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{0002] This application claims priority to and the benefit of U.S. Provisional
Application Serial No. 61/100,717, filed September 27, 2008, the disclosure of which is

15 incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION
[0003] Embodiments in accordance with the present invention relate generally to
superconductive magnets, and more particularly relates to methods for housing the magnets
in environments of extreme ¢lectrical and thermal gradients. Embodiments of the invention
20 may also be built as to be highly resistant to ionizing radiation and its deleterious effects on

superconductive materials.

[0004] The electrical and thermal isolation abilities of the present invention are
applicable to the field of Magnetohydrodynamic (hereinafter “MHD") devices such as direct
kinetic-to-electrical energy converters. Compact and rugged MHD converter devices could

25 be used to convert the kinetic energy of a jet or rocket exhaust stream into electrical power
at high efficiency. Housing sensitive superconductive materials at the periphery of super-
heated exhaust stream is only practical with thermal and mechanical isolation of the
superconductive magnet (i.e. the magnet coil, coil support structure, cooling system and

thermal insulation) in accordance with the present invention,



gradi ents. Various enbodi nents may al so be built as to be highly resistant
to various forns of radiation (including ionizing radiation) and its

del et eri owe 2efoi36146 on superconductive materials. [ 0006PCThB20d9/8BMDSUr €
herein applies additionally to other processes and devices requiring a high
magnetic field wherein high heat or high thermal gradient(s), a high
electric field or high electric field gradient(s), or various forns of

radi ation are present. [0007] This invention also applies to the field of
Nucl ear Magnetic Resonance (hereinafter "NVR') and Magnetic Resonance

| magi ng (hereinafter "MRI "), wherein superconductive magnets constructed in
accordance with the present invention will allow for material analysis and
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nmet hods o ol .. j ude cryogeni c .cooling, .Those skilled in the art
nay readiI@égggﬂéﬂgggx%hag€V8W5ﬁ$€88??ﬂﬁfﬂ%?ﬁ&ﬁ@?“%h?ﬁﬁ”&ﬁé contenpl ated to
be inmplenmented wth the disclosed technolggiiherein.[001Q] I n one

enbodi ment, the OPEThidnysation alsq awliesie thededd Pilticlsar Magnstit Besenancef
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thermal, and radiative environments. The invention is also applicable to the field of Mass

Spectrometry. Mass spectrometers built using superconductive magnets per the current
invention will have a much greater operational range of temperature, vibration, and
radiation exposure. The present invention also applies to the field of advanced space

20 propulsion.

[0008] Finally, the current invention relates to the field of magnetic materials
separation, where the invention will be used to provide intense magnetic fields to remove
magnetic elements from the substance being processed. Magnets built in accordance with
one or more of the current embodiments herein disclosed would allow a greater operational

25 temperature range for such devices.

SUMMARY OF THE INVENTION
[0009] Methods and apparatus in accordance with various embodiments of the
present invention are designs for a superconductive magnet housed within an assembly that
provides cooling, thermal insulation, structural support, and may also provide high potential
30 difference electric insulation. In certain aspects, various methods of cooling may include
cryogenic cooling. Those skilled in the art may readily recognize additional cooling

methods, which are contemplated to be implemented with the disclosed technology herein.



an electrically conductive |ayer exterior to the dielectric layers to be
hel d at high electric potential difference relative to the superconductive
coi |l w ndvogploassi4ssng system and wi ndi ng housi ng. [ 0011PCThB200synz20St

| ayers surroundi ng the superconductivé coil w nding consist of structural
support for the coil winding itself, which may double as flow channels for
actively punped coolant. In certain aspects, a |layer of netalized woven
polynmeric fabric wap (in various aspects, a reflective "superinsulation")
in conjunction with a flexible ow density silica-based | ayer of thernal
insulation with extrenely | ow thermal conductivity is provided between the
dielectric layer and the structural support/cooling systemlayer. [0012]
Three or nore st may support the superconductive magnet assenbly, which
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may be run. In various aspects, the superconductive magnet assembly may optionally be

toroidal or other applicable geometric configurations. In one embodiment, the outer one or

20 more layers of the support struts may be one or more layers of dielectric material.

[0013] When the outermost layer of the magnet assembly to be subjected to high
heat flux or radiation of various forms, an additional near ambient temperature cooling
system may be incorporated into the superconductive magnet assembly and associated
systems. In one embodiment, the additional near ambient temperature cooling system has

25 dielectric coolant and dielectric coolant supply lines such that an outermost electrically
conductive layer, in contact with one or more of the dielectric coolant materials or dielectric

coolant supply lines, may still be held at high electric potential.

In another embodiment, a method of providing electrical insulation and mechanical
support of one or more superconductive electromagnets, comprising the steps of encasing the
30  one or more superconductive magnets with one or more layers of dielectric material and
encasing the one or more layers of dielectric material with one or more layers of electrically

conductive material, said one or more layers of dielectric material collectively having a



material that encase the one or nore |ayers of dielectric material that
encase the one or nore superconductive magnets; and (2) is a collective

t hi cknesswof2otssmne or nore |ayers of dielectric nateripar/iBzogiomovi di ng
mechani cal support for the one or noré superconductive nagnets wherein each
magnet is held at a distance froma surface of a structure that supports
the one or nore superconductive nagnets, such that the shortest distance
between (3) and (4) is greater than the quotient of (5) and (6) wherein (3)
is an outernost surface of the one or nore |layers of electrically
conductive material; (4) is the surface of the structure that supports the
one or nore superconductive magnets; (5) is the maxinumelectric potenti al

difference (voltage) between (i) and (ii) wherein (i) is the one or nore
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a toroidial section of
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may may i nclude @&@Egn BTBéFIﬁ ‘fdﬁ‘@ig‘ﬁ’&ﬁ? pethad mey plsgelyAestens forpreviding
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pumped cryogenic coolant.

20 [0015] In yet another embodiment, a method for mechanical support, electrical
isolation, and thermal insulation of one or more superconductive electric magnets,
comprises the steps of: supporting the superconductive electric magnet winding, winding
housing, and cryogenic coolant; isolating one or more layer elements including a toroidial
section of dielectric composed of an upper and lower half; and thermally insulating one or

25 more superconductive magnetic coils.

[0016] In other various aspects of the embodiment, the method may include steps
for isolating one or more layer elements including a toroidial section of dielectric composed
of an upper and lower half and further including dissolving silicates in a hydroxide solution.
In other various aspects, the method may also include steps for isolating one or more layer

30 elements comprising a toroidial section of dielectric composed of an upper and lower half
and further comprising the step of wrapping flexible glass fibers around a toroidial section;
and treating said fibers with an epoxy solution. In certain aspects, the method may may

include steps wherein thermally insulating one or more superconductive magnetic coils



| ayer and said dielectric layer. [0017] In another enbodi nent, a nmethod of
providing electrical insulation and nmechani cal support of one or nore

super condwotpwe3sd4ect r omagnet s may further conprise stepsTiBrooppIMEdi ng one
or nore |ayers of vacuum i npinged netalized woven polyneric fabric w apping
coupled with a flexible |low density silica-based | ayer of thermnal

i nsul ation containing high reflectivity, low thermal conductivity material.
[0QL8] In another enbodi nent, a superconductive nagnetic coil, conprises a
| ayer of a high-K dielectric material; a |layer of vacuum i npinged fabric

wr appi ng providing one or nore |ayers of vacuum inpinged netalized woven
polynmeric fabric wapping coupled with a flexible |ow density silica-based

| ayer of t mal insulation_.containing high reflectivity, |ow thernal
conducti vi BOTFEPmPRS 1 sled oL Ry ebeg & oy b ehld s B tvean s onee
aspects, tlhgranbei dielétrieRyeral So i nclude a | ayer of high-K dielectric

mat eri al includes individual filanments contained in a copper matrix or

| arger cable co j } i i . Ltiopal binding
material; a w ng[lfﬁ [rlllgﬁlii g? aigjé%%hw&}ggﬁg{ﬁth ﬂ%ﬁ?ﬁéé‘?@?%&g%@{%g g\ﬁ!%rag?n

super conduBeshgaical pinpet of ene a5 mere wpprspndyativei slectipmagnrta imdg durtheoeomprise cent r al

coppers chasegbglf ‘M’cﬁ‘i‘ i j d with.an insul ating
material; a’l acifer of h%%&g[}ﬁ g]%?etnlg::; érrlgsef(}% ?r@tngﬁ@{égd @géég%e‘%%qvfl%or]weeq‘cabri c

wr appi ng; fabrér wrappipgeoupted tibrarfiekiblenlowl dansity nilici-bedlayérf dreond érsuleidodi nent
a w ndi ng : ULe, 9_@9&' . i.nless steel toroidal container
consi st ng&ggﬂlg{r%thd%%%?gggggﬁll%ﬁer %??édg??‘ﬁ&gnaatﬁrgﬁa coil wi nding; one or
nmore orifices ¢ to.a plurality of supply |eads, on said_ |ower half
wherein one or (rﬁ&eﬁ?'éﬁlfoéhser EIPEO@BEQT%%HBHC%@BQ#&%%‘F CoibSaMPII%G2 pl at es
coaxi al t dayabth kighKelieledtfié mestial pnldy @€ vaviuiBn gingddhbriconappisd provigingf f set
fromg first pair lof stfr uts wherei sai'_d struts extend downward al ong one
or note cdlf oFHge ayerspt vagupm ipppepreelized yoverhpabanariedebricayrappingy i ncl ude a
one or moroeusled witkin dexible lAy eersitpéilicitasdd 18RS onhbieal SISt RIRRintHz GV acuum
one or nore Iﬁéer? S{II}”O nded py an ajirtight nmetal cavity; an additional

| ayer of trﬁf(]-:ch. £Y> foys Py BW:d“‘Ei}’fbty gitsrigk a Byqrobitemad inspateans lneeriginopor ous
gel s wr appsgkcis/thé BﬁB@cﬁm@tﬂ%a@fafstdEQg@khﬁrhliéwl(ﬁiefb:cﬁlfg n%&érﬁm&mdésl ber. In

ot her vari,oys, aspects, the enpodi ment nay al so i nclude a housing that
contains t V‘Wi‘ﬁi Hamgnts sppaingd BrarcqpRaG ety arareer sableeamprisehefimbetipland provi des
\?\/i n nldinItr?Sr NkaidATUMPR G aHDBEnaRPinkiAR Rlateinl: ¥ Mt of SARIR on Ul RAHAALNY the

cables, wherein superconductive filaments in a copper matrix are braided around a central

copper channel wherein the exterior cables are covered with an insulating material; a layer

of vacuum impinged metalized woven polymetic fabric wrapping; and a layer of thermal

insulation.

20 [0019] In another embediment, a winding support structure, comprises a stainless
steel toroidal container consisting of an upper and lower half affixed to a coil winding; one
or more orifices coupled to a plurality of supply leads on said lower half wherein one or
more cables are separated by an offset; mounting plates coaxial to said cable orifices; and
one or more additional struts offset from a first pair of struts wherein said struts extend

25 downward along one or more coil radii. In certain aspects, the embodiment may also
include a one or more surrounding layers of metalized nylon held under high vacuum; one
or more layers surrounded by an airtight metal cavity; an additional layer of thermal
insulation; and one or more flexible sheets of nanoporous gels wrapped in sheets and
affixed together by a high strength fiber. In other various aspects, the embodiment may also

30 include a housing that contains the winding support structure within a vacuum chamber and
provides an internal vacuum such that an inner structural element surrounding the winding

is sealed. In other various aspects, the embodiment may include a cooling system, a cooling



is sealed. In other various aspects, the enbodi nent may include a cooling
system a coolingsystemw th high dielectric properties, channels wherein
di el ectriwocow/ms46may be punped, channels etched into PrhE/IBx0®ni4a29 of the
solid dielectric layer, tubing conmposed of dielectric material wherein said
tubi ng provides dielectric coolant to the coil head and through the
hol | owed portions of interior support struts, a mnor radius cross section
following the contour of a magnetic field line surrounding an outer
nmetallic layer, and a coil with a mnor radius cross section that is
slightly elliptical. [0020] Reference to the remaining portions of the
specification, including the drawings and clains, wll realize other
features and adV@p a&gs of. the resent |n ention. Further features and

advant ages ¥fem W pigREiglepiric RirBAtirs hangels papreingielqctric coplaniapayrbs PamBedoper at i on

of vari ousclefRdiERatifo e ckiREoNSTeRElid URIEHI I8y, 1Bl BRpSEH BEfebdridet ai |
below with respect to the acconpanying drawi ngs. Inthe draw ngs, |ike

ref erence WaHevdersintaidhing geowides Ple%iflc Fomknt F%h%ﬁqﬂ;heﬁ #rid| thpough therent s.
BRI EF DESQ@B%@P&@EHST@%@E&%%};% str®9 2%hink &m&s eréssﬁec%rog RO He RileQRal cutaway

representation o the exterior "and |nter|or of one enb of t he
i nvent § on, SO gfemagnstic field {ing sumometing #n aites meablisrlayef, @@QQ}:OIF‘W@ @hitios a

Cross- SeCtiaﬁﬁ'ls&fossase&tﬁzfn(%hﬂ?sjshgﬁt@@ﬂﬁt GaCOi | head, with a large ratio of najor
radius to mnor radius aV| a col I contai ner geonetry that is confornal

to the generat ed{:ﬁy‘gl etf%]r toehg?%min(l)uqm% Onsc){51886‘:}0“‘31 ?%f%?%@ng on of a

toroi dal magneti ® o ni nor
radi us, ha&hwglgaalrclaﬂdlmgeﬂﬂmahye mthatfeatlsemﬂfadvam}gestdf tﬁehﬁes@ﬂﬁ@kﬂtﬁ@d magneti c

fields, t eone har a erlze an of f or el ongation of the
outer coi Ihl?ucr%% %at%rée? am{"ﬁ% gelEP ‘i?fefeélg '8§’sa§§"'§ﬁta§ B stgyege & enoi d- t ype
magneld c vmﬁefntinmnﬁmﬁomﬂmﬂodhmanchdf@m@sa is@atidn) ire dbdribaMh BGaiCBdldw CONt ai ner

georretryth is conformal to the magnetic _fields, characterized
by a 'wat e‘ﬁlb?eﬁpﬁf:tetf’%esar‘iéwa“%ﬂg QWW?'@ ﬁpz‘ﬁdg%aggs Hke rpfrengeimbers he cont ai ner
W t hi n t heinbioste idehtidahér fofdtionalfyQQeifdr ekelnents. depi cts a m nor radi us cross

section having nultiple windings that is appropriate for use in toroidal or

pol ygonal enbodi ment s ofxifie pRSERAHONIETHEYRAWHEIU! ti pl e wi ndi ngs ray
be wired in parallel to provide a uniformcurrent density, or at varied

currents (conpl i @844 &G [tina 3divegmpionsl sutawmerepiesantation of thelpwterior el control t he

shape;of tilRrior of one embodiment of the invention, designed for installation in a chamber.

[0022] FIG 2A is a cross-section of a toroidal magnetic coil head, with a large
ratio of major radius to minor radius, having a coil container geometry that is conformal to

the generated magnetic fields.

[0023] FIG 2B is a cross-section of a toroidal magnetic coil head, with a small
20 ratio of major radius to minor radius, having a coil geometry that is conformal to the
generated magnetic fields, the coil geometry characterized by an offset or elongation of the

outer coil container.

[0024] FIG 2C is a cross-section of a solenoid-type magnetic with non-circular
winding cross section and having coil container geometry that is conformal to the generated
25 magnetic fields, characterized by a ‘water droplet’ shape, which is flattened on the face of

the container within the bore of the coil.

[0025] FIG 3 depicts a minor radius cross section having multiple windings that is
appropriate for use in toroidal or polygonal embodiments of the present invention. The
multiple windings may be wired in parallel to provide a uniform current density, or at varied

30 currents (complimentary to or opposing the primary winding) to control the shape of the

magnetic ficld at the exterior of the coil housing,



magnetic field at the exterior of the coil housing.[0026] FIG4 is a
cutaway of a toroidal coil head of an enbodi nent of the invention having

m nor radwo0mvessiesection |like that of FIG 3. [0027] FIPGrABetiogo4zut anay
of a polygonal (in this case, square)7enbodi nent of the invention shown in
perspective view. [0028] FIG 5B shows the mi nor radius cross section
appropriate for the generated nmagnetic field to be conformal to the
container at a point md-way along the strai ght section of the geonetry
shown in FIG 5A, specifically at the plane marked 509. [0029] FI G 5C shows
the m nor radius cross section appropriate for the generated nmagnetic field
to be conformal to the container at the corner of the geonetry shown in FIG

5A, specifically | ane, mar ked 5Q08. [0030] .FI G 6 depicts the cross
section of ci rcul@%ﬁfs@% ‘P’rsﬁaﬁ‘talwgy B'g%tPH’r‘%’éF‘L‘llifaf’ REansmhedinsat ofitkn of t he
gener at ed imgitnihaviig Sfits ralnd ctdIoseticHgkeltRat 3f PEAY. DY di amagnetic pl asma.
This is characterized by on offset or elongation of the outer coil

cont ai ner al ong IPEICHRAChINY Bb@?&%m{(ﬁ%is rc&b?,a%i.lee{}%e bﬁ@i'&n%ﬁt gnd the

di vergence vector of the magnetic field at e sur the plasma.
[0031] FI G inygiiRn shpen iyrssspeddiveviewn of a toroi dal system including the
| ocati on and design of power supply lines and thermal/electric isolation
conponénts. [ 003H028] IGG3M showa theuinenradiusdrosa sexvioh apfpeadiateaivi thegererated

bot t om nou . pql Ling system for opetration of, the,present

i nvention %@%F‘@ﬁ?[&ﬁé’g‘i ogfo(r?fglﬁf tﬂgﬂa‘t”tc\éﬁtﬁﬁg atf‘(%@gﬁmlﬁ—v'@ %%’lgéth%ﬁgu%t WELS | view
of the m nofrthe gabimesry shavasin F&G 6 Apspedficdllyat the phmé myrksthoom in FI G 8A. [ 0034]
FIG9 is a cutaway showi ng the arrangenent of current carrying coils

appropriate for HoREIFIGHT sheas theBuirashi Stpae kéctioR SppRopkiate Thial %&&ita{e%iw ndi ng
art for

from charged@@?rfi ale i npact . &0035] FIG 10 is a nethod fl owcha

provi di ng BREEHS figld o beycanfarmpldn thecantatmen st thecqmerefhioseomety eemdr Ficor e
_superwndum,is)ﬁa;_imgfag{ttﬁepﬁﬁmﬁﬁkeﬁ(@ 11 is a method flowchart further
including additional steps for providing electrical insulation, nmechanical

support of one ogou@mrpqe%tuesfc&qlwsésg&f%ﬁogﬁmgﬂgpt&r gcgﬁh%iis%%ff%gﬁo fhe

insulation.[0037] FIG 12 is a nmetho roviding eléctrical
i sol ati on Peewmesipnpithpaeneraiad megtelie fimde arat thesedué tos parbg dinpegnetiont ai ner .

plasma. This is characterized by on offset or elongation of the outer coil container along a
line connecting the center of the minor radius and the divergence vector of the magnetic

15 field at the surface of the plasma.

[0031] FIG 7 shows the cross section of a toroidal system, including the location

and design of power supply lines and thermal/electric isolation components.

[0032] FIG 8A is a cut-away of a coil head having a bottom-mounted ancillary

cooling system for operation of the present invention under high external heat flux.

20 [0033] FIG 8B shows a detail view of the minor-radius cross section of the
geometry shown in FIG 8A.

[0034] FIG 9 is a cutaway showing the arrangement of current carrying coils
appropriate for shielding rear-mounted supports of a toroidal coil winding from charged

particle impact.

25 [0035] FIG 10 is a method flowchart for providing electrical insulation and

mechanical support of one or more superconductive magnets.

[0036] FIG 11 is a method flowchart further including additional steps for

providing electrical insulation, mechanical support of one or more superconductive magnets

and dielectric insulation.



[0038] FIG 13 is a nmethod flowchart for providing electrical isolation

bet ween a superconductive magnet and its outernost container. [0039] FIG 14
is a net wo2blomastiart for providing el ectrical isolatiorChaBregns4a29
superconductive nmagnet and its outern®st container. [0040] FIG 15 is a

met hod fl owchart for providing electrical isolation between a

super conducti ve nmagnet and its outernost container. [0041] FIG 16 is a

nmet hod fl owchart for providing electrical isolation, insulation, mechanical
support and insul ation of support rods for a superconductive el ectromagnet.
[0042] FIG 17 is a method flowchart for providing electrical isolation and
i nsul ation of a superconductive magnet and its support structure. [0043]

FIG 18 is a neth I art for .providi nechanj cal support, electrical
i sol ation and thgfril’%féll ﬁ?’ﬁ df &4f° d@‘PWf)kﬁ‘ét fg‘?p"%‘&é‘g %‘HBF‘"’&&HEB%‘! bafeeiagnet s.
[ 0044] FI GsubBrcbsduativeahdpmek dnt Grovoitadiiosf dohtaier. i ncl udi ng addi ti onal steps for
provi di ng nechani cal support, electrical isolation and thermal insulation

of one or more SHRESIATAIGS b iehGBARRL Rt bRk LA isSlafol Tk o1 | owchart

further including g onal steps for providing nechanical support,

el ectrical SWPEFGP‘H{%P%Y? mdgactand ithaytermesiqoatinéh of one or nore superconductive
magnets. [0046] FIG 2 1 is a nethod flowchart further including additional
steps for provi diMFINEEH4Ns emethed Ppwettart forl pretiding elbctiisd Isakiianbeawman aher mal

i | ati L ts. [0047] FIG 22 i
sl 2, ol R SHRCESEAELRgmOnet s 10087) FIC 22 15

met hod fl owChart inc Ional steps for providing

mor e super conducliP8 THEgnat ERepod fafenaRlo v dmEe R Bo B BsReEED o1 or
provi di ng swpehariucthle nsgpg@nd its ali@tiokd coadainesol ati on and thernmal insul ation
of one or nore superconductive magnets.[0049] FIG 24 is a nethod flowchart

further includi n@o&gdiiGi8ned msthePowHart BEPYdviliRDe IBBGAPRLIGAN, HURARRLL

el ectrjcal isolation and thermal insulation ofI one or nore Supercohductive
magnel. ORSchprigahsmppatrpbmsdrigedsepoeedsders saprcaadpmiva tleetramegestcor dance

w th various enbodi ments of the
[0042] FIG 17 is a method flowchart for providing electrical isolation and

insulation of a superconductive magnet and its support structure.

[0043] FIG 18 is a method flowchart for providing mechanical support, electrical

isolation and thermal insulation of one or mere superconductive magnets.

15 [0044] FIG 19 is a method flowchart further including additional steps for
providing mechanical support, electrical isolation and thermal insulation of one or more

superconductive magnets.

[0045] FIG 20 is a method flowchart further including additional steps for
providing mechanical support, electrical isolation and thermal insulation of one or more

20 superconductive magnets.

[0046] FIG 21 is a method flowchart further including additional steps for
providing mechanical support, electrical isolation and thermal insulation of one or more

superconductive magnets.

[0047] FIG 22 is a method flowchart further including additional steps for
25 providing mechanical support, electrical isolation and thermal insulation of one or more

superconductive magnets.

[0048] FIG 23 is a method flowchart for providing mechanical support, electrical

isolation and thermal insulation of one or more superconductive magnets.



present invention overcone the aforenentioned and ot her deficiencies in
exi sting nmechanical, electrical, and thermal isolation of one or nore
super condwotbwd3aEgnet s. [ 0051] I n one enbodi ment of thecCrnBmoe/Hz29 t he
superconductive winding is wound radi&ally with a circular cross section,
giving a dipole magnetic field. The winding itself may be of individual
superconductive filanents in a copper matrix, or of |arger cable conposed
of multiple braided filanments and additional copper binders. The
superconductive filaments may be of the high-tenperature (HTSC) or

| ow-t enperature (LTSC) type. HTSC superconductors may be preferable in
enbodi nents subject to greater heat flux, as the critical tenperature for

HTSC wi ndi ngs is_hi gher, and subsequently the jnput power required to cool
themis reduced. l“%*ﬁ&d@@ﬁ 11%@&{9\;%‘?%@‘:? f&b‘?@é@ﬁ'ﬂm‘_&&@‘ﬁﬁtﬂ%%‘fl’é Ofdur abi l ity
under the gbiiemk smcolanicAiuphdre Blectdibal ifofutieR aid BEmi] BAMLtioR @Pbie ndawer
requirenments. In certain aspects, all enbodinents may variously include a

super condu¥PsTERNdHetlisdRagatiat conpri ses a superconductive w nding, w nding
housi ng, cryogeni c cool ant, and cool ant housing. Al enbodi mrents may al so
include an outer netallic | ayPETAYAE? DESQBIEIAON| ectrical ly conductive
material that su | el Al ri . he
supercsgnducti ve @%2@‘?‘}%%‘6‘??@?&@%## g‘icﬁﬁgsSé@{hsvtaggfsfelﬁ{rﬂé{l%\%t??%%% conpri ses
t he el ect rireseplanentipmbvediofrfeghecaforembationed andt diteer defipéancionulesisiive magnet and
t he outer J hC . a ot her varjous aspects. embodi nents variously
i ncl ude a Iggc?l?%hdr%’dﬁléﬁg%%{é3?{%13'3/\%2{38%3%&% %@“ﬁ%’d‘?‘dﬁf%ﬁ%‘i&’ H@ﬁ‘r’?%ﬁﬁ "the outer
metallic | ayer rrounds the dielectrjc |ayer that al so .surrounds the
Cupport roas. oM 1 G Sibegiiade 6B BE b o s E RSB 1 o
preferred esiadidi@ytwiof a diRelat sro@ntdtion, divihg h dipsle maghdidifieBl. The winding

cable-jin-conduit Rutherford type cables, where superconductjive fi]lanments in
a coppbr n‘&P&WYQFQI\’BﬁHId&%]&“ﬁ?WﬁEFt%{e g@’mef"élm%‘Eﬂ?ﬁ%rrm&l’f’ﬂ’érﬁ’ﬁ@ﬂ?rg?‘fﬁaglechannel

is filled sppbseddenflaipid Rsided Masents EndcAAaltidnd] cofpRtbiRrP he ApblcMRupivds to
provi de forced convection cooling. Possible coolants include various fluids

i ncl udi ng TlPYentHmALPS ofithe highkitsmperturs GHEYE) of logutempergaiedhERCee- 8ISEr cri ti cal

gases, as pdrborbctbR May Bk BRESablAinfdnibodin Bl 8htjec PAdrtatd Re i PNR] AReed as a
cont i nuous,  anor phous Substance whose nol ecul'es novefreely past one anot her

and that asicaliempeesiere denHESS windingwistigbers padrebssauantly thedanuapevesr.  The
2 poly ;mqé%ﬁi"%f8%%%?“%‘?‘2%‘?“%&%%%%% MR el Rt ot B 3"
cool ed by wderdhgeffacts of asinsian.ait the gesioEhigkrsicenling pawier roduirdingigs Ieomstaind di rect | y
by cond umésﬂ&ts‘,’&lﬁetﬁﬁo‘?ﬁﬁ&ﬂfﬂ%‘ @an%ﬁs)f;? FORLES §uperc0nductive magnet that comprises a
superconductive winding, winding housing, cryogenic coolant, and coolant housing. All
embodiments may also include an outer metallic layer comprising an electrically conductive
20 material that surrounds the dielectric material that surrounds the superconductive magnet. In
other certain aspects, a first voltage comprises the electric potential difference between the
superconductive magnet and the outer metallic layer. In other various aspects, embodiments
variously include a surrounding medium wherein the medium which surrounds the outer

metallic layer and surrounds the dielectric layer that also surrounds the support rods.

25 [0052] In the case of both LTSC and HTSC filaments, the preferred embodiment
of the invention utilizes a winding of cable-in-conduit Rutherford type cables, where
superconductive filaments in a copper matrix are braided around a central copper channel.
This channel is filled with the desired cryogenic coolant, and pumped actively as to provide
forced convection cooling. Possible coolants include various fluids including liquid helium,

30 liquid nitrogen, liquid hydrogen and supercritical gases, as well as many others. A fluid

herein shall be considered as a continuous, amorphous substance whose molecules move



[ 0054] The conpl ete nagnet wi nding nay then be bound together with an epoxy
under vacuum i npregnation, or wapped again with polyam de, as required for
t he speciwDcospphiseati on. In the enbodi nent nenti oned e&CITiIB2009/03¥% el enment
is toroidal (donut shaped), with posi®i ve and negative | eads of the
internally cooled Rutherford type cable extending a few coil radii such
that electrical power as well as coolant flow may be provided to the

wi ndi ng. [0055] On the exterior of the winding, the next |ayer is conposed
of wi ndi ng support structure(s). In one enbodinent, this consists of a
stainl ess steel toroidal container conposed of an upper and |ower half,
which is bolted or wel ded together around the coil w nding. Two snall

orifices o he bottom hal f al or the supply | eads (cool ant and power)
to be passﬁ%ﬂtw Pﬁsb‘tr&r?“r%’ﬂd’@éfhaﬂlﬁ \Aﬁ‘Fe‘e?ﬂeé%tPraé%méM@Wéﬁﬂts cqnipingg Thgo cabl es

are separ as@siopyf théfe cafiey #€sovefeddYiadhrabR ARBRE iFRREE s ! ?Glgénﬂg.e mount i ng
plates for the support struts, and a pair of additional ts are offset

by 90 degrees fr@gsi)Gnid ehbbdiffthis 1ncT a s@fﬁd3 HIS Jn&n%ﬂl&{glg Hi;o%d @e@&%ﬁﬁli of the

support struts are attached her e, exten one nunber of
coi | radiipumnpsd OQ’PBWOQ@E!@@IE(%WIHQWESE ¢trotedaiinocti byentdustign waclpmdswlel ncl ude
wel ding thgyqupRRrt struts to the toroidal container which container which
houses the superconductive nagnet [0057] Surroundi ng the steel support

ol yrer 1o 1 abr ol T fimbefetie s indn ne st bl e dGn mapott he.
interior ojndeﬂwcmmmh@re@mtmoomrab@ddigaiﬂd\&th phlygimd\é,a@ueqméd]ﬂi’r gR)¥pgifevi di ng
i's surrounded

thermal insu 0 0 ies. In one a

by an air- %Pbﬁ{( W@?ﬁﬁ e@@\?itiwms’ﬂ‘ifwof‘?‘?aetaﬁ{eﬁéhlylé‘&e’gésrfoﬁ’éjaé(féﬁlﬁé]ﬂ@ﬁ Dt o high
vacuum | nwﬂnpﬁshﬁé aﬁmmgdmmmds of the ind&saybyled RubleSirg AP chtle HEriREgaed Wi thin
a vaCﬁy Jh ﬁ{d %ﬂﬁ é&g to create pravisions for providing an

i nternal VY2 ecirigalinoper 2l reglant lowanaybs@rovided ttheir al - el enent
sur roundi nginlinig W nding is sealed, so that small cool ant |eaks do not ruin
t he vacuum [ 0058] The netalized woven or polyneric fabric wapping layer is

surrounded by ago@ﬁ]"dﬂtﬁé‘élteri&%?{he%n&lﬁ’geﬂﬁ%;ft'lér}éws% ded & Ogdxﬁ%nt Uil zes

extrenely high val ue foam or | i cabase
fl exi bl e sHeRAStypturels) rlo ep¢ gmbagimnens ikis cgnsistsrod p oteinless @@ﬂ E>r01d'¢ie&ﬁamay be

wrapped 1 o6&k Sf ariihelddowdt nRIEAGEY bBitdd @ Wefikd BRGRG afduRS the coil

15 winding. Two small orifices on the bottom half allow for the supply leads (coolant and

power) to be passed through.

[0056] In the preferred embodiment, these two cables are separated by 180
degrees. Coaxial to these cable orifices are mounting plates for the support struts, and a pair
of additional struts are offset by 90 degrees from the first pair. The internal structural

20 elements of the support struts are attached here, and extend downward along some number
of coil radii. In various aspects, another embodiment may variously include welding the
support struts to the toroidal container which container which houses the superconductive

magnet.

[0057] Surrounding the steel support structure there may be multiple layers of

25 metalized nylon, metalized woven polymeric fabric wrapping. These are to be housed in a
container, the interior of the container to be held under high vacuum thereby providing
thermal insulation properties. In one embodiment, this layer is surrounded by an air-tight
metal cavity such that the area can be evacuated to high vacuum. In another embodiment,
the assembly is designed to be housed within a vacuum chamber, and designed to create

30 provisions for providing an internal vacuum. Note that in this embodiment, the inner
structural element surrounding the winding is sealed, so that small coolant leaks do not ruin

the vacuum.



thread material. [0059] Surrounding the thermal insulation |ayers elenents
designed for electrical isolation are present. These consist of a toroidal
section ovodnalmssi46i ¢ conposed of an upper and | ower halPCI/IB200V044t429 ayer
wrapping of a flexible dielectric. For maxi mum el ectrical isolation, one
enbodi nent consists of fused-silica (low netal content glass) hal ves. These
may be joi ned together by a nunber of nethods, including nelting and
pressure wel ding of the two halves together. If this nethod is enpl oyed,
great care nmust be taken as to not damage the internal coil w ndings, as
superconductive materials are very sensitive to high tenperatures. Filling
t he cool ant chanbers with a cryogenic coolant during this process is one
met hod for m ni m,zi t he chance of thermal .degradati on of the w ndings.
[0060] A furt her (0S8R ‘?%@Ef@rvﬂmgorpﬂ%fma%fa B PRBPIBe B prdh ssoHwsH D

di s s ol gt i omn ﬁfditﬁ)hhlilﬁg?t 3Bthérﬂ1aginl§mﬁrcﬂ2<§udﬁ?a§ah| d_@tfrbrﬁél%f hiEE iRsvaﬁfel forh Qﬁsﬂ'itlﬁ_ydbe
applied to, t i nterface nd upon evaporation of the solution solid a
solid sili Eﬁ?‘gblﬁlﬂﬁa %Fmb?‘g??ﬁ'i‘tﬁ‘%ﬁﬁgkﬁ@% Sg iefgselydey ds8dtya wrap of
flexible ghasporbisiRisSTiREOMAILE RRAPbAT iRisiRls, HRAMHIIGR plabe ByhEnidesicnsd fiblli ckness,
whi ch are &$eg treafed with an epoxy or silicate-ﬁydroxide solution to seal
any smal | OF5f MeEEar pores. Additional enbodi nents nay use an epoxy- based
dielectric, ceramcs, or polymers. Silica and ceram cs are preferred for

hi gh- t enper at ur e[043Y Sraeundingibe thegeal insnigtiondleyepotlgmentsdeaigueddposléctricat end t o
out-gas an r e pect of the

pr esent ingg%??ﬁﬂeﬁ?ﬁgggggg?%ﬁgﬂPg§§§%%¥é%ﬁg{%%ﬂ$“%§§%9§8&§Ofﬁbﬂﬁmﬁeta||iC
el ement, dadilgmesdalfoormudtilater whappingfo€ e flexible dicketricoRmareatnien eladiiadl i on of

vari ous wa gt hs ' i _an ft %-r radiati on-as well as
inter ned;Agltg(th\;\?d&V%lf}e%bt%ﬁ’gAe\?\} ﬂng%tégf g‘?%ieﬁgcqéﬁ’g{ol}%écf O%g“ttg%‘lsg%?fi%? ﬁesﬁol i shi ng
t he eXd er i oay ipinad wgethér byaotumber dfncatieds éndhitkingangitint andfpresbiec tveldimonet i ¢

radi ati on d increase. its bl ackbo em ssivity, speeding

cool i ng. [%g%egak%g{ gtrrﬂ efem@‘af“ﬁé’ﬁf‘ Isicgp?(gﬁﬁrig?wé"gg%lgﬂss[?’ﬁ@kéﬁ/@ct?BBtmagneti c or
convect i vedaveat the detetnaireol] dndings s shgy@ndicsivhinglrialaire a6istisoRako a0 | ng
systen1mo%ld need t e n order to retajn el.ectrical 1solation

d rbe incluq g. é
botwoen t HETBHEEs FRIRE fe Sppfantshimoors i A O AIS FAtantdHFiRg ThisHrocRss itnyst
itsel f havecsiati@dgordhidigieing iie champer the@sl ddhaiator Fkl WinbREd. S are meet by

but notlimted to: highly refined mneral oil, fluorinated hydrocarbons,
and sig i cone bas@l0} AT rAdthdd BRRIHMITRE diblebthif Sectidfi8nReRt dIRMRiIABEEr 1 al
for retaining electrical isolation is silicone based tluids, as they do not

have t he sHifgtes inskhygdroxidssplution. dhisselution manks appliest tp ghe interface, and upon

evaporation of the solution solid a solid silicate bond will remain. Another embodiment may
use a wrap of flexible glass fibers around the toroidal section to the desired thickness, which
are then treated with an epoxy or silicate-hydroxide solution to seal any small orifices or

20 pores. Additional embodiments may use an epoxy-based dielectric, ceramics, or polymers.
Silica and ceramics are preferred for high-temperature and vacuum applications, as

polymers and epoxies tend to out-gas and degrade when heated.

[0061] According to one aspect of the present invention, the exterior layer of the
coil head is a rigid metallic element, designed to resist the effect of electromagnetic
25 radiation of various wavelengths. Radio, infrared, and soft x-ray radiation as well as
intermediate wavelengths will be largely absorbed by this layer. Polishing the exterior
surface will act to increase the amount of electromagnetic radiation reflected, and increase

its blackbody emissivity, speeding cooling.

[0062] Another embodiment is required when the electromagnetic or convective
30 heat load on the outer layer is high, an additional cooling system would need to be included.
In order to retain electrical isolation between the outer skin of the coil head and ground, this

coolant must itself have strong dielectric properties. These requirements are meet by but not



[0063] In yet another enbodiment, the outer netallic elenent may include
smal | channels within which the dielectric coolant may be punped, or

channel ™Y 2bw/Bskhed into the exterior of the solid di eCe&aBroogoisazer,

provi ding cooling along the netal -dielzectric interface. Wth this

enbodi nent, care nust be taken that the solid dielectric material does not
interact deleteriously with the dielectric fluid, as would be the case with
a fluorinated hydrocarbon and sone polynmers. The tubing providing
dielectric coolant to the coil head is run down the interior hollow section
of the support struts, specifically those than do not house a

super conducti ve cable Iead This tube nust be al so conposed of dielectric
material, as. to av uct i lectricity to the punplng systens whi ch
are at gr JUMEFIESt Iy e {0 o1, foesatad s girarkans, ndabiFonsib 8#di | ux of

neutral p&fohini‘eh'cﬁalrt@mf&frﬂe@ﬂuﬁblqme B@st Hﬂbﬁé AR Ealdhr PR J¥Ral iplf¥Rgct ed, the
desi gn shogld i hcorporate_a | ayer radi ati on shleldlng bet ween the outer
A

cont ai ner SHifgne pasedyiluifie g thexxdq %fﬁé?"e thsagneirisk gheombystipatap daminstal pil ge
devices, where the mnor radius of the coil exceeds 10cm This radiation
shi el di ng may bd0063] hgetpother gmbedimeet, the utesmétailie clemant mayrindhsic ameld

car bons co

char ged il U PEEHE e difislcopInaRE ST mpdd Rl bOHple o Ve
conf or s tthe extesionafthe sdlil digleskric lh}"em,em'ovid‘lhjg soohiog alond the metlirdiekctiechani cal

stresses qlqtltaltf&% %wtlﬁgem%}e&mém r r ?(B:%&Peltnlet aéitl%e sof:"&i élli trlc(:: ha%ﬂgld art icle

i mpacts by Timting ree S I"nes, e gui di ng
centers ofnoth@r@edblgamusbllvaﬂ)gw dialatti*io ifipids z&rwduﬂthheehmsawrmh dhordateiace.

[ 0066] Ac d|n t o .anoth nt isolated. co

pr ef er abl g’rﬁ%‘%r RV 5'1 mer @l tt'ierb'3 ]?rgwglln ‘P’Q%l 135’08??1?'}5?? t@ﬁFO]l ]('/ﬁaé K the

f1 at t Bned rei devif thei m&gmr hmm“chetmmfdletdnppcm@tmtsm‘pedih@dlg ttidse thiwpdo utr ays of
coils or in the onetry of the

Cross sec@Pwﬁaﬁ?ﬁﬁgwgwgwﬁﬁﬂ%ﬁGWﬁgﬂ?t@W hﬁﬁ“ﬁkﬁ#%%p %&gk%§08$6§ »section

fol I ows t hetcavoidahdeiingels@geisito thefputipthglsyshenss Which Biddt Hguiporstial netallic
| ayer. [0067] In another enbodi nent, the coil head is supported by a nunber

of support strutgoed| Iﬁeoﬂerm%dlﬁrew%emgh ﬁh@&ﬁﬁﬁuﬂbaﬂifsmdaldtén bhlLew to
provide a channel for support cabl es and conduits to be run. This el enent

i s cover edHFInH Of gafRMaTrayy is exRectedl the desisn shquihinggiperefe e llayer ofiredigionsi ni | ar
thi ckpess ghgididiakerdea il oARr E&@dl&? bhd ﬂﬂ@ﬂﬂleaﬂ@‘l‘ﬁr\ﬁe Frhlstlﬂﬁ"ll'i)eprhéwgl%tn 140 Out er

netal |ayer on'the struts, allow ng the outerrpst cont ai ner “on the
coi | head de¥casevbsipihstmeingr rediescaf thecopil eyceedol Oame Bhis radistiomehiciding mef be he

assenbly. ;The (S 8f{dBn s ltllécl%ﬁdort rRed@lo %mg&ﬂgg{e%u&g nas, whi ch
ated bus

i ncor por at e t her mal | y I nsu 1 Ngs an ansi on | 0i nt
[0065] In one embodiment, the high flux of charged particles requires that, the
shape of the outer metallic layer conforms to the magnetic field lines. This not only reduces
20 mechanical stresses on the device, but more importantly it reduces charged particle impacts
by limiting the degree to which field lines, which are the guiding centers of charged particle

gyromotion, terminate on a metal surface.

[0066] According to another embodiment, a single isolated coil, the preferable
minor radius cross section is slightly elliptical, with the flattened side facing inward toward
25 the axis of the coil. For arrays of coils or in the presence of external magnetic fields, the
geometry of the cross section will vary accordingly such that a minor radius cross section

follows the contour of a magnetic field line surrounding an outer metallic layer.

[0067] In another embodiment, the coil head is supported by a number of support

struts, the inner structural element of which is hollow to provide a channel for support
30 cables and conduits to be run. This element is covered with layers of thermal insulation and
dielectric of similar thickness to that found on the coil head. However, there is not an outer

metal layer on the struts, allowing the outermost metal container on the coil head to be



This prevents excessive degrees of heat from being conducted to the
interior coil windings. The lower ring is attached to a nounting plate,

whi ch serweo0a®3s4st ruct ural base, as well as a nmeans t @CatBaoMDIFIG2% he
assenbly to the desired location. [0088] In one enbodi nent of the
invention, the electrical insulation conprises a |ayer of high-K dielectric
ceram c, glass or polyner, such that the outernost netallic |ayer of the
assenbly may be held at high electric potential difference fromthe coil

wi nding. In certain aspects, a |layer of vacuumi npinged netalized woven

pol yneric fabric wapping, in conjunction with a flexible | ow density
silica-based |ayer of thermal insulation with extrenely |ow thernal

conducti vit vi.d he, 1 nner nost ers prOV|de structural support
for the coﬂ¥"%§ﬂg ﬁ n ﬁ%l 1"’6?‘1 #‘u‘ﬁ“ Eﬂ‘?&séﬁfthﬁ%ﬁsﬁrﬂb Helficdeppe atiached 9@ channel s
for acti vepajr qo“uﬁmﬁd riigy SHERiitcofRedt@thbrmalifenshiRfc@ bikhings Mid expaAnaGHEMDI Y 'S

t hen suppayt.ed three or nore_ struts, providi ravity support. These
struts ar gﬁH%PfFB%tS FPEVratcRres othest ?W#’ﬁ‘%&‘ﬁﬁ“ﬁkﬁﬂé%‘%ﬁ‘%@féﬁﬂ@lws

el ectri cal THRUPRENing M WHALRT taB 0B inp Phte, WHEhQBNEY AR frudi@NBasdhs WhFasSt F UL'S,
in contrast to the toroidal coil head, is a thick dielectrié rather than

metal .o | f &'MEANsiq altarhipg e agspablydp the desigd losation. he subj ected to hi gh heat
flux, an additional near roomtenperature cooling system my be
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of one e f vV e ned for inpstall.ation in a vacuum
chanber . ”’%ﬁﬂéﬂgé{}%ag r}é‘%? OHﬂa Slﬂ{l'érﬁ eef %f%?tglgz(%%‘év iPR mﬁ“ﬁlfag’BF YTRRE R ¢
fieldlo The:oamp@mmﬂiwcﬁaxxbee mntdnsmg silit®-based fayppifiteematiidsilagod wiit and cool ant
by an inp ondui t 113|s L0 structural elenent 109 that al so
serves as %él‘trg%ﬂ gl n%‘?mav\ﬁ?ngﬁc bvbtﬁfséfrﬂ‘gdﬁﬁf f"&ﬁ’i”lﬂ)“g?y"é%{g%‘ﬂ SlUgEraAnt . 1 n
certain aspgsttfor ﬂhh&lmmﬂmgfanmhbgsﬁfem@ﬁi&hﬁl&?@@llltﬂﬁﬂis flow éhafidefsdBONt ai ner .
Because thet si‘y ructural el emen {nfﬁ Bga Pt ai ned extrenmely | ow

t enper at urSIVeR MRS PIyescsep aa ?/@md‘i' ‘Y léqaéﬁ%ssia yﬁ@ert%‘ﬁl’ bjay be one
of a nurrbelireé)f)r rilork it providiegravity sappiif. Thesk bielldd dte HARRMS pRNRiheg@abinaui d

ni trogen o, r. sypercritical gases at essures sufficient

hel i r
to prevent %ﬂhﬂ’é‘égeﬁ‘f’ and, Glegteea) syppfy road ““isfnaﬁf & 5&“5?%“?@@5&1@%@& ature of

the mater Iﬂed StuBERh cofitrdst¥® tNd teﬂildwcdﬁhel@@|19é1\thiegﬁaele%m%%ﬁ5ﬂtﬁénqﬁét djhﬁltﬂeum i's the
preferred option.[0070] To isolate t he super -cool ed coi l Ing from

conduct i v&X E%ftqfﬁl& cogf hﬁ‘f‘h‘? £ be spbigsted tpdvighnisatofiug, anasidisipasl nearmocinans ul ating
bl anket | aytgferf@ERONARE sPhertib} bPinBorporated. This system has coolant and supply lines

of dielectric materials such that the exterior of the coil head may still be held at high electric

20 potential despite contact with the coolant without the risk of internal arcing,

[0069] FIG 1 further illustrates a 3-dimensional cutaway of one embodiment of
the invention, designed for installation in a vacuum chamber. This embodiment is intended
for gencrating a dipole magnetic field. The superconductive winding 110 is supplied with
current and coolant by an input conduit 113 is surrounded by a structural element 109 that

25 also serves as a container, which contains the liquid or gaseous coolant. In certain aspects,
the coolant may be cryogenic coolant in a cryocontainer. Because the structural element
must be maintained at extremely low temperature, austenitic steel alloys are preferred. The
coolant may be one of a number of different types, including liquid gases such as liquid
nitrogen or liquid helium, or supercritical gases at pressures sufficient to prevent phase-

30 change at low temperature. If the transition temperature of the material used in the winding

is below 10K, supercritical helium is the preferred option.



vacuum i npi nged nyl ar sheets (commonly known as "superinsulation”) or an
extrenely lowdensity solid such as aerogel may be used for this purpose. A
| ayer of wo=oleksszs 108 is present on the coil head itseCT/jBuwovesrg t he
structural elenent. In certain aspect®, the structural elenent 109 nmay
variously be a wi nding housing or coil head cryocontai ner 109. In other
various aspects, the cryocontainer 109 may be a cryostat 109. A thernal

i nsulation material 111 al so covers the structural support rods 112. The
support rods 112 are thus al so super-cool ed by conductive contact with the
cryostat. The support rods nust then be isolated from anbient tenperature
conmponents by thermal standoffs 104. To provide structural integrity, two

support rings 10 vide transvers | |d|t he assenbly. The
upper ring 102 i @@Qﬁe‘r P ea{%t esugerf“l‘i’gpgg%lfﬁlﬁ(af J% clt“’? éeaFlPlg’ﬁart i al
contact wi phratllltbeofcsgs:némmge empiogete Ah Snsulatinglatlat Iﬁy@&&ﬁﬁds&d oftih@tigiool i ng
corrponentsv%é .ncl “ch slulp&%g ?ﬁol ed f:rléﬁo eni ¢ conpaonents. The | ower ring
103 is ref &9ERPEnged KA P HCPYRgY, A%y S4PCrigSRtion I an extredeler at ur e.
The warm r ldv\gddnSIt)astolhd@llﬂfhdshﬁo@dﬁﬁma?@&&se@f@ttﬁl n%ﬁr%ose“ﬂ'lz@@r dffinduldkisn BPRNQi ment

[ in the port of a vacuum
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cool ant Chﬁﬂm&llralkﬁﬁlehthﬂ)@ e vAB&IslyifRe vﬁiH&E@E&ls&E ot 181 RIS EYBINt mepl(@r der to
retain el eﬁ_l:rlcal i sol ation between the netallic outer skin (steel

tungst en, BroRg VafifusAJPeest: theyecgntaingp e Hl@’é’e&r?wogﬁﬂbmd A thermal inedationt nust

i tsel f hav@asksIONg adb Bhealthd SruPfuedd SpbR Sods '1*'12 "r|h¥ st thaq 113 4 rﬁlL 24!
fluorinated hydrocarbons, and silicone based cia rans of Bt f 1 ui ds

meet t heseSUPEEACled by sprductiye qo@@ﬁé“ﬁ‘atb@@%%ﬂﬂ@ seppertpedsinaystbbrebe as t hey do
not haye tREaRAMBm dnitfen?lenpBERNS{dnRdndRs Q%Qh&]rﬂa%t doﬂ” T(I E o%td?om ant is

punped through a system of chillers and at si nks su O maintain a
near room feiveEr HHitriey. tWeswperhengs702 @)d t03mpeside traneversk rlgtdayoﬂﬂher cont ai ner,

limting tAg000hady &ngpglbfﬁ%fa?ed%@ﬁsﬂg%% Yo ORd D% Sl et yfer a1

aspects, the primary co ng system nmay be cry Bhi c. e coil
head cont afhpeolingSonapanents.i bedettyin aispoets,ghoeetingierthponans hiyeinclodd supérndi ng, one

o e, LAHPIS L i, TRl 8 E0lS o LB et
diel etiri cnegt-amhgttherqierathﬁsThma&!mnmg 1snanl$thebeo the b@sblpla&’l M 5hivkibh inlthis Sone
eI, Mo % T Py DR B e b Bt gl 2 ) 1"
mai nt ai necdchainbers Wmcmbgctbﬁhﬂtsssterh benstitseif @ ehilled diBlétEE balanfBhankd 106 a
thickness tflgtngneapth]; oface OP ﬁlle assemblyr?nto?de?g)oregalnSC ec%rlrgal 1IOQat10n between the
metallic outer skin (steel, tungsten, or titanium) of the coil head 105 and ground, this
20 coolant must itself have strong dielectric properties. Highly refined mineral oil, flyorinated
hydrocarbons, and silicone based commercial transformer fluids meet these requirements.
Silicone based fluids are preferable, as they do not have the same risk of combustion as do
mineral oils. This coolant is pumped through a system of chillers and heat sinks sufficient to
maintain a near room-temperature (less than 70 C) temperature of the outer container,
25 limiting the cooling power load on the primary cooling system. In certain aspects, the
primary cooling system may be cryogenic. To isolate the coil head container 105
electrically from ground and from the coil winding, one or more layers of dielectric material
107 and 101 surround the thermal insulation layer 108 on the coil head and supports,
respectively. The dielectric strength of this material must be relatively high. In some
30 embodiments, the dielectric material may be fused-silica (quartz-glass) for this layer. The
thickness is dictated by the voltages that must be maintained. In some embodiments, the
dielectric material may be in a thickness ranging from about 0.1 cm to about 50 cm. The
potential difference (v, voltage) between the coil head container 105 and the electrical

ground varies as a function of the product of the dielectric strength (Dk) and the thickness



potential difference (v, voltage) between the coil head container 105 and
the electrical ground varies as a function of the product of the dielectric
st rengt h WOkp1oansseashe t hi ckness(L) of the diel ectric nmatPemritB2009/H334z0me
enbodi ments using fiised-silica, apprdximately lcmis required for every
5CkV of potential difference between the coil head contai ner and ground.
The coil head container 105 further conprises an outer dianmeter 116 and an
i nner dianeter 117. The coil head assenbly 118 conprises the
superconductive wi nding 110, the cryostat/structural elenent 109, therma
insulation | ayer 108, dielectric material 107, the chilled dielectric
cool ant channel 106, and the coil head container 105. [0071] Referring now
to FI G 2A, gss. sectign.of ~a coil head of .simlar . formto that shown in
FIG 105 plachiedripifigid ISpEe ampodimaus Hts s isr RSB )08 ar ound
axi s of syisrefuirgd 0 6vdrasdlngoRpotintisiulitidreie B8t eSEGE t@Mead\coiialps bt / st ruct ur al
npre dielectric |ayers 202 and

el enent 2041, t(geﬂlgnl. 8| %nket. 20@,5 one or |

coi I head EGHI%; g0 ARILGRAIDE °% R ISET AR RutEr diamgien biGrigd aminemar e
simlar cidignb@f 11T THS cSiChdatl @EEmbITNI1S coripres M SidedtohdhctpreOVih @8y MR thaum
conforpality between the material surface of the assenbly and the generated

magnet? c fFEPLR SF‘I‘Fé‘ér?l ef?W‘fé“ % therraal trselation keuar 184 distestaio reterish 07491 ce and
reduces chafigsdifiedid éofant sHAAGH $0d)¥nd Bl RAd LHRaiREIHEE to which field
lines (which are the guiding centers of charged particle gyronotion)
termnate on a MRioRd) RULHAE Row BTG hRRs LBidfordR8 nldl FORNACH L, | N ¢l 0Se
proximity to plasms or charged particle sources this Is very inportant, as
it reducesthiehowmin G & ispichxedeThis is atbroidabwinging ofi experendriuctor 285ghdundt her wi se

overwhel m t. | i i col.l w.th |.ar ge j.or radius,
a circul arcjn%sre%fgsgﬂlgg{g? Fﬁ&fkﬁgﬁcﬁﬁglaﬁggég&g érédf %rg%seﬂr% télfc?l[rﬂ(?sfg]en{ar?"'anot her
enbodil®rent thermal blankst 2€3 bhe euinidre dickeoinip dayatsi202 hnd @ithkddarontainen201rsagound i S

shown suc j.ct i |G 2B, field lines.in the bore of the coil,
near axi s%ﬁ?&%@é‘%@%}%@@?ﬁg? gd %Srerrﬁ%%asf SHCHIRT PR SR HUR ﬁﬁ‘ﬂ?ni’ﬁes’iaﬁetoopposi te
si de of thgovidé inaxismch @hfotwhlity betwoasths satetialnarfaicof the abomgBrand deal . I n this
case, the circul.ar cro ecti-on coil w ndi.ng 213 i s _surrounded, by circul ar
Cross sect%egﬁragfiwg?e&cﬁ%{cﬁ%f' BiredicaReRRan g Sté‘ﬁﬁsf)ﬂg}frﬁjrﬁ}”c? dF%‘P%lson 2 11,

but one orchameé patiielk @npdoistyllimigngh@ddpréeo ohfch gieldaintahikharons bhiging | v

el liptical tto acgcgmmﬂate a field-conf.ornal coiL head_cont ai ner 209, which
is simlar{SeEFY e 15 LYIqUeRstpa) teqmingte on & pstahwriace By siems to bagedc r cul ar
coi | W ndiingosicd9sinSobesk bRABNIGY t6 plakhatSdricAdrgel M Rbrcbdishiedd@ngul ar

solenoid 218 pictured,in FIG 2(%. In certajn aspects, it is
important, as it reduces heating of the exterior of the coil head which might otherwise

overwhelm the cooling system. For a skinny coil with a large major radius, a circular cross

section fulfills these requirements.

20 [0072] In another embodiment, a fatter coil with a comparatively smaller major
radius is shown such as that pictured in FIG 2B, field lines in the bore of the coil, near axis
of symmetry 207, are compressed by the proximity of the opposite side of the coil, and
circular cross sections are no longer ideal. In this case, the circular cross section coil
winding 213 is surrounded by circular cross section cryostat/structural element 212 and

25 thermal insulation 211, but one or more dielectric layers 210 is offset outward and slightly
elliptical to accommodate a field-conformal coil head container 209, which is similarly
offset outward.

[0073] In yet another embodiment, non-circular coil winding cross sections are
iltustrated such as the rectangular solenoid 218 pictured in FIG 2C. In certain aspects, it is
30 recommended that the cryostat/structural element 217 be of similar cross sectional geometry
to that of the winding, but that all exterior layers such as thermal insulation 216 and one or

more dielectric layers 215 be of similar cross sectional geometry to the field-conformal



recommended that the cryostat/structural element 217 be of simlar cross
sectional geonetry to that of the winding, but that all exterior |ayers
such as twernrlo3szasul ati on 216 and one or nore diel ectriPCTIIR3009/85423%5 be of
simlar cross sectional geonetry to tte fiel d-conformalouter coil head
contai ner 214. As shown in FIG 2C, the inward (bore-facing) face of the
coil near axis of symetry 208 is nearly flat in order to accomobdate the
substantially constant nagnetic field in the bore of the magnet. The

t hi ckness of the thermal and electrical isolation |ayers nust at all points
be thicker than the mnimumrequired for proper operation of the assenbly.
[0074] The layout pictured in FIG2C will tend to transmt heat nore

rapidly on_the in d face of the caqi eating djfferential heating of
the coiling"'; "RHih\F,'r\%rcﬁfg'“ﬁ%”c?‘@ R h@ 84t L) (oaefoing) ace THhscdlan be
det r i ment aheak exifSSsyBlcyy QPRI ALABMA Rorlidrft@hdcbRmblaté the siiR@htifilyWsnskant hi gh. I'n
the case of hi (F:Jh at flux, it may instead be preferable to use additional

h
coi | wi ndi MgEnefipfigiddn e perg ofthg magnet. Thedhigkness ofghesthsimat andieleetsicelhe cont ai ner
shape, r at Relatidrayery/m G aVAr ponts bORiEREr thnGhSmptAwE réqﬂﬁeﬁolf‘ﬂﬁpér%gér%nc ross

section of a coil head using this concept. The outer coil head contai ner
301 i s> app?idks #&8eMy- circular, as is the one or nore dielectric |ayers 302
and thermal insulation | ayer 303. The primary coil w nding 310 is conposed
of a group of t hit8#]rEetapeyipietnredimdlicridiswitllkiendtd transydt lvet move rdpidly on
structural T PP king..coids' conposed .af

super cond uttlz1 fg ?n\%?%ﬁﬁ%&ﬁ}é%m%ﬁ%ﬁ’& dg 6%%%%/1{%%&% dutth]heactOﬁerev3}ri“ﬁrbg %ﬁﬁg? ages to
achi eve a driestat/sicustifraretemient 21 7t Tieis cart terdetmentil toaasse(ubshyppetation frddifelinhd nes ar e

parall el t ntai.ner at the.surface of. the container) despite
ext ernal | yﬁ)lI r?glgaste Xflslaiclal&d%n %ﬁ C%)ster?gﬁlg[&ﬁc}fzqqglu’é’rlt néaﬁ?’rlf’%tﬁﬁ%bﬁpg‘&&%bl?ﬁ”g?rays of

coi | s]0it avitioba cpil efireliregb keshpe thel oppgnesio field|td pt ¢onddrmaiab Brrcohithingr shgecul ar
Cross sectri &lnr or .ael:l el enents. This is particularly prudent in the case of
spherical Jrrays B8 s in close proxinity to one another. The bucking
coils nust be su [t by a stryctural brace 306, which rigidly holds the
primary and buck‘%ﬁ ]CFEEI3§¥°T%%?W“%é?dé‘fsrqr9§§s%8w‘?f@qﬁll@&ﬂ,usalgﬁhﬁ oi dal magnet

havi ng t hesofEeds The 6Gik M heiPMWAtiner 59 Gs ApproxiMeRlyCirstlar, I¥6 tHe @Rt NEsLar cross
section cojl w.nding 404 is symretric about axi's of symetry 401, as are

bucki ng cdliflectiphayerh d02pmd thempalipsulajionlayen 308 ctherpaimany eeil @gndings3 9ds nt ai n t he
spaci ng ofcohlp@sdarof H%fo&ip BPArRYEHIIRGIa LRI IRIRH [ GefhbBEy R £8RchRAL are
generated between them A solid structural elenment 405 provides the prinmary
rigidity gflemang 3¢ J@rtsmygll “bucking coils’ composed of superconductive windings 307 and

308 may be run at varying amperages to achieve a field conformal to the outer container

(magnetic field lines are parallel to the container at the surface of the container) despite

externally imposed fields by other coils or current flows. In arrays of coils, it may be

20 preferable to adopt an elliptical rather than circular cross section for all elements. This is
particularly prudent in the case of spherical arrays of coils in close proximity to one another.
The bucking coils must be supported by a structural brace 306, which rigidly holds the

primary and bucking coils,

[0076] Referring now to FIG 4, a toroidal magnet having the cross section shown
25 in FIG 3 is depicted. The rectangular cross section coil winding 404 is symmetric about axis
of symmetry 401, as are bucking coils 403 and 402. An array of structural braces 406
maintain the spacing of the primary and bucking coils despite the forces that are generated
between them. A solid structural element 405 provides the primary rigidity of the assembly,
upon which the cryostat/structural element 407, thermal isolation layer 408, one or more

30 dielectric layers 409 and coil head container 410 are attached.

[0077] For coils that are not circularly symmetric about an axis, the minor radius

cross section for ideal field conformality is not constant along the length of the coil. FIG 5A



upon which the cryostat/structural elenent 407, thernmal isolation |ayer
408, one or nore dielectric layers 409 and coil head container 410 are

at t ached.wpQOw/pBsHer coils that are not circul arly symeCriiB2e@poisti2%an axi s,
the m nor radius cross section for iddal field conformality is not constant
along the length of the coil. FIG 5Ashows the cut away of a four-sided

pol ygonal coil head contai ner 501 nounted on a support base 503 with
support rods 502. Coil wi nding 507 maintains a circular cross section al ong
the length of the magnet, as does cryostat/structural elenent 506 and a
thermal | ayer 505. The outer layers including the one or nore dielectric

| ayers 504 and coil head contai ner 501 however have a non-constant cross

section in d con or.yral it 0Q78] At the cross
section in Jcvf';jlst‘si%d‘t’uby‘g%f (?%a?fl ““'S“? §R8IY§%'§‘ chgl% ‘i/“éﬂ"ﬁeéé | BoWRd qna supRort shown
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nsul ation,606 are also circular i n cross section,

| t 60 d
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is ofiSet dicingglade 5081 fAGENER | reduRink Wea Sk EAGEIOFroh AR &ht@lséﬁﬂ%l el d boundary
at the coil ed e and slight]ly elliptical to acconmobdate d- conf or nal

coi | head T8t divess mﬂ/\ﬁf??ﬁ sgegons; ifpetayesrythese rweplangstare linsarf i el d- | i ne
conpr essi addnbiuftibi IR t@b MBS doGhde HRA B nd discontinuity along the surface of the

coil. A cryostat/structural element 516 surrounds and supports the superconductive winding

513 and may also provide flow channels for cooling purposes.

20 [0080] Referring now to FIG 6, the cross section of a coil head designed for field
conformality in close proximity to diamagnetic plasma 601 is depicted. The cross section of
the central superconductive winding 608 is circular, and if the coil in question is a dipole,
symmetric around axis 602. The cryostat/structural element 607 and thermal insulation 606
are also circular in cross section, and are concentric with the winding. The one or more

25 dielectric layers 604 is offset along a line normal to the surface of the plasma/field boundary
at the coil edge and slightly elliptical to accommodate field-conformal coil head container
603, which is similarly offset. If the field-line compression due to the diamagnetic plasma is
great enough, a small flat section on the plasma-facing side of the coil 605 should be

included to ensure field conformality with the container.

30 [0081] Referring now to FIG 7, the cross section of the coil head, supports and
feedthroughs of an embodiment of the invention is shown. A circular superconductive coil

winding 702 is symmetric around the axis 701, while the supports are arranged as shown in



great enough, a small flat section on the plasma-facing side of the coi

605 should be included to ensure field conformality with the contai ner.

[ 0081] Rewerwniongszew to FIG 7, the cross section of thePcoiB2logesis2%supports
and feedt hroughs of an enbodi ment of ®he invention is shown. A circular
superconductive coil winding 702 is symetric around the axis 701, while
the supports are arranged as shown inFI G 1. The cryostat/structural el enent
703 is attached rigidly to solid support strut element 713 on two of the
supports, and to holl ow support strut elenment 708 on the others, which
houses the supply conduits 705 for coolant and power to the w nding. On al
support struts are thermal insulation |ayers 707 and dielectric shields

706, which dinto bel | -.sha cover far..the strut nount plates 709
the cold rF%{‘;lnfﬁ Cg’ﬁﬂa\ﬁ%}*?ﬁ“ﬁﬁ, ﬂ&r"?'ﬂ‘ﬁ?)}s&éf‘@& lefjf?[&? E@QIS“PHO&isﬂPﬁeﬁm%i l e
thermal st ardoftive of 16 saoRasad tcfollb@whigoersial o RAL TR dn\hd MhdiRtdidhal S
(surface-fused ﬁerogfl S %tg g’rfol aoﬁed rfsﬁj‘tj‘qeel reinforcenents in one

enbodi ment JOUSEIMEIURPYFANQUYF 403 1oR EPAUHE ARAHIONGT tocthe Winding Qmall suppaibiiivts housi ng
l'egs, the saeienmmliimnalation Relors eETinArdRIIeR i EhRIRTDG, WicheRRh& i a bdifshamadui t

af ter passi ngﬂbel ow the cold rin t he three support struts houses

. One .of
hi gh vl t aff¥e] iPRtbe Feuf moust RJPEG%?QS%E? cold HishE! 004 yame tiog Tl Larexddectraety@! f r om

charged pafigiitief, hileBREAS sRAIHRE 16 0bhpIEPSF 169 MeRhNLbndulf; iiy?ndf?ﬁﬁ% to bias the
coil head container to sone desired electrical potential "(voltage). The

hi gh vol t agerfaceise aeragedevith salpied steelgpinforgmgnts ingenglembeadifetsisglatedlred i s

i thedded bgli®Pmhd MmUYy f@E@e fppivh b 4.5 8Lr r 06 until
it exits at poiént 715? [00%2]p?er%ngﬁﬁﬁgﬁgﬁgigs’§%%l§n glté%lgt%? %SEH{'E“%[} rcul ar
coi | havi _rfdelﬂﬁ’fntalﬁ:‘Fanaé\l?S)FhQ:QS)@ﬁ‘i“h@esy%‘iﬁ@lﬁbslpmthwldr@gt Qae ofshotiveeisuppbit G 1.

Coi || b ndi fi10dsch figh UBRREifEl7 Y wBlchUhet Blins3MRPOLL S BRA ARG fraces 803,
while a series of coolant” |ines provi des near-room tenperature cooling
from the cedrged partiele irapacB@a the/coilbhoadiGomtaimst, on&lusaito dims thecbil beadebntiing i nor

di f i j. I t ..t hi il [
Cyst am i s ‘Dogmé Ghstreg HERIES Biteldhs (ofaddF 1HE BUR HIRS sl Ytibary iBihfices "Phe
t her mal | omthe@ass fikers, nsdiisambaided hedtve the shnface eflthe idiztpcrioaug@tti st tihorm

t enper at ur t.he . Si. f the thermal insulation |ayer, which reduces
the rate o@tsﬁlétéﬁlpﬁl%ﬁé?%&%ilﬁto the coil windings. This is acconplished by

runni fluid 80 previously described types through |ines |ocated
in between the digg%fﬁﬁ?'l%é SF%‘(}%? C%??%;aytq‘?@‘ She vl ol bayineanaasillpo. 1n this
enbodi Menteoolilasstchishtifar & Bat sBERE RATIAN| Loid Wirdh 800tQppREd bignkREd and

conduction is cg ntlﬁ&)on for heat flux_incident on the top of the coil to
be transni VPRAGS BB MHPTRES PUhivhilap sagies of coplinidings 8dypreviges near-room

temperature cooling from the coil container 804. A two dimensional cross section of the
minor radius of the coil, depicted in FIG 8B shows that this ancillary cooling system is

20 outside of the primary thermal blanket 808, and thus reduces the thermal load on the
insulation systems by reducing the equilibrium temperature of the outside of the thermal
insulation layer, which reduces the rate of heat transfer into the coil windings. This is
accomplished by running fluid 805 of the previously described types through lines located
in between the dielectric layer and the outer coil container 809. In this embodiment, these

25 lines are located only on the bottom of the coil and conduction is counted on for heat flux
incident on the top of the coil to be transmitted to the coolant. This is achieved by two
means- first, the outer coil container 804 is thicker on the bottom of the coil than on the top,
leading to enhanced heat transfer due to the greater heat capacity of the lower section.
Second, a layer 806 having very high heat conductivity, such as copper in one embodiment,

30 is attached to the coolant lines, and extends to the top of the coil. In other embodiments the
coolant lines may be located along the entire surface of the coil, rather than only over part
of the surface as in this embodiment. In applications of particularly extreme heat flux, it

may be necessary to have a plurality of ancillary cooling systems, each separated by a



means- first, the outer coil container 804 is thicker on the bottom of the
coil than on the top, |eading to enhanced heat transfer due to the greater
heat capawOt9100i35146e | ower section. Second, a | ayer 806PhauBryINv=MIY hi gh
heat conductivity, such as copper in ®¥ne enbodinent, is attached to the
coolant lines, and extends to the top of the coil. In other enbodi nents the
coolant lines may be |located along the entire surface of the coil, rather
than only over part of the surface as in this enbodinent. In applications
of particularly extrene heat flux, it nmay be necessary to have a plurality
of ancillary cooling systens, each separated by athermal insulation |ayer.
I n one enbodi nent, the equilibriumsurface tenperature could be as high as
IS possi bltgl based o8 ngﬁteri al s C@Hcerns (sonmewhere around 2,500 K for
tungst en) R figulakondayer;Tp pacsmbadiment. hs cauilbrinn suréase festperagiirecoyidhgent t o
prevent thg lﬂgﬁeﬁﬁs podsibR ®@sc@lon A ridlsicBRIelhs i(oiehwbr ARuh®Y,$60 K r@RipXEHedi ng
appr oxi matel 343K) .. [10083] A second type of bucking coil arrangenent

is shown i%! asé VleH’eacnﬁi IF“Yl CROIRPLEYYemSHE Sreset o RgVsHl theyowdersartye wetie | s
desi gned t@iradrl @i8L1BAGH Thgdr fibinSixeeeaMBlaBpriRildaleYy REI(WEAA, the generated fiel ds
and the support rods, reducing the frequency of char ged particle inpacts on

the diglectric a@p@ﬂ A)gecBllﬂ:?q(ﬁ &%Eﬁm I:JlH;n% HQ%%%URC& awfaag%f.ﬁlper getic

particle source or plasnma e prlrray corr 1(ﬁlby snmal |
sol enoi d 0% Thigzoil windingswmrengementiis dedigned tcedlhis/ pattrah@eld benfenmiatityof t he

support sty %e%nteer‘g%n&%h I3 ln{%lntﬁé Qléaﬁé’ﬂlt l‘OdWr?(RliC?lgg'[e reéﬁ?ﬁ%gg bl%g i thin the

i nsul ation, diel ric coolin enen y coil. A
hol | ow reqradmlfgm@acts oqntlesimtﬁtotrtccanabﬂ afithef smppd:rﬂmrutsmgﬁmed oaphbdtergatied power

supply i rimary coils t 0084] Ln anot her
erbod mentbiricEioptcd & R ot e ebEubRBIDT S henkedl Shan SRgRidso B na b ac  on
and nHtharfloeahat geneps dipalt fieldealonig thie aeis sfihe suppord sifitd. The GhaAroleapEgHiet S i S
provi ded, 83 Sshown | G..10.. A nethod,.qf ovj di | ectrical insulation
and mechan CHPes IBB%S‘S? E%Wlt%ﬂéhedf’sr% dé‘ﬂﬁéfp 8?‘?&/‘3‘“@?"@%?? t3hdi§net s 1000
conpri ses drinear§ edil. Avtiollgw $¢gRsI0B s Sreyen D A8Ew forfild dafbipBfle codlik hidf poR@r a
superconductl?\ﬂa Jndth g Wi ndJl gbhous%{}% cryogeni c cooling system and

cool i ng sy SPRIKTIRgs fa5 the PUP&y CPHSIR PP asstsiitofelt-h a | ayer of dielectric
material having dielectric strength greater than the product of (1) and
(2). In certain [89}#dr another pmpadimend, amethed ofproyidingglpciticabiingfleticance bet ween:
(1) the supemernsisiohusd %&th@ﬂ sufﬁﬁo‘ﬁ‘“f@ge QG ﬁ%erc‘o\ﬁd?ﬁg léi:tr?ﬂ%rfe@g system

and cooling system housin and, (U) the outer t surface o
el ect ri calif proxidedas shopa indiiGe F§. & methed ef merddingeleatiical msulaticn amdt er i al t hat

surrounds fhfaitip iR IHG e of faold kdShdultvadicGo Qs Mbo ShBAGERC cool ing

following steps in any order, including: insulating a superconductive winding, winding

housing, cryogenic cooling system and cooling system housing electrically 1001 with a

20 layer of dielectric material having diclectric strength greater than the product of (1) and (2).
In certain aspects, (1) is the electric potential difference between: (i) the superconductive
winding, winding housing, cryogenic cooling system and cooling system housing; and, (ii)
the outermost surface of the electrically conductive material surrounds the dielectric
material that surrounds the superconductive winding, winding housing, cryogenic cooling

25 system. In other aspects, (2) is the thickness of the dielectric material. In another step |
found in the methed described above, supporting the superconductive winding, winding
housing, cryogenic cooling system, and cooling system housing mechanically within a
chamber by multiple support rods 1002, is provided such that the shortest distance between:
(3) the outermost surface of the dielectric; and, (4) the innermost surface of the chamber

30 wall is greater than the quotient of (5‘) and (6) below. In some aspects, (5) is the electric
potential difference between: (i) the superconductive winding, winding housing, cryogenic
cooling system and cooling system housing; and (ii) the outermost surface of the dielectric

material housing. In another step, insulating the support rods with a layer of dielectric



system In other aspects, (2) is the thickness of the dielectric material,
In another step found in the nethod descri bed above, supporting the

super condwotowa3si4ndi ng, W ndi ng housi ng, cryogeni c coolPCmgBRYYO&A?9 and
cool ing system housi ng nechanically wiot hin a chanber by nultiple support
rods 1002, is provided such that the shortest distance between: (3) the
outernost surface of the dielectric; and, (4) the innernost surface of the
chanber wall is greater than the quotient of (5) and (6) below In sone
aspects, (5) is the electric potential difference between: (i) the

super conducti ve w ndi ng, w ndi ng housi ng, cryogenic cooling system and
cooling system housing; and (ii) the outernost surface of the dielectric

materi al housi.ng. .10 another step, .insulating the support rods with a |ayer
of diel ect P’ia@ﬁg‘tglé?P% éflpr‘ivé%g' ﬁ%ot[}?rdfail%&ﬁpe% (é? & sffsptivediclogjsestrength ¢f) | s
the ef f ect i¢edivel R@bLENENS 11§ BOBLRAst B cdBIdhddRIBH#IE ﬁ%ﬂmeﬁsi{]gi; ipthe
outernost surface of the dielectric material housing; (11); and I'nsul ating

t he suppor #ndipHating the supnoghyreds vith ajlayir of dieleptrigeateripliaving diefegtridisaenatit r i ¢
strength ggeatahad e Prolild oPIhe Bre YolRike btBthi inickh thi ckness of
t he diel ec%ri C I%yer &0[1(1)085] In a?\o %er emodiﬁég{ﬁlggﬁgﬁt%%aty?ﬁ FIG 11, a
met hods of provi dj ' b ' . ral_insulation and

mechani cal suppo!dtﬁg%]?[In %ﬁ%ﬁ%%ﬂ{r?g?lglégﬂua%@%nl tgc il\f;ga Héfiﬂgoéitot%ﬁgﬁiﬁgt s 1100
further i nelfeident insplaticagtherniad insuleticn dnd ofechdnecabivppst efons biomorei N FI G 10,

provi di ng i t Oof high-K.dielectric nmaterial 1104.
In certai n&ggrﬁgﬁugwefe #g{}%ﬁ ot'r§ lrlré))@eﬁ%f’%)}gcrlus&%g i %"E&WPE‘J %f%ﬁrth%ft?qsés’-rmt erials
may be coughowd it BGal G proutlingroab osmprednrtersost lagérs bEhifloK diditréchdteriddi ch al so

functions one or. nore, flow channel s for. .actiyvely. punped cryogenic

cool ant ; aﬁ?libg]o(i??%]inr?gp egtﬁéth"g?nen%%or? Iﬂeer? g{%&'gféﬁﬁﬁﬁ %ngﬁgséﬂa% al i zed

wovenlpol yevapled td atnicmralsugpppit siguceoe fir e coll twhich afsb EacchbiR ok oi¢ GFektsd t Y

silica-bas éjwl ayer f tth mal i(gsul atj on t hat con'h:@\ril ns high reflectivity,

| ow t her mal o' SHATRT 19 AY Vellgfé‘f"glpf’ gryosepic Sppfnt andprayifingans o mare leses Bbne or

nore di el ewtwint imhglygd netdlizéd gbvel pdiyalefi€ fabiic witbhRE c@lpledWhith 4 MixBIIoSt I uct ur al

support structure v[\)h%:ﬁg fu&c}bi ons. i n other enbodinents in one or nore of

the confi PSP HiFa-Dasddarey af‘@ﬁ’é‘ﬁ‘f’“lt t eiedvishariiestiving tv thermahown i n

FIG 12, a goadhaditphaerisly ibthe vahaslakiees) thé Bt AlokOdleledthE YRS of Migikat i on and
ort qf one_or nore superconductive el ectrofmagnets 1200

mechapj cal .su
conpr Pgs es qlﬁﬁ‘g ¢ waerialy pay fRym gy apturabsupporestructugeayhich fugesions jnrpghes

SUDercondth@ﬁﬁomlemiihoﬁé&rﬂdr&§ftﬁu&ﬁfﬁgmﬁmﬁ%{eaw%. 1201 and providing one or
nore dielectric layers that surround a support structure 1202. [0087] In

other aspects asp§siihaddther BRbddiBh G0 wn S Fld 3, g[%’lethtola%fg%gi L%(gj of FIG

electrical insulation, thermal insulation and mechanical support of one or more

superconductive electromagnets 1200 comprises the steps, in any order, of electrically
20 isolating a superconductive coil from its outermost container 1201 and providing one or

more di¢clectric layers that surround a support structure 1202.

[0087] In other aspects as shown in the flow chart of FIG 13, the method of FIG
10 may be provided wherein the one or more dielectric layers that surround a support
structure is a cryocontainer. In other various aspects, the one or more dielectric layers may

25 themselves form a cryostat/structural element.

[0088] In other various aspects, as shown in FIG 14, the method of FIG 10 may
be provided wherein one or more of the dielectric layers substantially withstand a maximum
voltage of about 250,000V (250kV).

[0089] In certain aspects, as shown in FIG 15, the method of FIG 10 may be
30 provided wherein one or more of the dielectric layers have a thickness of a minimum

thickness of about 0.5 centimeters to a maximum thickness of about 50 centimeters.



10 may be provided wherein the one or nore dielectric layers that surround
a support structure is a cryocontainer. In other various aspects, the one
or nore dwelemasmel ayers nmay t hensel ves form a cryost aPCIHBL00/0F4a9

el enent. [0088] In other various aspedts, as shown in FIG 14, the method of
FI G 10 may be provided wherein one or nore of the dielectric |ayers
substantially withstand a nmaxi num vol tage of about 250, 000V (25CkV). [0089]
In certain aspects, as shown in FIG 15, the nethod of FIG 10 nay be

provi ded wherein one or nore of the dielectric |ayers have a thickness of a
m ni mrum t hi ckness of about 0.5 centinmeters to a maxi num thi ckness of about
50 centineters.[0090] In yet another enbodi nent as shown in FIG 16, a

met hod 1600 for ical su rt, electrical isalation, and thernal

i nsul ati on of on@g&%nﬁgfgangﬁlﬁlg&'&%&ﬂmf‘ orn Bk Lo, ?’r’é‘@‘ﬁ%‘! Lo00HRE are
suppor t i ngmet¢tenisalpepenesatital BoRties bind hefy Bellat¥nn@onder Méredi Ng housi ng,
and cryogeni c coplant .is.provided that includes the steps of FIG 10 and
further i n%‘ﬁpﬁfag%d?w‘i“ﬁ elgigiricanagarts tat are synpeding thejsupareaniieivaclegiemagnstiuct i ve

coi | from wingling) RiNg hbusa@Nimli oieige kY cEUIAN isHréVGdea Mt RcludBy the bRloBfid i C
| ayers_th support structure 1601, insulating a superconductive

at,. surryound [ A0U.
wi ndi ny, v»f%?ﬁ%ﬁ@“*?%ﬁ’«gﬁ‘ﬂ&% N9y 1ordey elegically iseletingasrparepndyative peilisem ith g
el ectri cal duteritlobtitomtaind8l pré¥ididh Shestntdr€ dRRLBE 1e8brs %}ngl’n‘oﬁlllﬁ)fpﬁlhb(;rpg the

super conductive w ndi ng, w nding housing, cooling system and cooling

syst em houZURYre O hdRiuiasing 9 syictRndpcEve windiser wipgingrhousing] eoolingspystem andds 1603,
and i nsul a¢doligk $B@mHSRARY LiediRS Sy Wi .. diel j "EEH Lal 1604.
[0091] In arcl)ot eylr%_eandﬁéne%tfl %y\gﬁ%&ﬁ%chg%ﬁ%e%cqus'ttglléiggkqjﬁ olﬁélkhgol ating,
suppor t i ngPuafEondugineatindige, tieding isusios raelingisysserniandicomding wistedi Imysingusi ng,

cool i n@ SYIﬁéc@Hﬁicaﬁﬂquiﬁll‘ﬁPé &fﬁglbéy%rﬁg}iﬁlggﬂpgg r(%dqubgjg%cﬁln&%trn&é I poIrtSOI ating a

super conductive coOi romits st'"cont ai ner y provrdl ng one or nore

di el ect ri crofisyith & layeraof dislecirisumederial $&dport structure 1701, insulating a
super conducti ve wi ndi ng, w ndi ng housi ng, cooling systemand cooling system
housi ng el ectri ci@D9}} Inasdthea cinbydimentfas slioinds FIG £7, BRpELT708 or jsbding,and

i nsul atin é& .support rods with a |layer.of dieleciric material 1703. In
certain agsf)l ?tsnfg @ﬁénsgﬁb%&‘f’ S‘éqefcﬁaqlﬁﬁg%w vgb@“@a%bwwgr@a ng YHfest her
vari ous asjedcodingisitent haushgrindiiy ekomioslizsicolatitg aGupd®neuddive t&rkdenh &s | ayers to
form s su%ofrt struct ure. %/O QZ%I n ano%ger .embodi nent as shown in FI G 18,
st eps 1800 QP FPETETI T Y, "4 HE °5 UieT CHRdT Y2l SHEPWMY, 2 SHPRA ng  housi ng,
cool i ng sysueume 1204 im&tihglgmfp)éﬁ:bﬁiﬁbmwih&lﬁg, winding housing, cooling system and

cooling system housing electrically with a layer of dielectric material 1702, and insulating

the support rods with a layer of dielectric material 1703. In certain aspects, the support

structures may be support rods. In other various aspects, the chamber may comprise one or

20 more dielectric layers to form a support structure,

[0092] In another embodiment as shown in FIG 18, steps 1800 for tri-isolating,
the superconductive winding, winding housing, cooling system, and cooling system housing
include mechanically supporting one or more superconductive windings, winding housings
and cooling systems 1801, electrically isolating the superconductive winding, winding

25 housing and cooling system 1802, and thermally insulating one or more superconductive

magnetic coils 1803.

[0093] In another embodiment as shown in FIG 19, the steps of FIG 10 further
include: structurally supporting a winding housing by one or more hollow struts 1904. In
certain aspects, the method may utilize structural elements that include a cavity through

30 which supply conduits may flow.



i ncl ude nmechanically supporting one or nore superconductive w ndings,

wi ndi ng housi ngs and cooling systens 1801, electrically isolating the
super condwot2owen3sd4ndi ng, w ndi ng housi ng and cool i ng sy®CenBi8dj442nd
thermal |y insulating one or nore supeXconducti ve nmagnetic coils 1803.

[ 0093] In another enbodi nent as shown in FIG 19, the steps of FIG 10
further include: structurally supporting a w nding housi ng by one or nore
hol l ow struts 1904. In certain aspects, the nethod may utilize structural
el enents that include a cavity through which supply conduits may

flow. [0094] In other various aspects as shown in FIG 20, the nethod may
further include steps, in any order for isolating one or nore | ayer

el enents i ncl udi oroidial section of di ri c conposed of an upper
and | ower hal f 2 %,ﬂ Fﬁﬁ%%r]vapﬂusoatsﬂeﬁs aééﬁ‘?%?%@é@é@%‘“%@%ﬁ%@% f1 ow chart
in FIG 21, intlnde siishiadnyreier fur isbleting dhe lobiere lhyer adelédtd MBbiAg b RBoidhePs shown
in FIG 20, a.netgo s provigeg for tre ting@the fibers wth an epoxy

sol uti on 25BN Qf 1110 RMBPITE T YLYRPELANIILRB L 2. shown in FIG 22, the

met hod may variously include, in addition to the steps in FIG 20, treating
the fibers with WO ethervanious asreciasshown indlowxhars in FIGOI7the Fiethall gy an

al ter nat | verdtiefldibh adbifiolloddd 8 shdith AHRIB0! dndthdd i€ Brovlabs WPLERE e _Step
of thermally insulating one or nore superconductive ghetic COITE is

i ncl uded VhefAkgrawih prgory sgluticndi 1884 on shi el di ng between the outer |ayer and
the dielectric layer is provided 2303, In addition, the nethod may al so

i ncl ude, in any {§0%dr In ethgtvepofsaspareab sinivadh FIG ) gheandthalgnonarioislymor e

super cond i ve. wndi ngs i_ndi sings, apd cooling systens, 2301, and

el ectri calbiﬁélh‘?/esgjlw‘qéi ?’r?rd the g Sd%?g%gﬁgr@?ﬁl th@\ﬁﬁeﬁﬁ‘ﬁ&aﬂﬁﬁ’ﬁw&r%@ﬁsi ng and
cool i ng syshtion 2882. [0098] I n yet another enbodi ment as shown in FIG 24, a
nmet hod i ncludes, in addition to the steps in any order shown in FIG 18,

st epslf or provi do0er] OFiRalB ad&lethali Ay @R SodHheny RGrbVMeH THRIshGaHin TRE 8k iiged woven
pol yneric ing coupled with a flexible | ow density silica-based

faqh%c W a s ) ) .%.
| ayer of t'HE¢ Fst%eﬁtgamaahl%'ﬁ% e RyMATegHPS etV agnetic reily it her nal
conduct i Vihyludbatuieied a 1af Q9 Riaion MBLIIRP OLtheEn BEBRL lmﬂsnd t di@lQBFxE atus is

configured with a superconductive magnetic coil that” has three layers. The
first |ay apver s pryaded 3803 Iql]pcglpfqu, the method may also include, in any order, a step for

mechanically supporting one or more superconductive windings, winding housings and
15 cooling systems 2301, and electrically isolating the superconductive winding, winding

housing and cooling system 2302.

[0098] In yet another embodiment as shown in FIG 24, a method includes, in
addition to the steps in any order shown in FIG 18, steps for providing one or more layers of
vacuum impinged metalized woven polymeric fabric wrapping coupled with a flexible low

20 density silica-based layer of thermal insulation containing high reflectivity, low thermal

conductivity material.

[0099] In yet another embodiment, an apparatus is configured with a
superconductive magnetic coil that has three layers. The first layer is made of a high-K
dielectric material. The second layer is made of a vacuum impinged fabric wrapping

25 providing one or more layers of vacuum impinged metalized woven polymeric fabric
wrapping coupled with a flexible low density silica-based layer of thermal insulation
containing a high reflectivity and low thermal conductivity material. The third layer is
made of a thermal insulation. The superconductive magnetic coil of the apparatus can have
a layer of high-K dielectric material that includes individual filaments contained in a copper

30 matrix or even a larger cable comprised of multiple braided filaments and additional binding
material. Finely, an alternative to this apparatus embodiment has a winding of cable-in-

conduit Rutherford cables. These cables have superconductive filaments in a copper matrix



dielectric material. The second | ayer is made of a vacuum i npinged fabric
wr appi ng providing one or nore |layers of vacuum i npi nged netalized woven
pol yrer i cwbabromsszsappi ng coupled with a flexible | ow deasiiByogisitzia- based
| ayer of thermal insulation containim} a high reflectivity and | ow thernal
conductivity material. The third layer is made of a thermal insulation. The
super conducti ve nmagnetic coil of the apparatus can have a | ayer of high-K
dielectric material that includes individual filaments contained in a
copper matrix or even a larger cable conprised of nultiple braided
filaments and additional binding material. Finely, an alternative to this
appar at us enbodinent has a mﬁnding of cabl e-inconduit Rutherford cables.

These cabl hg dsagercg ve fi haman in a.cop E matri xt hat are

br ai ded ar ounzg TAESAFIPANY &6 3 CORPEL Ghannel. Fheseexicrioraablgs arg speesd Withancover ed

Wi th an i ninshlafiigngateréd,erlbyd of @chlﬁﬂﬂﬁplﬁéed\h@éfedﬂégﬂ Wé%h'ﬂglﬁ‘(ﬂlef]@f’aﬁhé zed woven
ation. [00100] In

polynmeric fabric a and a I of thermal insu

anot her enB’Bac?PWﬁﬁi\;\g Eg &%H&F’Bﬁ‘ d%su O’1‘)rOV| ded that has a w nding support

structure, nmade tdﬁ of a stainless steel toroidal container including an

upper and | ower HAL901af 1 snathex gnkodireant, apiappiirates is providehibat haga wvmwmgaspects

the appar a§dﬁ§orﬁ?€%cﬁﬂr§%aﬁ@¥gﬁa{)§§ V\ﬁl@ss@ﬁ:@ﬁofbﬁd&i k&?a?ne?%"dﬁlgﬁﬁg 2h per plyrality of

supply | eads on I"ower ereln one or nore ca € Separated by
180 degr eelower hpliadfixeditp a geipwinding. in Othﬂsr«;rlmsmpmu,rthc a@aphaumy atshagvear e

coaxi al toor;efb@nﬁ,?é)&ﬁic%g;fk;&ﬂ% ﬁ'm%yts’su ?59 %}FS gcgrhogévg]he enbodi ment

i ncl udes one or nore additional’ str “FrSChe first
pai r of stmgiesablesdc sdperagadibytl§0 éegrwﬁ.dlmgrtaiompmdt zﬁimgnmnﬂmgrplamre coi l

radii. In {Plgt]ﬂh?é CO\cligl 1{8%6& ﬁ%?&'%csOmean angtﬁ ralsg?e(gﬁ?{d Gr,'h%lqegb dlgirl’]{elpl the

W ndi ng support structure he or hore e Fetal i zed
nyl onlhel donsm)dmorerndghlonacsumffmuby B0 deppeee fibmytky Rrsspairrod wadeditiDyheamutai rti ght
i nsul ati on one or. nore

nmetal cavi | ti an i
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of di el ectyabunBHafibkAdndipRRkdeR bR MtPE? vALUEIMSELH tht an inner structural element

surrounding the winding is sealed. Further, the winding support structure has a cooling
system. The winding support structure’s cooling systeni can have high dielectric properties.

20 The winding support structures can have channels wherein dielectric coolant may be
pumped. The channels are etched into the exterior of the solid dielectric layer. The winding
support structures can have tubing composed of dielectric material that provides dielectric
coolant to the coil head and through the hollowed portions of interior support struts. The
winding support structures can also contain a minor radius cross section following the

25 contour of a magnetic field line surrounding an outer metallic layer. Finely, the winding

support structures can have a coil with a minor radius cross section that is slightly elliptical.

[00102]  In one embodiment, a superconductive coil housed within an assembly
that provides cryogenic cooling, structural support, and high potential electrical isolation
from the surrounding medium. The electrical isolation consists of a layer of high-K

30 dielectric ceramic, glass or polymer, such that the outermost metallic layer of the assembly
may be held at high electric potential difference from the coil winding. A layer of vacuum-

impinged mylar wrapping in conjunction with a silica-based ‘aerogel' blanket provides



coolant to the coil head and through the holl owed portions of interior
support struts. The wi ndi ng support structures can also contain a m nor
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can have a coil with a mnor radius cross section that is slightly
elliptical. [00102] In one enbodi nent, a superconductive coil housed within
an assenbly that provides cryogenic cooling, structural support, and high
potential electrical isolation fromthe surrounding medium The el ectrical

i sol ation consists of a layer of high-K dielectric ceramc, glass or
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HTSC wi ndi n S is hi and su equently the i power required to cool
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under the @ffegtype. QﬁS@dﬂb@&érﬂﬁsto@fm y&e pfé@e?&blé)fn embgéﬁﬁ{en& 9&&&&‘&) PONET

r equi rerrents In the case of both LTSC and | anent s e preferred
embodi mentheglunes thegritical temperptre HrEToC w'lﬁimgﬁgs luﬁhee and wibpaquensiydhs t

Rut her f or dnut Bew&aBued toMdsI e SN dilebMeLTSC windings present advantages

of durability under the effects of radiation, at the cost of higher cooling power requirements.

20 In the case of both LTSC and HTSC filaments, the preferred embodiment of the invention
utilizes a winding of cable-in-conduit Rutherford type cables, where superconductive
filaments in a copper matrix are braided around a central copper channel. This channel is
filled with the desired coolant, and pumped actively as to provide forced cooling. Possible
coolants include liquid helium, liquid nitrogen and supercritical gases, as well as many

25 others. The exterior of these cables are covered a durable electrical insulator such as
polyamide. Other embodiments include a solid winding which is cooled by externally
pumped cryogenic coolant, and windings cooled directly by conduction via closed-cycle

cryocoolers.

[00104] In another embodiment, the complete magnet winding may then be
30 bound together with an epoxy under vacuum impregnation, or wrapped again with
polyamide, as required for the specific application. In the embodiment mentioned earlier,

this element is toroidal (donut shaped), with positive and negative leads of the internally



filaments in a copper matrix are braided around a central copper channel.
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nitrogen and supercritical gases, as 2%l|l as many others. The exterior of

t hese cabl es are covered a durable electrical insulator such as pol yam de.
O her enbodi ments include a solid winding which is cooled by externally
punped cryogeni ¢ cool ant, and wi ndings cooled directly by conduction via

cl osed-cycl e cryocool ers. [00104] In another enbodi nent, the conplete
magnet wi nding may then be bound together with an epoxy under vacuum

i npregnation, or wapped again with polyam de, as required for the specific

application.  In the_ epbodi nent ntioned earlier, this elenent is toroidal
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assenbly is desi@ﬂ I't olnisert3ip aseeis- e pHnding thesstagLswprarbsitieture there map be
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embodiment, the assembly is designed to be housed within a vacuum chamber, and to
provisions for providing an internal vacuum are required. Note that in this embodiment, the
inner structural element surrounding the winding is sealed, so that small coolant leaks do

not ruin the vacuum.,

20 [00107]  In other various aspects, the mylar layer is surrounded by an additional
layer of thermal insulation, such as extremely high R-value foam or “Aerogel” type silica-
based blankets. The preferred embodiment utilizes flexible sheets of extremely low density
nanoporous gels, as described by US Patent #20070173157. These may be wrapped in
sheets, and held in place by high strength fiber thread, such as Dyeema or Kevlar.

25 [00108]  In another embodiment, surrounding the thermal insulation layers
elements designed for electrical isolation are present. These consist of a toroidal section of
dielectric composed of an upper and lower half, or multilayer wrapping of a flexible
dielectric. For maximum electrical isolation, one embodiment consists of fused-silica (low
metal content glass) halves. These may be joined together by a number of methods,

30 including melting and pressure welding of the two halves together. If this method is
employed, great care must be taken as to not damage the internal coil windings, as

superconductive materials are very sensitive to high temperatures. Filling the coolant



| ayer of thermal insulation, such as extrenely high R-value foam or
"Aerogel" type silicabased bl ankets. The preferred enbodi nent utilizes

fl exi bl e wheetwn3sfscext renel y | ow density nanopor ous gel eCTaB20d@8®midbed by
US Patent #20070173157. These may be 24rapped in sheets, and held in place
by high strength fiber thread, such as Dyeema or Kevlar. [00108] In anot her
enbodi nent, surrounding the thermal insulation |ayers el enents designed for
el ectrical isolation are present. These consist of a toroidal section of

di el ectric conposed of an upper and |ower half, or nmultilayer wapping of a
flexible dielectric. For maxi mum el ectrical isolation, one enbodi nent
consists of fused-silica (low netal content glass) hal ves. These may be
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i sol ati on sBedipgenolitge outer skin of the coil head and ground, this cool ant
nmust

[00111] In another embodiment, if the electromagnetic or convective heat load

on the outer layer is high, an additional cooling system may be included. In order to retain
electrical isolation between the outer skin of the coil head and ground, this coolant must

20 itself have strong dielectric properties. Highly refined mineral oil, fluorinated hydrocarbons,
and silicone based commercial transformer fluids meet these requirements. Silicone based
fluids are preferable, as they do not have the same risk of combustion as do minerai oils.
The outer metallic element may include small channels within which the dielectric coolant
may be pumped, or channel may be etched into the exterior of the solid dielectric layer,

25 providing cooling along the metal-diclectric interface. If the latter embodiment is used, care
must be taken that the solid dielectric material does not interact deleteriously with the
dielectric fluid, as would be the case with a fluorinated hydrocarbon and some polymers.
The tubing providing dielectric coolant to the coil head is run down the interior hollow
section of the support struts, specifically those than do not house a superconductive cable

30 lead. This tube must be also composed of dielectric material, as to avoid conducting

electricity to the pumping systems, which are at ground potential.



itself have strong dielectric properties. H ghly refined mneral oil,
fluori nated hydrocarbons, and silicone based conmercial transfornmer fluids
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not have the same risk of conbustion 2s do mneral oils. The outer netallic
el ement may include small channels within which the dielectric cool ant may
be punped, or channel nmay be etched into the exterior of the solid
dielectric layer, providing cooling along the nmetal-dielectric interface.
If the latter enbodiment is used, care nmust be taken that the solid
dielectric material does not interact deleteriously with the dielectric
fluid, as would be the case with a fluorinated hydrocarbon and sone
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1s not an outer metal layer, allowing the metal container on the coil head to be completely

electrically isolated from the rest of the assembly. The struts are attached to a pair of

20 support rings, which incorporate thermally insulated bushings and expansion joints. This
prevents excessive degrees of heat from being conducted to the interior coil windings. The
lower ring is attached to a mounting plate that serves as a structural base, as well as a means

to aftaching the assembly to the desired location.

[00115] Based on the disclosure and teachings provided herein, a person of
25 ordinary skiil in the art will appreciate other ways and/or methods to implement the various

embodiments.

[00116] The specification and drawing are, accordingly, to be regarded in an
illustrative rather than a restrictive sense. It will, however, be evident that various
modifications and changes may be made thereunto without departing from the broader spirit

30 and scope of the invention as set forth in the claims.



support rings, which incorporate thermally insul ated bushi ngs and expansi on
joints. This prevents excessive degrees of heat from being conducted to the
i nterior woizbivi3sbngs. The lower ring is attached to aPomOBRIONgS4pRsat e t hat
serves as a structural base, as well 28s a nmeans to attaching the assenbly
to the desired |location. [00115] Based on the disclosure and teachings
provi ded herein, a person of ordinary skill in the art will appreciate

ot her ways and/or nethods to inplenent the various enbodi nents. [00116] The
specification and drawi ng are, accordingly, to be regarded in an
illustrative rather than a restrictive sense. It will, however, be evident
that various nodifications and changes may be nmade thereunto w thout
departing fromthe broader spirit and scope of the invention as set forth
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super conductive magnets; and (11) 1s the one or nore layers of eﬁectrlcally
condud?i veachamagnetds haldeita disiengs Eomtpesurfae of p simmture thatsupportsfihe one or more

14 superconductive magnets, such that the shortest distance between (3) and (4) is greater than

15 the quotient of (5) and (6) wherein (3) is an outermost surface of the one or more layers of
16  electrically conductive material; (4) is the surface of the structure that supports the one or
17  more superconductive magnets; (5) is the maximum electric potential difference (voltage)
18  between (i) and (ii) wherein (i) is the one or more superconductive magnets; and (ii) is the
19 one or more layers of electrically conductive material that encase the one or more layers of
20 dielectric material that encase the one or more superconductive magnets; and (6) is an

21  effective dielectric strength of a medium (intervening substance) between (3) and (4).

T 2. The method according to claim 1, further comprising:

2 connecting each superconductive magnet to the support structure that supports the one
3 or more superconductive magnets with one or more magnet support devices wherein one or

4 more of the magnet support devices are electrically conductive magnet support devices, and

5  wherein one or more of the magnet support devices are hollow, allowing for one or more

6  supply conduits to be run through one or more hollow regions; and

electrically insulating the electrically conductive magnet support devices by encasing
the electrically conductive magnet support devices with one or more layers of dielectric

9  material, said one or more layers of diclectric material that encase the one or more eléctrically



dielectric material that encase the one or nore superconductive magnets;
and (6) is an effective dielectric strength of a medium (intervening

subst anceyohletwvmssaa6(3) and (4). 2. The nmet hod accor di ngPCo/IB2@I/NF4229 f urt her
conpri sing: connecting each supercond¥ctive magnet to the support structure
that supports the one or nore superconductive magnets with one or nore
magnet support devices wherein one or nore of the magnet support devices
are electrically conductive magnet support devices, and wherein one or nore
of the magnet support devices are hollow, allow ng for one or nore supply
conduits to be run through one or nore holl ow regions; and electrically
insulating the electrically conductive nmagnet support devices by encasing
the electrically conductive nagnet support devices with one or nore |ayers
of di bectrlc material, said.one yers of dielectric material that

encasélt h&gHHIVE Maghst SURDPE @FY‘FQ?&P]I??EB‘HH “t“i‘g\i’ed‘ﬁlﬁ‘é%"eﬁ"%ﬁb Besater taythe es

col | eql i vq.hoyleﬁtaa\fl(ngma(ajwmb@ﬁi(m ﬁttﬁatrﬁmﬁﬁrh e&E@l@?@t‘énﬁ&h@ﬁfeHﬂ@e Qyelbent of (7)
and (i% m@ereln i.s .the maxi mum el ectric potential fference (voltage)

bet we tws%’dl)(afli’ fiDpsred) () 18 fhe ong o mere sprereendystyemagnstsi ad e theve
magnets; amhrinord Bydrb6r QRGi@lly @&fdﬁaiv@w&e%a%a@éngﬁ& He O brym&erfhg t hat
| e ri a a

material that encase the one or nore | ayers of ectrlc ma
encasé?t heielspiec G’rateﬁ‘élrféat%?f’é? teRaeet e smme@@tlvm@m@; and§8)ds zol | ecti ve

thi ckpes Scdﬁecﬁ»@?hn@lﬂﬁsﬁff tHEUE of AR 1Sy of%e‘?écﬁ'&trﬁdtéh tatee,rnc%le tl{egﬁg ‘i"ﬁ ncase the

one or nore electrically conductive nmagnet support ev ce met hod
accor #¢ ngmews edactically candegtior magnet buppopdedesaduct | ve magnet is connected to

t he support structure that supports the one or nore superconductive magnets
wi th ohe dr nohe meslipdaccosdippioralaimdwiesen mérsmemoodt@tlmmm@s ofnnedted magnet

supporj df%\fhé:s‘%ﬁp(ﬁ'f Srudiuf tﬁgttsgﬁéﬁrtm%ﬁé 0 tﬂ@r@ gu rc%ﬁﬁcﬁ@egmaﬁ’? AhELE L,n one or

nore of the magnet support devices are ‘one 6r nore
suppl y3 cmmlmm@t@umanCQWMom ngre pfighembgyiet mp(rre@v@asare 4. The nethod

accordjn gdlElgct L ﬂl'a e%' Su r?& des, CaﬂgWhEl%in e op %Brréeo(fttﬂen gfllct];sr%]gpéhs Eﬁé‘?‘sg; n 8 3 g t Io\r/ e

nor e supercon uct s 1’0 a secon of ~one

magnets, drohollavg ahlomogl ﬁ:eoneot 190Te S Pl coaaduptsrt@bmiu dirbnpgh ofregn@dis hodady d gr oup
of sup @rcgggHgtlve magnets connected with one or nore connecting devices
wherei n sard connecting devices are conprised of material selected froma

group gongi st |ﬂg{r§é{th€gm Or‘%%{g%ﬁa %l aﬁﬂﬁgr%@'pﬁﬁ?%‘f?;: rely of one or nore

| ayers of ‘dielec and & secon conpri sed of one or

more layers of oﬂe@ﬁr‘ié d ﬁr@‘! Je’y of vRE g[”l%&ﬂe sﬁpe%%g rc'tl‘%f‘el: mggnn%%‘%g g sePan&) ¥ of one

3 or more superconductive magnets, forming a connected group of superconductive magnets,
said group of superconductive magnets connected with one or more connecting devices
wherein said connecting devices are comprised of material selected from a group consisting

4
5

6  of a first material comprised entirely of one or more layers of dielectric material and a second
7 material comprised of one or more layers of electrically conductive material encased by one
8

or more layers of dielectric material; and,

9 connecting the group of superconductive magnets to a support structure that supports
10 the group of superconductive magnets with one or more magnet group support devices,
11 wherein one or more of the magnet group support devices are hollow, allowing for one or
12 more supply conduits to be run through one or more hollow regions, and wherein said magnet
13 group support devices are comprised of material selected from a group consisting of a first
14 material comprised entirely of one or more layers of dielectric material and a second material
15 comprised of one or more layers of electrically conductive material encased by one more

16  layers of dielectric material.

1 5. The method according to claim 1, further comprising:



or nore |layers of dielectric material; and, connecting the group of

super conducti ve nmagnets to a support structure that supports the group of
super conduot2nwa3aEgnet s with one or nore magnet group SRODAB200YEIAHIRES,
wherein one or nore of the magnet grodp support devices are holl ow,
allowing for one or nore supply conduits to be run through one or nore

hol | ow regi ons, and wherein said nagnet group support devices are conprised
of material selected froma group consisting of a first nmaterial conprised
entirely of one or nore layers of dielectric material and a second materi al
conprised of one or nore |ayers of electrically conductive nmaterial encased
by one nore layers of dielectric material . 5. The nmethod according to
claim 2, furthgioviaRgRidebinit@l fippott i dne of RERAMSRIRURENiwih@n@NRtH nore
super cgnductl ve coil windings within the one or nore superconductive

magnet s byesHe SSMAL SHPFECWAWTYE magets by gheasigiRANe oy moreshPeregndetivgeoili t h one
Oor nore CmMRNIG Ak ofMbRIcbRAborRfls8f Ialrihll et tdEord &&zg%@%&gis%ﬂr}%eﬂ of
electrically conductive and dielectric naterial, sald one or re

conponént §lefiFigallydiondpetvreand diglestric materifilrsgidnp ponere sempasients peoviding onbier one or
nor e sypehANdinaink “EppoRistructhrBfoPgie nn%‘ %ﬁ?&’e ng)%&'ogdu\éﬁ%ddoﬂ gvﬁc{f%%l’ieraﬁ ructures
al so provide one or nore flow channels for one or nore of

super cdndeaid Windingshppo shruétgs alsaipiovivde ane gumpeflow olsinaels for oncaaiorooe or nor e
of thegsupegr, Jo ' LOgi ’ n ' he one nor e

W ndi ng sg%pﬁg&? &)g{%i l?dtﬁl\gfgﬁ(?g‘ginfl ‘\gﬂg#%{%&gﬁ%@? dgct8 ?‘ﬁ@ﬁ (}J!r:%g?#acﬁ rrlsoﬁe;)%fgfri? s the one
or nor@ seyperconhugtio Goilevindingsearsl wi t h one or nore nagnet support devices,
wherei n the magnet support devices are conprised of material selected from
a grodp consi stanpgpting the loae ormera Mindimgugpaet stweturga togthé supparhsinaived thatt ri ¢

mat er yal . t i Jo claimd, further conprising:. providing
nmec ha%?caflﬁ)ga%%gﬁ ?F%Jg%goﬁ%&lg’?{c%drﬁgnieunﬁa gtlts)nclitégfl? g/rel%cggfnla &Nt u&’?%g‘g’\’lﬁeghi n the
one o2 nowéersinplks magndusipporedavivgnat soyrised ofrs atorip! sdiectairfeonos groop €

super ¢pnducti ve il . wndings wth ane or,. e conmponents of materi al

sel ectq gd (?ntcs)lrsﬁ1?%1(%%&%551?3’0%’3%%? i 6“’8?1 agﬁg%egg{“&ﬂa??lagonducti ve material and
di el ec!ri matﬁ{eir%t odsa%% qdigg% QL "PEe conponent s provi di ng one or nore
suppori structures I:rior he'one or wore supé’rco%‘ducti ve coil w ndings;
constrycting ope. .@r I f. the erconductive coj.l w.ndings w,th one or
nore turns of lﬁlg‘g{ﬁgg ?T’%?}%Bﬁ@uﬁi‘?pf)éﬁ%@‘r’%%rn J(g:lflfp\?léco%cguﬁ{“ée ﬁ‘?&&‘f%‘ﬁ‘gﬁﬁﬁ"gh& nor e
hol | owB r ethe onsonmdérhisupegandhciupaagendy chéavieg Galohe pr mord superconductive coil

+a

windings with one or more components of material selected from the group consisting of
5 electrically conductive material and dielectric material, said one or more components

6  providing one or more support structures for the one or more superconductive coil windings;

7 constructing one or more of the superconductive coil windings with one or more turns
of cable-in-conduit superconductive cable having one or more hollow regions within said

9 superconductive cable; and

10 cooling one or more of the superconductive coil windings with coolant pumped

11 through one or more of the hollow regions within said superconductive cable.

1 7. A method of supporting one or more superconductive magnets, comprising the steps
2 of
3 mechanically isolating, and supporting with one or more magnet support devices, one

4 or more of the superconductive magnets at a distance greater than twenty (20) centimeters

5  from anearest surface of a structure that supports said one or more superconductive magnets.

6 electrically isolating the one or more superconductive magnets from a high electric
7  field by encasing the one or more superconductive magnets with one or more dielectric layers

8  and encasing the one or more diclectric layers with one or more electrically conductive



cooling one or nore of the superconductive coil w ndings wth cool ant
punped t hrough one or nore of the hollow regions within said

super condwonwd3sabl e. 7. A met hod of supporting one or PEBAB2009/054429
superconductive nmagnets, conprising t¥e steps of: nmechanically isolating,
and supporting with one or nore magnet support devices, one or nore of the
super conducti ve nagnets at a distance greater than twenty (20) centineters
froma nearest surface of a structure that supports said one or nore
superconductive nmagnets. electrically isolating the one or nore
superconductive magnets froma high electric field by encasing the one or
nor e superconductive nagnets with one or nore dielectric |ayers and
encasing the one or nore dielectric |layers with one or nore electrically
conductyi vel ayers, said one or re superconducti ve nmagnets havi ng one or
nor e sgpeﬁt%%ﬁﬁ@fwsgrWfﬁﬁ?ﬁﬁgwqﬁﬁgeBPBW%EQWEQRB6WEH®ESMﬁé?“@FFBM/the one or
mor e d0pe wiralivgs Odnie be mdfertdingsentsahdd Q116M EHRl dn€ B Mbrk BupfeR@h@Rtive RIABInGY toTOT €
suppo s.for the one or nore superconductive w ndings and for the

rt structur
onoy o | o P S PBltsERih folanh S S St stHRer SRETGPS ot ouy (FarcEpRerceNduetivg ndi ngs
t o be 18 uppiind@tgs whd 1dr (e Oh& bt mord REmPEHRNG khat B Ry tha¥&Y ot nire §|%@1rcgiﬁ#gcﬁ\@s ul ation;
and 8. _ The. method according to claim7, further conprising: thermally
i sol at'? ng™gKInes o heprlisd @athcoelant) 3ndaag ormetsdsicesalf fhermal disulatien; and
supercondycti v naqnets from hi gh heat by providing one or nore dielectric
conponént & t hatPedntRs agrariag tq Glaimc Sirdst Camprisiag'suppl i ed bet ween the one or
nor e e&ectricah%%ﬁﬁonductive | ayers and the one or nore dielectric |ayers.
9. The“nethod ! YISAgtREnE o8 piprerelectriaily ahd meshmrically isglatesk appi ng f1 exi bl e
fi ber s3 ar qipadoddueti@iLagakts %ﬁ%i@“ﬁﬁﬁgprﬁiﬂiklg b &SndrOielelific Qélﬁgoﬁgntm%ﬁe ow t he

w

supercgnd%_ti%e wi_ndi ngs and for t one of nore conponents at a

one or* moflEVEYiBETtHn FRAIAE foke supriigr Repyeerthp anaserpmsirg electiigally corslottietlayemnd
treatinNg salitke dicR frraMitiBetfc ﬁ@égsu.ti on selected fromthe group of an epoxy
solution and a silicate hydroxide solution. 10. A nethod according to claim

7, whereiq therhggddihodiab&idiad io0n%iRAe ittherMhfprisiHper conduct i ve magnetic coils
further conprises the step of incorporating a Tayer of radiation shielding

bet ween an outvahppusd RS fibdre Abhnd HOREUE v u'pa?f?{ Biifks 33tk GRS, RbrTOr €
dielectric layers, 11. A superconductive COI? né?hg support Structure
devi ce’ cURPF rgiiuﬁgl:e windings and for the one or more components that ailow the one or more

4 superconductive windings to be supplied with coolant; and

5 treating said fibers with a solution selected from the group of an epoxy solution and a

(o}

silicate hydroxide solution.

10. A method according to claim 7, wherein thermaliy insulating one or more
superconductive magnetic coils further comprises the step of incorporating a layer of

radiation shielding between an outermost electrically conductive layer and said one or more

LN~

dielectric layers.

1. A superconductive coil winding support structure device, comprising:

an upper half comprising one or more layers of material selected from the group
consisting of electrically conductive and dielectric material;

a lower half comprising one or more layers of material selected from the group
consisting of electrically conductive and dielectric material, said lower half coupled to said
upper half;,

one or more magnet support devices coupled to said upper and lower halves, said

upper and lower halves surrounding one or more superconductive coil windings; and

K =2 - - B SV U P -

one or more superconductive magnets encasing the one or more electrically insulated

—
<

superconductive coil windings.

[a—

12. The device of claim 11, further comprising:



an upper half conprising one or nore |layers of material selected fromthe
group consisting of electrically conductive and dielectric material; a

| ower halWwocormpsssibng one or nore |layers of naterial selPeztBZOf/PTINE he
group consisting of electrically cond3ctive and dielectric material, said
| ower half coupled to said upper half; one or nore magnet support devices
coupled to said upper and | ower halves, said upper and | ower hal ves
surroundi ng one or nore superconductive coil w ndings; and one or nore
superconducti ve nmagnets encasing the one or nore electrically insulated
superconductive coil w ndings. 12. The device of claim 11, further
conprising:one or nore flow channels for actively punped cool ant to cool
the coil winding. 13. The device of claim1l, further conprising: one or

nore okifices I Lyralit f supply. leads on said | ower half;
mount i %g pl at eéa%::bgén%g %{]&Y %laé%gl Y Oég‘f}?('ggfdﬁufﬂpﬁ)gg(é}angﬁqgog}ﬁge@ﬁ WigfiB8 addi t i onal
strut s3of idet Theodevize bf ¢lsin Hafurthef cosdpkising: Wherei n sai d struts extend
downward al ong one or nore coil radii. 14. One or nore mechanically and
el ectrical |y i gsloamed eifpes aopldd ot a peraliggieipphpipakah whd IGW@FRAIE: Si Ng:  one or
nore superconductive nmagnet coils conprised of one or nore turns of one or
mor e sfiper conduetriting plags eodxél &) salmableorifiodsearfdi r st cool i ng systens for said
coils; .one or re su rt structuyr for.said coils and said first cooling
systerrg wher eigr%;%SnQOBr&ﬁ%llpga8{r&fﬁ Segffﬁ?}cf‘rqmté’?}rﬁgitﬁ'rtse‘%hq%“ $ihEU4 ng; one or
nmor e | &y eesgemsfdopvhenniadlongnae bambreroil eidiisai d first cooling systenms and said
structures; one or nore dielectric |ayers surrounding said insulation or
sai d siruét.ur e3ne @meromechanieall adteteceivhilyisslagisiptiomRlul B¥eFgnsur r oundi ng
sai d d&elgc%&&g ég¥ers wherein said electrically-conductive |ayers are the
out er nost HPAVEPs“SP™ B8 nag coil head container, isolated fromthe

one .or re near - anbi ent

cryocoytainercﬁggrits (of0) ogenls thereLg
temperature s econdmg{fcﬂlP%'gon YLIVE F2eRdl U fPTRECE GRORG A Foke MENgiOAPRESH shi el d
flui d 4 ncoppoogiretdidiee aaterialgnd

5 one¢ or more first cooling systems for said coils;

6 one or more support structures for said coils and said first cooling systems wherein

7 one or more of the support structures is a housing;

8 one or more layers of thermal insulation for said first cooling systems and said
0  structures;
i0 one or more dielectric layers surrounding said insulation or said structures;
11 one or more electrically-conductive layers surrounding said dielectric layers wherein

12 said electrically-conductive layers are the outermost layers of said mag coil head container,

13 isolated from the cryocontainer and its components therein

14 one or more near-ambient temperature second cooling systems in conjunction with a

15 radiation shield fluid incorporated therein; and
16 one or more magnet support devices.
17 15.  The apparatus of claim 14, further comprising;

18 a superconductive winding of cable-in-conduit Rutherford cables wherein the exterior

19 ofthe cables are covered with an electrically insulating material.
1 16.  The apparatus of claim 15, further comprising:

2 superconductive wires that are braided around a central channel wherein the exterior

3 ofthe cables are covered with an electrically insulating material.



one or nore magnet support devices. 15. The apparatus of claim 14, further
conprising: a superconductive w nding of cable-in-conduit Rutherford cabl es
wher ei n twe 2ewissi4or of the cables are covered with an eCeaBrooweid
insulating material. 16. The apparatu of claim 15, further conprising:
superconductive wires that are braided around a central channel wherein the
exterior of the cables are covered with an electrically insulating
material.17. The w ndi ng support structure of Claim 11, further conprising:
one or nore surrounding |layers of netalized nylon held under high vacuum
one or nore |ayers surrounded by an airtight netal cavity; an additional

| ayer of thermal insulation; and one or nore flexible sheets of nanoporous
gels wapped in sheets and affixed together by a high strength fiber. 18.
The wi ndi ng support structure of Claim 11, further conprising: a sealed,

i nner Bt ruct urlak widdnpesppaof stiuberevdfiithing 1sfipparcbmptidiggst ure that al l ows the
winding to be held at a vacuum 19. The w ndi ng support structure of Claim
11, fW@ther conpoimsémgureiwadinglayershémeiatizedingloadtkliveds @phaatuui@y be punped.
20. The w ndi ng support structure of Claim1l, further conprising channels
et ched i nt o t lvee excher layersclrraundal byhndiitiplecietalcadigyer . 21. The wi ndi ng
support structure of Claim1l1l, further conprising tubing conposed of

di el ectri ¢ naterddtionahleyeiofithdingll @ctlniian; @bl ant is fl ow ng t hrough said
tubing to the coil head and fl ow ng through one or nore holl owed portions
of one& or nor entsmpp@pﬁedbleisb@s of d2nopdives gdleetappeaddh kheets and affieel] together

super conquct of claim 14, further conprising: one or nore
superc%gng) Hl %ﬁ%ﬂg%ercm | s havi ng a geonetry and positioned such that a

rragnetlcflel r e more coils follows the contour
! Glth% r%tsggp%tl ﬂ“axre L) hqrtheir “WBEE ¥ont ai ner .

of the out er nos con v e L0 23. The

el ectrj cal Iy ﬁ@%[e%;m Fifler sgru%s,ramaﬁ&gmﬁsmesgg@f St udg e £

conprising a co PUS Crose Stantially
el | i pt3i cakindigtc barhellagevaduoml | y i sol at ed superconductive magnet system
conprising: a superconductive magnet assenbly conprising one or nore nagnet
coi | s,1 a IPi r siThe winding support structure of Claim 11, further comprising channels wherein

2 dielectric coolant may be pumped.

1 20.  The winding support structure of Claim 11, further comprising channels etched into

2 the exterior of a solid dielectric layer.

1 21.  The winding support structure of Claim 11, further comprising tubing composed of
2 dielectric material wherein dielectric coolant is flowing through said tubing to the coil head

3 and flowing through one or more hollowed portions of one or more support devices.
1 22, The electrically isolated, superconductive magnet of claim 14, further comprising:

2 one or more superconductive magnet coils having a geometry and positioned such that
3 amagnetic field line produced by said one or more coils follows the contour of the outermost

4 electrically conductive coil head container.

1 23.  The electrically isolated, superconductive magnet of claim 14, further comprising a

2 coil with a minor radius cross section that is substantially elliptical.
1 24, Anelectrically isolated superconductive magnet system, comprising:

2 a superconductive magnet assembly comprising one or more magnet coils, a first
3 cooling system, a first cooling system container, one or more layers of thermal inisulation and

4 one or more dielectric layers;

5 a near room temperature second cooling system in conjunction with a radiation shield

6  fluid incorporated therein;



cooling system a first cooling systemcontainer, one or nore |layers of
thermal insulation and one or nore dielectric |layers; a near room

t enper at Wwe 2880386 Cc00l i Nng systemin conjunction wth apcadBzd/osrzhi el d
fluid incorporated therein;an outernmo®t electrically conductive contai ner,
isolated fromthe first cooling systemcontainer and its conponents
therein; a support structure for the superconductive nagnet assenbly; a
superconductive coil w nding that conducts electrical current; a
circulating fluid for cooling the superconductive coil w nding; a high
vol t age power supply coupled to an outernost electrically conductive coi
head container; and a | ow voltage power supply electrically connected to a
persistent current switch and the superconductive coil w nding.

7 an outermost electrically conductive container, isolated from the first cooling system

8  container and its components therein;

9 a support structure for the superconductive magnet assembly;
10 a superconductive coil winding that conducts electrical current;
11 a circulating fluid for cooling the superconductive coil winding;
12 a high voltage power supply coupled to an outermost electrically conductive coil head

13 container; and

14 a low voltage power supply electrically connected to a persistent current switch and

15 the superconductive coil winding.



