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

Fundamental 
QED Interactions: 

Self -
Energy

Vacuum -
Polarization

Vertex -
Correction

g-factor of the electron in H-like Carbon:

S. Sturm et al., Nature 506, 467 (2014)

S. Sturm et al.
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Courtesy of V. Shabaev

Heavy 
atoms

𝛼𝑍(83Bi) = 0.6

Numerical all-order approach
in the nuclear field

electronic
interaction

Electron-nucleus
interaction

electronic
interaction

Electron-nucleus
interaction

𝛼𝑍(12C) = 0.09
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Ly 2 (E1)

𝐹 = 𝐼 +  1 2

𝐹 = 𝐼 −  1 2

Ly 1 (E1)

2p3/2

2p1/2
2s1/2

1s1/2

M1

DEHFS

Maximum field of
superconducting magnets

No conclusive
bound-state QED-Test
in strong magnetic
fields perfomed yet!

H 𝝀 = 𝟐𝟏 𝐜𝐦

𝜏 = 11 MA

Average B-Field:

20,000T

209Bi82+

𝝀 = 𝟐𝟒𝟑 𝐧𝐦

𝜏 = 400 𝜇s
Magnetic field

Hydrogen-like
system

M1
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A.V. Volotka et al., 
Ann. Physik 525, 636 (2013)

BW: Bohr-Weisskopf-Effect: 
nuclear magnetization distribution

point dipole

distributed dipole:
Nuclear model sensitive!

Bohr, PR 77, 94 (1950)

Bi

Pb

TlReHo

∆EHFS=
4

3
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QED
V.M. Shabaev et al., 
Phys. Rev. Lett. 86, 3959 (2001).

Bi, Z=83 :

D’E = -61 .320(4) meV
QED = 0.036     meV
Screened QED = 0.193(2) meV
QEDtotal/ D’E  3x10-3

O. Andreev et al., PRA 85, 022510 (2012)
A.Volotka et al., PRL 108, 073001 (2012)

𝜉 = 𝑓 𝛼𝑍
Δ𝐸Dirac
2𝑠 − 𝑓int 𝛼𝑍 ΔEint

Δ𝐸Dirac
1𝑠 = 0.16886, for 𝑍 = 83

chosen to cancel Bohr-Weisskopf-effect

A.V. Volotka, et al., 
Ann. Physik 525, 636 (2013)

𝑓 𝛼𝑍 =
휀 2𝑠

휀 1𝑠
𝑓int 𝛼𝑍 =

휀(𝑖𝑛𝑡)

휀(2𝑠)
휀 − BW−correction
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Li-like Bi challenges:
• 𝜆0 ≈ 1555 nm (infrared)
• Low fluorescence rate
• Low detection efficiencies
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20% c

400MeV/u
(70%c)

Stripper:
Bi80+ , Bi82+
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circumference 108 m

Ion velocity β = 0,71 (400 MeV/u)

Ion number 2 × 108 Ions

Ion beam storage time  = 20 s… minutes

Momentum spread Dp/p ~ 8  10-6

Typical Doppler width D ~ 1-50 GHz

Ion beam from SIS18

Elektrons Ions

-214 kV

0 V

Schottky spectrum of an ion beam

before
cooling

cooled
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Li-like Bi80+:
𝜆𝛽=0 = 1555 nm

Laser and Ions 
collinear

𝜆𝐿𝑎𝑏 =
𝜆0

𝛾 1 + 𝛽
= 640 nm

H-Like Bi82+:
𝜆𝛽=0 = 244 nm

Laser and Ions 
anti-collinear

𝜆𝐿𝑎𝑏 =
𝜆0

𝛾(1 − 𝛽)
= 590 nm
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• Epulse up to 600 mJ (pump laser @ 532nm)

• Epulse up to 150 mJ (dye laser @ 590 / 640 nm)

• repetition rate 30 Hz

• pulse length 4-7 ns

• linewidth  ≈2 GHz
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Fast retractable Cu-mirror
Developed at Universität Münster, Prof. Weinheimer
V. Hannen et al., J. Instr. 8, 09018 (2013)

Solar blind UV-PMTs

IR-PMT: 
low efficiency, 
small acceptence angle

25°
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Bunching:
• Improved laser interaction
• Background reduction

Photon tagging:
• time information
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Theory: 
𝛿Δ′𝐸

Δ′𝐸
= 1 ⋅ 10−4

acceleration 

voltage 𝜹𝐔

laser wavelength

measurement by

wavemeter 𝜹𝝀𝑳𝒂𝒃𝒐𝒓
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QED
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Total

Voltage 

correlated 

uncertainty

other uncertainties

Experiment

∆
′ 𝐸
=
∆
𝐸
(2
𝑠)
−
𝜉
∆
𝐸
(1
𝑠)

(m
e
V

) 

Sensitivity
without DU

Sensitivity
limited by DU

 Repeat measurements and get
voltage under control !

Results of 2011 beamtime

𝜹𝝀𝑳𝒂𝒃𝒐𝒓 = 𝟎. 𝟎𝟐𝟓 𝒏𝒎
𝜹𝑼 = 𝟏𝟏𝟎 𝑽

83
209Bi

𝛿Δ𝐸(1𝑠)

Δ𝐸(1𝑠)
=
𝛿Δ𝐸(2𝑠)

Δ𝐸(2𝑠)
= 2.7 ⋅ 10−4

Exp: 
𝛿Δ′𝐸

Δ′𝐸
= 7 ⋅ 10−3
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In-situ measurement with 200 kV High-Voltage Divider

Accuracy ΔU ≈ 4V (2011: ΔU = 110V) 

HV supply
214 kV

HV divider
20 000 : 1

Precision voltmeter
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H-like Bi82+ coasting beam Li-like Bi80+ bunched beam

 

𝜆

counts
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Bunch amplitude
7 ⋅ 10−6

Ion current
1.4 ⋅ 10−5

Space charge
7 ⋅ 10−6

Voltage
Measurement
3.9 ⋅ 10−6

Contact potentials
5 ⋅ 10−6

Resonance Fit
5 ⋅ 10−6

Laser Wavelength
Measurement 1 ⋅ 10−6
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𝜆0 = 𝜆𝐿𝑎𝑏𝑜𝑟 𝛾(1 ± 𝛽)

𝛽 𝑈 = 1 − 1 +
𝑒𝑈

𝑚𝑐2

−2

𝑈 = 𝑈𝑒−𝐶𝑜𝑜𝑙𝑒𝑟 −Φ𝑆𝑝𝑎𝑐𝑒𝐶ℎ𝑎𝑟𝑔𝑒

Φ𝑆𝑝𝑎𝑐𝑒𝐶ℎ𝑎𝑟𝑔𝑒 = 𝜑
𝐼e
𝛽e

slope
𝑉

𝑚𝐴
~ 𝜑

𝜑 = 0.114(6)
𝐼e
𝛽e

Experimental determination

Drift tube
Radius 𝑹Dr

Electron beam
Radius 𝑹e

Ion beam

Φ𝑒 − Space charge potential, 𝜌 −Charge density

Winkler, Diss. 1996

Theoretical determinationDoppler correction

Φ𝑒 = 𝜑 𝑟
𝐼e
𝛽e
≈ 0.112

𝐼e
𝛽e

𝐼e = 250mA
𝑅Dr = 10mm
𝑅e = 25.4mm
𝛽e = 0.709

𝑹e



Motivation   Setup Results17.09.2016  - SPARC Workshop 2016 23

H-like: 𝛿λBunching,H =  𝜆bunched − 𝜆coasting = 1.8 pm

→
𝛿𝜆

𝜆
= 7.3 ⋅ 10−6

Li-like: 𝛿𝜆Bunching,Li = 11.4 pm

H
-l

ik
e a)

a

b

b)

c

c)

c
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H-like bunched
H-like coasting

Li-like bunched

H-like: 𝛿λIonCurrent,H =  𝜆bunched, 𝐼𝐼𝑜𝑛=0 − 𝜆coasting = 3.5 pm

relative uncertainty →
𝛿𝜆

𝜆
= 1.42 ⋅ 10−5

Li-like:    same effect assumed → 𝛿𝜆IonCurrent,Li = 22 pm

 𝜆bunched, 𝐼𝐼𝑜𝑛=0

𝜆coasting
ΔλIonCurrent,H

Δ𝜆IonCurrent,Li
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7 𝜎

?
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Highly Charged Ions and 
Exotic Radioactive Nuclei
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Specificated accuracy:  
Δ𝑈

𝑈
= 10−4

10 days

Most probable cause:  ageing of resistors




