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We demonstrate continuous Pound-Drever-Hall (PDH) nondestructive monitoring of the electron spin
polarization of an atomic vapor in a microfabricated vapor cell within an optical resonator. The two-
chamber silicon and glass cell contains *’Rb and 1.3amg of N, buffer gas, and is placed within a
planar optical resonator formed by two mirrors with dichroic dielectric coatings to resonantly enhance
the coupling to phase-modulated probe light near the D, line at 780 nm. We describe the theory of signal
generation in this system, including the spin-dependent complex refractive index, cavity optical transfer
functions, and PDH signal response to spin polarization. We observe cavity transmission and PDH signals
across approximately 200 GHz of detuning around the atomic resonance line. By resonant optical pumping
on the 795-nm D, line, we observe spin-dependent cavity line shifts, in good agreement with theory. We
use the saturation of the line shift versus optical pumping power to calibrate the number density and effi-
ciency of the optical pumping. In the unresolved sideband regime, we observe quantum noise limited PDH
readout of the spin polarization density, with a flat noise floor of 9x 10° spins cm ™~ Hz~'/? for frequencies

above 700 Hz. We note possible extensions of the technique.
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I. INTRODUCTION

Sensing and metrology instruments based on optical
pumping and atomic vapor spin physics [1,2], including
atomic clocks [3] and sensors such as magnetometers [4],
gyroscopes [5,6], and systems to test fundamental physics
[7], offer high stability and sensitivity referenced to uni-
versally reproducible atomic spectral features. Many such
instruments employ alkali metal atoms such as rubid-
ium or cesium, in combination with methods such as
buffer gas [8] or antirelaxation coatings [9] to reduce the
depolarizing effects of wall collisions. Miniaturized vapor
cells made with silicon microelectromechanical systems
(MEMS) techniques [10—12] or with femtosecond laser
writing [13] enable the miniaturization of such devices
[14—-18], while preserving the long coherence times and
high atomic number densities that underlie their excellent
performance.
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Optical readout of vapor-based instruments comple-
ments optical pumping for spin control, and the quality
of this readout has important effects on both sensitiv-
ity [19,20] and systematic effects [21]. With macroscopic
cells, multipass geometries [22—25] have been used to
enhance the effective length of the atomic medium, with
a corresponding improvement in the ratio of information-
carrying forward scattering to spin-randomizing side scat-
tering [26]. Reduced dimensions limit the feasibility of this
approach with MEMS cells.

An alternative to multipass methods, suitable for atomic
volumes down to the wavelength scale [27], is the use
of resonant structures, generically called “cavities.” Like
multipass methods, these maintain the probe photons in
contact with the atomic medium longer than is possi-
ble in single-pass configurations. They moreover take
advantage of the Purcell effect [28] of cavity quantum
electrodynamics, which reduces side scattering and thus
depolarization of the atomic medium. Resonant cavities
have been used in precision measurement of atomic prop-
erties, for example for nondestructive readout of atomic
population in atomic clocks [29,30], and for quantum
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nondemolition measurement of cold-atom spin states using
heterodyne [31] or homodyne [32,33] detection of the
phase of the reflected light. Optical resonators have
been used to enhance Faraday rotation in unpolarized
[34] and polarized [35-37] spin ensembles. Approaches
include both resonant, dichroism-based [35,38] and non-
resonant, birefringence-based [34,36] probing. Calcula-
tions of cavity-enhanced Faraday rotation in cavity trans-
mission [34,39] predict enhancement of the rotation angle
[39] and other figures of merit [34] for dichroism- [38] and
birefringence-based [34,39] rotation.

The Pound-Drever-Hall (PDH) method of cavity lock-
ing [40—42] is widely used in time-frequency metrology,
and is analogous to frequency modulation spectroscopy
techniques [43] used for high-resolution spectroscopy. In
PDH, illustrated in Fig. 1 in Sec. II, a continuous-wave
laser is phase modulated to produce sidebands above
and below the carrier frequency. Upon reflection from
the cavity, the carrier and sidebands acquire different,
detuning-dependent phases, which converts some of the
phase modulation to amplitude modulation. The resulting
modulated power is directly detected with a fast photode-
tector and demodulated to obtain an error signal that, near
resonance, is linear in the detuning, as seen in Fig. 2
in Sec. IV. The PDH method can be shot-noise limited,

requires only a single optical polarization, and requires
optical access to the cavity from only one side, all of
which are attractive features for sensor miniaturization.
Signal generation in PDH is described in greater detail in
Appendices C to E.

Using the PDH method with vapors presents challenges
not encountered when using PDH for, e.g., laser stabi-
lization to empty reference cavities. Vapors, especially
those housed with buffer gas to slow diffusion, have multi-
gigahertz optical linewidths. Together with high atomic
number densities, of the order of 1x10'% or 1x10'* cm~3,
these imply a significant broadening of cavity spectral lines
due to atomic absorption, even in miniaturized cells. This
absorption is moreover a function of the spin state, as the
atoms can be found in states that are relatively “dark”
or “bright” for the probe polarization. While quantitative
models for atomic vapor optical properties [44], optical
cavities containing dispersive media [45], and PDH signal
acquisition [42] are all well established, to date no work
has brought these together.

Here we demonstrate continuous PDH readout of the
atomic spin dynamics of a 8’Rb vapor housed in a MEMS
cell. We use planar mirrors with dichroic coatings to res-
onate probe light detuned by about 100 GHz from the D,
line at 780 nm, while transmitting copropagating pump
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FIG. 1.

Experimental setup for cavity-based detection of atomic polarization. Pump and probe beams are coupled into a fiber coupler

(FC) and reach the atomic vapor within the cavity in the same collinear mode. The probe light is modulated in phase; the pump light
is amplified and modulated in amplitude. The reflected probe is collected by a 125-MHz bandwidth photodetector PD;, whose output
is fed into a PDH circuit. A secondary detector PD; collects the transmitted light from the cavity. LDC, laser diode current controller;
TEC, laser diode temperature controller; EOM, electro-optic modulator; TA, tapered amplifier; ISO, optical isolator; AOM, acousto-
optic modulator; RFD, radio-frequency driver; FG, function generator; VCO, voltage-controlled oscillator; FM, frequency mixer;
LPF, low-pass filter; DAQ, digital oscilloscope. (a) Sketch of the cavity with detection in reflection. DWP, dual wavelength wave
plate; PBS, polarizing beam splitter; QWP, quarter-wave plate; BPF, laser line bandpass filter; PD, photodetector; M), first planar
cavity mirror; M;, second planar cavity mirror. (b) MEMS cell. Picture of the two-chamber microfabricated vapor cell after activation
by UV decomposition of rubidium azide 8’ RbNj. The physics (reservoir) chamber is in the left (right) portion of the cell. (c) Cavity and
cell. Picture of the probe resonant cavity consisting of two planar mirrors surrounding the MEMS cell, which is heated and thermally
insulated.
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FIG. 2. Cavity transmission (top) and PDH error signal (bottom) near atomic resonance for a cavity containing a MEMS vapor cell.
Detuning is measured with respect to the center of the D, transition of 3’Rb, and is positive for blue detuning. The red curve shows the
calculated single-pass vapor intensity transmission |¢ |>. Black and blue solid lines show the measured cavity transmission |f.|> and
PDH error signal e, respectively. Dashed black line shows fitting of the cavity transmission |feey|?, With .4y given by Eq. (C1) and the
atomic medium single-pass transmission amplitude 74 given by Eq. (B2). For the fitting, the fixed parameters are the number density
ny =2.93 x 10'3 atoms/cm?, the mirror reflectivities given in Sec. II, and the measured cell transmission amplitude |f,in]* = 0.93.
Free parameters are the free spectral range Avgsg, the resonance shift ®, and an overall scale factor.

light resonant with the D; line at 795nm. We present
a theoretical model that includes the complex refractive
index of optically pumped, collisionally shifted and broad-
ened atomic vapor, cavity transmission and reflection in
the presence of the resulting circular birefringence and
circular dichroism, and PDH signal generation in such
a cavity. The theoretical model is applicable to both the
slow-modulation or “unresolved sideband” regime and
the fast-modulation or “resolved sideband” regime. Our
experiment is limited to low cavity finesse due to atomic
absorption and cell losses, which practically restricts us to
the unresolved sideband regime. We find excellent agree-
ment of the model with experimental observations in this
regime.

The article is organized as follows. Section II presents
the experimental system. Section III describes a model
encompassing the cavity resonance shifts due to spin
polarization (Sec. IIIA) and the resulting PDH error
signal (Sec. III B). Section IV illustrates the experimen-
tal acquisition of PDH signals and demonstrates spin-
dependent cavity line shifts. Section V calibrates the
atomic response to optical pumping. Section VI shows

experimental modulation of the spin polarization using
amplitude-modulated optical pumping and the resulting
raw photocurrent signal, including quantum noise limited
spin detection. Section VII characterizes the demodulated
signals and the observed sensitivity to spin polarization
density. Section VIII compares the PDH method with other
methods. Section IX describes possible extensions of the
technique to improve sensitivity.

II. EXPERIMENTAL SYSTEM

The experimental setup is illustrated in Fig. 1. In the
PDH probing scenario an electro-optic modulator (EOM)
applies phase modulation at angular frequency Q2 to a
continuous-wave probe laser of angular frequency wy,
chosen to be off resonance with respect to an atomic
transition of interest. The resulting beam is circularly
polarized and mode matched to a cavity containing an
atomic medium. For this circular polarization, the refrac-
tive index and thus the cavity resonance frequency wes
are functions of S., the on-axis component of the mean
electron spin polarization. For simplicity, here and below
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we assume that collisional broadening of the optical tran-
sition dominates over Doppler broadening and hyperfine
splittings. In this scenario, (1) the spin variable that deter-
mines the refractive index will be the electron spin S
and (2) the transition lineshape can be approximated as
a Lorentzian. In scenarios for which collisional broad-
ening does not dominate, the optical properties may be
different. Upon reflection, the carrier and sidebands acquire
phase shifts that depend on their respective detunings from
cavity resonance, converting optical phase modulation
into a detuning-dependent, and thus S,-dependent, ampli-
tude modulation. The reflected beam is collected with a
125-MHz bandwidth photodetector and the photocurrent
is demodulated at frequency 2 with phase ¢ to obtain
the quadrature amplitude €, referred to as the PDH error
signal. For laser-cavity detunings smaller than the cav-
ity linewidth I, i.e. |wy — wres| < T', € is approximately
linear in wy — wgs and thus in S.. In our specific imple-
mentation two collinear lasers are used to pump and probe
the atoms. The pump laser is resonant with the 8’Rb D,
line, whereas the probe laser is detuned from the D, line
by angular frequency A. A MEMS vapor cell contains
isotopically enriched ®’Rb vapor and 1.3 amg of N, due
to prior UV decomposition of rubidium azide [10]. The
MEMS cell consists of a silicon wafer, etched to create two
4 x 4mm? chambers joined by “microstrainer” conduits
that allow gas and vapor diffusion between the chambers.
Two 200-pum-thick Borofloat windows, attached by anodic
bonding, seal the MEMS cell. The Si wafer thickness,
and hence the experimental atomic interaction length, is
L, = 1.5mm. The vapor cell is placed between two half-
inch planar mirrors, whose cell-facing surfaces are coated
to give reflectivities Rll)2 = 98.5% and sz = 99 % for the
probe light (near the 780-nm D, line) and transmissivi-
ties ]lD ''=T," ~ 50% for the pump light (at the 795-nm
D line), where R; = |r;|? and T; = 1 — R;, i € {1,2}, with
the r; reflection amplitude coefficients. The mirrors are
mounted on high-stability nonmagnetic mounts, giving a
free space cavity length of about L., = 9.2 mm. The cell
is heated by alternating-current Joule heating to a temper-
ature of 126.5oC, to achieve a number density of ny =~
2.93 x 10'3 atoms/cm>. The system comprising the cav-
ity, the MEMS cell, and the oven is placed within one
layer of w-metal magnetic shielding. To implement the
described PDH detection scheme, the output of an unmod-
ulated distributed Bragg reflector (DBR) probe laser is
phase modulated at 2 = 27 x 114 MHz using a fiberized
electro-optical modulator (NIR-MPX800-LN-05) driven
by an amplified voltage-controlled oscillator. Pump light
is provided by a second DBR laser diode amplified by
a tapered amplifier, which can generate up to 2W of
continuous-wave power at 795 nm. This output is passed
through an acousto-optic modulator (AOM), whose first-
order diffraction output is coupled into fiber. Switching
off the AOM radio-frequency drive is used to block or

unblock the pump beam. A 1 x 2 single-mode fiber cou-
pler centered at 780 nm with £=15-nm bandwidth (Thorlabs
PFC780A) combines orthogonally polarized pump and
probe light into a single spatial mode, which is collimated
and aligned with the cavity. As measured by a beam pro-
filer, the beam appears Gaussian, with beam diameters
(1/€?* of intensity) of 1.16 and 0.91 mm in the x and y direc-
tions, respectively. As shown in Fig. 1, a dual wavelength
wave plate (DWP) rotates the probe polarization such that
both collinear beams are horizontally polarized along the y
direction to give maximum transmission through a polar-
izing beam splitter (PBS). A zero-order quarter-wave plate
(QWP) converts both to circular polarization. A second
DWP can be inserted to control the direction of the pump
beam circular polarization without changing the probe’s
circular polarization. Probe light reflected from the cav-
ity is directed by the same PBS to a 125-MHz bandwidth
photodetector PD |, whose output current is demodulated
by the PDH circuit to provide the error signal, which is
digitized by a data acquisition card, as illustrated in Fig. 1.
The reflected pump light is filtered out at the detection
stage by a bandpass filter centered at 780 nm with 3-nm
bandwidth and an optical density of 6 at 795 nm.

I11. PDH SPIN MEASUREMENT

We now describe the cavity response to an opti-
cally induced polarization. The optical response of the
atomic vapor and the structure of the cavity reso-
nances that determine the PDH signal are described in
Appendices A to E.

A. Cavity resonance shifts due to atomic spin
polarization

As derived in Appendix D, the shift in the cavity
resonance frequency due to polarization is given by

_ Docd® v B/ — v

Dy

Sv Z
47TLcaV Vat (l} — Vat)z + (Avopt/z)2

(1)

where D is the on-resonance optical depth of the unpolar-
ized medium [Eq. (B3)], c is the speed of light, @) = —2
for the D, transition or @) = 1 for the D, transition, v is
the resonance linear frequency, v, and Avgft are respec-
tively the line center and FWHM of the atomic absorption
resonance (linear frequency), and we have defined the
degree of polarization P, = 25, equal to 1 for maximum
spin polarization [47,48].

B. PDH error signal

As described in Appendix E, the PDH signal after
demodulation is

e=K Y JiB)ir1(B)2Re[rky (@p)reay (@i )],

k=—o00
)
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where K is the overall gain of the system, including
the laser power, photodetector responsivity, and the gains
of the amplification and demodulation subsystems; J;(8)
is the Bessel function of the first kind of order k; 8 is
the phase modulation amplitude; 7, is the frequency-
dependent cavity reflection amplitude given in Eq. (C3);
wr = wy + k2, where wy is the probe carrier frequency;
2 is the modulation frequency; and ¢ is the demodulation
phase.

IV. PDH SIGNAL CHARACTERIZATION

For wide frequency scans over 200 GHz, as in Fig. 2,
we control the laser output frequency via the laser diode
temperature. The frequency-temperature relation is mono-
tonic but nonlinear, so for wide frequency scans, as in
Fig. 2, we use a fiber Mach-Zehnder interferometer with
a 41.28-MHz repeat period [49] to calibrate the frequency
scale. We use as an absolute frequency reference either
a wavemeter or the transmission of a spectroscopy cell
containing 3’Rb in vacuum.

The simultaneously acquired transmission and PDH
reflection signals are shown in Fig. 2. Also shown is a
fit of Eq. (Cl) to the transmission signal, which shows
good agreement for the spectral positions and widths of the
transmission peaks. In both the experiment and the model,
the heights of the transmission peaks are greatly reduced
near atomic resonance, due to intracavity absorption. The

Error Signal (V)

111 112 113 114 115 116 117 118
Detuning (GHz)

FIG. 3.

heights of the experimentally observed peaks show an
asymmetry that is not present in the model. We attribute
this to etalon effects produced by weak reflections from the
cell windows, which are not included in the model.

Focusing on a single resonance detuned by about
115 GHz, the left panel of Fig. 3 shows representative PDH
error signals € (v) for unpolarized atoms and for polarized
atoms pumped with o circularly polarized light. The cho-
sen detuning of approximately 115 GHz reflects the trade-
off between finesse, which is larger for larger detuning due
to reduced atomic absorption, and spin dependence of the
resonant frequency, which is larger for smaller detuning.
To acquire these spectra, we apply a 500-Hz triangle-
wave modulation to the probe laser current, to scan the
probe carrier frequency, while applying phase modulation
as described in Sec. II. We synchronously apply a 250-Hz
square-wave modulation to the rf driver of the AOM, so
that the pump power is “off”” for one scan of the resonance,
and then “on” for the next. Combination and rotation of
the QWP and DWP are used to switch between o, and o_
polarizations of the pump beam.

Optical pumping induces a nonzero S, and thus modi-
fies the refractive index n, both real and imaginary parts.
Change in the real part »’ causes a shift of the reso-
nance frequency, given by Eq. (D4), and a corresponding
frequency shift of the error signal feature. Change of the
imaginary part n” alters the finesse of the resonance, and
thus the peak-to-peak amplitude of the error signal. Both

1x10° JES

5x108

Shift (Hz)
o

-5x10%

-1x10°

0 50 100
Probe Detuning (GHz)

Response of the PDH signal to optical pumping. Left: PDH error signal €, obtained with modulation frequency Q2 = 27 x

114 MHz and strong modulation depth 8 = 1.78, in scans around a single cavity resonance. Detuning is measured with respect to the
line center of the atomic resonance of transition D, of 8’Rb. The probe light is o_ polarized and detuned to the blue side of the atomic
resonance. Blue dots show € acquired with no optical pumping; red and black dots show € acquired with o_ and o, optical pumping,
respectively. The pump power is Ppump = 22 mW, which induces a degree of polarization of P, = 0.65 [calculated using Eq. (D4)].
Continuous lines in the same colors show fits to the data with Eq. (2), with the resonance line center v, for polarization p € {0,0.},
finesse F, and system gain K as free parameters. Line shift due to o pumping is calculated as Svgin = Vo, — vo. Right: line shift
versus detuning from atomic resonance A /2w for different degrees of polarization. Red, blue, and black points show §vgin acquired
by fitting scans, as just described, for optical pumping powers of 5, 15, and 55 mW, respectively. Each dot shows the average dvgin
of 20 pairs of fits. Dashed lines show fits of Eq. (D4) to the measured shifts, and yield P, = 0.29, 0.57, and 0.82 (from bottom to
top). In these fits P, is the sole free parameter; fixed parameters are L,y = 1.5 mm (manufacturer’s specification), Lc,y = 9.2 mm (from
measured Avggr), Avgft = 23.5GHz = 18.11 [46] (with measured N, density n = 1.3amg ), and 74 = 2.93 x 10'3 atoms/cm>.
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effects are clearly observed in Fig. 3. The error signals are
fitted by using Eq. (2) (details in the caption of Fig. 3).

The right panel of Fig. 3 shows the shift §v.s of the
resonance frequency due to optical pumping, defined as
the change in the zero crossing of € when pumped with
o, light, relative to the zero crossing when unpumped.
To measure this for a given probe detuning A and pump
power Ppymp, we acquire 20 scans with pumping and 20
scans without pumping, fit them as described above, and
compute the mean shift. We acquired three different Ppym,
levels, each at different values of A. In order to get the dif-
ferent degrees of polarization for each Ppm, level, we fit
the data with Eq. (D4), the theoretical shift in resonance
frequency, with only P, as the free parameter.

V. OPTICAL PUMPING AND ATOM NUMBER
DENSITY CALIBRATION

We describe the optical physics with a “plane-wave”
model of the optical pumping and cavity response. That
is, we ignore the variation of optical intensity and result-
ing polarization with transverse position within the pump
and probe beams. Optical pumping with o light, in
competition with linear relaxation processes, produces an
equilibrium spin polarization [47]

aopRop

=, (3)
2aopRop + Rrel

zZ

where agp is the average angular momentum added per
absorbed photon and Ry is the spin relaxation rate. The
rate of optical pumping is

Rop = Uabs(v)¢phot

D
=r.c Dy Al}Opt/z Ipump
— "eXJosc D D
(Vpump - 1)atl)z + (Avoplt/2)2 he
res recfogl [pump o
A2 B
vopt/

where oy 1s the absorption cross section and ¢ is the

photon flux density, I,ump is the pump intensity, and the

Dy
at o

third line of Eq. (4) holds for resonant pumping v = v
condition we indicate with the label “res”.
It is convenient to write Eq. (3) as

a

res 1 1, pump

S, = o ———, (%)
2 ]pump + Lsar

where the on-resonance saturation pump intensity is

D
Av_Lhw
— R, (6)

sat = Dy
aopeCfose

For quantitative modeling of the optical pumping, the spa-
tial distribution of S, due to pump absorption [50] and a

1x10°

8x 108

= 6x10°

Shift (H

4x108

2x108

Pump Power (mW)

FIG. 4. Shift of the error signal Svgir versus the pump
power Py for probe detunings v — vy = 15 (black), 65 (blue),
and 130GHz (red). We take v, to be the center of the
D, transition of ®Rb. Points show &vgiy obtained by fit-
ting pumped and unpumped single-resonance error spectra, as
in the left panel of Fig. 3. Curves show fits with Eq. (8),
with Svma(v) and Pgy as free parameters. The fits yield
Py = 11.7mW, 8vnax (15 GHz) = 1.16 GHz, §vi,, (65 GHz) =
0.47 GHz, and vy« (130 GHz) = 0.24 GHz.

consequent integral over the cell length should be consid-
ered [51]. This description, however, is outside the scope
of this current work. Instead, we adopt the heuristic model

o _ L Poump
Z_2Ppump+Psat

sst | Ppump
~ — , 7
2 P sat ( )

where Py, is the saturation pump power, and the approx-
imation holds in the small-signal regime (ssr) Ppump <
P sat-

Using Eq. (D4), this implies that the resonance shift

v = SVmaX(Vprobe) ﬂa 8
P pump + P sat
where, for o1 probe light,

+Docg v (Av/2)(v — vy)
47 Leay Var (v — Uat)2 + (AU/2)2

)

SVmax (V) =

is the asymptotic frequency shift. Figure 4 shows fits of
Eq. (8) to data (the same results as in the right panel
of Fig. 3), yielding Pgy = 11.7mW and ny = 2.93 x
10'? atoms/cm? (in Dy), with good agreement.

VI. MODULATION OF S; AND RAW
PHOTOSIGNAL

To study the response of the cavity to changes in spin
polarization, we apply phase modulation to the probe as
described in Sec. II. Because our photodetector is not shot-
noise limited at the 114-MHz frequency used until now,
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for the remaining measurements, we use a modulation fre-
quency of 19 MHz. The signal from PD; (see Fig. 1) is split
into dc and rf components with a bias tee. The rf compo-
nent is amplified and further split with a 3-dB splitter, one
output of which goes to a spectrum analyzer (SA), the other
of which goes to the demodulation system (mixer and low-
pass filter). Based on the demodulated signal, the probe
carrier frequency w, is manually set to the center of the
resonance and during the acquisition remains within the
central region, i.e., the region of negative slope in the left
panel of Fig. 3. Representative spectra are shown in the left
panels of Fig. 5.
We apply a sinusoidally modulated pump power

Poump = P + 5 Pamp €08 Qpumpt, (10)
where PPP s the peak-to-peak variation of the pump

pump
power and Qpump/2m ~ 1kHz is the modulation fre-

quency. This induces a sinusoidal shift in the PDH line
center. This, in turn, produces a periodic modulation at
frequency Qpump of the amplitude modulation at & seen
by PD;. This manifests as signal sidebands at €2 £ Qpymp,
and distortion sidebands at Q +j Quump, j =2,3,.... We
study two signal regimes: with Pg;ll;p = 1 mW of resonant
pump power, we access the small-signal regime, in which
the root-mean-squared (rms) line shift vif < Ieay, and
the distortion sidebands are nearly 20 dBm below the sig-
nal sidebands; with Pp.F = 30mW, we access the large-
signal regime, with SV ~ Tcay/2. With this PP.7  the
distortion sidebands are about 10 dBm below the signal
sidebands.

These spectra also show a strong peak at the probe phase
modulation frequency 2 = 2w x 19 MHz, which results
from drift of wy away from line center. Noise in the band
Q —27 x 700 to Q2+ 27 x 700 Hz is comparable to or
weaker than the applied signal. The noise in this frequency
band can be attributed to small and slow shifts in the
probe laser frequency, e.g., those due to laser temperature
changes.

Other frequency bands show a flat noise spectrum about
2dB above the electronic noise level of the acquisition,
obtained with Py, = 0. We interpret this 2-dB contribu-
tion as quantum noise: the sum of photon shot noise and the
broadband component of atomic spin projection noise [52].
We note that the noise background does not rise in going
from the small-signal to large-signal regime. This indicates
a negligible level of technical noise associated with the
optical pumping of the spins and with the increased signal
strength.

VII. DEMODULATED PDH SIGNAL AND
SENSITIVITY

In the right panels of Fig. 5, we show spectra of the
demodulated photocurrent, i.e., the PDH error signal e,

acquired under the same conditions as described in Sec. VI.
As expected for the demodulation process, the spectrum
strongly resembles that of the left panels of Fig. 5, down-
shifted by the modulation frequency €2.

A narrow peak at 1kHz is the signal, due to applied
pump modulation. Noise in the band below approximately
700Hz shows peaks at the 50-Hz mains frequency and
harmonics. Outside this band, the noise is spectrally flat,
and once again we interpret this as the combined pho-
ton shot noise and spin projection noise. Again, we note
the near absence of detectable technical noise associated
with optical pumping and a strong signal, with the possible
exception of a small peak near 1.2 kHz.

We identify the sensitivity of the measurement, i.e.,
equivalent spin noise spectral density, as follows. Consid-
ering the trace taken in the small-signal regime, for which
we can use Eq. (3) to convert from Ppymp to S., we note that
the applied monochromatic pump power modulation, with

mean squared variation (Pp;r )*/8, produces, by Eq. (7), a
mean square variation in #n,.S, of
2 PP-P 2
n
Pos. = = 222 11
"ETR ( 2P an

This single-frequency “signal-like” feature is represented
in the SA’s spectrum by a peak of height Prs‘fi =
Psa(Vpump) With units of electrical power. The conversion
from pump power to spin density signal power is thus
Poys./PEL. Meanwhile, the broad “noiselike” features of
the same spectrum must be interpreted as an electrical
power spectral density Psa (v)/ AvRBY or after conversion

to spin units, the spin-noise power spectral density

PSA(vsig) ﬁ Pg;rfr)lp : (12)
Pg{AVRBW 8 2Psat ’

SnASz (‘)sig) =

where all P quantities have units of electrical power
[Psa(vsig) and PEL] or optical power (Phobp and P).
Here S, s, (vsig) is a power spectral density with units of
spins’/cm®/Hz. In the right panels of Fig. 5, we graph the
square root of this quantity, the amplitude spectral den-
sity (ASD), with units of spins cm~ Hz~'/2. In analogy
to the noise-equivalent power that describes detector sen-
sitivity, Srf/{ %?Z(Vsig) is the noise-equivalent spin density of
the measurement.

VIII. COMPARISON TO OTHER METHODS

As described in Sec. 1, a variety of optical enhancement
methods, including multipass and cavity enhancement,
have been used for sensing and metrology applications that
require sensitive nondestructive measurement of atomic
polarization. While it is clear that optical enhancement
methods improve relevant figures of merit for these
applications, e.g., magnetic sensitivity for magnetometers
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[24,35], scattering for atomic state measurement [34], or
short-term stability for atomic clocks [29], to our knowl-
edge, there is no established figure of merit that allows
comparison across applications. We can nonetheless note
some commonalities. In multipass methods with fixed
medium length, the signal, e.g., an accumulated phase or
Faraday rotation angle, grows linearly with the number of
passes. Similarly, in cavity enhancement, again with fixed
cavity length and thus fixed free spectral range (FSR), the
slope d[arg(rcay)]/dw of the reflected phase is inversely
proportional to the cavity linewidth, and thus proportional
to the finesse. We can thus identify the number of passes
and the finesse as roughly comparable measures for sig-
nal enhancement. The number of passes range from tens in
magnetometry [24] to hundreds in trace-gas spectroscopy
[53], while finesses range from about 10 in about 10 cm
cavities containing vapor cells [34,35] to about 10° for
cold-atom cavities in vacuum [32]. The finesse in this
experiment depends on the intracavity atomic absorption
and thus the detuning. For a detuning of 2 x 115 MHz as
in Fig. 3, we have F ~ 18, similar to values obtained with
larger vapor cells.
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FIG. 5.

IX. OUTLOOK

We note a few possible improvements. The current
system operates in the unresolved sideband regime, with
Q « T'. In this regime, the signal strength is proportional
to 2. A better sensitivity can thus be expected simply by
operating at higher Q2. To do so with shot-noise-limited
performance would require a different detector, one that is
shot-noise limited at similar power levels and higher fre-
quencies. We note that using specific detector geome-
tries, detectors with shot-noise-limited bandwidths of
9GHz [54] have been demonstrated, with potential to
reach still much higher frequencies [55].

Our system is implemented with a microfabricated
vapor cell inside a cavity formed by independent mirrors.
Losses on the cell windows limit the finesse of the res-
onant cavity in this geometry. A vapor cell in which the
internal surfaces were coated would have a finesse limited
in principle only by the reflectivity of the cavity mirrors,
which would double as interior surfaces of the vapor cell.
We note that 8Rb MEMS cells with (nonoptical) internal
coatings [10] have been demonstrated.
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Signal and noise in PDH detection of S; modulation induced by optical pumping. Left graphs show spectrum analyzer traces

of the detector photocurrent, expressed in electrical power units (decibels). Right graphs show the spin sensitivity of the PDH error sig-
nal, i.e., of the photocurrent after demodulation, expressed as the noise-equivalent spin density (NESD) with units of spins cm ™ Hz~!/2

(see the text for details of the calibration). Upper graphs were acquired in the small-signal regime with an optical pumping power of
1-mW peak-to-peak sinusoidal modulation at 1 kHz. Lower graphs acquired in the large-signal regime with an optical pumping power
of 30-mW peak-to-peak sinusoidal modulation at 1 kHz. Orange curves, acquired with zero probe laser power, show detection and
demodulation electronic noise background. Blue curves, acquired with 2.8 mW of probe laser, detuned 120 (upper) or 100 GHz (lower)
to the blue of the center of the unshifted D, resonance, and with o_ polarization, include signal and optical noise. Spectra acquired
with a digital spectrum analyzer with equal resolution bandwidth and video bandwidth AvRBY = 30 Hz.
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X. CONCLUSIONS

We have implemented optically resonated readout of
the spin polarization of an atomic vapor in a micro-
fabricated vapor cell. We use a planar cavity, resonant
for the D, line of 3’Rb, and Pound-Drever-Hall detec-
tion of cavity line shifts produced on circularly polar-
ized probe light, to detect the electron spin polarization
S. of a dense vapor ®’Rb in 1.3amg of N, buffer gas.
We present a model for the resulting signals, combin-
ing theory of the vector polarizability of alkali vapors,
resonant cavity response, and Pound-Drever-Hall signal
generation. We find good agreement of the model with
experimental observations, and demonstrate a quantum
noise limited sensitivity to spin density of approximately
9 x 10° spins cm~> Hz~ /2. The technique has potential to
provide high-efficiency readout for miniaturized atomic
vapor sensing and metrology instruments, in the same way
that cavity-enhanced readout has been used with cold-atom
instruments.
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APPENDIX A: ATOMIC VAPOR REFRACTIVE
INDEX

For low-density media such as vapors, local-field effects
can be neglected and the electric susceptibility calcu-
lated as x = naa [56], where n, is the atomic number
density and « is the atomic polarizability. In general,
x and « are complex-valued rank-two tensors, as required
to describe circular dichroism and circular birefringence.
Also, in these conditions the refractive index is given, in

cgsunits, by n = /1 + 4nnpe = 1 + 2wnpa or

(n—1)~2nnara. (A1)

The following calculations concern the linear-optical sus-
ceptibility and polarizability, and assume that the optical
transitions are not saturated by probe or pumping light. A
general condition for the validity of this assumption is [56]

1+ AT

Qopt K ———,
P 4!

(A2)

where Qo = |Edp.|/h is the optical Rabi frequency,
with dp, the optical transition electric dipole moment
between ground state |a) and excited state |b), and Iy is
the corresponding longitudinal coherence relaxation rate.
Equation (A2) holds in all the experimental conditions we
present in this work.

The calculation of the atom’s state-dependent electric
polarizability tensor « is extensively discussed in the opti-
cal pumping literature; see, for example, Refs. [2,44,57].
The ac-Stark shift of the ground state, obtained by tak-
ing the electric dipole interaction in second order and
by adiabatic elimination of the excited state, is given by
[44, Eq. 6.73]

$H = —E -« E*, (A3)

where E = |E|e is the complex vector amplitude of the
optical electric field. We work with quantization axis z,
so the o+ and m polarizations are described by eL =
(X £ i9)/+/2 and ey = 7, respectively. Here « is in gen-
eral a second-rank tensor, with irreducible scalar, vec-
tor (“gyrotropic”), and tensor (“birefringent”) parts. For
our experimental conditions, the collisional broadening is
much larger than the excited-state hyperfine splitting and
the Doppler broadening. Consequently, the optical transi-
tion can be treated as homogeneously broadened, and the
tensor part of the susceptibility can be neglected, leaving
only the scalar and vector parts. In these conditions, the
susceptibility in Cartesian coordinates is [44, Eqgs. 5.41,
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6.73, 6.75]

1 2(_1)./—1/2
a; = o 55,",' + T

where §;; is the Kronecker symbol and €;; is the Levi-
Civita symbol. Summation over repeated indexes is
implied, and [44, Eq. 5.45]

iéiijk> , (A4)

reczfOSC -1

Wyt A +iF2,

oy =

(AS)

where fo. 1S the relevant oscillator strength. Within the pla-
nar resonator of the optical cavity, the optical field is to
a good approximation a plane standing wave, propagating
along the +z directions. For this reason, we neglect the lon-
gitudinal, i.c., ¢y = Z, component of the field. The relevant
portion of «;;, in Cartesian components (X, ¥), is then

1/1 0\ 2=177'2S, (0 i
“f’=°’°[5<0 1>+ V] <—i 0)]’(A6)

which has eigenvectors e, corresponding to o1 polariza-
tions. For the D, (J = 1/2) and D, (J = 3/2) transitions,
the corresponding eigenvalues are

a:l:l = Ol()(% + Sz); (A7)
o = (L £ 18) (A8)

From this we see that other components of S do not
contribute to the polarizability.

Using Eq. (Al), oy light on the D, and D, transitions
experiences

D nnAreczfosDCl -1 (1 F28S,) (A9)
n _ ~ zZ)
+ wzl A+l -
D
niZ — 1~ TnpreCfosd  —1 (1£5S,) (A10)
wﬁz A+ il ’

where foh! & 0.3423 and £,22 ~ 0.6958 are the transition
oscillator strengths.

APPENDIX B: SPIN-DEPENDENT MEDIUM
REFRACTIVE INDEX

As described in Appendix A, in conditions relevant to
many miniaturized sensors, i.e., realistic vapor density,
high buffer gas pressure, and optical powers that do not
saturate the optical transition [58], the refractive index
for light near the D; or D, transition with oy circular

polarization (quantization axis is along z) is

TNAFeC fose —1. (1+£a0s,),
r

ny—1~
Wat A+ il

(B1)

where ny is the atomic number density, 7, is the classical
electron radius, c is the speed of light, fos. is the transition
oscillator strength (£ ~ 0.3423 and £,22 ~ 0.6958 in
87Rb), wy is the transition angular frequency, A = @ — wy
is the detuning, w is the optical angular frequency, I';
is the transverse relaxation rate of the optical transition,
and thus the (angular frequency) half width at half maxi-
mum of the collisionally broadened absorption spectrum,
aV = —2 for the D, transition or &V = 1 for the D, tran-
sition, and S; is the on-axis spin polarization. For brevity,
we define ' = Re[n] and n” = Im[n].

Upon passing through a cell of length Ly, the transmis-
sion amplitude attributable to the atoms (as opposed to the
distance traveled or atom-independent losses) is

-1
1y = exp [iuLat]
c

We note that » is linear in S, that the real and imaginary
parts of (n — 1) are affected by S, in the same proportion,
and that, for both D; and D,, the sign of dn/dS, reverses
with a change in circular polarization. The on-resonance
optical depth of the unpolarized medium is

(B2)

Do = 1 WatLat _ nnArecfoscLat, (B3)
C Fz
and it is convenient to write Eq. (B2) as
th =exp|i———(1£a"s.)Dy |. (B4)
A+l

APPENDIX C: CAVITY TRANSMISSION,
REFLECTION, AND ABSORPTION

The cavity is formed by mirrors M;, i € {1,2}, with
1 being the mirror via which laser power enters, and 2
being the other mirror, with amplitude transmission and
reflection coefficients #; and 7;, respectively. We adopt the
convention that all mirror reflection and transmission coef-
ficients are positive real, with the exception of reflection
of a beam approaching from outside the cavity, in which
case the reflection amplitude is negative real. We assume
lossless mirrors, and thus 77 + 7 = 1 (equivalent losses
will be incorporated elsewhere in the model). The cavity
contains a vapor cell of interior length L, and single-pass
transmission amplitude f.; = t‘zmntA expliLyw/c], where
ta, defined in Eq. (B2), is the atomic contribution and
twin 18 the amplitude transmission of a single-cell window.
Because of scattering losses, |fyi,|> may be less than unity.
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The optical path length between the mirrors, not including
the atomic contribution to #, is Lc,y, S0, for an empty cell,
or in the limit of large detuning from atomic resonance, the
FSR (a linear frequency) is Avgsg = ¢/2Lcay-

The frequency-dependent cavity transmission amplitude
can be calculated by summing the transmission amplitude
for all trajectories [45] as

. (Lcav - Lat)a):|

feay = llcellf2 €XP |:l -

oo n
2(Leay — La)@
x Z <’”2”1’§e11 exp [l—ca - . ])

n=0
_ tb) 8 1ta expli(w/ Avpsg + ) /2]
1 — rira|t, |6 expli(w/ Avesg + @)]

(Ch

where ® = arg(#. ). The cavity transmission probability

is thus

in

2

h tzl%vintA (Cz)

|teay|* = .
|13 expli(w/Avpsg + P)]

1 —rimlth
In calculating the above we have neglected etalon effects
from reflections from the interfaces of the cell win-
dows [59]. The etalon effects can explain the asymmetry
that is observed in the experimentally measured transmis-
sion peaks shown in Fig. 2.

The reflection amplitude is computed in the same way,
and is given by

2(Leay

— Lo
Feay = —T1 + (12l €XP |:l 5 }

Cc

= 2(Leavy — Lo "
tz ca al
X Z <7‘1 cell’2 €Xp l—c

n=0
N+ rolth. |23 expli(w/Avpsg + D)]
1 — riral |4 expli(w/Avpsg + ®)]°

(©3)

Resonance occurs when mod,, (2 argts + w/Avgsg +
®) = 0. The cavity resonances have finesse F ~ /(1 —
lriratt. A1) and FWHM linewidth Ty = Avpsr/F,
which will depend on detuning from the atomic resonance.

APPENDIX D: CAVITY RESONANCE SHIFTS DUE
TO ATOMIC SPIN POLARIZATION

From Egs. (B2), (C2), and (C3), we see that the depen-
dencies of regy and |£c4y|? on the probe frequency w and spin
polarization S;, through the refractive index #, is contained
in the factor

( n’w
hexp | i AVFSR+CD =exp|—2 B

L |explip @)
1)

where the net intracavity round-trip phase is

n— Do w
( )Lat+

+ .
AVpsr

¢(w) =2

(D2)

In terms of ¢, the optical resonance defined after Eq. (C3)
occurs when mod,,; ¢ (w) = 0. Maintaining resonance by
holding ¢ constant, and using Eq. (B4),

do\ (9o '[9

S/ 4 N dw a8,
N +w D()C&(l)
B (" — DLa + Leay w4y

~ +w D()C&(l) AFZ
A2+T3

AT,
A2 4T3

(D3)

Loy gyt

To express this in terms of linear frequency v, we use
SWres = 27T 8 Vyes, @ = 27TV, Wat = 27T Vap, A = 2 (V — Vyy),
I, =2n Avgft /2, where Avonzt is the FWHM of absorption
in linear frequency. Making these substitutions, the shift in

resonance frequency is given by

 Dyea® v (AVZ/2) (v — vgy)
A Leay  Vat (v — Uat)z + (AVD2/2)2

opt

Sv

P., (D4

where we have defined the degree of polarization P, = 25,
equal to 1 for maximum spin polarization [47,48].

APPENDIX E: PDH ERROR SIGNAL

Because of phase modulation with amplitude B, the
amplitude of the probe field arriving to the cavity is

Plase—i[w()t+ﬁ sin(21)]

8in(t) =

k=00
=VPus Y Ji(B)e ¥,
k=—00

(ED)

where Pj,s is the laser power, J, is the Bessel function of
the first kind and order 7, w; = wo + k2, and the second
equality follows from the Jacobi-Anger expansion.

The light reflected from the cavity has amplitude

Eet(®) = VPras Y, Feav @) Je(B)e ¥,

k=—o00

(E2)

where 7.y (w) is the cavity reflection amplitude of
Eq. (C3).
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The mean power arriving to the photodetector is
Pres(t) = |Erer (D)

=Pus Y D Tk(BWe (B (@0)reas (@)
k=—00 k'=—00

—i(wp —op)t
b

X e (E3)

which has a dc component

o0

pref,O(t) = Puas Z ”:av(a)k)Jk(ﬂ)eiwkt

k=—00

XY rea(@p) i (B)e N S
K=—00
00
= Py Z |rcav(wk)Jk(,3)|2

k=—00

(E4)
and a component oscillating at frequency €2,

00 00
Pref,Q(t) = Plas Z Z r:av(wk)t]k(ﬂ)eiwkt

k=—00 k'=—00

X Foav(@p) i (B)e ™ N (S g1 + Skv1.6)

=Pus Y Ji(BVir1(B)
k=—00

71'521‘]' (ES)

X 2R€[V:av (wk)rcav (a)k—H )e
When demodulated with phase ¢, and with system gain K,
the resulting error signal is

€ =K Y Ju(B)rs1(B)2Re[rky (00)reay (@rr1)€¥].
k=—00

(E6)
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