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We report a new kind of interaction between overlapping Rb-Xe spin ensembles polarized by spin-
exchange optical pumping. The Rb acts as both a medium to optically polarize the Xe spins and as a mag-
netometer to probe the precession of Xe spins. When Xe spins precess, they result in the precession of Rb
spins. Like the radiation damping effect caused by the coil in conventional NMR systems, the precessing
Rb spins lead to damping and a frequency-shift for the precessing Xe spins. When Xe spins are operated
in a free-induction decay mode, the transverse relaxation time and oscillating frequency of Xe spins
change due to the “radiation damping” effect of Rb spins. When Xe spins are operated in the self-
oscillating mode, its transverse relaxation time and oscillating frequency will also be changed. These
effects will influence the accuracy of NMR probes, which are widely used in the search for CPT- and
Lorentz-invariance violations, the fifth force, etc. If this problem is solved or compensated for, the limit
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of the aforementioned search may be improved.
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1. Introduction

New physics beyond the standard model has attracted wide
interest, such as T-odd and P-odd interactions from axion-like par-
ticles as well as Lorentz-invariance and CPT-violating effects [1-8].
Scientists have proposed many methods to detect them, in which
probes with spins are very promising for their unique interactions
with posited background fields and high sensitivity [1-8]. Various
parameters of spin ensembles can be used to detect these interac-
tions, including the precession frequency [3], longitudinal relax-
ation time and transverse relaxation time [7,8]. When the
precession frequency is used, the spins can be operated in either
the free-precession or self-oscillation mode. Both modes suffer
from a precession frequency shift, and the main cause of such a fre-
quency shift is the fluctuation of bias (longitudinal static) magnetic
field. A comagnetometer is an efficient way to solve this problem,
such as a >He-12°Xe comagnetometer [1], a Rb-129Xe-13!Xe comag-
netometer [3], or a K->He comagnetometer [9]. However, the spin
interactions between different species also produce frequency
shifts that cannot be neglected, such as a longitudinal magnetic
field from spin magnetization [10] or a Ramsey-Bloch-Siegert shift
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(RBS shift) [11]. Moreover, there are also some types of frequency
shifts that cannot be common-mode suppressed, such as the elec-
tronic quadrupolar effect in the Rb-'2°Xe-'>'Xe comagnetometer
[3] and the second order magnetic gradient effect [12].

In some comagnetometers made of alkali vapor and noble gas,
such as the Rb-'2°Xe-*'Xe comagnetometer, both the built-in
magnetometer made of alkali spins [3,11] and the induction coil
[13] can be used to extract the nuclear magnetic resonance
(NMR) signal of the noble gas. In the latter case, it is well known
that the induction coil gives back action to the precessing spins
by the so-called radiation damping effect, which leads to damping
and frequency shift of the nuclear spins [14-16]. However, the
back action from the built-in magnetometer made of alkali spins,
as far as we know, has not attracted much attention. Taking the
Rb-'2°Xe comagnetometer as an example, we analyzed the effect
of the back action of Rb spins on the motion of '?°Xe nuclear spins.
We find that, as do the induction coils in NMR systems, the Rb
spins give back action to the precessing nuclear spins. The main
consequence of the back action is the damping and frequency shift
of the precessing nuclear spins. This phenomenon is similar to the
radiation damping effect caused by the induction coil in conven-
tional NMR experiments, and thus, we might as well call it the
“radiation damping” effect. Therefore, this kind of back action
should be paid attention to in order to improve the measurement
precision using a precessing frequency and/or transverse
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relaxation time in comagnetometers. In this paper, we find that the
back action can be reduced through using a larger static magnetic
field for those comagnetometers using the precessing frequency to
detect physical parameters.

2. Theoretical analysis

Considering the Rb-Xe system in Fig. 1 [11,17], a glass cell con-
tains some amounts of N5, He, and '2°Xe as well as a droplet of Rb,
which will be vaporized when heated to approximately 100 °C.
Both the Rb spins and Xe spins are polarized with the spin-
exchange-optical-pumping technique [18]. When a static magnetic
field By is applied along the z-axis, the Rb spins act as a magne-
tometer that is sensitive to the magnetic field in the xy plane [17].

Due to the Fermi-contact between Rb electrons and Xe nuclei,
the nuclear spins and electronic spins are coupled through spin-
exchange and interact based on the average magnetization of the
other [10]. The coupled Bloch equations for Xe and Rb magnetiza-
tions are as follows:

oM® _ e M e Mgz—M®
o =507 B+ M) X M + mcrersy ’
v (1)

M — . (B+ M) x M" + AT

where M® and M" are the magnetization vectors of Rb electrons and
Xe nuclei, respectively, y, and 7, are the gyromagnetic ratios of the
electronic spin and Xe nuclear spin, respectively, and S(B) is the
“slowing-down factor” due to the sharing of the angular momen-
tum between the Rb electron and Xe nuclear spins, which depends
on electron spin temperature f. B is the total magnetic field vector
that is applied externally, / is a coefficient that represents the inter-
action strength between Rb and Xe atoms, M;, and M are the equi-
librium magnetizations of Rb and Xe, respectively, and T3, T}, T3,
and T7 are the transverse and longitudinal relaxation times of the
electronic spin and Xe nuclear spin, respectively. The {T5,T5,T7}
and {T3,T;,T}} mean that we should use the relaxation time with
a subscript “2” for the differential equation of x and y components
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Fig. 1. A typical Rb-Xe comagnetometer. The Rb spins are polarized with the left
circularly polarized laser beam, and the Xe nuclear spins are polarized with spin-
exchange between the Rb spins. When a static magnetic field By is applied along the
z-axis, both the Rb and Xe nuclear spins can precess about the z-axis. A probe light
propagating along the x-axis detects the x component of Rb magnetization, which
reflects the magnetic field in the xy plane. The nuclear spins can be manipulated by
oscillating the magnetic field in the x direction. Depending on the manipulation
mode for the magnetic field, the nuclear spins can be in a free-precession or self-
oscillation state. The oscillating magnetic field in the x direction changes the state
of Rb spins, and meanwhile, a back action can be exerted on Xe spins.

of the magnetization and that with a subscript “1” for the differen-
tial equation of the z component.

The dynamics of two overlapping spin ensembles interacting by
spin-exchange depends on the parameters of the spin system. The
dynamics when the nuclear and electronic spin precession fre-
quencies are nearly matched at very low magnetic field strengths
have been analyzed in [10,19], where the interactions of the
nuclear and electronic spins are very strong. Here, we are inter-
ested in another condition in which the applied magnetic field B
is of the order of uT and much larger than the magnetic field pro-
duced by the magnetization of spins, making the interactions of the
nuclear and electronic spins very weak. Therefore, the coupled
Bloch equations can be solved with the perturbation-iteration
method. Since the magnetization field is much less than the
applied magnetic field, the independent Bloch equations can be
seen as the zeroth order solution. Both the nuclear and electronic
spin move in accordance with the Bloch equations. The flow chart
of the perturbation-iteration method is shown in Fig. 2.

For the coupled system shown in Fig. 1, Rb and Xe are polarized
along the z-axis. Since we assume the coupling is weak, we can
reduce Eq. (1) to the following two Bloch equations:

dM* . Mz — M°
—— =7, (B+Mjz) x M® + =L ——, 2
dt ye( + 0) +{T;, ;’ i} ( )
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.
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Fig. 2. Flow chart of the perturbation-iteration method. In the 0-th order solution,
the Bloch equations for electrons and nuclei are solved independently. Depending
on the configuration of the Rb-Xe comagnetometer, we can obtain the free-
precession or self-oscillation solution from the Bloch equation of Xe spins. To be
specific, the nuclear spins precess about the z-axis, which produce a precessing
magnetic field. The precession of Xe spins affects the Bloch equation of Rb spins as
an effective magnetic field. Then, the Rb spins produce an effective magnetic field,
which affects the Bloch equation of Xe spins. As a result, the precessing Rb
magnetization causes damping and frequency shift effects for the precessing Xe
spins.
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where Mg and Mg are the equilibrium magnetizations of electronic

spins, respectively, 7, =2, TS =S(B)TY, and

and nuclear S

Ti = S(B)TY.
First, we analyze the dynamics of the Rb spin from Eq. (2),

dMe—yi?xMe <MXX+1V1;5/ Mgz—Mj)
e El

dt T, T TS @)

where the magnetic field sensed by Rb spins is as follows:

T

B= {éx,éy,Bo My} (5)
If we let M = Mg + iMj, from Eq. (4) we obtain

%M" (Tl zwo)Me iy M (Ex + ifay) (6)

and

d e 1 e e eN EN

g e M = e M = (MB, — MB,) (7)

where w§ =y, (Bo + AMj).

Since the applied transverse magnetic field By and the magnetic
field produced by the magnetization of nuclei are very weak com-
pared to By, the transverse magnetization components of electron
spins M; and M; are very small. Therefore, from Eq. (7) we can
obtain an approximate solution as follows:

M = M;, 8)

Inserting Eq. (8) into Eq. (6), we know the transverse magneti-
zation component M¢ of Rb spins can be used to detect a weak
magnetic field. From another angle, the motion of Rb spins will
be changed by the weak magnetic field.

We are interested in the transverse rotating states of Xe spins in
either the free induction decay (FID) or self-oscillation mode. The
magnetization of nuclear spins can be described with the following
equation:

M" = {M' cos(wjt + v),M' sin(wgt + ¢),Mg}ﬂ 9)

where M is the amplitude of transverse rotation and can be time-
dependent or time independent, @} is the oscillating frequency, t is
the time, and y is the phase. Then, the magnetic field sensed by the
Rb spin will be as follows:
Bysin(wfit) + M’ cos(wit + )
B = M sin(ft + )
By + M

~{BuB.B). (10

The transverse magnetic field is as follows:
B, +iB, = B,sin(wit) + AM" ei(“5+v). (11)
Substituting Eq. (11) into Eq. (6) and using the fact that w} is
much less than w§, we can obtain
i7.T3Mj (Bx + iB))
T (1 +iwsTs)
iy, T5MG, {Bxsin(a)gt) + 2Mﬁei(‘“3‘*“‘)}

- (1 +iwgTs) ' 12)

e

This condition w§ << w§ is always true in our case since w} is
the Larmor frequency of the nuclear spin and § is the Larmor fre-
quency of the electronic spin.

From Eq. (12), we know the Rb spins will precess with a fre-
quency w}, producing a magnetic field which exerts an effect on
nuclear spins and then changes their motion. We might as well
take the magnetic field AM¢ as the induction field, similar to the
induction field in the coil of the conventional NMR system.

Similar to the derivations from Egs. (4)-(7), the motion of
nuclear spins can be described by

d n 1 no_ i 1

aM+ + <T” lwo>M =—iy,M (B +iB, ) (13)
and

d n 1 n ] N n

aM + M T" /n< - M, B ) (14)

The magnetic fields sensed by nuclear spins are

~n

B, = B,sin(wfit) + A(M%), (15)
and

~N e

B, = A(M%),, (16)

where (M?)

respectively.
For nuclear spins, the 0-th order Bloch equation is as follows:

S (4-

and (M?), are thexand y components of M,

X

i 7 w)o) M' = —iy,M;B,sin(wjt), (17)

that is, nuclear spins are precessing under the applied field
Bysin(wjt), with a frequency o} and amplitude M. When consider-
ing the induction magnetic field from Rb spins, the frequency wj
and amplitude M", may change accordingly. From Eq. (12), we know
the induced magnetic field from Rb spins is as follows:
e e\ (1 o e

Bfn — _ yeTZ (/IMO) (l + QZ)OTZ) [Bxsin(a)gt)]

1+ (w8T3)

Vel (AMo) (i + T3
1+ (w§T5)°

{;,M'jef(%”w)] . (18)

It is obvious that the induced magnetic field contains two ori-
gins. One is due to the applied magnetic field B,sin(wjt) and the
other is due to the motion of Xe magnetization M'.

By letting the nuclear spins oscillate with the frequency w" after
considering the influence of Rb spins, we can write
My +iMy, = M e"%, According to Euler's formula, we know
sm(wot) L (ei“"t — e~i@"t) Under the rotation wave approxima-
tion, we have sin(pt) = Le®"t. Then, Eq. (13) can be changed into
d M| y.M;By, ot

2

M| = —iA0"M'} — — —

dt T — iy, MBLe ", (19)

where A" = (0" — w}).
(1) In the FID mode, the resonant field B,sin(w§t) is turning off

in the process of free-precession. Therefore, from Eq. (18) we
have the following:

N e n\ (1 nge
_i—ynMgB:?n eio"t=iy _ /HVETZ(AMZ)(/in) Mi«#l'
1+ (w4T3)
VuVeTs (AM3) (AMG) (w8 T,
/n))e ( )( )( 0 )Mi (20)
1+ (w§TS)?

Substituting Eq. (20) into Eq. (19), we can easily find that
the first term in Eq. (20) leads to the relaxation/damping of
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M}, while the second term leads to the frequency shift of the
oscillator. The equivalent relaxation time caused by Rb spins
is

1 a2 T5(AM;) (AMg)

= (21
Teq 1+ (0)8T;)2 )
and the frequency shift is

(4 n e
A" = — Vn’))eTZ ()VMZ) (}"MO) (ngg) (22)

1+ (wgT3)?

(2) In the self-oscillation mode, the resonant field B,sin(wgt)
should be applied continuously so the Rb spins also give
back action to the driving field By. For ideal self-sustained
spin oscillators, y = 0. From Eq. (18) we have

’yel)nTZ(/“MnMO)
o[+ wmy ]
- V,n/eTZ (AML’) (AMo)
1+ (08T)?
ynyeTe (M) (AMG) (0§ T5)
1+ (weTe)

iy, MIB e (T3 +1}B,

1

M. (23)

Substituting Eq. (23) into Eq. (19), we find that the first term in
Eq. (23) also influences the motion of nuclear spins. It is obvious
7ennT3 (PMzM) (0§T3)

2[ur(egy)’]
of the induced magnetic field due to By decreases the total mag-
netic field, which is similar to Faraday’s electronic-magnetic induc-
tion law. The in-quadrature component, that is, the term

- e7nTS (AMEME)
21+ (7))

frequency shift as follows:
VernT2 (AMzMo) o
2[1+ (e§T5)°]

that the in-phase component, that is, the term

B, of the induced magnetic field due to B,, leads to a

Ao’ = — (24)

In the FID mode, the nuclear spins precess freely without B,, and
thus, we can use Eqgs. (21) and (22) only. Otherwise, we should use
Egs. (21)-(24).

From Eq. (18), we find that when w§ is larger, the induced mag-
netic field B;, is smaller. Thus, we could reduce the “radiation
damping” effect in Rb-Xe comagnetometers through increasing Bo.

Mx /a.u

0 10 20 30 40 50 60 70 80
time /s

(a)

FFT of Mx /a.u

3. Numerical simulation and experiment
3.1. Numerical simulation

To assess the theoretical analysis, we can obtain numerical
results using the coupled Egs. (2) and (3). The parameters are the
following: By = 0.5 uT, T5 = 100 ps, T; = 20's, y, = 27 x 7000 Hz/
uT, y, = 21 x 10 Hz/uT, /Mg = 50 nT, and Mg = 10 nT. The initial
parameters are M =Mg/2,M; =0,M; =0 and M;=M; =0,
M: = M§. The numerical results are shown in Fig. 3(a), where the
curve “damp” is My as a function of time t according to Egs. (2)
and (3), while the curve “no damp” is the expression for the free
motion of nuclear spins, and we have M=
0.5Mje """ cos(27 x 5.1t). It is evident that M relaxes faster due
to the damping effect of Rb spins. Through exponential fitting,
we obtain that the relaxation rate of the curve “damp” is
0.07s', which is adjacent to =L+ =005s"+

2 2 eq
0.0236 571 = 0.0736 s71.

The fast Fourier transform (FFT) of My in Fig. 3(a) is given in
Fig. 3(b). The peak frequency of the curve “damp” is shifted by
—5.5 mHz, which is smaller than that of the “no damp” curve. Thus,
the precession frequency of nuclear spins is slowed due to the
damping effect of electronic spins. The frequency shift is —8 mHz
according to Eq. (22), which is larger than —5.5 mHz. Through care-
ful checking, we found that M, is changing with time in the FID
process, and thus, the actual frequency shift is less than —8 mHz.

3.2. Experiment

It is difficult to verify the damping and frequency shift experi-
mentally since we do not know the actual relaxation rate and pre-
cession frequency without electronic spins. However, from Egs.
(21) and (22), we find that the relaxation rate and frequency shift
is dependent on By. Therefore, we can check the analysis through
the variation in By.

The experimental apparatus is shown in Fig. 4. A spherical vapor
cell with a diameter of 1 cm that contains an excess amount of 8’Rb
metal, 2 Torr of '?°Xe and 300 Torr of N, is placed in an oven
located inside a five-layer magnetic shield. The cell is heated with
200 kHz AC current flowing through a resistor film. A set of coils is
used to produce the magnetic field By in the z direction. The mag-
nitude of By is controlled by a current source and can be set in the
range of 0-15 pT. The driving field B, of 11.8 nT in magnitude is

0.8F

06

04+

0.2+

51 5.15
frequency /Hz

(b)

52

Fig. 3. (a) M} as a function of time t and (b) the FFT of Mj.
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Fig. 4. Experimental setup.

produced by a data acquisition card and x coils. Both the pump
laser and probe laser are expanded and aligned with the beam
expander. The probe laser is 1 mW at the entrance of the magnetic
field shield. The power of the pump laser can be tuned from 0 to
60 mW. With a polarizer and a 1/4 A plate, the polarization of the
pump laser is set to be circularly polarized. After reflection by
the triangle reflector, the pump laser propagates along the z direc-
tion and pumps the Rb atoms. With a linear polarizer, the polariza-
tion of the probe laser is set to be linearly polarized. The intensity
of both the pump and probe laser can be adjusted by the neutral-
density filter. After propagating through the cell, the polarization
of the probe laser is detected with polarimetry consisting of a lens,
a polarization beam splitter and two photo detectors. The mea-
surement process is controlled by a Labview program.

In the experiment, we change B, through tuning the current
source. At each By, we measure the magnetic resonance frequency
and transverse relaxation time of Xe spins by the free induction
decay method. We conducted the experiment under two condi-
tions with different temperatures and pump powers.

Case 1: The temperature of the heater is stabilized at 85 °C and
the power of the pump laser is set to be 10 mW at the entrance
of the magnetic field shield.
Case 2: The temperature of the heater is stabilized at 95 °C and
the power of the pump laser is set to be 40 mW at the entrance
of the magnetic field shield.

At first, we measure the following quantities: T3, AMg, and AMg.
Through scanning the magnetic resonance curve of Rb atoms, the
bandwidth of magnetic resonance Af can be obtained. The trans-
verse relaxation time of Rb atoms is T; = 1/(nAf). Through calibra-
tion with a specific magnetic field along the x-axis, the scale factor
of the Rb magnetometer kg, can be obtained. With a 7/2 pulse on
the nuclear spins, we can obtain the value of AMj. Through flipping
the polarization of the pump laser from left to right circularly
polarized [20,21], we can obtain the value of AMj. These parame-
ters for case 1 and case 2 are given in Table 1. The gyromagnetic
ratios are y, =2m x 11.87 Hz/uT and 7y, = 27 x 7000 Hz/uT for
129%e and 37Rb, respectively. Therefore, we can theoretically obtain

Table 1
Measured parameters.
TS us Mg /nT JM§/nT
Case 1 31.8 16.6 35
Case 2 15.9 35.0 9.0

the relaxation rate and frequency shift for Xe spins caused by the
back action of Rb spins.
The measured relaxation rate I';; can be expressed as
1 1 1

1 T5 (AM3) (AM;
Fm:TZT T:7+M’ (25)
TZ T2 Teq T2 1+ ('))ETZB())
where the first term is independent of the “radiation damping” and
the second term results from the “radiation damping”.
The measured magnetic resonance frequency of Xe spins f,, can
be expressed as follows:
1 17,8 (7T3Bo)
f =54 ynBO +5 e ynyeTe ]“Mn /]“Me R —— )
m 2 2 BO 2( Z)( 0) 14 ('VET;BO)Z
(26)

where B, g is the possible residual magnetic field in the xy plane and
the three terms result from By, B, and “radiation damping”.

To verify Egs. (25) and (26) experimentally, we change B, and
measure the relaxation rate I';, and magnetic resonance frequency
fm at each B,. We fit the experimental data for I';, as a function of
By by equation I';;, = ap + 1+Z—]233 so that the relaxation rate caused

by “radiation damping” and T = \/a>/), can be obtained. After-

wards, we use equation f,, = by + byBy + g—; - 1i23%2 to fit the exper-
285

imental data for f,, as a function of B, so that the frequency shift
due to “radiation damping” can be distinguished. The fitting
parameters we obtained are listed in Table 2. The values of the

. a0 e by . L
relaxation rate TR and frequency shift Top are givenin Figs. 5

and 6, which are denoted as “exp.”. At the same time, the theoret-
ical results using Eqgs. (21) and (22) and data in Table 1 are also
given and are denoted as “theory” in the legend. It is evident that
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Table 2
Fitting parameters.
ao a a bo b1 b, bs
Case 1 0.023 0.006 4.6 —0.003 11.87 0.0005 0.0015
Case 2 0.051 0.013 0.66 0.0924 11.87 0.0005 0.0056
x 10"
6 :
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Fig. 5. Relaxation rate (a) and frequency shift (b) as a function of By for case 1.
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Fig. 6. Relaxation rate (a) and frequency shift (b) as a function of By for case 2.

the experimental results agree well with the theoretical results for
case 1 in spite of a little drift of the experimental parameters in the
measurement process. However, the experimental results have
slightly larger disagreement with the theoretical results for case
2, especially on the frequency shift curve. The experimental fre-
quency shift is larger than the theoretical value in the range of
—4 to 4 pT. The reason for this might be when the polarization of
Rb spins is higher, the perturbation-iteration method has larger
error. From Egs. (25) and (26), we know that b; should be equal
to ;-a,1/a;. In case 1, we have 5a;/a; = 0.0020, which is very
close to 0.0015. In case 2, however, we have 217611\/552 0.0017,
which is much smaller than 0.0056. Thus, the error in case 2 is lar-
ger. This phenomenon needs to be studied further.

3.3. Discussion

A NMR signal is conventionally detected via a resonant coil,
where the coil has back action on the NMR system, thereby causing

damping and a frequency shift. In the spin-exchange optically
pumped NMR systems, the NMR signal is detected by the magne-
tometer consisting of electronic spins and a probe laser. The back
action of the magnetometer is similar to the detection coils, which
also leads to damping and a frequency shift. Even there is no radi-
ation field, the polarized electronic spins produce a virtual radia-
tion field out of phase. As a result, the precession is damped. We
might as well call this effect the “radiation damping” effect.

We would like to discuss the damping and frequency shift
effects in an NMR probe, which detects fundamental physical con-
stants operating in an FID mode. A typical example is given in 3],
where the frequency stability is vital to the measurement. Accord-
ing to the experimental parameters given in [3,21,22], we could
estimate some specific values. For the Rb-Xe system, the enhance-
ment factor is 1o =~ 493 and 4 = 2Ko,/3. The 1?°Xe precesses with
a frequency of 152 Hz so that the static magnetic field in the z
direction is approximately 12 uT. The cell is heated to 130 °C, and

the Rb density is approximately 10"/cm®. The T¢ is 25 ps, and
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the Rb atoms are polarized to 50%. We assume that the 2°Xe is
5 Torr and polarized to 10%. According to Eqgs. (21) and (22), we
can obtain the following:

Tln:2.4x 107s ! (27)
eq

and

A®" =27 x 50 puHz. (28)

Under such conditions, the frequency shift due to the “radiation
damping” effect is not negligible.

From Egs. (21) and (22), we know the larger the § is, the
smaller the effects of damping and the frequency shift. This is
because when wj§ is large, the sensitivity of the Rb magnetometer
to the low frequency magnetic field is reduced, which gives a low
signal-to-noise ratio (SNR). This means if the sensitivity of the
magnetometer is improved, the electronic spins strongly quicken
the relaxation. It can be easily understood in a physical view since
high sensitivity means strong interaction and therefore leads to
strong relaxation.

In the FID mode, M will change from zero to Mg exponentially;
therefore, both TQq and Aw" will change remarkably. For a dual spe-
cies NMR oscillator operating in the FID mode, due to different y,
and Mg, the frequency shifts are different and cannot be effectively
common-mode suppressed. This will decrease the accuracy of the
measurement. In Ref. [3], the magnetic field from polarized Rb
atoms is approximately 10 nT, leading to a frequency shift of
0.12 Hz for 2°Xe. After common-mode suppression with the dual
species nuclear magnetic resonance method, the residual fre-
quency shift is approximately 204 pHz. This error currently limits
the precision of NMR oscillators. The frequency shift due to the “ra-
diation damping” is on the order of 10 pHz and may be the largest
error after the error caused by polarized Rb atoms is further
reduced. The “radiation damping” may also be an error source
for the magnetometer using Xe nuclear spins, such as in [22].

“Radiation damping” also has an effect on the measurement of
the relaxation time. In the FID mode, the relaxation time we obtain
includes the effect of “radiation damping”, which is smaller than
the actual relaxation time. In lower By, the magnetic gradient
caused by By is small, but the “radiation damping” effect is strong.
Meanwhile, in higher By, the magnetic gradient caused by By is
large. In some experiments such as testing the fifth force or surface
relaxation measurements, the relaxation time is used as a probe.
The “radiation damping” may cause error to some extent.

Some NMR oscillators work in a continuous mode, for example,
NMR gyros [23]. To sustain the oscillation, the driving magnetic
field is applied in the x-axis direction. According to Eqgs. (23) and
(24), this driving magnetic field will decrease the precession fre-
quency. The frequency shift is proportional to Bx; therefore, the
oscillation frequency of the oscillators will be affected by the
amplitude of Bx. This error is difficult to suppress with the dual
species method since the frequency shifts are uncorrelated. More-
over, the “radiation damping” depends on T5, Mg and M}, and the
precession frequency can be shifted due to polarization fluctua-
tions of electronic spins.

4. Conclusion

In the comagnetometers, interactions between spin ensembles
through magnetization act as “radiation damping”, which leads
to damping and a frequency shift of the rotating spin ensembles.
In the FID mode, since the rotating magnitude varies with time,
the equivalent relaxation time and frequency shift will also change

with time. In the self-oscillation mode, the equivalent relaxation
time and frequency shift may change with polarization fluctua-
tions and variation of external excitation fields. Therefore, these
effects should be taken into account to improve the accuracy of
NMR probes for new physics. To reduce the “radiation damping”
effect, we can use a larger static magnetic field for those comagne-
tometers using the precessing frequency to detect physical
parameters.
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