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Atom spin sensors occupy a prominent position in the landscape of quantum technology, as they can
combine precise measurements with appealing miniature packages that are crucial for many applications.
In this work, we report on the design and realization of miniature silicon-wafer cells, with a double-
chamber configuration and integrated heaters. The cells are tested by our systematically studying the
dependence of the spin dynamics on the main pump parameters, temperature, and bias magnetic field.
The results are benchmarked against centimeter-sized paraffin-coated cells, which allows optimization of
the operating conditions of a radio frequency—driven atomic magnetometer. In particular, we observe that,
when indirect optical pumping is performed on the two cells, an analogous line-narrowing mechanism
appears in otherwise-very-different cell conditions. Competitive results are obtained, with magnetic res-
onance linewidths of roughly 300 Hz at the maximum signal-to-noise ratio, in a nonzero-magnetic-field

setting, and in an atomic shot noise—limited regime.
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I. INTRODUCTION

In recent years, the combination of technological
development and the progress made in understanding
underlying operating principles has driven atomic mag-
netometers and comagnetometers from laboratory-based
proof-of-principle demonstrations towards a multitude of
in-the-field applications. One of the crucial requirements
for many real-life implementations, from biomagnetism
detection [1,2] to navigation [3], is the miniaturization of
the sensor’s head. More generally, the reduction of the
size, weight, power, and cost envelope of these atomic
devices can potentially lower operating costs, and conse-
quently enable mass-scale production. In this context, one
of'the critical components for the miniaturization of atomic
(co)magnetometers is the vapor cell.

The first miniature atomic vapor cells, based on a sili-
con wafer, were realized as a part of the development of
coherent-population-trapping clocks [4—7]. The cell vol-
ume is enclosed between glass windows that are attached
to a silicon wafer via anodic bonding. Since their first
realization, these cells have been built in a variety of con-
figurations, which offer different improvements in perfor-
mance [8,9]. For example, condensation of the alkali-metal

*Contact author: jake.zipfel@npl.co.uk

2331-7019/24/22(1)/014056(11)

014056-1

atoms on the cell windows was averted by the use of gold
spots mimicking a temperature gradient [10]. Extension
of the cell lifetime, by reduction of the atomic diffusion
through the cell walls, has been achieved by coating of the
inner surfaces with aluminum oxide [11,12]. Thick wafers,
multiple-wafer stacks, or mirrored surfaces inside the cell
have been instead used to increase the optical path and
thus the number of addressable atoms [13—15]. Finally, in
parallel with the development of the cell structure, vari-
ous methods of alkali-metal deposition have been explored
[16]. Because of the novel and specific conditions, many
of the engineering solutions introduced in the field of
miniature cells also require a complementary understand-
ing of the atomic vapor polarization dynamics in these
environments.

In this paper we report on the realization of a versa-
tile, cost-effective, wafer-based atomic cell with a double-
chamber arrangement and integrated heating circuit. Sep-
aration of the alkali-metal storage from the interaction
chamber, as well as engineering of a temperature gradi-
ent across the cell, prevents reduction of the optical access
and the degradation of the spin coherence due to spurious
deposition at the cell windows. Moreover, with the use of
azide as an alkali precursor, we can greatly simplify the
production process, without any sign of compromising the
performances obtained. Our cells are thoroughly tested for
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operation in conditions of indirect pumping, a technique
that has proven to be resourceful in paraffin-coated cells
[17], but that has not been demonstrated elsewhere yet to
our knowledge.

Evacuated paraffin-coated cells (without buffer gases)
set the metrological benchmark for atomic magnetometers,
due to their long coherence lifetimes and the relative sim-
plicity of their pumping dynamics, enabled through theo-
retical description of measured radio-frequency (rf) spec-
tra. Experimental comparison of the observable depen-
dencies (e.g., linewidth on pump power) can be used
to gain direct insight into the pumping dynamics of the
more-complex scenario of miniature cells filled with inert
buffer gas.

In particular, the focus of the present work is the opti-
mization of the atomic polarization and coherence lifetime
in relatively low bias fields, i.e., up to 10 wT. This regime
is of interest for the development of radio-frequency
atomic magnetometers for object detection [18] and non-
destructive testing [19], as they offer higher sensitivity at
low frequencies with respect to alternative techniques.

The measurements are conducted in a pump-probe con-
figuration, where the circularly polarized beam creates a
stationary collective atomic spin component, while the
linearly polarized probe beam monitors the atomic coher-
ences generated by an rf magnetic field (Fig. 1). The
presence of a buffer gas, naturally released by the azide,
determines the diffusive character of the thermal atomic
motion inside the cell volume [20]. Different contributions
to the atomic polarization process are identified through
the characterization of the signal’s dependence on pump
power, and the temperature dependence enables discrim-
ination between different dynamical regimes dominated
by optical pumping or spin-exchange collisions (SEC) of
optically polarized atoms. The comparison with analogous

FIG. 1. Measurement setup. The circularly polarized pump
beam propagating along the bias-magnetic-field direction, Z axis,
creates atomic polarization along with SEC. The linearly polar-
ized probe, propagating along the X direction, monitors the
atomic coherence precession via the paramagnetic Faraday effect.

measurements taken in a paraffin-coated cell helps in iden-
tifying the optimal conditions for operation (i.e., pump
parameters and atomic gas temperature), which allow us to
obtain competitive performances in the scenario of minia-
ture cells [21,22] with rf resonance widths as good as
300 Hz in nonzero-field operation. In particular, we iden-
tify a line-narrowing mechanism in our wafer cells that
is due to indirect pumping, and occurs similarly to, but
following a dynamic different from, the one observed in
paraffin-coated cells.

This paper is structured as follows: First, essential
details of the measurement instrumentation are provided.
Then, a few aspects of the cell-design, manufacturing, and
characterization processes are discussed. A brief summary
of the measurement method is followed by the analysis of
the rf spectrum’s dependence on pump power, recorded
at various vapor temperatures and at different magnetic
fields.

II. EXPERIMENTAL SETUP

The measurement setup, schematized in Fig. 1, is
enclosed in a Twinleaf cylindrical shield (MS-1LF) to limit
the influence of the ambient magnetic field. The static
magnetic bias field is produced by a set of coils within
the shields. In the current configuration this is limited to
about 4 uT (15kHz) by the available current sources. In
separate measurements, we confirmed that the inhomo-
geneity of the bias magnetic field over the cell extension
is as good as 0.01%, and does not contribute to the signal
linewidth. The measurements reported were performed in a
temperature range between 290 and 370 K (atomic density
nes = 3 x 101°—1.0 x 103 cm™3). The cell is enclosed in
a 3D-printed holder, and the heater is driven by a current
sinusoidally modulated at a frequency of 1 MHz. Pumping
is performed by a circularly polarized laser beam, fre-
quency tuned close to the 628 ,F =3 — 62P3F =2
transition (cesium D2 line, 852 nm), propagating along the
direction of the bias static magnetic field (Fig. 1). The spa-
tial profiles of the pump and probe beams are extended by
a beam expander (Thorlabs SM2CP1) and are truncated by
a 5-mm diaphragm to produce “top-hat” spatial profiles.
The atomic coherence is created by our coupling the polar-
ized atoms to an rf field generated by a small coil located
above the cell and aligned along the x axis. The magnitude
and phase of the atomic coherence are mapped onto the
polarization of the linearly polarized probe beam through
the paramagnetic Faraday effect [23,24]. The probe-laser
frequency is tuned +7.2 GHz from the 62S;,F =3 —
62P;),F' =2 transition via phase-offset-locking to the
pump beam, and propagates orthogonally to the pump
beam. The rf resonance signal is measured by a lock-in
amplifier referenced to the first harmonic of the rf-field
frequency.
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II1. SILICON WAFER-BASED CELL

A. Layout and manufacturing

During these studies, about 30 vapor cells were used in
systematic measurements, with about 100 tested in total.
As previously mentioned, the wafer-based vapor cells used
in this work have a double-chamber design (Fig. 2). One
chamber is used as storage for the alkali precursor, cesium
azide, and it is connected to a second chamber, the inter-
action chamber, where the released Cs vapor interacts
with the laser beams. The vapor cell was constructed
with an anodic bonded triple stack of BOROFLOAT 33
glass/Si/BF33 glass. The Si layer is 2 mm thick, and the
wafer has a diameter of 150 mm. The chambers and chan-
nel (0.5 mm thick) were etched with use of a Si3N,4 hard
mask and a KOH solution. The chamber etch through the 2
mm-thick cell was done from both sides. A 0.5-mm-thick
glass wafer was bonded on one side of the Si to create
an open-top chamber. Cesium azide in deionized water
solution was dispensed into the storage chamber and then
dried. A second 0.5-mm-thick glass wafer was anodically
bonded to the Si to create a sealed cell. Before the cham-
bers are sealed, it is possible either to evacuate them to
ultrahigh vacuum or to add an additional buffer gas. After
bonding, the cesium azide was decomposed by means of
broadband UV radiation, resulting in the release of Cs
and N,. We tested cells with buffer-gas pressures rang-
ing from 50 to 300 Torr. The cells were extracted from
the wafer stack with a dicing saw. The cells have dimen-
sions of 3 x 20.2 x 10.2 mm?, with an interaction chamber
of 2 x 4 x 4mm?, and weight of 1.24 g.

On-chip heating was fabricated onto the vapor cell to
reduce the overall size, decrease power consumption, ease

FIG. 2. Silicon wafer-based vapor cell with platinum circuits
on both windows, forming the heating unit. On the right side of
the cell, the storage chamber containing the cesium sample is
visible.

integration, and generate a thermal gradient to inhibit con-
densation of Cs on the windows of the optical access.
COMSOL MULTIPHYSICS simulations, described below, were
used to design a Pt heating circuit with minimal stray
magnetic field. The design was then transferred to a
lithographic mask, which greatly simplified the fabrica-
tion process. Standard wafer lift-off resist processing and
electron-beam evaporation were used to define the heater
tracks and pads. The on-chip heaters were passivated with
SU-8 photoresist, hard-baked to make a permanent layer
over the Pt tracks.

B. Modeling

Modeling and design of the sensor head were done
with the finite-element software package COMSOL MULTI-
PHYSICS, which allowed us to calculate both magnetic field
and temperature maps of the cell.

The shape and dimensions of the heating elements were
designed to minimize the magnetic flux generated by the
resistive heating and to maintain a stable temperature
across the interaction chamber without the optical access
being blocked. The model also includes the copper pin
contacts 1.3mm wide, 18 mm long, and 0.15mm thick
to more accurately model the temperature. The heater is
configured such that the in and out current wires encircle
the interaction chamber, and are arranged in close proxim-
ity, to minimize the generated magnetic field. Figure 3(a)
shows the magnetic flux density B, generated by the heat-
ing elements with dc input, through the device and through
the interaction chamber. It is worth noting that even though
B is quite large in some parts of the device, and could thus
impact the atoms contained in the chambers, the external
correction coils and alternating-current input effectively
help to minimize this issue. In Fig. 3(b) we show a sur-
face map of the temperature obtained from the model with
an input voltage of 13.05 V (the current used in the finite-
element models was direct current due to the limitations
of the software used). As one would expect, the hottest
regions correspond to the heaters themselves, with a max-
imum temperature of 367 K for this input voltage. The
coldest regions in the device are found in the center of the
glass windows, as a consequence of the heater design.

C. Characterization

We characterized the temperature distribution across the
cell by using an Infratec ImagelR 8300 thermal imager
with a x3.0 M90175 lens, a pixel size of 5 wm, and an inte-
gration time of 466 s to measure the cell’s emissivity. The
cell was painted with black spray paint to limit the effect
of relative emissivity differences between materials (glass,
silicon, and platinum). The heaters were wired in series to
a direct-current power-supply unit, with a total resistance
of 573 Q at room temperature. The cell was mounted on a
two-axis motorized translation stage to enable systematic
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FIG. 3. (a) Modeled magnetic flux density B through the
device, as generated by the heater with direct-current input. (b)
Modeled surface temperature of the cell for an input voltage
of 13.05 V. The hottest regions of the model are the platinum
heaters, while the coldest regions are the regions above the cham-
bers. (c¢) Surface cell temperature map measured through thermal
imaging. Heater tracks appear darker due to platinum’s lower
emissivity.

movement. The cell was then rastered beneath the imager,
and the images were subsequently combined. An example
of a combined image is given in Fig. 3(c), showing the
temperature distribution across the cell, with a temperature
in the center of the cell of 365 K.

Figure 4 shows modeled (magenta line) and measured
(green line) temperature line traces across the upper sur-
face of the device for three different temperatures. The
input voltages used in the model are 13.05, 9.3, and 6.3 V.
The interaction and storage chambers are indicated by the
blue and red regions, respectively. The Pt wires appear as
the three peaks in the modeled datasets, while they appear
to be at a lower temperature than the surroundings in the

measured datasets. This is due to the emissivity differ-
ences between Si (high) and Pt (low). While this could
be avoided with additional sample-preparation steps, we
consider it sufficient for the purpose of the present char-
acterization. Both plots agree in the identification of the
chamber-window center as a cold spot, the presence of
temperature gradients between chambers, and the holder
and heater connectors acting as a heat sink. A tempera-
ture gradient between two cell chambers ensures that the
cesium will condense predominantly in the storage cham-
ber. A higher temperature gradient across the cell between
chambers is observed with increasing temperature. This
is partially due to the cell mounting and electrical con-
tacts, which act as heat sinks. The temperature drop near
the cell support and electrical contacts points to these
parts as a major problem in future reduction of the power
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FIG. 4. Modeled (magenta line) and measured (green line)
temperature line trace across the upper surface of the device for
three temperatures: (a) 365 K, (b) 335 K, and (c¢) 315 K. The
interaction-chamber and storage-chamber regions are marked
with vertical dotted lines, red and blue respectively.
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consumption of the heating circuit. Agreement in identifi-
cation of the major properties of the temperature distribu-
tion validates the modeling as a useful tool in future work
towards further optimization of the cell design.

IV. DYNAMICS OF THE POLARIZED ATOMIC
VAPOR

A. Indirect pumping

The signal obtained from a magnetometer and, more
generally, the dynamics of the atomic polarization and
coherence generation are determined by the imbalance
between the atomic polarization and coherence creation
rate and the various decoherence rates. There are four fac-
tors that mainly contribute to these rates: wall collisions,
diffusion, optical excitation, and SEC. As it discussed
below, optical excitation, with a pumping rate defined by
the pump-beam power, and SEC, with a rate defined by the
atomic sample temperature, contribute both to the signal
(coherence) generation and decoherence. Optical pumping
produces stationary collective atomic spin components and
consequently contributes to coherence generation. How-
ever, in a regime where the pumping rate is greater than
the atomic coherence generation rate, it contributes to
additional decoherence. In turn, SEC introduce couplings
between atoms in the form of exchange of polarization,
which could contribute either to dephasing or to transfer
of spin temperature, [25] and coherence [26—29].

The term “indirect pumping” refers to a process of
generation of an atomic polarization that combines opti-
cal excitation and SEC [25]. Indirect pumping has been
demonstrated in paraffin-coated cells [17]. In this case,
tuning the pump-laser frequency close to the 625 ol =
3 — 6%P3)F’ = 2 cycling transition (for cesium) ensures
that polarization within the ' = 3 manifold is generated
via direct optical pumping, while atoms in the F =4
manifold are not directly coupled to light. The transfer
of polarization from the F = 3 ground-state level to the
F = 4 ground-state level, in the low-pump-power regime,
is thus realized only via SEC. Indeed, SEC redistribute
the angular momentum between the hyperfine ground-state
levels, effectively replicating the F' = 3 orientation in the
F =4 level. The process is analogous to the so-called
spin-exchange optical pumping that involves the trans-
fer of polarization between optically pumped alkali-metal
and noble-gas atoms [30]. Eventually, when the pump
becomes strong enough to broaden the transition, atoms
are also transferred from the F = 3 ground state to the
F =4 ground state [25]. At this point, SEC contribute
to the pumping process also by selective relaxation, i.e.,
relaxation of all Zeeman sublevels but the stretched states
from the F = 4 level to the /' = 3 level. This combina-
tion of off-resonant optical transfer and SEC (referred to
as “recycling” in Ref. [25]), produces an additional accu-
mulation of atoms in the stretched state of the /' = 4 level.

Conservation of total angular momentum in the SEC pro-
cess results in immunity of the F = 4 stretched state to
SEC decoherence, which becomes visible as a narrowing
of the rf resonance linewidth [25]. The linewidth of the rf
spectra produced by a low-polarized atomic ensemble at
Larmor frequencies below approximately 200 kHz, i.e., in
the Larmor frequency range relevant for nondestructive-
testing applications, benefits from the narrowing resulting
from the degeneracy of all F = 4 coherence frequencies,
and consequently from coherence transfer within the F' =
4 level [29]. In other words, because of the degeneracy
of all /' = 4 coherence frequencies, only SEC that cause
the F =4 to F = 3 spin flips contribute to decoherence.
Note also that, in paraffin-coated cells, the physical shield-
ing of the atoms from the cell walls allows the atoms to
acquire global properties over an integration time set by
the fast ballistic dynamics. As a result, all atoms can simi-
larly interact with the pump beam, and between themselves
through SEC.

When these conditions are not present, e.g. in cells with
buffer gas and no paraffin coating as in the one discussed
in the present paper, a different type of indirect pumping,
called “diffusive pumping” [20,31,32], can occur. Diffu-
sive pumping consists of optical pumping of the atoms in
a small subvolume of the cell, and relying on the diffusive
atomic dynamics to transfer polarization to regions of the
cell where light is not present. As in the case of the indi-
rect pumping outlined above, this is beneficial to minimize
light-induced spurious effects, such as light broadening
and frequency shifts. Less evidently, these two techniques
share a few more-common features, and might effectively
coexist, as we discuss in detail in the following sections.

B. Measurements

To gain insight into the role of optical excitation and
SEC, the dependence of the rf spectroscopy signal on
the pump-beam power is studied for various measurement
conditions. The rf spectrum (e.g., as shown in Fig. 5) is cre-
ated by our monitoring the magneto-optical signal as the rf-
field frequency is scanned across the magnetic resonance
[33]. The rf resonance amplitude provides a measurement
of the magnitude of the F' = 4 atomic coherence, while its
linewidth is related to decoherence processes. The reso-
nance frequency, linewidth, and amplitude of the spectral
profile were extracted by our fitting a single Lorentzian, or
a combination of two Lorentzian profiles to the rf spectrum
(see the discussion below) [20].

In particular, we compare the rf spectroscopy signals
obtained in a paraffin-coated cell at room temperature with
those obtained in a wafer-based cell at a vapor tempera-
ture of 365 K with the same optical excitation on the ' =
3 — F’ =2 transition. Typical-pump-beam-power scan
data recorded in paraffin-coated cells [Fig. 6(a)] show an
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FIG. 5. Radio-frequency spectrum, i.e., dependence of two

quadratures of the magneto-optical rotation signal on the fre-
quency of the rf field.

increase of the signal amplitude accompanied by the nar-
rowing of the spectral profile, up to roughly 200 uW.
This narrowing results from the combination of effects
described in the previous section. At low powers (less than
10 wW), optical pumping on the closed transition gener-
ates a population imbalance within the /' = 3 level, which
is collisionally transferred to the F* = 4 level via SEC. For
intermediate pump powers (10 uW to 1 mW), the addi-
tion of optical transfer from F' = 3 to F' = 4 together with
SEC recycling between the two hyperfine ground states
effectively favors the occupation of the F = 4 stretched
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FIG. 6. Amplitude (blue dots) and linewidth (red triangles) of

the rf spectral profile as a function of the pump-beam power
recorded in room-temperature (a) paraffin-coated cells and (b)
wafer-based cells at a temperature of approximately 365 K. The
Larmor frequency for both measurements is 15 kHz.

state. Note that this process is different from the so-called
light narrowing, which is caused by the suppression of the
spin-exchange broadening at high spin polarization cre-
ated by a high-power laser [34]. Finally, for pump-beam
powers above 1 mW, decrease of the signal and broaden-
ing of the profile are observed. This is a consequence of
the optical transfer rate being much greater than the SEC
rate, rather than off-resonant optical coupling to the F = 4
atomic level [35].

We observe that in some parameter subspace the sig-
nal amplitude and linewidth measured in the wafer-based
cell show a similar dependence on the pump power as in
the paraffin-coated cell, despite the different experimental
conditions. In more detail, the data recorded in the wafer-
based cell show that the linewidth of the rf resonances
[in Fig. 6(b)] for pump powers below 300 uW does not
change significantly with the pump-beam power. In the
range of pump power between 300 wW and 3 mW, instead,
narrowing of the linewidth is observed. In parallel, the
dataset in Fig. 6(b) shows also that the amplitude of the
F = 4 component increases linearly with the pump power
up to roughly 1mW. Then, after reaching its maximum
value, the signal amplitude gradually decreases, accompa-
nied by a progressive broadening of the rf spectrum profile.
As shown below, this behavior has a common pattern for
the pump-power dependencies recorded across the whole
temperature range of our measurements (298-366 K).

C. Temperature dependence

To understand the role of SEC in the rf signal generated
in the wafer-based buffer cell, we record scans showing the
signal pump-power dependencies for atomic vapor temper-
atures in the range from 298 to 366 K (Fig. 7). Recording
the whole pump-power dependence of rf spectra in con-
trast to a single spectrum at specific conditions allows us
to better identify the different mechanisms contributing to
the signal behavior.

In particular, no significant change in the linewidths is
observed with vapor temperatures below 314 K. This indi-
cates that collisions with the cell walls and the buffer gas
dominate over SEC decoherence in the temperature range
from 298 to 314 K. In this range, also, the increase of
the linewidths observed above 100 wWW reveals the deco-
herence introduced by the pump beam. This light-induced
decoherence rate is common to all the temperature datasets
in the high-pump-power regime. The SEC contribution to
decoherence increases with increasing vapor temperature,
and hence density, at a rate of roughly 40 Hz/K. Signal-
profile narrowing then appears for temperatures above
353 K, at pump powers above a few hundred microwatts.
Notably, the relative narrowing (i.e., the ratio between the
narrowing and the linewidth measured at a pump power
of around 100 wW) scales roughly quadratically with the
temperature [exponent equal to 1.7(2)]; see Fig. 8(a).
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file as a function of pump-beam power recorded at temperatures
ranging between 298 and 366 K. The power dependencies of the
rf spectral profile are recorded for the Larmor frequency of 5 kHz.
These measurements are performed with 170-Torr nitrogen that
is produced by the decomposition of cesium azide.

Moreover, the rate at which the linewidth increases with
temperature above 363 K is greater than that for lower tem-
peratures. This can be seen in Fig. 8(b), where the increase
in linewidth is shown together with the functional depen-
dence extrapolated from a fit to the data between 314 and
363 K. This suggests that not only is the SEC rate increased
with respect to the optical pumping rate (for a given pump
power), but also that an additional mechanism is respon-
sible for hampering the pump for higher atomic densities.
Additionally, the fact that the linewidth does not signifi-
cantly vary with temperature for powers greater than 3 mW
indicates a high level of global polarization, accompanied
by transfer into the stretched state of the F' = 4 level.
Spectral-profile narrowing is also accompanied by an
increase in the signal amplitude. This is seen as a depar-
ture from the linear pump-power dependence evident in
Fig. 7(b), and also visible in Fig. 6(b). The same trends as
presented in Fig. 7 were observed in a different spherical
buffer-gas glass cell with a diameter of 20 mm and with a
buffer gas made of 300-Torr neon and 50-Torr nitrogen.
From the comparison with this cell, we can also indi-
viduate the different contributions to the linewidth in a
regime of low pump power and low temperature, due to
the different diffusion coefficient (which depends on the
buffer-gas pressure) and size of the cells [36]. Finally, for a

0.4
£ (a)
-g 031 e
e £
c
£ 202+
O =
Q£
Z &
© < 0.1
©
T 0o
: T T T T T
800
(]
600 4 (0) o
— (]
T 400 4 ® . a 8
o e 2
5| .
200 1 ®
T T T T T
345 350 355 360 365
Temperature (K)
FIG. 8. (a) Relative line narrowing measured as a function of

temperature. (b) Increase in linewidth (with respect to room-
temperature measurements) as a function of temperature (blue
dots) measured between pump powers of 100 and 200 wW and in
relation to the maximum line narrowing (red squares). The solid
gray line shows the extrapolation from a fit of the temperature
dependence below 363 K.

temperature of approximately 363 K, the maximum sig-
nal amplitude observed in the pump-power scans starts
decreasing below the level obtained at slightly lower tem-
peratures. This is a consequence of the optical density
becoming significant enough to prevent the atomic cloud
from saturating in the range of laser power available. The
trade-off of these parameters is relevant for optimization of
the performance of an atomic magnetometer. For instance,
optical density greater than 1 guarantees that the sensor
can truly operate in a relevant quantum regime, i.e., that
the atomic projection noise dominates over the photon shot
noise [37]. Noise spectra recorded above 363 K fall in
this regime, where atomic projection noise and back-action
dominate over photonic shot noise. Preliminary estima-
tions of the sensitivity achievable with the silicon-wafer
cell indicate sensitivity at the 23 fT/Hz!/? level limited
by atomic projection noise and quantum back-action, and
at the 10 fT/Hz'/? level limited by photonic shot noise
(measurements were performed at 372 K and a Larmor
frequency of 4 kHz).

D. Magnetic field dependence

The SEC-induced decoherence detected in the linewidth
of'the rf profiles recorded at low pump-beam powers is due
to spin flips between F' = 4 and F = 3. This is confirmed
by our recording the dependence of the pump-power scans
on the bias magnetic field strength in a high-temperature
regime (above 363 K). Changes in the linewidth of the rf
spectral profiles, recorded at low pump powers, with bias
field strength are mainly the signature of the coherence
transfer between the F' = 4 level and the F = 3 level.
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FIG. 9. Linewidth of the rf spectral profile as a function of the
pump-beam power recorded at Larmor frequencies of approx-
imately 120 Hz (red dots), approximately 570 Hz (green trian-
gles), and approximately 3.2 kHz (blue diamonds) in a vapor cell
of temperature 366 K.

Although the ' = 3 and ' = 4 atomic coherences oscil-
late with opposite frequencies, for spectral linewidths
exceeding the Larmor frequency, these frequencies
become indistinguishable, which allows the macroscopic
transfer of the atomic coherences between the levels
without phase mismatch. This phenomenon is sometimes
referred to as the “spin-exchange-relaxation-free regime”
[38—42]. Figure 9 shows the power dependence of the
rf-spectral-profile linewidth recorded at Larmor frequen-
cies of approximately 120 Hz, approximately 570 Hz, and
approximately 3.2kHz in a vapor cell of temperature
366 K. These data series show a few generic trends that
were observed also in the spherical buffer-gas glass cells.
Firstly, the linewidths decrease with decreasing Larmor
frequency, with the linewidths recorded at low pump
power showing the biggest relative change. Then the
linewidth narrowing recorded for pump powers greater
than 1 mW becomes shallower. This reflects the decreas-
ing significance of pumping to the stretched state with
the decrease of SEC-induced decoherence. Finally, it was
noticed that the decrease in linewidth generally results
in an increase in the signal amplitude, across a range of
the pump powers. The pump power for which the signal
maximum is observed decreases with decreasing Larmor
frequency. A reduction in the relative light shift was also
observed for pump powers below 3 mW. The narrowest
linewidth recorded at 366 K is 95Hz. In similar condi-
tions, we were able to observe linewidths as narrow as 8 Hz
in the spherical buffer-gas cell, which is solely due to the
difference in diffusion coefficient between the two cells.

E. Indirect-and-diffusive-pumping model

The generation of spin orientation by optical pumping
to the state with maximum (minimum) magnetic quantum
number m = F (or m = —F) is an approach to reduce col-
lisional relaxation due to spin-exchange processes between
the /' =3 and F = 4 ground-state levels. In wafer cells,

because of collisional broadening due to the presence of
a buffer gas (which is on the order of a few gigahertz for
our measurements), optical pumping close to the cycling
transition F = 3 — F’ = 2 cannot resolve the hyperfine
structure of the excited state 62Ps /2, thus creating orienta-
tion within the ' = 3 state (closed pumping) and transfer-
ring atoms to the /' = 4 state (transfer pumping), already
at low pump powers. Overall, this pumping mechanism
alone does not work efficiently in promoting the occupa-
tion of the F = 4 stretched state. Instead, as outlined in
Ref. [25], the combination of optical pumping (with closed
and transfer pumping) and spin-exchange collisions (with
population replication and recycling between the ground
states) greatly increases the stretched-state population and
reduces the occupation of the other states, leading to a
significant suppression of the collisional relaxation due to
SEC. Moreover, it has been shown that without the syn-
ergistic action of optical transfer and SEC recycling [25],
which happens, for example, when indirect pumping is
selective on the closed transition, macroscopic occupation
of the F' = 4 stretched state becomes less efficient.

In our measurements, we verified that for relatively low
pump powers and high densities, the wafer cell’s signal
linewidth is still mainly limited by SEC [as in Fig. 6(b)],
and only at higher pump powers does narrowing due to the
removal of SEC relaxation occur. This suggests that, sim-
ilarly to the case of closed pumping, the synergistic action
of optical transfer and SEC recycling is interrupted at low
pump powers, and is re-established at high pump powers.
An analysis of our cells shows that despite their small vol-
ume, in most of our measurements the atomic sample is
optically thick. Even though the beam has a homogeneous
radial “top-hat” profile, the decay of the intensity of the
pump beam along its direction of propagation effectively
limits optical pumping to a subvolume of the cell. In this
case, the optically polarized atoms can thermally diffuse
out of the pump beam, distributing the atomic polarization
in the dark region of the cell, and realizing the condition
for the so-called diffusive pumping [20,31,32]. In the range
of parameters considered here, the pumping rate (closed
and transfer pumping) is typically greater than the rate of
SEC, which in turn is roughly comparable to the rate of
atomic diffusion. So, in this scenario, the synergistic action
of optical transfer and SEC recycling, and consequently the
selective relaxation to the F' = 3 ground state, is reduced
as the optically pumped atoms that occupy mainly the
dark subvolume of the cell collisionally interact predomi-
nantly with unpolarized atoms, which are not and have not
been in direct contact with pump light. If the pump power
is increased, the optically pumped subvolume of the cell
will increase, and a more-efficient transfer to the F = 4
stretched state will be established. At this point, narrowing
of the linewidth, due to suppression of SEC broadening,
is observed up to the point where, as in the case of indi-
rect pumping in a paraffin-coated cell, the detected signal
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is dominated by light-induced broadening, as visible in
Figs. 6(b) and 7.

To model this behavior, we analyze the sublevel pop-
ulations of the F' = 4 ground state that contribute to the
detected rf spectrum, an approach similar to the one used in
Ref. [25]. In the case of negligible quadratic Zeeman shift,
the amplitude of the magneto-optical resonance signal,
following a weak rf excitation, is given by [43]

F—1

A A 2
S Z A(m+1,m)|;0m+1,m+1 - ,Om,m| 5 (1)
m=—F

with  Apiim = [F(F+ 1) —m@m+1)]?>, and the
density-operator elements in an ensemble of N atom
Pmm = 1/N Zf;l |m);(m|;, where |m); are the Zeeman
sublevels. In particular, we monitor the population dif-
ferences in the neighboring sublevels (here shown for a
o t-polarized pump),

)

\prr — Pr-1r-11* }
b

r:min{ = — 3
|:0m’,m’ - pm/—l,m’—l|

with —F 4+ 1 <m’ < F, to get an estimate of the relative
amplitude of the signal due to the stretched state. In this
picture, a larger » corresponds to a larger collective occupa-
tion of the F' = 4 stretched state and to a longer coherence
lifetime (provided additional relaxation mechanisms do no
intervene).

For an optically thick atomic cloud, the intensity of a
resonant light beam decreases as it propagates through
the cloud along the z direction according to the modi-
fied Beer’s law dI (z)/dz = —no (I)I(z), where n = fBn is
an effective atomic density, which accounts for the opti-
cal transfer of the atoms to the F' = 4 ground state, and
o () = oo/a + 1(z) /I is the cross section including sat-
uration effects [44]. In this latter expression, oy and I
refer to the cycling transition F =3 — F' =2, and @ is a
parameter that depends on beam polarization, on the struc-
ture of the excited state, and on the occupation of different
Zeeman sublevels. To simplify the numerical calculations,
we consider the pump to be present where /(z)/ly > 0.1
(and absent otherwise), where [ is the intensity of the
beam before it enters the cell. The diffusive dynamics is
taken into account by our considering the atoms spatially
distributed (on average over our long interrogation time)
according to the stable lowest-order diffusive mode in a
rectangular cell geometry with depolarizing collisions at
the walls u(z) o cos(kyz), with ky being the mode’s wave
number [45]. Then, we attribute a spatially varying occu-
pation of the F' = 4 Zeeman sublevels to the local intensity
of the pump beam. To do this, we consider an extreme
scenario: in the region where the pump is present, optical
pumping and SEC are active at the same time; and, where
the pump is not present, optical pumping generates station-
ary polarization without SEC, and then the polarized atoms

undergo SEC only with unpolarized ones (see also [25]).
The latter mechanism is meant to reproduce the dynamics
of the atoms that are optically pumped but, diffusing out
of the pump region, are then allowed to undergo SEC in
the dark. In practice, for each value of [y we calculate the
integrated » over the lowest-order diffusive mode uq(x),
as shown in Fig. 10, and on the basis of on the Zeeman-
sublevel occupation we estimate the rate of coherence
relaxation due to SEC. The model shows good qualita-
tive agreement with the data. However, line narrowing is
observed in the experimental data at lower pump-beam
intensities, typically in the range from 0.5 to 30 mW /cm?,
which is compatible with a theoretical overestimation of
the effective atomic density 7. The simple model con-
firms that effective indirect pumping with suppression of
SEC broadening is feasible in these cells, when, at least,
roughly half of the volume is optically pumped. Moreover,
a rough comparison between the current measurements
and the model suggests that the greatest signal-to-noise
ratio (SNR) might correspond to a situation where most
of the cell volume is (indirectly) optically pumped. Fur-
ther work, including more-detailed modeling, is needed to
clarify the interplay between indirect and diffusive pump-
ing, and its impact on the SNR. As indirect pumping,
diffusive pumping is beneficial to minimize light-induced
spurious effects. By selectively detecting the signal from
the dark subvolume of the cell, or pumping with a trans-
verse nonuniform beam (e.g., a Bessel beam), one could
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FIG. 10. Estimated values of the relative population of the
stretched state 7, as defined in the main text, and linewidth for
different pump intensities and atomic densities. The linewidth
is the result of a sum of relaxation due to SEC, light broaden-
ing (solid gray line), and a bias of roughly 120 Hz derived from
the experimental data, and which includes spin destruction at the
cell walls. In the calculations we used « = 1, 8 = 0.3, and the
cross section of cesium-cesium spin-exchange collisions osgc =
1.4 x 10~'* cm?. The amplitude coefficient of the light-induced
broadening was kept as a free parameter.

014056-9



J.D. ZIPFEL et al.

PHYS. REV. APPLIED 22, 014056 (2024)

combine more efficiently the benefits of the two pumping
schemes, leading to an overall increase of the SNR.

V. DISCUSSION AND CONCLUSIONS

Despite early claims of the possible benefits of metal
condensation at the cell windows [46], in a series of mea-
surements performed with buffer-gas glass cells we have
observed that the presence of metal droplets at the cell
surface has a negative impact on the relaxation rate of
the atomic coherence, and effectively limits the sensitiv-
ity of the atomic sensor. Moreover, changing dimensions
of the droplets, observed when the cell temperature is var-
ied, results in limited reproducibility of the detected signal
linewidth. While we have observed variation in the deco-
herence rate up to a level of 30% in these glass cells, this
level is reduced to only 5% in our wafer cells because
of their design, which is meant to minimize the chance
of metal-droplet formation within the main chamber. In
conclusion, we have presented a robust, simple, and inex-
pensive realization of a wafer-cell architecture for use
in atomic magnetometry, with excellent performances for
nonzero-field operation (up to 10 wT) and for applications
requiring miniaturization. We have individuated the condi-
tions for the indirect-pumping mechanism to reduce both
decoherence due to SEC and spurious light effects in these
cells, while maximizing the signal amplitude. These con-
ditions correspond to the most part of the cell volume to
be optically pumped, which can still be compatible with
exploitation of diffusive pumping for further reduction of
light broadening. More generally, the multimode diffusive
nature of the cells, together with the possibility to control
the spatial beam profile of the pump and the probe, opens
up new opportunities to further improve the performance
of these wafer cells, and to use them for other applications
in the realm of quantum imaging and information. Indeed,
thanks also to the maturity of the manufacturing process,
wafer-based cells are very appealing substrates for the
development of atom-photon interfaces [47]. Finally, with
the possibility to increase the operation temperature up to
a maximum tested value of 543 K, interesting regimes for
sensing beyond the standard quantum limit [48] are also
within reach of our wafer cells’ design.

The data that support the findings of this study are
available from the contact author upon reasonable request.
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