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1. Ultra-compact MRI
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Ultra-compact MRI
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Mobile MRI Pre-surgéry Room

Ultra-small MRI

=>» Ultra-compact MRI system is for the rapid diagnosis of the brain syndrome and some other urgent diseases, which can be potentially
equipped into the pre-surgery room and ambulance.
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HTS magnet for Ultra-compact MRI

Key component: HTS magnet

Compact Geometry Strong Magnetic Field

. UNIVERSITY OF ivi
&% CAMBRIDGE EPEC Superconductivity Group




Strong and Uniform HTS Magnet
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High aspect-ratio dimension

Challenges:

uniformity optimization

Powerful optimization tool needed
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=>Genetic Algorithm (GA) optimization were based on the FEM
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package COMSOL Multiphysics with the LiveLink for MATLAB.
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Preserve elite

Optimisation Strategy

Initialize
Generation G=0
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COMSOL Multiphysics
with MATLAB
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=>»5-set of double-pancake HTS coils. If the criteria achieved, the optimization iterations stopped; otherwise, the iterations continued to
reach the targets through repetitive selection, crossover, mutation, and elite preservation, until targets achieved.
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Magnetlc Proflle
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Inhomogenity (ppm)

Sensitivity Study
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=>The sensitivity studies were carried out, for the relationship between the homogeneity in a 10 cm DSV
and (1) magnet length, and (2) thickness of HTS tape.
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2. Superconducting Lorentz Force Electrical
Impedance Tomography (LFEIT)
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Design of Superconducting Lorentz Force
Electrical Impedance Tomography (LFEIT)

Ultrasound generator
Superconducting magnet /

Sample for measurements

Electrodes for signal collection

Superconducting LFEIT Conventional Electrical Impedance
Tomography (EIT)

=>LFEIT is a novel diagnostic scanner which is able to achieve the 3D high resolution imaging
of tissue impedance based on ultrasonically induced Lorentz force
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Advantages of LFEIT

1. Excellent bio-detection
2. High resolution
3. Portability

4. Low cost
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Working Principle

Hall effect
Ultrasound transducer
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=>»The measured signal is proportional to the magnitude of magnetic field, the momentum of
ultrasound and the gradient of electrical conductivity.
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Superconducting Magnet Design

Permanent Magnet HTS Coil

Yy
Z
X
(a) <$mmmmmm—) (b)
(a) Configuration of permanent magnet (PM) based Halbach (b) Configuration of high temperature superconducting (HTS) coils
Array magnet. based Halbach Array magnet.

=>Halbach Array is an effective arrangement of magnets that is able to generate a
homogenous magnetic field, whose geometry has thin depth in z direction.

B. Shen et al, “Design of a Superconducting Magnet for Lorentz Force Electrical Impedance Tomography”, IEEE Trans. Appl. Supercond., 2016.
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Superconducting Magnet Design
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(bulk approxirr\\ation) field area (air) and Liquid N,

4.0 . T T .
o T I I I
707 I
35F
60
507 -
pu : 30
— L
307 "
é‘ 251+ L]
20 7] "
o .
107 'GUJ B [l
IRV (]
4 x 200 W% |
5 5
107 " = i "
207 9 15k .\
=
J 2 r M
-30 c
i % 10 o .
-507 = B )
. y] 05 .
707 r 1
807 X 0.0 1 n 1 L | 1 | s | L 1 " 1
-100 -80 -60 -40 -20 0 20 40 60 80 100 -30 -20 -10 0 10 20 30
Time=0.2 s Surface: Magnetic flux density (1) Arrow Surface: Magnetic flux density Contour: (1) X-axis (Cm)
T T T T T T T T T T T T T A156 A161
sl ] 2.5 ——— — —— — e ——————
M= 1.56
25 1.6 L = D =50cm i
r 1 e D =525cm
4 D.=55¢cm
20 4 — ©
=t 1.45 35 2.0 v D.=57.5cm
15+ 4 : D.=60cm
! L L 4
10 ‘ 1.4 é\
\ b @ 15 -
St \ @
1~’r3 13 o r A |
or x
.45[5 1.25 é / \
st 1.0 M M —
; 1.2 [$)
’ = vever Yrerey
a0t 2 L |
, 115 " %
AS | .
S 05 -
20}
= 1.05 1 L 4
2t Y
0.0 1 L 1 " 1 " | L 1 L 1 " 1
-30 | .
X U oos 0o -30 -20 -10 0 10 20 30
30 25 -20 -15 -10 S 0 S 10 15 20 25 30 V¥ 0.95 v 0.89

Y-axis (cm)
B. Shen et al, “Design of a Superconducting Magnet for Lorentz Force Electrical Impedance Tomography”, IEEE Trans. Appl. Supercond., 2016.
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Superconducting Magnet Optimisation
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=>Without changing the total amount of superconductor,
optimisation on using increasing numbers of coils can be

done by shrinking each coil’s size with increasing number
of coils.

(c) (d)

B. Shen et al, “Optimization Study on the Magnetic Field of Superconducting Halbach Array Magnet”, Physica C, 2017.
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Inhomogeneity of magnetic field density
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Superconducting Magnet Optimisation
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Inhomogeneity = - D”  (2.1)

a=a-exp(b-n)+c (2

p=e-exp(f-n)+g (@3

=>»Some equations have been derived from this
investigation. a and  are the variables for power
law which is related to the n (numbers of coils) in
equation (2.2) and (2.3). Both a and B have
exponential relation with n and adding a
constant, where a = 1.408E-4, b = -0.1556,
c=1.188E-05, e = 43.32, f =-0.5279, g = 2.022.

B. Shen et al, “Optimization Study on the Magnetic Field of Superconducting Halbach Array Magnet”, Physica C, 2017.
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LFEIT System simulation

According to the formula of Lorentz force:

F=qvxB (2.4)
Where q is charge of particle move with velocity v, and B is magnetic flux density. This Lorentz force is also equivalent to the force
caused by the induced electric field : F=qE (2.5)
Meanwhile, the relation of electrical conductivity is :
J =0k (2.6)
Combining Equation (2.4), (2.5) and (2.6), the equation for transient current density can be derived:
J=0ovxB (2.7)
Assuming the ultrasound wave propagating along z direction, the ultrasound bean width is W and ultrasound path is L, the voltage
measurement can be described as:
V, (t) = aRWB, [ (2 (2, t)dx 2.8)

Where a is a percentage constant representing the efficiency current collected by the electrodes, B, is the static magnetic field
and R is the total impedance of measurement circuit. According the formula for relation of sound pressure and particle movement

velocity, z direction term can be: V. = —i‘[a—pdt (2.9)
L p,t oz
The ultrasound momentum M can be expressed by using the time integration of ultrasound pressure with regard to time t:
t
M(Z,t):J p(Z,r):IT (2.10)

Therefore, that the governing equation for final output signal of LFEIT can be determined by combining Equation (4.5), (4.6) and
(2.10)2 a olz

V, (t)= aRWB, [ M (z,t)— () |4 (2.11)

L oz p(Z)

Equation (2.11) reveals that magnitude of final output signal is proportional to the strength of magnetic field and the ultrasound
pressure. More importantly, output signal is nonzero only at the interface where the gradient of electrical conductivity over mass
density V(o/r) is not zero. The mathematical MATLAB model of LFEIT system was built based on governing equations (2.11).

B. Shen et al, “Design and Simulation of Superconducting Lorentz Force Electrical Impedance Tomography (LFEIT)”, Physica C, 2016.
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Ultrasound Module Design

Pressure field at y-z plane X 108

=>This acoustic module used ultrasound phase array structure, which
consisted of 32 transducer elements with each generating 1 MHz
ultrasound signal.

B. Shen et al, “Design and Simulation of Superconducting Lorentz Force Electrical Impedance Tomography (LFEIT)”, Physica C, 2016.
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Modelling of Electrical _”‘_Signal
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B. Shen et al, “Design and Simulation of Superconducting Lorentz Force Electrical Impedance Tomography (LFEIT)”, Physica C, 2016.
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Output signal (uVv)

w

Final Signals and Basic Imaging —
Normal Iron Magnet
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(a) voltage output (absolute value) without noise, (b) with noise, (c) electrical signal imaging: from the sample.

=>The imaging of electrical signal is faint and it is very difficult to find the edge and location of second sample.

B. Shen et al, “Design and Simulation of Superconducting Lorentz Force Electrical Impedance Tomography (LFEIT)”, Physica C, 2016.
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Output signal (uV)

Now
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Final Signals and Basic Imaging —
Superconducting Magnet
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(a) voltage output (absolute value) without noise, (b) with noise, (c) electrical signal imaging: from the sample.

=>»The edge and shape of both samples can be discovered

B. Shen et al, “Design and Simulation of Superconducting Lorentz Force Electrical Impedance Tomography (LFEIT)”, Physica C, 2016.
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Thank you! Questions?

Boyang Shen, bs506@cam.ac.uk
Tim Coombs, tac1000@cam.ac.uk
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