculations. The  values of 1*¢1%8Ir were also
compared with semiempirical values calculated based on the strong coupling model. From the comparison, we
can suggest the possible spin values of I” = 1,2~ for 'Ir and I™ = 1~ for '*®Ir.
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I. INTRODUCTION

The B-decay half-lives of waiting-point nuclei with neu-
tron magic number N = 126 are needed to examine the
time-scale of rapid neutron capture process (r process) and
to estimate astrophysical environments from the simulated el-
ement abundances around the third peak originating from the
r process [1,2]. However, the waiting-point nuclei of the third
peak, defined by an atomic number Z ~ 70 and N = 126, are
too far from the S-stability line, making difficult to access
them experimentally. Therefore, reliable theoretical models
are required for an accurate prediction of S-decay half-lives
of the waiting-point nuclei. To establish those models, it is im-
portant to understand the competition between Gamow-Teller
and first-forbidden transitions of 8 decay, which are sensitive
to the structure of the relevant nuclei.

Laser spectroscopy can be used to investigate nuclear struc-
ture by providing information on the nuclear spin and nuclear
electromagnetic moments, which are sensitive to the nuclear
wave functions, and the variations of nuclear mean-square
charge radii and quadrupole deformation parameters. Nuclear
spin and electromagnetic moments can be directly determined
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from hyperfine structure (HFS) spectroscopy, and the varia-
tion of nuclear mean-square charge radii are calculated from
isotopic energy shifts.

A systematic measurement of electromagnetic moments
for the neutron-deficient and stable isotopes of '8271%Ir was
performed via laser spectroscopy [3]. The neutron-deficient
iridium isotopes were decay daughters of mercury isotopes
that were produced by a spallation reaction between a proton
beam and a lead target. The sudden change in the quadrupole
deformation parameter between heavier (187 < A < 193) and
lighter (A < 186) groups was similar to that observed in pre-
vious works on neutron-deficient isotopes of mercury, gold,
and platinum [3]. This change was interpreted as a tran-
sition of the y-soft shape to the axial symmetric prolate
shape associated with the transition of the proton orbit from
3/21[402] of A > 187 nucleito 1/27[541] of A < 186 nuclei.
The experimental nuclear quadrupole deformation parameters
of mercury, gold, platinum, and iridium approach the value
of the spherical shape with increasing neutron number [3-6].
However, for iridium isotopes, the finite-range droplet model
(FRDM) [7] predicted the shape transition from prolate (A <
196) to oblate (A > 197) at A = 197. We have investigated the
evolution of nuclear deformation of iridium isotopes, '¢~'*%Ir
(Z =171, N =119, 120, 121), with in-gas-cell laser ioniza-
tion spectroscopy as the first step of a systematic study of
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nuclear structures for nuclei with N &~ 126 at the KEK Isotope
Separation System (KISS) [8-10].

B decays were observed previously for these nuclei and
the half-lives are known [11-13]. The nuclear spin-parity I
appeared to be I” = (0~) for '*®Ir from the log-ft values of
191r B decays [14], and I™ = 3/2* for '°’Ir from the angular
distributions of cross sections and analyzing powers [15]. In
the present work, we report the magnetic dipole moments,
mean-square charge radii, and nuclear quadrupole deforma-
tion parameters for these nuclei, as determined from HFS
measurements.

II. LASER SPECTROSCOPY FOR HYPERFINE
STRUCTURE MEASUREMENTS

The interaction between an electromagnetic field induced
by orbital electrons and nuclear electromagnetic moments
creates a hyperfine structure in the atomic state [16]. A con-
sequence of the interaction is a new angular momentum F
resulting from the coupling of the total angular momentum of
the orbital electrons J and the nuclear spin I as F =1+ J.
The quantum number of F can be any integer in the range
[J —I1 < F <J+ 1. The number of hyperfine levels gov-
emnedby Fis2] + 1forl < Jand2J 4 1 forl > J.

Energy splitting (AE) between hyperfine levels is ex-
pressed as a sum of energy shifts caused by the magnetic
dipole interaction and the electric quadrupole interaction as
follows:

B 3K(K+1)-2I0+1)2J(J+1)

A
AE = —x K+ — x s
2 2 2121 — 1)2J(2J — 1)

K=FF+1D)—-I0+1)—-JJ+1). (1

A and B are the hyperfine coupling constants of the magnetic
dipole and electric quadrupole interactions, respectively. The
hyperfine coupling constants are given by

_ H, ()
A=t @)
B =¢e0¢,;(0). 3

H;(0) and ¢,(0) are the time-averaged magnetic field and the
time-averaged electric field gradient generated by the orbital
electrons at the nucleus, respectively.

The hyperfine interaction between a nucleus and the orbital
electrons results in atomic energy shifts in the ground and ex-
cited states, indicated by AE, s and AE, respectively. Thus,
each transition frequency v; between corresponding hyperfine
levels of the ground and excited states is given by

v = AEex,z AEg.&,t + Yo, (4)

h

where vy is the transition frequency between the fine structure
levels of the ground and excited states, and A is Planck’s
constant. The transition frequency v; is obtained from laser
ionization spectroscopy by measuring the ion yield or the
number of radioactive decays as a function of the excitation
laser wavelength.

In the hyperfine spectrum analysis, we assumed that H;(0)
and ¢,(0) are specific for each atomic state and are common

in an isotope chain. Therefore, the nuclear magnetic dipole
moment x and electric quadrupole moment Q can be evalu-
ated from the measured A and B, respectively, by using the
known values of reference isotope (normally stable isotopes)
Arefv Brefv Iref’ Mref s and Qref as follows:

1 A )
n = Lot Aver Meref 5
B
0 = ——Orer. (6)
Bref

Here, the stable nucleus '*'Ir (I* = 3/27%) was used as the ref-
erence nucleus. If there is no experimental information about
the Aret, Brer values, for example, in the cases of the reference
isotopes with / = 0 or 1/2, we could not apply Egs. (5) and
/Jor (6) to evaluate the u and/or Q values from the measured
A and/or B values. However, in such cases, we can compute
H;(0) and ¢,(0) [17,18] precisely and derive n and Q values
from the measured A and B values, respectively.

Finite nuclear mass and size cause v shifts between the
isotopes. Hence, variations in the nuclear mean-square charge
radius and the nuclear quadrupole deformation parameter can
be determined from the shift between two isotopes with mass
numbers A and A’, §vit = v4" — v}t (A’ > A). Details of the
isotope shift are discussed below in Sec. V A.

III. EXPERIMENT
A. KEK isotope separation system

The experiments were performed using KISS [8-10], an
argon-gas-cell-based laser ion source combined with an online
isotope separator, installed at the RIBF facility of the RIKEN
Nishina center. Unstable iridium isotopes were produced as
target-like fragments (TLFs) via multinucleon transfer (MNT)
reactions of '*%Xe+ %Pt [19]. The '**Xe primary beam
(10.75 MeV /nucleon, 50 particle-nA), accelerated by the
RIKEN Ring Cyclotron, impinged on an energy degrader
that consisted of three 3 pum-thick titanium foils (9 um in
total) that optimized the reaction energy by reducing the beam
energy to 9.4 MeV /nucleon. Then, the beam impinged on a
198pt target (12.5 mg/cm? in thickness).

The TLFs were accumulated, thermalized, and neutralized
in the argon gas cell at a 74 kPa pressure optimized for
the TLF stopping efficiency. The neutralized TLFs exited
the gas cell via laminar argon gas flow. The iridium atoms
were element-selectively reionized just before the gas cell
exit via two-color, two-step laser resonance ionization. The
singly charged iridium ions were accelerated with an energy
of 20 keV, and their mass-to-charge ratios were selected with
a dipole magnet. Finally, the purified radioactive beam was
transported to a detector station that included a tape transport
device for avoiding radioactivity in the decay chain of the
separated nuclide under pulsed beam operation of KISS. The
radioactive isotope was implanted in an aluminized mylar tape
of the tape transport device, which was surrounded by S-ray
detectors [20,21].
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FIG. 1. Ionization schemes and hyperfine structures of iridium
isotopes. The total angular momentum of the atomic state is / = 9/2
for both ground and excited states. For '*"1°Ir (stable) and '*’Ir with
known [™ = 3/27%, the hyperfine splitting of F = 3, 4, 5, 6 appears
in both ground and excited states, with ten transitions (left). For
1961981 with the assumption of I” = 1-, the hyperfine splitting of
F =17/2,9/2,11/2 appears in both ground and excited states, with
seven transitions (right).

B. Laser ionization schemes

An excitation laser with wavelength A; and an ioniza-
tion laser with wavelength A, were used for the ionization
spectroscopy. Figure 1 depicts the ionization schemes and
the hyperfine structures of the iridium isotopes. The ex-
citation transition was 5d’6s> 4F9/2 — 9/2° (A = 247.587
nm, 40389.83 cm~!, 5.01 eV) [22]. The Einstein coef-
ficient A;; of the transition is 2.04 x 107 s~! [23]. The
hyperfine coupling constants A191 = +57.52128(3) MHz and

8191 = +471.2045(3) MHz were known for the stable isotope

191Ir [24]. A" and B!?' were determined here to be A! =
—529*% MHz and BIY' = +1893%4%1° MHz. Even though
the measured Béf ! value had a large uncertainty because of
unresolved HFS spectra acquired by in-gas-cell laser ioniza-
tion spectroscopy, it did not affect the determination of the
unknown Ag s ex values of the unstable isotopes '*¢'%*Ir.

The dye laser (Radiant Dyes, NarrowScan) was pumped by
an excimer laser (XeCl, 307.9 nm, 4.03 eV, Lambda Physik,
LPX240i) to generate a fundamental wavelength 2A; ~
500 nm by using a dye solution of Coumarin 500. The fun-
damental wavelength was frequency doubled with a barium
borate oxide (BBO) crystal placed in a second-harmonic gen-
erator (SHG), and finally the wavelength of A; & 247.587 nm
at a power of 100 uJ/pulse was obtained. For ionization to the
continuum, another excimer laser was used at A, = 307.9 nm
with a power of 12 mJ/pulse. The pulse width of the two lasers
was about 15 ns full width at half-maximum (FWHM), while
the FWHM line width of the excitation laser was 3.4 GHz.
The 100 Hz repetition rate was high enough for the temporal
overlap between the laser pulses and the atoms given the atom
velocity in the laminar gas flow [8].

During the experiment, laser timing, position, power, and
wavelength were monitored and optimized as follows. Timing

between the fundamental dye laser light (2X) and the excimer
laser (A,) was monitored with photodiodes (Electro-Optics
Technology Inc., ET3020) and optimized with external trig-
ger signals of two excimer lasers to maximize the ion yield.
Moreover, the timing was adjusted to avoid the distortion
of HFS spectra stemmed from the intense ionization laser
field [25]. We confirmed there was no distortion in the present
measurements. The spatial overlap of the two laser beams in
the gas cell was also adjusted to maximize the ion yield. A
small part of the fundamental dye laser was monitored with
a power meter (J-25MB-LE, Coherent). The powers of both
lasers were higher than that needed for saturation of the tran-
sitions, and fluctuations were less than 10%. The wavelength
2., was monitored by sampling 1% fraction of the laser beam
with a wave meter WS6 (HighFinesse).

C. Experimental procedures
1. Confirmation of ®*Y"*®1Ir extractions

The extractions of '“®171%[r were confirmed from
half-lives (77 ,,) measured by -ray detectors [20,21]. The ra-
dioactive nuclei purified by KISS were implanted on the tape
during a beam-on period T,, = 1.5 x T; ;. The implantation
of the radioactive nuclei was suspended during a beam-off
period Tosr = 4 x Ty, to measure the half-lives of the iridium
isotopes implanted on the tape. Just before every Ty, period,
the tape was moved 30 cm during Tihove = 1 s to remove
activities from daughter nuclei.

Growth- and decay-time spectra are shown in Fig. 2. To
identify the isotopes from the half-life fits, the isomer com-
ponents of each isotope had to be considered. Isomers with a
half-life longer than several hundred ms can be produced by
the MNT reactions and extracted from KISS, as reported in
Ref. [26]. The isomeric states of '°®!*7Ir were reported previ-
ously [11,12], while those of 1981 were not reported. The level
energy, half-life, and the S-decay branching ratio of the iso-
mers were, respectively, £ = 410(110) keV, T, = 1.40(2) h,
and ~100% for the '°°™Ir isomer [11], and E = 115(5) keV,
Ti/» = 8.9(3) min, and 99.75(10)% for the '*"™Ir isomer [12].

The half-life of '°™Ir was much longer than that of the
196¢]r ground state Tijp = 52(1) s [11], and, therefore, the
component of '*™Ir in the spectrum was negligible. Because
the daughter nucleus '°°Pt is stable, the half-life and implan-
tation intensity of the ground state, and the background event
rate were treated as free parameters to fit the growth- and
decay-time spectrum of '*°Ir. The same method was applied
to the spectrum of '®Ir, which has a stable '**Pt daugh-
ter nucleus. The half-life of '*™Ir was similar with 7} =
5.8(5) min [12] of '°’¢Ir, and, therefore, the component of
197m1y in the spectrum was taken into account. In the fits, the
half-lives of '"’™Ir and '*’2Ir were constrained to reported
values of T, within the reported uncertainties 877, [12]. The
yield ratio R of '7#Ir to !°7¢*™[r and the background event rate
were treated as the free parameters in the fits. The half-life of
the daughter nuclei (1°72Pt) was fixed to the literature value
Ty = 19.8915(19) h [12].

The results of the half-life analyses are summarized in
Table I. The spectra of '?¢197:1%8]r in Fig. 2 were well fit (solid
lines) with reduced X2 values of 1.1, 0.8, and 0.9, respectively.
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TABLE 1. Analyses results for the growth- and decay-time spectra of '°%1°71%8]r in Fig. 2. The extraction yields were corrected by the
detection efficiency of the S-ray detectors. The '’Ir analysis was performed using constrained half-lives T; 2 £ 8T, for 197em [t to determine
the yield ratio R of '¢Ir to 17¢*™Ir. The extraction yield of '*’Ir in the table was the sum of those of ’¢Ir and '*’™Ir. The yield ratio R was

0.9701.

Nuclide Reduced x? Measured half-life Reported half-life Extraction yield (pps)
19611 1.1 49(5) s 52(1) s [11] 10(1)

97y 0.8 - 5.8(5) min [12] 9(1)

1981y 0.9 8.9(4) s 8(1) s [13] 4.9(3)

The determined half-lives of T/, = 49(5) s for ""°Ir and
Tip = 8.9(4) s for 1981y were well consistent with literature
values of Tj;, = 52(1) s for 19711 [11] and Tio = 8(1) s for
"81r [13], respectively. The yield ratio R was 0.9} for "*’Ir.
The extraction yields shown in Table I were evaluated from
fitted values by accounting for the detection efficiency of the
B-ray detectors. Yields > 5 pps were high enough for HFS
measurements on these isotopes. Finally, the extraction of
1962,1972.198¢ 1y from the KISS gas cell was confirmed.

2. Acquisition of HF S spectra

To analyze the HFS spectra of '°%197198r accurately, the
spectrum of the stable isotope '°!'Ir was acquired to deter-
mine the hyperfine coupling constants (Aex and Bey) and the
response function of the in-gas-cell laser ionization spec-
troscopy in the present experimental condition. Neutral atoms
of the stable isotope were obtained by resistive heating of
an iridium filament installed in the KISS gas cell. Figure 3
plots the HFS spectra for 1911961971981 obtained by measur-
ing the extracted ion yields as a function of excitation laser
wavelength. For '°!Ir, the laser-ionized atoms were detected
with a multichannel plate that was upstream from the KISS
detector station. Extraction yields of the unstable isotopes
were evaluated by analyzing the growth time spectra of 8 rays.
Fluctuations of the primary beam intensity during 7,, were
considered in the error analysis of the extraction yield. The
yield at each excitation laser wavelength was corrected for the
primary beam dose. Details in HES analyses are discussed in
Secs. IV A and IV B.

IV. ANALYSIS

A. Response functions and hyperfine coupling constants

The HFS line-shape for each transition is expressed
by the Voigt function, which consists of Gaussians and
Lorentzians [27]. The Voigt profile is common for all the
transitions. In in-gas-cell laser ionization spectroscopy, two
Gaussian components stem from the line width of the ex-
citation laser (3.4 GHz) and Doppler broadening at the gas
temperature of 300 K (1.1 GHz) [26], and three Lorentzian
components stem from the natural line width (3.3 MHz) of
an atomic excited state, pressure broadening, and laser-power
broadening [28]. The laser-power and pressure broadenings
strongly depend on the experimental condition such as the
gas cell pressure and laser powers, and should be measured

to determine the response function. Their sum I'y 74¢p, Was
determined from the HFS spectrum of stable ''Ir.

The absorption line width (%10 GHz) of the iridium atoms
was much broader than the energy shifts (< 5.5 GHz) caused
by the hyperfine interactions. Therefore, the peak height was
proportional to the relative transition probability [29], calcu-
lated from the statistical weight (2F + 1) of each hyperfine
level. The peak height is given by

2Fy. i+ 1 2F ik + 1
Ej2Fys.,j+ 1) X2 + 1)

X famp. @)

for the transition between the ith hyperfine level in the ground
state and the kth hyperfine level in the excited state. Fy ; is
the total angular momentum of the jth hyperfine level in the
ground state. Fy ; is the total angular momentum of the /th hy-
perfine level in the excited state, which can be populated from
Fy ;. by the excitation laser. funp is a common coefficient for
all transitions to fit the HFS spectra, and is used as one of the
free parameters.

The background level and the frequency v4, (= center-
of-gravity frequency + arbitrary offset) were also treated as
free parameters to fit the HFS spectra. The arbitrary offset
was common for all the isotopes. The isotope shift was then
determined from & vllsg LA = ”?t;s. - vggsl..

The fitting analysis was performed with ROOT [30] and the
MINUIT library [31] for statistical error analysis. The MINOS
option was used to calculate asymmetric parameter errors.
The Voigt function was provided in the mathematical library
of ROOT. Errors of the fitting parameters shown in below
were increased by considering the square root of the resultant
reduced y? value.

Parameters associated with the HFS spectra are summa-
rized in Table II. AL!, B!, and ' 74xp, wWere derived from
fitting the HFS spectrum of '°'Ir at an argon gas pressure of
74 kPa, as shown in Fig. 3(a). B)! had a large uncertainty
because of pressure and power broadenings. The A¢x and Bex
values for the other isotopes were calculated according to
Egs. (5) and (6) by using known s = 4+0.1507(6) un [24]
and Ot = +0.816(9) b [32] for °'Ir and analyzed values of
w and Q for 961971981 The fitting procedure for the HFS
spectra of '°1%8Ir was performed by assuming spin values
I1=0,1,2, or 3, and the most probable spin value was indi-
cated from the minimum reduced 2.
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TABLE II. Summary of HFS parameters for iridium isotopes. The u, Q, A, and By values of the stable isotope Y were precisely
measured in Refs. [24,32]. The Ay, By, Aex, and B, values of 1961911 are determined by using the other parameters indicated in the

parenthesis. The Lorentz width I'| 74xp, consisted of power and 74 kPa argon gas pressure broadenings. A

191 Bl9l

ex ex

and I'[ 74xp. Were

determined from the fitting of HFS spectrum of Y11 These three values are commonly used to determine the § vl'sg ]’A,, u, Q, and I values
of 196—1981r'
1911r 1961r 1971r 1981r
I 3/2% (07) 3/2%F unknown
1 (u) +0.1507(6) [24] p
0 (b) +0.816(9) [32] o
Ag. (MHz) +57.52128(3) [24] AL AL T TN
By (MHz) +471.2045(3) [24] BQ;_(B;T_, 0" 0"
Acx (MHz) AR = 52917 AS AR TN N Y
B (MHz) B = +1893%59° BA(BY', 0", V)
Sl (GHz) 0 St

'L 741pa (GHZz)

9241,

B. 1 and évig values for 196,197,198,

The HFS spectra of '%¢197:1%8]r were analyzed individually
with fitting parameters u, Q, v(?};s_, JSfamp, and the background
level. ALY, BI2! and 'y 74xpa were considered as constrained
parameters within a margin of two sigma (+20). In HFS anal-
yses with 1 =0, v{,‘t;s‘, JSfamp, background level, and I'r 74xpa
were used as free parameters.

In the cases of '°“!%Ir, the spin values were unknown.
Therefore, the statistical analyses were performed by assum-
ing spin values / = 0, 1, 2, or 3. The HFS spectra of 1%*1%1r
with the best fitted curves are shown in Figs. 3(b) and 3(d),
respectively. The results are summarized in Table III. When
I = 0 was assumed, the widths of the spectra were broader
than the I't 74xp, value, and the minimum reduced X2 values
became as large as 3.0 and 2.5 for '*°Ir and '**Ir, respectively.
Therefore, the spin value of both isotopes should be 7 > 1.
The Q values of '*°Ir and '*®Ir were not determined accurately
by using the B!?! value because of its large uncertainty.

For '“’¢Ir, the spin value I™ =3/2% was reported in
Ref. [12]. Therefore, ten HFS transitions were considered
in the analysis. The fraction of isomer '*™Ir in the '""Ir

beam was 0.1’:8:‘1‘, as determined from the half-life analy-

TABLE III. Magnetic dipole moments p and isotope shifts §vg

sis in Sec. IIIC 1. The expected ten hyperfine transitions
of 'mIr were widely spread over the range 400 GHz be-
cause of the large /" =11/27 and pu~ 6 un expected
from the systematic trend of the measured p values for the
I™ = 11/2~ state. No HFS peaks for '°/™Ir were observed,
indicating no '°’™Ir-contamination. Hence the '°’™Ir HFS

component was negligible. The p and BvI]S? L7 Values of

Y7l were = +0.2710:09 un, svig"" = —10.3(7) GHz
with the minimum reduced x2 = 1.8. The Q value of '*7¢Ir
was not determined accurately by using the BLY! value because
of its large uncertainty.

V. DISCUSSION

A. Charge radii and deformation parameters

The variations of the nuclear mean-square charge radius
S(rcz) and the nuclear quadrupole deformation parameter S,
were calculated from the measured isotope shifts [3,33]. The
isotope shift between two isotopes with mass numbers A and
A’ (A" > A) consists of a mass shift Sv% and a field shift
) V??” induced by the change in reduced mass of a nucleus-

electron system and the change in nuclear size, respectively.

U . .
WA of 1961981 oround states assuming nuclear spin 1.

Nuclear 1, 8vyg 14 Values

spin I reduced x? A =196 A =198

0 Suis (GHz) —5.743 —8.7%0%
Reduced x2 3.0 2.5

1 ams +0.3109 +0.13504
Sus (GHz) ~7.310¢ —9.8103
Reduced x2 1.4 1.1

2 1 (ix) +0.34500 +0.247055
Suis (GHz) =707 —9.4703
Reduced x? 1.8 1.4

3 ams +0.3607 +0.2675
Suis (GHz) =7.0103 —9.3%03
Reduced x? 1.9 1.4
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FIG. 2. Growth- and decay-time spectra of (a) '°Ir, (b) '"Ir, and
(c) "“®Ir. The lines are the best fits to the experimental data. The
two-dot chain (black), dashed (blue), and solid (red) lines indicate
background events of the B-ray detectors, the growth and decay
curves of each implanted nucleus (ground state), and the sum of
all components, respectively. The dotted (green) and dashed-dotted
(magenta) lines in the "*’Ir spectrum indicate the isomer ("*’™Ir) and
the daughter (‘*’¢Pt) decay components, respectively.

AA’

Therefore, the isotope shift Jvig" is expressed as

Supd = sud + sud’ (8)

The mass shift is expressed as the sum of the normal mass
shift (NMS) and the specific mass shift (SMS) contributions,

, , , 1 1
Svpis = Sviins + Svéns = (ATA - M—A)SKMS, )
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FIG. 3. HFS spectra of (a) "°'Ir, (b) '*°Ir, (¢) '"Ir, and (d) "*Ir
with the best fits (red solid lines). The black dotted lines indicate the
fitted background level. The spectra were measured at an argon gas
pressure of 74 kPa.

where M4 and M, are the nuclear masses and 8Ky is the
mass shift factor.

The field shift corresponds to the change in electron bind-
ing energy induced by the change in the nuclear charge
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distribution between two isotopes, due to the finite volume of
the nucleus. The field shift is written as the products of line
electronic factors AF; (i =0, 2, 4, 6) and difference in radial
moments §(rY)*" (N = 2,4, 6, 8) [34] as given by

o = SO S 4 S
AF '
+ TGS(rf)AA . (10)

We can determine §(r2)*4" values from the measured isotope
shift by using §Kys and AF; values which can be precisely
determined through theoretical atomic calculations. The latter
are briefly described in the following paragraphs. More details
can be found in [35].

Large-scale atomic calculations were performed using the
GRASP2018 collection of programs [36], based on the mul-
ticonfiguration Dirac-Hartree-Fock (MCDHF) theory [37] to
compute the electronic field shift factors AFy, AF,, AFy, and
AF; [34] of the 5d76s% *Fyj, — 9/2° transition. Although the
energy transition is well established at 40389.83 cm~!, the
upper level, corresponding to the sixth odd-parity J = 9/2
level, has not yet been identified with certainty [22,38,39].

Within the MCDHF framework, each atomic level is de-
scribed by an atomic state function that is expanded over a
linear combination of configuration state functions (CSFs),
which are themselves built as antisymmetric sums of prod-
ucts of Dirac one-electron four-components spinors [40] with
separate radial and angular parts. The CSF list is generated
by electron substitutions from the reference configurations to
a set of virtual orbitals, which are introduced to describe the
electron correlation. The choice of the reference configura-
tions is guided by previous works on Ir [22,41] and includes
the {5d76s%, 5d%6s, 5d°} and {5d"6s6p, 5d%6p, 5d°6s*6p}
configurations for the even and odd parity, respectively. The
radial part of the spectroscopic and correlation orbitals are
obtained by solving the multiconfiguration Dirac-Hartree-
Fock equations. The CSF expansion coefficients are estimated
from the weighted sum of the targeted eigenvectors of the
Dirac-Coulomb Hamiltonian matrix. This optimization pro-
cess is repeated iteratively until self-consistency. Subsequent
relativistic configuration interaction (RCI) calculations are
performed to include higher order effects by adding the
long-wavelength-approximation Breit interaction and QED
operators to the Hamiltonian, or by enriching the CSFs basis
set by allowing other kinds of electron substitutions.

The quality of our wave functions can be assessed by
comparing the calculated energy spectrum to the observed
one. In the case of neutral iridium, the energy spectrum
is particularly difficult to calculate accurately because i) its
ground configuration has an open d shell, which gives rise
to a large number of CSFs, ii) the excitation energy of the
first excited state (even, J = 9/2) is small and therefore a
strong interaction with the ground state is expected, iii) strong
mixing is observed among all odd-parity levels, iv) a “root-
flipping” is observed for the sixth and seventh levels [35],
as the computed level might not match the level involved in
the measured transition, i.e., that its position in the theoretical
Hamiltonian spectrum of the ordered roots of the (;r, J) block

symmetry does not correspond to its position in the energy-
ordered experimental spectrum. The root-flipping between the
targeted sixth lowest level and the seventh lowest level is
particularly critical as their configuration compositions differ
substantially. According to the Bauche and Champeau “shar-
ing rule” [42], the relative weight of the leading configurations
strongly influence the field shift parameter [43]. A detailed
analysis based on the Landé g factors and the relative phases
of the leading CSFs allowed us to unambiguously detect the
root-flipping (for more details, see [35]).

Once we have obtained the mixing coefficients and orbital
basis, we can evaluate the expectation value of any operator,
such as the isotope shift parameters or hyperfine structure con-
stants. The isotope field shift of the transition was computed
according to the RIS4 [34] formalism, that goes beyond the
approximation of a constant electron density inside the nu-
clear volume. The electron density of the state i is fitted to an
even polynomial series as pf(r) = Zi:o b,;z"rz", where the
electronic parameters AF, are proportional to b; 5, — b; ,, in
which i and j are the two levels involved in the transition. We
finally present the following electron computed isotope shift
parameters:

AKsy7ms = 650(1000) GHz u ,
APy = —48.1(3.0) GHz/fm? ,
AFy7, = 0.0526 GHz/fm* |
AFpy74 = —0.000150 GHz/fm®
AFy47.6 = 0.000000267 GHz/fm® 1n

which confirm the negligible influence of the mass shift, e.g.,
vzlz;;/?s = 0.04 GHz compared to the measured IS vzlz;:llg P =
—3.0(2) GHz. No reliable uncertainties were found for the
AFou7, AF474, and AF; ¢ parameters, as their values are

highly dependent on each other and on AF47 .
The sv/g"* and §vd"* values of 131961971981t are listed

in Table TV. The 8v)$"" values of '*¢!%®*Ir were taken from
the best fit results with spin value I = 1.

We present here the details of the derivation of §(
and B,. The radial moments of the nuclear charge distribution
(r¥)* where computed assuming a three-parameter Fermi dis-
tribution

!
rf)AA

A
Lo
r—=ch s [1484 Y20(0)] ) ’
a

pA(r, 0) = (12)

1 +exp(

where ,o{)‘ is a normalization constant, a is the skin diffuseness
parameter related to the skin thickness + = 4 In(3)a, and ;‘39
is the axially symmetric quadrupole deformation. Assuming
volume conservation (conservation of pOA), the nuclear size
parameter ¢/, was iteratively determined for a given value of

By as

3 2.2 _A 13
( sph) +7a ( sph def)

L+ 2 (B) + o /2 (8

. (13)

A
Clef =
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TABLE IV. The §(r2)!*"4" and |, | values of '**'°*17Ir, The §v/S"" value of '*°Ir was taken from the best-fit result with spin value / = 1.
The |B,| values were normahzed to be B, = 40.140 at '°'Ir, which was calculated from the Q value.

A Svis"" (GHz) v (GHz) §(r2)14 (fm?) 1B
191 0 0 0 0.140(2)
193 -3.02) —3.0(2) +0.0657 0007 0.118(5)
196 —7.310¢ —7.410¢ +0.167903 0.06(2)
197 —10.3(7) —10.4(7) +0.23(2) 0.07(2)

where cfph was deduced from the mean-square radius as pre-
dicted from the droplet model [44]

5
(chw)” = 302G (14)

Fixing the deformation of '*'Ir and thus (rY)!*!, 4 (and con-
sequently (rY)*) was varied until the equahty of Eq. (10) was
obtained. The fixed B, value of !Ir was +0.140(2) which
was calculated from the previously measured spectroscopic
quadrupole moment of Q = +0.816(9) b [32] assuming K =
I =3/2. In the calculations, t = 2.30 fm was used for all
isotopes and the electronic factors AF were computed us-
ing the RIS4 program [34] assuming for the nuclear charge
distribution a Fermi distribution with (r)!/? = 5.40 fm and
t =230 fm.
The §(r2)'9"4" and | B,| values were calculated to be

5(r)"” = 4+0.06575%07 tm?,  [Ba] = 0.118(5)
for %Ir,
5(r2)°1" = 10.161093 fm?, 2] = 0.06(2)
for I,
8(r2)"" = 4£0.23(2) fm?,  |Bo] = 0.07(2)

for ’Ir. Our 8( 21193 value agreed with §(r2)1911% =
+0.0691(8) fm? extracted from the measured isotopes shrft
value of 351.5 nm transition by Verney et al. [3]. How-
ever, the present |B;| = 0.118(5) is smaller than (,622)]/2 =
0.144(1) extracted by Verney et al. The majority of this
difference originates from the choice of the anchor value of
B! and the parameter values used in the droplet model. The
values for '!Ir were not obtained in our calculation using
Berdichevsky’s spherical charge radius calculated with the
parameters shown in Eq. (3) in Ref. [44]. The calculation
results are listed in Table IV and plotted in Figs. 4(a) and 4(b).
According to the evolution of |B,|, the nuclear shape seems
approaching to the spherical shape with increasing the neutron
number.

B. Magnetic dipole moment of odd-even iridium isotope *’Ir

We calculated the magnetic dipole moment of iridium
isotopes by using its expressions in the strong coupling
scheme [45]:

2

w = grl + (gg —gR)I 1 (K > 1/2), (15)

_ 1+1/2
w= gRI+4(I 1)(1—%—(21+1)( 1) b)(K =1/2),

(16)

where g and g are the g factors associated with the collec-
tive motion of the core and the particle motion in the deformed
nucleus, respectively. K is the projection of the nuclear spin
on the deformation symmetry axis and is equal to [ for the
nuclear ground state. b is a magnetic decoupling parameter
given in Eq. (4 A-12) in Ref. [45]. gg is usually given by the
ratio of atomic number and mass number of the core nucleus:
8R = Zcore /Acore- According to Fig. (4-6) in Ref. [45], the
observed gg values are mostly smaller than Zore /Acore =~ 0.39
and larger than 0.2 in this nuclear region. Therefore, we cal-
culated the u values in the cases of gg = Zcore /Acore and 0.2.

~
&
N’

025 %
0.2

0.15F T

0.1

y [fm?]

r

0.05

&+ | b b e b
191 192 193 194 195 196 197
Mass number, A4
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0.12 ¢

0.1

0.08 |-
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[reerTs
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Lo b v b b b b
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Mass number, 4

FIG. 4. (a) Variation of mean-square charge radii and (b) abso-
Iute values of quadrupole deformation parameters for the iridium
isotopes with mass numbers A > 191. The black dots refer to the val-
ues in this work. The |8,| values were normalized to be 8, = +0.140
at 'Ir, which was calculated from the Q value.
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TABLE V. The experimental jix, and theoretical 1., values of odd-A Ir isotopes with N = 112-120 and I = 3/ 2%, The jtea values were
obtained by using the tabulated B, values. 8, = +0.151(2), +0.140(2), +0.128(2) of '8'°11%1r were deduced from the previously measured

Q values of them.

N Q (b) ﬁ2 Mexp (MN) Mecal (MN)
8rR = Zcore/Acore 8r = 0.2
1897, 112 +0.878(10) [47] +0.151(2) +0.147(7) [3] +0.14610.993 £0.145+0.003
Py 114 +0.816(9) [32] +0.140(2) 40.1507(6) [24] - -
193¢ 116 +0.751(9) [32] +0.128(2) +0.1636(6) [24] +0.159+0.003 40,1607 0003
+O.L18GF +0.169%0 0% +0.16970058
i 120 B +0.072)* +0.2770 " +0.23*008 +0.23+004
~007ey o] L0914}
“This work.

gk is calculated from the expression (Eq. (5-86) in Ref. [45])

1
8x = o (882 + (g5 — g)(Q5182)) (2% 1/2). (A7)

where Q2 is the projected angular momentum of the valence
nucleon, g, and g; are the spin and orbital g factors associated
with the motion of valence nucleon, and §3 is the nucleon spin
operator along the deformation symmetry axis. The g; value
is 1 for the proton or O for the neutron.

b in Eq. (16) and the expectation value of §3 in Eq. (17)
were obtained from a theoretical calculation which describes
eigenstates of the nucleus as a one-particle plus core in the
axially symmetric quadrupole-deformed potential [46]. The
details of the calculation are given in Ref. [46] and references
therein. In the theoretical calculation, the values describing
the one-body potential were determined similarly as men-
tioned in Ref. [46].

g is generally expressed as g; = fg™°, where g™ is bare
spin g factor and takes +5.586 for the proton and —3.826 for
the neutron, and the f is a coefficient taking care of core-
polarization. Here, the f values of 0.854 10002 and 0.77210 002
were determined by assuming ggr = Zcore /Acore and 0.2, re-
spectively, to reproduce the experimental pey, value of Oy
in the calculations. The uncertainty of f is originated from
the uncertainties of fiey, and B, of ''Ir. The B, value was
required in the theoretical calculation to describe the axially
symmetric quadrupole-deformed potential.

Table V shows the piexp and pica values of odd-A Ir isotopes
with N = 112-120 and I = 3/2%. In the calculations, we
used the B, values of +0.151(2) and 4+0.128(4) for '3°Ir and
1931r, respectively. These values were estimated from the pre-
viously measured spectroscopic Q values: O = +0.878(10) b
of "®Ir [47] and Q = +0.751(9) b of '*Ir [32] assuming K =
I = 3/2. As shown in the table, the gg value does not affect the
results of pic,. The uncertainty of p, values originate from
the uncertainty of 8, of each isotope and from the uncertainty
of f. The ey values of all the isotopes were reproduced by
the pica values. From the agreement between the piexp and pica
values, it is quite reasonable to assign positive sign to the 8,
(prolate deformation) of '*’Ir. Even though small g, of ’Ir,
this nucleus can be interpreted as being prolately deformed,
as light iridium isotopes are [3].

C. Magnetic dipole moment of odd-odd iridium isotopes *>1%¥1r

We estimated the u values of '°*1°®Ir from a combination
of experimental gx values of neighboring nuclei based on
the strong coupling model. The gx values of '*%!%Ir were
calculated from the expressions [48] as

1
8k = 8a = 5 (pga, + (o). (18)
Q=Q,+ Q, (19)

where ; and gg, are the projected angular momentum and g-
factor of the valence nucleon (i = p, n), respectively. g, was
calculated by substituting an experimental ey, value of the
neighboring nucleus into Eq. (15) or (16).

To calculate the g, values, we chose the nuclei which
have the same proton or neutron numbers as '**!%Ir (Z =
77, N = 119, 121). Those are "It (Z =77, N = 120) for
proton gg, and '*7'%Pt (Z =78, N = 119, 121) for neutron
gq,. Here, we used the feyp values of 197.199p¢ ingtead of
195.197(yg (Z =176, N =119, 121) because their piex, values
have not been measured. The g, value was calculated from
w= +0.27J_r8:(1)(3) un of "I, evaluated in this work. The x and
I™ values of 7Pt and Pt are reported to be i = (4)0.51(2)
un [49], I" =1/27 and u = +0.75(8) un [26], I" =5/27,
respectively. The positive sign of u of '’Pt was assumed
based on the HFB calculations introduced in Ref. [26]. In the
case of '7Pt with K = 1/2, the gq, value was calculated by
using Eq. (16) with the b value obtained from the theoretical
calculation, as mentioned in the previous section, Sec. V B, by
assuming B, = —0.131 predicted by the HFB calculation [26]
in the cases of gg = Zcore /Acore and 0.2.

From the comparison between the jicy and piexp values, the
most probable coupling combinations were listed in Table V1.
As shown in the table, the gz value does not affect the results
of e except in the case K = 0, I = 1. The uncertainty of
cal values are originated from the uncertainties of exp values
of the neighboring nuclei. The pairs of ey, and I values of
191y can be explained in all the coupling combinations of Q,
and 2, with I =17 or 27. The ftexp value of 1981 can be
explained by coupling combinations with /™ = 1. As a result,
we can suggest I” = 1,2~ for '°°Ir and /™ = 1~ for ®Ir. In
order to discuss the nuclear structure based on the estimated
wave functions, we need to determine more precisely fiexp
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TABLE VI. The calculated p.y values of °!%®Ir based on the strong coupling model.

&2, $2n K 1 Heal (AN) Mexp (AN)
8r = Zcore/Acore 8r = 0.2
196 1.5 0.5 2 2 +0.3910.0 +0.40+0}! 40347005
- —03 ! ! +0.15750% 10,1570 +0.31+70%4
0.5 0.5 1 1 +0.28t8:8? +0'211—8:8?
- - 0 1 +0.39 +0.20
1987, 1.5 -0.5 1 1 +0.1 62%%2 +0.]4£§:§2 40137010
0.5 0.5 1 1 +0.27750 +0.23+004
- - 0 1 +0.39 +0.20

values of '°%1%r and neighboring nuclei from measured HFS
spectra with improved resolution by applying in-gas-jet laser
ionization spectroscopy [50] at KISS.

VI. SUMMARY

The HFS measurements of '°%1°7-19¥]r were performed via
in-gas-cell laser resonance ionization spectroscopy at KISS
to determine nuclear magnetic dipole moments and isotope
shifts. The magnetic dipole moment p of '*’Ir (I7 = 3/2%)
was determined to be +0.271009 pun. For "°Ir [I™ = (07)]
and '®Ir (/™ = unknown), the reduced x? fitting analyses
strongly indicated the spin value of I > 0. Possible combi-
nations of /™ and fieyp are suggested from the fitting analyses.

The variation of nuclear mean-square charge radius
8(r02>191’A/ and quadrupole deformation parameter |B,| were
extracted from the measured isotope shift taking into account
the nuclear charge distribution by considering the axial sym-
metric quadrupole deformation and higher order of electronic
factors computed using the atomic structure RIS4 code. We de-
duced §(r2)1'" = +0.161003 fm?, |B,| = 0.06(2) for "I
and §(r2)"14" = +0.23(2) fm?, ;| = 0.07(2) for ""Ir.

The 1 value of 'Ir agreed with a theoretical value based
on the strong coupling model, and the Ir nucleus was inter-
preted as prolately deformed by the theoretical calculations.

The 11 values of '**!%1r were calculated semiempirically
based on the strong coupling model, and these values were

compared with the experimental values. From the comparison,
we can suggest the possible spin values of I* = 1, 2~ for '%°Ir
and I = 1~ for '**Ir with some coupling combinations of €2,
and Q,.

To determine the spin value and discuss nuclear structure
from the estimated wave function, it is necessary to perform
the laser spectroscopy with the resolution of less than 1 GHz
by using in-gas-jet laser ionization technique. The develop-
ments in that direction are ongoing at KISS.
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