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Highly-charged ions provide a ,,exciting” tool

-- for probing the quantum dynamics in strong fields
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Highly-charged ions provide a ,exciting” tool

-- for probing the quantum dynamics in strong fields

ultra-strong ultra-short
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Interaction of atoms and ions with the radiation field

-- typically based upon the dipole approximation

Transition matrix element can be evaluated by making a “multipole expansion” of the electron-
photon interaction operator:
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Interaction of atoms and ions with the radiation field

... but higher multipoles become rapidly important for high-Z ions

2p,,
El1+ M2
1 e+12 - 23112 2p1/2
TU‘D
: E1l
QL M1
= le+06f
| -
> )
oy
e
al g s (M2) ] 1s,, ¥
I — 2py, — 18, M2)| 1 2
- 231',2 — lshr2 (M1)

. | . | i | E
20 40 60 80
Nuclear charge Z

/ 1
e =1+ikr+5(ikr)2+...=E1+M1+E2+M2+E3+....



Interaction of atoms and ions with the radiation field

Decay rates (S'l)
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... but higher multipoles become rapidly important for high-Z ions
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Plan of this lecture

. “Relativistic electrons”: Electronic structure and collisions

Il. Electron capture into bare ions

IIl.  Alignment of high-Z ions: Can we “see' the multipoles directly ?

V. Dielectronic recombination: Testing the electron-electron interaction




“Relativistic electrons’:

U91+ Q
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Electronic structure

+ Velocity: y = (Q’Z) C ... speed of light

+ Relativistic contraction

... direct vs. indirect effect

+ Fine structure splitting (Dirac):
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Lamb Shift [eV]

“Relativistic electrons”: Electronic structure
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Velocity: y = (Q’Z) C ... speed of light

Relativistic contraction
... direct vs. indirect effect
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Relativistic collisions: A theoretician's viewpoint

A

S - scattering operator

4444
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p = (us, J, J'; E; I, Y ... density matrix)
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== \/ersatile tool to study the dynamics
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Relativistic collisions: A theoretician's viewpoint

Initial state /0 |z;1>\‘ @I, >\“ Final state
(t—>—oo) ro : ;o \ (t—+o0)
A : . ! : ’ 1 A
pl “‘ : . ,' pf
OTCn>, * @ My’

~
--------

Measurement of physical properties:

== 'detector operator' describes the experimental setup:

- probability to get a 'click’ at the detectors:

A

S - scattering operator

P=le> <¢]

W=Tr(Pp,)= 2, (n..n,[Pp;In,..n,)

n;...N,

== (Can be used easily to accompany the system through several (or even time-dependent)
interactions, including the capture or emission of photons, electrons, etc. !



Relativistic collisions: A theoretician's viewpoint

A

Initial state /@ 1, >+, /@IS Final state S - scattering operator
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p = (us, J, J'; E; I, Y ... density matrix)
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No summation over
polarization states !
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Relativistic collisions: A theoretician's viewpoint

nitial state @ 1t 5, /@IS Final state S - scattering operator
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p = (us, J, J'; E; I, Y ... density matrix)
2
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polarization d Q polarization O summation over
polarization states !
total cross sections angular distribution polarization & alignment

Electron-ion collision experiments at GS| and elsewhere:
+ Radiative electron capture: Exploring the electron-photon interaction
+ Projectile excitation: Testing the Lorentz-transformed ,Coulomb field®

+ Dielectronic recombination of high-Z ions: A detailed view on the electron-electron interactions



Electron capture by bare ions

-- Exploring the electron-photon interaction

1 10 100

10004

100+

ion 2 "
— . 8 104

/ polarization °

o -
electron ————— 2 "y
74 % ]

total cross sections 3 7} %?: o

4] 4 ¥ | 0.1 1 10
beam energy [GeV/Au] (for A" ions)

decg(' X L degl s
\

d (2

O3 2 4o w0 80 100 1507140 160 150 polarization
angular distributions observation angle 0 [deg]

R&Q

1

)

i

1 <D

dTdt2 [arbitrary units]
(o]
2

photoionization recombination




Linear polarization of emitted x-ray photons

-- theoretical expectation

photoionization 513 recombination

electric dipole approximation

Linear polarization is described in the plane,
perpendicular to the photon momentum.

—s= only 2 (Stokes) parameters are required !

P
2 2 1
P, =\ P2+P? cos (24)=5+




Linear polarization of emitted x-ray photons

-- statistical characteristics for photon ensembles

photoionization 513 recombination

electric dipole approximation "o lo+ 190
S | ‘
photoelectron angular distribution: 8 10F
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5
()
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Linear polarization of emitted x-ray photons

-- Statistical characteristics for photon ensembles

photoionization

® Magnetic interactions decrease
the linear polarization !

® (Cross-over behaviour !

F. Sauter, Ann. Phys. 9 (1931) 217
U. Fano, Phys. Rev. 116 (1959) 1156

A. Surzhykov et al, PLA 289 (2001) 213;
J. Eichler et al, PRA 65 (2002) 052716.
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Linear polarization of emitted x-ray photons

-- Polarization dependence of Compton scattering
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Linear polarization of emitted x-ray photons: Applications

-- Diagnostics of highly-charged ion beams

® Proposal: to use REC linear polarization

as a probe for ion spin polarization. &\%
S

® Established theory from the cton 82
“polarization transfer” in atomic photoionization.

U. Fano et al., Phys. Rev. 116 (1959) 1147;
R. Pratt et al., Phys. Rev. 134 (1964) A916.

® Calculations performed for the REC into (initially) hydrogen-like
bismuth Bi®** ions (I = 9/2) for the energy T =420 MeV/u.
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A. Surzhykov et al., PRL 94 (2005) 203202.



Linear polarization of emitted x-ray photons: Applications

-- Diagnostics of highly-charged ion beams

® Proposal: to use REC linear polarization
as a probe for ion spin polarization.

® Established theory from the oo

polarization transfer” in atomic photoionization. U. Fano et al., Phys. Rev. 116 (1959) 1147:
R. Pratt et al., Phys. Rev. 134 (1964) A916.

® Calculations performed for the REC into (initially) hydrogen-like
bismuth Bi®** ions (I = 9/2) for the energy T =420 MeV/u.
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S. Tashenov et al., PRL 97 (2006) 223202;
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=& Rotation angle @ provides information on the degree of ion polarization !



Alignment of high-Z ions: REC and Lyman-a

-- Understanding interferences of the photon field
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Capture into the 2p,,, excited states of initially bare ions

. K A + Magnetic sublevel population of the residual ion
bar\ Lyman-a | can not be measured directly

o/ \ N;v' + But: knowledge on population of excited ion state
L & may be derived from the properties of subsequent

2P; \ @ decay
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Capture into the 2p,,, excited states of initially bare ions
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Effective anisotropy parameter: Multipole contributions
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Effective anisotropy parameter: Multipole contributions
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Effective anisotropy parameter: Multipole contributions
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E1-M2 multipole mixing: Alignment of the 2p5/» state

A. Surzhykov et al. PRL 88 (2002) 153001

0.55 F yor+ -
' % Tp = 310 MeVu

angular distribution (arb. units)
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== Dynamical alignment studies enables one to explore magnetic
interactions in the bound-bound transitions in H-like ions !



Elementary processes in strong Coulomb fields

Lyman-o; (2ps3/2 --> 1s4,2) for H-like U™ ions:

0.75

— How can one directly " "'measure" multipole fields ?
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Elementary processes in strong Coulomb fields

— How can one directly " "'measure" multipole fields ?

Lyman-o; (2ps3/2 --> 1s4,2) for H-like U™ ions:
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Angular distribution
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Details matter:

. -- Lyman-a vs. K-a emission from high-Z ions
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Detalls matter: Adding one electron
-- Lyman-a vs. K-a emission from high-Z ions

(initially) bare ion
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Detalls matter: Adding one electron

-- Lyman-a vs. K-a emission from high-Z ions
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K-a decay of highly-charged ions

-- angular distribution as ,,observed” in experiments

W(e)KO(INszlWE1(9)+NJ=2WM2<9) A. Surzhykov et al., PRA 73 (2006) 032716.
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K-a decay of highly-charged ions
-- for 220 MeV/u U*** ions following REC

W(0)go ~N ;i Wg(0)+N, ,W,,(0) A. Surzhykov et al., PRA 73 (2006) 032716.
1 5 2P,
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Relativistic collisions: A theoretician's viewpoint

nitial state @ 1t 5, /@IS Final state S - scattering operator
Oi " o L H D/
"O1Cn @ My’
—_— 1. . . -
p = (us, J, J'; E; I, Y ... density matrix)
2
~ 2 o ~ |M|
o~ Y JdaoM LLATS STYe: -
polarization d Q polarization O summation over
polarization states !
total cross sections angular distribution polarization & alignment

Electron-ion collision experiments at GS| and elsewhere:
+ Radiative electron capture: Exploring the electron-photon interaction
+ Projectile excitation: Testing the Lorentz-transformed ,,Coulomb field"
Dielectronic recombination of high-Z ions: A detailed view on the electron-electron interactions




Elementary processes in strong Coulomb fields

— electron-photon vs. electron-electron interactions

Photoionization Radiative electron capture (REC)

Autoionization Dielectronic recombination (DR)
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20F . .
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C. Brandau et al., PRL 100 (2008) 073201; -= (Great importance for astro and plasma physics.

PRL 89 (2002) 053201: PRL 91 (2003) 073202



Elementary processes in strong Coulomb fields

K-LL DR into initially lithium-like ions:
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EBIT measurements:
N. Nakamura et al., PRL 100 (2008) 073203.



Angular distribution (arb. units)

Elementary processes in strong Coulomb fields

— finger prints upon magnetic and retarded interactions

K-LL DR into initially lithium-like ions:
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S. Fritzsche et al., PRL 103 (2009) 113001.
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Degree of linear polarization

Elementary processes in strong Coulomb fields

— finger prints upon magnetic and retarded interactions

K-LL DR into initially lithium-like ions: 1
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S. Fritzsche et al., PRL 103 (2009) 113001. Z.Hu et al.,, PRL 108 (2012) 073002 (exp. confirmation).



Relativistic collisions: A theoretician's viewpoint

nitial state @ 1t 5, /@IS Final state S - scattering operator
Oi " o L H D/
"O1Cn @ My’
—_— 1. . . -
p = (us, J, J'; E; I, Y ... density matrix)
2
~ 2 o ~ |M|
o~ Y JdaoM LLATS STYe: -
polarization d Q polarization O summation over
polarization states !
total cross sections angular distribution polarization & alignment

Electron-ion collision experiments at GS| and elsewhere:
+ Radiative electron capture: Exploring the electron-photon interaction
+ Projectile excitation: Testing the Lorentz-transformed ,Coulomb field®

+ Dielectronic recombination of high-Z ions: A detailed view on the electron-electron interactions



Relativistic collisions: A theoretician's viewpoint

A

Initial state /@ 1, >+, ~® M. Final state S - scattering operator
(-] 10 T Y (o)
pl ' : l. l‘ : " pf
@10 @ M’

~
.........

~ |MF

No summation over

o~ ). fdQ|M|2 d_q(e)N 3 MP

polarization d O nalavination

Current interests and challenges

® Lifetime-induced depolarization

total cross sections

Electron-ion collision
+ Radiative electron capt

Non-linear (two-photon) processes in strong “static' fields

Polarization transfer in Rayleigh scattering

# Projectile excitation: Te Magnetic and retardation effects upon electron emission

# Dielectronic recombina @ Parity non-conservation in HCI; polarized ion beams

®* ® ® ® @

Studying fundamental constants (time variations, ...)



Highly-charged ions provide a ,exciting” tool

-- for probing the quantum dynamics in strong fields

ultra-strong ultra-short
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Summary: Highly-charged ions provide a ,exciting“ tool
-- for probing the quantum dynamics in strong fields

ultra-strong ultra-short
1

~ 10! Y =

E =100 Viem ) Vi—(v/cy
'§'1016_
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&
V1O14
<
1013 - ntense Laser

In the end
@ |on-electron collisions: very suitable to explore elementary interactions.
@ Higher multipoles: new insights into the coupling of light and matter.

& Few-electron systems: allow direct comparison of different mechanisms
(no or less need for taking ,,averages®)
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