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We demonstrate a sensitive optically-pumped magnetometer using rubidium vapor and 0.75 amg of nitrogen buffer gas
in a sub-mm-width sensing channel excavated by femtosecond laser writing followed by chemical etching. The channel
is buried less than 1 mm below the surface of its fused silica host material, which also includes reservoir chambers
and micro-strainer connections, to preserve a clean optical environment. Using a zero-field-resonance magnetometry
strategy and a sensing volume of 2.25 mm3, we demonstrate a sensitivity of ≈ 1pT/

√
Hz at 10 Hz. The device can

be integrated with photonic structures and microfluidic channels with 3D versatility. Its sensitivity, bandwidth and
stand-off distance will enable detection of localized fields from magnetic nanoparticles and µL NMR samples.

Microfabricated atomic vapor cells are used in miniatur-
ized atomic devices including frequency references1, clocks2,
gyroscopes3, Rydberg-atom electrometers4 and optically
pumped magnetometers (OPMs)5,6. In most such devices,
the miniaturized cells have mm or larger internal vapor
dimensions7. As a rule, larger cell volumes enable better
sensitivity but also impose a larger standoff distance from a
source to the atoms measuring it6. Measurement of highly
localized magnetic fields produced by sources, e.g., micro-
or nano-scale electronics, microfluidic nuclear magnetic reso-
nance (NMR) ensembles8–10, micro-scale biomagnetism11,12

or magnetic micro-and nano-particles13,14, could benefit from
a monolithic microfluidic platform with sub-mm-internal-
dimension atomic and fluidic channels. This “lab-on-chip”
approach to magnetic sensing has been studied with NV-
centers15,16, and demonstrated tens-of-µT/

√
Hz sensitivities

with nm and µm-scale sample sizes. With atomic vapors, the
microfluidic approach has the potential to reach sub-pT/

√
Hz

sensitivities with mm-scale samples17.
One proven technique for making both micro-fluidic

devices18–20 and atomic vapor cells with arbitrary internal
geometries21 is FLICE (Femtosecond Laser Irradiation fol-
lowed by Chemical Etching)22,23. This technique exploits
the nonlinear interaction between glass and focused ultrafast
laser pulses to locally increase the material’s susceptibility to
wet etching processes. FLICE can generate three-dimensional
empty channels with arbitrary geometry and micrometric res-
olution, buried in optical materials such as fused silica. FLICE
is moreover compatible with laser-writing of optical waveg-
uides and other optical elements. The combination of these
techniques creates a route to integrated devices that simultane-
ously control optical, fluidic, and atomic elements in a single
miniaturized package24,25.

Prior work has used FLICE to produce a miniaturized va-
por cell with a 1mm× 1mm cross section and 9.5mm vapor
length, with a buffer gas density of ≈ 5× 10−3 amg21. Due
to the low pressure, this cell showed Doppler-free saturated-
absorption resonances, of interest for laser frequency stabi-

FIG. 1. a) Design of the LWVC with a bottom reservoir and a
top 9 mm-long sensing micro-channel. b) LWVC after fabrication
by FLICE, filling with a Rb solid state dispenser and sealing by
UV-curing adhesive. c) Normalized transmission (blue) through the
LWVC and fit (dashed red) to an absorptive Lorentzian plus a linear
dependence on the DBR laser frequency. Simultaneous transmission
through a Rb reference vapor cell (yellow) evacuated to 10−8 Torr.

lization, but also low spin coherence time due to rapid dif-
fusion to the walls and weak optical pumping efficiency, due
to radiation trapping21. Here we demonstrate a FLICE-made
miniaturized vapor cell with a 500µm×500µm cross-section
and 0.75 amg of N2 buffer gas. This higher pressure allows us
to study the potential of FLICE-made cells for sensitive mag-
netometry.

The FLICE process, including filling and bonding steps for
the fabrication of laser-written vapor cells (LWVCs), is de-
scribed in detail in our prior work21. In this experiment we
use a commercial femtosecond laser (CARBIDE - Light Con-
version) to write the desired geometry into a 20mm×20mm
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fused silica slab with a thickness of 3mm. As illustrated
in Fig. 1(a) the laser-written geometry consists of a sens-
ing micro-channel of length lLWVC = 9mm and side dLWVC =
500µm with a square cross section. The distance between the
void micro-channel and the silica top surface, which deter-
mines the stand-off distance from a potential sample on the
top of the on-chip OPM, is 750 µm and could be reduced to
few tens of microns. A 4 mm× 8 mm× 1 mm bottom reser-
voir, open at one end, is connected to the top physics channel
by five 250 µm-wide “micro strainer” conduits. This configu-
ration has been designed to give sub-mm confinement of the
atomic ensemble over two dimensions with the potential of a
sub-mm stand-off distance from a sample, while maintaining
high optical depth due to the 9 mm interaction length. The
etching process took about 10 h in hydrofluoric acid (HF) at
20 % concentration, at 35 ◦C, with the acid entering from the
open reservoir and reaching the sensing channel to remove the
modified material after irradiation and to obtain the final hol-
low micro structure. Filling and bonding steps have been per-
formed inside a N2-filled glove-box at atmospheric pressure.
We first placed a dispenser of non-evaporable getter (NEG)
material (SAES Getters RB/AMAX/PILL/1-0.6) in the cell
reservoir. Then, we used UV-curing epoxy (Norland Products
NOA61) to bond the cell to a square fused silica plate of di-
mensions 20mm×20mm×1mm.26 A picture of the final cell
filled with the Rb dispenser is shown Fig. 1(b). The activation
was performed for 20 s with a 5 W beam of cw light at 1064
nm, reaching the dispenser with a 200 µm waist from the top
of the cell. A distributed Bragg reflector (DBR) probe laser
was scanned around the center of the D2 line of 85Rb and de-
tected after transmission through the physics channel to simul-
taneously monitor the activation by absorption spectroscopy.
In Fig. 1(c) we show the absorption spectrum acquired with
the cell stabilized at 90 ◦C for 2 h after activation. The absorp-
tion spectrum is fitted to a Lorentzian profile to obtain a full-
width half maximum (FWHM) pressure-broadened linewidth
of 13.5 GHz, corresponding to η = 0.75 amg of N2

27. This
residual pressure simultaneously matches two requirements
for efficient optical pumping28 and high sensitivity optical
magnetometry: the N2 works as a quenching gas to avoid ra-
diation trapping29 and as a buffer gas to reduce the rate of de-
polarizing collisions of the Rb atoms with the cell walls21,30.
A fine pressure tuning with resolution as low as 1 Torr has also
been recently demonstrated in a micro-fabricated vapor cell31

using cesium (Cs) dispensers, making the described filling and
activation process suitable for chip-scale atomic sensors with
different target pressures.

We use the LWVC to implement a zero-field resonance
(ZFR) OPM32–34. The experimental setup is shown in Fig.
2(a). The light from a 795 nm DBR diode laser, resonant with
the D1 line of 87Rb, is fiber-coupled in a single-mode fiber,
whose output is aligned to pass through the atomic sensing
channel of the LWVC in the z-direction. A half waveplate
(HWP) and a polarizing beam splitter (PBS) are used to con-
trol the laser power and a zero-order quarter waveplate (QWP)
to convert linear into circular polarization before atomic inter-
action. A spherical lens (not shown) with 100 mm focal length
is used to shape the laser beam to have a waist of 250 µm at the

FIG. 2. a) Experimental setup for optical magnetometry. DBR -
distributed Bragg reflector laser; FC - Fiber collimator; HWP- half
wavepate; PBS - polarizing beam splitter; QWP - quarter waveplate;
LWVC - laser-written vapor cell; PD - photodetector; LIA - lock-
in amplifier; DAQ - data acquisition system. b) Zero-field reso-
nance (ZFR) signal measured in transmission when a magnetic field
is swept around zero in the x-direction, transvese to the laser beam
propagation direction z. c) The system comprising the LWVC, a ce-
ramic oven, a teflon insulator, and the biplanar coils. The module is
placed within 4 layers of mu-metal magnetic shielding.

center of the LWVC. The cell was placed in a ceramic oven,
heated through ac current at 40 kHz through flex-PCB resis-
tive heater traces attached to the ceramic box. The setup is
thermally insulated using a Teflon enclosure. Uniform mag-
netic fields along the x,y and z directions were generated by
a set of four flexible-PCB coils implemented with a biplanar
design35. The coils were attached on top and bottom faces of
the insulation box with an inter-plane distance of 16 mm. The
wire paths were designed using the bfieldtools software36

and optimized for high field homogeneity and low stray field.
Both the Teflon and the ceramic parts have 3 mm wide win-
dows allowing optical access to the cell. The complete LWVC
and oven package, shown in Fig. 2(c), is placed inside four
cylindrical layers of mu-metal magnetic shielding. Transmit-
ted light is focused onto an amplified Si photodetector (PD).

When a magnetic field is swept around zero in the x-
direction, a magnetic ZFR, as the one shown in Fig. 2(b), is
obtained. To obtain a signal linear around zero applied field,
we sinusoidally modulate the field in the x-direction and de-
modulate the PD signal using a lock-in amplifier (LIA). The
LIA (SRS SR830) quadrature output is digitized by a DAQ
with 5MS/s sample rate for an acquisition time of t = 0.5 sec.
Two coils are driven by a low-noise current source (Twinleaf
CSB-10) to generate dc fields in the y,z directions to cancel
the ambient residual field in the magnetic shield, which is a
few tens of nT, and to maximize the ZFR sharpness.

As described in prior works on single-beam zero-field
magnetometry32–34, we apply a DC magnetic field compo-
nent Bx = γ−1ωLx̂, where γ is the gyromagnetic ratio and ωL
is the Larmor frequency, and a parallel oscillating magnetic
field Bm = γ−1ω1 cos(ωmt)x̂, with amplitude γ−1ω1 and fre-
quency ωm, in the x-direction, transverse to the laser beam
propagation. As described in Appendix A, the magnetic-field-
dependent changes of the degree of spin polarization on-axis
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FIG. 3. ZFR parameters versus LWVC temperature, acquired with
pump power of 360 µW. C.f. Fig. 2 and Eq. (1). (upper left) pho-
todetector voltage minimum a (green) and maximum b (red) b). (up-
per right) amplitude b−a. (lower left) FWHM linewidth ∆B. (lower
right) sharpness s = (b−a)/∆B, showing an optimum at 96 ◦C.

Pz are mapped onto the transmitted intensity, which is con-
verted by the photodetector into an output voltage V (B). This
signal, as illustrated in Fig. 2(b), is well fit by the Lorentzian

V (B) = a+(b−a)
∆B2/4

(Bx −B0)2 +∆B2/4
, (1)

where a is the minimum, b is the maximum, (b− a) is the
amplitude, B0 is the line center that may differ from zero in
case of residual uncompensated field, and ∆B is the FWHM
linewidth. We use the observed amplitude and linewidth to
optimize the sharpness, defined as s = (b−a)/∆B, by choice
of cell temperature. As shown in Fig. 3, by increasing the tem-
perature and thus the number density, the amplitude increases
due to the higher number of atoms contributing to the ZFR sig-
nal up to a maximum value. Above this optimum, we observe
a net decrease in the maximum voltage as well as in the ZFR
amplitude while the FWHM linewidth decreases with num-
ber density, such that an optimum of the sharpness is obtained
at 96 ◦C. In the low-optical-depth regime, ∆B can be related
to the total magnetic relaxation rate Γ = γ∆B = Rop +Γdk

37,
where Rop is the optical pumping rate and Γdk is the relaxation
rate “in the dark”. Here, however, the optical depth at 96 ◦C is
D0 = 0.9, calculated by Eq. A3 in Appendix A, the atomic po-
larization inhomogeneous across the cell and the relaxation-
linewidth relation is expected to be more complex.

As illustrated in Fig. 2(a), we use a LIA to demodulate the
photodetector output at the same modulation frequency ωm of
the applied oscillating field Bm. In Fig. 4 (top) we show the
experimental LIA quadrature output voltage for a quasi-static
scan, under optimal ZFR sharpness conditions at 96 ◦C, and a
fit to a dispersive Lorentzian profile

VQ(B) =
u
2

(B−B0)∆B
(B−B0)2 +∆B2/4

(2)

with amplitude u. From the fit shown in Fig. 4 (top) we ob-
tain an amplitude of u = 6.4 V and a FWHM linewidth of

FIG. 4. LIA quadrature output signal and noise. (Top) Experimental
quadrature signal VQ(B) (blue) versus transverse magnetic field Bx
and fit (red) to Eq. 2. (Bottom) Amplitude spectral density (ASD)
of the LIA output voltage at the zero crossing condition with (black)
and without (orange) a 30 Hz reference signal. The LIA noise SV ,
converted to equivalent magnetic noise using the slope of the LIA
signal, implies a magnetic sensitivity of 1 pT/

√
Hz, shown by the red

dashed line, for frequencies below the LIA filter roll-off (see text).

∆B = 182 nT. In Fig. 4 (bottom) we show the amplitude spec-
tral density (ASD) obtained in V/

√
Hz with a FFT of the LIA

signal in the time domain fed into a DAQ at the zero-crossing
condition, as well as the same spectrum with a reference mag-
netic signal oscillating at 30 Hz with an rms amplitude of 61
pT. As in38–40, at given detection frequency we can obtain the
equivalent magnetic noise (power spectral density), as:

SB =
(dVQ

dB

)−2
SV =

(
∆B
2u

)2
SV (3)

where dVQ/dB is the slope of the LIA quadrature signal and
SV is the power spectral noise density in V2/Hz. We use the
maximum slope, around resonance B=B0 ≈ 0, which is equal
to dVQ/dB = 2u/∆B. At 10 Hz detection frequency we found
a noise level about 1pT/

√
Hz, calculated by using Eq. 3 with

SV from Fig. 4 (bottom) and slope from the fit in Fig. 4 (top).
The roll-off of the SV is due to a LIA 24 dB/oct low-pass filter
with 1 msec time constant. We then expect a 3 dB measure-
ment bandwidth of the OPM limited to a cutoff frequency of
≈ 160Hz, given that the calculated relaxation rates (see Ap-
pendix A), and thus the intrinsic bandwidth of the ZFR pro-
cess, are much faster.

We have described a sensitive single-beam zero-field OPM
using a LWVC with a 9 mm-long Rb-vapor-filled channel of
500µm × 500µm cross section, buried less than 1 mm be-
low the surface of the device. With a zero-field-resonance
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technique, we demonstrate a sensitivity of 1pT/
√

Hz at
10 Hz that, in combination with low-frequency bandwidth
and a potential sub-mm standoff distance, makes the de-
vice suitable for lab-on-chip magnetometry applications16.
These include NMR with OPMs41 for quantitative chemi-
cals analysis and imaging in the zero-to-ultralow-field (ZULF)
regime41–46, plus detection of other systems such as magnetic
nanoparticles13 and magnetotactic bacteria (MTB)47. Possi-
ble damage of bio-samples due to operating temperatures of
Rb could be reduced using Cs vapors or metastable He as well
as adopting efficient on-chip thermal isolation methods48. The
relaxation rate due to collisions with the walls could be further
reduced by a higher buffer gas pressure49 or by anti-relaxation
coatings50. The FLICE approach to vapor cell production
also enables integration of miniature vapor cells with photonic
structures, such as waveguides1.
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Appendix A: optical depth and collisional rates

The intensity I of the pump beam, as it propagates through
the laser-written atomic channel along the z-direction, de-
pends on the on-axis degree of self-induced spin polarization
Pz ∈ [−1,1] via the Beer-Lambert law:

dI(z)
dz

=−nσ(ν)I(z)[(1−Pz(z)] (A1)

where n is the Rb number density, σ(ν) = πrec f D1
oscL (ν−ν0)

is the absorption cross-section, re is the classical electron
radius, c is the speed of light, f D1

osc ≈ 0.3423, L (ν − ν0)
is a normalized Lorentzian absorption profile with pressure-
broadened FWHM linewidth ΓL. For simplicity, we consider
a homogeneous atomic polarization by neglecting the spatial
distribution of Pz(z) across the laser-written channel and the
consequent integral over the cell length51. In this qualitative
approach, the transmitted intensity of the pump beam, tuned
near the central line of 85Rb to maximize the ZFR amplitude,
that reaches the photodetector is:

I = I0exp[−nσ0l(1−Pz)] = I0exp[−D0(1−Pz)] (A2)

where I0 is the intensity at the input of the cell and the on-
resonance optical depth is given by:

D0 =
πnrec f D1

osc l
ΓL/2

(A3)

where l is the atomic interaction length. With l = lLWVC, T =
96 ◦C and ΓL = 2π ×13.5 GHz, we calculate D0 = 0.9.

In our experimental condition, with enough buffer gas to
prevent radiation trapping29, the relaxation rate in the dark is
given by:

Γdk = Γwd +Γcoll, (A4)

where Γwd and Γcoll are the depolarizing rates due to atomic
diffusion to the walls and to binary collisions. The relaxation
rate Γwd for the fundamental diffusion mode of a rectangular
cell is52:

Γ
LWVC
wd =

[(
π

lx

)2
+
(

π

ly

)2
+
(

π

lz

)2]D0

η

√
T (K)

273.15K
, (A5)

where lx = ly = dLWVC and lz = lLWVC are the cavity side
lengths, D0 = 0.12cm2 s−1 is the diffusion constant in 1 amg
of N2 buffer gas at 273 K53 and η is the the nitrogen num-
ber density in amg. The collisional relaxation rate is Γcoll =
Γbg +Γse +Γsd, including Rb-buffer gas (Γbg), Rb-Rb spin-
exchange (Γse) and Rb-Rb spin-destruction (Γsd) collisional
rates, respectively:

Γse = qsenσsev̄Rb-Rb, (A6)
Γsd = nσsdv̄Rb-Rb, (A7)
Γbg = nN2σRb-N2 v̄Rb-N2 , (A8)

where n (nN2 ) is the Rb (N2) number density, assuming nitro-
gen as an ideal gas, v̄Rb-N2 (v̄Rb-Rb) is the Rb-N2 (Rb-Rb) rel-
ative thermal velocity, qse = 5/27 is the spin-exchange broad-
ening factor54, σse = 1.9×10−14 cm2, σsd = 1.6×10−17 cm2

and σRb-N2 = 1 × 10−22 cm2 are the cross-sections for Rb-
Rb spin-exchange and spin-destruction collisions and Rb-N2
spin destruction collisions, respectively28. In Fig. 5 we show
the nitrogen-density-dependent rates from Eqs. A5 and A8,
the nitrogen-density-independent rates given by Eqs. A6 and
A7, and the total collisional relaxation rate using Eq. A4,
all calculated at T = 96 ◦C. At our experimental density of

https://zenodo.org/records/10974079
https://zenodo.org/records/10974079


5

0.01 0.10 1 10 100

0.1

10

1000

105

η (amg)

R
el
ax
at
io
n
R
at
e
(s

-
1
)

FIG. 5. Collisional relaxation rates as a function of N2 buffer gas
density at T = 96◦C. ΓLWVC

wd (dashed red), Γbg (dashed blue), Γsd
(dashed black), Γse (continuous black), total Γdk (continuous blue).
Experimental (optimal) nitrogen density is indicated with a vertical
blue (red) line at 0.75 amg (7.1 amg).

η = 0.75 amg, we obtain a dominant contribution due to colli-
sions with the walls ΓLWVC

wd = 2π ×2326 s−1, a spin-exchange
rate Γse = 2π ×111.2 s−1, Rb-buffer gas and spin-destruction
rates Γbg = 2π × 25.7 s−1 and Γsd = 2π × 0.5 s−1, respec-
tively, and a total rate in the dark of Γdk = 2π ×2483 s−1. An
optimum of ηopt = 7.1 amg would correspond to a minimum
total rate of Γdk = 2π ×600 s−1. The on-resonance local rate
of optical pumping is:

Rop = σ0φphot =
rec f D1

osc

ΓL/2
Ipump

h̄ωpump
(A9)

where ωpump = 2π ×3.77×1014 Hz, φphot is the photon flux,
Ipump = Ppump/(πw2/2) is the pump intensity for a Gaussian
beam with radius w and power Ppump. Before atomic interac-
tion and beam focusing into the sensing channel, we measured
a power of 360 µW for a beam radius of w ∼ 1mm. How-
ever, given a room-temperature experimental transmission of
about 15% through the laser-written channel, in Eq. A9 we
use Ppump = 55µW and we obtain Rop = 2π ×1513 s−1. This
rate is overestimated due to the assumption of homogeneous
polarization and pump intensity across the cell in Eq. A9.

Appendix B: projected sensitivity versus sensing volume

While technical and optical noise sources often prevent to
achieve atomic-noise-limited sensor performance, in the con-
text of miniaturized atomic sensors, as the described LWVC
with sub-mm dimensions, we can gain insights on the depen-
dence on sensing volume V , by calculating the projected mag-
netic sensitivity due to atomic shot noise (ASN)33,55:

δBASN =
1
γ

√
2eΓdk

Natt
=

1
γ

√
2eΓdk

nVt
(B1)

where Nat = nV is the total number of atoms and t is the mea-
surement time. By using the relaxation rate in the dark Γdk,

already defined in Eq. A4, we neglect optically-induced relax-
ation effects, which can be significantly reduced in other types
of sensitive magnetometers, as those based on free-induction-
decay (FID) and off-resonance probing38,56. At given oper-
ating temperature T and volume, thus fixed geometrical pa-
rameters in the rate due to diffusion to the walls Γwd, one can
find the buffer gas density that minimizes both Γdk and the
projected sensitivity through Eq. B1. This value typically
corresponds to the crossing point between Γwd, which de-
creases with increased N2 pressure and Γbg, which in contrast
increases with the nitrogen density, as shown in Fig. 5. For
the sensing volume of the laser-written channel used in this
experiment VLWVC = dLWVC

2× lLWVC = 2.25 mm3, and work-
ing temperature of T = 96 ◦C, optimal for the ZFR sharpness,
the optimal buffer gas density corresponds to ηopt =7.1 amg,
which gives a projected magnetic sensitivity of 18.3 fT/

√
Hz,

calculated by using Eq. B1 with t = 0.5 sec. As illustrated in
Fig. 5, for our experimental condition of η = 0.75amg the re-
laxation rate due to alkali-walls collisions ΓLWVC

wd is nonethe-
less significantly decreased, resulting in a projected ASN-
limited sensitivity of 36.6 fT/

√
Hz. In practice, ZFR-OPMs

as the described magnetometer, present additional optical and
technical noise33,34.
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