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Abstract

The presence and diagnosis of radiation damping could have major implications in NMR experiments with hyperpolarised gases,
where accurate knowledge of the flip angle is imperative. In this work radiation damping was observed and investigated in a low-pass
birdcage resonator (Q = 250) with samples of hyperpolarised 3He at 1.5 T. With an initially highly polarised (P = 38%) sample of 3He in
a spherical cell, the observed FID had a distorted line shape with a spectral line width that was three times that of the same sample in a
virtually depolarised state (1 Hz line width for P < 1%). Moreover a linear relation between the sample’s magnetisation (M0) and the line
width of the spectrum was observed which is indicative of radiation damping. With highly polarised samples, significant radiation damp-
ing was observed and the effect was a lower than expected rate of depletion of M0 in RF flip angle calibration experiments, which led to
significant underestimate of the RF flip angle. To our knowledge this is the first report of radiation damping in a birdcage resonator with
samples hyperpolarised or otherwise. Experimental observation of radiation damping could be used as means of measuring coil efficiency
as an alternative to the geometrical filling factor (g) the definition of which is open to question for a birdcage resonator. Estimates of the
birdcage filling factor from the measured damping time constants (gRD = 0.4%) are compared to those derived from electromagnetic
energy ratios (gE = 1.6%) and metallic sphere frequency shift methods (gfs = 1.4%). These figures are much lower than the simple volume
geometrical upper limit of gv = 3.7% derived from the ratio of cell volume to total coil volume (shield included). The physical explanation
for this shortfall is that the bulk of the magnetic energy stored in the birdcage is spatially distributed predominantly between the rungs
and the shield, and not in the coil centre where the sample is placed and where the Bþ1 field has its highest spatial homogeneity.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Bloch’s equations [1] assume the spin ensemble is free
from non-linear spin-coupling effects and the longitudinal
and transverse relaxation times can be characterised by
constants. In the presence of non-linear spin-coupling
effects the classical Bloch equations do not fully describe
the transverse relaxation mechanism. Such effects can
result from intra-molecular spin-coupling perturbations
such as J coupling, from long-range coupling interactions
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such as the dipolar demagnetising field [2] or from back
reaction fields from the induced current in the probe
(radiation damping) [3]. All of these effects can introduce
non-linear behaviour to the spin magnetisation dynamics
and the resulting experimental line shapes can be severely
distorted [3–5]. In this work attention is focused on radi-
ation damping, which to date has only really posed prob-
lems in high-resolution 1H NMR with small coils at high
field strengths (>7 T). However the effect may become
more of an issue in in vivo NMR and MRI with the
prevalence of higher B0 field strengths, novel polarisation
enhancement methods and improved quality factor (Q) of
coils [6].
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Radiation damping is an effect caused by the interaction
between the sample magnetisation and the tuned RF resona-
tor [3]. It can be classically described as the action of a ‘count-
er’ field produced by the current induced in the coil, which
exerts a torque opposite to that of the transmit field (Bþ1 ) to
‘push back’ the sample magnetisation towards the longitudi-
nal direction. In a quantum description, radiation damping
has been described as a spontaneous emission or maser effect
[7]. In NMR experiments with short T �2 or MR imaging
experiments where gradients cause rapid dispersion, radia-
tion damping is less likely as the interaction between the
transverse magnetisation and the coil is rapidly quenched.
In the original analysis of Bloembergen and Pound [3], the
temporal envelope of the radiation-damped FID was derived
as sech(t/srd) where the damping time constant is

srd ¼ ð2pcgM0QÞ�1 ð1Þ

where M0 is the longitudinal magnetisation, Q is the quality
factor, and g is the filling factor. Gueron et al. [8] gave the
damping time constant in SI units as srd = (cgm0Ql0/2)�1,
with m0 now denoting the longitudinal magnetisation densi-

ty. Should the effects of radiation-damping cause problems
in NMR experiments, steps can be taken to desensitise the
NMR detection system to radiation damping by active Q

damping of the tuned circuit or gradient spoiling of the
transverse magnetisation.

Hyperpolarised (HP) gas NMR has the potential for
very high M0 by virtue of the high polarisations that can
now be attained (P > 60%) with optical pumping spin ex-
change techniques. Thus HP gas NMR is potentially very
susceptible to radiation-damping and the effects have been
described previously in low field HP 3He gas NMR [9],
where T �2 is very long, and also in HP 129Xe gas NMR
[10] using adiabatic half passage pulses. Both of these re-
ports are from experiments conducted with small pick-up
coils with high Q and good g.

In this work, radiation-damping effects were investigat-
ed with HP 3He samples at 1.5 T, using a volume optimised
birdcage transmit–receive coil. Birdcage resonators have
spatially homogeneous Bþ1 field profile [11], which is impor-
tant in HP gas MRI with its inherent sensitivity to flip an-
gle due to the non-renewable polarisation. The accurate
definition and calculation of g for a birdcage resonator,
and its relationship with Q is also an important subject
of discussion [12,13] and indeed it has been suggested that
sensitivity to radiation damping may be a means of mea-
suring g [13]. This is believed to be the first report of radi-
ation damping in a birdcage resonator with samples either
hyperpolarised or thermally polarised.
2. Theory

2.1. Radiation damping

Various vector depictions of the fields describing the
radiation-damping effect have been given. Almost all are
based on the original classical electromagnetic description
by Bloembergen and Pound [3], of a near-field mutual
inductance between the transverse magnetisation and the
coil with a vector model of the associated magnetic fields
[14]. More recently a vector treatment was given that
encompasses both the contributions of dipolar demagnetis-
ing fields and radiation damping [15]. The theoretical anal-
ysis used here is simplified by treating the transverse
magnetisation as a single isochromat using the vector treat-
ment of Augustine [16]. This is a valid model for the spin
ensemble of the monatomic 3He gas in the absence of
long-range dipolar field coupling.

The transmit field which flips the spins from the longitu-
dinal direction to the transverse is given by Bþ1 [17]. After
the transmit pulse, and in the presence of a large coherent
transverse magnetisation, the current it induces in the coil
can create a field, B1R(t), counter to the transmit Bþ1 (i.e.
having opposite phase), which acts to restore the net sam-
ple magnetisation back towards the longitudinal direction
(reverse back reaction). If B1R(t) is defined as the time-
varying component of this counter RF reaction field near
the Larmor frequency (x0). Then this reaction field precess-
es in the transverse plane and is 90� out of phase with
the transverse magnetisation vector (x Æ Mx(dx, t) +
y Æ My(dx, t)). The magnitude is given by jB1RðtÞj ¼
ðM2

xðdx; tÞ þM2
yðdx; tÞÞ1=2

=ðcsrdM0Þ [16], where dx is the
offset between x0 and the circuit’s resonant frequency
x = 1/

p
LC.

This effect will thus be prominent when the transverse
magnetisation is long-lived (transverse relaxation times
are long) allowing a long time for B1R(t) to act. The FID
will have a line-shape that is non-exponential and has been
derived by analytical solution of the non-linear Bloch
equations as was first demonstrated by Bloom [14]. If the
magnetisation vector is considered as a single isochromat
in the absence of transverse relaxation (field inhomogeneity
broadening) the envelope of the FID is given by sech(t/srd).
If other sources of transverse relaxation are to be included
then solution of the non-linear Bloch equations becomes
more complicated and may require numerical solution,
particularly in the presence of additional field perturba-
tions such as the presence of a dipolar-demagnetising field.
For the purpose of this work the 3He transverse magnetisa-
tion is treated as a single isochromat and a detailed analysis
of the solution to the relaxation was not pursued as the
primary objective.

2.2. Hyperpolarised (HP) gas NMR theory

Hyperpolarised (HP) gas (3He and 129Xe) NMR utilises
the high M0 that is produced by optical pumping spin
exchange. These polarisations can exceed those of thermal
equilibrium NMR of the same nuclei at standard field
strengths by a factor of 4–5 orders of magnitude. Conven-
tionally the optical pumping laser emission is circularly
polarised so as to create a hyperpolarisation of the nuclear
spin ground state, thus creating a magnetisation that can



166 Communication / Journal of Magnetic Resonance 185 (2007) 164–172
be manipulated with RF excitation in NMR experiments.
However reversal of the direction of the laser k/4 circular
polariser will create a hyperpolarisation of the excited spin
state. Such a state is prone to spontaneous emission in the
presence of thermal noise fluctuations at the Larmor fre-
quency in a tuned circuit of high Q. Thus the shape of
the radiation damped FID received by a high Q coil from
an optical pumping cell is a practical diagnostic means of
determining the direction of polarisation produced by the
k/4 polarising plate in the optical pumping apparatus [18].

Unlike thermally polarised NMR, the hyperpolarised
M0 is non-recoverable and is progressively diminished after
application of each Bþ1 RF pulse, ultimately returning to a
much smaller thermal equilibrium polarisation. If a series
of single pulse acquisitions are performed with constant flip
angle a, followed by complete dephasing of the transverse
magnetisation with spoiler gradients, then the decay of
the transverse signal amplitude with each successive RF
pulse (n) is given by

MðnÞ ¼ M0 expð�t=T 1Þ � cosðaÞn�1 sin a ð2Þ

This allows a linear fit to the cosine of the apparent flip
angle a

ln½MðnÞ=Mð1Þ� ¼ ðn� 1Þ � cosðaÞ � t=T 1 ð3Þ

If radiation damping is present the longitudinal magne-
tisation will be replenished by the back reaction between
RF excitations and a non-linear curve will be seen when
the expression in Eq. (3) is plotted. The net effect is a small-
er observed flip angle a when the relation of Eq. (3) is fit to
the data from an RF calibration experiment consisting of a
series of spoiled pulse-acquire FIDs. This approach was
used to diagnose radiation damping by Wong et al. [9] in
low-field experiments with HP 3He using small receiver
coils.
2.3. Birdcage filling factor calculations

The coil filling factor (g) is a parameter that has different
definitions and several practical means of its measurement
are in use. For certain coil designs such as a tightly wound
solenoid, simple approximations can be made for g by
calculating the ratio of sample volume to the coil volume
(gv), [19]. This is based on the uniform Bþ1 field experienced
throughout the coil. Consider a definition for g in an RF
coil that produces in general an elliptically polarised field

gE ¼ 2
EþSample

ETotal

ð4Þ

where EþSample is the time-averaged energy in the Bþ1 field
stored in the sample, and ETotal, is the total time-averaged
energy in the RF magnetic field (B1). Time averaging is
intended over an integral number of periods and will affect
primarily the denominator since the instantaneous total
magnetic energy in a linearly polarised coil is oscillatory,
while in a symmetric quadrature coil it can indeed be
constant. This definition is consistent with previous defini-
tions [12] as well as that for the linearly polarised case [3].

In the case of the approximately uniform field produced
within a circularly polarised birdcage coil, EþSample can be
calculated as

EþSample ¼
1

2

Z
V Sample

jBþ1 j
2

l0

dV ¼ 1

2
V Sample

jBþ1 j
2

l0

ð5Þ

where the temporal averaging has been omitted since jBþ1 j is
constant. In a shielded birdcage coil the bulk of the mag-
netic energy is found between the rungs and the shield
where the fields are highest and less so in the coil centre
where the sample is placed, where the Bþ1 field has the
highest spatial homogeneity. The temporal maximum of
magnetic field amplitude in a linear-mode birdcage, or
the constant circularly polarised field amplitude of an ideal
quadrature birdcage coil may be calculated in the long-
cylinder approximation [20] from the sinusoidally distribut-
ed currents flowing in the rungs, as

B1 ¼
l0I0N

4p
1

r
� r

R2

� �
ð6Þ

The birdcage coil used (see Section 3) has N = 12 rungs
of length 19 cm, a shield radius R = 11 cm, and coil radius
r = 7.5 cm. In the following calculations a maximal rung
current I0 of 1A was assumed, without restricting the valid-
ity of the expressions. This gives jBþ1 j ¼ 8:6 lT and with a
1 L sample, EþSample ¼ 29:2 nJ.

At resonance, peak modal magnetic and electric energies
must be equal. The electric energy in a birdcage resonator
is stored almost exclusively in the capacitors; the nth capac-
itor will store an amount

En ¼
1

2
CV 2 ¼ 1

2

I2
n

x2C
ð7Þ

where In ¼ I0 cosð2pn=NÞ is the current carried by the
capacitor assuming a low-pass birdcage topology. If all
currents in the coil’s legs are in phase (a reasonable
assumption for a moderately damped resonance) the total
electric energy is obtained by summation of the energy
stored in each capacitor [21]

ETotal ¼
1

2

XN�1

n¼0

I0 cosð2p
N nÞ

� �2

x2C
ð8Þ

Eq. (8) can be simplified with the summation,

XN�1

n¼0

cos
2p
N

n
� �2

¼ N
2

ð9Þ

giving the total magnetic energy as

ETotal ¼
NI2

0

4x2C
ð10Þ

This will give a total energy of 0.98 lJ with the 33 pF
rung capacitors used in this coil at f0 of 48.5 MHz.
Dividing the two energies from Eq. (4), bearing in mind
that for the quadrature coil no time averaging is required
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since magnetic energy is constant, gives gE = 6.0% for a 1-L
sample. Note this is much less than the simplistic geomet-
rical ratio (gv = 13.8%) as derived from the ratio of the
1-L sample volume to the total coil volume. The theoretical
calculations shown above are based on the assumption of a
long coil, uniform field within the sample and neglecting
any stray capacitance that may be present between the
coil’s conductors. Stray capacitances may be incorporated
into the energy calculations, as suggested by the anony-
mous reviewer, by first re-tuning the birdcage to a higher
frequency and then fitting to estimate the additional capac-
itance values that account for deviations between measured
resonant frequencies and those predicted by the applied
change in capacitance (i.e. nominal capacitor values).

Alternative empirical methods to determine the experi-
mental magnetic filing factor have been shown by Doty
et al. [12]. This ‘‘frequency shift’’ methodology entails plac-
ing a small metal sphere of volume VM into the homoge-
neous circular polarisation sample region occupied by the
sample, VS, the magnetic filing factor is then given by

gfs ¼
4f dV S

3f 0V M

ð11Þ

whereby fd is the shift in resonant frequency, f0, when the
metal sphere is introduced. Eq. (11) will only be accurate
when placed in a uniform transverse magnetic field with
low electric fields and negligible axial fields.

3. Materials and methods

NMR measurements were conducted on a 1.5 T whole
body MRI system (Eclipse-Philips Medical Systems, Cleve-
land, OH). The system was fitted with a T/R circuit for 3He
at 48.5 MHz. The 3He gas (Spectra Gases, UK) was
polarised on site by optical pumping at 795 nm with rubid-
ium spin exchange apparatus (General Electric Medical
Fig. 1. (a) Picture of the quadrature low-pass T/R Birdcage Coil. (b) 2D flip
coronal plane of a 3 L cylindrical flood phantom filled with 100 ml of HP 3H
Systems, Princeton, NJ). This apparatus is capable of pola-
rising approximately 1.8 bar L of 3He to a polarisation of
around 40% in a spin-up period of around 24 h. Experi-
ments were performed using three separate gas phantoms:
(i) a 3 L polythene bottle which was used as a flood phan-
tom to measure the spatial Bþ1 profile of the coil (T1 of 3He
in bottle �5 min), (ii) 1 L Tedlar plastic bags (T1 of 3He in
bag �20 min) and (iii) a 270 ml spherical glass cell (Pyrex,
T1 of 3He in cell >1 h). The 3He polarisation was measured
inside the optical pumping cell as 27% for the bag experi-
ments and 38% for the cell experiments. The magnetisation
density of the samples was calculated from m0 = lPN/2,
where l is the nuclear magnetic moment of 3He and N is
the number of 3He atoms per unit volume. In the bottle
phantom experiments, 100 ml 3He was mixed with
2900 ml N2 at 1 bar giving m0 = 1.8 · 10�3 J T�1 m�3. In
the bag experiments, 80 ml 3He was mixed with 920 ml
N2 at 1 bar giving m0 = 6.4 · 10�3 J T�1 m�3 which is com-
parable to the m0 of a 1 L sample of 1H2O at 1.5 T
(m0 = 4.8 · 10�3 J T�1 m�3). In the cell experiments,
268 ml of 3He at 1.2 atm pressure (P = 38%) was used, giv-
ing a high m0 = 0.13 J T�1 m�3. The spherical cell was used
in the quantitative analysis since its geometry is conducive
to minimising the contribution from field inhomogeneity
through good shimming. Moreover, the effects of dipolar
demagnetising fields [4,5] can be neglected in this analysis
as they average out to zero over a uniformly magnetised
sphere.

A quadrature transmit–receive (T/R) low-pass birdcage
coil was purposely built for these phantom studies; see
Fig. 1a.

The birdcage had 7.5 cm inner radius, 11 cm shield radi-
us and twelve 19-cm-long rungs. The rungs were split at
their midpoints with 33 pF ceramic capacitors (Advanced
Technical Ceramics, USA). The Q of the isolated coil dis-
connected from matching networks, (Q0), was measured
angle homogeneity mapping to characterise the spatial flip angle in the
e and 2900 ml of N2. The coil position is denoted by the lines.
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on the bench with a network analyser (Agilent, 5601A) un-
der weak coupling conditions. This was done by measure-
ment of the S21 parameter whilst feeding a signal via a
small pickup loop proximal to one end ring and picking
up the signal at the other end ring with a second pick up
loop. This unloaded Q was calculated as the ratio of the
centre frequency to the 3 dB bandwidth of the resonance
peak, resulting in Q0 = 500.

The coil was then matched for a return loss better than
20 dB, and fed at orthogonal ports across two of the rung
capacitors taking care to preserve the electrical symmetry
of the coil using the symmetric driving arrangement de-
scribed in Ref. [22]. The quality factor of the matched coil
(QL) is the value that must be used in Eq. (1) to characterise
the radiation-damping time constant, and was measured
with the network analyser with the coil at magnet iso-cen-
tre resulting in QL = 250 at a frequency of 48.65 MHz (3He
resonant frequency). As expected from theory this value is
approximately one-half that of the isolated coil.

Coupling between the two ports was also measured and
found to be �26 dB, which is better than the �20 dB con-
sidered the minimum for adequate quadrature perfor-
mance. The coil was operated in quadrature (circularly
polarised) mode in all experiments. The input impedance
of the preamp at 48.6 MHz is not necessarily 50 X, and it
may be transformed in an unknown way by the transmis-
sion lines and hybrid splitter between the coil and the pre-
amp. In such a case the actual QL of the whole circuit could
differ from that measured at the coil ports. To this end, the
input impedances of the circuit were measured by connect-
ing the network analyser to the hybrid’s 0� and 90� quad-
rature ports and were found to be, respectively,
57 + 20i X and 35 � 2i X. The modest reflection occurring
at these two ports has been accounted for by measuring
the coil’s QL while connected.

In order to estimate an upper limit on the filling factor,
the ratio of the sample and coil volumes was calculated as
gv = Vs/Vc. This gives gv = 3.7% for the glass cell and
gv = 13.8% for the bag. An estimate of gE was then made
from the ratio of RF magnetic energy of the sample and
the total stored magnetic energy as detailed above, giving
gE = 1.6% for the glass cell and gE = 6.0% for the bag.

The frequency shift test was also used to estimate gfs by
placing a 2 cm radius metal sphere in the coil (Eq. (11)). A
shift in resonance of fd = 61 kHz was recorded on the net-
work analyser from a centre frequency of f0 = 48.64 MHz
which gives a value of gfs = 1.4% for the glass cell and
gfs = 5.0% for the bag.

4. MR methods

4.1. Bþ1 mapping

A 2D Bþ1 mapping procedure was performed using
spoiled gradient echo imaging sequences to characterise
the coil homogeneity within the 3 L flood phantom. The
sequence used had a short TR = 4 ms, 64 centric phase
encode views, 10 mm slice thickness and a nominal flip an-
gle of a � 9�. The sequence should be fairly insensitive to
radiation damping by virtue of the dephasing produced
by the readout gradient and the short Tacq of 1.28 ms.
Two images were acquired from the same slice in immedi-
ate succession. The T1 relaxation between images can be
neglected, however diffusion mixing of gas between the
excited slice and the surroundings can present an addition-
al source of error to the signal decay characteristics predict-
ed by Eq. (3). This is especially the case with a sample in
which diffusion is unrestricted as is the case here (measured
D = 0.9 cm2 s�1). This effect has been studied in detail pre-
viously in 2D imaging of 3He and accurately quantified for
phantoms of known diffusion coefficient by solving the
Bloch–Torrey diffusion equation for the known slice excita-
tion profile [23]. To account for the effect, a global estimate
of a was taken from a non-slice selective implementation of
the sequence. This nominal flip angle was then used to cal-
culate and normalise for the effect on the signal decay of
polarisation mixing by diffusion in/out of the slice, thus
allowing the local a to be derived for each pixel from a
two-point fit (n = 1 for image 1 and n = 65 for image 2)
from Eq. (3).

4.2. Radiation-damping experiments

Radiation damping was probed by acquiring n = 115
sequential pulse-acquire data acquisitions with acquisition
time Tacq. Each FID acquisition was followed by spoiling
of the transverse magnetisation with a large crusher gradi-
ent (20 mT m�1 for 10 ms). The signal after the pre-ampli-
fier was attenuated by 18 dB to avoid saturation of the
receiver and possible clipping of the large transverse sig-
nal. Two sets of experiments were performed on the bag
phantom and the cell in turn. Each set consisted of three
individual experiments performed on the same phantom.
The HP 3He in the phantom was replenished between
each experiment and the phantom repositioned in the
same position such that the M0 was approximately the
same at the start of each. In each experiment the length
of the transverse sampling period Tacq was varied:
Tacq = 4, 256, 512 ms. The rationale is that longer acqui-
sition times between excitation and spoiling provides a
longer period for the transverse magnetisation to precess
and set up a back reaction field and should thus demon-
strate more radiation damping. The TR between RF puls-
es was fixed at 741 ms in all experiments with a nominal
flip angle of 7�. T1 effects can be neglected due to the long
sample T1’s and constant TR used throughout. The re-
ceived 3He signal was then fitted to Eq. (3). This is an
established means of calibrating a in HP gas NMR; for
a constant a, the curve ln(Mn/M0) should yield a linear
slope of cos(a).

A further experiment was performed on the spherical
cell only, whereby the acquisition time was increased, to
Tacq = 2 s. This was to provide further sensitivity to radia-
tion damping and the longer Tacq also provides a finer spec-
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tral resolution in the frequency domain in order to measure
the line width as a function of magnetisation. In this
experiment an estimate of the relative starting M0 was
made between acquisitions by measurement of the ampli-
tude of the first time point of the nth FID from the previ-
ous acquisition. All data processing was performed off-line
with Matlab code (Mathworks Inc., Natick, MA, USA).
Fig. 3. Corresponding curves from the high M0 spherical phantom
sample. A much stronger effect is experienced even at low Tacq by virtue of
the higher M0 despite the lower geometrical contribution to the coil-
sample filling factor of the smaller volume cell.
5. Results

The birdcage coil has a highly homogeneous Bþ1 profile
as demonstrated by the coronal slice flip angle map as
shown in Fig. 1b.

Fig. 2 demonstrates the effect of varying Tacq with data
from the bag phantom experiment shown for FID acquisi-
tion times of (a) 512 ms, (b) 256 ms and (c) 4 ms.

The plots show the log relation of Eq. (3) when plotted
assuming no T1 relaxation during TR, hence the intercept
through zero. The long Tacq curves deviate from linear
behaviour in the early stage indicating a non-linear behav-
iour. Apparent flip angles, a, were fitted from the linear re-
gions of each curve and were found to be 5.8�, 6.5� and
7.0�, respectively. This indicates that more magnetisation
is returned to the longitudinal direction (more damping
has occurred) when the transverse magnetisation is given
a longer time to interact with the coil by means of a longer
Tacq. These findings are consistent with those observed with
samples of HP 3He at B0 = 0.2 T using a small pickup coil
with high g and reasonable Q [9].

Fig. 3 shows the corresponding curves from the higher
M0 cell sample, the curves for all three Tacq’s show
significant deviation from linear behaviour indicating a
Fig. 2. Plots of ln(M(n)/M0) for the FID acquisitions made with the bag
phantom with Tacq times of (a) 512 ms, (b) 256 ms and a standard (c) 4 ms.
Note the deviation of the long Tacq curves from a linear function (faint
dotted lines) in the early stage and the different slopes of the curves in the
later stage indicating differential, rate of magnetisation depletion due to
radiation damping.

Fig. 4. Selected FIDs from the Tacq = 512 ms acquisition from the cell
phantom. The FIDs become progressively less damped as M0 decreases
reaching a steady FID lineshape in the low polarisation limit (n > 125)
where noise becomes visible.
transient damping response as a function of the M0. The
Tacq = 512 ms data in particular shows very little decay
between RF pulses indicating very little consumption of
the longitudinal magnetisation and thus a severe occur-
rence of radiation damping. Fig. 4 shows the line shape
of the FIDs acquired from the cell with Tacq = 512 ms with
n = 1–135 pulses with transverse spoiling between pulses.
As n increases, M0 slowly decreases due to the non-recov-
erable spin population hence the extent of damping gradu-
ally diminishes, and this is manifested as an increasing
relaxation time of the FID envelope. This is in agreement
with experiments with water at 6.5 T [8]. For n > 125, noise
becomes visible and the FID reaches a constant shape



Fig. 5. Curve fitting of the first FID (n = 1) from the cell data set using a
pure hyperbolic secant and a convolution of the same function with an
exponential.
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indicating radiation damping is negligible, allowing estima-
tion of T �2 � 350 ms which corresponds to a spectral peak
of about 1 Hz assuming a Lorentzian line shape in the well
shimmed spherical sample.

Fig. 5 shows attempts to fit the n = 1 FID to (i) sech(t/srd)
and (ii) sechðt=srdÞ � expð�t=T �2Þ using the notation of
Gueron [8] with T �2 estimated as 350 ms from the n = 135
FID. The FIDs are clearly not pure hyperbolic secants or
exponential functions, and accurate determination of the
damped relaxation will require solution of the coupled
differential Bloch equations with an appropriate non-linear
radiation damping term—see Section 6. The curve fit gives
an estimate for gRD = 0.4%.
Fig. 6. Curve showing relative M0 versus spectral FWHM of the 2 s long
Tacq data from the cell. The straight line is a fit with a horizontal intercept
equal to the low polarisation line width limit imposed by field inhomo-
geneity broadening.
The last set of experiments was performed using a series
of n = 1–115 pulse-acquires with Tacq = 2 s to investigate
the relationship between the line width and the magnetisa-
tion level. Fig. 6 depicts the plot of the relative M0, as mea-
sured from the magnitude of the first sample point of each
FID, versus the FWHM of the spectrum. The straight line
is a linear fit to the data and the x intercept represents the
FWHM (1.1 Hz) of the signal from the depolarised gas
(P < 1%), which is expected to be free from radiation
damping. The data fits well with the reciprocal relation be-
tween srd and M0 of Eq. (1).

6. Discussion

In this work, radiation damping has been observed in a
low-pass birdcage resonator with samples of hyperpolarised
3He. It is believed that this is the first reported observation of
the effect in a birdcage resonator with samples hyperpolar-
ised or thermally polarised. In this work, it was assumed that
radiation damping is the source of the non-linear behaviour
in the FID. For the spherical sample with spatially uniform
spin magnetisation it is safe to assume geometrical cancella-
tion of the dipolar demagnetising field, which can produce
unexpected spin echoes and FID distortion [2,4,5].

Coils with higher g such as single loop receivers and
solenoids could be more sensitive to radiation damping at
this field strength with HP gas samples and there is scope
for in-vivo observation. The low g of the birdcage design
(g estimated as <5% for a one litre sample inside this coil)
could explain why radiation-damping effects have not been
observed or at least reported before in thermally polarised
birdcage experiments with other nuclei. As the c of 1H is 4/3
larger than that of 3He, and the thermal M0 of a standard
1 L water phantom is comparable to that used in the HP
3He bag phantom experiments which displayed-damping
effects Fig. 2, then it might be expected that these effects
are present in H2O NMR at this field strength. One factor
that may inhibit the observation of radiation damping in
1H MR with birdcage resonators are sample losses, which
reduce the loaded coil QL. These losses are non-existent
with our high-Q resonator and gas phantom. This theory
will be investigated in further work with 1H birdcage coils
using 1H samples with minimal dielectric losses (e.g.
C6H12). Another factor that favours radiation damping in
the 3He experiments is the long T �2 (�350 ms) in the small
spherical cell which allows transverse coherence to be pre-
served and facilitates long back reaction times for the asso-
ciated radiation-damping field. In a 1 L sample of 1H
solution such a long T �2 would require a very good shim
but should be attainable with a spherical sample. It will
also be of interest to investigate radiation-damping effects
in birdcage coils with HP 3He at higher B0 where T �2 is
smaller; experiments with a high-pass birdcage at 3 T are
planned. It is anticipated that in vivo radiation-damping ef-
fects in birdcage coils will be weaker by virtue of the low T �2
(20–30 ms) found with 3He in the lungs at 1.5 T [24].
Nevertheless an awareness of the presence of radiation
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damping is advised in HP gas MRI as it could have major
implications in RF calibration experiments as demonstrat-
ed here, since accurate knowledge of the flip angle is imper-
ative. If radiation damping is found to cause persistent
problems suppression schemes can be sought, such as ac-
tive electronic feedback mechanisms to reduce the Q [25].

Exact solution of the non-linear Bloch equations and
calculation of the damping time constant was not the
objective of this work. Nevertheless the reciprocal relation
between the FWHM and the M0 as demonstrated by Fig. 6
indicates the original model presented by Bloembergen and
Pound [3] in Eq. (1) serves as a reasonable approximation
when used with the appropriate SI units [8]. The curve fits
of Fig. 5 show that the FID is not a true hyperbolic secant,
however, if the initial slowly decaying response of the FID
were to be ignored, then the steeply sloping region of the
solid curve in Fig. 5 does resemble a hyperbolic secant
function with a shorter time constant than those fitted by
considering the whole of the FID. A full solution (numer-
ical or analytical) to the non-linear Bloch equations for this
experimental set up would require deconvolution of T �2 line
broadening from radiation damping. This could be pur-
sued in further work with appropriate models of the field
inhomogeneity broadening other than the simple Lorentz-
ian assumed here. This serves as a good starting point
assuming motion narrowing by diffusion of 3He in the spher-
ical cell and a good shim as indicated by the 1 Hz line width
of the weakly polarised signal. However the simple curve fits
of Fig. 5 yield an estimate of g = 0.4% which is a factor of
four smaller than the estimate from EM theory, 1.6%, and
that from the frequency shift method, (1.4%). This discrep-
ancy may be due to an inaccurate basis for the lineshape as
described above, or the fact that existing descriptions of radi-
ation damping assume linearly polarised fields, while resona-
tors that support circular polarization are doubly effective at
receiving, as well as emitting, with circular polarization. This
suggests a revision of Eq. (1) with the constant 2 moved to the
numerator, i.e., srd = 2 Æ (pcgM0Q)�1. All measured values
are within the theoretical upper limit given by the ratio of cell
volume to total coil volume (shield included), which is equal
to 3.7%.

The exact solution may provide an accurate means of
characterising the birdcage filling factor which is still a
rather grey area as highlighted by Tropp [13] and the
index of efficiency may prove to be a better comparable
factor. Provided the coil Q and sample magnetisation can
be accurately measured then fitting of the damping time
constant in this way may provide some additional experi-
mental validation of the different theories proposed [12,13].
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