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We report on the design, characterization,and applicationsof a sensitive atomic magnetic
gradiometerThe deviceis basedon nonlinearmagneto-opticatotationin alkali-metal!®’Rb" vapor
andusesfrequency-modulatethserlight. The magneticbeld producedby a sampleis detectedoy
measuringthe frequency of a resonancein optical rotation that arises when the modulation
frequencyequalstwice the Larmor precessiotirequencyof the Rb atoms.The gradiometerconsists
of two atomic magnetometerslhe rotationof light polarizationin eachmagnetometeis detected
with a balancedolarimeter The sensitivityof the gradiometeis 0.8 nG/Hz? for neardc!0.1 Hz"
magneticbelds,with a baseline of 2.5 cm. For applicationsn nuclearmagneticresonancéNMR"
andmagneticresonancémaging!MRI", along solenoidthat piercesthe magneticshieldsprovides
an# 0.5 G leadingbeldfor the nuclearspinsin the sample Our apparatuss particularly suitedfor
remote detection of NMR and MRI. We demonstratea point-by-point free induction decay
measurementand a spin echo reconstructed with a pulse sequence similar to the
CarrPurcell-Meiboom-Gill pulse. Additional applications and future improvementsare also

discussed®© 2006 Americanlinstitute of Physics.9DOI: 10.1063/1.233608%

I. INTRODUCTION

Atomic magnetometryas applied to the detection of
nuclearmagnetisnmhasa ratherlong history, startingwith the
pioneeringwork by Cohen-Rnnoudijietal. in the 1960s’ In
that work, alkali vaporwas usedto measurehe magnetiza-
tion of optically hyperpolarizecfHe. Sincethen, it hasbeen
developedby Newbury et al.? toward a more sensitiveand
convenienttechnique The sensitivity of an optimized,shot-
noiselimited atomic magnetometeis determinedoy

SB& 1y Nt 17"

wherey is theatomicgyromagnetiaatio, N is thetotal num-
ber of the gaseouslkali atomsparticipatedin the measure-
ment, t is the measurementime, and 7 is the coherence
lifetime.

Recently severahovelapproacheto atomicmagnetom-
etry havebeendemonstrateavith extraordinarilyhigh sensi-
tivities. One approachss the useof potassiumvaporat high
enoughdensitiesthat the effect of spin-exchangeelaxation
effectively cancels™® This so-called spin-exchange
relaxation-free! SERF techniquehasachieveda sensitivity
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of 5 pG/HzY2. Another path useslow-density rubidium va-
porin parafPn-coatedells to reducethe spin-relaxatiorrate
and create ultranarrow resonancesn nonlinear magneto-
optical rotation>® The latter techniqueemploysfrequency-
or amplitude-modulatedaser light to synchronouslypump
alignmentin the atomicgroundstate?DQA narrowresonance
occurswhenthe modulationfrequencyis equalto twice the
Larmor precessiorfrequencyvyB, allowing precisedetermi-
nation of the magneticbeld. With this technique sensitivity
below 10 pG/HzY? shouldalsobe achievable.

The main objective for the presentwork is to apply
atomicmagnetometryo nuclearmagneticresonancéNMR"
and magneticresonanceémaging!MRI". NMR andMRI are
prominentand versatiletechniqueghat havefound applica-
tionsin manyareas->" However magneticresonanceech-
niguessuffer from poor sensitivity in low magneticbelds:
with conventionalFaraday-inductioretectionusing a radio
frequency!rf" coil the signalis proportionalto the strength
of the magneticbeld 'assuminga given degreeof nuclear
polarizatiori. Thus alternativedetectionmethodsare desir
able when the use of high magneticbeldis to be avoided.

© 2006 American Institute of Physics
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FIG. 1. Conceptof remotedetectionof NMR and MRI with atomic mag-
netometersA gradiometerformed by two magnetometerss shownas an
example.

Atomic magnetometei%’13 andsuperconductinguantumin-
terferencedeviced®®'®1ISQUIDS' have both beenprovento
possessuchsensitivity Early applicationsof atomicmagne-
tometersn NMR include measurementsf the T, relaxation
of hyperpolarizedxenort? and the free induction decay of
protons in an ultraweak magnetic beld inside a
magnetomete]I3 Oneadvantagef atomic magnetometers
that, unlike SQUIDs or superconductingnagnets,they do
not require cryogenics,making them more convenientand
lessexpensive.

To improve the OPllingfactor,Othe degreeto which the
samplecouplesto the detectoy atomic magnetometryanbe
combinedwith a complementanydetectionschemeNremote
detectior-"®*° In remote detection, the spectroscopidfor
NMR" and spatial!for MRI" informationis storedastime-
dependentotal magnetizatiorof the samplealongthe longi-
tudinal axis. Detectionis performedat a differentlocation
from the encodingregion. The encodednformation can be
recoveredvia Fouriertransformatiorof the samplemagneti-
zation measurementlf the sampleis spreadout spatially
which precludesefbcientNMR detection the remotedetec-
tion methodcan offer a signibcantadvantageasthe sample
can be concentratedn the detectionregion, improving the
sensorcouplingto the sample!lcommonlyreferredto asthe
Plling factorin NMR" anddetectionefbciencylt alsoopens
up the possibility of implementingmore sensitivedetection
methodsfor NMR and MR, including atomic magnetom-
etry. Sincethe detectionis physically separatedrom the en-
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coding step, the rf magneticPelds and gradient magnetic
peldsusedfor spin encodingdo not interferewith the sensi-
tive magnetometers.

One additional considerationfor low-peld NMR and
MR is that thermalmagnetizatioris intrinsically low !typi-
cally 10 8. This problemcanbe circumventecdoy usingpre-
polarization,for example throughspin exchangewith opti-
cally pumpedrubidium atomsin the caseof ***Xe and *He
nuclef® lup to tensof percentpolarizatiori, or magnetization
by a strongmagneticbeld prior to the encodingstep?l

Figure 1 illustrates the techniqueof applying atomic
magnetometryto remote detectionin low-bpeld NMR and
MRI. It containsthreeessentiakteps:prepolarizationof the
nuclear spins, low-beld encoding,in which the pulse se-
gquencesare applied, and detectionwith sensitive atomic
magnetometers.

Here we describea new atomic magnetometemhich
was recently used for remote detection of time-resolved
MRI.?* Comparedo the magnetometeusedin Ref. 12, the
new instrumentpossessean improved blling factor, better
stability, and an optimal geometryfor various applications.
The details of our apparatusand characterizatiorare pro-
vided in the following sections,followed by examplesof
NMR measurementanda brief discussionand outlook.

Il. APPARATUS

A schematicof the setupis shownin Fig. 2. The main
componentsnclude a multilayer magneticshield with inter-
nal coils, a pair of rubidium vapor cells, a diode laserwith
associateadontrol electronicsandoptics,a piercingsolenoid,
andelectronicsfor signalamplibcationand dataacquisition.

A. Magnetic shield and internal coils

To reduce the laboratory magnetic beld, a bve-layer
magneticshieldis employed Fig. 3". The shieldis madeof a
high-permeabilityalloy !0.1cm thick". After manufacture
by Amuneal,Inc. accordingto our desigri, the shieldswere
annealedin a hydrogenatmosphereWe avoid mechanical
stresson the shield and exposureto high magnetic belds
after annealing;demagnetizatiorof the shieldis not neces-
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FIG. 3. Crosssectionof the magneticshields.Internal coils are indicated
with black dots. The Te3on coil holderinside the magneticshieldis shown
in gray. The rubidium vapor cells are mountedon a platform locatedat the
centerof the magneticshield !not showrt.

sary Eachof the bve layersconsistsof a cylindrical center
pieceandtwo removableesndcaps.Theoverallshapeof each
layerapproximates spherego maximizethe shieldingfactor,
while avoiding elements with difpcult-to-manufacture
shapes.Between the layers, Styrofoam !polymerized in
plac€ is usedto hold the shield in place and to provide
thermal insulation from the environment.Four ports are
availableon thecylindrical partandoneeachontheendcaps
for eachlayer. They are aligned,respectivelyamongdiffer-
ent layersduring assemblyand are usedfor optical access,
the piercing solenoidand sampleinlet, cell mounting,and
electric connectionsThe shielding factor of the whole as-
sembly was measuredto be better than 10’ for low-
frequencymagneticbelds.

A setof coils is mountedon a hollow cylindrical Te3on
holder inside the magnetic shield, including a solenoidal
bias-peldcoil, two planar transverse-beldoils, and three
gradientcoils. Thesecoils are usedto balancethe residual
magneticbeldandgradientsandto providea biasbeld.The
bias beld is directedalong the centerto-centerline of the
rubidium cells, debPnedasthe z axis, and parallelto the laser
path!Faradaygeometryin opticalrotatior. Sincethesample
magneticbeldis muchsmallerthanthe biaspeld, the gradi-
ometeris only sensitiveto the magneticbeld changealong
the z axis. The z-gradientcoil, driven by an adjustabledc
source!Krohn-Hite, Model 523", is usedto balancethe two
magnetometersso that their resonancdrequenciesreclose
to eachother usuallywithin 0.5 Hz. The othercoils arepow-
eredby dry batteriesthroughresistorswith low temperature
coefbcientd# 0.6 ppnv j C".

B. Rubidium vapor cells

The vapor cells containing isotopically enriched
rubidium-87 18’Rb" usedin this apparatusare glass cubes
with externaldimensionsof 1 cm on a side and wall thick-
nessof approximatelyl mm. Comparedo a 10 cm diameter
cell suchasthat usedin Ref. 12, thesecells can be placed
muchcloserto the sample signibcantlyimproving the blling
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factor The innerwalls of the cells are coatedwith a layer of
parafbnto minimize relaxationof ground-statgoolarization
due to collisions with the wall.?> Magnetometersusing
such buffer-gas-freeantireRectioncoatedvapor cells mea-
surethe averageof the magneticbeldoverthe cell® volume.
For a sphericalcell, the averagebeldis equalto the Peld at
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 atomsin the vapor in
smallercells can be increasedoy raising the operatingtem-
perature.The heatingmethodhasto be carefully chosento
avoid introducingextranoise.We usetwisted Te3on-coated
stainlesssteelwire wound aroundthe outsideof the inner
mostlayer of the magneticshield. The magneticnoisegen-
eratedby the heatingcurrentis largely cancelecandshielded
by this method.Continuousheatingby a current-regulatedc
power supply hasprovento be the bestoption.

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

The cells are mountedon a Tef3on platform. The posi-
tions of the cells canbe independenthadjustedoy six nylon
alignmentscrewsA sturdyplasticrod goesthroughthe mag-
netic shieldvia the bottomport to connectthe platformto a
translationstageon the lasertable. This allows slight adjust-
ment of the position of the platform from outside of the
magneticshield.

C. Laser control and optical layout

A single laser INew Focus, Vortex 6000, frequency-
modulatedby driving a piezoelectrictransduceiin the laser
cavity with a function generatgris usedfor both magneto-
meters.The beamis brstattenuatedy neutral-densityplters
Inot shownin Fig. 2". Two 5% beamsamplersare usedfor
controlling the laser The Prst one feedsa photodiodefor
power monitoring. The voltage output of the photodiodeis
amplipedandfed backto the laserfor constant-poweopera-
tion. Thesecondneis usedfor adichroicatomicvaporlaser
lock 'DAVLL " 'the designis describedn Ref. 23", employed
to lock the laser at the optimal wavelength.It containsan
uncoatedrubidium cell placedin an# 200 G magneticbeld,
a quarterwave plate, and two polarizationprisms®* Linear
magneto-opticatotationis detectecby two photodiodesand
amplibpedby a lock-in ampliber! StanfordResearclSR530.
The output of the appropriatelyphasedock-in ampliberis
fed backto the piezoelectriclementof the laserto adjustthe
wavelengthof the laseraccordingly Operationof a DAVLL
with frequency-modulatelight extendshe useof the device
thatis normally employedwith unmodulatedight.?*2*

The main laserbeampasseshrougha 50-50beamsplit-
ter to producea beamfor eachmagnetometefor eachmag-
netometera polarizationprism debneshe initial polariza-
tion of theincidentbeam.The diameterof the laserbeamsat
the cells is approximately2 mm. After passingthrough a
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FIG. 4. lllustration of the measuremengeometry B,, leadingbeld; By, bias
beld; B,oise Magneticnoise; B;, magnetic Peld generatedby the sample.
Sincethetwo rubidiumcells experiencenagneticheldof oppositesignsdue
to the sample the differencebetweerthe two measurementwill doublethe
signalfrom the sample while cancelingcommon-modenoise.

cell, the beam s reRectedby an end mirror !aluminum
coatedon 1 mm glasssubstraté mountedcloseto the back
of the cell, passeshroughthe cell again,andthenthroughan
analyzing prism oriented at 45; to the initial prism. This
balancedolarimeteris sensitiveto magneto-opticatotation
inducedby the Rb vapor®®

This double-passarrangementin which the beamsare
reRectedackthroughthe cells,waschosenin orderto allow
the cells to be placedin an optimal position relative to the
sample.The resulting increasein optical path length !the
rotationis additive on the two passesis alsosignibcantbe-
causeof the small size of the cells usedin this work and
reduceghe heatingrequirementdor the cells.

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

For NMR applicationsa leadingpbeldis requiredfor the
nuclearspinsin the sample.This is providedby a long hol-
low solenoid that piercesthe magnetic shield. The beld
strengthinside the solenoidis # 0.5 G, approximatelythe
earth-peldstrength.Since the rubidium vapor cells are lo-
cated far from the ends!which are outside the magnetic
shield', the solenoidpeldis very small at the cell positions.

A bias magneticbeld, with a magnitudemuch larger
than the samplemagneticbeld, is generatedo debnethe
detection axis of the gradiometer This dictates that the
sample!which would normally be approximatedas a mag-
netic dipole aligned with the leading beld in the piercing
solenoid be offsetin the direction of the leadingPeld from
the axis connectingthe centersof the sensorcells. In prac-
tice, the optimal position was chosenby using a calibration
solenoidin placeof the samplethat could be movedalong
the piercing solenoid. The samplein the detectionregion
producesmagneticbeldswith oppositedirectionsin the two
cells IFig. 4". Thus, the signal due to magnetizatiorof the
samplealongthe leadingbeld addsin the gradiometemea-

surementswhile common-modeoise!B,,se Cancels.

E. Signal detection

The electronicdor signalmanipulationarefairly simple.
For each magnetometerthe differential photocurrentbe-
tweenthe photodiodepair is detectedby a lock-in ampliber
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FIG. 5. Synchronousionlinearmagneto-opticatotationasa functionof the
lasermodulationfrequency A1 and A2 are the in-phaseand out-of-phase
outputsfrom magnetometeA, respectivelyB1 and B2 are the respective
in-phaseand out-of-phaseoutputsfrom magnetometeB. Laser power is
# 8 uW for eachmagnetometeandthe detuningis 200 MHz towardslower
frequenciesrom the F=2—F’=1 componenif the 8’Rb D1 line.

IStanfordResearchSR830. The outputsof the lock-in am-
plipersare readto a personalcomputerover a generalpur
poseinterfacebus !GPIB" connectionA LABVIEW program
analyzeghe signals,and controlsthe output frequencyof a
function generatorl StanfordResearctDS 345" modulating
the laser using a feedbackalgorithm describedbelow

lll. CHARACTERIZATION
A. Nonlinear magneto-optical resonance

As part of the initialization of the magnetometerthe
laseris detuned# 200 MHz towardslower frequencyfrom
theF=2—F s =1 componenof the 8’Rb D1 line in orderto
producethe maximumoptical rotation! With the laserdetun-
ing bPxedat the optimal position, we sweepthe modulation
frequencyof the laserto observethe nonlinear magneto-
optical resonancewhich occurswhen the modulationfre-
quencyis equalto twice the Larmor precessiorfrequency
The presenceof a 0.48 mG bias beldgivesa resonancdre-
qguencyof # 680 Hz in the absencef the sample.Figure 5
exhibitsboththe in-phaseandout-of-phaseéquadraturéout-
puts from the lock-in ampliberof eachmagnetometerThe
widths of theseresonance@ the modulation-frequencylo-
main correspondto twice the Rb ground-statecoherence-
relaxationrate 112 and 13 Hz for the two magnetometers
from the scansin Fig. 5". As indicatedabove$Eq. !1"%the
longer the coherencdifetime, the betterthe sensitivity To
obtainthe intrinsic linewidth, we plot the linewidth 'equalto
that observedin the modulation-frequencylomain divided
by 2" versuslaserpowerandextrapolateo zeropower!Fig.
6". From linear extrapolation the intrinsic relaxationrate is
around 5.4 Hz for both cells, comparedto 1.3 Hz for the
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FIG. 6. Resonancdéinewidth vs laserpower Laserpoweris measuredight
beforethe light beamentersa rubidium cell. They interceptsrepresenthe
intrinsic linewidths.

10 cm diametercell usedin Ref. 12. This differenceis pri-
marily dueto the smallersize of the cells usedhere,asthe
mean free path betweenwall collisions is much shorter
However becausef a factor of # 1000improvementin the
plling factor in the current setup,we gain substantiallyin
overall sensitivity

B. Data acquisition algorithm

We haveexploredtwo strategiedor locking a magneto-
meterto a resonanceThe brst strategyconsistsin tracking
the resonancdrequencyby determiningthe centerof the
peakin the quadraturesignal. This hasan advantageof re-
ducedsensitivityto backgroundsignals;however it is slow
becauseaat leastthree points are neededo bt for the center
frequency andthe systemmustbe allowedto stabilizeeach
time the modulation frequencyis changed.In the second
strategy!usedfor the experimentdescribedbelow’, the in-
phasesignal from one magnetometemwhich is proportional
to deviationsfrom resonancen a limited rangecenteredat
resonanceis measuredinverted,and fed backto the func-
tion generatomwhich modibesthe modulationfrequencyac-
cordingly The computefimplementedeedbackis a propor

tional andintegral!PI" loop, controlledby threeparameters:

P, I, and an integrationrange. The feedbacksignal f and
error signale arerelatedby

3
f=P 8+|) edt’ . 12"
It

Applying a squarewave magneticbeld as a test signal
Isuchasthe onesshownin Figs.7 and8", we setappropriate
valuesfor P andl accordingto thefollowing algorithm.With
| setto zero,increaseP until the systembeginsto oscillate.
ThensetP at# 50% of the oscillationthresholdand with a
Pxedintegrationrange,typically setas5 s, adjustl to opti-
mize the responseof the apparatuso minimum distortion
from the testingsquarewave.

The magnetometecontrolledby the feedbacKkoop, des-

ignatedasthe primary channel,is thusalwayson resonance.

The in-phasesignal from the other magnetometerthe pas-
sive channel, is the differential measurement,free of
common-modenoise. The feedback loop maintains the
modulationfrequencyin the mostsensitiveregime,sincethe
slope of the resonancdeatureis maximal at the centerof
resonancewhich is 0.6 mrad/Hz. The advantage®sf a soft-
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FIG. 7. Demonstrationof the cancellationof a common-modemagnetic
peld by the gradiometer A uniform 100nG !peak-to-peak square
-wavemagneticheldis appliedusingthe z coil. PlotA showsthe differential
gradiometer signal. Plot B shows the signal from each arm of the
magnetometer

ware Pl loop include insensitivity to noiseand Rexibility in
adjustingthe parameter®f the responsdunction.

C. Noise and sensitivity

A rangeof sourceancontributeto the noise,including
ambientair Row, straylight, dark currentof the photodiodes,
electronic noise from the lock-in amplibers,and the me-
chanicalvibrationsof variouscomponentsOne particularly
signibcantnoise comesfrom air circulationin the environ-
ment, causingrefractive index RBuctuationof the air in the
laserpaththatleadsto randomoptical rotation. This effectis
greatlyreducedby enclosingthe entirebeampath.The stray
light is alsoblocked.The photodiodesareconnectedn pairs
without biasvoltagesothatonly the differentialphotocurrent
is amplibed further reducingthe dark current.

To demonstratehe common-modecancellationof the
gradiometera common-modemagneticbeld modulatedat
0.1 Hz is generatedyy the z coil. As shownin Fig. 7, both
magnetometerexperiencehe magneticbeld, while no evi-
dent signal is observedin the gradiometer The common-
mode-rejectiorratio is estimatedo be no worsethan 20.

For calibration,a small gradientbeld squarewave with
frequencyof 0.1 Hz is generatedy the z-gradientcoil. The
measurementarepresentedn Fig. 8. PlotA showsarecord-
ing of the gradiometersignal with closedfeedbackloop on
the primary-channemagnetometerPlot B showsthe signal
from the primary-channemagnetometewith feedbackoop
open.By takingthe differentialsignalbetweerthe two mag-
netometersas mentionedabove,the common-modedrift is
reducedIn addition,the signal-to-noiseatio |SNR', limited
by the intrinsi¢ noiseof the individual sensorsjs improved
by afactorof 2. Thetime constantfor the measuremeris
30 ms. The sensitivity of the gradiometelis estimatedo be
0.8 nG/Hz"2 for the geometryappliedin this work. The po-
larization noiselevel is therefore# 10 3 mrad/ HzY2.
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FIG. 8. Sensitivity comparisonbetweenthe gradiometerand the primary
channel.The test signal is a 40 nG magnetic Peld modulatedat 0.1 Hz,
producedby the z-gradientcoil which is poweredby a function generatar
Plot A showsthe gradiometersignal with closed feedbackloop on the
primary-channemagnetometePlot B showsthe signal from the primary-
channelmagnetometewith the feedbackioop open.

IV. APPLICATIONS

We have reportedthe application of this apparatusn
MRI.?! 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 Rows continuously
throughthreeconsecutiveegions.lt is brstprepolarizedy a
permanentmagnetwith peldstrengthof 3 kG. It thenBows
into a plastic sampleholder locatedat the centerof the en-
codingPeldof 31 G, correspondingo 131.3kHz resonance
frequencyfor protons.A rf coil tunedto the resonancédre-
quencyis usedto excite the samplenuclei. Pulsesequences
arecontrolledwith a TecMagconsole!Orion 1999'. Finally,
encoded water Bows into the gradiometer and returns
throughthe sameport for drain, producingmagneticbelds
with oppositedirectionsin the two cells for detection.The
baseline of the measuremeris setat the signalcorrespond-

Water
]
Gradiometer
Nitrogen Encoding Field
=
Water . Pre-polanzation
Reservoir

FIG. 9. The sample-Rowdiagramfor NMR experimentObjectscontaining
waterare shownin gray.
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FIG. 10. Determiningthe time durationof the 7/2 pulse.A pulsetrain with
incrementedoulse durationsis appliedin the encodingregion. The differ-
encesignal measuredy the gradiometeiis plottedvs the pulseduration.

ing to theinitial magnetizatiorVl, of the samplewhenno rf

pulsesare applied. The largest signal change!drop' is re-
ferredto asthe maximumsignal. The Row rateis setto beas
fastas 30 ml/min to minimize the relaxationof the nuclear
polarizationduring the travel from the prepolarizatiorregion
to the detectionregion.

For NMR measurementshe 7r/2 pulsedurationis de-
terminedby varying the pulselength andrecordingthe cor-
respondingmagnetizatiorof the sample!Fig. 10". The brst
maximumcorrespondgo a 7 pulse asthe magnetizations
totally invertedso the gradiometerdetectsthe largestdiffer-
ence.Theminimacorrespondo 2n7 pulsesh=0,1,2, since
the magnetizatioris simply tippedbackto its original direc-
tion. Accordingto the dataexhibitedin Fig. 10, a /2 pulse
shouldbe of 22 us 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 orderto shift the central FID frequencyaway
from zero.The brst 7/ 2 pulserotatesthe magnetizationof
the sampleinto the transverseplane!xy". During the delay
the magnetizationprecessesn the 31 G Peld. Then it is
tippedbackinto the longitudinal directionz by anothers/2
pulse.The storedmagnetizatioris readout by the gradiom-
eter The magnetizatioras a function of the delaytime, av-
eragedover ten datasets,is shownin Fig. 11. The Fourier
transformof the FID gives the spectrumin the frequency
domain. The peak frequencyof 1.4kHz is the difference
betweenthe carrier frequencyand the resonancdrequency
The full width at half maximumis approximately400 Hz.

A more complicatedpulse sequencdshownin Fig. 12,
panel A", similar to a CarrPurcell-Meiboom-Gill!CPMG'
pulse}0 was also applied to obtain spin echo. A normal
CPMG pulseis composedof an excitation 77/2 pulse fol-
lowed by a train of 7 pulseswhich havea 90; phaseshift
relativeto the /2 pulse.The temporalspacing!echotime"
betweenconsecutiver pulsesis twice the time betweenthe
brst7r/2 pulseandthe brst 7 pulse.Thusthe coherencdost
during precessiordue to beld inhomogeneitycan be recov-
eredby inverting the magnetizatioreachtime by a 7, pulse.
Multiple 'n" 7r pulsescanbe repeateduntil the total time of
the pulsesequenceeacheghe intrinsic transverseelaxation
time. !We havetried asmanyas300 7 pulsescorresponding
to a total time of 600 ms." Becausewe detectthe spin echo
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FIG. 11. Remotely measuredpoint-by-pointfree induction decayand the
corresponding-ourier transformationn frequencydomain.

remotely our pulse sequencdiffers from a regular CPMG
pulse in that an additional ! /2", pulse after the regular
CPMG pulseis neededo encodethe signalinto longitudinal
magnetizationThe spin echois thereforereconstructedy
sweepingthe delay time t betweenthis encodingpulseand
thelastm, pulse.Theresult!no signalaveraging is shownin
Fig. 12, panelsB and C. PanelB exhibits the datadirectly
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FIG. 12. The pulsesequencéor the spin-echaeconstructiorandthe result-
ing spin echo.PanelA showsthe pulse sequenceThe echotime, which
equalsto the delay betweentwo consecutiverr pulses,is 2 ms, and the
repetitionnumbern is 50. The phasesof the rf pulsesare indicatedabove
their respectivepositions.PanelB showsthe datadirectly measuredy the
gradiometer with the spikesindicating the timing of encoding.PanelC
showsthe base-line-correctedifferencesignal extractedfrom panelB.

Rev. Sci. Instrum. 77, 083106 (2006)

measureddy the gradiometerThe gray spikesindicate the
startof the pulsesequencesachwith a differentt, which is
swept from 0.2to 2 ms, with 0.2 ms step size. Panel C
shows the base-line-correctedifference signal extracted
from panelB. The spin-echosignalis maximumat t=1 ms,
asexpectedor the spin echo.

V. DISCUSSION AND OUTLOOK

The apparatusiescribedhere offers high sensitivity for
detecting dc magnetic beld produced by a magnetized
sample.As demonstratechere 'and in Ref. 21" it is well
suitedfor low-peld remotedetectionof NMR and MRI. In
additionto the studieswith water we planto performNMR
andMRI experimentaisinghyperpolarizekenon.The setup
can also be usedin non-NMRMRI applications.For ex-
ample,we havedetectednagneticparticleswith a high sen-
sitivity anda large carrierthroughput!/in our case water;to
be describedin a separatepublicatiorf. Additional applica-
tionsin otherbelds,suchasmeasuringhe magneticproper
ties of nominally nonmagneticferroelectric materials and
rock samplesarealsoin progress.

Further expectedimprovementsinclude employing an
array of rubidium cells as detectorsand adoptinga better
geometricdesign.We plan to replacethe external-cavityla-
serwith an economicvertical-cavity surface-emittingaser
integratethe electronics,and employ Pber optics for laser
beamtransmissionWith thesemodibcationswe expectto
have an even less expensiveand more convenient,poten-
tially portable,apparatugor variouspracticalapplications.
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