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We demonstrate a method for simultaneously measuring the spin polarizations of noble-gas and alkali-
metal atoms. Under a low magnetic field, the polarized alkali-metal and noble-gas spin ensembles exhibit
novel dynamics in the self-compensation and resonance regimes, which can be used to measure the polar-
izations. We perform this method on a K-Rb-*'Ne comagnetometer with various operation temperatures
and pump-light intensities. The polarization of alkali-metal electrons from 0.245 to 0.964 and the polar-
ization of noble-gas nuclear spins from 0.01 to 0.065 are measured with relative uncertainties less than
12.4%. The measured polarizations are consistent with the theoretical model and are also verified by the

traditional polarization-measurement method.
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I. INTRODUCTION

Hyperpolarized noble gases through spin-exchange opti-
cal pumping have been used in a variety of scientific
and medical applications, including tests of fundamental
symmetries [1,2], searches for exotic spin-dependent inter-
actions [3,4], magnetic resonance imaging [5,6], neutron
polarizers and analyzers [7], and inertial navigation [8,9].
In some of these applications, magnetic field noise is the
dominant noise and is suppressed by the self-compensation
operation [2,4,8], the suppressing ability of which is deter-
mined by the noble-gas and alkali-metal polarizations
[8,10]. Thus, it is important to measure the polarizations
to optimize the suppressing ability. Additionally, in order
to study the polarization limits and efficiencies of noble-
gas and alkali-metal atoms in hybrid optical pumping, it is
necessary to measure the polarizations [11,12].

The conventional methods to measure the polarization
of noble-gas nuclear spins are nuclear-magnetic-resonance
(NMR) detection [13,14] and the electron-paramagnetic-
resonance (EPR) frequency-shift method [15,16]. In the
NMR detection method, the NMR signal induced by the
tipping of the noble-gas spins is detected by the pickup
coils to obtain the polarization, which requires additional
tipping rf coils and accurately calibrated pickup coils. As
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for the EPR frequency-shift method, to measure the shift in
the EPR frequency of alkali-metal atoms upon the reversal
of the noble-gas spins, a double-feedback scheme locking
the magnetic holding field to the resonance of the alkali-
metal atoms and the technique of adiabatic fast passage
are required. To measure the polarization of alkali-metal
electrons, the conventional method using rf spectroscopy
on the Faraday rotation [16—18] is applied, which requires
a strong rf field to sweep through the Zeeman resonances
of alkali-metal atoms. Another method based on the fit-
ting of the transient buildup and decay of polarization is
also used [19,20]; however, the accuracy is affected by
the distortion of the transient signal and the change in the
slowing-down factor during the buildup-and-decay pro-
cess. Furthermore, a method based on the frequency shift
of the noble-gas nuclear-spin precession (FSNP) due to
the flipping of the alkali-metal spins is used [21] but this
causes the depolarization of noble-gas nuclear spins.
Here, we demonstrate a method for measuring the
spin polarizations of noble-gas and alkali-metal atoms
based on the dynamics of the spin ensembles. Utilizing
the novel dynamics of the spin-polarized alkali-metal and
noble-gas ensembles under a low magnetic field, this
method can be used to simultaneously measure the polar-
izations, simplifying the previous separated measurement
procedure. This method operates under low-magnetic-field
conditions, requiring no complex magnetic field coil
or feedback loop; hence, this simplified configuration
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is suitable for miniaturized devices. In addition, this
method causes no depolarization of the noble-gas or alkali-
metal spins and can be used in real-time polarization
measurement.

II. THEORY

In the alkali-metal noble-gas comagnetometer, the
alkali-metal electron spins are polarized by the pump light,
whereas the noble-gas nuclear spins are polarized through
the spin-exchange interactions with the alkali-metal spins.
The precession of the polarized spin ensembles due to
the external magnetic field and other excitations is typi-
cally measured by the probe light based on the interac-
tion between the alkali-metal spins and the photons. The
dynamics of the spin ensembles in the comagnetometer can
be described by a set of Bloch equations [22—24], coupling
the nuclear-spin polarization of noble-gas atoms P" and the
electron-spin polarization of alkali-metal atoms P*:
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In order, the first term in each equation describes the pre-
cession of each spin species in the sum of the external
magnetic field B, the effective magnetic field B® (B"), and
the inertial rotation 2, whereas the alkali-metal spins addi-
tionally precess in the light shift L. The light shift L can
be eliminated by changing the pump-light frequency [25];
meanwhile, the inertial rotation 2 is negligible on a stable
platform. The electron and nuclear gyromagnetic ratios are
given by y, and y,, respectively, whereas Q is the slowing-
down factor [26]. The second term in each equation rep-
resents the polarizations of the alkali-metal and noble-gas
spins, respectively. The alkali electron spins are polarized
along the z axis by pumping light with rate R, and pho-
ton polarization S,. Additionally, the alkali electron spins
are also polarized by the spin-exchange interaction with
the noble-gas atoms at rate Rls, where K is the noble-gas
nuclear spin. However, the rate RS can be ignored com-
pared with R,. Meanwhile the noble-gas nuclear spins are
polarized along the z axis by the spin-exchange interaction
with the alkali-metal atoms at rate RS, . Coefficient (X, B,)
depends on K and the spin temperature 8, of the noble-gas
spins [13]. The last term in each equation accounts for the
relaxations of the longitudinal and transverse components
of the polarization of alkali-metal spins (noble-gas spins)
at rates RS (R{) and R (R} ), respectively.

The effective magnetic fields B® and B", experienced by
one spin species owing to the magnetization of the other,
are used to describe the dominant interaction between the
spin-polarized noble-gas and alkali-metal atoms [22]. In a
uniformly polarized spherical cell, the effective magnetic
fields are represented by
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. (2)
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where k is the Fermi-contact-shift enhancement factor
[14], o is the permeability of vacuum, wup is the Bohr
magneton, and n, and n, are the densities of noble-gas and
alkali-metal atoms, respectively.

When the excitation signal is relatively small, the lon-
gitudinal components of the polarizations, P{ and P!, are
nearly constant [19]. Usually, the transverse excitation sig-
nal should be one order of magnitude smaller than the sum
of the holding magnetic field along the pumping direc-
tion and the relaxation rate of the alkali atoms. Thus, the
Bloch equations can be linearized to obtain the transverse
component of the polarization P¢ [23]:

P¢ =P 4 Pye ! 4 PYOY, 3)

where parameters Pj, P, and Py depend on the
inputting signals and initial conditions. The transient
part of the P¢ contains two oscillations, A; = Ay, + iAy;
and A, = Ay, + iy, corresponding to the precessions and
decays of alkali-metal electrons and noble-gas nuclei trans-
verse polarizations, respectively. The decay rates are
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Here, the faster decay rate A, corresponds to the decay rate
of alkali-metal electron transverse polarization, whereas
the slower decay rate A, corresponds to the noble-gas
nuclei [22,24]. In the absence of spin-exchange interac-
tions, the noble-gas and alkali-metal spins would precess
according to their own gyromagnetic ratios in the external
magnetic field B and decay according to their own trans-
verse relaxation rates. Usually, the precession frequency
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and decay rate of noble-gas spins are significantly smaller
than those of alkali-metal spins. However, when the two
spin ensembles are coupled by the spin-exchange inter-
actions in the low external magnetic field, the precession
frequencies and decay rates become mixed. In particular,
when the holding magnetic field along the z axis B, is
set to the fastest decay point B/, the decay rate of noble-
gas spins reaches the maximum [24]. This results from the
fact that the motion of noble-gas nuclear spins is strongly
coupled to the alkali-metal electron-spin motion; thus, the
slower decay rate of the nuclear spins is accelerated by the
faster decay rate of the electron spins [22,24]. Therefore,
the entire spin ensembles exhibit a hybrid response and
decays with the fastest rate. By setting dA;,/d B, = 0, the
fastest decay point is found to be

T V(1= 0%,/ Ye) “
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where the approximation is based on the reality that y, is
3—4 orders of magnitude larger than y,, Q is on the order
of ten, and B? is 1-2 orders of magnitude larger than B¢.

For quasisteady input signals, P¢ can be approximated
by the steady-state part,
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where 6 B. = B. + B; + BZ. When the holding magnetic
field B. is set to the compensation point, B = — B! — B,
8 B, equals zero; thus, the steady-state signal P¢ is inde-
pendent of the quasisteady input magnetic fields. This
is because the nuclear magnetization of the noble gas
would adiabatically compensate for any slowly changing
magnetic field at the compensation point [8,22], leaving
the alkali-metal electrons to experience a zero transverse
magnetic field.

Therefore, by measuring the values of the fastest decay
point B/; and the compensation point B, we can obtain B?
and B{. According to Eq. (2), the polarizations P? and P¢
can then be calculated using the measured noble-gas and
alkali-atom densities. The concrete procedure to measure
B? is as follows: scan the holding field B, measure the
transient responses to a small step By, and fit the transient
responses by Eq. (3) to obtain the slower decay rates Aj,.
Maximal A, occurs at the fastest decay point; thus, the
slower decay rates A, of different B, are fitted by Eq. (4)
to obtain the corresponding —B” of the largest A,,. Mean-
while, the concrete procedure to measure B is as follows:
scan the holding field B, measure the steady responses to
a small step B,, and fit the steady responses by Eq. (6).
The compensation point B = — B! — B¢ is found when the
steady response equals zero; substitution of the measured
B? yields B¢. Above all, the transient and steady responses
to a small step B, are measured and fitted to obtain B and

B¢, which are then used to calculated the polarizations P”
and P¢ based on Eq. (2), respectively.

III. EXPERIMENTAL SETUP AND RESULTS

This method is performed on a K-Rb-?!Ne comagne-
tometer shown in Fig. 1. A spherical cell made of alu-
minosilicate glass (GE180) is filled with a small mixed
droplet of K-Rb metal, 2280-torr 2!Ne (70%-isotope
enriched), and 52-torr N, gases at 25°C (referred to as cell
1) and installed in a boron-nitride oven, which is heated by
a 110-kHz ac electric heater. The molar fraction of K fx
in cell 1 is kept small to improve the polarization homo-
geneity [27]. The density of Rb, ngy, is calculated based
on the saturated density and Raoult’s law [27], with the
temperature monitored by the platinum resistor pasted on
the cell, and further verified based on the laser-absorption-
spectroscopy method. Meanwhile, the density of 2! Ne, ny,
is measured during the gas-filling process by the vacuum
gauge. Three-axis magnetic field coils generate uniform
fields in each direction. The magnetic field shields con-
sist of five layers of w-metal barrels, providing a shielding
factor better than 1 x 10° and a remanent magnetic field
smaller than 2 nT in three directions after degaussing. A
1.5-W pump light of the K D line, (Toptica TA pro) is cir-
cularly polarized and expanded to polarized K atoms. The
P¢ of the Rb electron spins is measured by a linearly polar-
ized and red-detuned (0.4-nm) probe light of the Rb D) line
from a distributed-feedback laser based on optical rotation
and converted to a voltage signal S¢ = AP{ by a scale fac-
tor A. To reduce low-frequency noise, the probe light is
modulated by a photoelastic modulator (Hinds Instruments
PEM100) and then demodulated by a lock-in amplifier
(Zurich Instruments HF2LI).

First, to present the change in the dynamics of the spin
ensembles with holding magnetic field B., the relationships

Magnetic shields
Coils
Cell and oven

oo /]
PD GT 9 L M4 PEM GT M
o] 0
of o I |—|
] :
o] 0
Probe

FIG. 1. The experimental setup of the comagnetometer: BE,
beam expander; PBS, polarization beam splitter; M, mirror; GT,
Glan-Taylor polarizer; PD, photodetector.

laser
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FIG. 2. (a) The solid curves are the simulated decay rates and

are plotted against the bottom-x, left-y coordinate, whereas the
dashed line is the simulated relationship between B/ and —B”,
plotted against the top-x, right-y coordinate. (b) The dots are
measured transient signals with different B, and fitted by the
curves based on Eq. (3). To present the faster decay precession
clearly, the x axis is broken into two parts, in which the first part
extends from 0 to 18 ms and the second part goes from 18 ms to
6s.

between the two decay rates and the holding magnetic field
B, are simulated based on Eq. (4) in Fig. 2(a). The simula-
tion is based on the K-Rb-2!Ne cell mentioned above, with
a typical temperature 180°C and typical Rb polarization
P¢ = 0.6. Using the parameters in Ref. [13], the effec-
tive magnetic fields are calculated to be B =296.8 nT
and B¢ = 46.7 nT. When the holding field B, is far away
from the fastest decay point, B/ = — B" = —296.8 nT, the
decay rate of the Rb electron spins A, is significantly
larger than that of the >'Ne nuclear spins Aj.. Close to
the fastest decay point, A, decreases while A, increases,
causing the decay rates to become coupled. At the fastest
decay point, Ay and Aj, reach their smallest and largest
values, respectively. Because the damping time of the pre-
cession signal is determined by the slower decay rate Ay,
the procession signal decays with the fastest rate at the
fastest decay point. In addition, to verify the validity of
the approximation in Eq. (5), the values of the fastest
decay point B/ of different temperatures and pump-light
intensities are numerically calculated based on Eq. (4) and
compared with the approximate results of Eq. (5), —B”. As
shown in the top-x, right-y coordinate in Fig. 2(a) by the
dashed line, the numerically calculated B/ are consistent
with the approximate results —B”, which means that the
approximation in Eq. (5) is reasonable.

Next, we present the measurement of the fastest decay
point and the compensation point by measuring the tran-
sient and steady responses to determine the spin polariza-
tions. Figure 2(b) shows the measured transient responses
to a small-step magnetic field B, for several values of

the holding field B, with temperature 190°C and pump-
light intensity 339.6 mW /cm?. When the B. is away from
the fastest decay point B, = — B! = —353.2 nT, there
are two separated decaying oscillations A; and A; in the
transients, as indicated in Eq. (3). As B, approaches the
fastest decay point, the two decaying oscillations gradu-
ally become matched. At the fastest decay point, the two
spin species are strongly coupled and the precession signal
decays at the fastest rate. The transient responses are fitted
using Eq. (3) and the fitting curves are in good agreement
with the measured data.

The slower decay rates Xj,, obtained by fitting the tran-
sients with Eq. (3), are summarized in Fig. 3(a) and fitted
by the solid curve based on Eq. (4). The maximum value
of the fitting curve appears at the fastest decay point, B, =
— B! = —353.2 nT. After determining B, we measure the
compensation point to obtain Bf. Scanning the holding
field B., the difference AS; between steady signals before
and after a step magnetic field applied along the y axis,
B, = 0.48 nT, is measured and shown in Fig. 3(b). The
measured data are consistent with the solid fitting curve
based on Eq. (6), with the coefficient of determination R>
(the goodness of fit) of 0.9997. At the compensation point
B¢ = —430.1 nT, AS? equals zero, as predicted by Eq. (6).
Based on the measured B, and B¢, the effective magnetic
fields of 2!'Ne and Rb atoms are B’ = — B/ =353.2 nT
and B¢ = — B+ B/ = 82.7 nT, respectively. Based on
Eq. (2) and k = 35.7 4 3.7 [14], the corresponding polar-
izations of the 2'Ne nuclear and Rb electron spins are
P! =0.057 £ 0.006 and P{ = 0.48 £ 0.05, respectively.

To verify the validity of this method under different
conditions, the polarizations of the Rb and 2!Ne spins
are measured with different pump-light intensities and
temperatures and compared with the theoretical model.
With several different pump-light intensities and temper-
atures, the values of the fastest decay point and the com-
pensation point are measured and shown in Fig. 4(a),
whereas the corresponding polarizations are plotted in
Fig. 4(b). The equilibrium spin polarization of Rb is P{ =

(@) (b,
s+ Measured data
Fitting curve

Measured data
Fitting curve

@ 204 s
e £
< )
O,
—800 —600 —400 —200 307”440  —420  —a00
B, (nT) B, (nT)
FIG. 3. The measured X;,. and AS? as functions of the holding

magnetic field. The dots are the measured data and are fitted by
the solid curves.
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FIG. 4. The measured B/ and B¢ and the corresponding polar-
izations of Rb and >'Ne atoms at various pump-light intensities
and temperatures. (a) The measured B/ and B¢ under differ-
ent conditions. (b) The dotted data are the measured P¢ and
P!. The solid curves are fitting lines based on y = Kx/(x + a)
for P{ and P! at 180°C, while the dash-dotted fitting curves
are for P{ and P! at 190°C. The dashed curves with hollow
squares and triangles are the theoretically calculated results for
P! at 190°C and 180°C, respectively, which are based on the
measured P! = 5 RS, /(3 R +3 Ry, P< without consideration of
the magnetic field gradient relaxation, while the dashed curves
with hollow circles and diamonds are the theoretically calculated
results for P7 at 190°C and 180°C, respectively, with considera-
tion of the magnetic field gradient relaxation. All P! are scaled
up 5 times for clarity.

R, /(R, +Ry,), where R?, is the longitudinal relaxation
rate of Rb, excluding the R,. The equilibrium nuclear-
spin polarization of ?!Ne is small under our experimental
conditions; hence, the coefficient £(3/2, 8,) is approxi-
mately equal to 5 [13] and the equilibrium polarization is
P! =5RE /(B3RS + 3Ry, P:, where Ry is the longitudi-
nal relaxation rate of 2'Ne, excluding the R". Therefore,
the measured polarizations P{ and P/ can be fitted by
y = Kx/(x 4+ a) with different values of K, where x is the
pump-light intensity, proportional to R,, and a is propor-
tional to Ry,,. In Fig. 4(b), the measured P{ and P” are fitted
well based on y = Kx/(x 4+ a) by the solid curves and
dash-dotted curves, respectively. a = 93.5 for fitting P¢ is
consistent with a = 86.3 for P? at 180°C and a = 123.0
for fitting P¢ also agrees with @ = 139.1 for P/ at 190°C.
However, when the pump power is high, there are dif-
ferences between the measured P¢ and the fitting curves.
This results from the fact that the strong pump light heats
the cell and causes the R}, to increase; therefore, the fit-
ting data are larger than the measured P¢ at the high pump
power.

As a further check, based on the theoretically calculated
RS and R7, [13,14], the P/, calculated by the measured

rel

P¢ using P! = 5Rg; /(3R +3 Ry, P%, are compared to

the measured P7. As shown in Fig. 4(b), the calculated
P! are shown by the dashed curve with hollow squares

for 190°C and by another dashed curve with hollow tri-
angles for 180°C. These calculated P are larger than the
measured data, because we consider that the R7| is mainly
contributed by the quadruple relaxation [13], with the other
relaxations, such as the magnetic field gradient relaxation,
neglected. If the gradient relaxations due to the residual
magnetic field gradient, the polarization gradient, and the
nonspherical cell are taken into account with, for exam-
ple, a transverse magnetic field gradient of approximately
3—4 nT/cm and a holding magnetic field of approximately
100200 nT [28], the calculated P} (dashed curves with
hollow circles and diamonds) are identical to the measured
data.

In addition, another K-Rb-?'Ne cell with a higher molar
fraction of K (referred to as cell 2) is used to measure the
Rb spin polarization based on our method at 180°C and
to compare with the traditional FSNP method. The brief
principle of the FSNP method is that the transverse polar-
ization of noble-gas nuclear spins introduced by a tipping
pulse would precess in the sum of the holding field B,
and the effective magnetic field BS. When the polarization
of alkali-metal spins is reversed by changing the polarity
of the circularly polarized pump light, the precession fre-
quency of the noble-gas spins is shifted by Af, =2V, BS.
Therefore, the effective field BY can be acquired by mea-
suring the frequency shift [21]. In Fig. 5, the effective
magnetic fields B¢ measured by these two methods are
plotted against the left y axis, whereas the correspond-
ing polarizations are plotted against the right y axis. The
results of these two methods are consistent with each other
at different pump-light intensities. The maximal difference
between the polarizations measured by these two methods
at the same pump-light intensity is 0.04. Likewise, the fit-
ting data are larger than the measured P¢ at the high pump
power due to the heating effect of the strong pump light.

The measurement uncertainty of this method consists
of systematic uncertainty (type B) and random uncertainty

3
= 105 1.05
o Y
5 3
g 9 090 ¢
o ©
g N
G 75 0.75 5
o o}
] o
£ 604 = B¢ and P¢ by this method 060 g
S « B° and P° by FSNP method £
g 451 1045 &
[T} T T T T
100 200 300 400
Pump-power intensity (mW/cm?)
FIG. 5. A comparison between the polarizations measured by

our method and that of the FSNP method. The blue solid curve
is the fitting curve of the measured polarizations based on our
method.
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(type A). The systematic uncertainty arises from the uncer-
tainty of the Fermi-contact-shift enhancement factor & and
the uncertainty of the approximation of B/ in Eq. (5), as
well as the uncertainties due to the cell geometry and the
nonuniform spin polarization. The relative uncertainty of £
is measured to be 10.4% [14], whereas the uncertainty of
the approximation of B/ is smaller than 1%.

In general, the effective magnetic field B¢ (B") in Eq. (2)
is composed of the Fermi-contact interaction term and
the classical magnetization term [13,22,29]. The Fermi-
contact enhancement factor & in Eq. (2) should be modified
tobek = k(/) + k., where ké) and k. correspond to the Fermi-
contact interaction term and the classical magnetization
term, respectively [15,29]. By modifying the factor k. for
different cell geometries, the B® and B" in Eq. (2) can be
extended to the nonspherical cell, even for a cell with an
appendage or stem [13,29]. On the one hand, the ké) for Rb-
2INe is 34.7 £ 3.7 [13], while k. is on the order of unity
for a nonspherical cell (k. = 1 for a uniformly polarized
spherical cell). The contribution of the classical magneti-
zation term to the effective magnetic field is one order of
magnitude smaller than the Fermi-contact interaction term.
On the other hand, the main nonspherical part of our cells
is the cylindrical pull-off stem, which is very small, with
a length of 0.5 cm and an inner diameter of 0.15 cm. The
stem volume is only about 1% of the total cell volume.
Therefore, the uncertainty arising from the cell geometry is
less than 1% due to the large k(/) and the small nonspherical
volume [30].

An inhomogeneous laser intensity and attenuation of
the laser through the cell can both give rise to nonuni-
form alkali electron-spin polarization P¢. However, due to
the fast spin-exchange rate between electron spins and the
same electron-spin polarization in both hyperfine states,
the alkali electron spins do not see any torque due to
their own spin polarization [22]. As for the effect of the
nonuniform P¢ on the noble-gas nuclear spins, because the
diffusion time of 2! Ne nuclear spins (t; ~ d*/6Dye ~ 558
ms at 180°C in our case) is about 3—4 orders of magnitude
shorter than the spin-exchange time of the Rb-?'Ne pair
and the relaxation time of the >' Ne, the nuclear spins expe-
rience a volume-averaged P, i.e., the BS experienced by
the nuclear spins is volume averaged [22,30]. Therefore,
this method measures the volume-averaged P¢. Likewise,
a nonuniform alkali-metal density and electron-spin polar-
ization could potentially cause the inhomogeneity of P7.
However, P? is uniform because the diffusion time is much
shorter than the relaxation rate [30] and thus the effect of
the inhomogeneity of P/ is negligible. The uncertainty due
to a nonuniform P¢ arises from the approximation of the
volume-averaged classical magnetization term in Bf with
Eq. (2)[15,31]. In our case, the contribution of the classical
magnetization term to the total B¢ is 1/35.7, which means
that this error is less than 3% even for the extreme case.

In addition, to estimate the P¢ inhomogeneity, we have

added the three-dimensional (3D) numerical simulation
of the P¢, taking the cell geometry, the wall relaxation,
and the nonuniform pump laser into consideration. This
simulation is based on the finite-element method, which
is applied for the polarization simulation of Rb-*Xe in
Ref. [32,33]. The parameters of the K-Rb->'Ne cell used
in the simulation can be found in Ref. [13,34] and the
pump light emitted from the single-mode polarization-
maintaining fiber is calculated as the Gaussian distribution
with a beam diameter of 18 mm. Simulations of the P
in cell 1 with a temperature of 180°C and a pump-light
power of 30 mW are shown in Figs. 6(a) and 6(b). The
inhomogeneity due to the nonuniform pump laser and the
cell geometry can be seen in the cross section of the x-y
plane at z = 0 in Fig. 6(a), while the inhomogeneity due
to the light absorption across the cell is shown in the cross
section of the y-z plane at x = 0 in Fig. 6(b). To describe
the polarization inhomogeneity, we define a dimension-
less factor, the homogeneity ratio, which is the ratio of
the volume-averaged polarization to the maximum polar-
ization in the cell. The homogeneity ratio under different
experimental conditions of cell 1 is plotted in Fig. 6(c).
The P¢ is more uniform for the situation with a lower tem-
perature and a higher pump-light power due to the weaker
light absorption and higher electron-spin polarization, this
being identical to the analytical result in Ref. [34]. The
simulated P{ are higher than the corresponding measured
values, which results from the fact that the actual incident
pump-power values going into the cell are smaller than
those measured outside of the vacuum window, and the
actual relaxation rates of the alkali atoms are higher than
the theoretically calculated values.

(@) = 02345 (D) m 0.2505
0.005 I 0.005 0.2307
0.1980 ® 0005
Eo0.000 € 0.000 '
> 0.1590 01499
-0.005 I 01200 —0.005 B 1005
~0.005 0.000 0.005 ~0.005 0.000 0.005
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(©)
g oot R
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:‘G:.) './ I/.
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g o .
£ 0.70 P —=—180°C
T o063 " —=—190°C
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FIG. 6. The 3D simulation of P¢. (a) The cross section of the
x-y plane at z = 0 with a temperature of 180°C and a pump-light
power of 30 mW. (b) The cross section of the y-z plane at x = 0
with a temperature of 180°C and a pump-light power of 30 mW.
(c) The calculated homogeneity ratios with different temperatures
and pump power densities.
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The random uncertainty arises from the measurements
of the compensation point B¢, the fastest decay point B/,
and the densities of Rb and 2! Ne atoms. The B/ and B¢ are
acquired by fitting the transient and steady responses to the
step magnetic field with relative uncertainties smaller than
2%. During the gas-filling process, the density of >'Ne,
nNe, 18 obtained by measuring the pressure in the tube using
a vacuum gauge before the glass cell is pulled off the tube
and then further checked by measuring the remaining gas
pressure after the cell is pulled off the tube. We estimate
the relative uncertainty of ny. to be less than 5%.

A spherical cell filled with pure K metal and 3 atm
of “He (referred to as cell 3) is used to calibrate the
molar fraction of K atoms in cells 1 and 2 based on the
laser-absorption-spectroscopy method (LAS). According
to Raoult’s law, the molar fraction of K atoms in the hybrid
cellis fx = ng /nk1, where ng is the K density in the hybrid
cell measured by LAS, ng; being the K density of the pure
K cell measured by LAS at the same condition instead of
the calculated saturated density, to avoid the measurement
error of the cell temperature. As shown in Fig. 7(a), the
laser-absorption curves of cells 1 and 3 measured at differ-
ent temperatures are fitted to obtain the densities [34]. In
Fig. 7(b), the calculated K molar fraction of cell 1 at dif-
ferent temperatures is averaged to be fx = 0.072 £ 0.004,
while the average of the K molar fraction in cell 2 is

C) (b)

Cell 1
0.304 Cell 2
c E L E
= 4 L 0.271
3 8 008t
z 2 — =
< 3 0.07 E t
= [
o 0.061— , , ;
—90-60-30 0 30 60 145 150 155 160
Frequency detune (GHz) Temperature (°C)
(c) . (d)
190+ HHH} f } 1841 [ } {
— = T=190°C ) }
£1851 . T=180°C < 1821 {
- peo T
1801 }}HH Pt 1801 | T=180°C

100 200 300 400
Pump-power density (mW/cm?)

0 200 400 600
Pump-power density (mW/cm?)

FIG. 7. (a) The top four curves are the laser-absorption curves
of cell 3 at 160°C, 155°C, 150°C, and 145°C, respectively,
while the bottom four curves are those for of cell 1 at 160°C,
155°C, 150°C, and 145°C, respectively. The vertical axis is
—Ln(Iow/Iin), where I, and I,y are the incident and transmitted
light intensities, respectively. The zero point of the horizontal
axis is the D; line of K in vacuum. The curves of cell 1 are
scaled up 5 times for clarity. (b) The measured molar fraction
of K in cells 1 and 2 at different temperatures. (c),(d) The calcu-
lated effective temperatures 7 under the operating conditions of
cells 1 and 2, respectively.

fx = 0.289 £ 0.009. Because the molar fraction of K fx
remains constant in the sealed cell under our operating con-
ditions, the densities ng = fxngo and ng, = (1 — fx)nrpo
can be obtained by substituting in the saturated densities
ngo and nrpo, which are calculated based on the directly
measured cell temperature. However, the calculated den-
sities will be different from the true values due to the
operating conditions, especially the strong pump light and
temperature gradient. Thus, it is necessary to measure
the densities under the operating conditions. The density
of K atoms, which is optical thin in the hybrid cell at
high temperature, is measured under the operating condi-
tions based on LAS to obtain the effective temperature,
and then used to to deduce the Rb density. In Figs. 7(c)
and 7(d), the measured effective temperatures of cells 1
and 2 increase significantly with the pump-light power.
The uncertainty of ng, mainly derives from the uncertain-
ties of the molar fraction and the effective cell temperature.
Under the operating conditions, the uncertainty of ngy ,
which is calculated based on the measured molar fraction
and the effective temperature, is smaller than 5.5% for cell
1 and 4.7% for cell 2. There are also many other meth-
ods to directly measure the density of the optically thick
Rb atoms to improve the accuracy [13,35]. To sum up, the
total extended measurement uncertainties of P¢ and P/ are
less than 12.4%. The uncertainties of £ and the densities
are the two largest uncertainties of this method and they
are also the challenging terms for the traditional methods
[15,16,21].

IV. CONCLUSION

We demonstrate a method for simultaneously measuring
the spin polarizations of noble-gas and alkali-metal atoms
based on the dynamics of the spin ensembles. Under the
normal operation conditions of the K-Rb->'Ne comagne-
tometer, the polarizations of the Rb and 2!'Ne spins are
measured by this method and found to be consistent with
the theoretical model. This method can also be applied
in a wider operating range. Additionally, the traditional
FSNP method is used to further verify the validity of this
method. Although the accuracy of this method is limited by
the uncertainty of £, it has the advantage of simultaneous
measurement of polarizations, simplifying the previous
separated measurement procedures. Furthermore, owing
to the simplified configuration, it is suitable for minia-
turized devices. The method can be extended to measure
other alkali-metal and noble-gas species enclosed in other
geometrically configured cells. In addition, because this
method will not depolarize the noble-gas or alkali-metal
spins, it can be used in real-time polarization measurement.
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