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We describe a device for performing MRI with laser-polarized
oble gas at low magnetic fields (<50 G). The system is robust,
ortable, inexpensive, and provides gas-phase imaging resolution
omparable to that of high field clinical instruments. At 20.6 G, we
ave imaged laser-polarized 3He (Larmor frequency of 67 kHz) in
oth sealed glass cells and excised rat lungs, using ;0.1 G/cm
radients to achieve ;1 mm2 resolution. In addition, we measured
He T*2 times greater than 100 ms in excised rat lungs, which is
oughly 20 times longer than typical values observed at high (;2
) fields. We include a discussion of the practical considerations

or working at low magnetic fields and conclude with evidence of
adiation damping in this system. © 1999 Academic Press

Key Words: laser-polarized noble gas; low magnetic field; mag-
etic resonance imaging; lung imaging; radiation damping.

INTRODUCTION

Recently, laser-polarized (LP) spin-1
2 noble gases (3He and

129Xe) have been the focus of intense interest in the mag
esonance community. Starting with LP129Xe gas imaging o
xcised mouse lungs in 1994 by Albertet al. (1), there have
een numerous advances made with LP129Xe and3He imaging
otable examples include live animal and human lung ima

2), as well as imaging and time-dependent diffusion studie
aterials (3, 4). The interest in LP noble gases arises from

arge nuclear spin polarization (.10%) provided by lase
olarization techniques (5, 6). Whereas the spin polarization
onventional, thermally polarized systems is a linear func
f the applied magnetic field, the spin polarization of LP no
as is determined by factors that arenot dependent on th
pplied magnetic field, such as laser power and gas mix
onsequently, it is possible to perform sensitive NMR
RI on LP noble gases at substantially lower field streng
or example, Darrasseet al. recently demonstrated LP3He
uman lung imaging at 1000 G (0.1 T) (7), while Saam an
oworkers obtained one dimensional profiles of cells filled
P 3He at 31 G (8). In addition, using superconducting qu

um interference devices (SQUIDs), Augustineet al. imaged
P 3He gas and129Xe solid at liquid helium temperature (4
nd 5.4 G (9).
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There are important advantages to low field MRI of
oble gas because certain fundamental imaging constrain
iminished. In particular, distortions and line broadening
esult from large background gradients produced by mag
usceptibility differences in heterogeneous samples are g
educed. Also, low Larmor frequencies (;kHz) correspond t
reater electromagnetic field skin depths. Consequently
ulses can penetrate thin metallic shielding and thus a
as-phase imaging inside conductors. In addition, a low
ystem is simple, inexpensive, portable, and easy to mai
agnetic field requirements are easily met with a low-pow
ire-wound solenoid capable of producing absolute field
ogeneity comparable to, if not better than, typical high fi

linical magnets. Also, the small external field and low (k
F frequencies do not necessitate site restrictions, such as
hielded rooms, thus permitting operation in restricted e
onments (e.g., a space station) and with subjects and sy
ncompatible with high magnetic fields or high RF frequen
e.g., patients with sensitive implants or experimental app
us with integrated electronics).

Recently, we demonstrated fast, single-scan 2D imagi
0.6 G of LP3He in sealed glass phantoms (for an example
ig. 1) (10). In this report, we describe the low field imag
ystem used in those experiments, present recent experim
esults (e.g., low field MRI of LP3He imbibed in excised ra
ungs), and discuss advantages and practical considerati
maging at low fields. We also present measurements of
tion damping in LP3He at low field and conclude with
iscussion of this effect on our experiments.

SYSTEM OVERVIEW

he Magnet

We built a wire-wound solenoid using a design by Han
nd Pipkin (11). It is capable of producing a magnetic field
p to 100 G without significant resistive heating and consis

our layers of 19-gauge copper wire wrapped around a 11
ong, 30-cm o.d. aluminum cylinder. Two HP6200B DC po
upplies provide the current required to power the magn
et—

1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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218 WONG ET AL.
ypically, 0.4 amps to each of the four winding layers
stablish an applied field of;20 G.
As Hanson and Pipkin showed, the magnetic field hom

eity in the central region of a solenoid can be characterize
he field along the axis (taken as thez direction) and its
erivatives. This axial fieldBz( z, r 5 0) is primarily deter
ined by the solenoid dimensions, and given the sole

adiusa and the angleu (which is defined by the symmetry ax
nd the line joining the solenoid center to the radius at the
nd), can be written as

Bz~ z, 0! 5
4pNI

10
cos~u !F1 2

3

2
sin4~u !S z

aD
2

2
5

8
sin6~u !~7 cos2~u ! 2 3!S z

aD
4

2 · · ·G .

[1]

ere,I is the applied current andN is the number of turns p
nit length. We also included second- and fourth-order co

ion coils wound on the outside of the main solenoid. The a
2, defined by the dimensions of the second-order corre
oil in analogy withu is chosen so that the fourth-order term
q. [1] equals zero (i.e., 7 cos2(u2) 2 3 5 0). The fourth-orde
orrection coil is a split solenoid and may be analyzed as
ifferent solenoids with opposing currents and characte
nglesu94 and u4. The angles are chosen so that the sec
rder term in Eq. [1] goes to zero (i.e., cos(u94) sin4(u94) 2
os(u4) sin4(u4) 5 0). For convenience, we follow Hanson a
ipkin’s example and chooseu9 5 u .

FIG. 1. Example3He test phantom and low field image. (a) Photogra
rior to filling, the cell was baked at high temperature under vacuum fo
cho FLASH sequence. Note that the small volume pull-off stem of
ero-frequency artifact, and the discrepancy in the stem length is due t
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A simple coil loop ofn turns with applied currentI is used
o shim the linear component ofBz( z, 0); its field is describe
y

Bz
(1)~ z, 0! 5

2pnI

10

sin3~u !

a F1 1 3 cos~u !sin~u !S z

aD
1

3

2
sin2~u !~5 cos2~u ! 2 1!S z

aD
2

1 · · ·G .

[2]

his linear correction coil is offset so that the second o
erm of Bz

(1) is zero at the center of the main solenoid (i.e
os2(u1) 2 1 5 0, whereu1 is defined by the position of th
inear coil).

The magnet’s field homogeneity was determined by m
uring free induction decays (FIDs) of LP3He sealed in
pherical 8.5 cc test cell placed at the solenoid’s cente
ain fields of ;20 G, typical linewidths of 2–3 Hz we
bserved, with even narrower linewidths (,1 Hz) under idea
onditions. Such3He linewidths were suitable for the imagi
xperiments performed; higher homogeneity would req
agnetic shielding from the background field of;1 G and

him coils to compensate for radial gradients ofBz (the existing
oils correct for axial gradients only).
Figure 2 shows an example of the measured tempora

ility of the field during the first 12 h after the magnet w
urned on. There is an initial large drift in the field (;0.1%) as
he DC current supplies and detection electronics warm
fter about an hour, the field equilibrates, providing short-t

of a sealed glass cell filled (at STP) with 2.7 atm3He, 100 Torr N2, and Rb meta
days; (b) Laser-polarized3He MRI of the test phantom at 20.6 G using a grad
cell is visible to the left; the protrusion to the lower left of the pull-o
age foreshortening.
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219LOW FIELD IMAGING OF LASER-POLARIZED NOBLE GAS
tability (on minute time scales) of a few parts in 105; with
maging times less than 30 s, this stability is suffici
traightforward modifications such as shielding, active f
ack control of the solenoid current, and temperature contr

he magnet would increase both the magnetic field stability
omogeneity.

lectronics

The RF source is an unamplified Wavetek DDS func
enerator Model 29. This device provides a frequency r
nce for a lockin amplifier (Stanford Research Systems,
odel SR830), while its main output is gated by a TTL pu

whose duration sets the RF pulse width) and drives a s
elmholtz coils surrounding the sample. A pair of ortho
ally mounted pickup coils around the sample sense the N
ignal, which is amplified and filtered by a low noise pre
lifier (Stanford Research Systems, Inc., Model SR560). A

his stage, the lock-in amplifier further amplifies and filters
MR signal components near the reference frequency.
The two drive coils surrounding the sample each consi

ix turns of no. 25 HAPT wire wound around a square 7 cm
ide. The drive coil pair are separated by 8.5 cm and tuned
xternal capacitors to the spin Larmor frequency (e.g., 67

or 3He at 20.6 G). The Q of this drive coil configuration
10. The pickup coils are mounted orthogonal to the d

oils, and are wired to allow differential signal amplificat

FIG. 2. Typical temporal stability of solenoid’s magnetic field (;20 G) wi
n the magnet; the large initial drift is due to system warm up. The se
tabilized.
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hat rejects common-mode noise (see Fig. 3a). Each picku
onsists of;200 turns of no. 32 HAPT wire on a round nyl
orm 7.5 cm in diameter. The coils are spaced 4.5 cm apar
re tuned to the spin Larmor frequency by external capac

he measured Q is approximately 60. The sample holde
.5 3 3.2 3 9 cm long trough nestled between the drive
ickup coils. The whole assembly (coils1 sample holder) i
igidly mounted together with one of the drive coils on
inged lid to allow access into the sample holder. Thi
hown in Fig. 3b.
Imaging gradients are produced by a homemade s

nshielded Golay coils (for dBz/dx and dBz/dy, i.e., Gx and Gy)
nd a pair of anti-Helmholtz coils (for dBz/dz, i.e., Gz) wound
n a 14-cm diameter G-10 cylinder, following the descrip

ound in Callaghan (12). With our present amplifiers, th
nti-Helmholtz coils (also known as a Maxwell pair) provid
aximum gradient of 380 mG/cm, while the Golay co
roduce up to 630 mG/cm. Typically, we used these grad
p to 50% of their full strength for durations of 10 ms. T
radients, as well as the RF trigger pulses, are controlled
ommercial Bruker AMX console. Detected NMR signals
outed directly from the lock-in amplifier outputs into t
onsole’s digitizer (thus bypassing the console’s normal
requency receivers and mixers). Figure 4 shows a sche
f the system. One could easily replace the AMX console
desktop computer equipped with a Digital–Analog Acqu

t stabilization. Two data sets are shown. The first (3) is taken just after turnin
d data set (E) is taken much later, after the current supplies and electronics
thou
con
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220 WONG ET AL.
ion (DAQ) board. The DAQ board should have at least
nalog outputs for gradient control, a TTL output to trigger
et the duration of the RF pulse, and a sufficiently fast digi
;50 kHz).

METHOD

A cell containing a mixture of 3 atm of3He, ;100 Torr
itrogen and Rb metal was placed in a blown-air oven
eated to 180°C. Optical pumping of the Rb vapor by ci

arly polarized light from a 15 Watt fiber-coupled laser dio
rray (Opto Power Corporation, model OPCA-015-FCPS)

arized the3He via spin-exchange to approximately 10% a
–4 h (in our small 8.5 cc sealed test cells). For the

maging experiments, a valved 65 cc cell was used;
aser-polarization, measured shots of 3 to 5 cc’s of3He gas
ere forced into the excised rat lungs for imaging.
Excised tissue was obtained from 300–400 g male Spra
awley rats. Both the left and multiple right lobes of the lun
long with several cm of trachea, were removed postmorte
5 gauge butterfly tube (with needle removed) was placed

he trachea and secured with silk suture. Forty-eight inch
igh pressure plastic tubing extended down the bore of the

FIG. 3. (a) Configuration used to reject common-mode noise in the pi
oils. (b) Sample holder with orthogonal RF drive (square) and pickup (ro
oils. The coil geometry was inspired by our earlier maser and adiabat
assage (AFP) LP noble gas experiments (Ref.25).
a

o
d
r

d
-

-
r
g
er

e–
,
A
to
of
w

eld magnet to connect the lung tissue to a syringe that
lled with LP 3He gas directly from the valved glass polari
ion cell. Excised lungs were used in the imaging experim
ithin 3 h ofharvest. All animal procedures were approved

he Massachusetts General Hospital Subcommittee on
earch Animal Care.

RESULTS

Pulse flip angles andT1 of the LP gas were measured
ecording the FIDs following each of a series of low flip an
a) pulses. Given a timeTR between each pulse, thej th FID
ignal amplitudeSj can be expressed as

Sj 5 S0~cosa! j21exp@2~ j 2 1! 3 TR/T1#. [3]

igure 5 shows typical FID and flip angle calibration data ta
t 20.6 G for LP3He sealed in a glass cell. Each point of
ip angle calibration data represents the logarithm of the
rated real part of each successive FID’s fourier trans
which is proportional to log [Sj ]); plotting log[Sj ] versus j
hould be linear with a slope equal to [ln(cosa) 2 TR/T1].
ith TR ! T1, one can determine the flip anglea; conse

uently, oncea is known, repeating the experiment with a lo
R allows one to measureT1.

FIG. 4. Schematic of low-field MRI system. A variable length TTL sig
lanks the preamplifier slightly longer than the RF pulse to avoid ampli
ny coil ring-down.
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221LOW FIELD IMAGING OF LASER-POLARIZED NOBLE GAS
To demonstrate the efficacy of low field imaging with las
olarized noble gases for samples of biological interest, we
ged excised rat lungs filled with LP3He (Fig. 6) using a FLASH

maging sequence: 128 concentric phase encodes steps; 1
ngle; gradient strength and duration was;0.1 G/cm, 10 ms; tota

maging time was;25 s. No slice selection was used, and
wo-dimensional resolution was;1 mm2. In different experimen
al runs we measured3He relaxation timesT1 from 16 to 63 s (Fig
), which is within the range of values reported at high field

o remnant paramagnetic oxygen in the lung gas space (13). We
lso measured the low-field3He T*2 in excised rat lungs to b
reater than 100 ms, which is significantly longer than the
roximately 5 msT*2 observed for LP3He in guinea pig an
uman lungs at 2 and 1.5 T, respectively (14, 2). This longer3He
*2 is a result of the reduced effect of magnetic susceptib
eterogeneity at low magnetic fields, and is one of the advan
f low-field imaging. In addition, there was a consistent tren

ncreasingT*2 with subsequent low angle RF pulses (corresp
3

FIG. 5. (a) Typical free-induction decay (FID) observed for LP3He at
0.6 G and (b) flip angle calibration data obtained using a series of low
ngle pulses on a LP3He sealed glass phantom; the line shown is a fit to
ata. RF pulse width was 2 ms, and the frequency synthesizer was set to
.0 Vpp at 67.0 kHz. For each FID acquired for (b) (of which (a) was the fi

he linewidth was;2 Hz with initial SNR;1700. Acquisition of 64 FIDs too
84 s, which was much less than theT1 (;100 h) of the cell. Fitting the da

o the log of Eq. [3] indicated a flip anglea of 13.0° for this RF pulse.
ng to decreasing longitudinal LPHe magnetization), which
-
-
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e
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rompted us to investigate radiation damping in this system
rief discussion of these measurements is given later in this p

DISCUSSION

i) Dependence of Signal-to-Noise-Ratio on Magnetic Fie
Strength

In conventional NMR and MRI, nuclear spin polarizationP
s determined by the temperatureT and magnetic field streng

according to the Boltzmann (thermal) distribution,

P 5
1 2 exp~2mB/kT!

1 1 exp~2mB/kT!
, mB/ 2kT [4]

here k is the Boltzmann constant, andm is the nuclea
agnetic moment. For example, assumingT at room temper
ture (;296 K) and a field strength of 1.5 T, the proton s
olarization is' 0.0005%. This value can be improved

ncreasing the magnetic field or lowering the tempera
owever, given the large quantity of available protons foun
ost samples of biological interest (usually in the form
2O), NMR signal intensity is usually adequate at magn
elds of;1 T despite the low polarization. This is in contr
o the laser-polarization of noble gases (i.e.,129Xe and 3He),
here polarizations of order;1–50% can be achievedinde-
endentof magnetic field strength. This factor of 104 to 105

ncrease in polarization is balanced by the 1/3000 ratio o
o liquid density [at standard temperature and pressure (S
nd the lower gyromagnetic ratio of the spin-1

2 noble gase
ompared to that of1H [g(3He):g(1H) 5 0.76; g(129Xe):
(1H) 5 0.28]. Thus in high magnetic fields, one can exp
omparable magnetization density, and hence NMR signa
nit volume, from protons (in liquid) and LP noble gases

ow fields (e.g., 20.6 G) LP noble gas imaging is still feasi
hereas proton imaging is impractical unless a large “pr

arizing” field is used to enhance the extremely low proton
olarization (see Table 1).
A more quantitative discussion should begin with signa

oise considerations. By approximating the ensemble of p
zed nuclear spins as a driven solenoid coupled to the pi
or receiver) coils, Hoult and Richards deduce an expres
or the detected NMR signaljS (15):

jS 5 ~Br /i r!VSv0M0. [5]

ere, (Br /i r) is the magnetic field strength per unit current
he pickup coil can produce,VS is the sample volume,v0 is the
armor frequency, andM0 is the sample magnetization giv
y the product of the polarizationP, density of spinsNS, and

he magnetic momentm/ 2:

M 5 PN m/ 2. [6]

ip
e
tput
,

0 S



C
fi

T s
h so
n

w f
t eak
e arly
w
n log-
i of
t ncy,
a
d

s-
s

N the
a i.e.,
S
s mag-
n ,
S
p R de-
p

her-
m le as

E ized
n mple
a tly

ed

G.
W
o

222 WONG ET AL.
ombining Eqs. [5] and [6], and noting thatv0 5 gB, one
nds

jS 5 ~Br /i r!VSgBPNSm/2. [7]

he dominant noise source for sufficiently small sample
igh field, and practically any sample at low field, is John
oise from the pickup coils at temperatureT

jN 5 ~4kTRDf ! 1/2, [8]

FIG. 6. Low field LP 3He images of excised rat lungs. Excis

FIG. 7. ExampleT1 data for LP3He inside excised rat lungs at 20.6
ith the calibrated flip angle of 9.5° andTR of 540 ms, the data shows aT1

f 19 s for LP3
He inside the lungs.
at
n

hereR is the coil resistance andDf is the noise bandwidth o
he system. Inductively coupled noise from samples with w
lectrical conductivity (e.g., biological tissue) scales line
ith the NMR frequency:jN ; v ; B. This latter “tissue
oise” dominates over coil Johnson noise only in large bio

cal samples at high fields. [Note:due to the RF skin depth
he coil, there is also a weak dependence on NMR freque
nd hence magnetic field:jN ; v 1/4 ; B1/4. For simplicity of
iscussion, we will ignore this weak effect here.]
Dividing Eq. [7] by Eq. [8], one obtains the familiar expre

ion for the NMR signal-to-noise-ratio (SNR):

SNR5
~Br /i r!VSgBPNSm/ 2

Î4kTRDf
. [9]

ote thatP in the equations above is linearly dependent on
pplied magnetic field for thermally polarized samples:
NR ; B2. As mentioned earlier, a prepolarizing fieldBP is
ometimes applied that is purposefully stronger than the
etic fieldB in which the nuclei precess (16, 17); in such cases
NR is proportional toBP 3 B. In contrast,P is field inde-
endent for laser-polarized noble gases and hence SN
ends only linearly onB.
Assuming similar coil characteristics for detecting both t
ally and laser-polarized samples, the ratio of SNRs sca

SNR~LP!/SNR~thermal! } 1/BP. [10]

quation [10] gives the expected SNR from laser-polar
oble gases when compared with a thermally polarized sa
t the same field.Furthermore, this equation can be direc

rat lungs (a) were filled with LP3He gas and (b) imaged at 20.6 G.
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223LOW FIELD IMAGING OF LASER-POLARIZED NOBLE GAS
pplied at varying field strengths, which is not necessarily
f a comparison of SNR at high and low fields for LP

hermally polarized samples alone. In this latter case, e
ishing a clear field dependence is complicated by the fac
oil characteristics (i.e.,Br /i r in Eq. [9]) can be quite varied
esign and behavior over large frequency ranges. For inst
t low frequencies (kHz) one can utilize multiple turn coils
nhance signal detection, a technique not easily paramet
y the main applied field.
As an example, we compare 1/BP at 1.5 T (a typical clinica

mager field strength) and 20 G. If we assume SNR(LP gas) ;
0 3 SNR(water) at high field, then at the lower field w
xpect SNR(LP gas) ; 750 3 10 3 SNR(water). Thus the

ow field SNR of a LP noble gas sample exceeds the low
NR of a thermally polarized water sample by nearly
rders of magnitude.

ii) Reduced Effect of Magnetic Susceptibility Gradients
at Low Fields

As noted above, one of the advantages of low field ima
s to reduce both imaging distortions and line broadening
o heterogeneous magnetic susceptibilities. Assuming t
iven susceptibilityx is linear, we have the simple express

or the resultant magnetic fieldB9

B9 5 B0~1 1 x!, [11]

hereB0 is the main applied field. Whenx is nonuniform in a
ample (B9 5 B9(r)), spins will precess at a frequen
(B9(r) 1 G z r) in the presence of an imaging gradientG.
hus the usual mapping of spin frequencies (with gradient

o real space is no longer an accurate representation o
patial distribution of spins, and will result in imaging dist
ions. Two possibilities to reduce or eliminate such artifac
o either increase the imaging gradient strengths to a d
hich makes the susceptibility-induced frequency shifts m
maller than the imaging gradient (i.e.,G z r @ variations in

TAB
Comparison of Thermally Polarized Water and Laser-Pola

1H (

Spin densities at STP (assuming pure samples) 3
(1H nu

Gyromagnetic ratiog (108 rad/s/T) 2
High Field (B0 5 1.5 T)

Larmor frequency 63
polarization 5.13
magnetization density (1018 mN/cc) 0

Low Field (B0 5 0.002 T)
frequency 87
polarization 73
magnetization density (1018 mN/cc) 0.0
e

b-
at

ce,

ed

ld
r

g
e
a

n)
he

is
ee
h

9(r)), or to produce the same effect by decreasing the
eld B0. In our low field setup we use gradients1

10 the strength
f high field (clinical) imaging gradients, but the drop of nea

hree orders of magnitude in the main fieldB0 implies a
undred-fold improvement in reducing artifacts arising fr
usceptibility heterogeneity.
In addition to distortions, variations inx lead to spectral lin

roadening. For example, letx be characterized by a Gauss
patial distribution with meanx0 and standard deviationDx.
he susceptibility deviationDx causes decoherence forsta-

ionary nuclei precessing in the resultant varying fields. T
ecoherence is characterized as a contribution toT*2 of the

orm

1/T*2 5 1/T2 1 gDxB0/2. [12]

or diffusing nuclei (with diffusion coefficientD), one mus
onsider a random walk of the ensemble’s phase, providin
dditional contribution toT*2

1/T*2diff 5 @g~Dx/l ! B0#
2Dt 2/3, [13]

here l is a characteristic length over whichx varies byDx,
ndt is related to the echo time used in the imaging seque
trictly speaking, this expression is relevant for diffus

hrough a steady gradient field. In practice, susceptib
nduced gradients can fluctuate, with an upper bound on p
hifts they induce. The result is a “restricted random walk”
an only be described by Eq. [13] in a “slow diffusion” regi
here the characteristic diffusion time is large compared to

requency shifts due to susceptibility heterogeneity,
gDxB0) (l 2/D) @ 1. In a “fast diffusion” regime, (gDxB0)
l 2/D) ! 1 and Eq. [13] is no longer valid; instead, the corr
xpression is of the form

1/T* 5 ~gDxB ! 2~l 2/D!. [14]

1
ed 3He and 129Xe Magnetizations at High and Low Fields
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oth Eqs. [13] and [14] depend on the main fieldB0 squared
nlike Eq. [12] which is linear inB0.
Clearly, at low fields there will be significantly less de

erence due to magnetic susceptibility gradients than at
elds, in addition to the reduction in imaging distortions. T
as been demonstrated experimentally in a previous repor10)
nd will be particularly effective for low field noble gas NM

n heterogeneous samples such as the lung or reservoir
18).

iii) Imaging Resolution Considerations

An immediate benefit of the reduced magnetic susceptib
t low fields is the longT*2 for heterogeneous samples.
entioned earlier,T*2 was measured to be greater than 100

or LP 3He at STP when infused into a sample of excised
ungs at 20.6 G; however, this value does not fully demons
he aforementionedB0

2 improvement over high field because
oth B0 inhomogeneity and uncertainties due to the influe
f radiation damping (discussed below). Thus one can ex
ven longer LP3He T*2 at low fields with better magnetic fie
himming and reduced radiation damping.
The positive effect of a longerT*2 on imaging resolutio

Dx) can be seen in the expression from Callaghan (12)

Dx~T*2 2 limited! 5 @~gG/~2p!! 3 pT*2#
21

5 2/~gGT*2!, [15]

hereg is the gyromagnetic ratio in angular units andG is the
pplied gradient strength. Weak gradients are used at low

o keep field variations across the sample small relative t
ain magnetic field, and hence to validate the secular ap

mation used to generate undistorted images from MRI
19, 20). Typically, 0.1 G/cm gradients were used in our l
eld setup. At high fields, gradients for human subjects
imited to ;1 G/cm by safety considerations. AssumingT*2 is
00 and 5 ms at low and high fields, respectively, one ob
correspondingDx(T*2 2 limited) 5 0.1 and 0.2 mm for LP

3He. It is important to note that the high and low fieldT*2 values
sed in this estimate were measured in “bulk” LP3He imbibed

n the lungs; locally,T*2 may differ in a given voxel. Noneth
ess, assuming that these times are reasonable for an a
oxel, the calculated values serve as a basis of compariso
ow and high field noble gas MRI, and will be referred to
xopt.
Next, consider the image resolution set by finite data ac

ition time. At low fields we typically acquire NMR imagin
ata for 128 ms, corresponding to a frequency resolutio
/(128 ms)5 7.8 Hz. For comparison, assume that we use
ame acquisition time at high field and employ the s
maging gradient values as above (respectively). This
uency resolution then translates to an image resolution o
m at low field, and 0.02 mm at high field. Clearly, given
uoted values forT*, one could use a longer acquisition ti
2
gh

cks

y

s
t
te

e
ct

lds
e
x-
ta

e

s

age
for

i-

of
e
e
-
.2

t low fields, while a shorter acquisition time at high fi
ould not degrade resolution.
The effect of diffusion for gases is quite significant. At S

3He has a diffusion coefficientD 5 1.8 3 1024 m2/s. A
imple calculation gives the one-dimensional distance an3He
tom will diffuse in a data acquisition timet aq of 128 ms

Dxdiff 5 ~2Dtaq!
1/2 5 6.8 mm. [16]

s Callaghan notes (12), one should not considerDxdiff as a
trict limit on resolution; rather, it results in spectral broad
ng that, in the presence of imaging gradients, will deg
esolution in a manner weighted toward theT*2-limited value.
herefore, ignoring the small effects of a finite data acquis

ime, we find the effective image resolution of LP3He gas in
he lung at STP to be

Dx 5 1.34@DxdiffDxopt
2 # 1/3

5 0.6 mm for low fields

5 0.9 for high fields. [17]

his analysis shows that low and high field MRI of las
olarized gas offer comparable resolution for human

maging (of course, sufficient NMR SNR is required to rea
uch resolution—see discussion above). The relatively w
radients used at low fields are compensated by the int
ally longer T*2. However, because of the high degree
iffusion, gas phase imaging at both high and low fields
llows for resolution just under 1 mm. For nonliving subje

his resolution can be improved in principal by increasing
as pressure; and, at high fields, by increasing the streng

he imaging gradients.

iv) Reduced RF Shielding at Low Frequencies

Another advantage for low field imaging is that oscillat
lectromagnetic fields can penetrate much deeper into con

ng materials at the low Larmor frequencies resulting from
eduction in field strength. The “skin depth”d that character
zes the distance RF can propagate inside a conductor be
s attenuated by 63% (1/e) is given by (21)

d 5
1

Îpfsm
, [18]

heref is the Larmor frequency,s is the conductivity of th
onductor, andm is the magnetic susceptibility of the cond
or. For example, at 100 kHz,d is 400mm for brass and 20
m for copper. On the other hand,d is 13 mm and 7mm for
rass and copper, respectively, at 100 MHz. Thus the ima
f spaces surrounded by conductive materials, which is

easible with high field NMR, may be achieved with low fie



M on
s

(

g ne
z
p ng
d kup
c us
c eld
t in
t ion
( isti
t

w r.
F
T
t qu
l ion
a tio
d .

tiz
t low
fi
Z ct
o
d

LP
n qu
N e
l h
p n
p
a
w
n Th
r ow
fl ned
b .,
w at
o ou
p ow
o ss
t coi
t
t .
A iati
d

qui-
s ip
a s di-
r any
r pects
t ition
t esidual
t have
r data
s of
1 ctive
fl

64
s . It
i
w -
t
w gne-
t Since
t
w
b 0
m
e of
g coils
d

ues-
t eld

at
2 -field
s h the
3 r and
d up
c il
F .8°,
r

225LOW FIELD IMAGING OF LASER-POLARIZED NOBLE GAS
RI of LP noble gas. This capability has also been dem
trated in the previous report (10).

v) Radiation Damping

Radiation damping in NMR is well known (22, 23) and is
enerally observed at high fields where liquid-phase mag
ation due to thermal polarization is large,T*2 is long, and
ickup coil Q is very high. Briefly stated, radiation dampi
escribes the effect of the “back reaction” field of the pic
oil on the sample magnetization. The precessing spins ca
urrent to flow in the pickup coil, which in turn produces a fi
hat acts on the sample magnetization and brings it back
he longitudinal direction in the lower energy configurat
i.e., aligned with the main magnetic field). The character
ime for this process ist rd

t rd 5 ~2phgQuM u! 21, [19]

hereh is the filling factor, andM is the magnetization vecto
or LP gases, radiation damping is in stark contrast toT1 and
*2 processes, which act toreducethe magnitude ofM (recall

hat T1 relaxation restores the magnetization to thermal e
ibrium, which is much smaller than the magnetizat
chieved with laser-polarization). In comparison, radia
amping does not affect the magnitude ofM , but its direction
Because radiation damping is observed for large magne

ions, it is not surprising that we observed this effect at
elds in our LP 3He samples. In fact, optically pumped3He
eeman masers rely on radiation damping to sustain an a
scillation, as was first demonstrated at 32 G (24). A related
evice we have developed is a cohabitating, two-species3He/

129Xe Zeeman maser operating at fields;1–3 G (25).
Due to longT1 and nonrenewable polarization of the

oble gases, one generally utilizes small flip angles to ac
MR imaging data. If the flip anglea is held constant, th

ongitudinal LP noble gas magnetizationM is depleted eac
ulse by a factor of (1-cosa) and byT1 relaxation betwee
ulses. Radiation damping acts to restoreM back along theBz

xis, resulting in an effectively smaller flip anglea in the case
here the interpulse spacingTR is much less thanT1 and the
oble gas is laser-polarized in the lower energy state.
adiation damping effect is clearly seen in Fig. 8, which sh
ip angle calibration data taken with the pickup coils tu
oth on and off resonance with the3He Larmor frequency (i.e
ith a high and low pickup coilQ, respectively). Recall th
ur drive coils are independent from and orthogonal to
ickup coils; thus we can be confident that the same RF p
ver the same duration is delivered to the sample regardle

he pickup coil tuning. However, by changing the pickup
uning, the “back reaction” field generated whileM has a
ransverse component precessing aroundBz is also changed
s expected, the detuned case minimizes the effect of rad
amping, and the effective flip angle is greater.
 n
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e a
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Another way to examine the situation is to vary the ac
ition time between LP3He flip angle calibration data. The fl
ngle calibration sequence employs “crusher” gradient
ectly after each acquisition period to effectively remove
esidual transverse magnetization. Consequently, one ex
o see a larger effective flip angle when shorter acquis
imes are chosen, because the crushers dephase any r
ransverse magnetization that radiation damping could
estored to the longitudinal direction. Figure 9 shows three
ets supporting this expectation, with acquisition times
024, 256, and 64 ms. There is a clear trend of larger effe
ip angles for shorter acquisition times.
Finally, Fig. 10 showst rd measurements made from

uccessive FIDs from LP3He in excised rat lungs at 20.6 G
s well known that FIDs follow a decay of the formsech(t/t rd)
hen radiation damping dominates over the usualT*2 exponen

ial decay (i.e.,t rd ! T*2). From Eq. [19],t rd depends onuM u,
hich is decreasing after each FID acquisition due to ma

ization dephased by the subsequent crusher gradients.
rd is inversely proportional touM u, one expectst rd to increase
ith each successive FID, which is observed in the data. (Note:
ased on Fig. 10, which showst rd increasing from 50 to 12
s, one can assume thatT*2 . 100 ms for3He imbibed into
xcised rat lungs at 20.6 G, as we stated earlier. ValuesT*2
reater than 100 ms have also been measured with the
etuned off resonance.)
While these results are unsurprising, they do raise the q

ion of how to quantify parameters of interest for low fi

FIG. 8. The effect of coil tuning on LP3He flip angle measurements
0.6 G in a sealed glass cell, demonstrating radiation damping in our low
ystem. The (F) data were taken with pickup coils tuned on resonance wit
He Larmor frequency (67 kHz). With exactly the same RF pulse powe
uration, a dramatically increased flip angle (E) was observed when the pick
oils are detuned far off-resonance (i.e., with a greatly reduced pickup coQ).
its to the (F) and (E) data yield apparent flip angles of 4.2° and 12
espectively.
oble gas NMR. For example,T1 data shown in Fig. 7 for a
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ample rat lung was taken with the pickup coils tuned
esonance. If the coils were tuned off resonance, both a l
pparent flip angle would have resulted, as well as a sh
pparentT1. As for imaging, the previous discussion on re

ution leads one to expect better resolution with decrea
agnetization (i.e., less radiation damping), since deph

imes will increase asM decreases. This is counterbalanced
he loss of SNR asM decreases, and the fact that radia
amping plays less of a role when imaging gradients
pplied (this last effect enabled better than 1 mm2 resolution in
ur low field LP 3He imaging, despite largeM ).

CONCLUSION

Low field imaging of laser-polarized noble gas offers m
dvantages while retaining the resolution one expects fr
igh field system. Setting up a low field apparatus is stra

orward and inexpensive, utilizing easy-to-manufacture eq
ent and off-the-shelf electronic components of modest
urthermore, a low field MRI system is robust and portable
oes not require specialized accommodations (e.g., a sh
oom or cryogenic cooling for the magnet). Operating at
elds (,100 G) results in low Larmor frequencies (kH
hich reduces both RF power requirements and simplifie
lectronics required. Also, these low frequencies have lo
F skin depths, thus allowing gas-space imaging inside
uctive materials. At low magnetic fields there is a redu
ffect of magnetic susceptibility heterogeneity, resulting

onger T*2 and improved noble gas image resolution and

FIG. 9. The effect of data acquisition time on LP3He flip angle measure
ents in a sealed glass cell, demonstrating the effect of radiation damp
ur low-field system. All data were taken at 20.6 G with the pickup coils t
n-resonance with the3He Larmor frequency (67 kHz), and with exactly
ame power and duration RF pulse. The upper data (F) had an FID acquisitio
ime (acq) of 1.024 s; the middle data (3) had acq5 256 ms; and the lowe
ata (E) had acq5 64 ms. Apparent flip angles are 2.4°, 3.9°, and 5
espectively.
n
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ortion reduction. This reduced susceptibility effect is a
elevant to restricted gas diffusion experiments conducte
orous media, where sample heterogeneity limits the
ique’s effectiveness at high fields (4). Finally, the longT*2 at

ow fields and the high spin polarization in LP3He make
adiation damping effects observable (e.g., during low
ngle calibrations), which must be taken into account w

nterpreting LP noble gas NMR data.
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