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‘We demonstrate a transversely polarized spin-exchange pumped noble gas comagnetometer which
suppresses systematic errors from longitudinal polarization. Rb atoms as well as *'Xe and '**Xe
nuclei are simultaneously polarized perpendicular to a pulsed bias field. Both Xe isotopes’ nuclear
magnetic resonance conditions are simultaneously satisfied by frequency modulation of the pulse rep-
etition rate. The Rb atoms detect the Xe precession. We highlight the importance of magnetometer
phase shifts when performing comagnetometry. For detection of non-magnetic spin-dependent in-
teractions the sensing bandwidth is 1 Hz, the white-noise level is 7 uHz / V/Hz, and the bias stability

is ~ 1 puHz.

Spin-exchange (SE) pumped comagnetometers [1, 2]
utilize co-located ensembles of spin-polarized alkali-metal
atoms and noble gas nuclei [3] to suppress magnetic field
noise. Such devices have been used to place upper bounds
on spin-mass couplings [4, 5], Lorentz violations [6-10],
and nuclear electric dipole moments [11-13], and for the
measurement of inertial rotation [2, 14-16]. The funda-
mental uncertainty of a SE pumped comagnetometer’s
measure of inertial rotation scales favorably with sensor
size compared to alternative technologies [17].

Longitudinal SE fields are important sources of sys-
tematic uncertainty in devices which utilize the embed-
ded alkali-metal atoms for high SNR detection. Consider
an ensemble of two noble gas species (a and b) which
are spin-exchange optically pumped (SEOP) in a com-
mon magnetic field B, and are each subject to some
spin-dependent interaction X. The Larmor resonance
frequency of isotope a can be written as [2, 18—-20]

Q% = y*(B, + b5, + i K2) + X2, (1)

where ~ is the gyromagnetic ratio, S and K are the re-
spective alkali-metal and noble gas polarizations, z sub-
scripts refer to the longitudinal components (i.e., parallel
to the bias field direction), and b; is the SE coeflicient
characterizing the influence of j’s polarization on 7. With
knowledge of p = v%/4°, simultaneous measurement of Q°
and QP allows B, to be suppressed while sensitivity to X o
and X? is retained [21].

In this paper we demonstrate a SE pumped !*!Xe-
129X e comagnetometer which suppresses time-averaged
S, and K, such that

pQ’ Q" pXb-X?

¢ 1+p

T 2)
where the superscripts @ and b refer to 12°Xe and '3'Xe,
respectively, and p = 3.3734 [22]. The comagnetometer
relies on a dual-species version of synchronous SEOP [23],
wherein noble gas nuclei are continuously polarized trans-
verse to a frequency modulated pulsed bias field. We
demonstrate that the correlation between the frequency
of precession of 3! Xe and '?Xe is sufficient to resolve 7
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FIG. 1: Schematic of apparatus. Field shim coils are
not shown. The green trace depicts the frequency
modulated bias field pulses.

uHz / V/Hz of white frequency noise with a low frequency
field noise suppression of > 103. We also demonstrate
the influence of alkali-metal magnetometer phase shifts
on the field noise suppression of the comagnetometer.

A schematic of the experimental setup is shown in
Fig. 1. ®°Rb atoms are optically pumped along &, trans-
verse to a pulsed bias field oriented along Z. The no-
ble gas nuclei are polarized via SE collisions with the Rb
atoms. The bias field is applied as a series of low duty cy-
cle pulses (depicted in green), where each pulse produces
a 2m Larmor rotation of the Rb spins. Due to the ~ 10°-
fold smaller magnetic moments of the Xe isotopes, they
experience an effective bias field of B,(t) = w,(t)/7°,
where w,(t) is the repetition rate of the 27 pulses and
hy® = 2up/(21 + 1), where I = 5/2 is the °Rb nuclear
spin and pp is the Bohr magneton. The magnetic reso-
nance of each noble gas species is simultaneously excited
by modulating w, at linear combinations of 2* and 0o,

The experimental apparatus is similar to Ref. [23]. Up-
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FIG. 2: Time dependence of bias pulse repetition rate
fp (top) and normalized S, (middle) for A% = Ab ~ 0.
Corresponding pulse number dependence of normalized
S, (bottom). Filled circles are measured data. Lines are
theory fits to the data. Inset depicts greater time detail
of the bias pulse gating.

dates include an 8 mm cubic Pyrex cell filled with 40 Torr
enriched Xe and 50 Torr Ny with a hydride coating [24],
and a custom-made pulse driver designed so that the volt-
age required to produce 27 pulses is largely independent
of pulse repetition rate.

The embedded Rb magnetometer, which is effectively
at zero-field due to the low duty cycle nature of the bias
field pulses [25], continuously detects the noble gas SE
field bf(Ky. The Faraday rotation of a linearly polarized
probe laser propagating parallel to the bias field serves
as a monitor of S, o« K,. The S, signal is digitally
demodulated, and the pulse modulation frequencies are
adjusted to maintain resonance for both Xe species. The
Xe resonance frequencies determined by the feedback are
recorded and used to compute &.

We optically pump the Rb atoms with circularly po-
larized light propagating along +&. We take care to null
transverse fields experienced by the Xe, including the SE
field bg Sz, such that the longitudinal components of the
Xe polarizations are negligible [23]. Under these condi-
tions, the transverse components K, = K, + 1K, of the
nuclear spin polarization for each noble gas species obey

dK,
dt

where Q = vB, + X, is the Larmor resonance frequency,
arising from both magnetic field B, and spin-dependent
phenomena X,. The SE rate constant is ng( , and the
transverse relaxation rate is I'y. The sign in front of 2
encodes the direction of precession (top is 2Xe, bottom
is 131Xe). We assume that *'Xe frequency shifts due to
quadrupole interactions are independent of B, and are
included in X?.

= (7iQ+)K, +TES, (3)

Multiple noble gas species can be simultaneously ex-
cited via SE collisions with the Rb by modulating either
S: [23] or B,. Here we choose to modulate B, by mod-
ulating w,. The Rb magnetometer is far less sensitive to
changes in w, than to changes in DC fields.

The magnetic field component along 2 is B, = B,g +
B,(t), which consists of the stray field B, and the field
from the 27 pulses B, (t) = Bpo + B, (t), where By is
the DC component and B, is the AC component of the
pulsed field. Since each pulse produces 27 precession of
the Rb atoms, the Rb atoms primarily experience B,
while the Xe nuclei experience both B, and B,,. In prac-
tice, we find that the magnetometer gain varies up to a
factor of two as the pulse repetition rate is modulated
(the magnetometer would not function if B¢ were modu-
lated instead). We avoid such gain modulation by gating
the 27 pulses and only recording the Faraday signal when
the pulses are off and the magnetometer gain has stabi-
lized. The 27 pulse repetition rate (depicted in Fig. 2) is
modulated as

wp(t) = wpog(t) (1 + by cos(wit) + ba cos(wat)), (4)

where g(t) = (sign(cos(wst)) + 1) is the time dependence
of the gating, wy = wfl and wy = WG - 3wZ determine the
Xe drive frequencies, and b; and b, set the depth of mod-
ulation.

Though the Rb atoms are optically pumped along Z,
the field B, causes their polarization to rotate slightly
into ¢y. This tip causes a phase shift in the drive of
each isotope as well the detection of their precession.
The transverse spin is then S, = S e®s, where ¢, =
tan’l(%) ~ tan’l(%) is the magnetometer phase shift
due to ézo and B, is the magnetic width of the magne-
tometer.

We use a phasor representation K, = K, e**® for the
nuclear spin polarization. In the experiment we measure
the difference 0 = ¢ — a between the instantaneous Xe
phase ¢ and a reference phase o = [ (wq+7By, )dt which is
the phase the Xe would have if the only fields present were
the pulsing fields and if A = wy;—Qg = 0 with Qy = y(B,o+
Byo) + X,. To first order in ¢ and ¢,, the imaginary part
of Eq. 3 is

2= a-Ty57e) (5)
and the time average of the real part is K, = Fé(SJ_C/FQ,
where C' is the time average of cos(a). Note that the
precession direction makes the sign in front of €, isotope

dependent.
We detect the z-component of the Rb spin,
1
S, = ?(bea xS+byKP x8S),
= A%sin(¢® —€,) + A sin(¢’ + ¢.,). (6)

This assumes that K precesses slowly enough that S,
adiabatically responds. It also assumes negligible back
polarization from the Xe to the Rb [1, 26]. We see that
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FIG. 3: Xe NMR Lineshapes. (a) b5 K% vs A%, (b)
by K® vs Ab. Filled circles are K, and open circles are
K. Lines are Lorentzian fits to the data.

the detected phase of S, depends on the Xe phases as
well as the magnetometer phase.

Figure 2 shows S, for A® = A’ ~ 0 as a function of
both time and pulse number. Although the signal ex-
hibits a complicated time dependence, its dependence on
pulse number (which is equivalent to its dependence on
a if A =0) is a simple superposition of sine waves. We
extracted the precession phase of each isotope as mea-
sured by the Rb by demodulating S, with cos(a). Since
S, was sampled at ws, we applied an anti-aliasing filter
before approximating the time average by a moving av-
erage over N data points, where N was chosen to remove
the high frequency residuals of the demodulation.

Figure 3 shows the demodulated S, for each isotope as
wq is scanned, giving a familiar NMR resonance shape.
The data were acquired with one isotope driven on reso-
nance while the other isotope’s detuning was varied. For
the field modulation, we set ws = 27 x 200 Hz, b, = 0.73
and by = 0.15, and wpo » 27 x 13.2 kHz, resulting in aver-
age precession frequencies of ~ 33.3 Hz and ~ 9.9 Hz for
129X e and 131 Xe, respectively. The moving average filter
was N=162. With these settings, the amplitude of B,,
was about 10B,, and the detection bandwidth was 1 Hz.

For ¥'Xe we realize bei’ ~ 30 uG (corresponding
to 0.1% polarization) and a linewidth of 21.2(3) mHz.
For 2°Xe we realize b5 K ~ 10 uG (0.3% polarization)
and a linewidth of 15.6(3) mHz. Such low ?°Xe polar-
ization relative to the Rb polarization at our Rb den-
sity (ns ~ 103cm™) could be due to a temperature-
dependent wall relaxation mechanism similar to what
has been reported in Rb-He cells [27]. We see no signs
of quadrupole beating in the '*'Xe signal and believe
the absence of first order quadrupole beating is generic
to transverse polarization. From free induction decay
studies we estimate residual quadrupole effects to be 2
mHz [28].

For small fluctuations (or rotations) about the bias
magnetic field, the phase § of the Xe transverse polariza-
tion relative to Rb transverse polarization is much more
strongly affected than its magnitude, and obeys Eq. 5.

Performing a Fourier transform gives
AF FQ Ez

6=—= .
iw+ 1y

(7)

We adjust the drive frequency of each isotope to hold
its measured phase to zero [29]. Doing so reduces uncer-
tainty in the transformation from phase to frequency for
each isotope. The feedback can be written

Wa=G0FE) (8)

where G is frequency-dependent gain (units of 2
Hz/rad). The finite gain corrected drive frequency is then

Dg = 0gG  (iw+ Ty + G) = Qo 7 iwe.. (9)

The comagnetometer signal £’ is computed in post pro-
cessing using the wy’s such that & = £ + iwe,, where

w?, wh > 0.
To extract £ from &', we assume
1 @%+ @Y
€, = tan ! ——4——4d ) (10)
By v +9°

which follows if B, is the dominant contribution to both
€, and the sum of the finite gain corrected drive frequen-
cies. We will show that this assumption dramatically
improves the comagnetometer’s suppression of magnetic
field noise.

We stabilize the two drive frequencies to line center
with an accuracy of £0.3 mHz and record the drive fre-
quencies as a function of time. Once acquired, the indi-
vidual drive frequencies are corrected for finite gain and
used to compute €, and £. Figure 4 (a) shows the ampli-
tude spectral densities of w, wg, and £. The spectrum of
w§ is approximately p larger than that of wg from DC to
0.1 Hz, suggesting that Z magnetic field noise dominates
over this frequency band.

In separate experiments, we record the drive frequen-
cies with an ancillary B, applied. This 5 mHz 4.3 G
field is used to measure the field suppression factor (FSF),
which we define to be @3*'/ ¢ at the frequency of the an-
cillary B,. We find that the FSF depends critically on
the assumed value of B,, (see Fig. 4 (b)), which scales €.
We measure B,, independently using two methods; from
the open loop response of the Xe (see Eq. 7) we infer
B, =3.5(3) mG, and from the magnetometer’s response
to B, we find B,, = 3.1(1) mG. Analyzing the precession
data assuming the weighted mean B, = 3.14 mG we find
an FSF of 470. However, choosing B, = 2.0 mG produces
an FSE of 2300. Alternatively, if we ignore the influence
of €, completely and calculate 0! /¢’, we find an FSF of
75. Clearly, €, introduces substantial phase shifts in the
comagnetometer signal, significantly limiting the FSF if
left unaccounted for.

In order to suppress uncertainty in the FSF due to
B,,, we built an additional feedback loop which corrected
B,y such that the sum wj + wg was kept fixed in real
time. The gain of this feedback loop was sufficient to
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FIG. 4: (a) Amplitude spectral densities of f(li’, 3, €.
(b) Spectra with ancillary AC B, applied showing the
field suppression factor for various comagnetometer
signal computations. (c) Allan Deviations of f, f2, ¢,
where £ was analyzed with both standard and modified
Allan deviations. All data shown have been corrected
for finite gain. A Hanning window is applied to each
spectrum.

suppress (I)Z by a factor of 15 at 5 mHz compared to
when B, was not stabilized. The FSF was 1800 with this
additional feedback loop (taking into acount the factor of
15 suppression of @9).

Figure 4(a) shows &’s spectrum without an ancillary
B, and without B,y feedback. §~ reaches a white noise
level of < 10 puHz / VHz regardless of the B, used in
computation, suggesting that £’s noise is not limited by
the FSF (B, = 3.14 mG for the data shown).

Figure 4 (c) shows the standard Allan deviation
(ADEV) of wY, w?, and ¢ as well as the modified Al-
lan deviation (MDEV) [30] of &, each with a 1 Hz step
low pass filter applied. The MDEV averages f frequency
noise faster and is therefore able to resolve a lower bias

stability of roughly 1 pHz after 30 seconds of integra-
tion. Both the ADEV and MDEV eventually exhibit
71/2 trends. The source of this 1 / f frequency drift is un-
certain. Possible sources of drift include contributions to
€. besides B, (which are not accounted for in our current
computation of €,) and fluctuations in T's (which likely
stem from Rb density fluctuations and manifest as noise
if A+0 [2]).

Fitting the MDEV results [31] in an angle-random walk
(ARW) of \/2x4.7(4) = 6.6(6) uHz/ v/Hz. The measured
SNRs (5300 and 3200 VHz for ¥ Xe and 29Xe, respec-
tively) suggest an ARW limit of 4 uHz/\/Hz, very simi-
lar to that found by fitting the MDEV. The photon shot
noise limited ARW is roughly a factor of 10® smaller. It
is unclear what is currently limiting the detection noise.

This is the first demonstration of a continuously SE
pumped comagnetometer which avoids time-averaged
longitudinal alkali-metal and noble gas polarization. The
demonstrated field suppression and white frequency noise
would be sufficient to realize a bias stability of 200 nHz
if stray 1/f magnetic noise were the dominant noise con-
tribution. Despite 30x smaller bf{K 1, the ARW is only
6x that of Ref. [1] at 230x the bandwidth.

We have shown that the phase of the embedded alkali-
metal magnetometer €, plays an important role in under-
standing the comagnetometer. Indeed, the field suppres-
sion factor improves dramatically when correcting B, to
keep wg + wZ = const. We note that, in addition to B,,
€, could also depend on pump pointing, K., and back
polarization (K, producing Sy). By measuring the re-
sponse of the magnetometer to an ancillary rotating B,
€. could be monitored directly and in real time for greater
precision.

The stability demonstrated should be sufficient to
make the first measurement of 6% [18, 32]. Additionally,
with a 2 mm cell [4], we anticipate being able to improve
the present upper bound for spin-mass couplings in the
sub-mm wavelength range by an order of magnitude after
merely 100 seconds of measurement.
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