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Abstract

Collinear laser spectroscopy (CLS) has been used as a tool for nuclear physics that provides fast, sensitive, and accurate
means for the determination of nuclear ground-state properties via optical isotope shift and hyperfine structure measure-
ments. The model-independent extraction of nuclear ground-state properties from optical spectra delivers important physics
results to test the predictive power of nuclear models. A CLS system (called CLaSsy) has been installed in RAON’s ISOL
beamline and developed for the study of basic nuclear properties, such as nuclear spins, magnetic dipole moments, electric
quadrupole moments, and mean-square charge radii. The neutralization efficiency of the vertical charge-exchange cell on the
CLS beamline has been tested using the stable Ar ion beams produced from an off-line ion source. This off-line experiment
will open new opportunities for laser spectroscopy measurement of atomic state of unstable isotopes produced at the ISOL

facility at the Institute for Rare Isotope Science in Korea.
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1 Introduction

In recent decades, laser spectroscopy techniques have made
significant contributions in our understanding of exotic
nuclei in radioactive ion beam (RIB) facilities worldwide
[1-3]. This is achieved through determining multiple fun-
damental properties of nuclear ground and isomeric states,
such as nuclear spins /, magnetic dipole u and electric quad-
rupole moments Q, and mean-square nuclear charge radii
(r?), via the measurement of hyperfine structures and isotope
shifts in the atomic or ionic spectra of the nuclei of interest.

Online laser spectroscopy experiments at RIB facilities
also stimulated the development of collinear laser spectros-
copy (CLS), which was validated as an approach at TRIGA,
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Mainz [4, 5], achieving both a high resolution and sensitiv-
ity for the time. Soon after, the CLS method was applied at
online facilities and used extensively in the study of nuclear
properties of unstable isotopes [6, 7]. Such studies have been
carried out at RIB facilities based on the Isotope Separation
OnLine (ISOL) technique, such as ISOLDE-CERN [8, 9],
IGISOL of JYFL [10], and ISAC of TRIUMF [11], where
the RIBs are delivered at a suitable energy (e.g., ~ 30-60
keV). Until now, the majority of laser spectroscopy experi-
ments of unstable isotopes have been performed at ISOL-
type RIB facilities, such as ISOLDE-CERN. These facilities
directly produce low-energy RIBs with favorable properties
for laser spectroscopy experiments. The development of
new-generation facilities, such as the recently operational
FRIB in the US [12], as well as those still under construction
like SPIRAL2-GANIL in France [13], FAIR in Germany
[14], HIAF in China [15], and RAON in South Korea [16],
will allow unprecedented access to short-lived isotopes. Due
to their recognized potential to make meaningful contribu-
tions across multiple fields of science in addition to the study
of exotic nuclei, online laser spectroscopy setups are either
already in operation or planned at nearly every current and
upcoming RIB facility around the world and are shown in
Fig. 1.
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Fig. 1 Distribution of collinear laser spectroscopy setups at the different radioactive ion beam facilities around the world

CLS experiments rely on the measurement of Doppler-
free optical spectra by overlapping a low-energy (a few tens
of keV) atom or ion beam with a high-resolution laser beam.
In this geometry, the accelerated ionic ensembles experi-
ence a velocity compression along the axis of their motion.
The compression arises from an acceleration to well-defined
energy E preserving an original energy spread 6E but reduc-
ing the corresponding velocity spread to

1
2mE

ov = oF. (])

This compression reduces the Doppler broadening of the
spectral lines allowing high-precision laser spectroscopy of
short-lived isotopes. In the case of work with fast atomic
beams, where an alkali metal vapor cell is used to neutral-
ize ions to fast atoms, tuning the potential of the vapor cell
achieves the final velocity tuning.

In this report, we describe the ongoing development of a
CLS setup in the Institute for Rare Isotope Science (IRIS).
The CLS beamline has been installed with an existing ISOL
system and was tested using an off-line ion source by meas-
uring neutralization efficiency of Ar ion beams.

2 Atomic structure and laser nuclear
spectroscopy

Laser spectroscopy techniques are powerful tools that can
simultaneously access multiple fundamental properties of
atomic nuclei (spins, electromagnetic moments, and charge
radii) in a nuclear model-independent way. Measurement of
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these quantities is realized by probing the hyperfine structure
and isotope shift of atomic/ionic energy levels.

2.1 Hyperfine structure

The hyperfine interaction energy of a state with hyperfine
quantum number F, total angular momentum quantum num-
ber J, and nuclear spin / is given by

3
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Here, K=FF+1)-I0+1)-JUJ+1) ,
A =guyBO)h/I-J and B = eQ,¢;;(0) are hyperfine con-
stants, uy(Q,) are the Bohr magneton (electric quadrupole)
moment of the nucleus, B(0) is the magnetic field generated
at the nuclear site by electrons, and (i)_/j(O) is the electric field
gradient produced by electrons at the nucleus. The depend-
ence of the hyperfine splitting on nuclear spin / ensures that,
given enough splittings exist, a unique assignment of the
nuclear spin can be made.

2.2 Isotope shift

The frequency of the same atomic transition is observed to
shift between different isotopes of the same element. For
nuclei with atomic masses A and A’, the frequency shift,
known as the isotope shift, is generally defined as

SV = A, 3)

where v is the frequency of the atomic transition for isotope
A. In general, this can be approximated as being composed
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of two independent components, the mass shift arising from
the change in total mass of the system, and the field shift
arising from the change in the spatial distribution of the
nuclear charge. The mass shift is an effect of atomic kinetic
energy change to the electronic energy structure and the
field shift appears due to the effect of finite extension of the
nuclear charge distribution on the electronic binding energy.
The field shift provides an estimate of the change of nuclear
charge radius within an isotopic series or between isomers.
The ratio of field shifts and difference of mass shift factors
can be obtained separately through King Plot.

3 Experiment
3.1 Collinear laser spectroscopy beamline

A schematic diagram of the CLS setup is shown in Fig. 2.
The CLS beamline is connected to the existing ISOL
beamline via RI beamline, which comprises beam guiding
optics and ion beam diagnostic elements (not shown). An
off-line ion source (OLIS) is connected through SI beam-
line to test the beamline using stable isotopes. The CLS
beamline was made at TRIUMF in Canada, and thus, this
beamline can be used to provide nuclear spin-polarized
ion beams [11]. For this possible application, an additional
bender (B2) is installed downstream of the CLS beamline
on which an application beamline (App. beamline) will be
connected in the future.
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In the first stage, the *°Ar ions are produced in a commer-
cial off-line ion source (SO-55, High Voltage Engineering
Europa B.V.), extracted, and refocused with an einzel lens.
The argon-ion beam is accelerated to an energy of 20 keV
using a high-voltage power supply (HCP 35, FuG Elektronik
GmbH) with a specified relative voltage stability of better
than 107> over 8 h. The extracted ions are then further cor-
rected by a group of horizontal and vertical steerers (orange
boxes) and a set of quadrupoles (red boxes) before the beams
are directed into the CLS beamline by a pair of 45° electro-
static bender (B1). The SI beamline includes a Faraday cup
(S-F1) located before the bender to measure the ion current
from the source.

As show in Fig. 2, the CLS beamline is installed down-
stream of the SI beamline. The incoming continuous ion
beam for the OLIS is guided to the CLS beamline by the
electrostatic bender (B1). Downstream of the bender plates
in the deflection chamber, a pair of electrostatic plates fol-
lows to correct the ion beam direction. The ion beam is then
transported through the CLS beamline using two sets of
quadrupole doublets with x—y steerer plates. The guided ion
beam is then transported to a specially designed electrode
arrangement (referred to as post-accelerator) to modify the
kinetic energy of the incoming ion beam by controlling the
voltage of up to +10 keV. After the voltage-scanning elec-
trode, the ion beam is injected into the charge-exchange cell
(CEC), where the ions are neutralized via collision with
alkali vapor. The CEC is followed by a chamber (VC10)
housing a photomultiplier tube positioned perpendicularly
to the beam axis, which can be used to detect fluorescence
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Fig.2 A schematic drawing of the CLS beamline. Stable (unstable)
isotopes are transported to the 45° Y-bender (B1) along the SI beam-
line (RI beamline). The ion beam deflected at the bender B1 is over-
lapped with counter-propagating laser beam (red arrow) on the CLS
beamline. The ion beam is neutralized in the charge-exchange cell

(CEC). A fluorescence detection system for the laser spectroscopy
is installed at the chamber VC10, where the resulting fluorescence is
collected using mirror and lens systems and detected with a photo-
multiplier tube (PMT). See text for more details
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light emitted by the excited ions or atoms. The photomul-
tiplier tubes in this detection area are used for determining
the resonant laser frequency through optical detection of the
fluorescence decay from an isotope of interest. At the end
of the CLS beamline, a series of ion-optics elements and
an electrostatic bender (B2) are installed for the possible
future experiments. For this, an extended beamline where
the optical pumping takes place will be installed between
the chambers VC12 and VC13 in the future.

3.2 Beam diagnostics and ion optics

For the diagnostics purposes, three Faraday cups (C-F1,
C-F2, and C-F3) with a wire scanner are introduced along
the CLS beamline to record ion beam current and beam pro-
file. Here, C-F1 is used to measure the beam current (I_g;)
after the 45° bender. The C-F2 and C-F3 measure the ion
beam currents (/-_p, and I_g,) before and after the CEC,
respectively. The typical argon-ion beam intensity before
and after the CEC was 1-2 pA, measured with a Faraday
cups including a secondary-electron suppressor (C-F2 and
C-F3). The wire scanners are used to observe the beam pro-
file, which helps in the optimization of the beam transmis-
sion by tuning the beam optics elements.

Ion-optical beam transmission simulations were per-
formed to benchmark the effect that the deflector and ion-
optics components have on the path of the beam and the
transmission that can be expected. The beam optics of the
present setup is simulated using the computer code COSY
and SIMION (Fig. 3). The 16-mm openings of the CEC
determine the acceptance of the incident ion beam, and the
preliminary beamline simulations showed a good transmis-
sion through the entire line from the OLIS to the Faraday
cup (C-F3).

3.3 Charge exchange cell (CEC)

Spectroscopy of neutral atom beams is often advantageous,
since the wavelengths of atomic transitions are usually eas-
ier to detect than those of the corresponding ion. A charge-
exchange cell (CEC) is used to produce the fast atom beams
from the incident ion beams. A CEC is placed immediately
in front of the optical detection region in the CLS beamline,
and an alkali vapor is generated inside the CEC by heating a
solid alkali. The ion beam is passed through the alkali vapor
and neutralized through ion-atom charge-exchange reactions.

A CEC with vertical configuration used in this work
was designed and has been in operation for the last several
years at the TRIUMF Laboratory in Canada. The perfor-
mance characteristics of the vertical CEC were determined
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Fig.3 The ion-optics calculation for the entire line from the OLIS
(SRC) to the Faraday cup (C-F3) via optics components including
einzel lens (E), electrostatic bender (B), and quadrupoles (Q)

by neutralizing a 20-keV argon-ion beam. Another type of
CEC called the horizontal CEC was developed and con-
structed at the University of Mainz in Germany, and the
performance characteristics of two CECs were determined
by neutralizing a 10-keV rubidium-ion beam in a potas-
sium vapor, resulting in the similar behavior in terms of
neutralization efficiency for both CECs [17].

Figure 4 depicts the details of CEC components. Four
thermocouples are mounted to monitor the temperature
at different positions of the CEC. The temperature of the
reservoir (T1) can be up to 300 °C for Rb to produce a
sufficiently dense vapor for charge exchange. To minimize
diffusion of the Rb vapor into the rest of the beamline,
the ends of the CEC on the beamline are kept at a lower
temperature of about 55 °C, above the melting point of Rb
(38.9 °C). The lower temperature condenses the vapor into
a liquid which flows back to the reservoir. This minimizes
the loss of vapor to the rest of the beamline and ensures
a high vapor density along the vertical axis of the CEC.

The reservoir is connected to an interaction region by a
stainless-steel vertical tube of 22 mm inner diameter. The
effective interaction length, however, is mostly determined
from the solid angle of the beam axis seen from alkali in
the reservoir and is estimated to be 35 mm. Along the
beamline, the CEC has two openings with a diameter of
16 mm on both sides, which determine the acceptance of
the incident ion beam.
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Fig.4 The charge-exchange cell is shown with the thermocouples to
monitor the temperature at different positions of the CEC (T'1-T4)

4 Results and discussion

The fraction n = (1 — I/1) is the neutralization efficiency
of the CEC. [ is defined as Iy = I3 /1.y, when CEC
is off and I = I p3/Ic. s when CEC is on. The corre-
sponding /-_g; is normalized with respect to I~_p, to take
care of fluctuations in /-_g, due to any reason other than

charge-exchange mechanism. In this way, the attenuation
in I-_p; can be made sure to be happening only due to the
charge-exchange process.

The neutralization efficiency of the argon-ion beam was
calculated using an attenuation model of a particle beam
moving through a medium [17]

n=(1—exp!)x100%, 4)

where 7 is the alkali vapor density in cm™3, ¢ is the cross-
section of the neutralization process in cm?, and [ is the
effective interaction length in cm.

The vapor density n can be modeled as

1OA/T+BNA
n=——>=, 5)
VmolPO

assuming the vapor pressure is saturated for a given tem-
perature. Here, T is the temperature of the alkali vapor in
kelvin, N, is Avogadro’s number, V,; is the standard molar
volume, and p, is the standard pressure. Typical values of
A and B for rubidium are —4040 K and 4.312, respectively.

Figure 5a shows the neutralization efficiency of the
rubidium-ion beam as a function of the temperature of the
potassium vapor for the horizontal (black) and vertical (blue)
CEC:s calculated by Eq. (4), where the values of A and B for
potassium are —4453 K and 4.402, respectively [17]. From
this reference plot, for the vertical CEC with the rubidium
vapor, one can expect the neutralization curve (red), as
shown in Fig. 5b and c.

The measured neutralization efficiency is shown in
Fig. 5c as a function of reservoir temperatures of the CEC.
The cross-section for the charge-exchange reaction was
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Fig.5 Neutralization efficiency curves. a The neutralization effi-
ciency of the rubidium-ion beam as a function of the temperature
of the potassium vapor for the horizontal (black) and vertical (blue)
CECs calculated by Eq. (4) [17]. b The calculated neutralization effi-
ciency of the argon-ion beam as a function of the temperature of the

300 350 400 450 500 550 600
Temperature (K)

| | | | |
350 400 450 500 550 600 650
Temperature (K)

potassium (blue) and the rubidium (red) vapors for the vertical CEC.
¢ The experimental results of the neutralization efficiency of the
argon-ion beam for the vertical CEC (dotted line) and the fitted curve
(dashed line) to obtain the cross-section (¢), which were compared
with the calculation result [red solid line as in b]
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deduced from a fit of Eq. (4) to the data shown in Fig. 5c,
and ¢ = 2.1 x 107'7 cm? was obtained. The cross-section
obtained in this work using rubidium vapor is smaller than
that of the same vertical CEC using potassium vapor [17].

A linear variation of the neutralization efficiency 10-90%
was obtained for the neutralization curve. The slope indi-
cates that the factor n x [ behaved similarly as a function
of the reservoir temperature. The slope of the neutraliza-
tion efficiency from the experimental data is higher than
the expected value from Eq. (4). This increase is attributed
to the temperature distribution of the rubidium vapor jet in
the interaction region and the rubidium vapor pressure well
below the saturated vapor pressure.

5 Summary and outlook

In summary, a collinear laser spectroscopy setup at RAON
has been developed on the basis of the collinear fast beam
laser spectroscopy setup at TRIUMF [18]. To evaluate the
general performance of the CLS beamline, the CEC was
tested using argon beam of 20-keV energy produced using
an off-line ion source (OLIS). This performance test of the
CEC demonstrates the overall performance of the present
CLS setup including the operation of the OLIS, the vacuum
system of the beamline, the beam diagnostics, and the ion
beam transmission. The stable argon beam from the OLIS
was first neutralized in the Rb cell.

This successful operation of the CLS setup has opened
new opportunities for laser spectroscopy measurement of
unstable isotopes at the ISOL facility at RAON in Korea.
A resonance ionization laser ion source (RILIS) has been
developed at RAON for the generation of pure beams of
short-lived nuclei for experimental nuclear research [19].
In the commission phase, the RILIS is being improved and
used to produce RI beams, e.g., Al and Mg isotopes using a
SiC target with a 70 MeV proton beam, which will be used
to evaluate the collinear laser spectroscopy and the mass
measurement system at RAON ISOL facility [20]. The pre-
sent CLS setup would be further upgraded as a nuclear spin
polarizer using optical pumping technique [21] as used at
ISOLDE [22, 23] and TRIUMF [18] to study the nuclear
properties of exotic isotopes.
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