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Nuclear Spin Gyroscope Based on an Atomic Comagnetometer
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We describe a nuclear spin gyroscope based on an alkali-metal —noble-gas comagnetometer. Optically
pumped alkali-metal vapor is used to polarize the noble-gas atoms and detect their gyroscopic precession.
Spin precession due to magnetic fields as well as their gradients and transients can be cancelled in this
arrangement. The sensitivity is enhanced by using a high-density alkali-metal vapor in a spin-exchange
relaxation free regime. With a K-’He comagnetometer we demonstrate rotation sensitivity of 5 X
1077 rads~! Hz~'/2, equivalent to a magnetic field sensitivity of 2.5 fT/Hz!/2. The rotation signal can
be increased by a factor of 10 using ! Ne with a smaller magnetic moment. The comagnetometer is also a
promising tool in searches for anomalous spin couplings beyond the standard model.
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Sensitive gyroscopes are used in many applications,
from inertial navigation to studies of the Earth’s rotation
and tests of general relativity [1]. A variety of physical
principles are utilized for rotation sensing, including me-
chanical sensing, the Sagnac effect for photons [1,2] and
atoms [3,4], the Josephson effect in superfluid *He and *He
[5], and nuclear spin precession [6]. While mechanical
gyroscopes operating in a low gravity environment remain
so far unchallenged [7], research continues on the develop-
ment of more versatile rotation sensing techniques.

Nuclear spin gyroscopes [6] measure the shift of the
NMR frequency caused by inertial rotation. At least two
spin species with different gyromagnetic ratios occupying
the same volume are used in a ““comagnetometer’’ arrange-
ment to cancel the magnetic field dependence of the NMR
frequency. Spin gyroscopes have been developed using
129Xe and #3Kr atoms polarized by spin exchange [8] and
optically pumped 'Hg and ?°'Hg isotopes [9]. More re-
cently, similar comagnetometers have been used to search
for physics beyond the standard model. For example, a
3He-!?Xe Zeeman maser pumped by spin exchange with
alkali atoms has been used to search for a CP-violating
electric dipole moment [10] and for a Lorentz-violating
background field [11]. In both gyroscope and fundamental
physics applications, the long-term stability is limited by
imperfect cancellation of external magnetic fields and
frequency shifts due to magnetic dipolar interactions be-
tween spins, spin-exchange collisions, and light shifts.

Here we describe a new type of alkali-metal noble-gas
comagnetometer that can be used for both inertial rotation
sensing and fundamental physics applications. The alkali-
metal magnetometer is operated in the spin-exchange
relaxation free (SERF) regime where a magnetic field
sensitivity of 0.5 fT/Hz!/2 has been demonstrated
[12,13]. It would correspond to a rotation sensitivity of 1 X
1078 rads™' Hz"/2 in a K-*Ne gyroscope. We show
that the comagnetometer is effective in suppressing the
sensitivity to magnetic fields, their gradients, and tran-
sients. Spin exchange and light shifts are also suppressed
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to first order. The bandwidth and transient response of the
comagnetometer are improved by dynamic damping due to
coupling between noble-gas and alkali-metal spins [14].
We describe an experimental implementation of the co-
magnetometer using K and *He atoms with a short term
sensitivity of 2.5 fT/Hz'/?, approximately a factor of 100
higher than obtained in [10]. The apparatus is presently
used to search for a Lorentz-violating spin coupling [15].
We also present a theoretical analysis of the comagne-
tometer response and derive fundamental limits for its
performance.

The comagnetometer consists of a 2.5 cm diameter
spherical glass cell that contains a small quantity of potas-
sium, 7 amagat of 3He and 20 torr of N,. K atoms are
polarized by optical pumping and transfer the polarization
to the 3He by spin-exchange collisions. A probe laser
passes through the cell perpendicular to the pump laser
and measures the transverse component of the K spin
polarization. The imaginary part of the K->He spin-
exchange cross section strongly couples the two spin en-
sembles. In a spherical cell this coupling can be repre-
sented by an effective magnetic field that one spin species
experiences from the average magnetization of the other,
B = AM, where A = 87ky/3 [16] and K, ranges from
about 5 to 600 for different alkali-metal—noble-gas pairs
[17]. The basic operation of the comagnetometer can be
understood from Fig. 1. A bias magnetic field is applied
parallel to the pump beam and its value is set to approxi-
mately cancel the field created by the nuclear magnetiza-
tion AM,,, so the net magnetic field experienced by the K
atoms is close to zero. This allows high-sensitivity SERF
operation of the K magnetometer that is primarily sensitive
to the B, field. However, the nuclear magnetization adia-
batically follows a slowly changing magnetic field and
cancels to first order any changes in the B, field, as shown
in Fig. 1(b). Such cancellation only occurs for interactions
that couple to spins in proportion to their magnetic mo-
ments, leaving the comagnetometer sensitive to inertial
rotation or other anomalous spin couplings [14].
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FIG. 1. Basic operation of the comagnetometer. (a) Alkali-
metal and noble-gas atoms are polarized along the bias field
B. = —AM,. (b) The nuclear magnetization adiabatically fol-
lows slow changes in the external field, cancelling the effect of a
small B, field on the alkali-metal spins S.

The experimental apparatus is similar to the one used in
[14]. Briefly, the comagnetometer cell is heated to 170 °C
and located inside 5-layer magnetic shields. The pump
laser is circularly polarized and tuned to the D1 resonance
while the probe laser is linearly polarized and detuned by
about 0.5 nm. The active volume defined by the intersec-
tion of the pump and probe beams is about 0.5 cm?. A
Faraday modulation technique is used to measure the
optical rotation of the probe beam caused by the alkali-
metal atoms and a Pockels cell is used to cancel any
birefringence introduced by optical elements. Feedback
circuits control the wavelength and intensity of pump and
probe lasers. Magnetic fields and light shifts are periodi-
cally zeroed using a modulation procedure described be-
low. To induce rotation of the apparatus, the floating
optical table is pushed with a piezo and its orientation is
monitored by 6 noncontact position sensors.

As shown in [14], the comagnetometer can be described
by a set of coupled Bloch equations for the electron and
nuclear polarizations, P¢ and P",

Jpe Ye
—Q XPt+ (B + AMZP" + L) X P*
at Q(P°)
+ (R,sp + REP" + R,sp — R P¢)/Q(P°),
op® (1)
S = QP y, (B + AMGP) X P

+ RI,(P¢ — P*) — R, P".

Here Q is the inertial rotation rate, y, = g,up/h and
Yo = M,/Ih are the gyromagnetic ratios of electron and
nuclear spins. M§ and M{j are the magnetizations of elec-
tron and nuclear spins corresponding to full spin polar-
izations. L is the effective magnetic field for alkali-metal
spins created by the light shift from pumping and probing
lasers [18]. R, and R,, are the pumping rates of the pump
and probe laser beams, while s, and s,, give the directions
and magnitudes of their photon spin polarizations. R, is
the alkali-metal —noble-gas spin-exchange rate for an alkali
atom and R, is the same rate for a noble-gas atom. R, is
the total spin relaxation rate for alkali atoms; R, = R, +
R, + Ri. + R¢;, where R, is the electron spin destruction
rate. R”, is the nuclear spin relaxation rate. Q(P¢) is the

electron slowing-down factor due to hyperfine interaction
and spin-exchange collisions [13]. For alkali-metal iso-
topes with I = 3/2 in the regime of fast alkali-metal spin
exchange, Q(P¢) ranges from 6 for low P¢ to 4 for P¢ =~ 1.

The comagnetometer is nominally configured with the
pump beam directed along the Z axis and the probe beam
directed along the % axis. The bias fieldis setto B = B.Z =
—(B" + B®)Z. Here the effective field from nuclear mag-
netization B" = AM{ P} is typically on the order of a few
mG and the effective field from the electron magnetization
B¢ = AM§P¢ is on the order of a few uG. The light shifts
can be set to zero, L. = 0, because the pump beam is tuned
to the center of the optical resonance and the probe beam is
linearly polarized. Under these conditions the gyroscope
signal, proportional to the optical rotation of the probe
beam due to P¢, is accurately given by

Ye£), PS
YaRiot

s =P = (-0 -cn) @
Ye

Thus, the signal is proportional to the rotation about the §

axis and is enhanced by the ratio y,/vy, > 1. The nuclear

spin-exchange  correction factor CZ = (y,P!RL)/

(y,P"Ry) is typically on the order of 1073.

Figure 2 shows the angular velocity measured by the
spin gyroscope compared with the angular velocity (),
obtained from the position sensors. The gyroscope sensi-
tivity is calibrated as described below and agrees with
position measurements within the calibration accuracy of
3%. We also checked that the gyroscope is insensitive to
the other two components of the angular velocity.

The sensitivity of the gyroscope is shown in Fig. 3. The
angle random walk (ARW) is 0.002 deg /h'/2 or 5%
1077 rads~' Hz~!/2 in the white noise region and corre-
sponds to a magnetic field sensitivity of 2.5 fT/Hz'/2. The
low frequency angle drift of the gyroscope in the present
implementation is about 0.04 deg/h.

Next we consider the effects of experimental imperfec-
tions. The only first-order dependence on the magnetic
fields or light-shift fields comes from the B, field:

S(B,) = B,P{(CS + C&)/B", 3
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FIG. 2. Angular velocity of the optical table measured with the
comagnetometer (solid line) and position sensors (dashed line),
plotted with no free parameters.
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FIG. 3. Fourier spectrum of the gyroscope rotation noise.
Discrete peaks are an artifact of periodic background measure-
ments. The 1/f noise knee is at about 0.05 Hz.

where the electron spin-exchange correction Cg, =
(R P") /(R P¢) is on the order of 1072, Because electron
and nuclear spin-exchange corrections are small and
R < v,.B", this field sensitivity is suppressed by a factor
of about 10°. Misalignment of the pump and probe beams
by an angle a away from 90° gives a signal § = aR,,/Ry.
For typical conditions, 1 urad of misalignment gives a
false rotation of 10~8 rad/s. Misalignment can be distin-
guished from a true rotation signal by its dependence on
the pumping rate R,. Small circular polarization of the
probe laser s,, gives a first-order signal S = s5,,R,,/ R
which can be set to zero by minimizing the probe light shift
as described below.

Other imperfections only affect the signal to second
order in small quantities. For example, the signal due to
the B, field is given by

YeByP?
S(By) = e (B, = (B. + L)Ci, = (2B, + L)Ck
tot
“4)

where B, is a small detuning away from the compensation
field B,. In addition to suppressing imperfections by two
small factors, such second order dependence allows us to
calibrate the comagnetometer and provides a mechanism
for zeroing many offsets. For example, to set B, to zero we
apply a modulation to the B, field, measure the response as
a function of B, and find the point where it vanishes. The
slope of the response is given by
9%S Ve

P P
=Jes (- cg -0 = Lo
9B,0B,  B"Ry |B.|Riox

&)

The approximations in the last step are accurate to better
than 1% because under typical conditions B* <« B" and
C¢., CL < 1. The measurement of the slope gives a cali-
bration of the gyroscope signal (2) in terms of the known
applied magnetic fields By, B;, and B.. Most other field,
light shift, and alignment imperfections can be minimized
in a similar way with an appropriate choice of modulation.
For example, a term in the signal proportional to L,L,
allows us to minimize the light shifts of the pump and

probe beams by modulating one of them and adjusting the
other to get zero response. Since L, * s,,, this also mini-
mizes the probe circular polarization.

The transient response of the gyroscope is also improved
in the comagnetometer configuration. In navigation appli-
cations, the rotation frequency is integrated over time to
obtain the rotation angle. Using the Green’s function for
linearized Bloch equations [14], it can be shown that the
integral of the signal is proportional to the total angle of
inertial rotation about the j axis independent of the time
dependence of Qy. Furthermore, the net rotation angle
generated by an arbitrary magnetic field transient is equal
to zero as long as spin polarizations are rotated by a small
angle during the transient. Figure 4 shows the experimental
response of the gyroscope to a transient magnetic field
spike, demonstrating reduction of the spin rotation angle
by a factor of 400 relative to an uncompensated K magne-
tometer. The transient decay time is much faster than the
nuclear spin relaxation time due to dynamic spin damping
[14]. For a sinusoidally oscillating magnetic field at a
frequency w, the largest sensitivity comes from the B,
field and is suppressed by w/(7y,B"). The measured re-
sponse of the comagnetometer to oscillating magnetic
fields is shown in Fig. 5.

The comagnetometer also effectively suppresses mag-
netic field gradients even though alkali-metal and noble-
gas polarizations have different spatial distributions. The
polarization of the noble gas is constant in absolute value
and parallel to the local direction of the magnetic field
because the noble-gas diffusion rate Ry, satisfies the rela-
tionship y,B" > Rp > R},. Thus, the nuclear magne-
tization largely cancels the nonuniform external field point
by point. The imperfections of this cancellation are ex-
pected to be on the order of 1073. We measured the
sensitivity to first-order magnetic field gradients and ob-
tained suppression factors of 500 to 5000 relative to S, =
Y.|VBlaP¢/R, where a is the radius of the cell.

The fundamental limit on gyroscope sensitivity is due to
spin projection noise. We performed a quantum trajectory

60 . . . . , 03
e 40 0.2
s 1
— ag
£ 20 01
2 3
2 &
[~
g 0 0
=

~20 1 1 1 L . 0.1

0 01 02 03 04 05 06
Time (s)

FIG. 4. Response of the comagnetometer (dashed line) to a
magnetic field transient (solid line), plotted against the left axis.
The total rotation angle (dash-dotted line), proportional to the
integral of the comagnetometer signal, is much smaller than the
expected rotation angle for an uncompensated K magnetometer
(dotted line), plotted against the right axis.
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FIG. 5. Suppression of the comagnetometer response to uni-
form oscillating fields in the %, y, and Z directions relative to the
signal expected from an uncompensated magnetometer. The field
sensitivity is highest in the x direction and agrees with theoreti-
cal predictions (solid line).

simulation of the coupled spin system (1) to show that
for most parameters the measurement uncertainty is
dominated by the alkali-metal spins. The rotational uncer-
tainty per unit bandwidth is given by 6, = (y,/v.) X
[Q(P)R,,/nV]"/? where n is the density of alkali-metal
atoms and V is the measurement volume. 2!Ne gives the
best fundamental sensitivity and suppression of systematic
effects because it has a small gyromagnetic ratio v,
10 times smaller than *He. Using the K->'Ne spin relaxa-
tion cross section measured in [19], we estimate the fun-
damental sensitivity to be 2 X 107'% rads~' Hz~'/2 for a
measurement volume of 10 cm?, K density of 10 cm ™3,
and ?'Ne density of 6 X 10" ¢m™3. Detection of the off-
resonant optical rotation can approach the spin projection
noise even with imperfect detectors by making a quantum-
non-demolition measurement of the alkali-metal spin in an
optically thick vapor [20].

For comparison, gyroscopes based on the Sagnac effect
have achieved sensitivities of 2 X 10710 rads~! Hz /2
using a ring laser with an enclosed area of 1 m? [21] and
6 X 10710 rads~!'Hz'/? using an atomic inteferometer
with a path length of 2 m [22]. More compact atomic
inteferometers using cold atoms are presently being de-
veloped with a projected shot-noise sensitivity of 3 X
1078 rads ' Hz /2 [4] and 2 X 10 % rads™'Hz~ /2 [23].
Compact state-of-the-art fiber-optic gyroscopes have a
reported sensitivity of 2 X 1078 rad s~! Hz~!/2 [24]. Thus,
the gyroscope described here is promising as a compact
rotation sensor that can rival existing technologies. Its
relative simplicity makes it amenable to miniaturization
with techniques developed for atomic clocks [25]. Small
size and fast transient response may also allow reduction of
long-term drifts using active rotation techniques [26].

In conclusion, we have described the operation and
performance of a K-*He comagnetometer gyroscope. It
has a high short term sensitivity with a small measurement

volume and is insensitive to external perturbations. Further
improvement is possible by switching to >!Ne gas. The
comagnetometer is also a promising tool in searches for
new physics effects that couple to electron and nuclear
spins not in proportion to their magnetic moments.
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