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Ref.:

W. Greiner, Adv. in Quantum Chemistry, vol. 53, 99 (2008)
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Quantum Electrodynamics (QED)

QED = Dirac theory + quantized radiation field

basic processes in QED:

self energy vacuum polarization vertex correction

QED coupling parameter: fine-structure constant a = e2/2¢,hc = 1/137 = 0.007

Ref.: T. Beier, Physics Reports 339, 79 (2000)
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Quantum

Schwinger term:

Most stringent test:
g-factor of the free electron:

@06 8 _14+C gl+C gz+C ﬁ3+C g4+C KS+
o\ 2 7 7 N7 \r \7r

=1.001 159 652 181 78 (77)
[T. Aoyama et al., PRL 109, 111807 (2012)]

R
< { %:1.001 159 652 180 73 (28)

[D. Hanneke et al., Phys. Rev. A 83, 052122 (2011)]
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Free electron: QED contributions of 2"d and 3 “‘@ehp

Jiree= 2 (1 + C a/m + Cy(aL /m)? + C3(oc /TC)3 + C4(oc /n)4 + C s(o /T)° +.
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A.. 3 order in o

2nd order in a: R
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72 graphs

not shown:
4t order in o

C4 =-1.9108

891 graphs
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C3 =1.1765

Ref.:
B. Lautrup et al., Phys. Rep. 3, 193 (1972)
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Free electron: QED contributions of 5t

gfree_ 2 (1+ C1oc/71: - 02(06/71:)2 + C (/)3 + C4(oc/71:)4 - C5(oc/7l:)5
Harvard g-2 measurement 2011:
gfree =2 (1.001 159 652 180 73 (28)) — determination of o
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Kinoshita et al., arXiv:1205.5368v1 [hep-ph] 24 May 2012
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g-Factor of the free electron .!N? .‘.% |
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B: magnetic field in

Larmor precession Penning trap

frequency: cyclotron frequency:
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g e in accuracy by Nature)
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Hans Dehmelt f.j
Nobel Prize 1989 "for the development of the ion trap tecf;
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g-Factor of the electron and positron |’ [ I'_ﬁ.
Vb el
VOLUME 59, NUMBER 1 PHYSICAL REVIEW LETTERS 6 JuLY 1987

New High-Precision Comparison of Electron and Positron g Factors

Robert S. Van Dyck, Jr., Paul B. Schwinberg, and Hans G. Dehmelt

Department of Physics, University of Washington, Seattle, Washington 98195
(Received 23 March 1987)

Single electrons and positrons have been alternately isolated in the same compensated Penning trap in
order to form the geonium pseudoatom under nearly identical conditions. For each, the g-factor anoma-
ly is obtained by measurement of both the spin-cyclotron difference frequency and the cyclotron fre-
quency. A search for systematic effects uncovered a small (but common) residual shift due to the cyclo-
tron excitation field. Extrapolation to zero power yields e ¥ and e ~ g factors with a smaller statistical
error and a new particle-antiparticle comparison: gle ~)/g(e*)=1+(0.5+2.1)x107"%

PACS numbers: 14.60.Cd, 06.30.Lz, 12.20.Fv, 32.30.Bv

Electron: g=2x1.001 159 652 188 4 (43)*

2x1.001 159 652 187 9 (43)*

Positron: g

*CODATA
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QED and highly charged ions (HCI)

bound-state QED: quantum physics in strong fields

basic processes in bound-state QED:

-0 -

self energy vacuum polarization vertex correction

bound-state QED coupling parameter for H-like uranium U%'+: Za = 0.67

Ref.:
T. Beier, Physics Reports 339, 79 (2000)
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Bound-electron g-factor:
Feynman graphs 1st order in o/nt

Obound/Firee = 1 = (Za)?/3 + a(Za)?/4m + ...
/7

7
/
Dirac theory bound-state QED
SELF VACUUM
ENERGY POLARIZATION

g
T e

Ref.:
T. Beier, Physics Reports 339, 79 (2000)
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Common theoretical approach:

Furry picture of bound-state QED

for 28Si'3+; <|E|>=2-10"°V/m
for 40Ca’%+: <|E[>=8-10"°V/m

Wendell Hinkle Furry

10 20 30 40 50 60 70 80 90 1907-1984
nuclear charge Z Prof. at Harvard University
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Ion oscillation frequencié/-, L

ﬁ Measurement of the tiny image currents (~ fA) N
‘;-ie:on the trap electrodes requires:
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High-resolution cyclotron frequency measure
of a single highly charged silicon ion

LI J R —
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Continuous Stern-Gerlach effect:
Determination of spin direction

CLASSICAL CONTINUOUS
STERN-GERLACH STERN-GERLACH

SEPARATION IN POSITION SPACE SEPARATION IN FREQUENCY SPACE
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Quantum jump spectroscopy:
Spm flip transitions in the analysis trap

E u. 1.5
= 18- 1.0
3 g spm 'M
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~_ Bound electron magnetic moment
~on hydrogen-like silicon 28Si13+
week ending

PRL 107, 023002 (2011) PHYSICAL REVIEW LETTERS 8 JULY 2011

p (e
by g-)

g Factor of Hydrogenlike

288i13+

S. Sturm,'” A. Wagner,1 B. Schabinger,"2 J. Zatorski,' Z. Harman,'> W. Quint,4 G. Werth,” C. H. Keitel,' and K. Blaum'
'Ma.vs-Planck-lnslimtﬂ't‘r Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
“Institut fiir Physik, Johannes Gutenberg-Universitdt, 55099 Mainz, Germany
3ExtreMe Matter Institute EMMI, Planckstrafe 1, 64291 Darmstadt, Germany

4GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstrafe 1, 64291 Darmstadt, Germany
(Received 6 May 2011; published 7 July 2011)

We determined the experimental value of the g factor of the electron bound in hydrogenlike 2%Si'** by
using a single ion confined in a cylindrical Penning trap. From the ratio of the ion’s cyclotron frequency
and the induced spin flip frequency, we obtain g = 1.995 348 958 7(5)(3)(8). It is in excellent agreement
with the state-of-the-art theoretical value of 1.995348 958 0(17), which includes QED contributions up to
the two-loop level of the order of (Za)* and (Za)* and represents a stringent test of bound-state quantum

electrodynamics calculations. y T T T y T T T T T
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H on lithium-like silicon 28Sji1+
5, e T , .

. 54 Larmor T
gexp(285|11+) - 2000 889 889 9(21) resonance é’:ﬂw' i
Oiheo(22Si11+) = 2.000 889 909 (51) g - é ;
theoretical calculations by D.A. Glazov, ‘§ '

A.V. Volotka, V.M. Shabaev : .
Precision test of £
 electron-electron interaction T o
e screened QED contributions o
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Ref.: a horn
A. Wagner et al. : EBIT

PRL 110, 033003 (2013)
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Dirac sea: contribution of negative energy stat
to bound electron magnetic moment in Li-like F

===

integration over
negative energy states I8 + - <

for internal electron lines

Ref.:
D. Glazov
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Quantum Electrodanymics in strong fiéld§: |
non-perturbative treatment in Zau
beyond the Furry picture 1 946

- External field approximation: Common theoretical approach:

Nucleus approximated as an external Coulomb
field, V(r),

iV -+ B+V(F)plF) = Epl7)

reducing a 2-body system to a 1-body system

Furry picture of bound-state QED

Wendell Hinkle Furry
1907-1984
Prof. at Harvard University
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— All contributions cancel
except for:

- Nuclear recoll } Not included in

- Nuclear size Furry picture

Our test system:
_ . -

- nuclear recoil dominates the isotope shift (99.96%),
since nuclear size:

e (40Ca) = 3.4776(19)-10°15 fm
o (48Ca) = 3.4771(20)-10°15 fm

[I. Angeli et al., Atomic Data and Nuclear Data Tables 99 (2013)]
Ref.:

F. Kohler, S. Sturm @
I= 5= 1l
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g-Factors of lithium-like calcium 4°Cal’* an
— sensitive test of QED beyond the Furr

m :
_21“ € qlon

Measured g-factors: m ion €

(stat) (syst) (m,)

g(*°Ca'7+) = 1.999 202 040 55 (10) (12) (110)-1010 — 8g/g = 5.6-10-10
g(“8Ca'7+) = 1.999 202 028 85 (12) (13) (80)-1070 — 8g/g = 4.1-10'70

Ag,,, = g(°Ca'™) - g(48Ca'"*) = 11.70 (16) (3) (138) -10°

v" Most precise g-factors of lithium-like ions!

Agieo = 9g(*°Ca'’*) - g(*8Ca'”+) = 10.305 (27) -10°

[Sz. Nagy et al. Eur. Phys. J. D 39, (2006)]
comparison to theory: [A. V. Volotka et. al., PRL 112, 253004 (2014)]

V. Shabaev et al.
Conference on Physics of Simple Atomic Systems, Jerusalem, 23 May 2016, Wolfgang Quint =5 I



g-Factors of lithium-like calcium 4°Cal’+* an -
— sensitive test of QED beyond the Furry!pi¢
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Isotope dependence of the Zeeman effect
in lithium-like calcium

Florian Khler'2, Klaus Blaum?, Michael Block!3#, Stanislav Chenmarev?>, Sergey Eliseev?,

Dmitry A. Glazov>®7, Mikhail Goncharov?, Jiamin Hou?, Anke Kracke?, Dmitri A. Nesterenko®,
Yuri N. Novikov2>8, Wolfgang Quint, Enrigue Minaya Ramirez?, Vladimir M. Shabaev>, Sven Sturm?,
Andrey V. Volotka®® & Giinter Werth?
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HITRAP at the Experimental Storage Rlng\

at GSI Darmstadt Li
UNILAC
experiments with cooler post-
particles at restor < Penning ——— decelerator 3
at low energies trap S >
¥=
EXPERIMENTS WITH HIGHLY CHARGED IONS AND
ANTIPROTONS AT EXTREMELY LOW ENERGIES: U9+ cirinper U+
e g-factor measurements of the bound electron target ||Jo1+
e laser spectroscopy
e mass measurements of extreme accuracy
e reaction microscope, collisions at very low velocities
e surface studies and hollow-atom spectroscopy
electron cooling
® X-ray speciroscopy and deceleration
down to 4 MeV/u
= 5= 1L
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