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Abstract
High temperature superconducting tapes are potential materials for radio frequency coils in magnetic resonance
imaging. They show advantages of much lower cost and easier fabrication over HTS thin ﬁlm coils. Resistance of
HTS tape coils in the magnetic ﬁeld was evaluated and their quality factors were analyzed. A 50 mm in diameter
HTS tape coil for 1.5 T high ﬁeld MRI was demonstrated for phantom imaging. It obtained a 1.11-fold and a 1.36-fold
SNR improvement over the same size copper coil at 77 K and 300 K respectively. Technical issues with HTS tape coils in
practice were also discussed.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Many high temperature superconducting (HTS)
radio frequency (RF) coils for magnetic resonance
imaging (MRI) have been reported in these years
[1–7]. Although signiﬁcant signal-to-noise ratios
(SNRs) have been obtained with these HTS coils
compared with normal metal coils, most of these
coils are made of HTS thin ﬁlms, such as YBCO
*
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ﬁlms. In the aspect of the price-to-performance ratio, the high cost and complicated fabrication of
present HTS thin ﬁlms decrease their attractions
and limit their large scale applications.
In order to decrease the cost of the present HTS
ﬁlm RF coils, commercialized bismuth based HTS
tapes, such as Bi-2223 and Bi-2212 tapes, are
attracting researchersÕ interests gradually as the
potential choice for RF coils in MRI. Grasso
et al. [8] measured the quality factors (Qs) of surface coils made by Bi-2223 tapes and observed that
their Qs were not much less than the YBCO ﬁlms.
Jing et al. [9] investigated the Qs theoretically and
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veriﬁed it with experiments. Both of these investigations reported that HTS tape coils have potentials to obtain higher SNR than copper coils for
imaging. Cheng et al. [10] built a 5-in. tape RF
receiving coil for 0.21 T MRI system, and demonstrated a 3 times SNR improvement over an equivalent room temperature copper coil, which proved
the feasibility of HTS tapes for MRI.
HTS tape coils show many advantages over present HTS ﬁlm coils. First of all, the costs of tape
coils can be much less than those of thin ﬁlm coils
due to the cheap material and easy fabrication.
Secondly, HTS tapes can be fabricated, theoretically, to as large as possible, to improve RF penetration and increase imaging ﬁeld of view (FOV).
Thirdly, resonant frequencies of tape coils are easier to tune than ﬁlm coils after fabrication. Furthermore, without the rigid substrate of ﬁlms,
HTS tapes have possibility to be implemented to
not only surface coils, but also volume coils by
winding, etching and molding [4,7]. On the other
hand, tape coils also have their own drawbacks.
They have higher resistance and lower Qs than ﬁlm
coils due to their not pure superconducting structures. The silver sheath of HTS tapes has to been
removed [8] for imaging to avoid the complete
screening of the superconducting phase from RF
signal, which makes the bare tape quite brittle
and hard to handle. In addition, HTS tapes cannot
be used to build microcoils because their superconducting performance will degrade signiﬁcantly
when over-bended.
However, many questions about HTS tape coils
still have not been fully discussed and many technical issues have not been well addressed. Since
HTS tapes are often focused towards applications
in the AC frequency range far below RF, their performance, especially their surface resistance at RF,
is really an issue that has not been fully investigated. Due to the structure of superconducting
grains and weak link Josephson junctions between
them as well as of normal metal inclusions, surface
resistance of HTS tapes, will increase in the magnetic ﬁeld. Although HTS tape coil has been demonstrated for low ﬁeld imaging, the experiments
with HTS tape coils for high ﬁeld imaging have
not been carried out so far. In this work, these
questions are analyzed theoretically, and a 50 mm

Bi-2223 tape coil for phantom imaging at 1.5 T
and its SNR performance are reported.
2. Theoretical analysis
2.1. Surface resistance
Surface resistance is one of the most important
parameters for RF and microwave applications. It
reﬂects the intrinsic loss of the material itself at
high frequency. The surface resistance of the normal metal is a square root function of frequency
resented as Eq. (1)
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l0 xq
Rsrf ¼
;
ð1Þ
2
where l0 denotes the permeability of free space, x,
the angular frequency and q the resistivity.
For superconductors, two-ﬂuid model, as expressed in Eq. (2) [11], is widely used as a ﬁrstorder approximation of the surface resistance of
superconductors.
 4
1 2 2 3 T
Rsrf ¼
l0 x k
;
2qn
Tc
 4 !1=2
T
;
ð2Þ
where k ¼ k0 1 
Tc
where qn is the normal state resistivity, k is the
penetration depth, T is the operating temperature
and Tc is the critical temperature of the superconductor. Penetration depth is much dependent on
the crystal grain alignment but is believed to be
frequency independent [12]. It was reported that
the penetration depth in YBCO thick ﬁlms with
Tc of 92 K is approximately 3 lm at 77 K and only
0.15 lm [13] in high quality epitaxial thin ﬁlms.
So far, most of the work on surface resistance of
HTS ﬁlms concentrates on microwave frequency
range above 1 GHz. At the frequency range of
interests for MRI, from 10 MHz to 400 MHz (corresponding to the magnetic ﬁeld strength from
about 0.25 T to 10 T), the calculation by two-ﬂuid
model often causes signiﬁcant discrepancy, and it
is diﬃcult to measure the surface resistance of
HTS ﬁlms in cavities or using planar resonator
due to the large size and the very high sensitivity
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required to measure the low loss of ﬁlms [12].
Therefore the evaluation of surface resistance has
to been carried out by quality factor, Q, measurement of surface coil made of HTS ﬁlms [12] and
tapes [8,9]. According to reports in Refs. [1–3,6],
the Q of a thin ﬁlm can be as high as tens of thousand, but a HTS tape coil often has the Q of about
a few thousand [8,10]. It indicates that the resistivity of a HTS thin ﬁlm may be much lower than
that of a HTS tape coil. However, when compared
with Q of normal metal coils of about several hundred, HTS tape coils still show about one order
higher Q, which indicates HTS tape has lower
resistivity than normal metals. On the other hand,
Bi-2223 tapes are not pure superconductor even
after sheath removal. Therefore its surface resistance may perform like a parallel combination of
superconducting ﬁlaments and silver inner matrix.
Fortunately, it has been observed that close to the
silver sheath, the conversion to the Bi-2223 is more
complete and the grains are larger and more highly
aligned than the central part in the tape [14]. Consequently, the current should almost concentrate
in the HTS grains at the tape edges at RF range.
But at higher frequency, it is expected that HTS
tapes will demonstrate square root frequency
dependence of surface resistance as shown in
Eq. (1).
2.2. Resistance in the magnetic ﬁeld
The resistance of HTS RF coils in the static
magnetic ﬁeld should be quite diﬀerent from the
resistance outside of the ﬁeld. There are two approaches to investigate the resistance of HTS coils
in the magnetic ﬁeld.
One approach is to calculate the surface resistance based on some theoretical models. However,
there is a big issue that the penetration depth is not
only temperature dependent but also magnetic
strength dependent. The dependence of penetration depth on the ﬁeld strength is so complicated
that there are still arguments on it. According to
the work by Yip and Sauls [15] and by Maeda
et al. respectively [16], the increase of penetration
depth is proportional to the applied magnetic ﬁeld,
which is in sharp contrast to the square law expression by Sridhar et al. [17]. However, the applied
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ﬁeld in Ref. [16] did not exceed 100 Oe (corresponding to 0.01 T), much lower than the magnetic
ﬁeld used in MRI. Therefore, the validity of the
equation in the high ﬁeld has not been veriﬁed.
The other approach is to use an eﬀective resistivity to evaluate the HTS resistance in the magnetic ﬁeld supposed that the resistivity is
independent of the frequency. Therefore the resistance can be calculated by the well know equation
as expressed in Eq. (3):
R¼

qe l
;
S

ð3Þ

where qe is the eﬀective resistivity, l is the length
and S is the transport cross section. The dependence of penetration depth on the frequency is
related with the variation of transport cross section S.
Kusevic et al. [18] investigated the resistivity of
the Bi-2223 tape with silver sheath in the magnetic
ﬁeld applied perpendicular to the tape surface
from 0 T to 15 T. It was found that throughout
the explored ﬁeld range, the resistivity shows Arrhenius behavior expressed as
q / expðU  ð1  T =T cs Þ=k B TB0:5 Þ 1T 6 B 6 15T ;
ð4Þ
where T is the temperature, U* is a constant determined by the speciﬁc tape sample, kB is BoltzmannÕs constant, B is the magnetic ﬁeld strength
and Tcs = 118 K. According to the data in the ﬁeld
of 1.5 T, the resistivity of Bi-2223 HTS tape at 77 K
should be in the order of 109 X m, the same order
as the cool copper in liquid nitrogen. Accounting
for the orientation of the tape with respect to the
ﬁeld direction, the ﬁeld perpendicular to the tape
surface in KusevicÕs work [18] is an extreme situation in which case the resistivity should be the
highest. In practice, the orientation of the HTS
tape coil with respect to the magnetic ﬁeld diﬀers
with position, which is demonstrated in Fig. 1.
For example, at point A in Fig. 1, the magnetic
ﬁeld is perpendicular to the tape surface, whereas
at point B, the ﬁeld is parallel to the tape surface.
In addition, the silver sheath removal may be helpful to reduce the resistivity of the tape coil in the
imaging. Moreover, owing to the fast development
of the Bi-2223 tapes, nowadays Bi-2223 tapes with
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Fig. 1. The orientation of the Cu–O planes in the HTS tape ﬁlaments with respect to the static magnetic ﬁeld diﬀers with positions. For
example, at points A and B, the Cu–O planes of HTS ﬁlaments are perpendicular and parallel to the static ﬁeld B0 respectively. At
point C, the intersection angle between ﬁlaments and B0 is 60. The left section is the demonstration of the tape cross section.

much higher critical current density than the sample Kusevic et al. used [18] are available which also
helps decrease the resistivity further. The resistivity
of the Bi-2223 tape coil is estimated to be about
1010–109 X m.
2.3. Quality factor
Quality factor is a very important parameter to
estimate the resistive loss of the RF coil and other
losses. It is deﬁned as the resonant frequency times
the stored ﬁeld energy divided by the power loss
per circle of RF, as shown in Eq. (5) [19]:
stored energy
:
ð5Þ
P
The total losses of an HTS tape coil are quite different from those of an HTS ﬁlm coil and a normal
metal coil. The losses of a ﬁlm coil include the
intrinsic conductive loss in the superconductor itself, and the extrinsic losses from radiation and
dielectric substrate. The losses of an HTS tape coil
result from not only the intrinsic conductive loss of
the tape, but also the conductive loss of the contact
metal pads, loss of the capacitor soldered and the
radiation loss. The ﬁnal quality factor Q0 can be
expressed by the quality factors determined by different loss sources of HTS material (QH) radiation

Q¼x

(Qr), contact pad (Qp) and capacitor (Qc), as
shown in Eq. (6):
1
1
1
1
1
¼
þ þ
þ :
Q0 QH Qr Qp Qc

ð6Þ

In the interesting frequency of MRI, the radiation
loss is usually neglected. As discussed above,
superconductor loss may be one order lower than
the copper loss in liquid nitrogen, so the contribution of QH to the total loss can also be neglected.
Consequently, the major factors to aﬀect Q0 come
from Qp and Qc. Then Eq. (6) can be converted to
Eq. (7):
1
1
1

þ :
ð7Þ
Q0 Qp Qc
Compared with HTS thin ﬁlms, there are lumped
capacitors in the HTS tape coils, diﬀerent from
the pure distributed parameter structure of HTS
ﬁlms. Therefore, even though the RF speciﬁc
capacitors with high Qc are used, the loss caused
by the capacitors is much higher than the dielectric
loss from the substrates of ﬁlms, specially for the
cases at frequency higher than 100 MHz. Referring
to the data from speciﬁcations of ATC 100B series
RF Capacitors [20], Qc of the capacitor higher
than 51 pF will be less than 1000 at 150 MHz.
Therefore the total quality factor Q0 of the tape
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coil will not exceed 1000 at this frequency. The loss
from contact pads or solder joints should be another factor to decrease Q0 of the tape coil, which
has been discussed in Ref. [9]. So accounting for
these two factors, Q0 of a tape coil will not be more
than one order higher than a copper coil in liquid
nitrogen at high frequency. With respect to the low
frequency tape coil, Grasso et al. [8] found that Q0
could be even higher than that of a planar YBCO
thick ﬁlm [4]. However, the maximum Q0 value
only appeared during the speciﬁc sheath etching
step and the process was diﬃcult to control, so it
would not be very meaningful in practice for general HTS tape coils.
When used for imaging, another parameter of
the coil should be considered is the loaded quality
factor Ql, which reﬂects the coupling of the coil to
the sample being imaged. In contrast to Q0, which
is also called unloaded quality factor Qul, Ql is also
determined by the inductive loss from the sample
besides those sources mentioned above. Ql and
Q0 often used to calculate the sample resistance
(Rs) by Eq. (8):


1
1
1
Rs ¼

;
ð8Þ
xC Ql Q0
where x is the angular frequency and C is the
capacitance used in the coil.

3. Experiments and results
A 5-in. tape RF receiving coil for 0.21 T low
ﬁeld MRI has been demonstrated and a 3-fold
SNR improvement has been obtained over the
room temperature copper coil by Cheng et al.
[10]. However, SNR improvement with HTS tape
coils applied to high ﬁeld may have more signiﬁcance because high ﬁeld MRI has become the
mainstream. A HTS tape surface coil was demonstrated for the ﬁrst time for phantom imaging at
1.5 T, the most widely used high ﬁeld clinical
MRI system presently.
A 50 mm diameter Bi-2223 surface coil was fabricated with the Bi-2223 tape provided by Trithor
Company, Germany, whose critical current density Jc0 is 70 A/mm2. When the tape is bended to
50 mm in diameter, Jc0 will not decrease by over
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5%. The fabrication of the Bi-2223 tape surface
coil is just like the fabrication of normal surface
coil, and has been described in Refs. [8,10]. Two
copper coils with the same size resonated at the
same frequency were fabricated for comparison.
ATC 100B series high Q RF capacitors were used
in both HTS tape coil and copper coils.
Accounting for the safety issue, phantom imaging was carried out instead of in vivo imaging. A
cylindrical phantom with diameter of 10cm and
height of 7 cm was used to simulate human muscles, whose dielectric constant and conductivity
at 100 MHz are 70.5 and 0.68 S/m respectively,
quite similar with the corresponding values of 72
and 0.85 S/m of human muscles [21].
Before the imaging experiment, Qs of the coils
were measured by mutual coupling method with
an HP 8753C network analyzer [9]. The results
of the measurement were listed in Table 1. Note
that Qs of the coils had to be measured out of
the magnet because any electric devices were not
allowed to operate in the scanner room. Accounting for the reason, the HTS tape coil resistance
should be a little higher than the measured value
in Table 1.
The setup of the imaging experiment is illustrated in Fig. 2. The MR scanner type is GE Signa
LX 1.5 T. A custom designed glass vacuum vessel
was used as cryostat. The vessel has thin vacuum
gap of 5 mm, which helps to increase the ﬁlling factor, and meanwhile provides good heat insulation
performance to keep liquid nitrogen for 1 h. The
coils were used as transmit/receive mode at liquid
nitrogen temperature (77 K). Matching was implemented by mutual coupling method with a pick up
coil wrapping around the vacuum vessel. A GE
spin-echo sequence with TR = 120 ms, TE =
3.4 ms, and NEX = 1 was used for all the imaging

Table 1
Resonant frequency, Q and resistance for HTS and two copper
coils CC: cool copper, Cu: copper, ul: unloaded, l: loaded, Rs,
sample resistance, Rc: coil resistance
HTS
CC
Cu

ful (MHz)

Qul

fl (MHz)

Ql

Rc (X)

Rs (X)

63.846
63.842
63.839

1284
452
337

63.872
64.877
63.882

418
270
225

0.031
0.098
0.132

0.065
0.066
0.066
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Fig. 2. Experiment setup for phantom imaging at 1.5 T.

experiments. Diﬀerent power settings were determined for coils by stepping through a range of
transmit attenuation values in the prescans. The
optimum transmitted power was set with both
HTS coil and copper coils in order to maximize
the signal amplitude. The FOV, the slice thickness
and acquisition matrix size were 15 cm · 15 cm,
5 mm and 256 · 256 respectively. The coronal
phantom images obtained with these coils were taken from the plane about 1.4 cm depth away from
the coils and were shown in Fig. 3.
The intensities of the images in Fig. 3 mapped
by SNR were analyzed. The noise region was se-

Fig. 4. Plots of intensities along the horizontal axis extracted
from phantom images, in which the red, blue, black curves
denote the HTS, cool copper and copper coil at room
temperature, respectively.

lected as the whole background in the images.
The signal region was selected as the circular region just covering the phantom. Signal intensity
along the horizontal axis extracted from images
of the phantom with these three coils were plotted
and shown in Fig. 4. The results showed that the
image with the HTS tape coil obtained an average
SNR improvement of 1.11-fold over the image
with the cool copper coil at 77 K, and 1.36-fold
over the image with the copper coil at room
temperature.

4. Discussion

Fig. 3. Coronal phantom images and intensity histogram
comparison by GE spin-echo sequence, TR = 120 ms,
TE = 3.4 ms, NEX = 1. Field of view, the slice thickness and
acquisition matrix size were 15 cm · 15 cm, 5 mm and 256 · 256.
In the histograms, the x-axis denotes intensity and y-axis
denotes normalized pixel number.

In contrast to the three times SNR improvement demonstrated with the 5-in. tape coil for
0.21 T [10], the 1.36-fold SNR improvement with
the 2-in. tape coil for 1.5 T seems not so signiﬁcant.
The result is quite reasonable because it is considered that the sample resistance increases with the
square of resonant frequency [22] while the coil
resistance is proportional to resonant frequency
[23]. However, both the SNR improvement at
0.21 T and the SNR improvement at 1.5 T in this
experiment are higher than the prediction according to the scaling law given by Darrasse and Gine-
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fri [23]. The reason relies in the model they used is
based on the semi-inﬁnite conductive sample. In
practice, the SNR performances should be much
dependent on the sample sizes, sample electric
parameters and their coupling to the coils. Therefore the SNR improvements by HTS coils might
be underestimated.
Comparing the histograms of the phantom
images with three coils shown in Fig. 3, the histogram of HTS tape coil showed much wider distribution than the other two. It indicated that the
sensitivity of the tape coil is much more imhomogeneous. The major reason may be a small fraction
of the HTS ﬁlaments were broken during bending
and etching, which caused inhomogeneous current
distribution in the tape cross section. Another reason for it might be that the ﬂip-angle adjustment
during the manual scan caused small slice-proﬁle
distortion.
Another issue of non-linear power transmission
with thin ﬁlm coils [24] would not be encountered
with respect to the HTS tape coil. Although the
critical current density of HTS thin ﬁlms is higher
than that of tapes, the thickness of a thin ﬁlm is
often in nanometer magnitude, much smaller than
the London penetration depth in micron magnitude. Therefore, the critical current density can
actually be exceeded during pulse sequence excitation. However, the present HTS tapes provide
high enough critical current density and much larger transmission cross section than thin ﬁlms.
Even the degradation of critical current density,
Jc, of HTS tape in the high ﬁeld is taken into account, its Jc is still higher than 2 A/mm2 of copper. Therefore, when applied to RF excitation as
transmit coil, Jc of HTS tape will seldom
saturated.
To avoid non-linear transmission behavior, thin
ﬁlm coils are often used as receive-only mode.
However, another issue of decoupling the thin ﬁlm
coil with the transmitter has to be addressed. Due
to the intrinsic distributed structure of HTS ﬁlms,
decoupling circuit is diﬃcult to be applied, which
can also introduce extra losses and hence decrease
SNR improvement. Meanwhile, it was reported
that more noises were introduced in receive-only
mode than in transmit-receive mode due to the
addition of transmit volume coil [2].
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Anisotropic characteristics of the type II HTS
materials in the magnetic ﬁeld really restricts the
applications of both HTS ﬁlms and tapes. In order
to preserving high quality factor performance of
HTS coils, correct orientation of the HTS grain
with respect to the ﬁeld is very important. There
is still no solution to address it perfectly. For
HTS tapes, the anisotropy in the magnetic ﬁeld
can be alleviated by decreasing the operating temperature [25] or by a novel HTS ﬁlaments arrangement of horizontal and vertical stacks [26].
So far, almost all of the HTS coil demonstrations in MRI are like once-done experiments and
cannot be run routinely by inexperienced physicians. To ensure reproducible operation without
complex handling constraints, HTS RF systems
are highly expected to provide convenient and safe
packaging of coils, friendly usage and low cost feature. At short term, it means both of HTS tape
coils and thin ﬁlm coils for MRI are still far from
commercialization and only restricted in academic
research applications.

5. Conclusion
HTS tapes used as RF coils for MRI are attractive due to their much lower cost and relatively
easier operation than HTS thin ﬁlms. A 50mm surface coil for 1.5 T, the most widely used clinical
high ﬁeld MRI, was built and applied to phantom
imaging for the ﬁrst time. It demonstrated a 1.11fold SNR improvement over a cool cooper coil at
77 K and a 1.36-fold SNR improvement over a
copper coil at room temperature respectively.
Based on the theoretical analysis and experiment
results, it is predicted that HTS tape coils would
show merits on SNR performance from 0.2 T with
coil size of 5-in. up to about 1.5 T with coil size
smaller than 2-in. Many technical issues of HTS
tape coils still need to be solved before large-scale
applications for routine clinical scans.
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