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Mesic atom deexcitation via an external Auger process

A. V. Kravtsov, A. I. Mikhailov, and I. A. Mikhailov
St. Petersburg Nuclear Physics Institute, St. Petersburg District, Gatchina 188300, Russia

~Received 17 December 2002; published 25 April 2003!

The mesic atom deexcitation via an external Auger process on hydrogen molecules~atoms! is considered in
a semiclassical approach: relative motion of nuclei is described as a classical process in the potential field,
while the motion of the muon and electron is described quantum mechanically. The rates of the hydrogen
deexcitation are calculated, beginning from the principal quantum numbern56. It is shown that as a result of
the Auger transition, mesic atoms can either accelerate up to energies;1 eV or form a bound state~molecule!
with a target atom. The decay of such a state via predissociation is characterized by a considerable rate
(;1012 s21) and high-energy release (;100 eV).

DOI: 10.1103/PhysRevA.67.042713 PACS number~s!: 32.80.Hd
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I. INTRODUCTION

The excited mesic hydrogen atoms are formed wh
muon beam stops in a hydrogen target. The rate of radia
transitions for highly excited states (n@1, n—principal
quantum number! is small, so deexcitation in collisions o
mesic atom with target molecules becomes important. Im
diately after the muon capture onto the atomic state witn
;Am/me (m is the reduced mass of the mesic atom andme
is the electron mass!, the main deexcitation process is
chemical reaction

~pm!n1H2→~pm!n81H1H, ~1!

wherep or H is a nucleus of any hydrogen isotope, andm
denotes a meson (m2, p2 or K2). For n&10 ~for muonic
hydrogen!, the main deexcitation processes are the Au
ionization of the target molecules, when the energy of
mesic atom transition is taken by the electron of the m
ecule

~pm!n1H2→~pm!n81H2
11e, ~2!

and the Coulomb deexcitation, in which the deexcitation
ergy is shared by the separating nuclei

~pm!n1H2→~pm!n81H2 . ~3!

At lower states of the mesic atom (n<3), radiative deexci-
tation is the most probable. The competition of the deexc
tion processes and elastic scattering determines the m
atom distribution in kinetic energy at each energy level. T
energy distribution in the ground state is a very import
characteristic for calculation of the kinetics of the muon ca
lyzed fusion.

The rates of the Coulomb deexcitation were the objec
intensive theoretical study during past several years; the
culations were performed in a quasiclassical approach@1–4#.

As for the Auger process, its rates were calculated 40
ago in a pioneer work by Leon and Bethe@5#. The process
was considered in a Born approximation, the plane wa
being used to describe the relative motion of mesic atom
target atom. In later papers Refs.@6,7#, classical mechanics
and straight-line approximation were used when treating
1050-2947/2003/67~4!/042713~7!/$20.00 67 0427
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relative motion. In Refs.@5,6#, the states of the mesic atom
were characterized by spherical quantum numbers (n, l , m),
which were not good quantum numbers for a mesic atom
the field of the nucleus. The authors of Ref.@7# used a para-
bolic basis, which is more adequate for the problem in qu
tion.

It is important that according to the approaches used in
these papers Refs.@5–7#, the most of the energy of mesi
atom deexcitation was taken away by the ejected elect
kinetic energy of the mesic atom changing negligibly.

The cascade calculations with the available rates of b
processes resulted in wrong kinetic-energy distributions
the lower excited states of the mesic atom. For example
experiment@8#, a considerable fraction of thep atoms in the
staten53 was observed to have energy as high as 70
Such an observation could be understood if only the C
lomb and the Auger deexcitation rates were comparable w
each other. However, according to the calculations, fon
,10 the rates of the Coulomb deexcitation are considera
lower than the Auger rates. This is one of the reasons
reconsidering the rates of these processes.

In this paper, we present a calculation of the mesic at
deexcitation via the Auger ionization of the target molecul
We use a semiclassical approach when describing the rela
motion of nuclei, declining straight-line approximation an
taking into account the effect of interatomic potential on t
relative nuclear motion. We begin our consideration from
level n56,1 since at higher levels, mesic atoms are known
be thermalized quickly as a result of elastic collisions@10#.

II. CALCULATION TECHNIQUE

We shall consider mesic atom collision with a hydrog
atom, and calculate the cross section of the reaction

~pm!n1H→~pm!n211H11e ~4!

in slow collisions~the velocity of the nuclei is small com
pared with muon and electron velocities!. We consider only

1A preliminary calculation which begins fromn55 is presented
in Ref. @9#.
©2003 The American Physical Society13-1
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transitions in whichn decreases by 1, since they correspo
to the largest reaction rates. A semiclassical approximatio
used with classical description of the nuclear motion a
quantum-mechanical description of the motion of muon a
electron. The cross section is then obtained as

s52pE
0

`

rdrP~r!, P~r!512expS 2E
2`

1`

G~R!dtD .

~5!

Here,P(r) is the probability of the Auger ionization of th
quasimolecule (pm)nH in the collision with an impact pa
rameterr andG(R) is the frequency of the Auger transition
at the fixed internuclear distanceR.

According to calculations, the integral in the exponent
~5! is small, so one may use the first two terms in the Tay
expansion of the exponential. Introducing the radial veloc
of the nuclei,

vR5dR/dt5vA12
u1

«
2

r2

R2
, ~6!

where«5Mv2/2 is the collision energy,v is the velocity,M
is the reduced mass of the atoms, andu15U1(R)2U1(`) is
the potential energy of the nuclei in the initial channel~initial
term with the account of the Coulomb repulsion between
nuclei and electron screening!, one has

P~r!52E
R0

`

G~R!
dR

vR
5

2

vER0

` G~R!dR

A12u1 /«2r2/R2
. ~7!

R0 is the minimal distance between the nuclei at givenr and
« ~classical turning point for the motion on the initial term!.
The factor 2 corresponds to the double passage of the in
action region, one on the way in and the other on the w
out.

In a quasiclassical approach, one uses angular momen
L instead of the impact parameterr5(L11/2)/p (p is the
asymptotic momentum of the system in the input chann
atomic units are used with\5e5me51). Then the cross
section

s5
p

p2 (
L50

`

~2L11!P~L !, p5A2M«, ~8!

P~L !5
2

v
E

R0

` G~R!dR

A12u1 /«2~L1 1
2 !2/p2R2

. ~9!

The calculations with Eqs.~5! and ~7!, and~8! and ~9! give
close results~the difference is;20%).

In slow collisions, the frequency of the Auger transitio
G(R) can be calculated in the same way as that for fix
nuclei, since the heavy subsystem does not change its p
tion during the transition in the light system~Franck-Condon
principle!. The calculations are performed in the perturbat
theory, the perturbation that causes the transition to be
interaction between thepm atom and electron~Fig. 1!:
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uR1re2rmu
2

1

uR1reu
. ~10!

III. CALCULATION OF G„R…

In the first-order perturbation theory,

dG~R!52puVf i u2d~Ef2Ei !dn f , ~11!

Vf i5^C f uVuC i&. ~12!

Unperturbed wave functionsC f and C i are taken as prod
ucts of the mesic wave function of the problem of two Co
lomb centers and one-center electronic wave function:

C i5F1~r ,R!c1s~re!, C f5F2~r ,R!cE,m~re!. ~13!

The initial electron is in the ground state of the hydrog
atom. The final state corresponds to the ejected electron
energy E5k2/2me , angular momentum, and angular-
momentum projectionm. Since in the asymptotic regionR
→`, a muon is bound on one proton, and an electron on
other, and we neglect the contribution of the deexcitat
process in which the muon is transferred to the other pro
two-center wave functions in the initial and final states a
taken as a superposition of symmetric~g! and antisymmetric
~u! adiabatic functions, the potentials that determine the m
tion of the nuclei being taken as half of the sum of those
symmetric and antisymmetric channels:

F1~r ,R!5
1

A2
~F1g1F1u! ——→

R→`

wn j~rm!,

F2~r ,R!5
1

A2
~F2g1F2u! ——→

R→`

wn8 j 8~rm!, ~14!

U~R!5
1

2
@Ug~R!1Uu~R!#. ~15!

Here n,n8 are principal quantum numbers,j 5(n1n2m), j 8
5(n18n28m8) parabolic quantum numbers, andwn j(rm) mesic
hydrogen wave function in the state (nn1n2m).

Since even the smallestR in the problem in question is
much larger than the dimension of the excited mesic ato
one may use asymptotic functionswn j(rm) instead of the
two-center wave functionsF i(r ,R) when calculating matrix
element~12!.

FIG. 1. Coordinate system used in calculations.
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Turning to Eq.~11!, we observe that

Ei5W1~R!1U1~R!2I e , I e513.6 eV,

Ef5W2~R!1U2~R!1E, E5k2/2me . ~16!

According to the Franck-Condon principle, the kinetic e
ergy W does not change during the transition:W1(R)
5W2(R). Then from Eq.~16! and energy conservationEf
5Ei , one can find the energy of the emitted electron,

k2

2me
5U1~R!2U2~R!2I e , ~17!

which depends on the internuclear distanceR at the instance
of the emission.

Potential energy of nuclei in the initial (U1) and final
(U2) channels is the sum of the corresponding molecu
term and the Coulomb repulsion of the nuclei, the elect
screening correctionDe(R) being included to U1(R).
Strictly speaking, one should take as a perturbation noV,
but V85V2De(R) because the interaction of thepm atom
with the electron is partially taken into account in the pote
tial energyU1(R). However, the termDe(R), as well as the
second term in Eq.~10! does not contribute to the matri
elementVf i because of the orthogonality of the wave fun
tions in the initial and final states.

Since the wave function of the final electron is normaliz
to the d function of energy, the final-state interval can
written asdn f5dE. To obtain the total rate of the Auge
transitions at a givenR, one should integrate Eq.~11! overE
and sum over, andm:

G~R!52p(
,,m

uVf i u2, ~18!

Vf i* 5E drmdrewn8 j 8~rm!cE,m~re!

3
1

uR1re2rmu
c1s~re!wn j* ~rm!. ~19!

Due to the small mesic atom dimension, one may pres
Eq. ~19! as

Vf i* 52D•“RQ,m~R!, ~20!

D5E drmwn8 j 8~rm!rmwn j* ~rm!, ~21!

Q,m~R!5E drecE,m~re!
1

uR1reu
c1s~re!. ~22!

Matrix elements~21! for coordinatesx, y, z can be calcu-
lated via general formulas given in Ref.@11#. Writing the
electron wave functions as
04271
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c1s~r !5
1

A4p
R1s~r !, cE,m~r !5RE,~r !Y,m~ r̂ !, r̂ 5

r

r
~23!

and expandinguR¿r u over spherical functions, one obtain

Q,m~R!5A4p
~21!,

2,11
f ~R!Y,m~R̂!, R̂5

R

R
, ~24!

f ~R!5 f 1~R!1 f 2~R!, ~25!

f 1~R!5E
0

R

drRE,R1s

r ,12

R,11
, f 2~R!5E

R

`

drRE,R1s

R,

r ,21
.

~26!

It is easy to check that

“RQ,m~R!5~21!,
A4p

R
~a,Y,m

,111b,Y,m
,21! , ~27!

a,5A ,11

2,11
f 1~R!, b,5A ,

2,11
f 2~R!, ~28!

whereY,m
,615Y,m

,61( r̂ ) are spherical vectors@11#.
Inserting Eq.~27! into Eq. ~20! and summing the squar

of the matrix element modulus overm using the formulas
from Ref. @12#, one has

(
m

uVf i u25
4p

R2 (
m

uD•~a,Y,m
,111b,Y,m

,21!u2

5
4p

R2
$a,

2@,uDu21~,12!uD•nRu2#

1b,
2@~,11!uDu21~,21!uD"nRu2#

12a,b,A,~,11!~ uDu223uD"nRu2!%,

nR5
R

R
. ~29!

Let us transform the coefficientsa, and b, ~28!. Inserting
into Eq. ~26! R1s52e2r and the functionRE, , normalized
on thed function of energy@13#,

RE,5CE,~2kr !,e2 ikrF~r !,

F~r !5FS i

k
1,11,2,12,2ikr D , ~30!

CE,5
2

~2,11!! S P,

12expD
1/2

, P,5)
s51

,

~s21k22!,

P051, exp5e22p/k, ~31!

one obtains the functionsf 1,2(R):
3-3
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f 1~R!5N,w1,~R!, f 2~R!5N,w2,~R!,

N,52R~2kR!,CE, , ~32!

w1,~R!5E
0

R

drS r

RD 2,12

e2r 2 ikrF~r !,

w2,~R!5E
R

`

dr
r

R
e2r 2 ikrF~r !. ~33!

The final expression forG(R) becomes then

G~R!5aF1

2
~ uDu22uD•nRu2!G1~R!1uD•nRu2G2~R!G ,

~34!

wherea532p/3(12exp),

G1~R!5 (
,50

`

Al

,~,11!

2,11
@w1,~R!1w2,~R!#2, ~35!

G2~R!5 (
,50

`
A,

2,11
@~,11!w1,~R!2,w2,~R!#2, ~36!

A,5
P,~2kR!2,

@~2,11!! #2
.

A much more simpler expression can be obtained forR
@1. In this case, the Coulomb potentialuR¿reu21 in Eq.
~22! can be expanded in series inr e /R. The result is

Q,m~R!5~d•“R!
1

R
, d5E drecE,mrec1s ,

Vf i5
D•d23~D•nR!~d•nR!

R3
,

G~R!516a~ uDu213uD•nRu2!

expS 2
4

k
arctankD

~11k2!5

1

R6
.

~37!

A simple expression forG(R) may be also obtained whe
one takes a plane wave for the wave function of the ejec
electron~this is justified fork@1) and the Auger ionization
is considered forR of the order of the target atom dimensio

G~R!5uDu2
16

3k
e22R. ~38!

A comparison ofG(R) calculated with different formulas is
given in Table I.

As seen from Table I, in the range 1,R,5, the differ-
ence between the results obtained with accurate Eq.~34! and
those obtained in the plane-wave approximation~38! does
not exceed 50%. ForR>10 the asymptotic formula~37!,
04271
d

which takes into account only the dipole-dipole interacti
between the atoms, gives quite good results.

IV. CALCULATION OF zDz2

The frequency of the Auger transitions depends on
squared dipole matrix element of the mesic atom,

uDu25ur j 8 j u25uxj 8 j u21uyj 8 j u21uzj 8 j u2

and on its squared component along the internuclear axi

uD•nRu25uzj 8 j u2.

We need to calculate these matrix elements for parab
states. In parabolic coordinates the matrix elements of c
dinatesx and z are real, while that of they coordinate is
imaginary withyj 8 j56 ix j 8 j . For this reason

uDu252~xj 8 j !
21~zj 8 j !

2, uD•nRu25~zj 8 j !
2. ~39!

The most probable deexcitation transitions are those
which the lower statesj 85(n18n28m8) differ from the upper
one by only one quantum number, this number being b
unit smaller than the upper one. The other matrix eleme
are smaller by at least an order of magnitude. One sho
note that there exists a selection rule for magnetic quan
numberm: the matrix element of thex coordinate is nonzero
only for m2m851, while the matrix element of thez coor-
dinate is nonzero only form85m.

V. RESULTS AND DISCUSSION

An important characteristic of the process in question
relative energy of the nuclei after the collision,«8, counted
from the final term value atR→`. One can find it from the
energy conservation:

«81U2~`!1
k2

2me
5«1U1~`!2I e . ~40!

Taking into account Eq.~17!, one has

«8[«8~R!5«~R!1u2~R!2u1~R!,

TABLE I. Values ofG(R) ~in atomic units!, calculated with Eqs.
~34!, ~37!, and ~38! for mesoatomic transition 5040→4030. Here
k'1.747.

R, ~a.u.! Eq. ~34! Eq. ~37! Eq. ~38!

0.5 0.74 1.12
1 0.32 0.42
2 7.031022 5.631022

3 1.331022 7.631023

4 1.931023 4.531025 1.031023

5 2.831024 1.231025 1.431024

6 4.831025 3.931026 1.931025

8 1.631026 7.031027 3.431027

10 2.431027 1.831027 6.331029
3-4
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MESIC ATOM DEEXCITATION VIA AN EXTERNAL . . . PHYSICAL REVIEW A 67, 042713 ~2003!
u1,25U1,2~R!2U1,2~`!. ~41!

For R*1,

u1~R!'
b

R2
S~R!, b5

3

2
n~n12n2!,

S~R!5~112R12R2!e22R, ~42!

u2~R!'b8/R2, b85
3

2
n8 ~n182n28!. ~43!

So the relative kinetic energy of the nuclei in the final state
a function of the internuclear distance at which the Aug
transition occurred. As a result there exists an energy di
bution in the final state, the energy«8 may be positive or
negative. A typical dependence of«8 on the internuclear dis
tance at which the electron ejection occurred is shown in F
2. Negative«8 means that the nuclei cannot separate in
nitely after the collision, i.e., the system is bound.2

The total cross section of the Auger ionization summ
over the final states and averaged over the initial ones is

sn5(
j j 8

Pjs j j 8 , Pj5
22d0m

n2
, ~44!

n is the principal quantum number of the initial mesic ato
state. Summing over the quantum number setsj and j 8 is
performed at fixedn5n11n21m11 andn85n21. Using
the results obtained in Secs. III and IV, we obtain for the s
over the final states,

s j5(
j 8

s j j 85sn1 ,n1211sn2 ,n2211sm,m21 . ~45!

2Menshikov was the first to point out the possibility of the boun
state formation after the Auger transition in the (pm)n1H2 system
@13#.

FIG. 2. A sample of the dependence of relative energy of nu
in the final state on the internuclear distance at which ioniza
occurred.R0 is a turning point.
04271
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Here only those quantum numbers that are left change in
transition,

s j j 85
2p

p2 ( ~2L11!E
R0

`

G j j 8~R!
dR

vR
, ~46!

G j j 8(R) being determined in Eq.~34! asG(R).
Let us write the expression for the rate of the Auger io

ization process:

l j j 85N0vs j j 8 , ln5N0vsn ,

N054.2531022cm2350.6331022 a.u. ~47!

For the case shown in Fig. 2 the integral overR in Eq.
~46! comprises four parts:

E
R0

`

f ~R!dR5S E
R0

R1
1E

R1

R2
1E

R2

R3
1E

R3

` D f ~R!dR.

The first and the last integrals are small~the first due to the
smallness of the integration region, the last becausef (R) is
small for R.R3) and can be omitted. The total ionizatio
cross section can then be expressed as a sum of two p
One of them (s1) determines the probability of the Auge
process with infinite motion of the nuclei after the collisio
~positive kinetic energy of the nuclei, Auger-plus proces!.
The second one (s2) determines the probability of the nu
clei to occur in the bound state after the electron eject
~negative kinetic energy of the separated atoms, Auger-m
process!. So

s j j 85s j j 8
1

1s j j 8
2 ,

s j j 8
1(2)

5
2p

p2 ( ~2L11!E
R1(2)

R2(3)
G j j 8~R!

dR

vR
. ~48!

What is important for the muon catalyzed fusion, as w
as for a number of other problems of the mesic atom phys
is an average energy acquired by the nuclei as a result o
Auger transition. For a partialj→ j 8 transition, this energy
for an Auger-plus process is

« j j 8
815

( ~2L11!E
R1

R2
«8~R!G j j 8~R!

dR

vR

( ~2L11!E
R1

R2
G j j 8~R!

dR

vR

. ~49!

To obtain a corresponding formula for the Auger-minus p
cess, one should change the integration limits in Eq.~49!:
R1→R2 , R2→R3. The average energy of the nuclei in th
n→n8 transition is then

^«n8
1&5

1

sn
1 (

j j 8
Pjs j j 8

1 « j j 8
81 . ~50!

-

i
n
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The ratesln
65N0vsn

6 and average energies^«n8
1&, ^«n8

2&
for the transitionsn→n21 (n56,5,4) are given in Table II
for various collision energies.

Energy dependence of the total Auger ratesln(«) is
shown in Fig. 3, together with the results of paper Ref.@5#.
As seen from Fig. 3, the results obtained here are in a g
agreement with those of paper Ref.@5# for energies«
>0.5 eV. Figure 4 shows the energy dependence of the
of the Auger-minus processln

2(«).
The bound state in which the system appeared will de

TABLE II. The rates (1012 s21) of Auger-plus and Auger-minus
processes and average final-state energies~eV! as functions of the
collision energy«.

n « ln
1 ln

2 ^«n8
1& ^«n8

2&

0.005 2.29 3.29 0.78 20.34
0.01 2.91 4.02 0.75 20.37

6 0.04 3.99 4.43 0.70 20.34
0.10 5.91 4.48 0.66 20.35
1.00 12.5 0.59 1.29 20.72
0.005 0.96 1.22 0.96 20.28
0.01 1.13 1.43 0.90 20.24

5 0.04 1.60 1.51 0.82 20.26
0.10 2.39 1.46 0.76 20.25
1.00 4.50 0.11 1.31 20.91
0.005 0.24 0.16 1.00 20.17
0.01 0.33 0.23 1.03 20.18

4 0.04 0.50 0.27 0.91 20.17
0.10 0.67 0.23 0.81 20.16
1.00 1.05 0.013 1.37 20.98

FIG. 3. Energy dependence of the total Auger ionization ra
ln(«) ~per second! for n54, 5, and 6. The circles show the resu
of Ref. @5#.
04271
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either via predissociation~Coulomb deexcitation!

~pmp!n8→~pm!n91p, n95n821, ~51!

or via the external Auger ionization

~pmp!n81H2→~pm!n91H2
11e. ~52!

If the binding energy of the quasimolecule (pmp)n8 is
smaller than thermal energy, it can decay in quasielastic
lisions with target molecules,

~pmp!n81H2→~pm!n81p1H2 . ~53!

In this case, the mesic atoms do not accelerate. As a rule
average binding energy of the quasimolecule amounts
about several tenths eV, so the quasielastic mechanism
low probability.

If the system in the final state represents a quasimole
comprising the excited mesic atom and hydrogen molec
ion (pm)n8H2

1 , or (pmp)n8H, the internal Auger process i
also possible. In this case, as it was shown by Menshi
@13#, mesic atom acquires some part of the muon ene
accelerating up to energies about 1 eV.

The predissociation process~51! leads to a two-particle
decay, in which the deexcitation energy transforms into
kinetic energy of the fragments because of the Coulomb
pulsion of nuclei. The predissociation rate can be determi
according to the formula@14#

lpr5nwpr , wpr52e22d i j ~12e22d i j !. ~54!

Here, n is the oscillation frequency of the quasimolecu
equal to

s

FIG. 4. Energy dependence of the rate of the Auger-minus p
cessln

2(«) ~per second! for n54, 5, and 6.
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n5S 2E
a

bdR

vR
D 21

~55!

(a andb are the turning points of the nuclear motion in t
well of the lower termn8), and the Stu¨ckelberg paramete
d i j is determined by the formula@15#

d i j 5UImE
ReRc

Rc
@pi~R!2pj~R!#dRU, ~56!

pi , j~R!5A2M ~E82Ui , j~R!!2~L11/2!2/R2,

E85«81Ui~`!,

where pi(R) and pj (R) are radial momenta of the relativ
motion of the nuclei in the initial and final channels of rea
tion ~51!, respectively. AT-type branch pointRc in the com-
plex plane of internuclear distanceR connects the termsi
5@n1 n2 m l# and j 5@n1 n221 m l#, where n1 , n2 ,
m—parabolic quantum numbers andl5(g oru) is the par-
ity of the term. As a matter of fact,T-type branch points
connect pairwise eitherg states oru states. The real part
ReRc are practically the same forg andu states for a given
set of other quantum numbers, while imaginary parts ImRc
are two times smaller forg terms, as compared withu terms.
For this reason, predissociation proceeds with a notice
probability only from theg states of the lowern8 term. After
the Augern→n8 transition, the system in the lower state
A

or

in

04271
-

le

described by the wave functionC5(Cg1Cu)/A2, which is
a mixture ofg andu states with equal weights. Then one m
write

lpr5
1
2 lpr

g 1 1
2 lpr

u ' 1
2 lpr

g 'ne22d i j ~57!

because for the Coulomb deexcitation at low levels (n8
&5), the Stu¨ckelberg parameterd i j is rather large. The pre
dissociation ratesl̄pr averaged over all bound states with
given n8 were found to be;1010–1012 s21 for n853 –5.

The rate of the Auger decay of the weakly bound syst
(pmp)n8 can be approximated by the rate of the Auger p
cess (pm)n81H→(pm)n8211H11e. For target density
equal to the liquid hydrogen density~LHD!, this rate is com-
parable with the predissociation rate. However, for usual
perimental densities of gaseous targets (;5% of LHD!, the
predissociation dominates, since its rate does not depen
the target density, unlike the Auger decay.

So, mesic hydrogen deexcitation via the external Au
process on the hydrogen target could lead to the formatio
the bound state of the mesic molecule, which decays v
quickly ~with the rate of;1011–1012 s21) into two heavy
particles with high-energy release (;100 eV). This circum-
stance can probably explain the appearance of a large
tion of fast pionic atoms in the low-energy states@8#, as well
as influence the results of the mesic atom cascade calc
tions.
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