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• DEFINITION OF tlSR -

flSR stands for MUOH Spin Relaxation, Rotation, 
Resonance, Research, or what have you. The intention of 
the mnemonic acronym is to draw attention to the analogy 
with NMR and BSR, the range of whose applications is well 
known. Any study of the interactions of the muon spin by 
virtue of the asymmetric decay is considered ilSR, hut this 
definition is not intended to exclude any peripherally related 
phenomena, especially if relevant to the use of the muon's 
magnetic moment as a delicate probe of matter. 
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OBSERVATION OF "DECOUPLED" DIAMAGNETIC MUON STATES IN ALKALI HALIDES 

BY MUON SPIN RESONANCE 

K. NISHIYAMA, Y. MOROZUKI a\ T. SUZUKI b ) and K. NAGAMINE 

Meson Science Laboratory, Faculty of Science, University of Tokyo, 

Bunkyo-ku, Tokyo, Japan 

The states of positive muons in KC1, NaCl and KI were studied with 

muon spin resonance method under a 3 KG decoupling longitudinal field, 

revealing a considerably larger fraction of a diamagnetic muon state 

than that observed by the conventional spin rotation method. The origin 

of this fraction which increases with temperatur is attributed to a 

tni'onium tc ciuon transition in solids. 
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Energy Physics, Tsukuba, Ibaraki, Japan 
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Lifctle is known about the electronic state of the positive muon in 

ionic insulators, such as alkali halides. It is known that a stoall 

fraction- (around 10 Z) of muon forms a diamagnetic muon state ift alkali 

halidest which was observed by the convencional spin rotation method in 

a transverse field [1]. An old decoupling experiment [2] which measured 

decay e asymmetry as a function of longitudinal magnetic field has 

indicated that a large fraction of the muons forms a muonium-like 

paramagnetic state in KC1 and that its polarization is mostly lost ac 

magnetic fields below 200 G due to the nuclear hyperfine interaction 

[3]. The line broadening due to this nuclear hyperfine interaction 

prevents a direct observation of triplet muoniura spin precession in a 

weak transverse field. 

Recently, muonium precession signals in alkali halides have been 

observed in a high transverse magnetic field where the line brociening 

due to the nuclear hyperfine interaction is quenched (HTF method) [M-

An apparatus with a high time resolution was necessary to resolve 

muonium precession signals at high fields. It was found that afound 2/3 

of the muons are in a muonium state at around room temperature with 

considerable relaxation rates and that this fraction is reduced to 1/3 

at low temperatures below LOO K. In order to obtain a full 

understanding of the fate of the positive muan in alkali halide^. we 

have developed a new spectroscopic tool tor the diamagnecic u ^cate 

which arises from a muonium to diamagnetic muon transition. 

The intense pulsed muon beam with 50 ns pulse width and 20 Hz 

repetition rate available at the BOOM ( BOOster Meson ) Facility of 

Meson Science Laboratory, University of Tokyo [5,6] located at £EK has 

permitted a new method of pulsed muon spin resonance wich a pulsed rf 
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field of high peak-power [6,7]. In the present experiment this 

resonance method was applied to probe hitherto unrevealed diamagnetic 

muon state in alkali halides. There are two advantages in che muon spin 

resonance method over the conventional spin rotation method; 1) the muon 

state can be probed in the presence of a the longitudinal field which 

decouples the perturbing fields; 2) the diamagnetic muon state after 

delayed generation can be probed because the phase coherence is not 

required in the spin resonance method while it is essential in the spin 

rotation method. The study of diamagnetic muon state which might be 

formed from a muonium precursor state in alkali halides is a typical 

example where the resonance method is most effectively applied: the 

decoupling field is required to preserve muonium polarization against 

the perturbing nuclear hyperfine interaction; the phase coherence is 

lost when the diamagnetic muon is formed from muonium. 

The experiment was conducted at the superconducting miion channel of 

of the BOOM Facility [5,6]. In the present experiment, we have used 

single crystals of NaCl, KC1 and KI produced by Horiba Manufacturing 

Co. Ltd* Each sample has a disk shape of 50 mm diameter with Z0 mm 

thickness (NaCl) or 10 mm thickness (KC1 and KI) . The sample was held 

in a cryostat cooled by a flow of liquid He. The temperature of the 

sample was measured with Au-Fe and copper-constantan thermocouples. 

The rf coil, composed of several curns of 37 urn Cu foil around the 

sample, was tuned at the resonance frequency of £0 MHz. The cryostat 

was placed in the longitudinal coil set-up for standard uS% 

experiments [6], A pulsed rf field of about 30 G at the target was 

achieved using a high power rf source, the detailed description of which 

Is given elsewhere [6,7]. In the present resonance experiment, the 
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decay e was measured by the digital method of pulsed USR measurement 

by using 16 channel scintillation counter telescopes in both forward and 

backward directions to the beam [6]. 

The resonance pattern was obtained by measuring the decay e 

intensity ratio between the forward and backward counters as a function 

of the longitudinal field (R_) around the resonance field of 2.95 kG 

which corresponds to the fixed rf frequency of 40 MHz for the 

diamagnetic muon state. Once the central position of the resonance 

curve was obtained, the longitudinal field was fixed. Then the time 

differential pattern of muon spin resonance, corresponding to the muon 

spin rotation around the H. field, was measured. The decoupling 

measurement under a longitudinal field was also carried out by measuring 

forward/backward asymmetry ratio at various values of H_ up co 4 kG. 

At each temperature, a resonance measurement, a decoupling measurement 

and a spin rotation measurement were carried out sequentially. 

The observed resonance curve for NaCl at room temperature is shown 

in Fig. la. For a comparison, a conventional muon spin rotation spectrum 

in a transverse field spin rotation is shown in Fig. lb. A distinct 

increase of the diamagnetic fraction is clearly seen with H. = 2.95 kG. 

This is the signal of the "decoupled" diamagnetic muon stata which has 

not been seen in the usual spin rotation experiment. The temperature 

dependences of the "decoupled" diamagnetic fraction obtained from the 

depth of the resonance curve (time integrated signal) for NaCl, KC1 and 

KI are summarized in Fig. 2. For comparison, we show in Fig. 2 the 

fraction of prompt diamagnetic muon formed at time-zero under zero 

longitudinal field which was obtained from the conventional spin 

rotation method, as well as typical examples of the decoupling patterns. 
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The most remarkable features of Fig. 2 are the dramatic; increase of 

the diamagnetic muon fraction seen by the resonance method &c higher 

temperatures compared to that by the spin rotation method, for NaCl and 

KC1, this increase occurs at around 100 K, while for KI it happens at 

around 300 K. This observed increase of the diamagnetic fraction at 

higher temperatures in both NaCl and KC1 suggests that a possible 

chemical reaction may take place from a muonium-like precursor state to 

a diamagnetic muon final state. 

In KC1, where the HTF-method on muonium has been made [4], we can 

discuss tnore completely the nature of muonium and diamagnetic muon 

states than in the other cases. The following facts were readily 

observed:(L) the fraction of the "decoupled" diamagnetic st&ce has an 

activation type temperature-dependence; (2) the rum of the nmonium 

fraction at Lime zero obtained by the HTF-method (seen in Fig. 2) and 

the diamagnetic fraction obtained by the resonance method is larger than 

unity at room temperature; (3) as reported elesewhere [8,9], t;it detailed 

analysis of the time-differential pattern of the resonance signal 

provides a measure of the rate of increase or the diamagnecic muon state 

which was found to be consistent with the disappearance rats ot the 

muonium observed in the HFT method [4], All of these facts indicate 

that in KC1 above !00 K, the muonium state makes a transiticm to the 

diamagnecic muon state Such a transition from muonium to diamagnetic 

muon state is reasonable if the muonium reacts with other paramagnetic 

species during a diffusion process [8,9]. Without the pres^nc resonance 

method, the presence of a chemical reaction from muonium to diamagnetic 

species can only be guessed from che damping of muonium signal. The 

result of this resonance experiment provides the first diret;c evidence 
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for such a reaction process by detecting the final state. 

In KCl, the mucnium signal obtained from the HTF experiment becomes 

smaller below 70 K and at the same time the diamagnetic u fraction 

observed in the present resonance experiment is also reduced to 10 2. 

Thus, almost all the signals are missing, while, as seen in Fig. 2, a 

decoupling pattern shows an existence of muonium-liV.e paramagnetic 

state. Although there is no clear explanation for this result, one 

possibility might be that a transition occurs below 70 K from one 

muonium state to another muonium state with a different hyperfine 

coupling constant. 

As for NaCl, although there has "been no detailed report on the 

experimental data by the HTF measurement, the diamagnetic muon state as 

well as the muonium state seems to have almost the same character as in 

the case of KCl. However, the nuonium and diamagnetic muon in KI behave 

quite differently: I) the decoupled diamagnecic muon state becomes 

significant only above 300 K; 2) the decoupling curves at all the 

measured temperatures are substantially suppressed compared to the free 

muonium. Both of them suggest an existence of the strong spin 

conversion process in KI at the temperature below 300 K. 

In conclusion, a "decoupled" diamagnetic state has been 

systematically studied for the u in alkali halides, revealing a 

rauonium chemical reaction in solids. This experiment represents the 

first observation of the diamagnetic muon state which has been 

unrevealed due to the strong perturbation at the precursor muonium-like 

state as well as the muonium to diamagnecic muon transition. Further 

experimental studies, particularly for the unexplained behaviors in KI 

as well as in KCl and NaCl below 70 K are now in progress. 
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re Captions 

1 (a) Muon spin resonance curve obtained for diamagnetic p in 

NaCl at room temperature, represented by the decay positron 

intensity ratio between forward/backward counters, where the 

normalizsCiaa tess taken by the rstlo vith rf off. The ratio 

is shown as a function of external magnetic field, normalized 

at the resonance field, (b) Muon spin rotation spectrum 

obtained in NaCl at room temperature at the transverse field 

of LOO G. 

2 Temperature dependences of the "decoupled" diamagnetic 

fraction obtained from muon spin resonance amplitude 

for KCl(a), NaCl(b) and KI(c). Also the fraction obtained 

from the amplitude of the asymmetry with spin rotation method 

under transverse field of 100 G is shown. The decoupling 

patterns at typical temperatures are also given for each 

sample. A. normalized decoupling pattern calculated for free 

muonium with L0 % prompt diamagnetic muon is also, shown for 

comparison. As for KC1, the fraction of muonium observed by 

the HTF method taken from the reference [4] is al.30 shown. 
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DIFFUSION PROPERTIES OF THE KUON-PRODUCED SOLITON 

IN TRANS-POLYACETYLENE 

K. Ishida, K. Nagamine, T. Matsuzaki, Y. Kuno and T. Yamazaki 

Meson Science Laboratory, University of Tokyo, Bunkyo-kur Tokyo, Japan 

E. Torikai 

Doctoral Course in Human Culture, Ochanomizu University, 

Bunkyo-ku, Tokyo, Japan 

H. Shirakava 

Institute of Materials Science, University of Tsukuba, 

Sakura-mura, Ibaraki, Japan 

and 

J.H. Brewer 

Department of Physics and TRIUMF, University of British Columbia, 

Vancouver, B.C., Canada 

We have measured the longitudinal spin relaxation functions of 

positive muons injected into trans-(CH) at various temperatures and 

external fields. They showed non-single-exponencial functions and were 

fitted hy a model which takes into accounc both the on-chain diffusion and 

the disappearance of the iauon-produced soliton. It was found that the 

on-chaiu diffusion rate D,, is almost constant from 29 K to 290 K, while 

the disappearance rate D_ slightly increases with temperature. 
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Recently, the behaviour of Che unpaired electrons in 

trans-polyacetylene has been extensively studied, boch experimentally and 

theoretically, since it is proposed to be related to che properties of 

soliton . There seems, however, to remain many unclear aspects to be 

studied concerning, in particular, on-chain and interchain diffusion 

properties of the soliton. In che present experiment, we studied this 

problem by muon spin relaxation method, which is expected Co probe the 

soliton in polyacetylene from a different view-point compared Co the 

conventional ESR or NMR. 
2 In a previous paper , we have reporced che following observations 

concerning positive muons in crans-polyacecylene: che positive muon, when 

it is added to a double bond in trans-polyacetylene, produces an unpaired 

electron; the unpaired electron exhibits soliton-like one-dimensional 
-L/2 diffusion, as demonstrated by the H dependence of the longitudinal 

relaxation rate of the muon spin on the longitudinal magnetic field R, The 

soliton produced and probed by the muon has different properties from the 

usual solicon probed by NMR, ESR etc. : I) there is no mechanism similar 

Co nuclear spin diffusion which affects the race of muon spin relaxation 

because the muon is an "infinitely" dilute probe; 2) che soliton is created 

at Che time of the muon arrival so that the time evolution of the soliton 

dynamics can be observed time-sequentially with reference Co this "birch" 

tine; 3) the soliton is confined to one side of the chain from the boundary 

determined by the muon locaCion, because the conjugation is terminaced 

here. In this paper, we describe a further experiment in which a 

particular attention was paid to deduce che disappearance of the soliton 

from che chain. 

The on-chain spin diffusion rate D,, of the unpaired electron and 

its temperature dependence are incerescing, because chcy reflect the 
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interaction between soliton and phonons. Theoretically, Wada and 
3 2 

Schrieffer have proposed that D,, should obey a T temperature 
4 -1/2 

dependence, while Maki predicted a T temperature dependence for 

D,.. Experimentally* from the inverse-root type frequency dependence of 

the proton spin-lattice relaxation rate (T. ) , it has been concluded 

that the spin diffusion is highly one-dimensional with D,, * 4 x 10 
—L S i 

s and that the interchain diffusion rate D is less than 10 s 

at room temperature . However, it was also pointed out that the nuclear 

spin diffusion to a fixed paramagnetic spin also reproduces the same 

frequency dependence so that the above-mentioned interpretation is still 

unsettled. Recently, the frequency dependence of T.~ of the unpaired 

electron was directly observed by ESR , where D, , and D were found to 
L3 7 -L 

be 4 x 10 and 2 x 10 s , respectively, at room temperature. This 

result was almost consistent with that of NMR. However, che temperature 

dependence of the diffusion rates is not yet clear: the T." of proton 
1/4 5 

iVMR obeys a T dependence , while that of ESR was proportional to the 
a 

temperature . 

The experiment was carried out at the M2Q muon channel at TRIUMF, the 

Tri-University Meson Facility in Vancouver, Canada. There, surface muon 

beams were stopped in a crans-polyacetylene target composed of a scack of 
o 

thin films (in total, 2 cm x 2 cm x 80 mg/cm"). The sample was prepared 
9 

by the Shirakawa method and sealed into a thin polyethylene bag of 88 um 
thickness with an argon atmosphere. The temperature dependence of che 

longitudinal relaxation above 29 K. was measured using a standard rauon spin 

relaxation apparatus on the the K2Q channel, where we applied a 

longitudinal field of up to 4 kG. Samples were cooled by a helium" exchange 

gas contained in a cryostat vessel, where the vessel itself was cooled by 
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thermal conca.ce with a cold finger cooled by liquid helium flow. The 

temperature stability vas around ±0.5 K. 

The measured longitudinal relaxation functions G (t) are shown in 

Fig. i for temperatures of both 29 and 281 K, showing the field dependence 

for 0, 10, 20 and 50 G. A. significant temperature dependence can be seen 

by comparing these two data; the long-lived asymmetry (after 5 usee) is 

consistently reduced for the data at 29 K compared to those at 281 K. The 

relaxation rates decrease as the external field is increased at all the 

temperatures. 
2 In a previous paper , the relaxation functions were fitted by a 

single exponential relaxation function, where the main relaxation mechanism 

is considered to be due to the interaction between the muon spin and the 

one-dimensionally moving unpaired electron (soliton) produced by the u . 

However, in the present 281 K data, the relaxation seems to cease after 

about 5 Us, indicating a need of a more complicated relaxation function. 

Since the nuclear dipolar fields must contribute to the muon spin 

relaxation ( G n(t) ), we calculated G^(t) by a Monte-Carlo method 

considering mutual interactions "between u and surrounding protons , 

and took the ratio G e(t) - G (t)/G n(t). Then we fitted the z z z 

data of G (t) with an exponential relaxation function by changing the 

analysis time region in a 2 us step. All the data abovt; 200 K were 

combined, since there seemed to be almost no temperature dependence above 

200 K. The result shown in Fig. 2 exhibited a decrease of the relaxation 

rate itself with time. This result indicates a model in which the source 

of the relaxation, namely the soliton, disappears from the chain with time 

after it is created by the muon arrival. 

Before going further along, ve have to consider several, possible other 

mechanisms which may cause a change in the muon spin relaxation function 

http://conca.ce
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from a single exponential type. Here, let us consider the following three 

possibilities. 1) As it was shown in the time-domain analysis of ESR L L, 

for time before the effect of interchain diffusion becomes significant, the 
3/2 relaxation function could become exp(-at ) . In our case, however, this 

time range is estimated to be only before about 20 nsec, which is too short 

for the change in the relaxation function to be ob-erved. 2) The muon spin 

relaxation rate will be reduced when the electron spin associated with the 

soliton is left polarized. The electron spin-lattice relaxation rate 
7 -I 7 

measured by ESR, which is LO sec at room temperature , is much 

faster than the typical muon spin relaxation times so that this effect is 

considered to be small. 3) The location of the muon is considered to be 

randomly distributed on Che chain. The relaxation rate is expected to be 

proportional to the probability of existence of the soliton around the 

muon; the rate is proportional tc the inverse of the distance between the 

muon location and the end of the chain. This effect was calculated, but 

the result was found to be not much different from a single exponential 

relaxation . 

Since the above-mentioned three effects cannot explain the observed 

relaxation function, we will now consider the effect of the disappearance 
2 of the soliton from the chain. As shown in a previous paper , the 

relaxation rate of the muon spin is proportional to the iensity of the 

soliton which remains on the chain. Thus, when the sciiton disappears, the 

relaxation rate may change with time. Now, we introduce the disappearance 

rate D- of the soliton. Then, the time dependent relaxation rate R(t) 

may be written as 

R(c) - R Q exp(-D3c) (1) 
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where Rfl is the T^ at t-0. Fron the rate equation for the 

relaxation function of the muon spin G z(t), 

dG*(t)/dt - -R(t) G e(t), 
(2) 

we obtain 

Ge(t)« exp[-R /D Cl-exp(-D,t))i. 
(3) 3 3 

Me fitted D-i and R- simultaneously for the data above 200 K. It was 
-1/2 found that D, is almost field independent, while R. obeys an H 

dependence. This indicates that Che auon spin relaxation comes mainly 

from the one-dimensionally diffusing unpaired electron and that the 

diappeafance is due to a dynamical effect independent of the magnetic 

field. Next, the temperature dependences of R_ and D- were obtained by 

a fit to the data at all fields, where D. was fixed at each temperature. 

The fitted results are shown in Fig. 3a) and 3b) for R and D » 

respectively. Here, the relaxation rate R_ was around thre£ times larger 

than that we obtained using a single exponential function"1. However, 

this difference does not change our basic interpretation in Che previous 
2 paper . 

The temperature dependence of R- reflects mainly the temperature 

dependence of D,., As shown in Fig. 3b), it is almost temperature 

independent. Above 150 K, this is consistent with the ESR and the MMR 

results. But, below 150 K, our result does not agree with chese results. 

This is due to the fact that the uSR method observes different aspects of 

the soliton dynamics from the other methods; e.g., che effect of che 

soliton trapping may be smaller in the USR studies. 
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The sollton disappearance rate D. can be related to the interchain 

diffusion rate D of the soliton* The value of D obtained from the 

cut-off frequency in the ESR Is 2 i 10 s at room temperature . 

Since the mutual spin flip-flop between solitons as well as the interchain 

hopping of the soliton itself contributes to the relaxation in the ESR 

experiment, it is not surprising that D is larger than che D. obtained 

in the present experiment. The D, slighly increases with temperature, 

which indicates that hopping between the chains has a small activation 

energy. 

In conclusion, we have measured the temperature dependence of che muon 

spin relaxation function in trans-polyacetylene. The observeci relaxation 

function was well reproduced by considering both the muon spiri relaxation 

due to the solicoc. and the disappearance of che soliton from the chain Co 

which the muon is actached. The relaxation rate was almost temperature 

independent. The disappearance rate D, increased only slightly with 

temperature. 

We thank Drs. R. Keicel, S.R. Kreiczman, D.R. Noakes and M. Senba for 

their helps during the Tokyo Group's stay at TRIUMF. The Tokyo Group is 

also grateful to E.K. Vogt and staff-nembers of TRIUMF for their 

hospitalities. Helpful information from Professor K. Kume is also 

acknowledged. The present work was supported partly by che Grant in Aid or 

che Japanese Ministry of Education, Culture, and Science, and partly by che 

Natural Sciences and Engineering Research Council of Canada. 
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Figure Cap t ions 

Fig, I longitudinal spin relaxation functions for the u in 

trans-(CH) (a) an 281 K and (b) ?t 29 K for longitudinal 

fields of 0, 10, 20, and 50 G. The curves are best-fitted 

functions to eq.(3) after correcting for the contribution 

of nuclear dipolar field to the relaxation function. 

Fig. 2 Time dependence of the relaxation rate of u in 

trans-(CH) . The time window for the analysis is 1 us for the 

earliest time data, while it is 2us for the others, as shown 

in the figure. All the data above 200 K were summed up and used 

in this analysis. The effect of nuclear dipolar field has been 

already subtracted before the analysis. The 0 G data after 4 us 

are not shown because of the unsatisfactory fit due to a small 

asymmetry. 

Fig. 3 Temperature dependence of (a) soliton diappearance c > :e D- and 

(b) the muon spin relaxation rate R_. 
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PULSED M~SR MEASUREMENT OF NEGATIVE MUON DEPOLARIZATION 

IN MUONIC l 3 C and W N 

K. ISHIDA, J.H. BREWER*5, T. NATSUZAKI, Y. KUNO, J. IMAZATO 

and K- NAGAMINE 

Meson Science Laboratory, Faculty of Science, 

University of Tokyo, Bunkyo-ku, Tokyo, Japan 

Slow depolarization rates of the upper hyperfine (HF) states (F ) 
-13 -14 of U C and u N were observed by negative union spin rotation 

—13 method with a pulsed beam. The result for p C agrees with the HF 
-14 transition rates expected by Auger processes, while that for M N is 

too high, suggesting HF transition due to intramolecular excitation 

effect. 

* Perflianent address: Department of Physics and TRIUMF, University of 

British Columbia, Vancouver, B.C., Canada V6T 2A3. 
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At che ground state of a ntuonic atom whose nucleus has spin I, the 

magnetic g-factor of each hyperfine (HF) state (F , F~) is given by 
che following formula, 

«* " ( l+ i t t >8I t 2ITT 8 U ( 'or F* - I t \ ) (1) 

where g_. is che g-factor for the nucleus and g is that for the free 
anon g-factor. Precession of ch* comblneu muon-nucleus spin syscem of 
low-Z tnuonic acoms can" be observed by using conventional transverse 
field muon spin rotation (TF-uSR) techniques. Assuming that Che nucleus 
is unpclarized at che cime of muon arrival the statistical populations 

of the F" &nd F~ states can be calculated. The TF-uSR. experiments 
+• allow a measure of che initial populations of the F~ states because 

each initial amplitudes of che precession signals ac the corresponding 
characteristic frequencies v^ can be written as a product of the 
population and the U polarization ac F~ stace* At the same time, 
the transition rate R from the higher 8F state to the lower one is 
manifested as a depolarization race X in che n~*SR signal. This HF 

transition rate must be known in order to interpret lifetime 
measurements in terms of the difference in nucl?ar muon capture rates 
k and X~ from the F and F states, resoeccively, which nc ac 
in turn inform us of the nature of the weak interaction in nuclei a*: 

moderate momentum transfer. 
19 Following the pioneer work on F by Winston [L], che U SR 

experiments of Favart et_ al. {2} covered che light nuclei Li, Li, 

Be, B and B. Recently, a similar experiment extended chose 
measurements to selected nuclei heavier than Z • 9 [3]. All these 
experiments neglected the two common elements carbon and nitrogen, of 
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which isotopes with nonzero spin, namely G (I - L/2) and N (I • 

1), are readily available. These are particularly interesting systems 

for TF-u~SR measurements of &, since they lie in Che boundary region 

of Z between the lightest elements where R is negligible or undetectable 

small and the heavier elements In which R Is usually coo fast to be 

observed directly. Since che HF transitions are governed by Auger 

processes, the value of R is determined by the HF energy splitcing E, _ 

between F* and F and che energy levels of che surrounding electrons 

in atomic or even in molecular orbitals. When one wishes to measure a 

small R manifested as a slow u 5R depolarization race, ?. pulsed muon 

beam is advantageous due to its extremely low background at late times 

(long after the muons arrive in the target). 

Recent advances in U SR methods for investigation of condensed 

matter [4,51 have encouraged us to extend chese methods to anionic atoms 

with nonzero-spin nuclei to allow more flexibility in such applications 

and Co cake advancage of the reduced precession frequency and relaxation 
* +• — 

rate of che F" scaces (relacive to the bare u" or a u bound to a 

spin-zero nucleus) in the huge hyperfine fields of̂ ten experienced by 

auclei in magnetic materials [6]. 

Experiments were performed with che pulsed backward ii beam from 

the superconducting muon channel ac che University of Tokyo, Meson 

Science Laboratory, Booster Meson facility (UT-MSL 300M) [/,8] located 

at che Booster Synchrotron Utilization Facility of KEK (National 

Laboratory for High Energy Physicsjin Tsukuba, Japan. The Polarized 

u~ beam has a time structure of one 50 ns pulse every 50 tus, 

a central momentum of around 75 MeV/c, a beam diameter of 8 cm and a. 
2 13 

range width of around 2 g/cm , Ic was stopped in targets of C ( 
a rectangular box containing 23 g of 99 % enriched powdered 
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14 graphite ) and N ( a disc-shaped vessel of 6 cm thickness containing 

liquid N, it atmospheric pressure). 

The targets were positioned inside the uSR apparatus where either 

transverse magnetic fields (TF) or longitudinal magnetic fields (LF) can 

be applied; L6 scintillation counters telescopes were placed in both 

forward and backward directions for the digital type of u e decay time 

interval detection [Si. The solid angle of each 16-channel teles-

cope was 12.% of 4ir; the good "e " event rates were 80/s for C and 
1-4 200/s for N. TF of up to 350 Oe was applied and the resulting 

precession of the muon spins was detected via their asymmetrically-

emitted decay electrons using normal time-differential uSR techniques. 
12 A. normal graphite ( C) sample was used for several calibration runs. 

In order to estimate the background depolarization rate \ due to 

inhomogeneous magnetic field over the target, the u relaxation was 

measured in an KLO target of the same dimensions; in H.O at room 

temperature the M Is known to experience negligible relaxation. The 

result was that the \ was smaller than 0.007 lis" . 
s 

The observed spin precession signal .is shown in Fig. la, for U 
U C (F*«L state) and in Fig. Lb, for u " U N (F*- -| state). 

Each "signal" is displayed in the form of an asymmetry spectrum by 

eliminating the exponential decay of muon. The observed time spectra 

were fitted to the following formula for both cases (as described below, 
-14 the contribution of F state in u N is negligibly small): 

Nfi(t) - M Q exp(-t/Tu) [L + A Q exp(-At)cos(2irut •»-?)] + B (2) 

where T is the average lifetime of the bound u , A- is the 

initial amplitude of the USR precession signal, u is the precession 

frequency, \ is the depolarization rate and B represents a 
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time-independent background. The fitted frequencies and asymmetries are 
-12 expressed relative co Che corresponding values Cor ,i C tn Table 1 

along with the frequencies predicted by formula (l). The experimental 

data agree well with predictions suggesting the validity of a simple 

coupling scheme for the muon-nucleus spin system. tn the case of 

N, the upper limit for the asymmetry o£ the F" * 1/2 state was 
—12 0.03 times the asymmetry for u C. 

In Table 1» the observed asymmetry for the "E state of either 

C or K "is compared with the theoretical prediction, where the 

hyperfine interaction is assumed to be "switched-on" after the u 

arrives at the Ls state [91. The agreement between experiment and 
-13 -14 

prediction is quite good for u C but not for u N. The latter 

result is consistent with the previous measurement [10]. But in Re?.10, 

the asymmetry reduction was attributed to a supposedly fast HF 

transition; Che slow depolarization rate observed here with much longer 

time range contradicts that explanation. The existing theory, which 

takes into account HF effects in excited states of anionic atoms, 

predicts k(l\)fk(1ZG) * 0.372 [ U ] , which again differs fro© the • 

present result. Possible explanations might be: (1) depolarization 

mechanisms due to HF interactions other than those considered in the 

reference [111; (2) depolarization due to the formation of a 

paramagnetic precursor state ( e.g., paramagnetic ion ) before the 

system reaches its final diamagneclc state. The latter possibility has 

been suggested as an alternative explanation in the Ref.10. 

The most interesting result of Che present study is certainly the 
-13 observation of the slow depolarization (X) in both U C and 

U M systems. As possible origins of the observed rates X we have 

to consider the following three mechanisms : (a) depolarization dua to 
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magnetic interactions with the surrounding environment (solid/liquid 

effect); (b) the hyperfine transition rate R; and/or (c) apparent 

depolarization due to the difference in the nuclear capture rate from 

F and F~ state, which are manifest in the u~ lifetime. 
-13 In Che case of u C, the static random local magnetic fields 

13 
(RLMF) from Che nuclear magnetic moments of the surrounding C can 

cause "dipolar broadening" of abouc 0.006 us - to X (assuming 

classical nuclear dipole fields); this value will be used as an additive 

correction to X in the remaining discussion. Theoretical estimates 

have been obtained for the nuclear capture rates X from different HF 
nc 

-13 -1 
states of u C by Morita's group [12]: X (F-l) - 0.045 us and 
X (F-0) - 0.031 us" 1 [12]. The difference dX - 0.014 us" 1 

nc nc 
can be converted to an apparent depolarization rate X f . « 

-n dX , where n_ is the population of F state, which is easily 

obtained solving rate equations [1]. Taking n_ - -r ( assuming a 

simple statistical average ), the result is X - f • 0.004 us" , which 

is an order of magnitude smaller than the experimental value of X. Thus 

mechanism (a), can be interpreted as a HF transition rate R • 0.020(12) 

us" between F and F states. 

The HF transitions in ground-state muonic atoms are governed almost 

completely by Auger processes. The relevant constants required in an 

estimation of Che HF transition rates are summarized in Table 2, where 

Che HF splitting E. . is estimated using the point-nucleus 

approximation following Winston [1]. As clearly seen in Che Table, the 
-13 KF transition in u C should be dominaced by an L shell Auger 

process. The point nucleus value of R estimated by the standard model 

[1] becomes 0.053 Us" which is not dramacically larger than our own 

measured value. 
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-14 
In the cast of u N, the contribution to X from dipolar broaden

ing should be negligibly small because of the motional narrowing effect 
of rapid tumbling and diffusion in the liquid. On the other hand, the 
HF transition in u" N should be strongly suppressed because the point 
nucleus value of E. . is smaller than E- (see Table 2). The 
nuclear capcure rates for each HF states have also been estimated 
theoretically [12]: X (F-4-) - 0.109 Us" 1 and \ (F-fe " nc Z nc L. 

0.060 us . These rates give us the apparent depolarization X f. 

- -n [X (F=4)- X (F-|)]« 0.016 us" 1 for the F - ^ state. - nc L nc c. i 
The result is again much smaller than che experimental 
value t this time by nearly a factor of 6. . All these considerations 

-14 for u N suggest that there exists an anomalous enhancement in either 
the Auger transition associated with R. or in the HF state dependence of 
che nuclear muon capcure race. The latter is deemed unlikely, since such 

a very large discrepancy with theory is hard co believe. In order to 
understand possible origins of an enhanced R, we need further realistic 
estimates on E, -, E_ , etc. hr Zp 

The correction of E, , due to finite nuclear size can be estimated hi 
using effective Z-values obtained from total niuon capcure race 

-14 measurements. For u N the corrected E. . becomes 7.5 eV instead of ni 
9.4 eV shown in Table 1. More realistic value of E. . is obtained by 
estimating Bohr-Weisskopf effect, assuming a realistic nuclear 
magnetization distribution and solving muon wave function for a finite 
nuclear charge distribution. The final answer becomes E, - = /.9 eV, 
which is again much smaller than E, . The same type of nuclear finite 
size correction is also required for E- itself, but it can not be 
large enough to fill the gap between E, . and E- . 

Other mechanisms are therefore required to explain the observed 
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-14 enhancement of R for u N. We propose the following model: when Che 
14 M is captured by one N nucleus of an M, molecule, the 

resultant molecule, after stabilization, is Che chemical analog of a CM 

molecule; a CM molecular orbital can be excited from its ground stace by 

a magnetic dipole transition of Che u~, chereby effecting an F -

F™ transition [13]. Further theoretical analysis of this model is in 

progress. 

In conclusion, the slow depolarization rate \ was measured in both 
-13 *-14 - -13 

U C and u N by the pulsed u SR method. In u C the value 
of \ LS consistent with the expected hyperfine transition race R due to 

-14 known L shell Auger processes, while in U N the \ is too large for 

an Auger-governed R, and must include' an extra HF transition rate due to 

che Ml excication of Che quasi-CN molecule. The presenc resulcs suggest 

interesting future measurements of \(u~ N) in other systems, such as 

metallic NC, gaseous N,, solid BH, etc., where we might expect 

different values of R (due to differences in E., ) as well as different 
-P 

\ values due to various relaxation mechanisms acting on che F * 

y system. 

The other resulcof Che present experiment is che precise measured 
-13 value of the muon lifetime T in u C, giving the Cotal capture 

13 1' 
rate of u in C, which differs from ehac in "C: 
-l 12 -1 13 -1 -L 1' -l n 

T u ' ( " « - T u V C) - 0.00383(45) Us and T p ( C)/-^ l( 1 JC) 

- 0.898(12). This indicaces Pauli blocking effects in nuclear muon 

capture, as suggesced by previous theoretical work [14], 

He would like Co acknowledge the encouragemenc and valuable com

ments of Prof. T. Vamazaki throughout che presenc work. Helpful 

discussions with Prof. T. Kondow on the molecular excitation effect are 

also greatly appreciated. One of us (JHB) would like to thank che Japan 
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generous financial assistance and warn hospitality. The enthusiastic 
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are gratefully acknowledged. We are also endebtcd to Prof.M. Horiea, 
Prof. H. Ohesubo and Dr. K. Koshigiri for furnishing us with 
theoretical estimates of the muon capture rates. 
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-13 -L4 
Table 1 Summary of u SR experiments on u C and u N 

Target HF Lifetime Relative Relative Relaxation 

state T^Cusec) Frequency Asymmetry Rate 

u/u c A/A( l 2C) Uusec" 1) 

l 2C 2.029(3) 1 1 -0.006(9) 
l3c F-l 2.045(2) 0.463(2) 

[0.4605] a ) 

0.47(2) 

[0.50] b ) 

0.026(12) 

"s 4 1.908 0.320(1) 0.29(2) 

0.270(36) c ) 

0.092(33) 

[0.3I82]a [0.41! b) 

a) Values obtained by formula (1). 

b) Values predicted by the theory given in reference [91. 

c) Data of Babaev et al [10]. 
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Table 2 Relevant numbers for Che estimation of 

HF transition rates for if C and u H 

Nrcleus Spin Hyperfine 

Spl i t t ing E ^ * 5 

(eV) 

E l s 

Electron binding 

energy for Z-l acorn 

<eV) 

E, E, 2s 2p 

11.0 194 U.05 8.30 

7.5 297 19.39 11.26 

a) Values estimated for Che point nucleus by Che formula 

given in ceference[ll. 
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FIGURE CAPTIONS 

Figure I. Precession pattern obtained by stopping U~ in enriched 
13 - 14 

C targets(a) and for U in N of liquid nitrogen(b). 

The strength of the applied transverse field is indicated. 

Exponential decay is removed by assuming T as shown in 

Table I. The theoretical curve ia ohtained from formula (2) 

using the parameters in Table 1. 
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MUONIUM TO DIAMAGNETIC MUON TRANSITION IN KC1 AND NaCl 

REVEALED BY TIME-DIFFERENTIAL MUON SPIN RESONANCE 

Y. Morozumi , K. Nishiyama and K. Nagamine 

Meson Science Laboratory and Department of Physics* Faculty of Science, 

University of Tokyo, 7-3-1 Kongo, Bunkyo-ku, Tokyo 113, Japan 

The transition of muonium inco a diamagnetic rauon state in KC1 and 

NaCl vas directly observed by detecting a time-delayed diamagnetic muon 

in a time-differential pattern of the muon spin resonance- The 

temperature variations of Che transition rate 1/T and the spin flipping 

rate y of muonium were simultaneously determined in the temperature 

range from 100 K to 300 K.. The results can be explained by a reaction 

of a diffusing muonium with the defects created by the muon itself. 

a Permanent address: Accelerator Division, National Laboratory for High 

Energy Physics, Tsukuba, Ibaraki, Japan 
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In the ionic crystal of alkali halides, positive muons (p ) are 

expected to form various distinct defect centers similar to the hydrogen 

defect centers. Except for the old experiments in KC1 on the u 

polarization under longitudinal field , there have been limited 

experimental works cm this subject. Recently, muonium (Mu) spin 

precession has been observed in KC1 by decoupling the Mu spin in a high 

transverse'magnetic field, thereby quenching the line broadening due to 
2 nuclear hyherfine interaction (NHF) . The experiment has indicated 

that the observed Mu center is a rapidly moving interstitial and is 

therefore the muonic analogue of the hydrogen U_ center observed with 

£PR and ENDOR techniques, 'it has been also found that the muonium spin 

relaxation rate is independent of the strength of the transverse field 

above 5 kG, indicating that the nuclear hyperfine interaction is totally 

quenched above 5 kG. There, the field independent relaxation was found 

to increase with temperature above 200 K. 

This transverse relaxation rate of Mu in the high field, where the 

static depolarization of Mu is quenched may be attributed co dynamic 

mechanisms such as (a) a transition of Mu into another muon state, 

probably, a diamagnetic muon state and/or (b) a spin exchange reaction 

converting Mu spin state from (S ,S ) « (1/2,±1/2) to (-1/2,±1/2) 

and vice versa. So far, there have been no experimental studies which 

separately determined the transition rate 1/T and the spin flipping rate 

u. Except in special cases, the diamagnetic U formed through a 

transition of Mu can not be observed with the ordinary muon spin 

rotation method because of the lass of phase coherency. This 

diamagnetic muon state after the Mu transition can only 
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be detected by the muon spin resonance in a decoupling field: the reso

nance method demands no phase coherency; at the same time, the applied 

decoupling field substantially suppresses the effect of the NHF fields 

and restores the muon spin polarization. 

The time evolution of the forward/backward asymmetry A_(t) of the 

decay e from this delayed diamagnetic u can be formulated on the 

basis of the depolarization model dcvelopped by Russian group . When 

both 1/T and v are far smaller than the muonium hyperfine frequency 
9 -1 2tv nCv 0 • 4.463 x 10 s in vacuum), A_ changes with time as 

<l+2x2) 1 v 
A_(t) - V = [i- e Xp(-(- + =.)t)], (1) 
1 3 * u 2U+X 2+VT) T (1+x2) 

where A„ is the asymmetry of U which becomes Mu and x is the 

applied field normalized by the muonium hyperfine field (1585 G). At 

the resonance condition, a transition between spin sub-states of 

diamagnetic muon state is observed time-differentially in a change of 

forward/backward asymmetry of the decay e , exhibiting a spin rotation 

pattern around the applied rf field H.. The amplitude A(t) of the 

diamagnetic muon at the resonance is a sum of the amplitude of the 

"prompt" u formed at time-zero and the amplitude of the time-delayed 

diamagnetic muon produced after the Mu reaction. The time evolution of 

A(t) is given by 

A(t) - A1e"0£Ccos2ltv1t +/ — dt ! e" a ( C" C , )cos2ir\). (t-t*), (2) 
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where A is the asymmetry of the prompt diamagnetic u »t tine-zero, 

v, is the spin rotation angular frequency around Hj and a is the 

frequency spread mainly due to the inhomogeneity of the H. field. In 

the present experiment, we are able tc determine simultaneously both T 

and v by using the above formula of the time-differential resonance 

signal. The details of this work are described elsewhere and the 

results of the time-averaged resonance studies on u in KC1, KaCl and 

KI and related preliminary discussions are reported separately . 

The experiment was performed at BOOM (BOOster Kteson) Facility of 

Meson Science Laboratory of the university of Tokyo ' , located at 

KEK. The pulsed backward u beam (50 nsec width and 50 msec interval) 

from the superconducting muon channel enabled us to employ a high-power 
7 8 pulsed RF source ' operated in coincidence with beam pulse for the 

resonance experiment. The measurement covered a wide temperature range 
4 

from 40 to 300 K by using a specially designed cryostat . The 

cryostat was installed in the uSR apparatus which was equipped with a 

longitudinal field Helmholtz coil, a transverse field Helmholtz coil, 

beam collimators and counters . The time evolution of the decay 

asymmetry was obtained by detecting decay e at the 16 channel scin

tillation counter telescopes placed in both forward and backward 

directions to the beam. 

Typical examples of the observed time differential resonance 

signals are presented in Fig. 1. The rates 1/T and v were separately 

determined by the analysis of the time spectra with the formula (1) and 

(2) by fixing the values of Aj, to those obtained by the HTF 
2 9 method ' and by using A determined in our separate measurement of 

nuon spin rotation. The results are plotted in Fig. 2. The value of 
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1/T + v which corresponds to Che transverse relaxation rate of Mu was 

found to be 2.2(8) us" in KCl at 300 K. This is consistent with the 

experimental results obtained in a high transverse magnetic field", 

2.1(3) Ms - . Thus, the disappearance rate of Mu polarization is 

consistent with the appearance rate of the diamagnetic muon state; a 

clear evidence for the Mu-to-diamagnetic muon transition. The Arrhenius 

plots of the. transition rate 1/T show a thermal activation characteris

tic above the specific temperature which is about 100 K for KCl and BO K 

for NaCl. The data of the transition rate can be fitted by the function 

1/T * 1/T Q exp(-E /kT) in these temperature regions (Fig. 2). The 

pre-exponential factor 1/T. and the activation energy E, were 

determined to be 9.4(27) us" and 59(6) meV, respectively, for KCl, 

and 59(28) us" and 90(10) meV, respectively, for NaCl. On the other 

hand, the spin flip rate v seems to have a weak temperature dependence 

within the accuracy of the present experiment. 

The observed Mu-to-diamagnetic muon transition is considered to be 

associated with the defects in the crystal and it should be controlled 

by the diffuslonal motions of Mu and/or the reacting defects. Let us 

consider the nature of the reacting defects which causes Mu to have a 

transition into diamagnetic muon state. Even in a nominally pure 

crystal) a variety of defects exist unintentionally and, in addition, 

the incoming U beam may also creates defects . First, we consider 

the possibility that the Mu reacts with the native defects contained in 

the crystal. There are reactive paramagnetic species such as F centers 

which arc commonly found in any sample of alkali halides and are stable 

at least up to 400 K . The Mu relaxation rates have been measured 
9 

by Mu rotation in high fields both in pure KCl and in KCl with F 
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centers with a concentration of 10 /cc. At 300 K, the measured 
g 

relaxation rates were consistent with one another indicating that the 

native F center even in such a highly doped crystal, has no effects on 

the reaction rate of the Mu. 

Another possibility is that there is a reaction with the defects 

produced by the muon itself. Me propose the following picture for a V 

implanted in KC1 and NaCl. First, the U loses its energy by ionizing 

and exciting the surrounding ions creating a considerable amount of 

intrinsic lattice defects such as F- and H-centers as well as free 

electrons. With a high probability, the u comes to rest as a thermal 

cuasi-free Mu at a short distance from the terminal spur. Then the Mu 

and the paramagnetic defects in the terminal spur begin to migrate by 

thermally activated diffusion. During this diffusion, the Mu encounters 

the defects being subject to a spin-flipping or a reaction to form a 

dianiagnetic muon state. 

The hopping rate of Mu is estimated to be about 7 x 10 s" at 

300 K by comparing the observed motionally narrowed lines with those 

expected from the static interaction of Mu with the nearest neighbor CI 
q 

nuclei via an isotropic NHF , where the NHF coupling strength is taken 

from the hydrogen U- center in KC1. Since the diffusion rate is 
2 
a Ilk times the hopping rate (as lattice constant) we estimate that 

-7 2 the diffusion rate in KC1 at 300 K is about 10 cm /s. This rate 

gives an average migration distance of 70 A for the Mu after 1 us at 

room temperature. The distance between the terminal spur and the Mu 

rest-point can also be expected to be around 70 A by assuming a slowing 

down process to be elastic collision . Thus, the reaction time which 

is of the order of us at 300 K can be qualitatively explained by the Mu 
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diffusion to the defects created by the muon Itself. Concerning 

temperature dependence of 1/t, the observed activation energy E, is 

considered to reflect potential barriers for both thermal diffusion and 

chemical reaction. Detailed analysis is in progress. 

In conclusion, we have observed a clear evidence for the Mu-to-

diamagnetic muon transition above 100 K in both KC1 and KaCl using 

novel technique of muon spin resonance. The origin of the transition 

may arise from the Hu reaction vith the paramagnetic species created by 

the muon itself during Che slowing-dovn process. Below 100 K, the 

amplitudes of both delayed diamagnetic muon and Mu become substantially 

reduced, while the longitudinal decoupling measurements indicate an 

existence of muonium-like state . We have no clear explanations on 

the origin of this behavior, except a possible transition from Mu 

precursor to another Mu. Further experimental studies are now in 

progress. 
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FIGURE CAPTIONS 

Fig. 1. Typical examples of tine differential resonance signals for 

diamagnecic muon in KCl and NaCl. The chemical reaction 

rate 1/T and the spin flip rate u are shown in each figure; 

both determined by the analysis of the time spectra of 

the diamagnetic muon spin resonance by using formula (1) and 

(2). 

Fig. 2. The temperature variations of the chemical reaction rate 1/T 

and the spin flip rate v obtained for Mu in KCl and NaCl, with 

a best-fit line of the Arrhenius type for the chemical 

reaction rate 1/T. 
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Recent Topics In 

Huon Spin Polarization Phenomena and uSR Experiments 

K. Nagamlne 
Meson Science Laboratory, Faculty of Science, University of Tokyo 

Bunkyo-ku, Tokyo, Japan 

Recent progress in muon polarization phenomena upon which 
fruitfulneas of the applied union sciences is based is reviewed 
with the emphasis on the recently realized method of u~ spin 
repolarization with polaflzed nuclear targets as well as the rew 
spectroscopy method of u /Muonium state under decoupling fields 
.both representing the successful challenge against mlsainp 
signals at t»0. Then, aB a distinguished topics in the recent 
USR experiments, sollton in polyacetylene produced and probed by 
the positive muons is described. 

fl. Introduction 

Table 1 Sensitivity of u probe 

<*„ 2.197 us) 

Positive and negative unions (u • M~) have a decay life time of 2.2 
us in vacuum and masses of around 207 times electron mass or * of 
proton mass. The polarization phenomena originate from the pion decay, 
where with the help of completely left-handed currents in the weak inter
action, 100 X polari|ed muons are naturally available at relative high 
energy. When both M and u~ are injected inside condensed matter, 
there are always significant changes in both u and u~ polarizations 
when their_energies drop below a few keV after slowing-dovn process 
lasting |0~ a or so. 

The V , behaving like light protons, 
stays preferentially at the interstitial site 
in the atomic crystals during its life-time. 
In some cases it moves around among several 
interstitial sites. There, the u changes 
degree or direction of its polarization in 
response to strong local magnetic fields, 
either static or dynamic, from the sur
rounding atoms and/or nuclei. The tine 
evolution of the polarization change can be 
monitored by detecting decay e emitted 
preferentially along^tha u spin. The 
sensitivity of the u polarization to the 
static or fluctuating local field, as 
summarized in Table 1, is quite unique among 
the various microscopic magnetic probes like 
ESR, NHR, etc. When the u is injected 
into non-metallic materials, It picks up an 
electron during lta slowing-down process and 
the auonlum (Mu, neutral bound state of U 
and e~) is formed. The triplet spin state 
of the Mu ha* SO X polarization. The 
magnetic moment of the triplet Mu state is 
100 times larger chej the u so that the 
sensitivity of the u polarization 
increases. 

The u~, when it is injected into mater
ials ,_forms anionic atom around a nucleus. 
The u~ quickly cascades down to the atomic 
ground state and mostly staya there during 
moit of It* life time, determined by the free 
decay race and nucleur capture rate. 

Rotation 
field 

frequency under static 

f " CvuH)/2lt 

13.554 

Cephasing 

kHz for 1 G 

time constant 

Cd - [Yy(dH)]"1 

LI.7 MS for 1 G inhomogeneity 

Depolarization rate due to 
fluctuating fields 

* - <v f>S 
0.07-700 (MS ) for I KG of H. 
and 10 10"7 a of 
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Because of strong spin-orbit interactions in the intermediate atonic states, the u 
polarization at the ground state becomes down to g for zero-spin nuclei and 
further down for nonzero-spin nuclei, due to the hyperfine interactions between nuclear 
Magnetic moment and the u~ moment. It ahould be noted that, although it is snail, we 
can expect polarization oj u" at the ground atate of anemic atoms. 

The highly polarized U or Hu and finitely polarized U~ have been used for many 
experiments to probe new aspects of condensed matter: local magnetic structure at 
Interstitial sites for u and juet-beside the nuclei for u"j u diffusion 
properties in metals; Hu chemical reaction In gas and liquid phase and even In solid 
phase; etc. These experimental methods have been named VSR, muon spin rotation, 
relaxation, resonance . Freclae measurements of the spin precession frequency, 
time-dependent change of porization, etc are the basic experimental technique of the USR 
studies. + 

In particle/nuclear physics, polarized u has been used to test the V-A hypothesis 
for the.weak-interaction by setting the limit of the admixture of the right-handed 
current . Polarized u~ has been used for the basic understanding for,the nuclear 
muon capture; high momentum transfer behaviour in nuclear weak current . 

In the following, recent topics in muon polarization phenomena are summarized, where 
the discussion is focussed on new techniques of repolarization, restoration methods 
developed to overcome no or small polarization of the muons at the end of thermalization 
or at the beginning of time spectrum measurement (t-0). 

$2. Negative Muon Spin Polarization Phenomena and Repolarization 
Experiment 

Depolarization mechanism for u" in muonlc atoms was studied theoretically many years 
ago . So far, there have been many studies either in nuclear muon capture or in U~SR 
by using the llmltedly small polarization. In order to overcome this small U~ 
polarization, several ideas have been proposed aiming at precision measurement of the 
polarization phenomena in rnnvn capture: 1) the selection of muonlc transition 2p, ., -
Is,,, or 2p.,, - l si/2 by measuring muonic X-ray can enhance the apparent u~ 
polarization at the ground state; 2) with the aid of strong hyperfine coup^ing^between 
nuclear spin I and muon apin J one can expect a highly polarized F-state (F - I + 
J) by using highly polarized nuclear targets. In the first method, we have to use 4* 
X-ray detector in order to aelect the u~ which pass through either of these two tran
sitions. In the second method, which we call here a repolarization method, we need highly 
polarized nuclear-targeta with a reasonably large.size. Recently we have successfully 
realized this repolarization method for muonlc Bl, a short summary of which will be 
given in the follovinga. ,, 

The experiment of the repolarization has been,oroposed by the present author et al. 
based upon the concept of polarized auonlc atoms . The essential mechanism for the 
repolarization Is schematically shown in Fig, 1, The polarization degree In the hyyerfine 
F state can be given by using the formula developed for the polarized muonlc atoms . 
A more compact.form of the statistical tensor of rank k for the F state B. (F) is given 
by Kuno et al In terms of the statistics1 »»»•—- «» <*"•<• t *«•• ••— -..-i-..» 
t. (I) and rank k, for the muon B. (J) as 

<2F+l) 3 / 2(2k*l) 1 / 2 fUF-j 
1 X J F t *k < 
LWJ » 

B t(F) - jl J F I. (I)B. (J) <1) 
* (2J+1X2I+1) L kl k2 ki ' 2 

where k»l and k-2 corresponds to the polarization degree and the alignment degree, 
respectively. In this formula. It is clear that B.(F) has a non-zero value for the 
case when B,(J)-O(no muon polarization) with a finite values of B,(I) (target 
polarization). Change of the statistical tensors during the transitions between various 
F-states can be described by using the extended U-cofflcienta ' . Eventually the 
hyperflne transition (F, * F_) at the ground itataa of muonlc atom gives us the 
polarization of the loweat muonlc hyperflne level where the final u polarisation can be 
obtiinsd by projecting the F_ polarization to the muon spin. 



1739 

hf COUPLING 
IN 

MUONIC ATOMS 

(nucleus) (anion) 

POLARIZED F-STATES 

Fig. 1. Basic concept of if repolarization by using highly 
polarized nuclear targets. 

Experiment has been performed at SIN by a Tokyo-Zurlch-Lausanne-Louvain collsbo- • 
ration by using the polarized Bi target developped by the present author et 
«1. '. The highly (59(9) Z) polarized *Bi target (200 gr) was realized in a 
ferromagnetic compound BiMn with a 7 kG external field to saturate magnetization and 
at relatively "high" low temperature (0.062 K). The basic experimental arrangement 
is shown in Fig. 2. As It is clearly seen in Fig. 2, ve did not expect any 
contribution of the original if beam polarization in this experiment ; the axis for 
repolarization is perpendicular to the beam direction. The repolarization degree was 
monitored by the asymmetric e~ emission from the polarized u~. Specially de
signed MWPC, plastic scintillation counters plus Nal crystals were used_for the 
measurements of time-spectrum as well as energy spectrum of the decay e from the 

Bl target by eliminating the contributing backgrounds from the surrounding 
materials including Hn in the BlMn compound. The observed e asymmetry (energy 
averaged) was -1-13.2(38) 2. By assuming the energy averaged-e" asymmetry 
coefficient to be 0.21, taken the from the old calculation' , ve obtain the u~ 
repolarization degree as -63(18) X. In these presentations of our results, we have 
taken the positive sign as the direction o." the external field. Since the internal 
field of BiMn has a positive sign, the negative if polarization (see Fig. 1) as 
well as the positive e~ asymmetry observed in this experiment is all the correct 
sign. 

Fig. 2. Schematic view of the essential part of the u~ 
repolarization experiment carried out by 
Tokyo-Zurich-Liuianna-Louvaln collaboration at SIN. 
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The result should be compared Co the theoretical prediction of the repolarization 
degree at full target polarization which becomes -1.0(3). The result is close to the 
value (-0.8) expected for the case where the hf-interactlon is swltched-on at the 
Is level of muonlc atom. Further precise measurement should give us a clear 
knowledge of the repolarization mechanism; at what level hfs splitting become larger 
than the natural width. 

13. Positive Kuon Spin Polarization Phenomena and New Techniques 
Using Decoupling Fields 

Polarized M has been used In various types of ySR or MuSR experiments. Spin 
rotation measurements under traverse field have given us knowledge of the microscopic 
local magnetic fields for interstitial M in aagnetlc materials. On the other 
hand, spin relaxation neasurements under zero or finite longitudinal field have given 
information on th? field distributions around the u and how these are narrowed by 
u diffusion as well as by the spin dynamics of the surrounding magnetic 
moments . All of these measurements need a phase-coherency; the polarization at 
t-0 should not be zero. However, in some cases, It has been known that zero or only 
a very little polarization is ljft at the time very near to c-0. Typical examples 
are the U in alkali halldes, u In some organic liquids, etc. This situation 
had suppressed further progresses in understanding muonlum and/or u states In 
these materials. Recently, Beveral types of new methods have been invented In order 
to overcome this difficulty. All of these new techniques have employed the high 
magnetic field along the Initial polarization direction in order to decouple the 
static perturbing fields in these materials. In the following, short descriptions 
are given for these new methods. 

*) Kish_transvierse_F±eld_Rol:ai^o)rL_Ketliod If a high applied field is applied to the 
Mu-like~paramignet|c~stac~7large~compared to the hyperfine field between the bound 
electron and the u ), the precession frequency (v.-, v«.) becomes to be 
insensitive to the static lnhomogeneous field so tnat the Mu/radical spin rotation 
can be seen under the presense of the perturbing field, provided that the detection 
system has adequately high time resolution. .The university of Zurich group at SIN 
has developed thin method for radical states and for free.Mu-llke states in 
combination with the high time resolution uSR spectrometry . They have 
successfully observed Hu states In alkali halldes, etc. which had been left 
unobserved due to the strong perturbing fields from nuclear moments. 

b) Lev'sl Crossing Resonance Method In muonium or muonlc radical, the u Is placed 
underThe'hyperfine'field'oF the'localized electrons with various hyperfine coupling 
constanta according r.o the orbit sizes of the localized electrons. When the U 
Zeeman frequency of the applied longitudinal field becomes equal to one of these 
hyperfine splittings, there is a strong energy transfer between p end the 
electrcn-bath system causing a substantial depolarization. This method can provide us 
a precise value of the u' hyperfine field even under the decoupling field,..This 
phenomena called level crossing resonance Is proposed recently by Abragam ' and 
realized by the jiSR.group at TRIUHF for u In Cu and for Hu radicals in 
tetra-methyl-ethene '. 

c) Decoupling Resonance Method Under a strong longitudinal field applied along the 
lnitial~muon poIarlzatioiiT'thc u polarization can be restored to the full 
polarization by decoupling either nuclear or electronic fields. Then in order to 
Identify the states of muon e.g. either Mu or diamagnetic u , a powerful method has 
been dtveloppcd by the UT-MSL group. By using unique,pulsed bean (SO ns width and 20 
Hz repetition) available at the UT-MSL BOOM facility '• one can apply a pulsed 
rf field whose peak power is strong enough to rotate u spin around th« resonating 
rf field (H.) within the muon life-time. For the usual sample size, the peak power 
amounts to some 10 kW. The principle of this auon spin resonance is schematically 
shown In Fig. 3. The occurrence of the resonance can be detected by the onset of the 
spin rotation around the effective field which becomes H. at the exact resonance 
condition. By adjusting thj frequency of the rf fields Co the Zeemgn 
frequency of either Mu or U , we can identify the atates of Mu or u in the 
measure of decoupling fields. 
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Fig.3. Principle of auon-spin resonance by using rf 
field under longitudinal fields. 

The another advantage of this spin resonance nethod is the fact that we do not 
need any phase coherence! while other nethods still need the phase aenory set at t-0. 
The resonance signal does appears at the tine of the r£-, iring. .uppose there is a 
transition fron one nuon state to another with a different Zecnan frequency. It is 
difficult to detect the final state of this transition phenomena In a spin rotation 
nethod, but the spin resonance nethod can easily detect the final state of the 
transition, such as dianagnetic u after Mu reaction, etc. 

This type of experiment, to see the reaction product of Mu under the decoupling 
fields has-been beautifully carried out for u in alkali halldes at the UT-HSL BOOH 
facility . The observed strength of diamagnetic u produced by the Hu 
cneaical reaction is shown In Fig. 4. 

KU 

£ O J -

i-r p 
o i j i 0 1 - - -

NoCI 

V 
I i 1 0 I t I 
J! """' ! 

KI 

0 , 

ICO MO 300 400 OT0 100 HO 900 400 ""0 100 20) 100 400 
TEMPERATURE (K) 

rig,4. Taaparature dependence of the diamagnetic u frac
tion produced as reaction products of Hu (optn 
circles) in typical alkali halides, all revealed 
by anon spin resonance nethod. For nor* details, 
see reference 16. 
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Recently, aignlficant progress haa been marked for the muon epin reaonace method 
at DT-HSL with tha completion of a 5D0 MHz raeonance apparatua, ahown achematlcally 
in Fig. 5. It conaiata of (1) a 37 kG auperconducting Kelmholta pair coil (SHC) with 
a 25 cm clear bora along the beam direction and a 9 cm clear gap perpendicular to the 
field direction and (2) iIH... mode cavity made of copper platee with thin 
atalnlaaa aheet windowe aloni'the beam path. A typical reaonance curve at 500 MHz ia 
alao ahown in Fig. 5 where one can notice the capability of preciee determination of 
the reaonance field. Actually it ia not difficult to measure tha local fiejd Mt tha 
level of a ppm or better. Thua, we may obaerve, e.g., chemical ahifta of u 
incorporated in a dlaaagnetlc compound. Hopefully, by uaing thia 500 MHa reaonace 
spectrometer, we will atudy the varioua chemical reaction dynamlca by meaauring the 
chemical ahifta aa well aa the time evolution of the atate population for final 
etatce. 

Fig. 5. Schematic view of 500 MHi Muon Spin Reaonance 
apectrometer recently completed at UT-HSL (left) 
and the firat reaonance aignal obeerved for the 
diamagnetlc M in liquid CSj (right). 

14. High-light in Recent uSR Experimenta: Solitona Produced and Proved by u . 
For the lilt 10 yeara, the M+SR method haa been extensively applied to probe 

mlCToacoplc magnetic atructure lnaide matter. There, the u haa been treated aa a 
"gentle" probe and it waa considered to see, without algnifleant perturbation!, what 
the material wee before the probe waa brought-ln. Certainly, there ere lota of 
poaalble procenei for the w to perturb the hoat material e.g. during alowing down 
aroceae from a few HeV down to thermal energy. With thia reapect, the radiation 
affect of tha M haa bean conaidered to explein the mechanism of the muonium 
formation In chemical eubetancee; a so-called "spur" model '. In thia picture, 
the M ia not a "gentle" probe but a "violent" probe which lntroducea a change in 
tht hoat eyetem by the probe itaelf. A recent+experiment at UT-MSL haa proved that 
by tha perturbation affect of tha probe, the u can produce an interaatlng new 
phenomena of "aoliton" In tha celebrated organic semiconductor material, 
palyacetylena ( M ) , and (CD) '. Let ua explain some details of this new 
physics is the following. 
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roiyacecyiene is cne simplest polymer maae 
of CH- chains with the successive order of 
double and single bonds, as it is shown in Fig. 
6. It has two Isomers called trana- and cia-
polyacetylene. The ground state 
trans-polyacetylene can be formed in the 
thermal isomerzatlon by heating the els- isomer 
above 150 C. In thla lsoaerimlon process, it 
la known by the ESR-experimente that the 
unpaired electron is created In one chain out 
of some 10 chains. As shown In Fig. 6, the 
existence of unpaired electron is associated 
with the change of the bond alternation at the 
electron location. Theoretical work by Su, 
Shrlefer and Heeger has predicted that 
one-dlnensional motion of this unpaired 
electron In the trana-isomer followed by the 
rapid phase change of the bond-alternation is 
described as a "aollton", such as the 
non-linear dynamical motion of a chain of 
coupled pendula as depicted in the Fig. 7. 
This "soliton" motion exists only In 
trans-lsomer because of the degeneracy of the 
bond-alternated states. Many experiments 
using ESR, NMR, etc. have uncovered, this 
soliton behavior of the unpaired electron In 
polyacetylene. Almost all of these results are 
consistent with the soliton picture. However, 
the details of these results contain unclear 
discrepancies mainly due to the effect of 
paramagnetic impurities in the 
sample. 

a) 

H 
I 

H 
b) 

<r 
I 
H 
C) 

Fig. 6. Chemical structures of 
els- and trans- polyacetylene 
with the trans-polyacetylene 
with unpaired electrons. 

Fig. 7. Concept of "soliton" represented by the classical 
dynamics of chain of coupled pendula. 

The u has been injected Into these cis- and trans- (CH) and (CD) and 
tlme-evolutlon measurements of positron asymmetry have been done under various fields 
and temperatures. The data in+Fig. 8 represent the counter^geometry and the 
time-dependent change of the e asymmetry or equivalently u polarization in 
polyacetyjene at room temperature under varloua external fields applied glong the 
initial u polarization direction. A clear contrast can be aeen In the M + 

polarltatlon phenomena between els- and trans- laomera: In cla-(CH) , the u 
polarization at t-0 Increases drastically with the increase of the applied field with 
no significant relaxations at any fields; on the other hand, in trans-(CH) , the 
Initial polarization stays almost constant at its maximum value with significant 
field-dependent changes In relaxation. 
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B«om 

ji' IN c«-ICHI, 293K /£* IN friM-ICHI, 293K 

Fig.8. Counter geometry and observed time-dependence of e* 
asymmetry from polarized u stopped in (a) cls-(CH) 
(b) t r a n s - ( C H ) v . > 

and 

The observed spin polarization behaviour in cis-(CH) reminds us of the 
decoupling or quenching pattern of the u polarization when the muonium-like 
paramagnetic state is formed. In chemistry, it is called the muon-radical state. 
The formation of the radical state in cis-polyacetylene has been further confirmed by 
the muon spin resonance method ' at UT-MSL and very recently by the high 
transverse field rotation method by the UT-MSL group at TRIUMF. The latter result is 
shown in Fig. 9. Thus, we have learned that the radical state formed by the u 
in cis-polyacetylent has a hyperfine coupling constant of 96.3(3) MHz corresponding 
to the electron localization at 3 times larger radius compared to free auonium. What 
Is the mechanism of this radical state formation? According to the present 
understanding of the muonic radical formation +in various chemical substances, the 
following picture Seems to be adequate: the U picks up one electron to form 
eplthermal muonium (luring its slowing-down process and the muonium is preferably 
added to the double bond of polyacetylene, where one left-out electron is localized 
at a nearby carbon site forming a radical electron. 

Z.Siltf4 

150 175 200 225 250 275 
FREQUENCY (MHz) 

300 

Fig.9. The u rotation frequency spectrum exhibiting th« 
radical atate rotation seen in the splitttd peak* 
around diamagnetlc u . 



1745 

On the contrary, Che u polarization phenomena in trans-(CH) reminds us of 
the picture wherein the diamagnetlc u la aubject to a spin relaxation due to a 
dynamical perturbing field. Now, we have to answer why the localized electron seen 
In cls-(CH) la missing in trans-(CH) . It is quite strange by considering 
similarities of the various phyaical constants between these two Isomers. As a 
natural explanation based upon "soliton" picture, we propoae the following picture: a 
similar proceaa as In cls-(CH) occurs In trans-(CH) until one unpaired 
electron la formed. Then, becauae of degeneracy of the conjugated states, an unpaired 
electron takes a one-dimensional soliton-llke motion followed by a rapid, change of 
the bond alternation. The propoaed picture la aeen in Fig. 10. Thus, the u sees 
a "soliton" and becomes subject to apln relaxation due to a rapidly fluctuating 
magna|lc field from the moving electron. The picture la supported by the fact-that 
the u relaxation doea follow an invarae-root dependence on the applied field . 
The abaolute relaxation rate, when it ia compared to the R relaxation In 
trana(CH) , ia almost one order of magnitude enhanced. This fact is alao 
supporting the proposed picture; the u probes soliton at the chain where the 
soliton is produced by.the u itself, while NHR does probe the soliton with the 
density of 1/10 chalna '. 

RADICAL n u n s * if* , 
' SOLITON C K i m Wl / I * 

Fig. 10. Pictures of the Mu radical state In cls-
polyacetylene (left) and the unpaired + 

electron whose motion can be taken as u 
produced aollton in trans-polyacetylene 
(right). 

Precise measurements of the U relaxation in trans.(CH) have been carried out 
at various temperatures providing the diffusion propertiesxof the muon-produced 
soliton ; the on-chaln dlffuaion rate haa no temperature dependence, while + 

off-chain 3-dimenelonal diffusion starta to be significant above 150 K. The u 
produced "soliton" might be less sensitive to the effect of the paramagnetic impu
rities and the u probe does not show any spin diffusion phenomena because of the 
perfect dilute character. All of these features are quite Important for further 
understanding of the "aollton" In condensed matter. An extensive experimental 
program is now In progress at UT-MSL. 

15. Conclusion and Perspectives 
New Ideas have been applied successfully to overcome the limited Initial 

polarization for the u~ in odd-nucll as well aa for u and Mu in condensed matter 
under perturbing fields. With these techniques, these research fields will be 
draatically expanded in the nearest future. Soon or later, by using these methods we 
may have ncWggxperlmental results on, e.g., photon asymmetry after radiative u~ 
capture to Si, Mu raactlona and chemical ahifta of the reaction product in 
condensed matter, ate. etc. 

At for the muon condensed matter studies, the systematic and potential use of the 
"Probe-effitct" will become much interesting and more applicable. The "soliton" 
problem described hsre might be a tip of iceberg. Hora dramatic new worlds might be 
awaiting us I 



1746 

Acknowledgement 
The author would like Co acknowledge Prof. T. Yamazaki for stimulating dally 

discussions and encouragements. He also acknowledge the strong collaborations of the 
UT-MSL group, particularly Drs. J. Imazato, K. Hishlyama, Y. Kuno, T. Matsuzaki, K. 
Ishlda (now at RIKEN), Y. Morozuai (nov at KEK) and Y. Yamataki (KEK), Mr. T. 
Ishlkawa (Dapt. of Physics), Mr. R. Kadono and Mr. T. Azuaa (Dept. of Atonic 
Engineering). The works described hers are partly done at the laboratories abroad 
and the author Would like to appreciate Prof. Truol, Prof. Deutsch and their 
collafcoracore for repolarization e*periaeitc *t SIS tad Pcot. Sncwer and M e 
collaborators for USR experiment at TRIUMF. The work was partly supported by the 
grant-in-aid of the Ministry of Education, Science and Culture of Japan. 

References 
1) For general review of recent studies, see Proceedings of the Yamada Conference 

VII on Muon Spin Rotation and Associated Problems, eds. T. Yaaazakl and K. 
Nagamine(J.C. Baltzer AG, Basel, Switzerland, 1984). 

2) J. Carr, G. Gldal, B. Gobbi, A. Jodldlo, C.J. Oram, K.A. Shlnsky, H.M. Steiner, 
D. Stoker, M. Strovink and R.D. Tripp, Phys. Rev. Lett. 51(1983)627. 

3) For most recent experiment, see Y. Kuno, J. luazato, K. Nishiyama, K. Nagamine, 
T. Yamazaki and T. Minamlsono, Phys. Lett. 148B (1984) 270. 

4) R.A. Mann and H.E. Rose, Phys. Rev. 114(1959) 1640; K. Nagamine, Hyperfine 
Interaction!; 6 (1979)347 and references'there ln.~ 

5) K. Elagamfrie and T. Yamazaki, TRIUMF Research Proposal E73 (1975); T. Yamazaki, 
Nuel-Phys. A335U9B0)537. 

6) K. Nagamlnc and T. Yamazaki, Hucl Phys. A219(1974)104. 
7) Y. Kuno, K. Nagamine and T. Yamazaki, contribution to this conference 
B) R. Kadono, J. Imazato, T. Ishlkawa, K. Nlshlyama. K. Nagamine, T. Yamazaki, A. 

Basahard, M. Dobeli, L. Van. E. Schand, P. Truol, A. Bay. T.F. Perroud, J. 
Deutsch and B. Tasiaux, contribution to this conference. 

9) K. Nagamine, H. Nishida and H. Ishlmoto, Hucl Instr. 105(1972)265; H. Koyama, K. 
Hagamine, N. Nishida, K. Tanaka, and T. Yamazaki, Hyperflne Interactions 
5(1977)27. 

10) V. Gllinsky and J. Mathews, Fhys. Rev. 120(1960) 1450 
11) For recent review. E. Roduner, Hyp. Interactions 8(1981)561. 
12) R. Kiefl, Z. Holzschuh, H. Keller, W. Kiindig, P. F. Meier, B.h. Patterson, J. W. 

Schneider, K. w. Blazey, S. L. Rudaz and A. B. Denison.PhyB. Rev. Lett. 
53(1984)90. 

13) A. Abragam, C. R. Acad. Sc. Paris, t. 299, 3(1984) 95. 
14) C. Krcitzaman, private communication; R. Klefl, private communication 
15) K. Hagamine, Hyperflne Interactions 6(1981)787 ; UT-MSL Newsletter 

Ho.1-4(1981-84), eds K. Hagamine and T. Yamazaml. 
16) Y. Moroz'jal, K. Nishiyama and K. Nagamine, submitted to Phys. Rev. Lett.; K. 

fftshfyama, i\ Mbrozumi, K. Nagamine and T. Suzuki, Fhys. Lecct, ia press. 
17) for example,p. Percival, hyperfine Interaction 8(19B1)315. 
18) K. Hagamlnc, K. Ishlda, T. Matsuzaki, K. Nishiyama, Y. Kuno, T. Yamazaki and H. 

Shlrakawa, Phys. Rev. Lett. 53(1984)1763. 
19) K. Ishlda, T. Matsuzaki, K. Nishiyama, K. Nagamine and H. Shitakawa, to be 

published. 
20) K. Ishlda, K. Nagaalne, T. Matsuzaki, Y. Kuno, T. Yamazaki, E. Torikal, H. 

Shirakawa and J.H. Brewer, submitted to Phys. Rev. Lett. 



1747 
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E.J. Ansaldo,** D.R. Harshman and R. Keitel 

TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3 

ABSTRACT 

The simple spin system ' ' F : M * : " F coupled by dipole-dipole 
interactions between the muon and the fluorine nuclei has 
been observed in transverse-field muon spin rotation 
(TF-tfSR) and zero field muon spin relaxation (ZF-MSR) 
studies of single crystals of LiF, NaF, CaF 3 and BaF 2. In 
TF the u" precession frequency splits into three or more 
frequencies depending upon the crystal orientation; in ZF 
the dipolar spin hamiltonian generates coherent 
oscillations of the muon polarization. With increasing 
temperature this coherence is progressively disrupted by u* 

hopping. We conclude that dilute H* ions may form very 
similar hydrogen bonds between adjacent F" ions in all 
metal fluoride crystals. 
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INTRODUCTION 

The behaviour of the positive muon (W) implanted in alkali 
halide crystals has been studied for more than a decade, both 
theoretically' J and experimentally' J by means of (iSR (muon 
spin rotation/relaxation/resonance) techniques. Most previous 
work has been devoted to an understanding of the electronic 
structure and chemical properties of the paramagnetic muoniurn 
(n'e' or Mu) centre, which is formed by a fraction / M u of the 
muons. Recent high field, high time resolution experiments' ' 

have revealed that Mu forms the equivalent of the hydrogenic U 2 

centre (i.e., a neutral atom in an interstitial location at the 
centre of the unit cube) in virtually all the alkali halides; 
muon resonance experiments.' ' have shown that the Mu centre 
undergoes a thermal transition to a diamagnetic state (which 
could be a u* , a Mu" ion or a covalently-bonded Mu atom) in NaCl, 
KC1 and KI. 

In all these experiments it was recognized that a S3parate 
fraction /J of the muons thermalize initially in a diamagnetic 
state, but this fraction has .not been subjected to much scrutiny 
until now. In this communication we report the first detailed 
(ji'SR investigation of this "prompt" diamagnetic fraction in 
fluoride crystals. Our resul.s show that these muons form the 
equivalent of a double hydrogen bond, with the ix' located midway 
between two F" ions along the line of shortest F-F separation. 
The dynamics of the diamagnetic configuration " F : M * : 1 ' F observed 
in this work (henceforth denoted "FnF") provide a useful test 
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case for theories of the time evolution of the spin polarization 
f3l of an implanted M* in interaction with host nuclear moments.1 J 

These theories are of considerable interest because a great deal 
of jiSR research is devoted to investigation of the location, 
diffusion and trapping of it' and Mu as light counterparts of the 

r 7_QI proton and hydrogen atom impurities in solids.1 J 

EXPERIMENT 

r 71 In this typical time-differential M*SR experiment1 ' the 
separated beam of 4.1 MeV "surface muons"' ' from the M15 
channel at TRIUMF was stopped in single crystals of LiF or NaF 
(rock salt structure) or CaF 2 or BaF 2 (fluorite structure) 
situated in a He gas flow cryostet with thin windows. The <100> 
axes of the crystals were aligned parallel to the incident beam 
direction. As the orientation of the other axes was known only 
for the NaF sample, additional orientations were studied in that 
case, as described below. 

The it* spin ensemble is initially 100% polarized in the 
direction opposite to the muon beam. Subsequently the it* 

polarization P*1 precesses in and/or is relaxed by interaction 
with magnetic fields, either applied externally or due to (e.g.) 
the dipole moments of the host nuclei. This time dependence is 
manifest in the anisotropy of the positrons emitted from 
n* *t*vv decay,'7'' which are detected as a function of time in 
"backward" (JJ), "forward" (F), "left" (£) and "right" (J?) 
scintillation counters, where the directions described are 
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relative to the muon beam momentum. The time distributions Fit), 

Bit), Lit) and R{t) of such events (relative to the muon's entry 
into the target at t=0) were collected in a computer and later 
combined to form the "raw" asymmetry spectra 

Afo(t) = [Bit)-Fit)]/[Bit)+Fit)) [la] 

-4£R(t) = [Lit)-Xit)]/[Lit)+Rit)] [1b] 

following subtraction of time-independent background. Each of 
these "raw" spectra includes a systematic "baseline shift" due to 
the ratio of F to B or R to L counting efficiencies, tfS/W£ or 
NR/NL' t h i s f a c t o r < a fitted parameter in the analysis, relates 
the "raw" asymmetry spectra to the "corrected" asymmetry spectra 
via the algorithm 

Ait) * li\+a)A'it) - (1-a)]/[(1+o) - (1-aM'(t)] [2] 

with a = N°/N% or N^/Nl, respectively, for ̂ (t) = ^ B F(t) or 
^ L R ( t ) . Each component of the initial asymmetry A^iO) {i = 
BF.LR} reflects the fraction / d = A^iQ)/A\ of muons thermalizing 
in a diamagnetic state at t = 0. The "full asymmetry" values ̂ f F 

= 0.322(2) and ̂ L R = 0.352(2) were determined from a control 
experiment on a high purity Al foil target, in which there is 
negligible polarization loss. 7~9-' 

It is conventional to have z represent the direction of the 
external applied field, R 0 » H 0z. In zero applied field (ZF) or 
longitudinal field (LF), z is also the direction of P"(0), and 
one is mainly concerned with Gzzit), the longitudinal relaxation 
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function, obtained by simply monitoring the time dependence of P% 

via ABp{t)i G z z(t) = ABF(t)/ABF{0). In transverse field (TF), 
P^iO) defines the x direction, and the resulting precession of 
the muon polarization in the xy plane decays with a transverse 
relaxation function Gxx{t)s ^ B F(t) = ASF(0) Gxx(t) cosdd^t + <t>), 

where u^ = 7 ( 1H 0 and 7^ = 8.5137 10* s'1 Oe" 1; similarly, ^ L R(t) = 
y<LR(0) G At) sin(u t + 0). When several precession frequencies 
CJJ are present, this TF "signal" is modified to A^it) = 

Z ABF{0) Gxx(t) cosfujt + <t>i) and similarly for ^ L R ( t ) . In this 
work a TF magnitude H 0 " 220 Oe was chosen so that H 0 would be 
high compared to typical dipolar fields and yet not high enough 
to appreciably deflect the n" beam in the apparatus. 

RESULTS: TRANSVERSE FIELD 

The FuF configuration for the diamagnetic muon fraction /j 
was deduced mainly from the orientation dependence of the TF »JSR 
spectra, as shown in Figs. 1 and 2 for the case of NaF at 100 K. 
Two features are readily apparent in the data of Fig. I: a 
reduced initial asymmetry [relative to the value 0.322(2) 
measured in Al] and a clear beat pattern in the precession signal 
ASF(t). The reduction of the asymmetry (amplitude of the 
precession signal) is due to the fraction / M u of the muons that 
initially thermalize as paramagnetic Mu atoms, which have a 
low-field gyromagnetic ratio 7 M u =* 103 7 and are depolarized by 
their interactions with nuclear spins on a nanosecond time 
scale.'2'5J in the present experiment they are conspicuous only 
in the absence of their polarization component: 
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ffl • 1 - / M u. The second phenomenon is of primary interest here 
and is revealed more clearly in the Fourier transform (FT) 
frequency spectra of Fig. 2. When the M* spin S interacts with 
the spins T 1 of lattice nuclei in the presence of a comparatively 
high external field H 0, only "secular" terms (proportional to 
Sz/*) need to be considered in the spin hamiltonian.'11' 

Theoretical FT spectra were calculated in this limit for the JI* 
located in a tetrahedral interstitial position and for the p.* 

bonded to anion nuclei along the <110>, <111> and <100> 
directions. The FixF assumption (i.e., bonding along the <110> 
directions to two anions) was the only case in qualitative 
agreement with the observed frequency spectra; the line spectra 
predicted for a dipolar interaction frequency v3 = 0.220 MHz are 
shown with the-data in Fig. 2. For the case of H 0 || <111>, 
where the splitting is both predicted and observed to be the 
largest, a three-frequency x 2 minimization fit was made to the 
/4Bf,(t) and ^i,R(t) spectra simultaneously. This fit yielded a 
central frequency of 2.9980(7) MHz, a lower sideband splitting of 
Ac. = 0.1983(15) MHz and an upper sideband splitting of 
An. = 0.2204(15) MHz. Theory predicts both sidebands split 
equally by the dipolar interaction frequency v3 = U3/2TT, where 

Kfc>3 = T „ 7 F A 3 [3] 

and r is the »i*-1sF distance, which is thus determined to have a 
0 

value r = 1.17(6) A if we use the average of the two splittings. 
The 10% asymmetry in the splitting, An. - An. » 0.022(2) MHz, 
could be due to next-nearest neighbour dipolar interactions 
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and/or to an asymmetric distortion of the FuF configuration. 

RESULTS: ZERO FIELD 

Representative ZF-MSR relaxation functions are displayed in 
Fig. 3. The prominent oscillations evident in these data are 
completely atypical of ZF-»xSR spectra previously obtained in 
media exhibiting nuclear dipolar relaxation, which have always 
qualitatively resembled the stochastic ZF relaxation function 
g^(t) first calculated by Kubo and Toyabe (KT)' 1 2^ long before 
the advent of the ZF-JISR technique by which it was first 
observed.'13' In the KT approach the effect of the nuclear 
dipoles is modelled by a static r="lom local field at the //* with 
an isotropic Gaussian distribution of width A given by the second 
moment: 2A2 = Ai2 = 4-1(1 + 1) Z Ht^j [ 5 - 3 cos26i ]/r|. The 
resultant relaxation function, g^(t), consists of an initial 
gaussian relaxation followed by a recovery to 4- at late times; 
this function, and its generalization to cases in which the local 
field at the muon fluctuates due to muon "hopping", has provided 
a good empirical description of muon relaxation in metals with I 
> 4. where its is used extensively to characterize <u* diffusion 
mechanisms.' ' ' However, the increasing precision and 
resolution of ZF-u*SR techniques has forced the realization that 
the KT formulation, though elegant, is only an appro::imation. 
Recently, Czz(t) has been calculated in a fully quantum 
mechanical formulation for several simple configurations of 
nearest neighbor inn) nuclei around the M* impurity.^15J Even 
the simplest case considered, with the M* in a tetrahedral site 
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with 4 nn spin—y nuclei, had to be solved numerically. For this 
and more complex situations the G,.(t) obtained deviate from 
g^(t), displaying extra oscillations at long times (i.e., for t 
> 2/A), which can be understood qualitatively as due to the 
combination of two effects: first, the actual field distribution 
produced by a small number of dipoles in a simple regular array 
is not quite Gaussian, but includes sharper features in the 
spectral density which manifest themselves as oscillations in the 
time domain; second, quantum mechanics allows "flip-flop" 
transitions involving the muon and individual nuclei, which if 
isolsrad from other interactions would be manifest as coherent 
oscillations of the two-spin—y density matrix — just as seen in 
Fig. 3. Unfortunately the cases of current interest, that have 
been well studied experimentally before this experiment (e.g., 
the octahedral v* site and enhanced lOv-T diffusion in Cu 
crystals) are very complicated (calculations have to include the 
1 = 4 nuclear quadrupole terms in the EFG induced by the 
muon)' ' ' and result in a more complex pattern of 

reduced-amplitude oscillations, barely detectable in the usual 
f 181 experiments in metals,' J that qualitatively resemble the KT 

function. The far simpler case treated here illustrates the 
power of quantum mechanical calculations based on at least 
partial lattice sums to reveal details of the jT site through 
precise measurements of the ZF relaxation function. 

Another striking feature of the oscillations in Fig. 3 is 
the similarity of their frequencies for different crystals and 
even different crystal structures; this is in accord with the 
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proposed FiiF configuration, since both the local structure around 
o the F-F axis and the shortest F-F distance — 2.85 A for LiF, 

o o o 
3.27 A for NaF, 2.73 A for CaF2 and 3.10 A for BaF2 — are quite 
similar in the rock salt and fluorite structures. 

As a first approximation, GZJ,(t) was calculated from first 
principles in a static 3-spin model assuming the FnF colinear 
geometry with the n' at the centre of the line joining the 1 9F 
nuclei (quantization axis for the ZF problem) and considering 
only the n*-'*F dipolar interaction. Averaging over equivalent 
directions in the cubic lattice, one obtains 

GFliF(t) = 4- exp[-A(t)] [3 + cos(/3" £j3t) 

+ (1 - ;4> cos{(3 2 ^) <o3t] 

+ (1 + ĵ > cos{(3 \ /3) „ l t}] [4] 

The solid lines in Fig. 3 are best fits to the sum of two 
relaxation functions, 

C n ( t ) = fp?F CFMf ( t ) + h G ? ( t > ' [ 5 ] 

where the extra term represents a small fraction /-, of the /i* 
ensemble with a nondescript relaxation function G,(t), apparently 
unrelated to the FiiF system, which was always required for an 
acceptable fit. Both <??(t) and the FixF relaxation envelope were 
allowed to have the form of a generalized exponential, 
expf-A(t)], with 
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A(t) = IXt]'3 [6] 

The parameters extracted from these fits are presented in Table 
I. 

Values (3=1 and 0=2 of the phenomenological "shape parameter" 
0 correspond, respectively, to the usual exponential and gaussian 
limits. For LiF and NaF a value of 0 = 1.5 gave the best fits. 
For CaF 2 and BaF 2, 0 => 0.5; values of 0 < 1 may indicate the 
presence of fast-relaxing component:: in the »iSR signal. One may 
speculate that such components are due to the products of a 
haretofore undetected reaction pathway for muonium. 

"HOPPING" AT HIGH TEMPERATURE 

ZF-/u*SR measurements were also made in NaF at elevated 
temperatures, where the JI* shows an increasing tendancy to "hop" 
from one FnF site to another. This causes an averaging effect on 
the G At) function. As shown by Kehr,^19'' such effects can be 
modelled by a convolution of random processes, fits to which 
yield a hop rate ^hop a s a function of temperature. Using these 
methods we find that >'jl0p(T) i n N a F o b e y s a simple Arrhenius 
activation behaviour with an activation temperature of 
T g <* 1700 K and a preexponential factor of » 0 =• 1" 6 MS"'. The 
small "extra" component /-, was only weakly temperature dependent. 
Since this fraction does not show up in the TF diamagnetic 
precession signal, it can probably be associated with at least 
part of that fraction / M u of muons which initially thermalize as 
Mu atoms. In view of the extremely rapid depolarization of 
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static Mu by nuclear hyperfine fields,'2'5-' this component must 
be diffusing rapidly to be visible in this experiment. Other 
experiments^] have shown that Mu atoms in alkali halides undergo 
subsequent reactions leaving them in diamagnetic states; possibly 
the products are Mu" ions ip vacancies, which would then 
experience only weak relaxation. In any case the weak 
T-dependence is somewhat surprising. 

BOND LENGTHS 

The muon-fluorine bond lengths deduced from Eq. [3] using 
o o 

the ZF data are as follows: LiF: 2r = 2.36(2) A [compare 2.85 A 
rigid-lattice F-F separation]. NaF: 2r = 2.38(1) A [compare 

o o 
3.27 A rigid-lattice F-F separation]. NaF: 2r = 2.38(1) A 
[compare 3.27 A rigid-lattice F-F separation], CaF :: 2r = 

o o 
2.34(2) A [compare 2.73 A rigid-lattice F-F separation]. BaF 2: 

O 0 

2r = 2.37(2) A [compare 3.10 A rigid-lattice F-F Separation]. 
For NaF the ZF result is consistent with the TF value of r 

obtained earlier. In each case, the F" ions have been "pulled 
in" by the it" to a separation slightly less than their 
rigid-lattice distance; the constancy of the r values so 

o obtained, and their similarity to the length of about 1.14 A for 
the H*-F" bond in NaHFj,'20-" suggest that "hydrogen bonding" is 
the most apt description of the formation of the FHF complex, and 
that it is likely to be a ubiquitous feature of M* (or H*) 
behaviour in ionic crystals. 
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SUMMARY: "HYDROGEN" BONDING OF MUONS IN FLUORIDES 

In summary, this work has revealed the existence of a 
remarkably stable diamagnetic state of the positive muon in ionic 
insulators, largely independent of crystal structure or 
temperature, in which the u* is bonded to two anions with an 
average bond length of about 1.2 A. This state is vividly 
evident for the case of F" anions because of the large , 9 F moment 
and the lack of complications due to guadrupole moments. The 
bond lengths found are consistent with that of the H*—F" bond in 
NaHFj, one of the "most hydrogen-bonded" materials known. We 
therefore surmise that similar bonds may be formed whenever 
hydrogen atoms are implanted into alkali halides. 

The FuF model of Eqs. [4-6] describes the main features of 
the data well, but as can be seen from Figs. 2 and 3, there are 
additional effects to be considered. Corrections due to cation 
nuclear moments, for instance, should be largest in LiF; this is 
borne out in Fig. 3 by the poor agreement between Eq. [5] and the 
ZF LiF data for t > 5 its. Similarly, the TF frequency spectra 
are not symmetric as predicted; considering the local lattice 
distortion implied by the reduction of the p-F bond length, one 
must expect large electric field gradients, muon zero-point 
motion, and the opportunity for Jahn-Teller effects. These 
subtle effects can be investigated experimentally through the 
deviations from the simple FuF model. 
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Table I . 

Summary of parameters of Bqs. [3-5.1 extracted from ZF-*i*SH time 
spectra by xJ-minimization fits. 

0 Lattice 
Crystal T(K) /, fF(iF K 3 ( M S - 1 ) 2r (A) F-F (A) 

NaF 15.0(2) 0.03(2) 0.223(9) 0.214(3) 2.38(1) 3.27 

NaF 210(1) 0.05(2) 0.227(9) 0.217(2) 2.38(1) 3.27 

LiF 89(2) 0.10(1) 0.163(5) 0.222(2) 2.36(2) 2.85 

OaF 2 80(1) 0.10(2) 0.174(3) 0.226(2) 2.34(2) 2.73 

BaF2 211(2) 0.29(3) 0.382(7) 0.214(2) 2.37(2) 3.10 
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FIGURE CAPTIONS 

1. TF-*<*SR precession signals ^ B p(t) in NaF at 100 K with H 0 =< 
220 Oe along the crystalline <111> axis. 

2. Fourier transform frequency spectra of the TF-»z*SR signals 
in NaF at 100 R with the indicated crystal axes aligned 
parallel to an applied magnetic field H 0 =< 220 Oe. The bar 
diagrams are predicted line spectra for the colinear FuF 

configuration along the<(l 10)>direction, using a dipolar 
interaction frequency of v3 = 0.220 MHz. 

3. ZF-<i'SR asymmetry spectra ^ B F(t) = / d A*F <?zz(t) for several 
metal fluoride crystals at the indicated temperatures, with 
the crystalline <100>axis parallel to the initial muon 
polarization. The solid line in each case is a fit to 
Eq. [5]; the parameters extracted from the fits are listed 
in Table I. 
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A Spin Rotator for Surface p* Beans on the 

New M20 Huon Channel at TRIUMF(*) 

John L. Beverldge, Jacob Doornbos, David M. Garner, 

1RIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada, V6T 2A3. 

and 

Donald J. Arseneau, Ivan D. Reid and Masayoshl Senba, 
Department of Chemistry, University of British Columbia, 

Vancouver, B.C., Canada, V6T 1Y6. 

Abstract 

The TRIUMF low energy muon channel, M20, was completely rebuilt in 

19B3. Amongst the features incorporated into the new channel Is a 

3-netre long Wlen filter or D.C. separator. For surface #nd sub-surface 

M+ beams, the magnetic field of this device is sufficient to rotate the 

muon spin from its natural orientation, antiparallel to the beam 

•amentum., by 9Q* Into, a ttaotvexte «t«i.tM.l<«u V\t pttteraance of this 

auon "spin rotator" is described. 

(*) Meson Facility of the University of Alberta, University of Victoria, 
Simon Fraaer University and the University of British Columbia. 
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I. Introduction 

The term "aurface ouon" refers to the a* formed from plons decaying 

at rest within a few microns of the surface of a meson production target 

[1,2]. Since the construction of the prototype surface u + beamline by 

Flfer et al. [3] at the 184" cyclotron at the Lawrence Berkeley 

Laboratory in the late 1960s, surface u + channels have been commissioned 

at many accelerator laboratories. Surface unions have a maximum momentum 

of 29.8 MeV/c and a momentum spectrum which falls off as p " 2 below this 

maximum. In recent years the phr»r« "sub-surface muon" has been used to 

denote lower energy (e.g. 400 keV or 9.2 HeV/c) muons which are derived 

from plons decaying at rest deep Inside the meson production target 

[4,5]. For the purposes of this paper "surface" u + will be used to 

encompass all muons arising from pion decay within the production 

target. 

The primary advantages associated with surface muon beams are: 

(1) the high beam flux available due to the high pion stopping densities 

at the production target surface [2]; (2) the high luminosity and good 

optics of the peam [6] due to the direct Imaging of the meson production 

target; (3) th* short range (<150 mg/cm2) and low range atraggling (< 30 

mg/co2) [6], allowing the use of very thin targets such as low pressure 

gases 17J, or thin foils [4,5]; (4) the high (-100X) longitudinal spin 

polarization [&)• 

However, two attributes of such beams may be disadvantageous [6]: 

(1) surface u + beams are normally contaminated by ~30 ttaV/c e +. Depending 

upon the aceon production target material and ahape, take-off angle of the 

•urface u + channel, etc., the e +/u + ratio may vary from 1:1 [2] to "5:1 

[9]. Unfortunately, the beam e + energy of "30 HeV Is almost that of the 



1769 

average e + emitted in (i+ decay within the experimental target„ making it 

difficult to reject this background from the nuon decay signal; (2) the 

radius of curvature of surface u + In a magnetic field is <1 m/kC which 

may make it difficult to inject Burface |i+ into a strong magnetic field 

oriented transversely to the muon beam momentum-

Several means have been used to circumvent these problems such as 

the use of a thin degrader at the intermediate focus of the channel [6] 

or the injection of surface \i+ into a specially designed, small, field-

clamped transverse magnetic field apparatus [10]. A more elegant 

approach was demonstrated by Brewer in 1980 [6]. It was shown with the 

M9 channel at TRIUMF that a D.C. separator (Wien filter) can be used both 

to remove the positron contamination in the surface u + beam and to rotate 

the muon spin so that it is transverse to the momentum. Such a beam is 

easily injected Into a strong magnetic field oriented longitudinally to 

the momentum but transversely to the (rotated) muon spin. Besides 

demonstrating the application of a D.C. separator as a surface mjon spin 

rotator, Brewer noted many of the advantages that would result from the 

use of such a device [6], especially the possibility of a single experi

mental apparatus for both longitudinal field (muon spin parallel to the 

magnetic field) and transverse field (muon spin perpendicular to the 

magnetic field) uSR (muon spin rotation) experiments. 

The complete upgrade of the M20 muon channel at TRIUMF in 1983 

presented the opportunity to incorporate the D.C. separator formerly 

located In H9 into a design which restores the surface u + spin rotator 

capability which, to our knowledge, is presently unique in the world. 

II. The H20 Spin Rccator 

Figure 1 gives a plan view of the TRIUMF M20 channel showing the 
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•pin rotator In the 37.5* H20B leg. The M20 channel is extremely versa

tile, capable of delivering a wide variety of cloud and decay u- beams 

as well as surface u + beams to both experimental areas (M20A and H20B). 

The deteiled performance of these various operational modes will be 

presented in a subsequent publication {9}; the present paper vill focus 

on the performance of the spin rotator as used with surface u + on M20B. 

The spin rotator is 3 metres long and consists of « vertically 

oriented electric field and horizontally oriented magnetic field. The 

high-voltage gap is 10 cm and it can support an electric field in excess 

of 60 kV/cm, The rotator vacuum is isolated from the rtst of the beam-

line by thih (0.0008 cm) Kapton windows, since for high voltage operation 

(>20 kV/cm), a low pressure ("0.001 torr) of Ar gas is maintained ia the 

electrode gap to suppress high voltage discharges [11]. Between the 

rotator and final quadrupole triplet (QB11-QB13) are a set of indepen

dently movable horizontal and vertical 7.5 cm thick copper jaws to inter

cept positrons deflected from the beam by the rotator. The rotator is 

housed in a 2 cm thick enclosure of lead to shield personnel from X-rays 

produced by high voltage discharges from the electrodes. 

To operate the rotator, the electric field is manually set to the 

desired value and then the magnetic field is swept, via computer control, 

to optimize the transmission of the appropriate particles. The vertical 

jaws may be adjusted to define a horizontal slit to eliminate beam halos 

or, as shown below, narrow the momentum bite. 

III. Theory of Operation. 

The underlying principles of a muon spin rotator are quite simple 

and have been well treated elsewhere, e.g. Frotch [12]. The magnetic 

elements of the beamllne select particles according to their momenta but, 



1771 

because of the disparity in mass between positrons and muons, these two 

beam components have greatly different velocities and can be easily sepa

rated. In operation, the crossed nagnetic and electric fields of the 

rotator are adjusted so that they produce equal and opposite forces on 

the particles of interest. Only particles with nominal velocity given by 

P 0 " A E 0 / B 0 O ) 

where E 0 and B 0 are the electric and nagnetic fields respectively, and 

A-3.33 Gauss (kV/cm)"1, will traverse the spin rotator without deflection 

[12]. Selecting an appropriate electric field and then adjusting the 

magnetic field to maximise the flux of transmitted surface muons quite 

effectively removes the positron contamination. 

The muons, in traversing the rotator, experience a magnetic field of 

B 0 / Y 0 In their rest frame, where y0 • (1-p*)" 1' 2, and will undergo gyro-

magnetic precession in this field. The angle of precession is [12] 

* " eBoL'PuYo (2> 

where L is the effective magnet length, p Q Is the muon beam central 

momentum, and e is the electronic unit charge. The magnetic field 

required to rotate the muon's spin by 90° into a direction transverse to 

its momentum is, in the present case (L-2.94 m, p„»27 MeV/c, p0-0.247, 

Y 0-1.032) 

B 0 - 496 Gauss (3) 

with a corresponding electric field of 

E 0 - 36.8 kV/cm (4) 

The apin rotator causes particles which have momenta different from 

p 0 to be dispersed. Frosch [12] presents a transport matrix for parti

cles pasting through a spin rotator, giving, In the case of 90* rotation: 

x(L) - 2L9(0)/x - 21, 6(0)/xY() (5a) 
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9(L) - -nx(0)/2L - 6(0)/ Y u (5b) 

6(L) - 6(0) (5 C) 

where x(t) and 6(z) are the distance and angle respectively from the 

rotator centreline, and 6(z) - p(z^ 0-l, z being measured from the 

enerentc to Che rotator. A slit of width 5 centred on the z axis at a 

distance D from the separator exit intercepts dispersed particles and 

thus restricts the momentum band transmitted further along the beamline. 

For the particular case of particles entering the rotator midway between 

the electrodes and travelling along the z-axis (i.e. x(0) • 0, 8(0) - 0), 

only those particles with 

| x(L) + D sin(9(L)) | < S/2 (6a) 

will pass through the slit. Substituting from Eq. 5, and making the 

approximation sin(6(0)/Y0) » 6(0)/Y 0 yields 

| 6(0) | < S r„/2(2L/n + D) (6b) 

In the present study, the horizontal slit was IS cm wide and 

positioned 1.75 m from the end of the rotator, giving 

| 6(0) | < 0.021 (6c) 

This is, of course, the best possible momentum selection capability of 

this slit in our experiments, since, in fact, the auons enter the rotator 

with a distribution of values in x and 6. 

JV. Experimental Technique 

Measurements of the spin rotator characteristics were primarily 

conducted using the transverse field ouon spin rotation (TF-USR) 

technique which is now a well-established experimental tool of materials 

science, atomic physics and chemistry [13,14]. TF-uSR involves the 

observation of the coherent spin precession of auons at the Larmor 

frequency of 6.52 x 10" B rad/s, where B is a magnetic field oriented 
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transversely to the auon spin polarization. The anisotropic decay of the 

muon via the reaction; 

u ++e + + v, + V | i (6) 

with a Man lifetime of 2.2 us results In positron emission preferential

ly along the muon spin. Thus, uSR histograms, such as those shown In 

Figures 3 and 5, are simply radioactive decay curves of the nuon upon 

which are superimposed the modulations due to muon spin precession. 

The apparatus used for the present experiments was built for studies 

of the exotic atom muonlum (u+e~) in the gas phase [7], which accounts 

for the large physical size of this uSR spectrometer. The 1.5 metre 

diameter Helmholtz coils provide a uniform magnetic field of up to 3S0 

Gauss and they may be readily moved to a transverse (Figure 2b) or longi

tudinal (Figure 2a) orientation, relative to the muon beam momentum. The 

Incoming muon beam was detected with a thin (0.018 cm) NE11" scintilla

tor, and stopped in an aluminium plate located inside ?n * cuated vessel 

20 cm in diameter. Fositror . from muon decay were de. • J by top and 

bottom scintillator telescopes each consisting of th... large 0.6 cm 

thick scintillators. 

Complete sets of experiments were conducted with the Helmholtz colls 

in both field orientations: longitudinal and transverse to the beam 

•omentum. The target, detector, and collimator geometry as well as beam-

line settings (except for the spin rotator) were held unchanged for all 

measurements. The M20 channel was tuned to transport u + with a central 

•omentum, of 27 HcV/c and a momentum spread, fip/p„ (FWHh) ~ 7X. 

V. Results 

(a) (agnatic Field Parallel to the Huon Beam Momentum (Figure 2a). 

When the magnetic field Is parallel to the auon spin, as It is with 
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the spin rotator off, there can be no coherent spin precession of the 

auon and thus no oscillations appear In a uSR histogram [13] as shown In 

Figure 3a. As the auon spin Is rotated Into the upwards direction with 

the spin rotator, coherent spin precession Is observed (Figure 3b). The 

amplitude of the uSR signal Is proportional to the sine of the spin rota

tion angle, reaching a maximum when the spin Is rotated by 90°, exactly 

transverse to the magnetic field. Figure 4 shows the data (diamonds) 

fitted to a sine function which gives a maximum amplitude of 35.9 * 0.3% 

at 33.2 ±1.2 kV/cm, In reasonable agreement with the electric field 

calculated in (4). 

(b) Magnetic Field Perpendicular to the Muon Beam Momentum (Figure 2b). 

With this geometry the auon spin is always completely transverse to 

the magnetic field and thus the uSR signal will always show the maximum 

ampltitude regardless of the spin rotator voltage (Figure 5). This spin 

rotator-independent amplitude was 35.4 ± 1.2Z which compares well with 

the maximum amplitude obtained in part (a) above. This Indicates that 

there Is no loss of muon spin polarization due to a 90* spin rotation, 

as expected. The effect of the spin rotator on the transverse field USR 

spectra of Figure 5 can be seen in the Initial phases of the precession 

signals: with the spin rotator off (Figure 5a) the Initial spins of the 

Incoming auons point about 90' away from thiv top positron telescope; 

with the spin rotator set to 35 kV/ca (Figure 5b) the Initial spina point 

upwards towards this detector. The complete data arc given In Figure 4 

"(squares), showing the uSR precession phase as a functior. of the spin 

rotator electric field. The straight line Is a fit to the data with a 

slope of -2.52 ± 0.2 deg(kV/ca)-'; a 90* spin rotation la achieved with 

35.7 £ 0.3 kV/ca spin rotator field, In fair agreeaent with the value 
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obtained In part (a). It will be noted that there Is a alight phase 

offaet apparent In Figure 4 - the apln rotator off phaee la 100* rather 

than 90*. This offset arises from precession of the muon spin In the 210 

Gauss field of the uSR spectrometer before the nuons reach the Al target. 

Of considerable practical Importance is the effect of the spin rota

tor on muon flux. This is illustrated In two ways in Figure 6. The "X 

background" data (squares) represents the time Independent background in 

the uSR histograms taken in transverse field in part (b). The apparent 

exponential drop In background with increasing spin rotator field is a 

measure of the separator function of the spin rotator in removing posi

trons from the muon beam. Although the background scale has no general 

absolute leaning (since <t depends on the actual experimental apparatus 

employed) the shape of this curve will apply to most uSR experiments 

conducted on M20B. 

Similarly, the "muon flux" data of Figure 6 (diamonds) reflect the 

average muon flux Incident on the 5 cm* collimator per microampere of 

primary beam protons Incident upon the 10 cm Be pi on production target. 

Again, this figure is only valid for the exact experimental conditions 

under which the data were taken (horizontal and vertical silt widths, 

positions, etc.). However, the Figure does shuw a loss in muon flux by 

«bout a factor of 3 as the spin rotator Is set to the 90° rotation mode, 

given a beam with a central momentum of 27 HeV/c and a momentum spread 

Ap/p0 ~ 7X. It will be noted that the rotator-off flux datum of Figure 6 

does not fall on the line of bast fit because the thin siuon beam detector 

has some small efficiency for detecting beam positrons which are 

transmitted to the target when the rotator Is off (see Figure 7a). 



17 76 

(c) Time of Flight Measurements. 

In order to Investigate the loss of nuon flux In the spin rotator, 

time of flight (TOF) measurements were Bade (Figure 7) by starting a time 

digitizer with a pulse from the nuon beam detector and stopping It with a 

capacltive pickup of the primary proton beam; thus the sense of time 

illustrated in the raw data of the Figure is reversed from the actual 

order of events. The 43 ns TRIUMF cyclotron period is evident in these 

TOF spectra. Figure 7c is a "text-book" example of a surface muon TOF: 

a sharp build-up of the peak followed by an exponential decay with the 26 

ns lifetime of the plon. In Figure 7b, with the spin rotator operating 

at low fields, the TO? spectrum is so smeared out that no exponential 

shape is obvious. In Figure 7a, fi aharp positron peak Is evident, super

imposed upon the smeared out muon peak. 

Since the ~30 MeV beam positrons are telativlstic, the width of the 

positron peak of Figure 7a Is a measure of the experimental time resolu

tion include ; the time width of the proton beam burrt. The sharp rise 

in the TOF peak of Figure 7c is a convolution of the £Xperlnental time 

resolution and the time spread In muon transit through M20R, which is 

20.4 metres long. Given the muon beam central momentum of 27 MeV/c, It 

is possible to obtain an estimate of the beam momentum bite from the TOF 

rise-time. For the spin rotator off this calculation gives ip/p u ~ 7.At; 

for the spin rotator on at 35 KV/cra, Ap/p w ~ 4.6X. This result reflects 

the velocity spectrometer aspect of the spin rotator discussed e-rlier. 

The narrowed •omentum band of surface u + transmitted through the spin 

rotator operating at high field accounts for about one half of the loss 

of muon flux observed in part (b) above. Re-tuning the channel with the 
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spin rotator on at 35 kV/cm while leaving the central momentum at 

27 MeV/c did not result In an appreciable nuon flux enhancement. 

V. Conclusions. 

The H20 spin rotator is a remarkably simple device which simulta

neously removes positron contamination from the surface u + beam and makes 

it easy to inject the muons into a strong magnetic field transverse to 

the muon spin but longitudinal to the momentum. The primary disadvan

tages of the spin rotator are: (1) it reduces the muon flu*, partially 

by momentum selection; and (2) it produces X-rays which may cause a 

serious background in certain types of detectors. 

At TRIUMF, the spin rotator has to far been used for transverse 

field uSR studies of Knight shifts in antimony alloys at 3.8 kGauss, and 

studies of muonium moleculrr Ion formition in low pressure gases. In the 

latter studies, the surface muons travel about 30 cm in the low pressure 

moderator gas before stopping. With tuch an extended stopping distance, 

the orientation of the magnetic field longitudinal to the muon momentum 

results in some solenoldal focussing of the beam [15] and eliminates the 

large bending o( the beam seen in the transverse field orientation. A 

•ew uSR spectrometer Is being built at TRIUMF to realize the benefits 

foreseen by Brewer in 191'. (6] for condensed matter uSR, namely to make 

it pc»»ifeV* to «o ttwnrmi* Si*14 »T>4 WngitoiiTi»\ fitio uSft vAXt) the 

saue spectrometer simply by rotating the spin of the surface muon beam. 

Recently, Turner [16] has proposed thst "skewed field uSR," in which the 

auon spin Is neither parallel nor perpendicular to the magnetic field, 

•ay result In the elimination of certain systematic errors for a class of 

solid state uSR experiments. The muon spin rotator will readily 

accommodate this new technique. 
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Figure Captions 

1. A plan view of the M20 channel at TRIUHF. The apln rotator (denoted 

1720BSEP in the Figure) is located in the M20B leg. 

2. Orientation of the muon spin rotation apparatus: (a) magnetic field 

longitudinal to the muon bean momentum; (b) magnetic field 

transverse to the muon beam momentum. 

3. Muon spin rotation histogrammes in the longitudinal field 

orientation: (a) with the spin rotator off; (b) with the spin 

rotator operating at 35 kV/cm. 

4. Effect of the spin rotator field on the measured preceaslon 

amplitude (denoted "asymmetry") from the longitudinal field 

orientation (diamonds) and initial precession phase from the 

transverse field orientation (squares). 

5. Huon spin rotation histogrammes in the transverse field orientation: 

(a) with the spin rotator off; (b) with the spin rotator operating 

at 35 kV/cm. 

6. Effect of the (pin rotator field on the time-independent background 

of the uSR spectra and on the muon flux incident on the experimental 

target. 

7. Effect of the apin rotator field on the time-of-flight (TOF) 

spectrum: (a) vlth the spin rotator off; (b) with the spin rotator 

operating at 6 kV/cm; (c) with the spin rotator operating at 

35 kV/cm. 
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ABSTRACT 

The nuclear hyperfine parameters of the muonated free radical 

•CjFfcMu have been measured using a nove.'. level crossing resonance tech

nique. Slow oscillations of the muon spin in a large longitudinal 

magnetic field or frequency splittings in transverse field occur at 

particular field values where there is a zeroth order degeneracy in the 

muon-nuclear-electron hyperfine levels. A resonant-like effect on the 

USR spectrum as a function of magnetic field is observed. The positions 

of lev»l crossing resonances allow an accurate determination of the 

magnitude and sign of the nuclear hyperfine parameters relative to the 

muon hyperfine parameter. 
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A large part of MSR research is based on the physics and chemistry 

of muonium-like systems such as muonated free radicals and muonium 

defect centers in solids. Most often the spin Hamiltonlan for these 

systems contains terms describing the nuclear hyperfine (NHF) inter

action between the unpaired electron and the surrounding nuclear spins. 

This leads to a complicated multi-component frequency spectrum in low 

transverse magnetic fields (TF) which cannot be resolved. However, in 

the high field limit, where the electron, muon and nuclear spins are 

decoupled, a relatively simple two-component frequency spectrum is 

observed, from which the muon-electron hyperfine parameter can be 

determined with high precision. Roduner et al- [1] were the first to 

apply this high TF technique in the case of muonated free radicals, 

where the decoupling occurs in moderate fields of 0.2-0.3 T, and where 

the precession frequencies, in the range 100-300 MHz, are just 

resolvable with standard techniques. Following this breakthrough an 

extensive amount of information on the muon hyperfine parameters and 

reaction dynamics of muonated radicals has been obtained. A non-trivial 

extension of this technique has lead to a wealth of new information on 

the hyperfine structure of muonium defect centers in solids where the 

decoupling fields, and precession frequencies are an order of magnitude 

larger [2,3]. 

Despite its successes the TF decoupling technique is limited in the 

sense that it provides little information on the NHF structure, except 

in a few ideal situations [IJ. The ability to resolve the NHF Inter

action would have considerable impact on almost every aspect of this 

field since the NHF parameters provide details on the spin density 

distribution away from the muon and also on the spin and number of 
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nearest neighbour nuclei. This information would be useful in determin

ing the aite of the muon and testing calculations on the electronic 

structure of the system under study. 

The possibility of using level crossing resonance (LCR) spectros

copy in uSR was first pointed out by Abragam [4j. The first successful 

LCR experiment was carried out by Kreitzman et a]. [5] who resolved the 

nuclear quadrupolar interaction of the nearest neighbour nuclei of muons 

in Cu. In this letter we report the first LCR results in a muonium-like 

system. The results show that LCR spectroscopy is a powerful technique 

which can be used to determine the NHF parameters with high precision. 

Figure 1 shows the LCR spectrum for the muonated free radical 

•CgFgMu. The signal in Fig. 1 is the integrated forward-backward muon 

decay asymmetry, modulated by a small field (±5 mT), and thus is 

approximately equal to the derivative of the asymmetry with respect to 

applied field. The modulation field is necessary to remove systematic 

errors inherent in the integral technique. The four resonances are 

attributed to the level crossings in the muonated free radical •CgFgMu, 

whose muon hyperfine parameter has been reported previously to be 200.9 

MHz at room temperature [6]. 

The resonances in Fig. 1 occur at field values where a muon transl
a

tion frequency (v _) matches a corresponding nuclear transition frequency 
+ (v„), where ± signs refer to the z component of electron spin (S " 

±1/2). On resonance there is a near degeneracy or level crossing 

between two muon-cuclear-electron spin levels. This results In flip-

flop oscillations between the muon and the nucleus which are otherwise 

suppressed. In the high field limit v" and v" are approximately given 

byi 
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vp " l l 2 Vo * V < l a ) 

v* - 1/2 v£ * Y NB (lb) 
u N 

where v and v are isotropic muon and nuclear hyperfine parameters 

respectively and B is the magnetic field. If the NHF parameter is 

substantially less than the muon hyperfine parameter, as is the case for 

the F,,, F 2 6 and F 3 5 nuclei ir Pig. 1 [7J, then the level crossing 

occurs when v+ » v+, which corresponds to a field value: 
BR ' < V o - V o ) / 2 ( V V ' ( 2 ) 

Note that the position of the resonance depends on the magnitude and 

sign of the NHF parameter relative to the muon hyperfine parameter. 

Alternatively if the NHF parameter is substantially larger than the muon 

hyperfine parameter, as in the case of the Fj nucleus [7], there is no 

level crossing for S » 1/2. However, under these conditions there is a 

level crossing for S - -1/2, when v~ • v~. This occurj at a field: 
BR ' < v o - v o ) / 2 ( V V • ( 3 ) 

In some cases where v happens to be very close to v , there are no 

level crossings in high field. Although there may be LCR's in low field 

these are difficult to observe since then the system is not decoupled. 

Hon degenerate perturbation theory predicts that if a large 

magnetic field is applied along the muon spin direction there will be no 

observable time dependence in the muon polarization. However, when 

there is a level crossing, such as described above, this will no longer 

be true. This situation must be treated with degenerate perturbation 

theory. This amounts to diagonallzing a relatively small part of the 

Hamiltonlan, the size of which depends on the number of equivalent 

nuclei and their spin. The end result is that on or near a level 

crossing the muon spin polarization exhibits slow oscillations in 
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longitudinal field. In transverse fields the level crossing manifests 

itself as a small splitting In either v" or v +. For the resonances in 

•CgFgMu the oscillations or splittings are of order 9.5 MHz and are 

easily detectable. As can be seen in Fig. 1 the slow oscillations on 

resonance in a longitudinal field result In a change in the integrated 

muon decay asymmetry. It is important to note that the position, width 

and amplitude of the level crossing resonances do not depend on the 

number of nuclei off resonance. This is a key point since it implies 

that the resonances do not become more difficult to observe as the 

number of nuclei increases. This is in contradistinction to normal uSR 

in low transverse magnetic fields which cannot be used to determine NHF 

parameters, except in trivial situations. 

The LCR's are predicted to occur In a wide range of magnetic 

fields, 0.5-3.0 T for radicals and 0.5-16.0 T for muonium defect centers 

in solids. Considering the possible difficulty in finding resonances, 

one should appreciate the usefulness of the Integral technique which 

allows a 100 fold increase in the data rate compared to the standard 

time differential technique. The data rate in the present experiment 

was an impressive 5 x 105/s. However, in order to determine the spin 
i Hamiltonian unambiguously one must also do standard time differential 

ySR measurements on resonance in both longitudinal and transverse field. 

The measurements in longitudinal field are necessary to determine the 

number of equivalent nuclei involved in the resonance, whereas those in 

transverse field are necessary to determine which muon transition 

frequency (v + or v~) of which radical is involved in the resonance. 
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Some possible applications of the technique are (1) to test calcu
lations on electronic structure of ouonium-like systems; (2) to aid in 
making site assignments for the muon since the LCR spectrum is far more 
distinctive than the muon hyperflne parameter alone; and (3) to deter
mine reaction channels in solid state or radical chemistry. This last 
point arises because LCR can be used to study muonium defect centers or 
radicals which form several ys after the muon enters the target. 

Level crossing resonances were also detected for the 
(CH 3) 2MuC-C(CH 3) 2 radical and for the anomalous mucnium center in GaAs. 
More details on the experiment and the results will be presented in a 
forthcoming publication. 
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