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 Motivation
➤ Pre
ision measurements of �N and K�p s
atteringlength
➤ Investigation of atomi
 
as
ade me
hanisms
 New results for 
ollisional 
as
ade pro
esses:elasti
 s
attering and Stark mixing
 New 
as
ade 
al
ulations
➤ �p
➤ ��p
➤ K�p
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Light Exoti
 Atoms
Motivations
Pre
ision measurements of the nu
lear shiftsand widths=) the s
attering lengths a�N , aK�p.Pioni
 hydrogen ��p�E1S=E1S � 10�2, ��1S=�1S � 3 � 10�2 (PSI)

➤ Doppler broadening of the X-ray lines (�1S � 1 eV)
➤ The energy distribution during the atomi
 
as
ade.
➤ Understanding a

eleration and de
eleration me
hanisms.
Kaoni
 hydrogen K�p�E1S=E1S � 10�2, ��1S=�1S � 3 � 10�2 (DEAR)
➤ The X-ray yields vs. density.
➤ The stru
ture of the K X-ray 
omplex.

V. Markushin, PSI, Hyp2000 2



Atomi
 Cas
adeThe Kineti
s of Atomi
 Cas
ade
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The Monte Carlo kineti
s 
ode MCKin:the number of states � n2max=2the number of links � n3maxV. Markushin, PSI, Hyp2000 3



Cas
ade Models

Cas
ade Models forthe Exoti
 Atoms with Z = 1Model Rad. Auger Stark Coul. pnl(E; t)Leon, Bethe (1962) + + + � �Borie, Leon (1980) + + + � �V.M.(1981) + + + � �Landua, Klempt,Reinfenr�oter (1987) + + + � �Czaplinski, Gula,Kravtsov et al. (1990) + + + � �V.M.(1994) + + + + +Czaplinski, Gula,Kravtsov et al. (1994) + + + + �As
henauer, V.M. (1996) + + + + +Terada, Hayano (1996) + + + � �Jensen, V.M. (2000) + + + + +The evolution of the energy distribution pnl(E; t)during the atomi
 
as
ade is important.
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Cas
ade Me
hanisms
Cas
ade Me
hanisms

 De-ex
itation (nf < ni){ Radiative{ Auger{ Coulomb{ Mole
ular resonan
es

 Elasti
 S
attering (nf = ni) NEW{ Stark mixing{ De
eleration

 Absorption (��p, K�p, (�pp)) NEW
V. Markushin, PSI, Hyp2000 5



De-ex
itation me
hanisms
Radiative Transitions
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The total rates of radiative de-ex
itation.V. Markushin, PSI, Hyp2000 6



De-ex
itation me
hanisms
Auger Transitions
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itation (l.h.d.).
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Cas
ade Rates

Muoni
 Hydrogen
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Cas
ade Rates

Pioni
 Hydrogen
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Cas
ade Rates

Kaoni
 Hydrogen
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Muoni
 Hydrogen
Muoni
 Hydrogen
X-Ray YieldsTheory (V.M. 1996, 2000) vs. Experiment
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Muoni
 Hydrogen
Kineti
 Energy Distribution inEx
ited States
high-E 
omponent in thekineti
 energy distributionof �p =) Doppler broadening ofthe X-ray lines
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 energy (� 1eV )#Doppler broadening of the X-ray lines#Measurement of the Coulomb transitions (PSI { in progress)
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Muoni
 HydrogenMetastable 2S Fra
tionin Muoni
 Hydrogen
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0.2eV

T. Jensen and V.M.,nu
l-th/0001009

New 
al
ulations ofthe 
ross se
tions�p2l +H ! �p2l0 +H =) The surviving fra
tion f(T)of the 2S state vs. the ini-tial energy T
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The total population of the metastable 2S stateP2S = R w2S(T )f(T )dT > 10�2=) good news for the Lamb shift experiment at PSI (inprogress).V. Markushin, PSI, Hyp2000 13



Pioni
 Hydrogen
Pioni
 Hydrogen
X-Ray YieldsTheory vs. Experiment (PSI, 1995)
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Pioni
 Hydrogen
Doppler Broadening of the X-Ray Lines
The Coulomb de-ex
itation=) the high-energy 
omponent (T � 1 eV)=) an important 
orre
tion to the width of the nP ! 1Stransitions.The kineti
 energy distribution from the n-ToF experiment(PSI) (��p)nS ! �0 + n

PSI dataThe theoreti
al kineti
 energy distribution | in progress.
V. Markushin, PSI, Hyp2000 15



Kaoni
 Hydrogen

Atomi
 Cas
ade in Kaoni
 Hydrogen
The de-ex
itation vs. absorption
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Kaoni
 HydrogenCollisional Cross Se
tions
New 
al
ulations of the elasti
 s
attering, the Stark mixing,and the absorption 
ross se
tions (T. Jensen, 2000)
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Kaoni
 HydrogenThe Di�erential Cross Se
tions

10
-3

10
-2

10
-1

1

10

10 2

0 30 60 90 120 150 180

θ [deg]

dσ
/d

Ω
  [

a e2 ]

5P →  5P
5P →  5D
5P →  5F
5P →  5G

 total l-average

K-p + H

6.5 eV (K�p)nl +Han example ofthe di�erential
ross se
tionsd�nl!nl0=d


A 
omplete set of the 
ross se
tions d�nl!nl0(E)=d
that are needed for the Monte Carlo kineti
s (about103 fun
tions) has been 
al
ulated.The methods used:

 A quantum me
hani
al 
oupled{
hannel model(n = 2; 3; 4; 5).

 A semi
lassi
al solution with the full angular 
ou-pling between the internal K�p and the externalK�p+H motion (n > 5).V. Markushin, PSI, Hyp2000 18



Kaoni
 Hydrogen
The K�p absorption via Stark mixing
The rates of the absorption from the nl states vs.lab. energy (l.h.d)
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Kaoni
 HydrogenCas
ade Cal
ulations

 Input:

➤ The nu
lear shift �E1S and width �1S of the1S state.
➤ The nu
lear width �2P of the 2P state.
➤ The initial kineti
 energy distribution w(E).


 Output:
➤ The X{ray yields vs. density.
➤ The population (and the energy distribution)of the nl states during the 
as
ade.
➤ The S{wave and P{wave absorption.

V. Markushin, PSI, Hyp2000 20



Kaoni
 Hydrogen
The K�p X-ray Spe
trum at 10 �STP
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The K�p X-ray Spe
trum at 10 �STP
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The K�p X-ray Spe
trum at 10 �STP
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The K�p X-ray Spe
trum at 40 �STP
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Kaoni
 Hydrogen
The Kaoni
 Hydrogen
The X-Ray Yields
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The Kaoni
 Hydrogen
The X-Ray Yields
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The Kaoni
 Hydrogen
The X-Ray Yields
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The Kaoni
 Hydrogen
The X-Ray Yields � Density
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Kaoni
 Hydrogen

The S-wave Absorption
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Kaoni
 Hydrogen
The K�=Ktot Ratio
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Con
lusions

 A signi�
ant improvement of the atomi
 
as
ademodel based on the new 
al
ulations of the
ollisional 
ross se
tions (elasti
, Stark mixing,absorption).

 The energy evolution during the atomi
 
as-
ade is important for the pre
ision spe
tros
opyof pioni
 and muoni
 hydrogen.

 The Doppler broadening 
orre
tions to theX-ray widths of ��p 
an be 
al
ulated to therequired level of pre
ision.

 The X-ray yields of kaoni
 hydrogen and theirdependen
e on the �E1S, �1S, and �2P havebeen 
al
ulated.

 More detailed studies of the 
as
ades in �p, ��p,K�p are in progress (Coulomb a

eleration, mole
-ular resonan
es, et
.).V. Markushin, PSI, Hyp2000 25


