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Metastability-exchange collisions (MECs) play a central role in metastability-exchange optical pumping (MEOP) of
3He, enabling the transfer of polarization from the metastable state to the ground state and the optical detection of nuclear
magnetic resonance. Leveraging MECs, optically pumped >He nuclear magnetometers have been developed'since the early
development of MEOP. However, the MEC-induced frequency shift can bias the inferred magnetic field and thereby limit
accuracy, whereas MEC-induced relaxation shortens the spin-coherence time and reduces the signal-to-noise ratio, thereby
limiting sensitivity. Characterizing these two effects is therefore important for improving both the accuracy and sensitivity
of 3He magnetometry. In this work, we show that light-induced frequency shifts and relaxation in the metastable state can
be transferred to ground-state He nuclear spins through MECs. Light shifts are well-known atomic-physics effects and
have also been considered in optically detected He magnetometry (Phys. Rev. Research7 043106 (2025)). The focus of the
present work is therefore not the identification of the light shift itself, but the quantitative transfer of light-induced frequency
shifts and relaxation from metastable atoms to ground-state nuclear spins through MECs. We develop a theoretical model to
characterize these light-induced effects, highlight their significance under low-field conditions, and experimentally validate

the model.
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1. Introduction

The study of metastability-exchange optical pumping
(MEOP) of 3He dates back to the 1960s.!1) Owing to its high
efficiency in producing large nuclear polarization, MEOP has
become one of the primary techniques for generating hyper-
polarized *He. Hyperpolarized *He has found broad appli-
cations in nuclear physics,?) magnetic resonance imaging, !
nuclear spin magnetometry and gyroscopes,*>! and tests of
fundamental physics.[>-"! These applications benefit from the
simple spin-1/2 structure of *He. In addition, the closed-shell
electronic structure of helium effectively shields the nuclear
spin from environmental perturbations, giving rise to excep-
tionally long relaxation and coherence times. At the same
time, however, this weak coupling to the environment makes
direct optical manipulation and interrogation of ground-state
*He nuclear spins intrinsically challenging.

Noble-gas optical-pumping techniques provide effective
routes for overcoming this difficulty. In spin-exchange opti-
cal pumping (SEOP),[%! angular momentum is first transferred
from light to alkali-metal atoms and then to noble-gas nuclei
through spin-exchange collisions. In MEOP, by contrast, light
drives optical transitions involving the metastable 23S state of
3He, while metastability-exchange collisions (MECs) transfer
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spin polarization and spin information between the metastable
and ground states. Because the population of metastable atoms
is generated by a radio-frequency (RF) discharge, the strength
of the light—nuclear-spin coupling mediated by MECs can be
conveniently controlled by adjusting the discharge intensity.
This tunability makes MECs an attractive mechanism not only
for producing hyperpolarized *He, but also for realizing nu-

[10-12

clear spin squeezing and quantum memories. 1 More re-

cently, MECs have also been exploited to realize optically de-
tected absolute >He magnetometry.[!3!

The ability of MECs to link the optically accessible
metastable state with the long-lived ground-state nuclear spin
MECs are re-

sponsible for polarizing ground-state >He and for transferring

is central to MEC-based detection schemes.

nuclear-spin information between the ground and metastable

14171 In the early development of MEOP, this prop-

states. !
erty was used to detect magnetic resonance in the ground state
through optical probing of the metastable state.['82"1 Based
on this principle, Schearer er al.!*'! developed an optically de-
tected nuclear magnetometer using MEOP-polarized *He and
measured the Earth’s magnetic field with a sensitivity of sev-
eral microgauss.

While MECs provide the essential bridge between light
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and ground-state nuclear spins, they also introduce system-
atic effects that can limit the performance of >He magnetome-
ters. In particular, the strong coupling between the ground
and metastable states induced by MECs gives rise to frequency
shifts and relaxation of the nuclear spins.[*>?3 Recently, the
MEC-induced frequency shift was carefully measured and cor-
rected by Lu ef al. in Ref. [13], enabling an absolute >He mag-
netometer with a sensitivity of ~ pT/ \/IE Meanwhile, ME-
induced relaxation has been shown to be suppressed in the
low-field regime.?*! These developments highlight the need
for a quantitative understanding of all MEC-mediated effects
that may influence ground-state nuclear spin precession.
Here, we show that MECs can also transfer the light-shift
effect from the metastable state to the ground state, leading
to additional frequency shifts and relaxation of ground-state
*He nuclear spins. We develop a theoretical model to de-
scribe nuclear-spin dynamics under the combined influence of
MECs and the light shift, and validate it experimentally. Our
results demonstrate that the light shift can have a significant
impact in the low-field regime. These findings clarify the role
of light-induced effects in spin dynamics under MEOP condi-
tions and provide a framework for characterizing and reducing
light-induced systematic errors in *He magnetometers. For in-

[21.25-29] \where sta-

stance, in self-oscillating magnetometers,
ble pump light is required to sustain polarization, the light-
induced frequency shift must be eliminated or controlled to
achieve better sensitivity and accuracy.

This paper is organized as follows. In Section 2, we in-
troduce a model describing the light-induced frequency shift
and relaxation of *He nuclearspins. Section 3 presents the
experimental setup and measurement principle. In Section 4,
we experimentally investigate the light-induced effects under
various conditions and compare the results with the model pre-
dictions. Finally; Section 5 concludes the paper and discusses

future prospects.

2. Model of MEC-mediated light effects

Under discharge conditions, ground-state 3He atoms are
strongly coupled to metastable atoms through MECs. It has
been shown that the coherence, or transverse nuclear-spin po-
larization, can be efficiently transferred to the metastable state
through MECs, provided that the Larmor frequency in the
metastable state is lower than the MEC rate.!'>) In addition,
MECs modify both the precession frequency and the relax-
ation rate of ground-state nuclear spins.!'319221 In this sec-
tion, we extend the theoretical description of MECs to include
light-induced effects on ground-state spin dynamics.

The evolution of atoms in the ground and metastable

states due to MECs can be described as follows:[!°]

dps _

i T (*Pg +Tre[Pm]) )

dpn _ 1 [
cuT(Pm* 2

Pr(Tryp[pm] ® pg)PF> , (D
F=1/2,3/2

where p, and py are the density matrices of the ground
and metastable states, respectively. Here, 7 (~ 1 s) and 7
(~ 1077 s) denote the average time intervals between MECs
experienced by atoms in the ground and metastable states,
respectively. The large difference between these two time
scales arises from the small metastable-state population. As
metastable atoms account for only a fraction of ~ 107° of the
total helium population, each metastable atom can undergo
MECs with the abundant ground-state atoms. In contrast,
a given ground-state atom encounters metastable atoms only
rarely, with a probability set by the small ratio n/N, where n
and N are the number densities of metastable and ground-state
atoms, respectively. As a result, the characteristic MEC time
for metastable atoms, 7, is much shorter than that for ground-
state atoms, 7. The operator Pr projects the metastable-state
density matrix onto the two hyperfine subspaces, thereby re-
moving the coherence between them after collisions. The sym-
bols Tr, and Tr. denote trace operations over the nuclear and
electronic degrees of freedom, respectively.

The magnetic field also affects how MECs modify the
precession frequency and relaxation time of ground-state >He.
This dependence arises mainly from the mismatch between the
gyromagnetic ratios of the ground and metastable states. For a
holding field By = ByZ, the Zeeman Hamiltonian can be writ-

ten ast'?

4 2
Hg = —h <3ymK~BU+ 3me-Bo+an-Bo) , (@

where ¥, = —27 x 28.0238144(50) kHz/uTP and y, =
—27 x 32.434100033(28) Hz/uTB!! denote the gyromag-
netic ratios of the “He metastable state 23S; and *He ground
state, respectively. The factors 4/3 and 2/3 are the Landé
gr factors corresponding to the two hyperfine levels of the
metastable state. Here, K and J represent the angular mo-
menta associated with the F = 1/2 and F = 3/2 hyperfine
manifolds of the metastable state, respectively, while I de-
notes the nuclear spin in the ground state.

Atoms in the metastable state are also affected by the light
used for optical pumping or detection, giving rise to the so-
called light shift. For optical pumping of the metastable state
with circularly polarized light, and under moderate light in-
tensity such that the optical transition rate is slow compared
with the decay rate of the excited state, the light shift can be

described by the effective Hamiltonian3%33]
E 2
o= G e 3)

where ‘@ is the complex polarizability tensor operator of
the metastable state, Ej is the electric-field amplitude of the
light, and € is the complex polarization vector. In general,
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Hj, is non-Hermitian and can be written as a linear combina-
tion of the light-shift operator 6& = 1 (Hi +H1D’ which in-
duces frequency shift, and the light-absorption operator 81" =
%(HlS - Hfs), which accounts for additional light-induced re-
laxation in the metastable state. The explicit form of Hjg is
given in Appendix A.

Taking these effects into account, the evolution of the
metastable-state density matrix can be written as

dpm 7i p ,l B
rrale h[HB+55,Pm] 2{6F7pm}
1
+; <_Pm+ Z P (Tta [pm] ®Pg)PF> -4
F=1/2.3/2

The relaxation associated with the light-absorption operator
arises from the depopulation of atoms in the metastable state
during optical pumping. The term involving 8I" describes the
loss of population from the metastable 2°S manifold due to op-
tical absorption, which excites atoms to the optically excited
23P manifold. Since py, is defined only within the metastable
manifold, this excitation appears as a depopulation process in
the equation of motion for py,. Taking the trace of py, gives
dn/dt = —(8I")n, where (8I') is the state-averaged optical
absorption rate. A complete optical-pumping cycle, however,
must also include repopulation, in which atoms return to. the
metastable state through spontaneous decay from the optically
excited states. Following the formalism of Ref. [34], the cou-
pled dynamics of atoms in the ground and metastable states
can be described by the following master equations in Lind-
blad form:

d . 1 1
Pg = _l[YnI'BOan]+f(_Pg+Tre[pm])_Fg(Pg_ 5)7

dr
d i 4 2 A
Epm - _g [h <3YmK+ 3'}'mJ) 'B0+557pm:|

1
+ Z]’r % (Lq,Fme;F - Z{L;FLq,prm})
9,
1
+; <_Pm + ZPF{Trn[Pm] ®Pg}PF>
F

1
~y (pm —~ 6) : (5)

where ¥; is the spontaneous decay rate and L, 7 are the Lind-
blad operators. By comparing the second equation in Eq. (5)
with Eq. (4), the light-absorption operator can be identified as
ol = Yo r er; rLg F, which represents the removal of atoms
from the corresponding metastable sublevels. In contrast, the
term %L%Fme;F describes the repopulation of these sub-
levels through spontaneous decay from the optically excited
states. The last terms in Eq. (5) account for additional relax-
ation processes in the ground and metastable states caused by
collisions and discharge-induced quenching, with Iy and o

denoting the corresponding relaxation rates. The explicit form
of L, r for metastable 3He is derived in Appendix B.

To gain physical insight into how MECs modify the fre-
quency shift and relaxation of ground-state >He, we first ex-
amine the dynamics of the expectation values of the angular
momenta (K'), (J), and (I). In the absence of the light shift,
the evolution equations for their transverse components are

i) = |—imbo— (41)| @) 4400 - k)
K = (=i mBo— o) (K golm 50,
%Uﬂ = <_i§7/mBO_ 94.1_> <J+>+£<K+>+;*S<I+>. (6)

Here, I, = I, +il,, K| = Ky + iK,, and J, = J, + iJ, denote
the transverse components of ‘the corresponding angular mo-
menta. Since T < T, the metastable-state variables (K, ) and
(J+) evolve on a'much faster timescale than the ground-state
variable (I ). On the timescale of the ground-state evolution,
they can therefore be solved in terms of (I ), yielding an ef-
fective relation between (J;) — (K. ) and (I;). Substituting
this relation into the first equation gives the effective evolution
equation for (/).
The resulting equation can be written as!'®!

= (o ) - (R ],

dr T T
@)
where
ﬁ _ 1 : 71'}/mBOT+3. ' (8)
3 (1 + lymBQ‘L')(l +41’)/mB()‘L'>
The real and imaginary parts of 8 are given by
3 +23(}’mB()T)2
Re[B] = , 9
e[B] 3 [1 + 17(YmBOT)2 + 16(7mBOT)4] ( )
8%mBoT +28(YmBoT)?
Im[ﬁ] — _ Ymbo (’J/m 0 ) (]O)

3[1+17(YmBoT)? + 16(YmBo7)*]
Accordingly, the MEC-induced frequency shift and relaxation

rate are
Atongg — _Im[] _ 8%mBoT +28(YmBo7)?
E T 3T[1+17(%uBo7)2 + 16(YmBo7)*]’
(11)
e 1-Re[f]  28(JmBo7)? +48(YmBo7)*
M T 3T 1+ 17(%uBo®)2 + 16(¥mBot)Y]”
(12)

These expressions show that MECs modify both the preces-
sion frequency and the relaxation rate of the ground-state nu-
clear spin. In the low-field limit, the MEC-induced frequency
shift scales linearly with y,Bo7, whereas the MEC-induced
relaxation rate is a second-order effect, scaling as (¥nBoT)?.
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At high fields, the frequency shift decreases approximately as
1/(¥mBoT), while the relaxation rate approaches 1/T. There-
fore, the MEC-induced frequency shift reaches a maximum
at an intermediate magnetic field, whereas the MEC-induced
relaxation increases from zero and gradually saturates in the
high-field limit. Physically, these effects arise because MECs
repeatedly couple the long-lived ground-state nuclear spin to
the metastable-state spin dynamics, whose precession frequen-
cies and relaxation rates differ from those of the ground state.
The influence of the metastable state is encoded in the complex
parameter f3: its imaginary part produces a shift of the preces-
sion frequency, while its real part determines the correction to
the relaxation rate.

When the light shift is included, the vector component
of the light-shift operator 8€ (see Appendix A) acts as an ef-
fective magnetic field on atoms in the metastable state. This
component takes the form §€ o S - (2K + J), where S de-
notes the photon spin. As a result, the metastable-state angu-
lar momentum precesses in the combined field of the holding
field and the light-induced effective field. This modifies the
MEC-mediated coupling between the metastable and ground
states, thereby changing the MEC-induced frequency shift and
the relaxation of the ground-state nuclear spin. In addition, the
light-absorption operator 81 introduces extra relaxation.in the
metastable state, which can be transferred to the ground-state
nuclear spin through MECs.

For clarity, the effective fields associated with the vector
light shift in the two metastable hyperfine manifolds can be
estimated from (see Appendix A)

2 .
(12) _ 3fgole RC[Z((O,@SQ)}SZ’ (13)

fs B 8hymcEome @3 9

where fg = 0.078963 (fo = 0.0503611) is the oscillator
strength of Cg (Co) transition, / is the light intensity, Z(®; wg o)
is the Doppler-averaged complex line-shape function defined
in Appendix A, and s is the photon helicity. Substitution of
1~ 100 mW /cm?, the Doppler width D ~ 27 x 1.19 GHz, and
the gyromagnetic ratio given above yields a maximum disper-
sive field of order several microtesla. This is an effective field
acting directly on the metastable-state atoms, not a magnetic
field directly experienced by the ground-state nuclei. Its influ-
ence on the latter is reduced and transferred through MECs, as
described by the correction —Im[3]/T in Eq. (7). The influ-
ence of the pump light is therefore expected to become partic-
ularly important in the low-field regime.

To quantitatively describe these light-induced effects, we
solve Eq. (5) numerically using the separation between the
fast metastable-state dynamics and the slow ground-state evo-
lution. Because pg evolves on the macroscopic timescale T,
it varies only weakly over the much shorter timescale of the

metastable-state dynamics. We therefore treat pg as fixed

when solving for pp,. At each time step, pp, is first obtained
from its steady-state equation for the current value of pg, and
the resulting py, is then used to update p, through the ground-
state evolution equation.

3. Experimental and measurement

method

setup

The measurements were performed using a low-field *He
MEOP apparatus with MEC-assisted optical detection, as
shown in Fig. 1. A small fraction of *He atoms is excited into
the metastable state by a RF discharge operated at 1.17 MHz
with a power of about 0.9 W. The metastable atoms are then
polarized by a circularly polarized pump laser resonant with
the Cg transition.!*! The pump beam is expanded to cover the
entire cell volume, and an optical shutter (OS) is used to switch
the optical pumping on and off. Through MECs, as illustrated
in Fig. 1(b), the polarization of metastable atoms is transferred
to.the ground-state nuclei, thereby producing nuclear spin po-
larization.

To suppress magnetic noise and provide a highly uniform
holding field, the cell is placed inside a five-layer p-metal
magnetic shield, which reduces the ambient magnetic field to
the 10-nT level. The holding field is generated by a Merritt
coil system. After optical pumping, a resonant RF pulse gen-
erated by a Helmholtz coil surrounding the cell tips the nu-
clear spin polarization into the transverse plane. The nuclear
spins then undergo free precession in the holding field, and
the precession amplitude decays due to relaxation processes,
producing a free induction decay (FID) signal. For the pump-
off measurements, the OS is closed before the RF pulse and
remains closed throughout the FID acquisition. For the pump-
on measurements, the pump beam remains on during both the
RF pulse and the FID acquisition. At each holding field and
for each optical condition, the RF-pulse duration is scanned
at fixed RF amplitude, and the 7/2 condition is identified by
maximizing the initial transverse FID amplitude.

The FID signal is detected optically using a weak (~
1 mW) linearly polarized probe beam propagating along the
x axis. The probe detuning is A, = —1 GHz relative to the Co
transition. Here, the light-shift effects induced by the probe
beam are not considered. Since the probe beam is linearly
polarized, its vector light shift is negligible because the mean
photon spin vanishes for ideal linear polarization (s = 0). Pos-
sible residual circular polarization due to experimental im-
perfections only induces a second-order frequency shift, as
the corresponding effective magnetic field is transverse to the
holding field By, which is much smaller than the pump-light-
induced shift. The projection of the metastable-state angular
momenta K and J along the probe-beam propagation direc-
tion directly produces the Faraday rotation. Owing to rapid
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MECs, the metastable-state angular momenta follow the dy-
namics of the ground-state nuclear spins; the latter can there-
fore be read out indirectly by monitoring this metastable-state
Faraday rotation. This polarization rotation is measured with

Sig (V)

a homodyne detection scheme. To improve the signal-to-noise
ratio, the probe signal is modulated by a photoelastic modula-
tor (PEM) and subsequently demodulated with a lock-in am-
plifier.

wem LP

z Probe
y n—
Isolator Mirror

Y
(0]
238,
N
m pet -o-
- -
-o-
.=
BT —.—
JJ F:% -
Z A
i MEC

Fig. 1. (a) Experimental setup of the MEC-based 3He polarization and detection system. The apparatus consists of three main parts: a magnetic-
field system based on Merritt coils enclosed in a five-layer p-metal magnetic shield; an optical-pumping system including a ~ 1 W pump laser,
polarization-control optics, and beam-expansion optics; and a signal-detection system using a weak (~ 1 mW) linearly polarized probe laser
propagating transverse to the pump beam, together with a homodyne detection scheme. The PEM supplies a time-dependent retardance at
approximately 50 kHz, while the QWP supplies the static retardance used to set the operating point of the polarization-modulation detection; the
Faraday-rotation signal is then analyzed by the Wollaston prism and balanced detector and demodulated by the lock-in amplifier. The inset shows
a typical FID signal demodulated by a lock-in amplifier. LP: linear polarizer; QWP: quarter-wave plate; OS: optical shutter; BT: beam trap;
BD: balanced detector; PEM: photoelastic modulator; WP: Wollaston prism. (b) Relevant hyperfine energy levels of *He involved in MEOP.
The metastable and ground states are coupled through MECs: The red double arrow indicates the optical-pumping transition, and the wavy line
represents spontaneous decay from the excited state. The light shift modifies the Zeeman sublevels of the metastable state and, through MECs,

also affects the ground-state nuclear spin.

The Larmor frequency and relaxation rates of the He nu-
clear spin are extracted by fitting the FID signal to

Si(t) = Sosin(27fot + ye™ "2 457/ (14)
where fo =% B/(2m) is the Larmor frequency, 7> and T} are
the transverse and longitudinal relaxation times, respectively,
and ¢'is the initial phase. The first term in Eq. (14) describes
the decaying transverse spin coherence that gives rise to the os-
cillatory FID signal. The second term is included phenomeno-
logically to account for a slowly varying non-oscillatory back-
ground in the detected signal.

This non-oscillatory contribution can arise from a small
misalignment between the pump and probe beams. Ideally, the
pump and probe beams are orthogonal, so that the probe de-
tects only the transverse spin component after the RF pulse. In
practice, a small misalignment can project part of the longitu-
dinal polarization prepared by optical pumping onto the probe
direction. This projected component does not contribute to the
Larmor precession and therefore appears as a slowly varying
background in S,(¢). If the pump light is switched off during
FID detection, this contribution decays through longitudinal

relaxation and is proportional to e~/

. If the pump light re-
mains on, the corresponding background is governed by the
balance between optical pumping and relaxation and may ap-
proach a steady-state value. In our measurements, this slowly
varying contribution is included phenomenologically by the

second term in Eq. (14).

4. Experimental characterization of

induced effects

light-

In this section, we characterize the light-induced fre-
quency shift and relaxation under different experimental con-
ditions, including different RF discharge strengths, magnetic-
field strengths, laser detunings, and pump-laser powers. The
measured dependences are compared with the theoretical
model developed in Section 2. Note that each data point in
Figs. 2—4 represents the mean value of three repeated mea-
surements. The standard deviations of these measurements are
smaller than the marker size and are therefore not visible in the
figures.

As indicated by Eq. (7), the MEC-induced frequency shift
in the low-field limit is approximately Awvg =~ 8YmBot/(3T).
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Since 7 is mainly determined by the ground-state number den-
sity, whereas T is inversely proportional to the metastable-
state density, the frequency shift is expected to scale with the
metastable-state population, which is controlled by the RF dis-
charge. The metastable-state density is not, in general, re-
quired to be linear in the RF-generator amplitude.

7.8451 @ P=0W
BP=05W
AP=10W

7.840

7.835

fo (Hz)

7.830

7.825
&

0.04 0.05 0.06 0.07 0.08 0.09
Vais (V)

Fig. 2. Larmor frequency as a function of the RF-generator amplitude
Viis for different pump-laser powers. The blue circles, green squares, and
yellow triangles represent experimental data obtained at different pump-
laser powers, and the solid lines are linear fits. The black star indicates
the extrapolated crossing point of the fitted lines.

Figure 2 shows the measured Larmor frequency as a func-
tion of discharge strength. Here, Vg;s denotes the amplitude
of the RF signal generator, which controls the RF discharge
strength in the He cell. The blue circles show the pre-
cession frequencies measured with the pump beam blocked.
In this case, the Larmor frequency varies linearly with Vi,
consistent with the fact that a stronger discharge produces a
larger metastable-state population and therefore a larger MEC-
induced frequency shift. Over the measured interval, approx-
imately 0.06 V < Vgis < 0.09 V, the Larmor frequency is em-
pirically well described by a'linear function of Vys. We use
this local linear fit only as a parametrization of the data; it is
consistent with an approximately linear increase in the effec-
tive metastable-state density over this restricted range, but it
is not intended to establish a general linear relation between
discharge amplitude (or power) and metastable-state density.

When the pump beam is on, the measured frequencies
also show an approximately linear dependence on Vg within
the same restricted interval, as shown by the yellow triangles
and green squares. However, their slopes differ from that ob-
tained with the pump beam blocked. This difference indicates
that the pump light introduces an additional frequency shift.
The mechanism discussed in Section 2 explains this behavior:
the light shift acts on the metastable state and is transferred to
the ground-state nuclear spin through MECs. Its effect, there-
fore, depends on the metastable-state population and becomes
stronger at larger discharge strengths. A weaker discharge is
therefore preferable for reducing this light-induced systematic
frequency shift in high-accuracy *He magnetometry.

The local linear fits extrapolate to a common point at
Vais = 0.035 V, which coincides with the independently ob-
served extinction threshold of the RF discharge. We do not as-

sume that a measurement performed with a finite metastable-
state population is free of MEC-induced shifts. Rather, we
interpret the crossing point as the extrapolated limit ny, — 0.
Because 1/T o np,, both the ordinary MEC-induced correc-
tion and the MEC-mediated pump-light correction vanish in
this limit. The frequency @, = 27 x 7.821 Hz is therefore
used as an estimate of the unperturbed ground-state Larmor
frequency. Since no optical FID signal can be obtained after
the discharge is extinguished, this value is necessarily an ex-
trapolation rather than a direct measurement at zero discharge.

@ Pump off
B Pump on

ry (s7)

2 3
By (uT)

Fig. 3. The transverse relaxation rate I as a function of the magnetic-
field strength under pump-on and pump-off conditions. The green squares
and blue circles represent the experimental results. The blue line denotes
the fit to the data using Eq. (15), while the green line represents the nu-
merical results calculated using the parameters obtained from the fit.

The influence of MECs and pump light on nuclear spin
precession depends strongly on the holding field By. Figure 3
shows the transverse relaxation rate I, measured at different
magnetic-field strengths. The blue circles and green squares
represent the relaxation rates extracted from the FID signals
under pump-off and pump-on conditions, respectively.

When the pump beam is off, the transverse relaxation rate

is described by the analytic expression!'®!

1 4 1 5 1
=T+~ |1

—2 -2 . (15
T 91+ (YmBot)?2 91+ (4%nBo7)? (s)

Fitting the pump-off data with Eq. (15) yields the blue curve
in Fig. 3. From this fit, we obtain a ground-state relaxation
rate of Iy = (5.96£2.94) x 1072 57!, together with average
MEC times of T = 0.37 £0.02 s for the ground state and
7= (2.2340.08) x 107 s for the metastable state, where the
uncertainties are one-standard-error values from the fit covari-
ance matrix. The extracted value of 7 is consistent with that
reported in Ref. [36]. These parameters are then used as fixed
inputs in the numerical solution of Eq. (5). The green curve
in Fig. 4 is obtained from the numerical calculation using the
parameters listed in Table 1. The measured pump-on relax-
ation rates agree well with the theoretical prediction, indicat-
ing that the observed increase in I3 can be explained by light-
induced relaxation in the metastable state that is transferred to
the ground-state nuclear spin through MECs.

As predicted by Eq. (15), the blue curve approaches the
high-field limit of Iy +1/7. In the low-field regime, where
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By < 1/|fm7| = 25 uT, the MEC-induced relaxation is sup-
pressed, and the relaxation time approaches 1/I as the mag-
netic field approaches zero. This behavior is reminiscent of
the spin-exchange-relaxation-free regime observed in alkali-

[38] although the underlying mechanism

metal magnetometers,
is different.

When the pump light is applied, as shown by the green
curve, the nuclear relaxation is significantly enhanced, espe-
cially at low magnetic fields. In the near-zero-field regime, the
relaxation time is reduced to approximately 15 s. As the mag-
netic field increases, the influence of the pump light becomes
less pronounced. This result highlights the need to account for
light-induced relaxation when using MEOP-polarized He in
low-field precision measurements.

Finally, we examine how the light-induced frequency
shift and relaxation depend on the pump-light detuning and in-
tensity, as shown in Fig. 4. The blue squares and green circles
represent the measured frequency shifts and relaxation rates,
respectively, and the lines show the numerical results obtained
from Eq. (5). Overall, the measurements agree well with the
numerical predictions. The remaining discrepancies may arise
from uncertainties in the input parameters used in the sim-
ulations, such as the laser power, as well as from the sim-
plified assumption of a uniform laser-intensity profile across
the cell. In addition, since Amyg o< 1/T, the relative uncer-

7.836 0.08

(a)

7.834

fo (Hz)

7.828
7.826
7.824 \. 0.02
7.8221g—® ®10.01
7.820 0.00
-3 -2 -1 0 1 2 3
v—ug (GHz)

tainty in T produces approximately the same relative uncer-
tainty in the MEC-induced shift. The characteristic field scale
is set by |¥m7|”!, so uncertainty in T mainly shifts the field
dependence horizontally. In the weak-to-moderate intensity
regime, the vector light shift is approximately proportional to
the laser power I, and the relative intensity-calibration uncer-
tainty therefore propagates approximately linearly to the pre-
dicted light-induced shift. The optical parameters D, 7;, and
¥ mainly affect the magnitude and width of the calculated re-
sponse near resonance and are plausible sources of the residual
discrepancy. By contrast, the relative uncertainties of %, and
% are many orders of magnitude smaller than the experimen-
tal uncertainties and have a negligible effect on the calculated
curves.

Figure 4(a) shows the dependence on laser detuning. The
light-induced relaxation is largest near resonance with the Cg
transition and decreases as the laser is detuned from resonance.
This behavior is expected because the laser-induced broad-
ening of the metastable-state magnetic-resonance linewidth is
strongest on resonance.3°! Through MECs, this enhanced re-
laxation in the metastable state is transferred to the ground-
state nuclear spin. As a result, the ground-state relaxation time
is significantly shortened near resonance and approaches the
value measured without pump light when the detuning exceeds
3 GHz.

(®)

7.832

0.04

7.830

0.03

7.828
0.02

7.826

0.00
0 20 40 60 80

gser (MW /cm?)

Fig. 4. Dependence of the pump-light-induced frequency shift and relaxation on laser detuning and intensity. The blue squares represent the
measured frequency shifts, plotted on the left vertical axis, while the green circles represent the measured relaxation rates, plotted on the right
vertical axis. The lines show the corresponding numerical results. In the left panel, the laser detuning is defined relative to the Cg transition, with
the pump-light intensity fixed at approximately 66 mW /cm?. In the right panel, the pump laser is red-detuned by approximately 1 GHz from the

Cg transition.

Table 1. Parameters used in the numerical solution of Eq. (5) and for plotting the curves in Figs. 3 and 4. The parameters %, 3, and D are used
to calculate the transition rates associated with the jump operators L, (see Appendix B). The source and treatment of the uncertainties for each

parameter are now listed explicitly.

Parameter Value Source Uncertainty/treatment
T 0.37s Fit to Fig. 3 0.02 s (fit)
T 22%x1077 s Fit to Fig. 3 0.08 x 1077 s (fit)
I 59%x103 57! Fit to Fig. 3 2.94 % 1073 57! (fit)
1 66 mW/cm? Measured at the cell 1% calibration
7;9 1.022 kHz Ref. [37] Fixed literature value
% 10.22 MHz Ref. [37] Fixed literature value
D 1.18 GHz Ref. [37] Fixed literature value
¥m —2m x 28.0238144(50) kHz/uT Ref. [37] Quoted in parentheses
T —27m x 32.434100033(28) Hz/uT Ref. [37] Quoted in parentheses
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The light-induced frequency shift exhibits a dispersive
dependence on laser detuning, as also shown in Fig. 4(a). As
the laser frequency is scanned across the Cg resonance, a rela-
tive Larmor-frequency shift of nearly 10 mHz is observed. The
finite frequency shift observed at zero detuning is defined rel-
ative to the Larmor frequency of 7.832 Hz measured without
pump light. This residual shift is attributed to the nearby Cy
transition, which is also weakly addressed by the pump light.

Figure 4(b) shows the dependence of the light-induced
frequency shift and relaxation on pump-laser power, with the
laser wavelength red-detuned by approximately 1 GHz from
the Cy transition. The observed power dependence is also well
reproduced by the numerical model. Since MECs induce a
positive frequency shift,'®1°] whereas the light-induced shift
depends on both laser detuning and intensity, the pump-light
parameters provide an additional degree of freedom for con-
trolling the net frequency shift. For applications involving
modulated or differential magnetic-field measurements, sta-
ble frequency offsets can in principle be rejected by the mea-
surement protocol. In absolute magnetometry, however, such
offsets directly affect the inferred magnetic field and must be
characterized or compensated. The tunability of the light-
induced shift therefore provides a useful tool for reducing sys-
tematic frequency shifts in MEC-assisted optically detected
absolute *He magnetometers. 132!

Beyond the light-induced shift, various effects such as
laser heating, RF discharge fluctuations, and magnetic-field
drift may also contribute to the frequency shift. Therefore,
we analyzed the potential shifts caused by these systematic
effects. Laser heating is expected to be small because of
the low absorption of the glass cell near 1083 nm, combined
with the weak absorption from the low density of metastable
3He atoms. By comparison, in similar SEOP 3He cells, laser
heating is predominantly driven by N, gas quenching.[#041]
Furthermore,” temperature variations indirectly modify the
ground-state Larmor frequency by altering the metastable-
state density and the MEC rate. Similarly, variations in the
REFE discharge can change the metastable-state density and thus
the MEC-induced frequency shift, while magnetic-field drift
directly introduces a Larmor-frequency offset.

However, these effects primarily manifest as static fre-
quency offsets or additional fluctuations; they cannot naturally
explain the dispersive detuning dependence observed in the
frequency shift. Therefore, the observed behavior is consis-
tent with an MEC-mediated light-shift mechanism, although
further experiments are required to characterize these system-
atic effects in greater detail.

5. Conclusions

MECs are known to affect both the precession frequency
and relaxation time of *He nuclear spins.!!%!°) In this work,

we show that the pump light can also induce frequency shifts
and additional relaxation of ground-state *He nuclear spins
through MECs. We develop a theoretical framework to de-
scribe how light-induced effects in the metastable state are
transferred to the ground state. In this model, the pump light
modifies both the magnetic resonance frequency and linewidth
of the metastable state. Owing to the strong coupling between
the metastable and ground states mediated by MECs, these
light-induced changes lead to an additional frequency shift and
enhanced relaxation of the ground-state nuclear spin.
Experimentally, we characterize the light-induced fre-
quency shift and relaxation by comparing FID signals mea-
sured with and without the pump light. The results show that
the pump light has a.pronounced effect at low magnetic fields,
while its influence becomes much weaker at higher fields. This
result is directly relevant to measurement protocols in which
the pump light overlaps the spin-precession interval. In a
conventional dark-FID measurement, by contrast, the pump
light is extinguished before free precession, so the pump-light-
induced shift is absent during the dark interval. We further in-
vestigate the dependence of the frequency shift and relaxation
on laser detuning and intensity. Since the light-induced fre-
quency shift is tunable through these parameters, it provides
an additional degree of freedom for characterizing, reducing,
or partially compensating MEC-induced systematic frequency
shifts in MEC-based absolute *He magnetometers. Apart from
the frequency-shift and relaxation mechanisms discussed in
this paper, minor contributions from changes in atomic num-
ber density caused by laser heating and discharge variations, as
well as magnetic-field drift, may also contribute to the overall
systematic uncertainty and warrant further investigation.

Appendix A: The form of Hj,

Using the identity

A-B)(C-D)= Y (-D¥A=0)" (BaD)*, (Al
K=0,1,2

where A, B, C, and D are commuting vector operators, the
light-shift Hamiltonian Hjs can be decomposed into three
parts, each expressed as a product of irreducible tensor com-
ponents. In the hyperfine eigenbasis |F,mp) of the metastable
state, the effective Hamiltonian Eq. (3) can be expressed as
follows:

Hi = — Z(w; )

2c€ph

<Y X

K=0,12 g=—K, K

(-1 {e*we}iaX,

T T 2egn O™

Y Y Y (—)rfereak
K:O-,qu:_Ks"mep,m};
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X (Fy|| ot ||Fg) (Fy, mp | Fy, m; K, —q) | Fy, mp ) (Fg, miz |
Ie?

= - Z(w; ap) (=
ZCS()h K:;,lﬂq:f;,---,l(

x(—l)K+Fg+Fe\/(2Fg+1)(2K—|—1){; p f}
x| (Fyl|7| | Fe)[?

X Z <FgamF|Fgam%§K7_‘I>|Fg’mF><FgamlF|a (A2)

mp

+K g ax a K
DI {E @ 2}

where fo, = 2’"3#“’0\<Fg||r|\Fe>|2 is the oscillator strength,
Z(w;00) = 1/(wp — @ —iY;/2) is the plasma dispersion func-
tion. Note that the coherence between the two hyperfine levels
in the metastable is neglected due to the MECs process. %]
Necessary formulas used in the derivation can be found in
Ref. [43]. By substituting the specific values of the angular
momenta and evaluating the 6-j symbols using Mathematica,
we could obtain the reduced Hamiltonian.

The scalar (K=0) part is given by

1>
dmecey

Z(w;
X (fs(a()o;)S)PFUz + fo

0
Hl(s):_

Z(w; ) >
A b i), (A3
oy F=32 (A3)

where Py, =Y., |F;,mp,) (F;,mp| is the projector operator onto
the hyperfine structure.
The vector (K=1) part is given by

(A4)

where s = @ isthe mean spin of the photon.

The tensor (K = 2) part is given by

7O 12fy  Z(w; )
N 24mecey Wy

+3(€" F3)(€- F3)p) — 2F32/z} :

[3(6 F3)(€" - F3)y)

(AS5)

Appendix B: The Jumper operator L, r

According to the theoretical framework introduced by F
Reiter et al. in Ref. [34], for a system consisting of two dis-
tinct subspaces — the ground-state subspace and the decaying
excited-state subspace — coupled through the interaction V,
with the decay from the excited to the ground subspace de-
scribed by the jump operators L, the evolution of the whole
system can be described by

d

5P = —ilHe+Hy+V,p]

+RY (ikpii - ;{i,ilik,p}) , (B
k

where 7; is the spontaneous decay rate of the excited states.

On the time scale relevant to the ground-state evolution, the

fast dynamics of the excited states can be adiabatically elim-

inated, resulting in an effective equation involving only the

ground-state manifold, i.e.

d

P = —i[Hefr, Pg]

o ot 1 .o .
+Yr2 (Lk,effnglL,eff - E{Lkr,effl‘k,effapg}> , (B2)
X

where the effective Hamiltonian and Lindblad operators are
given by

1. _
_EV*[HNI}I+(

. ), W
Ly efg= LiHyy V-

Hegr = Hygy) Ve + Hy,

(B3)

Here, V.. and V. denote the de-excitation and excitation parts
of V, respectively, and Hxg = He — %%Zk i;ﬁk is the non-
Hermitian Hamiltonian in the excited-state subspace.

In the *He system considered here, the excited and ground
F =1/2) and |23S,,F = 1/2)
states coupled via the Cg transition, respectively. The jump op-

states correspond to the [23 Py,

erator L describing the spontaneous decay of the excited state
is given by the dimensionless atomic dipole operators Dy. The
2D 2el +he.,
where £ is the polarization vector of the pump light and Q is

interaction Hamiltonian is given by V =

the Rabi frequency. By transforming into the rotating frame
and applying Eq. (B3), we obtain the effective equation gov-
erning the metastable-state dynamics

d

apm = —i[Hg+5£,Pm]

1
1L (Lupall - 5 LiLupn)) . B9
u

where 8& is the real part of Hy, and the effective jump opera-
tors take the form of

Lu = (=1)"D-y <w£/£1—)ii/z>
. ap L
= @—o-my

<Y (L—w: LvK,v—m)TS ey (BS)

K
Specifically, for the left circularly-polarized pump light (& =
—é4), the effective jump operators are

Q/2
L°:m7< R
_ 1 71 1 T2
U P a)ﬂyr/z ( AT 0)
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L =

Q/2
/ ) 2, (B6)

(0 —w—i%/2

where T (F,F) is the irreducible tensor operator. In the nu-

merical simulation, Doppler broadening due to atomic thermal

motion must be taken into account, as it modifies the transition

rates associated with the jump operators L. The relevant pa-

rameters are listed in Table 1.
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