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Abstract— Nuclear magnetic resonance gyroscopes (NMRGs)
detect rotation as a shift in the Larmor precession frequency of
nuclear spins. A review of the open literature on NMRGs is

L INTRODUCTION

A gyroscope measures the angle or angular rate of
rotation of the object upon which it is mounted relative to
inertial space. Nuclear magnetic resonance gyroscopes
(NMRGs) accomplish rotation detection by measuring a shift
in the Larmor precession frequency of nuclear spins in an
applied magnetic field. Large-scale NMRGs were developed
in the 1960s and 70s, with both Singer and Litton producing
optically pumped NMRGs with bias drifts lower than 0.1 °/h
[1]. Prior to this review article, several other reviews of this
early work had been published. The reviews by Karwacki and
Woodman et al. present detailed specific approaches to
NMRGs [2], [3]. The article by Kuritsky et al. provides a
review of inertial navigation that includes NMRG work
performed through 1983 [4]. The recent review by Liu et al.
presents recent developments in the field of microfabricated
gyroscopes and includes some discussion of NMRGs [5].

Here 1 attempt to tie together developments in NMRGs
that have occurred over the past 50 years including recent
miniaturization trends. Section II gives an introduction into
the instrumentation and measurement techniques for NMRGs.
Following that, specific examples of NMRGs are given,
including those based on mercury (section III) and on noble
gases (section IV). In section V, studies on nuclear
quadrupolar effects are presented, which cause shifts and
splittings in NMRG spectra. Section VI gives a review of the
comagnetometer approach, which has recently been used to
demonstrate a high-performance NMRG. In section VII,
developments in miniaturization are presented. Apologies are
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presented, which includes an introduction to the spectroscopic
techniques that enable NMRGs and a discussion of the design
details for several specific NMRGs that have been built.

given to groups that are not sufficiently credited due to space
limitations or unintentional omissions.

II.

A simplified version of a typical NMR gyroscope is
presented in Fig. 1. A vapor cell contains one or more active
NMR isotopes such as 129% e, an alkali atom such as ¥’Rb, and
some buffer gas. A circularly polarized pump beam resonant
with an optical transition in the Rb atoms and oriented
parallel to an applied field B, spin polarizes the Rb atoms.
The Rb polarization is transferred to the Xe nuclei through
collisions, thereby creating a macroscopic spin polarization
for both species. Coherent spin precession is generated for
both species with applied AC magnetic fields (not shown)
perpendicular to B,. The Xe spins precess about the direction
By, with a precession frequency proportional to the magnitude
of the applied field, ax. = %.By. The proportionality constant
is the gyromagnetic ratio, J%e., Wwhich depends on the
properties of the nucleus and is equal to the ratio of its
nuclear magnetic dipole moment to its angular momentum.

The Rb spins precess about the total field, which is the
sum of B, and the field generated by the precessing Xe spins.
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Figure 1. The basic elements of an NMR gyroscope. For a discussion of the
various components, see the text.
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The Rb polarization is monitored with a probe beam, and
from this signal, the orientation of the Xe polarization can be
detected. This is done either by observing modulation of the
optical absorption of a circularly polarized probe or by
observing rotation of the plane of polarization of a linearly
polarized probe, by use of a polarization analyzer. (The
magnetometry techniques are discussed in detail below.)

When the gyroscope apparatus is rotating about the axis
of the applied field By at a frequency €2, the measured Larmor
precession frequency is

er :yXeBO iQ

(1)

Q is the rotation rate of the apparatus, or more specifically,
the rotation rate of the probe beam and drive fields (the
observer) with respect to inertial space. The sign of the shift
depends on the direction of rotation. In effect, the observer is
fixed to the apparatus and the nuclei are free to precess in the
magnetic field untethered to the cell walls.

A productive period of research in the early 1960’s solved
several technical problems that improved NMRG feasibility,
including  magnetic field stabilization, polarization
enhancement through optical pumping and spin-exchange
optical pumping, and optical detection. These techniques are
presented in detail below.

A. Magnetic-Field Control

To determine Q, B, needs to be stable and precisely
known. Given the gyromagnetic ratio for '“’Xe of 2m-10
MHz/T, a 1°h bias instability corresponds to a field
instability of 100 fT (one billionth the size of the earth’s
magnetic field). The ambient earth field (which is not
necessarily constant) can typically be reduced only by a
factor of 107 by use of magnetic shields [6], [7].

Early in NMRG development, a two-isotope solution was
found to stabilize the field [8]. Two NMR isotopes contained
in an NMRG vapor cell will have the precession frequencies

0 =75,+Q,

W, =y,B,tQ.
Isotopes 1 and 2 have different magnetic-field shifts owing to
their different values of 7, but they have the same rotational
shifts. Since there are two simultaneous equations and two

unknowns (B, and Q), the field dependence can be removed
by simultaneously monitoring both precession frequencies.
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B. Optical Pumping

In the earliest proposals for NMRGs, the probed nuclei
were in thermal equilibrium, and the net polarization of the
sample was very low [9], [10], [11]. Owing to Boltzmann
statistics, in thermal equilibrium, the |-1/2) state has a
population that is only very slightly higher than the
population of the [+1/2) state, and the system has a low
degree of polarization. The polarization is defined as the
normalized population difference between the two ground
states. Since the sample magnetization is proportional to the
polarization, a low polarization leads to weak NMR signals.
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In 1950 Kastler pointed out that the absorption and
scattering of circularly polarized light could lead to large
population imbalances in the ground states and high degrees
of atomic polarization [12]. A basic description of this
“optical pumping” technique is shown in Fig. 2. For a
detailed review of optical pumping, see [13].

Optical pumping can enhance the sample polarization for
a typical sample of alkali atoms from a very small fraction of
a percent to nearly 100 %, depending on the sample
relaxation mechanisms. Early versions of gyroscopes based
on electron paramagnetic resonance adopted the technique
[14], [15]. Simpson et al. also used optical pumping to
enhance the nuclear spin-polarization of mercury for NMRGs
[8]. Details on Hg NMRGs are presented in Section III,
below. Hg has a 'S, ground state and no net unpaired
electrons; thus the picture of optical pumping presented in
Fig. 2 does not strictly apply, but the nuclear spin for Hg
atoms can be optically pumped directly with a Hg lamp.
Happer’s optical pumping review [13] presents the physics of
the optical pumping of Hg in detail.

C. Spin-exchange optical pumping

Spin-exchange optical pumping (SEOP) on mixtures of
alkali and noble-gas atoms can be used to efficiently polarize
noble-gas nuclei. During the SEOP process, the electronic
spin polarization of the alkali atoms is transferred to the
noble-gas nuclei through collisions. Bouchiat et al. were the
first to demonstrate this effect [16], where they observed a
spin-polarization for *He of 1%, which is enhanced by a
factor of 10,000 from the Boltzmann determined polarization
of 10, NMRGs based on noble-gas nuclei use the technique
to generate spin-polarized noble-gas samples [17].

Today, SEOP is routinely used to generate spin-polarized
samples of noble-gas nuclei with polarizations of many tens
of percent. For a modern review of spin-exchange optical
pumping, see the review by Walker and Happer [18].
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Figure 2. Optical pumping for an alkali atom with electronic %S, and ?Py
states. These states are each split into two sublevels according to the relative
alignment of the electron and nuclear spins, with the higher-energy, higher-
momentum state, [+1/2) , corresponding to the two spins oriented along the
same direction. (Any additional splittings and shifts from applied magnetic
fields are not shown.) Under illumination with circularly polarized light,
only excitation from the |-1/2) to the [+1/2) sublevels is allowed, since the
photons also carry angular momentum. Since an atom in the [+1/2) excited
state can decay to either ground state through radiative decay or quenching,
ignoring relaxation, all of the atoms will eventually be pumped into the
[+1/2) ground-state sublevel.



D. Magnetometry Techniques for Optical Detection

1) The Dehmelt Technique

The same physics that enables optical pumping can also
be used for detection of the spin precession, which was first
pointed out by Dehmelt [19]. The absorption of a circularly
polarized probe beam depends on the projection of the atomic
spin along the direction of propagation of the probe. When
the spin vector (and hence the magnetization) is aligned with
the probe, the absorption is minimized (the atoms are already
optically pumped). When the spin vector points in the
opposite direction, the absorption is a maximum. If the
magnetization makes an angle 6 with respect to the field and
precesses at a frequency @ about the z axis and the probe
beam propagates in the x direction, the fraction of the atoms
in the absorbing state will be f'= (1 — sinBcos@¥)/2. Thus, @
can be detected as modulations of the probe-beam absorption.
Since the pump and probe beams both have the same
polarization, they can originate from the same beam that is
propagating at some angle between the light propagation
direction and the magnetic field as shown in Fig. 3. Litton
used this approach [17], discussed below in section I'V.

2) Faraday Rotation Detection

Spin precession can also be monitored by measuring the
rotation of the plane of polarization of a linearly polarized
probe beam caused by the Faraday effect. (For a review of the
Faraday effect, see [20] and the references therein.) For
linearly polarized light passing through a magneto-optical
system with a magnetic field oriented along the direction of
light propagation, the left- and right-circularly polarized
components of the light beam acquire different phase shifts,
which results in a rotation of the plane of polarization that can
be observed with a polarizer and a detector. The probe beam
frequency can be detuned from resonance such that the
absorption of the probe is low.

E. Excitation of a coherent spin precession

Weak excitation fields are applied to the sample to drive
resonant coherent spin precession for both nuclear isotopes as
well as any alkali-atom isotope that is used for spin-exchange
optical pumping and detection. A schematic drawing of one
of the many possible configurations for driving the spins and
measuring the precession frequencies is shown in Fig. 3. In
this example, a vapor cell containing '*Xe, Rb, and some
buffer gas is located at the origin of the coordinate axes. A
magnetic field B, is applied in the x — z plane, and a single
circularly polarized laser beam that serves both for optical
pumping and detection propagates along the x direction.

The Xe spins are made to precess in phase about B, by the
AC field ABy. applied along the x direction. The Xe
magnetization generates a magnetic field, and the total field
as sensed by the Rb atoms also precesses about the direction
of By. Because the gyromagnetic ratios for alkali spins are
about 1000x larger than the gyromagnetic ratios for the
noble-gas nuclear spins, the precessing magnetic field is slow
compared to the Rb Larmor frequency, and the Rb precesses
about the total field B7. The Rb spin precession is driven with
an applied AC magnetic field, ABg,. The light reaching the
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photodiode is intensity-modulated at the Rb precession
frequency with a superimposed AM modulation at the Xe
precession frequency. The individual signals are extracted via
two lock-in amplifiers (three lock-in amplifiers if two noble-
gas isotopes are used). The out-of-phase lock-in signal has
the desirable property that it is nearly linear, and passes
through zero, near the resonance. If the excitation frequency
is fixed near the resonance, the calibrated slope from the
dispersion signal can be used to determine changes in the
nuclear precession rate. When two nuclear isotopes are used,
field stabilization/cancellation as described above can be
achieved.

II1.

Starting in the early 1960’s, there was a significant
amount of work performed on NMRGs. Singer’s approach
was based on the mercury isotopes '*’Hg and **'Hg [8], [21].
As of 1980, they achieved a reported value of 0.053 °/Nh for
the angle random walk (ARW) [2]. Details on their approach
are given in [22] and [23] and reviewed in [4]. In addition to
interrogating two NMR isotopes for magnetic field control,
they also used two vapor cells containing both nuclei that
were placed in oppositely-directed magnetic fields to remove
the requirement of precisely knowing the gyromagnetic ratios
of the NMR isotopes.

The Hg nuclear spins were pumped directly and probed
via a **Hg lamp at 253.7 nm. The nuclei were probed via
Faraday rotation. The system of two cells in oppositely
directed equal fields gives a simple determination of the
rotation rate, Q = (®; + @, — ®* — 1,*)/4, where the stars
indicate the frequencies measured in the second cell. The
magnitudes of the oppositely oriented magnetic fields can be
held constant by use of the difference frequencies between
the two isotopes in each cell to generate an error signal for
the field. A detailed noise analysis for their experiments is
presented in [24], and a similar approach based on one cell
was proposed by Karwacki and Griffin [25].

NMRGS BASED ON SPIN-POLARIZED MERCURY
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Figure 3. Spin precession excitation scheme (see text). The graph is a Xe

magnetic resonance measured in our laboratory, with the x axis representing
the '®Xe excitation frequency and the y axes showing the lock-in signals.
Here the magnetic field was about 0.5 uT. This example is one of many
pump/probe/field geometries that works for detecting the Xe spin precession
frequency.



IV. NMRGS BASED ON NOBLE-GAS NUCLEI

Beginning in the late 1970s, the company Litton
introduced several new NMRG approaches based on
combinations of alkali atoms and noble-gases [17], [26], [27].

The noble-gas nuclei were polarized via spin-exchange
optical pumping with spin-polarized alkali atoms, which were
also used as a magnetometer to sense noble-gas nuclear
precession. They proposed using an alkali-incremental
magnetometer, which was introduced in [28], [29], [30] and
reviewed by Hartman [31], which allows for very sensitive
magnetometry near zero magnetic field under the condition
that |By| < 1/]y] t (the ground-state Hanle condition). T is the
alkali spin relaxation period. The method is also said to work
when the condition By = n/|y| is satisfied, where » is an
integer.

A bonus of performing in-cell magnetometry using an
alkali magnetometer to sense the noble-gas magnetization is
that the field generated by the noble-gas nuclei is magnified
by orders of magnitude over what one would expect
classically [32]. The enhancement arises from the hyperfine
contact interaction through collisions [33], [34].

The Litton group also published work on cell fabrication,
and reported an enhancement of the nuclear spin relaxation
time by a factor of four by using rubidium hydride
antirelaxation coatings on the inner cell walls [35], [36]. They
also noticed that as they changed the cell temperature, the
NMRG bias would drift until it reached a point where the
drift would change sign. By operating at the “temperature
turning point”, the system was less sensitive to temperature
fluctuations [37]. The Litton NMRG achieved a bias
instability near 0.01 °/h and an ARW of 0.002 °A'h [38].

A PXe NMRG developed at the University of Stuttgart
published an ARW result of 1.7 °~/h [39]. The same group
also demonstrated an enhancement of the '*Xe signal size at
relatively high fields by extending the regime of the ground-
state Hanle condition to higher magnetic fields by using a
strong light-shift laser to shift the effective magnetic field as
seen by the Rb to near zero magnetic field [40].

V. NUCLEAR QUADRUPOLAR EFFECTS

One interesting and important systematic frequency shift
in NMRGs arises from nuclear quadrupolar resonance (NQR)
shifts [41]. NQR shifts arise from interactions between the
atom’s nuclear quadrupole moment and the electric-field
gradient that is generated during collisions between the atoms
and the cell walls, and is present for all nuclei that have
nuclear quadrupole moments. All nuclei that have a nuclear
spin of T > ' have nuclear quadrupole moments, which
includes **'Hg and all 1#0 noble gases except for *He and
%X e. Because of its very long spin pump-up period, *He was
not extensively studied for NMRGs. For all of the dual-
isotope NMRGs that are presented in this review, at least one
of the nuclear magnetic isotopes has had a nuclear quadrupole
moment. The size of the shift depends on the angle between
the cell’s symmetry axis and the magnetic field.

NQR shifts were studied at length by the companies
developing NMRGs for ¥Kr [42], *°'Hg [43], [44], and "*'Xe
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[45]. In these studies, the shifts caused decay and low-
frequency beating of the NMRG signals, but the shifts were
not large enough to be well resolved.

Happer’s group demonstrated a ~100x enhancement in
the size of the shifts by use of highly asymmetric cells [46],
and presented a detailed microscopic theory of the
interactions [47] which they compared to experiments [48].
The large NQR interactions in their system allowed them to
perform detailed quantitative studies of the electric field
gradients and the activation energies for surface adsorption.

Mehring’s group also performed similar studies on "*'Xe
[49] and *Kr [50], and they showed that the longer nuclear
spin relaxation periods for **Kr allowed for higher spectral
resolution of the NQR shifts. They also observed deviations
from Berry’s adiabatic geometric phase in the form of a
nonlinear dependence of the measured NQR frequencies on
the rotation rate in a highly asymmetric cell [51].

Our group at NIST has performed an NQR study on "*'Xe
nuclei in a microfabricated cell of 1 mm® volume [52]. Four
of the cell walls were silicon and two were pyrex. In our
study, the strong electric field gradient (~30 GV/cm®) was
generated by anisotropy in the cell wall materials as opposed
to the cell shape. We observed even larger NQR shifts than
were seen in cells with asymmetric shapes [48], and were
able to map the shifts in the regime where the NQR shifts are
larger than the Larmor frequency.
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The Romalis group at Princeton has developed a novel
version of an NMR gyroscope based on a potassium-"He
comagnetometer that demonstrated an ARW of 0.002 °Ah
and a bias instability of 0.04 °/h [53]. They developed the
comagnetometer to perform sensitive tests of physics beyond
the standard model. They operated the potassium
magnetometer in the spin-exchange relaxation free regime, in
which relaxation from spin-exchange collisions is strongly
suppressed [54]. The comagnetometer suppresses the
sensitivity to magnetic fields, gradients and transients, light
shifts, and spin-exchange shifts. A comagnetometer based on
*'Ne would probably exhibit improvement in stability by an
order of magnitude resulting from its smaller gyromagnetic
ratio (1/10 that of *He).

VII. NMRG MINIATURIZATION

Research on NMRGs slowed after the early rush of
activity when ring-laser gyroscopes (RLGs) with roughly the
same size, weight, and power were achieving a value of
0.0005 °/Jh for the ARW [55]. Because the ARW of an RLG
is inversely proportional to the area enclosed by the laser
beams, RLG performance diminishes for micro-scale devices.
NMR gyroscopes have received renewed attention in recent
years at least in part because of the advances made in chip-
scale atomic clocks. These advances include MEMS vapor
cells, instrumentation, and electronics that could be applied to
high-performance chip-scale NMRGs. For reviews of chip-
scale atomic clocks and magnetometers, see [56] and [57].
For some applications, NMR gyroscopes have the potential

COMAGNETOMETER



advantage over micromachined spinning or
gyroscopes in that they contain no moving parts.

Several patents on chip-scale NMRGs have emerged from
Northrop Grumman in recent years [58], [59], [60], [61].
Reference [58] presents a scheme for using batch processing
to develop a chip-scale atomic gyroscope. To enable low
power consumption, the proposed device uses permanent
magnets and low-power vertical-cavity surface emitting
lasers. Designs are presented to allow for perpendicular
pumping and probing which enable detection of Faraday
rotation. Two of the patents pertain to cell fabrication
techniques [59], [60], and one patent [61] presents a method
of using three noble-gas isotopes to allow correction for
NMR frequency shifts caused by the alkali polarization [62].
These shifts depend on cell temperature and laser power and
can ultimately limit the bias stability.

Shkel’s group at the University of California at Irvine has
performed recent work on NMRGs specifically directed at
developing microfabrication techniques. One of their key
advances was the development of fabrication techniques to
produce wafer-level arrays of glass blown spherical
microcells [63], [64]. These cells allow optical access from
nearly all directions and allow versatility in the pump/probe
geometry. In collaboration with our group at NIST, these
glass-blown cells were filled with Rb and buffer gases and
their spectroscopic viability was demonstrated [65]. Also in

vibratory
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