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You know, it would be sufficient to really understand the
electron.

Albert Einstein
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_:g% S: spin

— LL: magnetic moment
‘S ‘ g. g-factor

LLg: Bohr magneton
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1st order in a:
magnetic field Schwinger term
C1 — 1/2

Scanned at the American
Institute of Physics

The theory of quantum electrodynamics is,
| would say, the jewel of physics
oot - our proudest possession.
er.:

J. Schwinger, Phys. Rev. 73, 416 (1948); Hanneke et al., PRL 100, 120801 (2008) R. Feynman
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Free electron: QED contributions of 2"d and 3" i!"q‘, ‘P"";@ |

Jiree= 2 (1 + C a/m + Cy(aL /m)? + C3(oc /TC)3 + C4(oc /n)4 + Cg(a /) +.

{ 2
A.. 3 order in o

2nd order in a: R
C, = - 0.328 478 966 A

7 graphs .
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72 graphs

not shown:
4t order in o

C4 =-1.9108

891 graphs

I}T>]1>

C3 =1.1765

Ref.:
B. Lautrup et al., Phys. Rep. 3, 193 (1972)

Seisreitenag
P S ST

&ﬁ&&%%%%>ﬁ
e
e

Fundamental Constants Meeting, Eltville, Germany, February 2015, Wolfgang Quint =51



| » [

g-Factor of the free electron 1} i ‘ I)

i _"" ..-I

B
.

B: magnetic field in

Larmor precession Penning trap

frequency: cyclotron frequency:
e 8 € e €
o, = ®" =—28B
2 me ‘
Me

or rather _ 2 — 2 . a (get 3 orders of magnitude
g e in accuracy by Nature)
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QED and highly charged ions

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 U°+: Za = 0.67

Ref.:
T. Beier, Physics Reports 339, 79 (2000)
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Bound-state QED: treatment non-perturbatiy

non-perturbative perturbative treatment: expansion in Za

treatment
(Fo)®

7 oo ey Lot
_J..:-mij-\M.rt_k tuwhwﬂ- " L-,_'_'_;‘ o R

no expansion
in Zo Vi Via Vis

Non-perturbative bound-state QED was developed in the last 20 years by excellent
theoreticians like:

Beier, Blundell, Breit, Czarnecki, Glazov, Jentschura, Johnson, Karshenboim,
Lindgren, Lee, Milstein, Mohr, Pachucki, Persson, Plunien, Salomonson, Sapirstein,
Shabaev, Soff, Sunnergreen, Terekhov, Tupitsyn, Volotka, Yerokhin, and others.

Ref.:
U.D. Jentschura, P.J. Mohr, G. Soff, PRL 82, 53 (1999); T. Beier, Physics Reports 339, 79 (2000)
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Bound-electron g-factor:
Feynman graphs 1st order in a/n

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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Bound-electron g-factor:

Feynman graphs 2"d order in o/n
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50 graphs %_ﬁ ﬁ“
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Ref.:
T. Beier, Physics Reports 339, 79 (2000)
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[
a hydrogen-like ion A ?"' *_
(nucleus has no spin, e.g. 12C5*, 16Q7+, 28S|13H; al +)

Larmor precession
P 1 I Ion cyclotron frequency:

g-Factor of the bound electron in 9 !é , #

frequency of the
bound electron: e B
e 8 J € ; & Q) ion — g
W = B )
2 e M ion
ion
9 Me Q
ion (4
— 'experimental our external input
g-factor’ measurement parameter
— comparison
with theory
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i ) - T i J P i /S . '-;': :
: | =3 rlpkex e‘gflng_lraps

Precision trap (PT)
= Very homogeneous magnetic field

Analysis trap (AT)
» Magnetic bottle for spin detection
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PRECISION TRAP
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o >
g-Factor trap in Mainz 1|

(GSI/Heidelberg collaboration) W'?
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Electronic detection and
resistive cooling of trapped ions

| S ——

B “ V2 =VvZi+ V2 +v)? ‘

end cap
v, =360 kHz

compensation T

electrode c|Rr L
ring electrode T = U=IR
compensation ? l

electrode

dE /dt = P, = -PR
end cap
—— resistive cooling

N e
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Charge breeding of carbon and oxygen f{ s! Dye
In cryogenic EBIS (electron-beam ion souij:} AT
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Zvklmroafrequenz [Hz] - 24 MHz
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High-resolution cyclotron frequency measure
of a single highly charged silicon ion

LI J R —
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Signal (dBVyms)

Signal (dBVms)

Eigenfrequency Measurement Q
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Continuous Stern-Gerlach effect: | ZJ

Determination of spin direction QJ )

CLASSICAL CONTINUOUS
STERN-GERLACH STERN-GERLACH
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Quantum jump spectroscopy:
Spm flip transitions in the analysis trap
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The lab team
(before spinflip)

Birgit | Sven Anke
Schabinger Sturm Wagner
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The lab team

-

after sp}inflip)
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Fractional axial frequency difference (Hz,

oo-/\/\/L\ﬂ \WAA~

0.1

0.2 -

-0.3

o

-0.5 T T T T T
o 10 20 30 40 50

Measurementnumber

2. PT: Measurement of eigenfrequencies and ¢ 11 Ry
simultaneous irradiation with microwaves & T —
: ; il (offline)

0.5
0.4
0.3
0.2

‘ Lot

0.0

M_' 3. AT: Detection of spin orientatio
@ @

‘ 4. spin flip in PT? {SSPIMAAS Tipped!

Fundamental Constants Meeting, Eltville, Germany, February 2015, Wolfgang Quint =5

Fractional axial frequency difference (Hz)




Precision measurement of bound electron g-factor in hydrogen-like silicon

R
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~_ Bound electron magnetic moment
~on hydrogen-like silicon 28Si13+
PRL 107, 023002 (2011) PHYSICAL REVIEW LETTERS 8 oLy 200 |

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'
'Mar-PIanck—lnslimt_ﬁ't‘r Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2Institut fiir Physik, Johannes Gutenberg-Universitit, 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 T T T T T T
_""l""l""l"IIIll""l""l""l'_ 60 |- 7]
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Comparison of theory and experime t:!
g-Factor of the bound electron LEB

H-like carbon 12C5*, oxygen 1607+ and sili 1n _

g,(12C>+) =2.001 041 590 18 (3) theoretical value
g,(12C>*) =2.001 041 596 4 (10)(44) our measurement

g,(1°07*) =2.000 047 020 32 (11) theoretical value
g,(1%07+) = 2.000 047 025 4 (15)(44) our measurement

g,(?8S13+) = 1.995 348 958 0 (17) theoretical value
g;(*8S13+) = 1.995 348 958 7 (5)(3)(8) our measurement

Lit.:
T. Beier et al., PRL 88, 011603 (2002)
V. Shabaev et al., PRL 88, 091801 (2002)
V. Yerokhin et al., PRL 89, 143001 (2002)
K. Pachucki, V. Yerokhin et al., PRA 72, 022108 (2005)
S. Sturm et al., PRL 107, 023002 (2011)
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Larmor precession
frequency of the
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Resonance width and thus statistical error
limited by magnetic field fluctuations

Experimental Result

Probing Zeeman transition at different ['s

several 100 times:

— -resonance
= [, is extracted from fit

= Several -resonances at different

cyclotron energies to check systematics

— extrapolation to zero energy
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Result qaplh-’ ' 'f i

Experiment Theory
[o=4736.210 500 89 (11)(7) | Gieo = 2. 001 041 590 176 (6)

(stat.) (syst.)
. g theo € 1 '

m =m.
e ion
2 Qion l_‘0

——

m,=0,000 548 579 909 067 (14)(9)(2) u

[S. Sturm et al., Nature 506, 467-470 (2014)] (stat)(syst)(theo)
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LEI'TER

High-precision measurement of the atomic mass of
the electron

S. Sturm', F. Kohler™?, J. Zatorski', A. Wagner', Z. Harman"?, G. Werth*, W. Quint?, C. H. Keitel' & K. Blaum'

doi:10.1038/nature13026

Table 1| Relative systematic corrections and their uncertainties applied to the measured frequency ratio

Effect Correction (parts per trillion) Uncertainty (parts per trillion)
Image charge —2824 14.1
Image current 22 0.5
Residual electrostatic anharmonicity 0 0.25
Axial and magnetron ternperature 0.04 0.04
lonic mass 12C" 0 0.1
m,. = 0.000548579909067(14)(9)(2) (5)

The first two errors are the statistical and systematic uncertainties of
the measurement, and the third error represents the uncertainties of
the theoretical prediction of the g-factor and the electron binding
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3 ppt, 115 ppt,
CODATA (T. Hansch) E. Myers
2010 2010 1241 ppt,
2) 2R h F. Biraben
=—= 2011
arecoil hk
Vo=
Cme C recoil MRb

30 ppt, our value
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Measurements of the electron mass over th
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