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We demonstrate that stimulated microwave optical sideband generation using parametric fre-
quency conversion can be utilized as a powerful technique for coherent state detection in atomic
physics experiments. The technique has advantages over traditional absorption or polarization
rotation-based measurements and enables the isolation of signal photons from probe photons. We
outline a theoretical framework that accurately models sideband generation using a density matrix
formalism. Using this technique, we demonstrate a novel intrinsic magnetic gradiometer that detects
magnetic gradient fields between two spatially separated vapor cells by measuring the frequency of
the beat note between sidebands generated within each cell. The sidebands are produced with high
efficiency using parametric frequency conversion of a probe beam interacting with 8’Rb atoms in
a coherent superposition of magnetically sensitive hyperfine ground states. Interference between
the sidebands generates a low-frequency beat note whose frequency is determined by the magnetic
field gradient between the two vapor cells. In contrast to traditional gradiometers the intermediate
step of measuring the magnetic field experienced by the two vapor cells is unnecessary. We show
that this technique can be readily implemented in a practical device by demonstrating a compact
magnetic gradiometer sensor head with a sensitivity of 25 fT /cm/+/Hz with a 4.4 cm baseline, while
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operating in a noisy laboratory environment unshielded from Earths field.

Atomic physics experiments generally rely on absorp-
tion or polarization rotation measurements for coherent
state detection [1, 2]. In this letter, we show that hy-
perfine coherence can also be detected with high effi-
ciency using parametric frequency conversion [3] to gen-
erate microwave optical sidebands. Depending on the
optical depth of the atomic medium and detuning of the
probe beam, up to 50% of the incoming probe photons
can be converted into sideband (signal) photons. Un-
like absorption and polarization rotation-based measure-
ments, the frequency separation between the probe and
sideband photons allows the sideband to be isolated with
a frequency discriminator. In addition, in some config-
urations governed by selection rules, the optical polar-
ization of the probe and sideband photons is orthogonal
with respect to each other, allowing them to be easily
separated with a polarizer.

Here we focus on an application in which we demon-
strate an intrinsic optically pumped magnetic gradiome-
ter that directly measures the magnetic gradient field be-
tween two spatially separated alkali vapor cells. Most
optically pumped gradiometers rely on subtracting the
output of two spatially separated optically pumped mag-
netometers (OPMs [4-7]) (synthetic gradiometer [8-11]),
and differences and drifts between the two magnetome-
ters can reduce the rejection of common mode signals. In
superconducting quantum interference device (SQUID)
[12] magnetic sensors, an intrinsic gradiometer can be
formed by connecting two spatially separated flux pickup
coils with opposing polarities [13, 14]. In contrast, few
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FIG. 1. (a) Conceptual overview of the gradiometer. Two al-
kali vapor cells are separated by a distance, d. A linear probe
(carrier) beam with frequency, f, passes through the two va-
por cells. The probe beam’s interaction with the atoms in
Cell 1 produces an orthogonally polarized optical sideband at
magnetic-field-dependent frequency f;. Similarly, interaction
with Cell 2 produces a second optical sideband, at frequency
f2. The probe beam is removed using a polarizer, leaving
behind only the two optical sidebands. The sidebands are
captured by a photodetector (PD) where they interfere to
produce a beat note at frequency fi1 — f2 that is directly pro-
portional to the magnetic gradient field between the two vapor
cells.

OPM-based techniques exist to build similar intrinsic
gradiometers using vapor cells [15-19]. Our technique
yields high resolution signals and can be utilized in a
practical device in the Earths magnetic field. The side-
band generation technique can be adopted for a num-
ber of different applications such as bio-magnetic field
sensing [20-23], timing [24, 25], and microwave detection
[26, 27], particularly in applications where separating a
weak signal from a background probe is beneficial.

A conceptual overview of our gradiometer is shown in
(Fig. 1). The sideband generation process is inspired
by experiments performed in the 1970s, which showed
that alkali atoms prepared in a coherent superposition
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FIG. 2. (a) Experimental setup to observe sideband gener-
ation. QWP: quarter wave plate. pW: microwave horn.

AOM: acousto-optic modulator. (b) An example of a side-
band measured with the PD. The decoherence time is denoted
as T>. (c) PD is replaced with a Fabry-Perot etalon to ver-
ify probe/sideband extinction depending on polarizer angle.
The sideband that forms a resonant A system with the probe
is stronger. The sideband relative amplitude dependence on
probe detuning is shown in Fig. 3b.

of hyperfine ground states can modulate a weak probe
(carrier) beam in a process known as parametric fre-
quency conversion [3, 28]. The time-dependent phase
of the atomic coherence oscillates at the hyperfine reso-
nance frequency, modulating the optical susceptibility of
the atomic medium for near resonance light. When the
atoms are probed by a weak beam, the oscillating sus-
ceptibility gives rise to both amplitude and phase mod-
ulation to generate optical sidebands.

We use the 5s%Si,|F = 1,mp = 1) = [1,1) and
|FF = 2,mp = 2) = |2,2) ground state sublevels in a
warm ensemble of "Rb as the basis for the gradiometer.
Fig. 2a shows our tabletop experimental setup demon-
strating sideband generation. A cubic vapor cell with in-
ternal dimensions of 8 x 8 x 8 mm? is filled with enriched
87 Rb and 30 Torr of nitrogen (N2) buffer gas to minimize
depolarization from cell wall collisions and to limit radia-
tion trapping [29], which limits efficient optical pumping
[30]. The vapor cell is exposed to a background magnetic
field, B, along the Z direction. A circularly polarized
(o) 795 nm laser tuned to the 53251/2 — 5p2P1/2 D1
line, also along the 2 direction, optically pumps over 95%
of the atoms into the |2,2) “dark” state. As the pumping
approaches equilibrium, the pump light is switched off
and the vapor cell is irradiated with a short (30 ps) mi-
crowave 7/2 pulse using a microwave horn to prepare the
atoms in a coherent supperposition of the |1,1) + |2,2)
hyperfine ground states. A linearly polarized 780 nm
laser (probe) tuned near the |F = 1) = [1) — 5p°Ps)5
D2 line propagates through the vapor cell in a direc-
tion orthogonal to the pump. The interaction between
the probe and the coherently prepared atoms generates

an optical sideband near the |[F = 2) = |2) — 5p*P;)»
transition. Sideband generation begins immediately af-
ter the 7/2 pulse is applied, and its amplitude exponen-
tially decays on a timescale T, the ground state coher-
ence lifetime of the rubidium atoms in the vapor cell
(Fig. 2b). The generated first-order sideband(s) have
linear polarization which is orthogonal with respect to
the probe (carrier). The polarization orthogonality al-
lows the probe and sidebands to be easily separated with
a simple polarizer and analyzed independently. This was
explicitly verified by replacing the photodiode with a
scanning Fabry-Perot (FP) etalon (Fig. 2c¢) and extin-
guishing the probe and sidebands selectively by rotating
the polarizer by a 90° offset angle.

Sideband generation is dependent on several parame-
ters such as the degree of spin polarization, buffer gas
pressure, probe detuning from resonance, and rubidium
density (vapor cell temperature). Experimental obser-
vations of parameter dependency closely match predic-
tions from our theoretical model described below. Under
optimal conditions, the sideband amplitude is roughly
equal to the probe amplitude after the beam exits the
vapor cell. We found between 10 and 30 Torr of nitrogen
buffer gas pressure to be ideal for sideband generation
for our vapor cell dimensions. Pressure broadening [31]
of the 5p? Py /2 excited state due to buffer gas at pres-
sures higher than 30 Torr causes off-resonant excitation
of the |2) state by the probe which reduces sideband gen-
eration efficiency, while buffer gas pressure lower than 10
Torr increases ground state relaxation through rubidium
collisions with the vapor cell walls. The temperature of
the vapor cell is adjusted to obtain a rubidium optical
depth (OD) = 1. In experiments at OD > 1, the probe
is detuned from |2) — |5p®P3/5) to maximize sideband
generation.

The frequency difference between the sideband and the
probe, Av, in low magnetic field is given by,

Av =Avgrs +vpg + 37| B | (1)

where Avypg is the separation between the two hyper-
fine ground states |1) and |2), vpg is the buffer gas in-
duced pressure shift between the ground states, v is the
gyromagnetic ratio (27 - 6.99 2), and | B | is the abso-
lute background magnetic field experienced by the vapor
cell. The dependence of the difference frequency, Av, on
the magnetic field is amplified by a factor of three by
probing the |1,1) <+ |2,2) hyperfine ground states.

To quantitatively analyze the experimental results, we
developed a numerical model to simulate the sideband
generation phenomena shown in Fig. 2. Using the pre-
viously developed theoretical framework described in an
unpublished manuscript [32], or chapter 8, Ref.[33], we
find an equation for a forward-propagated electric field
through an atomic medium with multi-frequency compo-
nents as
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where ( is the propagation distance through the medium
in the direction of the probe, K is a k-vector dyadic op-
erator (second order tensor), 1 is the unit dyadic, x is
the electric susceptibility dyadic operator under the as-
sumption |x| < 1, and E((¢) is the frequency-quantized,
complex position dependent electric field. A derivation
of the propagation equation is given in the supplemen-
tary material [34], as well as an explanation of the matrix
elements of the multifrequency dyadics shown in Eq. (2)

In the model, we use the two stretched ground-state
hyperfine levels, |1,1) and |2,2). The other ground state
sublevels have insignificant contributions to the sideband
generation process if the optical pumping is efficient. One
can think of the sideband generation process as stim-
ulated Raman transitions between ground and excited
states, forming a A system with an incident photon and
a stimulated photon. For the experimental configura-
tion of a linearly polarized probe which has its propaga-
tion direction orthogonal to the magnetic field, o*,07,
and 7 transition can occur. Fig. 3a shows a possi-
ble A configuration for the negative frequency sideband,
with two other configurations shown in the inset. The

v
probe makes the transitions [1,1) Z— [2/,2) == [2,2),

11,1) T 12/,1) 2= 12,2), and |1,1) == |1/,1) 2= |2,2)
where the prime indicates the excited state. For a 1st-
order effect, a probe photon (o polarization) is scattered
into the first order sideband (7 polarization), which is
orthogonal to the probe polarization.

Using the setup shown in Fig. 2a, we send the light to
a scanning FP etalon, and the amplitudes of the first or-
der sidebands and probe light are measured. In Fig. 3b,
we experimentally scan the frequency of the probe across
the |1) and |2) resonances, measuring the amplitude of
the sidebands, and results from our numerical model are
plotted with the experimental data. In the model, we
calculate the propagation of the sideband through the
medium at the number density 3.2 * 10?2 cm ™3 and de-
termine the sideband amplitudes at the exit of the cell.
Plots of sideband propagation as a function of distance
are shown in the supplementary material [34]. The ampli-
tude of the sideband and probe light is severely reduced
on resonance due to absorption by the atoms. Also of
note, if the probe frequency is set outside of either reso-
nance by the hyperfine splitting, one of the sidebands is
again absorbed. For example, when the probe is tuned to
about —10.2 GHz (—6.8 GHz detuned from the |2) reso-
nance), the positive frequency sideband (red) is absorbed
because it is generated at the frequency of the resonance.
The negative frequency sideband (blue) is not absorbed
because its frequency is far from resonance. However,
its amplitude is reduced because the polarizability is in-
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FIG. 3. (a) Ground state manifold of 8 Rb with transitions
to an allowable excited state level. An example of a A sys-
tem needed for sideband generation is shown. (b) First order
sideband amplitude as the probe frequency is swept across
transitions from the |2) and |1) states, with zero frequency
halfway between the two resonances. The open circles are
experimental data, and the solid lines are from the numeri-
cal model, which is qualitatively fit to the experimental data
from the FP etalon. (c) Probe and sideband amplitude as a
function of rubidium density.

versely proportional to the optical detuning, as shown in
the supplementary material [34]. In Fig. 3c we measure
the sideband conversion efficiency versus number den-
sity. The conversion efficiency is equal to Ps/P,., where
P, is the power of the probe before it enters the vapor
cell, and P is the power of a particular sideband af-
ter leaving the cell. We set the probe frequency to be
about halfway between the |1) and |2) resonances. The
data and simulation of Fig. 3b indicate that the two
sidebands should be the same amplitude for this probe
detuning. However, the optical pumping was not 100%
efficient in the experiment, and all the population was
not initially in the |2,2) state. We found that to model
this situation we could simply implement an imperfect
/2 pulse. Also, the model predicts the probe frequency
was shifted 300 MHz towards |1) indicating we were not
exactly between the two resonances. With about 60% of
the atomic population remaining in the |2,2) state after
the microwave pulse, the model shows good agreement
with the data. With an imbalance in population, one



sideband is absorbed more quickly than the other as it
propagates through the cell, and the model clearly pre-
dicts this behavior.

Guided by our tabletop experiments and numerical
simulations, we developed a compact gradiometer sen-
sor package. A schematic of our sensor package is shown
in Fig. 4a. The laser system is composed of two separate
distributed feedback (DFB) lasers at 795 nm wavelength
and resonant with the D1 transition. The lasers are cou-
pled to the sensor head by a polarization maintaining
(PM) optical fiber. A high-speed (< 1 us) fiber-coupled
electro-optical switch from Boston Applied Technologies
(not shown) is used to switch the pump light on or off.
The pump and probe beams are collimated to a 1 cm
1/€? diameter. The probe passes through a polarizing
beam splitter (PBS), and two cubic (8 x 8 x 8 mm? in-
ternal dimensions) 37Rb vapor cells A and B separated
by 4.4 cm. The pump is directed through the two cells
in a direction orthogonal to the probe using a 50-50 non-
polarizing beam splitter (BS) and Mirror (C).

In addition to 8"Rb, the vapor cells contain buffer gas
with cell A nominally filled with 15 Torr of Ny pressure
and cell B nominally filled with 30 Torr of Ny pressure.
Heaters made from a flexible printed circuit board (not
shown) are glued to the unused wall of the vapor cells
to control the rubidium vapor pressure. A linearly po-
larized microstrip antenna is positioned between the two
cells to apply a microwave /2 pulse at frequency Av in
Eq. 1. The probe, after passing through the two cells, is
retroreflected using a gold-coated mirror (D) placed 2.2
cm away from the center cell B.

The distances between the cells (A, B) and the mir-
ror (D) were carefully chosen to ensure constructive in-
terference of the relative phase between the probe and
sidebands for forward and backward propagating probe
light. Maximum sideband generation occurs at integer
spacings of the wavelength of the microwave radiation.
This discrete spacing relative to the mirror gives a 2.2-
cm spacing between the mirror and Cell A and 6.6-cm
spacing for the mirror to Cell B, making the cell-to-cell
separation (gradiometer baseline) 4.4 cm. After passing
through the cells, the retroreflected light again passes
through the PBS which directs the orthogonally polar-
ized sideband light towards the PD.

The sensor is run in a pulsed mode with a 3 ms cycle
time. During the first phase of the cycle (1.5 ms long),
the pump light is switched-on to spin polarize the atoms
in both vapor cells. The pump laser wavelength is modu-
lated at 200 kHz to be resonant with both the 5525 5 [1)
and |2) ground states to minimize hyperfine pumping and
to transfer a majority of the atoms into the the |2, 2) dark
state. Due to limitations in the available pump optical
power in the experiment (4 mW at the entrance of the
sensor head), we estimate that roughly 60% of the atoms
were optically pumped into the |2,2) dark state in the
two cells. After the optical pumping phase, the pump

( ) QWP Collimating Lens BS
a B

\ i Mirror(C).
Pum Mirror(D
- N

Probe
| R v PD/ PBS 87Rb (A) Antenna ¥7Rb (B)
zZ 30 Torr N, 15 Torr N,
(b) 8 - T 4 ! i
Fit mmm e 10 .
L Data o X === Gradiometer i
; S T 25 T === Atom Shot Noise
=
= 6 g = & 2 T
] 2 L51o
o0 = - 1
n
v 4 i
B 100L e vl
g I 0 50 100 150
B 2+ Frequency (Hz) E
=
o | i
0 0.5 1 1.5 2
Time (ms)

FIG. 4. (a) A schematic of the compact gradiometer sensor
head. The probe makes two passes through vapor cells filled
with 87 Rb vapor and nitrogen buffer gas. The sidebands are
separated from the probe by the PBS and measured on a
PD. (b) (Orange circles) PD output showing the beat-note
observed after applying a m/2 pulse. (Blue) Numerical fit
to experimental data with Eq.3. (Inset) Gradiometer noise
floor obtained from the time series of beat-note frequencies in
sequential cycles of gradiometer operation. Data was taken
in an unshielded laboratory environment.

light is switched-off and a /2 pulse is applied to gener-
ate sidebands. The sideband light is separated from the
probe light by the PBS, allowing only sideband light to
pass to the PD.

Interference between the sideband light from the two
vapor cells generates a beat-note directly proportional
to the gradient field between the two cells. Even in the
absence of a significant gradient field, a beat-note with
a 6 kHz frequency is observed due to the nominal 15
Torr differential in nitrogen buffer gas pressure between
the two cells. The nitrogen buffer gas induced pressure
shift for the ground state hyperfine transitions, Avgg,
is approximately 548 Hz/Torr [35]. This offset frequency
allows the gradiometer to function in a near zero-gradient
field environment.

Since the beat-note is produced by an interference of
the electric fields from two exponentially decaying coher-
ent light sources, the functional form of the photodiode
output after the 7/2 pulse is given by

S(t) = By Tx + B4e 5 + 2B Epe T 75 sin(2n ft + ¢) (3)

where F4 and Ep are the electric fields produced by the
sidebands from cells A and B respectively, T4 and T
are the hyperfine ground state relaxation rates in the
two cells, and f = Avpg + 37|AB| is the relative fre-
quency difference between the two sidebands (beat-note
frequency). Considering Avps to be a constant offset,



the magnitude of the magnetic field gradient between the
two cells is obtained from a measurement of f. The zero
gradient field frequency of the beat note was measured to
be consistent with the known buffer gas pressure differ-
ential in the vapor cells used in our experiments. With
the Earth’s field orientated along z, the primary gradient
measured is dB,/dy. The raw photodiode output was
digitized and recorded using a 16-bit, 2 MSPS analog-
to-digital converter (ADC). In post processing, the beat-
note obtained in each cycle was fitted to the functional
form S(t) to extract the beat-note frequency. As seen
in Fig. 4b, the fitted function closely overlaps with the
experimental data. From the measurement of the beat-
note frequency in each 3 ms cycle, a time series of the
gradient field was obtained. From the Fourier trans-
form of the gradient field time series, the gradiometer
noise floor was calculated. Fig. 4b (inset) shows the gra-
diometer noise floor measured in the ambient laboratory
background magnetic field to be 25 fT/cm/vHz . An
estimate of the atom shot noise (0.3 fT/cm/v/Hz) from
Eq. 1, Ref[36] is also shown. We expect the sensitivity
to approach the atom shot noise limit by increasing the
pump power to obtain unity spin polarization, improv-
ing the optics, and mitigating the technical noise. To
improve the practical utility of our gradiometer, we also
developed a second variant of the sensor package with
colinear pump and probe beams that is described in the
supplemental section [34].

In summary, we developed a novel method for direct
optical observation of the magnetic field gradient between
two spatially separated alkali vapor cells. The method
relies on highly efficient sideband generation from the in-
teraction between a linear probe beam and alkali atoms
in a coherent superposition of magnetically sensitive hy-
perfine ground states. We developed a rigorous theoreti-
cal framework to accurately model our system and iden-
tify parameters to optimize its sensitivity. In addition,
we demonstrate that our method is suitable for practical
applications by developing an integrated, highly sensi-
tive sensor package with readily available optical com-
ponents. Because microwave sideband generation can be
observed on all ground states in the hyperfine manifold
that form a closed A system, the technique is suitable
not only for magnetic sensing, but also for atomic clocks
[24, 25], radio-frequency sensing [37, 38], and fundamen-
tal physics experiments [39, 40].
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