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Tunable single-frequency lasers are the most prominent tool for
high-resolution spectroscopy, allowing for the study and exploitation of the
electronic structure of atoms. A significant milestone relies on the
demonstration of integrated laser technology for performing such a task. The
device presented here is composed of a compact Fabry—Perot monolithic
resonator capable of producing tunable and Fourier-limited nanosecond
pulses with a MHz-class frequency stability without active cavity stabilization
elements. It also has the remarkable capability of exploiting the Raman effect
to funnel efficiently the broad spectrum of an input laser to a spectrally-bright
Stokes pulse at hard-to-access wavelength ranges. The targeted atom for the
demonstrations is '>2Sm, released as an atomic vapor in a hot cavity
environment. Here, the Stokes field is tuned to a wavelength of 433.9 nm,
while a crossed-beams spectroscopy setup is used to minimize the Doppler
broadened spectral features of the atoms. With this work, the suitability of
integrated diamond Raman lasers as a high-resolution in-source spectroscopy
tool is demonstrated, enabling many applications in atomic and nuclear
physics. The integrated form-factor and inherent simplicity makes such a laser
an interesting prospect for quantum-technology based sensing systems and

interactions. These interactions are mi-
nuscule compared to the dominating
thermal and electromagnetic effects oc-
curring in atoms, fueling the need for
high precision and Doppler-free tech-
niques of spectroscopic measurement.
Hyperfine spectroscopy reveals highly
valuable information related to nuclear
properties and atomic structures, includ-
ing nuclear shape, size and the individual
multipole structure of isotopes and iso-
mers all across the chart of nuclides.[®]
The hyperfine states of trapped ions
are commonly used for storing qubits in
ion-trap quantum computing, thanks to
their extended excited state lifetimes.”]
Pairs of laser pulses are used here to
drive the transition by having their fre-
quency difference equal to the specific
transition’s frequency. In general, kHz to
MHz linewidth lasers are the necessary
tool to cool, selectively excite and ionize

related applications.

1. Introduction

Deep knowledge of the forces and interactions inside nuclei is
the basis for understanding and controlling atomic processes in
a wide range of application areas, including atomic clocks, 2]
quantum computing,>* or nuclear spectroscopy.’! A gateway
to access this information is through the interplay between
the electronic and nuclear structure of atoms that is, hyperfine
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atomic species.[?] Integrating such laser

sources on a chip is poised to provide

the scalability necessary for quantum

technology-based sensing systems and
applications,!®! but advances are still required in miniature
lasers with output in the ultraviolet (UV) and visible spectral
range as well as low-loss passive devices such as couplers and
waveguides.[*?] Notably, a substantial portion of the spectrum
ranging from the UV to the near-infrared (IR) is only recently
becoming accessible using state-of-the-art integrated photonic
devices.[1011]

The production itself of pure ion beams also profits from ef-
ficient and tunable narrow linewidth laser sources. Here, Res-
onance lonization Spectroscopy is a common technique that
enables element-selective ionization by using a series of tun-
able laser sources matched to the appropriate transitions of
an ionization scheme. The selectivity is achieved by consecu-
tive resonant electron excitations, eventually leading above the
ionization potential. Once the ions are produced, they can be
trapped and manipulated by employing electromagnetic fields.
The laser sources used here, besides being energy-matched to
the transition (normally in the UV-visible spectral range), are also
matched in linewidth to the experimental conditions of the laser-
atom interaction for maximum ionization efficiency and must
be continuously tunable across the transition for spectroscopy

(8]
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applications. The resulting ion rate is determined by the degree
of saturation of the resonant transitions, the statistical weights
of the electronic energy levels involved, the laser-atom interac-
tion duty cycle and the ion survival and extraction efficiency.l'?) If
a particular measurement or application requires the resolution
of the hyperfine structure of an atomic level, a compromise be-
tween ionization efficiency and spectral resolution can be made
and narrow-linewidth (MHz-range) tunable lasers are used, with
below-saturation laser power. In such applications laser power
and wavelength stability become crucial parameters.

In this paper, we demonstrate the suitability of an integrated
tunable single-frequency Raman laser operating in the 430 nm
spectral region for the aforementioned high-resolution spec-
troscopy applications. The experiments were carried out in a
Doppler-reduced geometry utilizing crossed laser beams inter-
acting with samarium atoms effusing from a hot-cavity capillary
under high-vacuum (10~ mbar) conditions.[}] We target a nar-
row linewidth transition of 12Sm -with no hyperfine splittings-
in order to unequivocally measure the cumulative resolution and
sensitivity of our spectroscopic setup. The results are accompa-
nied by end-to-end Monte Carlo particle tracing simulations of
the thermal and effusion effects at the ion source, which greatly
influence the overall achievable spectral resolution, as well as a
Raman laser model for predicting the spectral purity achievable
using a monolithic Raman laser platform.

2. Integrated Tunable Diamond Raman Lasers

There is keen interest in the photonic integration of widely tun-
able, high-performance MHz-and kHz-class narrow-band lasers
at a wavelength, typically in the UV-visible spectral range, to ex-
cite atomic transitions in a Doppler-reduced geometry.'*-1%] Tra-
ditionally, free-space lasers including injection-seeded dye and
Ti:Sapphire lasers have been used for this purpose,'’! However,
these require a complex, expensive and bulky suite of systems
to produce and stabilize the required narrow-band pulsed laser
light, and they are not integrable on a chip. Recent efforts have
been made to simplify this but it remains a significant technical
challenge.['®]

Stimulated Raman scattering (SRS) offers an alternative ap-
proach. Unlike traditional ion-based lasers, the emissions from
Raman lasers are not limited to the specific emission cross-
section of ions since it uses virtual levels based on the interaction
of light with phonons. This provides unique advantages such as
access to unconventional wavelengths in the UV-visible rangel!
and the mid-IR?%! and compatibility with laser sources operat-
ing within the transparency range of the SRS media. Addition-
ally, SRS gain is not subject to spatial hole burning, simplifying
the laser architecture to produce high quality single longitudinal
mode light, and when using diamond as SRS media power scala-
bility at high stability is achievable.[?!-?5] Furthermore, diamond
resonators can be effectively integrated on a chip exhibiting very
high quality factors.[26:%]

In terms of linewidth, the Stokes spectrum can resemble that
of the pump in the so-called high Raman gain regime.[?®?] The
Raman process can be further cascaded using multiple Stokes
orders, extending the available spectral coverage at virtually no
cost.3%31 Embedding the laser resonator within the Raman me-
dia proved to have additional advantages, such as the ability to
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produce a frequency stable output directly from a monolithic
Fabry—Perot resonator, circumventing the need of external me-
chanical feedback loops to control the cavity length. These minia-
turized resonators can perform complex tasks, such as spectral
funneling when pumped by GHz linewidth lasers (enhancing
the available power spectral density (PSD) by 50x[32]), or achieve
higher spectral brightness exploiting double resonances within
the resonator.®}] Their spectral purity, particularly the residual
intensity noise product of the Raman interaction, needs to be fur-
ther studied in detail if these lasers are to be applied in high res-
olution spectroscopy setups.

Beyond generating narrow linewidth light at visible wave-
lengths, tuning integrated resonators in GHz frequency scales
with high accuracy and repeatability is challenging. Acousto- and
electro-optic modulators can provide shifts up to a few GHz but
they normally operate in the infrared and produce parasitic side-
bands.** Nonlinear @ and y® mixing processes can achieve
efficient and tunable frequency conversion but requires strict
phase-matching between the interacting waves, precise angular
control of the optical components, and have a strong nonlinear
dependence on optical power. Here, diamond Raman lasers pro-
vide the advantage of being accurately tuned by using tempera-
ture exclusively thanks to the outstanding thermal and thermo-
optic properties of the material, in combination with the temper-
ature dependence of the Raman shift.3>3¢]

The optical setup used in this work comprises an integrated
Fabry-Perot diamond resonator, similar to the one presented in
[35]. The advantage of using such a diamond resonator in our
spectroscopy experiments is threefold: First, the output Stokes
pulse can be precisely tuned and its linewidth approaches the
Fourier limit,??] so it can be used in high-resolution spectral
scans. Second, accessing a spectral range not to reduce the
linewidth of the tunable pump laser to the Fourier limit so it
can be used in high-resolution spectral scans. Second, accessing
a spectral range not usually covered by standard laser gain me-
dia. Third, stabilizing and tuning its wavelength in a simple and
reliable manner with MHz accuracy. While the precise tunabil-
ity was achieved using the bulk diamond temperature, the coarse
tunability was provided by the pump laser. Figure 1a shows the
main experimental parameters used in this work, indicating a
10x enhancement in the power spectral density from pump to
Stokes pulses taking into account a 40% power conversion effi-
ciency and a linewidth reduction factor of 25x approximately.

2.1. Spectral Purity

Typical tunable nanosecond pump lasers feature noisy tempo-
ral structure due to their multi-mode spectral content. Here,
the resulting pulse has features on timescales faster than the
few-millimeter long diamond resonator round-trip time, and is
caused by the interference of its multiple spectral modes. An ex-
ample of such pulse is included in Figure 1b. Nevertheless, the
amplitude and phase of the individual axial modes generally vary
on the timescale of the round-trip time or slower. Since these
timescales are generally longer than the Raman dephasing time,
in most cases we can model the Raman process for each spec-
tral mode using steady-state Raman theory, even if the interfer-
ence of the pump axial modes produces a time structure that
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Figure 1. a) Monolithic diamond Raman resonator implementation of a tunable spectral squeezer: here the Fabry—Perot resonator formed by surfaces
with reflectivities Ry and R, and effective length L g is tuned using temperature exclusively. (b) and (c) show simulations of the spectral synthesis of a
multi-mode Ti:Sapphire laser at 409.3 nm (second harmonic) with a linewidth of 7 GHz to a single axial mode Stokes pulse at 433.9 nm pulse, resulting
in a linewidth reduction down to 280 MHz. The power spectral density (PSD) is enhanced by a approximately an order of magnitude (thanks to the 40%
power conversion efficiency of the devices) while the temporal profile of the Stokes remains similar to that of the pump.

would need transient Raman theory if modeled in the time do-
main. This computationally-efficient approach has been widely
used in the past to analyze SRS with multi-mode lasers,[*’*3] and
more recently to model phonon-resonant Raman interactions
featuring efficient spectral squeezing in integrated diamond
resonators.[32!

The interaction of pump and Stokes mode fields can be calcu-
lated using non-degenerate mode interactions. The pump modes
are modeled as an ensemble of longitudinal modes, modulated
by a Gaussian envelope representing the average pump laser
linewidth. The Stokes modes, not to be confused with the axial
modes within the Raman resonator, are seeded from noise and
have the same mode spacing as the pump fields. We start then by
writing the multi-mode fundamental with 2m + 1 modes spaced
in frequency by Q, and a multi-mode Stokes field with 2m + 1
modes spaced in frequency by Q;: E; = 3" Feln' ™3 4 o
and Eg =Y S0 *s0? 4 ccin which cc represents the com-
plex conjugate of the preceding term, wg) = wg( +Ql, and
gy = Op) + Qgl. In these equations, S, and F, are complex am-
plitudes describing the amplitude and phase of the modes trav-
elling inside the diamond.
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The Raman simulation includes all the possible mode inter-
actions between these pump and Stokes modes. The result is
then modulated by the diamond resonator spectral response, pro-
ducing the longitudinal modes of the resonator. We calculate the
residual intensity noise (RIN) of the Stokes field in the spectral
domain. This quantity is particularly important in spectroscopy
applications, where the signal-to-noise ratio achievable in a spec-
tral scan enables the identification of transitions with distinct ab-
sorption cross sections.

In order to describe the coupling between the pump and
Stokes set of modes, we rely on steady-state Raman formalism
and write it in a non-degenerate mode for four generic modes,
two pump field modes F,, F, with two Stokes field modes S,
and S, as:

19S5, 95,
——
ug ot 0z

L S1,) 1)

in which ug is the group velocity at the Stokes wavelength. This
mixing can be interpreted as two pump modes (Fi; S,,) driving a
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phonon field and a third mode F, scattering off the phonon field
to drive a fourth mode S, .*”] For fundamental and Stokes pulsed
fields with many longitudinal modes or broadband modes, in
principle all types of interactions can drive a polarization at the
frequency of a generic mode S, » given that they satisfy the equa-
tion w5 =g —op +o . The interaction thus produces the
mentioned spectral side-modes affecting the reliability of the
laser for high sensitivity spectroscopy applications. The full de-
scription of the computational model can be found in the sup-
plemental materials alongside with theoretical results.

The result in the time domain shows a Stokes pulse quickly
following the shape of the pump pulse, due to the low reflec-
tivity of the resonator (Figure 1b). As the reflectivity of the res-
onator is increased, the output Stokes pulse becomes smoother
due to the low-pass filtering effect of the resonator. In this regime
the resonator is acting similarly to photonic flywheels and op-
tical integrators.**] Figure 1c shows the spectrum result using
this model for the experimental parameters, in which the spec-
tral structure of the Stokes field can be easily observed. The spec-
trum of the pump is squeezed from 7 GHz down to 280 MHz,
at 40% conversion efficiency, yielding an enhancement in power
spectral density of ten times. We computed the same simulation
for different resonator quality factors by changing its reflectivity
R = R, R,. We found that this is indeed a simple way of enhanc-
ing its spectral purity. For example, the side-mode contribution
at 2 GHz from the center Stokes frequency can be reduced from
25 dB to >50 dB by simply increasing R from 18% to 95% as de-
picted in Figure 2a, b. It should be noted, however, that an in-
crease in the resonator quality factor can favor cascading into
higher Stokes orders. The cascading effect can be minimized
by implementing coatings with tailored spectral characteristics
(high transmission at the higher order Stokes wavelengths for
example).

2.2. Experimental Performance

The Raman media was a synthetic, cuboid diamond crystal with
dimensions of 7 x 2 X 2 mm?, plane-cut for beam propagation
parallel to the (100) axis, free spectral range free-spectral-range
(FSR) ~ 8 GHz at 433.9 nm. The edges of the resonator, polished
with parallelism better than 0.5 y m mm™, were left un-coated.
The Fresnel reflectivity (R, , = 18%) was enough to guarantee effi-
cient Raman operation. The temperature tuning of the resonator
was conducted by placing the crystal on a copper substrate in-
side a high precision temperature controller (Covesion Ltd), with
a stability better than 10 mK.

The diamond crystal was then pumped by a tunable,
gain-switched frequency-doubled Ti:Sapphire laser operating at
409.3 nm with a maximum power of 1 W and a repetition rate of
10 kHz as shown in Figure 1b, producing a multi-mode 7 GHz
wide spectrum. The pump was focused by a bi-convex lens (f =
150 mm) to the center of the diamond crystal. Right after the res-
onator, a curved mirror (radius of curvature = 50 mm) was used
to reflect and re-focus the pump beam, to improve overall conver-
sion efficiency by providing the second pass within the diamond.
After the Raman conversion, a dichroic mirror was used to sep-
arate the Stokes from the pump fields. The maximum average
power of the Stokes radiation was 400 mW (40% conversion ef-
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Figure 2. a) Model results of averaged Stokes spectra over 100 pulses for
various values of R =R;, R,. b) Resulting relative intensity noise (RIN) at
2 GHz from the Stokes center frequency for several resonator reflectivities.

ficiency), with its power stability directly dependant on that of
the pump.

The output Stokes wavelength tuning as a function of temper-
ature was measured using a set of high resolution Fizeau inter-
ferometers (Atos wavemeter LM007). In Figure 3a the raw signal
output of the highest resolution Fizeau interferometer (with FSR
of 3.75 GHz and instrumental width of 449 MHz) is depicted,
showing a continuous and linear tuning of the Stokes pulse in
the entire temperature range.

Following the theory described in [35], the expected values
for the tuning slope (Av,/AT) in the range from 60-70 °C is
approximately -3.2 GHz/°C, which agrees well with the exper-
imentally measured values shown in Figure 3b. For this esti-
mation, the thermo-optic coefficient was calculated using the
model described in ref. [36], whereas the dispersion was calcu-
lated using the 2-factor Sellmeier equation for synthetic diamond
found in ref. [45] and the thermal expansion coefficient of a ~
1.1 x10=° K~! found in ref. [46]. Given that the measured sta-
bility for the resonator temperature was better than 10 mK, we
estimate that the frequency accuracy of our Raman laser is better
than 30 MHz. In our subsequent spectroscopy experiments, the
resonator was placed outside the ion trap and therefore its tem-
perature was not affected by the hot environment existing in the
vicinity of the ion source. It can be observed in Figure 3b that
the Stokes wavelength follows an irregular trend compared to
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Figure 3. a) Fizeau interferometer pattern (colorbar proportional to CCD intensity) for different resonator temperatures. b) Stokes center wavelength as
a function of measured diamond temperature. Red lines are linear fits to the tuning slope. c) Stokes linewidth Av; as a function of temperature covering
one FSR, compared to the Stokes pulse Fourier-limit. d) Power Spectral Density (PSD) stability for the same temperature range.

previous studies,[>3¢! where the wavelength distribution along
a single FSR is closer to a linear fit. The main effect leading to
this behavior is related to the thermal equilibrium time of the
bulk diamond. During the experiments, the rapid temperature
setting -faster than the thermal equilibrium time of the resonator
(of the order of 10 to 20 s)- resulted in a divergence between the
measured temperature and the real bulk temperature, leading to
deviations from the expected near-linear trend in Figure 3b.

The output average Stokes linewidth was Av, ~ 300 MHz and
close to the Fourier-limit as is shown in Figure 3c in good
agreement with theory. The linewidth became larger and up to
600 MHz at the edges of the FSR, owing to a decreased available
gain as the Stokes is tuned further away from the spectral peak of
the Raman gain. As it can be seen in Figure 3d the power spectral
density (PSD), calculated using the measured spectrum and the
Stokes pulse energy simultaneously, was relatively stable across
the entire FSR of the diamond Raman resonator.

The Stokes laser was then guided to the experimental setup
for perpendicular illumination of the atom beam, as the first-
step transition of the two-step ionization process chosen for our
demonstrations. The second step, in a collinear geometry, was
performed using a non-resonant ionizing transition with a high
power frequency-tripled Q-switched Nd:YAG laser, producing a
maximum power of 10 W at 355 nm. Both lasers operate at
10 kHz and are synchronised by individual electronic Q-switch
timing control of the initial pump sources.

3. Doppler-Reduced In-Source Spectroscopy Setup

The crossed-beam geometry used for this study was made possi-
ble through the use of the PI-LIST (Perpendicularly Illuminated
Laser Ion Source and Trap),[*’! based on the high-purity laser ion
source LISTI*®#] of the radioactive ion beam facility ISOLDE at
CERNP and is depicted in Figure 4a. This device takes advan-
tage of the collimation of the atoms emerging from a tubular hot

Laser Photonics Rev. 2024, 18, 2300564 2300564 (5 of 9)

cavity geometry. The particle vector momentum is predominantly
parallel to the axis z and collinear with respect to the ion beam.
When a laser beam guided in a perpendicular direction to this
axis z, it will see only the transverse component of the momen-
tum spread of the atom beam, thus minimizing the Doppler ef-
fect. Furthermore, the subsequent ionization laser interacts only
on the portion of the excited atoms that occupy the volume where
the two lasers beams overlap. With the optimal positioning of the
laser beams this volume corresponds to a narrow (3 mm diame-
ter) cylinder located centrally on axis with the atom beam, close
to the exit of the hot cavity. The technique has been successfully
used in the past for nuclear structure investigations via hyperfine
structure analysis of ¥ Tc, 51 143-147pm [52] and 2#-253Cf.[>3] The
PI-LIST version employed in this work is identical to the units
recently adapted for ISOLDE operation, featuring the perpendic-
ular laser access by internal metal mirror surfaces.[**!

The atomizer in operation at the ISOLDE Offline-2 mass sep-
arator laboratoryl® is a standard ISOLDE target/ion source unit,
where atoms are generated by evaporating a sample within the
Ohmic-heated target container or an additional sample reservoir
capillary and effuse through a transfer line, after which they enter
an independently heated hot-cavity capillary (atomizer) of 34 mm
length and 3 mm inner diameter. In the case of the measure-
ments presented here, the target container and transfer line were
omitted and the sample from the reservoir fed directly from the
back of the atomizer. It is typically heated to about 2000 °C to pre-
vent losses by wall sticking of the atoms. The Doppler broadening
full-width-at-half-maximum (FWHM) of atomic transitions in
this environment is calculated as Av = v, 4/8k; T In 2/mc?, where
kp is the Boltzmann’s constant, ¢ the speed of light and m the
atomic mass, leading to approximately 1.9 GHz for the 434 nm
transition of interest in *2Sm.

The PI-LIST device is located directly at the output of the
atomizer, separating the laser interaction region from it by a
cylindrical electrode with an inner orifice of 11 mm diameter
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Figure 4. a) Cut-view of the Perpendicularly llluminated Laser lon Source and Trap (PI-LIST) system and its most relevant parts. b) Estimated PI-
LIST resolution and maximum ionization efficiency as a function of distance z from the atomizer exit. c) Polar plot of the velocity distribution of atoms
contained in the xz plane at z= 0 mm, the scale here is 1:5. The blue line is the calculated histogram per solid angle in the same plane, which corresponds
to the 2D radiation pattern of the atomizer. d) Polar plot of the velocity distribution of all atoms produced in the hot cavity as a function of the angle
with respect to the x-axis. The color is proportional to their v, component, the main contributor to the Doppler broadening.

(“repeller”). The cylindrical PI-LIST housing is 90 mm long and
38 mm in diameter, and in combination with an exit plate of
7 mm diameter orifice shields the interaction region in a ra-
diofrequency quadrupole (RFQ) structure from external fields.
This RFQ guides ensures radial confinement of created ions in
a so-called Paul linear trap configuration, by driving them with
an up to 500 V peak-to-peak RF signal at around 1 MHz. The
potential at the repeller electrode is set to a positive voltage (be-
tween 7 and 50 V) such that the ions produced inside the atomizer
are repelled, while the ions created inside the LIST structure are
guided towards extraction. This provides high selectivity as par-
asitic, non-laser related ionization mechanisms in the hot atom-
izer are suppressed, although at the cost of overall ion extraction
efficiency. After extraction as an ion beam by a 30 kV potential dif-
ference of target/ion source unit and ion beam line, the ions are
separated by mass-to-charge ratio in a dipole sector field magnet
and subsequently detected in a Faraday cup.

With a view on estimating an upper limit for the spectral res-
olution of the PI-LIST setup in our experimental conditions, we
have used an effusion model capable of calculating the ion mo-
mentum distribution at the output of the atomizer and simulate
the interaction with our laser beams. Previous estimations were
based on model descriptions for molecule emersion from both
simple orifices and elongated tubular connections between two
reservoir volumes based on kinetic gas theory. In the low pres-
sure regime, where the mean free path of the ions is considerably
larger than the geometric dimensions of the ion source, the pro-
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cess is governed by individual trajectory evolution of the particles
within the outer boundaries and not by particle collisions.

Here we present end-to-end particle tracing multiphysics sim-
ulations of a full ISOLDE-type target/ion source unit including
thermal and effusion effects to estimate the spectral resolution of
the PI-LIST system statistically. First, the COMSOL Heat Trans-
fer Module was used for the thermal calculations, taking into ac-
count the effects imparted by temperature distributions in the
different elements of the system. Second, the Particle Tracing
Module was used to simulate the effusion process for the neu-
tral species to be transported from the target where the atoms
are produced all the way to the ion source, calculating and trac-
ing the trajectories of both charged and neutral particles that can
interact with the boundaries and their motion can be affected by
various forces. Our simulations are based on previous models by
Liu and colleagues described in ref. [55], and more details about
it can be found in the Supporting Information.

Figure 4b shows the PI-LIST resolution Af, and the relative ge-
ometric ionization efficiency (i.e. atom density at a given time) e
are plotted as a function of z, yielding comparable results to the
experimentally measured ones.>®! Due to the waist size of the in-
teracting laser beams, the average spectral resolution Af, is the
result of the combined effects of the slice resolution Af,(z), the
efficiency ¢(z) and the beam profile. For our particular experi-
mental scenario, the laser beam was intersecting the ion beam at
z=6mm with a Gaussian beam diameter of around 1 mm (1/e?),

yielding an estimated resolution of Af, ~ 0.4 GHz. We note that
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Figure 5. a) Results of measured ion current for a range of Stokes center frequency detuning. (inset) lonization scheme, with details about the energy
of the states, the energies of the wavelengths and the electronic configuration. b) Comparison of the measured absorption spectrum with the modeled
Raman laser and the simulated Gaussian-like PI-LIST spectra. The results show a side-mode supression at 2 GHz >25 dB.

this value is slightly higher than the experimental one reported
in previous works!"3! for a comparable Doppler broadening envi-
ronment, which was of the order of 200 — 300 MHz.

The directivity of the ion source was estimated by calculating
the histogram of particle angles (equivalent to a radiation pattern)
in the xz plane, and it is assumed to be axisymmetric about the z
axis. Figure 4c shows in blue such a radial histogram, which is no-
tably different (less directional) to the one shown in [56] for sim-
ple tubular geometries. The polar plot is accompanied by the scat-
tered distribution showing the velocity vector magnitudes of the
particles in the xz plane. Here, the velocity distribution spreads
from 250 to 1000 m s~! for angles between 30° and 150°, with
a larger contribution in a narrower cone between 70° and 110°,
and an average particle velocity of 600 m s7!.

Figure 4d shows a scatter polar plot of all the particles escap-
ing the hot cavity, where we plot against the angle between the
particle velocity vector v; and the x axis. The plot also shows the
magnitude of [v;|, and the color represents its scalar component
on the x axis (v,;) contributing to the Doppler effect. It is clear
from this analysis that both the particle density per solid angle,
and its velocity distribution needs to be taken into account si-
multaneously for the overall estimation of the resolution of the
PI-LIST device.

4, Results and Conclusion

The primary goal of the in-source spectroscopy setup described
here was to prove the suitability of an integrated single-frequency
Raman laser for high resolution spectroscopy applications. For
our experiment we took measurements of the temperature of the
diamond, the Stokes field frequency, linewidth and the resulting
ion current simultaneously.

The selected two-step ionization scheme starts by targeting a
thermally populated, low-lying fine structure component of the
atomic ground state of 2Sm, with structure [Xe] 4f° 6s> ’F and
total angular momentum ] = 2. It is situated at an energy cor-
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responding to 811.92 cm™! above the actual ground state. The

single-frequency Raman laser at 433.9 nm excites the electrons
to the state [Xe]4f°5d6s? ’G, | = 3, at 23,852.43 cm™!. State en-
ergies and configurations were taken from ref. [57]. The second
step at 355 nm is non-resonant and provides the photon energy
required for the excited electrons to escape the atoms, and thus
permitting the PI-LIST to fulfil its goal and provide us with the
wanted ions. The mass-separated ion current readout as a func-
tion of laser wavelength results in a lineshape proportional to the
spectral absorption line of the transition of interest.

The 52Sm transition of interest here is from the state
41682 7F, — 4£°5d6s’ ’G,, a frequency step from 811.92
to 23,852.43 cm™!, requiring a Raman laser centered around
v, = 23,040.51 cm™' (433.9 nm). The required wavelength of the
Raman laser was achieved by first tuning the wavelength of the
pump Ti:Sapphire laser to 409.3 nm, while the fine sub-GHz-
class tuning during the experiment was done exclusively using
the temperature of the Raman resonator.

The result of such a scan can be seen in Figure 5a, where the
FWHM of the transition was measured to be around 0.8 GHz.
Since the target transition linewidth was negligible compared to
the instrumental width of the PI-LIST and the linewidth of the
Raman laser, this setup can measure the resolution of the instru-
mentation accurately.

The laser power was of sufficient intensity to add additional
broadening of the optical resonance linewidth under study, which
occurred with a few mW coming from the Raman laser. The
power was reduced to values below the level of saturation at the
cost of overall signal to noise ratio (to approximately a 40 dB
range). The saturation effect (also referred to as power broaden-
ing) on the measured transition linewidth can be fitted with a sat-
urated Lorentzian function as follows: a(Av,) & L(Av,) X (1/(1 +
SL(Av,))), where S is a saturation parameter that depends on
the overall laser intensity, Av, the laser detuning and L(Av,) is
a Lorentzian function with width as the unsaturated linewidth
of the transition.’”l The result of this fitting retrieves an

© 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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unsaturated width of 0.51 GHz at FWHM. Compare this to the
convolution of the laser linewidth (Av, ~ 300 MHz, Gaussian
lineshape) and the PI-LIST resolution (Af, ~ 0.4 GHz, Gaus-

Af? + Av? ~0.5 GHz.

From this result we believe that the Monte Carlo effusion model
used to calculate the PI-LIST spectral resolution is indeed in good
agreement with the experiments. The earlier mentioned discrep-
ancy to other experimental results obtained with the PI-LIST, pos-
sibly also due to unidentified additional broadening effects, is
subject to upcoming further investigations and refinements of
the model. This will include ion survival considerations in the
PI-LIST electric fields, accompanied by systematic experimen-
tal measurements of the dependence of resolution and efficiency
from distance to the atomizer.

There are other effects that could be included, such as the con-
tribution to the current caused by non-resonant ionization and
linear with laser power, if the photon energy is sufficiently high.
From this consideration it is evident that the absorption cross-
section of a transition may not directly be translated into a cor-
responding ionization rate but also has a non-linear dependency
on the incident laser power.

A comparison between the retrieved spectroscopy measure-
ment and the spectral content of the laser reveals that the com-
putational model may slightly overestimate the spectral noise of
the Raman laser by a few dB, since the experimental results are a
convolution of the laser spectrum, the PI-LIST spectral response
and the saturated transition lineshape. In this case, it is safe to
assume that the un-coated diamond Raman resonator exhibits a
ratio of at least 25 dB from peak to side-mode at 2 GHz, in rea-
sonable agreement with the theory.

To conclude, the results show that the laser technology de-
veloped here alongside with the PI-LIST device, can effectively
perform high-selectivity in-source spectroscopy, with a demon-
strated combined resolution of at least 0.51 GHz. This demon-
stration paves the way to integrated high resolution ionization
spectroscopy of nuclear species below hot cavity Doppler broad-
ening limitations, using simple integrated Raman sources. A
plethora of nuclei, with hyperfine splits in the sub-GHz range
are ready to be used with the present setup, holding the promise
to unlock further information about the nuclear structure of ele-
ments and their application in nuclear physics and revolutionary
quantum technologies.

sian lineshape) which is around Av,,, =
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