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Low field magnetic resonance images of polarized noble gases obtained
with a dc superconducting quantum interference device
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Using a low transition temperature superconducting quantum interference device as a detector, we
have obtained magnetic resonance images of laser-polatitedjas and solid®*Xe at 4.2 K in
magnetic fields as low as 0.54 m¥He) and 1 mT #?%e), corresponding to Larmor frequencies

of 17.6 and 11.8 kHz, respectively. The experimental resolution of the imagesd6 um for >He

in the gas phase and950 um for **Xe in the solid state. ©1998 American Institute of Physics.
[S0003-695(98)02514-5

Magnetic resonance imaginiyIRI1) is a powerful tool in  to perform MRIs at 4.2 K and at frequencies as low as 11
contemporary medical diagnosticd and materials kHz.
characterizatiofi. The required magnetic field8,, ranging High spin polarization int?*Xe and®He is induced by
from 0.1 to 8 T, are often provided by superconducting magspin exchange of the noble gas with optically pumped Rb
nets and lead to Larmor frequencieg/2m of 5-400 MHz.  metal vapof® The cylindrical pumping cell typically con-
Even at the higher frequency the equilibrium spin populatiortains 1 bar of noble gas, 13 mbar of, Mas, and a few
at room temperaturé,wo/kgT, is only 6x10°. In the con-  milligrams of Rb metal. The cell is maintained at 470 K and
ventional method of detecting nuclear magnetic resonancis contents are irradiated witl W of circularly polarized
(NMR) signals, the voltage across the tuned circuit is prodaser light at 794.74 nm, the frequency of the Bp optical
portional to both the polarization and the frequency, that istransition, along the directionf@a 5 mT magnetic field. This
to BS or wg. Thus, higher fields normally enhance the sen-process orients the Rb electron spins parallel to the magnetic
sitivity of NMR/MRI detection. An alternative approach en- field, and results in a polarization of th&Xe or *He nuclear
abling one to obtain images at much lower frequencies is t@pins to several percent within a few minutes. Since details
use a dc superconducting quantum interference devicef the transfer of the sample from the optical pumping sta-
(SQUID) based amplifier to detect the voltages induced in dion to the SQUID imaging probe at 4.2 K and of the design
resonant circuit involving a superconducting induct®®Ku-  and operation of the pulsed-SQUID amplifier and its associ-
mar et al® reported SQUID-detected proton MRIs in fields ated electronics are detailed elsewh&r,we describe only
as low as 9.4 mT, corresponding to a Larmor frequency othe probe assembly used in this study.
about 400 kHz. Such low magnetic fields can be produced The sample tube, immersed in liqufie, is placed at
relatively inexpensively and have much lower homogeneitythe center of a pair of coils, each with a rectangular shape
requirements compared with high field magnets. (65X 24 mm) and wound with 30 turns of superconducting

In this letter we describe a second method of improvingNb wire. This coil supplies the static magnetic fi#égd (Fig.
the detection of low frequency MRI signals, namely the en-1). A second pair of coils, each with a rectangular shape
hancement of the nuclear polarization in low fields by meang63x 20 mm) and with five turns of Nb wire, has a common
of optical pumping.~® Even in low magnetic field, optical axis with theB-field coils and provides the magnetic field
pumping can produce spin polarizations between'ldnd 1  gradientG. The magnetic signal produced by the precessing
for the noble gasedHe and'?®Xe, an enhancement of sev- nuclei is coupled into a two-turn, Nb-wire solenoid with its
eral orders of magnitude over their thermal equilibrium po-axis concentric with the cylindrical sample. The pickup coll
larizations at room temperature in high magnetic field. Thas connected to the 48-turn, thin-film input coil of the
enhanced polarization makes the noble gases attractive caBQUID; the estimated inductances of the two coils, 150 and
didates for use as localized MRI contrast agéfit®> We 200 nH, respectively, are approximately matched. The input
have previously reporté8ithe use of a SQUID with an un- circuit forms a superconducting flux transformer, so that the
tuned, superconducting input circuit to detect NMR signalsSQUID measures magnetic flux directly rather than the rate
from laser-polarized®*Xe in fields down to 0.02 mT, corre- of change of flux. The SQUID is operated in a flux-locked
sponding to a Larmor frequency of 220 Hz. In the presenloop which has a bandwidth of approximately 5 MHz. The
work, optical pumping and SQUID detection are combinedaudio-frequency(af) transmitter coil is orthogonal to the
pickup coil and static field coils, and consists of two planar

Apresent address: Department of Chemistry, University of California, Davis?o'turn coils positioned 15.6 mm apart. The static magnetic
CA 95616. field and gradient coils are orthogonal to both the af coil and
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FIG. 1. Configuration of the probe assembly used to obtkia and'?°Xe
magnetic resonance images at magnetic fietdsmT.

the pickup coil and are operated in a persistent-current mode T T |

using two separate superconducting switches. In this way a 30 20 10

magnetic field up to 1.5 mT and field gradient up to 0.1 T/m wg/2n (kHz)

can be applied. Because the input circuit has a response thak 3. solid curvesHe spectra as a function of magnetic field gradient for

extends to zero frequency, it is surrounded by the superconhke same static field of 0.54 mT. The abscissadn provides the same

cucting Pb shield shown n g 1 1 011 0 oK A e oo Hares ) s vrdms o b

fe|2|t dr:i?;ri;:g;:tllf/eb;—lgsvstuleel\(ja:iiic(?asléﬁleaféztlg’(?rr;dtﬁéagleeg%ials foIIowing the second af pl_JIse Wﬂ3’1= 0.046 and 0.033 T/m, respec-

ively; in (c), G=0. The dashed lines ifa) and (b) represent the shape of

ometry of the coils driven by a current ranging from 0.5 to 3one-half of the circular sample tube. The pointganand (b) are the result

A. To calibrate the static field and gradient coils and to tespf the fit to Eq.(2).

the ability of the system to obtain an image, a series of ex-

periments was performed first Ghie gas. Apodization of the echo signal with a hyperbolic secant cen-
One-dimensionaﬂlD) images 0f3He gas were obtained tered at 1.32 ms and with a width of 1.5 ms, followed by

using a two_pu|se Spin echo Sequeﬁ%@\ typ|ca| echo re- Fourier tranSformation, y|8|dS the SpeCtra shown in Flg 3.1In

sponse is shown in Fig. 2 for laser-polariZéte gas(~10%  €ach spectrum the static field was produced by a current of 1

spin polarization contained in a tube of inner diametdr A, and from the center of gravity of each line and the mag-

=5.9mm at a pressure of 13 mbar. The two af pulgeeh hetogyric ratio y=32.43 kHz/mT of *He we infer By

consisted of one cycle at a frequeney/2m=17.6 kHz and =0.54 mT. The gradient fields in Figs(e8 and 3b) were

with an amplitude of 0.09 mjTwere separated by 0.66 ms, Produced by currents of 3.0 and 2.0 A, respectively. In Fig.

leading to a refocusing of the magnetization at 1.32 ms3(C), the applied gradient field was zero; the observed line-
width is most likely due to the inhomogeneity &, al-

though the relaxation time§, and T, of *He gas were not
measured in this study. ThtHe images do not show the
enhancement at the edges of the tube reported recently by
Saamet al® in a room temperaturéHe sample at a higher
field of 3.1 mT and a smaller gradient of 0.001 T/m. This
enhancement arises because the diffusion rate of the gas near
the walls is lower than in the interior of the cé#?!In our

case, the lower temperature reduces the diffusion rate, and a
lower spatial resolution due to field inhomogeneity blurs fea-
tures near the edges of the image.

f I I I ” We show that the shapes of thide spectra in Fig. 3 are
0.0 0.5 1.0 1.5 consistent with the circular distribution functiop((}), ex-
T {ms) pected for a linear gradient perpendicular to the symmetry

axis of a cylindrical sample, and fit them to find the value of

FIG. 2. Spin echo obtained fSHe at 0.54 mT in a gradient of 0.046 T/m. the gradients. The distribution of frequencies in the tube as

Each excitation pulsédenoted as a black box in the figuonsists of one
cycle atw,/2m=17.6 kHz with an amplitude of 0.09 mT giving a tipping (93_92)1/2 |Q|$QO,
angle of 61°. The two pulses are separated by 0.66 ms. The receiver-gating p(Q) =

time following each pulse is 6%s. 0, |Q|>Q,.
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mm inner-diameter Pyrex tube containing the solid Xe. A
linear, four-point spline interpolation of these data was used
to produce the image shown in Fig(bd. Evidently the Xe
was frozen to one side of the sample tube. From the cali-
brated gradients and the known 520 Hz linewidth of solid
12%e in the absence of a gradiéhtve estimate a resolution
of ~950m for the 2D image.

Because the enhanced polarization of the gases will be
the same at 300 K as at 4.2 K, we expect the signal to be
undiminished for samples at room temperature. Extensions
of this technique to room temperature samples using a high-
T. SQUID as a detector are under way. We plan to investi-

o gate the dependence of spatial resolution on magnetic field
| and gradient under these conditions, and to explore the pos-
sibility of obtaining images at fields as low as that of the
Earth, 0.05 mT.
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