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The polarization of J.l •-mesons as a function of longitudinal magnetic field strength is measured be
tween 0 and 3 kOe in single-crystal quartz and corundum. For quartz the experimental data are found 
to be in good agreement with the theory of muonium depolarization. The experimental value of the 
critical magnetic field strength for muonium in quartz equals, within the experimental errors, the 
value obtained in vacuum. The possibilities which the method affords for measuring the size of 
muonium in various media are considered. 

1. INTRODUCTION 

I N the study of the processes of depolarization of J.l • 
mesons in a medium, it is assumed that the main cause 
of the depolarization is the formation of the muonium 
atoms Mu, i.e., the J.l •e- system, as the intermediate or 
final product of the interaction of the J.l • mesons with the 
medium r1- 3 J. In the case of total longitudinal polariza
tion of the J.l •-meson beam, the appearance of muonium 
in the states J = 1, m = 1 (parallel spins of the meson 
and the electron) and J = 0; 1, m = 0 (antiparallel spins), 
is equally probable. Both states can be observed ex
perimentally by determining the character of variation 
of the experimentally-observed polarization of the J.l • 
mesons in external magnetic fields. The atoms in the 
state (1, 1), which conserve the initial polarization of 
the fJ. • mesons in a magnetic field that is longitudinal 
relative to the direction of the particle spin (or in the 
absence of the field), precess in a transverse field with 
a frequency determined by the system of spins and mag
netic moments of the muoniuml4 J. In atoms with m = 0 
in weak magnetic fields, the fJ. • mesons become depolar
ized within times -10- 10 sec, as a result of 
(1, 0) ~ (0, 0) transitions between the levels of the 
hyperfine structure. The "critical" field intensity H0 , 

which is numerically equal to the magnitude of the field 
produced by the fJ. • meson at a distance of the radius of 
the first Bohr orbit of muonium (Ho = 1585 Oe in vac
uum l2 J), separates arbitrarily the region of weak fields 
from the region of the Paschen-Back effect, namely 
fields in which the connection between the magnetic mo
ments of the J.l • meson and the electron is violated. With 
increasing intensity of the longitudinal magnetic field H 11 

(here and henceforth the indices 11 and 1 pertain, respec
tively, to the longitudinal and transverse directions of 
the fields) there occurs a "restoration" of the polariza
tion P 11 of the fJ. • mesons that enter in the muonium with 
m = oral' 
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Relation (1), which implies that all the J.l • mesons 
produced muonium, contains one unknown quantity H0 

and can be used both for its experimental determination 
and to v~rify the validity of the muonium mechanism of 
depolarization. Since the value of the critical field in
tensity is connected with the radius r 0 and with the fre-
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quency of the hyperfine splitting Wo of the ground state 
of the muonium l2 J : 

32 lleJ.L .. 
2(J.Le- J.L~)flo=hwo:::::: ---, 

3 ro3 

where fJ. e and fJ. J.l are the magnetic moments of the elec
tron and of the fJ. • meson, measurement of the residual 
polarization of the fJ. • mesons as a function of the inten
sity of the longitudinal magnetic field would make it 
possible to determine the main characteristics of the 
muonium atom in those substances for which relation (1) 
is satisfied. 

Experimental investigations of the P 11 (H) dependence, 
carried out in different condensed media r5 ' 6 J, have 
shown, however, that for many compounds (photoemul
sion, polystyrene), the restoration of the polarization in 
longitudinal fields does not correspond to Eq. (1). The 
accumulation of experimentalll"aterialsl 7 J and further 
development of the theory of muonium depolarization rsJ 

have revealed that the time during which the fJ. • meson 
of the muonium retains the initial spin orientation de
pends on the chemical reactivity of the surrounding 
medium (the probability of formation of diamagnetic 
molecules that contain muonium), and also on the possi
bility of electron exchange in which the spin direction of 
the muonium electron then reverse (m = 1 :o= m = 0 tran
sitions). The former process is characterized by a 
time T elapsed from the instant of formation of the 
muonium to its entry into the chemical reaction, and 
prevents further "muonium" depolarization, whereas 
the latter, at certain values of the exchange frequency 11, 

can lead to a total loss of the initial polarization of the 
J.l • mesons. 

A detailed analysis of the behavior of the functions 
P(w 0 , T, 11, x) expected in longitudinal and transverse 
magnetic fields is contained inl9 ' 103 • A comparison of 
theory with experiment in the general case, i.e., at arbi
trary relations between Wo, T, and v, is a very compli
cated matter and requires the performance of large 
numbers of experiments. Therefore a verification of 
the validity of the theory is desirable, primarily, for 
those substances in which chemical or exchange inter
actions of muonium are negligibly small. For example, 
inl7 J chemical reactions of muonium-the analog of 
atomic hydrogen-were investigated under the assump
tion that there are no exchanges v << wo, which is valid 
for the employed diamagnetic compounds with a high 
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level of the energy of triplet excitation of the molecules. 
The purpose of the present paper is to compare the 

experimental data obtained in strong longitudinal mag
netic fields (H 11 ;::: Ho) with relation (1), under conditions 
when there are no noticeable chemical and exchange 
interactions between the muonium and the surrounding 
medium, and this absence is confirmed by the prolonged 
existence of the muonium in the polarized state (1, 1). 
The object of the investigation was quartz (Si02), in 
which we have previously observed muonium precession 
with a relaxation time on the order of a microsecondl4 l. 
Using an example corundum (Ah03), which is close in 
its chemical inertness to quartz, we consider also pos
sible changes of the frequency of the hyperfine splitting 
of muonium for compounds in which the muonium pre
cession in a weak transverse field was not observed 
experimentally. 

2. EXPERIMENTAL DATA 

The residual polarization of JJ. • mesons in single
crystal specimens of quartz and corundum in longi
tudinal magnetic fields of intensity up to 3 kOe was de
termined in the meson channel of the synchro-cyclotron 
of the Nuclear Problems Laboratory of the Joint Insti
tute for Nuclear Research. The organization of the ex
periments and the operation of the electronic circuitry 
employed in the measurement were considered in detail 
in our earlier articlel4 ' 7 ' 11 l. In each individual experi
ment, by comparing the distributions of the times of the 
JJ.e decays, one of which was obtained in a longitudinal 
magnetic field and the other in a transverse H 1 ~ 50 Oe, 
we determined two values of the polarization: P 1 , which 
is proportional to the amplitude of the meson preces
sion, and P 11 , which corresponds to the summary polar
ization of the JJ. • mesons. The characteristics of a 
"typical" experiment are as follows: the number of 
stopped JJ. • mesons in the target is 1 x 106 , the number 
of decays registered in one channel of width - 73 nsec 
near zero time (the instant of stopping of the JJ. • mesons) 
is - 2 x 103 , the random coincidence background is 
- 100-200 counts/channel, the total observation time is 
-6.5 JJ.Sec, and the duration of exposure is 5-7 min. 
The muonium precession, which was not observed in the 
indicated conditions because of the small value of its 
period (- 0.2 of a channel) was traced in a transverse 
field H 1 ~ 7. 0 Oe at a channel width - 10 nsec, and a 
total observation time -0.7 JJ.Sec. 

The iron-free coil for producing the longitudinal 
magnetic field had an inside diameter that exceeded 
slightly the dimensions of the targets. Therefore part 
of the registered decays corresponded to stoppings of 
JJ. • mesons in the brass walls of the coil. Since muonium 
is not produced in metal ll2 l , the admixture of such 
decays increased the observed "mesic" fraction of the 
polarization, which does not depend on the intensity of 
the longitudinal magnetic field. A quantitative calcula
tion of this admixture was based on measurements of 
the polarization P 1 , performed with quartz, corundum, 
and naphthalene in the presence of a longitudinal coil 
and without the coil (for example, for naphthalene the 
experimental values of P 1 were respectively 0.211 
± 0.008 and 0.039 ± 0.017). Control experiments with 
graphite, in which the polarization of the JJ. • mesons, 
as in metals, is close to the maximum possible value[ 12 l, 
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FIG. I. Dependence of the polarization P of p.• mesons in quartz on 
the intensity of the longitudinal magnetic field H (in Oe). The solid 
curve is drawn in accordance with the expression (3) at H0 = 636 Oe 
and A= 0.433. 

FIG. 2. Dependence of the 
polarization of p.• mesons in 
corundum on the intensity of 
the longitudinal field. H0 = 1650 
Oe, A= 0.478. 
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have shown that the yield of the decay positrons from 
the target remains constant (t.P 11 :::;; 0.01) in the entire 
range of the intensities of the investigated longitudinal 
fields. The errors in the determination of the intensity 
of the longitudinal field are connected mainly with its 
inhomogeneity and do not exceed - 10-2 • 

The values of the polarization P 11 measured, with 
allowance for the contributions of the JJ. • mesons stopped 
in the walls of the coil, as functions of the intensity of 
the longitudinal field, are shown in Figs. 1 and 2 for 
quartz and corundum. The errors t.P 11 include the error 
of interpolation necessary for quartz in fields with H11 
< 200 Oe, in which a time dependence of the polarization 
is observed llll , as well as random fluctuations of the 
efficiency of registration of the· decays. An estimate of 
the magnitude of these fluctuations was based on the re
sults of multiple repetitions of the same experiment in 
the field H1 ~ 50 Oe. The value of P 11 for H = 0 in quartz 
is given with the use of results of the measurements of 
the amplitude of the muonium precession, P 11 = P 1 + P~, 

where PJ. is the polarization proportional to the ampli
tude of the muonium precession. Introduction of other 
corrections and absolute normalization of the results 
are considered inl4 ' 7 ' 11 J. 

3. DISCUSSION OF RESULTS 

In a target made of crystalline acoustic quartz it is 
possible to observe, under identical conditions, both 
muonium and meson precessionsl4 ' 13 l. The former is 
due to the muonium atoms in the state (1, 1), and the 
latter is probably connected with the free JJ. • mesons, 
since the formation of diamagnetic molecules that con
tain muonium is not likely in this case and is possible 
only as a result of "prompt" processes that occur in 
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the epithermal region. Since the amplitude of the meson 
precession in quartz remains constant during the entire 
observation time, the presence of some depolarizing 
factors for this part of the J1. • mesons, such as the 
formation of muonium on the impurities and dislocations 
in the crystal lattice, is excluded. Therefore the polar
ization corresponding in these experiments to the value 
of P 1 remains unchanged also in longitudiruu fields. 

In the presence of a contribution of muonic polariza
tion P 1 relation (1) goes over into 

Pr= i+P.t + 1-P.t _x_2 _ ( 2) 
1· 2 2 1+x2 ' 

On the basis of the experimental data, it is possible 
to verify both the character of the increase of the 
polarization P 11 with increasing intensity of the longi
tudinal field, and the correctness of the assumption 
concerning the absence of additional depolarization 
channels of Jl. • mesons in quartz. In the latter case, the 
sum of the mesic and of the doubled muonium polariza
tions, measured in a weak field, should be equal to the 
maximum possible value. In the notation of Eq. (2}, this 
means that as x - 0 we get 2P 11 - P 1 = 1. 

The mathematical reduction of the aggregate of the 
experimental points for quartz (Fig. 1) was carried out 
with a computer using least squares in accordance with 
the expression 

Pu = P .t + A ( 1 + 1 ~2 z2 ) (3) 

and introducing an supplementary parameter A, which 
has the same physical meaning as the polarization of 
muonium in a transverse magnetic field. The results 
of the reduction are listed in the table. The table gives 
the experimental value of the polarization in a field 
H 1 ~ 50 Oe, averaged over all the experiments and ob
tained with allowance for the contribution of the Jl. • 
mesons stopped in the coil walls, the values of A and H0 

satisfying Eq. (3) in the best manner, and the corre
sponding values of l (the number of degrees of freedom 
are indicated in the parentheses). 

On the basis of the data of the table it can be conclu
ded that the depolarization of Jl. • mesons in quartz is 
due to the muonium mechanism of depolarization. The 
character of variation of the polarization in a longi
tudinal magnetic field is in good agreement with the 
requirements of the theory, and it follows from the re
sults of the calculation that the dimensions of the muon
ium atom, placed in the crystal lattice of quartz, are 
close to those for vacuum. The latter statement coin
cides with the conclusions of Gurevich et al. [131 , who 
measured the frequency of the "beats" of the amplitude 
of muonium precession in transverse magnetic fields. 

In Fig. 2 and in the second line of the table are given 
the experimental data and the calculated values of the 
parameters A and Ho for corundum single crystals (the 
admixture of Cr3 • ions is less than 10-2%). The physical 
difference between these two compounds (Si~ and Al20 3} 

lies in the large magnetic moment of the Al27 nuclei 

Substance I P .1 A Ho. Oe I 
SiD. I 0.137±0.010 I 0.433*0.00511636± 781 
AJ,08 0.038±0.017 0.478±0.011 1650±120 

x• 

21.3 (23) 
14.2 (10) 1

1.003±0.015 
0.994±0.027 

(+3.64 n.m.), whereas in quartz the admixture of the 
silicon isotope Si29 (-0.56 n.m.) is about 4.7%. There
fore, if the "slow" depolarizationl111 of muonium in 
quartz is due to interaction of its magnetic moment with 
the magnetic moments of the crystal-lattice nuclei, the 
expected lifetime of the polarized muonium in Al2~ in 
the absence of an external magnetic field should be much 
smaller than 10-6 sec. Experiments in a transverse field 
H 1 ~ 7.0 Oe have shown that prl:icession with muonium 
frequency in corundum is missing at observation times 
exceeding 0.05 Jl.Sec. It is seen from Fig. 2 that longi
tudinal magnetic fields with intensity on the order of 
20-100 Oe lead to restoration of the polarization of the 
Jl. • mesons in this substance to a level P 11 ~ 0.5, in 
agreement with the assumption concerning the depolar
ization action of the local magnetic fields of the same 
magnitude. Unlike quartz, in which a weak longitudinal 
field eliminates the slow depolarization while retaining 
the initial level of the polarization, in Al20 3 the value of 
P 11 that remains constant during the entire time of ob
servation is larger. 

A similar picture is observed in certain organic 
compounds containing multiple bonds between the carbon 
atoms (polystyrene, naphthalene ls' 14J). In these sub
stances, however, fast chemical reactions resulting in 
paramagnetic radicals containing muonium are impossi
ble. This is confirmed both by numerous investigations 
using atomic hydrogen, and by the data of our paperl71 , 

in which the muonium consumed in the formation of 
radical compounds is manifest in experiments with 
homogeneous binary mixtures, and the second compound 
does not contain double bonds. At the same time, the 
dependence of the polarization on the intensity of the 
longitudinal magnetic field, observed in corundum, can 
be attributed to the pure muonium mechanism of de
polarization in the absence of chemical reactions be
tween muonium and corundum, if the investigated sam
ple contains slight impurities of chemically active sub
stances or crystal-lattice dislocations. 

It follows from the experimental data that the inten
sity of the local magnetic fields in Al2~ is of the order 
of 20-50 Oe. The average time of "depolarization" of 
the muonium in the field H 1 ~ 20 Oe, corresponding to 
a spin rotation by 1 rad, is approximately 10-8 sec, 
which does not make it possible to observe muonium 
precession in weak transverse fields at observation 
times longer than 0.05 JJ.Sec. The number of collisions 
of the muonium in a solid substance can be assumed to 
be ~ 1013 sec-1 • Then, assuming that as a result of the 
small dimensions the muonium atoms migrate freely 
through the lattice, the presence of impurities and dis
locations at the 10-5 level admits, in principle, of the 
existence of channels for stabilizing the muonium. The 
experimental material confirms the possibility of such 
an explanation. The curve in Fig. 2 and the data of the 
second line of the table are given as results of the re
duction of the values of the polarization P 11 obtained in 
longitudinal fields with intensity H 11 > 500 Oe, in which 
the influence of random magnetic fields on the muonium 
with m = 1 is negligibly small. Just as for quartz, the 
relation 2P 11 - P 1 = 1 as x- 0 is satisfied for Al2~, 
and the value of the critical field intensity H0 is close to 
the vacuum value. 
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4. CONCLUSION 

The considered experimental material demonstrates 
the possibility of using strong (H 11 :;::: Ho) longitudinal 
magnetic fields for the determination of the critical 
field intensity H0 and of quantities directly connected 
with it, namely the frequency of the hyperfine splitting 
and the radius of the muonium, in different media. The 
measurements of w0 were performed also by methods of 

(1) d . . radio spectroscopy in gaseous argon an m experi-
ments aimed at observing harmonic oscillations of the 
amplitude of muonium precession in quartz [l3 J . The de
pendence of the 11 •-meson polarization on the longitud
inal magnetic field was investigated, besides in quartz 
(and corundum), also in a large number of substan
ces[5'6'15J, in which, however, the mechanism of inter
action of the 11 • mesons with the surrounding medium 
cannot be regarded as finally established. Therefore, if 
precession with muonium frequency in a transverse 
magnetic field is not observed, then a certain caution 
must be exercised in the interpretation of the results of 
similar experiments. 

In the absence of exchange interactions between 
muonium and a substance (v < 107 sec \which makes it 
possible to extrapolate the experimental data to zero 
time), many processes preventing identification of the 
muonium precession in times longer than 10-7 sec still 
do not influence the single-parameter P(H) dependence 
expected in longitudinal magnetic fields in accordance 
with expressions (1) and (2), accurate to the easily
calculated contribution of the mesic component of the 
polarization. Such processes include, first, chemical 
reactions of muonium, the characteristic time of which 
lies in the interval wi/ « T ~ 10-7 sec. The left part of 
this inequality excludes the "stabilization" of the muon
ium atoms with m = 0, the presence of which requires 
the use of more general formulas[ 9 ' 10J, and the right 
side depends on the experimental possibilities of observ
ing the rapidly attenuating muonium precession[4J. 

If, second, the cause of depolarization of the muonium 
in transverse fields is the presence in the substance of 
randomly oriented magnetic moments, then even in 
weak longitudinal fields (on the order of tenths or 
hundredths of an Oe) the polarization of muonium with 

m = 1 is completely restored [a,uJ. Under the indicated 
conditions, the method of restoring the polarizati~n of 
the 11 • mesons by a strong longitudinal magnetic field 
makes it possible to determine the dimensions of the 
muonium in those substances for which the use of other 
methods is difficult. 
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