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Abstract

SENSING THE CAPTURE OF NEGATIVE MUON BY ATOMS: ENERGY APPROACH
A. V. Glushkov, O. Yu. Khetselius, Yu. V. Dubrovskaya, A. V. Loboda

It is presented a new method to sensing and estimating the cross-section of the negative muon
capture by atoms within a consistent energy approach in the QED theory. Estimates of cross-section

of the u- capture by He are obtained.
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Pe3rome

JETEKTYBAHHA 3AXOIIVIEHHA HETATUBHOI'O MIOOHA ATOMAMMN:
EHEPTETUYHUN IIAXI

0. B. Inyuiros, O. IO. Xeueaiyc, 10. B. Jlyoposcvka. A. B. Jlo6oda

IIpencraBiaeHuit HOBUiA, MOCIiAOBHUM ITiAXiA 10 NeTEKTyBaHHS Ta OLIIHKU IIPOLIECY 3aXOILJICH-
HsI HETaTUBHOT'O MIOOHY aTOMaMMU, SIKUii 6a3yeThesl Ha eHepreTuuHoMy migxoni B KEJI Teopii. Bu-
KOHAaHIi OLIiHKM Tepepi3iB 3aXOIJIEHHsI HeraTUBHOIo MI0OOHY aroMoM He.

Kmouosi ciioBa: JETCKTYBaHHA 3aXOIVICHHA HETaTUBHOI'O MIOOHY, aTOMHI CUCTEMU, CHEPICTU-

YHWHI ITaxXin

Pe3iome

JAETEKTUPOBAHUE 3AXBATA OTPULATEJIbHOI'O MIOOHA ATOMAMM:
OHEPITETUYECKHUU ITIOAXO

A. B. Inywixoe, O. 10. Xeueauyc, IO. B. J/lyoposckasn. A. B. Jloboda

HpC,ZLCTaBJIeH HOBBII, TOCJICAOBATEIbHBIA IMTOAX0I K JETEKTUPOBAaHUIO 1 OLICHKEC IIPOILIECCa 3a-
XBaTa OTpULATECIbHOTO MIOOHA aTOMaMMU. BroinonHeHbI OLIEHKY ceYeHU 3axBaTa OTpULATEIBbHOTO

MIooHa atToMoM He.

KioueBnie ciioBa: JCTCKTUPOBAHUC 3aXBaTa OTPpUIATCIbHOIO MIOOHA, aTOMHBIC CUCTEMBI, OHEP-

TeTUYECKUM TTOAXO/I

In last years with appearance of the intensive
neutron pensils, powerful laser sources new inter-
est attracts a class of problems, connected with the
v quantum-muon-nuclear interactions (e.g.[1-20]).

Speech is about processes of elementary particle-
nuclear interactions, which were studied ealier, but
for significantly other energy and geometry scales.
It is well known that a negative muon p captures
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by a metastable nucleus may accelerate the dis-
charge of the latter by many orders of magnitude
(e.g.[1,9,16]). Principal possibility of storage of
significant quantities of the metastable nuclei in
processes of the nuclear technology and their con-
centrating by chemical and laser methods leads to
question regarding methods of governing velocity
of their decay. It had been studied a possibility of
action on processes of decay of the nuclei with par-
ticipating the electrons of atomic shells (K-capture
and internal conversion)by means their ionization
(e.g.[1,9,14-16]). It had been considered a possibil-
ity of accelerating discharge of a metastable nucleus
by means of the angle momentum part to electron
shell of atom [9,20]. A comprehensive QED theory
of cooperative laser-electron-nuclear processes
is developed in refs. [19,20]. An effect of electron
shell is quite small as the parameter r /r is small
(r is a radius of nucleus and r, is a radius of atom).
A meso-atomic system differs advantageously of
usual atom, as a relation r /r can vary in the wide
limits in dependence upon the nuclear charge. For
a certain relation between the energy range of the
nuclear and muonic levels the discharge of metast-
able nucleus may be followed by the ejection of a
muon, which may then participate in the discharge
of other nuclei. Estimates of probabilities for dis-
charge of a nucleus with emission of y quantum and
further muon or electron conversion are presented
in ref. [16]. Let us also underline that despite the
relatively long studying the processes of interac-
tion of mesons with atoms, nuclei hitherto there is
no absolutely common opinion regarding values of
energies when the muons are captured by different
atoms and nuclei. The corresponding experiment
is connected with known difficulties, and different
theoretical estimates are significantly differ from
each other. According to Mann and Rose (e.g.[4]),
the muon capture occurs mainly under energies of
E~ 10keV, but according to Bayer muons survive till
thermal energies. In majority of papers (e.g.[1,4])
different authors predicted the muon capture ener-
gies in interval from a few dozens to thoursands eV.
Traditional theoretical approaches to problem are
based on the Born approximation with plane or dis-
turbed wave functions and the hydrogen-like func-
tions for the discrete states. For estimating the muon
energies with the most high capture probability in
many papers there is used the cross-section of in-
elastic scattering of muons on atoms by Rosenberg,
which is however significantly decreased. In papers
by Vogel et al and Leon-Miller (e.g.[4]) it is used
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the well known Fermi-Teller model, in which the
atomic electrons are treated as an electron gas and
muon is classically described. In paper by Cherepk-
ov and Chernysheva [4] the standard Hartree-Fock
mathod is used to define the cross-sections of the
Auger capture, elastic and inelastic scattering of the
negative muons on atom of He in the energy range
from 1 to 175 eV. The standard Hartree-Fock wave
functions are used for description of atom and re-
moved electron and the Hartree-Fock functions
in a field of “freezy” atom and ion respectively are
used for treating the muon in the initial and final
states. More modern approaches [2], based on the
fermion molecular dynamics method began to use
in the last years in the scattering and capture prob-
lem. In any case we suppose that more sophisticat-
ed methods of the QED perturbation theory and an
energy approach type (e.g.[12-20]) are needed for
correct solving the muon capture not only by light
atoms, but by the heavy ones too.

Here we present a new method to sensing
and estimating the cross-section of the negative
muon capture using a consistent energy approach
[12,14,17]in the QED theory. Let us present the key
moments of the approach. In the theory of the atom
a convenient field procedure is known for calculat-
ing the energy shifts AE of degenerate states. This
procedure is connected with the secular matrix M
diagonalization. In constructing M, the Gell-Mann
and Low adiabatic formula for AF is used. A similar
approach, using the Gell-Mann and Low formula
with the QED scattering matrix, is applicable in
the relativistic atom theory (c.f.[9-12]). In contrast
to the non-relativistic case, the secular matrix ele-
ments are already complex in the second order of
the perturbation theory (PT) (first order of the in-
ter-electron interaction). Their imaginary parts are
connected with the radiation decay (radiation) pos-
sibility. The total energy shift of the state is usually
presented in the form:

AE=ReAE+iImAE ImAE=-T/2 (1)

whereI'isinterpreted asthe level width, and the decay
possibility P =T". The whole calculation of the ener-
gies and decay probabilities of a non-degenerate ex-
cited state is reduced to calculation and diagonaliza-
tion of the complex matrix M. To start with the QED
Gell-Mann and Low formula one must choose the
zero-order approximation. Usually one uses for this
purpose a one-electron Hamiltonian with a central
potential that can be treated as a bare potential in the
formally exact QED PT. There are many well-known



A. V. Glushkov, O. Yu. Khetselius, Yu. V. Dubrovskaya, A. V. Loboda

attempts to find the more fundamental optimization
principles for the bare one-electron Hamiltonian
or (what is the same) for the basis of one-electron
functions which represents such a Hamiltonian. The
minimization of the gauge dependent multielectron
contribution of the lowest QED PT corrections to
the radiation widths of atomic levels is proposed in
[12] as “ab initio” optimization principle (see be-
low). In present calculations of the muon capture we
dealt with atoms and ions having the closed electron
shells. For example, the ground state 1s? of the He
atom or He-like ion. Note that below we operate in
the relativistic approximation, though for light atoms
(H or He) the non-relativistic approach is suitable.
It is usually accepted, as the bare potential, a poten-
tial including the electric nuclear potential V, and
some parameterized potential V, that imitates the
interaction of closed-shell electrons with incident
particles. The parameters of the model bare potential
are chosen so as to generate accurate eigen-energies
of all two-particle (2QP) states, i.e. 1s2s,2p3s,3p,3d
etc. with the same nucleus. In the second order of
the QED PT the energy shift is expressed in terms of
two-particle matrix elements

V(1,2,4,3) = (2, +1)(2/, + D2/, +1)(2/, +1) x
X(_l)/ﬁ/zf/s*/'ﬁmﬁmz x
....... A i A
x> (- 1)'[]1 I3 }{’ 3 }
A n.—m; U . .

x(02" +0;") )

Here Qf“' is corresponding to the Coulomb in-
ter-particle interaction:

o — {R, (1243)S, (1243)+
+R, 1243)S, 1243+ R, (1243)S, (1243)

+R, (1243)S, 1243y 3)
where R (1,2;4,3) is the radial integral of the Cou-
lomb inter-electron interaction with large radial
components; the tilde denotes a small compo-
nent; S is the angular multiplier (see expressions in
ref.[18,19]). Expession for the Breit inter-particle
interaction part is similar to (3) and presented also
in ref.[16-19]. To calculate all necessary matrix el-
ements one must use the basis’s of the 1QP rela-
tivistic functions. In many calculations of charac-
teristics of the atomic elementary processes it has

been shown that adequate description of these
characteristics requires using the optimized basis’s

of wave functions. In ref. [12] it has been proposed
“ab initio” optimization principle for construction
of cited basis’s. There is used the minimization of
the gauge dependent multielectron contribution
of the lowest QED PT corrections to the radiation
widths of atomic levels. The details of procedure
can be found in [12]. Below we first use such a basis
in calculation of the muon capture cross-section.
Further we briefly discuss the energy approach in
scattering theory 11,12] and give main formulas. We
briefly outline the main idea using, as an example,
the negative muon capture by He atom: ((1s)’/J M ],
g, ")—>(Isele ). Here J. is the total angular moment
of the initial target state; indices ¢, "and ¢ . are the
incident and discrete state energies, respectively to
the incident and captured muons. Further it is con-
venient to use the second quantization represen-
tation. In particular, the initial state of the system
“atom plus free muon” can be written as a,"®,
state. Final state is the state of an atom with the
discrete state electron, removed electron and cap-
tured muon; in furhter |I> represents one-particle
(1QP) state , and |F> represents the three-quasip-
article (3QP) state. The Auger capture part of en-
ergy shift /m AE appears first in the second order of
the atomic perturbation theory (fourth order of the
QED perturbation theory) in the form:

ImAE=rG(g,,€,.€},€h 4)

Indices e,v are coresponding to atomic electrons.
Here G'is a definite squired combination of the two-
particle matrix elements (2). The value 6=-2 ImAE
represents the capture cross-section if the incident
muon eigen-function is normalized by the unit flow
condition. The cross-section is as follows:

(0> IF)=2r(2J,+1) ). (2j, +1)-

Jin+Jse
{ZB/Q fv<.]/’e’]ﬁr‘]f|Jzn’]sL|o>}2 (5)
Jte,J o

Here B, isa real matrix of eigen-vectors coef-

ficients, which is obtained after diagonalization of
the secular energy matrix. The amplitude like com-
bination in (8) has the following form:

<0|]z};’.]l;( |jie’jiv’Ji >=
=2, +D(2), +D (-2 x> (-1 x
A

{05, , 1(2J, +1)Q, (fk,ie;iv,in) +

{J}n---j/k
jlc ]IV

}Qi (ie;im;iv, fk)} (6)
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In (15) values Q%' and Q' are defined by the
expressions of the type (3). The different normaliza-
tion conditions are used for the incident and for the
captured state electron wave functions. The details
of the whole numerical procedure of calculation of
the capture cross-section and also elastic and in-
elastic cross-sections can be found in [16,17].

We have carried out the calculation of the nega-
tive muon capture by atom of He. At first we stud-
ied the behaviour of the curves for cross-section of
capture for the negative muons in dependence upon
the ground quantum number » with summation
on the orbital moments / for several values of hte
muon initial energy. In whole our curves are lying
a little highe than ones [4]. Analysis shows that the
capture cross-section for energies of the incident
muon 16 and 50 eV with growth of the orbital quan-
tum number (/>10) begins to decrease for all n.For
small and large energies of muons in comparison
with atomic ionization potential) states with large
[ are populated with less probability than for ener-
gies of the ionization potential order. It is qualita-
tively similar to the non-relativistic Hartree-Fock
calculation. The more probable capture occurs to
states with n=15-20. At the same time the Hartree-
Fock basises are not gauge-invariant ones. So, one
could under-stand that an accuracy of calculation
with the gauge-invariant basises within an energy
approach is naturally higher. Calculated in present
paper full cross-sections of the muon capture, elas-
tic and inelastic scattering in dependence upon the
energy with summation on all »,/ are presented in
fig 1 (dotted line curves 7,8,9 respectively in fig.).
For comparison we present the cross-sections of
the Auger capture, elastic and inelastic scattering,
obtained within the Hartree-Fock method (curves
1,2,3), cross-section of the inelastic scattering by
Rosenberg (curve 4), cross-section of the Auger
capture by Copenman and Rogova (curve 5) and so
called transport cross-section [1,4].

The Hartree-Fock basises are not gauge-invari-
ant ones. So, one could understand that an accu-
racy of calculation with the gauge-invariant basises
within consistent energy approach (present paper)
is naturally higher. This is regarding data by Rosen-
berg, Copenman-Rogova and transport cross- sec-
tions. More detailed discussion regarding an im-
portance of using the optimized gauge-invariant
basises in the cross-section calculation and quan-
titative estimates are given in refs.[16-20]. In any
case, we can conclude that a new proposed method
to sensing and estimating the cross-section of the
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negative muon capture by atoms within a consistent
energy approach in the QED theory can be usefully
used in solving problem considered, in particular, in
calculation of the Auger-capture of negative muons
by heavy relativistic atoms.
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Fig. 1. The cross-section of the Auger capture, elastic
and inelastic scattering, obtained within the Hartree-
Fock method (curves 1,2,3), cross-section of the inelas-
tic scattering by Rosenberg (curve 4), cross-section of
the Auger capture by Copenman and Rogova (curve 5),
the transport cross-section (cross symbol) [1,4] and the
muon capture, elastic and inelastic scattering (present
paper; dotted line curves 7,8,9 respectively).
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