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Abstract—We have constructed a high-T. SQUID
spectrometer to detect NMR signals from samples at room
temperature in magnetic fields up to 3 mT. The multiloop
SQUID magnetometer has a system noise of about 30 fT/Hz' at
the relevant frequencies of 2 to 100 kHz. The magnetometer is
operated in vacunm at 77 K, and is separated from the sample,
which is less than 1.5 mm away, by a sapphire window. In a
magnetic field of 2 mT we can detect the proton spin echo at 86
kHz without signal averaging. This sensitivity enables us to
obtain one-dimensional images. In addition, we present data on
hyperpolarized '*Xe, which has an optically pumped
polarization of several percent.

I. INTRODUCTION

Low transition temperature (low-T.) superconducting
quantum interference devices (SQUIDs) have been used in
numerous experiments to detect nuclear magnetic resonance
(NMR) and nuclear quadrupole resonance (NQR) signals [1-
10]. This approach has been especially successful in giving
information related to structural [1], [2] and dynamic aspects
[3] of materials through interactions with nuclear spins at
zero and low magnetic fields. The feasibility of magnetic
resonance imaging (MRI) with low-T, SQUIDs at low fields
has also been demonstrated [4], [8]. In low field NMR
(typically < 10 mT) the spin precesses at correspondingly low
frequencies, typically below 500 kHz, around the field
direction. In conventional NMR experiments, in which a
resonant circuit is used to detect the precessing
magnetization, the induced voltage signal, V, is proportional
to the spin magnetization, M, and its rate of change, ®. Since
the magnetization is also proportional to the frequency, V
scales as % As a result, it is difficult to detect NMR signals
at low fields with a conventional Faraday detector. In
contrast, SQUIDs can be used to measure the magnetic flux
directly, resulting in a much higher signal-to-noise (S/N) ratio
at low frequencies. However, the samples were maintained at
room temperature in only a few cases [7-11]. At liquid
helium temperatures, there is a limited number of materials
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with sufficiently short spin-lattice relaxation times to allow
one to signal average in pulsed experiments. Moreover, to
investigate biological samples one requires room temperaturs
access, and a large sample space is highly desirable for MRI.
Kumar et al. [11] were the first to use a high-T, SQUID to
obtain NMR spectra from room temperature samples. In this
paper we describe a newly constructed high-T, SQUID
spectrometer that detects NMR signals from samples at room
temperature in magnetic fields up to 3 mT.

II. EXPERIMENTAL CONFIGURATION

A. SQUID

The SQUID is operated in a flux locked loop. A block
diagram of the SQUID electronics is shown in Fig. 1. The
preamplifier that detects the voltage across the SQUID
consists of four parallel AD 797 (Analog Devices) amplifiers
with a measured spectral white noise level of 0.65 nV/Hz".
After the second stage, which has variable gain, the signal
passes through a single-pole integrator. The integrated
voltage is fed back to the SQUID as a magnetic flux via a
single-turn feedback coil made from copper wire. After being
amplified and filtered the feedback voltages are stored in a
computer.
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Fig. 1. Block diagram of the SQUID electronics. The dashed rectangle
encloses the flux locked loop.
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For the first tests we used a directly coupled magnetometer
with a square washer pickup loop [12]. In the relevant
frequency range the system magnetic flux noise was
56 u®,/Hz", where @, is the flux quantum, corresponding to
a magnetic field noise of 390 fT/Hz".

In our recent measurements, we used a multiloop
magnetometer [13] with a larger effective area (~1.8 mm?). In
this case, the system flux noise is 25 utbole%, corresponding
to a field noise of 30 fT/Hz”. The bandwidth of the system
with the multiloop magnetometer is 1.1 MHz.

The noise performance and bandwidth could be further
improved with the use of additional positive feedback (APF)
[14]. This would eliminiate the noise contribution from the
preamplifier, reducing the system noise by about a factor two.

B. Dewar and NMR Coils

A simplified sketch of the dewar and coils is shown in Fig.
2. The SQUID magnetometer is operated in vacuum,
separated from the sample, which is less than 1.5 mm away,
by a sapphire window. Efficient cooling is provided by a
10 cm long sapphire rod, thermally anchored to the liquid
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Fig. 2. Configuration of NMR system, including liquid nitrogen dewar,
SQUID, and coils.
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nitrogen reservoir. The dewar is similar to that described in
detail in [15].

The static magnetic field B, in the z-direction is produced
by a Helmbholtz pair of coils each with a diameter of 11.7 cm
and 1,300 turns. The calculated ficld homogeneity in the
center of the coils is better than 0.07 % (0.7 %) in a cubic
volume of 1 cm® (8 cm3). External fields are attenuated by a
three-layer mumetal shield enclosing the whole apparatus.
For the pulsed NMR experiments an alternating magnetic
field B, is applied in the y-direction by the transmitter coils,
in this case, a Helmholtz pair perpendicular to the static field
coils. Each transmitter coil has a diameter of 8.6 cm and 20
turns. The calculated field homogeneity in the center of these
coils is better than 0.12 % (1.2 %) in a cubic volume of 1 cm’
(8 cm®). For our one-dimensional imaging experiments an
additional gradient field dB,/dz was applied by a Maxwell
pair of coils parallel to the static field coils. Each coil has a
diameter of 12.2 cm and 50 turns. The linearity of the field
gradient is better than 0.3 % (1.0 %) in a cubic volume of 1
cm’ (8 cm3) around the center. All three coils were wound
from insulated copper wire and mounted on a common frame
made from G-10 fiberglass and plexiglass. To avoid accoustic
resonances in the coils, this frame was designed to be
extremely rigid.

C. Spectrometer

The pulsed NMR experiments are computer controlled. We
describe a typical sequence for a proton spin echo experiment
in a field of 2.03 mT. In order to prevent the integrator from
being saturated, the feedback loop is switched off during the
excitation pulses. The sequence starts with a 90° pulse
generated by applying a 793 ps long 86.6 kHz signal to the
transmitter coil. The amplitude is adjusted to produce a field
of 14.8 uT. After a few milliseconds a 180° pulse with the
same field amplitude and frequency but with double the pulse
length is applied. Subsequently, because of ringing in the
coils caused by the impedance mismatch between the coils
and the signal generator, the system is paused for about
100 ps before the feedback loop is switched on. Data
acquisition starts 10 us later. To allow the spins to relax
completely, the repetition rate is low, 2.5 Hz. The experiment
is performed in an electromagnetically screened room.

III. EXPERIMENTAL RESULTS

For our first test we used samples with either a high
density of protons or an optically enhanced polarization
("®Xe). For the proton samples we chose mineral oil because
of its relatively short spin-lattice relaxation time T; and
relatively long spin-spin relaxation time T,. This allows us to
exploit the advantage of pulsed NMR experiments and to
improve the S/N ratio by signal averaging. The "*Xe was
polarized far above its equilibrium value by means of optical
pumping as described elsewhere [6], [18].



4426

1.0F
H

_ B=203mT
3 1 scan
A
3
2 05¢
=y
E
<

0.0 L L

85 86 87 88

Frequency (kHz)

Fig. 3. Single shot proton NMR signal from mineral oil in a magnetic field of
2.03 mT.

A. Mineral Oil

Most of our experiments were performed in magnetic
fields between 1 ' mT and 2 mT; depending on the nucleus the
frequencies were between 10 kHz and 90 kHz. In a magnetic
field of 2.03 mT we can detect the proton spin echo signal at
86.67 kHz without signal averaging. The corresponding
spectrum after Fourier transformation is shown in Fig. 3.

In order to achieve a higher S/N ratio we averaged 1,000
times. The spin echo is shown in Fig. 4(a), and its Fourier
transform in Fig. 4(b). The S/N ratio for this proton signal is
44.

In a field of 0.059 mT, which is comparable to the earth’s
magnetic field, we can resolve the proton spin echo produced
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Fig. 4. Proton NMR signal from mineral oil in a magnetic field of 2.03 mT
after 1,000 signal averages: (a) spin echo, after the real time signal has been
demodulated with 85.6 kHz and filtered, (b) Fourier transform.

by 1 ml of mineral oil at 2.5 kHz after 2,000 averages even
though the equilibrium proton polarization is only 2x10™.
The results obtained in this ultralow field will be published
elsewhere [16].

B. One-dimensional Imaging

The S/N ratio obtained in fields of 2 mT enables us to
obtain one-dimensional images by detecting proton NMR
signals. Our SQUID magnetometer does not enclose the
sample, but acts as the surface coil used in conventional
NMR [17]. The intensity of an NMR signal from a given part
of the sample depends on its position with respect to the
magnetometer. Thus, for images in one-dimension, besides
frequency encoding we also have position encoding. To
obtain the images we calculate the correction function

D(2) = [ [o(xy, Dddy, M

where ¢(x,y,z) describes the contribution of an ensemble of
dipoles, localized at the coordinates (x,y,z), to the total
magnetic flux @, through the magnetometer. The center of
the magnetometer defines the origin in space (0,0,0). In our
case, on resonance and with the gradient G = dB,/dz along
the direction of the static magnetic field B,, the signal is
given by

s(k)= J. ”.(25()6, ¥, 2)p(x, y, z) exp(27kz)dxdydz,  (2)
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Fig. 5. One-dimensional image of a 11 mm wide container obtained by
averaging 10,000 proton NMR signals from mineral oil in a magnetic field of
2.03 mT. (a) Spectrum S(z) and the calculated correction function ®(z); the
position z and frequency f are connected via z=27(f-f;)/YG, Where fr is the
resonance frequency. (b) Corrected image (see text) with a solid line to guide
the eye.



where p(x,y,z) is the spin density and k=YGt/2x; vy is the
gyromagnetic ratio. We measured s(k) from a sample
consisting of 2.2 ml mineral oil in a rectangular phantom of
11 mm x 11 mm cross sectional area and 18 mm height. The
static magnetic field gradient was about 1.32 mT/m. Figure
5(a) shows a plot of S(z), the Fourier transform of s(k), and a
plot of the correction function ®(z). Figure 5(b) shows a
profile image obtained by dividing S(z) by ®(z). We consider
this correction reasonable for values of S(z) with S/N ratio
greater than 2.

C. Hyperpolarized '**Xe

In addition to protons in mineral oil we have also
performed experiments on hyperpolarized '2Xe, which has a
pumped polarization of 2-3 %. Without optical pumping the
equilibrium polarization in a field of 1.3 mT would be only
1.2x10”° at room temperature. We have measured the free
induction decay (FID) of '*Xe with the directly coupled
magnetometer after a single 90° pulse. The sample tube was
14 mm long and had an inner diameter of 5 mm. The
spectrum, shown in Fig. 6, has a S/N ratio of 15 for the FID
signal at 14.89 kHz. We plan to measure the NMR signal of
hyperpolarized '®Xe with the multiloop magnetometer. We
expect the higher sensistivity and larger effective area to
improve the S/N ratio by a factor 15 to a value greater than
200 without signal averaging.

IV. CONCLUDING REMARKS

We plan further experiments to obtain two-dimensional
images of proton samples using the projection-reconstruction
method [4]. We also plan to extend our experiments by using
three-dimensional pulsed gradients for improved two-
dimensional imaging. In the case of **Xe we will add a self-
contained gas flow system to allow continous optical
pumping. Finally, as noted earlier, we expect to improve the
noise level of the magnetometer by a factor of 2 by using
APF.
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Fig. 6. Single-shot '*’Xe NMR signal from hyperpolarized gas in a magnetic
field of 1.26 mT.
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