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We demonstrate a new approach to precision NMR with hyperpolarized gases designed to mitigate NMR

shifts due to the alkali spin-exchange field. The NMR bias field is implemented as a sequence of alkali (Rb) 2π
pulses, allowing the Rb polarization to be optically pumped transverse to the bias field. When the Rb polarization

is modulated at the noble-gas (Xe) NMR resonance, spin-exchange collisions build-up a precessing transverse

Xe polarization. We study and mitigate novel NMR broadening effects due to the oscillating spin-exchange

field. Spin-exchange frequency shifts are suppressed 2500×, and Rb magnetometer gain measurements project

photon shot-noise limited NMR frequency uncertainties below 10 nHz/
√
Hz.

The ability to produce highly magnetized noble gases via

spin-exchange collisions with spin-polarized alkali atoms [1]

has greatly impacted scientific studies of magnetic resonance

imaging [2], high-energy nuclear physics with spin-polarized

targets [3], and chemical physics [4]. Applications in pre-

cision measurements began with NMR gyros [5] and have

continued with fundamental symmetry tests using multiple

cell free induction decay [6], dual-species masers [7, 8], self-

compensating co-magnetometers [9], NMR oscillators [10],

and free spin-precession co-magnetometers [11–14].

Some of these approaches [5, 9–11, 14] take advantage

of enhanced NMR detection by the embedded alkali magne-

tometer. The alkali and noble-gas spin ensembles experience

enhanced polarization sensitivity due to the Fermi-contact in-

teraction during collisions between the two species. The two

species experience effective Fermi-contact fields

BSK = bSK〈K〉 = 8πκ

3

µK

K
nK〈K〉 (1)

and BKS = bKS〈S〉 = −8πκ

3
gSµBnS〈S〉, (2)

where S,K are the electron and nuclear spin operators,

nS , nK the atomic densities, µK the nuclear magnetic mo-

ment of the noble gas, µB the Bohr magneton, and the atomic

g-factor g ≈ 2. The frequency-shift enhancement factor κ
[15, 16] was recently measured to be 493± 31 [17] for RbXe.

Thus the detected NMR field BSK is ∼500× larger for the

embedded magnetometer than for any external sensor. This

seemingly decisive advantage comes with the cost of similarly

enhancing the BKS field due to the spin-polarized Rb atoms,

190 µG at 2nS〈S〉 = 1013 cm−3. In typical longitudinally

polarized NMR this field produces large frequency shifts of

order 0.1 Hz. One approach for mitigating this effect is to

compare two Xe isotopes [5, 11], for which the enhancement

factors are equal to about 0.2% [11]. Another recent strategy

nulls the alkali field by saturating the alkali electron spin res-

onance during free precession intervals [14].

This Letter describes a new approach, synchronous spin-

exchange optical pumping, in which both the alkali (here, Rb)

and noble gas spins (Xe) are polarized transverse to the bias

magnetic field. See Fig. 1. The bias magnetic field is ap-

plied as a sequence of short Rb 2π pulses, allowing the Rb

atoms to be polarized perpendicular to the bias field [18]. By
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FIG. 1. Essential components of synchronous spin-exchange optical

pumping. An NMR bias field B1(t) is applied as a sequence of short

alkali 2π pulses, allowing the atoms to be optically pumped with res-

onant light perpendicular to B1 with periodic polarization reversals

from the polarization modulators. Spin-exchange collisions between

Xe atoms and the oscillating Rb spins drive the NMR resonance.

The field produced by the precessing Xe nuclei rotates the Rb spins,

causing a Faraday rotation of the polarization of the probe light.

periodically reversing the Rb polarization direction at the Xe

resonance frequency, transverse nuclear polarization is reso-

nantly generated by spin-exchange collisions. On resonance,

the Rb polarization is in phase with the noble-gas precession,

so there is no time-averaged torque from the alkali field and

therefore no frequency shift of the NMR resonance. However,

when the Rb polarization is modulated off-resonance, we find

that the torque from the alkali field suppresses the phase shift

of the NMR precession and generates a longitudinal compo-

nent of the Xe polarization. This results in a novel broadening

of the NMR resonance that is readily suppressed by adding an

AC compensation field 180◦ out of phase with and along the

same direction as the Rb polarization modulation. So com-

pensated, this approach thus maintains the SNR advantages of

NMR detection by the embedded alkali magnetometer, while

suppressing the Fermi contact field broadening and shifts.

Synchronous spin-exchange is accomplished by a colli-
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sional variant of the Bell-Bloom method of synchronous opti-

cal pumping [19]. The nuclei are polarized by spin-exchange

collisions with alkali-metal atoms whose spin, oriented trans-

verse to a bias magnetic field B1 = B1(t)ẑ, oscillates at the

nuclear Larmor frequency. The combined effects of Larmor

precession, transverse spin-relaxation, and spin-exchange col-

lisions are described by the Bloch equation for the transverse

spin components 〈K+〉 = 〈Kx〉+ i〈Ky〉:

d〈K+〉
dt

= −(iγKB̄1 + Γ2)〈K+〉+ ΓSE〈Sx〉(t) (3)

The noble-gas gyromagnetic ratio is γK , the transverse relax-

ation rate of the nuclei is Γ2, and the spin-exchange collision

rate is ΓSE. A notable omission from Eq. 3 is the torque from

the magnetic field x̂bKS〈Sx〉(t) produced by the alkali spins,

which we temporarily assume has been eliminated as will be

explained in detail below.

The alkali spin-polarization 〈Sx〉(t) =
∑

q sqe
−iqωt is

modulated by the pumping light at a frequency ω near the p-

th submultiple of the time-averaged noble-gas resonance fre-

quency ω0 = γKB̄1. In the rotating-wave approximation we

neglect all but the near-resonant co-rotating Fourier compo-

nent sp, which produces a transverse noble-gas polarization

〈K+〉 =
ΓSEspe

−ipωt

Γ2 + i(ω0 − pω)
= 〈K̃+〉e−ipωt (4)

with the usual amplitude and phase response of a driven os-

cillator. On resonance, the transverse polarization in the rotat-

ing frame, 〈K̃+〉, has a magnitude Kmax = ΓSEsp/Γ2. Off-

resonance, the rotating frame magnetic field ẑ(ω0 − pω)/γK
causes the polarization to tilt in the x-y plane by an angle

δφ = tan−1[(ω0 − pω)/Γ2]. In comparison to the usual

longitudinal spin-exchange [1], the maximum polarization at-

tainable depends on a competition between ΓSE and Γ2 rather

than the longitudinal relaxation rate Γ1. The polarization is

also reduced by the Fourier amplitude |sp|/|〈Sx〉| ≈ 2/πp for

our roughly square wave polarization modulation. When com-

bined with a feedback system to actively null the phase shift

δφ, the resonance frequency is an accurate measure of the Lar-

mor frequency: ω = ω0/p. Thus synchronous spin-exchange

is attractive for accurate absolute magnetometry and rotation

sensing.

The synchronously oscillating transverse alkali polariza-

tion, an impossibility in a DC magnetic field due to the

∼ 1000 fold larger magnetic moment as compared to Xe, is

enabled by replacing the usual DC bias field by B1(t), a se-

quence of short (4 µs) pulses. Each pulse produces 2π pre-

cession of the alkali atoms [18], i.e.
∫

γRbB1dt = 2π. Here

the Rb gyromagnetic ratio is γRb = γS/(2I + 1) ≈ µB/3h̄
for the 85Rb isotope we use. The application of a sequence

of 2π pulses causes no time-averaged precession of the Rb

spins, thereby allowing the Rb to be optically pumped as if in

zero field. Meanwhile, the polarized Xe nuclei precess only

2πγXe/γRb ≈ 5 mrad per pulse (for 131Xe) and effectively

sense only the DC average B̄1.
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FIG. 2. Xe precession signals detected by the embedded Rb magne-

tometer. The magnetometer gain reversals square-wave modulate the

sinusoidal Xe precession. When the Rb spin-exchange field is com-

pensated, signals detuned by one half-linewidth (blue) are smaller in

amplitude and phase-shifted with respect to the on-resonance case

(red). Uncompensated, the spin-exchange fields greatly suppress

phase shifts.

The apparatus includes a nominally spherical 8 mm diam-

eter glass cell that contains Rb vapor (density 0.2− 3× 1013

cm−3), 32 Torr of 131Xe, 4 Torr of 129Xe, and 300 Torr of

N2. The cell is held inside a ceramic oven that is heated

by running 20 kHz AC current through commercial Kapton

flex-circuit heater strips that are configured to minimize stray

fields. Outside the oven are Helmholtz field coils for fine-

shimming of the 3 magnetic field components, plus a set of

4 coils for generating the 2π pulses. The oven and coils are

inside a 3 layer magnetic shield with optical access ports for

the lasers. The 2π coils are designed to maximize uniformity,

maintain low inductance, and minimize stray fields that couple

to the shields. They are driven by a custom MOSFET circuit

designed to minimize pulse-to-pulse charge fluctuations.

Optical pumping is performed using two free-running 40

mW 795 nm distributed feedback diode lasers that are com-

bined on a non-polarizing beamsplitter. One of the lasers

is tuned above the Rb D1 resonance, the other below. Since

the AC Stark field changes sign at resonance, we can reduce

the effective field from about 2 mG (for a single pumping fre-

quency) to < 10 µG by adjusting the relative detunings and

intensities of the two lasers. The two output beams from

the polarizing beamsplitter, each containing both pump fre-

quencies, enter the cell and propagate along along the ±x̂ di-

rections; doing this substantially improves the uniformity of

the optical pumping of the optically thick alkali vapor. The

last optical elements before the cell are wave plates and liquid

crystal variable retarders that allow the circular light polariza-

tions to be reversed in about 200 µs. At low Rb density, the

laser detunings are selected to produce about 70% Rb polar-

ization while nulling the AC Stark shifts. At high densities the
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polarization drops to about 40% without significantly degrad-

ing the AC Stark cancellation.

An off-resonant 6 mW probe laser, propagating along ẑ,

serves to observe the z-component of the alkali polarization

using low-noise Faraday rotation detection. Because the al-

kali atoms are optically pumped along x̂, the Faraday ro-

tation detects the ŷ-component of the Xe field: 〈Sz〉 =
−γSbSK〈Ky〉〈S〉x(t)/Γ′. Note that the magnetometer sensi-

tivity reverses sign as the alkali spin direction is reversed due

to the synchronous pumping. In order to detect 〈Kz〉, we add

a B2 =1 mG x̂ sin(ω2t) field at ω2 = 900 Hz [20]. Demodu-

lation of 〈Sz〉 at ω2 then gives an output approximately equal

to −γSB2bSK〈Kz〉〈S〉x(t)/Γ′2. Characterization of the mag-

netic response implies a relaxation rate Γ′ = 120000/s with a

magnetic response bandwidth of 1.5 kHz and a dynamic range

of 5.7 mG. The noise floor of the magnetometer is typically a

few nG/
√
Hz.

To null stray DC magnetic fields, we temporarily turn off

the 2π pulses while retaining the pump modulation, effec-

tively running the magnetometer as a zero-field magnetome-

ter with polarization modulation. After field nulling with the

zero-field magnetometer, we turn on the 2π pulses. The area

of the 2π pulses is set to better than 0.1% by nulling the mag-

netometer signal generated by B2. The 25 kHz repetition rate

of the 2π pulse sequence and the modulation waveform for

the optical pumping are generated by direct digital synthe-

sis using an FPGA phase-locked to a commercial atomic Rb

clock. With stray fields nulled and the 2π pulse area set, the

synchronously pumped Xe signals are readily observed when

the pumping modulation frequency ω is brought near either

the ω0 = 2π × 18.702 Hz 131Xe resonance frequency or the

ω0 = 2π× 21.03 Hz 3rd subharmonic of the 129Xe resonance

frequency. A magnetometer waveform is shown in Fig. 2, and

a sample spin-exchange resonance curve is shown in Fig. 3b.

The resonance curve is taken by lock-in detection of the 2ω
magnetometer signal. The in-phase lock-in output is propor-

tional to K̃x while the quadrature is proportional to K̃y . The

p = 1 signal amplitude, typically 180 µG for both isotopes at

nS = 2.5 × 1013 cm−3, is consistent with expectations from

independent measurements of Γ1, ΓSE, and Sx.

So far we have ignored possible effects from the alkali field;

indeed the resonance in Fig. 3b was taken with a compensated

alkali field as will be explained below. However, when un-

compensated the alkali field can have a dramatic effect. Under

the conditions of Fig. 3a, the in-phase response is broadened

by a factor of 4 as compared to Fig. 3b. Even more dramatic

is the observed suppression of the quadrature signal by 10x,

while a dispersive z-polarization is acquired. At higher densi-

ties we have observed broadening of up to 10× and quadrature

suppression of 75× for 129Xe.

The broadening from the spin-exchange field can be under-

stood as follows. First, when the pumping is off-resonance,

the phase shift δφ between the nuclear precession and the

alkali field produces a DC torque −γKBKS × 〈K〉 =
2

pπγK |BKS |K⊥ sin δφ and so the Xe spin develops a z-

polarization. The z-polarization, which can be a substan-
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FIG. 3. NMR line shapes for synchronously pumped 131Xe, nS =
7.1 × 1012 cm−3. Left: when the spin-exchange field is compen-

sated, the rotating-frame polarizations show the expected Lorentzian

forms (red: in phase or K̃x, blue: K̃y , black: Kz), and little lon-

gitudinal polarization is generated. Right: An uncompensated spin-

exchange field not only broadens the NMR resonance, but produces

large z-polarizations and dramatically suppresses the rotating frame

quadrature component.

tial fraction of the transverse polarization (as illustrated in

Fig. 3a), then couples with the alkali field to produce a trans-

verse torque that is 90 degrees out of phase with the pump-

ing. This can be considered as a negative feedback mech-

anism that tries to null the relative phase between the Xe

precession and the pumping. The net effect is to generate a

large z-polarization and to suppress the phase shift between

the pumping and the Xe precession. Under our conditions

the alkali field, when uncompensated, is sufficiently strong to

make |〈Kz〉| > |〈Kx〉| at large detunings.

The Bloch equation for the z-polarization is

d〈Kz〉
dt

= −γKbx(t)〈Ky〉 − Γ1〈Kz〉 (5)

which leads to a steady-state

〈Kz〉 =
γKbxp
Γ1

K⊥ sin(δφ) = tan(α)K⊥ sin(δφ) (6)

The effective magnetic field bx(t) seen by the Xe nuclei is the

sum of the alkali field and an anti-parallel square-wave mod-

ulated external compensation field: bx(t) = bKS〈Sx〉(t) −
Bc(t). The p-th Fourier component of this field is bxp. Both

the spin-exchange field and the compensation field are slightly

phase-shifted with respect to the light polarization reversals

due to the finite optical pumping time, visible in Fig. 2. The

size of the spin-exchange torque is characterized by the pa-

rameter tan(α) = γKbxp/Γ1.

The z-polarization of the Xe now allows the transverse

fields to apply a torque, so the transverse components of the

Bloch equations become

d〈K+〉
dt

= −(iγKB̄1 + Γ2)〈K+〉+ iγKbx〈Kz〉+ ΓSE〈Sx〉
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FIG. 4. Comparison of observed spin-exchange broadening with

Eqs. 8 and 10. (bottom) The broadening of the NMR linewidth due

to the spin-exchange field can be eliminated by applying a compen-

sation field that oscillates 180◦ out of phase with the spin-exchange

field. Solid lines and dots show 131Xe linewidths, dashes and un-

filled dots show a sample for 129Xe. Densities are listed in units of

1012 cm−3. (top) Representative measurement of the slope of the

quadrature signal as a function of compensation field.

≈ −(iγKB̄1 + Γ2)〈K+〉
+
(

iΓ1 tan
2(α) sin(δφ)K⊥ + ΓSEsp

)

e−ipωt (7)

where we have again made the rotating wave approximation.

Notice that the torque from the alkali field is 90◦ out of phase

with the pumping torque, acting to suppress the phase shift

between the pumping and the precession. The steady-state

polarization in the rotating frame is

〈K̃+〉 =
Kmax

1 + ∆2/Γ2
eff

(

1 + i
Γ2∆

Γ2
eff

)

(8)

〈Kz〉 = − ˜〈Ky〉 tanα (9)

where the spin-exchange broadened linewidth is

Γeff =
√

Γ2
2 + Γ1Γ2 tan

2 α =

√

Γ2
2 +

Γ2

Γ1

(γKbxp)2 (10)

and the detuning is ∆ = pω − ω0. For a large spin-exchange

field, tanα ≫ 1, these equations account for the observed

broadening, small
〈

K̃y

〉

response, and large 〈Kz〉 response.

They also predict that with the application of a compensation

field Bc 180◦ out of phase with the pumping, the linewidth

narrows to Γ2, the magnitude of
〈

K̃y

〉

is restored, and 〈Kz〉
is suppressed, thus bringing the response into agreement with

Eq. 4. All these features are illustrated in the data of Fig. 3,

with fits to Eqs 8-10. The line-width formula (10) is reminis-

cent of power broadening [21], but spin-exchange broadening

does not reduce the on-resonant signal size.

We have studied the spin-exchange broadening over a range

of alkali field strengths for both Xe isotopes. Figure 4 shows

the predicted narrowing of the resonance width with appli-

cation of the compensation field. For Xe-129 there is an or-

der of magnitude narrowing of the width over the field range,

despite having reduced tan(α) by a factor of 3 by pumping

at the third subharmonic of the Larmor frequency. We have

confirmed that at a given density the compensation fields for
129Xe and 131Xe are the same to within 1%. Figure 4 also

shows an example of how the quadrature slope dK̃y/d∆ dra-

matically increases as the compensation field approaches the

optimum. We have observed as much as a factor of 75 ratio

between the compensated and uncompensated slopes.

At higher densities than reported in this paper, the broaden-

ing slows as a function of compensation field. We believe that

this arises because of feedback from the alkali field: at suffi-

ciently high densities, the tipping of the alkali field off of the

x̂-axis becomes important and needs to be taken into account.

Such non-linearities are likely closely related to the studies of

strongly coupled alkali and noble gas spin from Ref. [22].

We can estimate the degree to which synchronous spin-

exchange eliminates the alkali field by measuring the DC

value of 〈Sz〉, which produces a frequency shift bKS〈Sz〉. At

a Rb density of 2.3 × 1013 cm−3 we find 〈Sz〉 < 2 × 10−4,

equivalent to an alkali field of 170 nG which is a factor of 2500

reduction as compared to longitudinally polarized NMR.

In the future, two-species operation will allow full real-

ization of the spectroscopy potential of synchronous spin-

exchange for fundamental symmetry tests. With two-species,

one can be used to remove magnetic field noise, leaving the

other sensitive to non-magnetic interactions. In a dual Xe iso-

tope implementation, the residual alkali field of 170 nG would

produce a differential frequency shift of 240 nHz, with an ex-

pected stability substantially better than that. Such strategies

are used in many experiments [5, 7, 8, 11–14]. The effective

frequency noise δx resulting from some non-magnetic inter-

action H = hx is of order

δx =

(

1 +
γ2
2

γ2
1

)1/2
Γ2δB

2πbSKK⊥

(11)

Our current apparatus is limited by probe technical noise at

about the δB = 2×10−9 G/
√
Hz level, but even this relatively

modest magnetometer performance projects to δx = 110
nHz/

√
Hz. Supposing we can eliminate this technical noise

and reach the photon shot noise limit of our Faraday detec-

tion, the projected NMR frequency noise level would be 7

nHz/
√
Hz, competitive with the Ne-Rb-K co-magnetometer

of Ref. [9]. These numbers are very promising for experi-

ments such as sensitive tests of Lorentz violation [9] and lim-

its on short-range nuclear interactions [11, 12].

Finally, synchronous spin-exchange promises not only sen-

sitivity but accuracy. Configured as a dual-species oscillator

[5] to actively null δφ, for example, the nuclear phase be-

comes an accurate integral of the inertial rotation rate. The

above noise estimates suggest an achievable rotation sensitiv-

ity approaching 100 µdeg/
√
hr for a synchronously pumped

NMR gyro with a unity scale factor and a bandwidth that ap-

proaches the oscillation frequency.
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