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,\/LLKB QOutline

= [IED contributions in normal and exotic atoms

= Status of comparison between theory and experiment for highly-charged ions
= The proton size puzzle

*» The hyperfine structure of H-like and Li-like Bi

= Testing UED in an other framework
—  Muonic Atoms: measuring nuclear size or QED effects?
— Antiprotonic atoms: nuclear size, strong interaction or DED?

» [onclusion

ECT*, June 2019



AL LKB Why testing QED?

= [lften asked question: the electromagnetic interaction is well understood, so
what is left to test in HED?
— the series of bound state BED corrections has a radius of convergence equal to zero
— not obvious how orders beyond 2 behave... (should be convergent up to n=137 but...)
— [IED corrections to multi-electrons systems impossible to obtain with required accuracy

- we can measure very accurately, and possibly be sensitive to effects beyond the standard
model

- need to understand better to make better predictions, e.q. for super-heavy elements
— understand atoms in super-critical field (U on U collisions for example Zi+Z2>[73)

~ distinguish nuclear and QED contributions (either measure nuclear properties or to
measure atomic properties)

~ |low-energy tests of strong interaction or particle and anti-particle interaction
— fundamental constant drifts...
— better atomic clocks using highly-charge ions (insensitive to black-body radiation...)
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Atomic energies

All order Dirac+Vacuum polarization treatment+other QED
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A\ LKB Atomic Physics in Strong Coulomb Fields

H-like Uranium
Ex =-132-103 eV
<E>=1.8 * 1016 V/cm

é Hydrogen
Ex =-13.6 eV

110 20 30 40 50 60 70 80 90 <E>= 1+ 10%0Viem
Nuclear Charge, Z
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A\ LkB Atomic Physics in Strong Coulomb Fields
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One electron BSQED corrections

successive orders for QED
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A/\LLKB one electron QED at order «

Self Energy Vacuum Polarization
2
i §

H-like “One Photon” order (o/m)

Many calculations, very accurate down to /=1
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A\ LkB Content of a Feynman diagram: Self-energy

= Self-energy

*  Abound electron emit and and reabsorb a photan.

bound states)

AE, — —ima f d(ty — t,) d°%, d?%,

RN

= Finite nuclear size contribution ditticult to evaluate for heavy particles (muon, p in deep

No potential

7 N

D) VS (X s X1) ¥

X De(xy — x1) — 8m | d% (%) hul),
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/\/LLKB

Content of a Feynman diagram: vacuum polarization

Vacuum polarization

* The electron interact with a virtual electron-positron (or muon-antimuaon) pair in
the field of the nucleus

E{,zg =4nia/d(tg—t1)/dx2/dx1 Dg(x2 — x1)

X Tr[ 1, Se(x2,X%2) P, (x1)y *du(x1) Potential

O
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one electron QED at order o2
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H B E|FS

H-like “Two Photon” order (o./mw)? |.[l[l[] after ||][|p
VP in Dirac Eq.

Uthers not precisely known for exatic atoms

Kallen & Sabry

Potential




\ LKB Contributions included to all-order

All-order: the charge distribution is included exactly in the wavetunction and in the operator,

when relevant. Higher order Vacuum Polarization contribution included by numerical solution
of the Dirac equation

O G

Nonperturbative evaluation of some OED contributions toghe muonighydrogen n=2

Lamb shift and hyperfine structure, P. Indelicato. Phys. Rev. A 87, 022501 (2013).
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The size of QED effects

in normal atoms and ions
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A/\LLKB What are we testing?

Contributions to H-like ions Lya1 transition energy
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A/\LLKB What are we testing?

QED contributions to H-like ions Lya1 transition energy
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Where to do measurement to best
test QED

Nuclear effects and QED tests on H-like ions
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A/LLkB | Is there an optimal Z to avoid nuclear uncertainties?

_FSN error and QED corrections vs total Lya1 transition energy
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A/LLkB | Is there an optimal Z to avoid nuclear uncertainties?
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| FSN error and QED corrections vs tptal Lyal tranlsitiorll energy
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Other ways to test BSQED?

what about exotic atoms?
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Finite size on Self-energy: exemple for Muonic lead
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A\ LkB Some orders of magnitude

- -
o o

Log(Mass-nommalized energy)+10
3]

Y e

H—Iikel Ly a1 II muonic atom Ly a1 antiprotonic atom Ly a1
Type of atom
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{ m Dirac (with Red. mass)
1 = Finite nuclear size

1 m Self-energy

1 m Vacuum Pol.

| m Muon Vac. Pol.

| = 2nd Order QED

| @ Nuclear Pol.

: = antiproton g-2

| m Recoil
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Nuclear contributions

beyond finite size
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A\ LKB Internal nucleus structure

A B

Nuclear polarization Nuclear deformation

c = Ro [1+ B2Y20 (0, 0) + BaYao (0, 9)]

Po
p(r) = —
1+e( =)
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The proton and deuteron size puzzle

An example of the different effects for the lightest element
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8 July 2070 | www.nature.com/nature | $10 THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

OILSPILLS
There's more
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The size of the proton, R. Pohl, A. Antognini, F. Nez et al. Nature 466, 213-216 (2010).

Proton Structure from the Measurement of 25-2P Transition Frequencies of Muonic
Hydrogen, A. Antognini, F. Nez K Schuhmann et al. Science 339, 417-420 (2013).
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WP theory
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HP theory
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WP theory

A\ LKB
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1\/\LKB WP theory
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WP theory

A/ LKB
Discrepancy =0.31 meV
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A (1232)-Resonance in the Hydrogen Spectrum
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Fig. 2 Two-photon-exchange diagram
with intermediate A(1232)-excitation. The
crossed diagram is not drawn.

n ”»

Fig. 1 Two-photon-exchange diagram in
forward kinematics: the horizontal lines cor-
respond to the lepton and the proton (bold).
The “blob™ represents all possible excita-
tions in the non-Born diagrams.



deuteron charge radius

ud

—_—

up +H-D isotope shift

CODATA-2010

D spectroscopy

> + e-d scatt.
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proton charge radius from deuteron

pud +1s0  —e— CODATA-2010
' @ '
Hp =
H spectroscopy
| dispcrsign 2012 ___e-p, .JLab |
dispersion 2007 e-p, Mainz
A , ' 3 . : & .
(YN (T T SR TN SR (NN SN SR NN VAN (NN SN TN SN SN NN SN NN TN SN NN AN S S T SN S T S N S S '
0.82 0.83 0.84 0.85 0.86 0.87 0.88

Proton charge radius r [fm]

Deuton and proton from muonic atoms in agreement
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A\ LkB Status at the end of 2017

Proton charge radius r, (fm)
0.82 0.83 0.|84 0.?5 0.96 0.87 0.88

-z
this work

25-4P transition in hydrogen | &

25-2P,,

¢
8

18-2S,, combined with nS-n'/
§

L
H world data

082 084 08 088 09 092 094
Proton charge radius r, (fm)

T T T T T T T T T T T T
Beyer. A. et al. Science 358(6359): 79-85. -0.0004 -0.0002 0.0000 0.0002 0.0004  0.0006
Rydberg constant R, — 10 973 731.568 508 (m"')
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Status at the beginning of 2018
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-

up

1S-3S (this work)
H-spectroscopy 2014

0.80

0.82

0.84

1S-3S (MPQG 2016)

086  0.88 090 0.2
proton charge radius [fm]

H. Fleurbaey, S. Galtier, 8. Thomas, et al., Phys. Rev. Lett. 120, 183001 (2018).
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Proton charge radius (summer 2018)
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25-65,,,

25-6Ds),

25-85,,
25-8D,,
25-8D),
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s 4
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s-3s garching

H. Fleurbaey, S. Galtier, 8. Thomas, et al., Phys. Rev. Lett. 120, 183001 (2018).
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A\ LKB The 3He-*He isotopic shift puzzle

rom 2°S-2’P 1S
Cancio Pastor ez al., 2012 [20]

2 4
3 1
From 2 S—2 SIS From 2°S-2°P IS
van Rooij et al., 2011 [21] ~®—  Shiner ef al., 1995 [43]
1.00 1.02 1.04 1.06 1.08 1.10

81’ ['He-'He] (fm’)

1 X. Zheng, Y. R. Sun, J. J. Chen, et al., Phys. Rev. Lett. 119, 263002 (2017).
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Can it be done for higher Z

Interplay between QED and finite nuclear size

ECT¥*, June 2019
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A\ LkB Exemple: Lamb-shift on muonic atoms

0.10;

0.05;

Energy/Z* (eV)

0.00

-0.05}

|||||||||||||||||||||||||||||||||||
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1 — 2p12-2s FS
| — 2p42-2s Point Nuc.
| — 2ps3p-2s FS

— 2p3;2-2s Point Nuc.
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A\ LKB 2s-2p splitting

Be* cooling laser

Ti:Naphire laser ]
telecom fiber laser | _ 2pyp-2s FS

— 2p4;2-2s Point Nuc.
{ — 2p3,2—25 FS
| — 2p3;-2s Point Nuc.

Energy (eV)
(=)

I
N

look at the HFS structure before concluding...
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A\ LkB 2s lifetime changes due to crossing

|
1013 ° _
ot : .
0 o
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‘I- N i )
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T 1070 Y a4 i - .
S o ° . 2s-1s M1 transition rate (s™)
g _ ({:l".g o ° | . 2s total rate (s™")
- ' g oy
100 2 8 Zs litetime shortened by i
+ |
. |
10- .
K
| 5 10 15 20 25 30 35
z

ECT*, June 2019 42



Comparison between theory and
experiment

Few electron ions

ECT¥*, June 2019
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Analysis for one-electron ions

So far so good...
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Comparison Theory-Experiment for H-like ions

1001~

Experiment- Theory(eV)

-100"-
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A\ LKB Comparison Theory-Experiment for H-like ions

Experiment- Theory(eV)

-10"-

20 40 80 80
vd
wlyo? mlyal — 2% _ 29
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He-like ions: improving the comparison

Exp.-Theory (eV)
(=]

-10;

gNew ppm accuracy results (Heidelberg MPIK, Paris LKB ECRIS)

; L

IR

~15l

ECT*, June 2019

20

4 60 80
yi

.w.x.y.Z_Zo—Z—ZZ_Zs_Z4_Zs

w: 1s2p 1P; » 182;7: 1s2p3S; » 1s?; x:1s2p3P; » 1 s?; x: 1s2p 3P, » 1 52

100



Hyperfine structure of H-like ions

Big82+ and Bi80+

ECT¥*, June 2019
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A\ LkB Hydrogen-like Bi Hyperfine structure

High voltage
source,; i z 5
78 Wi} High-precision
& L '\voltage divider

3x UV PMTs

J. Ullmann, Z. Andelkovic, C. Brandau, et al., Nature Communications 8, (5484 (2017).
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A\ LKB Hydrogen-like Bi Hyperfine structure

a b
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J. Ullmann, Z. Andelkovic, C. Brandau, et al., Nature Communications 8, (5484 (2017).
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A\ LKB Hyperfine structure in few-electron Bi

AEY®) - i This work Todh 55
ol —=—iKaft 1994 g
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NPT & is evaluated to cancels out Bohr-Weisskopt effect
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Effect on atoms

Is there an effect of the nuclear charge distribution shape beyond

RMS radii on atomic energies

ECT¥*, June 2019
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A\ LKB Beyond mean square radius?

= for electronic atoms, it is usually claimed that the atomic energy depends only
on the mean square radius
— are there higher order effects?
—  how can we compare distributions beyond RMS radii?

» |[sittrue for muonic atoms?

» Method: compare the effect of different models by high precision numerical
calculations on normal and muonic atoms
- mcdfgme 2013 Dirac-Fock code
— many points inside the nucleus (a few thousand)
~- Use higher-order <r™ moments to compare distributions

ECT*, June 2019
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Results

muonic 12C

ECT¥*, June 2019
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/L LKB High-energy transmission spectrometer

1234567 BIVNIZBY 1S
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Aas, B., R. Eichler and H. J. Leisi (1982). "Transition wavelengths of muonic X-rays of magnesium, silicon and phosphorus." Nuclear
Physics A 375(3): 439-452.

ECT*, June 2019 55



AL LKB High-energy transmission spectrometer

Aas, B., R. Eichler and H. J. Leisi (1982). "Transition wavelengths of muonic X-rays of magnesium, silicon and phosphorus." Nuclear
Physics A 375(3): 439-452.
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A\ LKB muonic Carbon 1984

* Counts
|J t 300
A il
T iy
il t 1 200 Lj o
i i
?T 72eV’, 4 |
l 4 1 100 . 41
! :
il | / A | | Ly a‘“ L? 2y 11 |3‘|
e '4%“ iyttt | bttt L el
| l il i /’// LRI E ) TV 1 T/ TS A LM 1

I I 1 1
-6&5600 -644500 -643400  -642300 619200 620300 621400 622|500 R
[optical units |
(a)

new all order calculations, recalibration of the reference used (179Tm g-ray) for 2010 Si lattice
spacing and wavelength to energy conversion

W. Ruckstuhl, B. Aas, W. Beer, et al., Nuclear Physics A 430, 685 (1984).
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,\/LLKB New muonic 12C evaluation

All-order Dirac equation solution with charge distribution and Vacuum
polarization

All contributions known to date
CODATA fundamental constants to re-evaluate experimental energy

- silicon lattice spacing
— conversion from wavelength to energy

Check "0Tm y-ray energy with current tables

Result: 7a2b1.63<0.40 eV

ECT*, June 2019
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ALLkB| “Model independent" charge distribution descriptions

= |ngo Sick's Sum of Gaussians model

_ 3(r—R;)? _ 3(r4R;)?
3\/%@7, e QR%I’IIS ~+e 2er'ms

3R2
47T3/2R§ms ( R2 L +1>

rms

psoc(r) = Zz

» Fourier-Bessel model

po(r) = 2, ayjo{lver/R) for r<R,

p{lr) =0 for r>R.
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12C <r2n>moments model dependence

3.8— : : : : : :
— RMS from Sum of Gaussian analysis ®
- — Fermi dist. Barrett 4th moment
36? — Fermi dist. Barrett 6th moment
: Fourier-Bessel dist. moments
34 Sum of Gaussian dist. moments
= i Single Gaussian dist. moments
§ 39 * Exponential dist. moments
T .|
jﬁ:; ‘ -
E 30? et e
2 | -
2.8t s —
i R e
2.6}
» o o ® :
24— ' : : : : : :
15 2.0 25 3.0
t (fm)
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12C charge radius 1974-2015

2o

248
24k

— 144
w 147

(Fm

rge radiu
N3
=

- 2.38
= 2.3
2.34
232

23

h

I | W] BBUSS
* ‘* X % ;&FermHFuurier-Bessel
| I
el
EyCX
A uC elastic
% Adjustements
* This wark (uC)
|
(970 1975 1380 1985 13990 1995 2000 2005 2000 2015 2020

Year
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QED without nuclear effects?

Can one find muonic atoms and states to measure with high-
resolution detectors

ECT¥*, June 2019
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/L LKB Measurements in a gaz with crystal spectrometer

n B n| < n
- L L : =
Si 220 ﬂ:ﬁ, TNe(6-5) |q,] ST 220 g IN(5-4) Si 220 L u0(5-4)
2001 =3 = 40 - =3
31 i Z15 15 2
% =
100- oL iy 5 20- |
- £ : i | n
T nm ol mll L
4505 4510 4515 4055 4060 4020 4025 4030
energy (eV) energy (eV) energy (eV)

Siems, T., D. F. Anagnostopoulos, G. Borchert, D. Gotta, P. Hauser, K. Kirch, L. M. Simons, P.
El-Khoury, P. Indelicato, M. Augsburger, D. Chatellard and J.-P. Egger (2000). "First direct

observation of coulomb explosion during the formation of exotic atoms." Physmal Review
Letters 84(20): 4573-4576.

transition QED asa
; QED :
L. energy (with i Fraction of
Transition QED, uniform contribution N
’ \V} J D
used the cyclotron trap at P ALY =
5f5/2->4d3/2 4026.9926 2.3963 0.06%
5f5/2-»4ds/2 |  4025.3962 2.3875 0.06%
5f7/2->4d5/2 4025.8036 2.3886 0.06%
5g7/2->4f5/2 4024.2987 0.8838 0.02%
5g7/2->4f7/2 4023.5082 0.8868 0.02%
= 5g9/2->4f7/2 4023.7505 0.8854 0.02%
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A\/\ LKB Measurements in a gaz with crystal spectrometer

counts

Trassinelli, M., D. F.
Anagnostopoulos, G. Borchert, A.
Dax, J. P. Egger, D. Gotta, M.
Hennebach, P. Indelicato, Y. W. Liu,
B. Manil, N. Nelms, L. M. Simons
and A. Wells (2016). "Measurement
of the charged pion mass using X-
ray spectroscopy of exotic atoms."
Physics Letters B 759: 583. ]

4001

pO (5g - 4f)
FS unresolved

counts

200 1

0

4023 4025 4025 4054 4056 4058
energy / eV

used the cyclotron trap at P8I
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Context: the GBAR experiment

Would antiprotonic atoms be possible candidate for QED tests?

ECT¥*, June 2019
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GBAR
Gravitational Behavior of Antihydrogen
at Rest




A\ LKB How to make a direct measurement of g?

desirable range
. . sTTTTTT }
vertical height : 1km Am | 1 mm
— : ety f
1 GBR
: :
£
£
g
i -
temperature : 1K i1 mK v 1 uK
— T T T l ? T T 1
E H* sympathetic cooling
Pr
vertical velocity 100 mvs 10m/s : § 1mis 0.1 mis
— e =
. : ... recoil limit
cryogenic temperature D lspisiif
(42 K) oppier iimi

Lyman-a laser cooling

A Proposal to Measure Antimatter Gravity Using Ultracold Antihydrogen Atoms. J. Walz et TW. Hansch.
General Relativity and Gravitation. 36 561-570, (2004).
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A\ LKB Last GBAR steps
H
o0
& 8%
/ .
Threshold H+Capture
- Photodetachment _ and cooling Reaction
H atrest «— =17 lim *; by laser cooled Be* +— o chamber
) ions -
Recoil 0.23 m/s
. — (X
g l H* & o.o
1..6 keV +
30 cm Temperature 60 .. 300 eV
4 ™
Accurate measurementof g <1 %
H
. initial velocity  Av, < 0.8 m/s
ITI+
3 neV, 20 uK
- W
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A\ LkB GBAR Synoptic Scheme

100 ke
ELENA [ Decelertor KX J

g 71
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GBAR setup

®witch

e — L ——

;'. p pstarget, o

p trap

p decelerati

CEA Saclay
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GBAR setup

g ECT*, June 2019

p beam line
and
recycling,
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Status December 2018
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QED in antiprotonic atoms

Would antiprotonic atoms be possible candidate for QED tests?

ECT*, June 2019
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Exemple: rare gaz antiprotonic atoms x rays

Gotta, D., K. Rashid, B. Fricke, P. Indelicato and L. M. Simons (2008). "X-ray transitions from antiprotonic noble gases." The

n ~ n-1 coplure
~120- 200 ?_-"hr—’kv—" — _’J\,—-

/\_4._'\.,,_/\_.,./\._ —
internal Auger effect

- anllS- o

7 7T T Z 7
/
\0\\@ ’. /‘ ) ._.'.’-'I’-.-'- ';‘-"-[,,’,:#{:I’
/ /
& 77 /7"77

'//

2 7— : ezp.l‘,p

/' observable hadronic
shifts and broadenings

L
L

European Physical Journal D - Atomic, Molecular, Optical and Plasma Physics 47(1): 11-26.
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Exemple: rare gaz antiprotonic atom x rays

600- S
- S~ - .‘I-’ =
700- A _ 1 §i2 0 = pKr
37 T & pAr 500- 5 X
< % o¥ 25 mbar
6001 7T = = 16 mbar 5 | 4
= 3 £ 400-
— =
2 500 = 5
: 500 3 g .
S : 300 B 2
Z 400 - £ 3 3
" 1 -
= S 2004 3
@ 3001 29 2
5 !
= b
< 200 1 1004
o U L‘ " 10 20 30
0 Al L)
0 10 20 30 _
pXe
800 19 mbar
A5 8 =
= pKr 2 8 = £ B B
;g 400 25 mbar § 600 = x
3 ~—
& 3 2
-~ ©w o =
= 3 §% 5ae % =
2 2001 | £ = 2
@
.E 200
ol T 1 L) T T L) T A T 1] 1] L\ ¥ o
1 2 3 6 7 8

4 5
energy (keV)

Gotta, D., K. Rashid, B. Fricke, P. Indelicato and L. M. Simons (2008). "X-ray transitions from antiprotonic noble gases." The
European Physical Journal D - Atomic, Molecular, Optical and Plasma Physics 47(1): 11-26.
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Exemple: rare gaz antiprotonic atom x rays

ECT*, June 2019

500

e (17-16)

infensity (counts)

energy (keV) |

AN

& r -
< %31-.: v
=
Ei"»‘iii % .$
1 1R 2 . o
123 ;
}.:i |

=2
2
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A\ LKB Calculation

Generate all possible El, E2, MI, M2 transitions input data between levels, starting
at n=30 as an example (60 initial levels, 300 in total, 41000 transitions)

Use general MCDF code with exatic atoms capabilities to evaluate all transitions
energies and probabilities

~ Vacuum polarization included in the Dirac Equation (re-summing all loop-after-loop
diagrams)

— Vacuum polarization in perturbation

— point nucleus

Calculate the ED and finite nuclear size (FNS) contribution to alll transition
ENergies

extract results with large (ED and small FNS correction
Simulate « cascade» (no Auger for now) and compare calculation to experiment

- statistical distribution for n = 30
~ distribution peaked in the two n = 30, | = 29 levels...

~ evaluate |evels width and branching ratios

ECT*, June 2019
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-

Contribution (eV)
=
[

0.001

s

S8 8 SR

ECT*, June 2019

2xl106

- QED

4x .106
Transition Energy (eV)
. Finite Nuclear Size

6xl106

8x10°
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Result

600f L ' | ' '
No annihilation for low |, no Auger at the upper stages of the cascade
U !.
500} |
4#
400¢ H |
2
5 300
=
2007 M
1001
0- n I 1 1 I n I
0 5000 10000 15000 20000 25000 30000

Energy (eV)
— Simulated spectrum (n=30) stat. pop

— Simulated spectrum (n=30) max | only — Experiment
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Lines with large QED and small FNS

105_

Contribution (eV)
=
[

0.001

ECT*, June 2019

500000

1.0x10° 15x10° 2.0x10° 25x10°
Transition Energy (eV)

. QED . Finite Nuclear Size . QED (Yrast) . FNS (Yrast)

3.0x10°
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Lines with large QED and small FNS

1e+02 1

Contribution (eV)
?
3

1e-02 1

ECT*, June 2019

o 20%°
o8 "'a

@
& '
€ "l' &
a | §
' i ':”i'l e e
| Contribution type
o Finite Nucleus
® QED
Ninitial
o = 20
Y o 18
9 “08)»(‘)8 16
4 o) OO‘W = i) 14
O o O Q,g (E)O{;. O 12
o O e 5o ® ¢
o 8 0PI
o o~ o o g 0
o O o 0R 9 B Q
o 9 o 5 9 B8 ©
O o o
O
16404 3e+04 16405

Transition Energy (eV)

83



A\ LKB Lines with large QED and small FNS

50r

H
2
e

Contribution (eV)
w
o

20t .
Yrast decays
®
10/ .
®
®
®
® ®
0_‘.‘.._. e : PP - - - - - - s Py N Py L -
5000 10000 15000 20000 25000 30000

Transition Energy (eV)
. QED . Finite Nuclear Size
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A/\LLKB Line with large QED and no FNS

600
]
500} )" 1‘ -
\ | | | | 0ED: 85 eVl
J { [ (‘ good candidates for OED tests
400} i |

Intensity (QED contrib x5)
w
o
o

200/ n NI |
M | \ ‘| H ! - H
o i_’M | | “ '\ | #‘ | | |
A, W o\ | | |
mol (1 WY m ‘ﬂ)“ | WJ N% " | | Il
‘ré»r‘*“' JAAR RN L ‘}g e o] If i jlk
| T Ty S | | | | ‘
I I | | ‘ ‘ | { M}* ‘m’ “M’»‘{m‘uﬁj-‘f’“‘ Wﬁ”‘?w‘ﬁd‘“ww .4'”’# \ “ﬁ“%/f‘,'s,mﬁ, "1"{"%‘1"16"‘* “:‘&-’},L‘yw-ﬁj LM
g 5000 10000 15000 20000 25000 30000

Energy (eV)
— Experiment — Yrast transitions with large QED
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A\ LKB H-like Ar vs antiprotonic Kr

Ar'7+ Ly-al 2 P32 —> ls, /2 abs. 3322.993(4)(13)

LS Ar'™t 1.201(4)(13)

- Transition
Transition

K. KubiCek, P. H. Mokler, V. Mackel, et al.,
Phys. Rev. A 80, 032508 (2014).

27xx51/2->
262249/2 3441.45617 -0.56596 -0.00011
27xx53/2->

262251/2 3441.54138 -0.56604  -0.00010

Antiprotonic transition 17v-16u

27xx51/2->
26uu51/2

3441.94795 -0.56616  -0.00010
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H-like Kr vs antiprotonic Kr

Theory

Experiment (Mohr 1983)
Ly-a, (eV) 13508.95+0.5 13 509.046
(1s) Lamb shift (eV) 11.95+0.5 11.856

M. Tavernier, J. P. Briand, P. Indelicato,
et al.. Journal of Physics B:
Atomic, Molecular and Optical

Physics 18, L327 (1383).

Antiprotonic transition 17v-16u

14288 +2

ECT*, June 2019

Transition

Transition enerey laV)

‘15:‘;:%291 14290.6080 -19.1675  -0.0072

;:‘;i%z'” 14292.1255 -19.1741  -0.0072

;Z‘ﬁ% S 142963395 -19.1847  -0.0072
95.5+2.3 pKr(17-16)1s2 14286



A\ LKB Wavefunctions and potentials

1x10%

> 500000

potential (a.u.)
o

-500000¢

| L | ool | ool | ol | Lol
10-® 1= 107 0.001 0.010 0.100
r(a.u.)

— Coulomb potential — Ughling potential (x100) — p(r)(x 1077)
— (P>+@) 17v pbar (x2000) — (P?+@?) 16u pbar (x2000)
ECT*, June 2019 — (P*+@) 1s pbar (x100) — (P?+Q?) 1s elec. (x10000)
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I\/\LKB Sizes...

= RMS radius 84Kr: 7.91xI0-0 a.u. (4.19 fm)

] I_) KPBE"‘
- n =300, =29 orbital: 1 40xI0-Z a.u.
— [7v orbital: 4.50x10- a.u.

— |Bu orbital: 4.04x10-8 a.u.
— s orbital: 7.48xI0-9 a.u.

[ ] Kr-35+
~ s orbital: 4.07xI0-Z a.u

= Nuclear radius (0% density): 3.00x10- a.u.

ECT*, June 2019
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A\ LKB H-like Xe vs antiprotonic Kr

J. P. Briand, P. Indelicato, A. Simionovici, et al., Europhysics Letters 9, 225 (1388).

a) Lya, ~ 100 000t b) 1ﬁ
N N s
A,
10 000
50 000F
5 000
X 1 1 S L--r ~~~~~~ el - 1 1 A iy
30 500 3100C 31500 30 000 30 500 31 000
E(eV)

Fig. 5. - Lyman « spectra of hydrogenlike (a)), and heliumlike (b)) xenon after cleaning from double
capture or excitation.

Cleaning done by using bare beam for H-like and H-like beam for He-like
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A\ LKB H-like Xe vs antiprotonic Kr

Experimental Theory
Lyman ay 31278 +10 eV 31284.0 eV
Lyman ap 30848+ 10 eV 30856.6 eV
(1s) Lamb Shift

Experimental Theory
mean value from 46.7 eV
Lya; and Ly, 5410 eV

Transition refon

J. P. Briand, P. Indelicata, A. Simionaovici, et energy (eV)
al., Europhysics Letters 8, 225 (1989). T
q

2021/2 32956.86131 -86.65357 -0.06067
13925/2->1
2023/2 32965.1647/8 -86.71557 -0.06065
13g23/2->1
2023/2 32981.63957 -86.79718 -0.06063

32062+3  80.5+2.2 pKr(13-12) 32965

Antiprotonic transition [3g-120
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What do we learn?

Part.  Level
p [Tv
p |Bu
p s

B Is

ECT*, June 2019

Dirac

-10708.7

-24382.2

-32378167.8

-{7356.7

FNS Self-Energy  Vac. Pal. (e*e)
0.0 0.0 -44.7
0.0 0.0 -63.7
239656174 | 7 -08348.8
8.9 129 -1.3

VP ()

0.0

0.0

-1393.7

0.0

0-2p
3.0
4]

70424

2nd order

(ED

-04

-06

-043.4

0.0

Recoil

-0

-0l

2616.2

0.0

Total

-10751.8

-120042 4

-3077268.4

-7336.2

92



A/\LLKB

identifying other lines?

Experimental Relative Explanation Theoretical
energy intensity energy
(eV) (%) (keV)
4369113 17.6+2.4 pKr(25-24)1s> 4341
4939+3 64.24+4.2 pKr(24-23)1s* 4923
562712 88.94+28 pKr(23-22)1s” 5613
6447 +2 87.1+2.6 pKr(22-21)1s* 6438
7445+5 89.7+3.8 pKr(21-20)1s* 7431
864512 85.0+2.4 pKr(20-19)1s* 8639
10133+2 96.2+2.6 pKr(19-18)1s? 10123 28d5/2->25¢
10642432 6.1+1.1 not identified 5/2 10639.97C -15.7999: -282.74559
11968+7 100 pKr(18-17)1s*+“Br” Ka? 11967 '
12287433 243415 pKrn=201s2p — 1s* el. 12290
12696124 204+1.4 pKrn=202p— 1s el 12760
Ka fluorescence? 12630 ;27 il 12933.098 -35.31058 1626.81227
12954432 8.61+1.2 not identified 18d3/2517¢ -
13487120 9.0+1.4 “Br” Kj7 5/2 12973.982 -30.77978 -984.06331
13814439 46+1.0 pKr(22-20) with 1s” el. 13 860 : ‘
1428842 95.5+2.3 pKr(17-16)1s? 14 286
15090+43 241+0.7 pKrn<14 3p — 1s el. 15080
17261112 11.6+1.0 pKr(16-15) 17250
1953727 32+0.8 pAl(&-T) 19523
2109044 336+1.2 pKr(15-14) 21084
26 14743 89.4+23 pKr(14-13 26 145 23p1/2->19d
20052419 4.44+0.6 not E'dentiﬁ?ed 3/: /2 29049.70¢S -58.8919¢ -754.07286
30 146+25 3.4+0.5 pAl(7-6) 30107 '
32962+3 80.5+2.2 pKr(13-12) 32965

ECT*, June 2019

93



A\ LKB Simulation for pKr with a pCalorimeter

o

I Ll

Energy (eV)
— Simulated spectrum (n=30) 30 keV yCal — Experiment

ECT*, June 2019



A\ LKB Conclusion

= The «proton size puzzle» is still alive
= There are apparently no problem with ED in normal ions
* For 2L, muonic atoms and electronic atoms gives very close nuclear size, contrary to H

and [

= Nuclear size effects for lower levels strongly dominates the transition energy values

® [Ine can find, in both muonic and p atoms, transitions with lamb-shift contributions as

large or larger than in electronic highly-charged ions, that can be measured precisely
using modern techniques like p-Calorimeters

= [IED corrections are dominated by vacuum polarization while they are dominated by
self-energy in normal atoms

* More work:

- |st-order self-energy with realistic potentials
~ Ind order (IED diagrams with mixed SE-VP |oops
- add Auger to transitions/level width code (17)
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