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IISLOW" MUON DEPOLARIZATION IN A SINGLE CRYSTAL 
OF GYPSUM (Ca S04' 2H20)* 

Alexander Schenck 

Department of Physics, University of Washington 
Seattle, Washington 98105 

Kenneth M. Crowe 

Lawrence Radiation Laboratory, University of California 
Berkeley, California 94720 

Polarized muons were stopped in a single crystal of 

Ca SO 4' 2H20 placed in a magnetic field. Muon precession 

displayed a beat behavior and a Ilslow"-fJ.sec-decrease of 

the muon spin polarization; these effects were found to be 

strongly dependent on crystal orientation in the field. Con-

sistent explanation of the results was achieved by assuming 

that the muon occupied a normal proton site, and by consid-

ering the local field effects due to the dipole-dipole inter-

action of muon-proton pairs. 

The depolarization phenomena of polarized positive muons stop

ping in nonmetallic solids has been the subject of many irivestigatio~s.! 1 

This Ilfast il transver se depolarization occur s in times so short « 1 nsec) 

that only the net result has been measured by observing the residual po-

larization. The dependence on the longitudinal magnetic field of this 

fast depolarization and rate can be understood by assuming that the:: 

muon exists part of the time as muonium during the early phase of its 
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life in the medium. 

Measurements of the precession amplitude of polarized muons 
. . . '., 

stopped in. solid~ indicate that the residual polarization see~ed to be 

constant in time which the exception of one .measurement done in B 4 C. 

Swanson2 observed a decay of the precession amplitude with a time 

constant of ,... 6.5 tJ.sec. For many years this was the only known ex-

ample of a "slow" depolarization in a solid in a transverse magnetic 

field. In 1968 Gurevich et. ~l. 3 found another exa~ple of slow decay of 

muon polarization in sulfur with a time constant of 30 ± 5 nsec. The 

recent observation of decay of the spin precession signal of polarized 

positive muons in paramagnetic solutions, 4 which established a close 

relationship to the relevant relaxation times in proton-NMR exper-

iments, stimulated us to look again for "slow" depolarization in other 

solids. During the course of our experiment we learned of the measure

ments by E. V. Minaichev et al.,5 which showed that indeed muons de-

polarize. slowly in a wide class of solids in transverse magnetic fields. 

It should be pointed out that this II s low" depolarization is an additional 

process which occurs subsequent to the above mentioned "fast" depolar

ization. Attempts
3
,5 have been made to explain the "slow" depolariza

tion in terms of the muonium. mechanism of Ivanter and Smilga. 6 The 

effect of local magnetic field interactions due to the presence of para

magnetic impurities or neighboring nuclei has also been considered. 7 

However, no quantitative calculations and comparisons have been per-

formed. 

In applying the NMR picture to the "slow" muon depolarization in 

\ 
• 
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solids, one must consider the question of the chemical situation of the 

stopped muon. The success of interpreting the results in paramagnetic 

solutions under the assumption that the muon replaces a proton in a 

water molecule and then using the protonNMR analogy encouraged us 

to try the same approach in a solid. A single crystal of gypsum 

(CaS04 · 2H
2
0) seemed to be a quite suitable candidate. It is a diamag

netic salt, the proton-NMR spectrum is very simple, 8 and reorienta-

tion of the crystal leads to a significant change in the splitting of the 

NMR pattern. Furthermore, large single crystals are readily avail-

able. 

The unit cell of single- crystal gypsum contains pair s of protons 

haVing two different orientations with respect to crystal axes, and 

therefore theproton-NMR pattern in an external field HOconsists of 

four lines: wi and w
4 

are resonance frequencies due to the first proton 

pair and w2 and w3 are r~sonance frequencies due to the second proton pair. 

As was shown by Pake, 8 these lines may partly coincide, depending on 

crystal orientation in the external field. The field that a proton exper-

iences owing to the presence ofits. neighbor pl"oton is given by 

3 ~ 2 2 
oH= 2' ..:y (3 cos 8-1) = ± 5.4 (3 cos 8-1) 

p r ' 
(gaus s). (1) 

A muon in the place of a proton, however, would see a field that is 

smaller than that seen by a proton by a factor of 2/3, because the muon 

8 and proton have different precession rates. (Refer to Pake, Sec. 7, 

for details.) Therefore: 

2 
±3.6(3cos 8-1) (gauss), (2) 
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where e = angle between jJ.-p radius vector and H, and r = 1.55 A. 

The interaction with the proton neighbor in the saine water mol-

ecule leads to the line structure, whereas the interaction with protons 
. . 

farther away is responsible for the shape and width of the individual 

lines, which can be described by a Gaussian distribution: 

exp[ -4(H_H.)2 / DoH2] = expf _4(w_w.)2 / DoW2 ] , 
1 1·· 

where w. = fJ.(rnuon) ; H./l1 is the frequency or field at the center of an 
1 .1 

. . 
individual line (i); H. = HO+ c5H., where c5H. is as given in Eq. (2); and 

1 1 1 

Dow is the full width of individual lines. 

By observing the decay of the rnuon precession signal we are 

rneasuring the Fourier transform of theNMR. line pattern or the super

position of rnuon precession frequencies weighted by the shape of the 

NMR pattern. The magnitude of the polarization vector is 

2 2 DoW1 Dow2 
F(t) = exp(-t /T2) cos(-2-t) cos(-2-t), (3) 

where we have rnade use of the mirror symmetry of the lines with re-

spect to the external field HO or the frequency Wo that would be ob

served with no dipole interaction. 

The central frequency is 

and the difference frequencies are 

W2 -w 1 = W 4 - w3 ' 

~-w1 w3-w2 
2 + 2 

Transverse relaxation time, T 2 , is equal to 4/DoW. 
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The experiment was performed at the 184-in. cyclotron at the 
. !. 

Lawrence Radiation Laboratory, Berkeley, using the same apparatus 

that was used by Hague et al. 9 in a recent measurement of the muon 

magnetic moment. The precession of stopped polarized muons in a 

magnetic field of 1.0 and 4.5 kG, transverse to the axis of polarization 

(beam direction), was observed by means of the rotating asymmetric 

+ + -jJ.-decay pattern ( jJ. ... e + v + 11). Electrons from this decay, detected 
. , 

I 

by a counter in the plane of the precession, were recorded as a func-

tion of lifetime of their parent muon and were formed in an elapsed-

time histogram. This distribution 'can be described by 
I 

. -tlr 
N = NO e jJ. [1 + AF(t) cos(wot+<I»] + BG, (4) 

where 'T = 2.2 jJ.sec, muon rneanlifetime; A = initial decay asymmetry 
jJ. 

I (t~ 10 .. 9sec); and BG =, constant background. 

Equation (4) can be used to determine the parameters T 2 , 'A, "\'S, NO' 

<1>, and BG by fitting it .to the histogram. The fir st 10 jJ.sec of the his-

. togram, consisting of 600 cycles (at 4.5 kG), was used for this anal-

ysis. 

One striking feature of Eqs. (3) and (4) is the prediction of occur-

rences of beats. However, even for the most favorable case (position 

3, Table I) the first zero crossing of the asymmetry will not occur be

fore 3.5 jJ.sec. Because the signal at 1. 6 mean lives is rather small: 

it is difficult to detect the beat behavior by means of fitting Eq. (4). 

Therefore we have used a simplified form of Eq. (4), which is a good 

approximation for t< 'T , the statistically most significant part of the 
jJ. 

histogram: 
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(5) 

* The effective relaxation time, T Z' is related to the width of the com-

plete "muon-NMR" pattern. 

Table I summarizes the crystal orientations used. the calculated 

"muon-NMR" line pattern, the . * *. correspondmg T Z' and the T Z obtained 

by fitting the data to Eq. (5). The uncertainty assigned to the measured 

* . T Z includes the statistical error as well as possible errors due to in-

. * accuracies of the crystal orientation. The calculated T
Z 

are seen to be 

in good agreement with the experimental ones. 

The NMR line pattern was calculated for each crystal orientation 

by means of Eq. (Z). 

The individual line width, T Z' can now be directly obtained from 

the results of position 3, Table I, where the NMR splitting is almost 

. * 
zero and consequently T Z = T

Z
= 10.50 J.1sec. 

The relaxation time for polycrystalline powder is consistent with 

the foregoing analysis. The fit for the anhydrous powder gives a relax-

ationtimethat is very much longer and is consistent with no depolariza-

tion. 

A search for the beating of the precession amplitude was done in 

the following way. Each histogram for positions 4 and 5 was divided in-

to 500-nsec sections. In each section, a Fourier analysis was per-

formed that led to values for the amplitude and the phase of the preces-

sion at the mean frequency wOo Equation (3) predicts the disappearance 

of the amplitude for position 4 at 7.0 J.1sec and for position 3 at 3.6 J.1sec 

and at 9.5 J.1sec. The experimental results, together with a curve 

• 
f \ 
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calculated from Eq. (3), are shown in Figs. 1 and 2. 

The analyses of these results have been performed on the basis 

of assuming the muon to take the place of a proton, and the consistency 

of the explanation confirms the basic validity of this assumption. The 

results of the Fourier analysis with the demonstfation of the agreement 

between the function [Eq. (3)] and the data implies, furthermore, that 

the muons we observed are found in the different sites of a proton with 
I 

equal probabilities and in no other places. 

As far asmuoniurn formation is concerned, the muons that we 

observed could only have been in the muonium state for less than half 

. h f . .. d ( 10 - 10 )' Th' t a muonlum yper lne precesslon perlo ::::: , sec. e mos rea-

sonable assumption is that these muons were placed into the site of a 

proton in the hot-atom reactions of muonium atoms. Muons emerging 

from that fraction of muoniurn atoms that were thermalized probably 

stay long enough asmuoniurn to be completely depolarized. The ob-

served asymmetry (A = 0.15) is about half that found in nondepolarizing 

targets (metals), indicating that about 50% of the muons have been de-

polarized by a "fast" mechanism. The site and fate of these muons is 

not 'known. A future publication on a variety of solids and liquids will 

I 

deal in detail with this, subject, i. e., fast depolarization mechanisms. 

We thank: Professor R. W. Williams for encouragement and sti-

mulating discussions on muon depolarization phenomena; Professor 

Pabst for help in identifying the crystal axes; E. Geneux, D. L. Wil:-

Iiams, and R. Johnson for assistance in gathering data without which 

the experiments would not have been possible. Finally, the excellent 

cooperation of the 184-in. - cyclotron staff is gratefully acknowledged. 
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Table!. Comparison between relaxation measurements and calculations for differ
ent orientations of the gypsum crystal. The crystal axes are given in the. Onorato 
convention: (100) = x, (01O) = y, :i 1 (x, y). The measured T2~' are independent 
of magnetic field strength. 

Crystal 
orientation 

.... 
H, z = 90° 

.... 
H, x = 94° 

~ 
H, y = 57.5° 

.... 
H, z = 90° 

.... 
146° H,x = 

.... 
62.5° H,y = 

.... 
H, z = 90° 
.... 
H,x = 176 

° 

.... 
H, y = 32.5° 

.... 
H,z = 0 
.... 
H, x = 90° 

-+ 
H, y = 90° 

.... 
H, z = 40° 

.... 
H,x.= 142° 
.... 
H,y = 111° 

..... 
H,z = 24° 

-+ 
H. x = 90° 

-+ 
H, Y = 66° 

Muon --NMR 
spectrum [ scale = gaus s J 

A/l\
'·.t 

.. I . I 
t. t 

I I 
....- 5G __ : 

/lI\ 
i.S 

.·~·'i .. I 
,I 

--' '-- . 

0.3 

, 
r 
r 
I ,. 

I 

• J 

I 

.1 

r I 
, r 
f- 5.3--t 

W2 w3 

I I 
I " 

I '6 5' : I ,.. .... I 
.--..10.3 --./ 

14.2 

I I 
I I 

4.t-

W4 , . 
1 
• 
I 
1 

-I 

I 
I 
I 
I 

:.--- 7.2 ----I 

.* . Calculated T2 
from NMR s pe ctrum 

5.6 

9.0 

10.50 

5.3 

2.9 

5.60 

* Measured T2 . 
(f.1sec) 

5.50 

::1:.50 

10.45 

1.00 

10.50 

1.00 

4.80 

::1:.30 

3.09 

::1:.20 

5.50 

::1:.40 

Pol ycr ystal, powder 5.3 5.30 

::1:.20 -

Polycrystal, anhy-

drous 

60. 

::1:20. 
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FIGURE CAPTIONS 

Fig. 1. The observed asymmetry, AF(t) in Eq. (4) of text, for 

the gypsum. crystal orientation having two NMR lines, position 4 

in Table 1. The asym.m.etry is calculated for 0.5-fJ.sec intervals 

versus m.uon lifetim.e. The constant background is approxim.ately 

2% at t = O.The solid curve slows the theoretical A·F(t) calcu-

lated from. Eq. (3). 

Fig. 2. The asym.m.etry for crystal position 5. The four lines are 

seen to interfere at about 4 fJ.sec and the asym.:n:-etry reverses sign 

between 5 and 8 fJ.sec before the statistics and background obscure 

the signal. The solid curve for A· F(t) was calculated from Eq. (3). 

The detailed agreem.ent is m.arginal, suggesting that the actual 

crystal orientation was slightly different from. the angles used. 

These angles were uncertain to ,.., 10° . 
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vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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