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Motivation

We present quantum-mechanical calculations of

non-reactive scattering processes of the excited

exotic hydrogen-like atoms:

-elastic scattering

(ax)n + (be−)ν → (ax)n + (be−)ν; (1)

-Stark mixing

(ax)nl + (be−)ν → (ax)nl′ + (be−)ν; (2)

Coulomb deexcitation

(ax)nl + (be−)ν → (ax)n′l′ + (b−e)ν. (3)

Here a(b) = p, d, t (hydrogen isotopes);

x = µ−, π−, K−, p̄;

n, l are quantum numbers of exotic atom;

ν are the hydrogen atom quantum numbers.

The processes (1) - (2) decelerate while Coulomb

deexcitation (3) accelerates the exotic atoms,

influencing their quantum number and energy

distributions during the cascade. The last pro-

cess has attracted particular attention especially

after the ”hot” πp atoms with the kinetic energy

up to 200 eV were found experimentally.
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Hamiltonian

The non-relativistic Hamiltonian for the four-

body system (aµ− + be−) in Jacobi coordinates

(R, ρ, r):

H = −
1

2m
∆R + hµ(ρ) + he(r) + V (r, ρ,R), (4)

where m is the reduced mass of the system, hµ

and he are the Hamiltonians of the free exotic

and hydrogen atoms:

hµΦnlm(ρ) = εnΦnlm(ρ), (5)

heϕ1s(r) = ε1sϕ1s(r), (6)

and V is the interaction potential of the subsys-

tems:

V (r, ρ,R) = Vab + Vµb + Vae + Vµe (7)

with the two-body Coulomb interactions

Vab = |R + νρ − νer|
−1, Vµb = −|R − ξρ − νer|

−1, (8)

Vµe = |R − ξρ + ξer|
−1, Vae = −|R + νρ + ξer|

−1.(9)

The coefficients ν, ξ, νe and ξe in the two-body

interactions (8)-(9) depend on the masses of the

particles,

ν = mµ/(mµ + ma), ξ = ma/(mµ + ma), (10)

νe = me/(me + mb), ξe = mb/(me + mb), (11)
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Coupled channel method

The total wave function ΨJMπ
E (ρ, r, R) for the

fixed values of J, M, π satisfied by the Schrödinger

equation

(E − H)ΨJMπ
E (r, ρρρρ,R) = 0, (12)

is expanded as follows

ΨJMπ
E (r, ρρρρ,R) = ϕ1s(r)

1

R

∑

nlL

GJπ
nlL(R)|nl, L : JM〉.

(13)

This expansion leads to the coupled radial equa-

tions for the radial channel functions GJπ
nlL(R):

(

d2

dR2
+ k2

n −
L(L + 1)

R2

)

GJπ
nlL(R)

= 2m
∑

n′l′L′

W J
nlL,n′l′L′(R)GJπ

n′l′L′(R), (14)

where W J
nlL,n′l′L′ are the matrix elements of the

interaction:

W J
nlL,n′l′L′ ≡ 〈1s, nl, L : J |V̂ |1s, n′l′, L′ : J〉. (15)

The radial functions GJπ
E,n′l′L′(R) must be regular

everywhere and satisfy the appropriate boundary

conditions at R → 0 and R → ∞.
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Cross sections

The partial cross sections of the processes (1) -

(3) for the transitions nl → n′l′

σJ(nl → n′l′;E) =
π

k2
i

2J + 1

2l + 1

∑

LL′

|T J(nlL → n′l′L′)|2.

(16)

The l-averaged partial cross sections for the tran-

sitions n → n′ are then computed by summing

over l and l′ with the statistic factor (2l+1)/n2:

σJ
n→n′(E) =

π

k2
i

2J + 1

n2

∑

l, l ′ LL′

|T J(nlL → n′l′L′)|2.

(17)

The total cross section for the transition n→n′:

σnn′(E) =
∑

J

σJ
nn′(E). (18)
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Coulomb deexcitation cross sections
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Isotope effect in CD process
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Electron screening effect in CCA for Coulomb

deexcitation
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The partial cross sections of the Coulomb deexcitation

σJ
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Antiproton hydrogen
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The l-averaged cross sections of the Stark transitions for

the collisions of the pp̄ atom with the hydrogenic one.

The results of the calculations in the semiclassical model

(SM) are shown for n = 8 with triangles
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Differential cross sections
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Differential elastic (a) and Stark (b) cross sections for

(µp)5l+H collisions vs. cms scattering angle θcm at Ecm =

1 eV.
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Differential CD cross sections for the individual transitions

with ∆n = 1 (a) and ∆n = 2 (b) for (µp)n=5+H collisions

at Ecm = 1 eV
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transition in (µp)n=6 + H collisions at different energies.
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Effect of closed channels
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