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A B S T R A C T

This article presents a pulsed narrowband injection-locked Titanium:Sapphire laser aimed for high-resolution
in-jet resonance ionization spectroscopy at the SLOWRI/PALIS at RIKEN. The laser has been integrated into the
PALIS laser laboratory enabling it to be utilized with the existing broadband Titanium:Sapphire and dye lasers.
The seed efficiency has been evaluated to be close to unity over the master laser wavelength range ∼ 753 to
791 nm, and the slope efficiency, namely the ratio of the pump power to the output power, was determined to be
∼ 30 % at 780 nm. A two-step ionization scheme with 386.4016 nm first step and 286.731 nm second step into
an autoionizing state was developed for resonance ionization spectroscopy of 93Nb. Magnetic hyperfine coupling
constants of 1866 ± 8 MHz and 1536 ± 7 MHz were measured for the ground and excited state, respectively, in
a good agreement with the literature values. A Gaussian dominated Voigt linewidth of 434.5 ± 7.4 MHz was
extracted from the hyperfine spectra measured for niobium. In addition, the resolution of the in-jet resonance
ionization in PALIS is estimated through numerical methods.

1. Introduction

Hyperfine structures and isotope shifts in electronic transitions con-
tain readily available model-free information [1] on the single-particle
and bulk properties of exotic nuclei, namely the nuclear spin, magnetic
dipole and electric quadrupole moments as well as changes in root-
mean-square charge radii [2]. The part-per-million level perturbations
of the atomic energy levels of an atom caused by its nucleus are readily
probed by modern laser spectroscopic methods. Resonance ionization
spectroscopy (RIS) [3] is a selective and efficient method built upon the
unique excitation energies of atomic states of different elements for a
step-wise excitation and subsequent ionization of an atom.

Through recent innovations in gas cell technology and laser tech-
niques, RIS in-source has been demonstrated to be a powerful tool for
probing rare nuclei with lifetimes as short as a few milliseconds and
production rates often only a few isotopes of interest per second [4,5].
Typically, the laser ion sources at RIB facilities have linewidths of
few gigahertz to maximize the ionization efficiency by covering the
entire the Doppler ensemble in-source, and only in selected cases is the
hyperfine splitting large enough to be resolved.

Recently, the implementation of RIS in a low-temperature supersonic
gas jet [6,7] utilizing a narrowband first step excitation has gained
considerable interest [8]. An optimal solution to combine high pulse

∗ Corresponding author at: Department of Physics, University of Jyväskylä, PO Box 35 (YFL), Jyväskylä FI-40014, Finland.
E-mail address: mikael.h.t.reponen@jyu.fi (M. Reponen).

powers required for efficient ionization with a narrow linewidth is the
pulsed amplification of a narrow-band continuous wave (CW) laser.
While for high-gain dye lasers a single pass amplification is sufficient,
the lower gain Titanium:Sapphire gain medium requires a different
approach. In a regenerative amplifier, the cavity length is locked to
a multiple of the seed wavelength allowing Titanium:Sapphire-based
lasers to reach a final output power of several kW (during the pulse)
from the few mW of CW input.

A previous iteration of the laser presented in this article, was
designed and tested offline at the University of Jyväskylä [9,10] on
stable Cu isotopes, and later applied to high-resolution RIS of Ac, Pu
and Th [11,9,12,13] at University of Mainz. Furthermore, the previous
iteration has been successfully applied to online studies of 214,215Ac
in the vicinity of the N=126 neutron shell closure in LISOL-facility
in Belgium [14] and of 73–78Cu in CRIS [15] experiment in CERN-
ISOLDE [16]. In this work, we present a pulsed injection-locked Tita-
nium:Sapphire laser operating at 10 kHz repetition rate aimed for future
in-jet spectroscopy at the SLOWRI/PALIS at RIKEN, apply it for RIS of
Nb in vacuum and numerically estimate the resolution of in-jet RIS in
counter-propagating geometry.
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2. Experimental setup

The slow RI-beam facility (SLOWRI) [17] at the RI Beam Fac-
tory (RIBF) [18] accelerator complex of the RIKEN Nishina Center
for Accelerator-Based Science is being developed towards precision
mass [19] and atomic spectroscopy [20] of rare isotopes. Using RF-
carpet ion guides, the facility will provide a broad selection of low-
energy isotopic beams of all elements produced through projectile
fragmentation and in-flight fission reactions in the BigRIPS. However,
the use of the SLOWRI gas stopper requires primary machine time at
the BigRIPS ; hence the available time for experiments will be restricted
by the limited operation time. To address this issue a new gas stopper,
namely PALIS—PArasitic RI-beam production by Laser Ion Source, was
proposed [21,22].

With the PALIS approach, the 200 MeV/u in-flight reaction products
are stopped in 25 cm long gas cell located the second focal plane
chamber the BigRIPS separator. The stopped products are promptly
neutralized by high purity atmospheric pressure argon buffer gas, trans-
ported towards an ⌀ 1 to 2 mm exit hole by the gas flow in 1–300 ms and
subsequently selectively re-ionized using 10 kHz repetition rate pulsed
lasers. Due to large atom density, the ionization mainly takes around
the exit hole region both in gas cell and in a supersonic gas-jet within
a SextuPole Ion-beam Guide (SPIG) [23]. The ions are assisted through
the SPIG by the gas flow and into a quadrupole mass separator after
which they detected by a channeltron detector located in a high-vacuum
region. The extreme pressure difference from atmospheric conditions
to 10−3 Pa is achieved by using a novel differential pumping setup
described in Ref. [24].

The novel idea behind the PALIS catcher is that it extends the
available beam time at SLOWRI due its ability to run parasitically
along primary experiments and utilize the otherwise discarded reaction
products. Besides being a production device, PALIS has also been de-
signed for in-jet RIS. The following sections describe a pulsed injection-
locked Titanium:Sapphire laser system based on design presented in
Ref’s [25,26,10], aimed for high-resolution in-jet RIS. Furthermore, the
laser is commissioned through RIS of 93Nb in vacuum.

Niobium was chosen as the test case due to experimental considera-
tions, e.g. convenient transition frequencies considering the injection-
locked Titanium:Sapphire, and for the possibility to apply the laser
developments to future research projects. As niobium has only a single
stable isotope, no mass separation is required and the experimental
setup can be simplified considerably. In addition, the atomic structure
for niobium is well documented (see Ref’s [27–30]), thus enabling
convenient evaluation of the accuracy of the setup.

Only limited optical spectroscopy has been performed on radioactive
niobium isotopes [31] due to the refractory nature of the element which
makes it difficult to produce with the standard thick target ISOL (Isotope
Separation On-Line) method. However, high-resolution RIS capability
at a gas-cell-based production facility such as PALIS would open a
possibility for future on-line studies along the niobium isotopic chain.
In addition, the isomer 93mNb(T1∕2 = 16.13 a) has been proposed to be
utilized in an integrated fast neutron dosimetry of nuclear reactor vessel
and structures via resonance ionization mass spectrometry (RIMS) [28].
This technique aims to separate the ground state from the isomer 93𝑚Nb,
and it requires a narrowband laser to drive a transition with a large
enough hyperfine splitting that can efficiently provide sufficient spectral
selectivity [32]. Previous work utilizing Titanium:Sapphire lasers for
this purpose can be found in Ref’s [33,34].

2.1. PALIS laser system

The injection-locked Titanium:Sapphire laser has been designed to
operate as a part of the PALIS-laser laboratory, described in detail
in Ref. [23]. Two distinct laser systems (see Fig. 1 for a schematic
layout) were utilized in this experiment. The first system is formed by
two Sirah/Credo dye lasers pumped by a 10 kHz Edgewave Nd:YAG

Fig. 1. A schematic optical table configuration at PALIS. The figure shows an overlap
between the injection-locked Titanium:Sapphire and Dye laser 2 beams, but the systems
allowed also dye laser 1 and the broadband Titanium:Sapphire to be utilized with the
injection-locked Titanium:Sapphire.

InnOSlab. The pump power can be split between the dye laser in various
ways to produce up to 10 W average fundamental output power, which
further converts to ∼1 W on the second harmonic with the linewidth in
the GHz-region and a pulse width of ∼10 ns.

The second laser system is a Titanium:Sapphire-based laser set-up
pumped by a 10 kHz Nd:YAG (Lee Laser LDP-100MQG). The system
consists of two lasers with one being a commercial broadband Tita-
nium:Sapphire laser (Radiant Dyes) and the other laser is the in-house
designed injection-locked Titanium:Sapphire laser. The broadband laser
has a Z-shape cavity with an Etalon and a Birefringent filter resulting in
a typical fundamental linewidth of 3–5 GHz, and an output power of ≤4
W with ∼35 ns pulse width.

Additionally the Titanium:Sapphire laser setup includes a single-
pass harmonic generation setup capable of efficient generation of 2nd,
3rd and 4th harmonics. The setup also includes a precise beam shap-
ing system realized with cylindrical lenses and beam expanders used
compensate for beam astigmatism and divergence resulting from the
harmonic generation, and to prepare the beam for the long transport to
PALIS.

The pump lasers share a common master trigger, from which the
signal is divided between the two pump lasers. The trigger for the
Edgewave is passed through an Ortec 416A gate and delay generator to
allow temporal synchronization of the output pulses from the dye lasers
and the Titanium:Sapphire lasers. The two Titanium:Sapphire laser can
further be synchronized by detuning either the laser cavities or the pump
beam alignment.

When utilized for resonance ionization at the PALIS, the laser beams
are expanded by a ∼ factor of 10, combined on the optical table and
transported with more than 50% efficiency over a 70 m long optical path
to the PALIS gas cell realized with broadband mirrors on a motorized
mirror mounts [23].

2.2. Injection-locked Titanium: Sapphire laser

The lasers introduced in the preceding section were designed to oper-
ate in the GHz linewidth region to efficiently drive transitions in a high-
pressure gas-cell environment. The injection-locked Titanium:Sapphire
laser presented in this section, however, aims for resonance ionization
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Fig. 2. A schematic view of the injection-locked Titanium:Sapphire-setup.

spectroscopy in a supersonic gas-jet, where Doppler and pressure broad-
ening mechanisms are greatly reduced.

The operation of a injection-locked Titanium:Sapphire set-up pre-
sented in Fig. 2 requires two different laser system, namely a Master
and a Slave laser. The preferable requirements for a master laser include
CW operation, a broad tuning range and a narrow linewidth. While
these characteristics are readily found in a CW Titanium:Sapphire lasers,
in this work an extended cavity diode laser (ECDL), Toptica DL Pro
equipped with a 780 nm diode, was used. The laser provides a sub MHz
linewidth with more than 20 GHz mode-hop free tuning range and high
peak output power in the 780 nm wavelength region. A wide mode-hop
free tuning range is necessary for the spectroscopy of elements with large
hyperfine splitting, for example ∼20 MHz in the case of 93Nb. A Master
laser mode-hop would cause the Slave laser to lose lock and hence cause
the laser to lase in free-running, broadband mode. While to lock may
recover after the mode-hop, the jump in the laser frequency is usually
large enough to severely disturb any ongoing measurement.

A 10% fraction Master laser output was divided between a HighFi-
nesse WS7 wavemeter and a Toptica FPI 100 Fabry–Pérot interferometer
(FSR 1 GHZ), the latter could be used to monitor the mode structure of
the diode laser and detect possible multimode operation. The rest of the
Master laser output was fiber coupled into the Slave laser through an
integrated fiber coupler and internal optical isolator using a single-mode
fiber.

The advancements over the previous iterations [10] were aimed to
improve stability, usability and vibration sensitivity. Optimal locations
for the baseplate feet were numerically determined through FEM sim-
ulations, and the cavity mirrors (Thorlabs GM100/M) were mounted
directly on a 30 mm thick aluminum baseplate in order to minimize the
overall beam height. The FEM simulations additionally showed that the
overall stability against vibrations was improved by a nearly a factor 50
over the previous design. In order to ease reproducibility and to further
reduce external influence on the laser operation, the position of the
cavity mirror mounts are determined by Dowell pins and the baseplate
was designed to contain most of the required optical components. The
components housed on the baseplate include the fiber input, mode
matching optic for the master laser beam, fast optical diode system and
output optics. This allows, for example, Master laser setup modifications
without affecting the alignment of the injection beam in to Slave cavity.

The laser cavity is arranged in a bowtie geometry as seen in Fig. 2.
The geometry, calculated by utilizing ray transfer matrices [35], was
adapted from the previous iterations presented in [9,25]. The laser
gain medium is a 20 mm long Brewster cut Titanium:Sapphire crystal
(Absorption coefficient of 𝛼532 = 1.5 cm−1) mounted between two curved
mirrors (CM1 and CM2, R=75 mm) at a folding angle of 17.75o. In this

setup, up to 25 W of pump power can be focused into the crystal through
the CM1 mirror with an f = 75 mm pump lens. To dissipate the excess
heat, the crystal is covered with a thin indium foil and clamped in a
water-cooled copper mount. The baseplate design allows the crystal to
be placed either symmetrically or asymmetrically between the curved
mirrors. The symmetric crystal position enables higher gain and lower
lasing threshold while sacrificing the output power due to worse mode
matching with the pump beam compared to the asymmetric position [9].

The two other mirrors required to complete the cavity are the output
coupler (OC), and the high reflector (HR) mounted on a Piezo actuator
(Piezomechanik, PSt 150/10/20 VS15). The Piezo-actuated mirror was
used to stabilize the laser via cavity length modulations using so-called
dither locking technique with phase sensitive detection. An input signal
for the locking electronics (TEM Messtechnik, LaseLock 3.0 Digital) was
measured using a fast switching photodiode from the leakage through
the CM2 mirror. A gate signal from a Master trigger driven waveform
generator (Agilent 33500B) was fed into the photodiode to ground the
electronics during a laser pulse from the Slave laser and thus to prevent
the diode from saturating for extended periods. The locking electronics
then dithered the signal using the Piezo-mounted HR-mirror to generate
the error signal required by the PID regulator feedback loop.

In addition, the baseplate allows Piezo-mounted mirror and the
high reflector mirror to be located in two different positions, to form
a cavity with round-trip lengths either 580 mm or 420 mm. The
longer cavity round-trip configuration allows the tuning range to be
extended using birefringent filter [10] and the utilization of intra-cavity
second harmonic generation [36], while the shorter can be used to
produce shorter pulses. For a more detailed description of an injection-
locked Titanium:Sapphire laser and the associated locking electronics
see Ref. [10].

3. Laser characteristics

The target specifications for the laser include a linewidth of 20 MHz
and a tuning range covering the majority of the Titanium:Sapphire gain
band, coupled with high average output power and stability [10]. In
this section, we present the tuning range and the seed efficiency for the
particular set-up.

The tuning range of an injection-locked laser is limited by the
Titanium:Sapphire gain band (∼660–1000 nm), and dependent on the
Master laser tuning range and on the optics used in the Slave laser cavity.
When using a diode laser, a selection of diodes are available to cover
the entire Titanium:Sapphire gain band. However, a continuous-wave
Titanium:Sapphire laser would be a more convenient Master laser option
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Fig. 3. Seed efficiency and the seed laser power as a function of the Master laser
wavelength. The injected laser power is directly proportional to the Master laser output
power.

as it provides a gapless wavelength range with generally much higher
power and wider mode-hop free tuning range.

Furthermore, while the output power from the Master laser may be
high the optical components along the injection path such as the optical
isolator, induce losses so that only a part of the initial power is available
for injection into the cavity. Especially, when using broadband cavity
optics and going towards the limits of the Titanium:Sapphire gain band,
the mode competition from the high-gain modes requires high injected
power to force the laser to follow the Master laser wavelength. To get
past these limitations, either dedicated optics sets or birefringent plates
are required [10].

The intra-cavity second-harmonic option extends the direct laser
output range to the visible and UV range which can be further used
to generate wavelengths to the deep UV-region with high efficiency. As
the seed laser needs to be injected, a constant fundamental light output
is always present enabling a convenient sum-frequency mixing option
to access wavelengths in the ∼250–330 nm region.

In this work, the DL Pro master laser was equipped with a diode
with a gain peak at 780 nm. The Slave laser cavity optics varied from
narrowband curved mirrors (CM: Layertec 750–820 nm) to broadband
output coupler (OC: Layertec 620–1020 nm 90%) and the high reflector
Piezo-actuated mirror (HR: Thorlabs E03 750–1000 nm). Fig. 3 presents
the seed efficiency (defined as the ratio of the locked output power and
free running output power), and the injected power after the optical
isolator as a function of the master laser wavelength. In this high-gain
region even a small, sub mW injected power allows the Slave laser cavity
to be locked with high seed efficiency. However, beyond the master
laser wavelength range shown in Fig. 3, the Slave resonator operates
only in free-running-mode where the narrow linewidth is lost essentially
limiting the narrowband tuning range to ∼750 − −790 nm.

When utilizing the intra-cavity second-harmonic generation option
the effective outcoupling factor from the cavity is increased. In addition,
the cavity losses are increased due to the additional crystal in the
cavity, thus reducing the injected power circulating in the resonator.
These factors can have an effect on the tuning range in addition to the
properties of the non-linear crystal in use. However, when scanning
the laser across a mode-hop free range there is no significant change
in output power. With the intra-cavity setup, a second harmonic output
power of 420 mW was achieved. The fundamental output power without
the intra-cavity setup was ∼4.2 W for the same pump power. In general,
the output power at this setup was limited by the E03 mirror damage
threshold.

The slope efficiency, extracted from a plot of pump power against the
output power, is an important value in describing the laser performance.

Fig. 4. Resonance ionization schemes for niobium utilized in this work, the individual
hyperfine transitions are marked for clarity. The auto-ionizing state denoted with ∗
was discovered in this work. The literature values for the magnetic hyperfine coupling
constants (denoted as Ags and Aex ) are from Ref. [27].

Fig. 5. A scan for autoionizing states using the dye laser. Additional single-color ioniza-
tion channels are visible via a low-lying thermally populated states (see Table 1). (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

For example insufficient crystal cooling leading to thermal lensing and
reduced conversion efficiency at high pump powers would present itself
as a deviation from linearity. A slope efficiency of 30 ± 1% extracted for
the laser which is in agreement with the previous laser iteration.

4. Resonance ionization spectroscopy of niobium

The laser tuning range, when using the configuration described here,
enables access to ground state transitions in multiple elements with
great nuclear physics interest, for example, in the refractive element
region where only a small number optical studies has been performed
on radioactive isotopes [37]. As discussed earlier, niobium was chosen
as the test case to demonstrate the laser application to high-resolution
RIS.

The spectroscopy of niobium was performed in a reference cell where
an atomic beam of niobium was generated by resistively heating a
thin, 0.127–0.25 mm diameter, filament with 5–8 A DC current. The
atomic beam was collimated with a narrow orifice, stepwise excited
and subsequently ionized in a crossed beam geometry using the laser
ionization schemes presented in Fig. 4. The ions were finally extracted
into a channeltron detector.

The injection-locked Titanium:Sapphire laser was used to drive the
first step transition in the ionization scheme at 386.4016 nm through the
intra-cavity second harmonic generation of the fundamental wavelength
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at around 782.8032 nm. The hyperfine splitting is 9.2 GHz for the
ground state and 8.1 GHz for the first excited state [38] leading to
very broad spectra compared to the laser linewidth. Therefore, the laser
intensity at the ionization region was initially kept high to generate
ion signal even in a case of a possible mismatch between the actual
transition frequency and the calculated hyperfine transition (transition
B in Fig. 4) at which the laser was set. Once a stable ion signal was
achieved, the laser intensity was reduced by defocusing the first step
laser to suppress power broadening and saturation effects.

A second step laser wavelength below ∼349 nm was required to
reach the ionization potential. This was readily achievable either with
the broadband Titanium:Sapphire or the Dye lasers. Initially, the ioniza-
tion scheme was realized with the Titanium:Sapphire laser system with
external single pass second harmonic generation, where the ionizing
transition to continuum just above the ionization potential was driven
by the broadband laser (Fig. 1).

However, in RIS the ionizing transition plays a significant role in
the efficiency of the ionization process. The cross-sections for non-
resonant transitions are much lower than for transitions to autoionizing
states meaning very high laser intensities are required to drive them
efficiently. The limited tunability of the broadband Titanium:Sapphire
laser in the wavelength region ( ≤ 700 nm in fundamental wavelength)
did not allow an easy search of autoionizing states in the vicinity of the
ionization potential. However, the dye lasers utilize a grating for the
wavelength selection thus making long-range wavelengths scans feasible
within the gain band of the dye solution. Fig. 5 presents a scan of the
second step laser (Dye 2 in Fig. 1) showing two prominent autoionizing
states in the region between 282 and 288 nm. The additional features
present in the figure arise from a single-color ionization channels
starting from low-lying thermally excited states followed by transitions
to intermediate states, listed in Table 1. In addition to the marked
transitions, there are features below the leftmost autoionizing peak, that
may be related to the intermediate states from which the ionization
probability is low. The ion signal due to these ionization channels was
also visible when the scan was performed without the first step laser.
These transitions were furthermore used to re-calibrate the spectra as
the scan was performed using the dye lasers low-accuracy internal
wavelength calibration.

The measurement of the hyperfine spectra for the transition 4d45s a
6D0

1∕2 → 4d35s5p y 6D1∕2 was performed by tuning the Master laser
frequency and measuring the corresponding ion signal. The Toptica DL
Pro Master laser operates in Littrow configuration; meaning frequency is
tuned by tilting a grating with a Piezo actuator. In order to scan the laser
a continuous sawtooth ramp, generated by a SC 110 HV scan generator
in a Toptica SYS DC 110 control unit, was applied to the actuator.
Furthermore, the mode-hop free scan range was extended by controlling
the current with a feed-forward scheme.

During a scan, the wavelength was monitored either directly from
the Master laser output or sampled from the output of Slave laser. Due
to the continuous scanning mode, the ion counts were recorded every
100 ms to minimize lag induced artifacts in the spectra. Fig. 6 presents
the hyperfine spectra for niobium for the 386.4016 nm transition
measured with both narrowband (black dots) and broadband lasers
(blue dots). The second step laser wavelength was set to 286.731 nm
for the transition into the autoionizing state presented in Fig. 5.

The measured spectra were fitted with a calculated hyperfine spec-
trum using an analytical approximation to Voigt profile given in
Ref. [40] as the lineshape. The F-state frequencies for the calculated
spectra were given by

𝛥𝜈 = 𝐴 × 𝐶
2
+ 𝐵 ×

3𝐶(𝐶 + 1) − 4𝐼(𝐼 + 1)𝐽 (𝐽 + 1)
8𝐼(2𝐼 − 1)𝐽 (2𝐽 − 1)

, (1)

where 𝐽 is the spin of the atomic state, 𝐼 is the nuclear spin, 𝐴 and
𝐵 are the hyperfine coupling constants. Furthermore, 𝐶 = (𝐹 (𝐹 + 1) −
𝐼(𝐼 + 1) − 𝐽 (𝐽 + 1)), where 𝐹 is the spin of a hyperfine state. The fit
yields a linewidth of 434.5 ± 7.4 MHz with a Gaussian and Lorentzian
components of 394.0 ± 6.4 MHz and 73.0 ± 6.4 MHz, respectively. The

Fig. 6. Hyperfine spectra for 93Nb measured both with the injection-locked laser and a
broadband dye laser. The transitions labels correspond to the ones given in Fig. 4. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 7. The ground and excited state magnetic hyperfine coupling constants for multiple
scans compared to the literature values. The dashed lines indicate the weighted mean
value and the associated standard deviation of the mean.

Gaussian component is mainly due to the residual Doppler broadening in
the reference cell. The laser linewidth contribution to the Doppler width
is about 40 MHz due to the laser being operated in second harmonic.
The remaining Lorentzian component is a result of power broadening.

Numerous scans were performed with various power settings, and
laser combinations to maximize the signal and minimize possible laser
power related broadening effects. This also enabled the extraction of
a number of values for the magnetic hyperfine coupling constants for
the ground and the excited state. Fig. 7 presents the coupling constants
for multiple successive laser scans. The weighted mean of these values,
1866 ± 8 MHz for the ground state and 1536 ± 7 MHz for the excited
state, agrees well with the literature values indicating the laser system
is suited for producing high-resolution RIS-data in future experiments.
Furthermore, a broadband laser scan performed with a dye laser is also
presented in Fig. 6. A fit to the broadband spectra yielded a FWHM
of ∼5.7 GHz and magnetic coupling constants of 1920 ± 117 MHz and
1772 ± 114 MHz for the ground state and the excited state, respectively,
highlighting a superior accuracy and resolution of the injection-locked
laser.

5. In-jet RIS resolution estimation

The 1.5 to 5 GHz fundamental linewidth available from the standard
laser at PALIS is optimal for efficient resonance ionization in-gas-cell,
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Table 1
The low-lying thermally populated states [39] enabling the single-color ionization channels.
Id Wavelength [nm] Lower state energy [cm−1] Configuration Upper state energy [cm−1]] Configuration

1 282.6011 2154.110 5s2 a4F7∕2 37 539.670 5p t4F7∕2
2 282.7301 2154.110 5s2 a4F7∕2 37 523.530 5p u4G9∕2
3 284.1765 2154.110 5s2 a4F7∕2 37 343.500 5p u4G7∕2
4 285.5005 2805.360 5s2 a4F9∕2 37 831.580 5p t4F9∕2
5 286.0801 2805.360 5s2 a4F7∕2 37 760.600 5p u4G11∕2

however, it may be limiting resolution in in-jet RIS compared to a
narrowband laser. In order to estimate the in-jet RIS resolution in a
counter-propagating geometry utilizing a third harmonic of a injection-
locked laser, a rate-equations based ionization model was developed.
The model simulates a 2-step ionization process with full hyperfine
structure and non-resonant ionization step described by a set of differ-
ential equations [41] d𝑁𝑖

d𝑡 , d𝑀𝑓
d𝑡 , and dIon𝑓

d𝑡 corresponding to the ground,
excited, and ionized state, respectively. Here, the population in the Ion𝑓
state is proportional to the ionization efficiency.

d𝑁𝑖
d𝑡 =

∑

𝑓

(

𝑊𝑖⇄𝑓 + 𝐴𝑓→𝑖
)

𝑀𝑓 −
∑

𝑓
𝑊𝑖⇄𝑓𝑁𝑖

d𝑀𝑓

d𝑡 =
∑

𝑖
𝑊𝑖⇄𝑓𝑁𝑖 −

∑

𝑖

(

𝑊𝑖 ⇄𝑓 + 𝐴𝑓→𝑖
)

𝑀𝑓 − 𝑅𝑛𝑟𝑀𝑓

dIon𝑓

d𝑡 =
∑

𝑅𝑛𝑟𝑀𝑓 ,

(2)

where

𝑊𝑓⇄𝑖
(

𝜔𝐿, 𝐹𝑖, 𝐹𝑓 , 𝑡
)

= 𝐴𝑓→𝑖
𝜆20
4

𝐸0
𝜔0ℏ

(2F𝑓 + 1)(2F𝑖 + 1)
2I + 1

×
{

J𝑓 F𝑓 I
F𝑖 J𝑖 1

}

× 𝐿Voigt
(

𝜎L, 𝜎G, 𝜔L, 𝜔0
)

× 𝐺(𝑡, 𝛤 𝑛
𝐿)

(3)

and

𝑅𝑛𝑟 =
𝐸𝑛𝑟
𝜔𝑛𝑟ℏ

𝜎𝑛𝑟 × 𝐺(𝑡, 𝛤 𝑛𝑟
𝐿 ). (4)

Above, the transition rates for the allowed resonant transitions are
denoted with 𝑊𝑖⇄𝑓 , the spontaneous transition rate with 𝐴𝑓 , and the
non-resonant transition rate with 𝑅𝑓 . 𝜔𝐿 is the laser frequency, 𝜆0 and
𝜔0 are the resonant wavelength and frequency, respectively. 𝐸0 and 𝐸𝑛𝑟
correspond to the first step laser and the ionizing laser energy per pulse
per cm2. 𝜔𝑛𝑟 is the frequency of the ionizing laser and 𝜎𝑛𝑟 the cross-
section for the transition.

𝐿Voigt
(

𝜎L, 𝜎G, 𝜔L, 𝜔0
)

is a Voigt spectral lineshape , described with
Gaussian 𝜎G and Lorentzian 𝜎L widths. 𝐺(𝑡, 𝛤𝐿, 𝛥𝐿) describes a Gaussian
time profile of the laser pulse with a width of 𝛤𝐿. A rate-equation
based model was chosen instead of a more advanced model, such as
presented in Ref. [42], as the aim was to study the effect of the ionization
environment to the resolution rather than detailed study of the RIS
process.

The model (Eq. (2)) was written in Julia programming language [43],
in which the set of differential equations were generated corresponding
to the Cu ionization scheme (see Refs. [4] and [44]). Cu was chosen
for the simulation as it is well studied experimentally, and has known
pressure shift and broadening coefficients of 5.4 GHz and −1.9 GHz,
respectively [6]. Here, the atomic and nuclear spins, and hyperfine
coefficients for 63Cu were utilized. The initial populations for the ground
state F states was set to 0.5 and 0 for all the excited levels.

The model was applied to a copper atom tracks in a argon gas
flow that were pre-simulated for geometry similar to PALIS presented
in Ref. [22]. While he atom tracks begin from a high pressure (1000
mbar) gas cell region, followed by a 2 mm exit hole and a low-pressure
region within a radiofrequency sextupole, the model was only applied to
a points randomly selected from the track segments within the sextupole
ion guide. The laser interaction region was a 2 mm wide cylinder with a

Table 2
Model parameters.

I 3∕2
J𝑖 1∕2
J𝑓 1∕2
A 5858 MHz
B 2432 MHz
𝐴𝑓→𝑖 2.030 ⋅ 1061∕s
𝐸0 1 μJ∕cm2

𝐸𝑛𝑟 100 μ J∕cm2

𝜔𝑎 1227.462 THz
𝜆𝑎 244.164 nm
𝜔𝑛𝑟 679.8 THz
𝛤 𝑟
𝐿 30 ns

𝛤 𝑛
𝐿𝑟 7 ns

𝜎𝑛𝑟 6.2 ⋅ 10−14 cm2

𝜎𝐿 1 MHz
𝜎𝐺 60 MHz

Gaussian distribution along the sextupole axis. The laser pulse energies
was kept low to avoid saturation effects.

The atom velocity and direction, and the pressure and temperature
of the gas flow was extracted for the selected points. These were used
to apply the Doppler shift and pressure shift to the transition frequency
𝜔0, and wavelength 𝜆0, calculated with the help Eq. (1) and the center
of gravity frequency and wavelength, 𝜔𝑎 and 𝜆𝑎, respectively. Further-
more, both pressure and Doppler broadening effects were applied to
the corresponding widths 𝜎G and 𝜎L when calculating the Voigt profile
in Eq. (3).

The model was solved with Sundials [45] CVODES solver via Dif-
ferentialEquations.jl [46] wrapper package for about 70 track points,
each with 500 frequency points 𝜔𝐿 evenly distributed around 𝜔𝑎 with
a 30 GHz range. The parameters utilized in the model are presented
in Table 2. An average of the population fraction at the state Ion𝑓
yielded the final spectrum presented in Fig. 8. The FWHM of about
1400 MHz is for a considerable part due to the velocity distribution
in-jet. This is only about a factor of 4 higher than the current state
of the art for in-jet RIS [14], and demonstrates that narrowband laser
discussed in this article will provide tangible benefits for the in-jet RIS
at PALIS. The counter-propagating ionization geometry used in this
estimation offers the most optimal gas-jet-laser overlap, however, a
crossed-beam geometry would allow higher resolution due to narrower
velocity distribution.

6. Conclusion and outlook

An injection-locked Titanium:Sapphire has been built in for high-
resolution resonance ionization spectroscopy in-gas-jet at the PALIS
system in RIKEN. Numerous advancements such as mounting the cavity
mirrors directly on the baseplate and positioning the laser feet to
minimize the vibration sensitivity have been implemented into the
design to improve stability and usability.

The laser cavity was designed for flexibility. It can be reconfigured
to two different lengths and crystal locations to operate the laser with
different pulse width and gain modes. The longer cavity round-trip
configuration includes a possibility to extend the tuning range using
birefringent plates and intra-cavity second harmonic generation option.
The latter option can lead to increased second harmonic and, more
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Fig. 8. Numerically estimated in-jet RIS resolution at PALIS. The red curve represents the
average over all individual spectra (black). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

importantly, it produces high-quality beams required by the long laser
transport path at PALIS.

The laser has been demonstrated to perform as designed with a
tuning range across the whole Master laser range. Importantly, the
laser was successfully applied to hyperfine spectroscopy of 93Nb. These
measurements yielded a total FWHM of 434.5 ± 7.4 MHz and a magnetic
hyperfine coupling constants of 1866 ± 8 MHz for the ground state and
1536 ± 7 MHz for the first excited state in a good agreement with the
literature values [27]. Additionally, the work led to a discovery of two
prominent autoionizing transitions from the first excited state. Possible
future goals for niobium include the determination of the efficiency
of the newly developed ionization scheme and apply it for RIS of
radioactive niobium isotopes. Moreover, the possibility to separate the
93mNb isomer from the ground state for the application in integrated
fast neutron dosimetry [28,34] is to be studied. In conclusions, the
injection-locked Titanium:Sapphire laser system has been demonstrated
to be ready for high-resolution in-gas-jet spectroscopy at the PALIS in
the near future both through experimental and numerical methods.
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