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Abstract

The signal-to-noise ratio of nuclear magnetic resonance signals from laser-polarized 129Xe gas was investigated at 8.5mT and

compared to that of signals acquired at 1.88T. A dedicated 8.5mT resistive magnet was constructed and used to acquire the signals.

The SNR for 1 atm of xenon gas with a polarization of 1% was measured to be 1900 at a field of 1.88T. Under identical acquisition

conditions, the SNR at 8.5mT was about 60 (or 32 times lower). After measuring and including all of the electrical factors of the

detection systems at each field strength, theory indicates the SNR value measured at 8.5mT should be about 36 times lower.

Considering the widely differing frequencies and completely different detection systems the agreement is quite good and indicates

that extrapolating the frequency dependence of the SNR down to very low fields does work as long as the detection system pa-

rameters are carefully accounted for. This work suggests that magnetic resonance (MR) imaging is achievable on ideal gas samples

at 8.5mT using laser-polarized 129Xe gas down to the practical resolution limit of about 0.5mm, although the SNR will be very low

(�1.4). The feasibility of imaging small animals at 8.5mT is discussed and it is suggested that a field of about 50mT is required.
� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The use of laser polarization to selectively populate

the nuclear Zeeman energy levels and therefore increase

signal strength was first applied to magnetic resonance

(MR) imaging in 1994 [1]. Population differences of the

nuclear Zeeman energy levels determine the degree of

polarization of the nuclei and thus the signal strength. In

conventional nuclear magnetic resonance (NMR), the
polarization relies on thermal energy transfer and is

approximately a linear function of the magnetic field

strength. The polarization of laser-polarized nuclei is

not strongly dependent upon the field strength, instead

relying on other independent variables such as the laser

power and the gas mixture [2]. The MR signal strength

resulting from a given polarization is therefore expected

to have approximately a linear dependence on field
strength for laser-polarized gas rather than the qua-

dratic dependence of conventional thermally polarized
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samples. As a result, laser-polarized MR experiments
can be performed at considerably lower magnetic field

strengths (B0 � 1T) than clinical MR imaging, which is

typically carried out at 1.5 T.

Since field strength is directly proportional to fre-

quency, the final signal-to-noise (SNR) advantage of

laser-polarized over thermally polarized experiments as

the field strength is lowered depends on the frequency

dependence of the noise source [3,4]. The two main noise
sources in MR imaging are thermal Johnson noise

originating in the conductive material of the coil and

noise resulting from the coupling of the coil to the

thermal noise generated by the conductive sample.

These two noise sources are usually referred to as coil

noise and sample noise. The frequency dependence of

the coil performance as well as other electronic factors

will determine the overall SNR observed.
Laser-polarized noble gases provide exciting possi-

bilities for performing MR imaging at low fields

(<0.1 T). The benefits of low-field MR imaging are po-

tentially numerous [5]. A low-field magnet would not

require superconducting technology to maintain its field
reserved.
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strength and could instead rely upon more conventional
resistive or permanent magnet technology which could

be less expensive and more portable. Also, the low-field

strength results in a reduced operating, or Larmor, fre-

quency (kHz instead of MHz) which simplifies the RF

electronics. These lower frequencies also have large skin

depths, allowing gas space imaging inside conductive

materials [6]. Finally, at low-magnetic fields there is a

reduced effect of magnetic susceptibility heterogeneity
and chemical shift, resulting in a longer T �

2 and im-

proved spectral bandwidth and reduced distortion.

Since the introduction of laser-polarized noble gases

to MR imaging, there have been several investigations

of their uses at low field. Darrasse et al. demonstrated

laser-polarized 3He human lung imaging at 0.1 T [7],

while Saam and coworkers obtained one-dimensional

profiles of cells filled with laser-polarized 3He at 3.1mT
[8]. In addition, using superconductive quantum inter-

ference devices (SQUIDS), Augustine et al. imaged la-

ser-polarized 3He and solid 129Xe at liquid helium

temperatures (4K) and 54 lT [9]. Most recently, Wong
et al. demonstrated fast, single-scan 2D imaging at

2.1mT of laser-polarized 3He in sealed glass phantoms

[6] and excised rat lungs [5]. Finally, Yang et al. ob-

tained a low-field laser-polarized 129Xe image of a live
rat lung [10] by lowering the field strength of a super-

conducting magnet from 1.5 T to 15.0mT.

The purpose of this work was to compare the SNR at

1.88 T and 8.5mT as a step towards the imaging of laser-

polarized 129Xe at 8.5mT. The design and construction

of a prototype NMR system for laser-polarized 129Xe

are described as well as the experimental methodology

for acquiring laser-polarized 129Xe gas signals. Using
both laser-polarized and thermally polarized SNR
Fig. 1. A block diagram of the experimental setup used. The grayscale is u

electromagnet (medium gray), the laser polarization (dark gray), and the N

inside the magnet and kept at a constant temperature (88 �C) using an oven
measurements, a theoretical and experimentally vali-
dated comparison of the SNR of the low-field system

with the SNR of a 1.88 T superconducting system is

presented. The availability of enough SNR to image

small animals at the practical resolution limit is also

discussed.
2. Materials and methods

2.1. Low-field NMR system

A block diagram of the complete 8.5mT apparatus is

shown in Fig. 1. This diagram shows the three main

sections of the apparatus: the resistive electromagnet

(medium gray), the laser polarization hardware (dark

gray), and the NMR spectrometer (light gray).
The electromagnet was designed based on a modi-

fication [11] of Garrett�s theory of axial symmetric

magnetic fields [12]. This theory describes the posi-

tioning of pairs of current loop distributions such that

the dominant non-symmetric terms in the field expan-

sions of an individual loop cancel in the region between

the loops producing a homogeneous field. The design

criteria were to produce a 8.5 mT field (which corre-
sponds to a Larmor frequency of 100 kHz for 129Xe)

with an inhomogeneity of less than 1% over a 10 cm

diameter spherical volume (DSV) using a 80V, 10A

power supply. Since the resistance from the total length

of wire becomes a barrier in attempting to add more

loops, a simple two-loop or split-solenoid design was

found to best meet these criteria. A longitudinal cross-

sectional view of the magnet indicating the coil-wind-
ing geometry is shown in Fig. 2. The electromagnet coil
sed to indicate the three main sections of the apparatus: the resistive

MR spectrometer (light gray). A sample cell (black) is laser-polarized

and temperature controller.



Fig. 3. Modified reference signal circuit. The divide by 2n counter is

reset on the output of the divide by n counter. The result is a signal

with the same frequency delayed by exactly half of the counter cycle or

1/4 of a period.

Fig. 2. A longitudinal cross-sectional view of the low-field resistive

electromagnet. The split-solenoid design is characterized by two bands

of windings, each 6 cm wide and four layers of wire deep. The bands

are spaced 10 cm apart. Specifications are provided in Table 1. The

inset shows the winding configuration of the coil.

Table 1

Mechanical and electrical specifications of the resistive electromagnet

Mechanical characteristics

d1 5.00� 0.05 cm
d2 11.00� 0.05 cm
d3 13.56� 0.05 cm
d4 0.60� 0.05 cm
N 8.29 turns/cm

No. layers 4

Tot. turns 428� 4
Wire gauge (AWG) 18

Electrical characteristics

R 9.1� 0.1 X
Bz 12.34G/A

I 6.880� 0.001 A
P 430� 5 W
The physical dimensions correspond to those in Fig. 2.
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was wound using 18AWG wire on a fiberglass-rein-

forced cardboard former which was 30 cm in inner
diameter. Epoxy resin was used to fix the wires in

position. Two DC power supplies (Sorensen SRL 40–

50 and Harrison Laboratories Model 814A) were cas-

caded in series to provide the necessary voltage. The

magnet was cooled using chilled antifreeze circulated

through 3/16 in. copper tubing wound on the outside of

the windings. The magnetic field of the coil was map-

ped using a FW Bell 640 Gaussmeter (Orlando, FL,
USA) with an axial magnitude probe. Current fluctu-

ations were on the order of �1.0mA, or equivalently
�0.1 lT or �15Hz in the signal frequency. The phys-
ical and electrical operating characteristics of the

magnet are summarized in Table 1.

The 8.5 mT NMR spectrometer was based on the

polarimeter design of Saam and Conradi [8]. This de-

sign was modified to include quadrature phase detec-
tion and an interface to the console described below

(Section 2.2) consisting of an inverting buffer between

the transmitter blanking output (which is TTL) of the

console and the 100 kHz transmitter. Appropriate

modifications to the output circuitry of the 100 kHz

phase detection to allow for DC offset adjustment and

to modify the impedance of the phase detector output

to be compatible with the expected 50X input of the
console digitizer inputs. A block diagram of the

quadrature detection modifications is provided in Fig.

3. The RF coil used was a Helmholtz design tuned to

100 kHz with an inside diameter of 1 cm and a length

of 1.58 cm. The windings on each side of the Helmholtz
pair are extended over a distance of 0.485 cm with the

gap between the pair being 0.610 cm. The thickness of

the region occupying the windings is 0.195 cm resulting

in a total outside diameter of each winding being
1.590 cm. The total number of turns of the coil was 560

of 34AWG coated copper magnet wire. The coil was

encased in an aluminum box 3mm thick to shield the

coil from any extraneous electromagnetic interference

(e.g., computer monitors, power supplies, etc.). A 2.5

cm ID hole was cut in the box to allow the laser beam

to reach the sample. The hole did not decrease the

effectiveness of the shield.

2.2. High-field NMR system

The 1.88 T spectrometer consisted of a MRRS (for-

merly SMIS, Surrey Medical Imaging Systems, Surrey,

UK) MR5000 console interfaced to a 30 cm bore su-

perconducting magnet (Magnex Scientific, Concord CA,

USA). The receiver coil was a 14 turn solenoid coil (1 cm
inner diameter, 5.4 cm length, 12AWG wire) tuned to

the 129Xe resonant frequency (22.172MHz) and mat-

ched to a 50 X impedance.
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2.3. Laser polarization

A 30 W Al–Ga–As diode array laser emitting at

794.8 nm (Opto-Power, Tucson, AZ) was used to po-

larize the sample. All samples were polarized at a field

strength of about 8.5mT. For the low-field case, polar-

ization was done inside the 8.5 mT magnet itself while

for the 1.88 T case it was done in the fringe field of the

1.88 T superconducting magnet and then transferred to
the detection field. In both cases, the beam was circu-

larly polarized using a k/4 filter (Opto-Power, Tucson,
AZ) and directed parallel to the magnetic field. The la-

ser-polarized sample contained 730mbar natural abun-

dance xenon gas, 102mbar N2 and a few milligrams of

Rb metal. For all cases, natural abundance xenon gas

was used (26% 129Xe), hereafter referred to as xenon gas.

The glass walls of the sample cell were coated with
SurfaSil (Pierce Chemical Laboratories) to reduce the

relaxation of the xenon gas due to wall collisions. The

sample geometry was in the shape of a ‘‘T’’ (see Fig. 1)

and will hereafter be referred to as the T sample. The tail

of the T sample had an outside diameter of 1.0 cm and

extended 8 cm from the side of a 4 cm long cylindrical

piece which had an outside diameter of 3.7 cm. This

geometry allowed the sample to be polarized with the
laser (beam diameter about 2.5 cm) while residing in the

coil. During polarization, the sample was maintained at

88 �C in order to maintain the rubidium as a vapor. The

polarization time was approximately 20min. The opti-

mization of both temperature and polarization time are

described in more detail elsewhere [13].

The polarization was calculated from the ratio

(SLP=STH) of laser-polarized signal, SLP, and thermal
signal STH according to:

PLP ¼
SLP
STH

� �
NTHPTH
NLP

; ð1Þ

where P is the polarization and N is the density of xenon

atoms. The subscripts TH and LP indicate thermally
polarized and laser-polarized variables, respectively. The

density terms were replaced by the appropriate pressure

terms (since the volume was the same). The thermal

polarization (PTH) was calculated to be 1.8033� 10	6
from the theoretical Boltzmann distribution for the field

strength of 1.8839T and assuming a temperature of

293K. For the acquisition of thermally polarized xenon

signals, a separate calibration sample was used. The
diameter of the calibration sample was 1.0 cm with a

length of 13.5 cm. The sample was filled with 5140mbar

STP of xenon gas and about 3800mbar STP of oxygen

gas. The presence of oxygen in the calibration sample

lowers the T1 relaxation time of the xenon to about
510ms at 1.88T, thereby reducing the repetition time

needed to acquire the full signal with a 90� pulse. Fur-
thermore, the elevated xenon pressure increased the low-
thermal signal amplitude.
2.4. SNR measurements

NMR signals were obtained by acquiring a free in-

duction decay (FID) at each field strength. Signal am-

plitudes were estimated by fitting an exponentially

decaying sine function to the real and imaginary FID

signals. The amplitude was then calculated as the root

mean square of the two values extrapolated to zero time.

The noise was estimated as the standard deviation of the
signal from an empty coil. SNR measurements at 1.88 T

were acquired using a 90� pulse with a dwell time of
100 ls. The RF pulse tip angle was calibrated using fast
(TR � T1) repetition of a low-flip angle (a) pulse on a
laser-polarized sample [14]. The ratio of the signal am-

plitude following successive pulses is cosðaÞ. This pro-
cedure was repeated for a variety of tip angles to

determine that a 90� pulse corresponded to a pulse
length of 54 ls. The laser-polarized signals were mea-
sured from a single acquisition using the T sample pre-

viously described while the thermally polarized signal

used the high-pressure calibration sample (5140mbar

xenon) with 128 signal averages. The repetition time

during the thermal signal acquisition was 4 s which is

approximately 8 times T1 and therefore long enough to
give full recovery of the signal.
A concern in the comparison of theory and experi-

ment was the possible confounding effect of radiation

damping and its possible effect on the tip angle cali-

bration. Radiation damping is known to occur whenever

polarization is very large and was a prominent factor in

a similar work involving laser-polarized 3He [5]. Radi-

ation damping was investigated in this study using three

different techniques. The first was to look for abnor-
malities in the FID using a flip angle a > 180�, the sec-
ond was to plot the signal intensity against flip angle

(0� < a < 120�) and the third to compare the tip angle
calibration for different acquisition times along the

FIDs. In all three cases radiation damping was not

found to be present and was deemed not to be an issue

for these experiments.

Even with the aid of the high-pressure (5140mbar)
sample cell, detection of a thermally polarized xenon

signal at 8.5mT was beyond the capability of the 8.5mT

system. Therefore, the thermal xenon signal strength at

8.5mT was estimated using the proton signal of a water

sample by lowering the field strength of the electro-

magnet to 2.3mT to give the same Larmor frequency

(f0 ¼ 100 kHz) and correcting according to:

SXe ¼ SH
cXeNXe
cHNH

; ð2Þ

where NXe ¼ 4:6591� 1024 atoms/m3 and NH ¼ 6:6918�
1028 atoms/m3 and equal sample volumes have been as-
sumed. NXe is the number of

129Xe nuclei and was cal-

culated from the known pressure (730mbar) according

to the ideal gas law. NH was calculated based on the



Fig. 4. A cross-sectional diagram of the normalized field distribution

for (a) the 8.5 mT Helmholtz coil and (b) the 1.88 T solenoid coil. The

field has been normalized to the field in the central region of the coils.

The solid rectangles and ovals indicate the positions of the wire

windings. The end of the contour lines indicate the edges of the sample.
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molecular weight (18 g/mol) and density (1 g/cm3) of
water. Thermal proton signals were acquired with a

dwell time of 20 ls and a 90� pulse width of 114 ls. One
thousand (1000) signal averages were used with a repe-

tition time of 2.5 s. The water sample (diameter 1.0 cm

OD, length 7.2 cm) contained 0.56mM of Gd-DTPA

(Prohance, Squibb Diagnostics, Montreal) to speed up

the acquisition and prevent saturation. At 1.88 T the T1
of the water sample was 365ms. Although the T1 was
not explicitly measured at 8.5mT, negligible change in

signal intensity with a repetition time of 1.5 s was ob-

served. Laser-polarized signals at 8.5mT were obtained

from a single acquisition using the T sample cell previ-

ously described. A dwell time of 20 ls and a 90� pulse
width of 411 ls were used. The RF pulse tip angle for
the 8.5 mT system was calibrated on the laser-polarized

xenon sample in the manner previously described for the
1.88 T RF pulse tip angle calibration. The 90� pulse
length for the proton case was calculated from that

found for xenon but taking into account the gyromag-

netic ratio difference.

2.5. SNR calculations

For an ideal solenoid coil, the SNR can be repre-
sented as [15]:

SNR ¼ KgM0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0Qx0Vc
4FkTDf

s
; ð3Þ

where K is a numerical factor representing the RF field

inhomogeneity (�1), g is the filling factor, M0 is the

magnetization, l0 is the permeability of free space, Q is

the quality factor of the RF coil, x0 ¼ 2pf0, where f0
is the resonance frequency, Vc is the volume of the coil, F
is the noise figure of the receiver, k is the Boltzmann

constant, T is the coil temperature, and Df is the

bandwidth of the receiver.

To calculate a theoretical estimate of the expected

SNR, these factors were first estimated independently as

follows. The Q values of the RF coils were determined

by measuring the bandwidth, Dfc, of each coil and di-
viding into the resonance frequency, f0:

Q ¼ f0
Dfc

: ð4Þ

In the case of the 8.5 mT coil, the Q was measured

both air-filled and water-filled. This was to check for

differences in the loading of the coil when acquiring the

proton signal for the 8.5 mT polarization measurement.

At 100 kHz, the Q was unaffected by the loading of the

doped-water sample.
The noise figures of the two receivers were measured

with a liquid nitrogen test [16] using:

F ¼ 10 log 1

�
	 77

T

�
	 10 log 1

�
	 1

a2

�
; ð5Þ
where T is the room temperature in Kelvin (K) and a is
the signal attenuation factor. The noise was estimated as

the standard deviation of the recorded signals. The error

in the noise figure was estimated from the standard de-

viation of 10 consecutive measurements of the noise.

For the 1.88 T measurements, a 50 X resistor was used

while for the 8.5 mT measurements, a 2000 X resistor

was used. This was due to the differences in input im-

pedance of the two receivers.
The coil radius (rc in Table 3) of each coil was re-

corded as the mean of the inner and outer radii of the

coil. The coil temperatures were taken to be room

temperature (298K) in all cases except for the 8.5 mT

laser-polarized signals, where T ¼ 361K (88 �C), the
temperature of the oven in which the sample cell was

polarized. The receiver bandwidth, Df , was taken to be
either the sampling rate or the coil bandwidth, which-
ever was smaller.

The combined contribution from the factors Kg were
accounted for by first numerically calculating the field

distribution produced by the two coils using the static

Biot–Savart Law and the current distribution produced

by the coil windings. Fig. 4 displays the field intensity

resulting from this calculation normalized to the field

intensity at the center of the coil. The factor Kg was then
determined by numerically integrating the normalized

field and dividing by the coil volume. The simulated field

was integrated over the length of the tail of the T sample

(8 cm). Since the sample extends far outside the coil, Fig.

4 shows that the field was dropped to less than 10% of

the central field in all cases. Since this is a transmit and a

receive coil, an extra sinðp
2
B1ðr;zÞ
B1ð0;0ÞÞ factor has been added

to account for the excitation distribution and the sen-

sitivity on reception. With these conditions accounted



Table 2

SNR measurements

B0 1.88T 8.5mT
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for, the combined Kg factors were determined to be
0.994 and 1.31 for the solenoid and Helmholtz coil,

respectively.
SNRTH (3.44� 0.28)� 10	1 (4.78� 0.25)� 10	5
SNRLP (1.90� 0.21)� 103 58.8� 1.0
The values have been scaled to 1 atm xenon and for, the laser-

polarized cases, the values have been normalized to a polarization level

of 1%.

Table 3

Parameters used to estimate the ratio of SNR using two different

spectrometers at two different static field strengths

B0 1.88T 8.5mT

Kga 0.994 1.31

rc (cm) 0.7363� 0.0087 0.7025� 0.0087
PLP 0.0316� 0.002 0.0231� 0.002
PTH 1.8033� 10	6 8.1322� 10	9
Q 198� 11 29.4� 3.1
Vc (cm3) 4.24� 0.09 1.30� 0.02
F (dB) 4.26� 0.11 4.2� 0.6
TLP (K) 293� 1 361� 1
TTH (K) 293� 1 298� 1
3. Results

Fig. 5 displays a sample FID of each of the four cases

measured (8.5mT and 1.88 T; laser-polarized and ther-
mal). The 8.5 mT water (proton) signal (Fig. 5a) was

acquired with 1000 signal averages while the 1.88 T

thermal xenon signal (Fig. 5c) was acquired with 128

signal averages. Figs. 5b and d are laser-polarized xenon

signals at 8.5mT and 1.88T, respectively. The laser-

polarized xenon signals were acquired with a single scan.

The y-axis in all cases is arbitrary and absolute signal

strengths in this figure are not directly comparable since
different densities (water, gas pressures), polarization

levels and amplifications exist in the four different cases.

A summary of the SNR values extracted for these four

experimental cases is presented in Table 2. To correct for
Fig. 5. A comparison of typical thermally and laser-polarized signals at

1.88T and 8.5mT. (a) Thermally polarized 1H (water) at 2.3mT, 1000

signal averages. (b) Laser-polarized xenon gas at 8.5mT. (c) Thermally

polarized xenon gas at 1.88T, 128 signal averages. (d) Laser-polarized

xenon gas at 1.88T. All intensities are in arbitrary units without any

corrections. The laser-polarized signals (b,d) were acquired with a

single scan.

DfLP (Hz) 10,000 3400� 355
DfTH (Hz) 10,000 3400� 355
The thermal polarizations (PTH) are calculated values, all the others

are measured.
a From the numerical simulation.

Table 4

Comparison of the measured ratios of SNR

Polarization Thermal (� 103) Laser

RM 7.17� 0.95 32.2� 4.1
RT 7.32� 0.19 36.3� 6.0
RM=RT 0.98� 0.29 0.89� 0.26
RM ¼ ðSNRHF=SNRLFÞ for measured values. RT ¼ ðSNRHF=

SNRLFÞ for theoretical values.
the difference in densities between experiments, the val-

ues in Table 2 have been normalized to the SNR

achieved for 1 atm of xenon gas. In the case of laser-

polarized samples, the SNR values have also been nor-

malized to a polarization level of 1%.

The list of electronic parameters and their values used

in the theoretical calculations of SNR are given in Table

3. The laser polarization factors (PLP) and the calculated
thermal polarization factors (PTH) for both 1.88 T and
8.5mT are presented. The noise figure, F, was deter-

mined for both systems, using Eq. (5).

Table 4 presents the results of the theoretical calcula-

tion of the SNR enhancement ratio (RT ¼ ½theoretical
high-field SNR�= ½theoretical low-field SNR�) for the
laser-polarized and thermally polarized cases, respec-

tively. The corresponding ratio (RM ¼ ½measured
high-field SNR�= ½measured low-field SNR�) computed
from the SNRmeasurements in Table 2 are also presented

in Table 4.



Fig. 6. A plot of the possible SNR dependence on the magnetic field.

The square points are the measured thermally polarized SNR values

and the diamonds are the laser-polarized SNR values. The 8.5-mT

values have been corrected for the acquisition bandwidths, and the coil

volumes (Table 3). The solid lines represent the theoretical trends

normalized to the 1.88-T SNR value. For the laser-polarized curves

(upper set) the upper, middle, and lower lines have a field dependence

(B) of B1=2, B3=4, and B1, respectively. For the thermally polarized
curves (lower set) the upper, middle, and lower lines have a field de-

pendence (B) of B3=2, B7=4, and B2, respectively.
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4. Discussion

The purpose of this work was to measure the SNR of

laser-polarized xenon at 1.88 T and at 8.5 mT and

compare the experimental values with theoretical ex-

pectations (Eq. (3)). A commercially available MR sys-

tem was used for the 1.88 T measurements, while both a

magnet and a detection system were built for the 8.5 mT

measurements. Fig. 5 displays signals which were de-
tected by both systems. The two laser-polarized signals

(Figs. 5b and d) demonstrate high SNR at both field

strengths. This is a demonstration of the performance of

the constructed apparatus for detecting laser-polarized

xenon gas NMR signals at 8.5mT. The adequate ho-

mogeneity of the 8.5-mT magnet is indicated by a visual

comparison of Figs. 5b and d, revealing that the rate of

decay of the signals is comparable. The successful ac-
quisition of the 2.3-mT water signal (Fig. 5a) demon-

strates that the temporal stability of the 100 kHz system

is adequate to perform signal averaging. As already

stated, the temporal fluctuations of the magnet power

supply were measured to be about 0.015%.

A comparison of the SNR at 1.88 T and 8.5mT can

be made by taking the ratio of SNRs at these two field

strengths directly. Using Eq. (3), the ratio is:

SNRHF

SNRLF

¼ ðKgP ÞHF
ðKgP ÞLF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðQf0Vc=FTDf ÞHF
ðQf0Vc=FTDf ÞLF

s
; ð6Þ

where P is the polarization factor and the HF and LF

subscripts represent the high and low-field strengths of

1.88 T and 8.5mT, respectively. Using this expression,

the ratio of SNRs was calculated and compared to the

measured quantities for both the laser-polarized and

thermally polarized experiments. Using Eq. (6) with all
of the measured electronic and acquisition parameters,

the theoretical result (RT) was 36.3� 6.0 for the laser-
polarized case and 7320� 1200 for the thermal case. The
ratio derived from the measured SNR at each field (RM)
was 32.2� 4.1 for the laser-polarized case and

7170� 950 for the thermal case.
The data in Tables 2 and 4 give good correspondence

between theory and experiment using Eq. (6). In these
theoretical calculations, the measured quality factor Q

of each coil has been inserted. Therefore the field de-

pendence of the Q of the coil is necessary in determining

the field or equivalently the frequency dependence of the

SNR. Hoult and Richards [3] have measured the quality

factors of equivalent coils at different frequencies and

found an approximate square root dependence with

frequency with coil dominated noise. This would give an
expected SNR frequency dependence of f 3=4 for laser-
polarized signals and the well-known conclusion of f 7=4

for thermally polarized signals.

Neglecting the frequency dependence of the coil leads

to the conclusion that the laser-polarized SNR will be
proportional to B0 [5]. It should be noted the equations
in this manuscript and reference [5] are equivalent for a

solenoid [3] except that the frequency dependence of the

coil and noise have been re-distributed in the terms of

the equations. Eq. (3) indicates that if the same Q could

be achieved at each field, a square root dependence of

the SNR on frequency is possible, however, it is unlikely

that the same quality factor can be achieved at 8.5mT as

at 1.88 T if both systems are performing optimally. Fig.
6 shows the data points and these possible theoretical

trends (scaled by the measured SNR at 1.88 T). This

figure demonstrates that the observed SNR at 8.5mT is

best estimated by the trend that includes the frequency-

dependent coil factors. This also demonstrates that ne-

glecting the frequency dependence of the coil terms in

these two formulations of the SNR leads to different

conclusions of the dependence of the SNR on frequency.
With the data, the prospects for imaging can be es-

timated. In considering the application of laser-polar-

ized xenon gas to image the lungs of a living animal

(e.g., rat) the resolution limit due to field homogeneity

and gas diffusion need to be estimated. Following the

treatment of Callaghan [17], with a T �
2 of 100ms and a

diffusion coefficient for xenon of 1.13� 10	5 m2/s the

optimum acquisition time would be 31.8ms and the
maximum allowable gradient would be 16.6mT/m.

From these values, the T �
2 resolution limit (Dxopt) would

be 0.1mm and a corresponding diffusion resolution

factor (Dxdiff ) of 0.85mm for a resolution limit of

0.27mm. Although the maximum resolution is 0.27mm

in practice the 8.5-mT system is limited in bandwidth by
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the Q of the coil and thus for a 32� 32 image acquired
with a sweep width of 3 kHz and the diffusion limited

maximum gradient of 16.6mT/m a practical resolution

limit is about 0.5mm.

At these low frequencies, coil noise should dominate

over sample noise [4,5] and therefore the SNR measured

on these ideal gas samples can be used to estimate if

there is enough SNR to image at the maximum practical

resolution even in the presence of a lossy sample like a
rat. The signal-to-noise per voxel in an image (SNRI)

can be related to the signal-to-noise in the FID (SNRF)

by [17]:

SNRI ¼
4

p
N
N 2
O

ðSNRFÞe	TE=T �
2 sinðaÞ; ð7Þ

whereN is the number of points in anN � N image andNO
are the number of pixels which lie on the object, the ex-

ponential term reflects the decay of the signal with T �
2

during the echo time TE and sin(a) accounts for the non-
recoverable nature of the laser polarized magnitude. At

8.5mT assuming a 25� pulse is used to acquire a 32� 32
image, with 0.5mm pixels (20 pixels on the 1 cm sample)

and TE � T �
2 , 1 atm of xenon polarized to 2% would be

needed to give an image SNR of 5. This is encouraging,

however, the realistic implementation of imaging applied

to small animals would require the construction of a lar-
ger RF coil. A saddle or a birdcage coil design would be

needed to accommodate a large object with axial geom-

etry. The implementation of a birdcage coil at 100 kHz

may not be feasible. In the case of a saddle coil, the elec-

trical efficiencywould reduce the SNRby a factor of 2.6–3

[3,17]. In addition, the filling factor of the lungs of a rat

inside the coil will be considerably lower than that of the

glass cells used in this study. If the lung volume is only half
of the coil volume, the combination of saddle coil effi-

ciency and filling factor would reduce the SNR per pixel

by approximately a factor of 6. Furthermore, an animal

does not expel all of the gas from its lung on each breath

and at best 50% of the lung gas would be xenon. With

these considerations, 7% polarization would give an im-

age signal barely above the noise (SNR � 1:4). For these
reasons, either isotopically enriched xenon or higher field
strength or both would be necessary to allow imaging of

the rat lung. A factor of 4 improvement in SNR could be

achieved by using isotopically enriched xenon. To avoid

the expense of enriched xenon, raising the field by a factor

of 5.5 (B0 ¼ 47 mT) would be needed to increase the SNR

to around 5.

One fundamental difference between the 1.88-Tand the

8.5-mT parameters is that in the 1.88-T case the band-
width is determined by the digitizer while in the 8.5-mT

case it is determined by the coil. Improvements to the

system through increases in Q will further improve the

SNR by decreasing the bandwidth. However, at 3400Hz,

the bandwidth is already getting narrow for imaging and

thus improvements to the coil are not a practical strategy
to further improve the SNR for imaging at these fre-
quencies. This is a problem inherent to very low frequency

imaging systems. At best, a factor of 3 improvement in the

SNR is achievable through electronic improvements and

reducing coil temperature. The greatest possibility for

SNR improvement lies in signal enhancement. In the

current work, 2–3% polarization was achieved. Xenon

polarization of 10–20% have been reported [18] which

would provide an improvement factor of 5–7.
In this discussion, a 90� pulse has been assumed. It

should be noted that as is seen in Fig. 4, the sample

experiences a distribution of tip angles and in reality it is

an ‘‘effective’’ 90� pulse. The B1 field simulations and
integration over the sample account for this distribution

of tip angles. It should also be noted that the above

SNR estimates are derived from the raw unfiltered SNR

measured values. Optimal filtering will improve the im-
ages significantly. As well, it should be pointed out that

the estimates above are for a single shot low-flip angle

Fourier acquisition pulse sequence with 0.5mm pixels.

Coarser resolution will give better SNR. Projection re-

construction will also give marginally better SNR [17].

The laser-polarized signal is non-renewable and imaging

is usually done as a single shot. However, multiple ad-

ministrations of laser-polarized gas has been done [19].
Such strategies permit 90� tip angles and signal aver-
aging which would greatly improve the signal to noise.

EPI is also a possible strategy to more fully utilize the

non-recoverable magnetization.
5. Conclusion

The SNR correspondence between the measurements

and the theory is very good. The field dependence of the

SNR for laser-polarized samples has been experimen-

tally demonstrated to be consistent with a 3/4 power

down to these low-magnetic field strengths. This is in

agreement with conventional SNR theory for coil

dominated noise and thus through this field dependence,

the relative performance of a low-field system can be
assessed. Caution should be used when estimating SNR

since electronic factors are not field independent. The

coil Q at 8.5mT and the xenon diffusion coefficient limit

the practical spatial resolution limit to about 0.5mm.

Coarse resolution imaging of ideal samples is possible at

8.5 mT with moderately polarized xenon. The practical

imaging of small animals with natural abundance xenon

and polarizations of 5% requires that the field be raised
to about 50mT.
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