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We demonstrate that spin-exchange dephasing of Larmor precession at near-earth-scale fields is effectively
eliminated by dressing the alkali-metal atom spins in a sequence of AC-coupled 2π pulses, repeated at the
Larmor precession frequency. The contribution of spin-exchange collisions to the spectroscopic line width is
reduced by a factor of the duty cycle of the pulses. We experimentally demonstrate resonant transverse pumping
in magnetic fields as high as 0.1 Gauss, present experimentalmeasurements of the suppressed spin-exchange
relaxation, and show enhanced magnetometer response relative to a light-narrowed scalar magnetometer.

Many precision measurement devices are based upon opti-
cally pumped high density alkali-metal vapors [1] confined
in glass cells. The long coherence times (10 msec–60 sec
[2]) of these spin-polarized atoms, combined with sensitive
optical spin-detection, enable compact high resolution atomic
clocks and magnetometers. The frequency resolution attain-
able in alkali-metal spectroscopy is normally limited by spin-
exchange collisions that dominate at high alkali-metal atom
densities. Spin-exchange decoherence can be suppressed
by operating near zero absolute magnetic field in the spin-
exchange relaxation free (SERF) regime[3, 4], where alkali-
metal densities can be increased by orders of magnitude with-
out degradation of the spin coherence times. Rapid devel-
opments have followed the first demonstration of a SERF
magnetometer [5], including unprecedented magnetic sensi-
tivity [6], biomagnetic sensing [7–13] and chip-scale minia-
turization [11]. At higher earth-scale fields, spin-exchange
decoherence can be limited in the light narrowing regime,
where at high polarizationP angular momentum conserva-
tion prevents relaxation from spin-exchange collisions that oc-
cur at a rateΓSE . The transverse relaxation rate for87Rb,
Γ2 ≈ ΓSE(1 − P )/5 becomes small, but remains an impor-
tant limiting factor in clocks and magnetometers [14, 15].

In this Letter, we describe a modulation technique to sup-
press spin-exchange decoherence at large fields where the
traditional SERF mechanism does not apply. By dressing
the atomic spins in a sequence of very short AC-coupled 2π
magnetic field pulses, the spin-exchange decoherence can be
decreased by nearly the duty cycled of the pulse,Γ2 ≈
0.3d(1 − P )ΓSE . We perform transverse optical pumping
in the dressed field, a generalization of transverse paramet-
ric resonance with sinusoidal dressing [16, 17]. Using a pulse
duty cycle of 5%, we demonstrate an order of magnitude de-
crease in the spin-exchange decoherence rate. We also show
a> 30× enhancement in magnetic response when compared
with a traditional light-narrowed scalar magnetometer operat-
ing in the same 0.04 G field.

Figure 1 is a schematic of transverse optical pumping us-
ing pulsed parametric resonance (PPR) . We optically pump
alkali-metal atoms of gyromagnetic ratioγ using D1σ+ light
propagating along thêx-axis, perpendicular to a DC mag-
netic fieldB = Ωz/(2πγ)ẑ. We superpose a modulating
field B1(t) = Ω1(t)/(2πγ)ẑ whose repetition frequency is
f1 = ω1/2π ≈ Ωz/2π and whose time-average is zero. Ne-
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FIG. 1. Transverse optical pumping with pulsed parametric reso-
nance. A modulating fieldB1 consists of a series of short2π pulses
separated in time by the DC Larmor precession period1/γB. The
atoms become polarized along thex̂-direction, and the time-averaged
ŷ polarization is sensitive to any differences between the pulse repe-
tition frequency and the DC Larmor frequency.

glecting nuclear spin for the moment, the components of the
spin polarizationP that are transverse to the parametric field,
described byP+ = Px + iPy, obey the Bloch equation

dP+

dt
= i(Ωz +Ω1(t))P+ − Γ2P+ +R (1)

where Γ2 is the transverse spin-relaxation rate which in-
cludes dephasing processes such as the optical pumping at rate
R, collisional spin-relaxation, diffusion, and spin-exchange
collisions. Transforming to a coordinate system that is in-
stantaneously rotated about the z-axis by an angleφ1(t) =
∫

Ω1(t)dt, i.e. lettingP+ = A+ exp[iφ1], we get

dA+

dt
= (iΩz − Γ2)A+ +Re−iφ1 (2)

Using the Fourier seriesA+ =
∑

p A+p exp[ipω1t] and
exp[iφ] =

∑

p jp exp[ipω1t] results in

dA+p

dt
= i(Ωz − pω1 + iΓ2)A+p +Rj∗

−p (3)

AssumingΩz ≫ Γ2, thep = 1 Fourier component is reso-
nantly enhanced over the others, giving the steady-state solu-
tion

P+ ≈
Rj∗

−1

Γ2 − i(Ωz − ω1)
eiω1t+iφ1 . (4)
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In particular, the DC spin polarization is

P̄+ =
R|j−1|

2

Γ2 − i(Ωz − ω1)
(5)

For a sinusoidalΩ1(t), thejp = Jp(|Ω1|/ω1) are Bessel func-
tions, and the maximum DC polarization that can be attained
is P+ = J2

1 (1.84) ≈ 0.34. Near this maximum, the polar-
ization depends weakly on the magnitude of the modulating
field Ω1 but is very sensitive to the frequency being on reso-
nance. Thus the transverse spin-polarization, in particular P̄y ,
is a sensitive magnetometer forz magnetic fields.

The transverse spin-polarization can be increased by using
a shaped magnetic field to increase the size of the Fourier co-
efficientj−1. The extreme case is a series of AC-coupledδ-
functions,i.e.B1 = b1[−1 + comb(f1t)]. One gets

j−1 = −sinc[π(1 − γb1/f1)] (6)

This equals one whenγb1 = f1, corresponding to the atoms
experiencing a repetitive sequence of2π rotations about thêz-
axis. When the repetition frequency also meets the resonance
conditionf1 = γBz, the atoms can be fully polarizedtrans-
verseto the static magnetic field. On a time-averaged basis,
the atoms have a fixed orientation with respect to the static
field, as if they effectively have zero magnetic moment. This
is because whenb1 = Bz the total magnetic field between
the pulses is cancelled. Thus the following picture of the op-
tical pumping and precession emerges: when the sequence of
pulses meets the conditionsb1 = Bz = f1/γ, the atoms ex-
perience zero magnetic field between the pulses so they do
not precess, allowing effectively zero-field optical pumping.
When each magnetic field pulse arrives, the atoms precess by
2π about thêz-axis.

More important than the factor∼ 3 increase in the max-
imum attainable polarization for transverse pumping is the
elimination of spin-exchange relaxation between the pulses.
Just as in a SERF magnetometer, spin-exchange collisions at
zero magnetic field do not contribute to relaxation. Only col-
lisions that occur during the short2π pulses contribute to the
transverse relaxation rates. The reduction in transverse relax-
ation thus greatly reduces the pumping rate required to attain
full transverse polarization. At high spin-exchange ratesa
PPR magnetometer, with its greater polarization and narrower
line width, will have a superior response as compared to other
types of transversely pumped magnetometers

For pulses of finite duration, the maximum attainable DC
polarization is less than one. Retaining the definition ofb1
as the negative of the AC magnetic field between the pulses,
and assuming square pulses of duty cycled, the maximum
polarization is reduced to|j−1|

2 = (1 − d)2, arising from the
rotation of the spins during the pulses.

Inclusion of nuclear spin angular momentumI adds addi-
tional complications. As long as quadratic Zeeman effects can
be neglected, the nuclear spin inertia simply reduces the gy-
romagnetic ratio by a factor of(2I + 1) as compared to an
electron. The magnetic field pulse area must be increased by

the same factor to achieve the 2π rotations in the same amount
of time.

We now consider the effects of spin-exchange collisions
during the pulses. Spin-exchange collisions conserve the to-
tal angular momentaF = I + S but can transfer popula-
tions and coherences between the different hyperfine levels
that have equal and opposite gyromagnetic ratios. In non-
zero magnetic fields, the opposing precession directions imply
that spin-exchange collisions rapidly dephase the Larmor pre-
cession, unless spin-exchange collisions occur at such a high
rate that the atoms precess with a smaller averaged Larmor
frequency[4]. In low magnetic fields, such as in a SERF mag-
netometer or between the pulses of the PPR magnetometer,
the spin-exchange induced transfer between the two hyperfine
levels is of little consequence.

In contrast, spin-exchange collisions during the 2π pulses
are important contributors to dephasing. In a (primed) refer-
ence frame rotating at the hyperfine Zeeman precession fre-
quency,〈F ′

x〉 is conserved but spin-exchange acts to equalize
the populations of states|I + 1/2,m′〉 and|I − 1/2,m′〉. If
a spin-exchange collision occurs after precession by angleφ
during the pulse, and moves a particular atom from one hyper-
fine level to the other, the sign of its magnetic moment flips.
It will therefore subsequently precess an angle2π − φ in the
wrong direction, with a consequent rotation error of2φ at the
end of the pulse. Averaging over the distribution of angles at
which the spin-exchange occurs, and assuming that multiple
spin-exchange collisions during the pulses can be neglected,
an analysis using the techniques of Ref. [1] predicts an av-
erage fractional angular momentum loss per spin-exchange
collision of ∆Fx/Fx = α whereα ≈ α′(1 − Px) at high
polarization (α′ ≈ 0.3) , and increases toα = 0.21 at low
polarizations, as shown in Fig. 2. Here and elsewhere our re-
sults are specific to87Rb with I = 3/2. Averaged over many
pulses, we therefore expect spin-exchange collisions during
the pulses to produce an effective spin-relaxation rate of

dF

dt
= −αdΓSEF = −ΓpF (7)

Relaxation due to spin-exchange collisions is not only sup-
pressed at high polarization, similar to the light-narrowing
phenomenon, but is also reduced by only having a fractiond
of spin-exchange collisions contribute to the relaxation.Con-
necting back to the language of the Bloch magnetic resonance
picture, the PPR magnetometer has an effective relaxation rate
from spin-exchange collisions ofΓ2 = dαΓSE .

We turn now to the experimental demonstration of trans-
verse optical pumping with pulsed-field parametric modula-
tion. We perform D1 optical pumping of a 87-Rb cell con-
taining 200 Torr of N2 buffer gas, with the pumping laser
propagation direction perpendicular to a DC magnetic field
B = 0.04 Gẑ. This field is generated by magnetic field coils
inside a magnetic shield. A second set of coils produces the
pulsed magnetic field parallel toB. These 4µH coils, in se-
ries with a 22µF capacitor, are driven by a pulsed MOSFET
circuit with a Q-spoiling 200Ω resistor to produce a series of
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FIG. 2. Fraction of angular momentum lost when a spin-exchange
collision occurs during a 2π magnetic field pulse as a function of
x−polarization or pulse widthτ (inset). The solid line is the model
prediction; the data are results deduced from polarizationand relax-
ation measurements.

AC-coupled triangular magnetic field pulses ofτ = 1.0 µs
duration. To reduce the effects of eddy currents in the mag-
netic shield, the ac field coil set is designed to have have zero
magnetic moment. Also, series inductors in the DC field coil
circuit substantially reduce the effects of mutual inductance
on the resulting field pulses.

The optical pumping beam is tuned several line widths off-
resonance to minimize optical thickness effects and produce a
relatively uniform pumping rate throughout the cell. A second
off-resonant (0.2 nm) probe laser senses theŷ-component of
the electron polarizationPy using Faraday rotation. When the
pulsed magnetic field is tuned to be resonant and have the cor-
rect area, we observePy to have the expected shape shown in
Fig. 3. This figure also shows waveforms observed when the
pulsed field frequency is off-resonance, and when the pulse
area is non-optimum. Again, the qualitative features expected
are observed.

As a quantitative study, in particular to test the predicted
contributions of spin-exchange collisions to the transverse re-
laxation rate, we measure the polarization obtained as a func-
tion of pulse width, pulse frequency, pumping rate, and den-
sity. To avoid complications of keeping the pulse frequencyon
resonance, we setB = 0 and remove the AC-coupling capac-
itor so our time-dependent magnetic field becomes simply a
series of 2π pulses. We shim the transverse magnetic fields to
nearly zero as well. Assuming spin-temperature equilibrium,
the optical pumping process can be represented as a statement
of conservation of angular momentum:

dFx

dt
=

R|j−1|
2

2
− Γ′

Px

2
− ΓpFx (8)

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

P
o

la
ri
z
a

ti
o

n
 (

P
y
)

1.00.50.0-0.5

Time (µs)

 On Resonance
 1.8 p pulse

 980 Hz detuned

FIG. 3. Observed y-polarization waveforms observed with pulsed
parametric modulation. Pulses of the proper repetition rate and area
cause rapid 2π precession of the spins, returning them to he pulses,
with no precession between pulses. If the pulse area is incorrect,
there is a residual magnetic field between the pulses that causes inter-
pulse precession. If the repetition frequency is off-resonance, the
atomic polarization is rotated away from thex̂ direction.

whereΓ′ = Γ0 + R includes collisional, optical pumping,
and other relaxation rates. In spin-temperature, the spin-
polarizationPx (deduced from the amplitude of the signals in
Fig. 3) and the total angular momentumFx = qPx/2 are re-
lated by a slowing-down factorq (4 < q < 6 for 87Rb) where
1/q is the fraction of the total angular momentum stored in the
electron spin. This can be written in the Bloch equation form
with the definitionΓ2 = Γ′/q + αdΓSE . Solving Eq. (8)
in steady state, the pulse-induced relaxation can be deduced
from the polarizationPx(f) at pulse frequencyf as follows:

Γp =
Γ′

q(Px)

(

Px(0)

Px(f)
− 1

)

= Γp0 + α(Px)τfkSE [Rb](9)

All quantities in this equation (exceptingα) are either mea-
sured or, forq(Px) and the spin-exchange rate coefficientkSE ,
well-known from the properties of spin-temperature or prior
experiments [18]. We calibrate the polarization measurements
using2π-pulse amplitudes in the limitsf → 0, R ≫ Γ0. We
measureΓ0 from relaxation in the dark, andR from the in-
tensity dependence ofPx(0). We measure the density [Rb]
using the absolute magnitude of the Faraday rotation signal.
In addition to spin-exchange loss, we allow for an observed
small amountΓp0 of non spin-exchange loss presumably due
to pulse imperfections.

Figure 2 shows the fractional angular momentum loss de-
duced for 1µs pulses, for a variety of pumping rates, repeti-
tion frequencies (1-30 kHz), and densities (1012–1014/cm3).
With no free parameters, the results, which combine abso-
lute density, polarization, and relaxation rate measurements,
are generally within 20% of the expected values and follow
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the predicted trends. Allowing for an overall scaling ofα(0),
the collection of data for pulse widths ranging from 1µs to
8 µs (Fig. 2 inset) gives a mean valueα(0) = 0.20 ± 0.01.
In summary, the data/model agreement confirm that the spin-
exchange relaxation under PPR conditions is suppressed by a
factor ofαd.

As another demonstration of suppression of spin-exchange
relaxation, we now compare a PPR magnetometer to other
atomic magnetometers that have been under intense develop-
ment in the past few years. To this end, we align the pumping
light along theẑ-axis, and sense the response to small trans-
verse magnetic fields. Accounting for residual spin-exchange
relaxation, the on-resonance PPR magnetometer response is

M = [Rb]
dPy

dΩx

= [Rb]
R|j−1|

2

Γ′(Γ′ + qΓp)
(10)

BecauseΓp decreases with increasing pumping rate due to the
decreased spin-exchange loss at high polarizations, the opti-
mum pumping rateR =

√

Γ0α′qdΓSE + Γ2
0 is higher than

for a SERF. The magnetometer response optimizes at

M =
[Rb]|j−1|

2

2
(

√

Γ0qα′dΓSE + Γ0
2 + Γ0

) (11)

For comparison, the optimum SERF response, obtained when
R = Γ0, givesM = [Rb]/4Γ0. At very high spin-exchange
rates,ΓSE = 2 × 105/s,Γ0 = 500/s, d = 0.05, the ratio of
the measuredzero-fieldSERF response to the PPR response
at 0.43µT is 3.5, in reasonable agreement with the expected
3.0.

FIG. 4. Comparison of magnetometer responses for scalar andPPR
magnetometers. The main figure shows an optimized experimental
comparison at high optical pumping rates, where spin-exchange col-
lisions are partially mitigated for both magnetometers. The magnetic
response on resonance is33× larger for the PPR magnetometer.The
inset, taken at low pumping rates, shows directly the reduced effects
of spin-exchange for the PPR case.

For operation at magnetic fieldsΩz ≫ Γ0 as considered
in this paper, a more relevant comparison is to scalar mag-
netometers. Light-narrowing suppresses spin-exchange relax-
ation at high polarizations [4] in a manner analogous to the
1 − P behavior ofα (Fig. 2). A detailed analysis of the re-
sponse of a scalar magnetometer at high densities was pre-
sented by Smullinet al.[15]. Figure 4 shows an experimental
comparison of the two magnetometers under the same con-
ditions as the SERF comparison discussed above. The two
magnetometers were separately optimized for pumping rate
and, in the scalar case, optimum rf field amplitude. The ra-
tio of the two responses for small field deviations is 33. The
inset shows how the PPR spin-exchange suppression reduces
the resonance line width at low polarization.

By dressing alkali-metal atoms in a resonant pulsed mag-
netic field, we have shown that spin-relaxation due to spin-
exchange collisions can be dramatically reduced. The atoms
can be optically pumped as if in zero-field, and have magnetic
field sensitivities in near-earth-scale fields that approach zero-
field spin-exchange-free levels. With appropriate additional
modulations, it should be possible to extend these results to
optimize AC response at kHz frequencies that may be of par-
ticular interest to low-field MRI/NMR detection.
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