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A theory is developed of depolarization of J-1.+ mesons in matter, taking into account the 
presence of an external magnetic field. It is shown that for the process under considera
tion chemical reactions involving the J-1. + mesons in emulsions are important. The para
meters that enter into the formulas of phenomenological theory are determined, and the 
asymptotic trend of the polarization in large fields is predicted. Certain possible mechan
isms of the depolarization of an electron of muonium are discussed, and the effect pro
duced by them is evaluated. The case of media with high dielectric constants with a 
slight frequency dispersion is considered. 

1. INTRODUCTION 

AccORDING to present notions regarding the na
ture of weak interactions [i- 6], the angular distri
bution of the positrons from the J-1.+ - e+ decay has 
the form 1 - ( 1/3) P cosJ, where J is the angle 
between the positron momentum and the negative 
direction of the J-1.+ meson polarization vector, and 
P is the absolute value of the polarization. How
ever, in the preceding 7r+ - J-1.+ decay, owing to the 
longitudinal nature of the neutrino, the J-1.+ mesons 
are completely polarized in the direction opposite 
to their motion [3•7J. One can thus expect the posi
trons to have an angular distribution in the form 
1 - ( 1/3) cosJ relative to the direction of emission 
of the J-1.+ meson. 

Experimentally, however, a much smaller an
isotropy of the J-1.+ - e+ decay is observed in many 
substances [a, 9J. It is obvious that a noticeable de
polarization of the J-1.+ mesons can occur within a 
lifetime TJ-1. = 2.2 x 10- 6 secj owing to the inter
action with the medium. Usually the most effec
tive J-1.+ meson depolarization mechanism in a 
substance is the formation of muonium-a bound 
system comprising a J-1.+ meson and an elec-
tron [ 9- 11 ]. Actually, estimates of the depolariza
tion due to other mechanisms make the effect 
negligibly smallC 9J. On the other hand, it is well 
known that in the ground state of muonium there 
takes place the so-called contact interaction be
tween the J-1.+ meson and electron spins [12 •13]. 

A simple quantum-mechanical calculationC14J 
shows that the magnetic field produced by an elec
tron at the origin is equal to 

He =- 16t ~I'll (0) [2s<•), (1) 

where 11/J ( 0) 12 = 1/7ra~ is the value of the electron 

density at this point; a0 = ti2 /me2 is the Bohr ra
dius; {3 = eti/2mc is the Bohr magneton, s(e) 
= (1/2) u(e) is the electron-spin operator. The 
Hamiltonian of the contact interaction has the form 

(2) 

where IJ. = f3(J.t.Lu(J.t.) is the positive-muon magnetic
moment operator, {3(JJ.) = eti/2mJ.I.c, and tiwo 
= 32j:j{3(J.I.) /3a~ is the hyperfine splitting of the 
muonium ground level. 

It is easy to verify that owing to the contact 
interaction the value of the J-1.+ -meson polarization, 
averaged over the times t » 1/ w0, turns out to be 
equal to half the initial polarization. We actually 
have 1/w0 = 3.6 x 10- 11 sec, w0TJ.I. » 1, and 
P = 1/2. Physically this means that during the 
lifetime of the J-1. + meson it continuously exchanges 
angular momentum with the muonium electron, and 
half of the initial value of the J-1. + meson is "trans
ferred'' on the average to the electron. 

The mechanism described above is best verified 
by measuring the angular distribution of the J-1.+ - e+ 
decay positrons in a longitudinal magnetic field H. 
Because of the presence of the field, the function 
P (H) turns out to depend on the dimensionless 
ratio 

where w' = 2{3H/ti is the frequency of the Larmor 
precession of the electron spin, and H0 = 1580 G. 
We obtain for the polarization of the M+ mesons, 

averaged over the times -./ w~ + w' 2 t » 1 the for
mula[11,15] 

P = (1 + 2x2) I 2 (1 + x2). (3) 

Experiment does not confirm this formula, gen-
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erally speaking, and the polarization P ( 0 ) in the 
absence of the field also turns out to be different in 
different substances [a •9J. The point is that the de
polarization of JJ.+mesons in condensed media is 
much more complicated than the scheme described 
above and, at any rate, does not reduce to the mere 
production of muonium. 

Account must be taken first of the interaction 
between the muonium electron and the medium. As 
the spin of the J1. + meson is partially "transferred" 
to the electron by the contact interaction, the lat
ter, in turn, becomes depolarized because of irre
versible interaction with the medium. As a result, 
the depolarization of the J1. + meson does not stop 
even after the lapse of a time t » ( w~ + w' 2 )- 1 / 2• 

The mechanism whereby the muonium electron be
comes depolarized is usually thought to be ex
change with the electrons of the medium, which have 
opposite spins [ 9J, but this apparently is not the 
only possibility. Incidentally, the form of the for
mulas obtained in this paper for the function P ( x) 
does not depend on any specific assumptions con
cerning the mechanism whereby the muonium elec
tron is depolarized. 

To understand the processes involved in the 
Jl.+ -meson depolarization it is necessary to bear in 
mind also the main features of their slowing down 
in matter. In the region v »Vat (vis the velocity 
of the J1. + meson and Vat is the order of magnitude 
of the velocity of atomic electrons) slowing down 
is the result of ionization losses and the production 
of muonium has extremely low probability. In the 
opposite limiting case, v « Vat• the JJ.+ meson is a 
very deep "trap" for the electrons (its depth is 
equal to the hydrogen-atom ionization potential, 
E 0 = 13.5 eV), a trap which at each given instant 
can be regarded as immobile. 

It is obvious that equilibrium with respect to the 
electronic degrees of freedom necessitates the fill
ing of so deep a trap, and multiple successive acts 
of muonium production and its ionization (charge 
exchange), which occur in the Bohr velocity region 
v ~ vat> are a powerful mechanism for the estab
lishment of such an equilibrium. Therefore when 
v «Vat the JJ.+ mesons accumulate in the form of 
muonium atoms, which continue to slow down and 
approach rapidly the thermal-velocity region. 

However, the establishment of thermal equili
brium still does not mean the occurrence of chemi
cal equilibrium. By chemical equilibrium we mean, 
in the broadest sense of the word, a situation where
by the JJ.+ meson, owing to the chemical bond be
tween the muonium electron and the valence elec
trons of the medium, occupies a certain definite 

place in the crystal lattice and will subsequently 
experience only small vibrations relative to this 
position .. By its chemical properties, muonium is 
prefectly analogous to hydrogen, but it is to be ex
pected that JJ.+ mesons will occupy in the crystal 
the same positions as were occupied by the protons 
that have slowed down in it. 

We emphasize that we are dealing exclusively 
with a real crystal, in which, in particular, a chemi
cal bond is possible between the muonium and the 
impurity atoms. The presence of defects of the 
crystal structure can also contribute to the for
mation of a chemical bond for the JJ.+ meson. 
When it comes to an idealized crystal of the sub
stance under consideration, free of impurities and 
defects, it may turn out that the muonium does not 
enter at all in any chemical reactions with its 
atoms, i.e., in this crystal the JJ.+ meson has no 
equilibrium positions that are stable relative to 
small oscillations. 

It is obvious that any solid can be characterized 
by a certain average time T during which this fi
nal stopping of the J1. + meson takes place. The 
number of muonium atoms that do not interact 
chemically decreases with time as exp [ - t/ T] . 
We shall assume that TIJ. » T, although as can be 
seen from the foregoing it is easy to obtain for
mulas that are free of this limitation. 

It is interesting that at the instant when the 
muonium enters into a chemical reaction with the 
atoms of the medium, the depolarization of the JJ.+ 
meson ceases, and later its polarization remains 
constant up to the instant of the J1. - e decay (for 
some exceptions to this rule see Sec. 5). If, as is 
the case with the ordinary chemical bond, all the 
electrons form closed diamagnetic shells and their 
spins are pairwise compensated, then the magnetic 
field produced by the electrons at the point where 
the Jl.+ meson is situated is equal to zero (we do 
not consider substances with magnetic structure or 
paramagnets). Under these conditions, of course, 
the 11-+-meson spin can no longer be "transferred" 
to any of the electrons of the medium. It can be 
stated that the chemical interaction of the muonium 
electron with the medium electrons disrupts as it 
were its coupling with the JJ.+ -meson spin. The 
experiment fully confirms this point of view. Thus, 
for example, experiments using electronic cir
cuitry [B, 9J, carried out with different substances, 
have shown that no J.-L +-meson polarization is ob
served within times on the order of 10- 7 -10- 6 

sec: the polarization occurred earlier, within a 
shorter time, which could not be determined in 
these experiments. 
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In addition, it was found that the frequency of 
rotation of the angular distribution of the decay 
positrons in a weak magnetic field corresponds to 
the gyromagnetic ratio of the iJ. + meson, and not 
at all to the muonium triplet ratio. We have here 
an analogy with experiments on nuclear magnetic 
resonance in solids, for example on proton reso
nance 1 > • In the latter case the resonance occurs 
at a frequency corresponding to the gyromagnetic 
ratio of the proton, but no resonance is ever ob
served at a frequency corresponding, say, to the 
gyromagnetic ratio of the hydrogen atom in the 
triplet state [ 1sJ. 

2. PHENOMENOLOGICAL THEORY OF J.'+
MESON DEPOLARIZATION 

We start from the premise that, independently 
of its interaction with the IJ.+(..meson spin (and with 
the external magnetic field if the latter is present), 
the muonium electron becomes depolarized in the 
medium. In other words, there exists a mechanism 
by which the electron spin "flips" from time to 
time: the average expectation time of this event 
will be denoted by 1/v. Then, as can be readily 
verified, in the absence of interaction with the spin 
of the JJ.+ meson and with the external magnetic 
field the electron polarization would vary as 
exp [- 2vt]. 

The spin density matrix of muonium 

3 

P = ~ Pxk u" uk (4) 
K, k=O 

obeys the Wangsness-Bloch equation [ 17 - 19]: 

d 1 • 
Pxofdt =- 2ffioex>.l P>.t (t)- ~exp.>. ffip. P>-o (t), 

1 • 
dp0kldt = Trooekxt PAZ (t) + ekmlffim Pot (t)- 2vp0k (t), 

d Pxkldt = -f ffio [exk>. P>.o (t) - exkl Pol (t) I - ~exp.>. ro~ PH (t) 

+ ekmt ffi,; Pxt (t) - 2v Pxk (t). (5) 

Here 

U0 = :xlJI2, U = a;JI2 (6) 

are orthogonal and normalized spin operators, x 
is a unit two-row matrix, CT the Pauli operator, 
"'' a vector directed along the magnetic field H 
with magnitude w', ~ = {3(1-') /{3 = m/ml-' is the ratio 
of the muon and electron magnetic moments, and 
ekml is a unit antisymmetrical tensor. In the 
density matrix components PKk• the first subscript 
(Greek letter) pertains to the JJ. + meson and the 

!)This analogy was pointed out to us by Yu. M. Kagan. 

second ( Latin letter) to the electron. In formula 
(5) and henceforth the letter designations for the 
indices are used only for the "vector" values 1, 
2, and 3, while the "scalar" value zero is written 
out explicitly. In expressions containing two iden
tical subscripts, summation is understood over its 
"vector" values. 

It is required to find the particular solutions of 
the system (5) 

Pxo ( t) = Pxo e-Clt, PKk (t) = Pxk e-Clt, 

(7) 

satisfying different eigenvalues Q, and to set up a 
linear combination of these solutions, satisfying 
the initial conditions 

Pxo (0) = P~~, Pok (O) = 0, Pxk(O) = 0. (8) 

We consider the following two limiting cases. 

a) v » -../ w~ + w'2 (fast electron-spin relaxation). 
This case is best considered in most general form, 
without making any specific assumptions regarding 
the mutual orientation of the vectors w' and p <O>. 

Let us substitute (7) in (5). As a triplet of lin
early-independent vectors we choose the aforemen
tioned w'k and p~~l, and also their vector product 
ekz.>..w~pA.<O>. We expand the sought vectors PKo 
and Pok in terms of these vectors; this leads to 
the appearance of six unknown expansion coeffi
cients. In addition, we list nine linearly-indepen
dent tensors, in which one can expand the PKk: 

(0) (0) • 
PAO• Pxo ffik, (J)~~kA p~J, 

As a result we obtain for the expansion coeffi
cients a system of linear equations which are used 
also to determine the eigenvalues Q • In the case 
considered here we solve this system by series 
expansion in the reciprocal powers of v . It is easy 
to see that for the 12 eigenvalues this expansion 
begins with the term 2v. Such solutions will not 
be considered, since they attenuate rapidly with 
time, as exp [ - 2vt], and in addition, they enter in 
the IJ.+ -meson polarization of interest to us with a 
small coefficient. 

We are left with three eigenvalues r~, for which 
the foregoing expansion begins with the zero-order 
terms; in the same zeroth approximation the elec
tron polarization and the polarization correlation 
vanish in all three cases. One of the considered 
eigenvalues is zero, and tor the other two we have 
Q = ± i ~ w'. The first-order correction to the 
value of Q in all three cases is w~/4v. 
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Satisfying the initial condition (8), we obtain 

Pxo (t) = { (j)~'~o) [ 1-+ (e-iJ;r.o't + eir..,'t) J w: + { [e-it;r.o't 

+ ·y 'I (0) e'•"' ] pxo 

t [ ·y 't "' 't ' (O)} 2 - 2(1), e-'•"' - e'•"' ] exrAWt P:>.o exp ( -w0 tj4v). (9) 

The physical meaning of this formula is simple: 
the relaxation time of the JJ. +-meson spin is 
4v/w~ » 1/w0• Itcannotbe less than 1/w0, for in 
any mechanism of electron spin relaxation in the 
medium, the spin of the JJ.+ meson can "go over" 
to the electron only after the characteristic time 
of the hyperfine splitting. 

It is easy to verify that the expression in the 
curly brackets describes the precession of the 
muon spin with its characteristic Larmor frequency 
~w'. Frequent "flipping" of the electron spin in 
the medium weakens its coupling with the JJ. +-meson 
spin, and the latter precesses in the magnetic field 
as if there were no electron there.2> 

In a longitudinal field there is precession, and 
the polarization of the JJ. +meson varies as 

(10) 

which is independent of the magnitude of the field. 
At the instant when chemical equilibrium sets 

in, the depolarization of the JJ.+ meson stops (see 
the introduction). The probability that the chemi
cal reaction occurs within a time interval dt is 
equal to e-t/Tdt/ T. For the observable average 
value of the polarization we obtain 

00 

P = I P (t) e-t!~ !!!._ = 1. 
~ 't" 1 + ro~ -rj4v 

(11) 

b) v « ..j w% + w' 2 (slow relaxation of the elec
tron spin). In this case, which is of practically 
greatest significance, we assume the field to be 
longitudinal: the axis z = 3 is directed along the 
vector w' (i.e., along the vector of the external 
magnetic field H), while p (O) is assumed directed 
either along this axis or opposite to it. Then the 
system (5) assumes the form 

d Paoldt = - {- Wo [ P12 (t) - P21 (t)], 

dpoaldt = ~Wo [ P12 (t)- P21 (t)l- 2VPoa (t), 

d p11/dt = - w' P12 (t) - 2v Pn (t), 

dp12/dt =+Wo IPao(i)- Poa(t)l +w'p11 (t) -2vp12 (t), 

2lThe physical aspect of this situation was already em
phasized in an earlier paper[••], but the behavior of the 
muon in a magnetic field was not considered there. 

dp 221dt =w'p 21 (t) -2vp22 (t), 

dp21/dt =- +roo [ Pao (t) - Poa (t)l - w' p22 (t) - 2vp21 (t) 

(12) 

(in the case under consideration the magnetic mo
ment of the JJ. + meson is small enough to be neg
lected, to that we put ~ = 0). 

The particular solutions of (7) are sought by ex
pansion in powers of v; the initial conditions (a) 
are satisfied in the same way. As a result, con
fining ourselves everywhere (including the eigen
values Q) to quantities in the first order of v in
clusive, we obtain for the nonzero components of 
the density matrix the following solution: 

ro2 + 2ro'2 

p (t)- ' 0 A 
30 - \2 (ro~ + ro'2) 

ro~ B {[ i 5ro~ + Sro'• J \ (O' + 4 ( 2 + '•) 1 - -2 2 'I v C + c .c ·f> Pao' 
ffio ro (roo + ro'•) 2 

(1)2 

(t)- < 0 A :Poa - 2 (ro~ + ro'2) 

-Wow' ro ro' 
Pu (t) = P22 (t) = <- 2 (w~ + ro'•) A + 4 (w~o+ ro'") 

X B{[1- 2i ~~+ 4ro':; v] C +c.c.}>r~~>, 
(roo+ w'") 2 

ro0 ( ffi~ + 2ro'2 ) 

P12 (t) = - P21 (t) = < 2 (ro~ + ro'•)• vA 

---0--"0---,--- B {i [ 1 - i 0~ + 20
,
2

,1 v] C + c .c.}> p~~); 
4Jiro~+ro'• (ro0 +ro'2 ) 2 

A = exp (- 2 °~ vt) , 
ro0 + ro'2 

( 3m2 + 4ro'• ) 
B = exp - 0 vt 

2(ro~+ro' 2) ' 

C = exp ( i Y ro~ + ro'• t). 

(13) 

The first formula in (13) determines the depen
dence of the instantaneous value of the JJ. +-meson 
polarization P(t) on the time. It must be inte
grated over the distribution e- t/ Tdt/ T of the chem
ical-interaction events. It is useful to take into 
account here that the consideration of the cases 

v T « 1 and ..J w~ + w' 2 T » 1 actually covers the en

tire region v « ..J w~ + w' 2 of the slow relaxation of 
the electron spin. 

In the first case all the exponentials which con
tain vt in the exponent can be replaced by unities. 
Introducing the dimensionless parameter 
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x = w' I w0 = H/H0 (see the introduction) we ob
tain, in the required approximation 

p - 1 {I + 2 2 + 1 } 
- 2 (1 + x') X 1 + (1 + x2) ro~ T2 ' 

In the second case it is convenient to deal with 
an expression for the polarization, averaged over 
the time intervals 1/v » t:, t » ( w~ + w' 2 )- 112 : 

- 1 +2x2 ( vt ) 
P (t) = 2 (1 + x2) exp - 1 + x2 . (15) 

For the observed value of the polarization we 
have 

00 

p - \ -o;P:-;(.,.,-t)---,-~t=;~ r!!_ - 1 + 2x2 
- .l e T - 2 (1 + x2 + vT)' 

0 

Y co~+ co'3 't'> I. 
(16) 

If the conditions Vw5 + w' 2 T » 1 and v T « 1 
are satisfied simultaneously, then both (14) and (16) 
go over into (3). Thus, in spite of the clearly un
satisfactory character of the initial physical pic
ture, which has led to formula (3) (see the intro
duction), the latter turns out to be valid in the 
region of slow electron-spin relaxation for a suf
ficiently broad interval of possible values of the 

p 

1,0 

0,9 

0.6 

0,4 

o,z 

o, 102 

FIG. 1. Dependence of the observed polarization P of 
fl+-mesons on the time of chemical relaxation T in the ab
sence of a magnetic field. The abscissas represent the proba
bility 1/Ton a logarithmic scale (arbitrary units). The vertical 
lines correspond to the respective points 1/T: v, P : 1/4 
and 1/T : w0 , P : 3/4. In the region of the plateau P : 1/2 
formula (3) is applicable. 

For the emulsion as a whole we have 

1+2x2 1+2x2 ( 
p = f 2 (1 + x2) +(I - f) 2 (1 + x• + vT) ' 17) 

where f is the fraction of the JJ.+ mesons slowed 
down in the gelatin. The values of the parameters 
f and v T were determined by the least-squares 
method, by minimizing the expression 

parameter T. Figure 1, which illustrates this ·" [(P p ) 1 "P ]2 ..:::..J itheor- i exp u i exp • 
clearly, is a schematic plot of the function P ( T) ; 

in the absence of a magnetic field. where the summation is over all the experimental 
It is desirable to compare the formulas given data of various authors, which are gathered in [ 20J. 

for the function P ( x) with the experimental data. As a result we obtain f = 0.63 and v T = 80. As 
Particularly numerous and reliable data are avail- can be seen from Fig. 2, the theoretical form of 
able on the depolarization of JJ.+ mesons in ernul- the P ( x) curve is in good agreement with the ex-
sion for various values of the magnetic field. It perimental data. 
turns out that in emulsion P ( 0) < 1/2; consequently, It would be interesting, of course, to determine 
at least for one of the two components (for the the value of the chemical-relaxation time T, but 
gelatin or for the silver bromide), formula (16) is unfortunately formula (17) contains only the pro-
valid. A more detailed examination of the experi
mental data [ 20 •21 ] shows that formula (16) is appli
cable to AgBr, and in the case of gelatin w0 T 

» 1 » v T, i.e., it is necessary to use formula (3). 

duct v T • However, the agreement between the 
theory and experiment offers evidence that the 
criterion w0 » v is satisfied sufficiently well; in 
the opposite limiting case the polarization is gen-

FIG. 2 
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erally independent of the field [ see formula (11)]. 
Substituting the values of w0 and v T, we obtain 
the inequality 

(18) 

We note that in nuclear photoemulsion the aver
age dimension of the AgBr crystallite does not 
exceed 3 x 10- 5 em [22]. We can therefore not ex
clude the possibility that the muonium, slowed down 
in the silver bromide, fails to react chemically in 
it, and on leaving the crystallite rapidly enters in
to chemical reaction in the gelatin. In other words, 
it may turn out that the parameter T, contained in 
formula (17), actually represents the average time 
necessary for the muonium atom slowed down in 
the AgBr to go beyond the boundaries of the 
crystallite. 

It is also of interest to ascertain the asymptotic 
behavior of polarization at large fields, when 
x2 » v T » 1. In this case (17) goes over into 

P = I- (I- f) v-rfx2 = I- 30fx2 • (19) 

3. MECHANISM OF DEPOLARIZATION OF THE 
MUONIUM ELECTRON 

Let us discuss now some possible mechanisms 
whereby the muonium electron can become de
polarized in a medium. 

1. Relativistic interaction between moving 
muonium and the crystalline field. In ionic crystals, 
the internal electric fields are always appreciable. 
Inasmuch as the velocity v of the muonium remains 
constant in the thermal-equilibrium state, the ques
tion arises whether the observed value of v can be 
attributed to the relativistic interaction between 
the muonium electron spin and the crystalline field. 

A rough estimate of this effect can be obtained 
from a classical consideration of the motion of the 
muonium as a whole. As is well known [23], a 
transition to the non-relativistic approximation in 
the Dirac equation yields for the corresponding 
Hamiltonian the expression 

ie =- (~/2c) a[vE], (20)* 

where E is the intensity of the electric field. The 
Schrodinger equation dp/dt = - m- 1 [ :fc, p] for the 
electron-spin density matrix assumes the form 

where the vector part of the density matrix Pi 
coincides, apart from a trivial normalization fac
tor, with the electron polarization u. 

*[vE] = v x E. 

The electrostatic potential of the crystalline 
field will be written in the form of a Fourier ex
pansion 

<p = ~<pbi2"bnxn, 
b 

(22) 

where the summation is carried out over all the 
reciprocal lattice vectors b. Taking into conside
ration the connection between the intensity and the 
potential and putting x n = vnt, we obtain 

dp l 2rtif3 ~, (b b ) i2nb v t dt = Tc LJ,<pb tVk- kVi e n n Pk· 
b 

(23) 

In the perturbation-theory approximation it is 
easy to express the solution of Eq. (23) in terms of 
the initial value of the density matrix pi <O). The 
result must be averaged over the muonium velo
cities, and also over all possible orientations of 
the crystal. In this case the linear approximation 
disappears, and in the quadratic approximation an 
important role is played as t - oo only by the 
terms that increase linearly with the time. Be
cause of this.fact, the specific value of the mean 
free time ~t drops out from the equation 
dq/dt = ~Pi/~t for the density Pi which is aver
aged over many collisions (~pi is the average 
increment in the vector p over the time between 
two collisions ~t). 

On the other hand, we have dpi/dt = -2 VPi 
(see start of Sec. 2). Leaving out the intermediate 
steps, we give only the final result 

g;;;;.o. 

(24) 

Here v is a certain mean value of the muonium 
velocities; the reciprocal-lattice vector b' is 
anti parallel to b (or is equal to zero). At small 
values of b in ionic crystals we have <Pb ~ eb. If 
we substitute in (24) in place of v the thermal 
velocity of the muon at room temperature, we ob
tain 1/v ~ 3 x 10-4 sec, i.e., the mechanism under 
consideration does not have the observed magni
tude of the effect. 

2. Exchange collisions between the electrons of 
the medium and muonium ( see the introduction). 
For a rough estimate we can put m* = m, where 
m* is the effective mass of the carriers (electrons 
and holes). Then the statistical distribution of the 
free electrons assumes the form 

Dv = exp [- (11 + mv2) I 2T], (25) 

where ~ is the width of the energy gap, separating 
the conduction band from the valence band; T is the 
temperature. 
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The number of exchange collisions per unit time is 

(26) 

where U' is the cross section of the exchange col
lision; 

d[ = (2n1i)-3dp = m3v2dv/2n21i3 

is the number of the quantum states per unit 
volume. As a result we obtain 

(27) 

To estimate the value of U' let us use the re
sults of the theoretical calculations on the scatter
ing of slow electrons by a hydrogen atom C24J. It is 
easy to see that the exchange-scattering amplitude 
is equal to (as - at) /2, where as and at are re
spectively the scattering amplitudes in the singlet 
and triplet states of the incident electron and of 
the electron bound in the scattering system ( in the 
hydrogen or muonium atom). Therefore 

(28) 

In ionic crystals the value of D. is usually 
several electron volts, and because of the small
ness of the factor exp [ -D./2T] the contribution 
of the electrons in the conduction band is extremely 
insignificant. In the particular case of silver bro
mide D.= 1.35 evC25J; substituting (J' ~ 1.5 x 1o- 15 

em 2 , we obtain 1/v ~ 3 sec at room temperature. 
3. Formation of negative muonium ion. As is 

well known [14], the neutron-hydrogen atom is cap
able of capturing a second electron, the binding 
energy of which is E2 = 0. 7 eV. Muonium has the 
same properties, and in this respect does not differ 
at all from hydrogen. It is natural to assume that 
when situated in a substance muonium will retain 
this ability 3l. 

Even within a time ti/E2 ~ 10- 15 sec both elec
trons become completely depolarized in the nega
tive ion, since their orbital states are identical and 
the spins are paired. One can conceive, for ex
ample, of the muonium capturing a second electron 
from a relatively shallow trap and losing it upon 
collision with a sufficiently deep vacant trap. This 
mechanism is very intriguing and necessitates 
further research. 

3lSuch an assumption seems particularly natural with re
spect to an ionic crystal, since the F-center in it (vacant lat
tice site from which a negative ion is missing) can likewise 
capture two electrons.[••] 

4. ROLE OF DIELECTRIC CONSTANT OF THE 
MEDIUM 

The phenomenon of interest to us, namely the 
depolarization of the JJ.+ meson by the muonium 
mechanism, continues only so long as the muonium 
does not enter into chemical reaction with the me
dium, i.e., so long as its electron does not partici
pate in the chemical bond ( see the introduction). 
However it is precisely for such electrons that the 
influence of the dielectric properties of the medium 
on their motion can turn out to be very appreciable. 

A splendid illustration is the behavior of certain 
impurity atoms in semiconductors with large die
lectric constants, such as silicon or germanium 
[ 25 >57]. Namely, the interaction between a singly
charged impurity ion of the "donor" type with an 
electron obeys the formulas 

a= meaofm*, (29) 

where E is the binding energy of the ground state 
of the electron in the field of the aforementioned 
ion, a is the corresponding Bohr radius, E is the 
dielectric constant, m* is the effective mass of 
the electron, a0 = 0. 53 x 1 o- 8 em is the Bohr 
radius in vacuum, and E0 = 13.5 eV is the ioniza
tion potential of the hydrogen atom. It is natural 
to assume that these relations are valid also for 
muonium in a dielectric medium 4 l . 

It is necessary, however, to emphasize in this 
connection the possible frequency dispersion of the 
dielectric constant [29J. Formulas (29) contain not 
the static dielectric constant E ( 0), but the dielec
tric constant E ( w) for the frequency w ~ E/ti of 
the field produced by the electron on the JJ.+ meson. 
In the case of silicon we can put E ( 0) = 12 in 
place of E(w), so that Eq. (29) yields E = 0.029 
eV [ 30], and at the corresponding frequencies 
1/w ~ 2.3 x 10- 14 sec no appreciable dispersion 
occurs as yet. An analogous situation takes place 
also in germanium [ 31 ]. 

The situation is different in the case of silver 
bromide. The static dielectric constant in AgBr 
is even somewhat larger than in Si: E ( 0) = 13 [ 26J. 
Substitution in (29) leads to ti/E ~ lo-14 sec (we 
assume for estimating purposes m* = m). Yet 
the dispersion of the dielectric constant in AgBr 
begins at much lower frequencies, for even when 
1/ w ~ 10- 13 sec the value of E ( w) drops to 
4.6 [ 26]. According to (29), the corresponding char
acteristic time ti/E ~ 10- 15 sec, and for the Bohr 
radius we have a ~ 2.4 x 10- 8 em. At such small 

4lA similar hypothesis was first advanced by Feher et al.[••] 
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distances it is necessary to take into account not 
only the frequency dispersion of the dielectric con
stant, but also its spatial dispersion, and also the 
possible nonlinearity of the connection between the 
induction D and the intensity E in fields on the 
order of atomic [ 29]. 

In the limiting case of very small distances 
these effects lead, in final analysis, to the disap
pearance of the influence of the electric screening 
of the Coulomb interaction, and there are grounds 
for assuming that for silver bromide this limit is 
attained in practice. Inasmuch as the experimental 
data (see Sec. 2) confirm our assumption, in our 
analysis of JJ.+ -meson depolarization in AgBr we 
took no account whatever of the dielectric polariza
bility of this medium 5 >. 

Another interesting feature of media with large 
E ( w) is the lack of thermodynamic equilibrium of 
the orbital state of the muonium, in which the J.l+ 
meson is depolarized. According to (29), the ioni
zation potential E becomes in many practical cases 
comparable with the temperature T = 0.025 eV 
(see above for silicon), or even drops somewhat 
lower (for example, for germanium [ 27J). As are
sult, at not too large values of the concentration 
N_ of the free electrons, the equilibrium probabil
ity of filling the ground state of muonium, 

becomes very small compared with unity. On the 
other hand, the slowing down of the JJ.+ meson leads 
to the state n0 = 1 ( see the introduction). In the 
absence of chemical interactions this strong devi
ation from thermodynamic equilibrium with respect 
to the parameter no could be "lifted" only by ioni
zation of the muonium. Thus, along with the JJ.+ 
mesons entering into a chemical reaction, in media 
with large E ( w) there is in principle another pos
sible relaxation mechanism, responsible for the 
finite mean time T of the depolarization process. 

The non-equilibrium character of the orbital 
ground state of muonium in which an electron is 
situated does not prevent it from exchanging with 
the free electrons of the medium, which have op
posite spin directions (see the preceding section). 
It is convenient here for us to deal with an estimate 
of the probability of the "flipping" of the electron 
spin, expressed in terms of the volume concentra
tion of the free electrons N _ : 

v~ }12T jnm· aN_. 

5>1n analogous fashion we have actually put in Sec. 2 
E(w) = 1 also in the case of gelatin, for which apparently 
even the static dielectric constant is close to unity. 

(31) 

For example, in silicon m* = 0.3 m, a = 2.1 x 10- 7 

em; (]" ~ 4rra2 = 5.5 x 10- 13 cm2 • As a result we 
obtain for the average expectation time of the ex
change collision, expressed in seconds, 

(32) 

where N_ is in cm- 3 • 

In the experimental work of Feher et al [28], 

the function P ( N _) was measured at room tem
perature in the absence of a magnetic field ( x = 0). 
The concentration of the free electrons N _ was 
varied by adding impurities. Let us compare the 
results of [ 28 ] with the theory developed. In the 
region of p-silicon, with a hole concentration N+ 
> 3 x 10- 12 ( N + N _ = const = 1020 ), it was observed 
that P > 1/2, which corresponds to the case vT « 1 
(see Sec. 2 and Fig. 1). For five specimens of p 
silicon with different N+, the experimentally ob
served P and formula (14) were used to calculate 
w0T. We present the results: 

3-1018 1018 
0.87 0.81 
0.59 0,80 

101G 3 •1014 
o. 75 0,57 
1.0 2.5 

3-1012 

0.54 
3.4 

It must be noted that although relation (1) re
mains valid also in the case of media with large 
E ( w), the formula I lj! ( 0) 12 = 1/rra3 no longer 

holds true for them. The point is that in the im
mediate vicinity of the Coulomb center one cannot 
use the macroscopic dielectric constant E ( w) 

which enters in (29). Thus, for semiconductors of 
the silicon and germanium type the frequency of 
the hyperfine splitting w0 should be more readily 
regarded as a parameter which must be determined 
from experiment. We note that it can depend on the 
concentration of the impurities, inasmuch as an 
analogous dependence holds true also for the ioni
zation energy E = nwC 32]. 

In the intermediate region 3 x 10 1 < N _ < 1012 

em- 3 the polarization of the JJ. + mesons differs 
little from 1/2, in accordance with the condition 
1/ w0 « T « 1/ v for the applicability of formula 
(3). In n-silicon, with v increasing in accord with 
(31) and (32), the condition vT « 1 is violated, and 
immediately past the point N _ = 1012 the JJ. +
meson polarization decreases rapidly below the 
value P = 1/2. For the interval 3 x 1012 < N _ 
< 3 x 1013 cm- 3 formulas (16) and (32) yield 
T ~ 10- 8 sec. The condition v « w0 for the ap
plicability of formula (16) leads to 

5-10-0 ~w;;-1~3.6·10-11 sec. (33) 

The right half of the inequality denotes that in sili
con, owing to the fact that E ( w) » 1, the hyperfine 
splitting of muonium nw0 should be much smaller 
than in vacuum. 
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We do not consider the experimental data ob
tained in [28 ] for specimens with N _ ::::: 1014 , for in 
this case the form of the P ( N _) curve is influenced 
by a large number of complicating circumstances. 
With increasing N _ the condition v « w0 is vio
lated and a transition takes place to the opposite 
limiting case v » w0 ; a sharp dependence of the 
parameter T on N _ sets in, and 1/ T ~ N _ at 
sufficiently large concentrations of N _ , when the 
cessation of depolarization is due to impact ioni
zation of the muonium, and not at all to its entering 
into chemical reaction with the atoms of the medium 
(see above). 

Finally, let us point out still another effect which 
depends quadratically on N _ : after impact ioniza
tion of the muonium, one of the electrons of the 
medium can return to a Bohr orbit (charge ex
change), restoring the depolarization of the JJ. + meson. 
Apparently to interpret the course of the P ( N _) 
curve in n-silicon with high concentration of free 
electrons ( N _::::: 1014 cm- 3 ) it is necessary to ac
cumulate more experimental data, and also to refine 
the theory (in particular, to account for charge ex
change). 

5. CONCLUSION 

The arguments presented above give grounds for 
hoping that noticeable progress has been made in 
understanding the depolarization of JJ.+ mesons in 
condensed media. At the same time, the theory of 
this question is still insufficiently developed when 
it comes to several important points, some of 
which we list here. 

1) The theory developed in the present paper 
starts from the assumption that the depolarization 
of the JJ. + meson proceeds continuously during a 
certain time interval, which terminates when the 
muonium enters into a chemical reaction or is 
ionized. Let us analyze first the validity of this 
assumption with respect to the ionization process. 

Charge exchange is a phenomenon characteris
tic of substances of any type when v ~ Vat, and 
the cross section of this process is of the same 
order as the geometrical cross section. There
fore the average time between successive events 
of muonium formation and its ionization is of the 
order of T c.e = 1/Nav at, where N is the number 
of atoms per unit volume; u ~ 10- 16 cm2 • As a 
result we obtain Tc.e ~ 10- 15 sec. The reduction 
in the polarization of the J.1. + meson during the time 
Tc.e is equal in order of magnitude to ( w0Tc.e )2 • 

Thus, the effect becomes noticeable after a time 

Of course, the duration of the Bohr stage 
v ~ Vat is many orders of magnitude less; it is 
bound to amount to ~ 10- 11 sec. Consequently, 
when v ~ Vat charge exchange is ineffective, and 
we are justified in disregarding it. However, in 
media with large dielectric constant which has a 
weakly pronounced frequency dispersion, in view 
of the low binding energy of the muonium electron, 
in the region v « Vat, the electron sometimes 
again becomes capable of ionization with subsequent 
return of one of the electrons to the Bohr orbit. 

The theoretical question of the depolarization of 
JJ.+ mesons by charge exchange was considered by 
Ferrell et al f 33], who obtained a formula for the 
polarization P ( x ), in which the presence of an 
external magnetic field x = HxHo was taken into 
account. However, the derivation of this formula 
raises certain doubts concerning its correctness. 
In particular, the ionization of muonium was con
sidered statistically (the corresponding probability 
per unit time was introduced), and the return of the 
electron was characterized by a fully defined num
ber n, the number of its captures on the orbit. 
Such an asymmetry in the treatment of these two 
perfectly equivalent processes does not seem jus
tified at all. 

In addition, it must be borne in mind that only 
in a few n-type semiconductors with high free
electron density can charge exchange be an effec
tive mechanism for the depolarization of the JJ. + 
mesons (see above). But under these conditions 
there exists without fail another depolarization 
mechanism, not connected with the ionization of 
the muonium and reducing to the "flipping" of the 
electron spin: we are referring to exchange col
lisions between the free electrons in muonium (see 
the preceding section). Apparently only a simul
taneous account of both mechanisms can make a 
theoretical consideration of charge exchange suit
able for a direct comparison with experiment. 

2) Let us turn now to the question of the validity 
of the assumption that after the JJ. + meson enters 
into chemical reaction with the atoms of the medium 
its depolarization stops. If the nuclei of these atoms 
are not all even-even, then further depolarization 
can proceed on account of the interaction of their 
magnetic moments with the magnetic moment 1J. of 
the JJ.+ meson. For the nucleus a the correspond
ing term in the Hamiltonian has the form 

' -3 
:Jfa = [fLP.a- 3 (p.na) (p.ana)l fa , (34) 

where JJ.a is the magnetic moment of the nucleus, 
r a is the distance from the muon, and na a unit 
vector directed along the line joining the nucleus 
with the JJ.+ meson. 
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Inasmuch as an expression of this type decreases 
very rapidly with distance, for a rough estimate of 
the JJ.+ meson depolarization time it is sufficient 
to take into account its interaction with the nearest 
neighbors only. It turns out here that a noticeable 
influence of the effect under consideration, which 
manifests itself within a time TJJ. = 2.2 x 10- 6 sec, 
is not excluded in principle, but, generally speak
ing, the situation apparently does not favor this. 
In fact, the magnetic field produced by the nearest 
nucleus a on the JJ.+ meson amounts to 

(35) 

where H is in Gausses, JJ.a in nuclear magnetons, 
and ra in Angstroms. On the other hand, the Lar
mor precession frequency ~w' of the JJ.+-meson 
spin in a magnetic field of H Gauss is 

(36) 

where the characteristic time 1/ ~ w' is in seconds. 
Thus, to obtain a noticeable effect a field of ~ 10 G 
is necessary. But in a crystal the distance between 
sites is usually not less than 3 A, which according 
to (35) corresponds to fields _$1 G. 

Of course, the JJ.+ meson can be part of a com
pact chemical formation such as a molecule in 
which the distances between nuclei are ~ 1 A. How
ever, even in this case the mechanism under con
sideration may turn out to be ineffective, and its 
influence is determined not only by the magnitude 
of the magnetic moment JJ. a of the nearest nuclei. 
The point is that in a solid body the sufficiently 
compact molecules retain their ability to rotate [ 16], 

and when averaged over all possible directions of 
the vector na the expression (34) vanishes. If such 
an averaging, over times less than n/ I ;rea I , is 
capable of actually occurring, this will lead to the 
absence of depolarization of the JJ. + meson. Never
theless, the arguments presented above do not ex
clude the possibility of existence of such substances, 
in which the fl + meson becomes depolarized after 
entering into chemical reaction. This is all the 
more so since in a solid the rotational state of the 
molecule, in which it entered, need not of neces
sity be characterized by total isotropy. 

A characteristic feature of the depolarization 
mechanism considered here is the appreciable in
fluence of external magnetic fields of intensity still 
too low to influence the muon mechanism. Indeed, 
even in a field comparable in magnitude with (35) 
the depolarization in the chemically-bound state 
should decrease noticeably, and in fields ~ 100-
200 G one can expect practically the entire depola
rization to be due only to the muonium stage of the 
process. In this connection it is interesting to 

note a recently published paper [34] in which de
polarization of JJ. + mesons was apparently ob
served after their entering into chemical reaction. 
The medium was one of the plastic scintillators 
( polystyrol plus 2% p-terphenyl). The (longitudi
nal) external field H ranged from zero to 150 G. 
Although the experimental data are not yet suffi
ciently accurate, it can be stated that in this inter
val the JJ. +/-meson polarization P (H) has in
creased by approximately three times, reaching a 
value close to 1/2. 

The question of the depolarization of JJ. + mesons 
after they have entered into chemical reaction has 
not yet been thoroughly investigated theoretically. 
In particular, in the derivation of the dependence 
P (H) for this mechanism it would be essential to 
clarify the difference between the behavior in lon
gitudinal and transverse magnetic fields. 
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dinskil, K. A. Ter-Martirosyan, Ye. L. Feinberg, 
and I. S. Shapiro for a discussion of the results of 
this work. 
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