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The application of composite inversion pulses to a novel area of magnetic resonance, namely muon spin
resonance, is demonstrated. Results confirm that efficient spin inversion can readily be achieved using
this technique, despite the challenging experimental setup required for beamline measurements and
the short lifetime (�2.2 ls) associated with the positive muon probe. Intriguingly, because the muon spin
polarisation is detected by positron emission, the muon magnetisation can be monitored during the
radio-frequency (RF) pulse to provide a unique insight into the effect of the RF field on the spin polarisa-
tion. This technique is used to explore the application of RF inversion sequences under the non-ideal con-
ditions typically encountered when setting up pulsed muon resonance experiments.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Muon spin rotation involves implanting a positively charged
muon (l+) into a material, using a muon beam which is nearly
100% spin polarised and having an approximately circular spot of
roughly 1 cm full width at half maximum at the sample position.
After losing energy the muon comes to rest within 1 mm of the sur-
face of the material, frequently thermalising at an interstitial loca-
tion. At this site the muon is sensitive to the local electronic
environment and the presence of local magnetic moments, both
electronic and nuclear. Consequently the muon can be used as an
extrinsic probe for the local chemical structure and magnetism
[1]. In particular, because the muon behaves as a light isotope of
hydrogen, the implanted muon can provide information on the lo-
cal hydrogen environment which is complementary both to 1H
NMR and neutron scattering [2].

Perhaps because of the short muon lifetime (�2.2 ls), muon
spin rotation experiments are typically carried out without the
use of external radio-frequency (RF) fields; the intrinsic polarisa-
tion of the spin-1/2 particle can be detected with great efficiency
through the asymmetry in the positron emission which occurs as
the muon decays. This is in marked contrast to NMR which de-
pends on RF pulses for detection, and which, in turn, have permit-
ted and encouraged a wide range of sophisticated experiments to
be developed [3]. Indeed apart from one example of a spin echo
[4] all the recent RF experiments have only used single RF pulses
of varying duration either as simple 90� pulses of as longer nuta-
tion pulses. In principle many of the NMR experiments could be
applied in muon spin resonance (lSR), with those associated with
ll rights reserved.
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correlating the muon and nuclear spins being of particular interest
since these would allow greater insight into the site of muon
implantation. Currently though there is little experience at imple-
menting more sophisticated RF pulse sequences at muon sources
and thus it is difficult to assess the future value of even the most
basic pulse sequences. This paper describes some preliminary steps
towards implementing correlation methods through the use of
composite pulses to demonstrate the feasibility of multi-pulse
methods.

One practical reason why so few muon RF experiments have
been performed [4] is the low instantaneous muon flux associated
with the intense continuous muon beams such as TRIUMF [5] and
PSI [6]. In order to compensate for the relatively small number of
new polarised muons being implanted at any given instant, upon
which the RF field can operate, a high duty cycle (typically 50%)
is required that, in turn, results in excessive RF heating of both coil
and sample. The full repertoire of RF techniques in lSR can there-
fore only sensibly be achieved at a pulsed muon source such as ISIS
[7] and JPARC [8], where an appropriate timing can be set between
the high intensity muon pulse (at ISIS, several hundred muons are
typically implanted in a 70 ns wide pulse, with a pulse repetition
frequency of 50 Hz) and the RF excitation [9]. The recent growth
in the application of RF techniques in lSR has added a new dimen-
sion to the method, allowing, for example, the study of muon state
kinetics [10], the determination of electron g-factors in muonium
shallow donor states [11] and an investigation of muon-nuclear
couplings [12].

A fundamental problem in all RF resonance experiments arises
because the finite pulse lengths lead to pulse artefacts [13–19],
and this is a particularly important consideration in quantum com-
puting using NMR since these artefacts result in propagation errors
[20]. In lSR [9,10,12] the potential for creating finite pulse arte-
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facts is high for two reasons. Firstly, the large but poorly shaped
coils (typically of dimension 20 � 20 � 2.5 mm) that are used to
maximise the sample area presented to the beam inevitably pro-
vide poor RF homogeneity over the sample volume, and secondly,
the large coil volume results in a limited RF field strength, B1, and
therefore long RF pulses even when large RF powers are used. The
large magnetogyric ratio of the muon (3.183 times that of the pro-
ton) only serves to accentuate the problem of having a limited RF
field strength, as it leads to large dipolar interactions and thus
off-resonance effects when X irradiation is required in l-X spin
systems. This is particularly true for 1H and 19F rich samples where,
for example, in the case of CaF2 the dipolar coupling between the
muon and neighbouring fluorine nuclei is of the order of
220 kHz, and therefore typical pulses fail to excite the full fre-
quency spectrum associated with the spin system and artefacts re-
sult. These are most clearly seen when a pulse having a specific
function is applied. An example is the p pulse that is used to invert
the spin magnetisation [13,14] and refocus the chemical shift and
magnetic inhomogeneity effects [15], where magnetisation which
is off-resonance fails to invert properly or become refocussed.

One solution which has been applied in NMR [13–16], NQR [17],
ESR [18] and MRI [19] is to use composite pulses, a sandwich of
individual pulses of appropriate durations and phases that is de-
signed to achieve a desired end with improved efficiency [16].
The composite pulse p/2x py p/2x can be viewed as one of the sim-
plest multiple pulse sequences, where two p/2 pulses are phase
shifted by 90� from the central p pulse to achieve spin inversion.
Simulations show that the effect both of resonance offsets and RF
inhomogeneities are much reduced by using such a pulse sequence
[13], and this therefore provides a convenient test case for the
implementation of multiple pulses in muon spin resonance, and
in so doing will help facilitate the development of other multi-
pulse experiments including combined muon and nuclear spin
experiments.

Intriguingly, because the muon spin polarisation is detected by
positron emission, the muon magnetisation can be monitored dur-
ing the radio-frequency pulse, unlike in NMR, giving a unique in-
sight into the effect of the RF on the spin polarisation. Moreover,
a vector view of the polarisation can easily be obtained by applying
appropriate detector groupings, experimental results can therefore
be directly compared to simulation.
1 For interpretation of colour in Figs. 1–5, the reader is referred to the web version
of this article.
2. Experimental

The experiments were carried out using the MuSR spectrometer
at the ISIS Pulsed Muon Facility, a full description of which can be
found on the website [7] while the commissioning of a similar
radio-frequency spectrometer at the facility is detailed in reference
[9].

The time evolution of the muon spin polarisation is followed by
means of 64 positron detectors arranged around the sample in or-
der to measure the spatial distribution of the decay-positrons. His-
tograms are formed for each detector; data being typically
collected for 32 ls following muon implantation at t = 0 ls, with
the number of positrons detected during each 8 ns time-step being
recorded. Each histogram can be described by an equation of the
form:

NðtÞ ¼ N0e�t=sl ½1þ AðtÞ� ð1Þ

where N0 is a normalisation factor related to the total counts and sl
the muon lifetime. The information of interest, namely the fre-
quency, amplitude, phase and depolarisation rate of the spin pre-
cession is contained in the muon asymmetry term A(t).
Appropriate grouping of the individual positron detectors enables
a normalised decay asymmetry and hence muon polarisation to
be revealed in three orthogonal directions. The typical longitudinal
(or ‘z’ axis) grouping is shown in Fig. 1a, where the ‘red’ and ‘blue1’
groups are defined forward (upstream) and backward relative to the
initial muon spin polarisation. However, transverse groupings can
also be defined to provide a measure of the polarisation along the
‘x’ and ‘y’ axes (shown in Fig. 1b and c respectively).

A normalised asymmetry, A(t), with the muon lifetime removed,
can be formed from the counts recorded in the two detector
groups, NRED and NBLUE, as follows

AðtÞ ¼ NREDðtÞ � aNBLUEðtÞ
NREDðtÞ þ aNBLUEðtÞ

ð2Þ

where the factor a takes into account differences in detector effi-
ciency within each group. The polarisation, P(t), can then readily
be obtained by comparing the measured signal asymmetry to an
experimentally determined value for the maximum asymmetry,
A0, available for the particular detector grouping being considered:

PðtÞ ¼ AðtÞ=A0 ð3Þ

An RF asymmetry may also be defined to follow the time evolu-
tion of the muon spin polarisation under the influence of the RF
field alone. This can be written in terms of the normalised asym-
metries measured with and without the RF field as follows:

ARFðtÞ ¼ ARFON ðtÞ � ARFOFF ðtÞ ð4Þ

Positive muons were implanted into a CaCO3 test sample sup-
plied by Johnson Matthey (purity 99.5%). This sample was chosen
as muons thermalise predominantly into a diamagnetic state
(l+), which then evolves with minimal dipolar coupling as nuclear
isotopes possessing spin are present only in low abundance. Field
distributions and offsets could therefore be imposed on the sample
and their effect investigated unambiguously. The fine powder
material was contained in a Mylar packet (thickness 125 lm –
transparent to the muon beam) and placed in the RF probe, with
the coil tuned and matched to 50 X at 20 MHz to achieve l+ reso-
nance in a static field of 0.1476 T. The 90� phase shift required for
the composite sequence was generated using a Mini-Circuits
ZMSCQ-2-50 two way 90� power splitter, with the required RF
phase being selected by switching the appropriate Mini-Circuits
ZFSW-2-46 switch before recombining the signals to form an input
to an AMT 3200 RF Amplifier. The phase balance between the two
channels was checked using an oscilloscope, and cable lengths ad-
justed to achieve an optimal phase shift. RF powers of up to 300 W
were employed (limited by RF breakdown), with the pulse lengths
being determined by fitting the muon nutation frequency during a
long RF pulse. An amplitude imbalance between the phase shifted
channels required that the lengths of the p/2x and py pulses had to
be determined separately; in practice, muon nutation frequencies
of �252 kHz and a corresponding p/2 pulse length of �1.0 ls were
typical for our setup.

The RF probe was mounted in an Oxford Instrument helium ex-
change gas flow cryostat positioned in the muon beam, and all
experiments were carried out at 295 K. Typically upwards of 200
million muon decay events were recorded for the composite pulse
experiments in order that the signal could be clearly defined to at
least seven muon lifetimes. A dual channel acquisition mode was
used, with one channel containing a simple p pulse while the other
recorded data during a composite inversion sequence. As data tak-
ing in the two channels was interleaved, the performance of the
composite and p inversion pulses could be directly compared with
the effect of equipment instabilities removed. To minimise the ef-
fect of resonance offsets on the experiment, the on-resonance con-



Fig. 1. Showing the instrument detector geometry and the detector groups (red and blue) used to obtain the signal asymmetry and hence muon polarisation in three
orthogonal directions. The beam enters along the axis of the detector rings travelling into the page, and the sample is centred in the gap between the rings.
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dition was itself established by a preliminary field scan using a de-
fined muon RF frequency of 20 MHz and a step size of 0.5 mT.
3. Results and discussion

A simple demonstration of the poor RF field homogeneity pro-
vided by the coils used in the RF lSR experiment, and the effect
this has on the signal, can be gained by following the muon re-
sponse during a rotary echo refocusing sequence [21].

Rapid damping of the muon nutation is evident in Fig. 2a when
a pulse of arbitrary duration is applied. In contrast, when the phase
of the RF pulse is flipped by 180� after �5.5 ls almost complete
Fig. 2. (a) Evolution of the RF asymmetry for diamagnetic muons in a 0.1398 T
static magnetic field during an RF pulse of arbitrary phase, and with an RF field of
strength of 14.4 G. The decay is thought to be the result of inhomogeneity in the RF
field. (b) The effect of switching the phase of the RF field by 180 � after 4 ls.
Essentially, complete refocussing is seen in a rotary echo formed at 8 ls, thereby
demonstrating that the initial decay is the result of RF field inhomogeneity.
refocussing of the muon magnetisation is seen at �11 ls
(Fig. 2b). Therefore, we can be confident that RF field inhomogene-
ity is the origin of the damping of the muon signal in this experi-
ment. A measure of this field inhomogeneity can be gained by
using Eq. (4) to fit the signal decay measured in Fig. 2a. In practice
two Gaussian components are required to adequately describe the
muon response, ARFON (t) in the RF field, with one modelling the sig-
nal arising from muons stopped in the sample (within the RF coil)
and another the signal arising from muons implanted in the coil
former and the coil itself. A fit to the data is shown in Fig. 2a and
gives a damping, r, of the nutation signal from the sample of
Fig. 3. Evolution of the (a) longitudinal (z-axis) and (b) transverse muon polari-
sation in a 0.1476 T static magnetic field whilst applying a simple 1.7 ls p pulse at
resonance (20 MHz) with an RF field of strength 21.4 G. A fit to the transverse
polarisation immediately following the RF pulse is shown. The trajectory of the
polarisation during the simple inversion pulse is shown in (c), the results being
displayed in a 20 MHz rotating reference frame with the view taken along the x’-
axis.



N.J. Clayden et al. / Journal of Magnetic Resonance 214 (2012) 144–150 147
0.174(17) ls�1, suggesting a standard deviation for the RF field
inhomogeneity of the order 174 kHz or 12.8 G. As expected, the
second component comprises a smaller fraction of the measured
signal (in a ratio of approximately 2:1), with the signal having a
lower nutation frequency (�0.1 MHz) and a significantly enhanced
damping (�0.3 ls�1). Both are consistent with a signal arising from
muons stopped in the highly inhomogeneous field outside and
around the RF coil.

Longitudinal (z-axis) and transverse (y-axis) polarisation after a
simple p inversion pulse are shown in Fig. 3a and b respectively,
while a plot of the trajectory of the polarisation vector is presented
in Fig. 3c. Similar plots are shown in Fig. 4 for the p/2x py p/2x com-
posite inversion sequence. The effect on the signal of deliberately
missetting pulse lengths is shown in Fig. 5, while the efficiency
with which spin inversion is achieved as a function of resonance
offset is described in Fig. 6.

Contrasting the change in z-axis polarisation for the simple p
inversion pulse (Fig. 3a) and composite sequence (Fig. 4a), starting
from an initial polarisation close to one, the former achieves a final
polarisation of �0.60(1) while the latter provides a significantly
better polarisation inversion, with a final value of �0.76(1). To
understand better the effect of RF field inhomogeneities on the
Fig. 4. Evolution of the (a) longitudinal (z-axis) and (b) transverse muon polari-
sation in a 0.1476 T static magnetic field whilst applying a composite inversion
sequence (p/2x py p/2x) at resonance (20 MHz) with an RF field of strength 18.6 G
for the 1.0 ls p/2x pulse and 21.4 G for the 1.7 ls py pulse. A fit to the transverse
polarisation immediately following the RF pulse sequence is shown. The trajectory
of the polarisation during the composite inversion sequence is shown in (c), the
results being displayed in a 20 MHz rotating reference frame with the view taken
along the y’-axis.
operation of these pulse sequences, a final z-axis polarisation was
estimated assuming the signal decay arising from the inhomogene-
ity is uncorrected by the sequence. Due regard was taken of the dif-
fering Gaussian decay rates arising from muons stopping within
and around the RF coil, with the total signal weighted according
to the muon fractions in each environment. Results are summa-
rised in Table 1.

Clearly the simple p pulse does not achieve the anticipated effi-
ciency for polarisation inversion, and other factors must therefore
be present and contribute to degrade its performance. In contrast,
the final polarisation after the composite inversion sequence is lar-
ger than the calculated value, suggesting the sequence is, at least
in-part, compensating for the RF field inhomogeneities and provid-
ing improved polarisation inversion. Considering this conclusion, it
is puzzling that the transverse polarisation of 0.11(1) measured
immediately following the composite inversion sequence
(Fig. 4b) is comparable to the amplitude of the polarisation
(0.09(1)) measured following the simple p pulse (Fig. 3b). Unlike
NMR, the action of each sequence can easily be investigated in
more detail by modifying the analysis of existing data to display
the time evolution of the polarisation during the RF excitation.

Considering first the simple p pulse, fitting a cosine function to
the z-axis polarisation shown in Fig. 3a yields a muon nutation fre-
quency of 290(3) kHz, a value in excellent agreement with earlier
calibration measurements utilising a long RF pulse and an ample
demonstration of the stability of the experimental arrangement.
While the behaviour of the corresponding transverse polarisation
(Fig. 3b) is broadly as expected, the signal appears asymmetric about
the signal maximum (corresponding to a rotation into the x–y plane)
that occurs at�1.3 ls – with the pulse start set at�0.3 ls and finish
at�2.2 ls, it appears that the RF pulse length is�0.1 ls short. This is
immediately confirmed by examining the polarisation trajectory
during the p pulse (Fig. 3c), which reveals the pulse length to be
too short to provide the full p rotation, and therefore a small compo-
nent of the polarisation is left in the x–y plane.

Three factors will contribute to the non-ideal behaviour of the
pulses: resonance offsets, RF field inhomogeneity [13–15] and a
combination of mis-set pulse lengths and pulse phase non-orthog-
onality. Indeed a detailed analysis of the (p/2x py p/2x) composite
inversion pulse in terms of the resonance offsets and RF field inho-
mogeneity has been presented [13]. Resonance offsets especially
when combined with RF inhomogeneity could explain a large
transverse component since the maximum relative offset of ca
0.1 gives a flip angle error of 10� or so and hence a transverse com-
ponent of the order of 0.17 [13]. Yet if the relative resonance offset
had been as large as this, one might have expected an even greater
transverse component in the single pulse experiment as this is sus-
ceptible to the 2nd order RF field error while the composite pulse is
susceptible to the 4th order field error [22]. However, this ignores
the self-cancellation of the symmetric transverse components seen
for a single 180� pulse if the RF inhomogeneity is symmetric. While
for a composite pulse the resulting transverse components, though
smaller, are asymmetric and so do not cancel. Thus is it entirely
possible for the composite pulse to be performing better as an
inversion pulse than the single pulse and yet still give larger trans-
verse components. For the composite sequence, the response of the
muon polarisation through the RF sequence can also be explained
in terms of a mis-set initial p/2x pulse and then poor phase orthog-
onality between the RF channels. That the initial p/2x pulse is short
is immediately confirmed by examining the z-axis polarisation
(Fig. 4a), with a net positive polarisation remaining immediately
following the RF pulse. As a result, the py pulse rotates the polari-
sation about the y-axis as a small amplitude signal; the nutation
frequency (and hence RF field strength) during this pulse is consis-
tent with the calibrated value if due account is taken that the
instantaneous gradient of this small amplitude (A) signal is given



Fig. 5. Effect of misset RF pulses on simple p (a-c) and composite (d-f) RF sequences. Data measured in a 0.1476 T static magnetic field whilst applying RF pulses with a field
of strength 18.6 G for the 0.6 ls p/2x pulse and 21.4 G for the 1.02 ls py pulse – pulse lengths are reduced by �40% compared with the optimum.
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by the expression �Ax � sin(xt). This conclusion is consistent with
the behaviour observed for the transverse polarisation (Fig. 4b);
although the phase shifted p pulse rotates the small z-axis compo-
nent, it has no effect on the y-axis polarisation and a flat plateau is
observed as expected. While the second p/2x pulse provides an effi-
cient rotation of the polarisation to the -z-axis, the trajectory plot
(shown in Fig. 4c) suggests that the inverted polarisation becomes
offset in the x–y plane, and it is this that gives rise to the small
transverse polarisation that persists following the pulse sequence.
It seems likely, however, that this offset is the result of incomplete
phase orthogonality between the RF channels.

RF pulse length errors frequently occur in lSR experiments,
both because of the variation in the RF field strength across the ex-
tended RF coil and the inherent difficulty in achieving well defined
and calibrated microsecond-timescale RF pulses. The effectiveness
of both simple (p pulse) and composite (p/2x py p/2x) inversion se-
quences was therefore investigated with respect to quantified RF
pulse errors. Experimental values for the z-axis polarisation imme-
diately before and after application of the various pulse sequences
were determined by fitting the polarisation curves and a norma-
lised polarisation change deduced. The results are summarised in
Table 2, and are in excellent agreement with predictions based
on simulations using SIMPSON [23] to evaluate the final polarisa-
tion for the various experimental flip angles. Under optimum con-
ditions both sequences achieved a similar measure of spin
polarisation inversion, a value probably limited by the unique con-
ditions required for the RF lSR experiment. However, as expected,
the composite inversion sequence proved significantly more robust
to mis-set pulse lengths than the simple p inversion pulse, remain-
ing effective even when gross (40%) errors were introduced. The
latter case has been examined in more detail by studying the time
evolution of the polarisation during both simple and composite
inversion sequences, with results shown in Fig. 5.

Considering the RF power level, a spin rotation of �118� is ex-
pected for the mis-set p pulse, and this is reflected in the data by
the transfer of a significant fraction of the polarisation from the
z-axis (Fig. 5a) to the y-axis (Fig. 5b). A plot of the trajectory of
the polarisation vector (Fig. 5c) confirms this, and also suggests
that the spin rotation is smaller than expected, being closer to
90�. Similar plots are shown for the composite inversion sequence,



Fig. 6. Effect of RF power and the resonance offset on the effectiveness of the inversion of the muon polarisation, (a), using simple and composite sequences expressed as a
change in normalised polarisation. Squares and circles correspond to the composite pulse and simple pulse respectively, with filled symbols representing an RF field strength,
B1, of 21.4 G and unfilled symbols a field strength of 9.6 G. Trajectories of the polarisation during high power composite (b) and simple (c) inversion sequences carried out
using a 21.4 G B1 field strength at a 20 G resonance offset are also shown.

Table 1
z-axis polarisation decay from RF field inhomogeneities and final signal estimated for inversion sequences. The values assume the signal decay arises from the RF inhomogeneity
alone, and is uncorrected by the sequence. Final polarisations are calculated assuming a Gaussian signal decay, with values for the decay time constant and signal weighting as
obtained by fitting the on-resonance decay shown in Fig. 2a.

Inversion sequence Total length (ls) Pol. inside RF coil W Pol. outside RF coil W Total signal

Calc Exp

Simple p 1.7 0.91 2/3 0.77 1/3 0.87 0.60
Composite 3.7 0.66 0.29 0.54 0.76

Table 2
Experimental and simulated polarisation change for simple and composite inversion sequences. Optimum conditions are achieved using p/2 and p pulses of 1 ls and 1.7 ls,
respectively. Simulations were carried out using the SIMPSON [23] NMR simulation software package.

Pulse length (ls) Actual flip angle (for ‘p/2’ pulse) (�) Simple inversion (p pulse) (DPz/2 � P0) Composite inversion (p/2x py p/2x) (DPz/2 � P0)

p/2 p Exp. Sim. Exp. Sim.

1 1.7 90 0.79(2) – 0.83(4) –
0.8 1.36 72 0.74(2) 0.71 0.84(1) 0.82
0.6 1.02 59 0.53(2) 0.57 0.78(3) 0.73
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with Fig. 5d showing clear evidence for at least a partial inversion
of the z-axis polarisation and Fig. 5e demonstrating that a compo-
nent remains in the x–y plane. A detailed analysis of the polarisa-
tion trajectories (Fig. 5f), carried out by linear least squares
fitting to the data measured during each pulse, suggests a phase er-
ror of �18� between the initial p/2x and py RF pulses. It is clear,
therefore, that while our results demonstrate that the composite
sequence offers a significantly more robust method of spin inver-
sion for the lSR experiment, further gains may be possible by an
improved experimental setup. The large samples typically used
for lSR experiments can give rise to a static field distribution
across the volume (this is of particular problem for the gas phase
measurements currently under development), and therefore the
effectiveness of the inversion sequences was explored as the static
field was adjusted away from the resonance condition. The change
in the z-axis polarisation was determined by fitting the polarisa-
tion curve before and after the RF sequence, and results from a ser-
ies of measurements of varying offset fields and RF field strength,
B1, are shown in Fig. 6a. As expected, increasing resonance offsets
lead to the inversion pulses becoming less effective, but with the
composite pulse achieving a better inversion for all field offsets
and RF field strengths measured. Importantly, for the small field
offsets (<�2 G) typically encountered in solid state experiments,
it is likely that the composite pulse will achieve uniform spin
inversion across the full sample. The extreme field offsets mea-
sured (20 G) represent a shift from resonance approximately equal
to that of the RF field strength (21.4 G), and therefore the effective
field in the rotating reference frame makes an angle of �45� with
respect to the z-axis. Precession about the �28 G resultant is
clearly seen for the case of the simple p inversion pulse (Fig. 6c),
and while providing very poor spin inversion the possibility of
transferring polarisation into the x–y plane under these unique
conditions is amply demonstrated. The more complex polarisation
trajectory arising from the composite sequence with its phase
shifted RF pulses is shown in Fig. 6b; this clearly offers a more
effective method of spin inversion.
4. Conclusions

The application of the composite inversion sequence to the
RF lSR experiment has been demonstrated and shown to achieve
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spin inversion with improved efficiency when compared to a sim-
ple p pulse. The extended coil geometry used to maximise the sam-
ple area presented to the muon beam gives rise to both a highly
inhomogeneous RF field and to resonance offsets, experiments
confirm that each limits the efficiency with which simple pulse
experiments can be executed. Recognising this, the composite
inversion sequence was implemented as a proof-of-principle that
more complex NMR sequences can be applied to lSR with the
anticipated functional result. Measurements are encouraging, with
a systematic study of the effect of pulse length errors and reso-
nance offsets confirming the sequence to be robust to many of
the artefacts that are common when using a simple p pulse to in-
vert the muon spin polarisation. Throughout this study, the unique
potential for monitoring the muon magnetisation during the RF se-
quence has been exploited to provide a better understanding of
how pulse errors develop; in itself, this may make lSR a useful
technique for gaining a better understanding of spin evolution dur-
ing RF sequences. The lifetime of the muon (�2.2 ls) contributes to
the complexity of the experiment, requiring a timing accuracy and
phase switching time that is beyond the capability of current NMR
pulse programmers, and dictating the need for using high power RF
into low Q coils to achieve short (sub-microsecond) and well de-
fined RF excitations. Such technical developments are, however,
quite feasible with current technologies, and therefore pulsed RF
techniques appear to offer an interesting way of extending the
scope of the lSR technique.
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