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We present in this paper a Herriott-cavity-assisted closed-loop Xe isotope gas comagnetometer. In this
system, '®Xe and '3!Xe atoms are pumped and probed by polarized Rb atoms and continuously driven by
oscillating magnetic fields, whose frequencies are kept on resonance by phase-locked loops. Different from
other schemes, we use a Herriott cavity to improve the Rb magnetometer sensitivity instead of the parametric
modulation method, and this passive method is designed to improve the system stability while maintaining the
sensitivity. This system has demonstrated an angle random walk of 0.06°/h'/? and a bias instability of 0.2°/h
(0.15 uHz) with a bandwidth of 1.5 Hz. By adding a closed-loop Rb isotope comagnetometer, we can extend this
system to dual simultaneously working comagnetometers sharing the same cell. This extended system has wide
applications in precision measurements, where we can simultaneously and independently measure the coupling

of anomalous fields with proton spin and neutron spin.
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I. INTRODUCTION

Atomic comagnetometers use two species of atoms in
the same place to simultaneously measure and cancel the
magnetic field fluctuations [1]. Due to the long coherence
time of the nuclear spin and the ability of absolute frequency
measurements, comagnetometers based on nuclear magnetic
resonances (NMR) are preferred in many precision measure-
ments [2-4]. When alkali-metal atoms are added into the
system, the nuclear spin atoms can be both hyperpolarized
[5] and probed [6] by the polarized alkali-metal atoms, where
the nuclear spin signal detected by the in sifu Rb magnetome-
ter is largely amplified due to the Fermi-contact interactions
between nuclear spin atoms and alkali-metal atoms [7]. This
hybrid system relaxes the limitations on lasers for optical
pumping, speeds up the experiment cycle, and has wide ap-
plications in fundamental physics research [8—10].

There is also intense interest in using this comagnetometer
system as an atomic gyroscope [11,12]. Among the noble-
gas elements, Xe has the largest spin-exchange collision rate
with the alkali-metal atoms and in turn the highest hyper-
polarization rate. Moreover, Xe isotopes experience similar
magnetic fields from the polarized alkali-metal atoms [13],
which largely suppresses systematic effects from the polarized
electron spin in this hybrid system. Therefore, the system of
Xe isotopes mixed with alkali-metal atoms is most suitable for
inertial sensing applications. Pioneered by Litton Systems Inc.
[14,15] and later the Northrop Grumman Corporation [16],
the NMR gyroscope has been developed to reach an angle
random walk (ARW) of 0.005°/h!/? and a bias instability of
0.02°/h with a package size of 10 cm? [17]. Following this
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breakthrough, there are mainly two research directions in this
field. One is to further miniaturize the system and migrate
multiple similar systems together to realize more functions.
The other one is to focus on the limitations of the current
system and work on new detection schemes for potentially
better performance [18,19].

One important goal in developing the system is to realize
a highly sensitive Rb magnetometer, because its sensitivity
fundamentally limits the signal-to-noise ratio of the comagne-
tometer. This is challenging to achieve because the presence
of numerous Xe gases significantly increases the relaxation
rate of Rb atoms due to the collisions between them [7].
There are both active and passive methods to improve the
Rb magnetometer sensitivity. The parametric modulation of
the bias field is one of the commonly used active methods
[20-22]. To reach the best sensitivity, the amplitude of the
modulation field in this method is required to be comparable
with the magnitude of the dc bias field, which potentially
affects the comagnetometer stability. On the other hand, the
use of a multipass cavity is an example of the passive method,
which can increase the signal without changing the size or
damaging the stability of the system. Due to the simplicity
of design and use, Herriott cavities [23,24] are particularly
suitable for the applications based on atomic cells and have
been widely applied in atomic magnetometry [25-30].

In this paper, we demonstrate a closed-loop '**Xe-13!Xe-
Rb comagnetometer assisted by a Herriott cavity. In this
system, the nuclear spin atoms are continuously driven by
oscillating magnetic fields, whose frequencies are kept on
resonance by phase-locked loops (PLLs). This system has
been developed to reach an ARW of 0.06°/h!/? and a bias in-
stability of 0.2° /h (0.15 wHz), according to the standard Allan
deviation analysis, with a bandwidth of 1.5 Hz. Moreover, by
including an extra closed-loop Rb isotope comagnetometer,

©2021 American Physical Society


https://orcid.org/0000-0002-5580-5098
https://orcid.org/0000-0001-6122-6888
https://orcid.org/0000-0001-8268-9646
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.103.053523&domain=pdf&date_stamp=2021-05-28
https://doi.org/10.1103/PhysRevA.103.053523

HAO, YU, YUAN, LIU, AND SHENG

PHYSICAL REVIEW A 103, 053523 (2021)

(b)

Local
Oscillator

pump beam

(d) bias field B,

comagnetometer

B

d

3o, B
driving field PLL

FIG. 1. Panel (a) shows the atomic cell used in the experiment
with a Herriott cavity inside and an inner dimension of 15 mm x
15 mm x 27 mm. Panel (b) shows a 3D-printed optical platform for
the atomic cell in panel (a). Panel (c) shows the experimental setup
where, for simplicity, we only include a single species operation.
Panel (d) shows the feedback loop.

this system can be extended to dual simultaneously working
comagnetometers sharing the same cell, which also has wide
applications in precision measurements. Following this intro-
duction, Sec. II presents the experiment’s setup and theoretical
background, Sec. III shows the results and discussions, and
Sec. IV concludes the paper.

II. EXPERIMENT SETUP AND THEORETICAL
BACKGROUND

The Herriott cavity used in this paper consists of two
cylindrical mirrors with a curvature of 100 mm, a diameter
of 12.7 mm, a thickness of 2.5 mm, a relative angle between
symmetrical axes of 52°, and a separation of 19.3 mm [24,28].
The cavity mirrors are anodic bonded [28] to a piece of sili-
con wafer with a thickness of 0.5 mm. During the bonding
process, the mirrors are held at the designed positions on the
silicon piece using a ceramic mould, which limits the mirror
misalignment within 0.1 mm. A closed cell containing this
Herriott cavity is realized by further anodic bonding a glass
cover to the silicon piece. We then connect the bonded cell
to a vacuum string, fill the cell with 3 torr 129%e, 37 torr
131Xe, 150 torr N5, and 5 torr H, [31] and Rb atoms of natural
abundance and take off the cell from the vacuum string by a
torch. Figure 1(a) shows a picture of the atomic cell with an
inner dimension of 15 mm x 15 mm x 27 mm.

The cell produced using the procedure above is ready to be
used together with a three-dimensional (3D)-printed optical

platform as shown in Fig. 1(b). The cell temperature is heated
to 110 °C by running high-frequency (~300 kHz) ac currents
through two ceramic heaters placed on the bottom and the top
of the cell. This arrangement of the heaters makes use of the
high thermal conductivity of silicon, helps to heat the cavity
mirrors locally, and avoids the coating of Rb atoms on the
mirrors [32]. A linearly polarized probe beam is fiber coupled
to the optical platform, where it passes through a polarizer,
enters the cavity from a 2.5-mm hole in the center of the
front mirror, and exits from the same hole after 21 times of
reflections.

In the experiment, the optical platform sits in the middle
of five-layer mu-metal shields, as shown in Fig. 1(c). A set of
solenoid coils and a homemade current supply [33] are used
to generate a bias field of 160 mG in the z direction, and two
sets of cosine-6 coils are used for the transverse fields inside
the shields. The probe beam on the optical platform, with a
detuning of 90 GHz from the Rb D1 transition and a power
of 1 mW, is aligned close to the x axis. The Faraday rotation
of the transmitted probe beam is analyzed by a polarimeter,
consisting of a half-wave plate, a polarization beam splitter,
and a set of differential photodiode detectors. A circularly
polarized pump beam on resonance with the Rb D1 transition
has a power of 40 mW and an elliptical area of 2 x 1 cm?
and passes the cell through the z direction. The absorption
of the pump beam along its propagation direction leads to
a significant Rb polarization gradient in the same direction,
which causes an effective magnetic field gradient for the Xe
atoms. We add a pair of anti-Helmholtz coils in the z direction
to compensate the linear part of this effect. The power of
both the pump and the probe beams are locked using the
methods in Ref. [28], and the frequency of the pump beam is
locked to a stable single-mode He-Ne laser using a scanning
Fabry-Perot cavity [34], which reduces the drift of the pump
beam frequency to less than 10 MHz in a day.

The performance of the Herriott cavity is tested by
comparing the Rb magnetometer sensitivities of a Herriott-
cavity-assisted cell and a conventional cell, where both cells
are prepared with the same experimental conditions except
that the conventional cell has an inner dimension of § mm X
8 mm x 8 mm. Figure 2 shows the measurement results of
the 3°Rb scalar magnetometer sensitivity using the method
in Ref. [35]. It demonstrates that the Herriott cavity helps
to improve the Rb magnetometer sensitivity by 1 order of
magnitude, which is comparable with the parametric modu-
lation method.

While Xe atoms are pumped by the polarized Rb atoms
in the z direction, there are also two oscillating magnetic
fields, with frequencies close to the magnetic resonance of
Xe isotopes, in the y direction that continuously drive the Xe
polarizations away from the z direction. The driving fields are
provided by the reference signals of a lock-in amplifier, which
also demodulates the comagnetometer signal as shown in
Fig. 1(c). The dynamics of the Xe polarization K are described
by the Bloch equation,

Cil—lf =K x (£ 4+ ;) — 'K + R Z. (1)
Here, R, corresponds to the rate of spin-exchange collisions
with the polarized alkali-metal atoms, and 2y, = yBo4,
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FIG. 2. Comparisons of **Rb scalar magnetometer sensitivities
in a Herriott-cavity-assisted cell (lower solid line) and a conventional
vapor cell (upper dash line) under the same experimental conditions.

where y is the gyromagnetic ratio, and By and B, denote the
bias field along the z axis and the oscillation field in the y
direction, respectively. Following the treatment of Ref. [17],
we introduce two parameters, Ky and 8, where Ky = K, +
iK, = K e~ and B is the phase delay between K, and B, so
that B; = B, cos(¢ — B)9. Using the rotating-wave approxi-
mation [17], Eq. (1) becomes

dK QK.
Ky - 2 cos B, )
dt
d¢ Qd Z .
— =Q , 3
o o+ K, sin B (3)
dkK,
T = QuK, cos(¢p — B)cos¢p — 'K, + Rs. (@)

' and I'; in the equations above denote the longitudi-
nal and transverse depolarization rate of the nuclear spin
atom, respectively. These equations are slightly different from
Egs. (11)—=(13) in Ref. [17] because the driving fields are
applied in different directions. The steady-state solutions of
these equations are

Qo —
B = tan”! (0—“)”’)7 (5)
I
R
K. = Q—;e, (6)
I+ cos? B
K =22 s (7)
=— cos B,
+ 2T,

where oy is the frequency of the driving field.

III. RESULTS AND DISCUSSIONS

From Egs. (5)—(7), we can conclude that the comag-
netometer signal, proportional to K,, shows the maximum
demodulated amplitude and the largest phase response to
the external field changes when w; is on resonance with
the nuclear spin Larmor frequency. Figure 3(a) shows the
experimental results of the demodulated '*°Xe signals as a
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FIG. 3. Panels (a) and (b) show the demodulated amplitude and
phase of '®Xe and *'Xe signals as a function of w,. The points
are experimental data, and the dash lines are fitting results using
Egs. (5) and (7).

function of the driving field frequency in the open-loop op-
eration, with a driving field amplitude of B; = 1 nT. The
experimental data shows a good agreement with the fitting
results using Eqs. (5) and (7), from which we extract I'; /2w =
24 mHz. Similarly, Fig. 3(b) demonstrates the demodulated
results of '¥'Xe signals with a driving field amplitude of
B, = 4 nT, which shows a transverse depolarization rate of
I'/2mr = 16 mHz.

It is clear from Fig. 3 that, for each Xe isotope, the depen-
dence of its demodulated phase on the driving field detuning
can be used for the magnetic field sensing. A closed-loop
operation is preferred because it is more robust and convenient
to use. As shown in Fig. 1(d), we can reach a closed-loop
operation by sending the phase results to a PLL, where the
set point of the phase is zero and the feedback signal is used
to control the driving field frequency w,. Therefore, any mag-
netic field change would lead to a corresponding change in
wy, so that the nuclear spin is always driven by resonant fields,
and we can record the data of w, to track the magnetic field
information. This operation is also valid for the alkali-metal
atom magnetometer.
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FIG. 4. Panel (a) shows amplitude spectral densities of the
recorded frequencies of '®Xe (upper dash-dotted curve), *'Xe
(middle dashed curve), and the rotation (lower solid curve). Panel
(b) shows the standard Allan deviation (ADev) and the modified
Allan deviation (MDeyv) results of the same data in panel (a).

A closed-loop Xe isotope comagnetometer contains two
closed-loop Xe mangetometers, and its gyroscopic response
of the rotation along the bias field can be extracted from the
combination of the recorded frequencies of both Xe isotopes:

w, — Rwy,
R—-1

Q= , ®)
where a and b denote '*Xe and '3!Xe, respectively, and R ~
Ya/ Vo = —3.373 - - - . Figure 4(a) shows the amplitude spectral
densities of w,, wp, and 2. For each Xe isotope, its precession
frequency noise is dominated by the white phase noise in
the frequency range of 0.1-1 Hz, shows a signature of white
frequency noise in the frequency range of 0.01-0.1 Hz, and
is mainly the random walk frequency noise in the frequency
range below 0.01 Hz. Most contributions to noise in the mea-
surement of w, ; in the low-frequency domain are caused by
the fluctuations or drift of the bias field and the effective field
from the polarized Rb atoms, which are common-mode for
both Xe isotopes and can be canceled when extracting 2.
The noise of €2 is mainly the white and flicker phase noise
in the frequency range of 0.01-0.1 Hz and is dominated by
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FIG. 5. The normalized power of the closed-loop Xe magne-
tometer’s response to the bias field modulations with a modulation
field amplitude of B,, = 1 nT. The points are experimental data, and
the lines are simulation results using Eq. (11) with experimental
conditions.

the white frequency noise in the frequency range of 0.001—
0.01 Hz. This leads to an integration time of 2000 s for the
rotation frequency data in the time domain to reach a bias
instability of 0.2°/h (0.15 uHz), as shown by the standard
Allan deviation analysis in Fig. 4(b). In the modified Allan
deviation plot, the bias instability is a factor of 2 smaller [36].
The ARW of the comagnetometer is the slope of the ¢~!/2
part in the standard Allan deviation plot, and it is equal to
ho/ V2 [36], where hj is the white frequency noise level of 2.
Using the data in Fig. 4(a), we get hy = 4.2 uHz/Hz'/? and
the ARW as 0.06°/h!/2,

Another advantage of the closed-loop operation is that its
bandwidth is not limited by the open-loop line width anymore.
By adding a modulation field, B,, sin(w,,t), to the bias field
and recording the power of the corresponding peak at w,, in
the amplitude spectrum of the comagnetometer output, we
show the bandwidth measurement results in Fig. 5. The results
demonstrate a closed-loop bandwidth of 1.5 Hz for both Xe
isotopes, about a 2 orders of magnitude increase compared
with the open-loop results in Fig. 3. To better understand the
system’s performance, we also simulate the closed-loop re-
sponse of the comagnetometer using the method in Ref. [37].
For a small perturbation on the bias field, the transfer func-
tion of the open-loop comagnetometer can be extracted
from Eq. (3) as

Hm=<ﬁﬁ)= ! ©)
882 o S—i—l—‘z.

The other part of the loop in Fig. 1(d) is the PLL, whose
transfer function is

Fisy= 2 _ ¢4 @ (10)
S—(Sﬁ =Cp S’

where cp and ¢; are the coefficients of the proportion and
integration parts of the feedback loop, and the derivative part
is neglected because it is not used in the experiment. Then, the
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FIG. 6. Panel (a) shows the open-loop behavior of Rb atoms,
and panel (b) shows the amplitude spectrum of the closed-loop Xe
(lower curves in the main plot and upper curves in the inset) and Rb
magnetometers in the presence of a bias field modulation with an
amplitude of 0.1 nT and a frequency of 0.3 Hz.

closed-loop response can be expressed as

Swy H(s)F (s)
GO)=—7=) = —FF7-7F
8Q0 /). 1+H(s)F(s)
_ cps + ¢ . an
s2 4+ (cp+To)s+ ¢
With the experimental parameters of cp = 5.4 s~! and ¢; =

7.2 s72, the simulation results using Eq. (11) are also plotted
in Fig. 5. It shows a good agreement with the experimental
data in the frequency domain below 0.2 Hz, and the deviations
at higher frequencies are still under investigation.

The system studied in this paper also provides a flexible
platform to combine multiple atomic oscillators. Since there
are two Rb isotopes in the cell, we can adapt the meth-
ods used in the closed-loop Xe isotope comagnetometer and
develop a similar Rb isotope comagnetometer. Figure 6(a)
shows the demodulated phase and amplitude for Rb isotopes
as a function of the driving field frequencies. When both
the Xe isotope comagnetometer and the Rb isotope comag-
netometer are working in the closed-loop mode, we achieve
a system of dual simultaneously working comagnetometers,

TABLE 1. Experimental parameters of different closed-loop
atomic magnetometers.

129Xe 131Xe SSRb 87Rb
cp 57 54 54 7.2x10* 7.2x10*
¢ (s72) 72 72 72x10° 72%103
() 0.15 0.1 1.6x10* 1.8%10°

sharing the same Herriott-cavity-assisted vapor cell and hav-
ing the same sensitive direction of detecting rotations.

The experimental parameters of closed-loop operations are
very different for Xe and Rb atoms as shown in Table I, and
it is interesting to compare their responses to external fields
under these conditions. For low frequencies, we can neglect
the s2 term in the denominator of Eq. (11), so that

cps + ¢y
(cp+T)s+er

It is clear from this equation that the amplitude of the response
decreases when I'; increases, and it is equal to 1 only in the
low-relaxation-rate limit. Figure 6(b) demonstrates the exper-
imental data of the amplitude spectrum of these closed-loop
magnetometers subject to a weak perturbation in the bias field
at the frequency of 0.3 Hz. The plot shows that, while the
response amplitudes are very similar for comparisons between
Xe isotopes or Rb isotopes, the response amplitude of the
Rb atom is 35% smaller than that of the Xe atom. In the
simulation, using Eq. (11) and the experimental conditions,
we get |G(s)|xe = 1 and |G(s)|rp &~ 0.8 at @ = 2 x 0.3 Hz.

G(s) ~ (12)

IV. CONCLUSION

In conclusion, we have realized a Herriott-cavity-assisted
closed-loop Xe isotope comagnetometer, where we use the
multipass cavity, instead of the commonly used parametric
modulation method, to improve the Rb magnetometer sensi-
tivity. This system has demonstrated an ARW of 0.06°/h'/2,
and a bias instability of 0.2° /h (0.15 nHz) with a bandwidth of
1.5 Hz. We are currently working on a more compact system
with a smaller Herriott-cavity vapor cell, which aims to reduce
the effects of magnetic field gradients from the polarized Rb
atoms and further improve the system’s performance. We are
also updating the experimental hardware by adding a rotation
table to the testing platform, so that we can calibrate the rota-
tion response of the comagnetometer and measure the effects
of the earth rotation.

We also develop a system of dual simultaneously working
comagnetometers in this work, by adding a closed-loop Rb
isotope comagnetometer. This extended system has potential
applications in precision measurements, such as the advanced
GNOME experiment [38—41], where we can simultaneously
and independently measure the anomalous coupling of the
axionlike particles with proton spin and neutron spin.
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