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The formation of mesonic atoms in condensed matter is calculated with a parameter-
free classical model. The probability for Coulomb capture is found to be proportional to
ZY/31n(0.572). 1t is shown by a X? test performed for metal halides that the new formula

reproduces well the experimental data.

The capture of negative meson particles such
as muons, pions, kaons, or antiprotons in con-
densed matter has been treated many times since
the pioneering paper by Fermi and Teller.! Old-
er work was summarized by Burhop? and by Pono-
marev.® Recently Leon and Seki* and Haff, Vogel,
and Winther® investigated modifications of the
Fermi-Teller theory. The experimental data on
the distribution of muons in the different compo-
nents of a chemical compound does not follow the
“Z law” as originally proposed,' nor any other
proposed relationship between the values of the
atomic number Z of the individual constituents.

It is the aim of this Letter to present a calcula-
tion of the Coulomb capture probability of nega-
tive mesonic particles in condensed matter, per-
formed with a purely classical model based to a
large extent on the treatment by Fermi and Tell-
er.! Special emphasis will be given to a simple
formula describing the gross features of the pro-

cess.

Consider a negative meson particle of mass M
and (kinetic plus potential) energy W >0, which
is traveling at low speed v through condensed
matter. This particle will be trapped in a poten-
tial well if it loses enough energy while traveling
inside the well so that W becomes negative. We
approximate the potential in matter by a spheri-
cally symmetric screened Coulomb potential
around the nucleus up to a radius », where 7, is
determined, e.g., by the dimension of the elemen-
tary cell in the case of a simple lattice.

Let us now consider the process quantitatively.
For the screened Coulomb potential we take!

U=-e*bdz**/r?, (1)

where b =(972/128)Y %, (a, is Bohr radius), d
=0.4, and 7 is the distance from the nucleus. The
energy loss of the meson particle with W= 0 when
traveling through this field, if the electrons are
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treated as Fermi gas, is

T2 dW dt
dS——J; —a?;}—éds

r2dW

AW=~ ds

71
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1

(2)

where ds is an element of the trajectory of the
meson particle between », and 7,, m the electron
mass, e the elementary charge, v, the mean ve-
locity of the atomic electrons, « the fine struc-
ture constant, ¢ the speed of light, and T' the ki-
netic energy of the mesonic particle. For dW/di
the expression given by Fermi and Teller was
taken.® In the further evaluation of Eq. (2) we set
T =~U and obtain

AW ==~ (2/371)1710:202(2d)l’"’(m/M)1’2(9772/128)”6
xZY* v,/ (ac)] [2ds /r. (3)

It is easily seen that there is no stable bound
state in the potential Eq. (1). The slowly incom-
ing particle comes close to the nucleus if, and
only if,

4°<q ey =€ dZ?3 /W, (4)
where ¢ is the impact parameter and W, the val-
ue of W with no potential. According to Eq. (3)
only particles whose trajectories satisfy the con-
dition Eq. (4) will lose an appreciable amount of
energy.

If Eq. (4) is fulfilled we may replace ds by dr
in Eq. (3); with the additional approximation

vo=acfZ¥3,
where f has the numerical value” 0.688, we ob-
tain

AW ==C@)In(r /7 i) + I /7 i)],
where

C)=(2/3mma*c*(2d)"*(m/M)"?

X (97)'2/128)1/62 1/3 ln(fZZ/3)

=0.23(/M)Y22 Y3 1n(0.57Z) eV,
p meaning the mass of the muon, and »;, is the
minimum value of » when the particle passes the
nucleus on its path between v, and r,, »; ex-
ceeding zero in reality, for ¢ >0, because Eq.
(1) does not hold for very small distances 7.
For a particle not captured we have with », =»,
also 7,=7,,

AW ==2C(Z) In(ro/¥ min) » (5)

and, if Eq. (4) is fulfilled, 7,> 7, In the gross

1650

structure of the Coulomb capture we are treating
in this paper, we shall be allowed to neglect the
dependence of v ,;, onZ, ¢, and W,,.

In the above approximation AW depends only on
Z , and a particle entering the atom will be cap-
tured if, and only if, Eq. (4) holds and simultan-
eously the condition W, <—AW is fulfilled. A nu-
merical estimate with »,;; of the order of the
Bohr orbit of the K electron or smaller shows
that v, S ¢y, i.€., Eq. (4) is, at least approxi-
mately, fulfilled for all particles with W,< - AW,
where AW is calculated with the help of Eq. (5);
it will be assumed from now on that Eq. (4) holds.
Hence a particle with ¢ <7, will be captured ex-

TABLE I. Ratio A(Z;/Z,) of Coulomb capture proba-
bilities per atom; Z; and Z, refer to metal and halogen,
respectively. Column 3 lists the experimental values
of the references given in column 2. Column 4 lists the
values calculated with Eq. (6). Column 5 lists the val-
ues from the “Z law.” For the meaning of x,? see text.

Compound  Ref. Experiment This work "Z~Law"
1 2 3 5
LiF 13 0.28 + 0.03 0.23 0.33
LiI 11 0.06 + 0.01 0.06 0.06
NaF 13 1.56 + 0.81 1.20 1.22
NaCl 9 0.68 + 0.06 0.70 0.65
NaI 13 0.29 + 0.03 0.32 0.21
AJ_F3 10 0.90 + 0.30 1.38 1.44
I-xlcl3 10 0.63 + 0.21 0.81 0.75
AlI3 10 0.48 + 0.18 0.37 0.24
KC1 9 1.16 + 0.03 1.09 1.12
KBr 10 0.47 + 0.06 0.65 0.54
KI 13 0.50 + 0.05 0.50 0.36
CaCl, 13 1.56 + 0.18 1.13 1.18
AgI 13 1.42 + 0.25 0.93 0.89
CdF, 10 3.98 + 0.54 3.53 5.34
cdcl, 10 2.26 +0.26 2.06 2.82
CdBr, 10 1.06 + 0.10 1.23 1.38
Cdr, 10 1.00 + 0.12 0.94 0.90
SnCl2 10 1.98 + 0.22 2.1 2.94
SnCl, 10 2.36 + 0.40 2.1 2.94
Sb}."3 10 3.69 + 0.42 3.67 5.67
SbCly 10 2.55 + 0.39 2.14 3.00
SbClg 10 2.30 + 0.45 2.14 3.00
PLF, 13 4.70 + 0.40 4.9 9.12
PRCL, 13 3.16 + 0.24 2.86 4.82
PbI, 13 1.22 + 0.12 1.30 1.54
BiF, 12 4.74 + 0.45 4.94 9.21
UF4 12 6.08 + 0.60 5.25 10.24
XZ 1.61 15.98
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actly if
W,<2C@Z)Inry/7 mim)-

Since, in sufficient approximation,® the meson-
ic particles enter the atom with a white energy
spectrum up to an energy W, >—AW, —AW/W,,
is just the capture probability for particles with
W,<W,, entering the atom, i.e., having a ¢ small-
er than »,. As a further approximation we as-
sume that 7, has the same value for all atoms in
a chemical compound. The capture in a constit-
uent of the compound is then proportional to — AW,
i.e., proportional to Z¥31n(0.57Z)~ Z'3In(Z /2),
and we obtain as ratio of capture probabilities
per atom in the case of a binary compound with
elements Z, and Z,

Z,\_Z,Y*1n(0.572,)
A<22>"_221/31n(0.5722) ’ 6)

As a large amount of new experimental data on
metal halides®'° is available we compared the
predictions of Eq. (6) with all experimental data
on metal halides®"'® except those old values which
could be replaced by new values of higher accura-
cy. This comparison is presented in Table I.

The quality of the representation of the experi-
mental data by the theory is characterized by the
normalized value y,? of the quantity y,%, which
must not appreciably exceed unity for a good rep-
resentation.’* For comparison the predictions of
the “Z law” are included. Considering the crude
approximations in the derivation of Eq. (6), the
agreement between experiment and our theory is
excellent whereas the “Z law” does not well re-
produce the data.

I want to thank A. Brandio d’Oliveira for a com-
pilation of the published data and for performing

the x? test.

IE. Fermi and E. Teller, Phys. Rev. 72, 399 (1947).

’E. H. S. Burhop, in High Enevgy Physics, edited by
E. H. S. Burhop (Academic, New York, 1969), Vol. 3,
p. 109 ff.

3L. 1. Ponomarev, Annu. Rev. Nucl. Sci. 23, 395
(1973).

‘M. Leon and R. Seki, Phys. Rev. Lett. 32, 132
(1974).

5p. K. Haff, P. Vogel, and A. Winther, Phys. Rev. A
10, 1430 (1974).

In Ref. 1, v, means the maximum electron velocity
at the instantaneous position in space of the mesonic
particle. As this maximum velocity depends on 7, and
as the mesonic particle does not move slowly compared
to the electrons at small » values, we use for v, the
electron velocity averaged over the whole atom.

'C. A. Coulson and N. H. March, Proc. Phys. Soc.,
London, Sect. A 63, 367 (1950).

8The question of the exact form of the energy spectrum
is difficult to answer. The approximately white energy
spectrum follows from the approximately energy-inde-
pendent mean energy loss of a beam of particles.

91,. F.-Mausner, R. A. Naumann, J. A. Monard, and
S. N. Kaplan, Phys. Lett. 56B, 145 (1975).

A, Brandfo d’Oliveira, Thesis, Technical University
of Munich, Munich, 1975 (unpublished); A. Brand3o
d’Oliveira, H. Daniel, and T. von Egidy, to be pub-
lished.

5. F. Lathrop, R. A. Lundy, R. A. Swanson, V. L.
Telegdi, and D. D. Yovanovitch, Nuovo Cimento 15, 813
(1960).

12M. Eckhause, T. A. Filippas, R. B. Sutton, R. E.
Welsh, and T. A. Romanowski, Nuovo Cimento 24, 666
(1962).

By, G. Zinov, A. D. Konin, and A. I. Mukhin, Yad.
Fiz. 2, 859 (1965) [Sov. J. Nucl. Phys. 2, 613 (1966)] .

1ph. R. Bevington, Data Reduction and Evror Analysis
for the Physical Sciences (McGraw-Hill, New York,
1969), p. 89.

1651



