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A High-Temperature Superconducting Receiver for
Nuclear Magnetic Resonance Microscopy

R. D. Black, T. A. Early, P. B. Roemer, O. M. Mueller,
A. Mogro-Campero, L. G. Turner, G. A. Johnson

A high-temperature superconducting-receiver system for use in nuclear magnetic reso-
nance (NMR) microscopy is described. The scaling behavior of sources of sample and
receiver-coil noise is analyzed, and it is demonstrated that Johnson, or thermal, noise in
the receiver coil is the factor that limits resolution. The behavior of superconductors in the
environment of an NMR experiment is examined, and a prototypical system for imaging
biological specimens is discussed. Preliminary spin-echo images are shown, and the
ultimate limits of the signal-to-noise ratio of the probe are investigated.

In high-field (>0.5 T) clinical magnetic-
resonance imaging, the patient’s body is the
main source of experimental noise (1) that
degrades image quality. As the dimensions
of an imaging experiment are reduced (that
is, both the specimen and coil are reduced
in size), there is a crossover point beyond
which the noise of the receiving coil and its
associated electronics dominates. The point
at which this crossover occurs depends on
the strength of the applied magnetic field
and on the nuclear spin density of the
specimen (2). When the specimen no long-
er dominates the signal-to-noise ratio
(SNR) it makes sense to reduce the receiver
coil noise, which is thermal (Johnson)
noise (3), to improve image resolution and
reduce data acquisition time (4). The
Johnson noise power is proportional to the
product of resistance and temperature;
therefore, reductions in these parameters
will have the desired effect. Superconduct-
ing materials are clearly attractive candi-
dates for this purpose. This report addresses
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the details of constructing an NMR imaging
probe that incorporates the high-tempera-
ture superconductor Y,Ba,Cu;0, (YBCO).

Table 1 shows how SNR varies with the
dimensions of the imaging experiment and
with the field strength or, equivalently, the
Larmor precessional frequency @ (5). The
NMR voltage has an r* dependence (where
7 is the linear scale dimension of the sample
and receiver coil) owing to the > depen-
dence of spin number on volume and the
fact that coil sensitivity goes as r~!. The
Bloch equations (6) show the origin of the
o’ dependence. The noise power of the
sample is proportional to w? (7) and to
volume, so the noise voltage of the sample
goes as (w’r’) 2. The Johnson noise power
of the coil is proportional to the resistance
R, which is, in turn, proportional to the
inverse of the skin depth: skin depth goes as
o~ 2, Therefore, coil noise voltage goes as
!4, There is no change in resistance with
scaling in the skin depth limit.

To get a physical feeling for the scaling
laws, consider a typical experiment at 1.5 T
that acquires an image of the human head
(1). The sample noise power is about ten
times that of the coil noise (we neglect noise
contributions from the cabling and pream-
plifier). Shrinking the scale dimension by a

SCIENCE ¢ VOL. 259 ¢ 5FEBRUARY 1993

factor of ~2 would make the noise powers
about equal. If the diameter of the coil
around the head is 25 cm, then the coil size
at which the noise terms cross is about 12 cm
(at 7 T, the scale dimension at which the
noise powers become comparable is about 5
cm). Alternatively, if the human head coil
stays the same size, the sample and coil noise
terms will be comparable when the field is
reduced from 1.5 to 0.3 T. It is clear that
superconducting head coils designed to work
at 1.5 T would not be useful because the
patient noise dominates. However, for sam-
ple sizes in the range of 1 cm or less in a field
of 7 T, a big improvement in SNR can be
achieved if we reduce the coil noise.

Two principal issues complicate the use
of superconducting materials in NMR imag-
ing. Superconductors revert to the normal,
nonsuperconducting state in sufficiently high
magnetic fields and at large enough temper-
atures. None of the elemental superconduc-
tors (such as Nb or Pb) can withstand the
7-T field or the 10 K operating temperature
that exists in the system described below.
The A-15 materials (for example, Nb;Sn
and Nb;Al) have critical parameter values
that are large enough, but tests of the Nb;Al
film resonators that we constructed showed
them to have lower quality factors than the
YBCO film resonators that we made. The
extremely high critical temperature and the
critical field values of YBCO films make
them the best choice.

The YBCO films were produced by co-
evaporation and post-annealing procedures
that are described elsewhere (8). The 0.6-
pwm-thick films were deposited onto both
sides of a 0.5-mm-thick, 2.5-cm-diameter
LaAlO; substrate. We chose LaAlO; for its
crystallographic compatibility with YBCO
and its relatively low dielectric loss tangent.
The films were patterned with the use of
conventional photolithographic techniques
and were etched with 0.01 N nitric acid.
The YBCO was patterned into a split ring
shape (18-mm outer and 14-mm inner di-

Table 1. Scaling laws for NMR imaging. The
frequency o is proportional to magnetic field
strength. The linear scale size of the sample
and coil is represented by r. One can determine
the constant A empirically by measuring the
sample and coil losses for head images at 1.5
T. When the coil is cooled, its voltage noise will
decrease by a factor equal to the square root of
the ratio of the coil temperature to the sample
temperature. SNR is signal-to-noise ratio.

NMR voltage ?r?
Sample noise voltage wré?
Coil noise voltage '
Intrinsic SNR (sample) wri’?
2.2

?r
SNR (coil + sample) m
Imaging time 1/(SNR)?
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Fig. 1. Plot of Q versus magnetic field strength

for a YBCO resonator at 4.2 K. The field was

applied along the a-b plane.

Helium-filled
gas space
capillary
tube

Vacuum o4

nitrogen
gas

Warm

nitrogen
Fig. 2. Lower portion of the quartz dewar that
holds the YBCO resonator (not drawn to scale
for sake of clarity). Fixed-temperature helium
gas is blown onto the resonator from a capillary
tube. The sample is kept at room temperature
by warm nitrogen gas. Cold nitrogen gas flows
in a narrow space near the outer wall. The total
separation between the helium space and the
sample space is 3 mm and the sample space is
1 cm across.

ameter) on each side of the substrate (9).
The gaps in the rings were diametrically
opposed, and the resulting LC (inductive/
capacitive) structure resonated at 300 MHz
(the Larmor frequency for protons at 7 T).

The Qs (quality factor) of the resonators
were measured with a Hewlett-Packard
8568A spectrum analyzer and a sweep gen-
erator. Each resonator was placed in a vari-
able field produced by a superconducting
magnet (Janis Research Supervaritemp
dewar with a Cryomagnetics 9-T magnet),
and the value of Q was recorded as a func-
tion of field strength and temperature. All
measurements were performed with the field
approximately parallel to the a-b plane of
the YBCO (parallel to the substrate). There
was a large initial drop in Q as the field was
increased (Fig. 1). This was most likely the
result of the rapid influx of quantized mag-
netic flux vortices (fluxons) as the lower
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critical field of the YBCO was exceeded.
After this initial drop, Q did not change
significantly with field up to 9 T. Therefore,
Q was around 50,000 at 7 T, the field at
which the microscopy system described here-
in operates.

For a series resonant circuit, Q = wL/R.
A high Q leads to reduced Johnson noise as
a result of the R dependence of the noise
power. For the case in which coil noise
dominates, we have

SNR « \/:? (1)

where T is absolute temperature. A copper
resonator that is the same size as the YBCO
resonator has a Q value of about 400 at room
temperature (9, 10). Therefore, the use of a
YBCO coil at 10 K will yield an SNR gain of
~60 relative to such a copper coil.

This gain can be used to decrease the
imaging time by a factor of 3600. In prac-
tice, the imaging time reduction will be
limited by the relaxation times (T, and T,)
of the spin system. However, there are
certain fast-scanning techniques (I1) that
can increase the rate of data acquisition
when the SNR is sufficiently large. The
gain can also be used to decrease the linear
dimensions of the smallest volume element
that is imaged (a voxel) by a factor of ~4.
Potential limits on the resolution are posed
by a number of factors, including suscepti-
bility (I12), inherent linewidth (13, 14),
and diffusion (15-19). To date, a meaning-
ful experimental verification of these limits
has not been possible because of the reso-
lution limits imposed by low SNR. The
superconducting receiver should allow for a
practical study of these limits.

Care must be taken to ensure that speci-
mens to be imaged can be maintained at
room temperature while the YBCO resona-
tor, sitting in close proximity, stays at 10 K.
This was accomplished with the dewar de-
sign shown in Fig. 2. The dewar was con-
structed entirely of quartz, and cooling was
accomplished with helium and nitrogen gas-
es to avoid vibration caused by bubbling.
Nitrogen gas passed through a coil that was
immersed in liquid nitrogen and then flowed
into the nitrogen space where it cooled the
outer walls. Helium gas was delivered
through a valved capillary transfer tube to a
heating block within the dewar. A Lake-
shore 82C temperature controller warmed
the gas to a preset temperature as it flowed
down a quartz capillary tube and onto the
YBCO resonator. The resonant frequency is
temperature-dependent, which means accu-
rate control was essential: the high Q of the
resonator makes it very susceptible to fre-
quency drift. The total thickness of the
quartz walls and vacuum gap that separated
the resonator from the sample was 3 mm.
Samples were held in a pocket on the inner
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Fig. 3. (A) The circuit diagram for the inductive-
ly coupled YBCO resonator (p, primary) and the
room-temperature copper resonator (s, sec-
ondary) and (B) the equivalent circuit for the
secondary at resonance.
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Distance (mm)

Fig. 4. SNR profiles (dimensionless) for (A) the
high-temperature  superconducting  (HTS)
probe (SNR ~11 to 12) and (B) the room-
temperature copper solenoid (SNR =1). These
are line plots (256 pixels) through single slices
of the three-dimensional data. The height of the
profile in the sample region (high signal region)
relative to the baseline (noise) gives SNR.

wall of a quartz tube through which warm
nitrogen flowed. This arrangement allowed
for the samples to be maintained at room
temperature and still be kept less than 5 mm
from the resonator.

To achieve the SNR gains that were
calculated above, it is necessary to couple to
the superconducting resonator in a way that
does not add significant noise. There is a
straightforward inductive coupling approach
that makes this possible (Fig. 3A). The
superconducting resonator is represented as
the primary circuit, and the voltage E is the
induced NMR voltage. At resonance, the
inductive and capacitive reactances cancel
out, and the impedance is simply the real
resistance R, (20). The secondary .circuit
consists of a room-temperature copper loop
and a low loss capacitor. There is a mutual
inductance M between the two resonant



Fig. 5. Single slice im-
ages (the two images
from the data used for
Fig. 4 that yielded the
highest contrast) taken
with (A) the HTS probe
and (B) the room-tem-
perature copper sole-
noid. To facilitate com-
parison, the back-
ground levels were
adjusted to be equal.
The different cross sec-
tions were a result of i

the sample tube being in a different orientation for the two probes.

circuits. Solving the loop equations for the
two circuits leads to the equivalent circuit
for the secondary shown in Fig. 3B (21).
The effective impedance of the primary as
seen in the secondary is (o)M)Z/Zp, and Z, =
R, at resonance. By adjusting the relative
positions of the two resonators, M can be
made large enough that this effective imped-
ance term dominates other impedance terms
in the secondary (22). Typically, the effec-
tive impedance is set to 50 ohms and R, can
be made to be a few tenths of an ohm (the
inductive and capacitive reactances in the
secondary cancel at resonance). One must
be careful to note, however, that the noise
power of the effective impedance will be that
of a 50-ohm resistor at 10 K.

The SNR of the primary circuit alone
(at resonance) is

SNR « (2)
P

The SNR for the equivalent secondary cir-
cuit (Fig. 3B) is

VR,

SNR «

oME [(wM)? _% E
5] o

R ~ VR,

P
Even though the net Q of the two circuits
must be lower than that of the supercon-
ducting circuit alone, the SNR gain is
preserved as long as the effective impedance
term dominates the other impedance terms
in the equivalent secondary circuit.

To keep the noise of the entire receiver
chain low, it is necessary to have a low
noise preamplifier. Common source con-
figuration preamplifiers containing GaAs
MESFETs (metal-semiconductor field—ef-
fect transistors) from several different
manufacturers have been constructed
(23). The small values of the capacitance
between the gate and the source (0.3 to
0.5 pF) determine the optimum source
impedance of the FETs (1000 to 3000
ohms). The key to achieving low noise lies
in providing an impedance transformation
network that has a high Q. Large air core
inductors and low loss variable capacitors
are used to achieve this. The preamplifier

P P

is tuned to have a noise minimum at the
Larmor frequency (300.5 MHz for protons
at 7 T). Cooling the amplifier in liquid
nitrogen causes a significant drop in noise
temperature, and it is believed that the
remaining dominant noise source is the
Johnson noise of the input transformer.
Careful design has resulted in preamplifiers
that have noise temperatures of 10 K when
cooled to 77 K.

We have performed conventional spin-
echo experiments with a 300-MH:z GE
Omega imaging system to compare the su-
perconducting probe with a 4-mm-diame-
ter, room-temperature copper solenoid.
The same phantom composed of CuSO, in
water (2 g/liter) was imaged with the two
coils. The copper solenoid had a geometric
coupling advantage, as compared with the
high-temperature superconducting (HTS)
coil, owing to its larger filling factor. Both
probes were run with the same acquisition
parameters: 200-ms recovery time, 22-ms
echo time, 5.12 mm by 5.12 mm by 0.32
mm field of view, two averages, 256 by 256
by 16 matrix size. This resulted in a 27-min
acquisition time and a 20 wm by 20 pm by
20 pm voxel size. The GaAs-FET pream-
plifier was not cooled in these runs; there-
fore, the total noise temperature of the
receiver chain was about 85 K (the same
amplifier was used for the two probes). We
saw an improvement in the SNR by a factor
of ~10 (Fig. 4) with the HTS probe in spite
of the geometric coupling advantage of the
copper solenoid. Comparative images are
shown in Fig. 5.

The superconducting probe has a signifi-
cant SNR advantage over conventional
probes. Use of the SNR gain to reduce imag-
ing time would be a very powerful develop-
ment for histopathologic studies (24, 25), in
which extreme resolution is not the main
goal. Moreover, the ability to probe the limits
of resolution with a relatively large sample
(26, 27) will make possible new structural and
functional studies. There are interesting pros-
pects for applying this same technology to
NMR spectroscopy studies for situations in
which signal levels are marginal.
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