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Vorführender
Präsentationsnotizen
A High-temperature superconducting MRI R&D project is in progress promoted by the Korean government to innovate the medical device industry. 
The main goal of this project is to develop a high-temperature superconducting MRI magnet technology that does not use liquid helium with a central magnetic field of 6 Tesla or more in a 230mm bore. 
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Vorführender
Präsentationsnotizen
In this presentation, starting with the potential of HTS MRI technology as a motivation of this project,
I will introduce the R&D target and the plan of this project
and report some initial design results of the magnet 
and then conclude this presentation with our future plan and some requirement of HTS tape for MRI magnet.
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1. Background(1)- Why we need higher magnetic field MR
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Vorführender
Präsentationsnotizen
This is about the necessity of developing a high magnetic field MRI magnet.
The MRI market is forecasted to be 15.3 billion U.S. dollars with 6% of annual growth until 2030. It’s a huge market.

In particular, we can get clearer image acquisition with the minimum image acquisition time on the high field MRI. So the demands for them will have been growing significantly.

The magnet cost occupied about 38% at the 1.5 T MRI system, but it is expected to increase to more than 70% in the high field MRI over 7 Tesla.

Therefore, the development of a strong magnetic field superconducting magnet as a core component for the high field MRI, is considered to be very important technically and economically.
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1. Background(2)- Limitation of LTS magnet
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Vorführender
Präsentationsnotizen
As shown in the upper left graph, the NbTi superconducting wire used for LTS MRI is not easy to produce more than 7 Tesla due to its material performance.
In addition, the operating cost of MRI in the medical field has been already increasing significantly due to the supply instability of helium.

Recently a 11.7 T 900 mm LTS MRI magnet (ISEULT) is about to be completed.
It has 4 square meter foot print and weighs 130 tons and uses superfluid helium, which is lower temperature than liquid helium.
As you see in this example, it seems to be not easy to develop a ultra-high field whole body MRI with LTS magnet.
And it may not best-fit into clinical use in hospitals because of its size, weight and cost.


IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), December 2021.
Invited presentation NM-4 given at CCA 2021, October 11 — 15, 2021, Virtual.

1. Background(3)- No insulation HTS magnet

Remove insulation layer: No-insulation magnet technology

Conventional HTS No-insulation magnet Design comparison Example : 11.7T MRI magnet
magnet LTS vs. NI-HTS
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Operating Temp. 1.8 K 42 K
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Vorführender
Präsentationsnotizen
High-temperature superconducting wire has been considered to be suitable for high magnetic field applications due to its excellent magnetic field performance.
However, despite of this excellent performance, there was a ‘burn out problem’ under the quench. 
It has been an obstacle to the expansion of the application.

This table explains the basic mechanism and characteristics of NI technology to improve the stability of HTS coil.
The advantages of NI technology has been already verified through many experiments over the world.

By using this technology, it is expected to develop a ultra-high magnetic field HTS magnet with high safety while utilizing 100% of the excellent magnetic performance of the high-temperature superconducting wire.

If a magnet with the same specifications as the 11.7 Tesla LTS MRI mentioned above is made with a non-insulated high-temperature superconducting magnet, it can be implemented with 1/10 of the volume and 1/13 of the weight, and the cost can be reduced by 1/4.
As such, the high-temperature superconducting magnet technology is being evaluated as an innovative technology that will completely change the field of magnetic field an-insulation pplications.
The HTS MRI magnet with NI technology may be an alternative solution for the ultra high field MRI magnet. 
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2. Project Target
: Sep 2020 ~ Dec 2023 $3.5M

(40 months) (Funded by Korea government)

SuperGenics Co., Ltd.

Collaborators Seoul National University(SNU), Korea Electrotechnology Research Institute(KERI)

Kunsan National Univ., ChangWon National Univ., Korea University.
Project Target
Center field : > 6T Bore : >200mm (RT)

HTS magnet e—

« Central magnetic field > 6T

- Stable superconducting magnet
+ Wire supplier : SuNam

+ Quench protection

Magnetic field performance

« RT bore >200mm

- Field uniformity : <10 ppm

- Passive shimming

- Distortion by eddy current<10%

- Field drift : <1ppm/hr

« High performance Gradient coil

- Screen current minimize operation

Conduction coolinge

- Operating temperature :20K
- Temperature gradient < 5K

Ref : Google Image ‘Phillips Helium free MRI system’


Vorführender
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This the technical specifications of the magnet we are to achieve in this project.

Key design philosophies include: 
‘use of the “metal insulation” to mitigate the so-called “no-insulation” drawbacks; 
and ’liquid-helium-free by use of conduction cooling at 20 K.’

HTS magnet with 6 T central magnetic field and with over 200 mm room temperature bore will be developed.

By applying helium-free conduction cooling technology, we will develop a cooling technology that limits the magnet temperature below to 20 K with the temperature gradient within 5 K in the magnet.
In addition, passive shimming and high performance gradient coil technology will be applied to achieve the magnetic field quality target of 10ppm of the field uniformity and 1ppm/hour of the field drift. 
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3. Research contents— break through technologies
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the technologies we currently have and the technologies that should be developed through this project are sorted and organized.
We plan to fully utilize the relevant detailed new technologies possessed by our team and domestically and additionally develop technologies necessary for the high-temperature superconducting ultra-high magnetic field MRI magnet, which is the goal of this project.
In particular, we plan to develop technology for minimizing temperature gradients, active shielding gradient coil technology, high magnetic field ferro shimming technology, highly uniform magnetic field design technology for high-temperature superconducting MRI, and precision winding technology, and conduct long-term operation loss evaluation.
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3. Research contents — Road map
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Vorführender
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Next is the road map of our project which has 2 phases in 4 years 

In the first phase, the module coils of the superconducting magnet will be manufactured, and in the second phase, the magnet system will be integrated and tested. 

In first year, the performance requirements for high field MRI system are surveyed in detail to derive design parameters.
Afterwards, we design the MRI magnet system through electromagnetic, thermal, structural analysis. 
Based on these analysis results, we design the shape of the module coils and the bobbins to be manufactured in second year.

In second year, the module coils are manufactured by applying the precise winding technique, joint resistance minimization technique and optimized electrical and thermal connection structures.

After making the module coils, the performance test is carried out for each module coil according to the pre-defined evaluation process.
In addition, we will prepare the protection circuit and gradient coil design.

In 3rd year, the module coils are assembled to magnet and the magnet system including the conduction cooling cryostat is integrated.
By applying the ferro shimming, reversal current sweep technique, and interference mitigation technology between magnet and gradient coil,  we carry out the evaluation of the improved magnetic field performance.

In the last year, long-term operation tests will be performed according to the normal operation protocols and accident response protocols to verify the reliability of the magnet system.

Through this 4 year R&D, we will complete the development of an high field MRI magnet system of 6 T and we will also secure the design of whole body HTS MRI magnet of from 7 T to 14T reflecting this R&D results.
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4. R&D Team
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Vorführender
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Our R&D team  includes Korea Electrotechnology Research Institute, Seoul National University, Changwon National University, Korea University, Kunsan National University and Korea Maritime and Ocean University.
They are the best experts and specialized organizations related to the superconducting magnet technology in Korea.

Seoul National University Dr Seung-yong Hahn is one of the world best expert in HTS magnets.
Professor Seungkyun Lee is an expert in gradient coils and has extensive experience in developing commercial MRIs.
Professor Seok-Ho Kim of Changwon University has developed cooling technology for various superconducting devices.
Professor Mincheol Ahn of Kunsan University is the best expert in ferro shimming technology and magnetic field control technology. 
And KERI has the R&D experience on superconducting devices for 40 years.

The university team is in charge of magnet design and core technology development.
The KERI is in charge of the test and evaluation.
And Supergenics, as a project leader, is in charge of manufacturing the magnet system.

I dare to say that the highest level of dream team in Korea was organized for the success of this project.
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5. Research results - Magnet design

€ Shape of magnet | Tape width

i m —— 8.1mm
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v" Homogeneity : ~100ppm on 120 mm DSV
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»  Multi-thickness of metal co-winding turns
v Thickness of STS tape : 60 um~120 um
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Vorführender
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I would like to briefly introduce the results of our research so far.

This is about the magnet design.
Based on the simple magnet design to get 6T central field, 
the width of coil, the number of turns and inner radius of coils are optimized to get the 100ppm homogeneity.
In results, we have designed HTS magnets with many DPC coils as shown here.
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5. Research results - Magnet design
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Vorführender
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The critical current of the magnet was analyzed.
SuNAM HTS wire of 200A Ic @ 77K will be used for our magnet.
Based on the Ic characteristics of the wire in magnetic field at 20K, the critical current of each module coil was calculated.�The minimum critical current of the  magnet is expected to be 202A, which is about 10% higher than the operating current.                                                                                                                            
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5. Research results - Magnet design

€ Homogeneity of magnetic field
» Ideal design

L . Statistically approach
v' std error : arise from manufacturing imperfections
v" Simulated using Monte-Carlo method, assuming standard deviation of tape
thicknesses and coil heights are 3 um and 0.2 mm respectively
I-b » Considering SCIF (Screen Current Induced Field) error
v Arise from non-linear properties of superconducting resistivity
v Simulated using FEM (H-formulation with domain homogenization method)

L . Check the change of homogeneity by the thermal contraction after coolong

Harmonics Error of Magnetic Field (120mm DSV) [ppm]

Order Ideal design SCIF error

184.4

-25.6 +42.5 -70.5
- +19.4 -
2.9 +8.2 -0.4
- +3.3 -
-0.2 +13 0
- +0.5 -
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In order to achieve the target homogeneity of the magnetic field, we considered to calculate the STD error using the statistical approach and SCIF error through FEM simulation with H-formulation, respectively. After that, the change of homogeneity by the thermal contraction after cooling was checked and applied to the ideal design. 
The harmonics error of magnetic field in the ideal design was 28.7 ppm and the maximum std error was calculated to ±313.6 ppm with 95% probability. 
The total SCIF error was estimated to -70.9 ppm.
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5. Research results - Magnet design

Parameters Design Values
Inner radius (without bobbin) [mm] 160~173.2 mm
Shape of Outer radius [mm] 202.72 mm
magnet Height of magnet [mm] 898.8 mm
Number of DPC 82
lop [A] for 6T 180.6
Current
Ic [A] (margin) 202.6 (10.9%) @20K
B field (center) [T] @ lop 6
Magnetic | Ideal design 28.7
field Homogeneity Statistically +£313.6 (95% probability)
(PPM)
SCIF 70.9
Stored energy [MJ] @ lop 1.292
Energy
Inductance [H] 79.2
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The design parameters and target electromagnetic performance were summarized in this table.
The module coils had various inner radius from 160mm to 173mm while the outer radius is same to all coils.
The magnet is made up of 82 DPC coils.
The operating current is 180 A at 20K and it has 10 % margin.
The total magnetic energy and inductance are 1.3 MJ and 79.2 H, respectively. 
The magnetic field performance was mentioned on the previous slide. 


5. Research results — Thermal analysis

€ Heat load and temperature analysis

Without current Current operation

Radiation Magnetization loss

Conduction through » Turn-turn current loss » Temperature after
supports Quench

Conduction through Yy ALETL [

leads

Joint and current lead loss

Temperature [K]

Heat load [W] (min/max/dT)

Parts
Resist- Radiation Eddy Magneti Current Support | Total w/o with After
ance current zation current leads Current Current Quench

Radiation

Shield 21 i ) i 2> ) 46 i i )
10.5 13.6 -
/ / /

Magnet 217 0.362 5.55m 1.19 2.67 - 2.65 9.05 1.3 17.0 78.6
/ / /

0.8 34 58.6
Cold head 15.1 W @ 20 K (Cooling capacity of cryocooler, 60 Hz) 10.0 12.3 -
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Präsentationsnotizen
We performed the thermal analysis and estimated the heat load with the expected temperature, through FEM simulation.
First, the heat invasion by conduction through supporters and leads and radiation was calculated without input current. 
And then, current operation losses were considered including the magnetization loss, turn-to-turn current loss, eddy current loss and resistive loss. 
The expected temperatures of the HTS magnets are 11.3 K without current and 17 K with current, respectively. The magnet temperature after the quench increased to 78.6 K, finally. 
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5. Research results — System design

Cooling plate

HTS lead

Cold head 2nd stage

Metal Lead
Cold head 15t stage
Lead in air
[ Current lead of Magnet ] [Cooling path]
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This shows the current path and cooling path of the magnet.
The HTS current lead is applied and The magnet is cooled by 2nd stage pulse tube cryocooler to minimize the vibration.
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5. Research results — System design

* Magnet center position: 1 m
* Foot print: 1.23 m x 0.85 m (1.04 m2)

1.23 m ; ! 0.85 m

[Dimension of HTS MRI magnet]
16
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MRI magnet of this shape will be implemented as a results of this project in 3 years.
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6. Conclusion

4 PLAN

» Due to a limited budget, the magnet room temperature bore size was set to be 230mm.
Yet, we are expecting the magnet, once successfully completed, to play an important role
as a pilot magnet to fulfill our ultimate goal to develop a next-generation ultra-
high field (>7 T) all-HTS whole-body (>800 mm) MRI magnet.

= After securing magnet performance in this project, we are planning to collaborate with
Seoul National University Hospital to use it for the clinical research of infant brain.
Furthermore, there is a possibility that our R&D results will be used in the medical
device R&D center construction project planned by the local government (KangWon
province).

€ HTS wire

» For the development of HTS MRI magnet, high magnetic field wire is important, but a
wire with uniform cross-sectional shape is also important to minimize the effect of
winding errors on the field homogeneity.

17
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