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Single-Species Atomic Comagnetometer Based on 8’Rb Atoms
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The comagnetometer has been one of the most sensitive devices with which to test new physics related to
spin-dependent interactions, but the comagnetometers based on overlapping ensembles of multiple spin
species usually suffer from systematic errors due to magnetic field gradients. Here, we propose a
comagnetometer based on the Zeeman transitions of the dual hyperfine levels in ground-state ’Rb atoms,
which shows nearly negligible sensitivity to variations of laser power and frequency, magnetic field, and
magnetic field gradients. We measured the hypothetical spin-dependent gravitational energy of the proton
with the comagnetometer, which is smaller than 4 x 10~'8 eV, comparable to the most stringent existing
constraint. Through optimizing the system parameters such as cell temperature, laser power, amplitude of
driving magnetic field, as well as choosing better current source, it is possible to improve the sensitivity of

the comagnetometer further.
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Introduction.—Atomic comagnetometers based on
spin-precession have been widely used for many kinds
of fundamental physics experiments [1], e.g., probing
Lorentz and CPT violations [2—4], searching for permanent
electric dipole moments [5-9] and exotic spin-dependent
interactions [10—12]. Although these comagnetometers use
spins of different species overlapping in the same space to
suppress the magnetic field variation in common mode
[2-12], there are still several systematic errors existing in
comagnetometers [13].

Nearly all comagnetometers work on gas or liquid atoms,
which move randomly in a vessel. The ensemble-averaged
positions of different spin species can be spatially separated,
due to reasons such as different thermal diffusion rates
accompanied with temperature gradient, nonuniform polari-
zation accompanied with different transverse relaxation time,
etc., [13,14]. As a result, the magnetic field fluctuations
cannot be common-mode suppressed effectively in the
presence of a magnetic field gradient, especially for the
comagnetometers with more than one species atoms.
Moreover, comagnetometers based on gas spin usually
utilize the spin-exchange optical pumping to polarize the
spins, which will cause a frequency shift of the Zeeman
transitions. For example, in comagnetometers based on
alkali-metal and dual noble-gas spins (Rb—!?’Xe/!3Xe,
Rb—'?°Xe/?He, etc.), polarized alkali-metal atoms exert
different effective magnetic fields on the noble-gas spins,
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which leads to remarkable systematic errors [10]. Several
new methods have been proposed to overcome this kind of
problem. One is to divide the pumping and probing processes
into two temporally separated phases and to measure the spin
precession of *He and '>’Xe in the dark [15]. Another is to
operate the 12Xe/!3'Xe spins with synchronous pumping
[16]. In a comagnetometer based on 85Rb/®’Rb contained in
an evacuated coated cell, the influence of the magnetic field
gradient can be greatly suppressed due to the fast motion of
gas atoms [17-19]. Using careful and complicated calibra-
tions or compensations for the effects caused by pumping
light, probing light, and magnetic field gradients, the
systematic errors due to light shift and magnetic field
gradients have been suppressed to some extent [17-19].
To eliminate the systematic errors caused by magnetic field
gradients, a comagnetometer with identical molecules has
been proposed [20], which reduces the influence of the
magnetic field variation and magnetic field gradient effi-
ciently, but the polarization and detection of the nuclear spins
in molecules make the system slightly more complex.

In this Letter, we propose a single-species comagnetom-
eter based on the hyperfine levels of Rb in a paraffin-coated
cell. It is operated with only a linearly polarized laser beam
propagating orthogonal to a bias magnetic field. Owing to the
single-species operation, fast motion of atoms as well as
nearly identical gyromagnetic ratio of the dual hyperfine
levels, the comagnetometer shows an extremely small
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dependence on the magnetic field gradient. In addition, it
exhibits less parameter sensitivity to variations of probe laser
power and frequency, since the influence of light shift is small
[21]. In our experiment, we obtain remarkable magnetic field
variation suppression and less dependence on the magnetic
field gradient. The preliminary experimental results show
that the proposed comagnetometer is a promising device for
spin-gravity interaction tests.

Experiments and results.—The configuration of the
comagnetometer is shown in Fig. 1. In this experi-
ment, we use a single-beam double-resonance-alignment-
magnetometer configuration [40,41]. The key component is
a spherical glass cell 20 mm in diameter and with a paraffin
coating on the internal surface, which was made by
Peking University. Benefitting from the paraffin coating,
the intrinsic linewidth of the Zeeman spectrum can be as
narrow as approximately 2 Hz. A static bias magnetic field
B, along the z axis and an orthogonal driving magnetic
field B, oscillating at frequency f are applied. A linearly
polarized laser beam, more than 1 GHz far detuning from
either of the two transitions between 525 »(F = 1,2) to
5%P55(F"), is used to polarize the *’Rb atoms and to probe
the evolution of the atomic polarization. The magnetic
resonance process can be understood in three steps, i.e.,
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FIG. 1. Experimental setup. A spherical glass cell filled with an
excess of 8'Rb is placed in the magnetic field shield. A set of
solenoids are used to produce the bias magnetic field in the z
direction and the driving magnetic field in the x direction. The
probe light from a DFB laser at 780 nm propagates through a
linear polarizer (polarization axis along the y axis), a collimator
made with two lenses, and a neutral density filter. The probe laser
propagates through the cell and then is focused with a lens. A
half-wave plate, a polarization beam splitter, and a balanced
detector made up of two photodiodes are used to detect the
paramagnetic Faraday rotation signal. The difference of the two
photodiodes’ signal is digitized through an analog-to-digital
converter (ADC). The output of an oscillator (OSC) is sent to
a digital-to-analog converter (DAC) and then drives the x coils to
produce an oscillating magnetic field B,. We obtain the Zeeman
spectrum of the Rb atoms by scanning the frequency of B, and
recording the R channel of a lock-in amplifier (LIA) made with
the Labview™ program. The amplitude of B, is set as 0.1 nT and
the frequency is changed linearly in the scan process. The z coils
are driven by a stable current source, producing By =~ 11.72 uT.
A set of anti-Helmholtz coils are also used to produce the
magnetic field gradient B,/0z.

preparation, evolution, and probing [42]. At first, the laser
beam creates rank two polarizations (alignments) in both
the F = 1 and F' = 2 hyperfine levels of the ground state of
the 8’Rb atom. Because the Larmor frequency at By, is much
larger than the relaxation rate of the atomic polarization,
only the alignment component along B, remains, while
other alignment components relax to zero quickly. Then,
under the combined actions of the bias field By, driving
field B,, and relaxation, the atomic alignment precesses
around By, at the driving frequency f. When f equals the
Larmor frequency of either of the hyperfine levels, the
alignment of the corresponding hyperfine level comes to
magnetic resonance. Finally, the precessing alignments of
both hyperfine levels modulate the polarization of the laser
beam, which is detected by the Faraday rotation method
[42]. All the experiments were done at ambient temper-
ature (24 £1)°C.

A typical Zeeman spectrum is shown in Fig. 2(a). The
frequency difference for the Zeeman transitions at two
hyperfine levels in the ground state is 326.4 Hz with a bias
magnetic field of 11.72 uT. The ratio y,/y; is 0.996 033
924 in theory [29], where y, and y; are the gyromagnetic
ratios for F =2 and F =1, respectively. The resonant
frequency for each hyperfine level is obtained by fitting
the resonance curve with a Lorentzian profile, as shown in
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FIG. 2. (a)Typical Zeeman spectrum of 8’Rb atoms at 11.72 4T,
acquired by recording r (R-channel of lock-in amplifier) when
scanning the frequency of B,.. The gyromagnetic ratio of the F = 1
hyperfine level in ground state is y; = 7023.69 Hz/uT and that of
F=21is y, =6995.83 Hz/uT. As a result, the two Zeeman
transitions can be distinguished clearly. (b) Fitting curve with
Lorentzian profile for F = 2 magnetic resonance signal. The
legends Exp. and Fit denote experimental data and fitting curves,
respectively. (c) Fitting curve for F = 1 magnetic resonance signal.
The Zeeman spectrum is a bit asymmetric, mainly because the
frequency scanning is a transient process. For these data, the probe
laser power is 200 uW.
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FIG. 3. Measured NFR (v,/v; — 0.996033924) as a function of

laser frequency for laser powers of 200 yW and 450 uW,
demonstrating low sensitivity to variations of laser frequency
and power. The laser frequency in the x axis is shifted relative to
the transition frequency from 5%S, ,(F = 1) of the ¥’Rb D; line.
At some frequencies, only one of the hyperfine magnetic
resonance signals was larger than noise background, so the
frequency ratio could not be obtained. The laser power was
measured at the entrance hole of the magnetic field shield.

Figs. 2(b) and 2(c). Since the Zeeman transition frequencies
of the two hyperfine levels are both proportional to the
magnetic field, they can be used as a comagnetometer.
We change the laser power by a neutral density filter and
change the laser frequency by tuning the electric current
flowing through the distributed feedback (DFB) laser
diode, so that the influences of these laser parameters on
frequency ratio are obtained. The transverse relaxation time
of the polarized atoms is approximately 60 ms according to
the resonance curve in Fig. 2, and it takes approximately 1 s
to scan through the resonance peak, so the spins are not in
good equilibrium. As a result, the scanning curve is not an
ideal Lorentzian profile. Taking this issue into account, we
used a group of four phases to obtain a value of frequency
ratio, as shown in the Supplemental Material [21].
The normalized frequency ratio (NFR), namely, v,/v,—
0.996033924, as a function of laser frequency and power, is
shown in Fig. 3. The NFR is on the order of 107 over an
optical frequency range of 7 GHz centered on the 8’Rb D,
line. The dispersion of NFRs at 450 uW is slightly larger
than that at 200 xW, which may be due to the residual light
shift. As a whole, however, the measured NFR shows low
sensitivity to the variations of laser frequency and power.
To check the ability of the comagnetometer to suppress
the magnetic field variation, we measured the NFR at
different B, values, as shown in Fig. 4. We did not find any
trend of NFR upon changing the strength of the bias
magnetic field, except the fluctuations on the order of 107’
due to the statistical error. At our experimental parameters,

-7

x 10

25

5 i i
1.16 1.165 117 1.175 1.18 1.185 1.19 1.195

Magnetic field (nT) x 10*

FIG. 4. Measured NFR as a function of bias magnetic field B,
demonstrating extremely low sensitivity to magnetic field varia-
tion. B, is changed by tuning the current flowing through the z
coils. Atfirst, we obtained the middle 11 points, which do not show
the NFR trend with magnetic field. Therefore, we measured the
NFR with a slightly larger magnetic field variation; that is, the two
points at the sides, which also do not show the NFR trend with
magnetic field. For these data, the probe laser power is 200 yW.

the influence of the nonlinear Zeeman effect on NFR is
much less than 1.5 x 107 [21].

The magnetic field gradient can lead to systematic errors
in the comagnetometers, especially for those using dual-
species spins [13,14]. For our comagnetometer, using only
87Rb atoms, the magnetic-gradient effect resulting from the
spatial separation between the “centers of spin” is nearly
eliminated. The NFR as a function of magnetic field
gradient 0B_/0z is shown in Fig. 5. It shows no apparent
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FIG. 5. NFR as a function of magnetic field gradient 0B, /0z,
demonstrating low sensitivity to magnetic field gradient variation.
We use anti-Helmholtz coils to produce 0B, /0z, the magnitude
of which is changed by controlling the current.
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trend depending on the magnetic field gradient, except
statistical fluctuations on the order of 10~

Because of the simplicity in structure and small system-
atic errors, our comagnetometer is a good device for tests of
fundamental physics, such as spin-gravity coupling. The
gyrogravitational ratios of 3’Rb are given in the following
equations [43]:

xr— =025y, +0.25y,, (1)
Xr=1 = =025y, +0.42y,, (2)

where y, and y, are the gyrogravitational ratios of electrons
and protons in ’Rb atoms, respectively.

The spin-precession frequencies of the two hyperfine
levels are given by

gcos ¢

vi(£) =718, F xra n (3)
gcos ¢

Vz(i) =12B. £ xr= n (4)

where “+” in v (£) and v,(+) denotes reversing the
magnetic field direction, g is the acceleration due to gravity,
and ¢ is the angle between the bias magnetic field B,
and Earth’s gravitational field, 7 is Planck’s constant. The
opposite signs of the yr_; and yr_, terms in the right-hand
sides of Eqs. (3) and (4), respectively, derive from the
corresponding opposite Larmor-precession directions of
the F =1 and F = 2 hyperfine levels. We construct the
following ratios:

_ () 1B+ xroagcosd/h
R, = = . (5)
vi(+) 7B, —xr_1gcosd/h
B V(=) _ 72B; — xr=2gcos ¢/h
R_= = . (6)
vi(=) 7B, +xp-19cosp/n

The difference of the ratio obtained by reversing the
magnetic field B, is

1.34
AR =R, — R_n 20959 (7)
leZ h

The experiment was performed at ChangSha, China
(28°N, 113°E). We placed the experimental setup with
the x axis along a west-east direction, the y axis along a
south-north direction, and the z axis was directed to the sky.
To make the residual Stark shift as small as possible, we set
the laser power as 50 yW and detuned the laser frequency
more than 2.5 GHz far from F — F’ transitions of the
¥Rb D, line by stabilizing its frequency to the 575,
(F =2) to 5%P5;, transition of ®Rb atoms, though it
reduces the signal-to-noise ratio (SNR) to some extent.
We used eight phases to obtain one set of data so as to
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FIG. 6. Results of spin-gravity coupling measurement over a
period of 16000 min. (a) The calculated AR based on the
measured R . (b) Histograms of AR with Gaussian fitting: solid
lines in the histograms are Gaussian-fitting curves, indicating AR
is subject to normal distribution. (c) Allan variance analysis for
AR, showing a slight drift at the 100-h timescale. The measured
AR scatters somewhat larger after 5000 points mainly due to
fluctuations of the gas flowing from an air-conditioner in the
laboratory, which blows on the experimental setup.

reduce the transient effect in the scanning process [21].
In the experiment, we collected 8000 groups of data at a
rate of 30 groups per hour, as shown in Fig. 6. The
measurement  shows AR = (6 £22¢,) x 107  with
Gaussian analysis and AR = 1.0 x 1078 with Allan vari-
ance analysis. The data above correspond to the spin-
dependent gravitational energy of the proton at a level of
2(8) x 10718 eV and 4 x 107!8 eV, respectively.
Discussion.—The single-species comagnetometer essen-
tially has fewer systematic errors, since its sensitivity to
magnetic field gradient and variation of laser power and
frequency is extremely small in theory. At present, it gives
comparable sensitivity to the most stringent constraints on
the proton spin-dependent gravitational energy [18,20].
However, it is still far from reaching its fundamental limit,
with AR of the order of 107'° for a measurement time of
1.6 x 10* min [21]. The main reasons for the huge gap
between fundamental sensitivity and practical sensitivity
are given as follows. (a) We use the scanning method to get
the Larmor frequency, with which we acquire the two
hyperfine magnetic resonance curves time divided. Thus,
each phase takes 15 s with only one second scanning
through resonance, which decreases the measuring effi-
ciency and meanwhile reduces noise rejection bandwidth
and effect. As a result, the technical noises due to current
source, air flow fluctuations cannot be common-mode
suppressed effectively. (b) To reduce the possible light
shift, we set the laser power at 50 yW. The SNR was only
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approximately 10 in the present experiment system, which
is somewhat lower compared with other comagnetometers.
To improve the practical performance of the single-species
comagnetometer, a better current source for bias magnetic
field [34] and a system-level temperature control with
reducing the air flow fluctuation can be used. Besides, by
optimizing the system parameters such as cell temperature,
laser power, amplitude of driving magnetic field [35], we
could get closer to the fundamental limit.

For the problems of low measuring efficiency and finite
noise-rejection bandwidth in the scanning method, we tried
to operate the Rb atomic spins as a dual-maser mode. The
preliminary experiment has shown nearly a two-order-of-
magnitude enhancement in sensitivity, but there was
frequency bias due to pumping-light and feedback-loop
phase shift [21]. In this case, modulating AR with the
position of a nonmagnetic spin-dependent sample (e.g., a
zirconia rod [10], Pb source masses [44]) instead of the bias
magnetic field may be more effective.

Conclusions.—We have realized a new kind of comag-
netometer based on the Zeeman transitions in the hyperfine
levels of 8’Rb atoms. With a simple structure, the single-
species magnetometer demonstrated an excellent ability to
suppress magnetic field variation and the systematic error
caused by the magnetic field gradient. Preliminary exper-
imental results show that it is one of the most sensitive
devices in spin-gravity coupling measurements. Through
further improvements on the system, such as choosing a
better current source, optimizing the system parameters,
and making the ®Rb atoms be continuous masers, the
sensitivity could be significantly improved.
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