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Quantum mechanics, Relativity, and P.A.M. Dirac # uewunourz
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Quantum Electrodynamics (QED) # weLunovrs
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QED = Dirac theory + quantized radiation field

basic processes in QED:

§ ~o G

self energy vacuum polarization vertex correction

QED coupling parameter: finestructure constant a = e?/2¢,hc ~ 1/137 ~ 0.007

Ref.:
T. Beier, Physics Reports 339, 79 (2000)
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QED and highly charged ions £ weLmnovrz
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bound-state QED: quantum physics in strong fields

basic processes in bound-state QED:

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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Magnetic moment (g-factor) of the electron ﬁjiggogmzﬂ

. magnetic moment

e m
u=gqg. > J g: g-factor
m

. charge
. mass
J: angular momentum
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QED contributions to the g-factor of the free electron # wewumowr
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Ytree™ 2(1+ C:10L/TE + CZ(OL/TE)Z + C3(OL/TE)3 + C4(OL/TE)4 + C5(OL/TC)5 +....

1st order in o
magnetic field Schwinger term
C,=%

Scanned at the American

Institute of Physics

The theory of quantum electrodynamics is,
| would say, the jewel of physics
ot - 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 34 order #

HELMHOLTZ
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Oree= 2 (1 + Cya/n + Cy(a Im)? + Cy(a Im)* + Cy(ar /71:)4 + C5(a IT)° +..

2"d order in a:
C,=-0.328 478 966
7 graphs

T - -
I

2>e

A\

g)

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

3fd order in o
=1.1765
72 graphs

not shown:

4th order in o
C,=-1.9108

91 graphs
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Free electron: QED contributions of 51" order # neLmmoirz
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Yfree™ 2 (1 + ClOL/TE ol CZ(OL/TE)Z + C3(0L/7T)3 + C4(OL/TE)4 + CS(G/TE)S +....
Harvard g-2 measurement 2008:

Jree = 2 (1.001 159 652 180 73 (28)) — determination of a
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It Toichiro Kinoshita
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Ref.:
Kinoshita et al., arXiv:1205.5368v1 [hep-ph] 24 May 2012
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Determinations of the finestructure constant o # wecunovr
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14 - electron magnetic moment Hanneke m —

- > Rb interferometer Bouchendira m -

12 - Rb, Cs atom recoil = —

- neutron Compton wavelength m -

E 10 - quantum Hall effect m -
L T ac Josephson effect m -
E 8 B muonic HFS -
o - B atomic HFS .
A 6" B Lamb shift -
< - B ortho-positronium -
% 4 B positronium splitting -
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2 B ¢'e scattering electronic/muonic m
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10
Ref. ACCURACY IN ALPHA [-LOG(Aa)(a1)]

M. Vogel
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Bound-electron g-factor:
t . ﬁHELMHDLTZ
Feynman graphs 1st order in a/n | ASSOCIATION

gbound/gfree ~1- (ZU)Z/B + OL(ZOL)Z/4TC + ...
_— al

Dirac theory bound-state QED
SELF VACUUM
ENERGY POLARIZATION

Siats
L9

Ref.:

T. Beier, Physics Reports 339, 79 (2000)
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Bound-electron g-factor # weLunovrz
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g-Factor of the electron bound In p
a hydrogen-like ion 7 issocition

Larmor precession

I Ion cyclotron frequency:

frequency of the

bound electron: P B

e g J ; a lon — i

o = B T S0, =——0B
? Me Mion
|on
Mion/
— 'experimental external input
g-factor’ measurement parameter
— comparison
with theory
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A single highly charged ion stored in a Penning trap # seiuiovr
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AXIAL MOTION

MAGNETRON DRIFT
0.

O,

combined ion motion
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Highly charged ion g-factor apparatus £ sewuwour
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Electronic detection of a single trapped ion: y P

Resistive coolinﬂ and active feedback cooling | ASSOCIATION
=== 1L

B

end cap

v, = 680 kHz
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S o G electrode
© = i | j C|R L
o = . g
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|
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Resistive cooling of trapped °C>* ions 7 wewnour:
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=== I
- final temperature: T =4 Kelvin

axial energy [arb. units]

cooling time [s]
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High-resolution cyclotron frequency measurement P
. . ayp - . ” HELMHOLTZ
of a single highly charged silicon ion | ASSOCIATION

In a.u.
o

W =53(1) mHz

FWWHM

Signal
=
o

T 111 LI I I | TrfTrrJrrrrJrrrr[rrrr1rrrt
-2,0 -1,5 -1,0 -0, 0,0 0,5 1,0 1,9 2,0

(v,- 26 857 368 Hz) / Hz
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Bound electron magnetic moment measurement z
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on hydrogen-like silicon 28Sit3* | ASSOCIATION

week ending_
_PRL 107, 023002 (2011) PHYSICAL REVIEW LETTERS 8 JULY mHEEI
&

g Factor of Hydrogenlike #Si'3*

S. Sturm,'# A. Wagner,' B. Schabinger,'? J. Zatorski,! Z. Harman,'” W. Quint,* G. Werth,? C. H. Keitel,' and K. Blaum'
'Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
*Institut fiir Physik, Johannes Gutenberg-Universitdt, 55099 Mainz, Germany
3ExtreMe Maiter Institute EMMI, Planckstrafie 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 28Si'3* 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 (Z&)? and (Za)* and represents a stringent test of bound-state quantum

electrodynamics calculations. y T v T g T y T T T
T~ T T rrrrrrrrrrr7 7 y 60 - 7
0,1 1 .
00 JEPinup N | =f
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N - 4 <
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>" ] o 1 =
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Comparison of theory and experiment: g-Factor of the bound electron P
in H-like carbon 12C5+, oxygen 1607+ and silicon 28Sj13+ 7 N associarion

g,(1?C>*) = 2.001 041 590 18 (3) theoretical value
g,(1?C>*) = 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,(?8Sit3+) = 1.995 348 958 0 (17) theoretical value
g,(?8Sit3+) = 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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Bound-electron g-factor
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Determination of electron mass & ieuniuite
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Larmor precession
frequency of the
bound electron:

. g, €
2 Me

I Ion cyclotron frequency:

o5

our
. . theory as
— determination . measure-
Input
of electron mass ment
parameter
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Determination of the electron mass from g-factor p
. ” HELMHOLTZ
measurements on H-like carbon **C>*and oxygen °0"* | ASSOCIATION

12C5* g-factor measurement
m,(2C>*) = 0.000 548 579 909 32 (29) u

16Q7* g-factor measurement
m,(**07*) = 0.000 548 579 909 60 (41) u

Van Dyck et al.,
comparison of cycl. frequencies v /v(C°®*)

m,(UW) =0.000 548 579 911 10 (120) u

Outlook:

1) Improved measeurement on carbon C>*,
work in progress by F. Kohler and S. Sturm

2) measurements on lighter ions, e.g. “Hel*

COOL13, Mirren, CH, 14 June 2013, Wolfgang Quint



Bound electron magnetic moment measurement
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on lithium-like silicon 28Sjt* | ASSOCIATION
. |  GSN
: /| Larmor . ]
gexp(288|11+) — 2000 889 889 9(21) | resonance gw
Oineo (28SItY) = 2.000 889 909 (51) g © R
theoretical calculations by D.A. Glazov, ‘f;i o She .
A.V. Volotka, V.M. Shabaev <
Precision test of g |
* electron-electron interaction 10
 screened QED contributions N
-4 3 2 1 0 1 2 3 4

trap chamber
transport section

i i
B e

f Icreatlon trap . analysis trap precision trap microwave
Ref.:

:i 5 horn
A. Wagner et al. EBI
PRL 110, 033003 (2013)
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Dirac sea: contribution of negative energy states
. . . . ﬁHELMHDLTZ
to bound electron magnetic moment in Li-like HCI | ASSOCIATION

===

integration over

negative energy states 1 4
for internal electron lines Ii-

Ref.:
D. Glazov
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HITRAP at the ESR storage ring / GSI ¥ i

=== I
UNILAC
experiments with cooler .
i <— Penning -~ ]
particles at regt or o I — decelerator 5 \:
at low energies trap S i
v
EXPERIMENTS WITH HIGHLY CHARGED IONS AND =
ANTIPROTONS AT EXTREMELY LOW ENERGIES: U91+ U73+

stripper ==

e g-factor measurements of the bound electron target [ J91+

e laser spectroscopy

® mass measurements
e reaction microscope, atomic collisions

e surface studies

e X-ray spectrosco .
Y sp PY electron cooling

and deceleration
down to 4 MeV/u
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Determination of the proton g-factor F neounovr:
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e GSH
C m, g=2 2L ) Zmp
Cyclotron frequency o, Larmor frequency

B

S

2 2 2
@, =\/a)+ +o " +o,

a)-i- ~ 272- ’ 29 M HZ modified cyclotron motion
axial and m/agnetron ‘ ‘
o, ~ 27 -690 kHz
A
o ~27-85kHz | o

4 ““ ‘
p———
Y VY 75

(=

analysis trap

.
‘ precision trap
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A single trapped proton and p
the continuous Stern-Gerlach effect 7| assocuion

<2

axial frequency shift 1 u,B,
L Ay, ~—— 272
due to spinflip: * 277 my,

!

Proton measurement is 10 000 times harder compared to electron g-2 measurement.

B, =0.3 T/mm?
Av,=190 mHz

potential
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First Larmor resonance curve of a single proton z

. . # HELMHOLTZ
In the Penning trap | ASSOCIATION
e
v’ Axial temperature reduced AW 6 v,
v’ Larmor resonance narrower —=1.2-10 g=2—
148 V.
401 Next steps:
0 e Reduce axial frequency
| fluctuations further
20 - |2 Selected for a Viewpoint in Physics eek endin
PRL 106, 253001 (2011) PHYSICAL REVIEW LETTERS 24 JUNE 2011

B4
10
Observation of Spin Flips with a Single Trapped Proton

0+—— S. Ulmer,">? C.C. Rodegheri,"? K. Blaum.'* H. Kracke,>* A. Mooser.>* W. Quint,>” and J. Walz>*
'Max-Planck-Institut fiir Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany
“Institut fiir Physik, Johannes Gutenberg-Universitit Mainz, D-55099 Mainz, Germany
-104+4—— *Ruprecht Karls-Universitit Heidelberg, D-69047 Heidelberg, Germany

50.01 E *Helmholtz Institut Mainz, D-55099 Mainz, Germany

*GSI—Helmholtzzentrum fiir Schwerionenforschung, D-64291 Darmstadt, Germany
(Received 28 February 2011; published 20 June 2011)

spin flip probability (%)

Radio-frequency induced spin transitions of one individual proton are observed. The spin quantum
jumps are detected via the continuous Stern-Gerlach effect, which is used in an experiment with a single
proton stored in a cryogenic Penning trap. This is an important milestone towards a direct high-precision
measurement of the magnetic moment of the proton and a new test of the matter-antimatter symmetry in
the baryon sector.
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Proton g-factor measurement p
with and without active feedback cooling * " hssociarion

—— 11 reduction of axial temperature
1 by application of
active electronic feedback

601
504
404
301
20
10-

0 -

spin flip probability (%)

-10- 1
498 499 50.0 501 502 50.3 50.4 505

drive frequency (MHz)

g, = 5.585696 (50)

Ref.:
C. Rodegheri et al., NJP 2012
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Baryon-Antibaryon Symmetry Experiment — P
The BASE Collaboration at AD / CERN 7 N associarion

R 3m >
.l. f--‘—‘--u._\ 1_,,-"_"-«_“_‘

cryostats

‘}gemanductlng magnet

antiproton access

downstream
side

upstream
side
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Electronic detection of a single ion by resonance circuit # seusourz
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Q =5600
v =680 kHz
R, =36MQ

e =1.3nV/vHz

Particle acts as a perfect short
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Continuous Stern-Gerlach effect: p
P HELMHOLTZ

Determination of sEin direction | ASSOCIATION
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STERN-GERLACH STERN-GERLACH
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Quantum jumps of a single HCIl in a Penning trap # sewumowr
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