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(57) ABSTRACT

A permanent current switch apparatus according to an
embodiment is a permanent current switch apparatus elec-
trically connected to a superconducting coil via a supercon-
ducting wire, the permanent current switch apparatus
including a plurality of parallel structures with thermal per-
manent current switches connected in parallel, the thermal
permanent current switches being capable of switching
between conducting and interrupting an electric current
flowing through the superconducting wire. The parallel
structures are connected in series.
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PERMANENT CURRENT SWITCH
APPARATUS AND MAGNETIC RESONANCE
IMAGING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from Japanese Patent Application No. 2022-
031504, filed on Mar. 2, 2022, the entire contents of which
are incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to a
permanent current switch apparatus and a magnetic reso-
nance imaging apparatus.

BACKGROUND

[0003] Magnetic resonance imaging apparatuses have
recently been provided with a superconducting magnet,
which is an electromagnet using a superconductor, as a static
magnetic field magnet that generates a static magnetic field
in an imaging area where a subject is placed. The supercon-
ducting magnet is typically fabricated by placing a coil of a
superconductor (hereinafter referred to as a “superconduct-
ing coil”) in a refrigerant container filled with liquid helium
serving as a refrigerant.

[0004] When cooled with the liquid helium and transi-
tioned to a superconducting state, the superconducting coil
has an electrical resistance of 0, and as a result, a large cur-
rent can flow therethrough. Therefore, the superconducting
magnet can generate a stronger magnetic field than an ordin-
ary electromagnet.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is a configuration diagram of the configura-
tion of an MRI apparatus according to an embodiment;
[0006] FIG. 2 is a block diagram of an example of the
configuration of a static magnetic field magnet according
to the embodiment;

[0007] FIG. 3 is a schematic of an example of the config-
uration of a PCS according to the embodiment;

[0008] FIG. 4 is a schematic of an example of a current
change when a quench occurs in one of thermal permanent
current switches included in the PCS according to the
embodiment;

[0009] FIG. 5 is a schematic of an example of a current
change when quenches occur in two of the thermal perma-
nent current switches included in the PCS according to the
embodiment;

[0010] FIG. 6 is a schematic of an example of a case where
disconnection occurs in a heater connecting wire included in
the PCS according to the embodiment;

[0011] FIG. 7 is a schematic of the configuration of a PCS
different from the PCS according to the embodiment;
[0012] FIG. 8 is a schematic of a current change when a
quench occurs in one of the thermal permanent current
switches included in the PCS different from the PCS accord-
ing to the embodiment;

[0013] FIG. 9 is a schematic of a current change when
quenches occur in two of the thermal permanent current
switches included in the PCS different from the PCS accord-
ing to the embodiment; and
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[0014] FIG. 10 is a schematic of a case where disconnec-
tion occurs in the heater connecting wire included in the
PCS different from the PCS according to the embodiment.

DETAILED DESCRIPTION

[0015] A permanent current switch apparatus according to
an embodiment is electrically connected to a superconduct-
ing coil via a superconducting wire, the permanent current
switch apparatus including a plurality of parallel structures
with thermal permanent current switches connected in par-
allel, the thermal permanent current switches being capable
of switching between conducting and interrupting an elec-
tric current flowing through the superconducting wire. The
parallel structures are connected in series.

[0016] Embodiments of a permanent current switch and a
magnetic resonance imaging apparatus are described below
in greater detail with reference to the accompanying draw-
ings. While the embodiments below describe a case where
the permanent current switch is used for a static magnetic
field magnet of the magnetic resonance imaging apparatus,
the embodiments are not intended to limit the present inven-
tion. In the following description, a magnetic resonance
imaging apparatus is also referred to as an “MRI apparatus”.
[0017] The configuration of an MRI apparatus 100 accord-
ing to the present embodiment is described first. FIG. 1 is a
configuration diagram of the configuration of the MRI appa-
ratus 100 according to the present embodiment. As illu-
strated in FIG. 1, the MRI apparatus 100 includes a static
magnetic field magnet 10, a gradient coil 20, an RF coil 30, a
couchtop 40, a gradient power source 50, a transmitter 60, a
receiver 70, a sequence control apparatus 80, and a compu-
ter system 90.

[0018] The static magnetic field magnet 10 generates a
static magnetic field in an imaging area where a subject is
placed. The static magnetic field magnet 10 is an example of
a superconducting magnet. The static magnetic field magnet
10 includes a vacuum chamber 11, a refrigerant container
12, and a superconducting coil 13.

[0019] The vacuum chamber 11 is formed in a substan-
tially cylindrical shape, and the inside of the cylindrical
wall is maintained in a vacuum. The space formed on the
inner side of the cylinder of the vacuum chamber 11 serves
as the imaging area where the subject is placed. The refrig-
erant container 12 is formed in a substantially cylindrical
shape and is housed in the vacuum chamber 11. The refrig-
erant container 12 contains a refrigerant, such as liquid
helium, inside the wall of the cylinder. The superconducting
coil 13 1is disposed in the refrigerant container 12 and is
immersed in the liquid helium. The superconducting coil
13 generates a static magnetic field in the imaging area on
the inner side of the cylinder of the vacuum chamber 11.
[0020] The gradient coil 20 is formed in a substantially
cylindrical shape and is fixed to the inner side of the static
magnetic field magnet 10. The gradient coil 20 generates a
gradient magnetic field in X-, Y-, and Z-axis directions set in
the imaging area by an electric current supplied from the
gradient power source S0.

[0021] The RF coil 30 is fixed to the inner side of the gra-
dient coil 20 such that it faces across a subject P. The RF coil
30 irradiates the subject P with RF pulses transmitted from
the transmitter 60 and receives magnetic resonance signals
emitted from the subject P by excitation of hydrogen nuclei.
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[0022] The couchtop 40 is horizontally movably provided
on a couch, which is not illustrated, and is moved into the
imaging area with the subject P placed thereon when ima-
ging is performed. The gradient power source S0 supplies an
electric current to the gradient coil 20 based on instructions
from the sequence control apparatus 80.

[0023] The transmitter 60 transmits RF pulses to the RF
coil 30 based on instructions from the sequence control
apparatus 80. The receiver 70 detects magnetic resonance
signals received by the RF coil 30 and transmits raw data
obtained by digitizing the detected magnetic resonance sig-
nals to the sequence control apparatus 80.

[0024] The sequence control apparatus 80 scans the sub-
ject P by driving the gradient power source 50, the transmit-
ter 60, and the receiver 70 under the control of the computer
system 90. When receiving raw data from the receiver 70 as
a result of scanning, the sequence control apparatus 80
transmits the raw data to the computer system 90.

[0025] The computer system 90 collectively controls the
MRI apparatus 100. Specifically, the computer system 90
includes an input unit, a sequence controller, an image
reconstructor, a storage unit, a display unit, and a main con-
troller, for example. The input unit receives various inputs
from an operator. The sequence controller causes the
sequence control apparatus 80 to perform scanning based
on imaging conditions input by the operator. The image
reconstructor reconstructs an image based on the raw data
transmitted from the sequence control apparatus 80. The sto-
rage unit stores therein the reconstructed image and other
data. The display unit displays various kinds of information,
such as the reconstructed image. The main controller con-
trols operations of the functional units based on instructions
from the operator.

[0026] The configuration of the static magnetic field mag-
net 10 is described with reference to FIG. 2. FIG. 2 is a
block diagram of an example of the configuration of the sta-
tic magnetic field magnet 10 according to the present embo-
diment. As illustrated in FIG. 2, the static magnetic field
magnet 10 includes the vacuum chamber 11, the refrigerant
container 12, the superconducting coil 13, a protection cir-
cuit 14, current leads 15, a PCS 16, and a magnet excitation
and demagnetization power source 17.

[0027] The protection circuit 14 protects the supercon-
ducting coil 13 by consuming the electric current flowing
through the superconducting coil 13 when a quench occurs
in the superconducting coil 13. The protection circuit 14 is a
protective resistance element or a diode bank, for example.
The protection circuit 14 is disposed in a normal tempera-
ture environment outside the refrigerant container 12.
[0028] When the superconducting coil 13 is excited, in the
present embodiment, the magnet excitation and demagneti-
zation power source 17 is disconnected from the current
leads 15. To demagnetize the superconducting coil 13, the
magnet excitation and demagnetization power source 17 is
reconnected to the current leads 15.

[0029] The current leads 15 supply an electric current
from the magnet excitation and demagnetization power
source 17 at room temperature (hereinafter, also referred to
as normal temperature environment) to the superconducting
coil 13 cooled by a refrigerant, such as liquid helium (here-
inafter, also referred to as low temperature environment).
The current leads 15 connect the superconducting coil 13
to the protection circuit 14. The current leads 15 are made
of a high-temperature superconductor. With this structure,
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the current leads 15 have lower conductivity in the normal
temperature state and have higher conductivity in the low
temperature state.

[0030] Therefore, the current leads 15 are less likely to
conduct heat during normal operation, whereby the amount
of heat entering into the refrigerant container 12 from the
outside can be reduced. In other words, the current leads
15 can suppress evaporation of the refrigerant caused by
heat entering from the outside of the refrigerant container
12.

[0031] By contrast, when a quench occurs in the supercon-
ducting coil 13, the current leads 15 are cooled to be in a
superconducting state by vaporization of the refrigerant in
the refrigerant container 12. Therefore, an electric current
automatically flows from the superconducting coil 13 to
the protection circuit 14 via the current leads 15 when a
quench occurs, whereby the protection circuit 14 can be reli-
ably protected. In other words, the current leads 15 can serve
as switches that supply an electric current from the super-
conducting coil 13 to the protection circuit 14 when a
quench occurs.

[0032] The PCS 16 is an example of a permanent current
switch apparatus. The PCS 16 according to the present
embodiment is a permanent current switch apparatus includ-
ing a superconducting wire 163 including switch parts 161,
which will be described later, and thermal permanent cur-
rent switches 160 (refer to FIG. 3). The switch part 161 is a
part of the superconducting wire 163 serving as a switch that
switches the superconducting wire 163 between a supercon-
ducting state and a normal conducting state by heat emitted
by a heater. The PCS 16 is turned on when the switch part
161 is in the superconducting state and is turned off when
the switch part 161 is in the normal conducting state. The
PCS 16 is connected in parallel to the superconducting coil
13.

[0033] When the PCS 16 is turned on, the superconducting
coil 13 and the PCS 16 form a closed loop if the magnet
excitation and demagnetization power source 17 is discon-
nected, for example. When the PCS 16 is turned off, the
magnet excitation and demagnetization power source 17
can supply an electric current to the superconducting coil
13, for example.

[0034] When the PCS 16 is turned on, in the present
embodiment, the state of the magnet excitation and demag-
netization power source 17 transitions to a disconnected
state. The state of the magnet excitation and demagnetiza-
tion power source 17, however, is not limited thereto. The
magnet excitation and demagnetization power source 17
may have an output of close to 0, for example. In other
words, the magnet excitation and demagnetization power
source 17 simply needs to be in such a state that the super-
conducting coil 13 and the PCS 16 can form a closed loop.
[0035] The PCS 16 also includes heaters 162 (refer to FIG.
3), which will be described later. The heater 162 is con-
nected to an external power source outside the static mag-
netic field magnet 10. To excite and demagnetize the super-
conducting coil 13, the heater 162 controls turning on/off
the PCS 16 by raising and lowering the temperature of the
switch part 161. The configuration of the PCS 16 will be
described later.

[0036] The magnet excitation and demagnetization power
source 17 is a power source used to excite or demagnetize
the superconducting coil 13. The magnet excitation and
demagnetization power source 17 is disposed in a normal
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temperature environment outside the refrigerant container
12. When the superconducting coil 13 is excited or demag-
netized, the magnet excitation and demagnetization power
source 17 is connected to the superconducting coil 13 via
the current leads 15.

[0037] When the superconducting coil 13 is excited or
demagnetized, the refrigerant in the refrigerant container
12 evaporates because the heaters 162 emit heat to control
the PCS 16. The number of switch parts 161 of the PCS 16 is
determined by considering the amount of evaporation of the
refrigerant because refrigerants are typically expensive.
[0038] At this time, the evaporated refrigerant cools the
current leads 15 and brings them into a superconducting
state. Therefore, when the superconducting coil 13 is
excited or demagnetized, the magnet excitation and demag-
netization power source 17 can stably supply an electric cur-
rent to the superconducting coil 13 via the current leads 15.
[0039] The configuration of the PCS 16 is specifically
described with reference to FIGS. 3 to 10. The configuration
of a PCS 216 different from the PCS 16 according to the
present embodiment is described first with reference to
FIG. 7 by way of comparison with the configuration of the
PCS 16 illustrated in FIG. 3. FIG. 7 is a schematic of the
configuration of the PCS 216 different from the PCS 16
according to the present embodiment.

[0040] As illustrated in FIG. 7, the PCS 216 includes ther-
mal permanent current switches PC1 to PC8, a supercon-
ducting wire SU, and a heater connecting wire HL, for
example. In the following description, the thermal perma-
nent current switches PC1 to PC8 may be referred to simply
as thermal permanent current switches PC when they are not
particularly distinguished.

[0041] The thermal permanent current switch PC1
includes a switch part SW1 and a heater HT1. In the follow-
ing description, the switch parts SW1 to SW8 may be
referred to simply as switch parts SW when they are not
particularly distinguished. The heaters HT'1 to HT8 may be
referred to simply as heaters HT when they are not particu-
larly distinguished. The switch part SW is a part serving as a
switch that switches the switch part SW between the super-
conducting state and the normal conducting state by heat
emitted by the heater HT.

[0042] The thermal permanent current switch PC switches
between conducting and interrupting an electric current
flowing through the switch part SW. The thermal permanent
current switches PC1 to PC4 are connected in series to con-
stitute a switch series structure IL1. Similarly, the thermal
permanent current switches PCS to PC8 constitute a switch
series structure IL2. The switch series structure IL1 and the
switch series structure 1.2 are connected in parallel by the
superconducting wire SU.

[0043] The heater HT heats the switch part SW. The ther-
mal permanent current switch PC switches the switch part
SW between the superconducting state and the normal con-
ducting state by adjusting the heating of the heater HT and
raising and lowering the temperature of the switch part SW.
The heater HT is connected in series to an external power
source PW by the heater connecting wire HL.

[0044] The following describes the state of the electric
current in a case where a quench occurs in the thermal per-
manent current switch PC when the PCS 216 is in the super-
conducting state. First, a case where no quench occurs in
any of the thermal permanent current switches PC1 to PC8
is described.
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[0045] In this case, when the electric current flowing
through the PCS 216 is Isc, the electric current Isc is divided
between the switch series structure IL1 and the switch series
structure 1.2 connected in parallel as illustrated in FIG. 7.
Therefore, the electric current flowing through the switch
series structure IL1 is approximately Ls¢/2, and the electric
current flowing through the switch series structure IL2 is
approximately Isc/2. Next, a case where a quench occurs
in any one of the thermal permanent current switches PC1
to PC8 is described.

[0046] FIG. 8 illustrates the configuration of the PCS 216
different from the PCS 16 according to the present embodi-
ment by way of comparison with the configuration of the
PCS 16 illustrated in FIG. 4. FIG. 8 is a schematic of the
state of the electric current when a quench occurs in one of
the thermal permanent current switches PC included in the
PCS 216 different from the PCS 16 according to the embo-
diment. FIG. 8 illustrates a case where a quench occurs in
the thermal permanent current switch PC2 constituting the
switch series structure IL1 due to failure FP1. In this case,
the thermal permanent current switch PC2 serves as a resis-
tance R

[0047] When the thermal permanent current switch PC2
serves as the resistance R, all the electric current flowing
through the PCS 216 is commutated to the switch series
structure IL.2 composed of the thermal permanent current
switches PCS to PC8 where no quench occurs as illustrated
in FIG. 8. Therefore, the electric current flowing through the
switch series structure IL1 1s 0, and the electric current flow-
ing through the switch series structure IL2 is Isc/2.

[0048] As a result, the PCS 216 can maintain the super-
conducting state of one of the paths, thereby maintaining the
operation of the static magnetic field magnet 10 in a perma-
nent current mode. In other words, the PCS 216 in this case
is redundant because it can maintain the operation of the
static magnetic field magnet 10 in the permanent current
mode if a quench occurs in any one of the thermal perma-
nent current switches PC1 to PC8.

[0049] Next, a case where a quench occurs in each of the
switch series structure IL1 and the switch series structure
IL2 is described.

[0050] FIG. 9 illustrates the configuration of the PCS 216
different from the PCS 16 according to the present embodi-
ment by way of comparison with the configuration of the
PCS 16 illustrated in FIG. 5. FIG. 9 is a schematic of the
state of the electric current when a quench occurs in each of
the switch series structure IL1 and the switch series structure
IL2 included in the PCS 216 different from the PCS 16
according to the embodiment. FIG. 9 illustrates a state
where a quench occurs in the thermal permanent current
switch PC2 constituting the switch series structure IL1 due
to failure FP1, and a quench occurs in the thermal perma-
nent current switch PC8 constituting the switch series struc-
ture IL2 due to failure FP2.

[0051] In this case, the thermal permanent current switch
PC2 and the thermal permanent current switch PC8 serve as
resistances R. When the thermal permanent current switch
PC2 and the thermal permanent current switch PC8 serve as
the resistances R, the redundancy of the PCS 216 is lost, and
the electric current Isc flowing through the PCS 216 is atte-
nuated and decreases to 0 as illustrated in FIG. 9.

[0052] In other words, if a quench occurs in the thermal
permanent current switch PC of one of the switch series
structures 1.1 and IL.2 while a quench is occurring in the



US 2023/0277082 Al

thermal permanent current switch PC of the other, the static
magnetic field magnet 10 fails to maintain the operation in
the permanent current mode.

[0053] In addition, the configuration of the PCS 216 dif-
ferent from the PCS 16 has the problem of failing to excite
or demagnetize the superconducting coil 13 if the heater
connecting wire HL is not conductive due to disconnection
or other causes. The following describes the effects caused
when disconnection occurs in the heater connecting wire HL.
included in the PCS 216 different from the PCS 16.

[0054] FIG. 10 illustrates the configuration of the PCS 216
different from the PCS 16 according to the present embodi-
ment by way of comparison with the configuration of the
PCS 16 illustrated in FIG. 6. FIG. 10 is a schematic of a
state where disconnection occurs in the heater connecting
wire HL included in the PCS 216 different from the PCS
16 according to the embodiment. FIG. 10 illustrates a case
where disconnection occurs at part of the heater connecting
wire HL due to failure FHI.

[0055] If disconnection occurs in part of the heater con-
necting wire HL, a heater current Th fails to be applied to
the heaters HT1 to HT8 because the heaters HT'1 to HT8 are
connected in series to the external power source PW. As
described above, the PCS 216 switches the switch parts
SW between the superconducting state and the normal con-
ducting state by adjusting the heating of the heaters HT1 to
HT8 and raising and lowering the temperature of the super-
conducting wire SU.

[0056] In other words, if disconnection occurs in part of
the heater connecting wire HL., the PCS 216 fails to adjust
the heating of the heater HT1 and raise and lower the tem-
perature of the superconducting wire SU. As a result, the
static magnetic field magnet 10 fails to excite or demagne-
tize the superconducting coil 13.

[0057] To address this, the PCS 16 according to the pre-
sent embodiment has a configuration to solve the problem of
the PCS 216 different from the PCS 16 described above.
Specifically, in the PCS 16 according to the present embodi-
ment, a plurality of switch parallel structures each composed
of a plurality of thermal permanent current switches con-
nected in parallel are connected in series. The switch paral-
lel structure is an example of a parallel structure. The fol-
lowing describes the configuration of the PCS 16 according
to the present embodiment with reference to FIG. 3.

[0058] FIG. 3 is a schematic of an example of the config-
uration of the PCS 16 according to the embodiment. As illu-
strated in FIG. 3, the PCS 16 includes thermal permanent
current switches 160a to 1604, a superconducting wire
163, and a heater connecting wire 164. In the following
description, the thermal permanent current switches 160a
to 160/ may be referred to simply as thermal permanent
current switches 160 when they are not particularly
distinguished.

[0059] Similarly to the PCS 216 different from the PCS
16, the thermal permanent current switch 160 switches
between conducting and interrupting an electric current
flowing through the superconducting wire 163. The thermal
permanent current switches 160a and 1605 are connected in
parallel by the superconducting wire 163 to constitute a
switch parallel structure JP1.

[0060] Similarly, the thermal permanent current switches
160c and 160d constitute a switch parallel structure JP2, the
thermal permanent current switches 160e and 160f consti-
tute a switch parallel structure JP3, and the thermal perma-
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nent current switches 160g and 1604 constitute a switch par-
allel structure JP4. The switch parallel structures JP1, JP2,
JP3, and JP4 are connected in series by the superconducting
wire 163.

[0061] While the superconducting wire 163 according to
the present embodiment is made of Cu/NbTi, the material of
the superconducting wire 163 is not limited thereto. The
superconducting wire 163 may be made of CuNi/NbTi, for
example.

[0062] The thermal permanent current switch 160a
includes a switch part 161a and a heater 1624. In the follow-
ing description, the switch parts 16la to 1617 may be
referred to simply as switch parts 161 when they are not
particularly distinguished. The heaters 162a to 1627 may
be referred to simply as heaters 162 when they are not par-
ticularly distinguished.

[0063] Similarly to the switch part SW of the PCS 216
different from the PCS 16, the switch part 161 is a part ser-
ving as a switch that switches the switch part 161 between
the superconducting state and the normal conducting state
by heat emitted by the heater 162.

[0064] In the present embodiment, while the switch part
161 is fabricated by removing Cu from Cu/NbTi constitut-
ing the superconducting wire 163, the configuration of the
switch part 161a is not limited thereto. The switch part 161a
may be made of CuNi/NbTi, for example. Similarly to the
heater HT of the PCS 216 different from the PCS 16, the
heater 162 heats the superconducting wire 163.

[0065] The heaters 162 are divided into a plurality of
groups and are connected in parallel to the external power
source PW. The heaters 162 are connected such that the
electric current flowing through the heaters 162 is equal. In
the PCS 16, for example, the electric current flowing
through the heaters 162 is made equal by making the num-
ber of heaters 162 connected in parallel to the external
power source PW by the heater connecting wire 164 equal.
[0066] With this configuration, the heaters can heat the
superconducting wire 163 at the corresponding positions
without generating any temperature difference. Therefore,
the switch parts 161 can switch the switch parts 161 at the
corresponding positions between the superconducting state
and the normal conducting state at substantially the same
timing.

[0067] In the present embodiment, the heaters 162a, 1625,
162¢, and 1624 constitute a heater group HG1. The heaters
162¢, 162f. 162g, and 162/ constitute a heater group HG2.
The heater group HG1 and the heater group HG2 are con-
nected in parallel to the external power source PW by the
heater connecting wire 164 independent of the supercon-
ducting wire 163.

[0068] The parallel connection configuration of the hea-
ters 162 is not limited to the configuration described
above. For example, the number of heaters 162 of the heater
group HG1 may be two, and the number of heaters 162 of
the heater group HG2 may be six in the example described
above. The number of heater groups is not limited to two.
The number of heater groups may be three or more, for
example.

[0069] The following describes the state of the electric
current when a quench occurs in the thermal permanent cur-
rent switch 160 when the PCS 16 having the configuration
described above is in the superconducting state. First, a case
where no quench occurs in any of the thermal permanent
current switches 160« to 1604 is described.
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[0070] In this case, when the electric current flowing
through the PCS 16 is Isc, the electric current Isc is divided
between the thermal permanent current switches 160 con-
nected in parallel as illustrated in FIG. 3. Therefore, the
electric current flowing through the thermal permanent cur-
rent switch 160a of the switch parallel structure JP1 is
approximately Isc¢/2, and the electric current flowing
through the thermal permanent current switch 1605 is
approximately Isc/2.

[0071] Similarly, the electric current flowing through the
thermal permanent current switch 160c¢ of the switch paral-
lel structure JP2 is approximately Ise¢/2, and the electric cur-
rent flowing through the thermal permanent current switch
1604 is approximately Isc/2. Similarly, the electric current
flowing through the thermal permanent current switch 160e
of the switch parallel structure JP3 is approximately Lsc/2,
and the electric current flowing through the thermal perma-
nent current switch 160f is approximately Isc/2. Similarly,
the electric current flowing through the thermal permanent
current switch 160g of the switch parallel structure JP4 is
approximately Isc¢/2, and the electric current flowing
through the thermal permanent current switch 1604 is
approximately Lsc/2.

[0072] Next, a case where a quench occurs in any one of
the thermal permanent current switches 160 is described
with reference to FIG. 4.

[0073] FIG. 4 is a schematic of an example of a current
state when a quench occurs in one of the thermal permanent
current switches 160 included in the PCS 16 according to
the embodiment. FIG. 4 illustrates a case where a quench
occurs in the thermal permanent current switch 160¢ consti-
tuting the switch parallel structure JP2 due to failure FP1. In
this case, the thermal permanent current switch 160c serves
as a resistance R

[0074] When the thermal permanent current switch 160¢
serves as the resistance R, all the electric current flowing
through the switch parallel structure JP2 is commutated to
the thermal permanent current switch 160d where no quench
occurs as illustrated in FIG. 4. Therefore, the electric current
flowing through the thermal permanent current switch 160¢
is 0, and the electric current flowing through the thermal
permanent current switch 160d is Isc. The electric current
flowed through the thermal permanent current switch 160d
is transmitted to the switch parallel structure JP3 in the sub-
sequent stage.

[0075] As aresult, the PCS 16 can maintain the supercon-
ducting state of the superconducting wire 163, thereby
maintaining the operation of the static magnetic field mag-
net 10 in the permanent current mode. In other words, the
PCS 16 is redundant because it can maintain the operation of
the static magnetic field magnet 10 in the permanent current
mode if a quench occurs in any one of the thermal perma-
nent current switches 160a to 1604.

[0076] Next, a case where quenches occur in any two of
the thermal permanent current switches 160 is described
with reference to FIG. 5.

[0077] FIG. 5 is a schematic of an example of a current
state when quenches occur in two of the thermal permanent
current switches included in the PCS 16 according to the
embodiment. FIG. 5 illustrates a state where a quench
occurs in the thermal permanent current switch 160/ consti-
tuting the switch parallel structure JP4 due to failure FP2
while a quench is occurring in the thermal permanent cur-
rent switch 160c¢ constituting the switch parallel structure
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JP2 due to failure FP1. In this case, the thermal permanent
current switch 1604 serves as a resistance R

[0078] When the thermal permanent current switch 1604
serves as the resistance R, all the electric current flowing
through the switch parallel structure JP3 is commutated to
the thermal permanent current switch 160g where no quench
occurs as illustrated in FIG. 5. Therefore, the electric current
flowing through the thermal permanent current switch 160g
is Isc, and the electric current flowing through the thermal
permanent current switch 1604 is 0.

[0079] As a result, the PCS 16 effectively functions and
maintains the superconducting state of the superconducting
wire 163, whereby the operation of the static magnetic field
magnet 10 in the permanent current mode can be main-
tained. In other words, the PCS 16 is redundant because it
can maintain the operation of the static magnetic field mag-
net 10 in the permanent current mode if quenches occur in
two of the thermal permanent current switches 160¢ and
1604.

[0080] If a quench occurs in the thermal permanent cur-
rent switch 1604 while a quench is occurring in the thermal
permanent current switch 160¢ constituting the switch par-
allel structure JP2, the thermal permanent current switch
160d serves as a resistance R, which is not illustrated.
When the thermal permanent current switch 160c¢ and the
thermal permanent current switch 160d serve as the resis-
tances R, the redundancy of the PCS 16 is lost, and the elec-
tric current Isc is attenuated by the resistances R and
decreases to 0.

[0081] Therefore, the PCS 16 according to the present
embodiment can maintain the operation of the static mag-
netic field magnet 10 in the permanent current mode if
quenches occur in any two of the thermal permanent current
switches 160 as long as the quenches do not occur in either
of the thermal permanent current switches 160 constituting
the same switch parallel structure JP.

[0082] The following describes the difference in unrelia-
bility between the PCS 16 according to the present embodi-
ment and the PCS 216 different from the PCS 16 using the
PCS 16 according to the present embodiment described with
reference to FIGS. 3 to 6 and the PCS 216 different from the
PCS 16 described with reference to FIGS. 7 to 10 as exam-
ples. In the present embodiment, the unreliability indicates
the degree to which the permanent current mode fails to be
maintained by quenches in two thermal permanent current
switches in any desired period of time (e.g., ten years).
[0083] When the failure probability per thermal perma-
nent current switch PC or 160 in two-parallel connection is
F2, and the failure probability per thermal permanent cur-
rent switch PC or 160 in one-parallel connection is F1, for
example, unreliability F of the PCS 216 is expressed by F =
8C1 x F2 x 4C1 x F1. By contrast, the unreliability F of the
PCS 16 is expressed by F = 8C1 x F2 x Fl. Thus, the
unreliability of the PCS 16 is one fourth of that of the PCS
216.

[0084] In other words, the PCS 16 according to the present
embodiment has higher reliability than the PCS 216 differ-
ent from the PCS 16.

[0085] The following describes the effects caused when
disconnection occurs in the heater connecting wire 164
included in the PCS 16 according to the present embodiment
with reference to FIG. 6. FIG. 6 is a schematic of an exam-
ple of a case where disconnection occurs in the heater con-
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necting wire 164 included in the PCS 16 according to the
embodiment.

[0086] FIG. 6 illustrates a case where disconnection
occurs in part of the heater connecting wire 164 due to fail-
ure FHI1. If disconnection occurs at the position of the fail-
ure FH1, the external power source PW fails to apply the
heater current Th to the heaters 162 constituting the heater
group HG1.

[0087] If disconnection occurs at the position of the failure
FH1, however, the external power source PW can apply the
heater current Th to the heater group HG2 because the heater
group HG1 and the heater group HG2 in the PCS 16 are
connected in parallel to the external power source PW. In
other words, the static magnetic field magnet 10 according
to the present embodiment can excite and demagnetize the
superconducting coil 13 if disconnection occurs at one posi-
tion of the heater connecting wire 164.

[0088] As described above, the MRI apparatus 100
according to the present embodiment includes the static
magnetic field magnet 10 having the superconducting coil
13 and the PCS 16. The PCS 16 is connected in parallel to
the superconducting coil 13 and includes the superconduct-
ing wire 163. The PCS 16 includes the switch parallel struc-
ture JP in which a plurality of thermal permanent current
switches 160 that interrupt an electric current flowing
through the superconducting wire 163 are connected in par-
allel. A plurality of switch parallel structures JP are con-
nected in series.

[0089] With this configuration, if a quench occurs in one
of the thermal permanent current switches 160 constituting
the switch parallel structure JP, the electric current can flow
through another thermal permanent current switch 160 con-
stituting the switch parallel structure JP. Therefore, the PCS
16 can maintain the superconducting state of the supercon-
ducting coil 13. In other words, the PCS 16 according to the
present embodiment is redundant and can improve the relia-
bility of the static magnetic field magnet 10 compared with
the case where the thermal permanent current switches 160
are connected in series to the superconducting coil 13.
[0090] In the PCS 16 according to the present embodi-
ment, a plurality of switch parallel structures JP are con-
nected in series. With this configuration, if one thermal per-
manent current switch 160 is quenched while another
thermal permanent current switch is being quenched, the
PCS 16 can maintain the superconducting state of the super-
conducting coil unless all the thermal permanent current
switches 160 constituting the same switch parallel structure
JP are quenched. Therefore, the PCS 16 according to the
present embodiment can increase the possibility of main-
taining the superconducting state of the superconducting
coil 13 if two or more thermal permanent current switches
160 are quenched. In other words, the PCS 16 according to
the present embodiment can further improve the reliability
of the static magnetic field magnet 10.

[0091] The PCS 16 according to the present embodiment
includes a plurality of the heaters 162 and the heater con-
necting wire 164. The heaters 162 raise or lower the tem-
perature of the respective switch parts 161. The heater con-
necting wire 164 connects the heaters 162 in parallel to the
external power source PW that supplies electric power to the
heaters 162.

[0092] With this configuration, the thermal permanent cur-
rent switch 160 can switch the switch part 161 between the
superconducting state and the normal conducting state by
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adjusting the heating of the heater 162 and raising and low-
ering the temperature of the switch part 161. Therefore, the
static magnetic field magnet 10 according to the present
embodiment can excite and demagnetize the superconduct-
ing coil 13 by the thermal permanent current switches 160.
[0093] In the PCS 16 according to the present embodi-
ment, the external power source PW and the heaters 162
are connected in parallel. With this configuration, if discon-
nection occurs at one position of the heater connecting wire
164, the PCS 16 can apply an electric current to the heaters
162 on the side where no disconnection occurs. In other
words, the static magnetic field magnet 10 according to the
present embodiment can excite and demagnetize the super-
conducting coil 13 if disconnection occurs at one position of
the heater connecting wire 164.

[0094] In the PCS 16 according to the present embodi-
ment, the heaters 162 are connected in parallel by the heater
connecting wire 164 such that the electric current flowing
through the heaters 162 is equal. With this configuration,
the heaters can heat the superconducting wire 163 at the
corresponding positions without generating any temperature
difference. Therefore, the switch parts 161 can switch the
switch parts 161 at the corresponding positions between
the superconducting state and the normal conducting state
at substantially the same timing.

[0095] In the PCS 16 according to the present embodi-
ment, the number of heaters 162 connected in parallel by
the heater connecting wire 164 is equal. This configuration
can facilitate making the electric current flowing through the
heaters 162 equal.

[0096] The embodiment described above can be appropri-
ately modified by changing some of the components or
functions of each apparatus. The following describes some
modifications according to the embodiment described above
as other embodiments. In the following description, the
points different from the embodiment described above are
mainly explained, and detailed explanation of the points
common to the already explained contents is omitted. The
modifications to be described below may be implemented
individually or in combination as appropriate.

First Modification

[0097] In the embodiment above, the PCS 16 in which
four switch parallel structures JP each composed of two
thermal permanent current switches 160 are connected in
series has been described. The configuration of the PCS
16, however, is not limited thereto. In the PCS 16, for exam-
ple, three switch parallel structures JP each composed of
three thermal permanent current switches 160 may be con-
nected in series.

[0098] The PCS 16 can maintain the superconducting state
of the superconducting coil 13 unless all of the thermal per-
manent current switches 160 constituting the same switch
parallel structure JP are quenched. Therefore, by increasing
the number of thermal permanent current switches 160 con-
stituting the switch parallel structure JP, the PCS 16 can
increase the possibility that the superconducting state of
the superconducting coil 13 can be maintained even if
quenches occur in a plurality of thermal permanent current
switches 160.

[0099] In other words, the PCS 16 according to the present
modification can further improve the reliability of the static
magnetic field magnet 10.
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Second Modification

[0100] In the embodiment above, the PCS 16 in which two
heater groups HG each composed of four heaters 162 are
connected in parallel has been described. The parallel con-
nection configuration of the heaters 162 of the PCS 16, how-
ever, 18 not limited thereto. In the PCS 16, for example, four
heater groups HG each composed of two heaters 162 may be
connected in parallel.

[0101] In the PCS 16, the heaters 162 are connected in
parallel. With this configuration, if disconnection occurs in
the heater connecting wire 164, but there is a heater group
HG where no disconnection occurs, the PCS 16 can apply
the electric current to the heaters 162 constituting the heater
group HG. Therefore, by increasing the number of groups of
the heaters 162 connected in parallel, the PCS 16 can
increase the possibility that the superconducting coil 13
can be excited and demagnetized if disconnection occurs
in the heater connecting wire 164.

[0102] In other words, the PCS 16 according to the present
modification can increase the possibility that the supercon-
ducting coil 13 can be excited and demagnetized if discon-
nection occurs in the heater connecting wire 164.

[0103] Atleast the embodiment, the modifications, and the
like described above can further improve the reliability of
the static magnetic field magnet 10.

[0104] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inven-
tions. Indeed, the novel embodiments described herein may
be embodied in a variety of other forms; furthermore, var-
ious omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.

[0105] Regarding the embodiment and the like described
above, the following notes are disclosed as an aspect and
selective characteristics of the invention.

Note 1.

[0106] A permanent current switch apparatus configured
to be electrically connected to a superconducting coil via a
superconducting wire, the permanent current switch appara-
tus including
[0107] a plurality of parallel structures with thermal
permanent current switches connected in parallel, the
thermal permanent current switches being capable of
switching between conducting and interrupting an elec-
tric current flowing through the superconducting wire,
wherein
[0108] the parallel structures are connected in series.

Note 2.

[0109] The thermal permanent current switches may each
include: a heater; and a switch part configured to switch the
thermal permanent current switch between a superconduct-
ing state and a normal conducting state by heat emitted by
the heater. The permanent current switch apparatus may
further include a heater connecting wire configured to con-
nect the heaters provided to the respective thermal perma-
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nent current switches in parallel to an external power source
configured to supply electric power to the heaters.

Note 3.

[0110] The heaters may be divided into a plurality of
groups such that an electric current flowing through each
of the heaters is equal and be connected in parallel to the
external power source.

Note 4.

[0111] The number of the heaters included in each of the
groups may be equal.

Note 5.

[0112] A magnetic resonance imaging apparatus including
a superconducting magnet, wherein
[0113] the superconducting magnet includes a perma-
nent current switch apparatus configured to be electri-
cally connected to a superconducting coil via a super-
conducting wire,
[0114] the permanent current switch apparatus includes
a plurality of parallel structures with thermal permanent
current switches connected in parallel, the thermal per-
manent current switches being capable of switching
between conducting and interrupting an electric current
flowing through the superconducting wire, and
[0115] the parallel structures are connected in series.

Note 6.

[0116] The thermal permanent current switches of the
magnetic resonance imaging apparatus may each include a
heater and a switch part configured to switch the thermal
permanent current switch between a superconducting state
and a normal conducting state by heat emitted by the heater.
The permanent current switch apparatus may further include
a heater connecting wire configured to connect the heaters
provided to the respective thermal permanent current
switches in parallel to an external power source configured
to supply electric power to the heaters.

Note 7.

[0117] The heaters of the magnetic resonance imaging
apparatus may be divided into a plurality of groups such
that an electric current flowing through each of the heaters
is equal and be connected in parallel to the external power
source. Note 8.

[0118] The number of the heaters included in each of the
groups of the magnetic resonance imaging apparatus may be
equal.

What is claimed is:

1. A permanent current switch apparatus configured to be
electrically connected to a superconducting coil via a super-
conducting wire, the permanent current switch apparatus
comprising

a plurality of parallel structures with thermal permanent

current switches connected in parallel, the thermal per-
manent current switches being capable of switching
between conducting and interrupting an electric current
flowing through the superconducting wire, wherein

the parallel structures are connected in series.
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2. The permanent current switch apparatus according to
claim 1, wherein

the thermal permanent current switches each comprise:

a heater; and

a switch part configured to switch the thermal permanent
current switch between a superconducting state and a
normal conducting state by heat emitted by the heater,
and

the permanent current switch apparatus further comprises a

heater connecting wire configured to connect the heaters
provided to the respective thermal permanent current
switches in parallel to an external power source config-
ured to supply electric power to the heaters.

3. The permanent current switch apparatus according to
claim 2, wherein the heaters are divided into a plurality of
groups such that an electric current flowing through each of
the heaters is equal and are connected in parallel to the exter-
nal power source.

4. The permanent current switch apparatus according to
claim 3, wherein number of the heaters included in each of
the groups is equal.

5. A magnetic resonance imaging apparatus comprising a
superconducting magnet, wherein

the superconducting magnet comprises a permanent cur-

rent switch apparatus configured to be electrically con-
nected to a superconducting coil via a superconducting
wire,

the permanent current switch apparatus comprises a plural-

ity of parallel structures with thermal permanent current
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switches connected in parallel, the thermal permanent
current switches being capable of switching between
conducting and interrupting an electric current flowing
through the superconducting wire, and

the parallel structures are connected in series.

6. The magnetic resonance imaging apparatus according to
claim 5, wherein

the thermal permanent current switches each comprise:

a heater; and

a switch part configured to switch the thermal permanent
current switch between a superconducting state and a
normal conducting state by heat emitted by the heater,
and

the magnetic resonance imaging apparatus further com-

prises a heater connecting wire configured to connect
the heaters provided to the respective thermal permanent
current switches in parallel to an external power source
configured to supply electric power to the heaters.

7. The magnetic resonance imaging apparatus according to
claim 6, wherein the heaters are divided into a plurality of
groups such that an electric current flowing through each of
the heaters is equal and are connected in parallel to the exter-
nal power source.

8. The magnetic resonance imaging apparatus according to
claim 7, wherein number of the heaters included in each of the
groups is equal.
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