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Outline

Ground-state hyperfine structure
A QED-testing toolkit
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Testing QED

“*Quantum Electrodynamics (QED) is the most precisely tested theory in physics...”

Fundamental Self - Vacuum - Vertex -
QED Interactions: Energy '\AOVM Polarization Correction

g-factor of the electron in H-like Carbon:
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Weak field vs. strong field

Tests of QED to lowest orders in o =~ -t- and in aZ < 1

(#Z is the nuclear charge number) Tests of QED to lowest orders in « and to all orders in a2
electronic electronic
interaction interaction j
o’ aZ(lz(:) - 0.09 o™ CZZ(83BI) - 0.6
- '
a3 o’ _ Numerical all-order approach
Light Light in the nuclear field
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Courtesy of V. Shabaev
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Hydrogen-like
system
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Magnetic field
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No conclusive
bound-state QED-Test
in strong magnetic
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Lasep

Hyperfine splitting in hydrogen-like ions
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Testing QED in the HFS

(25)

< (int)
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Dirac

chosen to cancel Bohr-Weisskopf-effect

/ s 1s V.M. Shabaevetal,,
QED € A E — AE( ) E_> AE( ) Phys. Rev. Lett. 86, 3959 (2001).
 J— — —
Int.,1/Z ) B
Dirac
0.1
w E
2 ol int122
! — ‘E B e e i
A'E 61 .320(4) meV S 1 Screening GED s S N
QED = 0.036 meV T 1Esl
= i AQED
ScreenedQED = 0.193(2) meV S
QEDtotaI/ A'E ~ 3X1073 1E-4'; Err(BW)' |
O. Andreev et al., PRA 85, 022510 (2012) _—
AVolotka et al., PRL 108, 073001 (2012) A.V.Volotka, et al., 63 67 71 75 73 83
Ann. Physik 525, 636 (2013) Nuclear charge Z Bi
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A 20 year old puzzle

of finding the resonance

Li-like Bi challenges:

* Ao = 1555 nm (infrared)
* Low fluorescence rate

* Low detection efficiencies
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Outline

Experimental setup at GSI

Collinear in-ring laser spectroscopy
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GSl Accelerator System

Stripper:
ESR Bi8°+, Bj82+

Experimental areas
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lon Injection and Cooling

Schottky spectrum of an ion beam

Date 02.0ec.'93 Tize 23.01:30 ey Jnbletes) e AN
Ref .Lev CF.Stp 5.000 kHz

before
cooling

17.09.2016 - SPARCWorkshop 2016 | ILEACLID ST SR



Laser Excitation

Li-like Bi8o*: 16007 . H-Like Bi®*:
Ag=o = 244 nm

Ag—o = 1555 nm 1400 ]
1200

1000

800 -

Wavelength [nm]

[o2}
o
o

Laser and Ions

collinear
Ao
ALab = y(1+pB) Laser and lons
= 640 nm anti-collinear
ALap = L
“oy@-p)
= 590 nm
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Pulse Laser system

Dye Laser
Sirah Cobra Stretch (cug

Spectra Physics
Quanta Ray Pro 290-30

Oscillator
Preamplifier pump beam

Beam
pump beam

reversion

Telescopic Main amplifier
beam expander pump beam

* Epuise Up to 600 mJ (pump laser @ 532nm)
* Epuise Up to 150 mJ (dye laser @ 590 / 640 nm)

* repetition rate 30 Hz

Brewster

* pulse length 4-7 ns

plates  Oscillator &
i i preamplifier
* linewidth =2 GHz mp ]
Prism beam ) Main amplifier Output
expander  Grating cell P
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Fluorescence Detection

Solar blind UV-PMTs
R - Angle A (nm)
Fast retractable Cu-mirror 0 6300
Developed at Universitat Minster, Prof. Weinheimer
V. Hannen et al., J. Instr. 8, 09018 (2013)
10
670.0
710.0
20
7 750.0
790.0
25 > 800
/\
€3
™
low efficiency,
small acceptence angle
=
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- . . Laser
lon Bunching and measurement principle

‘Bunching |
RF-cavity

<3 Bunching:
e * Improved laser interaction
* Background reduction

RF-Generator
f=4 MHz, 500 V

Photon tagging:
* timeinformation

Revolution period
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Laser wavelength channel
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Transformation to rest frame
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New Equipment at the ESR Electron Cooler

In-situ measurement with 200 kV High-Voltage Divider

Accuracy AU = 4V (20121: AU = 110V)

HV divider
20000:1

=T -
| rgpasee

| Precision voltmeter
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Outline

Results of 2014 beamtime
Hydrogen- and lithium-like Bismuth

17.09.2016 - SPARC Workshop 2016

19



Resonances
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RF-Generator

< | f=4MHz, 500V

Bunch amplitude

7-107°

Space charge

7-107°

Resonance Fit
5.107°

Laser Wavelength
Measurement 1 - 107°
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Voltage
Measurement
3.9-10°°

lon current
1.4-107°

Resonance Fit
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relative uncertainty

21




Electron-Beam Space Charge Contribution

.
Doppler correction Theoretical determination

Ao = Arapor Y(1 £ B) o Drift tube
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Effect of bunching

243.828 C
¢ Restframe Wavelength
1 Linear Fit of H-like K"Restframe Wavelength" ; \
243.826 4 |—— Mean of bunched Data I0P Publishing

E i J. Phys. B: At. Mol. Opt. Phys. 48 (2015) 144022 (9pp)
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Z 243 824 - b 8 An improved value for the hyperfine splitting
D . / ? of hydrogen-like 2°°Bi®%*
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B Equation y=a+b

DCI:J 243 818 - Value Standard Error

Intercept 243.82157| 1.06954E-4 . .
&J | v@iiﬁ%ﬁh Slope > 55434E6 399717 a) intercept of bunch efgect w/o coasting data
= Mean 24382279 3.86818E-5
:|': 243.816 ' I ' ) ' I ' I ' J b) bunched mean (no bunching unc.)
0 100 200 300 400 500 Lid
Bunching Amplitude (V) IC) coasting Ullmann etal 2015
H-like: 6Agunchingi = Abunched ~ “Acoasting = 1.8 pPm ~_AL
SA _ 7 3 10—6 | . : : IBunchlng[
- =1/ 243815 243.820 243.825
A

Wavelength in rest frame (nm)

Li-like: SABunching,Li =11.4 pm
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Rest wavelength [nm]

Rest wavelength [nm]

Effect of ion current
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relative uncertainty —

Li-like:

same effect assumed — 6A;oncurrentLi = 22 pM
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Results
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Conclusion and outlook

77
70 @
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The beam time crew
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Commissioning at Ecooler
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Most probable cause: ageing of resistors
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