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MULTI PLE RESONANCE SUPERCONDUCTI NG PROBE

TECHNI CAL FI ELD The prdsent invention relates to a
mul ti pl e resonance superconducting probe for detecting nultiple

nucl ei . The probe can REUMFERLERESON E SUFERCONDECTING PR quality
W%I

magneti c resonance i nages. D OF THE
| NVENTI ON 5 Magneti c.|l oop probes have previously been

used to detect signals W t hin a]_ il gg}&i%l ggi ed frequency range in a
nunber of applications such as magnet4 nce i magi ng.
Conventional receiving | i : .
copper Wi re. PREproldh o 8o BUMRER: (RSRRE Wongucrie
used in the nedi6id foridelettifi@mbiple RiciEU TheipiFEaan®e uiad, ifgitiskalpld, $o Plodhbe
body for exam nation and diagnosis by nmeasuring the response of

sel ect ed nucl eihiginqeddy bugpetihrssorsinbs beagssl t o a nagnetic field. The

MRI probe is configured to have a resonance frequency equal to the
resonance frequency of the selected nuclei. An exanple of a MR perforned

is a manmogr aphy, which gat RO F fuf TONr east. A probe in
the formof a 15 coil is placed aroun e breas el ng exam ned and a
MRl "picture" is taken. The MRl picture is based on the detection of
a particular nuclei in the tissue by a coil wth the sane resonance
frequency as the parti cul Megngis leep pwbaghaviemgesdoushnbediysed to detees sigmplse of
an MRl applicatign is.of a th E head for the de ect'on.oft. a tugor or .
cancer. There afl IP\M“&%WW%P SR ORIANEE Ph UGS APPRAtons Siph As magngiic,
coil. 20 TheeRpdicLRidgings CEHVERIGPHIBIVENY 18864 %i’caﬁY B_@édtt_oeiy Sre AR Tr 2
ani mal body such as a head coil. The surfacé coil is in"a shape of a
pl ane or of a lcoppér wume.f ace of a body organ. The surface coil is
placed in close proximty to the inmaging area, 1hus has a .small field
of view ("FOV') which gi v¥@ERelsiTgIPraR Mg} 'i"f?&g)elsb‘ﬁedalnltl%med&cébﬁ%}ﬁ%f

i nterest. nv ! I M | r . e from
25 ° super ondaies g ks ¢faRrithd Fark e UG Ghartafl arlf Gadithis By

PCT/ US97/ 22080 measuring the response of selected nuclei in the body when subjected to a magnetic

field. The MRI probe is configured to have a resonance frequency equal to the
resonance frequency of the selected nuclei. An example of a MRI performed is a
mammography, which detects lumps in a woman's breast. A probe in the form of a

i5 coil is placed around the breast being examined and a MRI "picture” is taken. The
MRI picture is based on the detection of a particular nuclei in the tissue by a coil with
the same resonance frequency as the particular nuclei being imaged. Another
example of an MRI application is of a human head for the detection of a tumor or
cancer. There are two commmonly used MRI probes: a body coil and a surface coil.

20  The body coil is large enough to enclose a part of a human or animal body such as a
head coil. The surface coil is in a shape of a plane or of a local surface of a body
organ. The surface coil is placed in close proximity to the imaging area, thus has a
small field of view ("FOV") which gives a high resolution image of a local region of
interest. Conventionally, the wire coils used for an MRI are not made from

25 superconducting materials.
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2 Recently, superconducting probes have been used in

MR, m cr oWORB8R5163 (MRM, and spectroscopy (MRS) to i npPETAISOF22080
signal -to-noise ratio (SNR) of the probe over the conventi onal
copper wre probes. These superconducting probes can provi de

substantial SNR gains by |owering the noise contribution of the receiving

5 coil. This is due to : L AN : r r
at RF frequency (1- RE{@&&%%#BS%%R@??%%%%% te(r%%qe%%% Gr%%fp‘?’srﬁhgo%?ﬁ}p
three orders qMRERONiddISRCcIre808py (MRB) to improvdthatsigﬁﬁl-tﬁﬂio@ée-raﬁ@‘(gﬂ(} efthst ance
of a superconductor |eads to a higher quality factor ( of a coil
made from a supebeeveribe eenvenhienshcopper wing probess dhessupereosiugting prabes can
probe since the R i ro ional, to the uar.e root af As a. .

Conpar i son. a RAVHS A0St SNEAA G WS Rl A @ 0B iauaPe SL s arEatiagct o
("HTS") meferig) v : ¥t Lle
a simlil a;m% hi néﬂlg 1| r%ﬁ?:(;’s'l eiq{)mﬁgeﬁﬁs*ﬁgth? ﬁgér%g? ng QA%;up%?tDKd t aég@ %g%‘#éni%hat

t he sane frequiicyHz)dnd erypgemit teheperature is about three orders of magBittdaipovet BRnQ
value of a thin metal filmecoil is sg lowin practice, ) metal wres
(mai nly Cu) arthatiefanctel Jawe repiiance 94 o saparemauctys ippde iei 4 kigherdusliny fagter 15

coils. In general .. the cojls mde of w res have Q.val ues, of, 0.- 500.
The tow | O (e thiidle vt et oric b siReb et s o Re Sifcot e
realization ofpgpd finBe fHe! SN A propétianal to the sqli@¥ o cRQ/ 2AYE c@ﬁﬁgﬁ%ﬁhggﬁﬁnt han
the wire coil. Magnetic | oop probes hav een

devel opedlQ o piilodcsiémade MRhighitatpargure supercotxhsen (TS Henqiedd dias @ Qbf evadi um
23 ([err]Na), a nuclei_ that is very uiieful Jor .medical . 20 i.magi ng. A
probe made wi t - QharBohtifiiiz andy et whited %1“&1%“%@‘%\9@“&“%8?9%33’6%%@2
ratio ("SNR") I ] that of a copper coil
that creates aﬁaatsa6%%592}%lg%%ﬁn%ﬁig{%e}fgyg?@%g{pseéﬁ%é to its high internal

resistance. Such SNR gai Becaak€thefQ value of a tid fie@filh RPRAS &6 ihQradiick] VO
[err]Na MRI which generally suffers froma poor SNR as a result of

t he | ow over almetebwircs (mpinly Gf) qrerseiNg makaboteronmeijtionaldasytdotls andisurfaceul ty
25 eci P8t Bl Do oL, Mehe heot §igORE et b oS0 Ssdd orighe Wi ¢

respect t

It would ther %Qﬁﬁn@nﬁﬁl@(ﬁﬂt&i fbercBndlRtd Glioh¥eneXealiRFiBn bES ﬂﬁﬁtﬁihﬂg:oﬂ-‘ig 'agi

at the same tinme which have different resonance frequencies. It woul e

desirabl e to havea Q delueevert lighenthdn the evireemdnances with a single probe in

order to properly localize and 30 focus on the desired area to _he .
scanned. However, if mul Magneiiclgerpipbes kaye bsenfeyeloped tepyoghzeam MRI picture
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ratio ("SNR") at least a factor of 10 higher than that of a copper coil that creates a

large amplitude of noise due to its high internal resistance. Such SNR gains are of

critical importance to in vivo Na MRI which generally suffers from a poor SNR as a

result of the low overall sensitivity of ®Na. Another major practical difficulty

25 associated with a ®Na MRI is to correctly localize the probe with respect to the area
of interest to be imaged.
It would therefore be beneficial to detect two or more resonating nuclei
at the same time which have different resonance frequencies. It would be desirable to

detect the multiple resonances with a single probe in order to properly localize and

30 focus on the desired area to be scanned. However, if multiple receiver coils are



The present invention is a multiple resonance supe"r conduct or probe
whi ch can B¥O P63 n MRI, MRM and MRS appl i cations, anong ot T’S’S”‘ﬂ%ﬁso

mul tiple resonance probe has a plurality of coils created from
superconducting thin film di sposed o3 a substrate. Each coil
preferably consists of a spiral inductor with interdigited fingers
bet ween the i nngaraaid &éﬁe%oilﬁﬁtgsthe-ﬁﬁtiiuﬂ%é&tdﬂ&eEFe%teGrtﬁfﬁé& two coils must
enbodi nent are concentric arou a conmon point to increase overaﬁ1
field of 10 \bie éak enfintoheecqum ive ofder fdriiee probe & bd propérty mmed.vi ng c0| | s. The
probe is constructed.to take into account the effect of the nutual
i nduct ance between the individual rece|V|ng coils on the substrate
and can be further finely tuned ? lr IIEIQ i on by

changi ng the nunber of fingers coil. The nultiple
resonance probe allows for inproved i maging of a desired subject

fromthe additional data 15 obt ai ned fromt he added resonance
frequenci es. The nul ti pl elhegueseanvwenttabie aguaultiple resonance supeteoiducthepostiet i ng
creating.the proper coil

a super conductl ng filmon te,
conf i gur at Pon el 63 B use ﬁnmmﬂﬂé\@g égpla??aloflii,ﬁg}oy!gtOJrﬁrﬁgThan@ultlple
| ndi vi dual coi | & robe has a luEahty ofcoﬂIQfEa{@dlf}dn?E&pe;g%ﬁ prplbe can

onance
al so be constricrea spng sep eac IVI rllg coil,

where a buffer dispwedd difa pitaaed. lElcleéN\@ﬁ-errﬂﬂy chidiste Of a siighl maior@@tﬂ
| ayers.- The nmulti-layered configuration allows for using coils with an

equal di anet er interdigitadofargsrs brtwaen tlhaImIfCr endiowtr Mopw Tlor caalslin theeprefemred vi ng

coils. |, EF DESCRI PTI ON OF Tlai‘/ﬁ *\H/\ngaé?
Furt her obj ect mbPdipentate %ﬂ?&e’aﬁeémugﬁé‘é’owqwl?mé?ﬁrﬁﬁ pyer f
appar ent fypom

e 2 oy P e s it POIT alfe el SRR HARIB it

i nvention, into actoustieteffect of th¥\@uddk] 246dk6fince between the individual recelvmg coils
PCT/ US97/ 22080

Figure 1 is a loaybtsubsirats aadicen b¢ &irthes Bnel dencd fpresachsail @Pi’fﬁx@ﬂé‘#@b@
consructed | cSERSS ARGt B et HSOLLR Soar et Tt sonaLO
receiving coil pysyesARwsHtBr ﬁﬂ&ﬁflé@i‘xﬂgﬁngoéf LRl mjmmetawn@ﬁaﬂ&ta
15 obtained from the added resonance frequencies. The multiple resonance probe can be
made by depositing a superconducting film on a substrate, creating the proper coil
configuration to account for mutual inductance and finely tuning the individual coils.
The multiple resonance probe can also be constructed using separate
layers for each receiving coil, where a buffer layer is placed in between any two

20 adjacent coil layers. The multi-layered configuration allows for using coils with an

equal diameter to increase the mutual field of view for all the receiving coils.

BRIEF DESCRIPTION OF THE DRAWINGS

Further objects, features and advantages of the invention will become
apparent from the following detailed description taken in conjunction with the
25 accompanying drawings showing the preferred embodiments of the invention,

in which:



5 Figure 2B is a graph of the resonance frequency of a
| ow fr equeWw§,98/25163 receiving coil verses the coefficient PEI/ESURIBNMY
bet ween two coils; Figure 3 is a circuit diagram
nodeling two adjacent coils in a nulti- 4 resonance probe;

Figure 4 is a graph of the response spectrum of the double resonant 1 0

super conducting probe of Fcl:g’u Es éLIay?IH of a rPlfmple Iesonance superconcﬂlcég%grolbse

flow chart of the steps resonan
Figure 1; constructed in accordance wEh e igvéntiows a nul ti -l ayered
conflguratlon for the multiple resonance superconducting probe; 15

Figure 7 is a flow chart Figure Bé isa emphb«ﬁthenamuagcetﬁmunNytmfalaghﬁeQuency
mul ti pl e resonant. probe of Fi igure 8 shows a

rect angul ar coWEFly oiﬂo‘f?r‘“t?ﬁt ee“é’&ffgﬁ“?ﬂj of gpupling hetwgen two c"’Iﬁml tiple

resonance superconducti ng; hows
an alter na?l ve confi gur at | %?qs gglqgléf\gfhﬁéesgg?‘?ce freqélemzyOOfa lgbvgéfét’qi%e'l?éﬁ
resonance SUpelreeanﬁingdﬂn@rm @hcoefficient of coupling between two coil$ESCRI PTI ON OF A

PREFERRED ENMBODI MENT A multiple resonance
("mul ti-resonance") supeFimweidiixd sitpuifrditgramirngdeling two adjaeant eeideintagultiual ity
of magnetic resonance |neges or enhance other applications whi ch

can utilize datta®H¥6rPI%®4di ng nul tipl e resonance frequencies. The multiple

25 resonance coils arepphgCes d Q‘aﬁh&@l@'%lp??%%geéﬂlrﬁg Ihetdfaﬁm%q&%nmg' on

can be-exam ned using two or nore nt nuc st mul t aneousl y.
| nformati o& fraoupemoedodtingpeobe ofFlgumUc;I e| can be used to det erm ne the
exact l|ocation of the probe so. that | owe resol ution information
fromthe other nuclei, wHISFE frify2 B chat %‘Ihé stegs fosdnaking the multi-resongpiobe by

itself, can be_u O%g f% grureap,al ysi s.

Figure 6 shows a multi-layered configuration for the multiple
resonance superconducting probe;
15 Figure 7 is a flow chart of the steps for making the multi-layered
multiple resonant probe of Figure 6;
Figure 8 shows a rectangular configuration of receiving coils for a
multiple resonance superconducting probe; and
Figure 9 shows an alternative configuration of a receiving coil in a

20 multiple resonance superconducting probe.
DESCRIPTIO A PREFE D EMBODIMENT

A multiple resonance ("multi-resonance") superconducting probe will
increase the quality of magnetic resonance images or enhance other applications
which can utilize data from reading multiple resonance frequencies. The multiple

25 resonance coils are placed in a single probe so that the same region can be examined
using two or more different nuclei simultaneously. Information from one of the
nuclei can be used to determine the exact location of the probe so that lower
resolution information from the other nuclei, which may not be able to locate the

probe by itself, can be used for analysis.
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The preferred enbodi ment described herein is for a doubl e resonance

probe in a MR application. However, the ingention is not limted to only

t wo recei ving coils but coul d al so contain three or nore receiving
coils which are COMHel faefeREd BinbodimchedSaiBedterdif iPlR e bl @{oﬂ ues
descri bed bel ow. Mboreover, tPﬁe 5 mul ti-resonance prlobe S ngt Elb('q’ed

to only MRl apptdbeaniadviBl a;s:lmesm i Hewevezy thi mvebtion is not limitedno balyused f or

detecting nulti Iefre nci e a frequency spectrum for_any
pur pose. ° réceiving Colfs but culd a%ﬁéloﬁ@ qrg;eeé%mr@ F‘iﬂeé’mé%h‘dﬁhmh are

duct
AR S gt ot G e A,
and the [epr] Neulti-sésonbitel pasbe ia6eRMEEd t@éﬂT?MEﬂaﬂp%&ﬁﬂdﬂs%@@eJcﬁ'bE& herel¥Rbut

provi des conpl ementary information which result in

charact eri zat i ean bg usedéor detectingirdtipls freguenyiésimgditquency spectrum for any

The probe design herein described as the first preferred enbodi nent

consi sts of t_vxgu‘é"@f)%\r ate coaxial coils located on the sane substrate, each

tuned to the 15  resonantfy $€8ﬂ§ﬂﬁl’nﬁé rds6iidnt H?pe% tlrﬁdﬁ‘a tﬂrgqf)eagg 2

associated with the design o supercon

probe is cal cutoaprotgcd hBRicilipivis for doeteltion betveces Ghd §1gh resolutionin@odfE t 0
account' for the nutual inductance. The nutual inductance effectively

coupl es i %Bedan@éentﬁlqmef 'Heansiihe {°Neidigtbution. é\ﬂmfepmgcqmmce&baadﬂc’ua MRI
frequenci es. é’ e rtn ni. r}g % Olgff' clent of coup the shifted
resonance fr eqtiONIdeE SOBP AR Figrmgjion W 8?1Wbler?38{5ﬁ%lbet55F %‘é Srieatiog|af the
knowi ng the cogéskbepntimabesoupl ing, the proper resonance
frequenci es of the probes may be cal culated in order to design a correctly

tuned probe. Failing to dbepwit designthheircdasplied dsthe fasn peeferfed disbalbmegn of
the coils results in the prope being off-resonance.
Figure 1 shows®qnisty %{F&’&SCBWJ& Ct‘?ﬁ’l“ﬂ ik l‘i"%?g‘&rﬁh‘éé S%ﬁé‘#hﬁﬁﬁ@u%ﬁhﬁgﬂeﬁm the
b i t
probe consggr uclteggndtn@ ﬁ%gﬁé?lrc?%?@ﬁa%rt F{ .&ghélﬁﬁggaésgﬁatemnaﬁhe@'ﬁ%gfié

shows only e receiving col

recei ving addl §Up@Fb®hdﬁaﬁfgrdimBEe resonant prob€i3UaRaia85g @l@é’c&&ﬂhﬂé B&®&en the coils
concentrically around or within the shown coils. Super conduct i ng

probe 100 is showdendotancqund fardhe mutus tr@nctaetceel'Kherrgum@i inda@ancaredfectively
i nner receivin bot h Iocate Str e 120. ch cqil is nade
Toma 30 COEREITBIGEIAG: Mererar <oun 38T FrpaiceRapentscer |
. BB i Ko o I el 1B
PCT/ US97/ 22080can be found. Correspondingly, knowing the coefficient of coupling, the propes
resonance frequencies of the probes may be calculated in order to design a correctly
tuned probe. Failing to account for the coupled impedance in the design of the coils
results in the probe being off-resonance.
Figure 1 shows the layout of a multiple resonance superconducting
25 probe constructed in accordance with the invention. While this example shows only
two separate receiving coils, additional coils for receiving additional resonance
frequencies can be placed concentrically around or within the shown coils.
Superconducting probe 100 is shown with two coils, outer receiving coil 101 and
inner receiving coil 103 both located on a substrate 120. Each coil is made from a
30 superconducting material such as Y,Ba,Cu,0,,,. Outer coil 101 has a spiral coil 105

and "fingers" which are elongated portions of the superconducting material. An



exanple of the fingers in the figure are finger 107 and finger 109. The
spiral coi WO98/25163 porti on provides the inductance to the r ®€EVUAIHNG2089i |

and the interwoven fingers (al so called digits) provide the
necessary capacitance for a receiving coil go tune its resonance
frequency. The resonance frequency of the coil is directly related to the

Soi 1 107"CL 2N CExle 6 ARUARAR 1R RE b AJ BN A el 180 CTREGHEANSE, OF

coil 101 is to the er o I nger S present in the
coi | . The i nneporeiohlprddesaths inductance tohhsreaeivhigr @il dithe ihlekwoneh fngetagio of
finger attached to spiral coil 111, such as finger 113 for exanple.
The substrat e 93ipdiagits) erovidmihe neeespaiy capacitanogifpr ereseivingtdedtto tuneits it can
be bent or wapped arqund a subject to he inmage 10. ..

Fach recel vi nolag ik eatweys 18k FRapirte HenbERE Rt rastilds dieetbrrsiaraca the
magnet i zeds nuci g cAS aItah R EhOof TRE BEIA durdRRO MM CEp ittt o9 Y Obe of
Figure 1 is configured to detect [err]H for the |nnel|? receiving cail and
[err] Na for thérentlyaelated to the meniediroif figgersipteserditin tieadatle Mhkiitngplcail @ 0B Also Of
the coils on a substrate_ allows for a increased nmutual field of view
for both receibasysreia pail Whi fud 3 meraberd finger atiached to spiral colddds sasba@s bet ween
the coils. - e receiving coils in Figure C b
made from Y[ er{jlj'l%‘eé[lelr3 rff%iu)ialel}p#i'&}éersr{‘?Strate 150 m(ay% angﬁ?)rerp%h%ﬂﬁ’flf’#gsufaﬂ#ﬁ?
filmon a singiQaf by sbmlorkadpfdiQtdundsislectiobeafagédn be patterned
using either reactive ion inplantation or dry or wet etching. The probe
consi sts &0 two separ at e Eaclorxéiaingooilldsteots a diffecanfrequehsy patiecddufirad the t he
Larmor 20 frequencg of [ear] Na_and "Hin a 3 T magnetiic fjield,

cor r espondi ng T88neizey nRgls Whep performing magnetig reyopance duagiRg; FBE Probagfst at ed
above, each r |V el | oS - i 51 NOk j ctor
W eh | ntordi gr G L ERfign R BEOREE erFoceivipg coi PO Gs Kitihe bl

the outer coilrecéividy ®ileXEEolecentiEpladeinegit Of theicols vh dklitsstratemal %l fheq r] m and
the interdigital fi ngers are 33 [err]mw de and spaced 22 [err]m

apart. For t heincrpased myival figldiof vievelos hpthaecer®ing coitewhieitedeing thenmutselit hs

are 139 [errlmand the interdigital fingers are 90 [err] mw de and
spaced 60?§errl]“ﬁ‘]‘l%ﬁ?et%ewfﬁeé“ﬂ?g?ﬁsfrequency resonance coil (outer coil) has

on the order of -1§fe ZQividl dolls®h FiguROEES FBadd\RomOWHal@sdENCY
resonance coil (inner coil) has on the order of 500-600 pairs of

fingers. The i{RGO)eupsreondocting thint f2lth omwa singlespesalfliaAlO; substraitiamd can bas
descri bed but the dinmensiaons will be ch ed dependi ng upon t desired 30
FOV, anti ci pat RAVCHRAAISING FItRGETCRMEYS ‘%H“SﬁgtaP%BE‘g%E "?ert Eég%cgﬁmrﬁtl’f: is to

be det (ST ASE :
PCT/ US97/ 2208 Oaﬁlts{%g' of two seﬁ!gat%, {axihPoils on the same substrate tuned to the Larmf)r

20  frequency of ®Na and 'H in a 3 T magnetic field, corresponding to 33.77 MHz and
127.71 MHz, respectively. As stated above, each receiving coil design consists of a
single loop inductor with interdigital capacitors between the turns of the inductor. For
the outer coil in this example, the inductor line widths are 275 pm and the interdigital
fingers are 33 pm wide and spaced 22 pm apart. For the inner coil in this example,

25 the inductor line widths are 139 pm and the interdigital fingers are 90 pm wide and
spaced 60 um apart. The high frequency resonance coil (outer coil) has on the order
of 100-200 pairs of fingers and the low frequency resonance coil (inner coil) has on
the order of 500-600 pairs of fingers. The invention is not limited to the specific
dimensions described but the dimensions will be changed depending upon the desired

30 FOV, anticipated mutual inductance and the resonance frequency which is to be

detected.



The size of the cojls are chosen to bal ance the fol | ow ng obj Lves: a
signifi can?v%msé& n factor, a sufficiently {arge field of v*iﬁé’s%ﬁ(ﬁgo%ak

coupl i ng bet ween the resonators. The outer and inner coil dianeters
are 2.44 cmand 1.39 cm respectively, for this exanple. The two
coils have a nutual inductance which causes 5 t he resonance frequency

of each coil to change. [Thesizdef theccoileamcthobdretotrlanct et following objéctiygeacy
of a particular, nuclei, the coil desi gn nmust take into account the nutual

i nduct ance. significant SNR gain factor, ienflylaresdtel o gf whwwandweslt eaupliog t he

resonance frequenc f the | ti-r.esonance syperconducting coi |
doscr bed i n APegn T s Shatapy T MMt ardBAG50N Saetfe oi 2A¥ o st g
between the twash&GRiel), At thRiekemplEN e @R icbitd BiVe :AhualRlih&ce which causes
increases to 1 as the'coils get closer together. Figure 2A shows the

resonance 5  the rescoguenfryquehcy bitcaohtsil declmapt. Ildrdemtordetsethedelromti cal |y
as the coils get closer . together. Figure 2B shows the resonance
frequency of tHBawensEPf aprTtickannudel Higodl design must take frto @eequat thetmetnalser

t oget her. Thi s.nrdegt%ﬁggce shifting effect nust be accounted for in 15 t he
final design of*€&ch*Coil which is part of the probe.

The effect and sol ution @igmagi 28 bhd B AEwHHEH IS dthe FSHEREARESu Ly bMhe
receiving coils will now be described. The foll ow ng anal ysis can”al so be
extended to  multi-r¢sonseesnpsroorslucengeéail deyegiodd is Fagure di ashi fandtivm cfahe pr obe.
Two resona{)ors i r} cl ose oximty wil| couple_their_ respective

magnetic #Pel deoetfricat mfefgﬁslé?a:b?qr”ewath&swym|rﬁ=q¢a'%coﬂ& Hdekeetficient of etphiagor s
is d ibed b tyual,q. i i eh, ] i M =
>0 Dol G 8 o AGLEO0S Ml SRS Pl ropones

primary self ifdgednaPoetefoutdi€e édi¥ BU1 increases drdn@@RhaNY BPtheQblls gartidst? IS the
secondary self inductance of the second receiving coil. The coupl ed

resonat or coi | ®getsr-bEigardd} by the vesopanepifiequéncy wif the inserstosh{3i decriagpsrae 25
3. Each circuif in.Fiqure 3 coptaihs a capacitaqr resistor and a .

i nductor in se eé:g_}ls get CI‘_’Ser\tﬁ_rgg r'tﬂésir?fﬂﬂ °8|5{§35’?g %ﬁ?ﬁ"&sf ‘Elf“ico&?t@gé%ﬁ}ﬁl ed.
Figure 3 showsyg fal ?%sigd SE&Hch c&@@vg{@hgogaﬁ%ﬁfé'é{?ébé, capacitor C 303

connected In series a resistor connected in series to an inductor
L1 307. Second ci Mhaieffe@Q8dwbiuchn bfadjostaigefdr ihe nmrtoxli indkotarice of eo
first circuit 301 contajns_a 30 capacitor_ 311 connected in series to a

resistor 3 1 3reCBiNMectoaly Wil neurbedeseribedy Thedollewing analysigepmplso ¢ gxtended to

PCT/ US97/ 22080 Y .
315, and the | REIdPoTedeciving cilel wihinghe sams piobe. TROMSIMAOR PN o

circuit. It caproximity will B6upl& ey redprttitdRapictisdetR. dhid MegheidHicadcagtippdary
circuit 309 adds an equival ent_ . )
20 between the resonators is described by the mutual inductance (M) which is given by

M=k /Lan2 M

where k is the coefficient of coupling, L, is the primary self inductance of the first

receiving coil and L,, is the secondary self inductance of the second receiving coil.

The coupled resonator coils can be modeled by two simple circuits as shown in Figure
25 3. Each circuit in Figure 3 contains a capacitor, a resistor and an inductor in series,

where the inductors of each circuit are coupled.

Figure 3 shows a first circuit 301 which contains a capacitor C1 303
connected in series to a resistor R1 305 connected in series to an inductor L1 307.
Second circuit 309 which is located in proximity to the first circuit 301 contains a

30 capacitor 311 connected in series to a resistor 313 connected in series to an inductor
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resonant frequencies of the probe as a function of the coupling.

15 The coefficient of coupling is determined by the size and geometry of
the coils, and their relative position. To calculate the coupling, the coils ars modeled
as two loops of wire whose radii are a and b with paralle] axes a distance ¢ apart and
planes a distance d apart. The general form for the mutual inductance between two

such loops is given by

Kd

M=pnabe1(Ka)Jl(Kb)Jo(Kc)e‘ dK
0

20 (2)

where u is the permeability, J1(Ka), J 1(Kb), JO(Kc) are Bessel functions of the first

and second order, and K is given by
K= 4ab

( a +b) 2 +C 2 (3)
For the case considered here, that of the configuration of Figure 1,c=0andd=0

25 because the loops are coaxial and coplanar. The self inductances, L,; and L,,, of the

loops may be calculated from



L =[err] = [err] ~ wherer is the radius of the wire
After subs™QPR2Y63 of equations (2) and (4) into equBST/HRI7(2298% he
coefficient of coupling may be obtained. The coupling between the

| oops increases as the ratio b/a approaches9unity. Therefore, the coupling

increases as 5 the two coils nove closer together. To mnimze the
coupling, the b/a rat 0 ES:‘ho#JIg}i E made as snall as possible and thus
the coils placetiaB%f P apart 'as possible. However, the ratio can

only be reduced to a point after which the useful ness of the probe

di m ni shes as the field-pof-view (FOV) becones inpracticably small.

The i nmpedance imn Lﬁg(mhlﬂﬁr_y gsfcuit 301 and secondary circuit 309 of 10
Figure 3 is conpgdsed of Both resistive and reactive el enents Whl ch can (qga

witten as Z[err] = [err] Z[err] [err]
(5) where R err] 305 and Rlerr] 313 are the resistances, Llerr]
307 and L[err] 315 are the inductances, Cerr] 303 and Cerr] 311 are

the capacitances, R@pg xd f-aa{ds ‘zf{rerkhe ﬁﬁ}iw%fe@@tme zh%&* 4) into

reactance for each circuit. plyi ng cirrcui't the

current in theed@ation ($Eﬁﬁl7tdaﬂ‘ﬁscldht 6E£¢tupling hfalyfb]e obtfindd EHen@dpliddBet @26 @esi on
for the absolute magnitude of the secondarg current 1s given by
[err] loops increases as the ratio b/a approaches unity. Therefore, the coupling increases as

(6) : 5 the two coils move closer together. To minimize the coupling, the b/a ratio should be
made as small as possible and thus the coils placed as far apart as possible. However,
the ratio can only be reduced to a point after which the usefulness of the probe
diminishes as the field-of-view (FOV) becomes impracticably small.

The impedance in the primary circuit 301 and secondary circuit 309 of

10 Figure 3 is composed of both resistive and reactive elements which can be written as

1
=R + N +
ZP R1 7 C;)L1 e R1 _']X1
/ 1 \
= +7 - = + 5
Zs R2 7 coL2 oc R2 _7X2
2) )

where R, 305 and R, 313 are the resistances, L, 307 and L, 315 are the inductances,

C, 303 and C, 311 are the capacitances, and X, and X, are defined as the total

reactance for each circuit. By applying Kirchoff's laws to the circuit the current in the
15 secondary circuit, I, is obtained. The expression for the absolute magnitude of the

secondary current is given by

l _ EoM
JRR, — X, X, +@* M?) +(X,R, + X, R )}

(6)
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The secondary current will be nmaxi num when the denom nator is mnimum Upon
differentiating the denom nator with respefé to Xerr], I[err] wll be
maxi num when Klerr] =[err] A sim |l ar expression can be
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where the roots of f afe’the resonant frequencies of the probe which
account for theXzICfl'-z:_”t ual inductance and f[err] and f[err] are the
resonant frequencies“af “uhe coils when the coupling is zero. Thgjone
assunption made in obtaining equation (9) is that the quality factor
of the primary resonator is high such that 1/Jerr] is negligible, whichis
not unr easonabh einfidar expresgien canbkiound épribsprmenrcurtthe Pefousg tie fHllewmgof t he

form [err]g[errga'ﬁons_ and f[err]' and are given by [err]
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and substituting the values of X; and X, in equation (7), gives

£l 1-kY -FAF2+F3) +F2F2 =0
1 2 172 (9)

where the roots of f are the resonant frequencies of the probe which account for the
10 mutual inductance and f; and f; are the resonant frequencies of the coils when the
coupling 1s zero. The one assqmption made in obtaining equation (9) is that the
quality factor of the primary resonator is high such that 1/Q,? is negligible, which is
not unreasonable for a superconducting resonator. The roots of f are of the form + f}’

and £ f,’ and are given by

: J%(fﬁ SN I T
e 1= '
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r Vi-F

15 ' (10)
Equation (10) permits calculation of the shifted resonant frequencies in terms of the
coefficient of coupling and the values of f; and f,. If the two coils have negligible
coupling then equation (10) simplifies to f;’ =f, and f,’ =f,. As to how small k must
be in order to be negligible depends on the relative values of f; and f,. Figure 2A and

20 2B are plots of f;’ and f,’ as a function of the coupling for f; = 33.77 MHz and
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relative val ues of flerr] [err]. Figure 2 are plots of

flerr]' and f[respeitivaip. &hé plocsshow thht thteffeawpouydingas tof dhéft te lowdBfréquelty
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PCT/ US97/ 2208@esonator downward and the higher frequency resonator upward. Asa cons:pguence of

f - dj h f d
toreih, o s SRR A et obb Bt T AP ehiordeey kG0 B phechy <
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frequency resonator upward a consequence of

properly tunedvlith mﬂmsuhmptherpgom bdingeorodctly masdn Sobdéng eq"ua&ofr (ﬁ) foff ang f,
useful 5 to determine the proper values of f, and f2 for a particul ar
coefficient off"Supling which will result in the probe being
correctly tuned. Solving equation (9) for f[err] and f[err] gi ves
[err] 2 By setting f,' and f2' equal to the

proper reson?ﬂLgf of the probe in equation (11), f[err] and
flerr]: can be deterh nky. _ £ For the probe with its

di mensi ons described in'Fidure’a, the corresponding b/a ratio for
the two coils is 0.6 whi fromequations (1) to (4) t hat Bhe
coefficient of cou zggg 0. 15. Solving equation (1 1) for

with By setting f,’ and f,’ equal to the proper

10 resonant frequencies of the probe in equation (11), f, and £, can be determined.
For the probe with its dimensions described in Figure 1, the
corresponding b/a ratio for the two coils is 0.6 which means from equations (1) to (4)
that the coefficient of coupling is about 0.15. Solving equation (11) for k = 0.2 with
f," = 33.77 MHz and f,’ = 127.71 MHz, the coils should be designed to resonate at f|
15 = 33.82 MHz and {, = 129.93 MHz in order for the probe to be on-resonance. For the
selected b/a ratio in this example, the frequency shift is only significant for the higher
frequency resonator.
Figure 4 shows the response spectrum of a double resonant
superconducting probe as described in Figure 1. The frequency spectrum contains
20  two peaks 401, 403 corresponding to the frequencies of *Na and 'H, respectively. The
peaks are within a few hundred kilohertz of their designed resonant frequency. The
coefficient of coupling was found experimentally to be 0.2 which is in reasonable
agreement with the calculated value 0f 0.15. The unloaded Q of the coils was
measured to be 7.9 x.10* and 11.7 x 10° for #Na and 'H, respectively.
25 Measurements of the multi-resonance superconducting probe were
made with a Hewlett-Packard 87128 network analyzer. The probes were measured in
a custom flow cryostat at a temperature of about 30 K. The response and quality

factor (Q) of the probes were determined by performing reflection measurements
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Step 505 then creates the coil patterns in the superconducting thin film.
The coil pattern is designed to adjust both the inductance (the length of the spiral
inductor) and the capacitance (the number of fingers in the coil) to have a resonance
frequency approximately equal to that which it is designed to detect. The design is
25 based upon such considerations as a significant SNR gain factor (favoring a small
coil), a large FOV (favoring a large coil) and weak coupling between the coils. The
design takes into account any mutual inductance between the coils by using the above
described model.
The coil manufacturing process can be accomplished by dfy or wet

30 etching or by ion implantation, for example. In a wet etching process, a mask is

placed over the portion of superconducting film which is to be retained and the film is
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the configuratigmovihdd Sithberbf ﬁ_nFers from each receiving coil to¥1Rgethe JoN§ RBapdchtgnce
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resonance frequendting in ackamgabf fasonamwy fiequexcandder the dofle afeafimaly aitnedythih

procedure or small inaccuracies in the design. The tuning process is
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coi| to change rtep&a(ﬁgg:nfkél%ﬁ?ﬁl%hmca?e direct?d torrgéé‘firih-h.ng in a change of
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resonating nuclei which they are directed to receiving. 20
Fi gure 6 shows mgsyuoonsupsreohdugting pealiro dndigire Potherereiving €qilf ase separately

resonance super.conduyctin robe. In.FLgure.6,. the.receiving.coils are
separately  lavetedgnasiodme tontin G (i lYTRd ROHEURION RO poyptly
configuration 'lgcétﬂﬁcé?ﬂthﬁfi‘&tei\liﬂg coils. concéxﬁ‘?@atllk'?ﬂl B barhd\S1ah & CRIgHE I WSl d the
concentrically on the same plane. Figure 6 shows the
multi-layered multi-resonance superconducting probe 601 with a substrate layer 603,
25 a first coil layer 605, a buffer layer 607 and a second coil iayer 609. While only two
receiving coils are shown in this example, the invention includes using three or more
receiving coils configured in accordance with the invention. This layered
configuration allows the two coils to be physically the same, or similar, size while
still detecting two different frequencies. Figure 6 shows that the first receiver coil

30 layer 605 has a diameter D, for its coil which is equal to the diameter D, of the second

receiver coil. The resonance frequency of each coil layer can be adjusted after
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| ayer 603, WB98/25183first coil |ayer 605, a buffer |ayer 607 BCIUs97823¢80nd
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t hi ckness% na}/nv%lltslgn be used in accordance with the 1 5 i nventi on.

Additional coil layers can be easily added to the multi-layer
configuration by placing an additional buffer layer on the top coil layer and placing
the additional coil layer on top of the additional buffer layer. Each coil layer will
detect a different resonance frequency to increase the quality of the imaging.

20 Figure 7 shows the steps of making a multi-layered multiple resonance
superconducting probe as shown in Figure 6. Additional steps of making the multi-
layered probe could easily be added to create a probe with three or more resonance
receiving coils.

Step 701 selects a substrate on which to deposit a thin film of

25 superconducting material. The substrates may by planar or may be flexible so that it
can be bent or wrapped around a subject to be imaged An example of a substrate that
can be used is LaAlO,;. Step 703 deposits a thin film of superconducting material on
the substrate. An example of the superconducting material which could be used is
Y ,Ba,Cu;0,, (YBCO).

30 Step 705 then creates a single receiving coil pattern in the

superconducting thin film. The coil pattern is designed to adjust both the inductance
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Figure 7 shows (thelenggpst thé sptad imicr ad the h%@ﬁ&ﬁemﬂetﬁmb@r Bfegﬁﬁgﬁﬁhe

super conducting probe as shown in Figure 6. Additional steps of making t he
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coi | pattern isadestqoaede cairifd suplddniiine MMELAWIRch will formiRe %%?v?&gts?’
PCT/ US97/ 22080

(the length of doile Apioraimpladatidnctedhnidque ib uenqag@%tomfa@se@mes@umaﬁau&{ng
fingers in_ the coil) to have a resonance frequency approxi mately

equal to tHat RplsHal which iH@@F?’gﬁéﬂ lose its superpendystivity andrbrsothesngating. based
2ol coi ) OV rese R el Palhe Py reRRine T R e ot e i o |
EEt ween the coidnd.thd hﬁuﬁﬁﬁ%ﬂ@nfo;ﬁk %iéhiﬂtcgg%{ilsg %égﬂseg?i[%l gé@ﬁtri%%rl i'bﬂ %ﬁ}r@\gﬁere
et ween t he coils by using the a
Thi s nmanuf act urtha§lipsorfessbecamebeneves dopld theetthing. ilanhd oask ana atuliayered
probe, both implanted and unimplanted film surface portions must have the same

15 crystal structure and be planar in order to deposit the next layer film epitaxially.

Step 709 then deposits a buffer layer on top of the first
superconducting layer. The buffer layer electrically separates the receiving coils
located directly above and below the buffer layer. Buffer layer materials can be
selected from oxides that have similar crystal structure as HTS, such as LaAlQ,,

20 SrTiO; or CeO,. Step 711 then deposits a second superconducting film layer on top
of the buffer layer. Step 713 once again creates a receiving coil in the
superconducting thin film by ion implantation which causes the unmasked portion of
the film to lose its superconductivity. Finally, step 715 finely tunes the receiving
coils by removing the fingers from the coils (e.g., by laser) in order to change the

25  capacitance of the coil which alters its resonance frequency. If a receiving coil
located on the bottom film layer requires tuning, then the capacitance needs to be
adjusted prior to the buffer layer being placed on top of the superconducting film.
The mutual inductance is calculated as set forth above prior to the actual manufacture
of the probe. The receiver coils can then be finely tuned after manufacture before the

30 next layer is deposited on top of the particular coil layer.



A mask is used to cover the superconducting material which will formthe
recei ving WO098/251680i|l. An ion inplantation technique is thepCT/E8a/28080Ch
causes the superconducting 10 material which it contacts to lose its
superconductivity and becone insul ating. 16 However, the height of the
filmremains the sane for both the receiving coil portion and the

[ nsul ating porti on. Thi s fi¢aNbaeln LAENETbEAk SRS Blink 001 ROR

wher e the film su Ce Dbecones unev

case of a nult arrhigedrigdecordance wathahR, inReitibn WHiRUBEH vANEbi A Bdhfsi | M
surface portions nust- have the sanme 15 crystal structure and be planar

in order to defigute; thefmrobresquld egrdain fany numpén eficodls Hgpending upon the number of
Step 709 then 0si t buf f | ayer on t of t i rst

super conduct i naeﬂp rﬁ?eqﬁ*ﬁrém?ﬁ}‘\’etfl a\?/é{;@gedeqo detee I)}J é?fé%‘“e@a?ﬁéﬁhe
receiving goil gyjig creates ﬁpé\c?aglgglagmélﬁgflv »@%\{% ?Qﬁvgﬁ%&g ﬂ&tﬂé %ave 3 m | ar

Buffer layer materials can écte romo

crystal struct long A€ ddfiSw todgpagissucBAl @lspine br fid@er. Outr ogon rcbn@[ns@%ﬁrﬁfr]
Step 711 then dEE)OSI ts a second superconducting filmlayer on top

the buffer | ayegil 863 apd atmh@d@ellta@eﬁngm eBingers 03 ené B3 arg showh as an exemple.

corti on of " thier b0t Bb Bt f SulTRoR 308 e Ruatied Fgets Fnerm S0P wha 84 Lrer 15
finely tunes tQe,weeSiniRthple, The mGQial ﬁd@éﬁa c%%&'c@ﬁesén@ﬁdlk Qﬁééloan ?(%Ptﬁé‘e

coils (e.g., by laser) in drder to change t a ac tance 0 he” coi |

which altébfs i trmtuaémrhmrmee tardspumiomyated dising the peewousty dmt:xhbed equationlsOClHeed on
the bottomfilm,l ayer uires tuning, then the capacitance needs to be
adj ust ed pri or ¥idh{Rd lfmg el the arabe cap bﬁ adipstad krachieve gp optimghfilling factor (and

super conduct i nﬂeldlc{fml?\w for a art-lc-nﬁr uciwa&nurgf?x%?éoa}pﬁlgglssc‘taﬁg SB Sﬂﬁe&i‘fh set

forth above prior Y e

recei ver coil sc§stdinizB@ o Peeditedeld sfunegl. aft er manufacture before the 30
next |layer is deposited on top of the particular coil |ayer. WO
98/ 25163 Figure 9 shows another altemate configuration a receiving c011 whlch

PCT/ US97/ 22080
Fi gure 8 iiows aé’nbealllstegrvﬂg’tteusdﬂ‘fﬁ”inﬁﬁr SeilFR0spiRmS @nRTRgIAuET PATtigRioOk a&ile

arranged in ac&%ﬂ@@ﬁel mngégszmc gxﬁ%?bz%d 9%%&%8&%5%« IL:.SrQeroﬁme?hown

inthis figure, contaln any nunber of ‘col

dependi ng uponret:bl&mgndnlenth)éconﬁguratxodlof tml@@ﬂcduideqelmacd:cbﬁmi\dhiﬂﬁmaraﬂ gefitedi r ed
to be detected. The rectangl e shape of the coils creates a

rect angul ar fi R MAYEtapeene 19%99%“1 %‘dﬁrdgé‘ﬁi’%gé@ﬂéf prebg. ohltergatvalmithef a

| ong and narr r C n & 19

contains a spll\rga%i(;}mé & Jogldft?% %ﬁgﬁﬁlgﬁ%?&“ﬁfa&% "?? ngg{’% Oé’earssdes‘ffq’ﬁaéc?r
803 and 805 arhesMdrrap&edprods 8tTbeh above. Each fH%@ifvanOdo'll Bed it @Ry RvBSRich
spiral coil 808 and attached fingers. Fingers 809 and 811 are shown

as an exanpl e.cophéberoenfigur¢diguromaltitudeand dvays as mg@ndlpn@ecmduetanc@pmlbmand he

10 mut ual i nduct. nce can be. c cuyl at revi oysl bed
equati ons. The®2Pac ance\R/P%‘toﬂ B dg?lﬂ %befve%ﬁlfeg?? ‘géﬁp SETATCH &g nlffgt% Ih

achi eve an optjepglidg dojii N9 factor (and field of view) for a
particul ar body part. O her coil shapes can al so be used to be
The foregoing merely illustrates the principles of the invention. It will

25  thus be appreciated that those skilled in the art will be able to devise numerous
systems, apparatus and methods which, although not explicitly shown or described
herein, embody the principles of the invention and are thus within the spirit and scope
of the invention as defined by its claims.

For example, the multi-resonance superconducting probe could be used

30 as part of a unit for receiving radio, microwave or cellular transmissions of selected

resonance frequencies.



custom zed to a desired field of view ' Fi gure 9 shows
anot her al t\PA8R%680onfi guration a receiving coil which 15  F&F/UR7/2208¢
with this invention. Coil 900 contains an inductance portion 901 and
attached nmultiple fingers. Fingers 903 and 995 are shown as an exanpl e.

Anot her receiving coil in the configuration of coil 90fs $heslHds Bren Replaced
pl aced i nsi de exfrQa defi ned by i nductance portion 9

have a pl anar tpérl(i%iét./lsﬁl ternatively, the recei ving coi l jm"[mmﬁ‘mum
in multiple coil layers in a configuration as described for 2 e

mul ti-layered probe set forth above. Each receiving coil used in this

i nvention 1. couh amitipleaesongraesypsraordusting prabdsomprigimgs as | ong as a
proper inductance portion and capaci tance portion is included to

achi eve the desired resonance $7¥§i&%cy for the receiving coil .

The foregoing nmerely illust rat@ﬁluﬁlﬁy gfhg}gbpér%{)ﬁ{g tg@?’”ﬂ@%ﬁ%‘ég?’éﬁ [

25 t hus be appreciated that those skilled In
devi se nunmey ousubstrate, Systens, apparatus and net hods whi ch, although not
explicitly shown or described . herein, enbody the principles of the
i nvention and are thus within Vheresysach said gail scmpde of supercorducting materishandn
as defined by i.ts_cl.ai ns, For exanpl e, the
nulti-resonancés§5583%gﬁgﬁg?ﬂﬁﬁhﬁ?gB%mgﬁﬁfékﬁgmﬁyed 30 as part of a unit
for receiving radio, mcrowave or cellular transm ssions of selected
resonance frequenci es. 17
CLAI MS: 1. A multipl2z restmaprobe sfigemt bnethertisad tpring & respopsiveitagaid
a substrate; ) a plurality of nested non-overlapping thin film
coils affixed toutyaligdugipagebgtween said plurality ofigedlsei n each said coil is nade
of superconducting material and is forned to have a different
sel ected resonance frequency, taking into account mut ua
i nduct ancejeanong sai d pl ug.affhd probé of claing 1, WheteMRERE1d €8i¢ BordbriSadiathlurality
coils conprises a nultiplicity of interdigitated fingers, the resonance
frequency of t 196 fimgets, papisin dehresenance Gaqueaney pdsad C@iﬁtﬁb’éﬁ‘poéiﬁlvb tQ @fdilgi t at ed
fingers therein and tEe.n?tual i nductance anong said plurality of coils,
pad

and HHPCF 8 &St esonance frequency of each coil is tunable
by renovi ng one or nore of the interdigitated fingers therefrom
after the coil is forned.

4. The probe of claim 3, wherein said total number of said fingers is

between 100 and 200.

15 5. The probe of claim 3, wherein said total number of fingers is

between 500 and 600.

6. The probe of claim 1, where in each said coil has the same center

point.

7. The probe of claim 1, wherein each said coil is circular in shape.
20

8. The probe of claim 1, wherein each said coil is rectangular in shape.
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2. The probe of claim1, wherein sai d total nunmber of said fi ngers is
bet ween 108vo 98/25163 and Fre-probe of claiml, wwerEUsy72208d
total nunber of fi ngersﬁlﬂg \f\el'é% 86N &nd 600. 4, The probe of
claimi, wherein each lsaid 66P4AGREs t he sang center point. 5. The
probe of claim1, wherein each sal d coi |s circular in shape. The

probe of claim1, wherei IS recta uI ar

The probe of claiml, vvhf@r ' p§% i dfpc? Elel P(V r%n]sg.l aobgfha‘slgé’\sﬁﬁlcﬁgfwgwsf%r %cted
ar ea { OshiectbaBE T bERas2Al ShaSld iRER: loegied @%ﬁlm'mmc@' BhANERe
apart while still : mal ntai ni ng an acceptable said field of view for
sai d probe. 8till manﬁbmmgmmecqftabib saidhfitld etheeweifor saai groBeibstrate i s

fl exible. 9. A mul tiple resonance superconducting probe conpri sing:

18 a substrate; at | east two coil thinfilmlayers,

each said ¢oil being fornmed.to have . . di.tferent .s
resonance frequency taki ﬁg iﬁﬁf’@ro} Coga&mmnlﬂ?v&g{em Salé sifistrle ‘%gff&lﬁ hce anong

the coils, and conprising a superconductive coil; and a buffer
| ByiEdhed: OaicediRpREtadeen adj acent said coil |ayers, wher ei n each of

th es a nulidi g meitipje whonante supiegionduethgfprolgecasnprising: t he
regﬂm nce frequency of each of the coils being dependent
on of the %SHPEF:gitated fingers therein and the nutual

' nductance among the coi |, g0¢o W Gh Ky drS TEFLY Eoil FARTANLE to 2

different selected resonance frequency, comprising a superconductive coil; and

10 a buffer layer located between adjacent said coil layers.

12. The probe of claim 11, wherein said coil comprises a plurality of
fingers, wherein said resonance frequency of said coil is responsive to a total number

of said fingers.

13. The probe of claim 11, where in each said coil has the same center

15  point.
14. The p;'obe of claim 11, wherein each said coil is circular in shape.
15. The probe of claim 11, wherein each said coil in rectangular in
shape.
20 16. The probe of claim 11, wherein said substrate is flexible.

17. A method of making a multiple resonance superconducting probe
comprising the steps of:

selecting a substrate;

depositing a thin superconductive film on said substrate;

25 creating a plurality of concentric coils in said thin film; and

I



frequency of each of {he ' bl e, by renoving one or nore of the
fingers tHEPEBRHNG af tﬁ]e'l; nectlict Be nieﬁ]%?%r med. =~ 10.  The proBETBSP28M 9,
wherei n each said coi IB Tllllﬂ‘ HMcenter poi nt . 11. The probe of
claim9, wherein each i rcul at9i n shape. 12. The probe of
claim9, wherein each said coil is rectangular in shape. 13. The probe
of claim9, wherein sai dwherehidach 6f §4id £difs BlRd to a tékonanch freRuERS, 44 maki ng
a multiple resonance superconducti ng probe conprising the steps of:
sel ecting a suhsingdeg responsive to saddpligdlity nfjcal's mutnad mdecteoeeduct i ve fil m on
sai d substrate; : creating a plurality of non-overl appi ng
concentric coils in said thin film each of said coils being

formed to have a reSpeCtiéferﬁeeﬁgﬁ?ﬁ(é?clfa{ qy%gé%ﬁfnaéﬁi:ﬁ'gaid coil com{nl'i%/égrﬁn%ers,

account nutual inductances anon e coll's an aving a respec

mul tiplicity dchrthét@nshridgothe dtepiof gi®iingi Selected number dfisaid fingesi fish shild
necessary, the respective resonance frequency of each of . the
coi l's by rSenpwirdo eler sad reseranes frequenty afjeaid ceiher ef r om 15. A met hod
for making nmultiple resonance superconducting probe conprising the

steps of: . 19

sel ecting a substrate; £ B! L ' Ly e
filmon said substrate; 19. A metho (gﬁr:}ggl%l#%g%‘ﬁ?élksr?gogéﬁegluﬁ&g%l{aglgﬁggg{dbtghi n
film wherein ceaipiisirig the sepBRONS approxi mately |evel;

depositing a buffer layer on said first superconductive film
selecting a substrate;

depositing a first thin superconductive film on said substrate;
10 creating a coil in said thin film, wherein said film remains
approximately level;
depositing a buffer layer on said first superconductive film;
depositing a second thin superconductive film on said buffer layer;
creating a coil in said second thin film, wherein said second film
15 remains approximately level;
wherein each of said coils are tuned to a resonance frequency, said

tuning being respounsive to said plurality of said coil's mutual inductance.

20. The method of claim 19, wherein each said coil comprises fingers,
further comprising the step of removing a selected number of fingers from said coil to

20 alter said resonance frequency of said coil.

21. The method of claim 19, further comprising the steps of:
depositing an additional buffer layer on said second film layer;
depositing an additional thin superconductive film on said additional
buffer layer; and
25 creating a coil in said additional thin film, wherein said film remains

approximately level.

R R AR
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depositing a second thin superconductive filmon said buffer |ayer;
creating awgpm@agsscoil in said second thin film wherein sapdTamsewzadse hi n

film remai ns approximately |evel; each of the first and second
coils having a respective nultipb@city of interdigitated fingers
and being forned to have a respective resonance frequency taking

into account mutual indu e . ng the cpils; fin
tuning, if necessary, thgﬁ.?‘g§$@8gp9§fF@%ﬁggggerpm[ﬁqgéingfstﬁpﬁgref;feir@trmgﬁi I
by renoving o . the fingers therefromafter the first coil is
formed; and qgfﬁ&lﬂgﬁ£¥%%mtuning, i f necessary, the respective resonance
frequency of the second coil by renoving one or nore of the
fingers therefrom 16. The nethod of claim 15, further conprising the
steps of: depositing an additional buffer |ayer on said second
t hi n superconducti ng film depositing an additional
thin superconductive filmon said additional buffer | ayer;
creating an additional coil in said additional thin film wherein said
addi ti onal thin filmremins approximately | evel, the additiona
coil having a respective multiplicity of interdigitated fingers
and being forned to have a respective resonance frequency taking
into account the nutual inductances anong the coils; and

fine tuning, if necessary, the respective resonance frequency of the
additioenal coil by renoving one or nore fingers therefrom 17. The

nmet hod of claim 15, wherein said creating steps are perfornmed by ion
mlling.
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