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X-ray emission due to:

+ Radiative electron capture (RR & REC)
# Characteristic transitions (Ly-a & K-a)
+ Dielectronic recombination

+ Coulomb excitation & ionization
+ ..

J. Eichler and T. Stohlker, Phys. Reports 439 (2007) .



Atomic excitations in relativistic heavy-ion collisions
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Atomic excitations in relativistic heavy-ion collisions

:I;M, Alignment of the 2p5/» state
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Atomic excitations in relativistic heavy-ion collisions

:I;M, Alignment of the 2p5/» state
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E1- M2 multipole mixing of high-Z hydrogen-like ions
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> Magnetic sublevel population cannot be measured directly.
> Detailed population of excited states may be derived from subsequent x-ray emission.

PRA 58 (1998) 2128,



E1- M2 multipole mixing of high-Z hydrogen-like ions

E] Alignment of the 2p3/» state
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E1- M2 multipole mixing of high-Z hydrogen-like ions

E] Alignment of the 2p3/» state
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E1- M2 multipole mixing of high-Z hydrogen-like ions
E] Alignment of the 2p3/» state
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Linear polarization of x-rays following K-shell REC

Sensitive probe for high-multipole components
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Linear polarization of x-rays following K-shell REC

Sensitive probe for high-multipole components
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Electron-photon interactions in strong Coulomb fields

Can one directly "measure" multipole fields ?

Lyman-oy (2p3/o --> 181/0) for H-like U®'* ions:
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Electron-photon interactions in strong Coulomb fields

Can one directly "measure" multipole fields ?

Lyman-o (2p3/o --> 181/0) for H-like U®'* ions:
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Electron-photon interactions in strong Coulomb fields

Can one directly "measure" multipole fields ?

Lyman-o (2p3/o --> 181/0) for H-like U®'* ions:
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Details matter: Adding a single electron to the ions
@ Lyman-a vs. K-o emission from high-Z ions
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Details matter: Adding a single electron to the ions

@ Lyman-a vs. K-o emission from high-Z ions
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Details matter: Adding a single electron to the ions

B Lyman-a vs. K-a emission from high-Z ions
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Details matter: Adding a single electron to the ions

B Lyman-a vs. K-a emission from high-Z ions
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Details matter: Adding a single electron to the ions

@ Lyman-a vs. K-a emission from high-Z ions
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Details matter
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Atomic excitations in relativistic heavy-ion collisions
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Unique features of heavy-ion collisions:
+# Tunable field strength.

+ Correlated vs. relativistic quantum dynamics.
+ Non-perturbative particle production.

# (Sub-) attosecond time scale.

+# Inherent coupling to radiation field (“tests” of QED)
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Atomic excitations in relativistic heavy-ion collisions
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+# Tunable field strength.

+ Correlated vs. relativistic quantum dynamics.

+ Non-perturbative particle production.

# (Sub-) attosecond time scale.

# Inherent coupling to radiation field (“tests” of QED)




Atomic excitations in relativistic heavy-ion collisions
- How to deal with them theoretically ?
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Atomic excitations in relativistic heavy-ion collisions
- How to deal with them theoretically ?

----------

Initial state  @1¢, >, R ILES Final state 9
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Atomic excitations in relativistic heavy-ion collisions
- How to deal with them theoretically ?

----------
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Atomic excitations in relativistic heavy-ion collisions
- How to deal with them theoretically ?
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Examples from this talk:

—s« Radiative electon capture: Exploring the electron-photon interaction

=@ Projectile excitation: Testing the Lorentz-transformed ,,Coulomb field"

=8« Dielectronic recombination of high-Z ions: A detailed view on the electron-electron interaction
—

Radiative cacacdes & level splitting, ...




Electron-electron interactions in strong Coulomb fields
@] signatures of magnetic and retarded interactions
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Electron-electron interactions in strong Coulomb fields

[E] signatures of magnetic and retarded interactions

K-LL DR into initially lithium-like ions:
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Angular distribution (arb. units)

Electron-electron interactions in strong Coulomb fields

[E] signatures of magnetic and retarded interactions

K-LL DR into initially lithium-like ions: g 1
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Degree of linear polarization

Electron-electron interactions in strong Coulomb fields

[E] signatures of magnetic and retarded interactions

K-LL DR into initially lithium-like ions: B_1
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Atomic excitations in relativistic heavy-ion collisions
- a successful route to strong-fields physics

Both, highly-charged ions and atoms in intense laser fields support tests for
our understanding of the fundamental interactions in strong fields:

—= X-ray emission from highly and multiply-charged ions
(e-y interaction; diagnostics of laboratory and astrophysical plasma)

—= Bound-state QED and correlated electron dynamics for o Z ~ 1
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Atomic excitations in relativistic heavy-ion collisions
- a successful route to strong-fields physics

Both, highly-charged ions and atoms in intense laser fields support tests for
our understanding of the fundamental interactions in strong fields:

—= X-ray emission from highly and multiply-charged ions
(e-y interaction; diagnostics of laboratory and astrophysical plasma)

—= Bound-state QED and correlated electron dynamics for o Z ~ 1

—== Parity and time-reversal violating interactions
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Atomic excitations in relativistic heavy-ion collisions
- a successful route to strong-fields physics

Both, highly-charged ions and atoms in intense laser fields support tests for
our understanding of the fundamental interactions in strong fields:

—= X-ray emission from highly and multiply-charged ions
(e-p interaction; diagnostics of laboratory and astrophysical plasma)

—=- Bound-state QED and correlated electron dynamics for o Z ~ 1

—== Parity and time-reversal violating interactions

In typical x-ray spectra from HCI, neither the hyperfine nor
fine-structure can be resolved:

- Explore the (2"-step) angular distributions.
—=- Study the photon-photon correlation functions.




How to resolve small level splittings of HCI ?

Exploring the 2nd-step angular distribution
Decay via the two 1s 2s 2p,, J=1/2, 3/2 intermediate resonances
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Anisotropy parameter "

How to resolve small level splittings of HCI ?

Exploring the 2nd-step angular distribution

Decay via the two 1s 2s 2p,, J=1/2, 3/2 intermediate resonances
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ZW. Wu et al, PRA 90 (2015) 052515.



How to resolve small level splittings of HCI ?

.. or the photon-photon correlation function

Decay via the two 1s 2s 2p,, J=1/2, 3/2 intermediate resonances

1s2p? Ji = 1/2,3/2
snt {iiiii,’i j/::13//22} W}:Zi/z(ﬂlg) x 1+ ﬂ}?izl/z PQ(COS ng)

— Y1+ y2+ 15?25 Jp = 1/2

Is2p* J,=1/2,3/2

; io.oz% | .Z.:7.4 (.Jfllflz)l | | .Z.:7.4 gJ,_I=3{2)I —
0.24 ] \ .
{ other levels | 0.03 [ Alignment of

; M ?—} ] initial J=3/2 state
99.97% & 0.20 { 0.00F}\ .
01% GE) 016- | BAR
\{ J=3/2 © i -0.03 }
J=1/2 (4] K
(1525),22,, o 0.12 1 -0.06}
o i R
} © 0.08 )
1s2p § i _ -0.09 - -
c 0'04_.|.|.|.|. -0.12 A EEEPE T R S
< 0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 06 08 1.0

Energy splitting Ao (a.u.) Energy splitting Ao (a.u.)

(

J.=1/2
1522 ZW. Wu et al, PRA 90 (2015) 052515.



How to resolve small level splittings of HCI ?

Decay via the two 1s 2s 2p,, J=1/2, 3/2 intermediate resonances
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©
©

Angular correlation (arb. units)

7=74 (J.=1/2)

.. or the photon-photon correlation function
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Level splitting
ina.u (=27.21 eV)

Z\W. Wu et al, PRA 90 (2015) 052515.



How to resolve small level splittings of HCI ?

.. or the photon-photon correlation function

Decay via the two 1s 2s 2p,, J=1/2, 3/2 intermediate resonances

Angular correlation (arb. units)

7=74 (J.=1/2)

Z=74 (J =3/2, 4,= -1.0)

7=74 (J. =3/
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w

-
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—
—_—

-

o
O
o
-

/

Level splitting
ina.u (=27.21 eV)

Z\W. Wu et al, PRA 90 (2015) 052515.



Atomic excitations in relativistic heavy-ion collisions
- a successful route to strong-fields physics

Both, support tests for
our understanding of the fundamental interactions in strong fields:

—= X-ray emission from highly and multiply-charged ions
(e-p interaction; diagnostics of laboratory and astrophysical plasma)

- Bound-state QED and correlated electron dynamics for o Z ~ 1

—= Parity and time-reversal violating interactions

- Super-critical field phenomena (low-energy and ultra-relativistic ion collisions)
—== | aser-induced multi-photon processes & non-linear x-ray optics



Atomic excitations in relativistic heavy-ion collisions
- a successful route to strong-fields physics

U 92+

X rays cainc. | http://photon-science.desy.de/

= L % _.;;;U

from

Completely linearly polarized light
with energy of about 100 keV.

What is the polarization of
the scattered light,

elastically & inelastically ?




Atomic excitations in relativistic heavy-ion collisions
- Non-linear (e’-y) processes at relativistic energies

http://photon-science.desy.de/

Photoabsorption & ionization:
-« Two-photon (2-color) absorption: y+7vy +A — A*

== Two- or multi-photon ionization:  y+7v+A — A" +¢€
- Photon cascades: A" - A+y+Y >——<
Photon scattering: Rayleigh scattering

- Thompson & Rayleigh scattering: y+A — y+A

- |nelastic Compton scattering: Y+A - Y'+A+ €
- Delbruck & photon-photon scattering (via virtual e* + e pairs).

l LN

Delbrick scattering



Non-linear (e™-y) processes at relativistic energies

E] Rayleigh scattering of hard x-rays
Electron oscillates in

the direction of E-field
W || |
.' - < 7 ‘t
A oy ¥
",’ r".- 4““‘4.. O
l IV r,r’;r :zilll“”
Electric Magnetic

‘ 1
field field ki, €1 ko, €

Oscillating electron emits dipole radiation. ) :| :

- . 2
o(ki,€1; ko, €a) o |(€1 - €9)]

Rayleigh scattering

T. Stohlker &AP @ GSI



Non-linear (e™-y) processes at relativistic energies

Rayleigh scattering of hard x-rays

o(ky, €1; ko, €3) o | (€1 - €2)]°

|
v

oo(f, @) o sin? ¢ + cos? 6 cos?

¢

Consequences:

=@~ For ¢ =0, P, =1 & within scattering plane

=si= P, = 0 if photons are emitted within the
scattering plane

Rayleigh scattering

2 2 1 2
. — sIn”“ @ 4+ cos® ¢ cos-
Pl [5’,:}9:} — -

sin? ¢ + cos? ¢ cos2 6

2 sin ¢ cos ¢ cos 0

P(0,¢) =

sin® ¢ + cos2 ¢ cos? 6



Scattering cross section do/d€2 (mb)

Lot
o

Non-linear (e™-y) processes at relativistic energies

40

-

f;.lj."
o o

T

30

= J
o o o

1 I 1 I 1 I 1
Ne, K-shell

r__nl
-
oo
o

45 90 135 180
Scattering angle 0 (deg)

K-shell Rayleigh scattering of hard x-rays

4 For light targets and low energies, the photon
emission pattern follows the non-relativistic
prediction:

do 20
—
) COS

4 Forward photon emission becomes pronoun-
ced with increasing energy & charge.

do a 20a
—roc0529+4 MIML 056 + E2E2 0s30 + -

d Ap1E1 5 Up1g1

non-dipole contributions

Calculations are performed for the coplanar geometry
and three photon energies: 1.1 Iy, 5 Iy, and 10 I,

A. Surzhykov et al., Phys. Rev. A 88, 062515 (2013).



Non-linear (e™-y) processes at relativistic energies

K-shell Rayleigh scattering of hard x-rays

Polarization of incoming | | : | : | |
. -1
light (heo = 5 1,) 0 45 90 135 18
----- P=1.0 Scattering angle 0 (deg)
--- P=0.95 o
P_09 Polarization of the scattered photons occurs rather

sensitive to the polarization of the incident light !



Cross section (barn/sr)

Non-linear (e™-y) processes at relativistic energies

Rayleigh scattering of hard x-rays by many-electron atoms

Au. 300 keV Pb. 145 keV IPA calculations for
_ | — | . | ' | . all occupied shells:
100 | 100 --- K-shell
= = — .- KL shells
: : —e KLM
1 1 B —-- all shells
= = Johnson & Cheng (1976)
0.01] 1 |
0.01F —
§ | A | | ; = | ol | | =
0 60 120 180 O 60 120 180
Emission angle (deg) Emission angle (deg)

Contributions of (sub-) valence shells to the angular distribution of the
Rayleigh scattered photons is large, especially in forward direction !

W. R. Johnson and K. Cheng, PRA 13 (1976) 692
A. Surzhykov et al., J. Phys. B48 (2015) 144015.



Cross section (barn/sr)

Non-linear (e™-y) processes at relativistic energies

100

0.01}

E] Rayleigh scattering of hard x-rays by many-electron atoms

all occur’

[T—
I RRALLL

Au, 300 keV Pb, 145 keV IPA calculations *3r

100

| I Ii"IIIIIII

- v

SR e? 60 120 180

V\Q\J "L@i\"\ Emission angle (deg)
0\6.(\ alence shells to the angular distribution of the

eigh scattered photons is large, especially in forward direction !

K. Blumenhagen, T. Stohlker et al., W. R. Johnson and K. Cheng, PRA 13 (1976) 692
to be published (2015). A. Surzhykov et al., J. Phys. B48 (2015) 144015.



Non-linear light-matter interactions in intense (FEL) fields
- from weak- to strong-field ionization

increasing field strength (intensity)

WV WV -
v
v |
VAV abalV o f AT
. high power laser E(t)
Multiphoton ionization tunnel ionization HH and pairs from vacuum

increasing frequency (photon energy)

o Excitation & ionization at (ultra-) fast time scales & relativistic photon energies.

-

o Creation and dynamics of warm dense matter.



Non-linear light-matter interactions in intense (FEL) fields
- (time-) evolution “through” the density matrix

increasing field strength (intensity)

ki

Multiphoton ionization tunnel ionization HH and pairs from vacuum

increasing frequency (photon energy)

Density matrix
P = P(rtr,t)
= Pus, I, J5 E5 1L D)

time-dependent



Non-linear light-matter interactions in intense (FEL) fields
- (time-) evolution “through” the density matrix

Intense optical and VUV laser intense FEL radiation

peels off the electrons layer by layer

Density matrix
P = P(rtr.t)
= Pus, I, I E5 Iy D)

time-dependent



Non-linear light-matter interactions in intense (FEL) fields
- (time-) evolution “through” the density matrix

Intense optical and VUV laser intense FEL radiation




Non-linear light-matter interactions in intense (FEL) fields
- (time-) evolution “through” the density matrix

Intense optical and VUV laser intense FEL radiation

In the end

—= |on-electron collisions: very suitable to explore fundamental interactions.

—= Strong and intense fields are indeed fundamental for discovering new
phenomena and for obtaining a quantitative understanding of light-matter
Interactions; they are essential for a better spectroscopy and diagnostics.
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