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Abstract—A method of moment with an enhanced model to de- get high€? HTS coils which can operate at a desired resonant
sign high-temperature superconductor (HTS) RF surface coils for  frequency. Design of the coils with expected resonant frequency
magnetic resonant image (MRI) is presented. The resonant fre- gnq ) hecomes the most critical process. In the past, HTS
ﬂlﬁggyuz% ?ﬁg"%;ﬁ%gf (TQh)e (ggt'eg’n;ﬁ;g?i;ﬂ;ﬁrﬁeﬂLnén_ RF. coil_s were fgbriqated th_rough iterative ex_perimental trials,
cies and@s between the simulation and measurement are excel- Which in turn significantly increase the fabrication cost and
lent with differences less than 1% and 3%, respectively. The 0.2 time. Adjusting the resonant frequency through the fabrication
m-thick YBaCuO (YBCO) thin films are deposited onto single side process is an alternative to solve the problem, but it is not
of 0.508-mm:-thick LaAlO; (LAO) and sapphire substrate and pat-  t5y0rable since it leads #Q degradation. In this paper, we have

terned into a spiral shape. To accurately analyze the resonant fre- . .
quency andQ of a coil, an enhanced two-fluid model is employed. developed a numerical method with the use of an enhanced

HTS RF coils with diameter of 65 mm for 0.2T and 1.5T MRl sys- two-fluid model [7], [8] to simulate the design of the HTS RF

tems are designed and fabricated with the measure@ of 19 Kand  coil, such that the RF conductivity and surface impedance of

23 K, respectively. In addition, the shift of resonant frequency due HTS material can be fully analyzed.

to the mutual coupling between two HTS spiral coils is predicted In most MR clinical applications, the operating frequency of

by this method, which is important for design of HTS coil arrays S . '

in an MRI system. RF coils is low, ranging from a several megaHertz to 100 MHz.
In order to obtain such a low resonant frequency, the coil should

Index Terms—MoM, MRI, mutual coupling, RF coil. have enough inductance and capacitance. The commercial avail-
ability of HTS materials is, however, limited to HTS thin film
|. INTRODUCTION with a maximum diameter of 100 mm; hence, it further restricts

) . the flexibility in HTS coil design. Planar spiral design is a good
N MAGNETIC resonantimages (MRI), there are two majog,,4ch for such a device as it offers high inductance and ca-
_noise sources in an RF receiving signal: sample noise andfgpgitance; moreover, its planar geometry is suitable for HTS thin
coil noise. Normally, the RF coil noise is dominated in low fiel ilm, in addition to its simplicity in design and fabrication.
MRI [1]; itis also dominated in magnetic resonance microscopy geyeral papers have been published for the calculation of
(MRM) when the sample is very small, e.g., 50° [2]. Inthese e distributed capacitance and inductance of spiral resonators.
two cases, reducing RF coil noise becomes essential to imprgy@ng calculated the capacitance of a spiral coil [9]. The
the signal-to-noise ratio (SNR) for higher MRI quality [3].  inductance in that method was derived from a standard formula
High-temperature superconductor (HTS) material at liquigt0] which led to a 30% to 100% disagreement with the
nitrogen temperature (77 K) provides extremely low resistiv@easurement. Although Hejazi improved Jiang’s method [11],
loss compared to copper, a commonly used material for RF chis method is too complicated and difficult to use. Another
design. Recent research [4]-[6] has shown significant improw@ethod called the Lumped-Element model [12] for the analysis
ment of MRI image quality with SNR approximately improvedf rectangular spiral inductance was also suggested; however,
by a factor of three due to the use of HTS RF coils; therefore titis model did not consider the loss of signal into the substrate
is believed that HTS RF coils can offer potential applications @nd only concerned the weak coupling between perpendicular
the area of MRI. strips. Method of moment (MoM) is widely used for integral
However, HTS films are generally expensive, and therefoegjuations, especially for the analysis of multilayer structure for
it requires delicate design and precise fabrication in order tain layers or strips because it shows better performance than
the finite-element method (FEM). It calculates the distributed
capacitance and inductance of HTS spiral resonators. MoM also
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coil. The simulation of HTS RF coils for both 0.2T and 1.5T YBCO strip
MRI systems are demonstrated using this method. In addition

the mutual coupling between two closely parallel HTS spiral Substrate
coils is also investigated. The shift of resonant frequency with

the different mutual coupling between two coils is studied.

Il. THEORY
A. MoM

To simulate planar structure with arbitrary metallic patterns
on each of the layers of the structure, a mixed potential integral
equation is used in order to obtain the current on the metal pat-
tern of device as

// —jwGp, 2, #) - T (F) + 1% v

s

. - . _ Fig. 1. HTS spiral coil geometry: (a) cross sectional view and (b) bird’'s eye
: [G‘ (p, 2, 2\ - J(7 )} dS + E™(#) = Zs- J (7') (1) view.

whereG“ andG" are the Green’s magnetic and electric poten- TABLE |

tial functions for multilayered medium [13},is the field point DESIGN PARAMETERS OF HTS THIN EiLM WITH
andz’ the source point/ () is the unknown surface current on LAO AND SAPPHIRE SUBSTRATES
the metal pattern excited by the electric fidld*, andZ, is the Subarate | SUbStras | Loss | Dielectric | _HITS HTS
surface impedance of metal material. thickness | tangent | constant | thickness Cond"“ivity(s/fgg)
. . . . -5 1 _ s
To solve the integral equations, the Galerkin MoM is used —LA9_|0.308mm| 10 28 | 2000m | 910 - j3x1
. Sapphire | 0.508mm | 10°¢ 9.4 200nm 9x10" - j3x10°
such that the linear system becomes
N
> Zpn L=V, m=1..,N (2) Inthis relation,\, is the value of the penetration depttfat= 0
n—1 K; 75 is a parameter related to superconducting carrier loss and

wherely, I, ... Iy are the unknown surface currents of met#i@n be obtained by experimental data [7]. N
pattern,Vi, Vs, ... Vi are the excitation voltages, at,, is With the enhanced two-fluid model, the conductivity and
the impedance reaction between théh andnth test functions. hence the impedance of HTS material 8] can be obtained.
By (2) the current on the metal pattern and also the scattering

(S) parameters of the device can be obtained. [ll. SIMULATION AND MEASUREMENT

B. Enhanced Two-Fluid Model A. Simulation

The enhanced two-fluid model for the calculation of the con- 1;28 gfo$he;rlgg:l S;g;:;i (;ff t:,\?o ":;'Se rSSF_)If:(L :(;):cltso rs?:v(\;?
ductivity of HTS material improves the accuracy of HTS caoill dﬁé 9. L yers: y

. . ) ; . YBaCuO (YBCO)] and substrate layer [LaAKQLAO)] with
sign. In this model, the superconducting carrier scattering a ffiectric constant 23 or Sapphire with dielectric constant 9.4).

Ios_s are described by an effective re!axatlon t'm? constant s of HTS material is obtained by the enhanced two-fluid
which is not concerned in the conventional two-fluid model [7 . : . :
odel. The HTS spiral coil design was simulated by Mo-

[8]. With an enhanced two-fluid model, the conductivity of HT mentum EM simulation software with the parameters given in

Is modeled as Table I. Here the size of the mesh cell was chosen as 1/30 of

o2 (3) the mesh wavelength.

o1 =0, f(T)+

WTg
1 B. Measurement
(4)

woA*(T) In order to demonstrate the efficiency of the method, we have
where f(T’) is the temperature functios,, is the normal-state compared the simulation and measurement results. The influ-
conductivity of the HTS material & = 7., T, is critical tem- ence from liquid nitrogen was small and was neglected in the
perature, and is operating temperature. Normal loss mechexperiments. HTS spiral coils were fabricated using thin film
anisms and other effects, such as grain boundary losses forcboth 0.2T and 1.5T MRI systems, in which YBCO with a
residual losses, are includeddn,. A is the effective penetra- thickness of 200 nm was deposited on LAO and sapphire sub-
tion depth and depends on the London penetration depths strates with a thickness of 0.508 mm, respectively. The width
defined in conventional two-fluid model. They are given as and space of the coils were set to g and 50um, respec-
o tively. For 0.2T system, 13 turns were used with LAO while 21
A=Ap v+ 1/ (wr)? (5a) turns were used with sapphire. For the 1.5T system, only one
A = Ao for T < T, (5b) coil yvith si>§ turns was designgd with LAQ substrate. _They were
V1—(T/T.)? fabricated in a clean room using conventional photolithographic

g2
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0 - - - TABLE 1l
o -5 COMPARISON OF RESONANT FREQUENCIES AND (S BETWEEN
3 10 SIMULATED RESULTS AND MEASUREMENTS
2 15
o 20 Simulation Measurement
":' 25 System| substrate| frequency o frequency Qo
5" MHz) 0dBm M) 0dBm -15dBm
3 30 02T | LAO | 858 7982 8.508 7826 15000
3§ 1 0.2T |Sapphire| 8.24 11800 8.260 12000 19000
-40 15T | LAO 582 18000 577 18500 23000
8 8.2 84 8.6 8.8 9 9.2
Frequency (MHz) . .
was only 892. The results indicate that both the simulated reso-
(@) nant frequency an@ with MoM simulation using the enhanced
20 Cat 1999 _20vcmizs two-fluid model agree with the measurement much better than
oHe k Jag MAB LI .24 REF O dBb l:—E9.63% J8 R .
- N redia il that using the conventional model.
el IR s e The simulation and measurement results are shown in Table Il
ol ;_.’j:‘;; to demonstrate the efficiency of our method. The simulated reso-

nant frequency was in good agreement with the measured result,
and their difference was less than 1%; meanwhile2tieom the
simulation also agreed well with the measurement under input
cor ] power of 0 dBm, with a difference within 3%. The human im-
ages acquired with the designed HTS coils at the 0.2T system
are shown in Fig. 3. They have been compared with images ac-

Hld

e LR T P o = quired with spiral copper coil. The imaging acquisition param-
b) eters used in a GE 0.2T signal profile system were 258566,
2 NEX. There was an SNR gain of about 3 using the HTS spiral
_g Mitee: VN coil compared with copper spiral coil.

45 \\ Fad B. Optimization of Coil Design

chosen different coil parameters during the simulation.

1) Width of Turns and Space Between Turiiisis shown in
Table IIl that with a fixed width of each turn and outer spiral
diameter th&) was improved with decreasing the space between
turns. It is because more magnetic coupling between turns of
spiral and also more distributed inductance can be generated.

(c) With a fixed space between turns and the outer spiral diameter,

Fig. 2. Simulation and measurement results of resonant frequencgand the @ was also improved when the width of turn was increased.

(a) enhanced two-fluid model, (b) measurement, and (c) conventional two-flyidis due to the reduction of the HTS coil loss.

model. 2) Geometry Design:The performance of the HTS RF coil
with circular spiral geometry has been compared with that with

techniques. The HTS coils were then immersed into liquid niectangular spiral geometry. Fig. 4 gives the differena@ wfith

trogen (LN) and the return losse,1, of the coils at 77 K were these two geometries. It was found that ¢hevas improved for

recorded using an HP Network Analyzer (HP 8753E). more than 10% with circular spiral coil than with rectangular one.

Based on the discussion above, the circular spiral geometry
and larger width-to-space ratio of spiral in our design have been
preferred.

Return Loss (dB)
»
(-]

25 \* +f In order to optimize the performance of HTS RF coil, we have
|
]

5.5 6.5 7.5 8.5 9.5 105
Frequency (MHz)

IV. RESULTS AND DISCUSSIONS

A. Simulation and Measurement Results

The plots of the simulation result with enhanced two-flui- Coupling Effects of Two HTS Spiral Coils

model, the simulation result with conventional two-fluid model, For the design of the HTS coil array of MRI system, the mu-
and the measurement result are shown in Fig. 2. The differenaal coupling between two HTS coils should be carefully studied
between the simulated resonant frequency by using MoM willecause it affects the RF field homogeneity and resonant fre-
an enhanced two-fluid model in Fig. 2(a) and the measuremepiency. The investigation and modeling of mutual coupling be-
result was less than 1%. The difference between the convémeen the array coils therefore become necessary. The shift of
tional two-fluid model in Fig. 2(c) and the measurement wagsonant frequency of the array coils with two configurations of
more than 4%. The measurégwas 7862, and the simulatedtwo HTS spiral coils were examined in the simulation. The first
) with enhanced two-fluid model in the simulation was 7982;onfiguration is depicted as in Fig. 5. The two HTS spiral coils
however, the simulated@ with conventional two-fluid model were placed on the LAO substrate plane with distasic€he
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Fig. 3. Image comparisons of TMJ, orbit, wrist, and brain acquired with a copper coil (left) and an HTS coil (right) at 0.2T system witbSEH& NEX.

TABLE 1l 8.8
SIMULATED (Q OF HTS SPIRAL CoILs WITH -~ 87
DIFFERENT WIDTH-TO-SPACE RATIOS "
Z 86
W(m) S(um) wis 7} T g5
30 50 0.6 6156 s
30 40 0.75 7136 2 84
30 30 1 8092 e ——f1
40 50 0.8 6144 u 83 -2
40 40 1 6528 82 . . L . L
40 30 1.33 7434
50 30 1 6171 70 80 20 100 110 120 130 140
50 40 1.25 6528 d (mm)
50 30 1.67 7310

Fig. 6. The plot of frequency shift of the first configuration vergus

a Coll 1
- h
]
o
o Coil 2
E
2
& =36 | -=—Rectangular, Q=6681

40 || = Clrcular, Q=7862 Fig. 7. The second configuration with two HTS spiral coils placed in parallel.

45 . ) . .

8.2 8.3 8.4 8.5 8.6 8.7 10
Frequency (MHz) g |+ u

Fig. 4. The plot of simulations of circular and rectangular HTS spiral coils.

~—f1
-2

Frequency (MHz)
o
L 2

0 10 20 30 40
h (mm)

Fig. 8. The plot of frequency shift of the second configuration vetsus

as in Fig. 2. In the second configuration, two HTS spiral coils
Fig. 5. The first configuration with two HTS spiral coils placed on LAoWere placed in parallel with distandeas depicted in Fig. 7.
substrate plane. The plot of the frequency shift versass given in Fig. 8. With

the aid of the simulation, coil array design can be further imple-
plot of the frequency shift versukis shown in Fig. 6, in which mented in which the frequency shift concern can be controlled
each individual spiral coil has its resonant frequency simulatedsily.
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The mixed potential integral equation using MoM was us
to analyze the HTS RF spiral coil for MRI application. The co
ductivity of HTS material was simulated with the use of the e
hanced two-fluid model. The presented simulation method
significantly improved the accuracy for both resonant frequen,
and @ in less than 1% and 3%, respectively. To optimize t
HTS coil with high@, it was found that HTS coil with a large
width-to-space ratio and circular geometry has been preferrﬁdC
The mutual coupling simulation between two HTS spiral coils’
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