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ABSTRACT

Ministry of Electronics and Information Technology (MeitY), Government of India,
has initiated a project to develop a 1.5 T superconducting MRI scanner in India. Inter-
University Accelerator Centre (IUAC), New Delhi, is primarily responsible for the
development of a 1.5 T superconducting magnet and an ever-cooled cryostat for the
MRI scanner. An actively shielded 1.5 T superconducting MRI magnet has been
designed for a whole-body clinical scanner. The MRI magnet generates a 1.5 T
magnetic field in a 45 cm Diametrical Spherical Volume (DSV) with 5.5 ppm
homogeneity. The magnet has been wound by using braided polyethylene
terephthalate (PET) insulated wire in channel (WIC) Niobium Titanium (NbTi) (low-
temperature superconductor) wire on the bobbin. MRI magnet operates at 4.2 K (liquid
helium) temperature, and its operating current is 450 A.

This thesis presents a comprehensive study focused on advancing the
development and understanding of critical components in a 1.5 T actively shielded
superconducting MRI magnet. The research addresses both theoretical and practical
aspects essential for optimizing MRI performance, with a particular emphasis on
superconducting joints, Persistent Current Switch (PCS), Electromagnetic Interference

Shielding (EIS) coils, and cryogenic components.

The research provides a detailed analysis of various superconducting joint-
making techniques, discussing their advantages and disadvantages from an industrial
perspective. Additionally, the study explores the solder matrix replacement method for
different joints, including Cu-NbTi to Cu-NbTi and CuNi-NbTi to Cu-NbTi
conductors. The reasons for superconducting joint failures are thoroughly analyzed
using Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)
techniques, offering insights into improving joint reliability A key achievement of this
study is the development of a 4 K insert, which has enabled precise characterization
of superconducting joints an essential component for ensuring the stability and

efficiency of MRI magnets. The insert has demonstrated the ability to achieve near-



perfect superconducting conditions, with measured electrical resistance as low as 8 x

10715 Q at zero field between various conductor pairs.

The research has also contributed significantly to the development and testing
of a prototype PCS designed for a whole-body MRI magnet. This system is crucial for
maintaining the magnet’s stability and operational efficiency. Through a comparative
analysis of temperature profiles and switching behaviors across various thermo-foil

heaters, the study identified optimal operating conditions.

The design of an EIS coil involves careful consideration of various factors,
including the coupling factor, mutual inductance, turns ratio, geometrical factors, and
self-inductance. The design process includes defining specifications, initial design
choices, simulation and optimization, final development, and rigorous testing to ensure
the final coil design delivers accurate and reliable measurements. Additionally, the
study explored the EIS coil's performance during quench scenarios, offering valuable
insights for enhancing the safety and reliability of MRI systems under various

operational conditions.

Furthermore, the research extends to the characterization of power diodes
operating at cryogenic temperatures, essential for their application in MRI systems.
Detailed analysis of the V-1 characteristics of power diodes, including HFR 120 and
BYV 28-200, revealed significant behavioral changes at cryogenic temperatures (77

K and 4.2 K) compared to room temperature

In summary, this thesis provides a rigorous and detailed exploration of the
development, optimization, and testing of essential components for a 1.5 T MRI

magnet.



b)

d)

f)

9)

h)

Xi

LIST OF PUBLICATIONS

Nandawadekar, A., Singh, M. and Kar, S., 2023, “Study of power diodes used for
MRI  applications,” J. Power Electronics, vol. 24, pp.316-323,
doi.org/10.1007/s43236-023-00728-7

Nandawadekar, A., Singh, M. and Kar, S., 2023, “A versatile 4 K insert for
characterization of the superconducting joints,” Rev. Sci. Instrumentation.,
American institute of Physics, vol. 94(10):105108, doi: 10.1063/5.0161148.

Ajit Nandawadekar, Soumen Kar, et al., 2021, “Thermal and Electrical Behaviour
of the Persistent current Switch for a Whole-Body Superconducting MRI Magnet,”
IEEE Transactions on Applied Superconductivity, vol. 31, no. 5, pp. 1-5, doi:
10.1109/TASC.2021.3076748

Ajit Nandawadekar, Soumen Kar, et al., 2024, “Switching performance analysis of
the Persistent Current Switch,” Journal of superconductivity and novel magnetism,

Under review.

CONFERENCE PRESENTATIONS

The Applied Superconductivity Conference (ASC), 2020.

International Forum on Applied Superconductivity and Magnetism (IFASM),
Australia, 2022.

National Conference on Cryogenics and Superconductivity (NCCS-28), IIT
Kharagpur, 2022.

Power India International Conference (PIICON), NIT Delhi, 2022.

International Conference on Superconductivity and Magnetism (ICSM), Turkey,
2024.






Xiii

TABLE OF CONTENTS
ADSTIACT .. IX
LiSt Of PUDIHCALIONS ..o Xi
CoNnference PreSentations ...........coevieieiirireieesies s Xi
Table Of CONENES ...t Xiii
LISt OF FIQUIES ...ttt Xvii
LISt OF TADIES. ... XXVil
List of Symbols, Abbreviations and Nomenclature ............cccccovevveiciiiciecse s, XXIX
Chapter 1  INTRODUCTION ....coooiiiiiiieie et ens 1
1.1 Background of the TheSIS........cccuiiiiiiiiieieeeee e 1
1.2 Magnetic Resonance IMaging ........cccccovveveeieeieeiiesee e see s se e 3
1.3 Principle of MRIIMAGING ....ooviiiiiiiieieieeee e 6
1.4 Requirements of MRI Magnet..........ccocoiiiiiiiiiiiiiee e 9
1.5  Stringent Requirements of MRI Magnet ...........cccooceiieieeve i, 15
1.6 The necessity of superconducting magnets in 1.5 T MRI systems ........... 17
1.7  Importance of homogeneity and stability: Imaging point of view ............ 19
1.8  Magnet SPeCIfiCatiONS.........ccoviieiiciiiicce e 20
1.9 SUMMAIY ..ttt e et e b e e e beeeanseee s 21
Chapter 2 LITERATURE REVIEW.......cooiiiiiiieieee et 22
2.1 INEFOTUCTION .veiiiiecie e e 22
2.2 MRITEChNOIOQY .....oooiieiiie e 23
2.3 SUpercondUCTING JOINES ......coviieiirierie et 25
2.4 Persistent CUITent SWITCN ........ccooviiiiiiiii e, 30
2.5  External interference SCreening ......ccoeovvveveeiieciie s 35
2.6 RESEAICH QAP .. it 36
2.7 ReSearch ODJECTIVES .......cccovviiiiieee e 39
Chapter 3 SUPERCONDUCTING JOINTS......ooiiiiieiiereeie e e 41
3.1 INEFOTUCTION ..o 41

3.2 Superconducting MRI MAGNEt.........cccoiiiiiiiiiiiieiee s 43



Xiv

3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16

Chapter 4

4.1
4.2
4.3
4.4
4.5
4.6
4.7

Chapter 5

5.1
5.2
5.3
5.4
5.5

SUPErcoNdUCTING JOINTS ......ccveiuiiiiiiiei e 45
Superconducting joint making methods and architectures: ....................... 46
Superconducting SOIAEIS........ccvcviiieeee e 51
Conductor used for MRI magnet Winding ..........cccceoveverencienenisieeen, 53

Superconducting joint making using solder matrix replacement method .54

Procedure for building superconducting JointS............cccoevevviieieeneeceennn, 58
Characterization of superconducting JOiNt..........c.ccoccveveiiieiieeiesieese e, 63
Joint resistance measurement PrinCiple ..o 64
EXperimental teSt Mg .......cceviiieieece e 65
JOINESAMPIE ... 75
MEASUIEMENT PIrOCESS. ......veeeriereerireeiree st e 76
ReSUlts and diSCUSSION .........coiiiiiiiiiie e 77
Characterization teChNIQUES..........coveivieiieiee e 81
SUMMEBIY .. 88

PERSISTANT CURRENT SWITCH .....oooiiiiiieee 89
INEFOTUCTION. ...t 89
Operation 0F APCS ..o 90
ISSUES WIth The PCS ... 92
DeSign OF the PCS.....oee e 95
Experimental teSt SEtUP .......c.eiveiiiie e 100
RESUILS aNd DISCUSSION .....c.veiviieiiieieie ittt 102
SUMMEIY .. 119

EXTERNAL INTERFERENCE SCREENING COIL ........ccccveneee. 120
INEFOAUCTION. ... 120
External magnetic iNterferenCe .........oocovvveriniiieieeese e 122
Working principle of EIS COIl.........ccocooiiiiiiii e 124
Design Of EIS COIl....ccvviiiiii e 124
DESIGN PAFAMELELS .....eviiiiiiieiieieie et 128

5.5.1 Number of turns CalCulation ...........cooveoie oo 128



XV

5.5.2 GEOMELriCal FACON .......couiiiiiiiccee e 129
5.5.3 Self-INAUCTANCE .......cviiiiiiieiisie e 129
5.5.4 Coupling factor between main and screening COil ..........cccccovvvevveiieiiennenn, 130
5.5.6 SCreeniNg FaCLON........oiieiiiieiie et 132
5.5.7 Homogeneity Of EIS COIl.......ccooiiiiiiiiiiicc e 132
5.6  Configuration of 1.5 T mMagnet.......cccccceviveiiiieiieie e 133
5.7  Configuration of EIS COIl ......ccovveiiiiiiiice e 133
5.8  Design of EIS COIl ....oouiiiiiiiiiiiieiece e 135
5.9  Different EIS coil configurations and screening factor calculations....... 137
5.10 Result analysis of EIS COIl.........ccccoiiiiiiiiiiic e, 141
5.11 Induced current during QUENCH .........ccoviiiiiiicc e 149
5.12 Design and experimental test setup of the PCS.........cccccovvvievviieiieneen, 151
5.13  SUMIMAIY ...ciiiiiiiiiie ittt e e be e e e 154
Chapter 6  EIS BYPASS DIODES .......cccooiiiieecie e 156
6.1 INEFOTUCTION ..o 156
6.2  EIS DYPass dIOUES.......cceeiiiiiiicie et 157
6.3  DI0UE PArAMELEIS....ccuecviciecieecie ettt 158
6.4  EISPCS diode assembly .......cccooiiiiiiiiiiiiieeee e 160
6.5  Forward VOItage teSt ........cooveiiie e 160
6.6  ReSUlts and diSCUSSION ......ccueviiiiiiiiiiii e 164
6.7 SUMMANY ..ottt nr e ne e 169
Chapter 7 CONCLUSION, FUTURE SCOPE AND SOCIAL IMPACT.......... 170

RETEIEINCES ...ttt ettt et ee et et e e ee et et et ee et eeeeeeee et eeeeeeeeeeeeneeenenenenneens 174






XVii

LIST OF FIGURES

Figure 1.1 Precession of Proton in the presence of magnetic field...............cccccoeee. 5

Figure 1.2 A conceptual cutaway view of an MRI Scanner consisting of various
elements of an MRI scanner including a patient. [4] ..o, 9

Figure 1.3 The coil structure of an MRI magnet consists of three pairs of main coils

and one pair of large shield coils which minimize the stray field outside the magnet.

Figure 1.4 The schematic representation of different cross-sectional layers of the MRI

A= To 1< TP PR PR 11

Figure 1.5 A set of X, Y, and Z gradient coils are installed inside the room-temperature

bore of the magnet. Z coils are circular coils and Y & X coils are saddle-shaped. [5]

Figure 1.6 Z Gradient field increases from foot to head and so does the Larmor
frequency. The signals are recorded from protons located in different parts of the body

and the image is CONSLIUCLEA. [6]......c.ccvvevreiiiieie e 12

Figure 1.7 The three types of RF coils (body, head, and surface) that are the antennae

for transmitting pulses and receiving signals from the patient’s body. [7]................ 13
Figure 1.8 Cryostat structure of cylindrical MRI magnet. [8]. ......cccccoevvvivviiieiinnnenn, 14
Figure 1.9 The 1.5 T superconducting magnet of IUAC. ..........ccccoveiiiiiicie e, 20

Figure 3.1 Schematic of a PCS used for the persistent mode of operation of an MRI

IMAGNET. ..ottt r e 42

Figure 3.2 Simplified schematic of superconducting coils having inter-coil joints (J1-
J7) and joints between coil and PCS (J8-J9)......cccveiiiiiiiiiiciee e 44



XViil

Figure 3.3 Actively shielded cylindrical MRI magnet configuration. The curved blue

line in the circle represents 1 ppm uniformity........cccccveveiieieeie s 44
Figure 3.4 The simplified representation of the cold-press joint process. [95].......... 48

Figure 3.5 Schematic of typical NbTi spot welded joint with NbTi filaments spot
welded to a Nb-NDbTi foil. The filaments of each wire can be twisted prior to spot
welding if desired for ease of handling. [50, 97] ....cccovieii e, 49

Figure 3.6 Binary phase diagram of the PbBi system. [102, 90] ........ccccccevvevviienen. 51

Figure 3.7 (a) WIC conductor (b) Cross section of the WIC conductor. (c) NbTi
FHIAMENTS. ..ot sre et re e reeneenreas 53

Figure 3.8 A schematic of the Thornton matrix replacement method. [90]............... 54
Figure 3.9 superconducting joint-making setup with argon hood and solder bath. ...56

Figure 3.10 (a) A photograph of the spiral joint and (b) a photograph of the straight

.................................................................................................................................... 57
Figure 3.12 The EDS analysis of the PbBi solder. ...........ccccovveviiiiiiiveccceece e, 59
Figure 3.13 The EDS analysis of the Tin SOIder. ..........ccooviiiiiiniiiee, 59
Figure 3.14 Joint-making station with argon hood..............cceoeviiiniiiiniicee, 61
Figure 3.15 A photograph of the PbBi and Tin solder baths.............cccccoveiveiieinnn, 61
Figure 3.16 Flow chart for WIC-WIC JOINt. ........cccoveiiieiiiiie e 62
Figure 3.17 Flow chart for WIC t0 PCS JOINL. ......ooiiiiiiiiiiicee e 63

Figure 3.18 Schematic representation of basic components of the 4 K insert. .......... 65



XiX

Figure 3.19 (a) Photograph of the partial section of the 4K insert, (b) the 3D model of

the 4K insert, and (c), the insert mounted into the 4K dewar. ..........ccccceevvveivenenne. 67

Figure 3.20 (a) The photograph of the superconducting primary coil, (b) the
dimensional schematic of the superconducting primary and the secondary coil, and,
(c) the photograph of the superconducting secondary coil i.e. tests coil of the 4 K insert.

Figure 3.21 Schematic representation of the configuration of (a) a single straight joint
between two ends of the secondary coil or the test coil, (b) two straight joints between
two pairs of ends of two different conductors, and, (c) spiral joint between two ends
of a single conductor of the secondary COIl...........c.ccocoiiiiiiiiiiinee, 70

Figure 3.22 (a) The 3D model of the 4K insert along with the relative position of the
1.5 T solenoid magnet with respect to the secondary coil and, (b) the axial field profile
of the 1.5 T solenoid magnet of the 4K insert, (c) the photograph of the sample joint
having straight CoNfIQUIatioN. ..........ccooiiiiiiiic e 71

Figure 3.23 The photograph of the top lid of the helium dewar with the 4 K insert. 73

Figure 3.24 The photograph of the test rig for the measurement of the joint resistance

USING @4 K INSEIT PrODE. ...t 75

Figure 3.25 The schematic representation of the major steps for the measurement of

the joint resistance using a 4 K insert probe. .........cccovevveieie i 77

Figure 3.26 The variation of the magnetic field with the time during the process of

current induction into the secondary coil using the 4 K insert...........ccoccoovviiiieinenen, 78

Figure 3.27 The long-term measurement of the decay of the secondary field using the
G £ 157=] o O PSPPSR 80

Figure 3.28 The steady-state values of the joint resistance were calculated from the

field decay at various background fields using the 4 K insert. .........ccccoovvvvviniieinnnnn, 80

Figure 3.29 SEM image of the failed WIC to PCS wire joint..........c.ccoovvvrvivninennnn 81



XX

Figure 3.30 SEM image of the failed WIC to WIC wire joint. ........cccccoevvvveiinennnnn. 82
Figure 3.31 SEM image of the failed WIC to PCS wire joint............cccooeviveininennn. 83
Figure 3.32 SEM image of the successful WIC to PCS wire joint. ..........c.ccceevevennen. 83
Figure 3.33 SEM image of the failed WIC to PCS wire joint..........cccccoevvviveiinennnnn. 85
Figure 3.34 SEM image of the failed WIC to WIC wire joint. ........cccccoevvvvniciennnnn. 86
Figure 3.35. SEM image of the successful WIC to WIC wire joint............cccccvevenen. 86
Figure 3.36 SEM image of the successful WIC to PCS wire joint. ..........c.ccccevevenen. 87
Figure 4.1 Persistent mode operation of MRI magnet ..........cccccooevieveiiciiece e, 91
Figure 4.2 Algorithm for the operation of the PCS and power supply. ..........cccco..... 92

Figure 4.3 The critical current curve of the multi-strand CuNi-NbTi conductor [Bruker
OST] [LLB]. ettt bbbttt et 95

Figure 4.4 The equivalent resistance diagram of the six-strands CuNi-NbTi conductor

where Rstand IS the normal resistance of each strand. ...........cccooveieiciieiin e, 96
Figure 4.5 The length of the PCS wire vs the ratio of the energy loss....................... 98
Figure 4.6 The prototype PCS developed for the 1.5T MRI magnet. ............cc.co...... 99

Figure 4.7 (a) A simplified electrical schematic of the superconducting magnet with

the PCS and, (b) the schematic of the measurement test SEtup. .........cccevvvverveeenne. 100

Figure 4.8 (a) The 4K rig for testing the PCS and, (b) the schematic representation of

the 4 K rig used for the thermal and electrical characterization of the PCS. ........... 101
Figure 4.9 Normal resistance of the PCS for different heater currents. ................... 103

Figure 4.10 PCS temperature with respect to different currents. ..........cccceovevvennne 104



XXi

Figure 4.11 The total dissipation of heat in the PCS during the ramp-up of the magnet
with the different heater currents through the FHL. ..., 105

Figure 4.12 The total dissipation of heat in the PCS during the ramp-up of the magnet
with the different heater currents through the FH2. ..., 105

Figure 4.13 The temperature and voltage profile of the PCS with 100mA of current
through the FH1 heater and 250 mA through the PCS. ..., 106

Figure 4.14 The temperature and voltage profile of the PCS with 100mA of current
through the FH2 heater and 250 mA through the PCS. ..., 106

Figure 4.15 The temperature and voltage profile of the PCS with 100mA of current
through the FH1||FH2 heater and 250 mA through the PCS..........cccccoiiiiieiiiinnnen, 108

Figure 4.16 The temperature and voltage profile of the PCS with 200mA of current
through the FH1 heater and 250 mA through the PCS. ..., 108

Figure 4.17 The temperature and voltage profile of the PCS with 200mA of current
through the FH2 heater and 250 mA through the PCS. ..., 109

Figure 4.18 The temperature and voltage profile of the PCS with 200mA of current
through the FH1||FH2 heater and 250 mA through the PCS..........c.cccooeiieiiiienen, 110

Fig. 4.19 (a) The temperature and the voltage profile of the PCS (a) with 250 mA of
current through the FH1 heater and 250mA of current through the PCS at the resistive
state and, (b) with 250 mA of current through the heater FH2 and 250 mA of current
through the PCS at its resistive state. (c) with 250 mA of current through the heaters
FH1||FH2 and 250 mA of current through the PCS at its resistive state................... 112

Figure 4.20 The temperature and voltage profile of the PCS with 350mA of current
through the FH1 heater and 250 mA through the PCS. ... 113

Figure 4.21 The temperature and voltage profile of the PCS with 350mA of current
through the FH2 heater and 250 mA through the PCS. .........cccooiiiiiiiiiiieee, 114



XXii

Figure 4.22 The temperature and voltage profile of the PCS with 350mA of current
through the FH1||FH2 heater and 250 mA through the PCS..........cccccveiiiiivenee 115

Figure 4.23 The temperature and voltage profile of the PCS with 500mA of current
through the FH1 heater and 250 mA through the PCS. ..., 116

Figure 4.24 The temperature and voltage profile of the PCS with 500mA of current
through the FH2 heater and 250 mA through the PCS ... 117

Figure 4.25 The temperature and voltage profile of the PCS with 500mA of current
through the FH1||FH2 heater and 250 mA through the PCS...........ccccoeiiieivee, 117

Figure 4.26 The estimated energy dissipation on PCS at various normal resistance
during ramping of the MRI Magnet..........cccoeiiiiiiiiiiiieeece e 118

Figure 5.1 Fluctuation in the magnetic field in the environment outside the MRL.[77-

Figure 5.2 Fluctuation in magnetic field in the environment of Accelerator laboratory
CERN, Geneva as measured using a fluxgate magnetometer and a detection bandwidth
OF 0.0L HZ.[77] oottt n s 123

Figure 5.3 Schematic of EIS coils with main coils. ..........ccccccovveiiiiiiiiiice, 124

Figure 5.4 The schematic representation of the axial and radial position of one of the
EIS coils relative to its associated magnet coil. Due to the axis symmetry
configuration, one-half of the EIS coil and the associated magnet coil have been
] 1011 PP PS PP 135

Figure 5.5 (a) Homogeneity in the FOV. (b) Homogeneity of the main magnet..... 136
Figure 5.6 The position of the EIS coil concerning the main magnet...................... 138

Figure 5.7 (a) Homogeneity of magnet and EIS coil in 45 cm FOV. (b) The

homogeneity of magnet and EIS coil in 45 cm FOV for different induced currents.



XXiii

Figure 5.8 (a) Homogeneity of magnet and EIS coil in 45 cm FOV. (b) The

homogeneity of the magnet and EIS coil in 45 cm FOV for different induced currents.

Figure 5.9 The simplified electrical scheme of the EIS coil and the magnet........... 142

Figure 5.10 The geometrical factor of the EIS coil for each with radial separation of 5

mm, 10mm, and 20 mm between the EIS coil and the associated magnet coil. ...... 143

Figure 5.11 The peak-to-peak homogeneity in the FOV of 45 cm at the iso-center of
the magnet with the induced current up to 5 A in the EIS coil with radial separation of

5 mm between the EIS coil and the associated magnet coil. ...........c.ccooviriiieienn, 145

Figure 5.12 The mutual inductance between the EIS coil and the magnet coil for all
four cases (Case-1 to Case-4) with the radial separation of 5 mm, 10 mm, and 20 mm
DEIWEEN ThEM. ..o 146

Figure 5.13 The coupling factor between the EIS coil and the magnet coil for all four
cases (Case-1 to Case-4) with the radial separation of 5 mm, 10 mm, and 20 mm
DEIWEEN ThEM. ..o 147

Figure 5.14 The screening factor (in %) of the EIS coil in each case (Case-1 to Case-
4) with the radial separation of 5 mm, 10 mm, and 20 mm between the EIS coil and

the corresponding Magnet Coil. ..........cooiiiiiiiiiii e, 148

Figure 5.15 The quench-induced eddy current in the EIS coil of all cases (Case-1 to
Case-4) in correlation with the magnet's current decay when the EIS coil's PCS is at

normal state (quench during ramping up of the MRI magnet)...........cc.cocvvovviieinennn, 150

Figure 5.16 The quench-induced eddy current in the EIS coils of all four cases (Case-
1 to Case-4) during persistent operation of the MRI magnet (EIS circuit is in a

SUPErCONAUCTING STALR)......eeivieiiie ittt 151

Figure 5.17 The PCS mounted onto the 1.5 T MRI magnet. ............ccocoeeivniienne, 152



XXiV

Figure 5.18 The schematic diagram of the setup for testing the PCS of the EIS circuit.

Figure 5.19 The PCS's temperature and voltage profile with 100 mA of current through
the FH1 and 250 mA current through the PCS. ... 153

Figure 5.22 The temperature and the voltage profile of the PCS with 250 mA of current
through the FH1and 250 mA of current through the PCS...........ccccoeiiiiiiciiee 154

Figure 6.1 Simplified electrical scheme of the magnet circuit and the EIS circuit of an
MRIMAGNEL. ... e e b e bb e e e aeeeanes 158

Figure 6.2 (a) Vishay diodes: (a) standard recovery diode (stud version) 70 HFR 120
[122]; (b) Ultrafast avalanche sinter glass diode BYV 28-200 [123].........cccceevnee. 159

Figure 6.3 The back-to-back diode assembly of EIS circuit. ...........ccccccoeveirinennnn, 160

Figure 6.4 Simple electrical circuit diagram for the V-1 characterization of the diodes.

Figure 6.5 Photograph of the experimental test set up for the V-I characterization of
diodes at room temperature (300 K). ......ocoiiieiiiieiiece e 161

Figure 6.6 Photograph of the experimental test set up for the V-I characterization of
(010l Lo R | A SO SSTRSSR 162

Figure 6.7 Mounting configurations for two diodes on a fixture. .............ccoceevenene. 162

Figure 6.8 (a) Photograph of the 4.2 K test probe for the diodes; (b) V-I
characterization test setup of the diodes at the temperature of LHe (4.2 K)............ 163

Figure 6.9 Test setup of the PCS diode assembly at room temperature (300 K).....164

Figure 6.10 Forward characteristics of HFR 120 and BYV 28-200 diodes at 300 K.

Figure 6.11 Forward characteristics of HFR 120 and BY'V 28-200 diodes at 77 K.166



XXV

Figure 6.12 Forward characteristics of HFR 120 and BYV 28-200 diodes at 4.2 K.

Figure 6.13 Forward characteristics of the back-to-back diode assembly of the PCS at
K0 PSS 167

Figure 6.14 Forward characteristics of the back-to-back diode assembly of the PCS
ASSEMDBIY AL 77 K oottt et re e neenne e 168






XXVil

LIST OF TABLES
Table 1.1 Gyromagnetic ratios of SOme NUCIEL. .......cccvveiiiiiiiii e, 4
Table 1.2 General specifications of the 1.5 T MRI magnet. ..........c.cccooveveiveivcinennen, 21
Table 3.1 Lead-based solder materials. [90]......ccccvveiiiiiiiienie e 52
Table 3.3 EDX analysis of PDBI SOIAEr. ........cccooviiiiiiiiecece e 59
Table 3.4 EDX analysis of Tin SOIAEr. .........ccoeiiiiiiiiiieie e 59
Table 3.5 Parameters of the primary COil. ..........cccooe i, 68
Table 3.6 Parameters of the secondary COIl. ..........ccccovoviiiiiicce e, 69
Table 3.7 Parameters of the superconducting magnet. .........cccooceevreniniineniieiieiene, 70
Table 3.8 Heat inleak to 4.2K through the 4K INSert. ..o, 74
Table 3.9 Parameters of the two sets of measurement. ...........ccccoeveneieincicieenns 79
Table 3.10 Details of the material present in the WIC to PCS joint. ............cccoceee. 86
Table 3.11 Details of the material present in the WIC to WIC joint. ..........cccoeueeeee. 86
Table 3.12 Details of the material present in the WIC to WIC joint. ..........cccoeueeeee. 87
Table 3.13 Details of the material present in the WIC to PCS joint. ............cccocvee. 87
Table 4.1 Design parameters of the PCS. ..., 99
Table 5.1 The parameters of the whole-body 1.5 T MRI magnet............ccccccovenene. 133
Table 5.2 Main magnet Configuration. ............ccooeiiririnineienese e 136
Table 5.3 Main magnet Parameters. .........covveiiveeiieiii e 136

Table 5.4 EIS COil parameters. .......cooveiiiiiie et 139



XXVill

Table 5.5 The parameters of the EIS coil for case I........cccooceveviiiiiiiiie i, 139
Table 5.6 EIS COil PAramEters. ......ccveiveiicie e 140
Table 5.7 EIS Coil parameter for Case Il.........cccocevieiiiieiecce e 140

Table 5.8 The turns ratio between the EIS coil (Ns) and the corresponding magnet coil
(Nc) for the Case-1 10 CaSE-4. ......ccecvriveiiieieie et 142

Table 5.9 Design parameters of the PCS..........cccooo i 152

Table 6.1 BYV 28-200 diode parameters.........ccvevveiieieeiieieesie s ese e ese e 159



XXIiX

LIST OF SYMBOLS, ABBREVIATIONS AND NOMENCLATURE

e MRI - Magnetic Resonance Imaging

e NMR — Nuclear Magnetic Resonance

e o — Larmour frequency (Hz)

e vy — proton gyromagnetic ratio (Hz/T)

e B;-— Magnetic field on the Z axis (T)

e Tc — Critical temperature (K)

e Bc — Critical field (T)

e Jc — Critical current density (A/m2)

e  Bmax — Maximum magnetic field (T)

e SMES - Superconducting Magnetic Energy Storage

e Bo— Background magnetic field, field strength, centre magnetic field (T)
e L — Inductance (H)

e | —Current (A)

e J— Current Density (A/m?)

e ppm- Parts Per million

e NDbTi— Niobium Titanium

e PbBi - Lead Bismuth

e FEA — Finate element method

e CT — Computer tomography

e SEM — Scanning Electron Microscopy

e EDX — Energy- Dispersive X-ray Spectroscopy

e RF - Radio Frequency

e FOV - Field of View

e MICE - International Muon lonization Cooling Experiment
e QPS — Quench protection systems

e BX, By, Bz — Components of the magnetic field vector (T)
e o — permeability constant (41 x 107)

e t— Temperature (K)






CHAPTER 1

INTRODUCTION

1.1  Background of the Thesis

Magnetic resonance imaging (MRI) has emerged as a pivotal diagnostic tool for
identifying critical injuries and diseases. By 2010, approximately 30,000 MRI systems
had been installed globally, with an additional 3,000 systems being installed annually,
reflecting a consistent 10% annual growth rate in usage. This surge in demand is
further evidenced by an estimated half a million scans conducted daily worldwide,
underscoring the importance of MRI technology in modern medicine. MRI uses a
strong magnetic field and radio waves to generate images of the body that can’t be
seen well using X-rays or CT scans, i.e. it enables the view inside a joint or ligament
to be seen, rather than just the outside. A superconducting solenoid magnet is the heart
of any whole-body clinical MRI scanner which needs a very high spatial homogeneity
along with the field stability better than 0.1 ppm/hr [1,2]. The spatial homogeneity and
field stability are the two most crucial factors in MRI system performance, essential

for high-quality imaging.



This thesis delves deeply into the application of superconducting technology
to improve these parameters within clinical MRI systems. It is structured into six
distinct chapters, each addressing critical aspects of the research endeavor. These
chapters encompass a range of topics, from the fundamental principles of MRI imaging
and its integration into MRI technology to the practical challenges and solutions in
achieving optimal field stability and homogeneity. Through this comprehensive
exploration, the thesis aims to advance the understanding and implementation of
superconducting technology in enhancing MRI system performance, ultimately

contributing to more accurate and reliable diagnostic imaging.

Chapter 2, delves into the foundational understanding of external interference
screening (EIS), persistent current switch (PCS), and superconducting joints through
an exhaustive literature survey, culminating in the formulation of the problem

statement.

Chapter 3, focuses on the development of inter-coil superconducting joints,
where a specialized technique is developed to make those joints and characterized for
its current carrying capacity and electrical characteristics under varying magnetic
fields. The chapter also introduces a novel test setup to accurately measure the

‘superconducting joints’ extremely low electrical resistance.

Chapter 4, the design and fabrication of persistent current switches (PCS) take
center stage. Detailed testing is conducted to assess their current carrying capacity and
transition characteristics, alongside thermal and electrical analyses aimed at

optimizing switching performance.

Chapter 5, shifts the focus towards designing an efficient superconducting
external interreference coil (EIS) system for whole-body 1.5T clinical MRI magnets.
Through finite element analysis (FEA) simulations and analytical calculations,
parameters like mutual coupling, radial gap, homogeneity, and screening factors are

optimized to enhance coil efficiency.



Chapter 6, explores the various diodes utilized for PCS protection, providing a
detailed summary of the test setups employed and the results of diode testing at

different temperatures.

Finally, Chapter 7 offers a comprehensive summary of research findings, along
with insightful recommendations for process improvement. Conclusions drawn from
the preceding chapters are synthesized into a cohesive report, accompanied by a

delineation of future research avenues.

Collectively, this thesis endeavors to advance the understanding and
application of superconducting technology in augmenting the functionality of
Superconducting joints, PCS, and EIS coils within clinical MRI systems.

1.2  Magnetic Resonance Imaging

Nuclear magnetic resonance (NMR), discovered by Bloch and Purcell in 1946, has
emerged as a powerful technique in chemistry and physics, offering rich insights into
atomic properties and interactions. The NMR signal, characterized by parameters like
initial strength, frequency of oscillation, and rate of recovery and decay, provides

valuable information about atomic populations and their surrounding environment.

In recent years, NMR has been extended to the in vivo study of human
anatomy, facilitated by advancements in signal excitation and spatial mapping
techniques. By leveraging the differential decay and recovery characteristics of proton
NMR signals, magnetic resonance imaging (MRI) has become a preferred modality
for diagnostic imaging of the head, spine, and joints. Ongoing developments aimed at
improving image quality, acquisition speed, and quantitative accuracy continue to

expand the clinical applications of MRI.



Originally invented in the early 1970s, MRI gained commercial traction about
a decade later, gradually replacing invasive diagnostic procedures with non-invasive
alternatives. Magnetic Resonance Imaging (MRI) uses a strong magnetic field and
radio waves to generate images of the body that can’t be seen well-using X-rays or CT
scans, i.e. it enables the view inside a joint or ligament to be seen, rather than just the
outside. Commonly used to examine internal body structures to diagnose strokes,

tumours, spinal cord injuries, aneurysms and brain function.

As we know, the human body cell is mostly of water (70%), and each water
molecule contains a hydrogen nucleus (proton) which becomes aligned in a magnetic
field. An MRI scanner uses a strong magnetic field to align the proton ‘spins’, a radio
frequency is then applied which causes the protons to ‘flip’ their spins before returning

to their original alignment.

Protons in the different body tissues return to their normal spins at different
rates so the MRI can distinguish between various types of tissue and identify any
abnormalities. How the molecules ‘flip’ and return to their normal spin alignment are
recorded and processed into an image. MRI doesn’t use ionising radiation and is
increasingly being used during pregnancy with no side effects on the unborn child

reported.

e Nuclear Spin

In MR, nuclear spin refers to the intrinsic angular momentum of atomic nuclei. This
property is crucial for MRI because it allows nuclei to interact with magnetic fields.
There are various nuclei that are important in MRI imaging, the list of various nuclei

is given in Table 1.1 below.

Table 1.1 Gyromagnetic ratios of some nuclei.

Nucleus H! CcB F!° N2 P3!
Gyromagnetic ratio (y) 42.58 10.71  40.08 1127  17.25




However, most anatomical MRI focuses on protons, primarily because the
hydrogen nucleus, consisting of a single proton, behaves like a simple magnet and is
naturally abundant in the human body. Since the human body is composed of about
70% water, and each water molecule contains two hydrogen atoms, there is a vast
number of protons available for MRI imaging. Each proton has a quantum mechanical
property called spin, which makes it behave like a tiny magnet with a magnetic

moment which is shown in Fig.1.1[3].

Figure 1.1 Precession of Proton in the presence of magnetic field.
e Gyromagnetic Ratio:

The gyromagnetic ratio (y) is a proportionality constant that relates the magnetic
moment () of a nucleus to its angular momentum (J). For protons, this relationship is
given by the Eq. (1.1):

Both u and J are vector quantities, meaning they have both magnitude and
direction. The gyromagnetic ratio is specific to each type of nucleus and is a key factor
in determining the Larmor frequency, which is the frequency at which nuclei precess
in a magnetic field.



e Larmor Frequency:

The Larmor frequency is the frequency at which the magnetic moments of the nuclei
precess around the direction of the applied magnetic field. It is given by:

®o=y*Bo (1.2)

Where By is the strength of the magnetic field. For hydrogen protons, the
gyromagnetic ratio (y) is approximately 42.58 MHz/Tesla. Thus, in a 1.5 T MRI
scanner, the Larmor frequency would be:

wo = 42.58 X 1.5 = 63.87MHz (1.3)

1.3 Principle of MRI Imaging

MRI works by exploiting the magnetic properties of hydrogen nuclei in the body, using
nuclear magnetic resonance (NMR) to produce detailed images of human body tissues.
The process of scanning begins with the patient being placed inside the MRI machine,
where a strong magnetic field, typically ranging from 1.5 to 3 T, aligns the magnetic
moments of the protons either parallel (low energy state) or antiparallel (high energy
state) to the field. This alignment creates a net magnetization in the direction of the
magnetic field because slightly more protons occupy the lower energy state. This

phenomenon is described by the “Zeeman Effect”.

An RF (radio frequency) pulse is then applied perpendicular to the magnetic
field using RF coils. This pulse is tuned to the Larmor frequency specific to the
hydrogen protons, causing them to absorb energy and tip over, usually by 90 degrees,
from their alignment with the magnetic field. This disrupts the net magnetization,
causing the protons to process (wobble) around the magnetic field axis. Once the RF
pulse is turned off, the protons begin to relax back to their original alignment, emitting
RF signals as they do so. This process, known as free induction decay (FID), is the

core of the signal generation in MRI.



To convert these signals into spatially resolved images, MRI machines use
gradient coils to produce small, varying magnetic fields along different spatial axes (X,
y, and z). This spatial encoding allows the MRI system to determine the location of
the precessing protons. The first step in this encoding process is slice selection, where
a gradient field is applied along one axis to select a specific slice of the body by
exciting only protons within that slice at a specific Larmor frequency. Next, phase
encoding gradients are applied, which vary along one direction within the selected
slice, causing the protons to acquire different phases depending on their position.
Finally, frequency encoding gradients (readout gradients) are applied while the signal
is being measured, causing the precession frequencies of the protons to vary linearly

with their position along another axis.

The resulting signals, containing spatial information, are collected by receiver
coils and stored as raw data in a format known as K-space. These data represent the
spatial frequencies of the imaged object. Through mathematical processing,
specifically the Fourier transform, the data from k-space are converted into spatial
domain images. This transformation allows the creation of detailed images of the

body's internal structures.

Different tissues in the body relax at different rates, providing contrast in the
images. The two primary types of relaxation are T1 (spin-lattice relaxation), which is
the time it takes for protons to return to their equilibrium state along the magnetic field,
and T2 (spin-spin relaxation), which is the time it takes for protons to lose phase
coherence in the transverse plane. By adjusting the timing of the RF pulses and
gradient fields, MRI can produce various imaging sequences, such as T1-weighted,
T2-weighted, and proton density (PD) images, each highlighting different tissue

properties and pathologies.

The field strength has to be very uniform in the imaging volume (typically the
cross section of the human body, with diameter of spherical volume (DSV) around 45

to 50 cm at the centre of the magnet) and it has to be extremely stable during scan.



Hence, one of the key requirements for a whole-body MRI scanner is stringent
homogeneity, typically in the range of 10 ppm peak-to-peak over a large volume of
45-50 cm DSV. Poor homogeneity will interfere with the linear gradient field and thus
distorts the spatial information within the scan volume and degrade the image quality.
Temporal stability of the field must at least equal to the homogeneity during the period

of image acquisition.

The quality of image is directly dependent on the magnetic field strength. As
the proton polarization which determines the strength of the NMR signal, increases
linearly with field strength. Higher field strengths therefore enable increased signal-
to-noise ratio and better image equality. This also allows shorter scan times and
reducing patient discomfort. There is therefore a trend toward higher field strength
scanners. Field strength of more than 1 T can only be achieved practically through the
use of superconducting magnets. The limiting factor in high field MRI has always been
superconducting magnet technology. The challenge for designers has been to increase
the field strength achievable with a large bore magnet without sacrificing spatial
homogeneity, temporal stability, or patient access and without exorbitantly increasing

magnet weight, cost, and stray fields.

The first practical superconducting magnets were built in the 1960’s following
the discovery of NbTi alloy. It was, however, the invention of Magnetic Resonance
Imaging that took superconductivity from the scientific laboratory to everyday use.
MRI has transformed superconductivity from a scientific curiosity to a phenomenon

that improves people’s lives.

In summary, MRI imaging involves aligning proton spins in a strong magnetic
field, perturbing them with an RF pulse, and detecting the resulting signals as the
protons relax. Spatial encoding with gradient fields, coupled with sophisticated image
reconstruction techniques, allows for the generation of detailed images of the body’s

internal structures, making MRI a powerful, non-invasive diagnostic tool.



1.4  Requirements of MRI Magnet

A. The Magnet:

The heart of an MRI scanner is a large superconducting magnet. Fig.1.2 shows a
conceptual cutaway view of an MRI Scanner consisting of various elements and the
object for scan, a patient. It is seen from the figure that the magnet system consists of
many sets of axisymmetric coils, each set performing a different function. For
example, the two large shield coils reduce stray field, the shim coils improve the field
homogeneity, main coils provide the axial field Bo, Gradient Coils allow spatial
encoding of MR signal for imaging, RF Coils transmit and/or receive MR signals and
EIS coils prevent distortion of the main field by moving metal objects like vehicles,

escalators near the scan room.

MRI Scanner Cutaway

Patient

Scanner

Figure 1.2 A conceptual cutaway view of an MRI Scanner consisting of various

elements of an MRI scanner including a patient. [4]

A multicoil design is preferred for the main magnet over the single solenoidal

design because one gets the required homogeneity of field using much smaller length
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of the conductor which makes the scanner cheaper. The most popular design of the
1.5/3 T MRI magnet consists of three pairs of axis-symmetric primary coils and one
pair of large shield coils with a reverse current polarity as shown in Fig.1.3. The shield
coils minimize the stray field outside the magnet. The current flow through the shield
coils is in a direction opposite to that in the primary coils. The shield coils generate a
negative field resulting in the reduction of the stray field to below 5 G inside the
imaging room to protect the sensitive electronic instruments or any person with a
pacemaker. All the eight coils are however connected in series and energized by a
single power supply. Fig.1.4 shows a schematic representation of the tentative
configuration of different layers in the cross -section of the MRI magnet.

Shield Coils

Primary
Coils

Figure 1.3 The coil structure of an MRI magnet consists of three pairs of main coils

and one pair of large shield coils which minimize the stray field outside the magnet.
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Figure 1.4 The schematic representation of different cross-sectional layers of the MRI

magnet.

B. Gradient Coils:

The Gradient coil is an essential component in any MRI scanner, responsible for
providing spatial information, unlike other imaging modalities that rely on detector
positions. They generate variable magnetic fields superimposed on the main static
magnetic field (Bo), usually aligned along the z-axis. This creates linear variations of
the field and the protons acquire different resonant frequency, oL at different locations
of the body across the field of view (FOV). The gradients are of the order of 50 mT/m
and a slew rate of switching pulses up to 200 T/m/s over the FOV. The schematic of
the three gradient coils is shown in Fig.1.5, how the total field on a proton increases
from feet to head. The Larmor frequency, being proportional to field, too increases
from feet to head. Fig.1.6 shows the drawing of the Z gradient coil and the patient
position [6]. The field gradient created by these coils enables distinction between the
NMR signal (Larmor frequency) from protons in one “slice” of the body (a plane
perpendicular to the direction of the field) and the signal from protons in another
“slice” of the body. Higher the magnetic field gradient the thinner the slices can be
made which leads to greater spatial resolution. This variation causes the precession
frequency of protons to become a function of spatial location, enabling spatial

encoding for image formation. MRI scanners have three gradient coils for the x, y, and
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z directions, which modulate the main magnetic field's strength rather than generating
fields along these axes. The x and y gradient coils modulate the field strength as a
function of position along their respective axes, while the z gradient coil does the same
along the z-axis. This modulation creates spatially varying magnetic fields, resulting

in different precession frequencies at different locations.

Helmoltz coils for the/
uniform magnetic field by

Figure 1.5 A set of X, Y, and Z gradient coils are installed inside the room-temperature

bore of the magnet. Z coils are circular coils and Y & X coils are saddle-shaped. [5]

Gradient
I_

Bo +
Gradient

Figure 1.6 Z Gradient field increases from foot to head and so does the Larmor

S 4

frequency. The signals are recorded from protons located in different parts of the body

and the image is constructed. [6]
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C. RE Caoils:

The RF coils are strategically positioned within the magnet assembly, situated in close
proximity to the patient's body. Functioning as antennae, these coils play a vital role
in both transmitting and receiving signals from the tissue during MRI scans. Various
coil designs are tailored for specific anatomical regions, including body, head, and
surface coils, each optimized to capture signals from their respective areas with
efficiency, which is shown in Fig.1.7. While in some applications utilize the same coil
for both transmitting and receiving signals, others employ separate coils for these

functions, depending on the imaging requirements and desired signal quality.

THE RF COILS

/\\BODY_; /\

HEAD SIGNALS

a SURFACE
)

PULSES

\U% X7

Figure 1.7 The three types of RF coils (body, head, and surface) that are the antennae
for transmitting pulses and receiving signals from the patient’s body. [7]

D. Mechanical and cryogenic structure

The key components of the mechanical structure of a cylindrical MRI magnet are
depicted schematically in Fig.1.8. The superconducting coil, housed within a vacuum-
sealed vessel filled with liquid helium (illustrated in grey). The inner wall of this vessel
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features precisely machined circumferential grooves to secure the coil sections firmly
in place. This coil support must be extremely rigid to withstand the substantial
magnetic forces generated between the coil sections. In some designs, this support

structure is separate from the helium container.

Figure 1.8 Cryostat structure of cylindrical MRI magnet. [8].

Encasing the helium vessel is another airtight enclosure known as the outer
vacuum container (shown in red). This outer surface constitutes the visible exterior of
the magnet. The space between the two containers is evacuated to prevent heat transfer
via gas conduction. The cold mass, comprising the helium tank and coils, is supported
by several thin elements typically made from glass-reinforced plastic. The primary
mode of heat transfer from the outer vacuum container's warm surface to the cold mass
is thermal radiation. To mitigate this heat load, one or two additional closed shells,
usually made of thermally conductive materials like aluminum, are placed inside the

vacuum space. When these shields are connected to the heat stations of a cryogenic
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refrigerator, they capture and remove nearly all incoming radiation heat, significantly

reducing the amount that reaches the cold mass.

Radiation heat transfer is further minimized by layering aluminized plastic foil
(superinsulation) within the gaps. In a dual-shield system, the helium tank’s heat load,
which causes helium evaporation, can be reduced to about 30 mW, resulting in a
helium loss of roughly one liter per day. Recently, cryogenic refrigerators capable of
providing approximately 1 Watts of cooling power at 4 K have been developed. MRI
manufacturers are increasingly integrating this technology to eliminate helium boil-off
entirely. With these refrigerators installed, a single radiation shield suffices, allowing
for reduced clearance between the vacuum space walls. This reduction can lower
manufacturing costs or result in a more compact magnet design. The cryostat has to
support a huge cold mass, (magnet weighing ~ 2 tons) using high strength / low thermal
conductivity material rods or bars welded to the outer vacuum vessel. Detailed
calculations are needed to be made and the final design of the cryostat must consider

the stresses produced under extreme conditions including quench.

1.5  Stringent Requirements of MRI Magnet

High image quality needs stringent requirements on the performance of the

superconducting magnet

e Field strength (By): The scan time and image resolution are directly proportional
to the field strength because of the enhanced signal-to-noise ratio (SNR) and
resolution. Hence higher and higher magnetic field strength is considered despite
the technical challenges.

e Imaging volume: The larger the imaging volume, the better. However, it does
require a trade-off owing to the increased cost. The need for the high-performance
gradient and RF-system, as well as the passive shim and covers translates a

patient bore with 60 or 70 cm diameter into a typical warm bore diameter of the
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primary magnet of 85-95 cm. The diameter of the maximum imaging volume
(FOV) will be half of the diameter of the magnet bore.

Field homogeneity: The greater the uniformity, the better. Homogeneity of 10
ppm peak-to-peak of the background field (Bg) within typically 45-50 cm FOV.
For particular imaging procedure, the surfaces of the smaller dimension and
higher homogeneities may be specified.

Signal-to-Noise ratio (SNR): The SNR is the most important parameter defining
image quality in MRI. A low SNR means that the contrast between different
tissues can’t be resolved.

Long-term field stability: The MRI magnet requires long-term stability in the
central field (Bg). The temporal stability should be better than 0.1 ppm/hr which
is 0.09% per year. This order of stability will eliminate any further recharging of
the magnet to restore the frequency in operating bandwidth. The desired order of
the temporal stability is an order of magnitude better than modern high-current
power supplies can provide. Hence, the commercial MRI system is operated in
persistent mode.

Short-term field stability: The induced eddy current in the magnet system by the
pulsing of the gradient coil greatly affects the image quality. Hence, short-term
stability needs to be taken care of during scanning.

Stray field shielding: For any MRI scanner, one of the most critical requirements
is the 5 G stray footprint in maximum 5m (axial) x 3m (radial) elliptical region
for safety reason.

Cryogenic cooling: An ideal MRI magnet system needs minimum servicing. The
cryogenic system of the MRI should be completely invisible to the user. The
technology of cryocooler based Helium re-condensation has made it possible to
minimize the Helium re-filling frequency and makes it a zero-boil off (ZBO)
system.

Reliability: The MRI magnet system must be rugged, highly reliable, safe, and
fully self-protected. All the critical parameters of the magnet need to be

monitored and logged continuously to report any abnormal situation. There
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should be an emergency shut-down mechanism that enables quick discharging of
the magnet if necessary.

e Length: The problem of claustrophobia has always been an issue. The shorter,
the better.

e Weight: One of the driving parameters for cost reduction of an MRI machine is
the metallic weight of the machine. Hence the future technology is moving for
lower and lower weight of the system for ease in transportation, installation in

the site, etc.

1.6 The necessity of superconducting magnets in 1.5 T MRI systems

Superconducting magnets are integral to 1.5 T MRI systems due to their ability to
produce high magnetic fields with numerous advantages. High-field magnets, such as
the 1.5 T, significantly enhance the signal-to-noise ratio, leading to superior image
quality. This improved resolution allows for the better detection of small structures,
such as calcifications and hemorrhages, and improves the visibility of gadolinium
contrast enhancements. These enhancements are particularly crucial in life-threatening
situations where detailed and accurate imaging information is essential for guiding

surgeons and physicians in making informed decisions about patient care.

Using copper-based magnets to generate such high magnetic fields is
impractical for several reasons. Copper conductors inherently have electrical
resistance, which results in substantial power consumption. For a 1.5 T magnetic field,
the power requirements would be prohibitively high for everyday clinical use.
Additionally, generating a high magnetic field with copper would require either a
significantly larger conductor or an increased number of turns in the coil. Both options
would result in a considerably larger magnet, which is impractical for clinical settings.
Furthermore, the resistive nature of copper generates a significant amount of heat,
necessitating a large and complex cooling system to dissipate this heat. This additional
requirement would further increase the size and complexity of the magnet, making it

unsuitable for use in hospitals. Copper-based magnets also struggle to achieve the high
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field homogeneity necessary for MRI, which is essential for producing clear and

accurate images.

In contrast, superconducting magnets offer a more feasible solution for high-
field MRI applications. Superconductors can carry much higher currents than copper
conductors without any electrical resistance. This property allows superconducting
magnets to generate strong magnetic fields, like 1.5 T, with a more compact and
manageable magnet size suitable for clinical environments. Additionally,
superconducting magnets can operate in a persistent mode, providing excellent field
homogeneity and stability. This consistency is crucial for high-quality imaging and
enables the use of specific pulse sequences that are not possible with resistive magnets.

The high initial fabrication and operational costs of superconducting magnets
are justified by their numerous benefits. These magnets offer superior image quality,
enhanced diagnostic capabilities, and the flexibility to use advanced imaging
techniques. The high field homogeneity provided by superconducting magnets directly
improves image quality and enables certain pulse sequences that are critical for
advanced imaging but impossible with resistive magnets. These capabilities are
essential for providing detailed and accurate diagnostic information, which is
particularly important in critical and complex medical conditions.

Superconducting magnets have undergone rigorous scrutiny and validation
before becoming a standard technology in MRI. Despite their high costs, their ability
to provide superior imaging quality, stability, and homogeneity has made them
indispensable in medical imaging. The use of superconducting magnets in MRI
represents a significant advancement in the field, offering enhanced diagnostic
capabilities that justify the investment and operational costs associated with their use.
As a result, superconducting magnets are now widely accepted and utilized in MRI
systems, demonstrating their critical role in advancing medical imaging technology.
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1.7 Importance of homogeneity and stability: Imaging point of view

Homogeneity and stability are crucial factors in magnetic resonance imaging (MRI)
from an imaging perspective due to their significant impact on image quality,
diagnostic accuracy, and the reliability of results. Here's why homogeneity and

stability are essential:

1.7.1 Homogeneity:

Image Quality: Homogeneous magnetic fields ensure uniformity in the resonance
frequency across the imaging volume. This uniformity minimizes distortions and
artifacts in the resulting images, leading to clearer and more accurate representations

of anatomical structures.

Contrast Enhancement: Homogeneous fields improve the contrast between different
tissues, allowing for better differentiation between structures with similar signal
characteristics. This is especially important in identifying subtle abnormalities or

pathologies.

Spectral Resolution: Homogeneity facilitates high spectral resolution, enabling the
detection of chemical shifts and molecular compositions, which can provide additional

diagnostic information.

Spatial Encoding: In gradient-based MRI techniques, such as diffusion-weighted
imaging or functional MRI, homogeneity ensures precise spatial encoding, leading to
accurate localization and mapping of physiological processes.

1.7.2 Stability:

Consistency: Stable magnetic fields maintain consistent imaging parameters over time,
ensuring reproducibility and consistency in image quality and diagnostic interpretation

across multiple scans or sessions.
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Longitudinal Studies: For longitudinal studies or follow-up examinations, stable fields

are essential to track changes in tissue characteristics or disease progression accurately.

Motion Artifacts: Stability minimizes motion artifacts by reducing variations in
magnetic field strength, which can occur due to patient movement or scanner

instabilities.

Quantitative Analysis: Stable fields are critical for quantitative MRI techniques, such
as diffusion tensor imaging or magnetic resonance spectroscopy, where accurate

measurements of tissue properties rely on precise and stable magnetic field conditions.

In summary, homogeneity and stability are paramount in MRI for achieving high-
quality images, accurate diagnoses, and reliable research outcomes. They ensure
uniformity, consistency, and reproducibility in imaging parameters, ultimately

enhancing the clinical utility and scientific value of MRI in healthcare and research.

1.8  Magnet specifications

The detailed specifications of the proposed MRI magnet and zero boil-off cryostat,
along with the design of the MRI system, are outlined in Table 1.2 below. Also, the
proposed model of the MRI scanner of the IUAC is shown in the Fig.1.9.

Figure 1.9 The 1.5 T superconducting magnet of IUAC.
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Table 1.2 General specifications of the 1.5 T MRI magnet.

Parameters Value
Field Strength ~15T
Peak field 412T
Operation Current ~450A

Imaging Volume

Conductor

Homogeneity

Field Stability

Stored Energy

Total inductance

Inner diameter of the magnet
Outer diameter of the magnet

Length of the magnet

A 45 cm of diameter at the centre
NbTi (Tec =9.2 K) WIC

+ 10ppm in the Imaging Volume
0.1ppm/hr

3.71 MJ

42 H

~1.0m

~1.8 m

~1.5m

1.9 Summary

The introduction chapter covers the key components of MRI, with a focus on the

magnet's critical role. It highlights the importance of magnetic field homogeneity and

stability for high-quality imaging. Superconducting magnets are necessary for

generating the strong, stable magnetic fields required for MRI. The chapter also

discusses the stringent requirements for MRI magnets, including precise field strength

and control, essential for ensuring accurate imaging and patient safety.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Superconducting magnets represent the cornerstone of Magnetic Resonance
Imaging (MRI), a pivotal technology in modern medical diagnostics. The journey of
MRI development traces back to the 1960s when practical superconducting magnets
were first realized following the discovery of NbTi alloys. This breakthrough enabled
the production of high magnetic fields necessary for generating detailed images of
internal body structures without ionizing radiation. Notably, the publication of the first
human body images in 1977 marked a transformative moment in medical imaging,
highlighting MRI's potential as a non-invasive diagnostic tool [9]. Over the decades,
MRI technology has advanced significantly, largely driven by innovations in
superconducting materials and magnet designs. High-temperature superconductors

(HTS), explored extensively in recent literature, promise enhanced performance over
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traditional NbTi alloys due to their higher critical temperatures and current densities
[4, 8].

2.2  MRI technology

K. Pieterman and H. Postma (1984, 1986) developed a 1.5 T MRI magnet for research
purposes, documenting the construction, cooling system, and instrumentation in their
work [10 — 11]. Their papers provided valuable insights into the fabrication of coils,

bobbins, and support structures.

The founding of Philips Healthcare in 1891 and GE Healthcare in 1994 increased
market demand for more economical, lighter, and smaller MRI systems. In 1994, Y.
Iwasa began large-scale academic research supported by the MRI industry, producing
extensive literature on MRI magnet operation. The results were later compiled in his
book [12], which, based on actual laboratory and industry magnets, thoroughly
explored the design and development process, including fundamental aspects like

guench protection and cryostat design.

Recent research for the International Muon lonization Cooling Experiment
(MICE) (2005-2011) explored the practical issues in designing superconducting
magnets with a field range of 2-5 T and currents of 200-250 A. Key contributors
Michael A. Green and Steve Virostek published detailed studies on fabrication,
assembly, and alignment, highlighting how various parameters impact magnet

performance [13 — 18].

The ISEULT/INUMAC Whole Body 11.7 T MRI Magnet project (2008-2017)
involved a collaboration among the University of Freiburg, Siemens Healthcare,
Bruker BioSpin GmbH, and CEA, France. This project, which achieved the highest
magnetic field strength for an MRI magnet to date, produced extensive literature on
the fabrication and winding processes [19 — 28]. The published work includes detailed
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mechanical and thermal analyses, as well as a discussion of various manufacturing

challenges and the solutions implemented [29].

The Institute of Electrical Engineering at the Chinese Academy of Sciences,
under the leadership of Q. Wang, developed a 9.4 T high-field MRI for research
purposes between 2012 and 2017, in close collaboration with domestic industries [30],
[33]. This magnet was designed as a concentric solenoid rather than a split-type. The
published papers focus on the stress analysis of these superconducting MRI magnets,
examining the impact of various factors, such as winding tension, on the resulting

operational stresses

Few researchers also published review papers in the area of MRI magnets. Y.
Lvovsky and P. Jarvis (2005) of GE Healthcare presented the basic design of
superconducting magnets and specific design criteria for MR1 magnet design [2]. They
also discussed current technologies involved and different solutions for the problems.
The paper also lists the basic relation between the magnetic field and the geometry of
the coils. J. Overweg (2006) of Philips Research also summarised the operation of
modern MRI magnets with a brief introduction of each key technological area [34].
The paper gives an overview of the MRI magnet configurations and various ancillaries
associated with MRI magnets.

Y. Lvovsky et al. (2013) summarised in their detailed review both non-
traditional approaches and emerging trends in superconducting magnets for MRI,
along with market trends and various cost reduction strategies [35]. The paper
discusses the economic and market factors that drive the MRI industry and peaks into
the non-traditional configurations, such as open magnets and walk-through magnets,
which have emerged recently. The paper also discusses high-field magnets and
advanced solutions for future MRI magnets. M. Parizh et al. (2017) reviewed recent
advances in MRI magnet design, with specific interests in the use of HTC
superconductors for MRI magnets [2]. They discussed the feasibility of new

conductors that can be used for MRI magnets in terms of characteristics such as
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stability, conductor shape, ease of handling, insulation, and manufacturability. They
concluded that though there are feasible alternatives, new developments need to be
made before they can be commercially marketed. Bruce Breneman (2019) discusses
the advantages of superconductivity and provides a detailed description of MRI
scanner design, highlighting the physics and applied engineering aspects crucial to
optimizing MRI performance [9, 10].

2.3 Superconducting joints

The idea of monitoring a field generated by the induced current in a
superconducting loop over an extended period to detect its variation with time is not
new. Collins, using this technique, performed such a test from 16 March 1954 to 31
August 1955 to show that the current induced in a superconducting lead torus was

essentially persistent [36].

In 1976, M. J. Leupold and Y. lwasa introduced a technique for measuring
superconducting joint resistance using the current decay method, developed during the
construction of a 7 T NMR magnet. This approach enables the measurement of joint
resistance and current-carrying capacity within just a few hours. Notably, the
evaluation can be performed on joints situated in an ambient magnetic field. The total
resistance of all joints was found to be less than 1012 Q. These joints were made using

single-core NbTi wires, [37 — 38].

Roy F. Thornton (1986) described how to prepare superconducting joints with
NbTi filamentary wire in his patent. A core problem for joining Nb-based materials is
surface oxidation due to exposure to oxidizing agents (nitric acid, water, solvents, and
air) during the removal of the Cu matrix. This will be the base reference for the solder
matrix method of the superconducting joint. Due to the oxidation problem discussed,
poor wetting reportedly prevents soldering to bare NbTi filaments, and common fluxes
are unable to remedy this. Thornton's matrix replacement technique is the most

commonly used method in the literature in light of this issue. Thornton found that
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joints made with more Bi-rich solders (in the range of 30{55.5 wt. % Bi) had higher
critical currents. This is understandable since Jc values in PbBi increase with the

density of Bi interphase boundaries, as discussed in [39].

T. Tominaka, & S. Kakugawa (1991) used a radio frequency superconducting
quantum interference device (R.F.-SQUID) to calculate superconducting joint
resistance utilizing a voltmeter. In this technique, a sensitive voltmeter is used to
measure the voltage generated across the superconducting joint. The paper also
discusses superconducting joint techniques like soldered joints, spot-welded and cold-
welded joints, etc. There is a qualitative difference between solder joints and other
joint techniques. The current decay pattern of the other joints is qualitatively different
than the solder joint. Also, the flux creeping phenomenon is present in the cold-welded
and spot-welded joints. They mentioned that the initial field decay happened due to
the change of the current distribution inside the superconducting multifilamentary
wire. The measured resistance of the cold-welded joint was around 101* with the joint

length of 20 mm in zero background field [40].

W. Wen et al. (1992) developed a setup for field decay measurement based on
a current comparator. They noted that the current decay method, along with the SQUID
voltmeter, is typically used to measure joint resistance below 102 Q in the absence of
a background field. The team prepared various joints using both the cold press method
and diffusion welding, and they tested the performance of these joints in a background

field of approximately 6 T, as described in reference [41].

S. Phillip et al. (1995) discussed the detailed procedure of spot-welding joint
and crimped joint techniques to make joints of multifilamentary superconducting wire.
They mentioned that a small shunt used with the joints would be used as a thermal
anchor, and when the current exceeds the critical values, it will protect the joint. The
joint resistance is measured in the vacuum environment. The value of joint resistance

was less than a few nQ [42].
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A fundamental study of inhomogeneous current induction and transfer in face-
to-face lap joints has been carried out by S. Mizumaki & A. Yamamoto (1997). To
simulate the practical situation, they used two types of superconducting wires (CuNi-
NDbTi, and Cu-NDbTi) to prepare the face-to-face lap joint using the diffusion bonding
technique. A Hall probe array was attached along the length of the diffusion-bonded
multifilamentary NbTi joint, made in the termination orientation. In research, it was
found that as a transport current through a joint was increased, the current penetrated

further along the joint's length [43].

D. T. Ryan & H. Jones (1997) presented results of E-I characterization for a
numb of samples of commercial superconducting wires from electric fields of order 1
HV mtto 1 pV m Inaddition, they mentioned that the critical current for filamentary
NDbTi and filamentary NbsSn samples measured by the four-probe method was lower
than the critical current measured by the field decay method. The reason for this

important comment was not mentioned in this paper [44].

Junsheng Cheng et al. (2012) fabricated the NbTi superconducting joints for a
400-MHz nuclear magnetic resonance (NMR) magnet system. Also, the advantages of
the solder matrix replacement method and joint process using the same way are
explained in detail. The overall measured resistance of the joints under the background
field of 1 T is 9.58 x 1012 Q, and the calculated inhomogeneity produced by the joints
is in the range of 0.0001 ppm. They concluded that the joint position almost has no

adverse effect on the homogeneity of a magnetic field [45].

Jianhua Liu et al. (2013) tested the electrical properties of the superconducting
joints using the inductive resistance testing (IRT) method. The persistent joints
between NbTi multifilamentary conductors were fabricated using the cold-pressing
welding method by applying different pressures for each joint (4MPa -20 MPa). The
resistances of these persistent joints are all less than 1 x 102 Q in a 1 T background

magnetic field and can meet the requirements of most NMR and MRI magnets [46].
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Jianhua Liu et al. (2013) The superconducting joints were fabricated using the
cold pressing welding method for a 400 kHz NMR magnet. The electrical properties
of the joints were measured using the IRT method. The total resistance of all joints is
3 x 10 Q at 120 A of current under 1 T background magnetic field. From the test,
results in the author concluded that the under-zero background field current in the
persistence joint circuit decreased sharply due to the flux creeping phenomenon. After

a few hours, the current will slowly decay due to the thermal-assisted flux flow [47].

Siyuan Liu et al. (2013) fabricated and tested the superconducting joints for
the 7T animal MRI magnet using the solder matrix replacement method in the open
air. The electrical characteristics of the joints were tested using the IRT method. The
joints fabricated using 1.5 x 1 mm? Nb-Ti/Cu wire achieved an I of 1,160 A and a
resistance of 1.5 x 10 * Q in 0.6 T at 4.2 K., and the NbTi/CuNi sample joint carries
a current up to 630 A with a resistance lower than 4 x 10 Q under a magnetic field
of 0.6 T Also, the design of the current decay measurement setup explained in detail.
[48 —49].

Brittles et al. (2016) enhanced field measurement sensitivity by utilizing a
widely available Magnetic Properties Measurement System (MPMS) to conduct an
inductive resistance testing method for measuring joint resistance. This technique is
recognized as the most sensitive method suitable for low-temperature applications.
The authors noted that the resistance values they measured were comparable to those
obtained by other researchers who produced similarly manufactured joints and
characterized them using the conventional IRT method [61]. Additionally, the paper
provides a detailed review of the advancements in joint development for various types
of superconductors, including NbTi, NbsSn, MgB., BiSCCO, and REBCO. It also
explores the different materials and solders used in creating superconducting joints
[50]. The brittle thesis gives a detailed idea of different superconducting joint
techniques and the SQUID loop's inductive resistance testing method. Also,
Superconducting and Microstructural Properties of the superconducting joint using

Microscopy [51].
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In 2015, Motomune et al. studied current paths in Nb-Ti joints fabricated using
the solder matrix replacement method. Here a total of 8 one-loop joint samples were
prepared and tested. A conventional Nb-Ti wire 2.0 mm in diameter was used for
making the loops. The resistances of the loops were lower than 10 3 Q and
independent of the composition and solidification rate in Pb-Bi. [52].

Dipak Patel et al. (2019) evaluated two types of Pb-Bi solder as potential
candidates for Nb-Ti superconducting joints in terms of their Jc and Tc. The solders
show around 2% deficiency in the composition. Also, the EDX mapping of two PbBi
solders was carried out. The optimal etching time for the Cu matrix with tin (Sn) and
Sn with Pb-Bi was then evaluated by scanning electron microscopy (SEM). The joints
were fabricated using the solder matrix replacement method. A resistivity of 3.25 x
1071 was achieved with a self-field at liquid helium temperature. They also reported
that loose Cu or S.S. wire binding in the joint for improving joint performance was not
favorable in terms of achieving higher joint performance [53].

Till the date there is no study has been reported in the literature on led-free
solder joints of NbTi wires. A study by S. Santra et al. (2019) compared the
microstructural and microtextural evolution of solid NbTi and liquid InSn-based
solders at the interface between solid NbTi and liquid InSn-based solders [54].
Kensuke Kobayashi et al. (2020) fabricated the superconducting joint and tested it at
3k temperature, which is achieved using a cryocooler. Also, the Resistances of the Nb-
Ti sample that was joined using Pb-Bi solder were successfully evaluated to be in the
range of 10 1*~107*® Q at 4.2 K with sample current up to ~350 A [55].

Weilun Tan (2020) Explained the methods for developing superconducting
joints like the cold press method, ultrasonic welding method, spot welding method,
and Thornton's replacement method are discussed. Also, The Different properties used
for persistent joint fabrication are discussed. One of their joint in a closed loop
achieved joint resistance in the range of 10714-10713 Q at 4.2K with a sample current
of up to 350A [56].
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Feng Zhou et al. (2013) explained the cold pressing method of superconducting
joints and the quasi-static analysis of the cold pressing process performed using the
Abagus-Explicit method. The press amount of 61%-65.5% shows smaller resistances
than the other samples, which corresponds with the conclusion from the simulation
[57].

Martin N. Wilson (1982), a key figure in the growth of superconducting
technology, published his book on superconducting magnets [58]. His work is still
considered one of the most concise and complete guides to superconductor magnet
design. His book summarizes the analytical methods used for magnetic field
calculation, force calculation, and stress analysis of superconducting solenoid
magnets. He also lists other technologies associated with the superconducting magnet

operation, such as PCS design, joint design, instrumentation, etc.

2.4 Persistent current switch

The PCS is a key component for superconducting magnets to operate in persistent
current mode. In thermally controlled PCS, it usually takes several seconds or longer
to transition from a normal state to a superconducting state or vice versa. This sharp
and reversible transition of superconductor from one state to another state due to
different triggering methods like thermal, current, or magnetic field-controlled
triggering gives its prominent switching properties.

Hagedorn and P. Dullenkopf (1974) designed a PCS permit's switch off of
current from 20-90 A within a few milliseconds with a normal resistance of about 20
Q. RV Harrowell (1973) described a protection PCS for power system components
like superconducting cables or generators. The main advantages of the PCS are: that it
does not require ancillary equipment for detecting the fault and triggering the PCS,
and its temperature rise during the fault is small enough to allow immediate

superconduction at the end of the fault [59].
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R. D. Isaac and R. B. Schwarz (1975) designed a PCS built using only common
laboratory materials. The paper highlights the importance of operating
superconducting solenoids in persistent mode to minimize helium consumption and
enhance magnetic field stability. This is crucial for experiments involving
superconducting materials, as a stable magnetic field is often required for accurate
results. One of the main challenges addressed in the paper is the difficulty in building
a compact and reliable persistent switch. Previous attempts may have faced issues
related to size, reliability, or the materials used, which the authors aim to overcome
with their design. In order to change the superconducting state of the PCS, two strain
gauges were used to heat a small piece of superconducting wire. To power the heaters,
a 100mA current was sufficient to maintain the superconducting loops in the normal
state [60].

S. Yamamoto et al. (1988) give a clear idea of the transient characteristics of
power diodes in cryogenic temperature and their application to the protection of PCS
in superconducting magnet systems. In the case of power diodes, the forward voltage
- forward current characteristics at low temperature are different from those at ordinary
temperature. The characteristics depend on temperatures. At low temperature, the
forward voltage drop of power diodes will be 6 times larger than the room temperature
forward voltage drop. A detailed description of this change in voltage is given in this
paper. Also, the author proposed three criteria for power diodes as they are applied to

protect persistent current switches [61].

H. Maeda et al. (1991), from Toshiba R &D Centre, Japan designed two sets
of PCS using 0.3mm and 0.9mm diameter conductors, and the degradations are
compared between the 0.3 mm PCS and the 0.9 mm PCS. From the test results of both
PCS, the author concluded that the instability of the PCS depends on conductor
diameter; the thinner the conductor, the more stable the PCS is [62]. The temperature
rise, due to self-field A.C. loss during ramping up the current, causes degradations.
The quench current gradually decreases to the adiabatic value, if the current sweep rate

is progressively increased.
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T. K. K.O. etal. (1995) analyzed the PCS temperature characteristics quenched
by applying I°R power using heat transfer equations. Also, the optimal conditions for
the design of the PCS were derived in this paper. The designed PCS was tested by
applying 100A current in the persistence current mode [63, 64]. A twisted
multifilament NbTi cable with a CuNi matrix was used for the PCS, and a NiCr wire
was used for the heater of the PCS. The normal resistance of the PCS was around 2.8
Q. When the heater currents were 100, 150, and 200mA in energization to 100A, the
temperatures of the PCS were 8.3, 12.5, and 19 K, respectively. The optimal control
current which minimized the thermal losses to quench the PCS was about 150mA.

Bijan Dom et al. (1995) In this paper, a PCS that allows a cryogen-free M.R.
magnet to be ramped up to its designed magnetic field and parked in a persistent state
has been designed built, and installed in a magnet. The PCS design criteria, which have
to operate in a cryogen-free magnet, are different from those of liquid helium-cooled
magnets. The ramping heat load from the PCS should be small enough such that the
second stage of a cryocooler can handle it. At the same time, the PCS should be small
enough such that its temperature recovery after a ramp is fast, given the small cooling

capacity of the cryocoolers [65].

To know information of adiabatic method and condition to obtain designed
resistance and characteristics. Rock-Kil KO et al. (2001) designed and tested around
5 PCS considering different design parameters. The computer simulations on the
temperature distribution of PCS 1 were performed in this study with the help of
ANSYS to verify whether the superconducting part was superconductive or not. Also,
they mentioned that operations of PCS with minimum heater current had the advantage
of minimum thermal losses and fast recovery time. In this work, as a thermal insulator
for PCS, cotton tape that contained gum, commonly utilized to provide electrical
insulation, was used. To use the cotton tape as a thermal insulator for PCS, the author
calculated thermal conductivity, 0.29 W/m.K. The author designed and fabricated the

PCS with this value. The experimental results for the verifying were in good accord
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with calculated results for design. The adiabatic method with cotton tape also reduced
the time of fabrication [66].

Most conventional persistent current switches consist of NbTi superconductive
wire since its machinability is fairly good without hurting critical current density.
However, the superconducting transition temperature (Tc) of NbTi is relatively low,
so unfavorable quenching may take place due to a small temperature margin when
operated at 4.2 K. To eliminate this disadvantage, M. Tomita et al. (2001) a PCS
consisting of Nb3Sn superconducting wire was designed for Superconducting
Magneto Hydro-Dynamic Propulsion Ship (MHDS). Also, the different heater power
applied to the PCS and the PCS performance were observed. From simulation results,
it is found that 99.9 % of PCS conductors driven normal by warming for 300s with a
20 W power given to the heater. At the same time, it took only 66 s for the PCS to
recover the superconducting state, which is reasonably short and thus is viable for
practical applications. [67].

Dong Keun Park et al. (2006) A high-temperature superconducting (HTS) PCS
system was designed and tested in this research. The HTS PCS was optimally designed
using two different HTS tapes, second-generation coated conductor (CC) HTS tape
and Bi- 2223 HTS tape by the finite element method (FEM) in thermal quench

characteristic view [68].

W.B. Ma et al. (2006) Developed a 7 T experiment system for an MRI PCS
test at the Institute of High Energy Physics (IHEP) of China. The system mainly
consists of a 7 T background superconducting coil, two pairs of 800 A vapor-cooled
current leads, a data acquisition system, and more. The NbTi superconducting coil,
with an operating current of 376 A, has a central field of 7 T and a clear bore of 80
mm. A no-impregnation technique was used to fabricate this coil. The coil reached
96% of its short sample performance after three times quench. The PCS for the 7T
magnet was designed and tested by applying 600A current in the persistence current
mode with a background field of 5T [69].
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Chunyan Cui et al. (2006) Designed and fabricated three superconducting
switches with different thermal insulation materials for 400 MHz NMR magnets. A
NDbTi/CuNi superconducting wire with higher resistance is used and wound on the PCS
bobbin in a bifilar manner for low inductance and minimum field perturbation. The
experiments for the heating power and current-carrying performance have been carried
out. The minimum power required for the PCS for transition is around 0.69 W, and the
off-time is less than 10 S. The results also show that the performance of GFRP is better
than paraffin. However, to meet the requirement of NMR magnet stability of 0.01 ppm,
the performance of the superconducting joints is very important. Numerical
simulations by the FEM method for the switching performance of temperature
distribution during heating and cooling cycles are performed. There is an essential
contradiction between the recovery time and high efficiency regarding the thickness
of the insulation layer. On the one hand, the thickness should be small to achieve fast
recovery. On the other hand, a small thickness would lead to more loss because more
power is needed to sustain the resistive state of the PCS [70]. Milward and Stephen R.
described the design details of the PCS control system for reducing a heat load while

charging the superconducting Magnet [71].

Siyuan Liu et al. (2013) developed a thermally triggered PCS for a 7T animal
MRI magnet, achieving an off-state resistance of 5 Q at room temperature and 3.5 Q
at 4.2 K. Thermal analysis using ANSYS indicated that PTFE outperformed GFRP in

insulation, with the PCS design enabling better control over switching resistance [72].

Chunyan Cui et al. (2016) presented the results of their work on a conduction-
cooled PCS. The PCS has an off-state resistance of around 10 Q using three strands
and a 12 m length of CuNi-NbTi wire. The heat dissipation in the PCS is inversely
proportional to the normal resistance of the PCS. The tested maximum persistent
current is 170 A, and the magnetic field is 1.41 T [73].

Chao Li et al. (2018) explained the results of ac field-controlled PCS. The
designed PCS was tested in the liquid nitrogen temperature [74 — 75]. The advantage
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of the field-controlled PCS is its flexibility in controlling the value of the switching-
off resistance. The response and recovery time of the PCS is less than 10 milliseconds.
The results author concluded that the design is very compact and energy-saving,
allowing us to develop a large dynamic resistance in a compact volume and with less

power.

2.5  External interference screening

The Whole-Body clinical MRI scanners need a highly homogeneous magnetic field
inside the field-of-view (FOV) at its imaging volume. The peak-to-peak homogeneity
for a whole-body MRI magnet should be better than = 5 ppm at the FOV of 45-50 cm
[76]. Any external magnetic disturbances may lead to a change in the central magnetic
field (Bo) at the iso-center and its homogeneity at the imaging volume. An actively
shielded magnet is relatively sensitive to external disturbances as it cannot
automatically compensate for the external disturbances in its imaging volume [77].

The imaging volume of the MRI magnet needs to be protected from any such
external magnetic interference. Kellogg J. (2011) Explained the various techniques
available for shielding such external disturbances in the presence of a low magnetic
field [86]. Still, it is difficult to shield the fluctuation using an iron or p-metal shield
at the high field region. As a result of the high-field region, high-permeable materials,
such as iron or metal, will be saturated. Thus, the shielding is ineffective. To achieve
a shielding effect against any external magnetic interference, G. Gabrielse et al. (1991)
introduced a method in which a set of shorted superconducting coils known as Bo
compensation coil or screening coil which are symmetrically positioned radially from
the axis and with respect to the midplane [78 — 79]. It is self-activated and works
passively in the system. The spatial homogeneity of the MRI magnet needs to be
preserved or even improved by the Bo compensation coil. Various researchers have
designed such types of coils for whole-body MRI magnets. [82 — 85]. But most of them
discussed the design aspects of it. There has been limited research reporting on their
characteristics during operation or even during quenching of the MRI magnet. The

magnetic active compensation system is also a technique used by some researchers.
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The induced eddy current shields the high-frequency fluctuations in the
ambiance on the outer vacuum jacket (Al-alloy or stainless steel) or the thermal
radiation shield (Al-alloy) around the solenoid magnet of the MRI. The low-frequency
fluctuations in the ambiance magnetic field may cause a significant change in the Bo
field and its resonance frequency. G. Gabrieise et al. (1988) & M. Lakrimil et al.
(2016) Explained that the fluctuation in the ambient field varies between 10 nT to 10
nT depending on the solar activity or moving metal objects such as lifts, vehicles in
the vicinity of the MRI magnet. It happens because Faraday's law of induction states
that, in a magnetic field, a current or voltage will be induced in a fast-moving
conducting material [80 — 81].

Hiroshi Ueda & Ito et al. (2015,2019) described the development of a 9.4-T
REBCO coil system for whole-body MRI. In REBCO coils, screening currents are
remarkably induced in the winding tape by the perpendicular component of the
magnetic field to the wide face of the REBCO tape, generating an irregular magnet
field that deteriorates the magnetic field homogeneity. In this paper, detailed analysis
and evaluation of the influence of the shielding-current magnetic field, and examine a
method and procedure for reducing it is explained in detail. They used demagnetization
methods to improve temporal stability and to enhance spatial homogeneity. A tape
scribing technique was used by combining both methods' results, the target values of

1 ppm/h and 10 ppm were achieved [87].

2.6 Research gap

The development of MRI magnets was mostly constrained to industries or research
institutes in close collaboration with the industry. Due to the intellectual property (1.P.)
rights and the level of competition between industries, most of this data is not available
in the public domain. The data available are related to different types of magnets and
do not apply directly to MRI magnets. The following gaps are identified based on the

literature survey:
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Superconducting joints:

Superconducting joint technology is one of the most crucial for the temporal stability
of the superconducting coils of the MRI. An extreme low value of electrical (< 1071
Ohm) resistance between the superconducting wires makes the technology very
challenging in the MRI system. It is also equally important to design a 4 K
experimental rig to characterize the superconducting joints with low electrical
resistance. Although the basic mechanism of joint characterization, many researchers
discussed the E.M. performance of the experimental test rig is not analyzed in detail
considering the sensitivity of the measurement needed for such characterization. This
is likely due in part to the commercial engineering focus of joint development, an
endeavor led predominantly by magnet manufacturers. Many researchers have
reported experimental data for superconducting joints, but the theoretical

understanding of such joints is yet to be made.

The detailed analysis and extensive studies of the multi-strand/ multi-filament
conductors of the PCS and the magnet have not given for better understanding of such
joints for their practical application. Most of the available studies on superconducting

joints are primarily for smaller applications in lab-scale research magnets.

Persistent current switch:

The PCS is one of the most critical components of the MRI magnet. Many
researchers have developed PCS’s for various applications. Minimal experimental
studies have been reported on the analytical calculation of total energy dissipation and
the design parameters of the PCS in the MRI system during its operating cycle. In most
of the literature, only the design aspects of PCS are explained. There is room for an
investigation into the PCS's temperature profile and electrical switching behavior for
MRI magnets. The normal resistance of the PCS at various temperatures above critical
temperature has not been studied so far, which is crucial for MRI magnets.
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The MRI magnet needs two types of superconducting joints: Cu (NbTi)-Cu
(NbTi) and CuNi (NbTi)-Cu (NbTi). The joint morphology, filament orientation
between the conductor of the PCS and the wire-in-channel conductor of the MRI

magnet have never been analyzed.

EIS coil:

To achieve an efficient shielding effect against any external magnetic interference, a
set of shorted superconducting coils known as Bo compensation coil or screening coil
which are symmetrically positioned radially from the axis and with respect to the
midplane. It is self-activated and works passively in the system. The spatial
homogeneity of the MRI magnet needs to be preserved or even improved by the Bo
compensation coil. Such types of coils for whole-body MRI magnets have been
designed by various researchers. Most of them discussed the design aspects of it. In
most of the literature, only the design aspects of the EIS coil are explained. There will
be scope for optimization in designing the EIS coils to achieve an effective screening
factor while considering the effect of the spatial field homogeneity. There have been
no studies published regarding the characteristics of the EIS coil during the operation

or during the MRI magnet's quenching.
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Research objectives

To achieve these goals, the following research objectives are set:

Design and development of the PCSs through an extensive thermal and
electrical analysis to achieve efficient switching performance for MR magnet
system

Design and development of a 4K test rig for characterization of the PCSs at
4.2K

Development of superconducting joints for the MRI magnet to achieve field
stability in the MRI magnet system. Detailed characterization of the
morphology of the superconducting joints and testing at 4K.

Design and development of a 4K test rig for characterization of the
superconducting joints at 4.2K

Design an optimized superconducting EIS coil system for a whole-body 1.5T
MRI magnet system through an analytical calculation in correlation with the
magnetostatics simulation for various competing parameters like mutual

coupling, coupling factors, field homogeneity, screening factors, etc
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CHAPTER 3

SUPERCONDUCTING JOINTS

3.1 Introduction

In the MRI magnet, the superconducting coils are initially energized to the target
current using a magnet ramping unit (MRU). Once the magnet is parked at the target
field, the MRU is disconnected from the magnet after establishing the persistent
current through the magnet and the PCS. In the persistent mode, the magnet circuit
consisting of the multiple superconducting coils and the PCS, behaves as the L-R
circuit. Hence, the temporal field stability is governed by the standard current-decay

equation of the L—R circuit as given by the following equation:

—Rt

I(t) = Ipe T (3.1)
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Where, L is the inductance of the magnet, lo and I(t) are correspondingly the
initial current and the current at time t, and R is the equivalent electrical resistance of

the circulating current path.

The decay of the current is determined by the overall resistance of the circuit.
The desired stability (<0.1ppm/hr) of the MRI magnet will be achieved with a total
electrical resistance of 10 - 104 Q in the entire MRI magnet system. This extremely
low electrical resistance value will only be possible by superconducting joints between
coils, or joints between the coil and the PCS. Hence superconducting joints play the
most crucial role in determining the stability of the MRI system. These joints need to
be made ‘insitu’ once the coils are wound on the bobbin. There is no possibility to
characterize the quality of such in situ joints until the MRI magnet is housed in a
cryostat and cooled to 4.2 K. Hence, the jointing process needs to be established for

their in-situ implementation after rigorous testing of the sample joints.

Main Power Supply

Switch Power Supply
| switch power supply [ FNN

Switch Heater

AAYATAAAAAA

Cu-Ni Matrix /NbTi Wire

MRI Majnet

LHe Bath

Figure 3.1 Schematic of a PCS used for the persistent mode of operation of an MRI

magnet.

In this chapter, the joint-making process is discussed in detail, including the
critical parameters and techniques involved in ensuring high-quality superconducting
joints. The solder matrix replacement method used for joint fabrication is thoroughly

examined, highlighting the importance of maintaining optimal conditions for soldering
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and tinning. The chapter also delves into the joint resistance measurement process,
emphasizing the need for precise control over factors such as temperature, time, joint
configuration, and cleanliness to achieve reliable and efficient connections.
Additionally, the reasons for joint failure are elucidated with the help of Scanning
Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX)
analysis. This analysis reveals the presence of impurities and other defects that
compromise joint performance, providing valuable insights for improving joint
fabrication techniques. By addressing these factors and implementing solutions such
as the use of glass tubes to maintain solder purity, the chapter discusses the importance
of meticulous process control in achieving optimal joint performance. The findings
and methodologies discussed herein lay the groundwork for further advancements in
the field of superconducting joint technology, contributing to the development of more

robust and efficient superconducting systems.

3.2 Superconducting MRI magnet

An MRI magnet consists of main coils, shield coils, EIS coils, each of them performs
different functions. For example, three pairs of coils (C1-C6) having mirror symmetry
provide the required homogeneous main field, Bo. One pair of coils (C7-C8), known
as shield coils, produces a magnetic field that is in the opposite direction of the other
three pairs as shown in Fig.3.2. All eight coils are joined in series through
superconducting joints and are energized by a single power supply. A PCS or
superconducting switch is connected in series with the eight coils.

Typically, MRI magnets are constructed in a modular manner due to several
factors: (i) constraints related to the maximum length of individual wires, (ii)
challenges in controlling the magnetic field geometry, (iii) technical restrictions on
coil size, and (iv) limitations in arranging the coil to generate a highly uniform and

potent magnetic field.
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Figure 3.2 Simplified schematic of superconducting coils having inter-coil joints (J1-
J7) and joints between coil and PCS (J8-J9).

Three pairs of field-shaping coils (C1 - C6) are symmetrically located along
the magnet axis. One pair of shield coils (C7 - C8) is co-axially located at the larger
radius. The current in the shield coils is in the reverse direction and the primary
purpose of these two coils is to reduce the stray magnetic field outside the magnet.
Thus, the magnetic moment created by the primary coils is canceled by creating the
opposite magnetic moment by the shield coils. All coils within the MRI magnet are
interconnected in series through the superconducting joints. Any resistance in these

joints can lead to decay in current during persistent mode operation.
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Figure 3.3 Actively shielded cylindrical MRI magnet configuration. The curved blue
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line in the circle represents 1 ppm uniformity.
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3.3 Superconducting joints

Joints are used to connect all of a magnet coil in order when a single length of
conductor is not long enough to build a coil and must be joined with other lengths of
conductor. They can also be used between separate sections of a magnet to allow
different conductors to be used at different places in the magnet as the magnetic field
and internal stresses change. This allows the specifications of each conductor in a
magnet system to be tailored to the local conditions that it will experience during
operation. Some joints connect two conductors of the same type and some are hybrid
joints, connecting different types of superconductors. The superconductors used in
modern magnets have many small superconducting filaments embedded in a matrix of
normal metal (multifilamentary conductors) which adds to the complexity of building

joints.

Within our magnet system, we employ two distinct types of conductors. The
conductor utilized for the main coils and shield coils remains consistent, whereas a
different conductor is employed for the PCS. Specifically, a wire-in-channel (WIC)
NDbTi conductor is utilized for the main coils, while a CuNi matrix multistrand NbTi

conductor is employed for the superconducting switch.

In most cases, the electrical resistance (R) of such magnet circuits is dominated
by the electrical resistances of the inter-coil joints or the coil-to-PCS joints. The

magnetic field is proportional to the current. Hence, the Eq. (3.2) can be written as;

—tR

B(t) = Boe T (3.2)

where Bo and B(t) are correspondingly the initial magnetic field and the
magnetic field at time t. Using Eq. (3.2), the field decay equation can be derived as
given by Eqg. (3.3)

—tR

AB =B, —B(t) =By(1—¢€T) (3.3)
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Using Eq. (3.3), the total resistance of the circuit can be expressed in terms of

total energy (E = 5 LI?) which is given by Eq, (3.4)

2Ex+Field Decay
360012

R < (3.4)

Where AB—B is the field decay in ppm, and the total energy E is in MJ.

Currently, the Inter-University Accelerator Centre, New Delhi, is developing
an actively shielded 1.5 T superconducting magnet for a whole-body clinical scanner
[88]. The operating current of the magnet is ~450 A. The total stored energy of the
magnet is about 3.7 MJ. To achieve field stability better than 0.1 ppm/hr, the effective
resistances should be less than 1 x107° Q. A multi-coil magnet typically has a few
inter-coil joints and two coil-to-PCS joints. Hence, to achieve very high temporal
stability, the electrical resistance of each such joint has to be ~10712 Q or better. Each
electrical joint needs to be made in situ directly onto the magnet after the completion

of the winding of the coils.

3.4  Superconducting joint making methods and architectures:

The superconducting wire consists of filaments such as are embedded inside the
stabilizer i.e. copper. To get a higher value of joint resistance it is necessary to remove
the normal conductive metal and connect the filaments directly to each other. Ensuring
the exposure of these filaments is a crucial aspect during joint fabrication, given NbTi
rapid reaction with air. The formation of a non-superconducting interfacial oxide layer
not only increases joint resistance but also diminishes the wettability of NbTi
filaments. Recent X-ray Photoemission Spectroscopy (XPS) experiments conducted
by Davies et al. revealed that even a brief 10-minute exposure to air results in the
formation of a non-superconducting oxide layer exceeding 3 nm in thickness [89].

Furthermore, exposure to just 10,000 Langmuirs of oxygen (approximately 50 ps
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exposure in the air) initiates the oxidation process, highlighting the sensitivity of NbTi

to atmospheric conditions [90].

Various methods have been developed to prevent these issues, including cold
or hot pressure bonding, spot welding, and solder matrix replacement [91 - 92]. Among
these techniques, solder matrix replacement, initially proposed by Thorton, stands out
as one of the most dependable methods for superconducting jointing. In the following

section, we will delve into the intricacies of this technique.

3.4.1 Cold press welding

Cold press welding is another simplest method to join the niobium-titanium filaments
without an intermediate material. This method is also called crimping. This method,
which was first patented by James Nuding for multifilamentary NbTi wires [93],
involves removing the copper stabiliser with acid, twisting the exposed filaments
together, and then placing them in a tube called a crimp and pressing them at room
temperature. The detailed process of the cold press joint is explained in Fig.3.4.

The crimping pressure is the main component that influences joint performance
[94]. Many studies indicate that performance varies with pressure, but no
comprehensive study has been done to guarantee that something will function well
under pressure. It demonstrates some ambiguity in the combined techniques.
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Figure 3.4 The simplified representation of the cold-press joint process. [95]

3.4.2 Spot welding

It is a process commonly used to join sheet metal and involves passing a high current
pulse through the workpieces, generating sufficient resistive heat to fuse them. Spot
welding is very effective at fusing the filaments, eliminating oxides, and forming a
consolidated bulk. However, the temperature is raised to >2000°C in the center

(melting the NbTi) and Cu infiltrates from the electrodes to form Cu-Nb-Ti phases.

e Persistent mode joint properties can be achieved with spot welding.

e However, the dendritic microstructures are typical of an as-cast microstructure
in Nb-Ti, which has a wide composition range between the liquidus and solidus
lines.

e The heat-damaged microstructure is likely responsible for the reduced joint Ic
compared to the wires. This makes spot welding hard to make reliable as a

jointing technique.

The original patent for spot welded joints made directly between Nb-Zr

monofilaments was filed by Karvonen in 1970 [96]. In his report, Karvonen notes that
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joints made directly between the monofilaments exhibit poor performance, achieving
only about 10% of the wire's critical current (Ic) at 4.2K and 3T. Although the
underlying cause is not explicitly discussed in the patent, it is hypothesized that the
poor performance might be attributed to heat damage sustained by the material in the
joint region. Such damage could potentially reduce the upper critical field (Bc2) and/or

the critical current density (Jc) of the material.

Karvonen further reports a significant improvement in performance when the
monofilaments are laid side by side on a suitably thick NbTi foil. By spot welding each
filament to the foil at multiple locations along their length, the performance increases
to more than 80%, even in magnetic fields of up to 6 T [97]. This method is visually
represented in a sketch shown in Fig.3.5. The precise mechanism by which this
technique improves performance is not fully understood. However, it is speculated that
the NbTi foil might provide a better heat sink during the welding process, thereby
minimizing heat damage to the monofilaments. Additionally, the foil could potentially
offer structural support and reduce stress concentrations at the joints, further enhancing

the overall performance of the welded connections.

Superconducting Foil

Monofilaments or
> twisted/braided

multifilaments

Spot Welds
Figure 3.5 Schematic of typical NbTi spot welded joint with NbTi filaments spot
welded to a Nb-NbTi foil. The filaments of each wire can be twisted prior to spot
welding if desired for ease of handling. [50, 97]
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Considering the various factors discussed in the previous section, the
unpredictability of performance associated with the cold press and the spot-welding
methods is highly undesirable for industrial applications. Therefore, from an industrial
perspective, the solder matrix replacement method emerges as the best option for
creating superconducting joints.

3.4.3 Soldering

Soldering is the most often used industrial jointing technique for superconducting
wires. In this method, the copper matrix of the superconducting wire is removed by
dipping the wire into the molten tin bath. Or else the copper can be removed by using
nitric acid but as mentioned above the NbTi alloy gets oxidized immediately when it
comes in contact with the air so to remove the oxidation layer it needs to deep into the
hydrofluoric acid (HF) and needs to be tinned using low melting superconducting
alloy.

To eliminate this major problem of oxidation in 1986 Roy F. Thornton first
time described how to prepare superconducting joints with NbTi filamentary wire in
his patent. This patent is the base reference for the solder matrix method of the
superconducting joint. Due to the oxidation problem discussed, poor wetting
reportedly prevents soldering to bare NbTi filaments, and common fluxes are unable
to remedy this [39]. This method has proven to be extremely effective, with PbBi/NbTi
joints demonstrated to carry 1000A at 4.2K and 1T, exhibiting resistances in the range
of 1073 to 107* ohms [98]. The performance of these joints is significantly influenced
by the superconducting properties of the solder, making a discussion on the

superconductivity of PbBi particularly valuable at this stage.
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3.5  Superconducting solders

3.5.1 Lead-based solder materials

For most industrial applications, such as MR, lead-bismuth (PbBi) or lead-bismuth-
tin (PbBiSn) alloys are used as solder for superconducting joints. Specifically,
references [52, 48, 99,39] indicate the use of PbBi alloys, while [45, 101, 90,100,]
report the use of PbBiSn alloys. In a few early cases, Wood's metal (PbBiSnCd) was
also utilized [100].

The binary phase diagram of the PbBi system, depicted in Fig.3.6, shows two
lead-rich solid solutions: the a and € phases. According to source [90, 102], the € phase
exhibits superior superconducting properties. Both the critical temperature and the
critical field of the € phase increase with the bismuth content within this phase field.
Sources [103-104] highlight the critical temperature improvements, while [105] focus

on the critical field enhancements.

mTﬁ Y T T T T T T T

3

Temperagture in °C
1

g

—te

O 1
0 20 40 60 80 100
Atomic per cent Bi

Figure 3.6 Binary phase diagram of the PbBi system. [102, 90]

Most PbBi alloys employed in joint manufacturing are either PbeoBiso or
eutectic PhasBiss by atomic percent. The exact composition of the alloys used in many

reports is often unspecified, complicating direct comparisons. However, Campbell et
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al. and Kodama et al. have reported that the critical current is higher in the eutectic
alloy. This improvement is attributed to a greater specific surface area of normal-phase
bismuth particles within the eutectic composition, which provides more effective flux

pinning, thereby enhancing the overall superconducting performance [106].

Table 3.1 Lead-based solder materials. [90]

Composition  Tc\K  Bce2\T Reference
PbeoBiso 8.4 1.77 (at 4.2 K) [107]
Pbs2BissSnis  8.68 1.98 (at 1.3 K) [108]
PbsoShso 7.75 0.20 (at 1.3 K) [108]
Pbsolnso 6.35 0.48 (at 1.3 K) [108]
PbgoBi4o 8.4 1.77 (at 4.2 K) [108]

3.5.2 Lead free solder materials

EU legislation currently allows an exemption for diagnostic medical devices regarding
the use of high-temperature leaded solders, but this exemption is scheduled for review
in 2023 [90]. Consequently, there is significant interest in identifying lead-free
alternative solders. Ideally, the industry seeks a direct replacement for lead-bismuth
solder that offers similar or improved superconducting properties. However, as
indicated in Table 3.2., most lead-free systems exhibit much lower critical fields and

temperatures.

Among the potential alternatives, the indium-tin (InSn) binary system stands
out as the next best option. This system has been extensively studied, both in the 1960s
and more recently, specifically for its application in superconducting joints. Despite
these investigations, other potential candidates, such as cadmium, mercury, and
thallium, are unsuitable due to their toxicity. Therefore, while InSn remains the most
promising lead-free alternative, the search for an optimal replacement for lead-bismuth
solder continues to be a critical focus for the industry.

While the critical current is sufficiently high for joint manufacture at very low

magnetic fields, with even quenched samples exhibiting a critical field of only 0.15 T
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at 4.2 K, this low critical field would necessitate extensive shielding for industrial
applications. Currently, even the best lead-free solders are unable to meet the stringent
requirements of the MRI industry, which demands a background field of 1.0 T at 4.2
K and the capability to carry current over 1000 A. Consequently, further advancements
are essential to develop a viable lead-free alternative that can fulfill these industry

standards.
Table 3.2 Lead-free solder materials. [90]
Composition Tc\K  Be2\T Reference
INsoSnso 7.45 0.64 (at 1.3 K) [108]
InsoSnso Quenched 6.7 0.14 (at 4.2 K) [109]
InsoSnso Air cooled 5.6 0.04 (at 4.2 K) [109]
InsoSnso Quenched and aged 6.1 0.08 (at 4.2 K) [109]
SnsslnsoBiss Air cooled 6.9 0.18 (at 4.2 K) [109]
In7gBiz2 - 0.22 (at0K) [110]
SngsZnis - 0.10 (at0K) [110]

3.6  Conductor used for MRI magnet winding

For the main magnet, many MRI manufacturers use WIC conductor for winding the
magnet coils. In WIC, the NbTi wire is inserted in a copper channel filled with solder.
WIC is then insulated with polyester braid. For MRI magnets a higher Cu/NDbTi ratio
of 5:1 to 20:1 is preferred for achieving high conductor stability. The typical
dimensions of the wire marketed by OST are 2.286 x 1.524 mm, filament dia. 82 um,
no. of filaments 55, Jc is 1210 A (4.2 K, 3 T), Cu: NbTi is 10.5. Fig.3.7 shows the

cross-sections of a WIC conductor used for MRI magnets.

(@) (b) (©)
Figure 3.7 (a) WIC conductor (b) Cross section of the WIC conductor. (¢) NbTi

Filaments.
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3.7 Superconducting joint making using solder matrix replacement method

The process of the joint making is shown in Fig.3.8 below. This involves removing
any metallic stabilizer immersing the filaments in molten superconducting solder alloy
and then placing the wires in the liquid tin at about 300°C to 350°C to dissolve the
copper and substitute it with tin without exposing the filaments to air — a process is

generically known as tinning although it is possible to use other molten metals/alloys.

Solder coated
Copper coated Tin coated __—filaments
nlamems / filaments
Liquid
solder _

Liquid tln

Figure 3.8 A schematic of the Thornton matrix replacement method. [90]

Considering the drawbacks of other methods, we decided to use the solder
matrix replacement method for making superconducting joints and began preparing
for it. Even in the solder matrix replacement method, numerous factors such as
soldering and tinning temperatures and times must be considered, but no
comprehensive studies have been published. Reported tinning periods for the initial
step alone range from ten minutes [97] to more than two hours [48], with the ideal
conditions depending on the wire diameter and the copper thickness around the NbTi
filaments. Recent studies on the formation of reaction layers between molten tin or
solder and niobium-titanium alloy [97] suggest that the performance of the joint may

depend on reaction time.

To gain a comprehensive understanding of the solder matrix replacement
method for making superconducting joints, more than 30 superconducting joints were
prepared and analyzed. This method involves several critical factors that influence the

performance of the joints. Each of these factors was carefully examined to determine
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their impact on joint performance. The detailed analysis of these factors is explained

below:

J) Soldering and tinning temperatures:

The temperature at which soldering and tinning are performed is crucial. The optimal
temperatures ensure proper bonding between the solder and the superconducting wire
material while minimizing the risk. If the temperature is too low, the solder may not
properly melt and flow, resulting in weak joints with poor electrical conductivity.
Conversely, excessively high temperatures can damage the delicate superconducting
filaments, particularly NbTi, by causing unwanted diffusion of elements and
degradation of superconducting properties. Precise control of temperature is thus vital
to maintain the integrity of the superconducting wires and achieve strong, conductive

joints.
k) Soldering and tinning times:

The duration for which soldering and tinning processes are carried out significantly
affects the quality of the joint. Tinning periods can range from ten minutes to more
than three hours, depending on specific conditions such as the type of solder, the nature
of the materials being joined, and the desired thickness of the copper layer on the
superconductor. Short tinning times might result in incomplete coverage, leading to
areas of poor electrical contact. On the other hand, excessively long tinning time can
cause overheating and potential degradation of the superconducting material. Finding
the ideal tinning time for a given set of conditions ensures thorough and even solder

coverage without compromising the material properties.
I) Background atmosphere near the joint:

The atmosphere surrounding the joint during soldering and tinning can impact the
quality of the bond. A controlled atmosphere, often an inert gas like argon or nitrogen,
helps prevent oxidation and contamination of the solder and superconducting
materials. Oxidation can introduce impurities that degrade the electrical and thermal

conductivity of the joint. By maintaining a clean, controlled atmosphere, it is possible
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to minimize the introduction of defects and impurities, leading to higher-quality joints
with improved performance and reliability. The figure below shows the argon hood

designed to maintain an inert atmosphere during the preparation of the joint.

Figure 3.9 superconducting joint-making setup with argon hood and solder bath.
m) Length and formation of the joint:

The length and formation of the joint are critical parameters that influence its
mechanical strength and electrical performance. Longer joints provide more contact
area, which can reduce electrical resistance and improve current-carrying capacity.
However, excessively long joints may introduce unnecessary complexity and potential
points of failure. The formation, or geometric configuration, of the joint should be
designed to maximize contact area while maintaining structural integrity. Proper
alignment and uniformity in the joint formation ensure consistent performance across
different joints and reduce the likelihood of localized weak points. The joints shown
in the first figure are somewhat complex during the tinning process due to the
unpredictable dissolution of copper over time. This inconsistency in copper dissolution
has led to varying joint resistances, as the tinning was not always perfectly
implemented, even with the same time duration. To address this issue, we developed a
straight joint design shwon in Fig.3.10(b), allowing the solder to flow more easily
around the conductor. This new approach ensures a smoother and more consistent

tinning process, thereby improving the reliability of joint resistance.
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(a) (b)
Figure 3.10 (a) A photograph of the spiral joint and (b) a photograph of the straight

joint.
n) Solder purity:

The purity of the solder used in forming the joint has a direct impact on its electrical
and mechanical properties. Impurities in the solder can introduce resistance and reduce
the joint’s conductivity, compromising the performance of the superconducting
connection. High-purity solder ensures a clean bond with minimal resistance,
maintaining the superconducting pathway's efficiency. It is essential to source and
utilize solder materials with the highest possible purity to achieve optimal joint
performance. To eliminate impurities, the solder was placed in a glass tube and heated
by radiation, rather than being immersed in the stainless-steel solder bath, ensuring a
contamination-free environment and maintaining the purity of the solder throughout

the process.

(b)
Figure 3.11 PbBi solder bath without glass tube (b) PbBi solder bath with glass tube.
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0) Cleanliness:

Maintaining cleanliness throughout the soldering and tinning processes is paramount.
Contaminants such as dust, oils, and residues can significantly affect the quality of the
joint. These contaminants can create barriers to proper solder adhesion and introduce
defects that compromise the joint’s integrity. Thorough cleaning of the wires and
soldering equipment, as well as working in a clean environment, helps prevent the
introduction of contaminants. Ensuring all surfaces are free from impurities before and

during the soldering process leads to stronger, more reliable joints.

By meticulously analyzing these factors, we aimed to optimize the solder
matrix replacement method and improve the performance of superconducting joints.
The insights gained from preparing and studying these 30 joints provide valuable
guidance for refining the process and achieving more reliable and -efficient
superconducting connections. The process that followed to prepare the final

superconducting joints for the MRI magnet is explained in detail in the 3.8.4 section.

3.8 Procedure for building superconducting joints

3.8.1 Solder: PbBi

As mentioned in the previous section the there is no lead-free solder till the date which
meet the requirement of the MRI magnet, a background field in the range of 0.6 to 1.0
T at 4.2 K temperature to carry more than 500 A of current. The best suitable solder is
PbBi. The details specification of PbBi is given in the lead-based solder section. The
binary phase diagram of the PbBi system, as depicted in Fig.3.6, reveals the existence
of two lead-rich solid solutions: the o phase and the € phase. Among these, the & phase
is recognized as the superior superconductor. In the context of superconducting joint
fabrication, most PbBi alloys utilized are either PbsoBiao Or eutectic PbssBiss by atomic
percent. In our study, we utilized the PbeoBiso alloy combination. To verify the purity
of the solder, Energy Dispersive X-ray Spectroscopy (EDX) analysis was conducted
at IUAC. The results of the EDX analysis are presented in Table 3.3.
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Figure 3.12 The EDS analysis of the PbBi solder.

Table 3.3 EDX analysis of PbBi solder.

Element Weight% Atomic %

Pb 59.75 59.96
Bi 40.25 40.04
Total 100

3.8.2 Solder: Tin

In the solder matrix replacement method, the tinning process is employed to remove
the copper section present on the filaments. During this process, the copper dissolves
in the molten solder at a specific temperature and time. Here also to verify the purity
of the solder, EDX analysis was conducted. The results of the EDX analysis are

presented in Table 3.4.
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Figure 3.13 The EDS analysis of the Tin solder.

Table 3.4 EDX analysis of Tin Solder.

Element Weight% Atomic %
Sn 100 100
Total 100
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3.8.3 Joint making setup

For NbTi filaments, it is crucial to perform the joint process in an argon atmosphere to
avoid oxidation. To achieve this, an argon hood was prepared. The joint-making station
is equipped with both a molten Tin bath and a PbBi solder bath. These baths are
covered by an argon hood, allowing argon gas to flow continuously to maintain
positive pressure inside the hood. Each bath has a depth of 16 cm and a diameter of 2
cm. The argon gas flow turned on after the joint dipped into the tin bath. No precise
pressure value is specified. Inside the bath, positive pressure is maintained. The

photograph of the joint-making station is shown below in Fig.3.14.

The joint-making station consists of two solder baths: one for Tin and another
for PbBi. The section shown in Fig.3.15 is the joint cup, which is clamped with a clamp
heater. Once the tinning process is completed, the joint is placed in this cup containing

molten PbBi. The clamp heater is used to melt the PbBi in the joint cup.

The joint-making station consists of two solder baths and one clamp heater to
heat up the joint cup. The temperature of each bath is controlled by using a variable ac
source. To maintain the purity of both solders, the molten solder is kept in glass tubes
measuring 15 cm in length and 1.5 cm in diameter. Initially, the glass tubes, placed
inside the solder baths as shown in Figure 3.15, are heated to the desired temperature.
Then the solder rods are cut into small pieces and placed inside the glass tubes. Tin
solder begins to melt at 256°C, while PbBi solder starts melting at 134°C. To ensure a
consistent temperature throughout the length of the molten solder, the glass tubes are
heated at a constant voltage for approximately one hour. Once the molten solder

reaches a stable temperature, the tinning process can begin.
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Figure 3.15 A photograph of the PbBi and Tin solder baths.

3.8.4 Process

Careful attention must be paid to the specifics of making the superconducting joints,
as previously discussed in section 3.7. In the case of an MRI magnet, two different
types of conductors are used: a WIC (Wire-in-Channel) conductor for the magnet and
CuNi-NbTi conductor for the PCS. As explained in section 3.6, there are two types of
joints formed in the MRI system: the WIC-to-WIC/coil to coil conductor joint and the
coil-to-PCS conductor joint. The detailed process for each type of joint is outlined

below.
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a) WIC- WIC joint (J1-J7)

For the WIC-to-WIC conductor joint, the process begins by preparing the ends of both
WIC conductors. This involves cleaning and tinning the conductor ends to ensure good
electrical contact between the filaments and to remove any oxidation. After tinning
and soldering with PbBi the joint will be placed in the joint cup, which contains molten
PbBi solder. The joint is heated using a clamp heater to ensure the solder flows around
the conductors, creating a strong, reliable joint. Once the solder is cooled and
solidified, the joint is inspected for continuity and mechanical stability. The process of

creating a joint for WIC-to-WIC wire is illustrated in the flow chart shown in Fig.3.16.

Start

v

Remove insulation material of wires
(Length 30-40cm)

Wires immersed in a molten tin bath at
300 °C for 3.00 Hrs
v

The twisted wires were immersed in a Pb-
Bi bath at 300 °C for 10 min
v

Finally, the twisted wires immersed in a
brass cup filled with molten Pb-Bi Solder
v

Stop

Figure 3.16 Flow chart for WIC-WIC joint.

b) WIC to PCS wire joint (J8-J9)

For the WIC-to-PCS conductor joint, the process differs slightly due to the different
conductor involved. First, the CuNi-NbTi conductor end is prepared by stripping the
insulation layer. The exposed wire is then aligned and twisted together before being
dipped into a molten tin bath for the tinning process. Once the tinning process is
complete, the joint is dipped into a PbBi bath. Subsequently, it is placed in the joint
cup with molten PbBi solder and heated with a clamp heater to create the final joint.
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The detailed process of creating a joint for WIC-to-PCS wire is illustrated in the flow
chart shown in Fig.3.17.

Start
v
Remove insulation material of wires
(Length 30-40cm)

v

Wires immersed in a molten tin bath at
350 °C for 3.00 Hrs
v

The twisted wires were immersed in a Pb-
Bi bath at 350 °C for 10 min
v

Finally, the twisted wires immersed in a
brass cup filled with molten Pb-Bi Solder
v

Stop

Figure 3.17 Flow chart for WIC to PCS joint.

Throughout both the processes, maintaining an inert atmosphere using an
Argon hood is crucial to prevent oxidation. The entire joint-making station is equipped
with this feature, ensuring high-quality joints are formed without contamination. This
attention to detail in the preparation and joining processes ensures the reliable

performance of the MRI magnet system.

3.9  Characterization of superconducting joint

The development of superconducting joints with electrical resistance in the range
10713-107% Q not only poses a big technological challenge, but precise measurements
are also a challenging task. The superconducting joint in the MRI magnet experiences
a significant amount of background field; therefore, it is necessary to characterize the
joint in the presence of a background magnetic field. The two most common methods
of measuring the resistance of the superconducting joints are the four-probe method

and the current or field-decay method.
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The four-probe technique is limited by the voltage measurement up to ~107°
V, thereby limiting the measurement up to 107 Q of the electrical resistance.
Whereas, the field-decay method has a good sensitivity until 10° Q of the electrical
resistance [50-56]. Although the field decay method cannot measure the resistance of
an individual joint if two or more joints are connected in series; a longer duration is
also needed to achieve a steady state. It is possible to reduce the duration of the
measurement by reducing the self-inductance of the test loop, but it may reduce the
overall accuracy. The overall measurement accuracy can be improved by increasing
the induced current in the test coil; therefore, a higher induced field needs to be
generated. This field decay technique measures the decaying magnetic field generated
by an induced current into the sample coil or the test coil closed by the joints. The
effective resistance is then calculated from the field-decay curve, thereby making it a
direct measurement method. The superconducting quantum interference device
(SQUID) [90] based commercial magnetic property measurement system (MPMS) is

also used for the measurement of electrical joint resistance.

The MPMS-based commercial measurement system, although it uses an
indirect method to measure resistance, provides similar accuracy. Although the
measurement time is substantially reduced in the SQUID-based system, it has a
limitation in the size of the joint sample. In addition, all commercial measurement
systems, i.e., MPMS, do not allow for measuring the electrical resistance of the joints
between two different conductors, which is necessary to characterize the coil-to-PCS
joint, i.e., between the conductor Cu-NbTi of the magnet and the conductor CuNi-
NbTi of the PCS.

3.10 Joint resistance measurement principle

Fig.3.18 shows the simple schematic of the 4 K insert. A large amount of the current
is induced into a small superconducting coil acting as the secondary coil of a
superconducting transformer by another superconducting coil acting as the primary
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coil of the same transformer. Any change in flux in the primary coil will be conserved

by Lenz’s law of flux conservation, which is given by the following equation:
| (Bp +Bs)dA =0. (3.5)

When a shorted superconducting coil, i.e., the secondary coil, experiences a
varying magnetic field (either during ramping up or ramping down of the primary coil),
the current will be induced in the secondary coil to maintain the total magnetic flux
because of their inductive coupling. Therefore, an induced field is generated by the

secondary coil, which will slowly decay over time following Eq. (3.5).

Hall probe ——

Primary coil —Secondary coil

— Heater

15T

Superconducting
Magnet

Joint
Figure 3.18 Schematic representation of basic components of the 4 K insert.

3.11 Experimental test rig

Fig.3.19 (b) and (c) respectively show the 3D model of the 4 K insert and the
experimental dewar integrated with the 4 K insert. Fig. 3.19(a) shows the photograph
of the 4 K insert. It consists of the following major components.

a. Superconducting primary coil

b. Superconducting secondary coil i.e. test loop having joint(s)

c. 1.5 T superconducting solenoid magnet

d. Two pairs of vapour-cooled current leads (VCCL)
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The insert has a top lid that is used to mount the helium dewar. There is a 1.5
T superconducting solenoid magnet at the bottom of the insert as shown in Fig.3.19
(b) which generates the background field for the superconducting joint. The magnet
Is supported by three GFRP rods that are fixed at the top lid of the insert. There is a
small superconducting coil acting as the primary coil mounted at a certain height from
the magnet as shown in Fig. 3.19(a). The primary coil is positioned at the minimum
background field. The secondary coil which is part of the test coil is placed
concentrically and coaxially inside the primary coil. Whereas the test joint of the
secondary coil is placed at the center of the superconducting magnet. There is a pair
of vapour-cooled current leads connected to the leads of the primary coil. Another pair
of vapor-cooled current leads is connected to the 1.5 T solenoid magnet. A manganin
wire heater (36 AWG) of resistance of 30 Q is wound on the secondary coil to quench
the test coil whenever necessary during the measurement. The GE - varnish is used to
make thermal contact between the manganin wire heater and the secondary coil. The
heater is fed 250 mA of excitation current to quench the secondary coil using a
Keithley source meter (model 2400). It will dissipate 3.7 J of energy to the liquid
helium bath in 2 s of quenching time. Both pairs of current lead have the capacity to
carry 150 A of current. A liquid helium level sensor is fixed to the 4 K insert to measure
the helium level during the experiment. However, the liquid helium level sensor is not
essential as most of the commercial helium dewar has differential-pressure-based

helium level meter.

The developed versatile 4 K insert-type test rig that does not need any
specialized experimental dewar. It can be inserted into any helium dewar with a neck
diameter of more than 90 mm. This 4 K insert allows testing longer joint samples, i.e.
up to 150 mm in length, either in straight configuration or even much longer in spiral
configuration. It also allows for measuring the electrical resistance of joints between
two different conductors. It has the capacity to induce a higher amplitude of current
(>600 A) into the sample coil, thereby generating a higher amplitude of field. A
superconducting solenoid magnet at the bottom of the insert allows us to characterize
the joint at the background field upto 1.5 T.
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(a) (b) (©)
Figure 3.19 (a) Photograph of the partial section of the 4K insert, (b) the 3D model of

the 4K insert, and (c), the insert mounted into the 4K dewar.

The design parameters of the primary coil are given in Table 3.5. It is made up
of Cu- NbTi conductor having a 1:1.35 superconductor to copper ratio. A total 150
number of turns are wound on a glass fiber-reinforced plastic (GFRP) former of the
primary coil which is impregnated with the Stycast 2850FT epoxy. Fig.3.20 (a) and
Fig.3.20 (b) respectively show the photograph and the schematic of the
superconducting primary coil of the 4 K insert. The secondary coil is made up of the
same superconducting wire that is used for the magnet as the joint behaviour needs to
be studied for the same conductor using the 4 K insert. Typically, 12-15 turns are
wound on a small GRRP or tufnol bobbin having a diameter less than the inner
diameter of the former of the primary coil thereby, makes it possible to place the

secondary coil inside the primary coil.
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(a)
Figure 3.20 (a) The photograph of the superconducting primary coil, (b) the
dimensional schematic of the superconducting primary and the secondary coil, and,

(c) the photograph of the superconducting secondary coil i.e. tests coil of the 4 K insert.

____________

<«

|+

Table 3.5 Parameters of the primary coil.

(b)

...,.I

11.50mm

v

Secondary coil

(©)

Description Values

Winding length 30 mm

Total no. of turns 150

No. of layers 3

Inductance (Lp) 0.75mH

Conductor Cu-NDbTi (dia-0.54mm)
Field at 100A 031T

The turns ratio between the primary and the secondary is in the range of 10-

12.5 :1. The ratio of the cross-sectional areas between the primary and the secondary

coil is 3.4 :1. Hence the secondary coil will experience 66 % of the flux of the primary

coil. The secondary coil needs to be changed every time for the new test sample.

Fig.3.21 (a) shows the schematic representation of the straight single joint between

two ends of a single superconducting wire (conductor -1). Fig.3.21(b) shows the

schematic representation of the two straight joints between each pair of ends of two

different superconducting wires (conductor -1 and 2). Fig.3.21 (c) shows the schematic

representation of the spiral joint between two ends of a single superconducting wire

(conductor -1). The inductance of the secondary coil was calculated using Eqg. (3.6)

because the insulation was not used in the closed-loop coil [111].
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Table 3.6 Parameters of the secondary coil.

Description Values

Winding length 12 mm

Total no. of turns 12

No of layer 1

Inductance (Ls) 5uH

Conductor Cu-NbTi

L = toa; N2(“5) {In [““T“)] ~ 0.5 (3.6)

In the case of a single conductor, both configurations shown in Figs.3.21(a)
and 3.21(c) can be used. These configurations can be used for the inter-coil joining of
the magnet. In the case of two conductors, the configuration shown in Fig.3.15(b) can
be used. The configuration shown in Fig.3.21(b) is primarily for the coil-to-PCS
joining. Any of the configurations shown in Fig.3.21. can be used in the 4 K insert.
For the straight joint as shown in Fig.3.21(a) and 3.21(b), a copper or brass tube having
an inner diameter in the range of 6-10 mm is used to hold the joint at the centre of the
magnet as shown in Fig.3.22 (c). Similarly, for the spiral joint as shown in Fig. 3.21(c),
a copper or brass cup having an inner diameter in the range of 30-40 mm is used to
hold the joint at the centre of the magnet at the bottom of the 4 K insert. The parameters
of the solenoid magnet are given in Table 3.7. The magnet will generate a 1.5 T magnet
field at 53 A of the operating current. The diameter of the magnet bore is more than
60 mm sufficient to place a maximum of two joint tubes side by side for straight joints
(as shown in Fig.3.21b) or the joint cup for the spiral joint (as shown in Fig.3.21c).
The length of the magnet is also decided to accommaodate joint tube of having straight

joint of maximum length up to 150 mm.
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Figure 3.21 Schematic representation of the configuration of (a) a single straight joint
between two ends of the secondary coil or the test coil, (b) two straight joints between
two pairs of ends of two different conductors, and, (c) spiral joint between two ends

of a single conductor of the secondary coil.

Table 3.7 Parameters of the superconducting magnet.

Items Value
Total No. of turns 3704
Wire Dia 0.55mm
Cu: NbTi 2:1
Inductance (L) 0.32H
Room Temp. Resistance 12 Q
Magnetic Field at 53A 15T

The diameter of the magnet bore  61mm
The outer diameter of the magnet 76mm
Length of the magnet 150mm

The outer diameter of the solenoid magnet is restricted by the inner diameter
of the neck of the helium dewar. Fig.3.22 (b) shows the position of the magnet in the

4 K insert and the field profile of the magnet along the vertical axis of the magnet.
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Figure 3.22 (a) The 3D model of the 4K insert along with the relative position of the
1.5 T solenoid magnet with respect to the secondary coil and, (b) the axial field profile
of the 1.5 T solenoid magnet of the 4K insert, (c) the photograph of the sample joint

having straight configuration.

The centre of the joint (straight or spiral) is placed at the center of the magnet
to have the maximum background field during the testing. Whereas the joint loop or
the secondary loop is located far apart (~ 257 mm) from the centre of the magnet
thereby minimizing the effect of the stray field at the centre of the secondary coil or
the test coil where the induced field is measured. At the 1.5 T background field, the

stray field is 8 mT at the centre of the test coil. The magnet generates the background
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field parallel to the axis of the magnet. Each joint is placed at the center of the magnet
axially parallel to that background field. The primary coil and the magnet are
connected to two separate magnet power supplies having the capacity to feed 160 A
and 100 A current respectively. However, a single power supply having a capacity of
160 A can also be used for both the secondary coil and the magnet. A cryogenic hall
probe with a Gaussmeter (Cryomagnetic, model LM-700) is placed at the centre of the
primary coil to measure the decay of the induced field [12]. The inner diameter of the
former of the secondary coil is sufficient to place the axial hall probe at the centre of
the secondary coil. The Gaussmeter is connected to a laptop through the RS232

interface for the recording of the magnetic field data.

Fig.3.23 shows the picture of the top lid of the helium dewar with the vapor-
cooled current leads, the instrumentation port, and the liquid filling port. The cryogenic
heat inleak through the 4 K insert along with the heat flow through the neck tube of
the dewar will determine the rate of evaporation of the liquid helium thereby
determining the duration of the experimental measurement. Hence, the heat inleak
needs to be minimized to have longer duration of the experiment without any refilling
during the measurement. There is a vent port on the top lid of the dewar to vent the
evaporated helium gas. The evaporated helium gas through the VCCL is also
connected to the same vent port of the dewar. To minimize the heat inleak to the liquid
helium, the heat flow to the liquid helium has been analyzed. The solid conduction
through various components of the 4 K insert is the major contributor to the heat inleak.
The conduction heat transfer through the GFRP support rods, the SS tube to hold the
secondary coil in position inside the insert, the SS tube of the hall sensor, and the
instrumentation leads (for the heater and the level sensor) will primarily be responsible
for the heat conduction to 4.2 K. The governing equation for the heat conduction

through each component is given the Eq. (3.7).
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Figure 3.23 The photograph of the top lid of the helium dewar with the 4 K insert.

Q& =1/, K(DdT 3.7)

Where Q (in W) is the heat conduction through the i" component, A (in m?) and L (in
m) are respectively the cross-sectional area of the i component through which solid
head conduction takes place and length between 300 K and 4.2 K of the i component

) 43_30 K;(T)dT is the thermal conductivity integral of the i component between 300 K

and 4 K. The cross-sectional area and the length of each component are calculated as
per their dimensions summarized in Table 3.8. The thermal conductivity integral
values of the GFRP, SS-304, and the sensor leads are taken from the references [112-

113]. The estimated heat inleak is summarized in Table 3.8.

The heat inleak through the vapor-cooled current lead is calculated based on
the optimized value of the heat flow i.e.,ImW/A [114]. The radiation heat inleak
through the neck is negligible as there are multiple baffles at different heights of the 4
K insert. Hence, the total heat inleak to 4.2 K is 0. 8 W which will evaporate 1.2 L of
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liquid helium per hour. The helium dewar has its inherent heat evaporation of 1%
liquid per day which is 0.042 L /hr. Hence, the total rate of evaporation of the liquid is
~ 1.25 L/hr. The heat inleak due to the energy dissipation through the heater during
quenching of the secondary coil is not considered as it dissipates a momentary energy
of 3.8 J. Such quenching is done only once during a single set of measurements. The
static heat flow through the leads of the heater has been considered in the overall heat

inleak calculation.

Table 3.8 Heat inleak to 4.2K through the 4K insert.

S/IN  Item Length(mm),Dia (mm) Heatload (W)
1 GFRP rods (3) 606, ¢8 0.067
2 Hall probe sensor tube 800, OD-12.5/ID-10 0.168
3 SS tube 907, OD-19/ID-16.5 0.204
4 VCCL leads (2) of the primary - 0.27
coil (2),135A
5 VCCL leads (2) of the - 0.05
magnet (2). 25 A
6 Instrumentation leads. - 0.05
Total Heat Inleak - 0.809

Fig.3.18 shows the complete test rig for the measurement of the electrical
resistance of the superconducting joint. A safety relief valve is fixed at the neck of the
helium dewar. During measurement, if the pressure of the helium bath increases
beyond 5 psi due to the quenching of the magnet or the excessive energy dissipation
from the current leads, and heaters, the helium vapour will be released into the

atmosphere through the safety valve.
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Figure 3.24 The photograph of the test rig for the measurement of the joint resistance

using a 4 K insert probe.

3.12  Joint sample

As described in the section 3.11, the secondary coil is made of Cu-NbTi wire. In the
case of a single conductor, two ends of the conductor of the secondary coil are joined
using thornton’s matrix replacement method. The joint is then embedded in a copper
tube or cup filled with the superconducting solder as shown in Fig. 3.21(a) and Fig.
3.21(c). In the case of two different conductors, two joints are made which are then
embedded in two separate copper tubes filled with superconducting solder as shown
in Fig. 3.21(b). The superconducting joints made by using any other standard
techniques; ultrasonic welding, diffusion welding, cold-pressing, and spot welding can
be characterized using this 4 K insert. The shorted secondary coil is then mounted on
the 4 K insert by placing it concentrically and coaxially to the superconducting primary

coil.
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3.13

Measurement process

The measurement process is started once the 4 K insert with the test coils is cooled to

4.2 K using liquid helium inside the dewar. It has various intermediate steps prior to

starting the measurement of the field decay. Fig.3.25 shows the schematic

representation of each step. There are five major steps described below:

Ramp up the superconducting primary coil at a certain ramp rate up to the
desired current (Ip) which will generate the primary field (Bp). The change
in magnetic flux in the primary coil will induce the current (Is) into the
secondary coil or the test coil in the opposite direction to generate a
secondary field (Bs).

. The cryogenic hall probe measures the resultant field (B, +Bs) at the centre

of the secondary coil. A heat pulse of ~1.9 W is given to the secondary coil
for 2s through the heater wire (In =0.25A) to quench. Thereby, the induced
current reduces to zero (Is=0) as shown in Fig.8. The hall probe measures
the primary field (Bp).

Ramp down the primary coil to zero (I, = 0) at a certain ramp rate. The
change in the magnetic flux by the primary coil will again induce the current
(Is) into the secondary coil or the test coil in the opposite direction to

generate the secondary field (Bs).

. The primary field (Bp) is reduced to zero whereas the secondary field (Bs)

is generated. The hall probe measures the secondary field (Bs).

Measure the decay of the secondary field (Bs) using the hall probe. Initially,
the decay is measured at the zero-field (ZF). Once the decay rate is stabilized
at ZF, the magnet at the bottom is energized to measure the decay rate in the

presence of the background field.
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Figure 3.25 The schematic representation of the major steps for the measurement of

the joint resistance using a 4 K insert probe.

3.14 Results and discussion

Fig.3.26 shows the variation of the magnetic field at the centre of the primary and the
secondary coil during the process of current induction in one of the test coils or the
secondary coil using the 4 K insert. Table 3.9 shows the various parameters during the
testing of two separate joints. In set-1, the joints have been made between two
conductors; Cu-NbTi and CuNi-NbTi using the configuration shown in Fig.3.21(b). In
set 2, the joint has been made using a single conductor. The primary coil in set-1 is
ramped up to 135 A of current. At the steady state, the resultant field, (Bp + Bs) is
measured to be ~ 54.5 mT. At the ideal condition i.e. with the 100% coupling of the
flux between the primary and the secondary coil, the total field will be zero. The non-
zero resultant field signifies the partial coupling which is discussed in section 3.11.

The secondary coil is then quenched by 0.25 A of current to the wire heater as indicated
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in Fig.3.26. After quenching of the secondary coil, the field at the centre is only due to
the primary coil which is 0.43872 T. The current through the primary coil is then
ramped down to zero to again induce the current into the secondary coil. When the
primary current reaches to zero, the field measured at the centre is only due to the
secondary coil which is 0.38510 T. The secondary field slowly decays over the time
which is measured for calculating the joint resistance. The secondary field corresponds
to the 525 A of the induced current in it which signifies 3.9 times higher current
induction than the primary coil. At 160 A of primary current, almost 620 A current can
be induced into the secondary coil. It almost takes ~1000 s to complete one cycle of
current induction into the secondary coil. The decay measurement can be started after
that.

0.50 — T T - T T T 1

L - Bp ) 1
045 - - = ) -
0.40 - : R / ; .
_.0.35 [ : Ramp—down : ]
= L : Primary Coil :
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Figure 3.26 The variation of the magnetic field with the time during the process of

current induction into the secondary coil using the 4 K insert.
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Table 3.9 Parameters of the two sets of measurement.

Parameter  Set-1 Set-2,
Cu-(NbTi)-CuNi-(NbTi) Cu-(NbTi)-Cu-(NbTi)

Ip 135 A 135 A

Bp+ Bs 54,72 mT 60.1 mT

IH 250 mA 250 mA

Bp 0.43872T 0.44143 T

Bs 0.38510 T 0.38143 T

Is ~525 A ~520 A

In the beginning, the field decay is faster due to the transient settling
phenomenon to redistribute the current over the superconducting filaments. The decay
measurement is continued till the steady state value of joint resistance is reached. It
takes almost an hour to reach the steady state value. However, any long-term
measurement if needed can be done using this 4 K insert without any refilling of the
liquid helium Fig.3.26 shows one such long-term measurement of the secondary field
for a different joint sample. The measurement was continued for 450 min till it was

quenched intentionally using the heat pulse through the wire heater.

After reaching the steady state value of the joint resistance at the zero
background field (ZF), the solenoid magnet is energized up to the desired current to
generate the background field that is parallel to the joint. In the beginning, the field
decay is again faster due to the transient settling phenomenon to redistribute the current
over the superconducting filaments in the presence of the background field. The
background field is maintained at a constant value till the field decay reaches the steady
state value. Once the joint resistance reaches the steady state value at that background
field, the current to the magnet is increased to the next higher level. Fig.3.27 shows
the steady state values of resistance of a superconducting joint at the different
background magnetic fields. At zero field, the electrical resistance is ~ 8x101° Q. The
steady-state values of the electrical resistance have been measured at 0.5 T, 0.7 T, 1.0
T, and 1.2 T background field as shown in Fig.3.28. It is observed that the resistance
of the joint deteriorates at the higher field. The electrical resistances are 1x10'*Q and

3.5x10"* Q respectively at 0.5 T and 1 T of background field.
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Figure 3.27 The long-term measurement of the decay of the secondary field using the
4K insert.
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Figure 3.28 The steady-state values of the joint resistance were calculated from the
field decay at various background fields using the 4 K insert.
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3.15 Characterization techniques

In this thesis work, scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) techniques were utilized for sample characterization. These
techniques provide valuable insights into the structural and elemental composition of
the samples under investigation. The tools used for these characterizations are

presented in the following subsections.

a) Scanning Electron Microscopy (SEM)

SEM is a powerful imaging technique used to observe the surface morphology of
materials at high magnification. It works by scanning a focused beam of electrons
across the sample's surface, generating signals that can be used to produce images with
exceptional detail. The electron beam interacts with the atoms in the sample, resulting
in various signals such as secondary electrons, backscattered electrons, and
characteristic X-rays, which are detected and used to construct the image. SEM allows
researchers to visualize surface features, topography, and even internal structures of

samples with nanometer-scale resolution.

SEM HV: 25.00 kv WD: 15.10 mm MIRAW\ TESCAN

View field: 217 mm  Det: SE 500 pm g

SEM MAG: 100 x Date(m/dly): 02/01/22 IUAC n
J4-bottom-01

Figure 3.29 SEM image of the failed WIC to PCS wire joint.
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To investigate the structure within the joint, several images of the failed joint
were taken to determine the cause of the failure. Figure 3.29 shows one of the images
of the failed WIC to PCS wire joint. Upon examining the image, we can observe that
there is a significant gap between each filament. This gap indicates that the filaments
are not properly connected. The increased spacing between the filaments leads to a
longer current transfer path. This extended path can result in higher resistance values,
which may contribute to the overall degradation of the joint over time. Furthermore,
the image clearly shows that the WIC and PCS wire filaments are completely separated
from each other. This separation is the main reason for the joint failure, as it prevents
the proper transfer of current and compromises the structural integrity of the joint.

R P S
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-

IUAC n
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Figure 3.30 SEM image of the failed WIC to WIC wire joint.

Fig. 3.30 clearly shows that the WIC and WIC wire filaments are completely
separated from each other. This separation is the primary reason for the joint failure,
as it hinders the proper transfer of current and compromises the structural integrity of

the joint.

In Fig. 3.31, it can be seen that one strand of the PCS wire has a copper section

that is not completely tinned. This strand, located at the center of the bunch, did not
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receive sufficient tin solder. As a result, the copper did not dissolve into the tin,
affecting the overall joint resistance. Therefore, it is crucial to meticulously check the
tinning process and duration when implementing the WIC and PCS joint. Additionally,
it is essential to change the joint location and frequently shake the joint during the

tinning process to ensure proper tin distribution throughout the joint.

SEM HV: 25.00 kV WD: 15.05 mm R — PR MIRAW\ TESCAN
View fieid: 2.17 mm Det: SE + BSE 1mm 1
SEM MAG: 100 x Date(m/dly): 12/22/21 IUAC"

joint 12-middie-02

Figure 3.31 SEM image of the failed WIC to PCS wire joint.

CSIR-NPL

Figure 3.32 SEM image of the successful WIC to PCS wire joint.
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Fig. 3.32 shows a successful WIC to PCS joint. By comparing Fig. 3.32 with
other Fig. 3.29 - 3.31, the reason behind the joint failure becomes clear. The closer the

filaments are to each other, the better the joint resistance will be.

b) Energy-dispersive X-ray Spectroscopy (EDX):

Energy Dispersive X-ray Spectroscopy (EDX) is an analytical technique often coupled
with Scanning Electron Microscopy (SEM) to provide elemental composition analysis
of materials. The technique operates by detecting characteristic X-rays emitted from a
sample when it is bombarded with high-energy electrons from the SEM. Each element
emits X-rays at specific energies, which allows for the identification and quantification
of the elements present in the sample. EDX offers valuable information about the

elemental composition, distribution, and concentration of elements within the sample.

c) Analysis of Failed Joints

In our study, EDX was utilized to analyze failed joints to understand the underlying
reasons for their failure. Fig.3.33 presents the EDX analysis of one such failed joint.
The analysis was conducted on both the filament and solder sections, each covering
half of the area under examination. The Table 3.10 accompanying Fig. 3.33 reveals
the presence of various impurities within the solder (Like Cu and AL). However, the

exact source of these impurities remains unclear.

One possible explanation for the impurities is the use of a stainless steel (SS)
solder bath. It is hypothesized that excessive heating of the SS bath may have
introduced contaminants into the solder, leading to the observed impurities. This initial
observation suggests that these contaminants significantly affected the joint's
performance, resulting in failure. Further supporting this 3.34 also depict failed joints,
each exhibiting different impurities. The consistency of impurity presence across
multiple samples implies the need to address this issue to enhance joint performance

and reliability.
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d) Innovative Solution for Maintaining Solder Purity

To mitigate the contamination problem, we implemented a solution focused on
maintaining the purity of the solder. As illustrated in Fig. 3.15, a glass tube was
employed to contain the solder during the heating process. This glass tube was then
placed in the SS bath, ensuring that the solder did not come into direct contact with the
bath itself. By isolating the solder within the glass tube, the introduction of
contaminants from the SS bath was effectively prevented.

e) Results of the Glass Tube Method

The results of implementing the glass tube method are demonstrated in Fig. 3.35. The
table associated with this figure shows that there are no impurities present in the joint,
aside from the filament and solder materials. This absence of impurities can be directly
attributed to the use of the glass tube, which maintained the purity of the solder during
the heating process.

The impact of this method on joint performance is significant. As a result of
eliminating impurities, the joint resistance increased to the expected value, indicating
a substantial improvement in performance. This outcome highlights the effectiveness
of isolating the solder from potential contaminants in the SS bath, ensuring a cleaner

and more reliable joint.

o 2 4 6 8 10 12 14 16 18 20
S — Full Scale 1319 cts Cursor: 0.000 KeV]

Figure 3.33 SEM image of the failed WIC to PCS wire joint.
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Table 3.10 Details of the material present in the WIC to PCS joint.

Element Weight% Atomic %
TiK 11.30 6.06

CuK 571 2.85

Nb L 42.37 48.78

SnL 4.22 0.91

Pb M 25.47 36.79

Bi M 10.62 4.77

Total 100.00

b 2 4 & 8 10 12 14 16 18

Full Scale 3879 cts Cursor: 0.000

20
keV

Figure 3.34 SEM image of the failed WIC to WIC wire joint.

Table 3.11 Details of the material present in the WIC to WIC joint.

Element Weight% Atomic %
CK 22.28 61.18
TiL 22.92 28.60

Pb M 40.14 6.39

Bi M 14.22 3.11
Totals 100.00

Spectrum 2

D 2 4

6 8 10 12 14 16 18
ull Scale 1426 cts Cursor: 0.000

iectron Image 1

Figure 3.35. SEM image of the successful WIC to WIC wire joint.



Table 3.12 Details of the material present in the WIC to WIC joint.

Element  Weight%  Atomic %
TiK 42.35 60.23

Fe K 4.34 5.30

Nb L 36.85 27.05

Pb M 14.49 4.76

Bi M 1.96 0.64
Totals 100.00
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Bi
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39K
26K
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Figure 3.36 SEM image of the successful WIC to PCS wire joint.

Table 3.13 Details of the material present in the WIC to PCS joint.

Element Weight%  Atomic %
TiK 20.57 45.11

Nb L 23.61 26.69

Pb M 32.82 16.64

Bi M 23.01 11.56
Totals 100.00
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Through EDX analysis, the time required for the tinning process was
determined by examining the copper content in the joint cup. EDX was performed on
different joints where tinning was applied at approximately 300°C for varying time
spans. The analysis led to the conclusion that tinning at 300°C for three hours is
sufficient to remove all copper from the surface of the filaments.
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3.16 Summary

This chapter provides an in-depth discussion of the joint-making process for
superconducting joints, with a focus on critical parameters and techniques to ensure
high quality. The development of a versatile 4 K insert for characterizing
superconducting joints, achieving the lowest electrical resistance of 8x102° Q at zero
field and the ability to induce up to 525 A in the secondary coil. SEM and EDX
analyses identified impurities from excessive heating of the SS solder bath as a major
cause of joint failure. To address this, an innovative glass tube method was
implemented to maintain solder purity, significantly improving joint performance and
resistance. The chapter discusses the importance of material purity, precise process
control, and innovative problem-solving in achieving reliable and efficient

superconducting joints, laying the groundwork for further advancements in this field.
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CHAPTER 4

PERSISTANT CURRENT SWITCH

4.1 Introduction

The superconducting magnets generate a strong magnetic field, which would
otherwise be impossible with conventional, normal electromagnets. The practical
application of superconductors in MRI stands as one of the most significant
contributions to mankind. The whole-body clinical MRI scanners need a highly
homogeneous magnetic field and a highly stable field in the imaging volume. Any
deviation in the magnetic field can alter the resonance frequency of hydrogen ions
undergoing resonance, consequently introducing artifacts into the resulting image. The
magnet needs to provide a temporal field stability better than 0.1 ppm/hr, i.e., 15 pT/hr
fora 1.5 T magnet, which is only possible through a persistent circulation of the current
through the coils of the magnet shorted through a PCS. Because such high temporal
field stability is difficult to achieve by any commercially available power supply
employing a direct current (DC). This difficulty stems from the presence of minute
alternating current (AC) ripples within the DC current and their fluctuations.

Moreover, the continuous supply of current can incur substantial operational costs due
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to the joule heating on the current leads, potentially leading to LHe evaporation. To
circumvent these issues, superconducting magnets in MRI systems operate in
persistent mode, where the current flows in a closed-loop configuration [48, 62 - 64].
The PCS across the superconducting coils makes it possible to operate in the persistent
mode to achieve the desired temporal field stability of the MRI magnet [62 — 64].

In this chapter, the design parameters of the PCS are discussed in detail along
with its analytical calculation of total energy dissipation. Thermo-foil heaters are used
at various intermediate layers of the winding pack of the epoxy-impregnated switch to
study the thermal behavior in correlation with the location of heaters inside the
winding layer. Also, a comparative analysis of the temperature profile along with
its switching behavior is discussed for the thermo-foil resistors located at the various
layers of the PCS. The normal resistance has been measured across the PCS at various

temperatures.

4.2  Operation of a PCS
The PCS has two essential elements:
a). A superconducting link, to complete the circuit after removing the power supply.

b). A method of rendering the link unusable

The link needs to be a superconductor in parallel with, or in place of, the power
supply. The means of destroying the link could be mechanical (a physical breaking of
the link) but mechanical systems can have many complications due to the cryogenic
conditions. It is more usual to have the link fixed in place and to force the
superconductor into a normal resistive state. The current will, to a high degree, ‘ignore’
the resistive path, and hence the link will essentially be ‘broken’. A superconductor
can be made normal by exceeding any of its critical parameters. A sufficiently large

magnetic field, current density, or temperature will revert the superconductor to its



91

normal state. For a PCS used in a superconducting magnet system, it is usually the

temperature that is the control used in the operation of the PCS.

In the magnet circuit, the PCS is connected electrically in parallel with both
the superconducting magnet and the ramping power supply. Fig.4.1 provides a
schematic diagram of the circuit where the arrow's direction represents the current

flow's positive direction.

Power Supply

Diodes

! &

S{Joint SC Switch S€

Y L'

MRI Magnet
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Joint

Figure 4.1 Persistent mode operation of MRI magnet

The superconducting magnet is initially charged to the required operating
current using a high-current power supply. After achieving the desired magnetic field,
the magnet terminals are shorted using the PCS. The PCS is responsible for
maintaining the resistive state or OFF state during the ramping process. Once the
magnet reaches its desired field strength for operation in the persistent mode, the PCS
is switched to the superconducting state or ON state by switching OFF the Film heater.
This allows the operating current to circulate through the superconducting electrical
circuit the flow chart shown in Fig.4.2 summarizes the operational sequences of the

MRI magnet before parking the magnet at a desired field. [115]
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Figure 4.2 Algorithm for the operation of the PCS and power supply.

4.3 Issues with the PCS

a) PCS testing: PCSs are typically tested for current capacity and inductance.
However, it's been observed that soldering the PCS wires into the test insert can

harden them, leading to a failure rate of about 1 in 10 when installed in a magnet.
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b) PCS instability: PCSs can break open spontaneously, thought to be due to flux

jumping. This could be due to poor manufacturing quality of the PCSs, the
background field or the lower stability of the CuNi matrix.

c) Response time: The response time for the PCS to open and close isn't critically
important, but it should occur within seconds, rather than minutes or hours. However,
in the case of a magnet quench, it's crucial for the PCS to transition to a resistive state
as quickly as possible. This allows the protection resistors to offer a lower-resistance
path and absorb the majority of the energy. Achieving both rapid opening and closing
presents a challenge due to conflicting thermal insulation requirements. A
compromise must be made, or alternatively, an active cooling system or adjustable

insulation could be used. Prioritizing fast opening is likely more essential.

d) PCS positioning: The positioning and orientation of the PCS need to be considered

because the PCS will produce an unwanted magnetic field and also the background
field in which it is situated will affect the current capacity and critical temperature of
the PCS wire.

e) Number of heaters: Some PCSs are designed with two heaters, although only one

is typically used during normal operation. The redundant heater introduces additional
mass, which acts as a heat sink, absorbing heat that is meant to warm the PCS wire.

f) Heater positioning: The heater consists of several layers of windings. It is

positioned in the middle layer and is surrounded by many layers of PCS wire. This

situation is not optimal for heat transfer from the heater to the PCS wire.

g) The Bobbin: It is a cylindrical on which the wire is wound. Due to the magnet and
the PCS being in cryostat containing liquid helium, the bobbin should made up of
insulation materials such as glass fiber reinforced plastic (GFRP), Bakelite,
polytetrafluoroethylene (PTFE), and so on. Bobbin made of SS can also be because
of the lower conductivity of heat at low temperatures (4.2 K). In order to generate a
small amount of heat during the ramp, the PCS should have high normal state
resistance. The bobbin made of copper cannot be used because due to higher

conductivity, a large amount of power needed to make the PCS OFF, and also heat
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transfer by copper bobbin will boil off the liquid helium in large quantities. The
thermal conductivity of copper is high at a lower temperature, Thus the time taken by
the PCS to transform from normal state to superconducting state will be larger. Thus,
slow recovery into the superconducting state and this slow recovery decreases the
magnet's stored energy.

h) Normal state resistance: To minimize heat loss, the resistance of the PCS should be

higher. This means that the normal state resistance needs to be large enough to limit
the current passing through the resistive PCS. Essentially, there are two conditions that
a PCS must meet [59]:
e The product of Veh (charging voltage) and the reciprocal of Ryes (PCS resistance)
should not exceed 0.1 times the operating current (lop).
e The power dissipated by the PCS (Vcn*2/Rpes) should ideally be no more than 1

watt, or at most, a few watts.

i) Thermal insulation: The heat injected into the PCS to make the PCS resistive will

act as a cryogenic load to the cryocooler. The recovery time and high efficiency in
insulation layer thickness are fundamentally at odds with one another. On the one
hand, a thin layer is ideal for quick recuperation and experiencing higher loss because
it takes more energy to keep the PCS in a resistive state. To provide thermal insulation
between the winding and liquid helium and prevent direct contact, we wrapped a few
layers of glass cloth tape around the last layer of the PCS. The glass cloth tape is a
suitable material for this purpose due to its insulating properties and ability to

withstand high temperatures.

J) Stability and protection: The PCS are the essential component of the MRI magnet.

If a PCS is damaged, it simply needs to be replaced. A serious problem happens if the
PCS quench and magnet are in the superconducting state. In this case, the entire energy
will be dumped into the PCS, which may cause burn out the PCS. To safeguard the
PCS from such events, the diode bank will be connected across the PCS for protection.
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4.4  Design of the PCS

The PCS is made of the NbTi-Cu-30%Ni conductor having six strands with an overall
diameter of 1.6 m [116]. Fig.4.3 shows the critical current curve of the CuNi-NbTi
conductor with a different number of strands. The conductor has a critical current of
more than 2 kA at 1 T. In the final application, the PCS will be placed at ~ 0.6 T of the
background field of the magnet.

2200
v CuNi-NbTi at 4.2 K
2000 F N -0~ 4 strands
- V. —xe
el L N i
2 1600F NN\
o v
S 1400F 4 Nl N
V.
@) \. \* \
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Magnetic field (T)

Figure 4.3 The critical current curve of the multi-strand CuNi-NbTi conductor [Bruker
OST] [116].

The critical current of the conductor with four strands is 1.35 kA at 1T. The
overall normal resistances per strand (Rgirang) Of the conductor are 2.49 Q/m and 2.21
Q/m respectively at 300 K and 15 K. The strands of the conductor behave as parallel
resistors as shown in Fig.4.4. The normal resistance (Rpcs) of the PCS is estimated
using Eq. (4.2);

RS ran
Rpes = —strand (4-1)

n

where, n is the number of strands.
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Figure 4.4 The equivalent resistance diagram of the six-strands CuNi-NbTi conductor

where Rstang is the normal resistance of each strand.

Using Eq. (4.1), the resistance of the PCS conductor with 4, 5, and 6 strands
are respectively estimated to be 0.553 ©/m, 0.442 3/m, and 0.368 /m at 15 K. The
critical current of the conductor used in the PCS at its background field needs to be at
least 1.5 times higher than the operating current of the magnet to take care of any
eventuality. Hence, the critical current and its associated normal resistance can be
chosen by selecting an appropriate number of strands that to be used for connecting

the magnet for its persistent operation.

During the ramp-up of the magnet, the PCS will be at the resistive state until
the magnet reaches the desired field. A finite amount of current would flow through
the PCS during the ramp-up of the magnet. Hence, there will be an energy dissipation
into the PCS during the ramp up of the magnet which would eventually result in
evaporating the liquid helium. The total energy (Qr) dissipated into the PCS is
calculated by using Eq. (4.2);

Qr =Qu + Q¢ (4.2)

Where, Qy is the dissipated energy into the PCS heater and, Q. is the dissipated
energy into the PCS at its OFF state due to the charging voltage of the magnet, V.
Eq.(4.3) can be expressed as;

Qr = Iy°Ry + 4.3)

v¢?
P

Rpcs



97

Where, I is the current to the PCS heater, Ry is the value of the electrical resistance
of the heater, and Rps is the value of normal resistance of the PCS at its restive state

i.e. OFF state. The relation between the normal resistance of PCS and the energy

losses is defined in Egs. (4.4)-(4.6) [60 - 70].

2EoL

ER = T (44)

Ploes = i—R x 100 % (4.5)
200L

Recs 25— (4.6)

where, Eg is the total energy losses in the PCS, E, is the total stored energy of the
magnet, L is the self-inductance of the magnet which is 42H in our case, and Py¢ 18

the percentage of energy loss in the PCS during the ramp-up of the magnet.

At the time of ramping of the MRI magnet, as soon as the PCS becomes
resistive (OFF state), the power supply is activated, and the magnet is ramped using
voltage V.. The voltage magnitude is dependent on the magnet's inductance (L) and
ramp rate as shown in the Fig. 4.7

dI
Ve=Lg (4.7)

If the charging voltage is 6 V, and the magnet has an inductance of 42 H and a
current of 450 A, it would take approximately 2940 seconds (49 minutes) to ramp up
to the desired field of 1.5 T. A finite amount of current would flow through the PCS
during the ramp-up of the magnet, even when it is in its OFF state. Hence, there will
be an energy dissipation into the PCS during the magnet's ramp-up, eventually
evaporating the liquid helium.

The energy loss, Es, is generated in the PCS at the time of magnet ramping.
Hence, to charge the superconducting magnet up to the target energy, Eo, we must

apply the energy Eo+Es. The ratio of energy loss is represented as [63]:
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Es Rsxlzsxt __ 2xL
Eo  SxLxI%,  Rsxt

(4.8)

To reduce the liquid helium boiloff at the time of charging, it is important to
minimize the sources of energy loss as much as possible. The optimal length of PCS

to limit the energy loss below the x % value will be calculated using the following

equation.
_ 200xLxAg
S XXtXpg (4.9)
E—S X 100 = x% (4.10)
0

Where s is the length of PCS, As s the cross-section area of PCS wire, lo is
the operating current of the magnet, Is is the current through PCS at OFF state, and ps

is the normal resistivity of PCS conductor.

Fig.4.5 depicts the relationship between the energy loss ratio and wire length.
A conductor with a diameter of roughly 1.70 mm is used for PCS design. The
conductor has an area of 2.26 x 10 m?, and its room-temperature resistivity is 9.26 x
107 Q.m. According to eq. (4.5)- (4.9) in our situation, the PCS's 40-meter length

showed a 0.17% energy loss ratio.
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Figure 4.5 The length of the PCS wire vs the ratio of the energy loss.
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Fig.4.6 shows the photograph of the PCS. The bobbin of the PCS is made of
insulating material. The total length of the conductor used in the bifilar winding is 40
m. The normal resistance of the PCS with the six-strand conductor is 16.6 Q and
14.6 Q respectively at 300 K and 15 K. For this experimental study, all the six strands
of the conductor were used to generate the design parameters for the final PCS. The
bifilar winding technique is utilized to achieve the low inductance (~6.6 uH) necessary
to have minimum field perturbation. The parameters of the PCS are summarized in
Table 1. The winding pack of the PCS is impregnated with Sytcast 2850 FT epoxy
mixed using catalyst 24. Two thermo-foil polyimide heaters having electrical

resistance of 90 Q each were placed between the layers of the winding of the PCS.

. Heater Wires
il

=
Superconductor
Bobhin

Figure 4.6 The prototype PCS developed for the 1.5T MRI magnet.

Table 4.1 Design parameters of the PCS.

Parameter Value
No. of layer 8
Total no of turns 264
Turns per layer 33
Total wire length (m) 40
Normal Resistance (Q) at 300K 16.6

Inductance (uH) 6.6
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4.5  Experimental test setup

Fig.4.7(b) shows the simplified of the experimental test setup. The thermo-foil
polyimide heaters (FH1 and FH2) were connected to the heater power supply (Keithley
2450). During the ramp-up of the MRI magnet as shown in Fig. 4.7(a), at the charging
voltage (Vc) of 6 V, the current through PCS, (lpcs) is 0.41 A if the normal resistance
of the PCS is 14.6 Q at 15 K. Hereinafter, the current through the PCS during ramp-
up will be referred to as ‘PCS current’. Hence, during the testing, the PCS is energized
with 100-500 mA current (Ircs) at its OFF state i.e., resistive state using a power supply
(Kepco, 72VI6A). The voltage and the temperature of the PCS were respectively
measured using a digital voltmeter (Keithley 2000) and a temperature monitor (Model
218, Lakeshore Cryotronics Inc.). The temperature and the corresponding voltage

profile were recorded using a laptop for analysis of the behavior.
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Figure 4.7 (a) A simplified electrical schematic of the superconducting magnet with

the PCS and, (b) the schematic of the measurement test setup.

The film heater-1 (FH1) is placed between the 2" and 3™ layer and the film
heater-2 (FH2) is placed between the 5" and 6™ layer. A few layers of fiberglass cloth
were wrapped on the last layer of the PCS to thermally insulate the winding from direct
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contact with the liquid helium. A calibrated silicon diode (DT-670, Lakeshore
Cryotronics Inc.) temperature sensor is fixed onto the intermediate layers of the PCS
to monitor its temperature. Fig. 4.6(a) shows the simplified schematic of the electrical
connection of the superconducting magnet with the PCS. During the ramp-up of the
magnet, the PCS must be “open” i.e., OFF state which is achieved by making the PCS
resistive. It must be “closed” i.e., ON state for persistence operation which is achieved

by making the switch superconducting.
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Figure 4.8 (a) The 4K rig for testing the PCS and, (b) the schematic representation of

the 4 K rig used for the thermal and electrical characterization of the PCS.

Fig.4.8 (a)-(b) respectively show the photograph and the schematic of the 4 K
test rig developed for characterizing the thermal and electrical behavior of the PCS. It
consists of a pair of current leads, two joint cups, and the PCS. The terminals of the
current leads are connected to the PCS through the joint cups. The 4 K rig as shown in
Fig.4.8(a) is inserted into a helium dewar for its testing at 4.2 K. During the testing of
the PCS, the temperature and voltage of the PCS is initially measured at a certain
value of heater power without energizing the PCS i.e. without sending any current
through the PCS (Ipcs=0) at its resistive state. This is referred to as the 1% cycle of

each set of measurements. Similarly, in the 2" cycle, the temperature and the
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corresponding voltage of the PCS were measured at a certain value of heater power
while energizing the PCS by sending a current (Ipcs > 0) equivalent to the PCS current
during the ramp-up of the magnet. The normal resistance (Rpcg) of the PCS could be
measured at the 2™ cycle of each measurement by measuring the voltage drop (Vecs)

across it using Eq.(4.11).

Rpcg = “BCS (4.11)

Ipcs

4.6 Results and Discussion

4.6.1 Performance Analysis

The amount of heat required to increase the temperature of the PCS from 4.2 K to >10
K depends on the specific heat capacity, the mass of the material, and the thermal
insulation between the PCS and the helium bath. The equation for calculating the
amount of heat required to raise the temperature of the PCS is given by Eq.4.12 if the
PCSis [70]:

Qu = J,, VCydT (4.12)

CV = 7\NbTiCNbTi + )‘CuNiCCuNi + )‘insulationcinsulation (4-13)

V is the volume of the PCS superconductor, Cv is the specific heat of the PCS
superconductor. The Cnpri, Ccuni, and Cinsulation are the specific heat of NbTi, CuNi, and
insulation materials, respectively, and AnbTi, AcuNi Ainsulation 1S the volume fraction of

NbTi, CuNi, and insulation materials occupying the total volume.
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4.6.2 Test Results

Fig.4.9 illustrates how the normal state resistance of the PCS changes with the heater
current. At a heater current of 100 mA, the PCS is normally in the "OFF" state, whereas
at 500 mA, the PCS resistance becomes saturated in a thermal equilibrium state under
adiabatic conditions. The PCS temperature also indicates whether it is in the "ON" or
"OFF" state. Before ramping, current flows into the heater, and the resulting heating
power increases the temperature of the PCS. The relationship between the heater
current and the temperature of the PCS is shown in Fig.4.10. This can be seen in the
fact that at the same heater current, the temperature of the PCS is higher for FH2
compared to FH1. Furthermore, as the heater current increases, the temperature
difference between FH1 and FH2 also increases, with FH2 consistently having a higher
temperature. This implies that FH2 is more effective than FH1 at transferring heat to
the PCS.
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Figure 4.9 Normal resistance of the PCS for different heater currents.
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Figure 4.10 PCS temperature with respect to different currents.

Film heaters can offer certain advantages over wire heaters. Film heaters are
typically made from a thin, flexible film that can be applied directly to a surface,
making them easier to install. The film heaters also provide more uniform heating than

wire heaters, as the heating element is distributed more evenly over the winding.

Fig. 4.11 and Fig.4.12 show the total heat dissipation in the PCS at various
charging voltages respectively for FH1 and FH2. The dissipated heat in turn will be
transferred to the liquid helium thereby will evaporate the liquid helium from the
magnet vessel during the ramping of the magnet. The total power dissipation is
calculated using Eq. (4.3) - (4.4).

Figs.4.11-4.12 shows a region with minimum heat dissipation for each of the
ramping voltages. The ramping voltage is varied from a higher value at the beginning
of the ramping to a lower value at the end of the ramping before parking the magnet at
the desired field. It is to be noted that the PCS should have substantial normal state
resistance to break the PCS circuit during the ramping up of the magnet. The minimum
heat dissipation in the PCS at 10 K is about ~ 4 W at 4 V of the charging voltage. This
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can easily be achieved by applying a 250-mA current to the heater. At 250 mA of
heater current with 6 V charging voltage, the overall power dissipation is ~ 6.5 W. The
PCS needs to be operated at the minimum region of the graphs shown in Fig.4.11 and
Fig.4.12.
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Figure 4.11 The total dissipation of heat in the PCS during the ramp-up of the magnet

with the different heater currents through the FH1.
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Figure 4.12 The total dissipation of heat in the PCS during the ramp-up of the magnet
with the different heater currents through the FH2.
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Figure 4.13 The temperature and voltage profile of the PCS with 100mA of current
through the FH1 heater and 250 mA through the PCS.
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Figure 4.14 The temperature and voltage profile of the PCS with 100mA of current
through the FH2 heater and 250 mA through the PCS.
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The Fig.4.13 and 4.14 show the thermal and electrical behaviour of the PCS
with 100 mA current through the film heaters. At the first cycle with FH1, when Ipcs
= 0, the temperature of the PCS reaches 5.3 K still below the critical temperature of
the NbTi. It needs a higher current to raise the temperature of the PCS. There are two
cycles of the temperature and the voltage in each curve as shown in Fig.4.13 and
Fig.4.14. The first thermal peaks shown in Fig.4.13 and Fig.4.14 are due to the current
through the heater (Ih=100 mA) respectively for FH1 and FH2 with no current through
the PCS circuit (Ipes= 0). The second thermal peaks as shown in Fig.4.13 and Fig.4.14
are due to the current through the heater (In= 100 mA) respectively for FH1 and FH2
and 250 mA current through the PCS circuit (lpes= 250 mA). The current through the
PCS signifies the condition of the ramping of the magnet. In the second cycle, as
shown in Fig.4.13, the temperature of the PCS is increased from 5. 2 K to 5.5 K when
the current (250 mA) is sent through the PCS. Similarly, as shown in Fig.4.14, the
temperature of the PCS increases from 5.5 K to 5.9 K when the 250 mA of current is
sent through the PCS. The voltage across the PCS in both cases as shown in Fig.4.13
and Fig.4.14 remains less than 1 V. This increment of temperature in the second cycle
signifies the localized quenching thereby generation of small normal resistance in the
PCS with 100 mA of the heater current. At 250 mA current through the PCS, an
additional amount of heat is generated in the PCS due to the small resistance which

thereby increases the temperature of the PCS.

Fig.4.15 illustrates the temperature, voltage profile, and switching
characteristics of the PCS when the heater current is set to 100 mA, with FH1 and FH2
connected in parallel (45 Q). When a current of 100 mA is applied to the parallel
combination of FH1 and FH2 heaters, the temperature rises to 4.9 K. However, there
is no voltage across the PCS because it remains at the superconducting state due to the
low resistance value of the film heater due to the parallel connection.
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Figure 4.15 The temperature and voltage profile of the PCS with 100mA of current
through the FH1||FH2 heater and 250 mA through the PCS.
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Figure 4.17 The temperature and voltage profile of the PCS with 200mA of current
through the FH2 heater and 250 mA through the PCS.

Similarly, Fig.4.16 and Fig.4.17 show the temperature, the voltage profile, and
the switching characteristics of the PCS at 200 mA of the heater current respectively
for the FH1 and FH2 heaters. The first thermal peaks shown in Fig.4.16 and Fig.4.17
are due to the current through the heater (In= 200 mA) respectively for FH1 and FH2
with no current through the PCS circuit (Ipes= 0). The second thermal peaks shown in
Fig.4.16 and Fig4.17 are due to the current through the heater (Ih = 200 mA)
respectively for FH1 and FH2 and 250 mA current through the PCS circuit (Ipcs= 250
mA). As shown in Fig.4.16, the maximum temperature of the PCS is measured to be
~ 8.2 K corresponding to the voltage of 2.5 V across the PCS at Ipcs= 250 mA indicating
a normal resistance of 10 Q. The normal resistance of the PCS at 200mA of current
FH1 signifies the partial quenching of the PCS. The temperature of the PCS is
increased by 0.7 K from 7.5 K to 8.2 K when the 250 mA of current is sent to the PCS

at normal state as shown in Fig.4.16.
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Similarly, Fig.4.17 shows the temperature and voltage profile of the PCS at
200 mA current through the FH2 heater and 250 mA through the PCS. The temperature
of the PCS is increased by 1 K from 9.5 K to 10.5 K once the 250mA of current is fed
to the PCS at a normal state as shown in Fig.4.17. The corresponding voltage of the
PCS is 2.75 V thereby, indicating a normal state resistance of 11 Q which is sufficient
to break the PCS circuit during the ramping up of the magnet. The switching time from
the superconducting state i.e. the ON state to the normal conducting state i.e. the OFF
state is measured (from Fig.4.16 and Fig.4.17) to be ~ 10s. Whereas, the switching
time from the normal conducting state i.e. the OFF state to the superconducting state
i.e. the ON state is also measured (from Fig.4.16 and Fog.4.17) to be ~ 10s as shown
in Fig.4.16.
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Figure 4.18 The temperature and voltage profile of the PCS with 200mA of current
through the FH1||FH2 heater and 250 mA through the PCS.

Fig.4.18 illustrates the temperature, voltage profile, and switching
characteristics of the PCS when the heater current is set to 200 mA, with FH1 and FH2
connected in parallel, presenting a combined resistance of 45 Q. When a current of
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200 mA is applied to the heater, the temperature increases to 6.5 K. At this temperature,
the voltage across the PCS is observed to be 1.9 V, indicating that the PCS has a

resistance of approximately 7.5 Q.

Despite the increase in temperature and the presence of a significant voltage
across the PCS, the low resistance value of the film heater, combined with its parallel
connection to the PCS, impacts the system's behaviour. This configuration restricts the
PCS from fully transitioning to the resistive state, preventing it from achieving a
complete turn-on. Instead, the PCS remains in a partially on state, characterized by its
intermediate resistance and voltage values. This phenomenon highlights the influence
of the parallel connection and the heater's resistance on the switching dynamics of the
PCS.
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Fig. 4.19 (a) The temperature and the voltage profile of the PCS (a) with 250 mA of
current through the FH1 heater and 250mA of current through the PCS at the resistive
state and, (b) with 250 mA of current through the heater FH2 and 250 mA of current
through the PCS at its resistive state. (c) with 250 mA of current through the heaters
FH1||FH2 and 250 mA of current through the PCS at its resistive state.
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Fig.4.19(a) shows the temperature profile of the PCS and the corresponding
voltage profile with 250 mA of current through the FH1 heater. At the 1% cycle
(Ipcs=0), the temperature of PCS reached 9 K as shown in Fig.4.19. The temperature
reached 9.5 K when the PCS is energized with 250 mA of current at its normal state
as shown in the 2" cycle in Fig.4.19 (a). The current of 250 mA mimics the PCS
current during the ramping of the magnet. The temperature of the PCS is increased by
0.6 K due to the current flow through its resistive state. The voltage drop across the
PCS is measured to be 2.75 V which signified a normal resistance of 11 Q of the PCS.

As soon as the FH1 thermo-foil heater is energized, the transition time from its
ON state to OFF state happens within 15 s. Similarly, Fig.4.19(b) shows the
temperature profile of the PCS and the corresponding voltage profile of the PCS with
250 mA of current through the FH2 heater and the PCS. The temperature of the PCS
stabilized at 10.5 K. The corresponding voltage across the PCS is 2.9 V, corresponding
to 11.6 Q of the normal resistance of the PCS. With the FH2 heater, the equilibrium
temperature of the PCS is 1 K higher than its equilibrium temperature with the heater

FH1 at the same heater power.
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Figure 4.20 The temperature and voltage profile of the PCS with 350mA of current
through the FH1 heater and 250 mA through the PCS.
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Figure 4.21 The temperature and voltage profile of the PCS with 350mA of current
through the FH2 heater and 250 mA through the PCS.

Fig.4.21 shows the temperature profile of the PCS and the corresponding
voltage profile with 350 mA of current through the FH2 heater. The equilibrium
temperature of the PCS reached 15 K shown in Fig.4.20. The corresponding voltage
across the PCS is 3.25 V which corresponds to a normal resistance of 13 Q. The normal
resistance per meter measured is 0.325 Q /m which is 12 % less than that of the actual
value of the normal resistance at 15 K. This signifies a non-uniform temperature
distribution inside the winding of the PCS at its resistive state. Hence, the PCS needs
much better thermal isolation to have uniform temperature distribution. However, the
higher degree of thermal isolation would increase the transition time from the normal

conducting state to the superconducting state.

Fig.4.22 illustrates the temperature, voltage profile, and switching
characteristics of the PCS when the heater current is set to 350 mA, with FH1 and FH2
connected in parallel, presenting a combined resistance of 45 Q. When a current of

350 mA is applied to the heater, the temperature increases to 9.5 K. At this temperature,
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the voltage across the PCS is observed to be 2.75 V, indicating that the PCS has a

resistance of approximately 11 Q.
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Figure 4.22 The temperature and voltage profile of the PCS with 350mA of current
through the FH1||FH2 heater and 250 mA through the PCS.

Fig.4.23 shows the temperature profile of the PCS and the corresponding
voltage profile with 500 mA of current through the FH1 heater. At the 1 cycle
(Ipcs=0), the temperature of PCS reached 17 K as shown in Fig.4.19. The temperature
reached 18 K when the PCS is energized with 250 mA of current at its normal state as
shown in the 2" cycle in Fig.4.23 The current of 250 mA mimics the PCS current
during the ramping of the magnet. The temperature of the PCS is increased by 1 K due
to the current flow through its resistive state. The voltage drop across the PCS is

measured to be 3.25 V which signified a normal resistance of 13 Q of the PCS.

Fig.4.24 shows the temperature profile of the PCS and the corresponding
voltage profile of the PCS with 500 mA of current through the FH2 heater and the
PCS. The temperature of the PCS stabilized at 20 K. The corresponding voltage across
the PCS is 3.35 V, corresponding to 13.4 Q of the normal resistance of the PCS.
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Figure 4.23 The temperature and voltage profile of the PCS with 500mA of current

through the FH1 heater and 250 mA through the PCS.

Fig.4.25 illustrates the temperature, voltage profile, and switching
characteristics of the PCS when the heater current is set to 500 mA, with FH1 and FH2
connected in parallel, presenting a combined resistance of 45€2. When a current of 500
mA is applied to the heater, the temperature increases to 13 K. At this temperature, the
voltage across the PCS is observed to be 3.1 V, indicating that the PCS has a resistance

of approximately 12.4 Q.

When a current of 500 mA is applied, the total power dissipation needs to be
considered, assuming a charging voltage of around 6 V. For FH1, the power dissipation
is approximately 27 W, while for FH2, it is around 23 W. This combined power
dissipation can boil off around 15 liters of liquid helium during the ramping process,
even though the on-state resistance of the system is highly efficient. This highlights

the importance of managing power dissipation in systems involving cryogenic liquids.
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Figure 4.24 The temperature and voltage profile of the PCS with 500mA of current
through the FH2 heater and 250 mA through the PCS
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Figure 4.25 The temperature and voltage profile of the PCS with 500mA of current
through the FH1||FH2 heater and 250 mA through the PCS.
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Fig.4.26 shows the relation of the power loss (Pioss) as defined in Eq. (4.5),
with the normal resistance of the PCS during the ramp-up of the magnet at the various
charging voltages. The point ‘P’ in Fig.4.26 indicates the power loss (Pioss) of 0.23%
in the PCS (~13 Q normal resistance at 15K ) while charging the magnet at 6 V. The
percentage of energy losses into the PCS at 17 Q, 20 Q, 25 QO of normal resistance
will be 0.18%, 0.16%, and 0.12% as shown in Fig.4.26. Hence to reduce the energy
loss on the PCS while charging the magnet at 6 V, the normal resistance needs to be
increased. The normal resistance can be increased by improving the thermal isolation

of the PCS which can be implemented in the final PCS.

The normal resistance of the same PCS can also be increased by using only
four if operating current of the magnet is less. The estimated normal resistance of the
same PCS would be ~ 22 Q with four strands of the conductor. Considering the 12 %
reduction in actual normal resistance of the PCS, the effective normal resistance will
be ~19.4 Q would eventually result in 0.16 % of energy loss during charging the
magnet with 6 V of charging voltage.

Normal Resistance of PCS-Rpcs ()

P (%)

loss (
Figure 4.26 The estimated energy dissipation on PCS at various normal resistance
during ramping of the MRI magnet.
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4.7  Summary

A prototype PCS for a whole-body MRI magnet has been designed, fabricated, and
tested in liquid helium. A comparative analysis of the temperature profile and
switching behavior is analyzed for the various thermo-foil heaters located at the
various layers of the PCS. Heater FH2 gives optimum performance by generating a
better temperature profile dissipating a moderate amount of heat during the ramping
process. Based on the measured normal resistance and the heat dissipation, the input

parameters were generated for the final PCS.

The complete scheme of the main magnet coils and the EIS coils is shown in
chapter 3. The two PCSs are linked in series with the coils, one for the main coil (PCS)
and the other for the EIS coil (PCS). These PCSs enable the main magnet and EIS coils
to run in the persistent mode. Two sets of back-to-back power diodes are connected in
parallel with the MAIN PCS and the EIS PCS. These diodes protect the PCS coils
against the excessive current built up during the magnet quench by providing an
alternate parallel current path. The PCS is one of the most crucial components of an
MRI magnet. If the PCS is damaged, the magnet operation is disruptive. The PCS has
to be protected from any eventualities that arise during operation. In addition, the
maximum allowable currents of the PCS at the normal state are lower than those at the
superconducting state. Thus, it is necessary to protect the superconducting wire of the

PCS. The details of the PCS protection are explained in the chapter 6.
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CHAPTER S5

EXTERNAL INTERFERENCE SCREENING COIL

51 Introduction

The whole-body clinical MRI scanners need a highly homogeneous magnetic field
inside the field-of-view (FOV) at its imaging volume. The gyromagnetic frequency
i.e., the characteristic frequency of the hydrogen ions or the protons, is proportional to
the magnetic field. At the 1.5 T magnetic field, the gyromagnetic frequency of the
hydrogen ions is 63.87 MHz. Any change in the magnetic field will lead to a change
in the resonance frequency of the ions. The resonance frequency variation must be less
than 6 Hz/hr for a 1.5 T magnet. Any external magnetic disturbances may change the
central magnetic field (Bo) at the iso-center and its homogeneity at the imaging
volume. An actively shielded magnet is relatively sensitive to external disturbances as
it is unable to compensate automatically for the external magnetic disturbances in its
imaging volume. The high-frequency fluctuations in the ambiance are shielded by the

induced eddy current in the conductive layers of the thermal shield around the solenoid
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magnet of the MRI. The low-frequency fluctuations in the ambiance magnetic field
may cause a significant change in the Bo field and its resonance frequency. The
fluctuation in the ambient field varies between 10 nT to 100 nT depending on the solar
activity or moving metal objects in the vicinity of the MRI magnet [76 — 77]. The
imaging volume of the MRI magnet needs to be protected from any such external
magnetic interferences. Various techniques are available for shielding such external
disturbances in the presence of a low magnetic field, but it is difficult to shield the
fluctuation using an iron or p-metal shield at the high field region. High-permeable
materials like iron or p-metal will be saturated in the high-field region. Thus, the
shielding is ineffective. The inductive method is the most widely used technique for
eliminating external interference in MRI magnet [78 — 83]. The electric active
compensation system is also used by some researchers [85]. In the inductive technique,
a set of shorted superconducting coils known as the Bo compensation coil or the
external interference screening (EIS) coil is symmetrically positioned radially from the
axis and with respect to the midplane to achieve a shielding effect against any external
magnetic interference. It is self-activated and works passively in the system. The
configuration of the EIS coil will be determined by various competing designing
parameters: mutual inductance (M,,,) with the magnet, the coupling factor (K), and
the screening factor (S). The screen factor must be 0.95 or 95 %. The original peak-to-
peak homogeneity of the MRI magnet needs to be preserved or even improved by the
inclusion of the EIS coil in the magnet system. In the case of deterioration, the peak-
to-peak homogeneity must be limited to 10 ppm. It is better to have lower mutual
inductance and coupling factor. Limited studies have been reported on how the
characteristics of the EIS coil is affected by the various parameters and how these
parameters need to be prioritized in generating the design inputs for the EIS coil.
During a quench of the MRI magnet, a large amount of eddy current will be induced
into the EIS coil due to the fast-decaying field in the background. There are limited
studies available on the effect on the EIS coil during the quenching of the MRI magnet.

This chapter focuses on the design aspects of the EIS coil for a whole-body

clinical MRI magnet by analyzing the homogeneity, mutual inductance, coupling
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factor, and screening factor of four sets of EIS coils with varying turn ratios and radial
gaps between the EIS coil and the corresponding magnet coil. Additionally, the chapter
examines the current induction in the EIS coil during a quench of the main magnet and

its consequential effects.

5.2  External magnetic interference

Magnetic field variations can occur in a wide range of frequencies. In MRI high-
frequency fluctuations in the ambient magnetic field are shielded by an eddy current
induced in the copper shield, while the low-frequency fluctuations in the ambient field
generally cause significant changes in the central magnetic field, distorting the image

quality.

These fluctuations may occur due to elevators, subways, cars moving in the
vicinity, or other metallic movements near the MRI. Even when these manmade
sources are absent, the earth’s magnetic field can vary. Depending on different
conditions these fields can vary from 10 nT to 10 pT. Fig.5.2 shows the variation of
magnetic field during different hours of day and night measured by a fluxgate

magnetometer recorded at the Accelerator Laboratory, CERN [77].

As stated above, higher-frequency magnetic disturbances can be shielded using
copper or aluminum screening but the low-frequency magnetic disturbances can’t be
shielded using these metals because these are non-magnetic materials and to achieve
screening, the thickness of the material has to be high, which is not feasible. Another
way to shield such low-frequency disturbance is to use high permeability material, but
due to a larger range of frequency these materials will saturate easily.
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CERN, Geneva as measured using a fluxgate magnetometer and a detection bandwidth
of 0.01 Hz.[77]
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5.3  Working principle of EIS coll

EIS coil is made of superconducting wire. It contains a small no of turns as compared
to the main magnet. It is located over each magnet coil and all the coils are connected
in series. The location and number of turns can be calculated by an optimization
method. The superconducting wire used for the EIS coil has a low critical current, I¢
(~10Amp), because a current more than the prescribed value can disturb the
homogeneity of main field. Due to a disturbance, if there is a variation in an ambient
magnetic field, the EIS coil will have an induced current opposing the field
disturbance. The field disturbance will thus not reach the imaging volume. Because
these coils are made of superconductors, induced current can flow forever in a loop.
So, it is necessary to quench the EIS circuit at some specified periodic intervals. For
that, the circuit contains a PCS which can be turned on to quench the EIS circuit.
During the charging and discharging of the magnet the EIS-PCS will be in ON state to
protect the circuit from excessive induced currents which can damage the circuit. The
arrangement of the EIS coil, primary coil, and shield coil is shown in the form of a

block diagram in Fig.5.3.

[CEISPCS ]

—_
S8 S6 S4 S2 S1 S3 S5 s7
— ./ = T 3

MAIN PCS

Figure 5.3 Schematic of EIS coils with main coils.

5.4  Design of EIS coll

The EIS coil of the MRI magnet is designed using the flux conservation principle in a
coupled solenoid. By Lenz's law, any magnetic field produced by an induced current

will be in the opposite direction to the change in the original field. When an external
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magnetic field is applied in a shorted superconducting solenoid, a current is induced
in the superconducting circuit to maintain the total magnetic flux constant. Hence, the
EIS coil would inductively be coupled with external interference. The flux

conservation is governed by the Eq.(5.1) [77],
J. (Bs + Be)dA = 0 (5.1)

Where Be is an external magnetic interference field that induces current Is in

the shorted solenoid or the EIS coil i.e the s coil, which in turn produces a magnetic

field, Bs, and fs dA Signifies the integration over the area of the solenoids.

The induced current in the EIS coil persists as there is effectively no resistance
in this superconducting circuit. If Bo is the central field of the MRI magnet, the
screening factor (S), defined by the variation of central magnetic field per unit

variation of an external magnetic field, which is given by Eq.(5.2);
(5.2)

The screening factor (S) becomes zero for a perfect screening that happens in
case of zero couplings between ddite and ‘%f’. In general, S is expressed by a fraction.

But it can also be expressed in %.

For an external field, Be, the circuit equations for the main coil of the magnet
and the corresponding EIS coil can be written as Eq.(5.3) and Eq.(5.4)

dip, dig . d

Lin ¢+ Msm— + 5 (J Be dA) =0 (5.3)
dly, (s 1% d

LSF-I_MSIHF-F&(IBG dA) :0 (54)
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Where L, , L,,, My, are respectively the self-inductances of the EIS coil, the
magnet coil, and the mutual inductance between them. I,,,, I, are respectively the
current in the magnet coil and the induced current in the EIS coil.

The mutual inductance can be estimated by energy method using the TOSCA
code of OPERA-3D program, where the magnet coil and the EIS coil are energized
separately and then together to find out the stored energy in the magnet coil, the EIS
coil and the total energy stored by the combination of magnet coil and the EIS coil.
Egs. (5) - (7) are the governing equations for the estimation of the stored energy. The
mutual inductance can be calculated by using the energy method governed by Eq.
(5.8).

E, ==& (5.5)
E,, = ‘ol (5.6)
Ep =58 4 Im g ML, 5.7)
M, = %‘:E) (5.8)

Where E, E,,, are respectively the stored energies of the EIS and magnet coils,
and Er is the total stored energy of the coupled system.

One of the critical parameters for determining the dimension and the relative
position of the EIS coil is the mutual coupling between the EIS coil and the magnet
coil. Hence, their coupling factor (K), defined by Eq. (5.9), plays an important role in
designing the effective EIS coil [82-84].
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_ Mgn?
LmLs

(5.9)

It signifies the fraction of magnetic field links due to currents induced in one
coil due to field change in another coil. Though the EIS coil needs to be strongly
coupled with the external interferences, it should have a very weak coupling with the
magnet. However, the EIS coil shares the same space as the magnet. It would

inevitably be coupled to the magnet coil to some extent.

dB,

The temporal change in the central field; ( ” ) can be expressed by Eq. (5.10);

dB,_dBy | dB, | dBs
dt  dt dt dt

(5.10)
Eqg. (5.10) can be expressed in terms of the geometrical factors of the main magnet

(gm) and the EIS coil (gs) coil respectively;

dBo_  dim g%+% (5.11)

dt oM g4t S dt dt

The geometrical factor (g;) of each coil is defined by Eq.(5.12)

Nj ;
Gizms = Tt —— (5.12)

2 (r2422)*?

Where g; is the geometrical factor in T /A, o is 4> 107 H/m, N; is the total
number of turns in the coil, r; is the radius of each coil and Z; is the axial distance from

the center.

Using Egs. (5.3) - (5.11), Eq. (5.10) can be expressed by Eq. (5.13),
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dBo _dBe [ Kgm _ Ty T
oo e | i Loy R (5.13)

Hence, the screening factor; ( ) can be expressed by;

K m T[Zl 1
Gl

(5.14)

Where Ns is the number of turns in each EIS coil and ri is the radius of i" turn
of each EIS coil.

55 Design parameters

The following parameters are important for the design of the EIS coil:

5.5.1 Number of turns calculation

The calculations to determine the position of the EIS coils and the number of turns in
these coils are very important to optimize various parameters. An optimized value is
shown below which can be used in the designing of the EIS coil. Only the turns ratio
can be used but position needs to be optimized according to the dimension of the main
magnet. The turn ratio can vary according to main magnet design. The no of turns of
EIS coil is different for each set of primary coil and shield coil. The ratio shows no. of

turns in the EIS coil per 100 turns of the corresponding coil.

Ng; _ 06
= (5.13)
Ng3 _ 1.8
=1 (5.14)
Jss 19 (5.15)

Nms 100
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Ng; _ 23
Npm7y 100

(5.16)

In this context, Nm1 represents the number of turns in coil 1, Nm3 denotes the
number of turns in coil 3, Nms signifies the number of turns in coil 5, and Nm7 indicates
the number of turns in coil 7. Correspondingly, the number of turns of the EIS coil
corresponding to coil 1 is represented by Nsi, the number of turns of the EIS coil
corresponding to coil 3 is denoted by Nss, the number of turns of the EIS coil
corresponding to coil 5 is indicated by Nss, and the number of turns of the EIS coil
corresponding to coil 7 is represented by Ns7. These parameters are essential for
understanding the configurations and interactions within the electromagnetic induction

system.

5.5.2 Geometrical factor

The geometric factor is a dimension-based value that gives the value of magnetic field
due to one ampere of current. We can calculate the value of the geometric factor of the

main magnet and EIS coil using the equation given below.

_ MoN r?

T2 (12422)32 G.17)

The geometric factor, denoted as g, is measured in Tesla per Ampere (T/A).
The permeability of free space, represented by po, has a constant value of 4rx10~7
henry per meter (H/m). The total number of turns in the coil is indicated by N, while r
refers to the radius of the loop. Additionally, z represents the distance from the center.
These parameters are crucial in determining the magnetic field characteristics in

various electromagnetic applications.

5.5.3 Self-inductance

The self-inductance of a loop of wire with the radius R and circular cross-section of

radius r, can be calculated using the following equation.
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8R 7
Lseir = HoN°R1In (r— - Z) (5.18)

a

For rectangular wire
r,= | (5.19)

For the calculation of self-inductance, the following parameters are considered:
R, which denotes the loop radius of the coil; ra, representing the cross-section of the
wire; N, indicating the number of turns; W, which stands for the width of the coil; and
h, referring to the height of the coil. These factors collectively influence the self-
inductance value, which is a crucial characteristic in determining the coil's ability to

store magnetic energy.

5.5.4 Coupling factor between main and screening coil

The coupling factor has an important role in the making of EIS coils; it gives the
fraction of magnetic field links due to current induced in one coil due to field change
in another coil. The value of the coupling factor lies between -1 & 1. The value of K
is selected such that the EIS coil should have minimum coupling with the main coil,
since during the quench of the main coil minimum current should be induced in EIS
coil otherwise it can be damaged. The coupling factor can be calculated using the

following formula.

(5.20)

In the context of electromagnetic systems, the coupling factor, denoted as K,
is a crucial parameter that measures the degree of coupling between two coils. This
factor is influenced by several other parameters: Msm, which represents the mutual

inductance between the main magnet and the EIS coil; Lm, indicating the total
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inductance of the main magnet; and Ls, referring to the total inductance of the EIS coil.
The coupling factor K is essential for understanding the efficiency and effectiveness
of the energy transfer between the main magnet and the EIS coil, with higher values

indicating stronger coupling.

5.5.5 Mutual-inductance calculation

The mutual inductance can be obtained by the energy method in OPERA-TOSCA,
where the Main coil and EIS coil are energized separately and then together, to find
stored energy in the main coil, EIS coil, and total energy stored by the combination of
both coils. Mutual inductance can be calculated using the energy method which is

given below.

E, = =% (5.21)

E,, = 2l (5.22)

Ep =28 4 Imh g ML, (5.23)
My = 220 (5.24)

Where, Egis the stored magnetic energy of the EIS coil,E,, is the stored
magnetic energy of the main magnet, Er is the total stored energy, M, is the mutual
inductance between the two coils, Lg is the self-inductance of the EIS coil, L, is the
self-inductance of the main magnet, I is the current in the EIS coil, I, is the current

in the main magnet
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5.5.6 Screening factor

The screening factor gives the value of change in the main field (Bo) due to disturbing
field (Bg). This can be calculated using the following formula. For ideal screening the
value of screening should be zero means there is no field change of the main magnet
due to any disturbance.

dB,

s=1-3 (5.25)
Kgm T[ZI 1r12
s=1+ (S -y TDar, (5.26)

In the context of electromagnetic systems, several key parameters play a crucial
role in determining the system's performance. The screening factor, denoted as S, is
important for assessing the effectiveness of shielding in the system. The coupling
factor, represented by K, measures the degree of coupling between the coils. The total
inductance of the main magnet is indicated by Lm, while Ls denotes the total inductance
of the EIS coil. Additionally, the geometric factor of the main magnet, denoted as gm,
and the geometric factor of the EIS coil, represented by gs, are critical for
understanding the spatial configuration and field distribution. The radius of the EIS
coil is indicated by r. These parameters collectively influence the efficiency and

functionality of the electromagnetic system.

5.5.7 Homogeneity of EIS coil

The field generated by the EIS coil is in the range of microtesla but this field in turn
can affect the homogeneity of the MRI magnet thus the selection of the EIS coil should
be such that the central homogeneity (usually in a 45 cm DSV) is unaffected. In this
case, the limit of allowable perturbations inhomogeneity of the EIS coil is set to be 1%
or less in the 45cm DSV so that the MRI magnet homogeneity stays unaffected.
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5.6  Configuration of 1.5 T magnet

We have designed a multi-coil superconducting solenoid magnet for an MRI scanner
that has four pairs of symmetrical coils: 1-2, 3-4, 5-6, and 7-8 placed in an axial
symmetrical position to generate a 1.5 T central field with 5 ppm peak-to-peak
homogeneity in the FOV of 45 cm at its iso-center as shown in Fig.5.5. There are three
pairs (C1- C6) of the primary coil and one pair (C7 -C8) of the active shield coil. The
current in the shield coils (C7 to C8) flows in opposite to the current in the primary

coils (C1-C6). The parameters of the 1.5 T MRI magnet are summarized in Table 5.2.

Table 5.1 The parameters of the whole-body 1.5 T MRI magnet.

Description Value
Central field 15T
Operating current 450 A
Field of View 45 cm
Homogeneity (peak-to-peak) 10 ppm
Number of Superconducting coils 8
Number of primary coils 6
Number of active shield coils 2

5.7  Configuration of EIS coil

A set of superconducting EIS coils needs to be designed for the whole-body MRI
magnet to shield the influence of an external magnetic field. The configuration of the
EIS coil will be determined by various competing designing parameters: mutual
inductance (My,,) with the magnet, the coupling factor (K), and the screening factor
(S). The overall homogeneity in the imaging volume of the magnet produced by the
induced current (Is) in the EIS coil is also a crucial design parameter. The EIS coil
shares the same space as the main magnet inside the MRI cryostat. They remain in

close proximity and outward of each coil of the magnet.

To design the EIS coil, there are a few input variables to begin with: the
position of the EIS coil relative to each coil of the magnet, the size, or number of turns
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in each EIS coil, the number of the EIS coils, and winding sense. The size of the EIS
coil and its relative position are crucial in determining the screening factor and the
coupling factor with the magnet. We have considered eight EIS coils, one each for
each magnet coil, symmetrically positioned radially from the axis and with respect to
the mid-plane in close proximity to each magnet coil and outward of each magnet coil.

The iso-centers for the magnet and EIS coils are the same.

The schematic representation of the cross-section of one of the EIS coils and
its relative position (axial and radial) with respect to its corresponding magnet coil is
shown in Fig.5.4. In Fig.5.4, Ar signifies the radial separation between the EIS coil
and the last layer of the corresponding magnet coil. It also signifies the radial position
relative to its magnet coil. In Fig.5.4, OM is the axial symmetric line for an EIS coil

and its corresponding magnet coil.

The winding width of the EIS coil is represented by (l1 + I.). The relative values
of 11 and I, with respect to the Z; and Z> will define the axial positioning of each EIS
coil. The axial dimension; (I + I2) eventually determines the number of turns in the
EIS coil wound using a particular type of conductor. There is a single layer of
conductor considered for each EIS coil in this present design. The WIC conductor used

for the magnet coils is considered for the winding of each EIS coil.
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Figure 5.4 The schematic representation of the axial and radial position of one of the
EIS coils relative to its associated magnet coil. Due to the axis symmetry
configuration, one-half of the EIS coil and the associated magnet coil have been

shown.

In the case of a superconducting magnet, an enormous amount of axial and
radial stresses will be generated due to the Lorentz force. The over-binding layers are
used on top of the primary coils to limit the radial movement of the coils due to the
Lorentz forces. The EIS coil is wound on top of the over-binding layers. There are also
intermediate layers of mylar for the electrical insulation. Hence the EIS coil is

separated by a certain radial distance from the corresponding primary coil.

5.8 Design of EIS coll

To calculate the geometrical factor of the main magnet, it is essential to have all the
relevant parameters of the magnet. The geometrical factor, which influences the
magnetic field distribution, is determined using equation 5.17. Detailed parameters of
the main magnet, including dimensions, and coil configurations, are provided in Table
5.3.
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Table 5.2 Main magnet Configuration.

Coil Center axial Center radial | Geometric factor,
distance, Z (m) distance, R (m) gm (T/A)

1 0.0956 0.5546 0.00091

2 0.0956 0.5546 0.00091

3 0.3020 0.5315 0.00077

4 0.3020 0.5315 0.00077

5 0.6392 0.5314 0.00084

6 0.6392 0.5314 0.00084

7 0.5848 0.8657 0.00073

8 0.5848 0.8657 0.00073

gm 0.003591549
Table 5.3 Main magnet parameters.
Parameters Values
Self-inductance 37.60H
Geometric factor 3.6 mT/A
Stored energy 3.30 MJ
N \ ‘l 7 /10 ppm 2000000240
) \ }‘ppm ( R I |
) 45 cm DSV Iine \ -2.000000E+0
(a) (b)

Figure 5.5 (a) Homogeneity in the FOV. (b) Homogeneity of the main magnet.

The homogeneity of the main magnet is a critical performance metric,

indicating how uniform the magnetic field is within a specified volume. For the main
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magnet in question, the homogeneity is around 10 ppm peak to peak within a 45 cm
FOV. This means that the variation in the magnetic field strength is minimal, ensuring

high precision for applications requiring a stable magnetic environment.

A contour plot visually represents this homogeneity. In the contour plot:

e The blue colour (In Fig. 5.5 (a)) indicates regions where the magnetic field
deviation is within 2 ppm.

e The pink colour (In Fig. 5.5 (a)) marks areas where the deviation is within 10
ppm.

e The yellow circle delineates the 45 cm FOV, within which the main magnet
maintains the specified homogeneity.

This plot provides a clear visual representation of the magnetic field's
uniformity, highlighting areas with different levels of precision. The 45 cm FOV
outlined by the yellow circle is particularly important as it represents the effective
operational area where the magnetic field is sufficiently uniform for precise
applications. Understanding these details is crucial for optimizing the performance and

application of the main magnet in various scientific and industrial settings

5.9  Different EIS coil configurations and screening factor calculations

Fig.5.6 illustrates the mounting arrangement of the EIS coil alongside the main
magnet. In this set: C1, C2, C3, C4, C5, and C6 are the primary coils, responsible for
generating the primary magnetic field.C7 and C8 are the shield coils, which are
designed to reduce the stray magnetic fields. Each of these primary and shield coils
has corresponding EIS coils, labeled as follows: S1, S2, S3, S4, S5, S6, S7, and S8 are
the corresponding EIS coils that interact with the respective primary and shield coils.

The different configurations of these EIS coils and the calculated parameters
for each configuration are shown in detail below. These configurations include the

number of turns, the physical dimensions, the placement, and the inductance values.
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The calculated parameters help in understanding the performance characteristics of
each coil, such as the mutual inductance between the coils, the self-inductance of
individual coils, and the coupling factors. This detailed information is crucial for
optimizing the electromagnetic system for its intended applications, ensuring
maintaining the field homogeneity.

Magnet Magnet + EIS Coil (Yellow)

Figure 5.6 The position of the EIS coil concerning the main magnet.

EIS coil is wound over each of the main coils and the spacing between the EIS
coil and the main coil is kept the same for each set of coils. The axial position of the
EIS coil is different for each set of EIS and main coil combinations. The parameters
are obtained using OPERA Software and analytical calculations.

Case 1: Uneven radial gap in each coil

In this setup, the gap between the main magnet and the EIS coil varies among different
coils. Specifically, for coils C1 and C4, the gap is maintained at approximately 3mm.
For coils C5 and C6, this gap is increased to around 12mm. Meanwhile, for coils C7
and C8, the gap is further extended to approximately 32mm. This variation in gap
measurements may be designed to achieve specific inductive properties or

performance characteristics for each set of coils. The geometrical factor, which
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influences the magnetic field distribution, is determined using Eq. 5.17 for the EIS

coil, as shown in Table

Table 5.4 EIS coil parameters.

EIS center
N (EIS main or eis coil center radial distance Geometric
coil) axial distance (Z = z) (m) (r) factor, gs (T/A)
29 0.09563 0.5794125 3.01899E-05
29 0.09563 0.5794125 3.01899E-05
37 0.3020225 0.5548755 2.83741E-05
37 0.3020225 0.5548755 2.83741E-05
70 0.639224 0.5728775 2.28118E-05
70 0.639224 0.5728775 2.28118E-05
50 0.584829 0.9358475 2.04624E-05
50 0.584829 0.9358475 2.04624E-05

Table 5.5 The parameters of the EIS coil for case I.

Parameters Values
Self-inductance 0.089 H
Geometric factor 0.02 mT/A
Stored energy 0.044 ]
Mutual inductance 0.702H
Coupling factor 0.384
Homogeneity 2.48
Screening factor 86.30 %
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(a) (b)
Figure 5.7 (a) Homogeneity of magnet and EIS coil in 45 cm FOV. (b) The

homogeneity of magnet and EIS coil in 45 cm FOV for different induced currents.
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The value of the geometric factor is also obtained by OPERA simulation

software which is given in Table 5.6. Fig.5.7 shows the Homogeneity of the magnet

and EIS coil in 45 cm FOV at 1A Current.

Case 2: Even radial gap in each coil

In this setup, the radial gap between the main magnet and the EIS coils is consistently
maintained at approximately 3mm across various coils. Specifically, for coils C1 and
C4, the gap is around 3mm. This same gap measurement of about 3mm is also kept for
coils C5 and C6, as well as for coils C7 and C8. The uniform gap across all these coils
ensures consistent inductive properties and performance characteristics throughout the
system. The geometrical factor, which influences the magnetic field distribution, is

determined using Eq. 5.17 for the EIS coil, as shown in Table 5.7.

Table 5.6 EIS coil parameters.

Table 5.7 EIS Coil parameter for Case II.

Parameters Values
Self-inductance 0.08 H
Geometric factor 0.002 mT/A
Stored energy 0.0431J
Mutual inductance 0.696 H
Coupling factor 0.386
Homogeneity 2.72
Screening factor 98.5 %

main or eis coil EIS center Geometric
N center axial radial factor, gs
(EIS coil) | distance (Z=2) (m) | distance (r) (T/A)
29 0.09563 0.5794125 3.01899E-05
29 0.09563 0.5794125 3.01899E-05
37 0.3020225 0.5548755 2.83741E-05
37 0.3020225 0.5548755 2.83741E-05
70 0.639224 0.5638775 2.25692E-05
70 0.639224 0.5638775 2.25692E-05
50 0.584829 0.9068475 2.05516E-05
50 0.584829 0.9068475 2.05516E-05
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Figure 5.8 (a) Homogeneity of magnet and EIS coil in 45 cm FOV. (b) The

homogeneity of the magnet and EIS coil in 45 cm FOV for different induced currents.

The value of the geometric factor is also obtained by OPERA simulation
software which is given in Table 5.8. Figure 5.8(a) shows the homogeneity of the
magnet and EIS coil in 45 cm FOV.

5.10 Result analysis of EIS coil

To understand the effect of radial separation, different cases of radial gaps:5 mm,10
mm, and 20 mm between the primary coil and the EIS coil are considered for this
study. For each radial position, four sets (Case-1 to Case-4) of turns ratio between the
EIS coil and the magnet coil are considered for the analysis. The details of the turn
ratio for each set of the EIS coil are summarized in Table 2.

Where N, , represents the number of turns in the EIS coil-1 (S1) or 2 (S2) and
N¢1 , represents the number of turns in the magnet coil-1 (C1) or magnet coil-2 (C2).
A similar nomenclature is followed for the remaining EIS and magnet coils. In Case-
4, all the EIS coils have the highest turns ratio. The EIS coil in Case-1 has the lowest
turns ratio. The turn ratios in the EIS coils of Case-3 and Case-4 are almost the same

except for the innermost two coils; C1 and C2.
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Table 5.8 The turns ratio between the EIS coil (Ns) and the corresponding magnet coil
( N¢) for the Case-1 to Case-4.

Turns Ratio | Case-1 | Case-2 | Case-3 Case-4
Ng1,2 0.0059 | 0.023 0.029 0.053
NCl,Z
Ns3 4 0.018 0.030 0.032 0.032
NC3,4-

Nss 6 0.010 | 0.014 | 0.021 0.020
NCS,6
Ns7 g 0.022 0.022 0.024 0.024
NC7,8
£ EIS PCS €«
7 S5 3 81 S2 84 S6 S8

(
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Figure 5.9 The simplified electrical scheme of the EIS coil and the magnet

The electrical scheme of a set of EIS coil and the magnet coil is shown in
Fig.5.9. It shows that all the magnet coils are shorted through a PCS. Similarly, all the
EIS coils are also shorted together through a separate PCS. When this shorted EIS coil
is exposed to a varying, externally generated magnetic field, the total magnetic flux
enclosed by the EIS coil remains constant. When the external field causes a change in
magnetic flux in the EIS coil, the current in the EIS will be induced in a way so that
the variation of the flux within the magnet will be equal but opposed to the external
magnetic flux.
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5.10.1 Geometrical factor:

The geometrical factors of the EIS coil for each case are estimated using Eq.5.10. The
geometrical factor is the constants determined by coil geometry and expressed in Tesla
per Ampere (T/A) that signifies that the field produced at its iso-center per unit amount
of current induced in the EIS coil. Fig.5.10 shows the geometrical factor of the EIS
coil for each case with a radial separation of 5 mm, 10mm, and 20 mm between the
EIS coil and the corresponding magnet coil. It shows that the geometrical factor in
Case-4 is the highest due to the highest number of turns ratio between the EIS coil and
the corresponding magnet coil. The EIS coil in Case-1 has the lowest geometrical
factor due to its lowest number of turns ratio between the EIS coil and the
corresponding magnet coil. As the radial separation (Ar) increases from 5 mm to 20

mm, the geometrical factor in each case is reduced by 1 %, as shown in Fig 5.10.

2E-4

<
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S 1.6E-4
(&)
I
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= -o- Case-2
2 9E-5 - Case-3
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O 8.9E-5

88E_5 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
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Figure 5.10 The geometrical factor of the EIS coil for each with radial separation of 5

mm, 10mm, and 20 mm between the EIS coil and the associated magnet coil.
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5.10.2 Homogeneity

The flux conservation by the EIS coil does not guarantee the homogeneous field
distribution in the FOV. A small amount of induced current through the EIS coil may
deviate from the original field distribution profile. The external field interference
which is coming from a remote source, may have different field profiles than the field
profile by the induced current in the EIS coil. Adding these two opposing fields may

not result in perfect cancellation at every point inside the FOV.

During the magnet's persistent operation, the magnet's current decays very
slowly over time. This decay also causes a slow drift in the central magnetic field (Bo)
which eventually induces a current in the EIS coil. Over a period of time, this drift-
induced current in the EIS coil may again alter the original field distribution in the
FOV of the magnet.

Using the TOSCA code of the OPERA-3D program, the overall field
homogeneity in the FOV at the iso-center of the magnet is estimated for each case
(Case-1 to Case-4) by inducing 0.2 A, 05 A1A,2A,3A,4A,5A of currents in the
EIS coil. The overall homogeneity has also been analyzed in the FOV region for each
case with the radial separation of 5 mm, 10 mm, and 20 mm between the EIS coil and
the corresponding magnet coil.

Fig.5.11 shows peak-to-peak homogeneity in the FOV of 45 cm with induced
current up to 5 A in the EIS coil with the radial separation of 5 mm between the EIS
coil and the associated magnet coil. The '0 A" at the x-axis in Fig 5.11 signifies the
peak-to-peak homogeneity (7 ppm) in the 45 cm of FOV of the magnet without the
EIS coil. The homogeneity is found be deteriorate in the FOV as soon as some finite

amount of current is induced in the EIS circuit for all the cases except in Case-1.

The homogeneity in Case-1 improves initially till 0.5 A of current in the EIS
coil, and then it starts fast deterioration, as shown in Fig.5.11. It has the lowest turns
ratio among the four cases as given in Table 5.9. The highest deterioration in the
homogeneity is observed in Case-1 and Case-4. The homogeneities in both cases

exceed the predefined limit of 10 ppm (x5 peak-to-peak) at 1.5-2 A of induced current
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in their EIS coils as shown in Fig.5.11 In Case-3, the homogeneity deteriorated with
the induction of current but did not exceed the predefined limit of 10 ppm (peak-to-
peak) even up to 5 A of induced current. The peak-to-peak homogeneity in Case-2
reaches up to 11.5 ppm at 5 A of induced current. As the radial separation between the
EIS coil and the magnet coil is increased in each case, a 5-8 % increment in the
deterioration of homogeneity is observed as shown in Fig.5.11. Hence the EIS coils in
Case-2 and Case-3 generate better homogeneity at the iso-center of the MRI magnet.

There is no significant change in inhomogeneity in case of an increase in radial gap.
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Figure 5.11 The peak-to-peak homogeneity in the FOV of 45 cm at the iso-center of
the magnet with the induced current up to 5 A in the EIS coil with radial separation of

5 mm between the EIS coil and the associated magnet coil.
5.10.3 Mutual inductance and coupling factor

Fig.5.12 shows the mutual inductances between the EIS coil and its corresponding
magnet coil in four cases with three values of radial separations (5 mm, 10 mm, and
20 mm) between them. The highest mutual inductance is found to be in Case-3 and
Case-4, which is in the range of 0.55-0.58 H. Case-1 shows the lowest mutual
inductance of 0.18 H. As the radial separation is increased, the mutual inductance is

reduced, especially in Case-3 and Case-4. In Case-1, the mutual inductance almost
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remains the same. The higher mutual inductance between the EIS coil and the magnet

coil signifies stronger coupling, which is unacceptable.
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Figure 5.12 The mutual inductance between the EIS coil and the magnet coil for all
four cases (Case-1 to Case-4) with the radial separation of 5 mm, 10 mm, and 20 mm

between them.

The higher mutual inductance would eventually lead to a higher coupling factor
between them. The behaviour is reflected in Fig.5.12 of coupling factors (K) for all
four cases (Case-1 to Case-4) with the radial separation of 5 mm, 10 mm, and 20 mm.
The coupling factor plays an important role in designing of any EIS coil; it gives the
fraction of magnetic field links due to currents induced in one coil due to the field
change in another coil. Using Eq. (5.20), each case's coupling factor (K) is estimated
with three values of radial separations between the EIS coil and the corresponding
magnet coil. At 5 mm of the radial separation, the lowest coupling factor (i.e., the
weakest coupling) is found to be 0.18 for Case-1. The highest coupling factor (i.e., the
strongest coupling) is found to be 0.38 in Case-3 and Case-4 due to their higher turn's

ratio between the EIS coil and the corresponding magnet coil. As the radial separation
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between the EIS coil and the magnet coil increases in each case, the coupling factor is

reduced by an average value of 5 % in each case, as shown in Fig.5.13.
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Figure 5.13 The coupling factor between the EIS coil and the magnet coil for all four
cases (Case-1 to Case-4) with the radial separation of 5 mm, 10 mm, and 20 mm

between them.
5.10.4 Screening factor

The screening factor (S) is one of the most crucial parameters for designing any EIS
coil. It signifies how effectively the magnet is shielded from the influence of any
external interference. Using Eq. (5.25) and Eq. (5.26), the screening factor for each set
of EIS coil is estimated. Fig.5.14 shows the screening factor for all four cases of EIS

coil with the radial separation of 5 mm, 10 mm, and 20 mm.

_ dBo

dBd) x 100% (15)

S(%) = (

The screening factor in percentage signifies the change in the central magnet field (B,)

per hundred changes in the external field (B,). The shielding factor or screening factor
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should be as high as possible to effectively shield an external magnetic field. The
screening factor for the EIS coil for Case-1 is found to be the lowest. It varies in the

85-86 % range with the variation of the radial separation between the EIS coil.
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Figure 5.14 The screening factor (in %) of the EIS coil in each case (Case-1 to Case-
4) with the radial separation of 5 mm, 10 mm, and 20 mm between the EIS coil and

the corresponding magnet coil.

The screening factor remains greater than 95 % for all other cases of EIS coils.
The screening factor of the EIS coil for Case-2 and Case-4 shows improvement
(signifies improvement) as the radial separation between the magnet coil and the
corresponding EIS coil increases. In Case 3, the screening factor deteriorates as the
radial separation between the EIS coil and the corresponding magnet of the coil is
increased. At 10 mm of radial separation, the screening factors for Case-2 and Case-3
are the same. Hence, the EIS coils in Case-2 and Case-3 provide better shielding of the
external interference in the FOV of the present MRI magnet. The screening efficiency
of case 2 and case 3 is in the range of 99 % means only around 99 % of disturbance

was eliminated; only 1% was present.
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5.11 Induced current during quench

Typically, the temporal stability of the MRI magnet is better than 0.1 ppm /hr. The
corresponding field decay in the primary coils will though slowly induce current into
the EIS coil but will not be able to quench the EIS circuit. Periodic intentional
quenching of the EIS circuit will reset such accumulated current. Whereas during a
quench in the MRI magnet, the magnetic field would be reduced to zero within a few
seconds. The fast change in the magnet's field may induce a large current in the EIS
coil despite their weak coupling. The quenching of the MRI magnet can happen in two
scenarios: (1) during the ramping up of the magnet (i.e., the training quench) and (2)
during the persistent operation of the magnet.

During the ramping up of the magnet, the PCS of the EIS coil will be at a
normal state. During the magnet's persistent operation, the EIS coil's PCS will be in a
superconducting state. Despite the weak coupling between the EIS coil and the magnet
coil, the EIS coil would try to conserve the flux during quench in either condition. The
amplitude of the induced current in the EIS coil would depend on the thermal state

(superconducting state or normal conducting state) of the PCS of the EIS coil.

If the magnet quenches during its persistent operation, the induced current in
the EIS Similarly, Fig.5.15 shows the induced eddy current in the EIS coil for all cases
(Case-1 to Case-4) with 10 mm of radial separation between the EIS coil and the
corresponding magnet coil in correlation with the current decay of the magnet during
a quench when the PCS of the EIS coil is at normal state (during ramping up of the
MRI magnet). The formation of the eddy-current peak in all cases happens at the same
time, i.e., at 2.25 s after the quench. The peak eddy currents in the EIS coil for Case-2
to Case-4 are the same, which is ~ 1.5 A. In Case-1, the peak value of the eddy current
is ~10 % less in comparison to other cases due to its lowest coupling factor (in Fig.
5.13).
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Figure 5.15 The quench-induced eddy current in the EIS coil of all cases (Case-1 to
Case-4) in correlation with the magnet's current decay when the EIS coil's PCS is at

normal state (quench during ramping up of the MRI magnet).

If the magnet quenches during its persistent operation, the induced current in
the EIS coil will be higher due to the prevailing superconductive state of the EIS
circuit. Fig.5.16 shows the quench-induced eddy current in the EIS coil in all four
cases (Case-1 to Case-4) with 10 mm of radial separation between the EIS coil and the
corresponding magnet coil. It shows that the critical currents in the EIS coils of Case-
1 and Case-3 are attained in 0.58 s and 0.47 s, respectively. The weak coupling of the
EIS coil of Case-1 due to its smaller turn ratio makes the time period to attain the
critical current longer. Hence, the PCS of the EIS coil would be quenched

automatically when the induced current in the EIS coil exceeds the critical value.
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Figure 5.16 The quench-induced eddy current in the EIS coils of all four cases (Case-
1 to Case-4) during persistent operation of the MRI magnet (EIS circuit is in a

superconducting state)

5.12 Design and experimental test setup of the PCS

The PCS was made using a multi-filamentary CuNi-NbTi conductor with a
diameter of 0.75 mm. It has 18 filaments of NbTi, each having a diameter of 105 mm.
The critical current of the CuNi-NbTi conductor is 250 A at 5 T. The average normal
resistance of the conductor at 300 K is 1.05 Q /m. The photograph of the PCS is shown
in Fig.5.17. The former of the PCS was made of insulating material. The bifilar
winding technique was used for the PCS to achieve lower self-inductance (~5 pH).
The total normal resistance of the PCS at 300 K and 15 K is 40 Q and 15 Q. Table 5.10
summarizes the design parameters of the PCS. Its winding pack was impregnated with
stycast 2850 FT. A film heater-1 (FH1) having electrical resistance of 90 Q was placed
between the two intermediate layers of the PCS. A silicon diode temperature sensor

was placed at the intermediate layer to measure its temperature.
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Figure 5.17 The PCS mounted onto the 1.5 T MRI magnet.

Table 5.9 Design parameters of the PCS.

Description Value
Superconductor (SC) CuNi-NbTi
Critical Temperature 9.2K
Total length of the conductor used in PCS  38.1m
Normal Resistance at 300K 40 Q
Inductance 5uH

Fig.5.18 shows the schematic of the experimental test setup at 4.2 K. The film
heater (FH1) of the PCS is connected to a DC power supply (24 V, 0.5 A) i.e., the EIS
PCS controller, as shown in Fig.5.20. The PCS is connected to a separate DC power
supply (24 V, 0.5 A) to feed the current through the PCS at the normal condition to
measure the normal resistance. The voltage across the film heater and the PCS was
simultaneously measured using a digital oscilloscope which was interfaced with a
laptop for data recording.
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Figure 5.18 The schematic diagram of the setup for testing the PCS of the EIS circuit.

Fig.5.19 shows the voltage and the temperature profile of the PCS of the EIS
circuit with 100 mA of current through the FH1. The temperature of the PCS was
measured to be 5.3 K, thereby indicating a superconducting state. The resistance was
measured by feeding 250 mA of current through the PCS. The PCS's temperature was
increased by 0.3 K while feeding the current through the PCS. The voltage measured
across the PCS was less than 1 V, as shown in Fig.5.19. Therefore, the resistance

calculated for the PCS is ~ 3.5 W, signifying a partial quench of the PCS.
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Figure 5.19 The PCS's temperature and voltage profile with 100 mA of current through
the FH1 and 250 mA current through the PCS.



154

To achieve the full quench of the PCS, its heater was fed 250 mA of current.
Fig.5.20 shows the voltage and the temperature profile of the PCS of the EIS circuit
with 250 mA of current through the FH1. The temperature of the PCS was measured
to be 9.5 K, indicating a normal state. The normal resistance was again measured by
feeding 250 mA of current through the PCS. The PCS's temperature was increased by
0.4 K while feeding the current through the PCS. The voltage measured across the PCS
was ~ 2.5V, as shown in Fig.5.22. Therefore, the normal resistance calculated for the
PCS is ~ 10 W, signifying the full quench of the PCS.
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Figure 5.22 The temperature and the voltage profile of the PCS with 250 mA of current
through the FH1and 250 mA of current through the PCS.

513 Summary

A detailed study has been carried out on several competing parameters, namely, mutual
inductance, the coupling factor, the homogeneity, and the screening factor, for several
configurations of EIS coil having different values of turns ratio and the radial
separation between each EIS coil and the corresponding magnet coil. The number of

turns in each EIS coil would eventually determine the winding width, i.e., the axial
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width of each coil. Hence the variation in the turns ratio in the EIS coils signifies the
variation of their axial width in each coil. The axial width of each EIS coil plays a
much bigger role than the radial separation in generating better peak-to-peak
homogeneity in the FOV at the iso-center of the MRI magnet. The higher turns ratio,
increases the mutual inductance and the corresponding coupling factor but provides
better screening factors. The moderate turns ratio in the EIS coil of Case-2 and Case-
3 provides better homogeneity and the screening factor for the given 1.5 T MRI
magnet. A moderate amount of radial separation is considered for the present design
of the EIS coil. The current induced in the EIS coil during the quench in the MRI
magnet at different working scenarios is also analysed in detail.

Also, a PCS for the EIS coil of the 1.5 T MRI magnet has been designed,
fabricated, and tested in liquid helium. A comparative analysis of the temperature
profile and switching behaviour was analysed. The current for the heater for the normal
transition was finalized to be 250 mA.



156

CHAPTER 6

EIS BYPASS DIODES

6.1 Introduction

The power diodes play a vital role in the operational aspects of a
superconducting magnet. The selection of the diodes is crucial for optimal
performance and reliability. These diodes are placed within the magnet cryostat, which
subjects them to liquid helium (4.2 K) or cryogenic temperatures. The behavior of the
diodes can change significantly at cryogenic temperatures. Hence, it is essential to
characterize the behavior before they are installed onto a superconducting magnet
system. In this chapter, the testing procedures and results for the two power diodes at

temperatures of 300 K, 77 K, and 4.2 K were discussed in detail.
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6.2  EIS bypass diodes

To protect the magnet against such external disturbances, external interference
screening (EIS) coils are used, which are wound over each of the eight coils and
shorted via a separate PCS [78-81]. External field disturbances induce a persistent
current in the EIS coils that produce a field that is equal to and opposite the external
field, which prevents distortion in the main field Bo. To protect the PCS against the
excessive current that can be induced during the quench of the main magnet or any
other eventuality, a bypass path consisting of a set of back-to-back power diodes is
provided. The behavior of the power diodes can change significantly at cryogenic
temperatures. Hence, studying their performance before installing them onto a
superconducting magnet system is essential. Various research groups [61-64] have

used different methods to protect the PCS in the main magnet, and EIS.

The characteristics of power diodes at 77 K at the liquid nitrogen boiling point
have been the subject of a sizable number of investigations [116]. However, limited
studies on power diodes at liquid helium temperature (4.2 K) are available [9-10,12].
The primary properties that have received the most attention are as follows: a) forward
voltage, which typically increases at cryogenic temperatures; b) reverse (breakdown)
voltage, which falls by about 20 %; c) resistance, which falls [117-121]; and d) reverse
recovery characteristics, which typically increase at cryogenic temperatures and cut
switching losses by 80 % [117-121]. However, because all the specific semiconductor
components behave differently, the information provided in these articles is not

general.

As discussed earlier, an MRI magnet runs in the persistent mode through a
PCS. The PCS has a non-inductive superconducting coil, and a heater wound over it,
as shown in Fig.3.1. For magnet energization, the heater is 'switched on," which turns
the PCS to the normal state. The current starts flowing through the magnet. Once the
field is ramped up to the required field, the heater current is ‘turned off. The current
now flows persistently through the magnet in a closed loop without dissipation, and
the magnet power supply is disconnected, which produces a field with unprecedented

stability.
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The simplified electrical scheme of the main magnet coils and the EIS coils is
shown in Fig.6.1. Each PCS is linked in series with the respective circuits, one for the
main magnet circuit (MAIN PCS) and the other for the EIS circuit (EIS PCS). These
PCSs enable the main magnet and EIS coils to run in the persistent mode. Two sets of
back-to-back power diodes are connected in parallel with the MAIN PCS and the EIS
PCS. These diodes protect the PCS coils against the excessive current built up during

the magnet quench or during any eventuality thereby providing an alternate parallel
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Figure 6.1 Simplified electrical scheme of the magnet circuit and the EIS circuit of an

MRI magnet.

6.3  Diode parameters

Based on the simulation results explained in Chapter 5 and considering the current
carrying capacity of EIS coils, two types of power diodes were selected for
characterization. Fig.6.2(a) shows a standard recovery diode (Stud Version) 70 HFR
120, and Fig.6.2(b) shows an ultrafast avalanche sinter glass diode BYV 28-200 [16-
17]. The specifications of these diodes are summarized in Tables I and Il. These diodes
have been tested at room temperature and at cryogenic temperature.
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(b)
Figure 6.2 (a) Vishay diodes: (a) standard recovery diode (stud version) 70 HFR 120

[122]; (b) Ultrafast avalanche sinter glass diode BYV 28-200 [123].

Table 6.1 BYV 28-200 diode parameters.

Items Value

Make Vishay

Part No. BYV 28-200
Forward Voltage 1.1V @25°C
Forward Current (Ig) 35A

Reverse Voltage (VRr) 200

Junction operating Temp -55t0175°C
Casing Sintered Glass Case
Weight 858 mg

Table 6.2 70 HFR 120 diode parameters.

Items Value

Make Vishay

Part No. 70 HFR 120
Forward Voltage 1.35V @ 25 °C
Forward Current (Ig) 70 A

Reverse Voltage (\VRr) 1440

Junction operating Temp - 65to0 180 °C
Casing Aluminum body
Weight 1200 mg

These power diodes are classified as standard recovery diodes (70 HFR 120)

and fast recovery diodes (BYV 28-200). In the fast recovery diodes, as the name

indicates, the recovery time (tr) and the recovery charge (Qr) are reduced by the

lifetime control of the minority carrier, which enhances the recombination process.
Because of this, the diodes have a higher conduction drop (1.1 V). The BYV 28-200
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diode has a current rating of 3.5 A, whereas the blocking voltage rating of 200 V has
the following ratings: Vem- 1.1 V, Irrm- 1 UA, and tir - 30 ns. The standard recovery
diodes 70 HFR 120 have a lower conduction drop (considering the same rating) but a
higher tir [124].

6.4  EIS PCS diode assembly

The EIS PCS assembly consists of two sets of series-connected diodes connected in
the back-to-back configuration, as shown in Fig.6.3. The diodes are mounted on an L-
shaped copper plate. Using two diodes (series connected) ensures that the bypass path

remains active even when one of the diodes fails.

Figure 6.3 The back-to-back diode assembly of EIS circuit.

6.5  Forward voltage test

A forward voltage test is conducted on the devices shown in Fig. 3. The testing of
diodes is performed at room temperature, at 77 K reached when using liquid nitrogen,
and at the 4.2 K reached using liquid helium. A KEPCO power supply (72V @ 6 A)
is used for their characterization at various temperatures. A simplified schematic of

the test circuit is shown in Fig.6.4.
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A diode is connected in the forward bias configuration with a power supply,
which is in the current-driven mode, as shown in Fig.6.5. A 5 Q current limiting
resistor and a shunt resistor of 0.1 Q are connected in series with the power supply.
The shunt resistor is connected to monitor the supply current. The voltage taps are
connected across the diode to monitor the forward voltage. The 77 K test setup is
shown in Fig. 7. A double-walled vacuum jacketed cryo-bucket is used to carry out
the V-1 characterization at 77 K using liquid nitrogen. The temperature of the liquid

bath was maintained during the measurement.

Shunt Rs=0.1Q Limiter R=5Q
AMAA AMMA

KEPCO POWER

SUPPLY HFR 120 BYV 28
(6A, 72V) [

Figure 6.4 Simple electrical circuit diagram for the V-1 characterization of the diodes.

Pl © E |
" T

Power Supply
6A,72V

Figure 6.5 Photograph of the experimental test set up for the V-I characterization of
diodes at room temperature (300 K).
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Figure 6.6 Photograph of the experimental test set up for the V-I characterization of

diodes at 77 K.

l BVY28-200 Diode

HFR120

-~

| 70 HFR 120 Diode |

Figure 6.7 Mounting configurations for two diodes on a fixture.

A separate test setup was used for the V-1 characterization of the diodes at 4.2
K when using liquid helium. Both the stud and fast recovery diodes were mounted in
the back-to-back configuration for their low-temperature V-1 characterization. The

mounting schemes of the diodes are shown are in Fig.6.6.
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Figure 6.8 (a) Photograph of the 4.2 K test probe for the diodes; (b) V-I

characterization test setup of the diodes at the temperature of LHe (4.2 K).

The test probe and test setup used for characterization at 4.2 K are shown in
Fig. 6.8(a) - Fig. 6.8(b). The V-1 characterization was limited to the operating current
of 5 A to match the simulation of the induced current. The forward voltage of the diode
was monitored under a continuous supply of DC current (~5 A) for a prolonged period,

which ensures the long-term forward voltage stability of the diode.

The test setup used for the V-1 characterization of the EIS PCS diode assembly
as shown in Fig. 6.5 at 300 K and 77 K is shown in Fig.6.9. A Danfysik system 9100
magnet power supply (200 A, 10 V) is used for the characterization of the diodes at
300 K and at 77 K. The voltage taps used across each of the diodes were used to
measure the forward voltage. A forward current of up to 5 A was applied to each of

the diodes in steps.
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Figure 6.9 Test setup of the PCS diode assembly at room temperature (300 K).

6.6 Results and discussion

V-1 characterization results of HFR 120 and BYV 28-200 diodes at 300 K, 77 K, and
4.2 K are shown in Fig.6.10, Fig.6.11, and Fig.6.12, respectively. The forward voltage
of the diodes at 300 K is around 0.6 to 0.7 VV and at 77 K it is around 0.9 and 1 V for
BVY 12 and HFR 120 diode respectively. At 4.2 K, the forward voltage of the HFR
120 is ~ 4.78 V, and for the BYV 28-200, it is ~ 4.5 V. The current carrying capacity
of the BYV 28-200 is smaller than that of the HFR 120 diode, as mentioned in section
6.2. As shown in Fig.6.12, the curve displays a drop in the voltage while the forward
current increases from 1 A to 2 A. Hence, it exhibits a negative differential resistance
(NDR) region in the V-I curve. The Ohm's law still holds in the linear region of the V-
I curve. However, it is not applicable in the NDR region. The reason behind such a
high degree of reduction in the forward voltage is due to the high amplitude of the
forward current flowing through the junction of the diode, which causes a substantial
amount of joule heating, which generates a localized heated zone that eventually
spreads throughout the junction. When the localized temperature increases, the
forward voltage of the diodes decreases. The NDR does not create any problem for
applications. The main parameter is the threshold forward voltage that is used to start

bypassing the current of the EIS PCS in case of any eventuality. Once the diode starts
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conducting, the current of the EIS circuit starts dissipating through the diodes resulting

in a reduction of the current in the circuit.

During the forward bias, the diode can be represented by an offset junction
drop and an equivalent series resistance that slopes positively in terms of the V-I
characteristics. The diode has a typical forward conduction drop of 0.7 V that increases
with a reduction in the junction temperature. The forward voltage of the power diodes
was increased up to 6.5 times at 4.2 K. Similarly, the forward voltage of the diodes
increased up to 1.71 times when it was cooled to 77 K. The increase in the forward
voltage observed at lower temperatures is caused by a reduction in the carrier density
at cryogenic temperatures. The junction starts behaving like an insulator. The

following factors contribute to the change in forward voltage at low temperatures.

1. The carrier density is affected by the junction temperature.

2. When the carrier density is low, the junction temperature acts as an insulator at

low temperatures.

3. In terms of the junction voltage at the junction region, the transport current flows
easily across weak places. This occurs because the current moves locally, and has a
high current density. Because of the high-power density of joule heating, this region
IS heated up rapidly [117-121].

Considering the current carrying capacity and observing the V-1 characteristics
of both diodes, the HFR 120 diode was selected for EIS PCS protection purposes. The
EIS PCS diode assembly is placed in a region with a minimum background field (<
0.6 T) inside the MRI magnet system to minimize the field-induced effects. The effect
of the magnetic field on the forward voltage appears to be favorable when the field
and current travel the same through the diode [120]. In the experimental system, the
diodes were placed in such a way that the magnetic field is parallel to the flow of the
current from the diodes.
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Figure 6.10 Forward characteristics of HFR 120 and BY'V 28-200 diodes at 300 K.
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Figure 6.12 Forward characteristics of HFR 120 and BYV 28-200 diodes at 4.2 K.
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Figure 6.14 Forward characteristics of the back-to-back diode assembly of the PCS
assembly at 77 K.

V-1 characterizations of the back-to-back diode assembly for the PCS at 300 K
and 77 K are shown in Fig.6.13 and Fig.6.14, respectively. The diode assemblies
perform admirably at both 300 K and 77 K. Due to limitations in the test setup, the
assembly was not tested at 4.2 K.

In the case of the PCS, the on-state resistance is around 15 Q. Thus, if more
than 0.6 A of current is induced in the EIS coil, the voltage across the PCSis 9 V. In
addition, the current bypasses through the diode assembly when the series voltage of
both diodes is around 8.9 V.

During testing of the diodes at 77 K and 4.2 K, each of the diodes was kept at
the operating temperatures for at least an hour. In addition, each of the diodes was
gone through the thermal cycling between 77 K or 4.2 K and 300 K at least for 2-3
times during the experiments. No physical damage was observed in the packaging of
the diodes due to their usage at cryogenic temperature.
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6.7 Summary

V- | characteristics of power diodes were studied at various temperatures to analyze
their behaviors under different operating conditions. At room temperature (300 K), the
power diodes exhibited a forward voltage drop in the range of 0.6-0.8 V and a reverse
leakage current that is usually negligible. At lower temperatures, such as 77 K and 4.2
K, the characteristics of the power diodes changed significantly due to reductions in
the thermal energy and mobility of carriers. The forward voltages of the HFR 120 and
the BYV 28-200 are 4.78 V and 4.5 V at 4.2 K, respectively. The commercially
available packages of both diodes were found to be suitable for the cryogenic
temperature range. No deterioration was found in either of the packages at 77 K and
4.2 K. The performances of the diodes were certified at low temperatures.
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CHAPTER 7

CONCLUSION, FUTURE SCOPE AND SOCIAL IMPACT

In conclusion, this comprehensive study has significantly advanced the development
and understanding of critical components within a 1.5 T actively shielded
superconducting MRI magnet, addressing both theoretical and practical aspects that

are essential for optimizing MRI performance.

The development of the 4 K insert has been a key achievement, enabling
precise characterization of superconducting joints. The measured electrical resistance
as low as 8 x 107'* Q at zero field between different conductors, such as Cu -NbTi and
CuNi-NDbTi, highlights the effectiveness of the insert in achieving near-perfect
superconducting conditions. The ability to induce a current of 525 A in the secondary
coil or the test coil, further underscores the capability of the 4 K insert to simulate
operational conditions, providing insights into the joint’s behavior and ensuring its
reliability in actual MRI applications. Long-term field decay measurements have also
confirmed the stability and performance of these joints, ensuring that they meet the

stringent demands of MRI technology.
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The research has also focused on the development and testing of a prototype
PCS for a whole-body MRI magnet, a crucial component for ensuring the magnet’s
stability and operational efficiency. The comparative analysis of temperature profiles
and switching behaviour with various thermo-foil heaters has been instrumental in
identifying optimal operating conditions. Specifically, FH2 with a 250-mA input
current, was found to offer the best performance by creating a balanced temperature
profile while minimizing heat dissipation during ramping. These findings have been
used to fine-tune the input parameters for the final PCS, ensuring that it meets the

operational demands of the MRI system.

The investigation into the electromagnetic interference shielding (EIS) coil has
provided a deeper understanding of the complex interplay between various design
parameters. The research demonstrated that the axial width of each EIS coil plays a
more significant role than radial separation in achieving peak-to-peak homogeneity in
the field of view at the MRI magnet’s iso-center. By varying the turns ratio, the study
was able to balance mutual inductance, coupling factor, and screening effectiveness.
It was found that a moderate turns ratio, as seen in the EIS coils of Case-2 and Case-
3, offered the best combination of homogeneity and screening, which is crucial for
maintaining image quality and system stability in a 1.5 T MRI magnet. The analysis
also extended to the behavior of the EIS coil during quench scenarios, providing
valuable data for improving the safety and reliability of the MRI system under various

operational conditions.

Furthermore, the study of power diodes at cryogenic temperatures has yielded
important findings for their application in MRI systems. The V-I characteristics of
power diodes such as HFR 120 and BY'V 28-200 were extensively analyzed, revealing
significant changes in their behavior at lower temperatures, such as 77 K and 4.2 K,
compared to room temperature. The increased forward voltage drops at these
temperatures and the negligible reverse leakage current confirmed the diodes'
Suitability for cryogenic environments. Importantly, the diodes’ performance at low

temperatures was certified, with no observed deterioration in their commercial
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packages, ensuring their reliability when used in the EIS PCS protection circuit. The
HFR 120 diodes, in particular, were integrated into the circuit, enhancing the overall

safety and efficiency of the system.

In summary, this thesis has provided a detailed and rigorous exploration of the
development, optimization, and testing of essential components for a 1.5 T MRI
magnet. The insights gained from the superconducting joint characterization, PCS and
EIS coil design, and cryogenic diode performance offer valuable contributions to the
field of MRI technology. These advancements not only improve the reliability and
performance of MRI systems but also set the stage for future innovations in
superconducting magnet design and application. This work has laid a robust
foundation for further research and development, paving the way for more efficient

and effective MRI technologies in both clinical and research settings.

The research presented in this thesis opens several avenues for future
exploration and development in the field of superconducting MRI technology. One
promising area is the further refinement of superconducting joint fabrication
techniques. While the solder matrix replacement method has shown significant
improvements, there is potential for developing new lead-free superconducting
materials or processes that could further reduce resistance and enhance joint stability
under varying operational conditions.

The rapid growth of High-Temperature Superconducting (HTS) technology is
driving the need for further research into MRI Field. Developing efficient HTS
creating reliable superconducting joints between HTS and LTS materials are key
research areas with significant potential. Success in these areas could greatly enhance
the performance and efficiency of MRI systems and other applications in the
superconductivity field. If the superconducting joints perform well, they could lead to
breakthroughs in the MRI industry, among other sectors.

Lastly, the development of higher field strength MRI magnets, suchas 7 T or
beyond, could benefit from the methodologies and insights gained in this study. As
MRI technology advances, there will be a growing need to scale these findings to
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accommodate the increased demands of higher-field systems, which could
revolutionize medical imaging and research.

The advancements in MRI technology resulting from this research have
significant social implications, particularly in the fields of healthcare and medical
diagnostics. The development of more reliable and efficient MRI systems directly
contributes to the improvement of diagnostic accuracy, enabling earlier and more
precise detection of medical conditions such as tumors, neurological disorders, and
cardiovascular diseases. This, in turn, can lead to better patient outcomes, as timely
and accurate diagnosis is critical for effective treatment.

Moreover, the innovations in superconducting magnet design and the enhanced
reliability of MRI systems could make advanced imaging technology more accessible.
As these technologies become more refined and cost-effective, it may be possible to
reduce the overall cost of MRI systems, making them more widely available in
healthcare facilities, including those in underserved or remote areas. This increased
accessibility can help bridge the gap in healthcare disparities, providing high-quality
diagnostic tools to populations that previously lacked access.

In addition to healthcare, the broader implications of this research extend to
scientific research and industrial applications. High-field MRI systems are crucial
tools in neuroscience, materials science, and chemistry, among other fields. The
improved performance and reliability of MRI magnets could accelerate discoveries in
these areas, leading to advancements in our understanding of complex systems, the
development of new materials, and innovations in other industries.

In conclusion, the research presented in this thesis not only advances the field
of MRI technology but also holds the potential for far-reaching social impacts,
improving healthcare, advancing scientific research, and contributing to the broader
adoption of superconducting technologies across various industries.
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