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Unshielded three-axis vector operation of a spin-exchange-relaxation-free
atomic magnetometer

S. J. Seltzera) and M. V. Romalis
Department of Physics, Princeton University, Princeton, New Jersey 08544

(Received 29 June 2004; accepted 20 September 2004)

We describe a vector alkali–metal magnetometer that simultaneously and independently measures
all three components of the magnetic field. Using a feedback system, the total field at the location
of the magnetometer is kept near zero, suppressing the broadening due to spin-exchange collisions.
The resonance linewidth and signal strength of the magnetometer compare favorably with two
different scalar operation modes in which spin-exchange relaxation is only partially suppressed.
Magnetic field sensitivity on the order of 1 pT/ÎHz is demonstrated in a laboratory environment
without magnetic shields. ©2004 American Institute of Physics. [DOI: 10.1063/1.1814434]
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Sensitive magnetometers find a wide range of app
tions in monitoring the Earth’s magnetic field, detect
magnetic anomalies, and measuring biological mag
fields. Traditionally, superconducting quantum interfere
devices(SQUIDs) have provided the highest sensitivity
magnetometry. Most sensitive atomic magnetometers
competitive with the best SQUIDs1,2 but do not require cryo
genic cooling; they measure the Larmor spin precession
magnetic field using an optically pumped vapor
alkali-metal3,4 or helium5,6 atoms. While SQUID magnet
meters are vector detectors that measure the field proje
along one particular direction, atomic magnetometers us
operate in the scalar mode, measuring the total magnitu
the magnetic field. Vector atomic magnetometers have
demonstrated by operating near a zero magnetic field3,7 or by
applying magnetic field modulation to different field com
nents in a scalar magnetometer and using lock-in detec5

The fundamental sensitivity limit of an atomic magne
meter due to shot noise is given bydB=sgÎnVT2td−1, where
g is the gyromagnetic ratio,n is the number density of a
oms,V is the measurement volume,T2 is the transverse sp
relaxation time, andt is the measurement time. Practi
atomic magnetometers are often limited not by statis
noise, but by various sources of technical noise in the d
tion of the atomic spin precession. From a purely phen
enological point of view, the magnetometer sensitivity
pends on the signal-to-noise ratio(S/N) of the Zeema
resonance signal and on the width of the resonanceDB
=sgT2d−1,

dB =
DB

sS/Nd
. s1d

Spin-exchange collisions between alkali atoms o
limit the sensitivity of atomic magnetometers by caus
transverse spin relaxation so thatT2,TSE=snv̄sSEd−1, where
v is the average thermal velocity andsSE.2310−14 cm2 is
the spin-exchange cross section. To overcome this limita
some sensitive magnetometers use large measuremen
umes and a low density of atoms.1,3 Two distinct methods fo
suppressing spin-exchange broadening have been de
strated. By operating near zero magnetic field at a
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alkali–metal density, one can completely eliminate transv
spin relaxation due to spin-exchange collisions.8,7 In this re-
gime,T2,TSD=snv̄sSDd−1, wheresSD is the spin-destructio
cross section. For K–K collisions,sSD=1310−18 cm2, four
orders of magnitude smaller than the spin-exchange
section. In a finite magnetic field, on the other hand, s
exchange collisions can be partially suppressed by pum
nearly all atoms into the same Zeeman state.9 In this regime
the pumping rate may be optimized so thatT2

,snv̄ÎsSEsSDd−1.
In this letter, we show that a spin-exchange-relaxa

free (SERF) magnetometer operating near zero field ca
used as a three-axis vector magnetic field detector. Us
feedback system to keep the magnetic field at the s
close to zero, we demonstrate its operation in an unshi
environment. We compare the resonance linewidth and
nal strength of the SERF magnetometer to two types of
lar magnetometers operating in a finite magnetic field:
using rf excitation and another using intensity modulatio
the pump laser at the Larmor frequency. In both scalar
eration modes, the spin-exchange relaxation is partially
pressed by optimizing the optical pumping rate.

The setup of the SERF magnetometer is shown in F

FIG. 1. Setup of the unshielded SERF magnetometer operating in
mode. Optical rotation of the probe beam is detected using a pola
beamsplitter oriented at 45° to the beam’s initial polarization by subtra
the two photodiode signals. The inset shows the orthogonality of the

netometer response.
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The cell containing K atoms, 2.5 atm of4He as a buffer ga
and 60 Torr of N2 for quenching is heated to 170°C by h
air within a glass oven. The ambient magnetic field is c
celled by three pairs of orthogonal Helmholtz coils. To
tenuate the high level of 60 Hz noise present in our lab
tory environment without affecting the low-frequency and
components of the magnetic field, the cell is surrounde
2-in.-thick aluminum plates. A second set of small coils
cated inside the aluminum shield is used to supply mag
field modulations. The atoms are pumped along thez direc-
tion by a 300–mW diode laser tuned to theD1 resonance o
K at 770 nm. TheSx component of spin polarization is me
sured using optical rotation of a 20–mW probe beam pr
gating along thex direction and tuned 0.5 nm off resonan

The behavior of the spins is described by a density
trix equation derived in Ref. 10. In the regime of low m
netic field and high alkali–metal density, such thatguBuTSE
!1, this equation can be simplified,7 and electron spin evo
lution is described by a Bloch equation

dS

dt
= gS3 B + RsS0ẑ− Sd −

S

T2
, s2d

whereg=gsmB/q" is the gyromagnetic ratio,R is the pump
ing rate,S0=sR/2sR+T1

−1d is the equilibrium electron sp
polarization, andT2=T1=TSD is the relaxation time due
spin-destruction collisions. Here,q=6 is the slowing-dow
factor for K sI =3/2d, s.1 is the photon polarization of th
optical pumping beam, andgs.2 is the Diracg-factor. For
slowly changing magnetic fields, we can setdS/dt=0 and
obtain

Sx = S0
by − bxbz

1 + sbx
2 + by

2 + bz
2d

, s3d

where we introduced a dimensionless magnetic field pa
eter b=gB / sR+T2

−1d. To measure all three magnetic fie
components, we use Helmholtz coils to add small fi
modulations along thex andz axes, such that

bx = bx
0 + bx

mod sinsvxtd
s4d

bz = bz
0 + bz

mod sinsvztd,

where bx
0 and bz

0 are components of the ambient magn
field andbx

mod andbz
mod are the modulation amplitudes. T

modulation frequenciesvx and vz should be slow enoug
that the quasi-steady-state solution is valid. In our exp
ment, we have used modulation frequencies on the ord
100 Hz. If the ambient field and modulation amplitudes
small enough such thatubu!1, then Eq.(3) may be ex
panded

Sx < S0fby − bx
0bz

0 − bx
0bz

mod sinsvztd − bz
0bx

mod sinsvxtdg.

s5d

Thus, to first order, the dc response of the magnetome
linear inby, while lock-in amplifiers referenced tovx andvz
provide signals that are proportional tobz

0 and bx
0, respec

tively. Real-time feedback can be used to adjust the cur
in all three Helmholtz coils to keep the magnetic field ex
rienced by the atoms near zero. The compensating curre
the three coils then serve as a measure of the vector co

nents of the magnetic field.
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We compare the vector SERF operation mode of
magnetometer with two different scalar operation mode
the first mode, a finite magnetic field is applied along thz
direction, parallel to the pumping beam. A weak rf field
applied along they direction, causing the atomic spins
precess about thez axis. This operation is similar to mo
scalar atomic magnetometers,1,4 except that a separate pro
laser measures the oscillatingSx component of the spin.
lock-in amplifier is used to measure the optical rotation
the probe beam at the Larmor frequency. In the second s
mode, a finite magnetic field is applied along they direction
and the pump beam is amplitude modulated at the La
frequency, causing the spins to precess about they axis.11

The current of the laser diode is modulated with a sq
wave with a duty cycle of 30%. Reducing the duty cy
below 50% allows the atoms to achieve a higher spin p
ization. The oscillatingSx component of the spins is aga
detected with a lock-in amplifier.

The dispersion resonance signals are shown in Fig.(a)
for the vector and both scalar modes. For the vector m
the figure shows the dc optical rotation as a function of
By field, while for the scalar modes it shows the out-of-ph
signal of the lock-in amplifier as a function of the magn
field detuning from the Larmor resonance, set to 20 k
According to Eq.(1), the magnetometer sensitivity is prop
tional to the slope of the dispersion curves near the
nance. For each mode various operational parameters
as the pump beam intensity and the rf modulation amplit
were optimized to maximize the slope. The density of
alkali atoms and the parameters of the probe beam were
constant. In our conditions, the slope of the vector magn
meter response is four times greater than that for either o
scalar modes, mainly due to a more complete suppress
the spin-exchange collisions.

The vector magnetometer has a resonance linewid
1.0 mG. For comparison, we show in Fig. 2(b) the dispersio
signal obtained with the SERF magnetometer in a mag
cally shielded environment,7 which has a resonance lin

FIG. 2. (a) The dispersion curves obtained near the resonance for a
SERF magnetometer(triangles) and a scalar magnetometer with rf modu
tion (squares) or amplitude-modulated pump beam(circles), all in a mag
netically unshielded environment. The slopes near the resonance prov
relative intrinsic sensitivities of different magnetometer modes.(b) The dis-
persion curve obtained from a SERF magnetometer in a magne
shielded environment with a linewidth of 3.8mG (see Ref. 7).
width of 3.8mG. This demonstrates that the sensitivity of the
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SERF magnetometer in the unshielded environment can
be greatly improved. In our case, the performance was
ited by the presence of the magnetic noise at 60 Hz an
harmonics, which were on the order of 0.2 mG despite
eddy-current shielding by the aluminum plates. It require
to increase the optical pumping rateR well beyond the opti
mal regimeR,T2

−1 so that the conditionubu!1 can be sa
isfied. By operating in a remote location or improving
shielding at high frequencies, one can obtain a substa
increase in the sensitivity of the SERF magnetometer.

In contrast, the scalar magnetometers are operating
the limit of their sensitivity due to spin-exchange collisio
To estimate their optimal sensitivity, we performed a num
cal simulation of the rf magnetometer using the den
matrix formalism and including the effect of the rf broad
ing. Just as for the experimental data, we optimized the s
of the dispersion curve with respect to the optical pum
rate and the strength of the rf excitation. We find that un
optimal conditions, the full linewidth of the dispersion cu
is equal toDB<1.7g−1sTSETSDd−1/2. In our experiment,TSD

=60 ms and TSE=22 ms, which gives a linewidth o
0.35 mG, comparable to the measured linewidth in the s
modes.

With three-axis feedback, we found that the magneto
ter is robust against external perturbations, such as mo
magnetic objects in its vicinity, and can maintain lock

FIG. 3. The spectrum of the magnetic noise in the SERF vector mag
meter for a single channel and the difference of two channels. Also sho
the optical noise obtained in the absence of pumping light.
indefinite intervals of time. The orthogonality of the magne-
ll
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tometer response is shown in the inset of Fig. 1. It is p
ably limited by the inaccuracies of the modulation fields
cause the modulation coils were not exactly in the Helmh
configuration.

The presence of the buffer gas inhibits diffusion of th
atoms enough that atoms located in different parts of the
independently measure the local magnetic field. The ma
tometer can be operated as a gradiometer if the probe
is detected with multichannel photodiodes, with each c
nel measuring the magnetic field at a different part of
cell. The spectra of the vector magnetometer noise for thBy

field for a single channel and two-channel difference
shown in Fig. 3. Also displayed is the optical detection n
obtained with the pumping laser blocked, which shows
the magnetometer noise is dominated by the fluctuatio
the ambient magnetic field.

In conclusion, we demonstrated the operation of a S
atomic magnetometer in an unshielded environment, wh
exhibits a sensitivity on the order of 1 pT/ÎHz operating a
a gradiometer. By applying small field modulations, the m
netometer can measure all three components of the ma
field simultaneously. Substantial improvement in sensit
of the SERF magnetometer is possible by reducing h
frequency magnetic noise as well as magnetic field grad
across the cell.

The authors would like to thank Igor Savukov for as
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search was funded by the NSF, the Packard Foundation
Princeton University.
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