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(57 ABSTRACT

A conduction-cooled radiofrequency coil subsystem of MRI
system with high signal-lo-noise ratio imaging capabilily at
tow ficid and/or ultra-low field. The conduction-cooled RF
coil subsystem includes a radiofrequency (RF) coil moduie
having at least one RF instrumentation; a cryocooler; and a
thermal conduction line thermally connected beiween the
cryocooler and the RE instrumentation. The RF coil modute
further includes a housing defining a thermally insulated
vessel Tor accommodating the RF instrumentation. The
thermal conduction line is thermally coupled to the cryo-
cooler which is localed oulside the housing of the RF coil
modute and the RF instrumentation in the thermally insu-
tated vessel to conduction cool the RF instrumentation. The
at least one RF instrumentation includes one or more of an
RF transceiver coil, an RF receiver coil, an RF preamplifier
and an RF electronics module,

26 Claims, 11 Drawing Sheels
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1
3 CONDUCTION-COOLED
1 RADIOFREQUENCY COIL SUBSYSTEM AND
o MAGNETIC RESONANCE IMAGING
MAGNET SYSTEM HAVING THE SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

“"The present disclosure claims priority to U.S. provisional
atent application No. 63/061.917, entitled “SYSTEMS
AND  APPARATUS FOR CONDUCTION-COOLED
RADIOFREQUENCY INSTRUMENTATIONS AT LOW-
“FIELD AND ULTRA-LOW FIELD MAGNETIC RESO-
NANCE IMAGING” filed on Aug. 6, 2020.

TECHNICAL FIELD

-~ The present disclosure relates to the field of magnetic
~ resonance imaging, and particularly to a conduction-cooled
. radiofrequency (R¥) coil subsystem of magnetic resonance
. imaging (MRI) system and MRI magnet system having the
same.

BACKGROUND

- Magnetic resonance imaging (MRI) has impacted modern
healthcare tremendously and is recognized by clinicians as
the most valuable medical device innovation in the last three
decades. MR1 is now a routine procedure in diagnosis and
‘management of various diseases and injuries, and over 100
mhillion MRI investigations are performed each year world-
“wide. It is the most powerful diagnostic imaging modality
Because of its capability in detecting and characterizing
“pathological tissues with high sensilivity and specificity in
dn'inherentfy quantitative, non-invasive and non-tonizing

Cmanner.

-+ While advances in the MRI hardware such as increased
ield strength and improved gradient performance have been
ubstantial, advances in the radiofrequency (RF) technology

~have also proved fo be valuable to improve the resolution
aid shorten the duration of MRI examination. MRI RE coils
ire-essential components for every MRI cxamination, as
ftey are responsible for the excitation and the reception ol

“the'MR signal. The signal-tonioise ratio (SNR} fundamen-
ally represents the statistical confidence one can have in the
obustness of Lhe appearance of fealures in the image,

‘Moteover, a factor of YN improvemceat in SNR by RF coils

can be used o decreasc scan time by a [actor of N. In

minary, the quality of MRI images and speed of an MRI
£Xamination, which are critical for clinical applications and
didgnostics, are highly dependent upon the SNR perfor
mance of the MRI system. This issuc of SNR performance
1s:patticularly critical for low (0.1 1o 0.5T) and ultra-low

(0.01 to 0.1'T) field MRI systems, whereby SNR is extremely

low compared to conventional high-field MRI system (1.5 to

3.0T¥ given the approximately linear relationship between
‘and field strength.

SUMMARY

In. view of this, there is a desire in the art o increase the
maging capabiiity of MRI system at low field andfor
“low - field.

Iﬂ afirst aspect, the present disclosure provides a con-
tior-cooled radiofrequency coil subsystem of MRI 8ys-
withhigh signal-10-noise ratio imaging capability at low

field: ind/or ultra-low field. The conduction-cooled RF coil

2

subsystem inciudes a radiofrequency (RF) coil moduic hay-
iig at least one RF insirumentation; a eryocooler; and a
thermal conduction line thermally connecled between the
cryocooler and the RF instrumentation. The RF coil module
further includes a housing defining a thermally insulated
vessel for accommodating the RF instrumentation. The
thermal conduction line is thermally coupled to the CTyD-
cooler which is focated outside the housiag of the RF coit
module and the RF instrumentation in the thermally insu-
lated vesset to condaction cool the RF instrumentation. The
at least one RF instrumentation includes one or more of an
RE transceiver coil, an BF receiver coil, an RF preamplifier
and an RF electronics module.

in a second aspect, the present disclosure provides an
MRI magnet system with high signal-to-noise ratio imaging
capability at low field and/or ultra-tow ficld. The MRI
magnet system includes a main magnet for generating main
magnetic field and the above conduction-cooled RF coit
subsystemn. The main magnel may be a permanent magnet,
a resistive magnet, a superconducting magnet, or any com-
bination thereol.

Due to the cryocooler thermally coupled with the RE
instrumentation of the RF coil module by the thermal
conduction line, the RF instrumentations such as the RF
transceiver coil or RF receiver coil, the RF preamplifier is
cooled by the cryocooler by conduction cooling, thus sig-
rificantly increasing the SNR imaging capabilily of the MR]
system at low field and/or ultra-low field. For example, the
MRI sysiem may achieve imaging capability with its SNR at
least two times greater than that of the conventional MRI
system without cooling.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a conduction-cooled RF coil
subsystem of MRI system according Lo a first embodiment
of the present disclosure, which includes an RF coil module
and a cryocooler dedicaled to conduction cooling RF instru-
mentations of the RF coil module.

FIG. 2 is a perspeclive view ol a head-only RE coil
module of the conduction-cooled RF coil subsystem of FIG.
i.

FiGi. 3 is an exemplary implementation of the cryocooler
of the conduction-cooled RF coil subsystem of FIG. 1.

FIG. 4 is a schematic partial cxploded view of FIG. 1,
showing a conpector of the conduction-cooled RF coil
subsystem according Lo the present disclosure.

FIG. 5 is a schematic partial enfarged view of FIG, 1,
iHustrating heat transfer from the RF transceiver coil or
receiver coil 1o the cryocooler of the conduction-cooled RF
coil subsystem via a cooling substrate according to the
present disclosure.

FIG. 6 is a partial cross-sectional view of the head-anly
RF coil module shown in FIG, 2.

FIG. 7 is a schematic partial enlarged view of FIG. 1,
illustrating heat transfer from the RF preamplifier to the
cryocooler of the conduction-cooled RF coit subsystem via
a cooling substrate and a heat sink according to the present
disclosure.

FIG. 8is a schematic view of a conduction-cooled RF coil
subsystem of MRI magnet system according to a sccond
embodiment of the present disclosure, which includes a RF
coil module and a cryocooler dedicated to conduction cool-
ing RF instrumentations of the RF coil module.

FiG. 9 is a schematic partial enlarged view of FIG. 8,
illustrating heat transler from the RF electronics module to
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he cryocooler of the conducﬁon—cnoled RF coil subsysiem
jia a cooling qubstrate and 2 heat sink according 1o the
present disclosure.

FIG. 10 is 2 schematic view of a conducti{m—cooled RF
coil subsystem of MRI system according to a {hird embodi-
ment of the present disclosure, which includes an RF coil
module and a cryocooler dedicated to conduction cooling
RF instramentations of the RF coil module.

FIG. 1l isa perspective view of a body RF coil module
of the conduction-cnoled RF coil subsystem of FIG. 1

FIG. 125 2 partial cross-sectional view of the body RF
coil module shown in FIG. 11.

FIG. 13 is a schematic view of a conduction-cooled RF
coil subsystem of MRI system according to a fourth embodi-
ment of the present disclosure, which includes an RF coil
module and a cryocooler dedicaled Lo conduction coaling
RF instrumentalions of the RF coil module.

FIG. 14isa schematic block diagram of an MRI magnet

system having the conducl.jon-cooled RF coil subsystem
70 transmitter perp

according to the present disclosure.
DESCRIPTION OF THE EMBODIMENTS

To make the technical solutions and advantages of the

4
sure, the low SNR issue of low field and ultra-low field MR1
gystems has been resalved by improving the performance of
RF receiver coll and RF clectronics such as the preampli-
fiers.

Equatiens
SNR < —I?.L—, here Noise & m W
Noise ’
Rygj = Regir + Relectrimies + Ryanite @
R, = Resietronml + ET1 L)) a0k Rt & V@ &)
Reample © w?, where w & Bo )
where:

B,, denotes magnitude of main magnetic field strength

B, denotes magnitude of magnetic field gcnerated by RF
endicular 10 By

K denotes Boltzmann constant

T, denotes RF coil temperaturc

Af denotes receiver bandwidth of the jmaging scan

R.r denotes effective resistive loss

present disclosure more apparent, the present disclosure will 25 R,y denotes resistive Yosses of the RF coil

be described i detail below with reference L0 accompanying
drawings and specific embodiments. It is 10 be understood
{hat the drawings arc merely provided for reference and
illustration and are not intended o limit (he present inven-

tion. The dimensions shown in the drawings aré only for the 30

gake of clearly describing and do not limit the ptoporljonal
relationship there among. In addition, the relative terms such
ag “first” and 4gecond” are only ased to distinguish elements,
components or stages with the same name, and do not
indicate or imply any such actual relationship OF order
petween these elements, components of stages.

t should be noted that, in the present application, the term
«ow field” refers o 2 field strength for imaging ranged from
0.1 to 0.5T, the term syltra-low field” refers to a field

R jectronics denotes resistive 1055€S of the electronic elements
of the RF preamplifiers
R ample denotes resistive losses of the sample
o denotes temperature coefficient of resistance for RF coil
material
o denotes resonant frequency of protons at 8 particular main
magnetic field strength

In Equation (1), the SNR of RF instrumentations is
dependent upon B,, which is related to RF {ransmitter coils

35 and Noise, which is related to RF receiver coil and RF

clectronics such as the preampliﬁers. The noise term is
primarily dominated by the effective temperature (T and
{he effective resistive toss (R,p) of (he RF receiver coil
(R,0ip) clectronic elements of the RF preamp]iﬁcrs

strength for imaging ranged from 0.01 to 0.1T, whilst the 40 Ragserronics) and the sample thal is being imaged by the MRI

term “high field” referstoa field strength for imaging ranged
from 1.5 to 3.0T.

The issue of s‘igna]-tn—noise ratio (SNR) performance is
particularly critical for low field and ultra-low field magnetic
resonance imaging (MRI) systems, whereby SNR is
extremely low compared 1O conventional high-field MRI
systems given the approximate'ly linear relationship between
gNR and field strength. A typical strategy utilized o
improve SNR performance in high-field MRI systems by
increasing magnetic feld strength is therefore not possible in
low and ultra-low field systems.

In addition to the main magnetic field of the MRI system
gcnerated by main magnets such as permanent magnets,
resistive magnets of superconducting magnets, MRI radiof-

system (Bampiel as in Bquation (2)- Fach of these three
resistive losses are affected by 2 combination of numerous
factors such as temperature (T,), resonant frequency of
protons (), and/or field strength (B,,) of the MRI systerm.

45 R,y 18 dominated by {emperature of the RF coil (T

whereby a lower {emperature ig favored to reduce the
resistance and subsequently the resistive losses (Equation 3).
Similarly, Repecrronics follows the characteristics of Repin
whereby a lower temperature is favored for hetter RF

50 preampliﬁer performance to enable higher SNR perfor-

mance when amplifying signals received by the RF receiver
coils, In addition to temperature, R is also affected by W
which scales approxjmately linearly with B, At low field
and ultra-low field, ® is WO orders of magnitude smaller

requency (RF) instrumentations, such as RF (ransceiver 55 when compared to conventional high field clinical scanners.

coils or R receiver coils, are essential components for every
MRI1 examination, as they are responsible for the excitation
and the reception of the MR signal 10 generate an image.
Therefore, improvements made to the RF instrumentations
servers as an important avenue to alleviate low SNR per-
Formance of 10W and ultra-low field MRI systems.

SNR for RF instrumentations arc primarily affected by the
performance of RF receiver coil and RF clectromics such as
the preampliﬁers. A number of considerations are needed in

60 tations will significantly improve the gNR performance of

Ropmpte 18 dominaied by ® and is negligible at tow field and
itra-low field MRI systems.

Hence, it can be observed from the Equations above that
decreasing the effective temperature of the RF instrumen-

low field and ulira-low field MRI systems by directly
reducing the noise factor of the RF {ransceiver of receiver
coils and RF preamplifiers. In the present disclosure, a new
RF coil subsystem is provided for increasing SNR perfor-

the design of RF instrumentations at low and ultra-1ow field 65 mance of low field and ultra-low field MRI systems.

MRI systems Lo improve the SNR performance, which are
summarized with eguations (Hto @ below. in this disclo-

Referring to FIG. 1.a conduction—cnoled RF coil subsys-
tem 100 of an MRI system haviog high signa.l—to—noise ratio

imaging |
ingtoa
RF coil
¢cryocoo!
{ations
30 ther
€ry0coa
present
the RE
this cr
SUPEIC!
The
instnﬁ!
mentag
or RE
125!
122 4
126 ¢
:
lated
thert

tio :
14,
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imaging capability at low field andfor ulira-low ficld accord-
ing to a first embodiment is shown, The conduction-cooled
RE coil subsystern 108 includes a RF coil module 10, a
cryocooler 20 configured fo conduction cool RF instrumen-
tations of the RE coil module 16, a thermal conduction line
3§ (hermally coanecting the RE coit module 1@ to the
eryocooler 20, and a RF clectronics module 4¢. In the
present disclosure, the cryocooler 20 1s dedicated Lo cooling
the RF instrumentations of the RE coil module 16, that is,
this cryocooler 28 has nothing to do with the cooling of a
superconducting magnelic if presence in the MRI system.

The RF coil module 18 includes a housing 12, and RE
instrumentations received in the housing 12. The RF instru-
mentations may include, for example, RF transceiver coils
or RF receiver coils 14, and preampliliers 16. The housing
12 is of a double-wall structure which includes an outer wall
122 and an inner wall 124 with a (hermaily insulated vessel
126 defined between the outer wall 122 and the inner wall
124. The thermally insulated vesse! 126 is thermatly insu-
lated {rom the outside environment, and preferably the
thermally insulated vessel is vacuum. The RF instrumenta-
tions including the RF transceiver coils or RF receiver coils
14, and the preamplifiers 16 are received in the thermally
insulated vessel 126 enclosed and seated by the outer wall
122 and the inner wall 124. The RF coil module 10 may
COMprise single-channel or multi-channel array RF trans-
ceiver coils or receiver coils,

Referring also Lo F13. 2, in this embodiment, the RF coil
module 10 is a head-only RF coil modale. The inner wall
124 of the housing defines a cavity 127 for receiving the
head of a person Lo be examined.

The cryocooler 24 is at least a one-stage cryocooter, and
is configured io thermally coupled to the thermally insulated
vessel 126 and in turn o the RF instrumentations t¢ con-
duction cool the RF instrumentations, i.e., the RF fransceiver
coils or receiver coils 14 and the RF preamplifiers 16 in this
embodiment, In some embodiments, the cryocooler 28 is a
ohe-stage Cryocooler, and is configured to conduction cool
the RE instrumentations £0 40 to 70 Kelvin (K). In other
embodiments, for example as shown in FIG. 3, the cryo-
cooler 20 may be a two-stage cryocooter, which includes a
first stage part 22 and a second stage part 24 configured (o
conducsion cool the RE instramentations to different tem-
perature degrecs. Specifically, the [fisst slage part 22 18
configured 1o cool the RF instrumentations to a first tem-
pesature T, for example, 40 to 70 X, and the second stage
part 24 is configured 1o further cool the RF instrumnentations
10 a sccond temperature T, lower than the first temperature
T,. and the second lemperature may be, for cxample, 2 10 40
K.

in this embodiment, the cryocooler 20 is received or
enclosed in a casing 50. The casing 50 may be arranged
soparated apart from the RF coil module 19. The RF
electronics module 40 is located outside both the housing 12
of the RF coil module 10 and the casing 58 of the cryocooler
20.

The thermal conduction line 30 thermally conpects the RF
instrumentations to the cryocooler 29, Specifically, the ther-
mal conduction line 3¢ includes a tubular outer insulating
layer 31 defining 2 lumen therein. Preferably, the thermal
conduction Yine 3¢ is vacuum and thus is thermally insulaled
from outside environment. It should be noted that vacuum
condition is preferred to prevent thermal convection and
conduction. For this purpose, it is also possible to use silver
layer or the like to avoid the thermal radiation issue. in some
embodiments, the thermal conduction line 30 may be flex-
ible. Alternatively, the thermal conduction kine 30 may be

)

20

23

30

35

40

45

50

55

60

65
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rigid in other embodiments. Wircs 142 of the RF transcejver
or receiver coils 14 may extend into the thermal conduction
Tine 38 and run in the hzmen.

The wires 142 of the coils 142 extend into the casing 59
and further extend to and are connected with the RF elec-
tronics moxdule 40.

Preferably, the subsystem 108 includes a heal transfor
member 32 thermally connccted between the eryccooier 28
and the RF instrumentations for sransferring heat from the
RF instrumensagions io the cryocooler 24, i.e., from the RF
Leansceiver coils of receiver coils 14 and the RF preampli-
ficrs 1o the cryocooler 28, 10 transter heat from the RF
instramentations to the cryocooler 29. Specifically, one end
of the heat transfer member 32 is in (hermal contact with the
RF instrumentations and Lhe other cnd of the heat transfer
member 32 is thermally connected 1o the cryocooler 20. In
this embodiment, at least a portion of the heat transler
member 32 is housed in and runs along the thermal con-
duction line 3.

The heat transfer member 32 is heat-conducting. For
example, the heat transfer member 32 may be made of
copper, aluminum, pyrotytic graphite, beryliium oxide, sap-
phire, diamond, their respective composites or any combi-
nation of the above materials, which have excellent heat
conductive properties. Preferably, the heat transfer member
is substantially electrically non-conducting or 1ow conduc-
tive at areas or posilions that are tocated adjacent to the
electronics 1o avoid interference due to clectrical coupling.
Therefore, pyrolyiic graphite, beryllium oxide, sapphire,
diamond, their respective composites or any combination of
{he above materials would be preferred at least for such areas
or portions of the heat {ransfer member. In case that the heat
transfer member 32 includes sapphire or diamond, sapphire
or diamand in the form of sheets of bars arc preferred.

in particular, the thermal conduction line 30 may be
detachably connected to the RT coit module 18 and/or the
cryocooler 28 by connectors &0. FIG. 4 shows a partial
cxploded view of the conduction-cooled RE coi subsystem
100, where the connector 60 disposed between the thermal
conduction line 30 and the casing 50 of the eryocooler 24 is
disengaged. In this state, (he heat transfer member 32 housed
in the thermal conduction line 30 js disconnected to the heat
transfer member 32 housed in the casing 5% of the cryo-
cooler 20. After the connector 60 is engaged or assemiied,
for example, atter the connector 60 is plugged in the socket
of the casing 50, a thermal conductive path is thus estab-
lished between the RF instrumentations and the cryocooler
28.

In some embodiments, a cooling substrate may be pro-
vided between the RE instrumentation and the heat transfer
member for conductive cooling of the RF instrumentation
within the thermally insulated vesscl.

For example, as shown in FIGS. 5 and 6, a cooling
substrate 70 is provided between the RF (ransceiver coil or
RT receiver coil 14 and the heat transfer member 32. The
couling substrate 79 is heat-conducting but is electrically
substantially non-conducting, and configured for efficiently
transfor heat from the ceils 14 to the heat transfer member
32. The cooling substrate may be made of thermal paste,
pyrolytic graphite, beryllium oxide, sapphire, diamond, their
respective composites or any combination of the materials
listed.

In some embodimenis, a heatsink 80 may further be
provided between the RF instrumentation and the heat
transfer member 32, and is in thermal contact with the RF
instrumentation for conducting heat therefrom. For example,
as shown in FIG. 7, a cooling substrate 70 and a heatlsink 80
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are provided between electronic elements 162 of the RF
preamplifier 16 and the heat transfer member 32. Specifi-
cally, the heatsink 80 is in direct contact with the heat
transfer member 32, and the cooling substrate 70 is arranged
between Lhe heatsink 80 and the electronic elements 162 of
the RF preamplifier. The heatsink 80 is made of material
with high thermal conductivity and low electricily conduc-
tivity. For example, the material of the heatsink 80 may be
copper, aluminum, pyrolytic graphite, beryllium oxide, sap-
phire, diamond, respective composiles thercof, and any
combination thereof.

FIG. 8 shows a conduction-cooled RF coil subsystem 200
according Lo a second embodiment of the present disclosure.
The conduction-cooled RF coil subsystem 200 of this
embodiment is similar Lo the first embodiment. For the parts
in this embodiment which are the same as those in the first
embodiment, reference may be made to the descriptions
provided above for the first embodiment, and will not be
described hereinafter again. This embodiment is mainly
different from the first embodiment in that, in the first
embodiment, the RF electronics module 40 is located out-
side the casing 50 of the cryocooler 20, whilst in this
embodiment, the RF electronics module 40 is integrated in
the casing 50 of the cryocooler 20.

As shown in FIG. 9, preferably, the RF electronic module
40 is thermally connected to the cryocooler 20 by the
thermal conduction line 30 via for example a connector 60
as described above. Preferably, a cooling substrate 70 and a
heat sink 80 are provided between electronics of the RF
electronics module 40 and the heat transfer member 32.
Specifically, the heatsink 80 is in direct contact with the heat
transfer member 32, and the cooling substrate 70 is arranged
between the heat sink 80 and the electronic element 42 of the
RF clectronics module 40,

FIG. 10 shows a conduction-cooled RF coil subsystem
300 according to a third embodiment of the present disclo-
sure. The conduction-cooled RF coil subsystem of this
embodiment is similar to the first embodiment. This embodi-
ment is mainly different (rom the first embodiment in that,
in the first embodiment, the RF coil module 10 is a heat-only
RF coil module, whilst in this embodiment, the RF coil
module 10 is a body RF coil medule.

As shown in FIG. 10, more coils are provided in the
present embodiment for the body RF coil module compared
with FIG. 1 of the first embodiment. Similar to the first
embodiment, the conduction-cooled RF coil subsystem of
this embodiment also includes a cryocooler 20 which is at
least a one-stage cryocooler, a thermal conduction line 30
thermally coupled between the RF instrumentations and the
cryocoaler 20, Heat transfer member 32 may be provided
between the RF instrumentations and the cryocooler 20 for
conduction cooling. Referring to FIGS. 11 and 12, a cooling
substrate 70 may also be provided. These parts are the same
as those in the first embodiment, reference may be made to
the descriptions provided above for the first embodiment,
and will not be repeated hereinafter again. In the present
embodiment, the cryocooler 20 may be a one-stage cryo-
cooler which is configured to conduction cool the RF
instrumentations to 40 to 70 Kelvin (K), or a two-stage
cryocooler which is configured Lo conduction cool the RF
instrumentations to 2 to 40K.

FIG. 13 shows another conduction-cooled RF coil sub-
system 400 according to a fourth embodiment of the present
disclosure. The conduction-cooled RF coil subsystem of this
embodiment is similar to the third embodiment. This
embodiment is mainly different from the third embodiment
in that, in the third embodiment, the RF electronics module
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40 is localed outside the casing 50 of the cryocooler 20,
whilst in this embodiment, the RF ¢lectronics module 40 is
integrated in the casing 50 of the eryocooler 20. For the other
parts in this embodiment which are the same as those in the
third embodiment, reference may be made to the descrip-
tions provided above for the third embodiment and the first
embodiment, and will not be described hereinafter again.

Referring to FIG. 14, the present disclosure also provides
an MRI magnet system 900, which includes a main magnet
90 for generaling a main magnetic field, and a conduction-
cooled RF coil subsystem 92 which may be any one of the
embodiments described above. The main magnet 90 may be
a permanent magnet, resistive magnet, superconducling
magnet or any combination thereof. In case that a super-
conducting magnet is included in the MRI magnet system
900, the MRI magnel system 900 further includes another
different cryocooler 91 for cooling the superconducting
magnet. This another cryocooler 91 is different from the
cryocooler 20 described above which is dedicated to cooling
the RF instrumentations of the RF coil module 10.

It should be noted that although the present disclosure has
been illustrated and described in detail by way of examples
in the drawings and in the above descriptions, these illus-
trations and descriptions are merely exemplary and not
intended to make any limitation. That is, the embodiments
shown and described are provided by way of example only
and do not intended to limit the scope of protection of the
present invention in any way. It is to be understood that any
features described in any embodiment can be used in com-
bination with any other embodiment. Those of ordinary skill
in the art should understand that modifications or equivalent
substitutions can be made by those skilled in the art to the
above embodiments, and all technical solutions and
improvements that do not depart from the spirit and scope of
the present invention (all within the scope of protection of
the present invention.

What is claimed is:

1. A conduction-cooled radiofrequency coil subsystem of
MRI system with high signal-to-noise ratio imaging capa-
bility at low field and/or ultra-low field, the conduction-
cooled radiofrequency coil subsystem comprising: a radiof-
requency (RF) coil module, comprising: a housing defining
a thermally insulated vessel, and at least one RF instrumen-
tation accommodated in the thermally insulated vessel of the
housing, wherein the at least one RF instrumentation com-
prises one ar more of an RF transceiver coil, an RF receiver
coil, an RF preamplifier and an RF electronics module; a
cryocooler located outside the housing of the RF coil
module and configured for conduction cooling the RF instru-
mentation; and a thermal conduction element thermally
connected between the cryocooler and the RF instrumenta-
tion in the thermally insulated vessel to conduction cool the
RF instrumentation; wherein the conduction-cooled radiof-
requency coil subsystem further comprises a casing [or
accommodating the cryocooler, and the casing is arranged
outside and separated apart from the RF coil module, and
wherein the thermal conduction element includes a tubular
outer insulating layer defining a lumen therein, and the al
least one RF instrumentation comprises a wire extending
into the thermal conduction element and running in the
lumen.

2. The conduction-cooled radiofrequency coil subsystem
according to claim 1, wherein the cryocooler is a one-stage
cryocooler and is configured to cool the RF instrumentation
to a first temperature T1.
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3. The conduction-cooled radiofrequency coil subsystem
cording to claim 2, wherein the first {emperature Tl is
nged (rom 40 to 70 K.

4. The conduction-cooled radiofrequency coil subsystem
cording o claim 1, wherein the cryocooler comprises at
ast a first stage part and a second stage part, wherein the
st stage parl is configured to cool the RF instrumentation

a first temperature T1, the second stage part is configured
cool the RF instrumentation to a second temperature T2

hich is lower than the first temperature T1.

5 The conduction-cooled radiolrequency coil subsysicm
:cording Lo claim 4, wherein the first temperature T1 is
nged from 40 1o 70 K, and the second temperature T2 is
nged from 2 to 40 K.

6. The conduction-cooled radiofrequency coil subsystem
~cording to claim 1, [urther comprising a heat transfer
iember arranged within the thermal conduction element
etween the cryocooler and the RF instrumentation, wherein
\e heat transfer member is heat-conducting.

7 The conduction-cooled radiofrequency coil subsystem
ccording to claim 6, wherein the material of the heat
-ansfer member comprises one or more of the following:
opper, aluminum, pyrolytic graphite, beryllium oxide, sap-
hire, diamond, and respective composites thercof.

8. The conduction-cooled radiofrequency coil subsystem
ccording to claim 6, further comprising a cooling substrate
rranged between the heat transfer member and the RF
nstrumentation within the thermally insulated vessel for
.onductive cooling the RF instrumentation, wherein the
:goling substrate is heat-conducting but is substantially
Jlectrically non-conducling.

9. The conduction-cooled radiofrequency coil subsystem
\ecording to claim 8, wherein the material of the cooling
substrate comprises onc or more of the following: thermal

paste, pyrolylic graphite, beryllium oxide, sapphire, dia- :

mond, composites thereof, and any combination thereof.

10. The conduction-cooled radiofrequency coil subsysiem
according to claim 6, further comprising a heat sink located
within the thermally insulated vessel and being in contact
with clectronic elements of the RF preamplifier or the RF
eleetronics module, and wherein the heat transfer member i8
arranged between the cryocooler and the heat sink, and
wherein the heat sink is made of material with high thermal
conductivity and low or none electricity conductivity.

11. The conduction-cooled radiofrequency coil subsysiem
according to claim 10, wherein a material of the heat sink
comprises one or more of the following: copper, aluminum,
pyrolytic graphite, beryllium oxide, sapphire, diamond, and
respective composites thereof.

12, The conduction-cooled radiofrequency coil subsystem
according to claim 1, further comprising al least one con-
nector coupled to the thermal conduction element, and the
connector is flexible or rigid, wherein the thermal conduc-
tion element is detachably connected to the RF coil module
and/or the cryocooler by the at least one connector.
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13. The conduction-cooled radiofrequency coil subsystem
according to claim 12, wherein one of the al lcast one
connector is connected between the cryocooler and the
thermal conduction element, and/or one of the at least one
connector is connected between the thermal conduction
clement and the thermally insulated vessel.

14, The conduction-cooled radiofrequency coil subsystem
according to claim 1, wherein the MRI system has a field
strength for imaging ranged [rom 0.01 to 0.1T".

15. The conduction-cooled radiofrequency coil subsystem
according to claim 1, the at leasl one RF instrumentation
comprises an RF electronics module located outside of the
RF coil module.

16. The conduction-cooled radiofrequency coil subsystem
according to claim 15, wherein the RF electronics module is
arranged outside the casing.

17. The conduction-cooled radiofrequency coil subsystem
according to claim 15, wherein the RF clectronics module is
arranged within the casing, and wherein the RF electronic
module is thermally connccted Lo the cryocooler.

18. The conduction-cooled radiofrequency coil subsystem
according to claim 1, wherein the RF coil module is a
head-only RF coil module, or a body RF coil module.

19. An MRI magnet system with high signal-to-noise ratio
imaging capability at low field and/or ultra-low field, com-
prising: a main magnet for generating main magnetic field,
the main magnel being a permanent magnet, a resistive
magnet, a superconducting magnet, or any combination
thereof; and a conduction-cooled radiofrequency coil sub-
system; comprising: a radiotrequency (RF) coil module
comprising a housing defining a thermally insulated vessel;
and at least one RF instrumentation accommodated in the
thermally insulated vessel of the housing, wherein the at
least one RF instrumentation comprises one ar more of an
RF transceiver coil, an RF receiver coil, an RF preamplifier
and an RF electronics module; a cryocooler located outside

the housing of the RF coil module and configured for
conduction cooling the RF instrumentation; and a thermal
conduction element thermally connected between the cryo-
cooler and the RF instrumentation in the thermally insulated
vessel to conduction cool the RF instrumentation; wherein
the conduction-cooled radiofrequency coil subsystem fur-
ther comprises a casing for accommodating the cryocooler,
and the casing is arranged outside and separated apart [rom
the RF coil module, and wherein the thermal conduction
clement includes a tubular outer insulating layer defining a
lumen therein, and the at least one RF instrumentation
comprises a wire extending into the thermal conduction
element and running in the lumen.

20. The URI magnel system according to claim 19, further
comprising another different cryocooler configured for cool-
ing the superconducting magnet when presence.
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