APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 20 15 NOVEMBER 2004

Unshielded three-axis vector operation of a spin-exchange-relaxation-free
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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 pJyiz is demonstrated in a laboratory environment
without magnetic shields. @004 American Institute of PhysidDOI: 10.1063/1.1814434

Sensitive magnetometers find a wide range of applicaalkali-metal density, one can completely eliminate transverse
tions in monitoring the Earth’s magnetic field, detectingspin relaxation due to spin-exchange collisiBrign this re-
magnetic anomalies, and measuring biological magnetigime,T,~ Tsp=(Nvosp) ", whereogp is the spin-destruction
fields. Traditionally, superconducting quantum interferencecross section. For K—K collisions;sp=1x 1078 cn?, four
devices(SQUIDs have provided the highest sensitivity for orders of magnitude smaller than the spin-exchange cross
magnetometry. Most sensitive atomic magnetometers arsection. In a finite magnetic field, on the other hand, spin-
competitive with the best SQUIB$ but do not require cryo-  exchange collisions can be partially suppressed by pumping
genic cooling; they measure the Larmor spin precession in aearly all atoms into the same Zeeman stdtethis regime,
magnetic field using an optically pumped vapor ofthe pumping rate may be optimized so thak,
alkali-metaf* or heliun™® atoms. While SQUID magneto- ~ (nio\oerosp) ™
meters are vector detectors that measure the field projection |n this letter, we show that a spin-exchange-relaxation-
along one particular direction, atomic magnetometers usualljee (SERP magnetometer operating near zero field can be
operate in the scalar mode, measuring the total magnitude @ised as a three-axis vector magnetic field detector. Using a
the magnetic field. Vector atomic magnetometers have beefgedback system to keep the magnetic field at the sensor
demonstrated by operating near a zero magneticfladby  close to zero, we demonstrate its operation in an unshielded
applying magnetic field modulation to different field compo- environment. We compare the resonance linewidth and sig-
nents in a scalar magnetometer and using lock-in deterrbtionna| strength of the SERF magnetometer to two types of sca-

The fundamental sensitivity limit of an atomic magneto- |ar magnetometers operating in a finite magnetic field: one
meter due to shot noise is given BB=(y\nVT,t)"1, where  using rf excitation and another using intensity modulation of
v is the gyromagnetic ratiay is the number density of at- the pump laser at the Larmor frequency. In both scalar op-
oms,V is the measurement volumg; is the transverse spin eration modes, the spin-exchange relaxation is partially sup-
relaxation time, and is the measurement time. Practical pressed by optimizing the optical pumping rate.
atomic magnetometers are often limited not by statistical The setup of the SERF magnetometer is shown in Fig. 1.
noise, but by various sources of technical noise in the detec-

tion of the atomic spin precession. From a purely phenom- P ,
enological point of view, the magnetometer sensitivity de- * y w4 3} (Circular Polarizer) = Pump Laser
pends on the signal-to-noise rati®/N) of the Zeeman
resonanlce signal and on the width of the resonatBe z
=(yTy) ™, Polarizing
Beamstter |_6-el}—| | c :Probe Lasler
m= 2 o ol A
(S/ N) Subtraction .

Spin-exchange collisions between alkali atoms often Feedback .
limit the sensitivity of atomic magnetometers by causing = A g crrbation
transverse spin relaxation so thgt~ Tsg=(nvogg) ™%, where Feed-| 5| [Feed-] g B
v is the average thermal velocity aoge=2x 10724 cn? is bag | g Lback 28, 0038 1 002
the spin-exchange cross section. To overcome this limitation Lock-ﬁ Locf.m & B. 0068 0.004 1
some sensitive magnetometers use large measurement vc Amplifier | | Amplifier

umes and a low density of atorhdTwo distinct methods for
suppressing spin-exchange broadening have been demome. 1. Setup of the unshielded SERF magnetometer operating in vector

strated. By operating near zero magnetic field at a highmode. Optical rotation of the probe beam is detected using a polarizing
beamsplitter oriented at 45° to the beam’s initial polarization by subtracting
the two photodiode signals. The inset shows the orthogonality of the mag-
¥Electronic mail: sseltzer@princeton.edu netometer response.
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The cell containing K atoms, 2.5 atm tfle as a buffer gas, § 098 prrrrrrrrrTrr"17 TS
and 60 Torr of N for quenching is heated to 170°C by hot § _ 0 E (a) A e —
air within a glass oven. The ambient magnetic field is can-8 E 0%; e A LL L T Py,
celled by three pairs of orthogonal Helmholtz coils. To at- DE- Y Al T T
tenuate the high level of 60 Hz noise present in our labora- g § o4 E -
tory environment without affecting the low-frequency and dc € & g6 F- s
components of the magnetic field, the cell is surrounded by8 008 sl oy o S P IR I |
2-in.-thick aluminum plates. A second set of small coils lo- & 0‘15'3' . "2' — .-1. —— 0 —— .1 o .2. — '3
cated inside the aluminum shield is used to supply magneticg .0 E &) ' ' ' ' ' 3
field modulations. The atoms are pumped alongzlagrec- 2 005 3 - E
tion by a 300-mW diode laser tuned to thé resonance of g £ 0‘00 3 x 3
K at 770 nm. TheS, component of spin polarization is mea- g? P x
sured using optical rotation of a 20-mW probe beam propa-£ §'0'05 3 \ f* 3
gating along thex direction and tuned 0.5 nm off resonance. §""°‘10 T T
OB ® o 06T 000 001 6m@ 0m

The behavior of the spins is described by a density ma-=
trix equation derived in Ref. 10. In the regime of low mag- Magnetic Field (mG)
netic field and high alkali-metal density, such théB|Tse

<1, this equation can be simplifiéda,nd electron spin evo- FIG. 2.(® The dispersion curves obtained near the resonance for a vector
lution is described by a Bloch equation S_ERF magnetometetr_langles and a scalar magnetometer WIFh rf modula-
tion (squarep or amplitude-modulated pump beaircles, all in a mag-
netically unshielded environment. The slopes near the resonance provide the
d_S = ySX B+ R(802 -9 - § 2) relat?ve intrinsic sen;itivities of different magnetometer mgnjh)s?l’he dis-_
dt T2’ persion curve obtained from a SERF magnetometer in a magnetically
shielded environment with a linewidth of 3,85 (see Ref. Y.

where y=gsug/gh is the gyromagnetic ratid} is the pump-
ing rate, =sR/2(R+T;%) is the equilibrium electron spin
polarization, andT,=T,=Tgp is the relaxation time due to
spin-destruction collisions. Herg=6 is the slowing-down
factor for K (1=3/2), s=1 is the photon polarization of the
optical pumping beam, angk=2 is the Diracg-factor. For
slowly changing magnetic fields, we can $8/dt=0 and

We compare the vector SERF operation mode of the
magnetometer with two different scalar operation modes. In
the first mode, a finite magnetic field is applied along the
direction, parallel to the pumping beam. A weak rf field is
applied along they direction, causing the atomic spins to
precess about the axis. This operation is similar to most

obtain scalar atomic magnetometelréexcept that a separate probe
B,- B laser measures the oscillatir® component of the spin. A
S=S9— % (3)  lock-in amplifier is used to measure the optical rotation of

2 2 2y !
1+(By+ By + ) the probe beam at the Larmor frequency. In the second scalar

where we introduced a dimensionless magnetic field parani’©de, a finite magnetic field is applied along gheirection
eter B=yB/(R+T,"). To measure all three magnetic field @nd the pump beam is amplitude modulated at the Larmor
components, we use Helmholtz coils to add small fieldféauency, causing the spins to precess aboutytiais.

modulations along the andz axes, such that The current of the laser diode is modulated with a square
wave with a duty cycle of 30%. Reducing the duty cycle

B, = /82 + ,BTOd sin(w,t) _bek_)w 50% allovys the atoms to achieve a high_er s_pin po_lar-
@) ization. The oscillatingS, component of the spins is again

_ 0, pmod o detected with a lock-in amplifier.
B= B+ Bz sinwy), The dispersion resonance signals are shown in Ra. 2
where 80 and 80 are components of the ambient magneticfor the vector and both scalar modes. For the vector mode,
field andﬁTOd andlgg“’d are the modulation amplitudes. The the figure shows the dc optical rotation as a function of the
modulation frequencies, and w, should be slow enough By field, while for the scalar modes it shows the out-of-phase
that the quasi-steady-state solution is valid. In our experisignal of the lock-in amplifier as a function of the magnetic
ment, we have used modulation frequencies on the order dfeld detuning from the Larmor resonance, set to 20 kHz.
100 Hz. If the ambient field and modulation amplitudes areAccording to Eq(1), the magnetometer sensitivity is propor-

small enough such thdp|<1, then Eq.(3) may be ex- tional to the slope of the dispersion curves near the reso-

panded nance. For each mode various operational parameters, such
as the pump beam intensity and the rf modulation amplitude,
S~ SIB, - BB - BB sin(w,t) - BB sin(w,t)].  were optimized to maximize the slope. The density of the

(5) alkali atoms and the parameters of the probe beam were kept
constant. In our conditions, the slope of the vector magneto-

Thus, to first order, the dc response of the magnetometer imeter response is four times greater than that for either of the
linear in 8, while lock-in amplifiers referenced @, andw,  scalar modes, mainly due to a more complete suppression of
provide signals that are proportional }33 and ,82, respec- the spin-exchange collisions.
tively. Real-time feedback can be used to adjust the currents The vector magnetometer has a resonance linewidth of
in all three Helmholtz coils to keep the magnetic field expe-1.0 mG. For comparison, we show in Figh2the dispersion
rienced by the atoms near zero. The compensating currents signal obtained with the SERF magnetometer in a magneti-
the three coils then serve as a measure of the vector compoally shielded environmeritwhich has a resonance line-
nents of the magnetic field. width of 3.8 uG. This demonstrates that the sensitivity of the
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1000 T T T T T tometer response is shown in the inset of Fig. 1. It is prob-
- . IllI :g'g 'Sn%'é?%?f?ére ncey ably Iimiiited b)c/J| t?e.inacc#racies of the moillqlatii(i)n fielidshbie-
..E 5 ii ......... Optical Noise i ii ggﬁfsig LtIr aet i?r? ulation coils were not exactly in the Helmholtz
= 100 " ) ” i I I l'l The presence of the buffer gas inhibits diffusion of the K
° "\," 1'\ hon, g | } I ‘ll atoms enough that atoms located in different parts of the cell
@ ERLY M A, i ic fi
‘5 v \, HIK l‘" v R | H independently measure the local mggnetlc f_|eld. The magne-
< 10 ! \l‘.,“ '\’! W\!'ii "‘ll ,1‘ l‘li B tometer can be operated as a gradiometer if the probe beam
< ; { ‘Vv“' i i is detected with multichannel photodiodes, with each chan-
i 1 I nel measuring the magnetic field at a different part of the
% 1 ‘2\ I cell. The spectra of the vector magnetometer noise foBthe
= kY § i $ field for a single channel and two-channel difference are
] ‘Q“ 3 ’= i fi P shown in Fig. 3. Also displayed is the optical detection noise
= i Bl g \'-h.‘.*-m\.,i.f W, obtained with the pumping laser blocked, which shows that

0.0+ o '1'0' = '2'0' — '3'0' T E—| the magnetometer noise is dominated by the fluctuations of
Frequency (Hz) the ambient magnetic field.

In conclusion, we demonstrated the operation of a SERF
FIG. 3. The spectrum of the magnetic noise in the SERF vector magnetcatomic magnetometer in an unshielded environment, where it
meter for a single channel and the difference of two channels. Also shown iéxhibits a sensitivity on the order of 1 pVH_Z operating as
the optical noise obtained in the absence of pumping light. . . . .

a gradiometer. By applying small field modulations, the mag-
) ) ) netometer can measure all three components of the magnetic

SERF magnetometer in the unshielded environment can Stiffo|q simultaneously. Substantial improvement in sensitivity
be greatly improved. In our case, the performance was limg¢ he SERF magnetometer is possible by reducing high-

ited by the presence of the magnetic noise at 60 Hz and itgo g, ency magnetic noise as well as magnetic field gradients

harmonics, Whi(_:h were on the ord_er of 0.2 mG desp_ite th%cross the cell.
eddy-current shielding by the aluminum plates. It required us
to increase the optical pumping reRewell beyond the opti- The authors would like to thank Igor Savukov for assis-
mal regimeR~ T, so that the conditiof3|<1 can be sat- tance with constructing parts of the experiment. This re-
isfied. By operating in a remote location or improving the search was funded by the NSF, the Packard Foundation, and
shielding at high frequencies, one can obtain a substanti@rinceton University.
increase in the sensitivity of the SERF magnetometer.
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