Configuration mixing in a u-mesic atom shell and
possibility of observing neutral weak interaction between a

muon and a nucleus
D. P. Grechukhin and A. A. Soldatov

L V. Kurchatov Institute of Atomic Energy
(Submitted 4 May 1979)
Zh. Eksp. Teor. Fiz. 77, 2165-2178 (December 1979)

The intensities of the series of the discrete satellite lines fiw,, which are shifted relative to the fiw, of the
mesic transition from the mixed |251/2) states to the |1s1/2) orbit (this line carries information
concerning the weak neutral interaction) are estimated for mesic atoms in the region 6<Z <17.
Numerical calculation reveals for a number of selected mesic-atom electron-shell configurations a
dependence of the intensities of the strongly shifted and weakly shifted satellite lines on the character of
occupation of the electron orbit. Also obtained are the probabilities of the possible competing decay
channels for the mesic |2s1/2) state, which determine the relative intensity of the fiw, line for one act

of meson capture into the |2s1/2) states. It is shown that capture of electrons on the 2s or 2p orbit,

in the case 6<Z <11, opens a channel for the conversion of the meson E1 transitions from the
|251/2) state to the |2p1/2) and |2p3/2) orbits, so that the relative intensity of the fiw, line

decreases to a level ~10~%, In the case of heavier mesic atoms, 12<Z <17, a channel is opened for the
E1 conversion of these mesic transitions on the 1s-shell electrons, and the relative intensity likewise
remains at the 10~° level. It is concluded from the analysis of the situation that it is possible to observe
effects of weak neutral interaction between the muon and the nucleus in the mesic atoms yNe and uNa,
provided experimental conditions are obtained wherein only the K orbit manages to become populated in
the electron shell of the mesic atom and the mesic atom remains in this state for a time of the order of
107!° sec. A complete determination of the uNa electron shell does not lead to a high intensity of the
weakly shifted satellite lines, which cannot be discriminated from fiw,, but in this case the relative yield
of the fiw, quanta turns out to be of the order of 10~% whereas the observed quantity (circular
polarization of #iw, quanta) is of the order of 103 [see G. Feinberg and M. Y. Chen, Phys. Rev. D 10,
190 (1974)]. A method is indicated for an empirical search for situations wherein the mesic atom has not

managed to capture even one electron in the L shell.

PACS numbers: 36.10.Dr, 32.70.Jz, 31.20.Tz

1. INTRODUCTION

A weak neutral interaction of the muon and the nucleus
intermixes mesic-atom states with opposite parities, for
example |2s1/2) and |2p1/2). If the mesic-atom spinis
polarized in the initial state, then the mixing of states of
different parity manifests itself in the angular distribu-
tion of the emitted quanta W(6) =1+ a cosé relative to
the polarization direction. On the other hand, if com-
plete depolarization takes place during the mesic-atom
transition cascade, then an effect linear in the weak
neutral interaction takes place only in the circular
polarization of the quanta emitted in the transition from
the mixed state to a lower orbit, for example in the
transition |2s1/2)-o l 1s1/2). These effects of weak neu-
tral interaction were estimated in a number of studies!~”
in fact for the variant of mixing of the mesic-atom
states |2s1/2)and |2p1/2),and inRef. 2 the calculation
was made for the region 3 < Z < 82, whereas the other
studies dealt with light mesic atoms 1< Z<8. The man-
ifestation of weak neutral interaction between a muon
and a nucleus in nonradiative transitions was investi-
gated recently.® For heavy mesic atoms Z=55-60 we
have obtained® an estimate of the possible magnitude of
the parity nonconservation effect following the mixing of
«crossing” hyperfine-structure components of the mesic
orbits |3p3/2)and |3d5/2) in the case of odd nuclei. We
have shown that by virtue of the small penetration of the
|3p) and |3d) orbits of the meson into the volume of
the nucleus, the effect of the weak neutral interaction is
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smaller by several orders of magnitude than the effect
of the Coulomb polarization mechanism of the transfer
of parity nonconservation of nuclear states to mesic-
atom states (see Ref. 9). It is natural to seek experi-
mentally a more convenient situation in the mixing of
the mesic orbits |2s1/2)and |2p1/2). Inthis case the
coefficient a of the angular distribution and the circular
polarization of the quanta of the |2s1/2) - |1s1/2)tran-
sition are determined by the amplitude 8, (2s1 /2 ,2p1/2)
of the admixture of the state |2p1/2) to the “initial”
|251/2) state and by the ratio of the probabilities
W,(E1;2p - 1s) and W,(M1;2s - 1s) of the radiative
transitions of the meson to the |lsl/2) orbit, i.e., by
the factor
 [Wa(E1; 2p~15) W, (M1; 25— 1) 1" Im 8w (253, 29*/2)
W (M1; 25-15) +16w (25, 20'7) "W, (E1; 2p~1s) o

In the case of light mesic atoms, where the effect of the
finite dimensions of the nucleus still does not manifest
itself in the energy of the 2s — 1s transition of the me-
son, we have according to Refs. 1 and 2 for the proba- -
bilities of the E1 and M1 transitions

W.(E1; 2p—~15)~1.29-10"Z* [sec"!], @)
W,.(M1; 2s+1s)~5.16-10~*Z* [sec™'].

The competing ratio W, (E1)/ W, (M1) decreases rapidly
with increasing nuclear charge Z, but the amplitude of
the admixture 8,(251/2,2p1/2) inthe interval 3 < Z < 82,
as follows from Ref. 2, remains a practically constant
quantity of the order of ~1077,
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2. The difference A(2p1/2) =[£(251/2) - £(2p1/2)] of the
mesic terms, which increases rapidly with Z, is offset
by an equally rapid increase of the probability of pene-
tration of the meson into the volume of the nucleus in
the case of mixed orbits |2s1/2)and |2p1/2), and it is
this which makes the amplitude constant, For this rea-
son it is precisely the light p-mesic atoms 1<Z < 8
which were considered as the most suitable systems
for the experimental investigation of the effect of weak
neutral interaction between the muon and the nucleus,
and the calculations reported in Refs. 1-7 predict a
sufficiently large magnitude of the effect.

However, all these calculations are valid only for
mesic ions having no electron shell at all and isolated
from the action of the external medium during the time
of the radiative transition from the mixed state. Under
real conditions it is hardly possible to satisfy such
stringent requirements, since the stopping of the meson
and the subsequent cascade of transitions over the orbit
and the population of the |2s1/2) state take place in the
presence of atoms of the target medium, which leads to
partial or complete restoration of the mesic-atom elec-
tron shell that it could lose in the cascade of Auger pro-
cesses upon population of the “initial” ]281/2) orbit.

We have previously considered!? a number of possible
effects which are due to the possession of an electron
shell by a mesic atom or to the presence of the atoms of
the medium, and hinder substantially the observation of
the effects of weak neutral interaction of the muon and
the nucleus in the case Z<6. It seems to us that for
mesic atoms with Z=3 the most dangerous is the con-
figuration mixing in the electron shell, since it leads to
the appearance of intense satellite lines, which provide
no information, and have energies fiw, =7w,— 6fw,,
close to the energy 7w, of the informative mesic-atom
transition |2s1/2) ~ |1s1/2)from the mixed |251/2)
state. In the case of metallic targets, there is also con-
figuration mixing due to the Coulomb interaction of the
meson with the electrons from the conduction band., In
this case a continuous spectrum of satellite lines is pro-
duced and is immediately adjacent to the 7w, line.

All these effects were considered in Ref. 10, but
quantitative calculations were made only for the mesic
atoms pLi, pBe, uB, and uC. However, the relative
role of the mechanism of the configuration mixing
changes both with increasing charge of the nucleus and
when the initial configuration of the electron shell and
of the mesic atom is varied. We have therefore con-
tinued to study this mechanism, which hinders the ex-
periment, for heavier mesic atoms with 6 < Z< 17, so
as to ascertain the regions and situations which are
most suitable for the performance of experiments aimed
at observing effects of weak neutral interaction of the
muon and the nucleus. It is necessary to search for re-
gions in which the parity non-conservation effect is yet
too small, the satellite lines can either be distinguished
from 7iw,, or are not too intense compared with the in-
formation-containing line. In the experiment it is also
of interest to estimate the yield of the 7w, quanta per
meson capture inthe | 251/2) state. For thispurpose
we must determine the probabilities of all the competing
decay channels of the |251/2) level of the mesic atom.
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- For some radiative transitions, such calculations were

performed in Ref. 2, but if the mesic atom has a resi-
dual electron shell with the electron 2s or 2p orbits
filled, the decisive lifetime of the mesic atom on the
251/2) orbit becomes the conversion E1 transition
2s1/2)~ | 2pj,) (j, =2 and ), which determines in fact
the relative yield of the informative quantum zZw,. At
7212 and at a definite population of the shell, the chan-
nel of E1 conversion of the mesic transition [2s1/2)
— |2bj,) on the K-shell electrons is opened. This chan-
nel becomes the principal one at Z=>15. The results of
the calculation of the probabilities of the conversion E1
transitions |251/2) ~ | 2pj,) of the mesonare also given
below for the particular case of a neutral atomic con-
figuration of the shell.

3. The quantum detector has a finite resolution Azw;
for example, in Ref. 11, in measurements of the energy
of the quanta of the 2p — 1s transitions in light mesic
atoms 5 < Z < 17 the resolution AZw amounted to ~0.15
keV. Let the intensity of the satellite lines 7w, that fall
in the interval Akw, be {27, W (fiw,)}tans, then the parity
nonconservation effects observed in the experiment (the
coefficient o or the circular polarization of the quanta)
become attenuated compared with the case of a «bare”-
mesic atom by a factor

wnoo [ Wiy +{ Yy waren } ] @)

Our purpose is to find the mesic-atom region where the
factor (3) is not too small. For this purpose we must
calculate the intensities of the possible mesic-atom
satellite lines due to configuration mixing in the elec-
tron shell as a result of the dipole-dipole Coulomb in-
teraction of the meson and electrons:

- 4n . .
Ao(rir,) =e’—;i; Z:.. :— Vi () Yum (85 4)

here r, is the radius vector of the muon, and r; is the
radius vector of the i-th electron of the shell. Only the
terms 7, <7 are retained in (4), since the region »,
>7, can be neglected.

The procedure of calculating the intensities of the
mesic-atom satellite lines was calculated in con-
siderable detail in our preceding paper,!? to which we
refer the reader; we present below only the quantitative
results of the calculation for the mesic-atom region
6< Z<17.

We use the notation of Ref. 10. The complete system
(meson + electron shell) is described in the basis of the
states

M i FP= Y, Gulamaval ) Il {8} Find )

BV

with fixed total angular momentum F=J, +j, (f-pro-
jection), where j, is the angular momentum of the me-
son on the orbit |n,jyus), J, is the angular momentum
of the electron shell in the state |{k}J,»,), belonging to
the configuration { £}, which is specified, for example,
by the population numbers of the electron orbits N,L,I,
in the mean-atomic-field scheme; the initial configura-
tion of the shell is designated {0} J,.
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2. SOME ASPECTS OF THE NUMERICAL
CALCULATION OF THE SATELLITE LINE
INTENSITIES

1. In our preceding paper!® we obtained Eqs. (23) and
(26) for the probability of emission of the quantum
Fiw, of the informative line W (fiwy;F, — F5{0}J,) and of
the quanta 7w, of the satellite lines W(iw,;F,— Fy{k}J,)
in mesic-atom transitions from the superposition ¥ .
over the basic component |{0}J,;(2s1/2); F, f;) with the
meson on the |2s1/2) orbit. Since the splitting of the
terms F, on the configuration of the system is much
less than the resolution Afw, it is natural to sum the
probabilities over the permissible final values of the
angular momentum F,. We do not know the starting
configurations in which the initially stripped electron
shell of the mesic atom manages to be restored during
the lifetime of the meson onthe |2s1/2) orbit. We have
therefore considered a number of conceivable possible
configurations { 0} J, of the shells of light mesic atoms,
so as to trace the variation of the effect of the con-
figuration mixing with variation of the population of the
electron orbit, '

The actual calculations were performed for sequences
of ions and atoms with configurations { 0}:
6<<Z=<11, ions of the series {(1s)*(2s)*};
6<Z<11, neutral atoms {(15)*(25)*(2p)"};
12<<Z=<<19, ions of the series {(15)*(2s)*(2p)*}; ®)
12<Z=<19, neutral atoms with configuration
{(15)*(25)*(2p)*(25)"(3p)"}.

In these initial configurations, the dipole-dipole inter-
action (4) excites several different series of satellite
lines due to E1 transitions of the electron from the
orbit belonging to the configuration {0}J,, with princi-
pal quantum number N,, orbital angular momentum L,,
and total angular momentum I,(I,= Lz ), to the orbit
N,L,], in the shell configuration {k}J,. Since both the
spin-orbit splitting of the electron orbits and the
splitting between the states of fixed shell configura-
tion are much less than the resolution of the quantum
detector Axw (~100 eV), it is natural to combine the
satellite lines belonging to one electron E1 transition
NyL,— NyL,, but having different values of I, I, J,, into
a single satellite line with the summary intensity. To
be able to disregard at the present stage the details of
the problem of population of the states (2s1/2); F, f,) of

the initial configuration, we confine ourselves to a
variant that is the simplest [ but widely encountered in
the selected configurations (6)] of the transitions

N, L, — NyL, in the shells of mesic atoms with even
numbers of electrons populating completely the series
of orbits NyLJ, of the initial configuration. In this
variant, the angular momentum of the shell J, is equal
to zero, therefore F,=j,=3. Accordingly we obtain for
the probability of emission of the quantum #w, of the in-
formative line

W (hoo) =W, (M1; 28-+15)+| 8w (25'/2, 2p'/s) |PW,(E1; 2p—~15), (7)

where W, (M1) and W,(E 1) are defined by Eq..(2). For
the intensity of the combined satellite line Aw,, referred
to the electronic transition N, L, — NyL,, we obtain by
carrying out the summation in Eq. (26) of Ref. 10 over
the allowed (at fixed L, and L;) numbers of the angular
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momenta F,, I, I, and J,,
W (ho,) =|a(NuLy—+NoLo) |*W,(E1; 2p—>1s). (8)

We have introduced here the summary probability of the
configuration admixture in accordance with the defini-
tion

la(NyLy—+N,L,) I*

) Z Zl 2 Z' , 2 a({k}i 2pis; /) u (/o dul'/ i JuFa) l" (9)

¥ I In Ip (2phx)

where u(abcd,ef) is a Racah function, tabulated by Jahn
in Ref, 12; (2pj,) stands for (2p1/2) and 2p3/2). The
amplitude a{k}J,; 20,; F,) is defined by Eq. (7) of Ref.
10, and is taken here at a value F, =}, since we have
assumed J,=0. In the case of complete population of
the electron orbits NLI, we obtain an estimate of the
intensity of the combined satellite lines by introducing
the population factors of these orbits, but rough tenta-
tive values can be obtained also by graphic interpolation
from results for neighboring atoms,

2. In the actual calculation of W(#w,) for the chosen
configurations (6) we obtain within the framework of the
relativistic Hartree- Fock—Slater (HFS) approach the
mean field of the atom (at an effective nuclear charge
Zoge=Z - 1), and obtain next the wave functions of the
electron orbits NLI and the energies E(NLI) of these
orbits. Accordingly, in the amplitude of the admixture
a({k}J,; 2Pj,; Fy) [see Eq. (7) of Ref. 10] the difference
between the energy terms of the entire electron shell
E{0}J,) - E({k}J,) is replaced by the difference of the
terms of the electron orbits E(NyLyly) — E(NyL,l,). The
matrix element of the operator Hy,(r, * r,) is expressed
in terms of the radial single-electron element

N Ly |2 | NoLol o
(v =7/ay,a,=5.29- 10~° cm), and the factor

Er({F}YLilijx; {0} oLalofo)
is exactly separated (see Eq. (15) of Ref. 10); this factor
is connected with the concrete structure of the states of

the electron shell |{0}J,) and |{k}J,). As a result we
have for the amplitude of the configuration admixture
a({k)]u; 2pju; F1) =B (2pjx; NoLo; NaLu) &r ({k}\Laluin; {0} oLoloo), (10)
where we have separated a quantity that determines
mainly the scale of the configuration admixture:
3pix; NoLai BaL) =B (201s) = — ~ 3V3—2 .
B(2pix; NoLo; NuLy) =B ( P]n)—“: iz

. <NALAIA|Z‘2|N¢L.I.) .
[e(25'/2) ~e (2pj») 1= [E(M\Lu[,) —E (N, LoIo) 1

(11)

m, is the mass of the meson (7, = 206.8 m) and a,
=5.29-107% cm).

We emphasize that for mesic atoms of the region
6 < Z< 19 the quantities B(2p4,) are practically indepen-
dent of the total angular momentum I; and J,, but are
determined by the numbers NyL, and N,L, of the orbits.
The radial electronic element depends little on the
spin-orbit coupling of the electron, with the exception
of the cases when it is close to zero, i.e., the sign of
the element is reversed on going to larger Z or when
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the configuration of the shell changes. The electron-
term spin-orbit splitting itself does not influence as a
rule the value of B(2pj,), with the exception of the pos-
sible case of “passage” of the denominator of (11)
through zero. But in this case it is necessary to use

a more accurate description of the states and of the
energy levels of the electron shell, and forgo perturba-
tion theory, since it is necessary to consider a strongly
mixed meson-electron state. In our calculations for
the region 6 < Z <19 we did not observe this extreme
situation, but the accuracy with which the terms were
determined within the framework of the HFS method is
low, so that such a situation cannot be regarded as
completely excluded for some configurations of the
mesic atoms pMg and pAl, where “crossing” takes
place of the differences of the electronic terms E (Np)
- E(1s) with the mesic-atom differences A(2pj,)
=¢(2s1/2) - £(2pj,) for the |2p1/2)and |2p3/2) orbit (see
Fig. 1). In addition, such a situation is not completely
excluded also for light mesic atoms uB, uC and pN,
where “crossing” takes place of the differences A(2pj,)
and E(Np) - E(2s).

3. The differences of the mesic-atom terms A (2p!/?)
and A(2p%/%) are determined by the effect of the finite
dimensions of the nucleus and by the effect of polariza-
tion of the vacuum. The quantities A (2pj,) which are
used by us below were obtained by graphic interpolation
from the values of €(2s'/2) - €¢(2p!/?) calculated in Ref. 2
for the mesic atoms uC, pO, uNa and uCl. We have
used here the spin-orbit splitting of the meson terms
in the field of the pointlike nucleus.

el

1
e(2'/) = (2p's) = 5 me’ ( e

) %0942 ev. (12)
The quantities A (2p'/2) and A (2p%/?) selected in this
manner are listed in Table 1, which gives also the

values of the binding energy of the 1s electron and the

eV an

4000

Juny

W

0y

YAl

oL~ I
&7 w1z W w Wz

FIG. 1. “Crossing” of the differences of the mesic-atom
terms A(2p1/2)=A(1) and A(2p3/2) =A(3) and of the binding en-
ergies of the K electron for two extreme configurations of the
mesic-atom shell: |E(1s)| in the case of the ordinary configu-
ration of the neutral atom and |E(K)| in the case of a hydrogen-
like ion with only one electron in the K shell.
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minimum quantum energies fiwy,, for the Np — 1s elec-
tron transition, obtained within the framework of the
HFS method in the mean field generated by the con-
figurations of the ions {(1s)%(2s)%,{(15)%(2s)%(2p)%} and
of the neutral atoms. For the sake of argument we
present here the values #w, of the quantum energy of
the mesic (2p — 1s) transition, which we obtained ex-
nerimentally in Ref. 11.

Of course, graphic interpolation yields the values of
A(2p4,) with considerable errors, so that the picture
shown in Fig. 2, of the “crossing” of the mesic and
electronic differences that determine the denominator
B(2pj,) can be substantially different, i.e., a closer
«crossing” of the differences is also possible. However,
even in this rough estimate the mesic atoms pMg and
1Al differ in having a steeper growth of the intensity of
the satellite lines of the series Np — 1s; it is most likely
that these mesic atoms are not suitable for experimen-
tation,

4. For both the summary satellite lines of the N, L,
- N, L, transitions and of the more specialized transi-
tions N,L\I, = NyLl; or NyL, —~NyL.I, and N,L,I, =~ NyL,,
where the summation is carried out only over the left-
out numbers I, or I,, the amplitude of the configuration
admixture can be represented in the form

|a(NuLnIu—’NaLoI¢) l'
=A(LIy~Lolo) {|B(2p'/2) |*+218(2p°:) |*}. 13)
In the case of an initial configuration {0} with angular
momentum J, =0 we have for E1 transitions of an elec-
tron from fully occupied orbits N,L,I, to completely
empty orbits N,L,/, the following system of the values
of the coefficients A:

A (P‘/z"l‘/:) =z/z1, A (Sllz"P‘/a) “‘/m A (d-’P'/:) =‘/m
A(P’/z*s'/z) =‘/n. A(“/x"l”/z) ’=‘/x1, A(d"P’/:) ='/z~r;
A(p—~>s)=*/s, A(s—p)=*/s, A(d—p)='ls.

Equations (2), (8), (11), (13), and (14) solve practical-

(14)

TABLE I.
Neutral-at Conf
Aee's, | aee', :
z oy, (2p - 18), configuration of ions
kev ["] 1B, | Pomin | 1EUDL | Ao,
. min’ o min’
eV eV eV eV RY
{(18)%(26)%}
6 75.25+0.45 33 2t 196 189 210 192
7 102.29+0.45 90 67 291 282 329 292
5 133.56+0.15 162 12 405 393 475 41
9 168.45+0.15 280 218 537 523 649 551
10 - 460 366 688 671 850 712
11 250.21£0.15 727 588 858 856 1079 892
{(15)2(26)2(2p)%}
11 250.210.45 727 588 858 856 858 856
12 296.55:0.45 1100 905 1064 1061 1074 1064
13 316.82+0.15 1500 1230 1295 1291 1317 1296
14 400.22+0.15 2100 1740 1550 1545 1588 1554
15 456.54%0.15 2800 2320 1828 1822 1887 1836
16 516.24+0.25 3600 2980 2130 2122 2214 2142
17 578.56+0.30 4840 3860 2456 2445 2569 2473

Note. The energies kw, (2p—1s) are given in accordance
with Ref. 11, the differences A(2pj,) = £(251/2) — £(2pj,) be-
tween the terms of the mesic atoms were obtained by interpo-
lation of the values uC, pO, pNa, and puCl from Ref. 2; the
binding energies of the 1s electron E(ls) and the frequencies
of the lower transitions Np —~1s (N =2 or, 3) for the configura-
tions of the ions and of the neutral atom were obtained by the
Hartree-Fock—Slater method!? for an atom with an effective
nuclear charge Z =2 -1.
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FIG. 2. Details of the picture of the “crossing” of the differ-

ences of the mesic-atom A(2p1/2) [index A(1)] and A(2p3/2)

[index A(3)] and of the electronic |E(Np) — E(1ls)| terms. The

intervals in which the electronic differences of the terms fall

in the case of ion configuration {(1s)*(25)*(2p)} and the neutral
atomic configuration are shown black. The light rectangles
contain the intervals of |E(Np) - E(1s)| for a hydrogenlike ion
with one electron.

g

ly completely our problem of estimating the relative in-
tensities of the satellite lines.

3. RESULTS OF NUMERICAL CALCULATION

1. For the mesic atoms with 6 < Z< 19, the matrix
elements H,,, and the electronic terms of the orbits
NLI up to L =5 were calculated with the electron func-
tions in the unified mean field of the atom (Z,,,=2Z-1),
which within the framework of the HFS method is speci-
fied by the initial configuration {0}. The mean field was
calculated using the programs of the RAINE complex. !
The contribution of the discrete states with N,>6 at
fixed N, (N,=1,2,3) was estimated from the asymptotic
behavior of the radial element of the dipole interaction

[<NLada| 272 [ NoLolod [*o2 Ny, (15)

As a result we get for the summary contribution of the
transitions N,L,J, =~ NyL,I; at N, =6 to the intensity of a
satellite line of this series

Y, WL NoLL) =2W GLdNoL1L).

Nym=t

(16)

Of course, this estimate is most reliable for the satel-
lites with Ny=1 and Ny;=2, i.e,, in the series Np —~1s
and Np — 2s, but it is these which determine mainly the
spectrum of the satellite lines.

2. The rw, satellite lines radiated by the mesic atom
and connected with the electronic transition N,L,— N,L,,
are shifted relative to #w, by an amount 64w,:

Roy=hw.—6hw,,

am

where 87w, is determined, with sufficient accuracy for
our purpose, by the difference between the electronic

terms of the HFS method
Shay=E (NyLy) —E (NoLo). (18)

It is natural to break up all the series of the satellites
into two essentially different groups:

A. The group of strongly shifted satellite lines con-
nected with the electron transitions Np —1s, The mini-
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mal value of the shift §fiwy,, is limited here by the term
difference

E(2p)—E(1s) 6<Z<11

Shomin™\ p(3p)—E(1s) 12<2<19"

19)

For the discrete satellite lines 6wy, = |E(15)|. We
note that dfwy,, becomes somewhat larger than Asw

. =150 eV already at Z="7, and increase rapidly with in-

creasing Z. This makes it possible to distinguish these
satellite lines of group A from the information-carrying
quantum 7w,.

B. The group of weakly shifted satellites, due in the
mesic atoms with 6 < Z< 11 to the electron-transition
series

Np—2s, Ns—2p, Nd—~2p (N=3),

to which there are added in the region 12< Z <19 the
electron transitions

Np—3s, Ns—+3p, Nd—~3p (N=4).

For all these satellites, the values of 6%w,, even at

Z =117, turn out to be only of the order of A%w, and at
smaller Z they are much smaller than Aziw. We shall
therefore add the contributions of all the weakly dis-
placed satellites together to form a single quantity
W(B)-the probability of a summary satellite line Zwg
that is indistinguishable from 7w,,.

Accordingly, Table II below lists for the chosen con-
figurations (6) these summary intensities W(A4) and
W(B) of the groups of strongly and weakly displaced
satellites, as well as the displacement intervals 6w
specified for the discrete spectrum of the satellites by
the quantities 67wy, and 5/wyey.. All the values of 67w
were obtained as differences of the electronic terms
calculated within the framework of the HFS method for
the configurations {0}. For weakly displaced lines this
calculation yields correctly only the order of magnitude

TABLE II. Summary intensities of groups of satellite lines
in mesic atoms.*

Strongly displaced line Weakly displaced line
Mesic group (A) : : group (B) W, (1),
atom W), | Awmin | Mwmax| W@, | Aomin | Mwomay sec’!
sec! eV eV nec'l eV eV
Electron-shell configuration {(1s)2(2s)?}
nC 2.9-10% 192 210 4.1-10° 6.2 23.6 3.12:104
pN 7310 292 329 5.0-107 8.6 45.9 1.48-10°
[Tte] 1.4-10° 411 475 44-107 11.0 7.2 5.54- 108
puF 2.7-10° 551 649 3.6-107 13.4 114.3 1.80-10¢
uNe 6.0-10° 712 850 | 280" | 157 1543 5.46-10°
uNa 2.0-1010 892 1079 | 22107 | 180 204.2 1.2-107
Electron-shell configuration {(1s)2(2s)%(2p)*%}
uNa 4.2-10° 856 858 1.6-10% 155 1.2-107
uMg 2.6-10° 1064 1074 3.6-105 315 73.5 3.2:10"
pAl 3.7-10'2 1296 1317 1.3-108 51.5 11 74-107
uSi 1.3-10t° 1554 1588 2.8-108 75.5 156 1.5-10%
nP 3810 1836 1887 4.7-10° 103.5 207.5 2.6-108
8] 24100 2142 2214 6.8-10¢ 134.5 266.5 4.5-10°
pCl 1.5-10 2473 2569 8.4-10° 169.5 332 7.56-10%
Neutral electron configuration {(1s)2(2s)2(2p) " (3s)™(3p)*}
uN 2.8-10% 282 291 34107 5.6 17.6 1.48-10°
wF 49100 523 537 6.7-10° 104 29.2 1.80-108
uNa 4.2.108 856 858 1.6-10° 15.4 43.2 1.2-10°
pAl 9.4-10° 1291 1295 8.6-10¢ 3.3 89.5 7.4-107
uP 6.4-10% 1822 1828 1.1-10° 3.6 151.5 2,6-10°
pcl 1.4-10% 2445 2456 9.4-10* 69 226 7.56-10°
*For comparison the table lists the probability W, (M1)
=W(M1; 2s—1s) of the mesic transition.
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FIG. 3. Logarithms (to base 10) of the summary probabilities
of the groups of strongly displaced satellites (W(4)) and weak-
ly displaced satellites (W(B)) for a series of configurations of
the mesic-atom cell: index 1—W(4), 2—W(B) for {(1s)*(2s)*};
index 3—W(4), 4—W(B) for {(15)%(25)*(2p)¢}; index 5—W(4),
6—W(B)—for neutral atomic configuration of the shell; M1—
probability of radiative transition |[2s1/2) = |151/2) of the me-
son.

of 6w, and deviations of the order of several electron
volts are realistic here, but this is immaterial since
Akw=150 eV.

The summary picture of the ratio of the intensities of
the information-carrying line #w, of the meson transi-
tion |2s1/2) - |1s1/2) and of the group of strongly and
weakly displaced lines is shown in Fig. 3. The correc-
tion to the intensity of the Zw, line, necessitated by the
quantity |3,(2s1/2,2p1/2)|?, is negligible throughout in
this. case. In the data of Fig. 3 we used the estimates
for configurations with incomplete population of the
orbits. The contribution of the indistinguishable line
hwy depends radically on the initial configuration {0}
of the mesic-atom shell. Filling of the orbits to the
configuration of the neutral atom lowers the intensity
of the weakly displaced group of satellites, this being
due to the decrease of the radial element of I?m(ru- r,)
when the screening effect becomes stronger with in-
creasing number of electrons in the shell.

3. The possible objects for experiments aimed at
observing the effect of the weak neutral interaction of
the muon and the nucleus can be the mesic atoms uP,
uS, and uCl, but particular interest attaches to uNe
and puNa, where the expected parity nonconservation
effect is larger than in the heavier ones.

On the basis of the data of Fig. 3 it might seem con-
venient to restore the neutral configuration
{(15)%(25)%(20)?}, in the electron shell of the uNa mesic
atom, since the intensity of the weakly displaced
satellites is much less here than for the configuration
{(15)*(2s% of the mesic atom (uNa)'®. Such a restora-
tion is more probable when a metallic target is used to
stop the meson. This, however, raises the question of
the possible competition between the information tran-
sition |2s1/2) - |1s1/2) of the meson and other pro-
cesses of de-excitation of the mesic |2s1/2) state.

There are quite a few competing processes in this
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case:

a)Radiative E1 transition|2s1/2) ~ | 2pj,) of the me-
son. At a fixed term difference A(2pj,), the summary
probability

W1(E1)'=,‘ 2 W.(E1; 28‘/:-'2171'0 (20)

(2pix)

van be easily obtained with the wave functions in the
field of a point nucleus. In the calculation of W,(E1)
we used the quantities A (2p7,) given in Table I.

b) Two-quantum radiative meson transition |2s1/2)
~|1s1/2). The probability of this process was esti-
mated in Ref. 2; W,,=2.610° sec™ in the case of the
mesic atom pNa.

c) Conversion EO transition |2s1/2)~ |1s1/2) of a
meson with ejection of a K electron. According to an
earlier nonrelativistic Born calculation (see Refs. 2
and 10), we have for the EQ conversion on a filled K
shell

Z—1\ ? .
W™ (EO; 25—+1s; [K]:)z2.2~10°( 'Z') sec” (21)

In the case of uNa our calculation of the probability of
EOQ conversion on a filled K shell, performed with the
relativistic electron functions of the HFS method,
yielded the value

W,.(EO; 2s—1s; | K]*)=3.09-10° sec", (22)

which is ~1,87 times larger than the Born nonrela-
tivistic estimate. It was also established that the
probability of the EO conversion depends very little on
the shell configuration.

d) Conversion of E1 transitions |2s1/2) ~ |2pj,) of a
meson on the K and L shell of a mesic atom. The prob-
ability of this process depends radically on the rate of
reconstruction of the shell of the mesic atom in the
medium. Thus, for the region 6 < Z <11 this process is
energywise allowed only on the 2s and 2p electron
orbits. In the case of uNa, our calculation of the con-
version for different possible shell configurations within
the framework of the relativistic HFS method yields the
following values for the summary probability of the con-
version E1 transitions of the meson to the |2p1/2) and
|2p3/2) levels:

the configuration {(1s)%(2s% :
W, (eE1; 25—~2p; [25]*)=1.16-10% sec; (23)
the configuration {(1s)%(2s)2(2p)%}:
W.(eE1; 2s—+2p; [25]%) =0.70-10'* sec-?,
W.(eE1; 2s—+2p; [2p]*) =0.71-10" sec-*,

(24)

From this we get for the total probability of the E1 con-
version in this configuration

W.(eE1) =1.41-10' sec!. (25)

The subscript e will be used hereafter to label a con-
version transition and distinguish it from radiative E1
transitions.

The conversion of an E1 meson transition on the K
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shell becomes possible for the atomic configuration of
uMg; with increasing nuclear charge Z, the number of
electrons in the shell needed to open this channel be-
comes increasingly smaller, and finally, in the case of
pP the process is possible even in the hydrogenlike
situation with one electron on the K shell.

4, To gain a quantitative idea of the ratio of the
probabilities of the different decay processes of the
mesic |2s1/2) state, Table III lists the probabilities
W,(E1), W, (EQ) and W, (eEl), calculated for different
subshells of the normal atomic configuration of the
mesic atom

{(15)*(25)*(2p)"(35)"(3p)"}

in the region 6 < Z<19. Although the probability of con-
version on the [ NL] orbit, W,(¢eE1[ NL]*), depends on
the configuration of the entire electron shell, whose
screening field forms the electron wave functions, and
consequently it is necessary to carry out a separate
calculation for each mesic-atom configuration, the
example of 1Na shows that the order of magnitude of
the conversion probability per electron of the [ NL]

orbit is roughly preserved. Thus, from the data of
Table IO we can estimate with reasonable accuracy the
rates of the conversion E1 transitions of the meson from
|251/2) orbits to |2pj,) orbits at different occupations
of the mesic-atom shell.

4. CONCLUSION

The resultant picture of the competition of different
decay channels of the mesic-atomic state |231/2) is
shown in Fig. 4. It is seen from it, in particular, that
the relative intensity of the line Zw, is determined by
the competition of the conversion E1 transitions of the
meson. In the case of the most suitable mesic atoms
uNe and pNa, in order for the intensity of the 7w, line
be at the level ~10™ per captured meson in the |251/2)
state, it is necessary to permit in experiment only the
population of the 1s orbit of the electron shell. Capture
of an electron in the L shell immediately lowers the
yield of the Zw, quanta to a value 105, When only the 1s
orbits of the electron are filled in the ions (uNe)*® and
(wNa)'®, there are no weakly displaced satellite lines at
all, and the strongly displaced lines of the Np — 1s

TABLE III. Probabilities of E1 transitions* of the mesic atom
from the |2s1/2) state to the orbits |2p1/2) and |2p3/2).

g £ £ £

g = £ oy tal
Mesic| M@ | S [Wuemoan | Eo | E g, W:o(sEl)
atom sec R | e %8 38 38 sec!

£ £% | 5% | =%
ue | 335408 - 6.29-10° 0.80 - - 8.63-101
pN | 614100 - 1.14-101 2,09 - - 3.23.10"
WuF 1.2-100 - 3.72-101! 91 - - 8.63-101
pNa | 1.47-10° - 6.97-101 745 - - 1:41-1012
pAl | 9.42.10° 761 | 106-101 822 5.26 - 9.54-1012
uP | 468100 | 255 1.45-1012 832 | 122 149 | 279-101
pCl | 16510t | 283 177102 | 831 | 178 410 | 312108

*The conversion E1 transitions are considered for the electron-
shell configuration {(15)?(2s)?(2p)"(3s)™ (3p)*} corresponding to a
neutral atom with an effective nuclear charge Z,,=Z-1. We
used in the calculation the values of A(2p1/2) and A(2p3/2),
listed in Table 1.
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FIG. 4. Logarithms (to base 10) of the probabilities of the
competing channels of the decay of the mesic-atom level
|251/2) in the case of neutral atomic configuration of the shell:
1—summary probability of the radiative E1 transitions 2s1/2
~2pj, of the meson; 2—E0 conversion on the electrons of the
(1s)? configuration in the transition 2s— 1s of the meson, Born
estimate; 3—summary probability of conversion on the elec-
trons of the 2s shell in E1 transitions 2s1/2 —2pj, of the me-
son; 4—summary probability of conversion on all the electron
subshells in E1 transitions 2s1/2 - 2pj, of the meson. M1—
probability of radiative transition 2s — 1s of the meson with
emission of an #w, quantum.

series can be distinguished from the #w, line. Conse-
quently, the problem of experimentally observing parity
and conservation effects in light mesic atoms reduces to
a search for yNe or uNa mesic-atom formation condi-
tions such that during the lifetime of the meson on the
|2s1/2) orbit (T ~10° sec) only the electron K orbit can

be filled. The appearance of an electron on the L shell
immediately opens (see Fig. 4) the E1 conversion chan-
nel, i.e., the chain of transitions |251/2) % |2pj,)
Z|1s1/2), in which a hard quantum is radiated

ho=hoe—A (20),).

Therefore an experimental indication of satisfaction of
these conditions can be the observation of the ratio
n(e/y) of the number of hard electrons with kinetic en-
ergies Ey, <7iw, to the number of hard quanta with en-
ergies iiw < fiw,, radiative in the decay of the ]231/2)
state of the mesic atom #w,~ 2.1Z2 [keV]). If there
are still no L electrons in the shell of the pNa mesic
atom and only the K orbit is populated, then we get for
the ratio 7 the value

~ W.(EQ)
N WA AW, (ED) WL (M1)

=10 (26)

The appearance of at least one L electron adds to the
denominator of the ratio n the quantity W, (eE1), there-
by lowering 7 to the level ~1073, This abrupt jump of
the ratio 5 can in fact be used for an empirical selection
of the conditions for organizing an experiment on parity
nonconservation in the mesic atoms yNe and pNa.
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The mean electromagnetic field in a medium with large random fluctuations of the permittivity is
considered. The problem of finding the mean field is equivalent to the determination of the effective
permittivity of such a medium. This latter has been sufficiently well studied in the case of weak
fluctuations, i.e., at 0,/<e)<€1(0, = <€ — (eD)*>!/? and (¢) is the mean permittivity of the medium.

The limiting case {e)>—0 corresponding to the case of large relative fluctuations, is studied. As an
illustration, we have considered the problem of the effective permittivity of a cold plasma with

fluctuations of the electron density.

PACS numbers: 77.20. +y, 52.25.Mq
1. INTRODUCTION

One of the fundamental problems of electrodynamics
of randomly inhomogeneous media is the problem of
finding the regular component (mean value) of the field
of sources immersed in such a medium. In linear
electrodynamics, this problem reduces to the calcu-
lation of the effective permittivity of the random medi-
um. This permittivity of a randomly inhomogeneous
medium is determined from the relation between the
mean values of the electric field and the induction:

D>=2KEp. (1)
Averaging is carried out over the ensemble of realiza-

tions of the random medium.

In an unbounded statistically homogeneous and an

ae

isotropic medium, the operator s,}‘ for harmonic fields
(e*“?) is a linear integral operator with a difference
kernel:

Dy (r)>= j et (r—r,) <E,(r,) ddr,. (2)

The Fourier transform of the kernel £{}(r, w)

(224

€ (ﬁ)‘k)=j e4(r, @)™ dr 3)
has the form

e:;"((.),k)-=(6q—%l-ci) z"(m,k)+-’fif—'a'(m,k). (4)
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The problem of the calculation of &f5f(w, #) was con-
sidered earlier in the theory of permittivity of gases!’?
and the electrostatics of mixtures.*3 Similar prob-
lems are widely discussed at the present time in the
theory of percolation and phase transitions.*5 In the
theory of wave propagation in randomly inhomogeneous
media, the effective permittivity has been considered
in Refs. 6 and 7. In particular, for the case of a weakly
inhomogeneous dielectric (0%/€} <1, o#={(e- &)?,

(g) =&, £(r) = gy + Ae(r)) formulas were obtained in

Ref. 17 for £**'(w, 0) (without account of spatial dis-
persion due to the inhomogeneity of the medium). More
general expressions for £**'(w, k) were obtained in
Refs. 8 and 9 by the self-consistent field method. In
particular, the case of large fluctuations (02/}>1)
was considered in Ref. 9. This case is physically very
interesting, since it describes real situations that
arise in the electrodynamics of strongly inhomogeneous
mixtures and so on. In particular, an important ex-
ample is an inhomogeneous plasma with macroscopic
fluctuations of the electron density in which gy(w) —0
and 0¢/gy ~ < at the Langmuir frequency.

The following approximate expression was obtained
earlier® for an inhomogeneous cold plasma:

e"*(@, k=0) =0,56¢, (0)+0.5icx/<N?, (5)

where 0% =(aN?) is the variance of the electron density
fluctuations, which is assumed to be small (o,/(N)
«1);

go(0) =1—a/0?, o=4neXN)/m.
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