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All you (n)ever wanted to know about atomic physics with heavy lons
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AP @ GSI
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Highly Charged Heavy lons

Hydrogen
simplest atomic system 10" g
best studied atomic system 10" L
energy difference between the 1s and 2s o ;
measured with 10™* precision by Laser £ 107 ¢
spectroscopy Sl
— 10 "¢ /
N ."|II
Heavy lons W g2/
W Ell ."III,-'
extremely strong electric fields 10" Y/
relativistic effects become significant 101 |
QED effect increase with Z*
QED becomes more difficult to calculate 10 1 ‘ID 20 30 40 50 BD ?0 80 90
simple few electron systems C Kernladung, Z
/
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Quantum Electro-Dynamics L W

'...my physics students don't understand it either. That is because / do not understand
it. Nobody does.'

‘The theory ... describes Nature as absurd from the point of view of common sense. ...
So | hope you can accept Nature as She is — absurd.’

Richard P. Feynman: QED - The Strange Theory of Light and Matter

Heisenberg's Uncertainty Principle QED

AE-At>h self energy vacuum polarization
_ virtual e’/e” pair
the law of energy conservation can be
violated for a very short time

emission and absorption of virtual

photons virtual photon

bound electron

5=
Harald Brauning AP @ GSI



Quantum Electro-Dynamics

i

n=2 energy levels in hydrogen Higher Order QED Contributions
28, 2 ——— e { ey ¢ ) } :) SESE
\ 113107 eV 22p,, K
o2p,, | f\ e
3/2 46-107% eV 3) b) o)
228y, ~v-©w© M@VPVP
453-107° eV . @
| 431.10%eV a) b) 0
e { WO SEVP
2 2 6-107° eV {:”“O
2Sy2,2 Py 3 22p,, ~v~© {:
;s . ; a) b) c)
Schrodinger- Dirac- Lamb-Verschiebung
Theorie Theorie Quantenelektrodynamik
S(VP)E
SE: self energy
QED contribution scales with Z*/n® VP: vacuum polarization
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Gumberidze et al.

™\ cooler parameters
(after deceleration):
U=23kV
| =100 mA

“ COOLER

BEAM

MAGNET

injection: 10° U*** lons at 360 MeV/u
cooling of the beam

decelaration to 43.59 MeV/u

cooling during measurement

~ —4
ABIB 10 =S

Harald Brauning AP @ GSI



o o

y &

i -2
Measurements at the Electron Ci I iy o
Gumberidze et al.: Phys. Rev. Lett. 94 (2005) 223001
From the Lyay From the K-RR Mean value  Finite muclear size 195.81
460.9 £ 2.5 454.9 £ 5.4 459.8 £2.3 Nuclear Recoil 0.46
The final result for
Nuclear Polarizatio -0.19
the 1s Lamb shift 459.8 = 4.2 nclear Toarnzation
VP (see Fig 2.1) _88.60
SE (see Fig 2.1) 355.056
520 —r——-vr—or—v— — S - . _
510k U91+ ¢ - g g__' SESE (see Fig 2.2) -1.8%
< 500f 3 3 35]  VPVP (see Fig22) -0.97
L, 490 ¢ 5 ) T = - e R
= so0f 5] SEVP (see Fig 2.2) 1.14
% 470f 'k ]  S(VP)E (see Fig 2.2) 0.13
460 -
E 45[]?_ - %‘Eﬁ ¢ : Total Lamb shift 463.9540.5
— L ==
440 g i Experiment 459.844.2
430 g 85 .
420 . 1 1 . 1 . 1 . 1 . 1 .
1890 1992|1994 1996 1998 2000 2002 Experiment not sensitive to higher
Year order contributions
I
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FOCAL

Comparison:

Ge(i) detector - crystal-spectrometer

Ge(i) pulse height
e =10*

crystal spectrometer
e =108

L e

3-5events/h

Harald Brauning
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FOCAL Vb B

ﬁj 40 ,l
1. Beamtime with a 2d p-strip detector: March 2006
H. Beyer, R. Reuschl, et al.

=
s v r
x—raEays irmage E e !
(10 Kew to 100 KeWw) — s !
u i £
. o El o <o )
raw X-ray image T
>X-—ray image - o -
1 O I(e\/ to OO I(e\/) = =EEE ’ L § ¥ 3 y 3 =n=
.............. = . EE
=)

x—ray image

time condition

X-ray image in coincidence with rroyimzge_ E -
down-charged ion (electron capture) T

x-—ray image

>x—ray image _—
(55 keW to 65 ke W) g
time condition =

X-ray in image in coincidence with

down-charged ion and with pre- R
selected x-ray energies (58-65 kev) T T =
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FOCAL

1. Beamtime with a 2d p-strip detector: March 2006

counts

H. Beyer, R. Reuschl, et al.

A —>

500
400
300
200

100

I i I T I

50 ' 60 ' 70 80 90 '1(1)0'110
strip number

| § Point - [06_03_20-DehU_pptl

Problems:

resolution determined by width of detector strips
detectors with smaller strips not realistic

Current Development:

sub-pixel resolution via pulse shape analysis

Harald Brauning
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Photoabsorption

photon energy — excitation energy E = hv = h

(non relativistic)

kinetic energy — excitation energy

Harald Brauning AP @ GSI



Resonant Coherent Excitation

planar channeling

Ei s = hvy(\/ikcoseﬂsin@) lon

a: lattice constant; k,I,m: Miller-Indices

200 T T
Tunable source of virtual photons: Z lo00 peevi
L — 10000 [MeV/u]
] —— 20000 [MeV/u]
coarse tuning: beam energy 150 1= _
>
fine tuning:  crystal orientation o
§ 100 — ™~
E \
50 — —
0 I \ I | ! \ \ I

0 20 40 60 80
Theta [degrees]

Simulations: Klimova, Brauning, Brauning-Demian
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Resonant Coherent Excitation i

Condition for 1s - 2p Transitions

Resonance Energy of 1s-2p 1in S1[110]

1.E+05

1.E+04

=
s
¥
]
o

g}

>

L

=

; 1.E+02

o : 7
M 1ee01 LA 2s-2p transitions
8 I J

% 1.E+00

O

7 p]

L 1.E-01 . — =
o S (2 20) planet
1.E-02 I I I I I I I | I I | I I I | | I I I

0 20 40 60 80 100

Atomic Number
5=l
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First Beamtime: Sep. 2009 in Cave A A
0 50 m
o 89+
Ll'llke U HiAgh Charge-State
. Injector North Injéctor
direct SIS beam F“%j Froag]
L 2T AN
Injector South UNILAC Experimental Area

Collimator T, )
e -\,/\';%(_é"“” / \ q
. e

« 20
IS
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Resonant Coherent Excitation !

9

5 axis goniometer

1175 mm

(right) angle encoder

6 encoder | " (R
-2
e !
s I
I 7‘»5%‘!1 =% N
I g
i3 i ] i —_
I
% fi— j S Fo —h
wWencoder :
\~ ¢ encoder : ‘Ar @ motor
I (m '
on  <—fp- = Coetof— o]
Beam apﬁ )
//Y—axis . wmotor
e " Si target crystal
¢ 36¢cm

0.4 urad angular resolution

Made in Japan
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Resonant Coherent Excitation

Target Chamber

Made in Germany
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Beam Dlagnostlcs 250 — |

200
detection of the 2p - 2s transition 150-- }

LTI
0 MMI#

Count

Observation angles: £43.4 deg and +£32.8 deg

[
E,,= 6.97 KeV and 6.25 keV for the 4.4 6 keV Uranium transition e
5 E 7 8x10’°

Harald Bréuning AP @ GSI Energy (eV)



Resonant Coherent Excitation " I' fid

(00]
|
-

Detected x-rays as function of
crystal orientation

®
|

I
PR%%E%L IM Iﬁ%A RY |

gt Wil |

N
|

Ny /Ny~ (oy, + Ogee ) Ngj Adg;
AN
]

o
|

4.2 4.4 4.6 4.8 5.0 5.2
Angle From [110] Axis ( degree )

Peak position (fit): 4.712(4) deg; width: 0.093(4) - E_, = 191.5 (4) MeV/u
E.. =191.6 MeV/u
Resolution 107° is compatible with beam AE/E and estimated divergence
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Resonant Coherent Excitation ﬁ '

Tokyo University & RIKEN
Y. Takano
Y. Nakano
Y. Kanai

R. Yoshida
T. Azuma

Y. Yamazaki
T. Ikeda

IPN Lyon
D. Dauvergne

GSI

H. Braeuning

A. Braeuning-Demian
D. Racano

A, Bardonner

Tomsk University
K. Klimova
Y. Pivovarov
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Radiative Electron Capture i“j
J
REC Photoionization
® «

time reversed process

L L
VAV NN\
K @ K

Polarization
photoelectron angular distribution
I, ~sin®Bcos” ¢

emission predominantly within the plane of the electric field :

H. Stobbe, Ann. Phys. 7 (1931) 661

Harald Brauning AP @ GSI



€ G &)
Radiative Electron Capture \"’ p “’%

REC Photoionization

time reversed process

L L
VAV A VAVA.
K @ K

Polarization

Harald Brauning AP @ GSI



Radiative Electron Capture

Degree of linear polarization

1.2

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

-0.4

non-relativistic

Degree of linear polarization

60 80

100

Observation angle

120 140 160 180

1.0

0.8

0.6 -
0.4 -
0.2 -
0.0 -
-0.2 -

-0.4

i o oy

EAA
9

relativistic

K-REC U**

— 100 MeV/u
—— 300 MeV/u
—— 500 MeV/u
— 800 MeV/u

0

20 40 60 80

100 120 140 160

Observation angle

180

Relativistic effects decrease the linear polarization

For high energies a "cross-over" effect can be obser@€lann. phys. 9 (1931) 21

A.Surzhykov et al., Phys. Lett. A 289 (2001) 213; J. Eichler et al., Phys. Rev. A 65 (2002) 052716

Harald Brauning
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micro-droplet H, targets

(Robert Grisenti et al., Univ. Frankfurt, 2008)
: 120° 150°

Harald Brauning AP @ GSI



.1

:D,II;(

ﬂ" II  law LM
gjq L0 ‘?;‘:‘5 |

Linearly Polarized

Compton - Polarimetry

Compton - Scattering
Radiation

KIein-I}Iishina equation
do _ 1 Z(E) E' E

a0 - > Tel 5 +E,—251n29cos2cp

Harald Brauning AP @ GSI



Compton - Polarimetry

H, target
Pl e
Py ° \ EGS5 simulation
RS VAVA 100% polarized
S IBE E =123 keV
P
E
=
1 E
lon beam >
I 2 I
_da = lrﬁ E E + E,—2sin29cos2cp
d 2 E E E 30 20 -10 O 10 20 30
X [mm]
| =) |
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‘Micro - Strip Detectors

P

New micro-strip semiconductor detectors

s,

Si(Li) or Ge(i)
energy resolution
timing

2D (3D) position sensitivit
multi-hit capability

single crystal for Compton scatte

Harald Brauning AP @ GSI



Micro — Strip Detectors

2D position sensitive Si(Li) detector P

contact
(32 stri
active area: 64 X 64 mm? Z
crystal thickness: 7 mm

number of strips: 32 + 32

active area: 64 X 64 mm?

crystal thickness: 11 mm

number of strips: 48 + 128

pitch: 1167um and 250um

pitCh: 2mm Li-diffused
contact
(32 strips)
(an oo
2D #STRIP
2D position sensitive Ge(i) detector el
p ) asi

Harald Brauning AP @ GSI



Compton - Polarimetry iy o

i

Images of Compton scattering distributions for well defined scattering angles

E

Energy — Angle E'=

1+ (1-cosf.)

mC2

e
Test of the Polarization Sensitivity at the ESRF Synchrotron Facility using

7 009&: Jll’iinearfy Polarized Radiation
[ I ]
Angle / Energy

Klein-Nishina equation

f ko ' '
e =N e G+ 2
1+ (1 @ d0 2 oo hao ho

scattering
angle [deqg]

Results of a test beamtime at the ESRF with 98% linearly polarized x-rays E=II

Harald Brauning AP @ GSI



Experimental Set-Up

Ge(i) polarimeter

‘-‘il ' 92+
t @ ,—ﬂ U

Q

coincidence !
measuremegty “Wel?’cam
3x10 I090
S ac FWHM: 122 ns . SI(LI)
polarimeter

time [arb. units]
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96.6 MeV/u U%?* + H, y

X-ray spectrum after electron capture

12000 ; : . : : ,
I M-REC ]
92+ . . .
10000 |- eemevu U™ +H, | GJ(LI) polarimeter
8000 + i
S eooof l conventional Ge(i) detector
O
4000 | _ 16000 1 Ko, 96.6 MeV/u U™ + H, |
| 14000 - | _
K-REC 12000 _ K—RECP _
2000 - i _ ]
| 2 10000 | LREC | Ke, } i
0 R X A , ] ]\ § 8000 +
0 50 100 150 200 6000 |
Energy [keV] 2000 M—RE/}{: ﬂ _
. . 2000 | M MM\ /1 | K{ ]
energy resolution: 2.2 keV at 98 keV (Ka, line) melﬁdwj WU e L
0 50 100 150 200
total acquisition time: 82h Energy [keV]

Harald Brauning AP @ GSI



96.6 MeV/u U%* + H, iy

K-REC

600 ———

500

(2]
€ 300
3
(e}
) I
(rE]E ) I )
W1y,
100 u
0 L L | n L 1 L L 1 L L
0 90 180 270 360
Angle ¢

Compton scattering angle:
6 =90°+10°

y position [mm]

-60 -40 -20 0 20 40 60
¥ position [mm]
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96.6 MeV/u U + H,

Degree of linear polarization

1.0

0.8

0.6

0.4

0.2

0.0

K-REC

|

Preliminary

. S. Tashenov (2006) |

theory (100MeV/u): A.Surzhykov
e exp. (98MeV/u)
®  new data (may 2008)

20 40 60

80 100

Observation angle

120

140

Doktorarbeit: S. Hess

160

180

Harald Brauning
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Future Applications in Beam Dla?V?sud

REC as a 'probe’ for measuring the ion spin- polar|zatlggf“gihé‘é%vsﬂzggzoz

spin-polarized, heavy ions (Z > 54)

parity non conservation studies
permanent electric dipole mom~+~*

spin effects in collisions

Harald Brauning AP @ GSI



Future Applications in Beam Diae =

REC as a 'probe’ for measuring the ion spin-polarizatiggls_ugihé%%vaetzggzoz

420 MeV/u Bigz+ (1=9/2)

1 | I | 03 I I |
- P, Y
ﬁ 0.8 = 48 )LF =00
L B T ) —_—
S 0.6 )LF 0.3
5 S - A =07
g 041 ol A =10
M . ] . - F b -
je] 4
w 0.2 ? - 0 : @
M T B | | %
00 60 120 180 0 60 120 180 &\ \.
Observation Angle (deg) Observation Angle (deg) o P \gz
. :
P = Iy — Iy, — Is =135
1 2
v-l IO + I90 }" I45 + 1135
. 5 aiog o E Liss
I X H 1
ﬂ -------------- -F-;:; ‘E';ﬁ‘ -------------- -Ih}
B RELGCECEEEEEEEEPERE P e n E 5 ][
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Future Applications in Beam Diagwsiﬁ'ﬁ'f;

REC as a 'probe’ for measuring the ion spin-polarizatiQHSLUgihé‘B%VS;atzgg’zoz

Stokes parameter P, is polarization independent

Stokes parameter P, is strongly dependent on degree of polarization

spin polarization leads to a rotation of the polarization plane

unpolarized ion beam: P. =0
Ve N :
polarized ion beam: P, #0
y 4
P
tan2Y =2
B\ 24 R
~_
<spipoh@iagzedion
beam>

A. Surzhykov et al., PRL 94 (2005) 203202

Harald Brauning AP @ GSI



-
Pereeses
YHeeesess

. ... and many more
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