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Muon transfer in excited muonic hydrogen
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The cross sections and rates of muon transfer between excited states of muonic hydrogen are present-
ed as functions of collision energy for different isotope combinations. Electron screening of the field of
the target nucleus is taken into account. The ground-state population, ¢, of muonic hydrogen is ob-
tained for different collision energies, target densities, and relative hydrogen isotope concentrations, con-
sidering cascade processes for the principal quantum numbers n < 12. The obtained results for g, are
significantly smaller than the recent experimental data for D-T and H-D mixtures (tenfold and twice, re-
spectively) and indicate that some new effects must be considered to improve the agreement.

PACS number(s): 34.60.+z, 34.70.+e, 36.10.Dr, 82.30.Fi

I. INTRODUCTION n=12

11 T 4 :
The isotopic exchange reactions in the excited states of 10 =
muonic atoms, 9 — I —
8 T
(dp), +t—(tp), +d , M . 123
(pp), +d—(dp), +p , ) 6 —— | -~
(pp), +t—(tp), +p , (3) > -
play an important role in the kinetics of the processes 4 - -
occurring in hydrogen isotope mixtures and have been L
studied in a number of papers [1,2,8,11,18-20]. In par- | T 3d.
ticular, they have to be taken into account in investiga- L / ‘ 3p ‘1\
tions of weak muon capture by protons [1] and muon- 33— . I
catalyzed fusion [2]. j \ L i 3s )

At collision energies smaller than the isotopic energy ‘ o ‘
difference, the muon transfer reactions (1)—(3) are irrever- [ 2p
sible and can be considered as quasiresonance processes i / I T
with a resonance defect AU, =(u,—p,)/2n2~0.01/n? 5y /\ R
(in muonic atom energy units) p, and pu, being reduced E / * A u
masses of the initial and final muonic atoms, respectively. ! / % L -

The ground-state population of muonic atoms in mix- { 2s
tures of hydrogen isotopes is determined by muon | ‘ ;
transfer, which competes with deexcitation processes, i.e., ; 1[ }
radiative or Coulomb deexcitation, dissociation of the 1 R
target molecules, and external Auger processes on target —
atoms (or molecules). The latter process has been con-
sidered by Leon and Bethe [3] and by Bukhvostov and l Auger deexcitation | - radiative deexcitation i-Stark-mixing-induced
Popov [4] in the Born and eikonal approximation, respec- ; \ transitions

tively. Deexcitation via target molecule dissociation was
investigated in Ref. [3] and radiative deexcitation in Ref. L Coulomb deexcitation . - molecular dissociation \ muon transfer
[5]. The detailed considerations for Coulomb deexcita- °
tion were presented in Refs. [3,6—12].
In Refs. [8,13-16] it has been assumed that for n >5 FIG. 1. Scheme of the muonic atom cascade.
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the rates of deexcitation and thermalization of muonic
hydrogen are much greater than the corresponding rates
of muon transfer. Therefore, the initial conditions corre-
sponded there to populations g5 =1, g, .5=0, and muon-
ic atoms were considered to be fully thermalized. How-
ever, according to the experimental data of Refs. [21,22],
the residual energy of muonic hydrogen can be larger
than thermal energy e€r=0.04 eV. Consequently, in
Refs. [11,17,18,19] the ground-state population of muonic
hydrogen, gq,,, was calculated for collision energies
£>0.04 eV. Moreover, the results of Ref. [20] demon-
strate that the states 5 <n <7 also significantly influence
the value of g ;.

In this paper we present the rates for reactions (1)-(3)
as a function of collision energy for 2=<n <10. We also
calculate the g,, parameter for muonic atom cascade
presented in Fig. 1, including states up to n =12.

II. MUON TRANSFER

The effective potential of interaction of the muonic hy-
drogen atom in an excited state with a hydrogen nucleus
is asymptotically determined by

U(R)=3[n(n,—n,)/R?],

(in units of m #=ﬁ=e =1,m u being the reduced mass of
muonic atom), where R is internuclear distance and
(n,ny,n,) are parabolic quantum numbers. The validity
condition for the WKB approximation dA/dR <<1 is
fulfilled here, since for n,#n,,

d?\r/dR z(3Mnln1—n2|)_~l/2<<l N

which is the case for transfer processes in excited states
[13]. M is the reduced mass of the colliding atoms. The
cross section can be then written as

2
pmax
o=n [ apt, @

where p is the classical impact parameter (p,,,, is the
maximum' impact parameter determined by the potential
barrier) and P is the reaction probability.

Because reactions (1)-(3) are quasiresonant processes,
P can be calculated using the fully solvable Rozen-
Zener-Demkov model [23(a)]. The molecular terms of
the two-center problem with Coulomb repulsion U,
(i =1,2 for the initial and final states of the transfer pro-
cess, respectively) are considered in this model as
branches of the complex potential U(R) in a complex R
plane [23(b),23(c)]. The difference between U,(R) and
U,(R) in the neighborhood of the branch points of U(R)
can be expressed as [23(c)]

AU(R)=Vd*+w?R) ,

where w(R)~ exp(—aR) represents exchange interac-
tion and d =AU () is resonance defect. Muon transfer
occurs when AU(R)=0. It is satisfied for an infinite P
series of complex, equidistant branch points
Rj=RP+i7r(j —1/2)a”!,J=1,2,..., which determine
the transition probability.! For single passing of the
transition region ( ReR either increasing or decreasing),
Py=1(1—tanhd)= 3 (—1)V*'exp(—2j8), (5
j=1

where & is the Massey parameter
Im f Cp,-dR ‘ . (6)

Contour C in integral (6) encloses the branch point R,
which is the closest one to the real axis ReR; and

pi=V 2M[e—U,(R)—ep*/R?] )

5=

is the relative radial momentum of colliding atoms for the
initial (i =1) and final (i =2) state of reactions (1)-(3),
respectively, with € being collision energy at infinite R.
The total transition probability (the transition region is
passed twice) is

P=2P,(1—P;)=(2cosh?5)" ! . (8)

In the calculations of U;, electron screening of the field of
the target nucleus was taken into account according to
Ref. [24], which asymptotically (R — o) is given by

U;(R)=—p;/2n*+ {(3)n(ny—ny)—(n?/2R)[6(n,—n,*—n%+1]}E(R)

—Aexp(—28)(n?/2)[9(n, —n,)+n2—m?+3], (&)

where A=a,/a,,B=R /a, (a, and a, are Bohr radii of
the muonic and electronic hydrogen atom, respectively),
and E (R) is the atomic electric field

E(R)=(1/R?)(1+28+2B%) exp(—28) , (10)

sensed by the muonic atom. In the calculation of transfer
cross sections and rates the molecular degrees of freedom
of hydrogen molecules colliding with muonic atoms were
neglected. In order to obtain the transfer cross sections
we have calculated the molecular terms and their branch
points for n < 10.

III. RESULTS AND DISCUSSION

The rates for reactions (1)-(3), obtained with electron
screening taken into account, are shown in Figs.

It should be noted that for nonresonant reactions, e.g.,
Coulomb deexcitation or muon transfer to helium, only one
branch point of the potential is practically important, so the re-
action probability is P, = exp(—28) [23(d)].
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FIG. 2. (a)-(c) Muon transfer rates calculated with electron screening taken into account for reactions (1)-(3), respectively, for

different principal quantum numbers n indicated on curves.

2(a)-2(c), respectively.? Figure 3 shows the correspond-
ing rates for reaction (1), calculated without electron
screening. Comparison of Figs. 2(a) and 3 shows a
significant influence of electron screening on the transfer
processes [the cross sections and rates obtained with elec-
tron screening are much smaller due to the decrease of
Pmax in Eq. (4)].

The rates of radiative deexcitation were obtained using
the formulas of Ref. [5], and the rates of Auger deexcita-
tion and target molecule dissociation were calculated for
muonic hydrogen using the data of Ref. [3]. In muonic
hydrogen the Auger transitions n—n —1 for n between
8-12 are energetically forbidden; hence, in order to con-

2Transfer rates are normalized to liquid-hydrogen density
(LHD), Ny=4.25X 102 cm 3, i.e., A, =0, VN,, where V is rela-
tive velocity of the colliding atoms at infinite R.
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FIG. 3. Muon transfer rates for reaction (1) without electron

screening.
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TABLE 1. Parameter q,, for the D-T mixture as a function
of tritium concentration c¢,, and density ¢ in LHD units for col-
lision energy €=0.04 eV.

¢ (LHD)

c 0.01 0.05 0.1 0.5 1.0
0.0000 1.0000 1.0000 1.0000 1.0000 1.0000
0.0010 0.9787 0.9683 0.9620 0.9456 0.9398
0.0100 0.9152 0.8743 0.8488 0.7863 0.7663
0.0200 0.8753 0.8176 0.7814 0.6970 0.6721
0.0400 0.8078 0.7257 0.6754 0.5676 0.5388
0.0600 0.7482 0.6484 0.5896 0.4720 0.4429
0.0800 0.6942 0.5817 0.5180 0.3980 0.3701
0.1000 0.6451 0.5235 0.4574 0.3393 0.3131
0.2000 0.4552 0.3217 0.2611 0.1715 0.1545
0.3000 0.3296 0.2084 0.1608 0.0981 0.0872
0.4000 0.2439 0.1406 0.1045 0.0607 0.0535
0.5000 0.1838 0.0981 0.0709 0.0397 0.0348
0.6000 0.1408 0.0703 0.0497 0.0270 0.0236
0.7000 0.1094 0.0516 0.0358 0.0190 0.0166
0.8000 0.0861 0.0386 0.0264 0.0138 0.0119
0.9000 0.0685 0.0294 0.0198 0.0102 0.0088
1.0000 0.0551 0.0228 0.0151 0.0077 0.0066

sider levels n =8-12, one has to take into account Auger
transitions for An>1. These transitions were conse-
quently included also for lower levels (see Fig. 1). As for
Coulomb deexcitation, we used our results of Ref. [12].
The rate of Stark-induced transition, A;4(2s—2p—1s),
and the rates of Stark mixing of the 2p and 2s states were
obtained using the results of Refs. [14,17,25].

As is seen in Figs. 2(a)-2(c), the transfer rates A, and
A, are nearly equal for € <1 eV; hence, to calculate g,; in
this energy region we put A;,=A;;=A,,. The results

TABLE II. Parameter q,; for the D-T mixture as a function
of tritium concentration c,, and density ¢ in LHD units for col-
lision energy e=1.0 eV.

¢ (LHD)
¢ 0.01 0.05 0.1 0.5 1.0
0.0000 1.0000 1.0000 1.0000 1.0000 1.0000
0.0010 0.9964 0.9954 0.9947 0.9922 0.9907
0.0100 0.9650 0.9553 0.9482 0.9254 0.9120
0.0200 0.9315 0.9130 0.8996 0.8577 0.8336
0.0400 0.8688 0.8350 0.8111 0.7399 0.7006
0.0600 0.8111 0.7649 0.7330 0.6517 0.5932
0.0800 0.7581 0.7017 0.6639 0.5592 0.5055
0.1000 0.7092 0.6447 0.6025 0.4894 0.4334
0.2000 0.5156 0.4309 0.3813 0.2658 0.2162
0.3000 0.3827 0.2968 0.2511 0.1553 0.1185
0.4000 0.2892 0.2097 0.1708 0.0959 0.0696
0.5000 0.2220 0.1515 0.1194 0.0618 0.0431
0.6000 0.1728 0.1116 0.0855 0.0413 0.0279
0.7000 0.1361 0.0836 0.0625 0.0284 0.0187
0.8000 0.1084 0.0636 0.0465 0.0201 0.0129
0.9000 0.0872 0.0490 0.0351 0.0145 0.0091
1.0000 0.0708 0.0382 0.0269 0.0107 0.0066
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FIG. 4. (a)-(c) Parameter g, for (a) du in the D-T mixture,
(b) pu in the H-D mixture, and (c) pu in the H-T mixture as a
function of the concentration of the heavier hydrogen isotope
for collision energies €=0.04 eV (solid lines) and e=1 eV
(dashed lines). Densities, ¢ in LHD units, are indicated at the
curves.
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were obtained by solving the system of kinetic equations
with the initial conditions corresponding to ¢, =1 and
4, <12=0. The dependence of g, on tritium concentra-
tion c,, for different target densities and collision energies
is shown for the D-T mixture in Tables I and II and Fig.
4(a). The analogous results for the H-D and H-T mix-
tures are presented in Figs. 4(b) and 4(c), respectively.

Figures 5 and 6 illustrate, for the case of the D-T mix-
ture, the influence of the maximum n taken into account
in the calculations of g,,. It is remarkable that inclusion
of the level n =8 leads to a sharp decrease of g,,. The
gap between the g, curves obtained for n_,, =7 and 8 is
caused mainly by the absence of the Auger transition be-
tween levels 8 and 7 [4] (as opposed to pionic hydrogen
where this transition is allowed [3]) and by the fact that
the other deexcitations of n =8 are comparable or slower
than transfer to tritium. The curve obtained for n,, =9
lies above the curve for n_,, =8 because the dominating
Auger transition 9— 7 bypasses n =8 (the rates of molec-
ular and Coulomb deexcitation of n =9 are about 10
times slower than the Auger transition 9—7). A similar
observation holds true for levels 11 and 12.

It follows from Figs. 5 and 6 that the dependence of ¢,
on n_,. becomes stronger with decreasing ¢ and increas-
ing €. It can be explained by a relatively strong n depen-
dence of A, for large ¢ [see Fig. 2(a)] and a relatively slow
deexcitation as compared with transfer for decreasing ¢.
The above observations remain valid also for other hy-
drogen isotopes.

The isotopic effect in the energy dependence of g ; is il-
lustrated in Fig. 7 for ¢=0.1 and equal concentrations of
the two components of the mixture. It is remarkable that
the effect is strongest for the H-T mixture and g, in-
creases by a factor of 2 between e=0.1 and 1.0 eV for all
isotope combinations.

Figure 8 shows the comparison of our results for g

dp+t—-tu+d

]
qls 1‘
0.80 41\ £=0.04eV 1
e !
060 4 %
0.40 7
020 4
0.00 s - -
000 0.20 0 40 0 60 0 80 100

FIG. 5. Parameter g, for du in the D-T mixture calculated
for e=0.04 eV as a function of tritium concentration ¢, for
¢=0.01 LHD and for different n.,, indicated at the curves.
The ordering of the curves for other densities (¢=0.1 and 1.0
LHD) is the same as for $=0.01 LHD.

with the present experimental data for the D-T [26] and
H-D [27] mixtures. As is seen from Fig. 8(a) (the D-T
case) the theoretical corridor for g, bounded by the
curves for ¢=0.1 and 1.2 LHD calculated for n,, =12
and e=1 eV, lies drastically lower than the experimental
one (as is seen in Fig. 7, ¢,, is maximal for e=1 eV), espe-

qls

1:003 dp+t-tu+d E
oo \ $=0.1 LHD _
o.eoé e=1.0eV

0.00 , :

FIG. 6. Parameter q,; for du in the D-T mixture as a func-
tion of tritium concentration ¢, calculated for $=0.1 LHD for
different n,,, and €.
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FIG. 7. Isotopic effect in the energy dependence of g, calcu-
lated for ¢=0.1 LHD and equal concentrations of mixture com-
ponents.

cially for large c,, where the experiment exceeds theory
by a factor of 10.> As is seen from Fig. 8(b), the
discrepancy between theory for n_,, =12 and the experi-
ment for the H-D mixture for ¢=1 LHD is also large
(the experimental value is about two times greater than
the theoretical one).

It follows from Figs. 5 and 6 that increasing n,,,
(which automatically leads to inclusion of additional
transfer channels) deteriorates further the agreement be-
tween theory and experiment. This could mean that the
muon transfer rates are overestimated. On the other
hand, the rates calculated for muon transfer from hydro-
gen to helium [18,19,30] are in good agreement with the
experimental data [28,29]. Therefore, the reason for the
discrepancy observed for hydrogen mixtures is possibly
due to other effects which suppress muon transfer from
highly excited states. A possible explanation can prob-
ably be given by inclusion of inverse muon transfer, i.e.,
muon transfer from a heavier to a lighter hydrogen iso-
tope. The epithermal effects in D-T mixtures leave ample
room for such transitions, particularly in the highly excit-
ed states. Calculations of inverse transfer rates are in
progress.

31t should be noted, however, that the experimental corridor
represents the error bars rather than the $=0.1 and 1.2 LHD
bounds. In fact, in Ref. [26] the ¢ dependence is found to be
nearly negligible.
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FIG. 8. (a) Comparison of the experimental g,; corridor ob-
tained for ¢ in the range 0.1-1.2 LHD (solid line) for the D-T
mixture [26] with the theoretical curves for ¢=0.1 and 1.2
LHD, calculated at e=1 eV for n,, =12 (dashed). (b) Compar-
ison of the experimental point of g,; for the H-D mixture for
¢=1LHD [27] with theoretical results (dashed line) obtained at
e=1eV for ny,, =12.
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