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Atomic Physics in 2
GBS
Extremely Strong Coulomb Fields
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Atomic Physics Iin
GBS
Extremely Strong Coulomb Fields

Atomic Structure
« Bound state quantum electrodynamics (QED)

- Effects of relativity on the atomic structure
* Electron correlation in the presence of strong fields

* Parity violation

&
110 20 30 40 50 60 70 80 90

10
Nuclear Charge, Z

Atomic Collisions
« Correlated many-body dynamics
* Photon matter interaction: e.g., photon polarization effects

« Dynamically induced strong field effects

Free Pair Production

|Negative Energy Continuum
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Atomic structure E=
Dirac theory 2P3)
2s
1/2
2D
184
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Atomic structure

2s Lamb

1s Lamb

Dirac theory 2P

shift{ ——————— 284

Shm{ ........................ 184

Nuclear

(" QED corrections ) Size
AE ~ Z4/n3 Vacu1_1m _
Z: nuclear charge Polarization
n: principal quantum number
\ Important for s-states y
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QED corrections ==

9

1s Lamb Shift AE /Z' [meV]

Uranium
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Two-loop corrections

Self Energy

Nuclear

Size
Vacuum 87 eV
Polarization '
-88.6 eV

V.A. Yerokhin et al., Phys. Rev. A 71, 040101-4 (2005).
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Atomic structure: 1s Lamb shift =

......... Dirac theory 2p3/2

N s Lamb shift{ Lyoy (E1)
....................... 2p1/2

M1 Lya, (E1)

~100 keV
ift [

v‘ls Lamb shift \ Goal:
+1 eV
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e Experiments at the cooler =50

e

Electron
cooler

X-ray detector

ESR bending
magnets

Electron transfer from

article\ ~ ~
electron beam into the HCI

detector At~
(MWPC) Ala)

A9t 4 e — Ale-D+

22 February 2007 Martino Trassinelli — Arbeitstreffen Kernphysik Schleching 9



Experiments at the Jet-target K= =

X-ray detector

Gas jet

Ad*

ESR bending
magnets

Electron transfer from the

article\ S o
target atom into the HCI

Sy
detector Ala-1+ =

(MWPC) B

A9t + B — Ale-D+ 4 B+
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)
I= Sl

U 92+ X rays coic. .
w—amdes e EXPeriments at the Jet-target
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Test of QED in

0
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hydrogenlike Uranium
140 ——
120 | Lya, (Ge(i) detector] 2p:3/2
100 ] spectrum Lya1 (E1)
N
2 80. 2P1)
3 60
&) .0 K-RR Lyaz (E1)
0 J
0...“,“JL.A.‘.‘..
80 100 120 140 160 180 200
photon energy [kev] 1s Lamb s
520 — T
510 . g g
LD, 490 8" O o -
= [ ko
= 480 Q5
L - o7
v 470
2 460 £ E{
® 450 © =
— I Y
440 -
L O v
4301 ¢ 8 5
420 N 1 " 1 " 1 " 1 " 1 "
1990 1992 1 1996 1998 2000 2002
Year
22 February 2007 Martino Trassinelli — Arbeitstreffen Kernphysik Schleching 12



Test of QED in °

counts
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Towards an accuracy of 1 eV =SSN
400 eV
at 60 keV N
e=10"
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Towards an accuracy of 1 eV

400 eV
at 60 keV

50-150 eV

at 60 keV g

>/ |«

éCrystaI spectrometer
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Lead 1s Lamb shift measurement o

=5
(March 2006)
FOCAL Laue crystal spectroscopy [1] Jet target lon beam
- Transmission Bragg spectrometer supersonic krypton jet  sggpy 601 5y heam

density: ~10'2 atoms/cm?

e energy: 210 MeV/u
width: ~5 mm B =0.586 (-> 58% of c)

Kr

* Theoretical resolution: ~ 50 eV @ 60 keV
* Bent crystal -> focusing properties
- Efficiency: 10-8

\ ESR bending

A\
’ agnets
Pb82+
S ‘
Particle \
detector pb81+ =~ = '

y A_Stationary source

[1] H.F. Beyer et al., Spectrochim. Acta, Part B 59, 1535-1542 (2004).

X
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Lead 1s Lamb shift measurement o

=5
(March 2006)
FOCAL Laue crystal spectroscopy [1] Jet target lon beam
- Transmission Bragg spectrometer supersonic krypton jet  sggpy 601 5y heam

h a Ut V@ Y density: ~10'2 atoms/cm? energy: 210 MeV/u
eoretical reso U’[IOII’I. ~50e . 60 ke width: ~5mm o ' £g6 (> 58% of )
* Bent crystal -> focusing properties
- Efficiency: 10-8
R y
ESR bending X

A\
’ agnets
Pb82+
S ‘
Particle \
detector pb81+ =~ = '

y A_Fast moving source
EProj

v(1 — B cosbOrap)
[1] H.F. Beyer et al., Spectrochim. Acta, Part B 59, 1535-1542 (2004).
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Position-sensitive detector ===

—
" 2D 4STRIP

germanium detector

’J—EE][

NS J
->
a-Ge-contact:
48 strips in the back side
(electrons collection)
2D detector [1,2]
o*-contact: Ge(i) crystal
128 strips in the front 128 X 48 Strips
side AX ~ 1167 ym
("holes" collection) Ay ~ 250 ym (< 150 eV)
AE ~ 2.1 keV
Ge(i) crystal At ~ 50 ns
11 mm thick
. L [1] D. Protic et al., IEEE Trans. Nucl. Sci. 52, 3194-3198 (2005)
2D/3D position-sensitivity, [2] U. Spillmann Ph.D. Thesis, University of Frankfurt, 2006
energy resolution, timing (to be finished)
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Preliminary data: March 2006 ==

X-ray |mage (10 keV to 130 keV)

5 @ - 1979
'-E' ! | = 1264
>~ 55 ! 919
= 804
0
0 5 10 15 20 25 30 35 40 45 50 55 60
x [mm]
- Data acquisition period: 2 weeks
* 4 events per hour
- One calibration acquisition per day
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Preliminary data: March 2006

9
I= Sl

- Data acquisition period: 2 weeks

* 4 events per hour
- One calibration acquisition per day

X-ray |mage (10 keV to 130 keV)
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Preliminary data: March 2006 ==

x-ray |mage (10 keV to 130 keV)
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- Data acquisition period: 2 weeks g
« 4 events per hour _ x lmml
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Preliminary data: March 2006 ==

Lyman-a: 298Pb8"* @210 MeV/u

- - Py T =T mEmS Sy TS S - . -

f-—--;—if-?_—--:;---—-.;—.'—'----'-.-_-------—n
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o x [mgn]

22 February 2007

Martino Trassinelli — Arbeitstreffen Kernphysik Schleching 22



Preliminary data: March 2006 ==

« Total counts: ~600 in each line

* Preliminary analysis

400 Lya1  Statistical error: ~ 4.5 eV
(A=15.9 pm)

- Systematic error: in evaluation

Lyman-a: 298Pb8"* @210 MeV/u

- - Py T =T mEmS Sy TS S - . -

?-_--;-"-T_—--:;-.---.J_.'-'I---'-.-_-------—l

o.,.,,,,,_ :
50 60 70 80 9 100 110 0 5 10 5 20 25 30 35 40 45 B0 55
strip number - x [mgn]
A >
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1s Lamb shift measurement 5
with a microcalorimeter =5

451 calibration line: Lf'é\z 2 \
40- .
1 Am-241 \ /|_y_ 50 ——
= A /2l L Lyt |
‘ 80- Ly-02 o]
N 3] Ly-o1 3
& 25 escape LY 20
{ §0§ \TL241 escape o
15‘- escape % "6 6 6 6 70
10_‘ energy [keV]
' |
5
1 ik »V
O |l (I I I M‘ ‘\ (L A M JULIL 1 1111 Il ‘H ‘\ ‘

10 15 20 25 30 35 40 45 50 55 60 V‘ 75 808
energy [keV]

Energy resolution: ~115 eV
Detection efficiency (4 pixels): 1 x 107

A. Bleile et al., NIM A 444, 488 (2000) P. Egelhof et al., Oct. 2005




Atomic structure: 2s Lamb shift =5

2s Lamb shift

1s Lamb shift {
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Atomic structure

: 2S Lamb shift

H-like ions

O =
5 dsxz' fﬁ:z
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Atomic structure: 2s Lamb shift =5

9
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Atomic structure: 2s Lamb shift ==
He-like 1
- Non-Radiative QED : e P!
« Two-Electron Self Energy 1 E1 °
» Two-Electro Vacuum 152815y — 1s2p 3P,
Polarization 182s 35, 1s2p °P,

B .
a) b)
ﬁj:‘f%: =
c) d)

<

vy

2E1

M
E1

- SIMPLEST "MANY"-BODY SYSTEM

$ 9]

e) f)

A.N. Artemyev et al., Phys. Rev. A 71, 062104-26 (2005).
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Atomic structure: 2s Lamb shift =5

EIM1+2E1(pv)

He-like 152p 1P,

's,(1s,2s)  P(1s.2p) e1 /7 1s2p °P,

T=~10"s T=10"s 1825815, __4 1s2p 3P,

’S, (1s,25) XEI 182538, 1s2p 3P,
21 [ M

| | lSo(ls,lls) M1 \ 4 E1
IEEEEE

% z Q ; ' 1521G, A A 4

§ j e - : . - SIMPLEST "MANY"-BODY SYSTEM
i Ao 2005 4 @ - Possible parity violation measurement
5

80 82 84 86 88 90 92 94
Atomic number Z

A. Schéfer et al., Phys. Rev. A 40, 7362 (1989).
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Bragg spectrometer for fast ions ES

Rowland
circle

» Bragg spectrometer for 2-10 keV
« Johann geometry:
-> X-ray focusing Jet target
 Fast ion: He, N, Ne, Ar, .\,
-> vertical spectrometer plane \
* Resolution = 0.5 eV

Two type of spectrometer in

construction:

- with fixed Bragg angle lon beam
« with moveable crystal and detector supports v

Efficiency in the order of 106!

M. Trassinelli et al., Canadian Journal of Physics accepted (2006).
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2s Lamb shift measurement

9
: : : iI= 5=
with a microcalorimeter
. 4 X 4 bolometers (O. 1 X 0.1 mm2) E. Silver et al., Harvard Smithsonian
- Energy range: 3-50 keV
- High resolution: around 3 eV @ 6 keV
: . Jet target
» Magnetic cooler recycling: 60 hours He, N, Ne, Ar, ...

. Liquid helium

j Eﬁ%ﬁﬂ X-Rays

lon beam

«—

‘ 0) from the ESR

\4

L 16 element microcalorimeter array
Paramagnetic salts \
ets

SuperconduTting magn

E. Silver et al., Nucl. Instrum. Meth. A 520, 60-62 (2004).
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Atomic structure: 2s Lamb shift =5

He-like Li-like
1s2p 1P,
- 1s2p 3P,

1 E1 2P30
o F— 120 1 2p
182555, s2p °F, 1/2

J..— 281/2
oE1 [ M
M \ 4 E1
15215, XY —O0—0— 154,
Intra-shell transition branching ratio: 30% '

Dielectric recombination
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Dielectric recombination

I=5=
\ 4 4 O
3
2Pgo O
T 2P1so »
i 281/
—O0—0— sy —O0—0—
\ J \ J
A% + e —>  [AE)
Dielectric Recombination (DC)
(time-reverse to autoionization)
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. . . . o
Dielectric recombination =N
f—‘- 00 f—\_
\ 4 4 O
3
23 O
2P/
O 284/ »
L J 181/2 o Yy \. )
A% + e —>  [A@)r ——> A@D+4nhy
Dielectric Recombination (DC) Radiative stabilization

(time-reverse to autoionization)  in competition with autoionization
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Dielectric recombination

Y
9
\ 4
o O
\ J

Ekin(e-) = (E2p _EZS) - E

23

2P1s
284/

184/

=

n

I
O
£\
A4
© o
\, J

=) Large capture cross section
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Experiments at the cooler =S

\AE > Ey(€)

measurement
_I'\_I-\_|-|_|-|_|-‘—|-|—|_|—I_|_ o
cooling

» time Y,

Electron
cooler

ESR bending
magnets

X
- Particle  ~

detector At~

(MWPC) Ala)

Electron transfer from
electron beam into the HCI

A9t e — Ale—D+
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Determination of 2s.,, - 2p,, Spliting ==X

4  —h
* n=24
v n=23
2Pgo
1 gp”? 60 80 100 120 140 160 180 200 220 "
\ o) S Relative energy [ eV ]

4 )

- fine structure of peaks (Rydberg — core e-e interact.)
- relativisitc description of Rydberg electron (Dirac)
« apparaus function (velocity spread of electrons)

- J

Au76+ Pb79+ U89+
216.167(29)(67) eV 230.650(30)(51) eV 280.516(34)(65) eV

C. Brandau et al., Phys. Rev. Lett 91, (2003) 073202

Ekin(e-) = (E2p _EZS) - En
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sotopic Shift of Li-like 142Nd57+ vs. 150NdS7+ I 5= W

First preliminary results of the Aug 2005 beamtime
500 T T T T T T T T T T
—— A=142 o
A preliminary
Nd™" (15" 2p, , 18/ ) T

///// p=os | 15oNgs+

A=18 -

i 2p,,
2s

172

142N 57+

LN

-}

o
|

w

o

o
|

N
o
(@)
|
]

Rate Coefficient [Arb. Units]

100

j=1/2 j=3/2 1—5/2 />5/2

08 10 12 14 1.6 18 20 22 24 26 28 3.0
Electron-lon Collision Energy (c.m.) [eV] C. Brandau et al.




Dynamics =55 I
K-REC
®
. . . . }EKIN
- Radiative and non radiative mmnpe” OO
electron capture T
« Selective ionization o o o hﬁ
. Li-like ions lonization He-like ion V K
. Allgnment L-shell -@— — — >
— Angular distribution
_ _ AVAVAVAVAVASS
— Polarization
K-shell ©—&—
Time scale
3
3
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Established

Dynamics =5 I
- Total Electron '
e o~ Y dQM|?
Capture Cross P _
ek polariz.

Sections

- Photon Angular
Distributions

ion./ \@ d_Q(g) N Z dQ|M|2

polariz.
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Dynamics ==
- Total Electron -.\
ion - — g ~ Z dQ|M|2
Capture Cross el .
Sections clectron polariz.

- Photon Angular . | —(0) ~ dQ|M|?
Distributions 2 \@ df? pog;iz.

Established

- Alignment

No summation over
polarization states !

* Polarization

\&

7))
c
O
]
(&
Q
-
o
Q
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Polarized photon emission ELoh |

Jet target

lon beam

v

REC

o—>
}EKIN
00)

Polarization of the emitted photon due to:

- Recombination process (inverse than
photoionization)

(Non-relativistic dipole approximation:
100 % polarization for all emission angles)

22 February 2007
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Polarization detection —

Photon matter interaction

Jet target

lon beam

Dense matter
(ex. solid state detector)

22 February 2007 Martino Trassinelli — Arbeitstreffen Kernphysik Schleching 43



Polarization detection —

Photon matter interaction

Jet target

lon beam

Dense matter
(ex. solid state detector)

o

Compton scattering
sensitive to the polarization of the incoming photon
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Polarization detection = =1

Electron-photon scattering:

[ hw = hw' + AE ]

AE : electron recoil energy

Dense matter
(ex. solid state detector)

I

Compton scattering
sensitive to the polarization of the incoming photon
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Polarization detection = =1

Electron-photon scattering:

7 Y
hw = hw' + AFE
| AL electron recoil energy |
N
f , hw
hw' = ;
14+ (1 — 5 cos0)
\ i J

Dense matter
(ex. solid state detector)

I

Compton scattering
sensitive to the polarization of the incoming photon
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Polarization detection = =1

Electron-photon scattering:

7 Y
hw = hw' + AFE

| AE : electron recoil energy )

7~ )
, hw
hw' = ;

1+ (1— %5 cosb)

\ i J

Klein-Nishina equation

d—g—lrz ! m},—l—hw’—sinQH cos”
a0~ 2\ hw ) \w  hw v

22 February 2007 Martino Trassinelli — Arbeitstreffen Kernphysik Schleching 47



Ge pixel detector =

9

Polarization Measurement for

Radiative Electron Capture Transitions
(U%* + &= U + hw )

|
ho 4X4 Ge detector
N, jet

Polarized (24 X 24 mm?
400 MeV/u photon

U92+

AE

o K- REC

}EKIN
o0

,

_ vhe

S. Tashenov Ph.D. Thesis, University of Frankfurt, 2005
S. Tashenov et al., Phys. Rev. Lett. 97, 223202-4 (2006).
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Ge pixel detector

Polarization Measurement for

Radiative Electron Capture Transitions
(U%* + &= U + hw )

hw'
4X4 Ge detector

(24 X 24 mm?

S. Tashenov Ph.D. Thesis, University of Frankfurt, 2005
S. Tashenov et al., Phys. Rev. Lett. 97, 223202-4 (2006).
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Ge pixel detector

Polarization Measurement for

Radiative Electron Capture Transitions
(U%* + &= U + hw )

hw'
4X4 Ge detector

(24 X 24 mm?

90

180

270

S. Tashenov Ph.D. Thesis, University of Frankfurt, 2005
S. Tashenov et al., Phys. Rev. Lett. 97, 223202-4 (2006).
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Ge pixel detector =

Polarization Measurement for o
Radiative Electron Capture Transitions
(U%* + &= U + hw )

"

hw'
4X4 Ge detector

(24 X 24 mm?

90

: - AE

150

K-REC radiation is
v strongly polarized

330

Polarization is
\/within the scattering plane 2°

270

S. Tashenov Ph.D. Thesis, University of Frankfurt, 2005
S. Tashenov et al., Phys. Rev. Lett. 97, 223202-4 (2006).
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Ge 2D segmented detector S

Front: 128 strips pitch ~250um
Back: 48 strips pitch ~1167um

Equivalent to 6144 pixel

N 2D usSTRIP

/ germanium detector

a-Ge-contact ’ ’-l‘i = I
(48 strips)

22 February 2007 Martino Trassinelli — Arbeitstreffen Kernphysik Schleching 52



Ge 2D segmented detector S

Experiment

98% Polarized
photon
E=210 keV

SANRERNEREREENRRNS
TRRRERERIRARAA Y
seanEEIRENRINA

aiil I -

y [mm]

2D i#STRIP

germanium detector

’J‘EE][

10 15

x [Mm] o _illmann Ph.D. Thesis, University of Frankfurt, 2006 (to be finished)
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Ge 2D segmented detector S

Experiment Theory

98% Polarized
photon
E=210 keV

-----
seanIRllnEnER e
connmilEn e, -
coulliian - -
L LI -
R L T -
" LA

isrgisinINAN
iRk e
il I

y [mm]

ESRF

2D i#STRIP

germanium detector

’J‘EE][

[} [ T
10 15 0

5 10 15
x [Mm] % [mm1 U. Spillmann Ph.D. Thesis, University of Frankfurt, 2006 (to be finished)

] | |
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Detection of the ion beam polarization ==x

Non-polarized

y [mm]

5 10 15
x [mMmm]

Polarized ion beam Polarized

<+

Rotation of the photon polarization

Y X arctan E NmpTE

mpg
_ Tp= 220 MeViu Tp= 320 MeViu
.%D SD | | | | | SD | | | | |
= F i N -
K]
=@ 25— — 25 —
m \1_
= - . L -
[ =]
& 0= t | — | 0= ' I==
0 &0 120 180 0O &0 120 180
Observation Angle & (deg) Obsarvation Angle 8 (deg)

Expected accuracy: Ay ~1°

Surzhykov et al., Phys. Rev. Lett. 94, 203202-4 (2005).
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2D/3D Si(Li)-Detector for
Compton Polarimetry

"65000 o crystall size: 4" x 4"
S0 Si(Li) based Compton

%oo polarimeter

g will be available

o this year !

* Imaging capability: starts at 5 keV
- Compton polarimetry: starts at 50 keV

Pair Production

Photabsorption
1E4 +———rrr——

0 100 1000 10000 100000
energy(KeV?0

1 1
Silicon
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Conclusions

New QED tests with HCI

 1s Lamb shift (FOCAL spectrometer, microcalorimeter)

- 2s Lamb shift (new Bragg spectrometer, microcalorimeter)
- e-e interaction in strong field -> few electrons atoms

lon-atom collision

* Detection of photon polarization

- State alignment studies

- Polarized ion beam characterization
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Conclusions LS

New QED tests with HCI

 1s Lamb shift (FOCAL spectrometer, microcalorimeter)

- 2s Lamb shift (new Bragg spectrometer, microcalorimeter)
- e-e interaction in strong field -> few electrons atoms

lon-atom collision

* Detection of photon polarization

- State alignment studies

- Polarized ion beam characterization

New instruments ready for FAIR!!

22 February 2007 Martino Trassinelli — Arbeitstreffen Kernphysik Schleching 58



Our group SN
Thomas Stéhlker Group
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5
Alexander von Humboldt
Stiftung/Foundation

he speaker's attendance

IS conrerence was sponsorec

» http://www.humboldt-foundation.de



Other material
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Determination of 2s.,, - 2p,, Spliting ==X

n =23
T 2Pz
‘ 2P
\ ) 284

(" )
Uca’(hf
measurement
_I'\_I-\_|-|_|-|_|-‘—| u u Lcooling
\_ » time .

AE = eUcath = (E2p _EZS) —E

n

AE
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Determination of 2s.,, - 2p,, Spliting ==X

. s
v

T.

O

n=24
n=23
2P/

2P/
25,/

(" )
Uca’(hf
measurement
_I'\_I-\_|-|_|-|_|-‘—| |_| u Lcooling
\_ p time Y,

AE = eUcath = (E2p _EZS) —E

n

AE
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GSI Facilities S

UNILAC

11.4 MeV/u
73+

SIS

10 - 500 MeV/u N up to 1 GeV/u
U92+ o \:\' ,\ | ] U92+
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X-ray spectroscopy >

' iI=5= N
at the ESR storage ring
et e-cooler
. _ x-ray detector X-ray detector
Injection Energy 1 B«
400 MeV/u 4 . el —
laser
(" EL L= EProj R
c ab — L particle
A=Bll o ccceleration ’Y(l ﬁ cos eLab) -~ detector
TB' g — E,.: laboratory photon energy
eceleration A , .
e E,wi- Photon energy in the emitter frame
Q@ 0, Observation angle
= \_ B =vlc, y=1/(1-p?)"2 Y,
Q
©
Circumference: 108 m SEgeeeraton
partticle _¥ Revolution frequ;ancy: 1 Mhz e
detector Stored ions: ~10 detector
N
e |Oser
SChO”WT //i V\\bolomeTer
pick-up \

x-ray detectors
Excited states are produced by electron capture (jet target)
/ recombination (electron target)
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FAIR Facilities

/
s '\:\ -
y L\q' -
A "‘3\.\:‘
‘,'¢~ ) v, <
T p Y., -
‘\Q SSERN £ £
) X \‘ N ' 4 \
Bl 4
100GeV
1Gev_\N lon energy range
10MeV/ 4
10keV 4 V\
1006V -
1eV-
00 Experimental
meV .
SIS300 HESR NESR LSR  USR HITRAP Storage Ring
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New Experimental Storage Ring ==

i
e*&eo electron cooler §
— %y, O — ey, &
s\ ;

. P
Instrumentation P %,
Ultracold electron target . \
Internal Target (atomic, ' '
cluster, micro-cluster) ‘o | o

In-Ring Recoil Momentum |
Microscope

High Resolution X-Ray and ~ N E S R

L)
Electron Spectrometers .

%,  stable and exotic ions
Highly Intense Laser Beams K

}ob.e} uoujo9|e
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Ngw instrgments: =
large position sensitive Ge detector

pixel detectors 1D u-strip detectors 2D u-strip detectors

- B

24 mm /Mmm

16 pixels 200 strips 48 X 128 strips
equivalent to 6144 pixels

:[32mm

/

56 mm

(am sz )
2D #STRIP 2D u-strip Si(Li) detector arriving soon...

germanium detector

’J‘EE][

. 4
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New instruments:

)
large position sensitive Ge detector
pixel detectors 1D u-strip detectors 2D u-strip detectors
w00 ENErgy 3 Timing Position
241 Am
1Ly
..2.4000 i i N_2D_F3 mage
=
o
@)
2000_ i 20 2 %N
Strip za-Ge)
0 T T T T T T A
20 40 60 -300 0 300
Energy (keV) At [ns] X [mm]
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Ge 2D segmented detector GBS

energy
[keV]

scattering
angle [deg]

U. Spillmann Ph.D. Thesis, University of Frankfurt, 2006 (to be finished)
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The FOCAL spectrometer SN

Crystal spectroscopy
- X-ray Bragg reflection
« Measurement of angles
-> measurement of energy
* Theoretical resolution: ~ 50 eV @ 60 keV
* Bent crystal -> focusing properties

bent crystal

Position-sensitive

detector
Y

= 2d sin Opyagg

radius of curvature: 2 m
e ~2.9°

Ay => AO => AE

Bragg=
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Ge pixel detector

Polarization Measurement for

Radiative Electron Capture Transitions
(U%* + &= U + hw )

hw'
4X4 Ge detector

(24 X 24 mm?

100

90

- AE

150

K-REC radiation is
strongly polarized

180

degree of linear polarization (%)

330

% BN ‘/ Polarization is
W

“wl ithin the scattering plane’
0 30 60 9 120 150 180
photon emission angle &, (deg)

270

A. Surzhykov et al., Phys. Rev. A 68, 022710-7 (2003). S. Tashenov Ph.D. Thesis, University of Frankfurt, 2005
J. Eichler et al., Phys. Rev. A 65, 052716 (2002). S. Tashenov et al., Phys. Rev. Lett. 97, 223202-4 (2006).
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Bragg spectrometer for fast Bragg spectromeler,_ 2
for fast ions
X-ray CCD camera

Newport Mounting system Back side illuminated
2 linear motorized stages (acc.= 1uym) Range = 1-10 keV
1 pneumatic linear stage (acc.= 1ym) Q.E. ~90%
2 rotation motorized stages (acc.=0.001°) 1021 X 256 pixels
1 high precision angular encoder (acc.=0.5") pixel size = 26 ym

Movir g sysflern of the
crystal

Source

T e——"
- — | q

Motion controllers
steered by PC : Spherically bent

| [ | R. of curvature = 1 m
- = - — d-spacing = 0.31 nm

Diameter = 75 mm

-~

Silicon (111) crystal

M. Trassinelli et al., Canadian Journal of Physics accepted (2006).
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Bragg spectrometer for fast ions ES

i = A= 0.0001 T T T T T
Static source, E|,,=3314.6 eV, =0.0 Stationary source E=33140 oV

4.5e-07 Moving source E=4510.0 eV -
100
4e-07 8e-05 A
50 3.5e-07
3e-07
6e-05 .
2.5e-07 :
2e-07
50 15607 _ 4e-05 .
1e-07 % -l
-100 5e-08 2e-05

-80 60 -40 -20 0 20 40 60 80 100

x-position (pixels) 0-30 20 10 0 10 20 30 40 50

X-position (pixels)

y-position (pixels)
o
Efficiency per channel

Fast moving source, E|,,=4510.0 eV, f=0.328983

2.5e-07
100
2e-07
50
1.5e-07
1e-07
-50
5e-08
-100
0

-80 60 40 -20 0O 20 40 60 80 100
X-position (pixels)

y-position (pixels)
o

Expected efficiency: ~106
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2s Lamb shift measurement 5
with a microcalorimeter =5

E. Silver et al., Harvard Smithsonian
« 4 X 4 bolometers (0.1 X 0.1 mm?)

- Energy range: 3-50 keV
* High resolution: around 3 eV at 6 keV
- Magnetic cooler reciclying: 60 hours

Grazing incidences X-ray lenses

Increase of efficiency up to a factor 6-8
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Alignment Studies: Non-statistical population of
magnetic sublevels I = n

multipole mixing:
M2 contribution to the 2p3/2 decay

Coincidence
- - -4+
| | g
-~ H \~ T

Dipole\M%gnet /\/ §
M2 contribution §.| 2
A z |

:

o
&5
S LI S

/IM 2 _0.0062 +0.001
El

R i
i Hepepein |

) r 4 )
W(e)OCI+ f(”M ||) a_, [ 3sinze‘]
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Photon Angular Distribution (U92+, 310 MeYn) _2

4

radiative capture into U®?* photoionization of U%'*

Coincidence

4—
laboratory frame Time reve

~

64 4
@ ]
=1 |
>
=
£ !
S
—
O3z | i
&
B2 i

14 magnetic transitions _

Stored lons {(Z=Q)
oO—F———————F 7171
O 20 40 60 80 100 120 140 160 180
observation angle 6 [deg] photon emission angle, 6' [deg]

Y &

REC has been established as research tool to study photoionization

\ -

for high-Z few-electron ions close to the threshold




Nuclear Moment and the Photoionization Proti%s§ i

IIIIIIIIIII 2
T no- i
2 |  1s-REC for
3, Bis3+
O
= at 298 MeV/u,
—%
% ] 4 D
B2 Nuclear spin

of bismuth

" I=9/2
g- . J
Q4 o |
2] o
=9 . | S S o
o o j
ds I F=1+]

0O 30 60 90 120 150 180
observation angle 6 [deg]
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fﬂsi

——totarxray yierd Li-like ions lonizatioh  He-like ion
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10"

Li-like ions lonizatio He-like ion 102
L-shell@ — _@ - — 10°
10* 4

AAVAVAVAS 5]

2y
K-shelt®—&— 3 o -]

Time scale

--------- 2s,,,—2p,, - excitation
—— 1s, yionization ]
excitation and ionization 3

o target (Z:,M;)
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projectile
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1s2s2 2§, ,, U%9*: Two-Electron One-Photon

Transition (TEOP)

1s2s? 28,,

)
I= Sl

— Li-like ion

TEOP is predicted to be

dominant decay mode
'@@ - Auger
.. 63.1keV, 6(14)
M1
96.1 keV, 2¢
AN 95.8 keV, 2(15) 152 18,
E1, 916 keV, 6(12)
1s22p 2P
o—o— ) 1s22s 28, 122p zpig
600 K,
Ring 400 tOta_I x-ray
dipole-magnet yield K
200 a,
0 T T T T T T T T T T T T
D400 K
Gasfilled 5 _ o %
multi-wire chamber 8200 Be-like: exitation Ko,
Gas-
jeatS 400 +——7— T T T T T T T 1
TEOP+MI
/ 200} Li-like: ionization
e ,)x \
Stared inn 0 F F F F F F = F
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Micro-Calorimeter °
iI=5= N
Thermometer Heat capacity: C 2 C- ?3
i Temperature | Spezific
B AT=E/C heat capacity : c
X-ray =
Detector
mass.: m
Photoelectron
Absorbe
Phonons Detector
Weak thermal link :fgzé:)tsf
(Aluminum Wires)
50 mK

Micro-calorimeter detector: large wavelength acceptance,
large quantum efficiency, and excellent energy resolution

£
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