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Background of the Invention

The invention relates generally to nuclear magnetic resonance (NMR) and

magnetic resonance imaging (MRI), and more particularly to NMR and MRI at uliralow
- magnetic fields.

Nuciear magnetic resonance (NMR) is a technique for obtaining information
about atoms and the molecules they form. NMR operates on atoms having nuclei in
which at least one proton or neutron is unpaired. This imbalance causes these nuclei to
spin on an axis like miniature tops and gives rise to a magnetic moment, i.e. the nuclei
behave like magnets with north and south poles.

" When exposed to an external magnetic field, these spinning magnets attempt to
-align their axes along the lines of magnetic force. The alignment is not exact, however,
resulting in a wobbly rotation (precession) about the force lines that is unique for each

type of nuclei. If, while exposed to the magpetic field, the nuclei are bombarded with
radio (RF) waves, they will absorb and re-emit energy at a specific frequency according
to their rate of rotation. This resonating frequency therefore becomes a signature signal

by which the nuclei can be identified.




energy, the nuclei cone back into alignnment. The rate at which resonating
nucl ei realign thenselves with magnetic field |lines prozijg%%t%%ai | ed
information on their position and notion with respect to neighboring
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_ August 2006 SirYéQ tﬁ)e%ﬁw%gggtpgf l\ﬁgli_lll H?Q%fy%ﬁs? MRI scanners have steadily

developed towards higher magnetic field strengths. The enhanced sensitivity attainable at

 high field makes it possible to resolve features at ever shorter length scales, and enables
- fast imaging experiments with close to real-time resolution. State-of-the-art clinical
scanners operate at a field strength of 1.5 T, corresponding to a proton Larmor frequency
of 64 MHz; currently, there is a drive to gain approval for 4 T imagers for clinical use. A
number of facilities around the world now have 7 T scanners for research purposes.
- At the same time, the last three decades have seen continued effort toward the
- development of systems for MRI in low magnetic fields. Much of this work has been
~ motivated by considerations of cost: a commercial full-body imager operatingat 1.5 T
- costs several million dollars, and the operation of such a machine places considerable
demands on the infrastructure of the hospital or research facility. In addition, due to the
. size and complexity of the high-field system, it must necessarily remain fixed in one

- location, and the sample or subject must be transported to the system and inserted into the




confining bore of the high field magnet; in certain cases this is sinply
not possible. A lowcost, portable MR scanner is ext re%rlgﬁl{%i tazré[;}%al I ng, as
is an open MRl system which would enable acquisition o f<al the same

time thapoesospdy cal procedure is performed. | nexpensipegyspféshpbl € | magers
woul d enable MRl to address a wide variety of new problens, potentially
transformng it froma highly specialized clinical and research technique
-to a much nore wi despread, flexible tool for rapid patient screening and
general noninvasive imgi ng. However, any sort of portable or open MR
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interesting to note that, in the ear ays ,_ many researchers were
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- achievable spatial resolution. Since the strength of the spurious gradients scales linearly
with the strength of the applied field, it is possible to eliminate susceptibility—iﬁduced
distortions entirely by imaging in low magnetic field.
Finally, T, contrast in tissue is enhanced in low magnetic field. Because of this,
. low-field images allow sharper differentiation of different organs and tissue types, and
_potentially contain richer information than the corresponding images acquired in high
field. (It is interesting to note that, in the early days of MRI, many researchers were
_skeptical that high-field MRI would ever amount to a useful clinical tool, precisely
because of the degradation of tissue contrast in high field.)
| There have been a number approaches to low-field MRI in recent years. These
have generally relied on Faraday detection in a static field of order 10 mT to.100 mT,
which is generated by an electromagnet. The main obstacle in these studies is the low

sensitivity intrinsic to the low field experiment. In a different approach, H.C. Seton et al.,
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neasur emRRévseieall, "R&ieD gl-dacﬁe@ﬁ:lgx%éslﬂhfﬁu”MEtﬂeGmf Melhg, 22-239Bgn.  Reson.
Set. A 110, 170-174 (1 acquired MRIs in the rragnetlc field of the
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the works of Macovski et al. and Stepi$nik et al., however, Faraday detection in thé field
of the Earth entailed substantial signal loss.
Superconducting Quantum Interference Devices (SQUIDs) are sensitive detectors
of magnetic fields based on the quantum mechanical Josephson effect. SQUIDs are
-based on superconductors, whose resistance drops to zero when cooled to a critical
. temperature Tc. A SQUID is formed by separating its superconducting material with a
very thin insulating barrier through which electron pairs can tunnel. This combination of
- superconducting material and insulating barrier forms a Josephson junction, i.e. two
superconductors joined by a weak link. The SQUID consists of a superconducting ring or
“square interrupted in two spots by Josephson junctions. When sufficient electrical current
is applied to the SQUID, a voltage is generated across its body. In the presence of a
magnetic field, this voltage will change as the strength of the field changes. Thus the
SQUID turns a change in a magnetic field, which is more difficuit to measure, into a

change in voltage, which is very easy to measure.




SQUID turns a change in a magnetic field, which is nore difficult to

measure, into a change in voltage, which is very easy L0\ TRASHEE- 4 4
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are al masgospbigys coupled to auxiliary conponents. BerfQssfizmagnet oneter,
a SQU D is connected to a flux transforner, a device consisting of a

relatively large | oop of superconducting material and a nmuch snaller
multitumcoil. Since the large |oop picks up a magnetic field over a nuch
greater area, the sensitivity of the SQU D to changes in magnetic field

strength is ed. I Il%! ' I -fJrde wth | ow Tc
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elium A high, Tc jse SQU D s descrihed in U S patent No.
6, 023, 1Brf“iﬂée§g‘é‘H‘V52P8'g?g@bﬁ1@\ﬁh%"lg§ﬁ1§ Pregrstc figddsesngihjs boosed) Ds have been used
experi npgahyblly to detect NVR and nucl ear quadrupol e resonance (NQR)
signals, e.g. Dinh, M Ton That et al., "Direct current superconducting

quant um i nt &riginally, eQUHs waremagsarithlovwde sypercondupigrsse gt nichiie? €= magneti ¢
. . ' 5 Mz, "
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pol ar i zbsgn matid, usingngh Yeromiaoxideshpdréonddcing matefials legsyttremghbaribtnP.  August i ne et
al., "Low field netic.resopgance, i es of pol.arized noble gases

ot ai neipProR e R ihefis B SORRE SplRAY trairs PRl AevERfiaREie, o 27 Aol
Phys. Lsitrbgen,Ahi¢hlibinuchli8@xgchS0Sand cdsid td W@k mthlihanYiqeid helittih.ng a hi gh Tc SQUI D
to detect. NMR signals has been denonstrated Kumar et al., "Nuclear

S.
magnet j kigh E%’&WAHE%SQQF?@ deseribgg im Uy Qﬁerttélﬁp@??é*ﬁ?rlé“m@ﬁduct i ng quant um
i nterferenceodeMhécon rerifitdrre SOVIDSs Habd Been 48d @@erim%lﬂ)tgﬂy ©he8d) . SQUI Ds were

first used in the 1980s to detect NVWR signals 1n | ow magnetic field.
Howev er NMRread meglesf quagrupdle 8Quia@eNNQR)sigudls s-ghBinb. Nbckon Thatret d.ned on sanpl es

in the i Liqguid helium (LHe) tenperatures ecently, there
has beer]lﬁ%’:ltccrqg%é g\}&%rcoﬁ"cfuctmg uaHQum mter%rcnée c!é%l)ce spec@omc?er or pulsecB _

nuclear magnetic resonance and nuclear quadrupole resonance at frequencies up to 5
MHz," Rev. Sci. Instr. 67, 2890 (1996}. Low Tc SQUIDs have been used to imageA
polarized helium and xenon at relatively low fields, e.g. M.P. Augustine et al., "Low field
magnetic resonance images of polarized noble gases obtained with a dc superconducting-
quantum interference device,” Appl. Phys. Lett, 72 (15), 1908 (1998). The feasibility of
using a high Te SQUID to detect NMR signals has been demonstrated, S. Kumar et al.,
“Nuclear magnetic resonance using using a high temperature superconducting quantum
interference device," Appl. Phys. Lett. 70 (8), 1037 (1997).
SQUIDs were first used in the 1980s to detect NMR signals in low magnetic field.
- However, the majority of SQUID NMR studies have been performed on samples in the
_solid state, at liquid helium (LHe) temperatures. Recently, there has been increased
interest in extending SQUID NMR techniques to samples in the liguid state, and in
particular to systems which are biologically relevant. S. Kumar et al., "Broadband
SQUID NMR with room temperature samples,” J. Magn. Reson. B 107, 252 (1995)
~demonstrated NMR spectra from animal tissue measured at room temperature. H.C.
- Seton et al,, ibid., used SQUIDs to image mbrn temperature samples in a field of 10 mT,
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interest in extending SQU D NVR techniques to sanples in the liquid state,
and in particular to systens which are biologically reldrej%/uan;gt.2 Kumar et
al., "Broadband SQUID NMR with room tenperature sanples, £ gn. Meson.
B 107, 252 (1995) denonstrated NVR spectra from animal tissue neasured at
roomtenperature. HC Setimet al., ibid., used SQUDs to image room

tenperature sanples in a field of 10 ml, 5 4 August 2006 and K. Schl enga
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at 300 K than at 42 K. Mreover, 1n order to cool the SQU D belowits
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sanpl e K. Morsoagnatdrder fd @blihe SQYEsbdidweitSfupercimgagitansiient s t o precess
around the field at the Larnmpr frequency co which isfpr_oportional to the
nmagnet fEIPEFaBHE; it ip pecpysdty 19 BeEnalipaolpteyis; detebtoy fram thegamgly; R spi n precesses at
corres kN : equenci es, typically bel ow 500 kHz, around the field
di rect ?%ﬁﬁl i gér%fg%\%\gﬁ%fogvﬁal NMR, in which a resonant circuit is used to
detect the [heNBRsiffeg ismrgieiliby atpivhagrkftemomatandcleMoh baagk. Al gnal V is
proportional to the spin nagnetization Mand its rate of change

(f r equBRERFfic figld caysprihe fin WaghedymppeYPPreserronpd thafeld pgdhtiency o), V scal es

W th or,mfds b b £ il : ct NWVR signals at low fields
W th aIconven U}e% a Ml%lglrl% é?ogi ieléléﬁﬁghab?eﬁg?%ﬁtrast, SQUI Ds can be used to
measur e magibebivdield NIMR diypiedlyl<yl 0 ni®shd spinfpgecksdes anttefaspordifigdy losi gnal t o noi se
(SN ratio at |ow frequencies. However., the use of SQU Ds for NVR MRl has
her et oft34engiesePicAly el S09kdlz, rseund dhecfield digsrionansanyeatiohst NMBs j el ds of  tens

or hungy Gets Plesdhaf BERSE Bsed to detect the precessing magnetization, the induced

voltage signal V is proportional to the spin magnetization M and its rate of change

(frequency) o. Since M is also proportional to the frequency ®, V scales with »*. As a
result it is difficult to detect NMR signals at low fields with a conventional Faraday

detector. In contrast, SQUIDs can be used to measure magnetic flux directly, resulting in
much higher signal to noise (S/N) ratio at low frequencies. However, the use of SQUIDs
for NMR/MRI has heretofore been limited, and not used at ultralow magnetic fields of

tens or hundreds of microtesla.

Summary of the Invention
| Herein disclosed are a method and an apparatus for nuclear magnetic resonance
: .and magnetic resonance imaging at ultralow magnetic fields.
Also disclosed are a method and an apparatus for the detection of nuclear
- m@@ai_g resonance (NMR) signals and produqtidn of :magnet_ic resonance imaging

(MRI)by




Summary of the Invention Herein disclosed are a method and an apparatus for
nucl ear magneti c resonance and nmagnetic resonance imagi4n at P&tral ow

. : . st 2
magnetic fields. Al so disclosed are a nethod and an apparatus Tor the
detection of nuclear magnetic resonance (NVR) signals and production of
magneti c resonance imaging (MRI) by 6 4 August 2006 obtaining NVMR spectra
of liquids in mcrotesla fields using prepolarization in mllitesla fields
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‘tenperature (Tc) superconducting quantuminterference device (SQUI D)

magnet omet erAccding tak fingt aspecbofsbrionaitions pleot is pfovidbda insthedforon, there is

provi ded .an apparatus f ucl ear magneti c resqgnance (NVR) of a sanpl e,
conpr i SRR %%Fﬁ??a?%ﬁwé’gﬁs@npl?ﬁ?mﬁ?%‘ﬁ PrePRjarizingnuPledtes) a magnet i c

fi e'd fs;%s PR fe'i&% e l'ng eti BEIP;Zde*e@th&g{}a%cl%ﬁ’@al etic 1ML enment col I's for
providihg a mcrotesla nagnetrc fie or “detecti g nuclear  magnetic

I esonafNBIR) biyls Sérg flssmile 0 hideotGRTMeRcticalRdMRH RS ineNoGr | ti cal
tenperature (rc) superconducting quantuminterference device (SQU D)

magnet @%@%W@@ﬂ%&@)@w%@nﬁwwammmgmmfﬁmnqeelsﬁMS@@wNNR) signals from
the sanple. The invention may operate in ultral ow magnetic fields,

typi callqa?lcz 9" 100- 150gT, but even tens of I1tT and down to about 1 IiT or

ess, for dNeGlingth Aol §RlcGA e imitifch, agigii%%@éd ARPafl few or tens of

f
rnT for prepolarization. Sanple size may
~for nuclear magnetic resonance (NMR) of a sample, comprising: prepolarization coils

for providing a millitesla magnetic field for prepolarizing nuclear spins in the sample;
measurement coils for providing a microtesla magnetic field for detecting nuclear
magnetic resonance (NMR) signals from the sample; an untuned low critical
temperature {Tc) superconducting quantum interference device (SQUID)

* magnetometer for detecting nuclear magnetic resonance (NMR) signals from the
sample.

The invention may operate in ultralow magnetic fields, typically about 100-
150p.T, but even tens of uT and down to about 1 uT or less, for detection and typically
uses a field of about a few or tens of mT for prepolarization. Sample size may be very

~ small but can be large, i.e. parts of the body. The detector is a SQUID magnetometer
designed so that the SQUID detector may be very close to the sample, which is at room
temperature.
.A cryogenic insert may allow small separations betw_ee_n a sample maintained at
. Toom te_mperaﬁue and a SQUID .detec_:t_or operated in g liqui_d_he_lium bath so that.NMR
o signals ﬁoﬁi_ Samples in f:h_e 11qu1d state 'nday be measured usmg a I_b_w—Tc SQUID. 8

: I_’r@qla;i?at_ipn may be performed by éitﬁer resonant niaiﬁpﬁlaﬁon of spins in a magnetic




~_resonanc

smal|l but can be large, i.e. parts of the body. The detector is a SQU D
magnet oneter designed so that the SQUI D detector may bqh¥ + se to the
sanple, which is at room tenperature. A cryogenic insert ﬁ% ow smal
separations between a sanple nmaintained at roomtenperature and a SQU D
detector operated in a liquid heliumbath so that NVR signals from sanpl es
in the'quuid state- nay be neasured using a low T~ SQUID. Prepolarization

may be resonant . nanl ns in a na netlc 7 4
Apust To0GR 0 PRE ¥ 65 D8 e TP R i R e BRSO
mani pulggidi. ¥R Mghdhep\hdesiiash séatilisy Jf&t%luﬁ@nedmr&@ﬁ&aﬁaer phaydependent

- sensitivity of the untuned SQUI D magnet onet er al | ow neasurenent of NWR
‘si gnal slléw meastdemers af MR signale fiomeirshyple mxnagﬂystqwondgnalcdblds down to the
order of 1 g&t where the proton Lannor_ frequency is of the.order of tens of

T z. Adovhiedhe ardes kT, jbree thepegtpryb argonfisausnppis ghilbg otdgefisor ek i ne 1init, even

in gro on of signal.
bandmngﬁh tf%gﬁgﬁp ed@%%?é%gﬁa% ﬁ tP%%%é éh$&hﬁ3ﬂﬁg%§g enent field may
enhanCQﬂhbﬁbﬁbn&ﬂBnﬁﬁbﬁireﬁﬁﬁﬁidk@JThe&&!ﬁ&ioﬂbfﬁ@ml%ﬁﬂxbﬁth&ﬂ@ cal shift information

may be lost in the low field, scalar couplings, which are
- fi el d- reddietiva ntibastrength pf thempaseswent didld miy eslmneedwibdiNRadpbictigls act as

31 ol o eeii: WHOE Smicitshl RlFtiog Py bipratn fom@?a%@ﬁlg?e”?ﬁfi)?ﬁ;ffgna
about b e ANGLERL 38 MiiendiYRY seh@dmhg{e%%agﬁb pfibflsfas Nagnet i

Iraging 1n u om/nagn e on the NVR at

ul tral eighdhiced o SpeciBy c@mRhtGohdsn Qs i uﬁ«eﬂwnmﬁxduaéemw@mes ponse of the
untuned SQUI D nagnet onet er it my be possible to enhance both the SNR and
r esol ubtsedh honddetasios”, whish yields pestiatelinformationmbent eterogolsar swlr03/ 067267

PCT[ USQ3/ 03712 . reso on) of magnetic resonance inmages by reducing the
strengfﬂlg?SPH@mﬁﬁéﬁha%hent field to elinnate i nhonogeneous broadeni ng of

the NVR lin %gneﬁgfegcﬁﬁncpﬁﬁééiﬂg% WfoR I‘naéﬂ@@c ﬂ@i@lﬂéﬂﬁ%ased on the NMR
' at ultralow fields. By exploiting the frequency-independent response of the untuned

SQUID magnetometer, it may be possible to enhance both the SNR and resolution (in this

- case, spatial

' 5 .78.




Figs. | A-Dillustrate the narrow ng of signal bandw dth through reduction
- of nmeasurenent field strength. Figs. 2A, Billustrate tﬂg@rt%(%ss of MR
in microtesla magnetic fields. Fig. 3 shows a cryogeni ¢ M€ or

SQUI D de¥@aaligeeNVR spectroscopy of liquids. Fig, 4 ipgprishd@sss di agram of
the low T, SQUI D spectroneter apparatus. Fig. 5 shows an NVR pul se
sequence for the apparatus of Fig. 4. Figs, 6A Billustrate SNR

- enhancenent through reduction of the strength of the neasurenent field.

Fig. 7 is the NWR spectrumof 5 m of 85% phosphoric acid gPO, ) neasured

ool akSlofloof afheldresdubls imbes wfiehlcigi i Whfid Btnd Rafitihipn OF Scal &

couplingsin crotesla e magnhetic tield and

magnet i diefd te klimigate thhemodgeoaiuk BrohdeningQlih®NMRlirest ed MRI. Figs. 10A, B are

pul se sequences used for SQU D-detected MRI. Fig. I | illustrates a

conbi ned MEG and MRl apparatus. Detailed Description of the Invention The

i nvent i @rief Pestrip@6id 6fdhé Dratdingdsai n i nprovenents in NVR/ MR as described

herein; other aspects of the NMR' MRl systens are conventional and not

descri bed si &g LAtD Blpsteptathqparowing ofifignah bandwidily through redugtiorph  of | di crot esl a

Fiel d NYR,Lide. DD g due to field inhonogeneity is a major liability

in liqui -stat(Ia1 ll\fli'%%ﬂ%lé}ectraI resolution, and therefore the information

-~ whi ch one caFigelarBdlustadiotbe probess ofi MRIain aicroesia mbgnetic figids.wi t h t he | ocal

el ectronmagnet.i nvi ronnment . is.ukti.fatel Lermned 8.4 August 2006 WO
.~03/067267 P%‘F'Bﬁg‘}’?)%ﬂ%ew i"[s?{gfoflv% éPﬁgM%%ﬁ%gpy c|’ft IS necessary

that thé#iqstg.ength of the interactions exceed the dispersion of Larnor

frequencies in the s | e. eover, for a fixed sanple nmgnetization, the

SNR achi eve lg'ﬁdﬁ?gl"g?nﬁ @n%‘&e@w-%éﬂﬁ@ém“@ww&w% Y es inversely with

 the i nhomgegosbys kAR PR ToPhe WAt Fighe. For these reasons,
i gh-

Figs. 6A, B illustrate SNR enhancement through reduction of the strength of the
| measurement field.

Fig. 7 is the NMR spectrum of 5 ml of 85% phosphoric acid (H,PO,) measured in
a field of 2.6 uT.

Figs. 8A, B illustrate the resolution of scalar couplings in microtesla fields.

Fig. 9 shows the magnetic field and magnetic field gradient coils for SQUID-
detected MRI,

Figs. 10A, B are pulse sequences used for SQUID-detected MRI.

Fig. 11 illustrates a combined MEG and MRI apparatus.

Detailed Description of the Invention

The invention is directed to certain improvements in NMR/MRI as described
herein; other aspects of the NMR/MRI systemé are conventional and not described since
they are well known in the art. ' |

A. Concept of Microtesla Field NMR'

Line broadening due to field inhomogeneity is a major liability in liquid-state
NMR. Spectral resolution, and therefore the information which one can extract about the

_interaction of nuclei with the local electromagnetic environment, is ultimately détﬁﬁtiincd -




resolution liquid state. NIVIR requires exquisite field honpgeneity. In a
conventional high-field spectroneter, honobgeneity is at ts“ﬁi netg W
suppl enenting the magnet with sophisticated and costly “shi s, 1na

st at e- OW(}W’ZE# ahi gh-field system honogeneity of %gfrﬁﬁlﬂﬁ(ﬁ%ﬁs per billion

I s achi eve | ternate approach is sinply to redu the stfength of the
neasurenent field. For a fixed relative field honbgeneity, absolute
honogeneity is enhanced by decreasing the strength of the measurenent
field. O course, the sensitivity of a conventional NVR detector falls off

rapidly ag fi.eld,st th is reduced. However, .this is not the case for an
unt unedbé%l“fﬁthﬁﬁﬁgmﬁ@ﬁ“ RGBT at thg strenetheof the interantions “(i‘c?epux, rat her
than t heeldash@rsioh of KdrReRqRdncioPid MRl shdiple] Moreohdl, fohefic@nbdpe of NVR this
means that, for a fixed sanple magnetization, the integrated intensity of

t he NVRMSBHHEA0D, therdNE, pehigv a gipgle RiRon spifeeche signgl seplerdpesigbint of the
frequengyh 8fe idtdfro L&ga%}aend Ridtn SRKERMA 1ifROF6! :pés@ reafbnp,%fg‘hor m the
| N e of nuc

fol |l owi ng unconventi on MR process. A sanpl ear spins is
pol ar i zeedolipondiqerisiptaget N Rfréquireh epfuisitedicti fomogertfeity. Im.conventicaeldi ti on to t he

pol ari zj | Ll er neasurenent field is led in an
b t hogoaf ot Sberofe ikl Rlas AR R Sheriplnk meinel P
nonadi aizphistbaated wnd ¢astlyishim goilsp irereas bfothe-an highdield sgiterh,ombgareins ur enent fi el d.

The sanpl e, magneti zation js fixed by the strength of the polarizing field.
The wi g&j fS‘Fpg‘ﬁsé’c 0I“i’snaéi“f"?dnleterm' ned by the absolute hormpgeneity of the

measur ement Ad flefhate Aprbdtf sty irbdueé the IFen¥RAT Wehdairentcnbfidld. | s reduced,
the NMR_ line is conpressed into a narrow band and the geak hei ght grows,

yi el di ngeradixedislatizeHeld homazenssy ebeghue horaogenaity ds enhpnsed RirdcTSAIRE as shown i n
Figs. I#s ' | : | Fﬁgﬁyredinahigh
i nhonng@%ggﬂgtlh%gg%ﬁ'eetﬁ%ﬁ%r@ey' mﬁéﬁﬁgﬁggsﬂggwgﬁ%g%bm | -equenci es | eads
t o rapiditatopfalls pfigapodly ssfield shivigtisis gadaded. FogyevdrBhis lsowsthe tese fdvBh spect r um
correspondin Fig. 1A Fi JAC .shows a ti trace of a signal
“measur egHgd gQ\g{@%R’ag’%oﬁ%efel“cw%hé‘f ?f“W‘feHoPﬁgneé'ﬁﬁﬁx' r?‘@“r’ﬁlaf‘\‘z"ee rﬁr}?) |>|H’o‘?/gRenei ty as
that i nchengg.of InAgnetis FiRG Ia dRebMSl of NNIR) §fs HEINS tHat, Yor b Yixeédsampiependent  of
frequenc The NWVR signal. now aEPears at nuch | ower freguen_ci es. For a

© Fixed gnéshetzation, the infegtgied isiensity OB oSN Pigrs 281 e P st NAH Lipe
' - is independent of the frequency of the NMR signal. This makes it possible to perform

the following unconventional NMR process.
A sample of nuclear spins is polarized in a magnetic field of the order of 1 mT. In
addition to the polarizing field, a much smaller measurement field is applied in an
orthogonal direction. The polarizing field is then removed nonadiabatically, inducing
precession in the much lower measurement field. The sample magnetization is fixed by
- the strength of the polarizing field. The width of the NMR line is determined by the
. absolute homogeneity of the measurement field. As the strength of the measurement field
is reduced, the NMR line is compressed into a narrow band and the peak height grows,
yielding an enhancement of both spectral resolution and SNR, as shown in Figs. 1A-D.
Fig. 1A shows a time trace of an NMR signal measured in a high inhomogeneous
magnetic field. The dispersion of Larmor frequencies leads to rapid dephasing of the
NMR signal. Fig. 1B shows the NMR spectrum corresponding to Fig. 1A. Fig. 1C
|  shows a time trace of an NMR signal measured in a weak magnetic field with the same -
. ._ - relative homogeneity as that in Fig, 1A, ;_ising a detector whose sensitivity is independent o

" | '_bf.ﬁ'equency. The NMR signal now appears at much lower frequencies. Fora ﬁxe_d_ - o g :




sanpl e magneti zation, however, the anplitude of the NVR signal is
unchanged. Moreover, the effective spin-spin relaxation l&i mez;g - 1s nmuch

| onger, as the absolute honopgeneity of the neasurenent R N9 been
enhance@ydyssgpcti on of the neasurenent field S”erbgfﬂ?vsoﬁds% | D shows the
NMVR spectrum corresponding to Fig. 1C. The integrated Intensity of the NWR
signal is conserved upon reduction of nmeasurenent field strength.
Therefore, as the NVR signal is conpressed into a narrow band, the peak

hei ght grows, |eading to an enhancenent of both SNR and spectral

resol uti s ' T I.Sqan intimte

connect iso lggta %\%Qg%%tg ,&o?%m%%g%hﬁ%é%ﬁ;ﬁﬁ%g ?a] pl\%rcg?r{%é%f the NWVR | ine and
t he spatMatover theefitdtivnspirispin relaratioe time T, ésmaathilongernadvi atpoloeess. The

i mportant parapeter is the | new dt h, ich iLs termned by the |
absol ut &°™ eﬁ%g'goﬁ&efvaweqeﬁgl%gagﬁmﬁgﬁﬁnc#%rﬁ;{?'c'i’(g'tq%gl}e than the relative
honogenaichgorendsiidididt@ngth.i Eik.d Dehowg Se BIMB/ spestn@péoresiondihg 3o Bghanced by

the neasurement field. In the case of NWR

reduci ng, the strength o _ |
det ecti %He Wﬂgﬂtegﬁﬂtgﬁ’c%?fré@ NI stsmAkly Frepca YRS ugen refdyion RIgUREYEREM i n neasur enent
field eﬁbﬁls&&gﬂplﬁe:gm, as't@éﬁhd@fﬁﬁﬂaﬂ@%rﬁﬂ?&&edﬁﬂﬁa%ﬁm BandP@lPBdak Zat i on i's

e

fixed, fof exanple. prepol arization in a higher field. e basic
- pri nci pheightigsmwsgeading to grendatcerenyrf batihSINR endpeettabresdletionds i s t hen as shown in

Figs. 2A, B.g . £ 051, P spins is polarized in field of order
tens of nT, correggp nd:&ﬁg tg%g‘hgo arization of around 10. However, instead

. of .det ect i nglheteds ddvRisatgemmhection betWeeg lthef inteinebgenatwestyebroddenesl wjdthio€  chal | engi ng
to achi gy L ow NVR | i pes, on asures the NMR signal .in an extremely

| ow mgﬁsﬁ“@ﬂ'w&nﬂw %ﬂag"’?“?“"i%%ﬁg‘g@i B ‘et"‘c‘jJ] n3p FOERe Tt ot e | i ¢
even f ofmp@fted phikmeter 10 MEBYA ERMEIHBARIN 8 08Hnirlel BY the abdoflie i t i s necessary to
apply only nodest magnetic field gradients to performthe encoding. As a

resul t Poaeermoity of Yp measpementfiskl sagher thamthe relntive hamagansitynAbsoide The NVR
~transie 4 : | tﬁi% @@lﬁ” i me required
to acquﬁlgh?ﬁl@cl éﬁéﬁ&?{:‘ﬁfﬂﬁf}ﬁ@é@%&ﬁﬁ@}cﬁg i g? A fstﬁégaggsgﬁmﬁ% spectra
acqui r efielf.r ortheecaseanfPIMR deectivopith eowsinsd SQUYID magnemmeteppbe mietioegi ons
cont ai ni_ng nucl e ins which.is i i n magnetic field which is
o na i eHinRhesT Bl of St s RS sl Pl TRRGTRBI i ch g1 ve
rise t ofixddfopeRagpRr &9 prpslimaein Adighér fiele THYBasid ﬂiﬁ&ifl&é‘%ﬂS@thmasur ement

field strengths, the absolute honpgeneity of the field is relatively poor,
~and t hed MBdn microtesfafields ds thenasshepnip Figs. 2, B. The sample of nuclear

spins is polarized in field of order tens of mT, corresponding to a polarization of around

107. However, instead of detecting the NMR signal in a high field, where it is quite
challenging to achieve narrow NMR lines, one measures the NMR signal in an extremely
- - low magnetic field, where it is possible to approach the lifetime limit even for grossly
inhomogeneous measurement ficlds. Now it is necessary to apply only modest magnetic
: field gradients to perform the encoding. As a result, the NMR signal is dispersed over
-only a narrow band. The NMR transients are therefore detected with a high SNR, and the
~ time required to acquire the image is relatively short. '

Fig. 2A shows an NMR spectra acquired from a sample (at top) consisting of two
separate regions containing nuclear spins which is immersed in a magnetic field which is
.tllominally homogeneous, but which involves spurious gradients which give rise to

AR inhomogeneous broadening of the NMR lines. At high measurement field strengths, the
o | _#bsolute_hmﬁogeneit_y of the field is relatively poor, and the NMR line is relatively broad -

B (R




4 August 2006 WO 03/067267 PCT[US03/03712 (center). As the strength of
the nmeasurenent field is reduced, the absol ute honobgenei AN field is
enhanced, and the NVR line is narrowed (botton). In the ca i xed
sanpl e RAYBAKI2EAL1 on and detection with an untuned S%Qfsmgﬁtorret er, the
reduction of neasurenent field strength also | eads to an enhancenent of
SNR. Fig. 2Bis simlar to Fig. 2A, but now a nagnetic field gradient G is
applied in order to performa one-dinmensional MR projection (top). At
relatively high nmeasurement field strengths, relatively strong gradients
are nee [yN I I tinct regions
of the gcggrrtglll)é'\?@gg é‘??‘.c’? %%%aérﬁrerﬂﬁféeyflﬁkﬁﬁﬁ@&%e abSSBﬁEﬁ h%hlg e"gi rsed over a

| ar ge bafudi¢ fielt & eBhdRcdds aplabe NMRtlink Gwaneeaiu(batoani Inftlneeiad: ctftﬁmhgt hs,

e R e on W o WA SEEAD SRt BRSSO e 1o

~spati al bs/m@us&émaﬁﬁeme@é@ﬂmmeaam af @fHah®ment bASNRI Oor e, the NWR si gnal

remains confined to a relativel rrow band (bottom}, and., SNRis
rel atively HigRB lm@ﬂartﬁthh%A&Bé@w&enwwtwdiﬂﬁg@%@ﬁ@zmapteﬁvfbrmgeneous line

or 03ent i R Hoh T30 BRY bREuc(BhY AR RIRGEO i eaodBlnt o501 Ut T 1

ul'timate Imte usi on occu uring the encoding
i nt er vafi sld Smﬂkweﬂatiwh@twmmfimmﬁ needdd ineardex do clearlyiresalyethg téie t he nmin | ength

ot et sRA i g ofd el OE e e B AR Rl SRR o ihe

~ encodi ngver mtaege\badcsandesm isrpefneam!dngméabteexﬁ&mﬁalgtshemgthstlhmmalebm gradi ent s.

C. Experinent al t usf NVR 1) Cryogenjc |nsert 3 shows a
cryogen rBa eﬂ@%?ﬁtﬁgﬁ mes a’ﬂ‘il”@ﬂ“ al"esP]t’f%‘FY'Q& ”ég?“éct ed NWR

spect roﬁél@gdéd:@:fts ark AeEd&Bto réoﬁ@hn'et»@@spﬁﬁ’d“l ﬂisﬁhdﬂﬁagid?t@oﬂhgkﬁnfﬁléa”m e was | owered
into section 14 of the inserf{ and was mai ntali ned at room

t enper aTapraforpythesNVMBssigoal romainseonfined to atelatipily kamewclsing (bpgom}, anche SQUI D

gradio [T L. nduct ance Lp, was wound around the tail section of the
I nsert. Iﬁrglwivtgi}l'lg?"to produce the static magnetic field Bo (B.) and
excitation fBremiasheBibsepBegf hombgenedus and initaiogeheons lifddbrdadédingm bat h 18. The
dewar 11 _was, |ine ucting Pb shi 19 and the dewar was

- a su er cond
sur r oundftithy2 andopriest Eelgh st HiLageolaionoe 1R R dREe t he Ear b <
magnet i &erhdic widfocturs ﬂﬁrﬂ@thcr@t%ﬁfg'lﬁcwals. However, the invention is directed

~ atimaging at the mm length scale; therefore, spin diffusion does not present a probtem.
Of course the effects of diffusion can also be overcome by limiting the length of the
‘encoding intervals, and increasing the strength of the applied gradients.
C. Experimental Apparatus for NMR
1) Cryogenic Insert

Fig. 3 shows a cryogenic insert 10 in a LHe filled dewar 11 for SQUID-detected
| NMR spectroscopy of liquids. A cell 12 containing the liquid sample was lowered into
- the tail section 14 of the insert and was maintained at room temperature by a resistive
- heater, The pickup coil 15 of the SQUID gradiometer, with inductance L, was wound
around the tail section of the insert, Coils 16, 17 to produce the static magnetic field By
(Bp) and excitation pulses B (By,) were also located in the helium bath 18, The dewar 11
- was lined with a superconducting Pb shield 19 and the dewar was surrounded by a single-
L "_layer mu-metal shield 20 to attenuate the Earth s magnetlc ﬁe]d and extcmal magnettc

L :-:dlsturbances -

11




di sturbances. 4 August 2006 WO 031067267 PCT/US03/03712 In an illustrative
enbodi ment, the inner compartnment 21 of the insert, |nto tt'h O%he sanpl e
was | owered, was 22 mn in dianmeter. This corrpartnent was %%IF S0hded by a
l'iquid wd(rgmm (LN2) jacket 22 with o.d. 100 mmto rpeg¢usEkie heat | oad of
the insert on the LHe bath. At the 100-mmlong insert tail section 14,
however, the inner conpartnent extended directly into the LHe bath. A

si ngl e conti nuous vacuum jacket 23 isolated the inner conpartnment of the
insert fromthe LN2 jacket (and fromthe LHe bath in the tail region), and

S0l at ed { hey Nk @k bl Al U8 i cdihfinel F ok il Bl acuUm space

were silver runni ng t I engt I nsert. The
separ at 'thersarbpic weelowerhd was aZmnth Sizaeter. dl’iuis ctompamhcdbafamuwa@dgd b The insert

10 was nde e ro r t|o baff es 24 which were
cover ed W?ﬂ' g“ﬁél’ﬁ*‘%ﬁ%t{'ﬁgssaoo&%{éon'ﬁg‘&mqei' aaflloyth? el ?"ne body of the
mseL t Eﬁﬂrf]hfbatheﬂktha50@ﬁm{lb@ ihddet calEsagxion 1gng>we§r\,tﬂdmmcbaaphm$nt t hehheat Io?d
on the bat eto eous, convection and direct radjatjon fromthe top o

t he de\/\é’fte“d‘?‘@d)& w?oztéelr%b%a%smewnaw@usztlmﬁﬁ& gé Ggf'ieon of the Pyrex
- outer V"ﬁilnéﬁomﬁiruﬁéﬂ?oﬂtﬁbslﬁﬁeh frohhﬁe BRI jaQlef (ahd 05 iR HeltRMOAME 1S extract ed

fromthe brass top ec{.)mate 26 of the insert, so that the insert was cool ed
by t he wgiophpadipoly ¢Lﬂmag}@§fmm\ﬁ@rlﬁt¢ll?élhtth¢ wallsiof thetyacuupisgd®® was not heat ed,

t he sys f r adi oneter and
Readout &%@g@@%@ﬁ@%ﬁ@ﬂ%ﬁ{)%&%&n&% oashHﬁnsg'gnT% pﬁr@of' 0 t%AI Ox- Nb process.
The S(}dh-lblq:sgamram the!;.Hmbathzms?ﬂmm ’I!’aeinsékt 1IR3 surrdidégd byaarabmber of 350 pH. The
peak-to dul he S ou t he SQUI D was
oper at eﬁyprf’ﬁa'gr g%fh?‘&l“ ?fﬁ%mt a'ﬂﬂ‘“ﬁmfx't'ﬂ&flgﬁﬁm cBut coi | was

i nt.egr alaREANP b tﬁ%dﬁ@ih&nmbafe nedk 251 df eI HedbwMCandQeivEd Birgdgtd Circuit was

configured as a first-order axial gradiometer W t h pi ckup | oop di aneter 38
m n andtheheshload pyihe bath dus g Basgous gonvagtion aed diesst radigtipadron $eioBofi | Nb wire on a

-f'berglaéae\;a?rmaow éth%héat?ou@ﬁuetﬁech&mc Jfanc&oa%fﬁlrxsgeﬁgﬁt&wmesert- For NMWR

measur enent's at requency, an untunéd, or super ucting, input
ci r cui tofulsinsegigihe bailbff fiupthe EHa bale wasgg traaet feanh the heasetopplie 26wbm t he Nb wire

PP b I S B e B i BBy 1 27 am o
the insert was not heated, the system consumed roughly 5 L of LHe per day.
2) SQUID Gradiometer and Readout
A dc SQUID was fabricated using an all-liftoff Nb-AlOx-Nb process. The
SQUID parameters were: 2I. ~ 5 uA, R /2 ~ 10 Q, and L, ~ 350 pH. The peak-to-peak
-modulation of the SQUID was roughly 40 uV when the SQUID was operated in a well-
- shielded environment. An 11-turn Nb input coil was integrated onto the SQUID washer.

. An illustrative SQUID pickup circuit was configured as a first-order axial
gradiometer with pickup loop diameter 38 mm and a baseline of roughly 8¢ mm, and was
wound from 3 mil Nb wire on a fiberglass form that fit around the tail of the cryogenic
insert. For NMR measurements at low frequency, an untuned, or superconducting, input
circuit was required. Superconducting contacts were made from the Nb wire pickup coil
to the on-chip integrated Nb input coil.

A block diagram of the low-T, SQUID spectrometer apparatus 30 is shown in Fig.
4 The de SQUID 31 consists of a superconducting loop 2 interrupted by two Josephson :
junctions 33. When biased with a current I slightly above the crltlce_l current of the |
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4. The de SQUID 31 consists of a superconducting loop 32 interrupted by two
Josephson junctions 33. Wien biased with a current 4 sl %htlééi%ove t he
critical current of the 12 4 August 2006 WD 03/067267 B %3712
junctio QUID acts as a flux-to-voltage trans r... Lo _enhance its
sensiti \%(yyo?gmsrmgnet ic fields, the SQUD is often g’ﬁi&&%"ﬁ% th a
superconducting flux transfornmer 34 consisting of a pickup coil 35 fightly
coupled to the sanple and an input coil 36 tightly coupled to the SQU D

| oop 32. The flux transformer 34 operates on the principle of flux
conservation in erronducting | oop,. which involves no frequency

depe nde#fﬁ’ét.'o“"f'ﬁt'&‘?am?lbgac@w @*Wg‘i?gfﬂﬁﬁ’iﬂf‘@f‘c%-a'ﬁo efbance fis PHHYHHAAD at

ar bi t r aab¥erit A¥AS, RGNS iSielbbdtatOwitiPS supeltShdA QS kit ¥hdsdormdrd@ 1 nput coil 36
(wth indg'gtvance l.) of tlheetr%é?ﬁsforlrrer 584 was ir§1t egrated onto the SQU D

~ chip; t kensisfiegf @ pickin eoil 35 sikluly coeni¢d tg Bhe(sainpll andaminpusenila3bitighins wound in a

gradio ' ' r ' I on r LG lnsert. A

si ngl e[TfE' é{‘[ Ilee? tgs@? ggglﬁ?jﬁmﬁ%f?ﬁtegﬁ X %?Asgﬁg%poé’?mfv%} ?@h%%n%&?%%ﬁ{“he sanpl e cell

}or oducedc_srtsmatioulﬁ:eaquupmrctgudﬁurt]ieg hboﬁ,_lﬂ;ichdn\;]olﬁd no ﬂe@ﬁﬁcyd&peﬁ@nre THas,( Fi g. 3) )

SQUI D wle SO aerpapiet o dfperbinaBtad gy oo e A0 0 18 i, Andl ¢ he

~ signal fosemsitivrg. SQUI D was anplified, integrated, and fed back to the SQU D

~as a magnetic flux, The voltage across the feedback resistor Rf was thus

pr opor t i onalThednppteil 3§ Gywith iadpctangpd.) af thertransformey 34 wisdntegmaiedortet ed as a nul |

- detecto td £l : ' ' ' | in the art.
e oG hentitswireplkih A3 Rt ilafeihbel | e d RIS ' Counl

t hr oughgradiemetfio fashion Sdund thedaipdectidnent a 8§ ogdnizsivseau Apingle-layer sidenoikt ed t hr ough

f eedbac Lreuitry 42 to feedhack coil. 4 1. Circuitry 42 includes a

| ock-i nﬁdgfgégf‘gfo R \g%unﬁga e\%rgp?ﬁedltﬂrgdl %ﬂiﬂzi iﬁgﬁ (gsorand osci l | at or
40. TheBQuhRettof cafs 16 €. G) REateFin itk Helbie BAEA hRAIBY the Rle@Pfelfer fiekB. The out puts
of integqrator 43ec§2n[glpgscillato,r 40 are_jnput into the two inputs of
anpl i f i & uBauih s eagratpdigiadiugrlogied logp with mednlatign pbg MES e two i nput s.

P, s aliGh aardetle seuh@@%%ﬁ;eaiiﬁteﬁéed, Iﬁtﬁfeeyscﬂz% tngﬁQ@meﬂ fier 44 s

i nput to conputer 45 which controls reset circuit Ich resets

int egr ad wegngtic flugh d'he meltage acragnithe fasabadiniedistor Bf was thws propdrtiend fauke | ocked | oop
was ar o 7 A d | r.at at t hangl 1Y (DJs. During spin
mani pul ag{[} ﬁ%dnfglq {ﬁhlﬂés Fggg‘ﬁasggﬁ P%%tgavelsvaas"uﬁ ddleticr &rmagn e flux. :

‘ SQUID operating circuitry is known in the art. In the illustrative circuit of Fig. 4,

the output of SQUID 31 is coupled through transformer 37 to amplifier 38 whose output
is connected through feedback circuitry 42 to feedback coil 41. Circuitry 42 includes a
lock-in detector 39 which receives inputs from amplifier 38 and oscillator 40. The output
-of detector 39 is integrated by integrator 43. The outputs of integrator 43 and oscitlator
40 are input into the two inputs of amplifier 44 which also has resistor R, connected
across the two inputs. R, is also connected 1o feedback coil 41. The output of amplifier
44 is input to computer 45 which controls reset circuit 46 which resets integrator 43. '
| The small-signal bandwidth of the 2 MHz flux-locked loop was around 700 kHz,
“and the slew rate greater than 10° @ /s. During spin manipulations, the feedback loop was
disabled by shorting out the capacitor across the integrator. The signal from the flux-
locked foop passed through a sample-and-hold stage (to remove the arbitrary dc level at
the loop output) and a set of analog filters before di_giti_zatibn. Signal _averagin_g was "
performed in software. o - | N .- :
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di sabl ed by shorting out the capacitor across the int egrator The si gnal
fromthe flux- |ocked | oop passed through a sanpl e-and- d S@gg (to
renove the arbitrary dc level at the |oop output) and a |igus nal og
filtersyRpispgRefli 0i tization. Signal averaging was pgifQr Hﬁq}éﬁn sof t war e.
13 4 August 2006 WO 03/067267 PCT/ US03/03712 3) Static I§ and
Excitation Coils For NVR experinents involving resonant spin manipul ation,
the static Zeeman field was provided by a pair of coils located in the Me
bath and oriented orthogonally to the detection direction. These coils
each consi st clad NbTi wire wound on a 90 mm di anet er
frame; the s’@%éa%gﬁ%%ang;ﬂf'ﬁag%?'{s was 55 mm These coils provided roughly
1.2 mT]c per ?mlNMiﬂe:ﬁd&gﬁélﬁsmf/ol@lugfeedhhntsﬁﬁﬁ(ﬁﬂ?ﬂl&n@ﬂh&@&umd Iaﬁroxd/i ded by a
pair o ils orjente a etection directio nd pl ace

symet r B€ '§|‘*fa§/PW1d F°‘F§P°t”ﬁg'“d?ea'&{%‘??§ﬁ‘“id@“e‘ﬁ g93HHe of the

det ect Ofhe duact%@ﬁécﬁb@ Theldé £GilE Bach BéhsisRE BPAEEms 8f Ci-Rgg REk/vxe 0 the
excitation. Each coil consisted of 25 turns of insulated Nb wire wound on

t he 38- Niepef erpet0anm diageter Gameiticseparatien of thaenis was 35 mms Thesageiid. The

exci t at gﬂfﬁ h i ed Anpere.
For NI\/Rblctg);;(hdg(?él0tl ]fi 2 F\fﬁ) hfad R}nﬁergéfs%ﬁ%ﬁ"t késoﬁ%?%&el‘- “Qﬁﬁr?@dr%h t he g‘; turn
- coi-ls | bzapzetbﬂcmlstdnendadahlmgthda‘imdMMtecmadd p!eceﬂrsymmekacai]ymasur enent field
of the grde f .few. m.crotesl e spiLns. were larized along the
ot ect i DRPEE] p HeeriiorteticpickblogRtt o OBEaRH 1 ot KLGEroR e "BRFRF | 21 g f i o1 d
was pr ouf tHesQUID @ i cit#8ibn.t B¥eh baly@nsisied &9 ingnssTundlacediNbetd Y on the sanple

cell fromCu wire. D Mcrotesta Field NVR Experinental In the
“exper i m¥ALR ondieI8am dfameter frame & whightbe pigkpiced war Bagthd et ection direction

using a : i L rwound directly on the
sanpl e %’gpﬁlong&stre#%‘?yo el%@d&%%%i@&eﬁwgéfe&ﬂrﬁﬁgenerate fields of order |
nmT. The nmeador vaﬂ;néxpérirﬁﬂmk inveangronptsorat S inhapiation the6Taid s | ocated in the
Me bat h. The dden ching of the  polarizing coil_jndyced magnetic

transi effils lqe ‘“§ha"t “éEP&-E’Eth"‘ﬁE*%ﬁ%@f%weaﬁ}eﬁufﬁj‘e&t%%ﬂﬁq‘w der®h the order of
tens of 4 () hisRRN e PR WRrcIFRARLAGI AN eRBtelith airtitR f £ 40 10 o gnal

| oss that could be quite significant a i gher measurenent fields. A spin
echo wafswunillifeslapthe polarizing field was provided by a one- or two-layer solenoid wound

~ directly on the sample cell from Cu wire.
D. Microtesla Field NMR: Experimental
In the experiments, the polarizing field was applied along the detection direction
- using a one- or two-layer solenoid of copper wire wound directly on the sample cell.
Currents of order 1 A were used to generate fields of order I mT. The measurement field
was supplied by the 67-turn coils located in the LHe bath. The sudden switching of the
polarizing coil induced magnetic transients that saturated the detector, giving a deadtime
- on the order of tens of milliseconds. Spiﬁ dephasing during this time resulted in signal
-loss that could be quite significant at higher measurement fields. A spin echo was used to
refocus the sample magnetization. The echo was formed by reversing the direction of the
_ measurement field, and thus the sense of precession of the nuclear spins.
A pulse sequence for microtesla field NMR is shown in Fig. 5. The polarizing
_ field B, of order 1 mT is applied for a time that is long compared to the spin-lattice time
e _(Tl) of the sample. Following nonadiabatic removal of the polarizing field, the spms '

. precess in the measurement field Bm As the spms precess they lose phase coherence due =

o _._.-14 .




refocus the sanple magnetization. The echo was formed by reversing the
-direction of the neasurenent field, and thus the sensedaowr %@8§Si on of

t he nucl ear spins. A pulse sequence for mcrotesla fiel 5§ hown in
Fig. 5. wihewskarizing field Bp of order | nT is apled'Tﬁg{];ﬂ?}gua tinme that
I's long conpared to the spin-lattice time Crj) of the sanple.” Foll ow ng
nonadi abati c renoval of the polarizing field, the spins precess in the
measurenent field B.. As the spins precess, they |ose phase coherence due
14 4 August 2006 WO 03/067267 PCTIUS03/03712 to inbonogeneity of the
measurenent field. atinme T follow.ng the renpval of {he polarizing
field, f%‘@g%?qgﬁllﬂw SQLBPCTSH‘@mﬁ'étg@@r éﬁ%ﬂ?‘gf fljoinedhs wineyel atithe Negl ecti ng t he
ef f ect s polgfzifhi eld) e AR of e MERLRNSR BER iShvaRY, ﬁ@%w{ng%%&?@net ic fields
(fields generated by sources ot her than the current | 1 the nmeasur enment
coi | ), atdifusion apdinthe ahserice of 4ny barkgrpial magnétis fisjdsiificldsegenagedby and opposite
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measur enent nase accunu 4R S5pin in the
i Nt er vathe sfingner équal did oppdsiteiodal imagnetinfieldd befbrandt fovwilgge invesionul ated in the

interval .fromt = - 0 2T. At the ting t = 2 r, phase coherence of the
spins i g“L%@?"B'f“&'H‘?“tgﬁ@' t’l‘hgefga*@ Pgmf*?%"ﬂg@tqd@eﬁ%ﬁ’m e¥HEY8ol ari zing field
Bp is apbhiied dd-ong c&rh:@]lé?ﬁiy%ét_lﬂh% abbufrBfalel $the HRLPH A3mQ @geLd  wound
directly on the sanmple cell. The nuch weaker neasurenent field B. is

appl i ed2i. Mt tlerinent = Rzgpined cotliéreree bf thespinkierestipied, sand the epiad aiplindelisf or a ti me
that is lQng conpared to the spin-lattice relaxation tine Tl. Precession
is ini t?‘é’f“é‘gmby nonadi abatic turnoff of the polarizing field. A spin echo

i.s formed Dy py&lzigtiid BSs Qﬂp‘ii?&il&r%?heﬁ?tet:mﬁl cfﬁ%@@dﬁf %{?%;atsoleﬁéi@l d, and

therefore the sense of precession e nuclear s Figs. 6A, B
“denonst Veund dirgedy gntke sahple eatlrdihe madttwveaberancasurenacit Gield Ba isdpplidden  measur errent

field s Q. 64 |S. NMVR.( pr.ot Qn ect rum of of mneral oil
cqui r o e alphon " fd e BVEAAR A, G SCTob BBt 09 Uy of roughly
10, 000 spprlattictsiclagation CifieVignPicceadidn ikmitiated by Ro@l®atiacmefietthé i r/ 2- T- 7TE-r - acq)
I nvol vi ng .r.es%gn%\ spin _n?ni pul ation. Fig. 6B shows the NVR signal from
the sanR¥4Hgig spimeehoss fgsmpd by ipyessing theydirestion ofithe meagyrenens [t T usi ng t he

sequencreld tndthdefore thel 3 RseTR PREGsIYPAS tRQuAEArApsi N @ field of around 2 nf;
the neasurenent field was applied wth the sane magnet used to
Figs. 6A, B demonstrate the SNR enhancement achieved by reduction of the

measurement field strength, Fig. 6A is an NMR (proton) spectrum of 5 m!l of mineral oil
acquired in a static magnetic field of 1.8 mT with homogeneity of roughly 10,000 ppm
-using a conventional Hahn spin echo sequence (1/2-T-m-t-acq) involving resonant spin
-m_anipuiation. Fig. 6B shows the NMR signal from the same volume of mineral oil,
measured in a field of 1.8 WT using the sequence of Fig. 5. The sample was polarized in a
- field of around 2 mT; the measurement field was applied with the same magnet used to
| acquire the spectrum in Fig. 6A. In this case, the proton resonance appears at 77 Hz. The
- sample magnetizations are the same in these two experiments; moreover, as the detector
* is untuned, the areas under the NMR lines are also the same, However, when the proton
. resonance was lowered from 77 kHz to 77 Hz, the NMR linewidth was compressed by a
- factor of 1000, and the peak height grew by the same factor. Reduction in the
- measurement field by a factor of 1000 therefore yieldeti an SNR enhancement of roughly
T ‘_ i 1000 - note that Fig. 6A represents the average of 10,000 transients, while Fig. 6B was . . o

B ob_tai_ned from the average of 100 transients. In r'néasurcment.ﬁe]ds_ of the order of 1 uT,




acquire the spectrumin Fig. 6A. In this case, the proton resonance appears
at 77 Hz. The sanple nagnetizations are the sane in the ‘ﬁ‘g %\éﬁgoﬁ%{peri ments;
nor eover, as the detector is untuned, the areas under t nes are

al so_t heye@Rmgiiovever, when the proton resonance Wasy p\g 8% from77 kHz
to 77 Hz, the NVMR linewi dth was conpressed by a factor o f 0, and the

peak hei ght grew by the sanme factor. Reduction in the neasurenent field by
a factor of 1000 therefore yielde~ an SNR enhancenent of roughly 1000 -
note that Fig. 6A represents t he average of 10,000 transients, while Fig.

6B was tain romt e. o 100 t.ransien measurenment fiel ds
of tne ST RuPsdith nfPibalfsBuPaBiEng hom ApHE B SIe 54756726
PCT[ (JSQﬁHiﬁ&?s]aﬁdaﬁbl&msn of ck@ni0®ens wi t hout signal averaging from sanpl es
with a vol urr§,&6f afewmlliliters and a polarization of order 10-8. Wile
there is no S HE™8 5N aqvaage Byeither aespintioner BYR okrepined s gusiBed i n reduci ng
the ”ea%lérnﬂémﬂémécnk ﬁélﬁl pﬁﬂﬁxﬁ P&H@wlﬁ%‘ thd co%ﬁ)ﬁﬁ’oﬁ&?ieﬁqmoﬁﬂoﬁ%itﬁﬂtﬁg field

he

i nhonogeneity to I newi d becomes conparabl e to the natural

1i newi dfN¥R bﬁ%ﬁl@hbmme%frcgwamblemtbe naﬁv@ldmpe@tfaprﬁqnéwammeewms | ow as 24 Hz.
E. NU'thﬂh&ﬁieﬁ%fﬁeﬁ%&ﬁie@%gl%%ﬁ‘z%ﬁ? SQUI D magnet orneter is operated with an

unt uned 1 nput ects broadband. Moreover, as the pul se
sequence of )‘.Fmgdmﬁwﬂemmdms switched static fields rather than resonant

' ' I tati b band. .The tech
herefor e i it e SR LR RedtR shoutt Gl PR R e el oi i in

di ffereaétectsrm@aeixﬂgmdr@vé@islamspulsee@ﬁa@& bf g3 inthlids@waeted Sta@uencies. Fig. 7
shows si Itaneous SQUI D detection of 'Hand "P resonances ina field of

2. 6 [ LThelgs rtherthangesonantspin aygripylation qeitatioppecyrs ogeun isprsdartbdhe acid (113PO)
measur egletinthud s thérSbofd i@hang sftedtb smﬁﬂ?ofssg]c&&%n{]%'irﬁl# lm%lei"‘%ﬁ{ &gfref 1000

transients.” The nmagnetogyric rati os e spi /2 nuclei "Hand 3'P
differ mglﬁtogmrémosmesoza@g aTdiferpntdtequencies digTobowypsimaltavecws 110 Hz; the 3'P

i ?ﬁZQa.”éﬁghfdeﬁecﬁ o B T R BACAT ARG {1 es of the tve nucl ear
speci es, as Egllis mR spdc@m@F 5 m,ﬁmsapuogphbh@amm B hRhdAatl #NS brought
about as a result of t he difference in
. ﬁeld of 2.6 uT. The spectrum is the average of 1000 transients. The magnetogyric ratios
of the spin-1/2 nuclei ‘H and *P differ by a factor of 2.5. The proton resonance appears at
110 Hz; the *'P resonance is clearly resolved at 44 Hz. The relative intensity of the two
lines is determined by the different spin densities of the two nuclear species, as well as by
the difference in thermal magnetizations brought about as a result of the difference in
magnetogyric ratios.
F. Scalar couplings
While all chemical shift information is lost in low magnetic field, scalar {or "J")
couplings, which are field independent, are preserved. These scalar couplings act as
. signatures of specific covalent bonds. The enhanced resolution achieved by moving the
resonance to low field makes it possible to accurately determine scalar coupling
strengths, even in inhomogeneous measurement fields.
Fig. 8A shows the NMR spectrum obtained from a mixture of methanol and
‘phosphoric acid, measured in a field of 4.8 UT. The proton speétr_qm consists of a sharp
singlet at 205 Hz. However, when the methanol and phosphoric ecid_ are allowed to react . - .

R " to form the ester trimethyl phosphate, scalar coupling to the *'P nuclcus causes the proton .'




magnetogyric ratios. F. Scalar couplings Wiile all chem cal shift
i nformation is lost in | ow nagnetic field, scalar (or "J"

. s I § Ay SOORL T NOS,
. which are field independent, are preserved. These scal ar o%lf)ll gs act as
si gnat ungg ofxfs7sPeci fic coval ent bonds. The enhanced rRgald4:93 achi eved by
noving the resonance to low field nakes it possible to accurately

determ ne scal ar coupling strengths, even in inhornogeneous neasurenent
fields. Fig. SA shows the NVMR spectrum obtained froma m xture of nethanol
and phosphoric acid, neasured in a field of 4.8 | XT. The proton spectrum

consi St S0k GOk Ruo FAAHLE Wil cAIR oL Bren RYTHAY » (900 412, iB) hanol - and

phosphoric aci r wed to C e’ester trinethyl
phosphatischasctariistic ofttbis particudurinextine-nellen neipbiosinemssa@s(Fid @B priieon 16 4 August
2006 WO 03@067267 PCT/-US03/ 03712 _resonance to _s&,it into.a doublet, with
a coupl iPFECYIORIFGE gpsily rpsefyed inop field of 48 18T syt eefptive il HPMOReRsYSt i ¢ of this

parti cul @,’9? = Q,ga.r%ssram R r interaction (Fig. 8B). The proton
doubl et Oﬁouggg?q’y §'§o| vet | nBa v?il%e d of 4.8 AT, despite a relative field
~honpgenei ty Figf8AipamRMR spero0ad! |§ milef 3 pats ndttendahpiriphesghariescid=i g. 8A is an
NVR spe mof 5 m of 3 r nol , | part phos ic acid (85%in
water) 'ﬁ%{%{?r“’eﬁ .r)ll?neagre%ilgflgg@f’%i?én%%esﬂ’?f‘étmé’b‘g@}eraﬁ%? esc}?pﬁ(i average of 100
transi eghssienSARhSd S XcRREERN e Phdidhs {1 \@arl0BcORE the Prot@i-er  obscures the
proton- phosphorous scal ar coupling in phosphoric acid, and the proton
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scal ar Atirph) megsuwdd ib b fieldioNé8 afU Tuadpecttunpis dicangagde@f 1 0ktranBlemsic| eus splits

the proton resonance into a doublet, with a splitting that is determ ned by
t he coublertrp-mediaied seplas conplingef thepige eayivaleatprainsdethp | P AucleussPlithr ee coval ent

bonds, 3kl resoddbedintoh dofibI&, With a gbli&ﬁgltlﬁ{t is(ﬁ%ﬁlﬂih{?% tRe &ddBlidy N€ equi val ent
protons splits the T resonance into ten lines; theSe are bel ow the noise
| evel . SwoghdeFulthispatisulaneaphngda theicavalenogptls, hfRHbeti0d &l.0dz| ear spins act
aS - Scalar coupling to the nine equivalent protons splits the *IP resonance into ten lines; these
are below the noise level.
Because electron-mediated scalar couplings between nuclear spins act as
signatures of specific covalent bonds, these 'teéhniques could form the basis of a simple
low-field NMR “bond detector”, insensitive to chemical shifts, but yielding accurate
information about scalar couplings. Such a detector could be applied to the study of
analytes, chemical reactions, and molecular conformations. For example, the dispersion
of J-values for sp’ 'H-"C bonds is approximately 10 times greater than the NMR
linewidths achieved in our experiments. If the values of J-couplings are known, then pure
J-spectra could allow one to assign a number of molecular groups. Considering the
highly developed techniques for isotopic labeling in biomolecular NMR, the use of such a
method for following a “spy nucleus™ through bond formation is an appealing possibility.
- An illustrative proton spectrum was obtained from 5 ml of carbonyl labeled glycine in
D,0 in afield of 3.7 uT. The resonance of the two equivalent oi-protons is split into a
‘doublet due to scalar coupling to the °C nucieus. The coupling strength was determined
from the lineshape of the doublet tobe L(CH] =S+ 1Hz -
| G. E;pe_rirﬁentdl Appa}atus for.MRf; Magnetic Field and Grad_iént-.C_oil'_s. SRS :
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signatures of specific coval ent bonds, these techniques could formthe
basis of a sinple lowfield NVR "bond detector", i nsens{%i ve”:q chem cal
shifts, but yielding accurate infornmation about scal ar U g@ Such a

- det ect oys@ubAePe applied to the study of analytes, P%lfﬁj%s‘io?ln reactions,
and nol ecul ar conformati ons. For exanple, the dispersion 0 3-val ues for

sp"HYC bonds is approximately 10 tines greater than the NVR |inew dths
achieved in our experinments. If the values of J-couplings are known, then
pure J-spectra could allow one to assign a nunber of nolecul ar groups.
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thr O?gh staﬂhgpéigimmizgnfrﬂagmig ﬁ?ﬂmp@dnl AOsePer3kredd I 'rgio;'gmgl calﬁﬁbllhdidnu_st ratD i \(/)e_ pr ot on
Frend ofbi 3} (Rersh s Ba pcneiod et oh ey mentienen BE9Bons | s spl |
into a THewWbiRtwet\Roun® aidEmd thé périieRs T ehelstk fhda® of AcuBblSH dEmeadited coupl i ng.
strength was deternmined fromthe |ineshape of the doublet to be J2[C H =

5 1 Herovghly Bapei4 sidenBrapesiypainted intorthe cubrptuctyergvpraried prel @saably Gradi ent
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- experinments i1 n extrenely netic a convenient starting point
was -a zthegangagfieh tiocens pELT (2)egVimiwell pais B4, ueell t¢ penemateahd diggporial cancel | ati on

coils 51 (Fig. 9) e_ysed to zero out the field of the Earth over the
neasure onghi Gy L. ph ihe aghe °\ﬂ§ﬁé‘%€fﬁﬂ“§%ﬁ&“ﬁﬂéﬂa§@??9ﬁ'§ters of the
si x faces selvodndihl BR GofhylgBethete@es {lfnerfiOthe BftMizZohd]) c&fipdhetis €. Braces
integrated into the cube structure supported a coil assenbly 52 which

consi st E4Bdix and §) =dB /v afphs| aradigpbiersos In additian, the bseesupnerted easur enent fiel d
in the | 4sed to generate
‘the di aﬁ%ﬁ%&%&%‘%m&hg@&g@ %Ejsgzﬁi%%&%(ﬁg %g}ﬁgﬁ %@#‘%ﬁsgﬁ%?ogdi ent tensor;
and t wofoses were madecfdohh womh whish itbhany>Gyswasrwl ideal mineridBsinegywapdosret ry, used to
generate the off-di agonal .conponents, G . =-dBjdx an =-dBj dy of the

gr adi enPOTREDEHC ang po *@8?‘!“?8%, %ﬁ“%ﬁ‘ﬁ'&ség “&elfﬁﬁ%'l’ PEE Sg]ﬁ‘géd fi bergl ass LHe

- dewar Wngitlerfh@ dRRVerulainiglde Of REMMmQl§ects hd avePRAELd AbK biifdRE and coi |

forms were made ftorn wood, which in many ways was an ideal material since

“wood i stooHRARMiTER into thameaserament rpinsal thg comenaf WP A¥si ons of the system were
sel ect od . CONShARL Biinb Bt SHER 5 B sndViPAEAE o FollWH 1S Ui o in 27
' the magnetic resonance community, the z axis lies along the measurement field direction;
the x axis is chosen to coincide with the vertical direction (the detection direction).
Fig. 9 shows the magnetic field and magnetic field gradient coils for SQUID-
detected MRI. Six 100-turn coils 51 wound on each face of a cube, 2 m on a side, were
‘used to cancel the magnetic field of the Earth. The measurement field B, was produced
by a Helmholtz pair 53 arranged in the center of the cube. The diagonal component G, of
the first-order magnetic field gradient tensor was produced by a Maxwell pair 54; the off-
diagonal gradients G, and G, were produced by saddle coils 55, 56 wound in the Golay
‘geometry (for each set of Golay coils, only two of the four saddle coils are shown). The
- detector was a second-order axial SQUID gradiometer oriented in the vertical (x)
- direction, and which was housed in a LHe dewar suspended in the center of the cube.
1. Cancellation Coils
Each of the six cancellation coils consisted of 100 turns of 18 gauge copper wire

S wound in a groove cut along the outer_édg_e of a wooden frame which made up one of the .' L




too unconfortably) into the neasurenent region at the center of the cube. A
schematic of the coil system52 is shown in Fig. 9. Foll oxn"égnug thg
convention in the nmagnetic resonance community, the z ad §20465 5 ong the
measur e .2l d direction; the x axis is chosen t e with the
verti cawsfog?ﬁ on (the detection direction). Fig. 9%55{1%@}\/5\5%({3 € magnetic
field and magnetic field gradient coils for SQU D detected MRI. Six
100-tumcoils 51 wound on each face of a cube, 2 in on a side, were used
to cancel the magnetic field of the Earth. The nmeasurenent field B. was

pr oduced. | pholiz pair 53.arranged in the center.of .the cube. The
di agonals'xc%%f)gfr{ggfu‘)& t#e coﬁf'fg' PPty faS?scf’gﬁwr?ﬂ \Aad E"rf‘?lgls‘f‘iw@‘r Eﬁpent t ensor was
pr Oduce?aibhadaa dfistaHRE bf leddhly 39, ahdh genBifafed aGhiag8d &kldGhadt eMirsund s0and G were

produced by saddle coils 55, 56 wound in the Golay geonetry (for each set
of Gol ayTeer dppliedofmpere, wo thatf onlyfeactiens of mgeteandaiddest seltagestvern) . The  det ect or

was a second:-order, axial SQUI D gr.adiqneter_orjented in.the vertical (x)
di recti SWurElg cwléﬁe\%&gcﬂﬁggﬁsgqfﬁdaﬁh gﬁ@%&%ﬂ?‘%&ﬁ%‘éﬁﬁ‘&é‘&“‘f"ﬁ“ﬁﬁe center of
t he cubeuas deglifidRCEo! Bk Feabtd blaof BBRD2.Pinileh 6f B pugedTiC@d-at i on coil s

"consisted of 100 turns of 18 gauge copper wire wound in a groove cut al ong
t he out &PPreigately 60 Jsmovrabintorthesacellpiorkolde up one of the 18 4 August 2006

WO 03/ 0672672, Wfeklddrennd BoRBI thad Goddtent 858S Of the cube. The coils on opposite
faces of the cube were wired in series. Each pair had a resistance of
‘roughly 30 (Jheampgsugemmest Belé waspredugeiddiyiadidlinbeltt pein avith cadiis O%rmyund 50 gT per

. applied,A e S i f QEH t voltages were
require %gﬁ{:lgr%eeﬁgnt[a@&qe%rﬂé% %%lﬁc%g r?glpf sée(a(?fc aﬁsﬁﬁ; éggﬂﬁg{%ﬁﬁeati ng in the
cancel | aire.oTheadidgosal coragonea @ ofghddradien( feosor Waggenerated ty a Makwélhpairof about 2.7

ml f.18 Cu Wi - i mat 60, | - t.into. th
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measur efiilof 18 gdude Was. Wm%nbéraaieﬁﬁm & Zwdpbenerdled By §xadleus 0.6 m
e.

arranged in the center of the cu Each coil consisted of 20 turns of 18

gauge - cepisaound in the Gofpyegegmetiram 2¢ums ohthgaugs wire:theaadivsdi ent t ensor was

- gener at Nal | t ' ' |.de the
neasureﬁg\r(la?*? ?fetr(géé\%* F‘éf%ég%ﬁméﬁ F&%gf%ﬁ%rgggu%@nggu%ggtnas g?ﬂel8 gauge wire.

The of f ewléradges af ciguiadpieces of [ywad dPeg Ampereofgpplied avreult, thessaded| e

generated: 1) B, =30 uT; 2) G, = 50 pT/m; and 3) G, = G, = 50 #T/m.

3. Polarizing Coil
In order to enhance the sample magnetization, the spins were prepolarized in a
- magnetic field of the order of tens of millitesla. Precession was induced either by non-
adiabatic turnoff of the polarizing field (in which case the spins were polarized in a
.direction orthogonal to the measurement field), or by adiabatic turnoff of the polarizing
field followed by resonant excitation in the much lower measurement field (in which case
. the spins were typically polarized along the measurement field direction). In the first
instance, the polarizing field had to be switched in a time which was short compared to
| the Larmor period in the measurement field; in the second instance, the switching
requiremenfs were less strict: turnoff of the polarizing field needed to occur simply in a
" time which was short compared to the spin-lattice relaxation time T,. In either case, the
- tequirement of rapid field switching, coupled with practical limits to the level of Joule
s 'he_ating which could be tolerated in the magnet wire, goveﬁae_d_ the design of the

| polarizing coil.
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coils wound in the Golay geonetry from 20 turns of 22 gauge wire; the

radi us of curvature of the Golay coils was 0.6 in. Thesg coil re wound
in grooves cut along the outer edges of circular pieces éPg‘ﬁfMd. Per
Anper e 9&‘;0 Jézifx;d current, these coils generated: 1) B~ = 30 gT; 2) G- =
50 gT/m an G =G =50 gT/m 3. Polarizing Coi IPGHPS8¥#E t 0 enhance
the sanpl e nagneti zation, the spins were prepolarized in a magnetic field
of the order of tens of mllitesla. Precession was induced either by non-
adi abatic turnoff of the polarizing field (in which case the spins were
pol ari zed ilr}'r:a d&recﬁjfon.ortho onal to the n?lasurerrent. field), or by

adi abatic t uFREIYY JHCPIRE ILiRAdKERIaReqyy to ysp £qlafively heayy garas it @@hant excitation
in the malgivelyQivall néfEbes bf @mE MhhelpoRliting mAgnehédnbisiedsRwo biiBs Whinds were
typically palarized al ong the neasurenent field direction). In the first

i nst anc &om leanasicapres e o8 fikeralash Bameso Qgecadvioles eanagret #indinge whi ch was short
conpar edbds 144 wiad eRfineRHith 395 hitn Lbfs O AR YR IR Nk §lad70infs t he second

instance, the switching Trequirements were l'ess stfict: turnoff of the
pol ar i zradips ferdhecoutes avindengs.oThscenaration ofiths/twormagnettpolee wadvioughlyt® short conpar ed

to the [ N | ' i T .1lo eht se, .th requi renent of
- rapid f;ﬁ@?dqgo\%&%t |%@L§§s§%+£@r%ﬂcﬁa retaﬁccfl?'gfz‘ielﬁlgil’dﬁgﬁlgc%%er?ﬁtgel evel of Joule
" heat i ngcailsivah appoeXidatile 4ndl er agplied Ampérkiehemaghetistbce of thg eMgrengsdr t he design of
the polarizing coil, 19 - -- - --------- s s m—------- -- -- 4 August 2006
WD 03/ 08 r%%ﬂ“%g@% Ug%‘?“lﬂg?“"t“%fp‘i"ﬁrg%h{y i Thejhgavy dormaPgeous to use
rel ati vy Y | ' of turns. The
pol ari zi ngat%gnbeﬁte %c%gﬂez ﬂ%gﬁmg?gtt%m%gklg%hév%g%g%Wf io?gl aage copper wire
on fi bemggnatpold. 'Tonsbicvetighsnpierising diglds, hewewreg nievoul bedieomgsary i | | ed a 17 turn

wi de ch i1h a mon oradius. for. the inner w ndings and a 70 turn
radi us ?%lgﬁ{oﬂletw%{'}?%? t v]\‘? lﬁ'geltﬁe o'rnongt%%{)tg? %cﬁgrgwggfeld[\ypé: ‘W%’%S\H%t pol es was
r oughl yofldfirse lnadino effedt 0h MMROlinevidliDortSNRNS Was used for each magnet pole. The
field at the center qof the,  coils was approxinately 4 nil per applied
Anpere; t he HpFditoadoraonsdiabatisrurpefpot theprlarizng field A be WEIKGRi natel y 6Q

whi | e tfaflowgiduct ance was roughly 100 nH The heavy fornivar insulation of
the magnet wire seened to tolerate Joule heating at a | evel of 100 W per

—E» Bw =yB’,
dt

where B is the instantaneous strength of the magnetic field. For measurement fields in
‘the microtesla range, it is easy to meet the nonadiabatic switching condition, as the term
on the right hand side becomes extremely small as the strength of the measurement field
is reduced. Indeed, in our experiments, it was sufficient to drive the polarizing coil with a
shaped voltage pulse from a Techron 7700 amplifier. At the turnoff of the pulse, the coil
-would discharge with an L/R time governed by the self-inductance of the coil (again,
- around 100 mH) and the output impedance of the amplifier (a few tens of ohms). Driving
- the polarizing _coi! in this “controlled voltage” mode had the advantage that, following the
" turnoff of the polarizing field, a mechanical relay in series with the polarizing coil could
be opened to decouple the SQUID gradiometer from noise generated by the Techron
| ampliﬁer, as well as from the thermal noise of the polarizing coil itself. With this simple
switching scheme, the nonadiabatic criterion was satisfied for proton Larmor frequencies
“extending to around 2 kHz, As the strength of the mea_sﬁrctne_nt_ﬁeld_ was increased
= - beyond this value, some loss in signal occurred, due i)res_:umabl_y_-_t_d adlabatlc reorientation . |

o of the sample magnetization during turnoff of the pqlgﬁ'zing_ field. ‘At higher - o
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rriagnet pol e. To achi eve higher polarizing fields, however, it woul d be

necessary to water cool the magnet. Wile the hom)genei%#of 50@%,
pol arizing field was quite poor, this of course had no gt NVR

| i new dtyo @R The condition for nonadi abatic tur pol ari zi ng
field can be witten as follows: dB >> Bo) = yB2, 3%8%%%%}7 Is the

I nst ant aneous strength of the nagnetic field. For neasurenent fields in
the mcrotesla range, it is easy to neet the nonadi abatic sw tching
condition, as the term on the right hand side beconmes extrenely small as

t he str r.enen Leld. . is. red . I ndeed.. i.n our

experi rre%lrzlét%su?enl%ﬁlt f\%%gengﬁg% :é?:lfegﬁtlﬁ‘ct%"%algl\flgatﬁcﬁ%moﬁ'gllc ogg*fezqogaé'zg‘g iﬁFldvm' th a shaped
vol t age apditesmmaditspimezcididmiwaansed/00 anplifier. At the turnoff of the pul se,
the coil would. %’r‘iﬁc@agge with an LJR tinme governed by the self-inductance
of the coil A4 %t ound 100 mH) and the output inpedance of the

anmpl i fier (ardésemintPhiechd puddtdWire pRIdudEdREth aPaf® o QiR blichitddhidigile yi N this

"control | ed voltage" node had the advantage that, follow ng the turnoff of
the pol &FFssiphidhe pails gach gonpistad of 1 imsobeapperiwireswpundongirewlart he pol ari zi ng coi |
coul d  FibrfRRIths Win IRARE T bifh HeldioubteAbRRD Ble pblafiFhp e gener ated by
the Techron anplifier, as well as fromthe“thermal noisg& of the polarizing
coi | it &ums. Inpyerdasercdihe NVIRphdMRE e petiinemgpesfomeaddn thissystamreshinabat i ¢ criterion
was sat Lsfi on r.oor .frequencies.. ext ing to around 2 kHz. As
t he strgﬁla}fsﬁgeg{&{efﬁ%&rgr@a%cﬂé%rﬁ%ned ?”é‘? Q%tbeﬁ'ﬁ%ﬁ%'h o %'Hﬁmthi s val ue,

sone | ofiald, as theilgeadypoefediiodbds ndl vefodds phiamiplHont exteneh] alagidtic fieldor i ent ation  of

t he sanpl e magneti zati.on ring tyrnoff of the polarizing field. At higher
20 4 AH_EW@‘F“‘?% d ‘W&P@gﬁﬁﬁmm@v%ﬁ@eew&w&ﬁemwr equenci es, a
scheme prvedydiddo ﬁ&f@kﬂzégh&icz)s S&'Fo%&%daﬁéneifeg éf theorfdbdrd 1@Rd r esonant

spin excitation was Uus pi n Echo Coil Resonant spin echo pul ses were
pr oduc e@tywicali nulsp gonsisigfl oftyiol of theesj cyelese endatquingd cumeents of diderkfkthdn. The coil s

each consis pi7 %x;?grimjégtalt /!ilprpgrs'an%]}‘orcﬁgg ?S‘,rQU% Sersors 01" d on circular
The SQUID system which was housed in the LHe dewar in the center of the cube
consisted of four channels: a single large-area sensing channel and three orthogonal
magnetometer references. The pickup coil of the sensor was configured as a second-order
axial gradiometer oriented along the x axis (vertical direction); the -gradiometer-waé---------------
therefore sensitive to the component d’B /dx® of the second-order magnetic field gradient
tensor, The pickup loops of the gradiometer were wound from 3 mil Nb wire in grooves
which were carefully machined in a cylindrical G10 fiberglass form. The radius of each
pickup loop was roughly 15 mm, and the gradiometer baseline was 50 + 50 mm. The
form on which the pickup loop was wound fit snugly into the tail section of the fiberglass
LHe dewar. The distance from the sensing loop of the gradiometer to the sample, which
was positioned directly under the tail of the LHe dewar, was roughly 10 mm. The
sensing SQUID was housed in a superconducting box machined from a solid block of Pb
and located in the LHe dewar at a distance of approximately 300 mm from the sensing
coil of the gradiometer, Superconducting contact from the Nb wire pickup coil to the 11-
turn Nb input coil integrated on the SQUID chip was achieved using the solder blob
-, technique, The sensing SQUID was operated in a ﬂu_x-locked loop with modulationat 2 ._
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fiberglass forms with radius 60 mn which were mounted rigidly to the

pol arizing coil fornms. In the case of the NVR and MRl e erln%@%]

performed in this system resonant echoes were preferab oes forned
by i nvernid apeizge direction of the neasurenent fieldpdfyshi2atter type of
echo does not refocus dephasing fromexternal magnetic field gradients
(either the gradients G-, G-, G which were used for the encoding, or
spurious gradients due to nearby nagnetic objects). For Larnor frequencies
of the order of | kHz, a typical n pulse consisted of two or three cycles,
and requi r edpeiiig usf or
SQUI D Sensors TheﬁQﬁﬂ%cQlevs”?/;s'fg génqlm\%%d?%x W ﬁ&ﬂ%&ﬂd@gﬁﬁeﬁﬁB&E@ﬁ I n the
center (!J[flﬁﬂwncﬁb%pmbnﬁlmlmraﬁdafthx‘wm&reetmaale@meghehel ar ge- ar ea sensing
channel net ences pi.ckup coil of

t he sensfgfnl%" E"')con‘ctlgure &eéoﬁgg‘ggogﬁl%f’ eréﬁfﬁe as&?ubﬁ c})'%?gtdgg oriented

al ong t Ipesionadinsidé the cylindeital Girinea twhizh e pidrep gpiladitlegridismar@svas t heref ore
sensitive to the conmponent dB)dx' of the second-order magnetic field

gr adi ent"®"®ensor, The pickup | oops of the gradi ometer were wound from3 mil

Nb wire in grmw@amnwvfﬁiasmr?swn@wﬂo W¥ghlPS30 IR Artiidyi@ldeoet derdr i cal 010

fiberglass form The radius of each p. | oop was roughly 15 nmm and the
gr adi onr,ltletvmm&qw*ﬁéemu@@cqwqwdrwwbmﬁvwcm theS i ckup | oop was
wound fink -SRUE Yol N 9t {.ﬁet S f Me dewar. The

- distance frgmthg senS|+218tu oopon ?F%é%ﬁé%é‘%rgﬁn@tﬂe%%wo? emgarrpl e, which was
- posi ti odddmdiLy =@d0nH. u'ﬁtrtelbmterperamatetswadagngllmrdelvmgamne@smmﬁughl y 10 mm The

sensi ng n ercon oma solid
bl ock ofwl&t&gﬁﬂggﬁe i that EHEWar ea%ra O'He ertcg‘a@e gﬁq%%%r oxi mately 300

mm f romsuiHsﬁntmﬂy\By ptgper(m'atdhmgfofdlaad B aﬂpam’ml&m;; iaeing dietumbérg contact from
the Nb vmre cku&gml to |- turn Nb i nput coil integrated on the
SQUI D c M IHHE mpy G%%Foﬂfg‘ﬁgsott LsolUat. te sepsingdtegRf Bee. The sensing SQUI D

Was OpergﬁﬁﬁﬂiletbfboﬁldfbkHi&réa%'t@%u%lﬂ?@mﬂ’tﬁ oWdRat b atnl 05 Rliucd sehdimgz . 21
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does not degrade SNR, as signal and noise are attenuated equally.

To measure the balance of the gradiometer with respect to uniform fields in the
three orthogonal directions, known, highly uniform fields were applied to the sensor
using the cancellation coils wound on the faces of the cube, while monitoring the flux
that was coupled to the sensing SQUID. The typical gradiometer balance was one part in
a few hundred for both in-plane and out-of-plane fields. To achieve this level of balance,
however, parasitic inductance associated with the Nb wire leads which ran between the
gradiometer loops, and which were not twisted together, was minimized.

- ‘Finally, the probe incorporated a three axis SQUID magnetometer consisting of
| three Nb-AlOx-Nb SQUIDs mounted on three orthogonal faces of a G10 fiberglass cube.
| This reference cube was mounted inside the fiberglass form on which the gradiometric
-pickup coil of the sensing SQUID was wound. Each of the reference SQUIDs had an
_ effective area of roughly 0.03 mm’, and was operated in a flux-locked loop with
- modulation at 100 kHz. Analog subtraction of the reference signals from the gradiometer
o : ;.31 gnal was used to improve the ba] ance of the gradtometcr inan attempt to further reduce : o

L ':the contribution of drstant noise sources to > the system noise.




ref erence SQUI Ds were nounted on orthogonal faces of a G 10 fi bergl ass cube
whi ch was positioned inside the cylindrical formon which the pickup coil

of the gradi onmeter was wound. The inductance of the sensi ﬁg‘*ugéiUF S
roughl y wao8sdglie7 This yields for the | I-turn input CO&&T/I?O%@?E i nduct ance
1~ = 40 nH and a nutual inductance to the SQUD of M=3.9 nH For al + 2

+ | turn second-order gradioneter with pickup loop radius r 15 mm L, = 700
nH. The above paraneters yield a gradi oneter sensing area A . of
approximately 3.7 mm . Note that the sensing area of the gradi oneter could

be i nproved S i al ]y . proper matching of Li and L.. In particular,
by increasi néiﬁg’é%‘a&ﬁg“rfeo‘fﬂ?ﬁeg ns in the input coil to around 45, so that

L, - 700 nH, Irtdiief ge MNMR gndMRbexpbrithdigs [@ifathed i ihdysyaan) the fampiencr eased to
roughly 8 mmj ., However, en for, a, reduge nsi n are . 3.7 M2, system
noi se mdgagﬂﬁﬁf‘tf?at“@ﬁle'ﬁ\"““&%%i’rﬁ%‘ﬁa"%ttﬂ"d'é§%Blg °?%@P‘ﬁ{ﬁ‘?°fﬁﬂis§gm§(ﬂtﬂga'i nt er f er ence,
not by {heheicike bf fied Garidé MBgrefizatibeand YeREticAwithlafl uhfdh&l @I, | nduct ance ,
m smatch does not degrade SNR, as signal and noise are attenuated equally.
To measdRagneipreetesor gradiameler, the éntegrated infeesity of the NV ggpebistindependeitf orm fiel ds in

the ¢ NcffheQdgBURUR ncilrcih! S THIBReq RhGHLILALLBHT hp e ds were appl i ed

to the sensor “using the cancellation col wound on the taces of the cube,
whi | e neheicenfimegsurement fieldstrengiia for the sxpeoimehiedThecchpice ofsaersiremger®QUI D.  The

 typical i | .one part.in af hupdr ed f.or both

I n-pl an(glg Q%‘g’s g{gﬁ&g?’ Y gﬂ%é‘?\“;f’%"?‘?g\é%% s'.6@8}‘38&é%‘i"k%ogﬁﬁogg\ﬁ’%?ﬂé?m%gucotgI ance,
howev er-spyrianggadients gemdated Byaeasasiaeant field edil;\2) lebeliohenvivonmenm# | eads whi ch Tan
bet ween.th radi oneter |00 nd ich were _not tw St t oget her, was
~minini z@l’i"?"F nﬁ%ﬁ“ﬁﬂ?‘sﬁ Her ¢ SS@?P‘?\’gb"r"ﬂgg‘g‘Féﬂe“&“‘tqﬁ%@QS &‘?‘P’?‘e% | D magnet onet er
- consi st gRgieftcoild, fllife Nthethédsurbienbfbil BRenFBUPsSHlcRaddtifG o &ldegonal faces of

a GO fiberglass cube. This reference cube was nounted inside the

fi ber gl 8Q¥omiAtgedenitli ch t he gradi onetric pickup coil of the sensing SQU D
was wound. Eagheofthe.reference SQUIDs had an effective area of roughly
0.03 mml, and was gpereg%'ged in a flux-locked | oop with nodulation at 100
kHz. Anal og Bulptacedute fonpesforniihg NIMKF expatmentssih greahse wasanfdllbes.gr adi onet er

Fur't her PGP g FeBUer U ou G Srelao AR Bt eEle sl ne system
noi se. mdgnetic field of the Earth over the measurement region. For this purpose, a three-axis
o fluxgate magnetometer placed directly under the tail of the cryostat was used to monitor
the field in the measurement region. The desired measurement field, of the order of
microtesla or tens of microtesla, was then applied with the 1.2 m diameter Helmholtz
“pair. After allowing some time for the measurement field to stabilize, the sample was
' placed under the tail of the cryostat and tuned the SQUID gradiometer.

As mentioned above, two different polarization and excitation schemes were
employed in the experiments: at lower measurement fields (corresponding to Larmor
frequencies below about 2 kHz), spin precession was initiated by nonadiabatic turnoff of

- the polarizing ficld; at higher measurement fields, the polarizing field was reduced to zero
L édiabatically, and a resonant 7/2 pulse was used to induce precession. In both cases, a
spin echo, which was formed with a resonant % pulse, was typically detected.
~ Figs. 10A, B show pulse sequences used for SQUID-detected MRI. In the
. sequence of Fig. 10A, precession is induced by the non_adiabaﬁc turnoff of the polarizing -

o o "ﬂeld B, (of_.the order of tens of millitesla), which is oriented in a direction orthogonal to N s :
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4 August 2006 WO 03/067267 PCTfUS03/03712 L Choi ce of Measurenent Field In
all of the NVR and MR experinents performed in this system the sanple
magneti zati on was enhanced by prepolarization in a fiel ot o180 der  of

tens of w@ dslokh06! 2. I n the case of fixed sanple nag and
detection with an untuned SQU D nmagnetoneter or gra%?ghné%drsﬁg

integrated intensity of the NVR signal is independent of the st rengt h of
the neasurenent field. This allowed considerable freedomin the choice of
measurenent field strength for the experinments. The choi ce of neasurenent
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br oadeni n Sputious gradi ener measurement field coi | ;
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3) the strength of fields generated by radient coils, relative to t he
nmeasur effdnted pdighagically tezeen, hﬂcmsw!ﬂqyll%emﬂmgyltbﬂmsmﬁ%%P'diﬁe Inghis conconi t ant
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f 1 uxgat %‘"ngdﬁ @pg ﬁﬁéﬁcomp[‘g’gﬁ'&ﬁm@{;ﬁéoﬁ H R cryostat was
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measurenent field, of the order of mcrotesla or tens of mcrotesla, was

then aptF messuggment fiefs The monpdiabatigymefl vas se dortmeasysemant figlds efows| | owi ng some

time fo 4 Pl aced under
the tai bo%t{:ﬁtpﬁg cr%/hggt‘@%{surgﬁl 512&3%%?@ l@%ﬁﬁh&? 8@%@“‘% nent i oned
above, wadidbiticpindiohly Uit adfabatidtseqdBnodWas @3¢@i t ati on schenes were enployed in

t he experi mints at, | ower neasurenent fields (carresponding to Larnor
" frequenci es IR GPEEBERIS polatizips f d%ﬂ’feﬁgtb$‘é‘éfé§§'ihﬁﬂfd%é§3 4 ersled by

nonadi afithda, rawtﬂeﬁéua&in ffeﬁewag%lﬁfeﬁ FdrGintel vt walon 'chhgd}ed‘i‘é%%” ement
- fields, the polarizing field was reduced to zero di abatically, and a

r esonarspin-itige W&@ﬂ\ﬂﬂ@ Tus@hb aampler{mlwn}srlet@@sls b3 s merepordforases, a  spin
R Ao
sequencand applicatipn of hé echprpalse sechunicalyrelaysin eeits byth tHacpolaﬁziﬂgimaib at ic turnoff of
the p0| a{‘(l, golllg g«ere opened. This was done to isolate the SQUID gradiometer from the noise '
of the amplifiers used to drive the polarizing and echo coils, as well as to prevent the flow
of Nyquist noise currents in these coils. The flux-locked loop was enabled shortly after
transmission of the echo pulse. The output of the flux-locked loop was passed through
-sample-and-hold and filtering stages and then digitized; signal averaging was performed
in software,
When the external gradients were properly compensated, NMR linewidths of
order 1 Hz were obtained from a test samiale of water, With a polarizing field of roughly
-40 mT, an SNR ratio of 50 was obtained in a single shot from a sample of around 20 mi
of water.
K. MRI Experiments
For imaging experiments, projection reconstruction was chosen over Fourier
reconstruction due to the limited hardware requirements as well as the ease with which

. this encoding scheme is adapted to SQUID detection. MRIs were acquired from tap water

C.oor mineral o0il phantoms. 'I‘_he phantoms were chosen to have translational symmetry in . N
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field B, (of the order of tens of mllitesla), which is oriented in a
direction orthogonal to 23 4 August 2006 WD 03/067267 PCTI US03/03712 the
measurenent field B.. The neasurenent field is static; a4‘§‘ﬂﬁ"ﬁt ois

formed \¢d &egref €SONant, g pulse. In the sequence of Fj the strength
of the polarizing field Bis P reduced adiabaticall fcgglsésﬁaz and

precession is induced with a resonant 7r/2 pulse. In this case, the
polarizing field is applied along the neasurenent field direction, to avoid
signal loss due to inperfect fulfillnment of the adiabatic swtching
criterian, .. ses, turnoff of the polarizing field is acconplished

In.both ca [ Ol
inatif ‘E}fec%%d‘é'!}dlﬁasrﬁfa“ !t‘éfi‘é‘lcf@i"f“g'i‘ t%“'sméﬁﬁd?oaai%%iﬁ y of the turnoff is
det er m @fadiobl)tteﬂﬂﬁbﬂ-a%isDIWheﬂﬁéﬂaR?—z?ﬁinfeﬁ'ﬁor@‘dﬁh@ﬁl‘ianﬁﬂ Wére bitbserf g€ NMeasur enent
field. The nonadi abatic turnoff was used for neasurenent fields bel ow

about 58PUghly mafch thegtiragnsiopsefthesersing lponaf thegradiometen 30 mmdliawferlehi ng of t he

pol ari zithQehdiglt @ wWabal fela] i LCyequence was used.
In the exp%%?lnén?%%ﬁnéﬁgri ZI n%&?llltg?ggg‘t@? rﬁég‘i?ﬁ%c%\%\eo?g%%?%?l ¢ order of a few
t ens of appkied gradiends G, and i) wedeasqddd encods in ghefyi-aplahendio atippptivesimizde a ti ne whi ch

was | on . |-l attice r.el.axati e T f the sanple
“(pol ari %p%g I'n h(g?%/e?ﬁ&s&%? “?Eé{ Qc\?\/'gr%eedjﬁgegﬂg‘f@ro(?%@ %Wbdnbe?erar ound 100 ns

f or  m neellaff rapidly as FHhdtiniofithe saparatidi of ofie sbivee foarh dteisenshig lédpel d  and

appl i catj on. of t echo pul se, chanical relays,in series with the

pol ar i ?ﬁ#&r}%ﬁ&‘”@gﬁ8&éw‘f¥“ﬁé%5%ﬁ% .crqaﬁr”"?“&%im%f*ﬁe"ftﬂﬁ i solate the SQUI D
gr adi ongHagtomkr om t he noise of the anplifiers used to drive the polarizing

and echo coils, as well as to prevent the flow of Nyquist noise currents
in these coilifirsterpesments wese rasded aybpithia wetsephasigms by this pasaithe r
transm ggs eNohe HAS of e t b deQC | oop was
passed t hér o{}ah y sanpl g%égﬁ%}-’llh%fedt p&%l?ha?@he%ry&{lﬁagéﬁlésndéqt en digitized;
si gnal iatey Eejidragd tharsfopetoftaefidtiadvamags of sigrat bandWiénnamoweingyin ederal gr adi ent s

ver e PRl SRR AN RS e Sl Tt D 1o
rati o othe oiderisecomisabDue thlofg soldting iiR604l, dveRMidageat@ligidaftingsound 20 m  of
water. \!v<e're %Eér Eﬁ ,%f ihg?n%ters of a few hours.
Subsequent imaging experiments were performed with mineral oil, which in any
- case is a better match to human tissue in terms of its NMR relaxation properties. Here T,
is shorter, and (lifetime limited) proton linewidths of around 5 Hz were achieved. The
broader NMR lines required encoding over a broader band in the MRI experiments. On
the other hand, the shorter T.I of mineral oil enabled a significant decrease in the
polarizing interval, to around 100 ms, resulting in a substantial reduction in image
acquisition times.
Preliminary experiments such as this demonstrated the soundness of the concept
. of microtesla field MRI. However, the acquisition times could be substantially reduced
o by reduction of the system noise.
Further experiments have been done with a low-noise G10 fiberglass cryostat that
- can accommodate a gradiometer with pickup coil diameter up to 160 mm. A second-
| ~ order gradiometer was constructed with an overall baseline of 150 mm, and pickup loop
.+ diameter 65 mm. The 1 +2 + I turn pickup coil has an inductance of roughly 1.7 uH,

- yielding a gradiometer sensing area A= 7.6 mf;i’. n addition, in order to eliminatq'thé i '; R
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For imagi ng experinents, projection reconstruction was chosen over Fourier
reconstruction due to the limted hardware requirenents !gs vvel# s the ease
with which this encoding schene is adapted to SQUI D det SEFBHEO%RI s wer e
acqui r edydh bgEyieap Water or mneral oil phantons. Thm@%@? wer e chosen
to have translational symretry in 24 4 August 2006 67

PCT[ US03103712 one direction, which was arranged to coincide with the axis
of the second-order gradionneter (the x axis). The lateral (y-z) dinensions
of the phantom were chosen to roughly match the di mensi ons of the sensing

| 00p of LhfbA% BSHEI (0 R AUATELEN ocolSnh AR Saonent G ves

nul | ed out using the appropriate's ay col appl’ dd gradients G
and G werreit geed sereouadstbalRQUID MREsygtem. Thastdeld Mmsiatstobagihgledagerohde Y to

f ] |.t hough rse th itivity of the SQU D
G ad o 2t dPosREp ity 57 aFnee (208 B Gmeions HE SobBar 24 8h of the.
sour ce Ty fRApdnBRoSRoRG B&Hkgﬁ@shiemﬁpf‘cfugh?w? éléti”v?dé}{lﬂ's%ﬁ&é?é&}eéb%@ﬂx?f e

‘two-di mensional cross sectional 1nmages of the phantons. e first
exper i népnsatgpyation efrintedering fieldgintthe relaprntvirequengyltange dyrgn oler of hi s case, the

long T, i s L4 29 W] '
1 ngs of higtEnSiag e Oy AREANEN RFRT, b SR TRsPaly RABRACHE LY. 0
si gnal Wemalindisé\fromthecTFdpwiarwasachend 2.5 61/HaY ancieeqbbdiey anfikHz=e sitheit i on.

However he l,ong. T. necessi.tated.polarjzation tine f e order of
seoonds M3 {8 el pBRGE T ierdS R oK et nos b it acqui o1 ¢ on
times emtenat ficidellevel SIADLT/HS” ik Ry 8 RktoPbf @lolveMhiinHE foiseRieSequent | magi ng
experi rr_e%ﬁ%ﬁﬁﬁﬁre performed with mneral oil, which in any case is &a better
mat ch t & 17 th 1ian mepsyremeptsnconEpend g gympetentiskdycsan wrl*é%%rt ies. Here T2

i's shor aQjuisitidR dme by & ¥ickdFer3d. M ted) proton linew dths of around 5 Hz were
achi eved.” The broader NMR lines required encodi ng over a broader band in

t he MRl expekhedargerpickameoilidfi the ot evadinmets willeblowhoguisitionof MRIs ni neral o |

“enabl edga s gnifi in.th | arizi ng int |t d 100
e os MR RLbnd B PR it Gpsieit e Bt i o i o,
Prel i m. massnsiey fudipientaild $signifidantdsss bi efisitilgtyRe Sipble sbitcds (Rd xOMRY ass of the

concept

-is concerned with dipole sources). The signal flux coupled to a pickup loop of radius r
from a dipole goes as 1 (this is seen easily if the problem is viewed in terms of mutual
inductances). On the other hand, in the case of a system whose noise is dcminatcd-by the
magnetic field environment, the noise flux coupled to the pickup loop will go as r’.
Therefore, in more than doubling the diameter of the gradiometer sensing loop, the
sensitivity to magnetic dipoles decreased by more than a factor of 2° = 8, roughly
canceling the advantage gained in reducing the magnetic field noise of the system. Due to
 these considerations, it will ultimately be desirable to replace the single large-area sensor
- with an array of smaller sensors, designed for maximum sensitivity to localized sources.
This is in fact the current trend in high-field clinical MRI, where system noise is
- d_ominated by inductively coupled losses from the human body.
L. Conclusion
Thus the invention provides method and apparatus for obtaining nuclear magnetic
resonance (NMR}) spectra of liquids in fields of a few microtesla using prepolarization in
'ﬁ_elds of a few millitesla and detection with a dc supt_:rccnducting quantum interference B U
I ! 'devi;e__.(SQUﬂ)). Because thé sensitivity of the SQUID is frequency indgpeﬁdent,-zbq‘t_h_f. : B PR RSE FN




of mcrotesla field MRI. However, the acquisition tinmes could be
substantially reduced by reduction of the system noise. Further
experinments have been done with a | ownoise G O fibergl adséu%‘rswgﬁ at that

can accevowbeizer a gradi oneter with pickup coil di arretp%r[{,_{églsﬂ}sg)umo mm A
second- order gradioneter was constructed with an overa basel i ne of 150

mm and pickup loop dianmeter 65 mm The I + 2 + | turn pickup coil has an
i nductance of roughly 1.7 ILH, vyielding a gradioneter sensing area A 7.6
mM. In addition, in order to elimnate the 25 4 August 2006 WO 03/067267

PCTI US03{ 03212, at ri oyt | . nQj fro | st ant sources of
noi s anfiiagfoip Rl e e A bl e SHEISERD GaSuc BRI SRR SUi b e
syst em eXtrmmehhlow nthgoaic Siekls, svhere tlee NMR dines Heegia vedf naldo®@ evém forighl y 3 mm) 5052

Al plate =, 4.8 cm; its dinensions are 8 x 8 x 12'. At a frequency
of arOu%o(sﬁywp&?o%eﬁ%%ugﬁ%:gpﬁmﬁg%@gghl y two skin depths thick, corresponding
to an att enubieit@finiaie ofibaeivi®h-n@tbwihgrhigh MedstiembRliemandesfafRfidency range by
an order ude. Inpside this eddy current shield and with the new,

of _magni 1S ¢ ;
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dom nated enti re:_é) %t ermal noise fromthe dewar. current noise
- I evel ofield gmdients.Igor MRY peréorged i low field with Hingwidths appeachingithe tifemaoi se | evel
achi evegmih, WA ; . y ' otential reduction
in M rgct’q Sfa@fet%ﬁp{pfi&r%?%{’/mg&?g%ﬁ %F&g%&lwgwem@%%e@]dgi ckup coil of the
new gr aghiadieass. &s awngsult thel NMRBysigea isidispérsairovafonhRi marrofviband, keaulgsg insanpl es, and

' ' i ments. .Ho . the. lar f th i
oop entifh PV g o Pps St aqpiuiof fime o Rartheimare, st gils B @ BB s (and in
MR, ongradiesss genaaedech tbuldof Elapa Iveritions if Afapnetit BesceitiBNg cahbéix coupled to a

pi ckup | oop. of, radius r froma dipole goes as f '(this is seen easily if
the proBlwhizedingwligld i n terns of nutual inductances). On the other hand,

in the case M ifenibf A5 ﬁ)\nn%%lzgor{aﬁle%gﬂ &%Exq ap?('eli g%\gﬂerfmggt ;g field

environment, the noise flux cou to the pickup [oop
Ther ef otystems, whinbrweould e signifidantradvantagesdi anet er of the gradi oneter sensing

1908 e, S50l RS B Ru R R B R 1o oot
fi el d nwitlsexistifig édiemayisit SYUIDINgerkslesigned to measure weak magnetic signals
~ . generated by electrical currents in the human body. Here, the frequency-independent
-response of the untuned SQUID magnetometer would be exploited to detect biomagnetic
signals at frequencies in the range of Hz to tens of Hz, as well as to perform MRI at
proton Larmor frequencies on the order of kHz. It would be particularly useful to
develop a SQUID system which could be used for both MRI and
- magnetoencephalography (MEG). In MEG, an array of low-T, SQUID sensors {up to 300
channels in state-of-the-art systems) is used to measure weak neuromagnetic signals (of
the order of tens of {T) in order to map out electrical activity in the brain; the technique is
. rapidly becoming more widespread in clinical use, especially for studies of epilepsy and
for pre-surgical screening of brain tumors. The ability to perform MRI would greatly
- increase the utility of the SQUID system, creating a versatile, new tool for studies of the
. human brain,
-Fig. 11 illustrates a patient under a combined MEG/MRI helmet or apparatus 60.
L - -_.Ch_anges and mbdiﬁcations in the specifically described cmbd_diment_s canbe

- carried out without departing from the scope of the invention which is in_tcnded'to"bé
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t hese considerations, it will ultimately be desirable to replace the single
| arge-area sensor wth an atTay of smaller sensors, desjgned for nmaxinmm
sensitivity to localized sources. This is in fact the ¢ F290% end i n

hi gh-fi aveoloxdstaer cal MR, where systemnoise is dom %ﬁgsogysﬂznduct ively
coupl ed | osses fromthe human body. L Concl usion Thus the Invention

provi des net hod and apparatus for obtaining nuclear nagnetic resonance
(NWMR) spectra of liquids in fields of a few m crotesla using

prepol arization in fields of a fewmllitesla and detection with a dc
super congies | nd device (SQU D). Because the
sensitivity gﬁ%ﬂ%@%@%&%@%ﬂﬁ% i ndependent, both 26 4 August 2006
WO 03/ 067267 PCTI1JS03/ 03712 signal-to-noise ratio and spectral resolution
are enhanced by detecting the NVR signal in extrenely |ow magnetic fields,
where the NMR |ines becone very narrow even for grossly inhornogeneous
nmeasurenent fields. The techni que of bandw dt h-narrow ng through
measurenent in mcrotesla fields can also be applied to nagnetic resonance
imging (MRI). In MR, the ultinmate spatial resolution is determ ned by
the wwdth of the NVMR line in the absence of applied magnetic field
gradients. For MRL perfornmed in low field with Iinew ddis approaching the
lifetime litnit, relatively high spatial resolution is achievable with
nmodest magnetic field gradients. As a result the NVR signal is dispersed
~over only a narrow band, resulting in.a high SINratio, and thus a short
acquisition tine. Furthernore, distortions due to spurious gradients
generated as a result of spatial variations in nagnetic susceptibility can
be mnimzed in low field. The invention thus | eads to | ow cost, portable
MRl scanners as well as open MRl systens, which would have significant
advant ages. The lowfield MRl techniques of the invention could readily be
adapted for use wth existing cormmercial SQUI D systens designed to neasure
weak magnetic signals generated by electrical currents in the human body.
Here, the frequency4ndependent response of the untuned SQU D nagnet oneter
“woul d be exploited to detect biomagnetic signals at frequencies in the
~range of Hz to tens of Hz, as well as to perform MRl at
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proton Larnor frequencies on the order of kHz. It would be particularly
useful to develop a SQU D system which could be used foﬁ{ bot%0 | and
magnet oencephal ography (MEG . In MEG an array of |owT. ‘é@ﬁ nsors (up
to 300 whHapmedss in state-of-the-art systens) is usedpéﬁuggg,a:‘s, e weak
neuromagnetic signals (of the order of tens of ff) in order to nmap out
electrical activity in the brain; the technique is rapidly becom ng nore
wi despread in clinical use, especially for studies of epilepsy and for
pre-surgical screening of brain tunors. The ability to perform MRl would
greatly ase the utility of the SQU D system creating a versatile,
new tool "Tor studies of the human brain. Fig. I | illustrates a patient
under a conbined MEG MRl hel met or apparatus 60. Changes and nodifications
in the speci Eingal IER/ gescri bed enbodi ments can_be carried out w thout
departing frontfifdiod fosguclear magneti prsenanseANMEROE & s9rwls, FUTBINBEE: t 0 be 27 4
August 2006 péfIRRINRREAGF spifslih ¥helah 3%%illkté§iﬂﬂx§%eme¥d-by the scope of the
appended clalns. 28 4 August 2006 03/ 067267 PCI[ USO3/ 03712 CLAIMS 1. A
net hod for négteching nusleaniaagneticresopanen OBVIRNgRRls domethe sampledn aconpr i si ng:
pr epol ary:zi ' j ; ' bbb netic field;
det ect i'r%yﬁi&g?g'a eﬁ%‘gﬁiﬂt@% %@%ﬁ%ﬁ%‘*@@rﬂ@ #"{pg%q!)'?dﬁg%%anpl eina
© mi cr ot egpantym igptedfeiencefdewibe SQUIN) magnetometee4 | ow critical tenperature (Tc)
superconducting quantuminterference device (SQU D) magnetoneter. 2. The
method of Aaiml wherein the detecting magnetic field is in the range of
about 150 | LI The nzthoudbof ClaAd 1| whereih e deREth@GhapheticlfRidT & tih@r@iod t he
prepol arizing magnetic field is tens of nl. 4. The nmethod of Caim!]
wher ei nal"?\’éI%@yI‘Daﬁ’%“ h#fnt ai ned substantially at liquid heliumtenperature
and the sanple is at roomtenperature. S. The nethod of Claiml wherein the
prepol ari zation is perforned by resonant

3. The method of Claim 2 wherein the prepolarizing magnetic field is tens of mT.

-4, The method of Claim 1 wherein the SQUID is maintained substantially at

liquid helium temperature and the sample is at room temperature.

5. The method of Claim 1 wherein the prepolarization is performed by resonant

' Spin manipulation and the prepolarization and detection fields are orthogonal.

6. The method of Claim I wherein the prepolarization is performed by

nonresonant spin manipulation and the prepolarization and detection fields are parallel.

7. The method of Claim 1 wherein the detection magnetic field is substantially

inhomogeneous.

8. The method of Claim 1 further comprising operating the SQUID in a flux

o locked mode.
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spin mani pul ati on and the prepol arization and detection fields are

-~ orthogonal. 6. The nethod of Caiml wherein the prepolarizatio

performed by nonresonant spin nmanipul ati on and the prep%ﬁégqs%%ﬂ%ﬁon and
detecti swo dsietds are parallel. 7. The method of O aippmy, Mggdg l?l n the
detection magnetic field is substantially i nhormgeneous he net hod of
Claiml further conprising operating the SQUD in a flux |ocked node. 29 4
August. 2006 WD 031067267 PCTfUS03103712 9. The nethod of C aim 8 wherein
the output of the SQU D is anplified, integrated, and then fed back to a

- flux nodul atg, n&e%odgﬁ Elain} § Wil B2 ou %: ?f*thb%ﬁnmﬁ%!mﬁé{ egtne SQUID. 10. The

method of Caiml furt conpri si ng YT resonance i magi ng
(MRI) ointegratedsandyshen fb%/babbtomﬂng mdulammﬂﬁmmmn'edhmadmb opuadil VR signals. 11.
The net gg ?ﬁ?d aim 10 further conprising applying encoding magnetic field
gr adi ent’s th he sample. 12. The nmethod of Claiml| further conprising

si mul t aneousl y detecting nultinuclear species. 13. The nethod of Claim!]l

further conp scal ar ("J") coupling information fromthe
NMR si gnal s. iﬁ' %5‘334%{‘{] JF“‘P‘F&E?‘%%S‘“W&MW% TFAgRGITHFORANCANR) of a

sanpl e, infu@iHR (MR the sﬂﬂﬂ@@} BFhiAghd %g@ﬁbﬁ)sthef(ﬁfec@ﬂ RM]ﬂilé}ﬁlsa mlilitesla

magnetic field for prepolarizi'ng nuclear spins in the sanple; neasurenent
coils for providing a mcrotesla magnetic field for detecting nuclear

nmagnetic r esl?._rll_ ?&Eetﬁéﬂ\@b{ pﬁ‘l’élelf co%m'xguﬁg apiag'r%egcodﬁ'lne gééﬁv%gldl ow cri ti cal

t enperature supercon Ing q eren ice (SQU D
‘magnet cgratients tbdre samplect i ng nucl ear magnetic resonance (NVR) signals from
the sanple. 15. The apparatus of Claim 14 further conprising a flux |ocked
| oop connected to the SQUID.

12. The method of Claim 1 further comprising simultaneously detecting

multinuclear species.

13. The method of Claim 1 further comprising obtaining scalar ("J") coupling.
information from the NMR signals.

14. Apparatus for nuclear magnetic resonance (NMR) of a sample, comprising:

prepolarization coils for providing a millitesla magnetic field for prepolarizing
.nuclear spins in the sample;

measurement coils for providing a microtesla magnetic field for detecting nuclear
magnetic resonance (NMR) signals from the sample;

an untuned low critical temperature (Tc) superconducting quantum interference
device (SQUID) magnetometer for detecting nuclear magnetic resonance (NMR) signals -

from the sample.

15. The -apparatus of Claim 14 further comprising a flux iocked loop connected to
~ the SQUID
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30 4 August 2006 WO 03/067267 PCTfUS03103712 16. The apparatus of C aim 14
wherein the detecting magnetic field is in the range of gbout OItTto
about | | AT and the prepolarizing nmagnetic field is t ens? 17. The

~appar at wgo odosfdeni m 14 further conprising a liquid heljdpyddeydi, in which the
SQUDis nounted to maintain the SQU D at liquid heliumtenperature while
the sanple is at roomtenperature. 18. The apparatus of Caim 14 further
conprising means to perform magnetic resonance inmaging (MR) of the sanple
by formng an image fromthe detected NVR signals. 19. The apparatus of

Cl ai m 18 wheygei a inc ud d tfleldcoils.
20. The appa¥§t@sta%§m@% OF%a&% lLP% %rﬁgﬂeé’@ﬁﬁtmg&aﬁ&e 5%&)? er ray for
per f or mrahge ofMabONASORT &L4db@! 190 A8 e prepblarizing magnetic field is tens of mT.

17. The apparatus of Claim 14 further comprising a liquid helium dewar in which
the SQUID is mounted to maintain the SQUID at liquid helium temperature while the

sample is at room temperature, .

18. The apparatus of Claim 14 further comprising means to perform magnetic
resonance imaging (MRI) of the sample by forming an image from the detected NMR
signals.

19. The apparatus of Claim 18 wherein the means to perform MRI include

gradient field coils.

20. The apparatus of Claim 18 further comprising a SQUID array for performing
magnetoencephalography |




