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Interest in Highly Charged lons (HCI)

Radius Z"
Polarizability !
> o Gross structure ?
Fine structure splitting ~ Z°
Hyperfine structure Z
QED effects Z

« Relativistic, QED, nuclear effects

» Forbidden optical transitions sensitive to «, i, violation of local
Lorentz invariance

Kozlov et al., Rev. Mod. Phys. 90, 045005 (2018) , arXiv:180306532

Courtesy of Peter Micke, PTB
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Optical Transitions in HCI

@ Neutral Hydrogen-like é
3s 3s
3p 3p
% ’ |
a 4s >< 3d L
c
v 3d 4s -100 |-
& I
5 4p 4p
= 200 |-
o 5s 4d s I
4d 4f = 300 L
Sp 5s -
65 5p 400 |-
af 5d 500 L . L . | s | . L
. . 70 72 74 76 78
z

Charge state

1+, 2+, ..., (Z-1)+

Berengut et al., PRL 106, 210802 (2011)

Courtesy of Peter Micke, PTB



Advantages of HCI for High-Precision
Experimens and Optical Clocks

Linear Stark shift Z'

Second order Stark shift Z*
—> e Linear Zeeman shift Z°

Second order Zeeman shift  Z*~

Electric quadrupole shift

Z-2

Less sensitive to external perturbations

Courtesy of Peter Micke, PTB
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QED in Highly Charged lons (HCI)

* Impressive theory predictions and most precise experimental results, e.g. electron
magnetic moments: g-2, g-factor in HCI [1]

- Most stringently tested theory in weak fields

- Validity of QED in strong fields? N
Test of bound state QED (BS-QED) under < VZa
extreme conditions in high electric and AT A

magnetic fields of heavy HCI y@,/%
— g-factor measurements in H or Li-like ions /" —
— Fine structure and hyperfine structure

spectroscopy
. : NN asersy .
- Combine strongest field and E 0777777077
highest precision 10/ AP VLA A A, 77 7
N S

[1]1 H. Haffner, et al., Phys. Rev. Lett. 85, 5308 (2000)
J.Verdu, et al., Phys. Rev. Lett. 92, 093002 (2004) Nuclear charge )

[2] S. Sturm, et al., Nature 506, 7489 (2014)

[3] S. Sturm, et al., Phys. Rev. Lett. 107, 023002 (2011)

[4] F. Kohler, et al. Nat. Comm. 7, 10246 (2016)
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Outline

Laser Spectroscopy in Heavy Highly Charged lons and the
,2Hyperfine Puzzle of strong-field bound-state QED*

Nuclear Magnetic Resonance and ist contribution to a solution of
the ,Hyperfine Puzzle”

Into the future: Experimental developments towards high-precision
spectroscopy in HCI




Structure of Heavy H-Like lons

Quantum
Electro-
Dynamics

Dirac Equation
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U91 +

@

aZ ~0.7
AE 1, 5s=460.2 +4.6 eV

AE=0/n (0Z)* F(0.Z) m c?

/

s > AE515=32 peV  aZ=~1/137
.H.I.I.I.I.I.I.I.I.

1 10 20 30 40 50 60 70 80 90
Nuclear Charge, Z

electric field strength <E> [V/cm]
o, o,

10°

A. Gumberidze et al., PRL 94, 223001 (2005)

QP




Test of BS-QED in Highly Charged lons
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atomic structure:

10°
H-like Bismuth
104 3 ° o'. Q.:.
o %ea® ' 00-.. *
103 S no'...... (1)
PR ST ‘e
~ 102k RIS ’
— T o — e - ——— -
Z 10 _|IrTJ'I.t.Of supercond. magnets
< 1.
(1] 1L »
= Y
~ 10"

] 0.(9 Hydrogen

10'3 PN PPN WP TP IPININ I I PP IPE |
0 10 20 30 40 50 60 70 80 90
Nuclear charge Z

Tests of QED to lowest orders in e« and to all orders in a2

_ No conclusive test of
™ bound-state QED in the
oM strongest magnetic

fields so far!
aB-
Light
a’] atoms )
Heavy
o -
atoms

T2 (0l Y (a2 (az)E -
(aZ)” (aZ)" (aZ)" (aZ) Courtesy of V. Shabaev

H: A=21cm Fe
=11 Ma __F=0
209Bj82+: A =244 nm
1=0.39 ms =5
209Bij80+: A = 1555 nm =4

t=83.3ms
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HFS-Measurements in Heavy H-Like lons

4 1 m2F+1
AE() = “a(az)*E me? x (A(aZ)"(1 — ebr)(1 — eb) + k%
3 HUN Ty 21
Bi82+ \ ' /N \ o : /
Dirac nuclear contributions QED
Bohr-Weisskopf effect : | NG
known (?) k- Breit-Rosenthal effect 1! £41 vacuum pol. and
. . (e it
nuclear polarization % i self-energy
(FE RET o 3ry i it S
13 L 2r
Dirac S 3 523 € -
- = QK2 -~ 15
EI < < | : g- -
0,13 o & o o - *
m = - - oo % 1
@ = N [T8
iy ] e @ B 8|5 s -
< o © c ol 2 05 —
= 0013 QED B 5 8158 = -
c I S| El Slaol¥ Py C
:g T i ____________________ :gf ......... % w0 E 0 o I S e L REREEES Exp.
I N ~8- Q o) ~0 -
2 1E34 Ermr(BW) = S 0 L -05
= E 8_ o L - ZDBBi ZDTPb 2O7Pb 165Ho 185Re 187He
g ] 7] % < - H, K
o (0] | _1 - oP NMR
@) o 15 — C
1E-4 - 1 2 5
£ -1.5 —
Ho Re Bi = B
™ -
] Pb s
1E-5 T T T T v T T T T T 3 -
A.V. Volotka et aI 67 71 75 & 83 25 &

Ann. Physik 525, 636 (2013) Nuclear charge, Z T.Beier, Phys.Rep. 339, 79 (200
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= A!EJ,?A -
. (G/~) UNIVERSITAT
Theory: Trouble & Solution L) UNERSITAT
4 2F+1 _
AE(s) - ga(aZ)3 g1 ™ 2}- mc? x (A(aZ)™ (1 — er)(1 — efiw) + T2,
o HUN Tp
Bi82+ \ s 7 v =
Dirac nuclear contributions QED
Bohr-Weisskopf effect { e ,

i vacuum pol. and

known (?)f-—  Breit-Rosenthal effect i .
i self-energy

. ] ' T \
nuclear polarization i
t ‘ -3 {]

]

0! <
sy 1
4

i

A

¥

1

uncertainty o
Bohr-Weisskopf > QED contribution

s Bijso

| 1 2 +1
o.o AE(%) = Zq(aZ)? pm al 1 (A(aZ)?*(1 — 53)(1 — &) + 228, + Bz + Cz)

specific difference (V. M. Shabaev et al. PRL 86 (2001) A'E = AE®) _ a AE(s)

nuclear contributions removed

,’\
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b,1

Ll

.,

= 0,01

o

=

=J — A t |

T coessto

8 QED terms
. o
BT 71—

a3 gy el s n

Nuclear charge Z

A. Volotka et al., Ann. Phys. 525, 636 (2013)
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Production of 29°B;80.82+

Heavy lon Syncrotron SIS-18

lon sources 0.72c, 400 MeV/u

UNILAC, Linear Accelerator
0.2 ¢ (20 MeV/u)

Experimental Storage
Ring, ESR

Stripper foil

(Bi80+, 82+)
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Reminder: Optical Doppler Effect

1600
1400

1200

-

o

o

o
1

800

Wavelength [nm]

600

1 . 182+
-like BI
200 ' I ' 1 i H‘lVdr‘Oglen '| | N 1 N I
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
speed

... for Dummies ! “I\
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First High Accuracy Measurement of A'E DI
Sase, In-situ volt t
: 640 N-SItu voltlage measuremen
Bunching N, | / Accuracy: AU~ 4V
RF-cavity ¥ (2011: AU=110V)

'|Signal B:nchl |

/4 RF-Generator

| _gfﬂwmz,soov

I Solar blind UV-PMTs

/hin

hngle A (nm
Fast retractable Cu-mirror o a0,
Developed at Universitat Minster,

V. Hannen, Ch.. Weinheimer, et al_, I
J. Instr. 8, 09018 (2013) o

Timing signal

Dat isigon

Refe

low efficiency @ > 800 nm ,I \
— Z(Photons) < 25°
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L=

STy TR

Signal {(s2mA~1)
Signal {(s2mA~1)

Resid
o
HOH
FORI
FOA
HOH
=01
HaH
T ROH
HoH
e 2B
=
-
- :
(o :
=0H :
HOH
EOH
-0
FOH
EOH
O
=
el
=
[ =
Y
ged
=0
HiH
O
Resid
o
1 1

5 | < s Ef”ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ"ﬁf?ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ'ﬁ'ﬁ"ﬁéﬁﬁﬁﬁfﬁﬁﬁﬁ?ﬁﬁ._ﬁﬁgﬁﬁ """" 11

-0.1 0.0 01 0.2 -0.2 0.1 0.0 0.1
Laser wavelength [nm] — 591.20 nm Laser wavelength [nm] — 641.10 nm

A'E = AE® - gAE"™ : o This work

=  Lochmann 2014

< Volotka 2012

——_—1Shabaev 2001

T - | ' T T T - T
-61.8 -61.6 -61.4 -61.2 -61.0 -60.8
A'E (meV)

J. Ullmann et al., Nature Comm. 8, 15484 (2017)
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Explanations for the Discrepancy ?

Experiment

unlikely

« The literature value of the nuclear magnetic moment of 20°Ri ic wirann?1

(Dirac term of the ground state hfs is proportional to the experimental value)

Theory

 The specific difference does not work as expected?!

A'E= AE®) — & AETS)
First exclude other

-—BS Strong-Field @ED-iswrong?——  ossibilities |
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Challenge: Magnetic Moments Required D
Author (1—04iw)”! Ochem n(**Bi) [un]
Proctor & Yu'! [27] 4,0400(7)”
Ting & Williams! [28 1,0104 4,0810(4 , _ L
Py e Lotz | Bi(NO,);5H,0 solved in HNO, (nitric acid)
Raghavan? [32] 1,0177 4,1106(2)
Bastug et al.2 [33] 1,01757(6) 4,1103(5)
Gustavsson & Martensson-Pendrill® [30] 0,000(1) | 4,110(4)
B ZSIEEEXP M
/ _—— . .
HProbe = p’Probe/[1 - (Udia + Uchem)] HI,Exp AIETheo HI,Lit

diamagnetic shielding ——— — — :
2 |
hq:’ 2010¢ L. Skripnikov (priv. comm.)
o ]
- 1990 B
chemical shift 3
> -
» Raghavan (1989)
1970+
L=
Q0 i
o 1950
BIL,0) ] cation 407 4.08 4.09 4.10 411 -4

[Fedotov, M. A_; et al.

Neorg. Khim. 1998, 43, 307-310] nuclear magnetic moment p; [N]
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NMR Measurements @ TU Darmstadt

Cooperation: Prof. Michael Vogel
TU Darmstadt, Institut fUr Festkdrperphysik

Bi(NO;), solved
HNO; (nitric acid)

samples prepared
at Institut fur Kernchemie
(Uni Mainz)
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Chemical Shift in NMR Spectra of Bi(NO;); ,

HProbe — M%’robe/[l - (Udia + Uchem)]

diamagnetic shielding

0.16073F T &
- —o- "Bi(NO3)3" 7 :

0.16072F Jtat h

z 0.16071F e\
% ; 7 _
> 0.16070¢F ~ 60 ppm x1 "\. , ]
.-g i ’,/ \\\ " ]
S 0.16069F oy SR S -~
: ,,»‘ 0 10 20 30 40 50 60 70

0.16068 | ‘,z" HNO3 concentration (%)
[Bi(H,O)J?* cation 0.16067 L~ | | | | | | ]

240 260 280 300 320 340 360

temperature (K)
;,g\ E;

[Fedotov, M. A_; et al.
Neorg. Khim. 1998, 43, 307-310]
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Chemical Shift in NMR Spectra of Bi(NO;); ,

HProbe — M%’robe/[l - (Udia + Uchem)]

diamagnetic shielding

016073 T T T T T g

- - "Bi(NO3)3" c=g=- NMe4BiF6 ’/’ )

0.16072 ’,/ h

-~ - Wl E

£ 016071} /,f\‘,‘ . :
& : & . ]
5 016070 o N
S 0.16069F oy SR S :
. o 0 10 20 30 40 50 60 70 :

0.16068 | ‘,z" HNO3 concentration (%)

[BiF ] cation o067k ]

240 260 280 300 320 340 360
temperature (K)

[Fedotov, M. A_; et al.
Neorg. Khim. 1998, 43, 307-310]

-

Previous measurement of BiF : Morgan et al., J. Magn. Res. 52, 139 (1969) I\ 5
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NMR Signals ARSTAOT
7 Bi(NO3); -
5 0.8} — BiFe 1 (CH;3)4N*BiF; (NMeyBiFg)
E I
Q 06 Old:
N L(2Bi) = 4.1106(2) 1y
g | Raghavan, At. Data Nucl. Data
S ool Tables 42, 189 (1989)
g 0.2
o2 |
7]

o
o

-200 0 200 400

chemical shift (ppm)

-400

Theory Experiment
er(old) 1 (new)
AE®) 5112(-5/4+20) 5089(-5/+20)(2) 5085.03(2)(9)
AE®®) 801.9(-9/+34) 798.3(-9/+34)(4) 797.645(4)(14)

L. Skripnikov et al., Phys. Rev. Lett. 120, 093001 (2018)

New:
1(299Bi) = 4.092(2) py
uncertainty dominated by theory

S

Diff. > 8o

comb




Result for A’'E
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I ' ' ' I ' ' '
A'E = AE®® - EAE

Lochmann [2014]
B

F>—  This work

Ullmann [2017]
—=—

KA

Volotka [2012]

—o— Shabaev [2001]

-61.8 -61.6 -61.4

-60.8

-61.2 -61.0

A'E (meV)

L. Skripnikov et al., Phys. Rev. Lett. 120 093001 (2018)




Bi Isotopes of Interest

3p1p O—O— —Q—O- —Q—Q— [126]
@pr @ni l@—@ -—0- -0—0-
31— 00— 00
hez 0—— | Bj 207
3s12 @—@— [82] 9/2-
245, —0—@ 31.55y
AE(S) (eV)  5.085 5.661 5.08503(9)
A1) (nm) 244 219 243.8221(44)
AE®) (eV)  0.7976  0.8894  0.797645(14)
A(%) (hm) 1554 1394 1554.377(29)




Towards Laser Spectroscopy of HCI in lon Traps

. EBIT (MPIK)

Laser Fluorescence Spectroscopy (high T, pulsed lasers)
Mackel et al., PRL 107, 143002 (2011)

« SPECTRAP (GSI)
Fluorescence Spectroscopy at 4K, Doppler limited
Andelkovich et al., Phys. Rev. A 87, 033423 (2013)

« ARTEMIS (GSI)

RF-Laser Fluorescence Double-Resonance Spectroscopy
Quint et al., Phys. Rev. A 78 032517 (2008)

 oTRAP (MPIK)
Spin-flip Detection with Continuous Stern-Gerlach Effekt (=1K)
Egl et al., Phys. Rev. Lett. 123, 123001 (2019)

* Cryogenic Paul Trap (PTB / MPIK)

Quantum Logic Spectroscopy (highest resolution)
Schmoger et al., Science 347, 1233 (2015) ;,g\ :
Micke et al., submitted to Nature (2019)
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Long-Term Perspective at GSI

ENDCAP

ELECTRODES |ons Stored
in Trap
Center

IONS

IONS |9EXCITATION ' Light
LASER/MW et
elector
ARTEMIS
W. Quint, M. Vogel, G. Birkl, et al.
Technique: _
Laser-microwave double resonance Z. Andelkovich, G. Birkl, M. Vogel,
Spectroscopy SPECTRAP W. Nortershauser et al.

- g-factor of bound electrons
- nuclear g factor
(free of diamagnetic correction)
- atomic lifetimes
- higher-order Zeeman shifts

= Goal: Improved measurement of
E(1s), E(2s) and A'E
(gain: 2-3 orders of magnitude)
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ALPHATRAP: Measurements on 4%Ar13*
DARMSTADT
40Ar13* measurement of g-factor:
. : . _ — My = +3/2
first high precision measurement of 5 electron g-factor ~+1119 GHz b /
3 1%+37.3 GHz
2p31;2 I :E
2-37.3 GHzf & »
~-111.9 GHz : my = -1/2
-PLANCK-INSTITUT .‘.5 : my = -3/2
\\\\\ FUR KERNPHYSIK g =
@GEX €O N HEIDELBERG -
\\\ 441nmf » .
Laser spectroscopy f # .
a measurement ; m = +1/2
TRAP 2p));  e— ;
measurement m =-1/2
B=20 B =AT

Courtesy of Alexander Eg| The ALPHATRAP g-factor experiment



Courtesy of Alexander Egl

ALPHATRAP - Fluorescence-Free Detection ), TECHNISCHE
Continuous Stern-Gerlach Effect in a Penning Trap DARMSTADT
Introducing magnetic bottle inhomogeneity additional potential:
) 2
B MAX-PLANCKINSTITUT ™8 — 44 |By+ By 22— £ a
= \\\\ FUR KERNPHYSIK . ! [ L (Z . 2)] TRAP
i\\\\j ‘\{\\“ HEIDELBERG ; ffffffffff without spin |
k) g
i =N
I £
g
—il ‘zaxis karb_ u_)l |
Continuous Stern-Gerlach effect: ‘ -

4104
axial frequency offset between , % 15— os
“up” and “down” spin orientatic "2 L i | 12228

~ -18.6GHz Vmw 5
Av, ~ Bate 2
4m mionv, @V, ~ 334 ..... B, ~ 4T lo, 25
12c5+ 28Si13+ 40Ar13+ 208Pb81+ | l>%| T> ::j
Av, 3.1 Hz 1.3Hz 312mHz 156 mHz 0 03z _0OF 005 008 01



S — Measurement Cycle TECHNISCHE
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E2) PT. Measurement of motional frequencies
- and probe with spectroscopy frequency

OL

TRAP

N !'—_L‘r- ~ 1; ~
| 2] 3 i, MAX-PLANCK-INSTITUT
- i i, \\\\ FOUR KERNPHYSIK
PT ai o @R @O HEIDELBERG
d i Lﬁ ’ -0100 -80 60 -40 -20 0 20 40 60 80 100 ’ 6 0 \\\\

Frequency - 411.756 kHz (Hz) Frequency - 411.756 kHz (Hz)

Vi +vi+vZ = v2

- &
= £
[ / AT: Detection and preparation of spin orientation
f."_rj 0‘5—- -—0.5
i § 0.4 - 0.4 £
I__..:_:_A: § 0.3—- -_0‘3 §
&, S 02 Loz &
AT : 3_5 0.1—. d ﬁ d -_0_1 a-i
g oo Compare oo §
: g 01 (> [ on &
e 5 021 spin state [0z &
S -0.3 [ 03 §
R R R
“0 10 20 30 40 50 60 70 80 90 100 ,l\

Courtesy of Alexander Egl

Measurement number

Measurement number
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Laser Spectroscopy Applying Continuous
Stern-Gerlach Effect

Results — Resonance for |1/2,-1/2> < |3/2,+1/2> ( = [J,mj> ) a
A. Egl, et al.,, PRL 123, 123001 (2019) =

» Derived temperature from FWHM - 19.5 £ 4.4 K

14

I I
From FWHM derived
Temperatures Teywum [

— 195 (4.4) K

|
12 - 4O N3+~

=l

——a——q-—--

S
()

o
S

normalised spin state
transition rate

| | |
| | |
] ] ]
-600 -500 -400 -300 =200 -100 0 100 200 300 400 50
V = Vogreet (MHZ)

Courtesy of Alexander Egl



Laser Spectroscopy Applying Continuous

Stern-Gerlach Effect
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Results — Resonance for |1/2,-1/2> < |3/2,+1/2> ( = [J,mj> )

A. Egl, et al., PRL 123, 123001 (2019)

» Negative electronic feedback applied, expected lower temperature of fac... <
» Adiabatic cooling by lowering the trapping potential depth by a factor 3.8

- lowered temperature by = 3x3.8=11.4
14 | | | |

12~ 40N 13+ 1

—~ 9
|
|
|
|

4
|
|
|
|

4

S
()

o
S

normalised spin state
transition rate

From FWHM derived
Temperatures Teywum [

— 195 (4.4) K
— 6.7(2.4)K

-400 -300 -200 -100 0 100

V = Vypeet (MHZ)

v = 679.216464 (4)g(5)sysTHZ, Aviv = 9x10°

Courtesy of Alexander Eqgl
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Two-lon Crystal Preparation

Schmoger et al., Science 347, 1233 (2015)
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Summary

« The measurement of A’'E at the ESR strongly disagreed with QED
calculations (,HFS-Puzzle®).

« NMR Measurements and new chemical shift calculations in BiF; were
performed and proved that the Hyperfine Puzzle was caused by a wrong
nuclear magnetic moment of 29°Bi,

» The measurements represents now a first (still inaccurate) test of bound-
state QED in strong magnetic fields.

The road ahead of us:

« Determination of the nuclear magnetic moment of 208Bi
« Prediction for the specific difference in 2%Bi

« Measurement of the hfs splitting in 298Bj80+82* gt the ESR storage ring
— show indepedence of A'E from Bohr-Weisskopf effect

« TRAP measurements will provide higher accuracy (HITRAP — ARTEMIS _
& SPECTRAP, o TRAP, PTB-TRAP) ’:\g
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