Atomic Physics Precision Experiments
with Penning Traps

¢* Basics of Penning-trap spectroscopy
*** Nuclear masses and g-factors

*» Atomic binding and excitation energies

Klaus Blaum
Max-Planck-Institute for Nuclear Physics, Heidelberg
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Motivation - Fields of applications

Test of nuc : . : ' Astrophysics, heutrino physics
and nuclear ies " & 4\. . and atomic binding energies
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Fundamental symmetries

k particle

. . EAYA
antiparticle k,%ﬁg

CPT symmetry is recognized
to be a fundamental property
of physical laws.

(1954 Gerhart Luders,

1955 Wolfgang Pauli)
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The mass of an atom

=N-Q +z-Q +z- 0

— binding energy

®) Einstein E = mc?

mAtom = N.mneutron i Z.rnproton + Zom

- (Batom + Bnucleus)/CZ

&m/m < 1010 &m/m =10%—-10°

electron
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Storage and cooling of ions

Radial force Harmonic potential Cooling
el T AN
electric fields characteristic damping of
oscillation oscillation
magnetic fields frequency amplitudes
light fields pendulum clock minimization of

imperfections

» single ion sensitivity > “infinite” storage time

> frequency measurements



Energy and precision regimes

LHC

trap

@if Sep 15t, 2021

[D

|l

energy

1 TeV
1 GeV
1 MeV
1 keV
1eV

1 meV

1 peV
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temperature

1076 K

1013 K

1070 K

107 K

104 K

10 K

0.01 K

(ca.-273°C)

Energy frontier

Precision frontier



Storage of ions in a Penning trap

The free cyclotron frequency is inverse 1 — gB/ (2zm._ )
proportional to the mass of the ion! : lon

_ 2 2 2
Brown-Gabrielse invariance theorem V¢ = \/V+ T Vv, TV

L.S. Brown, G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986).
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Non-destructive detection technique

dmim = 1011

ion signal mass/frequency spectrum
Amplitude
Ua A
> >

very small

Fourier transformation

- pwnggf! sal y
]
.
|

signal ~fA
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BASE - A Penning-trap setup at CERN

~ A balance for protons and antiprotons.

1z T
: £ == L3
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Atomic masses |

The mass of the proton and electron

Electron

A. Mooser, W. Quint, S. Sturm, S. Ulmer, G. Werth



The atomic mass of the proton

p 12C6+

F. HeilRe et al., Phys. Rev. Lett. 119, 033001 (2017)
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The atomic mass of the proton

Relative precision of m,

Courtesy F. Heilse
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The atomic mass of the proton

Relative precision of m,

Courtesy F. Heilse
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Gravimetric stoichiometry 4 ¢

Single focusing * o
Double focusing *

Mass synchrometer
Penning trap

HD" spectroscopy
(assuming uncertainties of m,, my, R;,; and r, are not limiting)

% oo

Year of publication
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F. Heil3e et al., Phys. Rev. Lett. 119, 033001 (2017)
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Comparison of the proton and antiproton

Compare charge-to-mass ratios R
of p and p:

(q/m)/ (g/m), = -1.000 000 000 001 (69)

S. Ulmer et al., Nature 524, 196 (2015)

My My My My
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The g-factor of the bound electron

Study one electron bound
to the nucleus, e.g. 1?C>*
(highly charged ions)

g-factor: measure for the magnetic strength of the bound electron

B A
C% Electron acts like a spinning top in the w, zgﬁ
,?' magnetic field with frequency o, 2 m,
spin-up spin-down
Electron can be in spin-up B A é‘
or spin-down state with = 7

transition frequency o, 'e- ’e-
1 |
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Measurement principle

Measurement of the free cyclotron
frequency to determine the
magnetic field:

Measurement of the Larmor frequency
in a well-known magnetic field:

B
0 =8° o-dmp {5
2 m mion R
g — 2 a)L qzon — qion m
<+—
a)c mion € / mion €
has to be
determined
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Test of QED in strong fields

60

A5O

B A B B A B 540

7 7 m 7 1.
e e e e g

71 I3 'e | 3 g %

'(%-10

> 0

varying drive frequency with time

Jex, = 1.995 348 958 7 (5)(3)(8)

Oiheo= 1.995 348 958 0 (17)

28Gj13+

-150 -100 -50 0 50 100 150 200
proportional to spin-flip drive frequency (10?)

m, can be improved if
repeated for 12C>*

most stringent test of bound-state QED in strong fields

Theory colleagues: Harman, Keitel, Zatorski

S. Sturm et al., Phys. Rev. Lett. 107, 023002 (2011)
A. Wagner et al., Phys. Rev. Lett. 110, 133003 (2013)
I. Arapoglou et al., Phys. Rev. Lett., 122, 253001 (2019)



A 13-fold improved mass of the electron

g-factor of hydrogenlike carbon

_ g theo a)c €
m = m.
e 2 a) on
L qion
4 7 N
10 : Gatirielsel
'5 1 0.8§ VanDyck
L
8 Farnham / Van Dyck
% 10° | Hori
%) 3 1 A E
s bBbobo e . _cooaTazoto;
E I | m,=0.000548579909067(14)(9)(2)u
T 4o -
0] | ]
o | ]
.- .. CODATAZ016, _ _ @] A factor of 13
10" - - . - improved value !
1985 1990 1995 2000 2005 2010 2015
\ vear of measurement y S. Sturm et al., Nature 506, 467 (2014)
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Time for a short break
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The building blocks of matter

The atomic mass of the proton and electron and neutron ©

Electron Electron

Hydrogen Deuterium
Neutron
Proton
Electron: previous best value Proton: previous best value deuteron: previous best value
improved by a factor of 13 improved by a factor of 3 improved by a factor of ~3

m, = 0.000548579909067(17)u  m,=1.007 276466 583 (33) u my=2.013553212535(17)u

Nature 506 (2014) 467 Phys. Rev. Lett. 119 (2017) 033001 Nature 585 (2020) 43



An easy image of our precision regime

BUT: Precision
achieved on the
atomic scale!

1-3-10°12
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Impact of precision fundamental masses

2018 CODATA Recommended Values

of the Fundamental Constants of Physics and Chemistry

0

2018 CODATA RECOMMENDED VALUES OF THE FUNDAMENTAL
CONSTANTSOF PHYSICS ANDCHEMISTRY  nNIST 5P 959 (June 2019

@  sep1t2021
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FRONT SIDE BACK SIDE

5 out of 13 secondary fundamental constants
are determined by our results!
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The (anti-)proton magnetic moment

M, = 2.792847 344 62(82) p) M5 =—2.792847 344 1(42) py
(0.3 ppb) (1.5 ppb)
G. Schneider et al., Science 358, 1081 (2017) Ch. Smorra et al., Nature 550, 371 (2017)
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g-factor 3He

100 4

g1 (nuclear g-factor)
»>Establish *He NMR probes for accurate

magnetometry 5
<)
Dependence on 1 1/100 <
temperature
Dependence on 1 1/1000
probe shape
Diamagnetic 1 1/10
shielding measured calculated oo
. . 1960+ - .
» Application: muon g-2 —— |
L« 19804 . ——
All 8 — 2000
indirect< > oo . L
AEyrs (zero-field hyperfine splitting) 2020 . 1 T
» Extract nuclear structure, e.g. Zemach 2 0B
radius, with help by theory Past, indirect measurements of the nuclear

magnetic moment
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g-factor 3He

HFS measurement is completed — preliminary results

s e 20
* 40 X
> >
o X 151
3 307 el
3 3
[=] o 10
& 201 &
o =
T 101 T 37
o o
w w
0 04 : ‘ ,
V34~ 45 GHZ V13~ 150 GHZ

» g; improved by factor of 20 to precision of 1ppb

» Zemach radius determined

> g, tested against BS-QED on the 1071 level
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Atomic masses ||

Electron binding and excitation energies

lonization-Energy

25 _'tle hoble gases:
Ne alkali metals: He
= 1 Li Ne
E‘ = Na Ar
S Ar K Kr
g 45 ' Kr Rb Xe.
g | Xe Cs Rn
s ' Rn
% 10 jJ J I-!g T Fr
5 n- 4 ' J | \
Li Na K Rb Cs Fr
0 l l | l |
0 20 40 60 80 100

Atomic Number

PENTATRAP: MPIK, Uni HD, St. Petersburg

J. Crespo, S. Eliseev, M. Haverkort, Y. Novikov, Z. Harman



(ratio - mean_ratio) x 10"

Weighing electron binding energies

. X Electron configuration of xenon (Z = 54):

‘ 152 252 2pb 3s2 3pb 4s2 3d10 4pb 552 4d10 5pb
X¢ | o X [Kr] 552 4d10 5p8
\ \ -* * P ﬁj@

e e ¥ Py Measure the mass difference of Xe'”* and Xe'8*
X . o . ® . X yields the binding energy of the 18t electron.
X 3(( X —> Stringent tests of many electron calculations!

PENTATRAP@MPIK:
domimg = 1.1-10"" (dm ~ 1.4 eV)
Exp.: B(4d"), = 432.4 (1.3)(3.4) eV

2-hour measurement number

Theorie :  B(4d"),, = 432.4 (3.0) eV (P)
B(4d"),, = 435.1 (1.0) eV (zH)

Test of many electron calculations

Rischka et al., PRL 124, 111301 (2020)



Atomic physics isn‘t that easy

Atomic mass differences and v-physics

3He m(v,) < 1.1 eV/c? (95% CL)
v (1870529+)
[ -decay of 1¥’Re R = e

Q = M('87Re)-M (1870s) = M(187Re2%" )-M(1870s2° )+AB = M(1870s2 ") - [R — 1] +AB

\"f Sep 1%, 2021 International Muon Physics School 27 -"-



Highly charged Re and Os ions

pos 1
Re Os Re
1 2 3 4 5
pos 2
Re Os Re
1 2 3 4 5
trap 3
16680599.460
16680599.455 -
16680599.450 R s :
16680599.445 PR
3 I N
16680599.440 3 : 3 T
16680599.435 - L} ; g
; E Ipos?2 2
16680599.430 - BB EE; Epos2 o
16680599.425; tr 7 h
16680599.420 ]
166805994154 i 1 post
16680599.410 ,
0.0 0.1 0.2 0.3
time
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16680583.510
16680583.505
16680583.500
16680583.495
16680583.490
16680583.485
16680583.480
16680583.475
16680583.470
16680583.465
16680583.460
16680583.455
16680583.450

¢ Change position every 30 min
% Measurementof v,, v,, v.
+** Phase detection method
¢ Storage time of days

trap 2
2 3 s
§ 2
3 ; . N
g T
>
[ R : £ % posi §
4 3 - 8—
[0
D ) &=
)
[}
3 pos 2
................................ ,
0.0 0.1 0.2 0.3
time
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Results

For Re?®* (Z =75) vs. Os?°* (Z = 76) we measure two ratios with a 50/50 probability:

R, = 1.000000013886(15)
R, = 1.000000015024(12)

e 0s?’*vs. 0s?* measurements yield always unity.

* Re?%*vs. Re?®* measurements yield either unity or 1+1.14-10°°,

Conclusions:

(1) lons in the EBIT can be produced in various stable electron configurations.
(2) In Re?®* we observe two stable states. One with R, is probably the ground state.

Tasks for theoreticians:

(1) Calculation of the total binding-energy difference for Re?°*/0s?°* in order to
calculate the Q-value of the beta-decay of 8/Re.
Filianin et al., PRL 127, 072502 (2021) dm/m = 5-1012

(2) Calculation of the energy of the metastable states.
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Weighing of different electron config.

Ground-state configuration of Re?®* and 0s3%*: [;.Kr] 4d*°
In collaboration with

Harman, Haverkort,
Indelicato, Keitel

etastable state [,.Kr wit = eV in Re
M bl [,cKr] 4d° 4f! with E,,. = 200 eV in Re2%*
L Similar state in Os3%* expected!

Re29+

4+ metastable state

B pentaraap = 202.2(17) eV

ground state

Os3o+

metastable state

B pentarrap = 207(3) eV

BHarman = 202'2(5) eV BHaverkort = 209(2) eV
Blndelicato =202.1 (27) eV Blndelicato = 207(3) eV
BHaverkort = 2028(4) eV

R. Schussler et al., Nature 581 (2020) 42

ground state

Possible application: search for suitable clock transitions

Sep 1%, 2021 International Muon Physics School
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Probe for new force carriers

Isotope shift spectroscopy: 5t force?

/ A—AT
. 5V{4'A = F;6(r* Yaar + ki AA?

* use 2 transitions i, j
> eliminate §(r* )4 4,

* new force mediated through scalar
field with mass my, — X;

* coupling to neutrons: y,
* coupling to electrons: y,
=>» nonlinearity in King’s plot:

!

SV = Fi8(r? g u + ki Y
+C¥NpXi(A — A’)

4_

Berengut et al., PRL 120, 091801 (2018); Ozeri et al. (2020)
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mbv%ﬁnm (GHz amu)

transition 1
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-1970

-1975 F

-1980

-1985

-1990 F

-1995

N1

350 360 37(} 380 390 400 410 420
mbv”?“m (GHz amu)

~ transition 2

High-precision atomic and nuclear

spectroscopy measurements needed!
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Natural abundance

Xe mass-ratio measurements

Motivation: 5t force search using King-plot analysis in Ca, Sr, Yb
Mass-ratio uncertainties of 10''! and below required!

Bl EC B 5~ decay

128 129%e 130%e | 131X%e 132X, 134%

stable stable stable stable stable | stable

30% - 26.4% 26.9%
21.2%
20% 1
. 10.4%
0 7
, 4%
O
0.00% 0% _19% 0%

()% 126 127 128 129 130 131 132 133 134 g
Xe f e Xe Xe Xe Xe Xe Xe *Xe
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Xe mass-ratio measurements

Motivation: 5t force search using King-plot analysis in Ca, Sr, Yb

Mass-ratio uncertainties of 10''! and below required!

— | 20|
34000 —e— AME2017
f PENTATRAP
| 10
= 2000
:55 g I ®
; of —— 0f —— —— ——
e
E L ]
4 —2000
| =10
g
< 4000
—20
A A A & A
N i P 2 >
N AN N N N
o %Av of'V NAV' C\;%'
Rischka et al., PRL 124, 111301 (2020) < N NG ~> >
Improvement factor: 1700 740 7 6 4
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Summary and Outlook

Precision Penning-trap spectroscopy has reached
an amazing precision even on exotic systems and
has opened up many new fields of research!

What comes next:

(1) Laser cooling of protons, antiprotons and HCl Bohman et al., Nature 596, 514 (2021)
(2) Reaching hydrogenlike Pb81*

(3) Determination of finestructure constant o

(4) Most stringent test of E = mc?

Qua“ntu“r‘r'_aj}.;pynamic
in Physics, “‘CHemistry and Bio

[ ;
International Max Planck ResearE, Sljlele]

logy_

Max Planck Society IMPRS-PTFS IMPRS-QD ERC AdG 832848 - Funl DFG
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