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Abstract: To study the nuclear properties and deformation of neutron-rich cesium isotopes in their ground and iso-
meric states at the Beijing Rare Isotope Beam Facility (BRIF), optimal resonance ionization schemes and experi-
mental conditions must be predetermined. In this work, we evaluated several three-step laser resonance ionization

schemes for the cesium atom, accessing their ionization efficiency and spectral resolution under varying measure-

ment conditions using the high-resolution and high-sensitivity collinear resonance ionization spectroscopy system.

As a result, we identified the currently most efficient resonance ionization scheme and optimal experimental condi-

tions, achieving an overall measurement efficiency of 1:400 with a spectral resolution of about 100 MHz. Under this

condition, the extracted hyperfine structure parameters of '**Cs'showed excellent agreement with previously repor-

ted values. This work establishes a solid foundation for the forthcoming online measurement of neutron-rich cesium

isotopes at BRIF.

Keywords: Hyperfine structure, Nuclear properties, Laser spectrosocpy, Resonance Ionization

DOI: CSTR:

I. INTRODUCTION

The fundamental properties of exotic nuclei provide
crucial insights into nuclear structure and nucleon-nucle-
on interactions. Investigating nuclear properties across
different mass regions of the nuclear chart helps uncover
novel structural phenomena, test theoretical models, and
refine our understanding of the nuclear force [1—7]. Laser
spectroscopy technique, by measuring hyperfine struc-
ture (HFS) and isotope shift in atomic, ionic or even mo-
lecular spectra [3, 8, 9], enables precise determination of
nuclear spins, magnetic moments, electric quadrupole
moments and charge radii in a nuclear-model-independ-
ent way. In recent years, laser spectroscopy has emerged
as a powerful tool for probing nuclear properties of exot-
ic nuclei and has been widely implemented at numerous
radioactive ion beam (RIB) facilities worldwide, provid-
ing essential experimental benchmarks for nuclear theory
and advancing our understanding of exotic nuclear phe-
nomena [10—12].

Collinear laser spectroscopy (CLS) is one of the most
widely used laser spectroscopy techniques [13—16]. By
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overlapping the lasers and fast ion beam collinearly or
anti-collinearly, the doppler broadening effect associated
with the energy spread of the ion beam can be largely
suppressed, achieving a high resolution of approximately
10" MHz [17]. The HFS spectra of unstable nuclei can
be measured by the CLS technique using two approaches:
laser-induced fluorescence (LIF) [13, 15, 16] and reson-
ance ionization spectroscopy (RIS) [14, 18]. The LIF ap-
proach measures the HFS spectra by detecting fluores-
cence photons emitted from an excited state of the atoms
or ions as a function of the probing laser frequency.
However, the scattered laser light and thermal noise of
the detecting photomultiplier tube result in a high back-
ground rate in the measured HFS spectra, limiting the
sensitivity of CLS experiment using the LIF approach.
Therefore, by additionally employing one or two more
lasers to overlap (anti-)collinearly with the atom beams
and to ionize them, the RIS approach can measure the
HFS spectra with a high resolution and high sensitivity
[14, 18].

In order to study nuclear properties and exotic struc-
ture of unstable nuclei at radioactive ion beam facilities in
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China, e.g., the Beijing Rare Isotope Beam Facility
(BRIF) [19], a CLS system with LIF detection was first
developed [20, 21], which as expected has a limited ex-
perimental efficiency. To achieve higher-efficiency meas-
urements, this system was further updated into a collin-
ear resonance ionization spectroscopy system (PLASEN,
Precision LAser Spectroscopy for Exotic Nuclei) by im-
plementing the radiofrequency quadrupole (RFQ) cooler-
buncher and RIS approach [22— 24], and achieved an
overall efficiency of 1:200 with a spectral resolution of
~100 MHz (FWHM) for **Rb isotopes. The system is
planned to be installed at BRIF to study the nuclear prop-
erties of unstable nuclei in the medium-mass region of the
nuclear chart produced from the fission of actinide, in
particular the isotopes around Z = 55 and N = 90. This re-
gion has long been theoretically predicted to exhibit po-
tential deformation and octupole correlations [25], which
however, have not been clearly observed in the ground-
state properties—such as masses and half-lives—of neut-
ron-rich Xe (Z = 54), Cs (Z = 55), and Ba (Z = 56) [26,
27]. Therefore, further measurements of charge radii and
moments in neutron-rich Cs isotopes using laser spectro-
scopy will provide more insights into deformation in this
mass region.

The isotopes under investigation are '“*°Cs, which
are expected to be produced at BRIF with a'yield greater
than 107 particles per second (pps). Thus, to ensure suc-
cessful laser spectroscopy measurements of unstable Cs
isotopes, optimal resonance ionization schemes and ex-
perimental conditions must be predetermined.

In this work, we tested several three-step laser reson-
ance ionization schemes for cesium atoms under relat-
ively optimized experimental conditions of 80% neutral-
ization efficiency and 80% overall ion beam transmis-
sion efficiency using the PLASEN system. We evaluated
the ionization efficiency and spectral resolution of these
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candidate schemes and identified the most efficient one
that achieved an overall measurement efficiency of 1:400
with a spectral resolution of about 100 MHz. With the
HFS spectrum of **Cs measured under this condition, the
extracted HFS parameters showed excellent agreement
with the literature values. This work establishes a solid
foundation for the forthcoming online measurements of
neutron-rich cesium isotopes at BRIF.

II. EXPERIMENT TECHNIQUE

The experimental setup PLASEN used for this meas-
urement is illustrated in Fig. 1(a). More details on the
PLASEN system can be found in ref. [24]. The whole ex-
periment begins with the production of a continuous '**Cs
ion beam from a surface ion source. These ions were ex-
tracted and accelerated to 30 keV before being injected
into the RFQ cooler and buncher [23, 28]. With the RFQ,
the ion beam was cooled and accumulated for 10 ms be-
fore being released as short bunches with a temporal
width of approximately 2 ps and at 100 Hz repetition
rate. The ion bunches were then re-accelerated to 30 keV.
The cooling process inside RFQ reduced the potential en-
ergy spread of the ion beam and improved the ion beam
profile by reducing the beam emittance [23]. To avoid
any space charge effects, the total ion beam current injec-
ted into the RFQ is limited to below 1 pA using a modu-
lated ion beam gate. During this Cs test experiment, the
transmission efficiency of the RFQ is about 60% verified
using the Faraday cups before and after the RFQ [24].

The bunched Cs ion beam with a higher quality beam
profile was subsequently deflected into the collinear
beamline by a dipole magnet. By using the ion optics
consisting of electrostatic quadrupole triplet (QT) lenses,
x — y correction plates and deflector plates, the bunched
Cs beam was further optimized and delivered into the end
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Fig. 1.
ionization schemes of Cs I being tested in this work.
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(color online) (a) A schematic view of the entire experimental setup and the laser systems used for this work. (b) Resonance
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of the PLASEN setup. Using the bunched Cs ion beam,
the overall transmission efficiency of the PLASEN setup
was over 80% verified using the Faraday cups after the
RFQ and at the end of the PLASEN [24]. Within the col-
linear beamline, the ion beam underwent neutralization
with sodium vapor in the charge exchange cell (CEC).
Any residual unneutralized ions were removed by the de-
flector plates positioned after the CEC. The general neut-
ralization efficiency was measured to be 80% for Cs ions.
The neutralized Cs atoms were delivered into the interac-
tion region (IR). Here, the Cs atomic beam was spatially
overlapped and synchronized in time with three pulsed
laser beams (see sec. 3 for details), and at the same time
resonantly ionized. To suppress any possible collisional
ionization, IR was maintained at an ultra-high vacuum of
10'° mbar, achieved via a differential pumping system
that isolates the IR from the 10™® $ mbar environment in-
side the CEC [22].

Following resonance ionization, the ions were guided
toward the MagneTOF ion detector through the 40° elec-
trostatic bender plates and a set of QT lenses. By scan-
ning the frequency of the probing laser (the first step laser
as detailed below in sec. 3), the HFS spectra were ob-
tained by measuring the detected ion rates as a function
of the laser frequency [29].

III. RESONANCE IONIZATION SCHEME TEST
FOR Cs ATOM

The study of the nuclear properties of neutron-rich Cs
isotopes is already planned at BRIF facility. In order to
obtain an optimal experimental condition for the online
experiment, testing all the potential resonance ionization
schemes in advance is indispensable. The potential can-
didate schemes are shown in Fig. 1(b). Here, we select
the D, (5p°6s S 1, = 5p°6p *P5),, 851.2 nm) transition as
the first resonance step for the HFS spectrum measure-
ment of 3Cs. Although the electric quadrupole HFS con-
stant B, of the D, transition of '**Cs is relatively low, the
B, values for unstable cesium isotopes are large enough
to be extracted from the HFS spectra measured with CLS
according to previous laser spectroscopy studies [30, 31].
Therefore, using the D, transition allows us to simultan-
eously extract the nuclear spins, magnetic moments,
quadrupole moments and charge radii of Cs isotopes.

All the involved laser system used for the resonance
ionization schemes shown in Fig. 1(b), are presented in
Fig. 1(a). As the D, line is used for the HFS measure-
ment, the laser used for this 5p°6s2S,, — 5p°6p *P5,
step needs to be narrow-band to resolve the HFS. Here,
we employed an injection-seeded laser with a linewidth
less than 20 MHz at a 100 Hz repetition rate [32]. The
system was seeded by a continuous-wave narrow-band
Ti:Sa laser and pumped by a 527 nm pulsed Nd:YLF
laser. A high-precision wavemeter was used to ensure

long-term frequency stability. This wavemeter was con-
tinuously calibrated in real time by a tunable diode laser,
whose frequency was locked to a HFS transition of *’Rb
in a temperature-controlled vapor cell. In order to obtain
optimal resonance ionization efficiency, multiple trans-
itions from 5p°6p *P5,, to 5p°nd *Dspsp (n=7-11) or
5p°ns S, (n=8—12) were tested for the second excita-
tion step, covering a laser wavelength of 550—795 nm. A
pulsed dye laser pumped by a 532 nm Nd:YAG laser,
capable of delivering 100 Hz pulsed laser beams with a
power of 20 mJ, was used for this step. Additionally, an
OPO laser (NT230-100, EKSPLA) was adopted for the
second resonance step thanks to its broad wavelength tun-
ing range (192-2600 nm) and relatively large linewidth
(3 cm™). The 1064 nm for the third non-resonant ioniza-
tion step was produced by a Nd:YAG laser, which
provides a high laser power up to 100 mJ that is essential
for efficient ionization while minimizing laser induced
background ion counts.

In this test, the high-power pulsed dye laser at 621 nm
matching the 5p°6p 2P, — 5p°8d *D; ), transition is ini-
tially used for the second-step excitation to find the RIS
signal. Based on this RIS signal, we then optimized the
laser power, laser path, ion beam transportation, and tim-
ing of the laser pulses to maximize efficiency. Under this
optimal experimental conditions, we switched to the OPO
laser for the second step and compared the resonance ion-
ization efficiencies at the maximum available power by
scanning the OPO wavelength from 550 nm to 795 nm
covering all the second step transitions. The count rates
obtained with different second steps were recorded and
compared under two different conditions (full power and
lower power for the first step), as shown in Table 1 and
Fig. 2. In the full power case, the ionization efficiency is
maximized, but at the cost of poor spectral resolution (1
~2 GHz) due to the possible power broadening. The res-
ults shown in Table 1 and Fig. 2 indicate that the
5p°7d *Ds, state for the second step has the highest effi-
ciency. However, in order to extract the nuclear proper-
ties of spins, magnetic moments, quadrupole moments,
and charge radii of Cs isotopes with high accuracy, an
HFS spectral resolution of ~100 MHz or even lower is
prerequisite. Therefore, to obtain a compromised condi-
tion for both high resolution and high efficiency, the first-
step laser power was reduced in order to obtain a HFS
spectrum with a resolution of ~100 MHz. Under this con-
dition, any of the transitions to the “nd D” states can be
used for efficient resonance ionization, but the n = 8
(5p°8d *Ds),) state is slightly better than others. It is
worth noting that the achieved efficiency under the full-
power condition is about three times higher than that un-
der the lower-power condition. Although the high-power
measurements are inadequate for determining the nuclear
spins and quadrupole moments, they still allow us to
study more exotic isotopes with lower production yields,
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Table 1. Summary of the test results and information for second-step in the resonance ionization schemes listed in Fig. 1(b)

Transition Wavenumber kCounts (60 s) Relative Counts kCounts (60 s) Relative Counts
(cm™) (full power)* (full power)* (lower power)® (lower power)”
652832 — 6p P53, 852.35 - - - -
6p P35, =85S 1) 794.94 14.34(12) 0.104 5.34(7) 0.133
6p 2P§/2 —7d %D 698.84 89.40(30) 0.650 32.82(18) 0.815
6p 2P§/2 —7d*Ds) 697.82 137.52(37) 1.000 39.48(20) 0.981
6p 2P§/2 —9528 1) 659.11 11.22(11) 0.082 4.20(6) 0.104
6p P35, = 8d*D3) 622.19 97.80(31) 0.711 36.72(19) 0.912
6p 2P§/2 —8d2Ds) 621.74 134.16(37) 0.976 40.26(20) 1.000
6p 2P§/2 — 1052810 603.83 6.42(8) 0.047 2.94(5) 0.073
6p 2P§/2 —9d D3y 50° 585.15 91.98(30) 0.669 39.60(20) 0.984
6p 2P§/2 — 11528 574.97 4.02(6) 0.029 2.40(5) 0.060
6p 2P§/2 — 10d 2D3j2.52° 564.06 76.08(28) 0.553 35.64(19) 0.885
6p 2P§/2 — 125281 557.76 2.34(5) 0.017 1.80(4) 0.045
6p 2P§/2 — 11d 2D3jp.500° 550.72 74.22(27) 0.540 30.18(17) 0.750
Ionization 1064 - - - -

# Relative counts obtained with the first-step laser at full power. ® Relative counts obtained with the first-step laser at a reduced power to obtain a spectral resolution of ~100 MHz.

¢ The OPO laser is unable to resolve the two close atomic levels.
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(color online) RIS count rate for different upper state of the second-step transition, obtained on the condition of the first-step

laser at full power (left panel: blue) and at a reduced power (right panel: red). The states used for achieving the highest efficiency are

highlighted in bold and with the corresponding color.

enabling the extraction of charge radii and magnetic mo-
ments. Nevertheless, for isotopes with higher production
yields, we will primarily perform HFS measurements un-
der the lower-power condition to determine the HFS con-
stants with high accuracy.

Based on the results, we identified that the most suit-
able resonance ionization scheme for high resolution and
high efficiency HFS spectrum measurement for Cs iso-
topes is 5p°6s %S, — 5p°6p 2P, — 5p®8d *Ds;, — IP.
Finally, by using this identified scheme, we optimize the

experimental conditions once more, including optimiza-
tion of the line shape by varying the laser power, the laser
and ion beam overlapping, and the relative delaying of
the laser pulses. Finally, we measured the HFS spectra of
the D, line for **Cs shown in Fig. 3(a) with an efficiency
of 1:400 and a spectral resolution of ~100 MHz, which is
taken with the relative delaying of the laser pulses shown
in Fig. 3(b). The efficiency was evaluated from the detec-
ted resonance ionization counts and the ion beam intens-
ity after the RFQ, which includes the efficiencies of ion
beam transmission, neutralization, resonance ionization
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Fig. 3.  (color online) (a) HFS spectrum of '**Cs obtained

with an efficiency of 1:400 and a resolution of ~100 MHz
(FWHM). (b) The optimized timing sequences of the three-
step laser pulses. See text for further details.

and detection. Based on this efficiency, it can be estim-
ated that for an isotope with a production of 100. pps
along with an isobar contamination of 10* pps, a full HFS
spectrum can be measured within a reasonable experi-
mental time of approximately 16 hours.[24]

The HFS spectrum of '#*Cs shown in Fig. 3(a) was
analyzed using a Voigt profile and a y?-minimization ap-
proach implemented in the SATLAS2 package [34]. The
extracted magnetic dipole and electric quadrupole HFS
parameters 4 and B are in excellent agreement with the
literature values [33], as shown in Table 2.

This test experiment has achieved high-resolution and
high-sensitivity HFS spectrum measurements of '**Cs,
and sets an important foundation for the upcoming online
experiment for the study of neutron-rich '“"*°Cs isotopes
at BRIF.

Table 2. Hyperfine structure constants of '**Cs measured in
this work and taken from literature.
4 Ay B,
Exp. 2297.7(8) 50.45(36) -2.6(21)
Ref. [30]* 2298.3(2) 50.15(8) —1.35(80)
Ref. [33]° 2298.1579425°¢ 50.28827(23) —0.4934(17)

® The reference values are measured using collinear laser spectroscopy [30]. ® The
reference values are taken from Ref. [33], which summarizes the most precise atomic
physics measurements for stable '**Cs. ¢ Exact by definition, as the SI second is
defined by the hyperfine splitting of the 6S,, state of '**Cs..

IV. SUMMARY AND OUTLOOK

In this work, a systematic investigation of the three-
step laser resonance ionization schemes of cesium was
carried out using PLASEN system. A three step scheme
5p%65%S 1, 5p°6p 2P3,, — 5p°8d *Ds;, — IP was iden-
tified as the most suitable one for high-resolution and
high-efficiency resonance ionization laser spectroscopy
measurement. Using this scheme, we further optimized
experimental condition, resulting in an HFS spectrum for
3Cs with an overall measurement efficiency of 1:400
while maintaining a spectral resolution of about 100 MHz
(FWHM). The extracted HFS parameters are in excellent
agreement with literature values. This work establishes a
solid experimental foundation for studying neutron-rich
cesium isotopes beyond N = 90 at BRIF.

As ISOL target development progresses at BRIF [19]
and with the construction of next-generation RIB facilit-
ies in China [35], a broader range of exotic nuclei will be
accessible in the near future. This work additionally
demonstrates the feasibility of the PLASEN setup for sys-
tematic RIS scheme development of stable isotopes and
for obtaining an optimal measurement condition prior to
performing online experiment on their exotic isotopes at
RIB facilities.
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