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trum is due almost entirely to the Eo effect, the
sharper DID spectrum being negligible in this re-
gion, In contxast, as shown in Fig. 2, the inten-
sity at v =10 cm ' has a. much lower density de-
pendence. This is consistent with the assump-
tion of a DID effect ln the region v & 50 cm
higher densities the EQ effect becomes relative-
ly more important. This probably causes the
change in apparent slope of the data in the region
v&50 cm '.

We have not tried a detailed decomposition of
the spectrum into two components as we believe
that the theox'etical form of the spectrum for the
two processes is not known sufficiently well.
Mox'cover it has to be noted that this sepax'ation
into two effects is an approximation. In each
collision both effects occur to different degrees
depending on the parameters of the collision.
Therefore, at the frequencies at which both ef-
fects contribute significantly (between 50 and
100 CDl for all clenslties, ancI also fox' v& 50
for the higher densities), interterence between
the two effects will also contribute to the spec-
trum. A complete theory should consider the
pow'el spectlum ln a single colllslon due to both
effects and then average over the parameters of
the collision. The resulting spectrum would not
be a simple suID of the spectra fox' the px'ocesses
considered lndepexldently. Howevex' 3t the hlgIlex'

frequency shifts the spectrum shouM be described
corx'ectly by the EQ mechanism. At not too high
pressures where the DID contributes most of the

total intensity the spectrum should be described
well by the DID mechanism alone for low fre-
quency shifts.
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"Slow" Muon Depolarization in a Single Crystal of Gypsum (CaSO4. 2H20)
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Polarized muons were stopped in a single crystal of CaSO4 2H&O placed in a magnetic
field, Muon precession displayed a beat behavior and a "slo&' —p, sec —decrease of the
muon spin polarization; these effects were found to be strongly dependent on crystal
orientation in the field. Cons1stent explanation of the results was achieved by assuming
that the muon occupied R norIDRl pl"oton site, Rnd by considering the locRl f1elcI effects due
to the dipole-dipole interaction of muon- proton pairs.

The depolarization phenomena of polarized
positive muons stopping in nonmetallic solids
has been the sub]ect oi IQany lnvestlgatlons.

This "fast" transverse depolarization occurs in
times so short («i nsec) that only the net result
has been measured by observing the residual



VoI.UME 26, +UMBER 2 PHYSICAL REVIEW LETTERS 11 JANUARY 1971

polarization. The dependence on the longitudinal
magnetic field of this fast depolarization and
rate can be understood by assuming that the mu-
on exists part of the time as muonium during the

early phase of its life in the medium.
Measurements of the precession amplitude of

polarized muons stopped in solids indicate that
the residual polarization seemed to be constant
in time with the exception of one measurement
done in B,C. Swanson' observed a decay of the
precession amplitude with a time constant of
-6.5 p.sec. For many years this was the only
known example of a "slow" depolarization in a
solid in a transverse magnetic field. In 1968
Gurevich et al. ' found another example 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 polar-
ized 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 Minaichev et al. ,

' which showed that
indeed muons depolarize slowly in a wide class
of solids in transverse magnetic fields. It should

be pointed out that this "slow" depolarization is
an additional process which occurs subsequent
to the above mentioned "fast" depolarization.
Attempts" have been made to explain the "slow"
depolarization in terms of the muonium mechan-
ism of Ivanter and Smilga. ' The effect of local
magnetic-field interactions due to the presence
of paramagnetic impurities or neighboring nuclei
has also been consider ed. ' However, no quanti-
tative calculations and comparisons have been
performed.

In applying the NMR picture to the "slow" mu-

on depolarization in 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 as-
sumption that the muon replaces a proton in a
water molecule and then using the proton-NMR

analogy encouraged us to try the same approach
in a, solid. A single crystal of gypsum (CaSO, .

2H, O) seemed to be a, quite suitable candidate.
It is a. diamagnetic salt, the proton-NMR spec-
trum is very simple, ' and r eor ientation of the

crystal leads to a significant change in the split-
ting of the NMR pattern. Furthermore, large
single crystals are readily available.

The unit cell of single-crystal gypsum contains

pairs of protons having two different orientations
with respect to crystal axes, and therefore, the
proton-NMR pattern in an external field JJ, con-
sists of four lines: ~, and ~, are resonance fre-
quencies due to the first proton pair and ~', and

ce, are resonance frequencies due to the second
proton pair. As was shown by Pake, ' these lines
may partly coincide, depending on crystal orien-
tation in the external field. The field that a pro-
ton experiences owing to the presence of its
neighbor proton is given in gauss by

5H~ =
&
~ (3 cos'8-1) = ~5.4(3 cos'8 —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 —', , because the muon and

proton have different precession rates (refer to
Pake, ' Sec. 7, for details). Therefore, in gauss,

6H& =+~3 (3 cos'0 —1) =+3.6(3 cos'6 —1), (2)

where 0=angle between p, -P radius vector and

H, and r = 1.55 A.
The interaction with the proton neighbor in the

same water molecule 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,. )'/AH'j = exp( —4(~ —cu, )'/&cu' I,

where ~s, = p&(H, /8) is the frequency or field at
the center of an individual line (&); H; =H, + &H, ,
where 5H; is as given in Eq. (2); and De is the
full width of individual lines.

By observing the decay of the muon precession
signal we a,re measuring the Fourier transform
of the NMR-line pattern or the superposition of
muon precession frequencies weighted by the

shape of the NMR pattern. The magnitude of the
polarization vector is

F(t) = exp( —f'/7', ') cos(24~, t) cos(2&su, t), (3)

where we have made use of the mirror symmetry
of the lines with respect to the external field IJ,
or the frequency ~, that would be observed with

no dipole interaction.
The central frequency is

q (4) &+ RJ2+ (d&+ (d&),



VOLUME 26, +UMBER 2 PHYSI CA I. RKVIKW I.KTTKRS 11 JANuARv 1971

and the difference frequencies are

AQ) —(d -N —N —(d1 2 1 4 3~

AQJs —(co4 c0&) /2+ ((ds Q3&)/2.

Transverse relaxation time, T„ is equal to 4/
6 (d.

The experiment was performed at the 184-in.
cyclotron at the Lawrence Radiation Laboratory,
Berkeley, California, using the same apparatus

that was used by Hague et al. ' in a recent mea-
surement 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
p. -decay pattern (p.

' -e'+ v+ p). Electrons from
this decay, detected by a counter in the plane of
the precession, were recorded as a function of
lifetime of their parent muon and were formed

Table I. Comparison between relaxation measurements and calculations for different orientations of
the gypsum crystal. The crystal axes are given in the Onorato convention: $00) =x, (010) =y, and z &

(r,y). The measured T&* are independent of magnetic field strength.

Po sition Crystal
o r ientation

Muon — NMR Calculated TZ
spectrum [ scale = gauss ] from NMR spectrurc

a,Ir
wlw

Measured TZ
(p.s ec)

H, z = 90'

H, x = 94'

H, y = 57.5'
t

5G ~',
5. 6

+.50

H, z =9Q'

H, x = &46'

H, y = 62.5'

9.0 10.45

I.QO

H, z = 90'
0

H, x = f76 f0.50 10.50

H, y = 32.5' Q. 3 1.00

H, z=0

H, x = 90' 5.3 4.80

H, y= 9Q 5 3 +.3Q

H, z =40

H, x= f42'

H, y=

I t

10.3
l4. 2

2.9 3.Q9

+.ZO

H, z= 24

H, x= 90

H, y= 66' 7.2

5.60 5.50

4Q

Polycrystal, pov der

Polycr ystal, anhy

d. rous

5.3 5.30

+.20

60.
+ZO.

59
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x cos(not+@)]+&. (5)

The effective relaxation time T,* is related to
the width of the complete "muon-NMR" pattern.

Table I summarizes the crystal orientations
used, the calculated "muon-NMR" line pattern,
the corresponding T,*, and the T,* obtained by
fitting the data by Eq. (5). The uncertainty as-
signed to the measured T,* includes the statisti-
cal error as well as possible errors due to in-

in an elapsed-time histogram. This distribution
can be described by

X=X,e ""~ll+AF(t) cos(&uct+cp) 1+8,

where 7„=2.2 p. sec, muon mean lifetime; A
= initial decay asymmetry (t ~ 10 'sec); and 8
=constant background. Equation (4) can be used
to determine the parameters T„A, ~ s, N„
p, and 8 by fitting it to the histogram. The first
10 p, sec of the histogram, consisting of 600
cycles (at 4. 5 kG), was used for this analysis.

One striking feature of Eqs. (3) and (4) is the
prediction of occurrences of beats. However,
even for the most favorable case (position 3,
Table I) the first zero crossing of the asymmetry
will not occur before 3.5 p.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. sim-
plified form of Eq. (4), which is a good approx-
lmatlon for 7 & 7'pq the statlshcally most slgnlf
icant part of the histogram:

N, (t) = N, exp( —t/7&)[1+Aexp( —t'/T, ,+')

accuracies of the crystal orientation. The cal-
cuIated T,* 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. (2).

The individual linewidth, T„can now be di-
rectly obtained from the results of position 3,
Table I, where the NMR splitting is almost zero
and consequently T,* = T, = 10.50 p, sec.

The relaxation time for polycrystalline powder
is consistent with the foregoing analysis. The
fit for the anhydrous powder gives a relaxation
time that is very much longer and is consistent
with no depolarization.

A search for the beating of the precession am-
plitude 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 performed that led to values for
the amplitude and the phase of the precession
at the mean frequency coo. Equation (3) predicts
the disappearance of the amplitude for position
4 at 7.0 p.sec and for position 3 at 3.6 and 9.5

p, sec. The experimental results, together with
a, curve calculated from Eq. (3), are shown in

Figs. 1 and 2.
The analyses of these results have been per-

formed 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 demonstration of the agreement
between the function IEq. (3)] and the data im-
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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 I. The asymmetry is
calculated for 0.5-p, sec intervals versus muon lifetime.
The constant background is approximately 2% at I; =0.
The solid curve slows the theoretical AE(t) calculated
from Eq. (3).

FIG. 2. The asymmetry for crystal position 5. The
four lines are seen to i.nterfere at about 4 @sec and the
asymmetry reverses si.gn between 5 and 8 @sec before
the statistics and background obscure the signal. The
solid curve for AF(t) was calculated from Eq. (3). The
detailed agreement is marginal, suggesting that the
actual crystal orientati. on was slightly different from
the angles used. These angles were uncertain to -10 .
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plies, furthermore, that the muons we observed
are found in the different sites of a proton with
equal probabilities and in no other places.

As far as muonium formation is concerned,
the muons that we observed could only have been
in the muonium state for less than half a muon-
ium hyperfine precession period (=10 "see).
The most reasonable assumption is that these
muons were placed into the site of a proton in
the hot-atom reactions of muonium atoms. Mu-
ons emerging from that fraction of muonium
atoms that were thermalized probably stay long
enough as muonium to be completely depolarized.
The observed asymmetry (A =0.15) is about half
that found in nondepolarizing targets (metals),
indicating that about 50% of the muons have been
depolarized 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
deal in detail with this subject, i.e., fast de-
polarization mechanisms.

We thank Professor R. W. Williams for en-
couragement and stimulating discussions on
muon depolarization phenomena, Professor
Pabst for help in identifying the crystal axes,
and E. Geneux, D. L. Williams, and R. Johnson

for assistance in gathering data without which
the experiments would not have been possible.
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We report a calculation of the (m, /m &}n inn corrections to the hyperfine splitting
(v }of the muonium ground state. The result,

Dv =24(me/m&) [1+(m /m&)] 5cn~B 1nn =0.0252 MHz (5.6 ppm),

shifts the theoretical value for v to within one standard deviation of the most recent ex-
perimental determination of the muonium hyperfine interval by the Chicago-Illinois group.

Until recently, a completely satisfactory com-
parison between the theoretical and experimental
determinations of the muonium hyperfine inter-
val v has not been possible. This was due pri-
marily to uncertainties involved in the determi-

nation of the muon magnetic moment (in Bohr
magnetons), p. „/p. a. However, the latest experi-
mental developments" have eliminated a major
source of uncertainty associated with the chemi-
cal correction due to the muon's environment, '


