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An estimate is given of the intensity of the satellite lines of the 25 !/>—1s !/? radiative transition in a mesic
atom due to configurational interaction between the meson and the shell electrons of the mesic atom. It is
shown that the intensity of these satellite lines is by approximately six orders of magnitude greater than
the intensity of the radiation in a 25 '">—1s !/? meson transition. The necessity to exclude the satellite lines
in an experiment aiming to observe nonconservation of parity requires an energy resolution for the
quantum detector of Ahw/hw <107*. The effect of the configuration interaction between a meson and the
electrons of the conduction band in metals does not allow us to utilize metal targets for stopping the
mesons in such an experiment. In the case of formation of a mesic atom in a gaseous medium the Stark
effect of the electric field of the dipole induced in the collision of an atom of the medium with the mesic
atom (Z > 2) stripped of electrons, and the Stark effect of the intra-atomic field in the case of a collision
of a pH atom with an atom of the medium, as shown by the estimates that have been made, give
essential upper limits on the density of the medium respectively of the order of <10 at/cm® and < 10"

at/cm’.

PACS numbers: 36.10.Gv

'§1. INTRODUCTION

1. The weak neutral interaction between a muon and
a nucleus leads to mixing of the states of mesic atoms of
opposite parities (for example, |2s3) and [2p3)). In
the case of a mesic atom polarized beforehand this mix-
ing manifests itself, in particular, in the angular dis-
tribution W(8)= 1+ acosé of quanta emitted when the
meson makes a transition. But if the mesic atom was
not polarized, then the effect linear in the interaction
occurs only in the circular polarization of the quanta
radiated by the mesic atom. These effects were esti-
mated in a number of papers™~! for different variants
of the weak neutral interaction between a meson and the
nucleus for the case of mixing of the {2s3) and [2p3)
states of the mesic atom, with the calculation in one of
these papers®? being carried out for the region 3<2Z <
< 82, while the other papers considered the region of
the light (1 <Z <10) mesic atoms. The magnitude of
the effect in the case of a radiative transition to the
I1s3)-orbit is determined by the amplitude 6(2s3; 2p3%)
of the admixture of the |2p3) state to the “initial” |2s3)
state of the mesic atom and by the ratio of the probabili-
ties of E1 and M1 radiative transitions, i.e., by the
factor ‘ :

[W(E1; 2p—~1s) W(M1;2s—+1s) 1™
W(M1; 2s—~1s)+16(2s'/2; 2p'/,) I*'W (E1; 2p—~+1s)

Im 6(2s'/:2p'/:). (1)

In the case of light mesic atoms (1 <Z <10) we have for
the probabilities of the radiative M1 and E1 transitions
(cf. ,(112])

W(E1; 2p—~1s)~1.29-10"'Z* [sec™'], @)

W(M1; 2s—~1s)~5.16-10~*2* [sec™'],

other data required for the calculation of spectra of
light mesic atoms are given in Table I. For heavy me-
sic atoms the probabilities W (1) and W(E1) have been
calculated in®J,
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The competitive ratio W(E1)/W(M1) falls off rapidly
with increasing nuclear charge Z, while 16(2s32p3)| is
of the order of ~1077 in the range 6 <Z <82 and has a
somewhat greater value in specific cases 1<Z <5
(cf.,®7)). Therefore light nuclei can be regarded as
the most convenient systems for designing an experi-
ment to observe the effects of the weak neutral interac-
tion between a meson and a nucleus.

2. It should be noted that the estimates made in®~"?

refer only to an isolated mesic ion totally lacking an
electron shell. This circumstance is sufficiently firmly
emphasized only in™?. Under actual experimental con-
ditions the capture of a meson into an orbit occurs in
targets with finite atomic and electron (metals) densi-
ties. Therefore processes are possible of partial or
total neutralization of a mesic ion involving the filling of
an electron shell; a collision of a mesic ion with atoms
of the medium, the capture of a mesic atom into a mole-
cule; the interaction of a mesic atom with conduction
electrons in the case of metallic targets, etc. It is
necessary to make an estimate of the extent to which
these possible processes are dangerous, i.e., the ex-
tent to which they can distort that ideal picture of the
effect of a neutral weak interaction which is obtained in
the case of an isolated mesic ion,t~"?

TABLE I. Data for the spectrum of states of light mesic atoms.
€i2plis) — W(E1) WML |\ Wy @s—1s),| W(EL; 2p+1s) |Ref- | , P

BAz e =p—>1s), sec ! —ssqc‘f!' sec —! W (MI; 2s-1s) |erence (';e'v‘)
uH;! 0.2 4.29-10" | 4.6-10—* 1.5-10° 2.8-104 ['] 1.90
wHep! 14 2.06-10'2 | 5.4-10-! 1.1-10% 4.05-10'% » 821
uLis® 1.4 1.03-10* [3.0-10 1.2-10° 3.44-101 » 18.60
Ly’ 1.5 1.03-10!*  |3.0-10 1.2-10% 3.44-101 » 18.60
uBe,? =22 3.3-10* |5.3-10? 6.9-10° 4.8-10'0 » 33.3
uCe'? -33 1.66-10" [3.1-10¢ 7.9-107 5.35-10° » 75.2
[T{ -162 5.3-10%  [5.5-10° 4.5-108 0.97-10° [5J 134
uNa,;® -727 1.87-10% [1.2-107 2.6-10° 1.56-107 [2

Note. We estimate the split{ir'lgvﬁ Qp % )-e(@2p i—) for the field of a point
nucleus: £(2p ¥)- €(2p ;)= muc®(Ze*| #ic)* /32; mu is the meson mass.
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Below we give the results of estimates for a number
of possible processes which appear to us to the most
dangerous:

1) configuration mixing in the electron shell of a mesic
atom (Z = 2);

2) configuration interaction of pLi with conduction
electrons;

3) E1 conversion of the 2s3—~ 2pj transition in uBe,
uB, 1C,... on electrons of the conduction band;

4) the Stark effect of the field of the atom in a colli-
sion with a meson;

5) the Stark effect of the intra-atomic field in the col-
lision of uH with a hydrogen atom.

Naturally the list given above does not exhaust all
possible effects of the medium. Thus, in the capture of
a mesic atom into a molecule a Stark effect is possible
due to the intramolecular electric field arising in vi-
brational and rotational excitations of the molecule.
For a mesic atom situated in an ionized gas one should
make an estimate of the Stark effect of the fluctuation
field. Specific effects also occur in the case of con-
densed media. However for Z = 3 the binding energy of
the 1s electron is significantly greater than the ioniza-
tion energy of the atoms of the medium. Consequently
in condensed media the mesic ion (Z > 3) must be par-
tially neutralized. It would appear to us that in such a
situation the most violent effect will be configuration
mixing in the electron shell of a partially neutralized
mesic atom,

§2. EFFECT OF CONFIGURATION MIXING IN
THE ELECTRON SHELL OF A MESIC ATOM (Z 22)

1. Suppose that a mu-meson is captured into a 12s3)
orbit in the field of a nucleus of Z > 2 and that partial
or complete neutralization of the mesic ion has taken
place, i.e., N#0 (0<N <Z - 1) electrons are situated
in the electron shell of the mesic atom. Since the radii
of the 12pj) and |2s3) orbits of a meson are significant-
ly (by a factor m/m, ~1/207) smaller than the radii of
electron orbits, then in the first approximation we re-
gard the electron shell of a mesic atom as the shell of
an atom with nuclear charge (Z - 1), and we regard the
interaction between a meson and the electrons as a
perturbation. We expand this interaction in terms of
multipoles and retain for future use only the dipole-di-
pole interaction:

IR TR + oo
Yelemm)=s EEmr-ore. ®

i=t{ m

I

Him

where r is the position vector of the meson; r; is the
position vector of the i-th electron.

The dipole—dipole interaction leads to mixing of the
configurations of the system meson plus electron shell
with the meson in the |2p3) and |2p3) states and there-
by opens the channel for the radiative transition of the
meson to the | 1s3) orbit, and this distorts the observed
effect of the neutral interaction.
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2. We introduce a system of states of configurations
of the electron shell of a mesic atoms: |{k}J,v,), where
where {k} is the index of the configuration (occupation
numbers of the electron orbits); J,v, are the angular
momentum and the component of the angular momentum.
We denote the energy of such a state by E({k}J,). Fur-
ther we consider a group of meson orbits which for the
sake of brevity we denote below by:

[Fobtod=|2s/2po?, im0 =|2p"2n.,
[7sms>=12p* s>, [fopzd>=|1s'ops,

where p; is the component of the angular momentum j;
of the meson; &(nlj)=€(j) is the energy of the (nlj) level
of the mesic atom.

The total system (meson plus shell electrons) is di-
rected in terms of the set of basic states with a fixed
total angular momentum F (F=j+J) in the following
manner:

B 21 Fp= Y, Gl F) Imdiiund| (67> (4)

v

with the unperturbed values of the energy

& (mlifi) +E ({k}],). (5)

The “switching on” of the dipole-dipole interaction (3)
leads to mixing of the basic states (4), and the mesic
atom with a meson captured into the 12s3) orbit is de-
scribed by the superposition

W, (25'/2) =a ({0} o; 25'/2; F1) 1 {0} )o; 25*/y; Fof >

+ Zawqo}h; 2pjx; F1) {0} ; 2pji; Fof>

+ 2 Za({k}hﬂpi.;l’.)l{k}h; 2pin Fif, (6)
(R}Ix ik

where j,= % and 3; the amplitude of the principal con-
figuration of the electron shell a{0}Jy; 2s%; Fy)=1;
the sum contains configurations of the electron shell
connected to the principal one by an electric dipole
transition. We have denoted by 6, the amplitude of the
admixture of the |2pj,) orbits of the meson due to the
weak neutral interaction. The electron configuration is
unchanged by this interaction. We obtain the values of
a({k}J,; 2pj,; Fy) to the first order of perturbation the-
ory in terms of Hy:

Lk} i 2pi; Fol Hyd {0}o; 25/y; F O

. 7
(25'/2) —e (2pja) +E ({0} /o) —E ({k}]») L

a({k}Jx; 2pjr; F) =

8. For a |1s3) meson orbit the admixture of such a
configuration is approximately by three orders of mag-
nitude smaller than for a | 2s3) orbit since the differ-
ence in the energies is

l&(2pix) —e (15'/.) | =22 (mu/m)*/, (me'/h*) =2 4Z* [keV] (8y

(m, is the meson mass, m is the electron mass), while
for the{2 si)and the | 2pj,) meson orbits in the region of
Z <11 the difference in energies is comparable with or
less than the binding energy of the 1s electron:
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|€(2s')2) —& (2pji) | <Z?*/.(me'/h?) =13.62% [eV]. 9)

Consequently, if the meson is in a |1s3) orbit, then one
can neglect the configuration mixing in the system and
use for the final states the pure states

[{0}Jo; 15*/2; Fafsd= 2 (odotavol Fofs) |fapta> | {0} ovo>

Favo

(10)
of energy £(1s3)+E({0}J;) and the states

|k} 1553 Fofyd = Z Godapaval Fofe) Vapod | (e} Tivad 1)

of energy e(1s3)+ E({k},); {k} #0, Ijopz) =11s3u,).

In the course of a radiative transition of a meson from
‘I’Fm(" s3) into these final states the mesic atom emits
a spectrum of quanta whose energies 7w, and Fw, cor-
respond to the final states of the electron shell of the
mesic atom,

hoo~[e(2s')2)—e (15'2) ],

how=[e(2s')2)—e (15/:) 1+[E ({0}J)—E ({k}Ji) 1. (12)
4. It is important to emphasize that the satellite lines
nw, practically do not contain any information concern-
ing the weak interaction between the meson and the nu-
cleus, since the state |{k}J,; 2pj,; F1f,) is mixed by
the weak interaction with the state |{k}J,;2s3;F,f,),
and, therefore, when a quantum 7w, is emitted in the
transition of the meson to the |1s3) orbit the effect of
the weak interaction enters with a factor
[W(M1; 25',—~15'2) /W (E1; 2pja—>1s/s) 1"<A. (13)
The position of the lines 7w, can be obtained for each
mesic atom with N electrons in the shell from the ex-
perimental data on the spectra of the ions of the corre-
sponding elements (Z - 1). In the case of only a single
electron in the shell of the mesic atom the principal
configuration is {0} ={1s3}! while the excited configura-~
tions are {k} ={n,p,}", and from this we obtain
1 me' 1
ﬁm,.=ﬁmn——2-—ﬁT(Z—i)’ (1 ———),

(14)
so that for the neutral pHe the closest satellite line is
shifted from 7w, = 8.2 keV by an amount = 10.2 eV, while
for (uLi)" it is shifted by an amount ~40 eV with Zw,
=18.6 keV. An increase in the number of electrons in
the shell of the mesic atom leads to an increase in the
number of satellite lines and to a decrease in the mag-
nitude of the shift of the nearest 7w,; thus, for two-
electron mu-atoms we have the following shifts of the
closest lines and the energy rwy:

n-atom uLi (uBej+ (uB)*+ (nuC)+ (UN)+ (1O)%+
Tiwo—Hiwy,eV: 21.2 62.5 124 206 308 430
fiwo, keV 186 33.3 524 752 103 134

5. The configurations {#} differ from {0} by the fact
that one of the electrons from the state with the princi-
pal quantum number N,, orbital quantum number L, and
total angular momentum I, has been transferred to the
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TABLE II.

Electron u-atom*
radial
elements uLi(He) uBe(Li) uB(Be) nC(B)
1 2
(2p' T) tsy | 0208 0314 0.804 167
1 2
3p T) lin 0.120 0.18% 0.390 0.382
12 i
ap|(5) |1 | oo | oaz 0.242 0.343
1 2
(2]!‘(7) 26y | -00207 | 00682 ~0.124 ~0.206
1 2
3p (T) 25 | —2.83-10-% | —249.10-2 | -393.10-2 | —445.10-2
11\2
@p (T) 2y | 13410~ | —140-10-2 | -2.1310-2 | —232.10-
i 2
3s (T) |2p) —457-10-3 [~128-10-2 | —182.40-2 | -232.40-7
1 2
@al(5) o | 220002 | 233107 | 24310 | 230

*The analogous atom is indicated in brackets.

state | N,L,I,), where L,=Ly+1. Utilizing nonrelati-
vistic functions for the meson states we obtain the con-
figuration element of the dipole-~dipole interaction

<k} i 2pja; Fil Hig {0} o; 25/ F >

et —m 1 1
R A QAR [7| zv,.Lozn>g,,<{k}f.L,1.f,; (O} Loljo),
(15)

[2) m,

where £, is the configuration factor of the order of
magnitude of unity for states connected by allowed E1-

_ transitions; for example, for a one-electron configura-

tion we have

1
V3

<
gr =

1 1
(L,100[ Ly —) o= 1Ly; Lol — s LoJ
0IL,0) (=)*~"u (1 : 1Ls; Ll v : Fili i), (16)
u(abcd;ef) is the normalized Racah function tabulated in
in®Y ag=r%/me®=0.529%x 10" cm; x=7/a,. The elec-
tron radial elements can be calculated using hydrogen
functions for the case of one electron in the shell:

ol
()1
(o (1) 5V 5 (3) @rmoamra-ve

Another estimate can be obtained by taking the value
of the electron radial elements (N, L,I,| (1x2)[NoLolo),
obtained for a neutral mesic atom with the functions for
the electron shell obtained numerically within the frame-
work of the Hartree- Fock-Slater method. The results
are reproduced below in Table II for the region 1 <Z <5,
where relativistic effects can be neglected.

= (2t mous2(z- 1)
s> 916( )*=0.182(Z—1)%,
1
=——(Z—1)2~0. —1)2
s> 476( 1)*~0.102(Z—1)?, @am

Utilizing these data and the values of the differences
in the energies of the |2s3) and |2pj,) meson orbits
and noting that

e(2p%/:) —& (2p')s) ="/ sam,c?(Ze*/ fic) *~0.94Z¢ [eV], (18)

we obtain for the amplitudes of the {k}-conﬁgurations
quantities of the order of magnitude a({#})=~10™-107,
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TABLE III.

Configuration

) g Amplitude of the admixture
b ([2PJ, 10 1 2pj > F1

a (u:u,j Zp}k; Py)

{[2p']"} [2")2> —1/3 -1.31-10-%

0
0 {[2p%/2)'} 12%2) -V -1.86-10-3
1 {(2p'21'}{2p"2> —1/9 —4.37-10-4
1 {[2p"21'} 129> +18/9 1.24-10-3
1 {[2p%]'} | 2p/2) — V89 —1.24-10-2
1 {(2p%:1'} 120> — V1079 ~1.38-10-%

which is considerably greater than the value of the
amplitude 6= (107-5x107),

As an example we consider the ion (uLi$)* with its
electron in the initial configuration {0} ={[1s3]'}. Here
the differences in the energies of the meson orbits are
equal to

e(2p'/:)—e(2s'.) =1.1eV ,e(2p%.) —&(2p'/;) =0.76 eV.

The configuration—the electron in the 1s3 orbit and

the meson in the |12s3) orbit—gives rise to a group of
states closely spaced in energy of the system with total
angular momentum F;=0 and F;=1. The nearest satel-
lite line of energy fiw, xfiw,— 41 [eV] is produced by
states of the electron configuration {[2p3]'} and {[2p3]'}
with the meson occupying the |2p3) or the |2p3) orbit.
For this simple case the results of calculations of the
configuration factor and of the mixing of the states are
summarized in Table III.

6. We examine the angular distribution of quanta
emitted by a mesic atom polarized beforehand as the
‘meson makes the 2s3~ 1s3 transition. Suppose that
the polarized meson is captured into a |2s3) orbit and
that an electron configuration with N #0 is formed in
the shell of the mesic atom. Such a system is described
by the superposition \I’Flil of states (6):

Wi (@5/) = Y 00 (F) Wi (25'1), (19)
I

with the amplitudes b, (F,) fixing the spin-tensor de-
scribing the occupancy of the level |F,)

pu(F)=Y 10, (F)I? (20)
h

and the spin-tensor describing the polarization of the
mesic atom

po(F) =Y (PALOIF) b, (F) I, (21)
1y

the existence of which is due to the initial polarization
of the captured meson. The spin-tensors of higher
ranks are in this case equal to zero. As the result of
the radiative transition of the meson into a |1s3)-orbit
the mesic atom goes over into one of the final states of
total angular momentum F, which belongs either to the
group of states with initial electron configuration
1{0}J,), or to the group with the altered electron con-
figuration |{k}J,); in the former case the quantum 7w,
is emitted, in the latter case the quantum 7w, shifted
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in energy is emitted. If the angular momenta of the
electron shell J,,J, are not equal to zero then the weak
neutral interaction of the meson with the nucleus mixes
the meson state |2s3) with the states |2p3) and |2p3),
and this manifests itself in the interference term of the
angular distribution of the unshifted quantum #Zw,. The
probability of the transition 2s3~ 153 per unit time with
the emission of the quantum % w, at an angle 6 (solid an-
gle element dQ) to the direction of polarization of the
mesic atom contains terms proportional to pgo(F,) and
P1o(F1):
W (Ao 0; Fi(25':)—~Fo{0}s; (1s/2))dQ/4n
=[Wi(hwo; Fi=>F2)pw(Fi)+W (Ros; Fi—F;)p.0(Fy)cos 8]dQ/4m.
(22)
Here the following quantities have been introduced
Wo(hwo; Fi>Fp) =la,({0}o; 25/5; F\) 12[w(F I oA/ ; V/oFs) W (M1; 25— 1s)

2
* | 25“-({0}]0§ 2pjn; Fo)u(FiJol'/o; W) | W(EL; 2p—~1s),
(2pix) (23)

W, (hoo; F,~F;) =3V2[ W (M1; 2s—~1s) W (E1; 2p—~1s) "
xIm { 3, 6w ({014 291 F) " ({015 26/5; F)

(2pix)

XU (FJAYa3 Yo u(Fdo s juFo) u(AFaAFy; F ) } (24)
where the rates of the meson E1 and M1 transitions have
been separated (cf., formulas (2)). In contrast to the
7wy quantum the angular distribution of the zw, quantum
shifted in energy is isotropic and proportional only to
the tensor pyo(F,):

W (haw; 0; Fy(25%:) ~Fa{k}Ju(15'/) ) dQ/ 4

=W (hor; Fi>Fa{k}2) poo(F) dQ/ 4. (25)

Here we have introduced the abbreviated notation:
W (how; Fy—~F {k}J,)
= l Z a({k}x; 2pja; Fn)li(FJul’/z; iWF2) | W(EL; 2p—~1s). (26)

(2pix)

The quantum detector has a finite energy resolving
power Afiw, and if together with the 7 wy quanta of the
satellite lines 7w, fall into the acceptance band of the
detector iwy— AW <Aw<hwy+ Afiw, then a—the anisot-
ropy coefficient of the observed angular distribution of
the quanta w(0)=1+ acosf—is determined also by the
contribution of these lines

a= Y pu(F) W, (hog; Fo~Fo) [ 3 o) Wolhon FirFy)

F\Fy F,Fy

I

rry (ANx

W (hon; Fy—Fa{k}J3) pun () ] (217)

A similar formula holds also for circular polarization
of the quanta.

For example, in the case of (uLif)’ the nearest satel-
lite line has the intensity |a|?W(E1;2p~15)=1.04x10"
sec™, while W(M1)=30 sec™. Therefore, if the detec-
tor does not separate out the satellite line, i.e., Ahw
240 eV, then the observed effect of neutral currents is
weakened by approximately five orders of magnitude
(10°). From this follows the limitation on the energy
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resolving power of the quantum detector Azw/Aw
<10°-10"*, and it is not possible in the experiment
to let the mesic ion be completely neutralized, since as
the number of electrons N in the shell of the mesic atom
increases the magnitude of the shift of the satellite line
Iw, closest to 7w, is significantly diminished.

7. The capture of electrons into the shell of the mesic
atom, together with the effect discussed above of the
shifted lines #w,, leads to a decrease in the total yield
of quanta since a new competing channel is opened up
of EO conversion in the 2s =~ 1s meson transition with
the ejection of an electron into the continuous spectrum
of states. In the case of a single 1s electron in the
shell of a light mesic atom (1 <Z <10) we obtain for EQ
conversion in the Born approximation

W (EO; 23-»1s)=-h%3:—§ (%—1 )(i"ml) -/,( %)‘<1s|z’|2s>z, (28)
where
(Is]2?| 28> =—2°-3-*)2~—
¢*/ha,=4134- 10" sec~!, a,=h*/me, (29)
or
W (EO; 2s'/,-»1s*/)~( zi) 1.4-10° [sec™]. (30)

The probability of EO conversion depends very little on
the nuclear charge, the role of this process falls off
significantly with increasing Z since the probabilities
of the radiative M1 and E1 transitions increase.

§3. CONFIGURATION MIXING OF THE STATES OF
uLi IN A METAL

Suppose that (pLi)* is formed in a metallic target by
means of the capture of a y meson into a |2s3) orbit.
We estimate the effect of configuration mixing for con-
duction band electrons utilizing the free electron model
which appears to be sufficient to estimate the order of
magnitude. - For the principal configuration {0} of the
conduction band electrons we take the momentum sphere
filled up to the Fermi momentum

po=n[3N/n]" . (31)
In accordance with®? we have N=4.6x10% cm™ for me-
tallic Li in the free electron model, while the energy
of the Fermi-level is Eg=4.72 eV. For the mesic ions
(pLi$)? and (uLi%)?* in the group of meson orbits con-
sidered below
|23l/21lo)- ”ol‘ro>y IZP'/zPu)" lidh), |2P'/zp-a)- Iilih)
the |2s%) level lies below the |2pj,) levels and there-
fore for the mesic atom in the |2s3) level the only open
channel is EO conversion with the ejection of a conduc-
tion band electron. In the free electron model we have
for the probability of this process

W(EO;Z:'/,—»!:’/,)zhL‘;-2-3"’n(i)’(i)‘( ’:) (Va).  (32)

Z my
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From this in the case of metallic lithium with Na}
=6.8x10"® we obtain W(E0)=0.88x10° sec™.

On the other hand the presence of free electrons leads
to mixing of the configurations in the system: (pLi)*
plus conduction band electrons; to the initial configura-
tion {0} | 2s3u,) there are admixed configurations in
which the meson exists in 12p3u,) or 12p3u,) states,
while the electron makes the transition from the states
|p, 0y ) of the filled momentum sphere (o is the spin com-
ponent) into the state |p,o,) outside the Fermi sphere.

For the amplitude of the admixed state

| [p2021'[p10,1 {0} | 2pjasssd, (33)
utilizing first order perturbation theory in terms of H,,,

(3) we obtain

—m 1 4n’
a([po:]' [pioi]- '{0}l°plnux>)—175a.a, [3 2 T ]

. 1
15 ! 0 'A Ylm' T 2 2.2
X (1om’ ol jatta) ¥ im' (q) TP Pt 0] (34)
where V is the normalization volume, q=p, - p, and for
pLi
Qu*=(2m/h*) [ (2pjx) —e (25'/2) 1>0. (35)

Further we neglect the weakly manifested angular corre-
lation between the transferred momentum q and the prop-
agation vector of the 7w quantum emitted in the transition
of a meson to the |1s3) orbit, and make an overall esti-
mate of the magnitude of the admixture of states in which
the meson is situated in the |2pj,) orbit.

With this in mind we introduce the quantity S(2pj,;y).
According to the definition

servyp =Y Y, ven-

002 Houxm”

Po &>
X Cﬁd..,. (f)dﬂp, j. dp.p.’j dp:p:tla([p:0:1'[p.0, ]~ {0} 12p7ama?) 17, (36)

where the maximum value of the momentum of the elec-
tron outside the Fermi sphere #=p,y is regarded as a
variable quantity. The existence of the admixtures (33)
is manifested in the radiative transition of a meson to
the |1s3) orbit in the fact that along with the 7w, quanta
shifted quanta 7w are emitted whose energy is distribut-
ed continuously below the limit Z7w,. We estimate the
total intensity of the shifted quanta of energy # wo=Egy?
<Hw <hw, using the total magnitude of the admixture of
the states (33):

W (y) =W (E1; 2p—~1s) [S(2p')2; y) +S(2p= y) 1. (37)
After relatively simple calculations we represent
S (2pjx; ») in the form
N 12 /m 1 \? .
S (2pivi ¥) =pro i) (2h+1)?(;“—z) FeHY,  (38)

N G K S e S 2
FEn=gfa ot =}

(P N Ca s L R O p i |
(39)
Bi2=[e(2pjs) —e (25'/2) 1/E.. (40)
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In the range of interest to us 1=2>0.1 and 1.2<y <4
the function # (% y) varies between the limits from 0.2
to 2.3 and practically reaches saturation for 7= 2p,
(y=2).

Utilizing the data of Table I for (pLi})** and (nLi})*
and the value of the Fermi energy Ey=4.72 eV, we ob-
tain the probability of emission per unit time for the
shifted quanta of energy fiw,— 20 eV <hiw <7w,:

W(y=2)=1.94-10° sec! for (uLis%)**,
‘ (41)
W (y=2)=1.50-10° sec”* for (nLiy")**.

In accordance with formula (27) we have for the coeffi-
cient « taking into account the effect of the shifted
quanta

_ 010(23'/1) Wx(h(l)o) s
& @5 [Wy (hon) W ()] (42)

where W, and W, are obtained from (23) and (24) by
setting Jo=J,=0, F,=F,=3. The value of the upper
limit #=p,y is determined by the energy resolving pow-
er of the quantum detector. If AZw=20 eV, then for
(uLi)®* ions in a metal the value of a is approximately
by seven orders of magnitude smaller than for an iso-
lated mesic ion (uLi)**, since Wy(iwy)= 30 sec™, while
W(y = 2)=10° sec™.

Consequently observation of the effect of the neutral
interaction between the meson and the Li nucleus utiliz-
ing metallic targets is practically impossible. Improve-
ment of the resolution Azw to a value of ~2 eV does not
lead to any significant change in the coefficient a.

.§4. CONVERSION OF THE E1 TRANSITION
2s% - 2pj, IN A MESIC ATOM ON CONDUCTION
BAND ELECTRONS IN A METAL

In the case of uBe the 12s3) level lies above the [2p3)
level, while for Z =5 the |2s3) level lies higher also
than the |2p3) level, and therefore in the formation of
a mesic atom in metals with Z =4 a conversion transi-
tion |2s3)= 12pj,) (jp=3%;3) is possible with the ejection
of an electron from the filled Fermi sphere. In order
to estimate the probability of E1 conversion we utilize
the free electron model and the Born approximation.
Neglecting the contribution of the vector potential and
taking into account only the dipole-dipole interaction (3),
we obtain

2 2y 2
W (E1; 25/ 2pi) =~{;-(2j.+1) 127 (%) (Nag?)"s (—12—%) 7@,

(43)

where
. _i . (1+8%) “+1 _ " 44
7= [ -] (44)
ﬂA==[E (23’/:)—8(217]';.) ]/Eu>0, (45)

where E, is the energy of the Fermi-level; N is the
number of free electrons per cm?; ay=5.29%107 cm.

The function 7 (8?) is close to unity over a wide range
of values of g. For a density N=~10% cm™ and Z=4-5
we obtain in accordance with (43) the estimate W ,,(E1)
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~10" sec™, and this practically prohibits conducting an
experiment utilizing metallic targets.

§5. STARK EFFECT OF ATOMIC FIELDS OF THE
MEDIUM

1. Assume that when a meson is captured into a
|2s3) orbit a mesic ion is formed devoid of electrons
(N=0), and that no capture of electrons into the shell
occurs during its lifetime. Under these conditions the
only background mechanism can be the interaction of
the mesic atom with the electric field of the medium
E():

Hipy=—(exE(2)), (46)

which mixes the |2s3) state with the closely lying
|2p3) and |2p3) states, and this leads to a radiative
transition of the meson into the |1s3) orbit with the
emission of a quantum /7w, with practically no shift in
energy. We further denote by (W,,(E)) the rate of this
Stark radiation process in the field of the medium E(¢).
Taking the Stark effect into consideration we have for
the coefficient of angular distribution of the quanta 7w,

_ p10(25'/2) W, (hw,)
“= pnn(zs‘/z)[Wo(hm0)+<W-!(E)>] ’ (47)

where W, (iw,) and Wy(fiwy) = W(M1;2s— 1s) are defined
by formulas (23) and (24) in which Jy=J,=0, F,;=F,= 3.

Different sources exist for the field in the medium
E(t), but for a neutral gaseous medium the principal one
is the dipole electric moment induced in the shell of the
atom by the Coulomb field of the incident mesic ion (Z
> 2), while for the pH-system the intra-atomic field is
manifested directly in the collision process.

2. The estimates given below for the lower limit of
(W, ) are obtained using a simplified model of the col-
lision process (passage along straight line trajectories).
They should be regarded as preliminary ones demon-
strating the importance of this mechanism which limits
significantly the conditions under which the experiment
can be performed.

For the sake of brevity we introduce the notation for
the group of states of the mesic atom selected below:

'231/2“0)"]]'0”0)’ |2Pl/2lh>- “tlh), I2p'/zu=>- If:lh)~

The operator Hy,;= - (erE(f)) connects the [j, o) and
I, L) states (=1, 3):

Goko | Hing it Y =—1b Y, (tivitolismn) @ (1), (48)

here we have introduced: the Stark constant

e m 1 ~ w7 —1 -1 = »
b_3EEZ ~ 6-10%Z-[sec’], ao—ge-,

and @, (¢) is the spherical component (v=0; +1) of the
field expressed in atomic units:

CE(t)=|e/a|Q(t). (49)

D. P. Grechukhin and A. A. Soldatov 210



For amplitudes of the occupancies of the states under
consideration C (jg o?) and C(j,u,t) we obtain in the usu-
al manner the system of equations in which radiation
damping of the amplitudes of the |2pj,) states 2x=1.29
%x10'Z * sec™ has been taken into account:

d .
EC(jop,at) =ib 2 2 (Uw’\’}laliuux) e—m“l—uovc(ju}ht)y (50)
d .
—Clun)=ib 3\ Y (Uivmaliumn) Q. Cliapat),  (51)
o=@y, 0s; ox=[e(2pjr)—e(2s'/)]/h. (52)

For Z =2 the frequencies w, are of the order of magni-
tude of 210" sec™, while the field Q(f) changes over a
characteristic transit time 7=2a,/v which is equal to
~10"3 sec for v=10° cm/sec. Consequently w,7>1,
and an expansion in terms of the parameters 1/w, 7 <1
is possible. Integrating equation (51) by parts and sub-
stituting into (50) we obtain in first order with respect
tol/w,7

IC(i,,unz)1Z=|conu00)|*exp[—nj IQIzdz’], (53)
where
2 . b 2b?
=gt ( Tl m,2+x2) ‘ (54)

We define the average field ( |Q|2) by means of the
equation

[l rar=iqi»
and from this determine the Stark rate of the radiative

transition;

2
(W, == (__
‘ 3)~ @A

b? b
+—2—) e

@A (55)

However, this estimate is valid for relatively weak fields
which satisfy the condition
A B

— Qi<
Wr O

(56)

while in the case of strong fields it is necessary to seek
the solution of the system (50) and (51) more accurately
(for example by the method of a canonical transforma-
tion).

3. In a single collision of a mesic atom with an atom
of the medium the field Q(¢) differs from zero over an
interval of the order of 7~2a,/v. Assume that the me-
sic atom passes with velocity v along a straight line tra-
jectory with an impact parameter x with respect to the
atom of the medium.

We introduce the quantity S(x) which characterizes
the change in population of the |2s%) level in a single
collision:

|C (jomo; T) |2=|C (jotto, —T) |* exp[—nS (2) ], (57)
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where (- T) is the instant “before collision,” T is the in-
stant “after collision” with Q(+ T)=0. When condition
(56) is satisfied along the trajectory we have for S(x)

+T
S(2)=1lim [ 1Q(zt')I*ar. (58)

We shall obtain the change in population |C(jgpuot)!?
along the path L =v¢ when the mesic atom moves with
velocity v in a medium of density p [at/cm®] by averag-
ing over all possible configurations of the atoms of the
medium along the path of the mesic atom,

<1C Goptat) 1D =1C (op0) I* exp [ —tup [ (1-e-*)2az dz] (59)
and, consequently,

W.(E)>=vp | (1—e=**)2n da. (60)

For v <10° cm/sec for mesic atoms (Z = 2) the usual
order of magnitude is 2a,7n/v <107°Z%, and therefore
only for small impact parameters x <x,<a, are the
values of 11S(x)~1, while in the remaining interval x>x,
we have 11S(x)<1. We separate out the region of strong
fields x <x, and in order to obtain an estimate assume
S(x)=S(xq) for x <x,, while in the remaining interval
x>xy we restrict ourselves to the linear term of the ex-
pansion in terms of 7S(x); inthis manner we obtain the

- estimate

(W, (E)d>rp [nxoz(i—e"‘s""’) +2mn [ S(2)z dx] ) (61)

4. For the effect of polarization of a neutral atom of
the medium by the Coulomb field of the mesic ion of
charge Z; (Z;=Z - 1) in the case of straight line trajec-
tories the magnitude of S(x) is equal to

S(z)= %nwz,' & (ﬂ)',

=(= (62)
where $ is the polarizability of the atom of the medium
in units of a3; the values of 8 are given, for example,
in Smirnov’s book.??

We take into account only the contribution of distant
trajectories x >xp=~ao: '

ay

Py YT (63)
From this for (uHe)* (A\=1.03x10"? sec™?; w,=2.14x10"
secl; wy=2.36x10'° sec™; b=3x10'" sec™) in a helium
medium (3=1.39 (cf., %% with a density p = 10'® at/cm®
we obtain (W,;)>3x10° sec™, which is significantly
greater than Wy wy)~0.51 sec™. Consequently, under
these conditions the observed effect of a weak neutral
interaction will be weakened by approximately six or-
ders of magnitude. Comparing (W,,) and W(M1;2s~1s)
we estimate the maximum allowable density of the medi-
um p <10' cm™ for (uHe)'. For heavier atoms (Z >4)
the value of (W,,) falls off as Z™, since b>~2% \~Z%
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wZ~Z% while W(M1; 25~ 1) grows rapidly (~2°).
Thus, the effect of (W,;) falls off; but also for an iso-
lated mesic ion the effect of neutral interaction dimin-
ishes with increasing Z.

5. In contrast to other mesic neutral pH can pene-
trate deeply into the shell of the atom of the medium,
and in this case the process of EO conversion of the
2s3—~1s4 transition of pH in the shell of an atom of the
medium is possible. In the Born approximation we ob-
tain for the damping of the population of the |2s3) level
of pH moving along a straight line trajectory in a hydro-
gen medium

m\* my K

(W (E0)>=npa,® -—-9 3"( m”) ( — ) . (64)
Of greater significance turns out to be the Stark effect of
the intra-atomic field. In the model utilizing straight
line trajectories in the case of a collision of pH and an
atom of hydrogen of the medium we obtain as a result of
a numerical calculation assuming x,=a,/4 where the
condition of the weak field (56) is still satisfied

b 2
W(E)>>pa, 14nd (—) ~1.45-10"%pa,” [sec].
(0]

For a density of p=10' at/cm® (W, ) >1.7x10" sec™,
while W(M1; 2s ~ 1s)=4.6x 10" sec™. Consequently,
the Stark effect of the intra-atomic field of the atoms of
the medium practically does not allow us to observe the
effect of the neutral weak interaction in a uH system for

medium densities of p > 10'! at/cm®. The estimates giv-
en above provide evidence of very rigorous limitations
on the conditions of carrying out an experiment which
are imposed by the Stark effect in the act of collision,
and therefore the values of (W,,(E)) have to be calculat-
ed more accurately.

When a pH atom passes through a H, molecule the in-
tra-atomic field acts on the average over a greater part
of the trajectory than in the case of passage through an
atom of hydrogen. Correspondingly the allowable densi-
ty of H, gas must be lower than the one obtained in the
estimate for atomic hydrogen.

13, Berhaben, T, E, O. Ericson and C. Jarklskog, Phys. Lett,
BB0, 467 (1974).

G, Feinberg and M, Y. Chen, Phys. Rev. D10, 190 (1974).

3G. Feinberg and M. Y. Chen, Phys. Rev. D10, 3789 (1974).

‘D, L. Lin and M. Y. Chen, Nucl, Phys. A251, 457 (1975).

A. N, Moskalev, Pis’ma Zh. Eksp. Teor. Fiz. 19, 229 (13974)
[JETP Lett, 19, 141 (1974)].

8A. N. Moskalev, Pis’ma Zh, Eksp. Teor. Fiz. 19, 394 (1974)
[JETP Lett, 19, 216 (1974)].

TA. N. Moskalev and R. M. Ryndin, Yad, Fiz. 22, 147 (1975)
[Sov. J. Nucl. Phys. 22, 71 (1976)].

8H. A. Jahn, Proc. R. Soc. Lond. A205, 192 (1951).

%C. Kittel, Introduction to Solid State Physics, Wiley 1954
(Russ. Transl,, Fizmatgiz, 1963, pp. 271, 282),

', M. Smirnov, Fizika slaboionizirovannogo gaza (The Phy-
sics of a Weakly Ionized Gas), Nauka, 1972, p. 404.

Translated by G. Volkoff

Measurement of the polarlzatlon correlation coefflment
C.P P in elastic pp scattering at 610 MeV
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V. S. Kiselev, V. N. Matafonov, G. G. Macharashvili, B. S. Neganov, |. Strakhota,
V. N. Trofimov, Yu. A. Usov, and B. A. Khachaturov
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(Submitted July 13, 1976)
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We measured the polarization correlation coefficient C,, in elastic pp scattering at an energy 61010
MeV at four c.m.s. scattering angles (40, 67, 78, and 90°). We used in the experiments a polarized
proton beam with maximum polarization 0.39+0.02 and a polarized proton target of the frozen type. The

maximum polarization of the target was 0.97+0.04.

PACS numbers: 13.75.Cs

The main reasons that induced us to measure the cor-
relations of the polarization in elastic pp scattering at
610 MeV were the following:

1. The ambiguity in the determination of the ampli-
tude of the elastic NN scattering at 630 MeV. If it is
assumed that the one-pion approximation is valid in
elastic NN scattering starting with orbital angular mo-
menta [ =7, then a phase-shift analysis at this energy
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yields at least two equally probable (in the sense of the
x? criterion) solutions.™? The simplest way of discrim-
inating between these solutions is to measure C%, with a
relative error ~109%.

2. The previously observed maximum, at 600-700
MeV, in the energy dependence of C? in scattering
through an angle of 90° (c. m.s. ), which may point to
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