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muon pulses, data can be measured to long times. These advantages have been exploited 
by Kitaoka et al (1982) to directly observe the time evolution of the muon polarisation in 
the rotating frame. 

This report describes experiments performed at the ISIS pulsed muon facility with a view 
to the future development of an RF J..LSR facility. After a brief introduction to the 
principles of the magnetic resonance experiment, the design of the high-power pulsed RF 
equipment is discussed. Because the longitudinal field strength was limited to 
approximately 140G, with the corresponding resonance frequency for J..L+ below the base 
frequency of our power amplifier, studies were restricted to muonium systems with results 
being presented both for quartz and boron nitride. Finally, both the RF field strength and 
homogeneity are evaluated using time differential data taken at resonance in the rotating 
frame. 
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2. Resonance Concepts 

The principles underlying the muon resonance experiments described in this report are 
closely related to those of continuous wave magnetic resonance, the theory of which has 
been extensively reviewed by Abragam (1961). 

If a static magnetic field, 8 0, is applied along the z-axis, collinear with the muon beam and 
spin polarisation, the muon, having a magnetic moment M, will experience a torque and 
undergo motion described by the equation 

dM 
-=yMxB0 dt 

(1) 

resulting in the spin precessing about the main field at the Larmor frequency ro0 = -yB0 , 

where y is the appropriate magnetogyric ratio. 

If an RF field, 8 1, is now applied perpendicular to the main field and rotating about it with 
an angular frequency ro, equation (1) becomes 

dM - = yM x(B0 + B1 (t)) 
dt 

(2) 

The motion is now considerably more complex and, in practice, easiest to describe by 
making a transformation to a rotating reference frame (RRF) locked to the frequency of 
the RF field and having its z-axis collinear with 8 0 (i.e. B0k'). In this new frame of 
reference the time dependance on the right side of equation (2) is removed and the muon 
spin will experience an effective field, Beff• given by the equation 

(3) 

where ro I y is a fictitious field introduced by the co-ordinate transformation and i' and k' 
are unit vectors in the RRF, the situation is shown in figure 1. 

k' 

i' 

Figure 1 - The rotating 
frame. 

The muon spin will now precess about this effective field with 
an angular frequency roeff = -yBeff which at resonance is equal 

to ro1 = -yB1 . 

The time evolution of the muon polarisation projected along 
the z-axis is given by 

(4) 

where 8 =sin -l(!!l_J and P0 is the initial polarisation. 
Beff 
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The muon experiment is performed in longitudinal geometry, with counters positioned 
forward (upstream at ISIS) and backward relative to the initial muon polarization. The 
time dependence of the positron count rate in the detectors is given by the expression 

(5) 

where Np and N8 are the forward and backward count rates respectively, 't is the muon 
lifetime and A the initial asymmetry. Relaxation effects are assumed to be negligible within 
the muon lifetime. 

The data collected during the experiments can be analysed in two ways, firstly by the time 
integral method and secondly using a time differential scheme. The former is implemented 
by defining an RF asymmetry, ARF' in terms of the time integral counts, N, as follows 

(6) 

where the superscripts ON and OFF designate whether the RF was on or off during data 
collection, the experiment alternating between the two states to reduce the effects of 
equipment instability. By integrating equation (5) over time and substituting into (6) a 
theoretical form for ARF can be obtained 

(7) 

Thus the usual Lorentzian line shape, with a half width at half maximum of ~1 I 't2 + Wf , is 
obtained as the static field B0 is swept through the resonance condition. The amplitude at 
resonance is equal to Arof't2 I (1 + 't2rof). 

The time differential measurement is made by comparing the ratio of the forward and 
backward counts. At resonance, equation (5) yields 

(8) 

This type of measurement is of particular importance at resonance as it enables a direct 
measurement of the RF field, B1, to be made. The damping of the signal will, in the 
absence of relaxation effects, provide a measure of the B1 inhomogeneity. 

The system studied in this report is that of muonium, a bound (~+e-) system showing very 
similar properties to hydrogen. Muonium is often formed when a muon is implanted into a 
non metallic material. The four possible spin combinations of the electron and muon, 

I me,~), yield four energy states and four allowed transitions. In low fields both the 

IM,M) ~ IM,-M) and 1~,- ~) ~ 1-~,~) transitions are of approximately the same energy 
(""' 1i:y eB I 2) and will therefore both be subject to resonance. The magnetogyric ratio for 
muonium in this regime is approximately ye I 2. 
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2. Experimental Set-up 

A diagram of the apparatus used to generate the high power RF field is shown in figure 2. 

Marconi 

' 
RFGate 

' 
AMT lkW 

' 
Probe 

Signal Generator / / Amplifier ,I 

/ " ,I I' l Pickup coil 
! 

'RF Gate' timing B Timing Unit 

'Amplifier Noise Blanking' timing 

I I 
Extract RF Veto 
Trigger 

Figure 2 - Block diagram of RF apparatus. 

The probe used for the initial experiments consisted of a standard saddle coil wound to 
provide a cubic access volume of 25mm side and tuned to resonance at 40MHz using a 
parallel capacitance. A capacitor was placed in series with this tank circuit to act as an 
impedance transformer and allow the impedance of the complete probe to be matched to 
50n. To enable the RF field to be monitored during the experiment a 10 turn, 3mm 
diameter, pickup coil was placed close to the centre of the saddle coil. Since all 
experiments were conducted at room temperature the probe circuit was simply housed in a 
aluminium box. 

The RF field was produced using a Marconi signal generator, the output of which was 
gated using a Mini-Circuits RF switch to provide RF pulses of 20J.ls duration, and an 
AMT 3200 lkW 6-220MHz power amplifier. To obtain a typical output power of 160W 
an input level of approximately -15dBm was required. 

The sequencing for the experiment was provided by two CAEN NIM timing units 
synchronised to the 50Hz running of the accelerator by the 'Extract Trigger' signal. An 'RF 
Veto' input allowed the timing units to be disabled and data to be collected without an RF 
field. In practice, to reduce problems of equipment instability, data was taken in sets of 
500 accelerator pulses alternately with the RF field on and off. Shown in figure 3 is the 
pulse sequence from the timing units (omitting the 'Amplifier Noise Blanking' timing 
signal) together with the RF pulse as monitored by the pickup coil and the output of one 
of the photomultiplier tubes. As shown in the figure, the RF pulse was timed to start after 
the implantation of the muons in sample. The effect of altering this timing to start the pulse 
before the arrival of the muons was investigated, with no change in the resonance line 
being observed. 
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Longitudinal magnetic fields up to a maximum of 140G were generated using air-cooled 
Helmholz coils. Four positron detectors with digital counting were used for data collection 

giving a data rate of approximately 5 x 106 counts/hour. 

pie 

RFGate: 

[!ill 50.0mVQ Ch4 500mVQ 

.6.: 4.94jlS 
@ : 4.92jlS 

27 J un 1994 
10:34:33 

Figure 3 - Timing unit pulse sequence, RF output pulse and photomultipiler 
tube signal. 
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3. Results and Discussion 

The time integral RF spectra for muonium in quartz taken at 80W and 160W are shown in 
figures 4(a) and (b) respectively. In each case the longitudinal field scan was started at 
approximately 19G and incremented in steps of about one third gauss, with 50 data points 
(each consisting of 0.5 x 106 counts) being taken for the 80W scan. The 160W spectrum is 
incomplete (only 31 points) because the accelerator failed. For each data point a time 
integral was performed over the region 0.36~s to 9.32~s as measured from the centre of 
the muon pulse, and an integral asymmetry obtained using equation (6). 
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Figure 4(a) - RF ~SR of muonium in 
quartz, 80W. 

Figure 4(b) - RF ~SR of muonium in 
quartz, 160W. 

The field at which resonance occurs, amplitude and half width at half maximum (HWHM) 
of the spectra have been obtained from a fit to equation (7), these are shown in table 1. 

80W 160W 

Resonance 28.09 ± 0.01 28.11 ±0.01 
Field (G) 

Amplitude -0.066 ± 0.001 -0.060 ± 0.001 

Width (G) 0.61 ±0.02 0.90 ±0.03 
(HWHM) 

Table 1 - Resonance parameters for quartz. 
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At both input powers resonance occurs at a field of 28.1G, in good agreement with the 
theoretical value of 28.5G. The near constant amplitude of the resonance line at both RF 
power levels indicates saturation has already occurred at 80W. In this regime ro1 >> 't-1 

and, from equation (7), the line width will be proportional to m1 and consequently the 
strength of the RF field, B 1. This is confirmed by the data. 

Time differential measurements were made at resonance for both the 80W and 160W input 
power levels, the results are shown in figure 5. A fit to equation (8) gave values for the 
strength of the RF field, B1, of0.63G and 0.82G respectively, in good agreement with the 
line widths obtained from the time-integral data, but somewhat smaller than the value of 
2G obtained using the pickup coil at 160W. The high damping rate observed is indicative 
of a poor B1 homogeneity. 
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Figure 5 - Time differential measurements of mu onium in quartz. 
Input power level of 80W (top) and 160W (bottom). 

Time integral measurements were also made for muonium in boron nitride, the spectrum is 
shown in figure 6 with the parameters obtained from a fit to equation (7) shown in table 2. 
Although resonance occurs at the same field as for the quartz the line is broadened, this is 
probably because of stronger coupling between the muon and surrounding nuclei. 
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Figure 6 - RF J..LSR of muonium in boron nitride, 160W 

160W 

Resonance 28.55 ±0.03 
Field (G) 

Amplitude -0.030 ± 0.001 

Width (G) 1.06 ±0.05 
(HWHM) 

Table 2 - Resonance parameters for boron 
nitride. 

9 

40 



4. Conclusion and Future Work 

The objective of the work reported here was to design, construct and prove an RF 
spectrometer at the ISIS pulsed muon facility. This has been carried out successfully with 
spectra being obtained for muonium in both quartz and boron nitride, the results are 
entirely consistent with theoretical predictions. Also demonstrated by the direct 
observation of B 1 in the rotating frame is the potential for making time differential 
measurements. 

Our goal, however, is the development of an RF facility at ISIS that may be used by 
external users on a routine basis. Some of the issues that will need addressing if this aim is 
to be realised are discussed below. 

Although adequate for experiments involving muonium, the RF field strength produced by 
the present probe is rather small and would certainly be insufficient for the study of Jl+, 
where y is reduced by a factor of 100. The present RF coil has a large access volume and a 
correspondingly poor fill factor with our plate-like samples. Consequently, we believe that 
by optirnising the shape of the RF coil to the sample dimensions the situation can be 
significantly improved. Complementing the effort to increase the RF field strength must be 
the development of both a high frequency and a broad band probe; each essential for the 
study of muonium systems in semiconductors (Kreitzmann et al). It is intended that the 
broad band probe will be based upon the delay line design of Lowe and Whitson (1977), 
and already successfully used for RF J.!SR by Kreitzmann et al. Finally, each probe must be 
incorporated into a cryostat, ideally providing a temperature range from 4.2K to room 
temperature. 

The spectrometer used to gather the data also requires improvement, principally in the 
areas of static longitudinal field strength and count rate. The small longitudinal field (less 
than 1400) produced by the Helrnholtz coils restricted investigation to muonium systems; 
to enable the study of Jl+ a field of at least 1kG should be available . The count rate of 
5 x 106 counts/hour achieved during the experiments reported here needs be increased, it 
being only one quarter of the rate used for standard J.!SR experiments at ISIS. One 
possible, and expensive, solution would to increase the number of digital detector 
channels. A cheaper alternative may, however, be to use an analogue detection system 
similar to that pioneered by Y amazaki et al (1982) and already demonstrated at ISIS by 
teams from Stuttgart and Munich (Hampele et al 1994, Munch K-H et al 1994). 
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