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Cascade processes in hadronic hydrogen:

radiative transitions :

(K X)y = (KX)ot = (n'<n);
X=p,d
collisions :
elastic scattering (n'=n, I'=1),

(K™ X), + X = (K™X),.,. + X

Stark transitions (n' =n, I' 1),
X=H,D

| Coulomb transitions (n' #n),
(K™x),, + X = (K™X),,, + Xx+e —Auger transitions (n'<n),
(K™X)y + X = [ (K™X),,.x |+ €~ —Auger capture(n'<n),
(KX)X | > (K™),.+x - predissociation(n"<n").
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The general problem: (K'x),, +X — all final states

The existing approaches to solve this problem:

Quantum Mechanics (QM) methods:

* three-body problem;
« multi-channel Coulomb problem (n2~100+1000 kaonic states);

« total and differential cross sections, the most part of which are lacking.
Classical Mechanics (CM) description:

 three planets problem (classical collisions);
* Coulomb charged planets, including the kaon motion;
 natural description of multi-quantum Coulomb transitions (A= n — n">1);

* possibility to take into account protons chemical binding in H,/D, molecule.

Good argument for solution of the QM problem by CM methods is successful
description of electron charge exchange in collisions of multi-charged ions with
hydrogen atoms (R. Olson and A. Salop, 1976): differences between calculated
and experimental cross-sections are about ~20%.

Another argument is the Bohr Correspondence Principle: CM results coincide
with QM ones at large n.



Quantum-Classical Monte Carlo method

Developed scheme of cascade calculations:
- Radiative transitions are considered by QM methods;
* Collisions are described by methods of ClMV;

« Auger processes are treated semiclassically.

The processes of Auger capture are negligible for heavy exotic
atoms like K p and K d, which become more and more energetic
during the cascade due to multi-quantum Coulomb transitions.



The basic parameters of the problem:

The mean distances between hydrogenatoms: R =N~ = 69 "’»l,
where ¢ =N /N,, N,=4.25-10?cm™(6-10"a.u.).

The radii of the Kepler kaon orbits (N ~5):r, =n*/u~4-107,
where g=m/m_ /(m,+m,).
r «R.

The "initial data sphere” radius: Ry =R +2r; R =2+5;
The free path length: A, = (zR:N)™';
The typical collision length: 4, ~ R;
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Free flight and
radiative transitions (K x), — (K X), + ¥

Ae» A,

l.e., it is possible to neglect the radiative transitions
during the collision.

The transitions (nl)— (n'l') are described by the
guantum mechanical system of equations

N, (®) _

" =-T N, ()+ D T, N.(t), D N(t)=1,
n'>n,l' nl

wheres=(n,l), T, = Z I

n'<n,l’

I'=1=+1.

S's?

The mitial conditions: N (0)=N,(0)=9,, 9, .

The longevity of free flight: t = : In [é], & e(0,1).

7R Nv



“Initial data” sphere

p,(t), p,(t), px(t) — vector-coordinates of two protons and kaon;

p —impact parameter; R, =R_.. —p,.




(K_p)nl +H — (K_p)n'l' +H -
3-body problem in Classical Mechanics
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f(R)=(14+2R+2R*)e™® — the electron screening factor.

The 1nitial conditions (at t = 0):

m m
_ 1 _ K _
r, = R, +—rnK r,,. hL=R, ——ml re,, r,=0,

: m : m :
r,=V+—V,,, h=v-—"v,, =0
mK ml
The end of collision stage: fulfilment of the condition 1, > R,.



As a results the transiiton (n,l.,E.) —> (n,,l., E,) takesplace:

/ i 1
Ny = _ﬂ’ L =[1, |, EZﬂKl— ,
2& 2

r.Kl

| I, x ur, , 1f the final state 1s the K™ p, —atom,
r., x uf,, if the final state is the K™ p, —atom,

( 2
m., (m.r,+mfr )
KLy KK 11 for the K™ p, —atom,
2 mKl
E, = )
M, [ MF +m,F _
K2 KK 221 " forthe K™ p, —atom,
L 2 mK2




Auger processes (K p), *H = [(K p), + p] +e
The rate I' (R) of Auger transition:
11/2
IR =" "L R), at n<n,
FAR) =T (R), at n>n,,
e—2R
v’ (R) = , n=(u/ly), |, is the hydrogenionization energy.
s

The probability of the Auger reaction:
W, =1-exp(=Pp,),

dp
d_'[A: FA(I‘lz), 1P :| r—r, |

At the moment t =1, of the Auger transition :

the electronic screening f(R)=1,n'=n-1, I'=1-1.



A computational code for cascade processes
In the exotic hydrogen atom

Input: an exotic atom in the {n,lE} state.

Qutput: an exotic atom in the {n"I',E"} state,

as well as,

=cross-sections of Coulomb, Stark and Auger transitions;

»= kinetic energy distributions;

» decay characteristics of the exotic molecular complex;
= cascade time in the exotic atom;

= Doppler broadening of the atomic {nl}-state;

= X-ray yields.
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Charge exchange reaction
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c, (a.u.)

Stark collisions

- - - -Popov & Pomerantsev (1999)

present work

75 - L=2>Z L’
60 —

. (pH)L+ H— (pH)L-"' H
45 4 =3
30 -

\
15

N
| -- - L=2—>X L
~— -_______________________/|_=2_>2L’¢L,L=2—>L’=1
0 ~ L=2-L"=0
T T T ! I ! ! I
E (eV)



Stark collisions

(pu)L-'_ H — (pH)L-"' H - — = - Popov & Pomerantsev (1999)
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Fractions of pK™ atoms

In the selected energy intervals
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Calculated K -ray yields of K'p atoms
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Y, (%)

X-ray yields of kaonic hydrogen atoms
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X-ray yields of kaonic hydrogen atoms
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X-ray yields of kaonic deuterium atoms
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Calculated K,-, 5, yields of Kid atoms
at density ¢=0.01 LHD
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Summary

< A quantum-classical code for ab initio calculations of
cascade in hadronic hydrogen atoms is developed.

* This code does not require any fit parameters.

**The obtained results have demonstrated good agreement
between theory and available experimental data.

* The developed code enables to carry out calculations (with
accuracy ~25% and less) of main characteristics of cascade
Processes:

e cross-sections of Coulomb, Stark and Auger transitions;

Kinetic energy distributions;

cascade time in the exotic atom:

Doppler broadening of the atomic states;

X-ray yields.
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