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We report on the design, characterization,and applications of a sensitive atomic magnetic
gradiometer. Thedeviceis basedon nonlinearmagneto-opticalrotationin alkali-metal!87Rb" vapor
andusesfrequency-modulatedlaserlight. The magneticÞeldproducedby a sampleis detectedby
measuringthe frequency of a resonancein optical rotation that arises when the modulation
frequencyequalstwice theLarmorprecessionfrequencyof theRb atoms.Thegradiometerconsists
of two atomicmagnetometers.The rotationof light polarizationin eachmagnetometeris detected
with a balancedpolarimeter. Thesensitivityof thegradiometeris 0.8 nG/Hz1/2 for near-dc !0.1 Hz"
magneticÞelds,with a baseline of 2.5 cm. For applicationsin nuclearmagneticresonance!NMR"
andmagneticresonanceimaging!MRI", a long solenoidthatpiercesthemagneticshieldsprovides
an# 0.5 G leadingÞeldfor thenuclearspinsin thesample.Our apparatusis particularlysuitedfor
remote detection of NMR and MRI. We demonstratea point-by-point free induction decay
measurement and a spin echo reconstructed with a pulse sequence similar to the
Carr-Purcell-Meiboom-Gill pulse. Additional applications and future improvementsare also
discussed.© 2006AmericanInstituteof Physics.$DOI: 10.1063/1.2336087%

I. INTRODUCTION

Atomic magnetometryas applied to the detection of
nuclearmagnetismhasa ratherlong history, startingwith the
pioneeringwork by Cohen-Tannoudjiet al. in the1960s.1 In
that work, alkali vaporwasusedto measurethe magnetiza-
tion of optically hyperpolarized3He. Sincethen,it hasbeen
developedby Newbury et al.2 toward a more sensitiveand
convenienttechnique.The sensitivityof an optimized,shot-
noiselimited atomicmagnetometeris determinedby

!B & 1/!"' Nt#", !1"

where" is theatomicgyromagneticratio,N is thetotal num-
ber of the gaseousalkali atomsparticipatedin the measure-
ment, t is the measurementtime, and # is the coherence
lifetime.

Recently, severalnovelapproachesto atomicmagnetom-
etry havebeendemonstratedwith extraordinarilyhigh sensi-
tivities. Oneapproachis the useof potassiumvaporat high
enoughdensitiesthat the effect of spin-exchangerelaxation
effectively cancels.3,4 This so-called spin-exchange
relaxation-free!SERF" techniquehasachieveda sensitivity

of 5 pG/Hz1/2. Another path useslow-densityrubidium va-
por in parafÞn-coatedcells to reducethespin-relaxationrate
and create ultranarrow resonancesin nonlinear magneto-
optical rotation.5,6 The latter techniqueemploysfrequency-
or amplitude-modulatedlaser light to synchronouslypump
alignmentin the atomicgroundstate.7Ð9A narrowresonance
occurswhenthe modulationfrequencyis equalto twice the
Larmor precessionfrequency"B, allowing precisedetermi-
nationof the magneticÞeld.With this technique,sensitivity
below 10 pG/Hz1/2 shouldalsobe achievable.

The main objective for the presentwork is to apply
atomicmagnetometryto nuclearmagneticresonance!NMR"
andmagneticresonanceimaging!MRI". NMR andMRI are
prominentandversatiletechniquesthat havefound applica-
tions in manyareas.10,11 However, magneticresonancetech-
niquessuffer from poor sensitivity in low magneticÞelds:
with conventionalFaraday-inductiondetectionusinga radio
frequency!rf" coil the signal is proportionalto the strength
of the magneticÞeld !assuminga given degreeof nuclear
polarization". Thus alternativedetectionmethodsare desir-
able when the useof high magneticÞeld is to be avoided.
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Atomic magnetometers12,13andsuperconductingquantumin-
terferencedevices14Ð16 !SQUIDs" haveboth beenprovento
possesssuchsensitivity. Early applicationsof atomicmagne-
tometersin NMR includemeasurementsof theT1 relaxation
of hyperpolarizedxenon12 and the free induction decayof
protons in an ultraweak magnetic Þeld inside a
magnetometer.13 Oneadvantageof atomicmagnetometersis
that, unlike SQUIDs or superconductingmagnets,they do
not require cryogenics,making them more convenientand
lessexpensive.

To improve the ÒÞllingfactor,Óthe degreeto which the
samplecouplesto thedetector, atomicmagnetometrycanbe
combinedwith a complementarydetectionschemeÑremote
detection.17Ð19 In remote detection, the spectroscopic!for
NMR" and spatial !for MRI" information is storedas time-
dependenttotal magnetizationof thesamplealongthe longi-
tudinal axis. Detectionis performedat a different location
from the encodingregion.The encodedinformation can be
recoveredvia Fouriertransformationof the samplemagneti-
zation measurement.If the sampleis spreadout spatially,
which precludesefÞcientNMR detection,the remotedetec-
tion methodcanoffer a signiÞcantadvantage,asthe sample
can be concentratedin the detectionregion, improving the
sensorcoupling to the sample!commonlyreferredto as the
Þlling factor in NMR" anddetectionefÞciency. It alsoopens
up the possibility of implementingmore sensitivedetection
methodsfor NMR and MRI, including atomic magnetom-
etry. Sincethedetectionis physicallyseparatedfrom theen-

coding step, the rf magneticÞelds and gradient magnetic
Þeldsusedfor spin encodingdo not interferewith the sensi-
tive magnetometers.

One additional considerationfor low-Þeld NMR and
MRI is that thermalmagnetizationis intrinsically low !typi-
cally 10! 8". This problemcanbecircumventedby usingpre-
polarization,for example,throughspin exchangewith opti-
cally pumpedrubidium atomsin the caseof 129Xe and 3He
nuclei20 !up to tensof percentpolarization", or magnetization
by a strongmagneticÞeldprior to the encodingstep.21

Figure 1 illustrates the techniqueof applying atomic
magnetometryto remote detectionin low-Þeld NMR and
MRI. It containsthreeessentialsteps:prepolarizationof the
nuclear spins, low-Þeld encoding, in which the pulse se-
quencesare applied, and detection with sensitive atomic
magnetometers.

Here we describea new atomic magnetometerwhich
was recently used for remote detection of time-resolved
MRI.21 Comparedto the magnetometerusedin Ref. 12, the
new instrumentpossessesan improvedÞlling factor, better
stability, and an optimal geometryfor variousapplications.
The details of our apparatusand characterizationare pro-
vided in the following sections,followed by examplesof
NMR measurementsanda brief discussionandoutlook.

II. APPARATUS

A schematicof the setupis shownin Fig. 2. The main
componentsincludea multilayer magneticshieldwith inter-
nal coils, a pair of rubidium vapor cells, a diode laserwith
associatedcontrolelectronicsandoptics,a piercingsolenoid,
andelectronicsfor signalampliÞcationanddataacquisition.

A. Magnetic shield and internal coils

To reduce the laboratory magnetic Þeld, a Þve-layer
magneticshieldis employed!Fig. 3". Theshieldis madeof a
high-permeabilityalloy !0.1 cm thick". After manufacture
!by Amuneal,Inc. accordingto our design", theshieldswere
annealedin a hydrogenatmosphere.We avoid mechanical
stresson the shield and exposureto high magneticÞelds
after annealing;demagnetizationof the shield is not neces-

FIG. 1. Conceptof remotedetectionof NMR and MRI with atomic mag-
netometers.A gradiometerformed by two magnetometersis shownas an
example.

FIG. 2. Schematicof theapparatus.Abbreviations:BS,
beamsampler;BP, beamsplitter; PD, photodiodes;PP,
polarizingprism. The rubidium vaporcells are labeled
asA andB. The thicknessof the laserbeam!gray lines
in thediagram" symbolicallyindicatestherelativebeam
power. In betweenthetwo cellsis thepiercingsolenoid.
Bl, leadingÞeld providedby the piercingsolenoid;Bb,
biasmagneticÞeld.
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sary. Eachof the Þve layersconsistsof a cylindrical center
pieceandtwo removableendcaps.Theoverallshapeof each
layerapproximatesasphereto maximizetheshieldingfactor,
while avoiding elements with difÞcult-to-manufacture
shapes.Between the layers, Styrofoam !polymerized in
place" is used to hold the shield in place and to provide
thermal insulation from the environment.Four ports are
availableon thecylindrical partandoneeachon theendcaps
for eachlayer. They arealigned,respectively, amongdiffer-
ent layersduring assemblyand are usedfor optical access,
the piercing solenoidand sampleinlet, cell mounting,and
electric connections.The shielding factor of the whole as-
sembly was measuredto be better than 107 for low-
frequencymagneticÞelds.

A setof coils is mountedon a hollow cylindrical Teßon
holder inside the magnetic shield, including a solenoidal
bias-Þeldcoil, two planar transverse-Þeldcoils, and three
gradientcoils. Thesecoils are usedto balancethe residual
magneticÞeldandgradientsandto providea biasÞeld.The
bias Þeld is directedalong the center-to-centerline of the
rubidiumcells,deÞnedasthez axis,andparallelto the laser
path!Faradaygeometryin opticalrotation". Sincethesample
magneticÞeldis muchsmallerthanthe biasÞeld,the gradi-
ometeris only sensitiveto the magneticÞeld changealong
the z axis. The z-gradientcoil, driven by an adjustabledc
source!Krohn-Hite, Model 523", is usedto balancethe two
magnetometers,so that their resonancefrequenciesareclose
to eachother, usuallywithin 0.5 Hz. Theothercoils arepow-
eredby dry batteriesthroughresistorswith low temperature
coefÞcients!# 0.6 ppm/ ¡ C".

B. Rubidium vapor cells

The vapor cells containing isotopically enriched
rubidium-87 !87Rb" used in this apparatusare glasscubes
with externaldimensionsof 1 cm on a sideandwall thick-
nessof approximately1 mm.Comparedto a 10 cm diameter
cell suchas that usedin Ref. 12, thesecells can be placed
muchcloserto thesample,signiÞcantlyimprovingtheÞlling

factor. The innerwalls of thecellsarecoatedwith a layerof
parafÞnto minimize relaxationof ground-statepolarization
due to collisions with the wall.22 Magnetometersusing
such buffer-gas-freeantireßectioncoatedvapor cells mea-
suretheaverageof themagneticÞeldoverthecellÕs volume.
For a sphericalcell, the averageÞeld is equalto the Þeldat
the centerof the cell. While this is not exactly true for the
cubic cells used in this work, this is still a reasonable
approximation.

The total number of rubidium atoms in the vapor in
smallercells canbe increasedby raising the operatingtem-
perature.The heatingmethodhasto be carefully chosento
avoid introducingextranoise.We usetwistedTeßon-coated
stainlesssteelwire wound aroundthe outsideof the inner-
most layer of the magneticshield.The magneticnoisegen-
eratedby theheatingcurrentis largely canceledandshielded
by this method.Continuousheatingby a current-regulateddc
powersupplyhasprovento be the bestoption.

The parafÞn coating melts at approximately 60 ¡ C,
which setsan upperlimit for the cell temperature.The tem-
peratureis also constrainedby the needto keep the alkali
vapordensitylow enoughthat the alkali-alkali collisionsdo
not unduly increasethe relaxationrate.An operatingtem-
peratureof 43 ¡ C gives maximum signal-to-noiseratio in
this apparatus.

The cells are mountedon a Teßonplatform. The posi-
tionsof thecellscanbe independentlyadjustedby six nylon
alignmentscrews.A sturdyplasticrod goesthroughthemag-
netic shieldvia the bottomport to connectthe platform to a
translationstageon the lasertable.This allowsslight adjust-
ment of the position of the platform from outside of the
magneticshield.

C. Laser control and optical layout

A single laser !New Focus,Vortex 6000", frequency-
modulatedby driving a piezoelectrictransducerin the laser
cavity with a function generator, is usedfor both magneto-
meters.Thebeamis Þrstattenuatedby neutral-densityÞlters
!not shownin Fig. 2". Two 5% beamsamplersareusedfor
controlling the laser. The Þrst one feedsa photodiodefor
power monitoring.The voltageoutput of the photodiodeis
ampliÞedandfed backto thelaserfor constant-poweropera-
tion. Thesecondoneis usedfor a dichroicatomicvaporlaser
lock !DAVLL " !thedesignis describedin Ref.23", employed
to lock the laser at the optimal wavelength.It containsan
uncoatedrubidiumcell placedin an# 200 G magneticÞeld,
a quarter-wave plate, and two polarizationprisms.24 Linear
magneto-opticalrotationis detectedby two photodiodesand
ampliÞedby a lock-in ampliÞer!StanfordResearchSR530".
The output of the appropriatelyphasedlock-in ampliÞeris
fed backto thepiezoelectricelementof thelaserto adjustthe
wavelengthof the laseraccordingly. Operationof a DAVLL
with frequency-modulatedlight extendstheuseof thedevice
that is normally employedwith unmodulatedlight.23,24

Themain laserbeampassesthrougha 50-50beamsplit-
ter to producea beamfor eachmagnetometer. For eachmag-
netometer, a polarizationprism deÞnesthe initial polariza-
tion of the incidentbeam.Thediameterof the laserbeamsat
the cells is approximately2 mm. After passingthrough a

FIG. 3. Crosssectionof the magneticshields.Internal coils are indicated
with black dots.TheTeßon coil holder insidethe magneticshieldis shown
in gray. The rubidium vaporcells aremountedon a platform locatedat the
centerof the magneticshield!not shown".
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cell, the beam is reßectedby an end mirror !aluminum
coatedon 1 mm glasssubstrate" mountedcloseto the back
of thecell, passesthroughthecell again,andthenthroughan
analyzing prism oriented at 45¡ to the initial prism. This
balancedpolarimeteris sensitiveto magneto-opticalrotation
inducedby the Rb vapor.25

This double-passarrangement,in which the beamsare
reßectedbackthroughthecells,waschosenin orderto allow
the cells to be placedin an optimal position relative to the
sample.The resulting increasein optical path length !the
rotationis additiveon the two passes" is alsosigniÞcantbe-
causeof the small size of the cells usedin this work and
reducesthe heatingrequirementsfor the cells.

D. Piercing solenoid, bias magnetic field, and sample
polarization

For NMR applications,a leadingÞeldis requiredfor the
nuclearspinsin the sample.This is providedby a long hol-
low solenoid that pierces the magnetic shield. The Þeld
strengthinside the solenoid is # 0.5 G, approximatelythe
earth-Þeldstrength.Since the rubidium vapor cells are lo-
cated far from the ends !which are outside the magnetic
shield", the solenoidÞeld is very small at the cell positions.

A bias magneticÞeld, with a magnitudemuch larger
than the samplemagneticÞeld, is generatedto deÞnethe
detection axis of the gradiometer. This dictates that the
sample!which would normally be approximatedas a mag-
netic dipole aligned with the leading Þeld in the piercing
solenoid" be offset in the directionof the leadingÞeld from
the axis connectingthe centersof the sensorcells. In prac-
tice, the optimal positionwaschosenby usinga calibration
solenoidin placeof the samplethat could be movedalong
the piercing solenoid.The samplein the detectionregion
producesmagneticÞeldswith oppositedirectionsin the two
cells !Fig. 4". Thus, the signal due to magnetizationof the
samplealongthe leadingÞeldaddsin the gradiometermea-
surements,while common-modenoise!Bnoise" cancels.

E. Signal detection

Theelectronicsfor signalmanipulationarefairly simple.
For each magnetometer, the differential photocurrentbe-
tweenthe photodiodepair is detectedby a lock-in ampliÞer

!StanfordResearch,SR830". The outputsof the lock-in am-
pliÞersare readto a personalcomputerover a generalpur-
poseinterfacebus !GPIB" connection.A LABVIEW program
analyzesthe signals,andcontrolsthe output frequencyof a
function generator!StanfordResearchDS 345" modulating
the laser, usinga feedbackalgorithmdescribedbelow.

III. CHARACTERIZATION

A. Nonlinear magneto-optical resonance

As part of the initialization of the magnetometer, the
laser is detuned# 200 MHz towardslower frequencyfrom
theF=2→F! =1 componentof the 87Rb D1 line in orderto
producethemaximumopticalrotation.7 With thelaserdetun-
ing Þxedat the optimal position,we sweepthe modulation
frequencyof the laser to observethe nonlinear magneto-
optical resonance,which occurswhen the modulation fre-
quencyis equal to twice the Larmor precessionfrequency.
The presenceof a 0.48mG biasÞeldgivesa resonancefre-
quencyof # 680 Hz in the absenceof the sample.Figure 5
exhibitsboth the in-phaseandout-of-phase!quadrature" out-
puts from the lock-in ampliÞerof eachmagnetometer. The
widths of theseresonancesin the modulation-frequencydo-
main correspondto twice the Rb ground-statecoherence-
relaxation rate !12 and 13 Hz for the two magnetometers
from the scansin Fig. 5". As indicatedabove$Eq. !1"%, the
longer the coherencelifetime, the better the sensitivity. To
obtainthe intrinsic linewidth, we plot the linewidth !equalto
that observedin the modulation-frequencydomain divided
by 2" versuslaserpowerandextrapolateto zeropower!Fig.
6". From linear extrapolation,the intrinsic relaxationrate is
around5.4 Hz for both cells, comparedto 1.3 Hz for the

FIG. 4. Illustrationof themeasurementgeometry. Bl, leadingÞeld;Bb, bias
Þeld; Bnoise, magneticnoise; Bs, magneticÞeld generatedby the sample.
Sincethetwo rubidiumcellsexperiencemagneticÞeldof oppositesignsdue
to thesample,thedifferencebetweenthetwo measurementswill doublethe
signal from the sample,while cancelingcommon-modenoise.

FIG. 5. Synchronousnonlinearmagneto-opticalrotationasa functionof the
lasermodulationfrequency. A1 andA2 are the in-phaseand out-of-phase
outputsfrom magnetometerA, respectively. B1 and B2 are the respective
in-phaseand out-of-phaseoutputsfrom magnetometerB. Laser power is
# 8 $W for eachmagnetometerandthedetuningis 200 MHz towardslower
frequenciesfrom the F=2→F!=1 componentof the 87Rb D1 line.
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10 cm diametercell usedin Ref. 12. This differenceis pri-
marily due to the smallersizeof the cells usedhere,as the
mean free path betweenwall collisions is much shorter.
However, becauseof a factor of # 1000improvementin the
Þlling factor in the current setup,we gain substantiallyin
overall sensitivity.

B. Data acquisition algorithm

We haveexploredtwo strategiesfor locking a magneto-
meterto a resonance.The Þrst strategyconsistsin tracking
the resonancefrequencyby determiningthe center of the
peakin the quadraturesignal.This hasan advantageof re-
ducedsensitivity to backgroundsignals;however, it is slow
becauseat leastthreepointsareneededto Þt for the center
frequency, andthe systemmustbe allowedto stabilizeeach
time the modulation frequencyis changed.In the second
strategy!usedfor the experimentsdescribedbelow", the in-
phasesignal from one magnetometer, which is proportional
to deviationsfrom resonancein a limited rangecenteredat
resonance,is measured,inverted,and fed back to the func-
tion generatorwhich modiÞesthe modulationfrequencyac-
cordingly. The computer-implementedfeedbackis a propor-
tional andintegral!PI" loop, controlledby threeparameters:
P, I, and an integrationrange.The feedbacksignal f and
error signal% arerelatedby

f = P(% + I)
! t

0

%dt!*. !2"

Applying a squarewave magneticÞeld as a test signal
!suchastheonesshownin Figs.7 and8", we setappropriate
valuesfor P andI accordingto thefollowing algorithm.With
I set to zero,increaseP until the systembeginsto oscillate.
Thenset P at # 50% of the oscillation thresholdandwith a
Þxedintegrationrange,typically setas5 s, adjustI to opti-
mize the responseof the apparatusto minimum distortion
from the testingsquarewave.

Themagnetometercontrolledby the feedbackloop, des-
ignatedastheprimarychannel,is thusalwayson resonance.
The in-phasesignal from the other magnetometer, the pas-
sive channel, is the differential measurement,free of
common-modenoise. The feedback loop maintains the
modulationfrequencyin themostsensitiveregime,sincethe
slope of the resonancefeatureis maximal at the centerof
resonance,which is 0.6 mrad/Hz. The advantagesof a soft-

warePI loop include insensitivity to noiseandßexibility in
adjustingthe parametersof the responsefunction.

C. Noise and sensitivity

A rangeof sourcescancontributeto thenoise,including
ambientair ßow, straylight, darkcurrentof thephotodiodes,
electronic noise from the lock-in ampliÞers,and the me-
chanicalvibrationsof variouscomponents.Oneparticularly
signiÞcantnoisecomesfrom air circulation in the environ-
ment, causingrefractive index ßuctuationof the air in the
laserpaththat leadsto randomoptical rotation.This effect is
greatlyreducedby enclosingtheentirebeampath.Thestray
light is alsoblocked.Thephotodiodesareconnectedin pairs
without biasvoltagesothatonly thedifferentialphotocurrent
is ampliÞed,further reducingthe dark current.

To demonstratethe common-modecancellationof the
gradiometer, a common-modemagneticÞeld modulatedat
0.1 Hz is generatedby the z coil. As shownin Fig. 7, both
magnetometersexperiencethe magneticÞeld,while no evi-
dent signal is observedin the gradiometer. The common-
mode-rejectionratio is estimatedto be no worsethan20.

For calibration,a small gradientÞeldsquarewavewith
frequencyof 0.1 Hz is generatedby the z-gradientcoil. The
measurementsarepresentedin Fig. 8. PlotA showsa record-
ing of the gradiometersignal with closedfeedbackloop on
the primary-channelmagnetometer. Plot B showsthe signal
from the primary-channelmagnetometerwith feedbackloop
open.By taking thedifferentialsignalbetweenthe two mag-
netometers,as mentionedabove,the common-modedrift is
reduced.In addition,thesignal-to-noiseratio !SNR", limited
by the intrinsic noiseof the individual sensors,is improved
by a factor of ' 2. The time constantfor the measurementis
30 ms.The sensitivityof the gradiometeris estimatedto be
0.8 nG/Hz1/2 for thegeometryappliedin this work. Thepo-
larizationnoiselevel is therefore# 10! 3 mrad/Hz1/2.

FIG. 6. Resonancelinewidth vs laserpower. Laserpoweris measuredright
beforethe light beamentersa rubidium cell. The y interceptsrepresentthe
intrinsic linewidths.

FIG. 7. Demonstrationof the cancellationof a common-modemagnetic
Þeld by the gradiometer. A uniform 100 nG !peak-to-peak" square
-wavemagneticÞeldis appliedusingthez coil. PlotA showsthedifferential
gradiometer signal. Plot B shows the signal from each arm of the
magnetometer.
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IV. APPLICATIONS

We have reportedthe application of this apparatusin
MRI.21 Here we show the remotedetectionof NMR. The
setup,which is similar to the one usedin Ref. 21, is sche-
matically exhibited in Fig. 9. Water ßows continuously
throughthreeconsecutiveregions.It is Þrstprepolarizedby a
permanentmagnetwith Þeldstrengthof 3 kG. It thenßows
into a plastic sampleholder locatedat the centerof the en-
codingÞeldof 31 G, correspondingto 131.3kHz resonance
frequencyfor protons.A rf coil tunedto the resonancefre-
quencyis usedto excite the samplenuclei. Pulsesequences
arecontrolledwith a TecMagconsole!Orion 1999". Finally,
encoded water ßows into the gradiometer and returns
through the sameport for drain, producingmagneticÞelds
with oppositedirectionsin the two cells for detection.The
baseline of themeasurementis setat thesignalcorrespond-

ing to the initial magnetizationMz of the samplewhenno rf
pulsesare applied.The largest signal change!drop" is re-
ferredto asthemaximumsignal.Theßow rateis setto beas
fast as30 ml/min to minimize the relaxationof the nuclear
polarizationduringthetravel from theprepolarizationregion
to the detectionregion.

For NMR measurements,the & /2 pulsedurationis de-
terminedby varying the pulselengthandrecordingthe cor-
respondingmagnetizationof the sample!Fig. 10". The Þrst
maximumcorrespondsto a & pulseas the magnetizationis
totally invertedso the gradiometerdetectsthe largestdiffer-
ence.Theminimacorrespondto 2n& pulses,n=0,1,2, since
the magnetizationis simply tippedbackto its original direc-
tion. Accordingto the dataexhibitedin Fig. 10, a & /2 pulse
shouldbe of 22 $s duration.

Free induction decay!FID" of the protonscan be de-
tected remotely by using two & /2 pulseswith a variable
delaybetweenthem.The frequencyof the pulsesis tunedto
132.7kHz in order to shift the centralFID frequencyaway
from zero.The Þrst & /2 pulserotatesthe magnetizationof
the sampleinto the transverseplane!xy". During the delay,
the magnetizationprecessesin the 31 G Þeld. Then it is
tippedbackinto the longitudinaldirectionz by another& /2
pulse.The storedmagnetizationis readout by the gradiom-
eter. The magnetizationasa function of the delay time, av-
eragedover ten datasets,is shownin Fig. 11. The Fourier
transformof the FID gives the spectrumin the frequency
domain. The peak frequencyof 1.4 kHz is the difference
betweenthe carrier frequencyand the resonancefrequency.
The full width at half maximumis approximately400 Hz.

A more complicatedpulsesequence!shownin Fig. 12,
panelA", similar to a Carr-Purcell-Meiboom-Gill !CPMG"
pulse,10 was also applied to obtain spin echo. A normal
CPMG pulse is composedof an excitation & /2 pulse fol-
lowed by a train of & pulseswhich havea 90¡ phaseshift
relative to the & /2 pulse.The temporalspacing!echotime"
betweenconsecutive& pulsesis twice the time betweenthe
Þrst& /2 pulseandtheÞrst& pulse.Thusthecoherencelost
during precessiondue to Þeld inhomogeneitycanbe recov-
eredby inverting themagnetizationeachtime by a &y pulse.
Multiple !n" & pulsescanbe repeateduntil the total time of
thepulsesequencereachesthe intrinsic transverserelaxation
time. !We havetried asmanyas300& pulses,corresponding
to a total time of 600 ms." Becausewe detectthe spin echo

FIG. 8. Sensitivity comparisonbetweenthe gradiometerand the primary
channel.The test signal is a 40 nG magneticÞeld modulatedat 0.1 Hz,
producedby the z-gradientcoil which is poweredby a function generator.
Plot A shows the gradiometersignal with closed feedbackloop on the
primary-channelmagnetometer. Plot B shows the signal from the primary-
channelmagnetometerwith the feedbackloop open.

FIG. 9. The sample-ßowdiagramfor NMR experiment.Objectscontaining
waterareshownin gray.

FIG. 10. Determiningthetime durationof the& /2 pulse.A pulsetrain with
incrementedpulsedurationsis appliedin the encodingregion.The differ-
encesignalmeasuredby the gradiometeris plottedvs the pulseduration.
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remotely, our pulsesequencediffers from a regularCPMG
pulse in that an additional !& /2"x pulse after the regular
CPMGpulseis neededto encodethesignalinto longitudinal
magnetization.The spin echo is thereforereconstructedby
sweepingthe delay time t betweenthis encodingpulseand
thelast&y pulse.Theresult!no signalaveraging" is shownin
Fig. 12, panelsB and C. PanelB exhibits the datadirectly

measuredby the gradiometer. The gray spikesindicate the
startof thepulsesequences,eachwith a differentt, which is
swept from 0.2 to 2 ms, with 0.2 ms step size. Panel C
shows the base-line-correcteddifference signal extracted
from panelB. The spin-echosignal is maximumat t=1 ms,
asexpectedfor the spin echo.

V. DISCUSSION AND OUTLOOK

The apparatusdescribedhereoffers high sensitivity for
detecting dc magnetic Þeld produced by a magnetized
sample.As demonstratedhere !and in Ref. 21" it is well
suitedfor low-Þeld remotedetectionof NMR and MRI. In
additionto the studieswith water, we plan to performNMR
andMRI experimentsusinghyperpolarizedxenon.Thesetup
can also be used in non-NMR/MRI applications.For ex-
ample,we havedetectedmagneticparticleswith a high sen-
sitivity anda large carrier throughput!in our case,water; to
be describedin a separatepublication". Additional applica-
tions in otherÞelds,suchasmeasuringthe magneticproper-
ties of nominally nonmagneticferroelectric materialsand
rock samples,arealso in progress.

Further expectedimprovementsinclude employing an
array of rubidium cells as detectorsand adoptinga better
geometricdesign.We plan to replacethe external-cavityla-
ser with an economicvertical-cavitysurface-emittinglaser,
integratethe electronics,and employ Þberoptics for laser-
beamtransmission.With thesemodiÞcations,we expectto
have an even less expensiveand more convenient,poten-
tially portable,apparatusfor variouspracticalapplications.
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