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Abstract: We report the fabrication of alkali-metal vapor cells using femtosecond laser ma-
chining. This laser-written vapor-cell (LWVC) technology allows arbitrarily-shaped 3D interior
volumes and has potential for integration with photonic structures and optical components. We
use non-evaporable getters both to dispense rubidium and to absorb buffer gas. This enables
us to produce cells with sub-atmospheric buffer gas pressures without vacuum apparatus. We
demonstrate sub-Doppler saturated absorption spectroscopy and single beam optical magnetome-
try with a single LWVC. The LWVC technology may find application in miniaturized atomic
quantum sensors and frequency references.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Since its first demonstration in 1994 [1], femtosecond-laser-writing (FLW) has emerged as a
very versatile, direct and maskless technique for inscribing bulk optical waveguides as well as
buried microchannels in transparent materials [2] and it has been applied to numerous kind of
substrates including glasses, ceramics, polymers and crystals [3,4]. Thanks to its unique 3D
structuring capabilities, FLW has enabled many innovative geometries for the fabrication of
integrated photonic devices like directional couplers and Y-splitters [5], complex multi-paths
interferometers [6], 3D waveguide lattices [7,8], polarization rotators [9,10], and Bragg reflectors
[11]. This versatility, in addition to low-cost and rapid prototyping, has allowed the fabrication of
FLW-based devices for waveguide-assisted applications in several fields like astrophotonics [12],
telecommunications [13], high-order harmonic generation in gases [14], optical [15,16] and NV
center-based sensing [17]. Most notably, FLW-based optofluidic and microfluidic lab-on-chip
techniques, in which three-dimensional microchannels and optical waveguides are monolitically
integrated within the same substrate, [18,19] are now a mature technology used world-wide
for chemical analysis [20,21], biosensors [22] and single-cell processing tools [23–25]. More
recently, FLW has played an important role also in the fabrication of photonic integrated circuits
(PICs) for use in quantum technologies including photonic quantum computing and simulation,
quantum communication and quantum sensing [26,27]. Low waveguide losses and birefringence,
the excellent connectivity of laser-written PICs with standard optical fibers and the possibility of
fabricating integrated quantum memories [28] make FLW attractive for these applications.

Meanwhile, in recent years there has been growing interest in the development of chip-scale
and miniaturized atomic sensors [29]. Fabrication techniques based on micromachined structures
in silicon, which usually employ anodic bonding between Si and Borofloat glass substrates to
make MEMS vapor cells [30], have shown great scalability and stability properties. Alternatively,
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photolithography of a photoresist, in combination with etching and glassblowing techniques, has
been used to fabricate atomic microchannels [31] and, more recently, nanostructured alkali-metal
vapor cells [32,33]. However, due to the planar bonding or lithographic strategy, all these cells do
not show 3D versatility and have limited optical access. Many atomic sensors like those based on
multipass cells [34–36], cell arrays [37], dual-beam [38], triple-beam [39,40] or cavity-enhanced
[41,42] geometries, do require greater flexibility and optical access.

Various strategies have been also developed for the integration of vapor cells with photonic
waveguides. The first one is based on the interaction between hot vapors and the evanescent field
of either photonic waveguides [43,44] or tapered optical fibers [45,46] down to the nanoscale
[47]. A second one is based on atomic filling of antiresonant ARROW [48] or hollow core
photonic fibers [49–52]. While the tight confinement on the micro- or nano-scale has been used
to demonstrate strong light-atom interaction for enhanced nonlinear effects [53,54] and new
optical phenomena [55–58], the broadening due to rapid transit time or walls collisions limits
its utility for high-sensitivity atomic sensors and precise atomic spectroscopy [29]. Despite
of the mitigation of this effect in hollow core fibers, which can reach mode diameters as large
as 85 µm [59], this strategy also suffers from frequency shifts due to the multi-mode nature
of the guiding fibers [60] and lack of geometry versatility. In general, an atomic interaction
size from 100 µm to 1 mm, i.e. typically set by the transverse beam width, is desirable for
Doppler-free applications [29], like atomic frequency Refs. [61] and atomic clocks [62,63], as
well as for high-sensitivity spin-based atomic sensors like optical magnetometers [64,65] and
atomic gyroscopes [66]. The combination of the latter goal with integrated photonics led to
state-of-the-art photonic-atomic chips, which make use of hybrid schemes where a separate mm
or µm-sized microfabricated vapor cell is deposited on the top of the photonic chip [67,68]. Then,
complex extreme mode-converting apodized grating structure or a nanophotonic spin selector are
used to couple light between atomic microcell and photonic waveguides, respectively [67,68],
with relatively low efficiency.

In this work we introduce the fabrication of laser-written vapor cells (LWVCs) on fused
silica to extend the range of FLW applications to atomic spectroscopy and spin-based sensing.
After describing the LWVCs fabrication and characterization, we demonstrate proof-of-principle
applications as saturated absorption spectroscopy and optically-pumped magnetometry with a
rubidium vapor. The introduced technique provides: 1) maskless fabrication of alkali-metal
vapor cells with 3D versatility of buried atomic channels and reservoir; 2) suitable interaction
volume for sub-Doppler spectroscopy and high-sensitivity atomic quantum sensors; 3) high
potential for scalability and integration with waveguide-based PICs. Furthermore, we show that
the use of non-evaporable getters (NEG) technology can release a Rb vapor and, at the same
time, strongly reduce buffer gas pressure with no need for a vacuum apparatus. We note that
some vapor cell applications are sensitive to alkali diffusion into the host material [69,70], or to
the proximity of residual alkali metal droplets to the optically probed region [71]. The ability of
FLW to work with hard materials such as fused silica, and to create arbitrary cavity geometries,
will be advantageous in such scenarios.

2. Vapor cell fabrication

2.1. Laser writing of channels and reservoir

For the fabrication of the LWVC we employed the so-called FLICE (Femtosecond Laser Irradiation
followed by Chemical Etching) technique. This is a two-step microfabrication process illustrated
in Fig. 1(a). At first, an ultrafast laser beam is tightly focused inside the volume of a fused silica
glass substrate. For a suitable choice of the irradiation parameters, this step leads to the local
formation of self-oriented nanogratings, which, in turn, produces an increased sensitivity of the
irradiated volume to chemical etching. Thanks to the non-linear nature of the laser absorption
process, the material modification is highly localized within the laser focal spot, thus providing
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extreme flexibility in the inscription of an arbitrary 3D pattern buried inside the substrate. In a
second step, the substrate is immersed in a proper etchant solution, and the irradiated material is
selectively removed, leading to the formation of an empty structure with the desired geometry.

Irradiation Etching Polishing Sealing and bonding Activation

b)

a)
Chemical
etching

c)

400μm

Fig. 1. (a) Schematic of the FLICE process adopted for the fabrication of the LWVC.
Ultrafast laser writing is used to define the geometry of the cell and the rubidium reservoir
inside the bulk of a fused silica substrate. Then, the substrate is exposed to chemical etching
and the irradiated material is removed. (b) Layout of the fabricated LWVC. In the inset,
a microscope picture of the lateral facet of the sensing channel is shown. (c) Complete
workflow of the LWVC fabrication process with 2D cross-section at each step.

To fabricate the first LWVC, used in the experiments described in section 3.1, we performed
the irradiation step using a commercial femtosecond laser source (HighQ Laser - femtoREGEN),
that emits a train of ultrafast light pulses at 520 nm (300 fs duration, 410 nJ/pulse) at the repetition
rate of 1 MHz. A 50× microscope objective with 0.6 numerical aperture is used to focus the laser
output inside a pristine fused silica block of dimensions 10 mm × 10 mm × 5 mm. The irradiated
geometry, illustrated in Fig. 1(b), consists of a cylinder oriented vertically with a diameter of 5 mm
and a height of 3.5 mm, which forms the reservoir for the rubidium dispenser, and a rectangular
parallelepiped inscribed on top to it, with a 1 mm × 1 mm cross section and a length of 9.5 mm,
which forms the atomic sensing chamber. The top facet of the reservoir and the bottom facet of
the chamber are in direct contact for facilitating the material removal during the etching step.
The chamber is completely buried within the glass block, while the reservoir reaches its bottom
facet, allowing the penetration of the acid and filling of the LWVC. The laser definition of these
shapes is limited to their surfaces, with additional section planes written both in the reservoir and
in the chamber. This is enough to cause the complete detachment of the inner material during the
etching step. The overall structure has been irradiated bottom-to-top, with a substrate scan speed
of 1 mm/s and a vertical line separation of 3 µm. During the whole process, the laser polarization
was kept oriented perpendicular to the longitudinal axis of the parellelepiped. In this way, the
nanogratings resulted aligned parallel to this direction, thus favouring the acid penetration and
increasing the etching speed of the sensing chamber. Importantly, when more complex structures
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are fabricated by FLICE, a proper polarization direction must be chosen during the irradiation of
each sub-component, in order to temporally synchronize the etching of the whole geometry.

The chemical etching of the irradiated structure was performed by dipping the fused silica
block in a 20 % hydrofluoric acid aqueous solution, at the temperature of 35 ◦C. The whole
etching process lasted ≈ 18 h. The final distance between the sensing chamber and the top surface
of the glass substrate is ≈ 300 µm, as shown in the inset of Fig. 1(b). This distance could be
potentially reduced to few tens of microns, thus combining the ability of writing buried sensing
channels with a sub-mm stand-off distance from a potential sample on the top surface. Finally,
once the LWVC was fully etched, the lateral facets of the glass block, parallel to the sensing
channel cross section, have been manually polished in order to reduce the light scattering losses
during the sensing experiments. The inner surfaces of the fabricated structure corresponding to
the input and output facets of the sensing chamber present a residual roughness in the range 50
nm - 100 nm RMS [72,73], which introduces additional scattering losses measured to be around
8 % per rough facet. Note that surface roughness can be greatly reduced (down to 20 nm RMS)
by performing an additional thermal annealing process on the sample after the etching step [74].

2.2. Device filling and bonding

When the FLICE process is completed, we proceed with the device filling and bonding. The
complete workflow of the LWVC fabrication process is depicted in Fig. 1(c). At first, we place
a pill of non-evaporable getter (NEG) material (SAES Getters RB/AMAX/PILL/1-0.6) in the
reservoir cavity of the fused silica structure. As shown in Fig. 2(a), we use UV-curing epoxy to
bond a 1 mm-thick fused silica plate to seal the LWVC. This sealing is performed in a chamber
filled with atmospheric pressure N2 containing less than 6 ppm of O2, to avoid trapping O2 in
the cell. As we describe in section 3, UV-curing epoxy is convenient and suitable for atomic
sensing applications. Furthermore, the FLICE-based fabrication of vapor cells is also compatible
with other sealing methods like optical contact bonding [32,33], anodic bonding [75] and laser
microwelding [76], for more demanding requirements of utra-high vacuum and temperatures
above 200 °C. The getter material, when heated, both releases Rb and consumes N2, working as
a passive getter pump with no need for vacuum apparatus. Specific buffer gas pressures can in
principle be achieved post-sealing, either by controlling the duration of the getter heating, so as to
limit the consumption of buffer gas, or by filling the cell with a controlled fraction of ungetterable
gases, e.g. Ar, followed by a strong heating of the getter material. For cold atoms applications, a
pressure lower than 2×10−7 Torr has been recently reported using NEG dispensers [77]. We note
also that the fused silica has a broad optical transparency window, which may be convenient for
spectroscopic identification of the precise composition of the gas content of the cell.

We activate the getter with a 6 W beam of cw 1064 nm light, focused to a 200 µm waist at the
dispenser. Illumination for 20 s was sufficient to release abundant Rb for spectroscopic purposes
and also to consume most of the N2 in the chamber [78].

We characterize the LWVC’s optical quality and gas fill after activation by single-pass
absorption spectroscopy. The LWVC is enclosed in a ceramic, resistively-heated oven, and light
from a distributed Bragg reflector (DBR) laser is passed through the LWVC’s long chamber, as
illustrated in Fig. 2(b). At room temperature, and thus low vapor density, a transmission of 50 %
is observed. We attribute this transmission to scattering losses due to non-ideal alignment of
the light beam with the chamber axis and to the residual roughness of its inner facets. With a
low probe intensity of about 1 µW/mm2, chosen to avoid optical pumping and line-broadening
effects, transmission spectra show clearly all features of the Rb D2 line, see Fig. 2(c). We fit
the absorption spectrum at T= 45◦ with a Voigt profile and infer a pressure-induced broadening
of about 70 MHz, corresponding to a N2 residual pressure of 3.5 Torr [79]. This condition, in
which collisional broadening is between the 6 MHz natural linewidth and the 500 MHz Doppler
broadening, is suitable to demonstrate sub-Doppler saturated spectroscopy. This pressure also
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Fig. 2. a) Laser-written vapor-cell (LWVC) after filling with a solid state Rb dispenser pill
and bonding with UV curing glue to a bottom plate. b) 3D sketch of the LWVC with a probe
beam propagating through the sensing channel with atoms (blue dots) in vapor phase. c)
Absorption spectrum (blue) and Voigt fit (red) with the cell at T = 45◦ in the weak-probe
regime. d) normalized absorption spectra at temperatures of T = 60◦ (blue), T = 70◦ (red)
and T = 80◦ (orange). Zero detuning corresponds to the 87Rb D2 line center.

significantly slows the atomic motion, thus extending the spin coherence time, of importance for
spin-based atomic sensing.

3. Atomic sensing with LWVCs

We now describe two representative sensing tasks: saturated absorption spectroscopy (SAS)
and single-beam optically-pumped magnetometry (OPM), implented with a LWVC. Achieving
competitive performance in either of these application [67,80] requires considerable technical
effort and is beyond the scope of this manuscript. Nonetheless, their implementation shows the
compatibility of the LWVC methods with these applications and with related techniques such as
spin noise spectroscopy [81,82]. In the OPM case, we also compare against models of diffusion-
and collision-limited spin coherence times and find good agreement.

3.1. Experimental setups

We use the experimental apparatuses shown in Fig. 3 to perform SAS, suitable for laser frequency
stabilization, and single-beam optical magnetometry, as a paradigmatic application of atomic
quantum sensing. The LWVC is enclosed in a magneto-optical setup which consists of a single
layer of magnetic shielding and coils to generate dc and gradient fields. The LWVC is housed in
a ceramic oven, intermittently heated with resistive heaters and temperature stabilized to 0.1 °C
using a thermocouple sensor. A laser beam is fiber coupled and the power is adjusted through
a half-waveplate and a polarizing beam splitter, which also ensures linear polarization of the
reflected beam reaching the LWVC for atomic interaction.
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Fig. 3. Experimental setup. The LWVC stands within a layer of µ-metal shielding and
a system of concentric coils. The laser beam is coupled to a fiber collimator, the power
reaching the LWVC is adjusted with a half-wave-plate (HWP) and a polarizing-beam-splitter
(PBS), while the residual power is absorbed by a beam stop (BSt). (Top) Saturated
absorption spectroscopy (SAS). The SAS setup is a double-pass configuration including a
quarter-wave-plate (QWP) after atomic interaction, a fully reflecting planar mirror (PM) and a
photo-detector (PD) after double-pass through the LWVC. (Bottom) Optical magnetometry.
The optical magnetometer setup is a single-pass configuration including a QWP before
atomic interaction and a polarimeter, which consists of HWP, PBS, PM and an amplified
differential photo-detector (BPD).

3.2. Saturated absorption spectroscopy

As shown in Fig. 3 (top), we perform SAS by sending 1 mW of a linearly-polarized 795 nm laser
beam (Toptica DL100), tunable around the Rb D1 transition, through the laser-written channel,
retro-reflecting with a planar mirror, and detecting the transmitted light with a 150 MHz amplified
photodetector. A quarter-wave plate before the mirror flips the polarization between the two
passes. The laser current is modulated at 20 MHz to produce frequency modulation (FM) of the
probe, and the detected photocurrent is demodulated to recover an error signal proportional to the
derivative with respect to frequency of the transmission. The same technique is simultaneously
applied, with the same laser power, to obtain the error signal from a commercial Rb cell with
no buffer gas and a 71.8 mm internal length (not shown in Fig. 3). Figure 4 shows SAS spectra
for both the LWVC stabilized at 70 ◦C and the conventional reference cell at room temperature.
These resolve all sub-Doppler and crossover resonances for both 85Rb and 87Rb isotopes. We
note that the SAS features (the narrow absorption dips) are, due to pressure broadening, about
ten times broader than the natural linewidth. A lower buffer gas pressure, either by sealing in
vacuum or by further gettering by the dispenser material, can be expected to reduce this width
and give a corresponding boost in SNR.
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Fig. 4. SAS Signals. Top: D1 line Rubidium saturated absorption spectra for the LWVC
(red) and the vapor reference cell (blue). Middle: error signal for RF spectroscopy with
the LWVC at 70 ◦C. Bottom: error signal with the table-top vapor reference cell at room
temperature. The zero detuning corresponds to the F=2->F‘=1 resonance of 87Rb.

3.3. Optical magnetometer

To demonstrate the potential of LWVCs for application to quantum sensors based on atomic
coherence, we perform measurements of zero-field magnetic resonance (ZFR) using an elliptically
polarized single beam [80]. The experimental setup is shown in Fig. 3 (bottom). The laser
beam is partially circularly polarized by a quarter-wave-plate so that the atomic ensemble is
optically-pumped [83] with a non-zero electron spin polarization Pz along the z-axis. Then, in
the presence of a dc magnetic field applied in the transverse direction Bx, the linearly polarized
component of the same beam undergoes paramagnetic Faraday self-rotation, which is detected
by a polarimeter, consisting of a half-wave-plate, a PBS and a differential photo-detector with
switchable gain (Thorlabs PDB450A). For the magnetometry measurements, we use different
DFB lasers at either 795 nm or 780 nm, tuned near the central D1 or D2 lines of 85Rb, respectively.
In Fig. 5(a-b) we show zero-field magnetic resonances for the D1 and D2 Rb lines when the
transverse magnetic field Bx is scanned over a range of about 100 µT. These experimental
resonances demonstrate that optical pumping can be performed in the introduced laser-written
atomic vapor cells (LWVCs) and that atomic sensors based on atomic spin coherence can be
realized with this manufacturing technique, with the potential of integration with laser-written
waveguides and PICs.

The physics explaining zero-field magnetic resonances, using a near-resonance single beam
with elliptical polarization, is described in [80] and reported in the Appendix. The detected
differential signal is [80]:

Vdiff = V0 sin ϕ cos 2θ, (1)

where V0 is the signal amplitude (in Volt), ϕ ∝ Pz is the rotation angle, θ is the angle of the
quarter-waveplate optic axis, relative to the initial linear polarization. In our experiment we fix
θ = π/8 as optimal tradeoff between pumping and probing [80]. As described in the Appendix,
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Fig. 5. a-b) Zero-field resonance magnetometry signals. a) and b) show rotation signals
versus transverse field for D2 and D1 lines, respectively, acquired with 3.5 mW of probe power.
Solid lines show experimental data, dashed lines show prediction of Eq. (1). Blue, orange and
black lines show rubidium number density n = (0.74, 1.0, 1.5)×1012 atoms/cm3, respectively,
corresponding to cell temperatures of T = (70, 75, 80)◦C, respectively. c) Resonance
linewidth. Experimental full-width-half-maximum (FWHM) linewidth 2 × ∆Bexp

x versus
temperature for D1 (red) and D2 (blue) ZFR signals as in a) and b). d) Relaxation rates.
Calculated “in the dark” relaxation rate Γdk

th/2π (blue) versus nitrogen pressure at T = 70◦
showing contributions from diffusion to walls (dashed red), Rb-N2 spin-destruction collisions
(dashed blue), Rb-Rb spin-exchange (black) and spin destruction (dashed black) collisions.
Vertical red line indicates the experimental 3.8 Torr of nitrogen pressure and the black star
shows the experimental linewidth of ΓexpD2/2π = 38 kHz for the D2 line at T = 70◦. The
red shaded region indicates the pressure range with significant radiation trapping.

the equilibrium electron spin polarization:

Pz =
P0

z∆B2
x

B2
x + ∆B2

x
(2)

is a Lorentzian function of Bx with half-width-half-maximum (HWHM) given by ∆Bx = Γ/γ,
where the full relaxation rate Γ = R + Γdk = 1/τ is the inverse of the spin coherence time τ, and
it is the sum of the optical pumping rate R and the rate of relaxation in the dark Γdk, including all
spin relaxation effects not caused by the pump/probe beam. This is given by:

Γdk = Γwd + Γrt + Γcoll, (3)

where Γwd and Γrt are the rates due to atomic diffusion to the walls and due to radiation trapping
[84,85], respectively. The collisional relaxation rate, Γcoll = Γbg+Γse+Γsd, includes Rb-buffer gas
(Γbg), Rb-Rb spin-exchange (Γse) and Rb-Rb spin-destruction (Γsd) collisional rates, respectively.
In our experimental conditions the buffer gas pressure is only 3.8 Torr so that Γcoll ≪ Γwd, Γrt.
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Full formulas for all these relaxation rates are given in the Appendix. Since the rotation angle
depends linearly on spin polarization, Eq. (1) describes a Lorentzian function of Bx when ϕ is
small, e.g. at low vapor density, and for larger ϕ predicts a “wrapping around” of the signal
[80,85].

As shown in Fig. 5(a–b), the amplitude of the self-rotation signal near the D1 line, which starts
to show a signal "wrap-around" [80] at 80◦ C, is more than 50% larger than the one near the D2
line due to the more efficient optical pumping, i.e. higher achievable spin polarization [86], near
the D1 line. Even at lower temperature, the resonances are not pure Lorentzian functions due to
diffusion of polarized atoms in and out of the laser beam, resulting in the Ramsey narrowing
effect, previously observed both in EIT [87] and magnetometry [88]. In Fig. 5(c) we show
the experimental relaxation rate Γexp/2π for both D1 and D2 Rb lines, obtained by fitting the
zero-field resonances with Eq. (1). When pumping near the D2 line, as shown in Fig. 5(a), for
a number density of n = 0.74 × 1012 atoms/cm3, corresponding to a temperature of T = 70◦C,
the obtained HWHM linewidth is ∆Bexp

x = 5.4 µT, which gives a full experimental relaxation
rate ΓD2

exp = γ × ∆Bexp
x = 2π × 38 kHz. This is in good agreement with the theoretical rate due

to collisions with the walls, given by Eq. (6) in the appendix, as shown in Fig. (5-d) for a N2
pressure of 3.8 Torr, interaction length l = 9.5 mm and radius r = 0.6 mm (where the discrepancy
with the 1 mm × 1 mm cross section is due to the cuboid shape of the physics channel). While
the contribution due to diffusion to the walls is independent of the degree of atomic polarization,
at same temperature we measure a larger broadening ΓD1

exp = 2π × 82 kHz for pumping on the
D1 line, due to higher pumping rate R and then radiation trapping Γrt. The latter, given by
Eq. (7) in the Appendix, increases rapidly with temperature, due to a nonlinear dependence on
Rb number density, and at our buffer gas pressure becomes the dominant broadening mechanism
above about 75 °C. The resulting linewidth is shown in Fig. (5-c). This is an expected feature due
to the ultra low buffer gas pressure associated with the specific filling technique and dispenser
activation time. As depicted in Fig. (5-d) for N2 pressure above 10 Torr, radiation trapping Γrt
starts to become negligible, as shown in prior works [84,85], while the pressure that minimizes
the linewidth is obtained as tradeoff between wall collisions Γwd and Rb-N2 spin-destruction
collisions Γbg [29]. In the same figure we also report other contributions from spin-exchange and
spin-destruction collisions at T = 70◦C. The experimental agreement at low buffer gas pressure
allows us to predict the linewidth behaviour at higher pressures giving Γdk

th = 2π × 190 Hz,
a two-order-of-magnitude linewidth reduction, for the optimal N2 pressure of about 2472 Torr.
Together with the absence of radiation trapping, that is a scenario that makes the introduced
laser-written vapor cells (LWVCs) attractive for sensitve chip-scale optical magnetometry [29,64]
where relaxation due to spin-exchange can be further suppressed in the SERF regime, reaching
femtotesla sensitivity [80]. While high amount of N2 gas can be achieved in miniaturized cells
by UV decomposition of rubidium azide (RbN3) [70,89], a valuable alternative to significantly
decrease both Rb-Rb and Rb-N2 spin destruction collisions is given by the coating of inner
walls walls with antirelaxation films such as octadecyltrichlorosilane (OTS) [90] or paraffin
[91,92], that have enabled minute-long transverse spin-relaxation time [93]. Notably, these
anti-relaxation coatings are not compatible with MEMS cells due to high temperature required
for anodic bonding, but their application to our LWVCs would be straightforward.

4. Conclusions

We have introduced a novel and maskless manufacturing technique of alkali-metal vapor
cells based on femtosecond laser writing followed by chemical etching (FLICE). We have
demonstrated proof-of-principle applications of a laser-written vapor-cell (LWVC) for sub-
Doppler saturated absorption spectroscopy of rubidium and single beam optical magnetometry
based on paramagnetic Faraday rotation. The introduced laser-writing technique provides a
suitable interaction volume for precision atomic spectroscopy and atomic quantum sensing with
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3D structuring versatility and it has high potential for integration with waveguide-based photonic
structures [62,67,68] and optical components [9,10] as well as with optical fibers for chip-scale
[29] and fiber-coupled [94] atomic sensors. Next development steps will focus on the fabrication
of sensing chambers with sub-mm cross sections, i.e. in the 100 µm range, and the interfacing of
our LWVC with other components such as GRIN lenses, optical waveguides and fibres, in order
to increase the degree of integration and the achievable operational complexity of this tehcnology.
As further development, different geometries and filling techniques based on alkali metal azide
[70], mixture of argon and nitrogen [78] as well as other noble gas species like 3He and 129Xe [95],
will be implemented to optimize specific applications as atomic references, atomic clocks, optical
magnetometers and atomic gyroscopes. Finally, the use of NEG dispensers is an attractive feature
for miniaturized cold-atoms sensors and compact ultracold quantum technologies [39,77,96].

Appendix. Theory of zero-field magnetometry resonances

The physics of optical magnetometry using a single beam with elliptical polarization is described
in [80]. Here we report the functional form used to fit our experimental zero-field magnetic
resonances and we give the explicit formulas for the principal relaxation processes.

Equilibrium polarization

Optical pumping by the circularly polarized component induces non-zero electron spin polarization
P = ⟨S⟩/S [83] and a change in the refractive index for right/left circular polarization components
equal to nr = 1 + k(1 + Pz)Im[V(ν)]/ν and nl = 1 + k(1 − Pz)Im[V(ν)]/ν, where V(ν) is
the Voigt profile including natural linewidth, pressure and Doppler broadening, Pz is the spin
polarization along the z-axis, k = nrec2f /4π, where n is the alkali metal number density, re is the
classical electron radius, and the absorption oscillator strength f is 1/3 or 2/3 for the D1 or D2
line, respectively. The time-evolution of the spin polarization is described by the Bloch equation
[80]:

dP
dt
= D∇2P +

1
Q(P)

(γP × B + R(s − P) −
P
T2

), (4)

where D is the diffusion constant, B is the applied magnetic field, γ = 2πgsµB/ℏ is the electron
gyromagnetic ratio, Q(P) is the nuclear slowing down factor [88], s = − sin θẑ is the photon
spin, θ is the angle of the quarter-waveplate optic axis, relative to the initial linear polarization,
R(ν) = σ(ν)Φ is the optical pumping rate, given by the product of the absortion cross section
σ(ν) = πrecf Re[V(ν)] at given frequency and the photon flux. In the presence of a transverse
magnetic field Bx, with the other two field components By = Bz = 0, the steady-state solution of
Eq. (4) for the z-component of the electron spin polarization is:

Pz =
sR/Γ

γ2B2
x/Γ

2 + 1
, (5)

which is a Lorentzian function of Bx with half-width-half-maximum (HWHM) given by ∆Bx =

Γ/γ, where Γ = R + Γdk = 1/τ is the total relaxation rate, τ is the spin coherence time, R is the
optical pumping rate and Γdk is the rate of relaxation in the dark. In the main text we report the
same Eq. (5) with P0

z = sR/Γ.

Diffusion to the walls, radiation trapping and collisional rates

As described in the main text, in our experimental conditions the dominant relaxation contributions
are the rate due to diffusion to the walls and to radiation trapping. The wall relaxation rate for the



Research Article Vol. 30, No. 15 / 18 Jul 2022 / Optics Express 27159

fundamental diffusion mode of a cylinder is [29,83]:

Γwd =
[︂(︂ π

l

)︂2
+
(︂2.405

r

)︂2]︂ D0
η

√︃
T

273.15
, (6)

where l (r) is the vapor cell length (radius), D0 is the diffusion constant at 273 K and 760 Torr (and
thus 1 amg) and η is the nitrogen number density in multiples of one amagat n0. The radiation
trapping Γrt contributes to spin relaxation due to re-absorption of spontaneously emitted photons
and is given by [85]:

Γrt = K(M − 1)QR(1 − Pz), (7)

where K is the degree of depolarization caused by photon absorption, M is the number of
times a photon is emitted before leaving the interaction volume, so that M − 1 is the average
number of times a photon is re-absorbed by atoms after first being scattered from the probe
beam. The rate Q = 1/(1 + pQ/p′Q) is the probability for an atom in the excited state to decay by
spontaneous emission rather than by quenching, where pQ is the quenching gas pressure, and p′Q
is the characteristic pressure that gives Q = 0.5. In Eq. (7) M grows with, and consequently Pz
decreases with, increasing atomic density, creating a nonlinear dependence of relaxation Γrt on
number density.

To estimate the behaviour at higher buffer gas pressures, where radiation trapping becomes
negligible [84,85], we calculate the Rb-buffer gas (Γbg), Rb-Rb spin-exchange (Γse) and Rb-Rb
spin-destruction (Γsd) collisional rates. These contributions are given by:

Γbg = nσRb−N2 v̄Rb−N2 , (8)

Γse = qSEnσSE v̄Rb−Rb, (9)

Γsd = nσSDv̄Rb−Rb, (10)

where n = ηn0 is the Rb number density, v̄Rb−N2 (v̄Rb−Rb) is the Rb-N2 (Rb-Rb) relative
thermal velocity, qSE = 7/32 is a reduction factor of spin-exchange due to nuclear spin [86],
σRb−N2 = 1 × 10−22 cm2, σSE = 1.9 × 10−14 cm2 and σSD = 1.6 × 10−17 cm2 are the Rb-N2,
Rb-Rb spin-exchange and Rb-Rb spin-destruction collisional cross-sections [86], respectively.

Rotation signal

Due to the self-induced atomic polarization, the single beam propagating through the atomic
medium undergoes paramagnetic Faraday rotation. As described in [80], the rotation angle is
ϕ = crefnlPzIm[V(ν)], which depends on magnetic field due to Eq. (5), and l is the atomic
interaction length. For natural abundance rubidium, the total rotation is the sum of two
contributions ϕ85 and ϕ87 with relative number density n85 = 0.72 n and n87 = 0.28 n and Voigt
profiles for the 85Rb and 87Rb isotopes, respectively. When the angle of the half-waveplate in
the detection polarimeter of Fig. 3 is set to α = π/4 with respect to the x-polarized light, the
detected differential signal, reported in Eq. (1) in the main text, is [80]:

Vdiff = V0 sin ϕ cos 2θ, (11)

where the signal amplitude V0 depends on transmitted power and detector responsivity.
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