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Hydrogen-like atoms
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“There's a reason physicists are so successful with what they do,
and that is they study the hydrogen atom and the helium ion
and then they stop.”

- Richard Feynman
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Proton Radius and Hydrogen

Qroton charge distribution

Coulomb-Potential: V = 1/r

Modified potential
shifts energy levels of
S states

radial w.f.
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Muonic Atoms

A bare nucleus, orbited by one negative muon.

Hydrogen theory!



Muonic atoms in a nutshell

muon

Regular hydrogen: Muonic hydrogen: @

Bohr radius ~ 50’000 x nuclear radius Muon mass = 200 * electron mass

Bohr radius = 1/200 of H

200°% = a ten million times more
electron sensitive to nuclear size & structure

==> Qur (laser) spectroscopy at 107° level

can compete with 107"? from normal atoms

Vastly not to scale!!
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Lamb shift in Muonic Hydrogen

3D

2P

2% effect!

AE [meV] = 209.998 — 5.226 R 2[fm]

N\

2S-2P Lamb shift

fin. size:
3.8 meV
28 | ok

2S state is sensitive to the proton size.
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The accelerator at PSI
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Time Spectra

13 hours of data
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13 hours of data
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Photonen in 25 ns
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Photonen in 25 ns
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Delayed / prompt events (1074)
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Theory in muonic H

(D, **He* similar)

AE, . =206.0344 (3) meV,

+0.0289 (25) meV,_,

—5.2259 (1) meV/fm? * R 2
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Muon SE+VP

and 20+ more....
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Proton form
factor
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elastic and inelastic two-photon
exchange
(Friar moment and polarizability)




TABLE L

Contributions to the 2P ;,

re determined from a comparison of E; (theo) o E; (exp).

— 28, , energy difference £ in meV, with the charge radii r- given in fm. All corrections larger than 3%
of the overall uncertainty are included. Theoretical predictions for E; are E; (theo) = Eggp + C rz + Eyg. The last two rows show the values of

Section Order Correction uH uD wHe* wiHet
LA «Za)? eVplll 205.007 38 227.634 70 1641.8862 1665.773 1
LA &?(Za)? eVvpl2 1.658 85 1.838 04 13.084 3 13.276 9
LA ?(Za)? VPl 0.007 52 0.008 42(7) 0.073 0(30) 0.074 0(30)
LB (Zz 2% Z%)o° Lightby-light eVP —0.00089(2) —0.00096{2) —0.0134(6) —0.0136(6)
HLC  (Za) Recoil 0.057 47 0.067 22 0.1265 0.2952
D  aZa) Relativistic with eVP!! 0.018 76 0.02178 0.509 3 0.5211
MLE  o&(Za) Relativistic with eVP'? 0.000 17 0.000 20 0.005 6 0.0057
NLF  (Za) uSE'M 1 uVPU LO —0.663 45 —0.76943 ~10.6525 —10.9260
NG  a(Ze) #SE'" 4+ wvPY NLO -0.00443 —0.005 18 -0.1749 -0.1797
MH  o(Za) uVP with VP 0.000 13 0.000 15 0.003 8 0.0039
LI o?(Za)! uSE™" with eVp!! —0.002 54 ~0.003 06 -0.0627 —0.0646
LI (Za)® Recoil ~0.044 97 —0.026 60 —0.558 1 —0.4330
LK aZa) Recoil with eVP!! 0.000 14(14) 0.000 09(9) 0.004 9(49) 0.003 9(39)
ML Z’a(Za)*  oSE! -0.009 92 —0.003 10 —0.0840 —-0.0503
MM o?(Za) uFY, uF®, yvpe -0.00158 —0.001 84 -0.0311 —0.0319
LN  (Za)® Pure recoil 0.000 09 0.000 04 0.001 9 0.001 4
HLO  aZa) Radiative recoil 0.00022 0.000 13 0.002 9 0.0023
HLP  «(Za)® hVP 0.011 36(27) 0.013 28(32) 0.224 1(53) 0.230 3(54)
mQ  «(Za) hVP with eVP'" 0.00009 0.000 10 0.0026(1) 0.0027(1)
VA (Za) e -5.1975r —6.0732r5 -102.523r; -105.322¢2
VB a(Za)® eVP with /2 —0.028273 —0.034043 085141 —0.878¢2
VC  o?(Za) eVP with rZ —0.0002r3 —0.000 257 —0.009(1)r3 —0.009(1)12
VA (Za) TPE 0.0292(25) 1.979(20) 16.38(31) 9.76(40)
V.B a*(Za) Coulomb distortion 0.0 =0.261 =1.010 —0.536
V.C  (Za) 3PE -0.0013(3) 0.002 2(9) —0.214(214) —0.165(165)
VD  a(Za) eVP!!! with TPE 0.0006(1) 0.027 5(4) 0.266(24) 0.158(12)
VE  a{Za) HSEM 4 VP with TPE 0.000 4 0.002 6(3) 0.077(8) 0.059(6)
111 Egep Point nueleus 206.034 4(3) 228.774 0(3) 1644.348(8) 1668.491(7)
A% Cr Finite size -5.2259r3 —6.107 453 ~103.383r} ~106.209r2
v Exs Nuclear structure 0.028 9(25) 1.750 3(200) 15.499(378) 9.276(433)
E; (exp) Experiment’ 202.3706(23) 202.878 5(34) 1258.598(48) 1378.521(48)
re This review 0.840 60(39) 2.127 58(78) 1.97007(94) 1678 6(12)
re Previous work" 0.840 87(39) 2,125 62(78) 1970 07(94) 1.678 24(83)

Theory

Pachucki, Lensky, Hagelstein, LiMuli, Bacca, RP,
RMP 96 (2024)



TABLEL Contributions to the 2P, ; — 25, ;, energy difference £ in meV, with the charge radii r¢- given in fm. All corrections larger than 3%
of the overall uncertainty are included. Theoretical predictions for E; are E; (theo) = Eggp + C rz + Eyg. The last two rows show the values of
re determined from a comparison of E; (theo) o E; (exp).

Theory

Section Order Correction uH uD wHe* wiHet
LA a(Za) evpl! 205.007 38 227.63470 1641.886 2 1665.773 1
MA o(Za) PRV 1.658 85 1.838 04 13.084 3 13.276 9
LA o (Za) VPl 0.007 52 0.008 42(7) 0.073 030) 0.074 0(30)
LB (7,72, 7%)a Light-by-light eVP —0.00089(2) —0.00096/(2) —0.0134(6) —0.0136(6)
MC  (Za) Recoil 0.05747 0.067 22 0.126 5 0.2952
MD  aZa) Relativistic with eVP!! 0.01876 0.02178 0.509 3 0.521 1
ME  &(Za)* Relativistic with eVP?) 0.000 17 0.000 20 0.005 6 0.005 7
MF  a(Za) 4SEM + uVPI), LO ~0.663 45 ~0.76943 ~10.6525 ~10.9260
MG a(Za) uSEV & VP, NLO ~0.004 43 —0.005 18 ~0.1749 —0.1797
MH  &(Za) AVPU) with eVP(D) 0.000 13 0.000 15 0.003 8 0.003 9
NI o(Za)* 4SE™ with eVP!Y ~0.002 54 ~0.003 06 ~0.0627 ~0.064 6
Ll (Za) Recoil ~0.04497 ~0.02660 ~0.558 1 —0.4330
MK  aZa) Recoil with eVP(!! 0.000 14(14) 0.000 09(9) 0.004 9(49) 0.003 9(39)
[l] 7 Nl 3 4 L1l FaWATaTaNatal PN aTatalE el FamATrIE A FaWat-tal-4
m I Eqep Point nucleus 206.034 4(3) 228.774 0(3) 1644.348(8) 1668.491(7)
I .
m| IV Crk Finite size -5.2259r3 —6.1074r2 —103.383r2 —106.209r2
::{ \Y% Eng Nuclear structure 0.028 9(25) 1.750 3(200) 15.499(378) 9.276(433)
:x E; (exp) Experiment” 202.3706(23) 202.878 5(34) 1258.598(48) 1378.521(48)
V.
Fe This review 0.840 60(39) 2.127 58(78) 1.970 07(94) 1.678 6(12)

:’;] re Previous work" 0.840 87(39) 2.125 62(78) 1.97007(94) 1.678 24(83)
vC  (ZaP 3PE ~0.001 3(3) 0.002 209) —0.214(214) T0.165(163)
VD  a(Za) eVP!! with TPE 0.000 6(1) 0.027 5(4) 0.266(24) 0.158(12)
VE  a(Za) uSE(M 4 VP with TPE 0.000 4 0.002 6(3) 0.077(8) 0.059(6)
I Figis Point nucleus 206.034 4(3) 228.774 03) 1644.348(8) 1668.491(7)
v Finite size ~52259.3 —6.10748 ~103.38372 ~106.20912
v Ens Nuclear structure 0.028 9(25) 1750 3(200) 15.499(378) 9.276(433)

E, (exp)  Experiment’ 202.3706(23) 202.878 5(34) 1258.598(48) 1378.521(48) , , . .

ERSCR . ’ Pachucki, Lensky, Hagelstein, LiMuli, Bacca, RP,
re This review 0.840 60(39) 2.127 58(78) 1.970 07(94) 1.678 6(12)
re Previous work® 0.840 87(39) 2.125 62(78) 1.970 07(94) 1.678 24(83) RMP 96 (2024)




The “Proton Radius Puzzle”

0.84 fm 0.88 fm
nd 2016
—e— ® CODATA-2014
up 2013 ¢
= e-p scatt.
up 2010 |-
o H spectroscopy

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Proton charge radius R h[frn]

ud 2016: RP et al (CREMA Coll.) Science 353, 669 (2016)
Mp 2013: A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013)




Proton radius from ordinary hydrogen

l'l=°o

45

30 measure between different n
2 unknowns — measure 2 transitions:
2S - nl 1S-2S + any other

28 2P

35

— correlated Rydberg/radius pairs

Rydberg constant

.@ CFS .
E, =- 2 +10 +A(n,l,])

s = proton radius

1S - 25




(Normal) Hydrogen 2S-nP in Garching

Rotatable detector cylinder with
attached active fiber-based
retroreflector (AFR)

High-reflectivity
mirror (AFR)

Prepa‘at‘oﬂ . gt

\aser . 'o..’:' ‘.“

s & o o_.".p:-' H *
e il . .

W . Cryogenic

*. nozzle (4.8 K)

Hydrogen
atoms

Collimating
aperture

* cryogenic H beam (6 K)
optical 1S-2S excitation (2S, F=0)
* 2S-nP transition is 1-photon

Top detector

2S-6P
spectroscopy ° — retroreflector (“AFR”)
region

split line to 104
* 0.5 kHz vs. 9 kHz PRP

Polarization-
maintaining

fiber
(AFR)

H Bottom detector

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)



Hydrogen 2S-nP in Garching

Rotatable detector cylinder with
attached active fiber-based
retroreflector (AFR)

1st order Doppler cancellation (2S-4P)

61 ¢ expdata
o —— model fit
High-reflectivity * & | 90 & expdata
mirror (AFR) 88° — model fit
5 4
Rt
g 3
«
o0 =
e are . i =
™ gt X ' g
L e 52
BRIRR, o _ Collimating
W.--+ & Cryogenic aperture (4r
. nozzle (4.8 K) gt
t Hydrogen ' . | | ' 1 |
atoms ﬂ Bottom detec S0 60 —40 -20 0 20 40 60 80
: frequency detuning [MHz]

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)



The proton radius situation “yesterday”

'dispersion 2P07

pH 2010 |
wH 2013

uD 2021 -~ I
Garching 2017 CQDATA
CODATA-2018 —@— N g — ¢

e-p scatt., pre-2006
hydrogen, pre-2006
CODATA-2006
P Mainz 2010

CODATA-2010
CODATA-2014

Paris 2018
Toronto 2019 asitio® \\ -
PRad 2019 same vz —
Garching 2020 ——
dispersion 2021 +—e—71—
Colorado 2021 —_—
CODATA-2022 &
Latti.ce 2024
1 1| | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | | 1 1 1 | 1 1 1 | | 1 1 1
0.82 083 0.84 085 0.86 0.87 0.88 0.89

proton charge radius [fm]

Not really “solved”
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NEW Hydrogen 2S-6P in Garching

Systematics (2S-6P)

Rotatable detector cylinder with
attached active fiber-based
retroreflector (AFR)

Top detector

High-reflectivity
mirror (AFR)

L™ % H .. . .
L .e!f"' Collimating
: aperture

nozzle (4.8 K)
t Hydrogen

atoms :
ﬂ Bottom dete:

Maisenbacher, RP et al., submitted (2025)

Contribution Av (kHz) o (kHz)
First-order Doppler shift 0.34 0.43
Extrapolation (statistical) 0.34 0.43
Simulation of atom speeds — 0.01
Simulation corrections 1.05 0.17
Light force shift 1.15 0.17
Quantum interference shift 0.05 0.02
Second-order Doppler shift —0.14 0.01
de-Stark shift 0.05 0.07
BBR-induced shift 0.28 0.01
Zeeman shift 0.00 0.08
Pressure shift 0.00 0.02
Sampling bias 0.00 0.06
Signal background 0.00 0.03
Laser spectrum 0.00 0.07
Frequency standaxrd 0092 0.01
ubtot'a,] (e?xperlment—spemﬁc 174 0.48
ontributions)
Recoil shift —1176.03 0.00
HFS correction Avypg (Vg gp)  —132985.25 0.01
Total (all contributions) —134159.54 0.48




__QED Test
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V. Wirthl, MPQ _ Precision spectroscopy of 2S-6P transitions in hydrogen ‘_



R, - 10973731.56816 [m~1]

V. Wirthl, MPQ _
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Precision spectroscopy of 2S-6P transitions in hydrogen |



R, - 10973731.56816 [m~1!]

V. Wirthl, MPQ _

__QED Test
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Precision spectroscopy of 2S-6P transitions in hydrogen
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__QED Test

+0.0004

1S—2S
muonic 2S5—2P

40.0002 Pl

0.0000

-0.0002

Theory testto 8 x 1013

R, - 10973731.56816 [m~1!]

-0.0004
-0.03 -0.02 -0.01 0.00 50} Gl 15662 @08

rp - 0.8414 [fm]

V. Wirthl, MPQ _ Precision spectroscopy of 2S-6P transitions in hydrogen ‘




The proton radius situation today

e-p scatt., pre-2006

hydrogen, pre-200

CODATA-2006

.dispersion 2 ()7. '
WH 2010 | oD Mainz 2010
CODATA-2010
pH2013 @ 1 CODATA-2014
uD 2021  —e—
Garching 2017 CODATA Paris 2018
CODATA-2018  —@— ¢
Toronto 2019
PRad 2019 . mg-?)s\\-///’
Garching 2020 -—0—-me \@Y\S\“ -
dispersion 2021 +—e—~ S%—
Colorado 2021 —_———
CODATA-2022 e
Lattlce 2024 —
\Garchmg 2025 -4~
11 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 | | 1 1 1
082 083 084 08 086 087 0.88 0.8

proton charge radius [fm]

Not really “solved”

H (2S-6P) Nature
(accepted)



Muonic Deuterium

d

U

Pohl et al. (CREMA), Science (2016)




o

signal [arb. units]

signal [arb. units]

2.5 transitions in muonicD <@y e

F=5/2

—CODATA Lp + i: » +um value 2 3"_- ) p"_“-

1 | 1 1 1 1 | 1 1 1 1 I
=100 0 100

CODATA up + i-;u this value agh=12 L ph=32

12 3/2
28 )

F=1/2

AE[S = 202.8785(31),, (14) e MEV

syst

AEqrs = 6.2747(70) .. (20) ¢y meV

Pohl et al. (CREMA Coll.), Science 353, 669 (2016)
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Theory: Lamb shift in muonic O e

MuD _ .
AELamb = 228.7740 (3) meVQED + 1.7503 T(ZOO) meVTF,E —6.1074 meV/fm?*R d2

AE[S = 202.8785(31) ¢ (14) oy mEV |

Nuclear structure two (and three!)-photon contributions to the Lamb shift in muonic deuterium.
Pachucki, RP et al, arXiv 2212.13782

a c
I H
see also Krauth, RP et al. (2016) using calculations from
Pachucki (2011), Friar (2013), Carlson, Gorchtein, Vanderhaeghen
. . (2014), Hernandez et al. (2014), Pachucki + Wienczek (2015)

+ Pachucki et al., PRA 97, 062511 (2018): Sizeable three-photon !!

+ Hernandez et al., PLB 778, 377 (2018): xEFT

b d
It p
+ Kalinowski (2019): eVP to nucl. struct.
dq a + Acharya et al., PRC 103, 024001 (2021)

XEFT + Disperson relations
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Muonic Deuterium

muonic electronic
~ e-d scatt. o
[N D spectr.
(HH+HD1so gy > CODATA-2014
uD 2023
CODATA-2018
L | ! ! L ! I ! ! I ! L ! ! | ! ! ! ! I !
2.12 2.125 2.13 2.135 2.14 2.145
deuteron charge radius [fm]
uD: 2.12758 (1 3)eXID (78)theo fm

uH + H/D(1S-2S): 2.12785 (17) fm r2 =1 2= 3.8207(3)neo fm?



Theory in muonic D @

AEMD =2287740 (3) meV, ., + 1.7503 (200) meV, . — 6.1074 meV/im®* R ?

|

AE_,_ (theo) = 1.7503 +- 0.0200 meV Bacca group
+- 0.0034 meV experimental uncertainty

VS.

(1) charge radius, using calculated TPE
r. (uD) = 212758 (13),,, (78),, fM

(2) polarizability, using charge radius from isotope shift

AE_ . (theo) = 1.7503 ( 200) meV vs.

AE___ (exp) = 1.7591 ( 59) meV 3X more accurate
Pachucki, Lensky, Hagelstein, LiMuli, Bacca, Pohl, RMP (2024)



Muonic Deuterium

e

re2— rp2 = 3.8207( 3)fm?2 H/D

muonic
~ e-d scatt. "
[ D spectr.
HH + H/D 1s0 CODATA-2014
e perfect agreement
— - betweeneH /eD
— and uyH / uD
uD 2023 —e— °
CODATA-2018 e
! I ! ! ! ! I ! ! I ! ! I ! ! I !
2.12 2.125 2.13 2.135 2.14 2.145

deuteron charge radius [fm]

1S-2S isotope shift
3.8200(31) fm? pH / uD 2S-2P isotope shift (0.2 o)



H/D isotope shift -

electronic H/D (1S-2S): r2-r2=23.8207(3)ne fm?

muonic H/D (2S-2P): r2 = 1.2 = 3.8200(7 )exp(30)ineo fM?

T. Sailer et. al. (Blaum group), Nature 606 (2022)

CF
107 ¢
— Best bound on 5" force .|
>
s 1078
> — Ne® g IS
=== Ap15/17+ g IS
— Yb* IS-NL
10770 ——— .- Ca* IS-NL
— (@-2)
— H-D 1S-2S IS
10712

101 100 10! 102 108 10* 10° 106
m, (keV/c?)
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F=5/2
F=1/2

= F=3/2

F=3/2

F=1/2

HFS in muonic D

PHYSICAL REVIEW A 98, 062513 (2018)

Nuclear-structure corrections to the hyperfine splitting in muonic deuterium

Marcin Kalinowski™ and Krzysztof Pachucki'
N Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

Vladimir A. Yerokhin
Center for Advanced Studies, Peter the Grear St. Petersburg Polyvtechnic University, 195251 5t1. Petersburg, Russia

M (Received 15 October 2018; revised manuscript received 7 November 2018; published 17 December 2018)

a of the
ith

Nuclear structure corrections of orders Zo Er and (Z«)? Ef are calculated for the hyper
muonic deuterium. The obtained results disagree with previous calculations and lead to@ 5 o disagreement
the current experimental value of the 28 hyperfine splitting in muonic deuterium.

|

50 disagreement between theory and experiment !!!




Muonic Helium-3 and -4

SHet™

Schuhmann et al. (CREMA)
Science 388, 854 (2025)
arXiv 2305.11679

Krauth et al. (CREMA)
Nature 589, 527 (2021)



Helium-3 — Helium-4 Isotope Shift

muonic helium -~ van der Wert 2023
3.60!
| I 1 I | I I I | I 1 I | I ! | I 1 I | I I
1 1.02 1.04 1.06 1.08 1.1

2 _ 2 2
normal He atoms: 1.h - Ig [fm ]
van der Werf et al.: Science (2025 / arXiv 2306.02333
Huang: PRA 101, 062507 (2020)

Rengelink: Nature Physics 14, 1132 (2018)
Zheng: PRL 119, 263002 (2017)

van Rooij: Science 333, 196 (2011)
Cancio Pastor: PRL 108, 143001 (2012)

Shiner: PRL 74, 3553 (1995) CREMA Coll., Science 388, 852 (2025)



Helium-3 — Helium-4 |sotope Shift

muonic helium == yan der Werf 2025 2nd order

I hyperfine mixing

Qi et al, 2024
Pachucki et al. 2024

—e— (Cancio Pastor 2012

Sick 2014 Shiner 1995

1

1 I 1 1 1 1 1 I 1 1 1 1
1.02 1.04 1.06 1.08 1.1
2

r2-r2  [fm7]

CREMA Coll., Science 388, 852 (2025)



Helium-3 — Helium-4 |sotope Shift

Sick 2014

Clausen 2025

muonic helium —f=.. yan der Werf 2025

—e— (Cancio Pastor 2012
Shiner 1995

1

! I ! ! ! ! ! ! ! I ! ! ! !
1.02 1.04 1.06 1.08 1.1

CREMA Coll., Science 388, 852 (2025)




Intermediate conclusions

Muonic atoms / ions provide:

* ~10x more accurate charge radii, when combined with
calculated polarizability

3 4
He He
1.9701°( 10) | 1.6786 ( 12)
1.9730-(160)| | 1:6810-(40)
,‘/

T8 . 2
Eﬁ; 'H D °T

2 L_ | 08406 ( 4)|| 2.1279 ( 2)
w 0:.8754-(6T) | | 2-4448-25) | | 1.7550 (860)

Ehe New Work Eimes

S~

‘




Intermediate conclusions

Muonic atoms / ions provide:

* ~10x more accurate charge radii, when combined with
calculated polarizability

* few times more accurate nuclear polarizability (TPE),

. when combined with charge radius from regular atoms

AE(meas) =QED +TPE - C*R_?/fm’

TPE = 2PE + 3PE

Muonic atoms are a novel tool for proton and new-nucleon properties!



From Laser to

X-ray spectroscopy



QUARTET
2Ps/e o

X-ray spectroscopy -

n=14
45 /
35 3D _
low-Z muonic atoms:
low X-ray energy — difficult!
25 2P

muonic Li: 18 keV

finite size effect

\
18 —— v

4

!
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QUARTET: X-ray spectroscopy

6Li

“Be

130
1415\ @
*1? o
13 160
®°C @

12

@ muonic laser
@ EIl. Scattering
@ pX-ray (HPGe)
@ pX-ray (Crystal)

S MMC

20,22 N e

1?F .
23Ma
@

LY
\ T

@ “He e
v 2426 1
® se She ! S e
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QUARTET

Metallic Magnetic Calorimeters (MMCs) = .-~

1s

LI—L 0.20 |
&
absorber 0.15 |
>
SQUID leop é
2 0.10 |
D
thermal link S
(1]
€ 005 |
thermal bath
0.00 - ] 1 - 1 1
0 5 10 15
time [ms]
M Decay time 3ms@ 30mK
A Keep rates < 10 Hz
= per pixel to avoid pileup

Andreas Fleischmann & Loredana Gastaldo, Kirchhoff Institute of Physics (KIP), Heidelberg



QUARTET
2pg,o

Metallic Magnetic Calorimeters (MMCs) = .-~

5

pixel array, area 16mm?

cold
readout
electronics

¥ Heat shields

High efficiency (>90%) for L o —
photons 10-60 keV > *_MMC detector ‘
(2025: up to >170keV) ey



MMC have excellent energy resolution : .-

2500

2000

1500

1000

500

QUARTET
Z2Ps/e -

[ Silicon detector

[ l maXs30 MMC detector
- 2p-1s °Li

— . 4

= 2p-1s ’Li

- s 4

0.4 02z 0 0.2 0.4 0.6 0.8
E -18.7 keV



muonic oxygen

2025

QUARTET

2Psre

-

2Pise |=

2s —

1s




QUARTET

mUOniC 170: Online SpeCtrum (taken 3 weeks ago) ﬁ .

n=2-1

350 4 coinicdence

300 4

Beautiful Bohr spectral

Pt
Ln
=

200 1

Mumber of Counts per 68eV
=
Ln
[}

n=3-1

b
=
=

41
- (cal) 5—1
6—1

130 140 150 160 170 180
Energy [keV]
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QUARTET: X-ray spectroscopy

6Li

“Be

130
1415\ @
*1? o
13 160
®°C @

12

@ muonic laser
@ EIl. Scattering
@ pX-ray (HPGe)
@ pX-ray (Crystal)

¢ MMC
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1?F .
23Ma
@
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The “missing link”

3 4
He He
1.9701°( 10)|| 1.6786 ( 12)
1.9730-(160) | 1-6810-(40)
0.8406 ( 4)|| 2.1279 ( 2)
0-8751(671) | | 2:4448-(25)| | 1.7550 (860)




s o\ Tritium 1S-2S A

. @ muonic lase Triton-Radius EXperiment
: Li @ El. Scattering N i
. 9
6L ‘Be © ™°B @ pX-ray (HPGe)
102} ‘ 1 @ pX-ray (Crystal) | °
i sk T(1S-25)
180 * MMC
14,15 N ‘
. e ‘ 17 O
L ‘13C ‘160 19F 20,22 Ne
Qo 23
! | ) e "
1031 * — _
i C
I @ ‘He :
i v v 24,26 M|
Lol | [ @ voob i
H v \
p® T
4 6 8 10 12

2
T(1S-2S) z



Tritium 1S-2S ¥

measure 1S-2S in ordinary tritium to Triton-Radius EXperiment

Mainz

determine the isotope H/T shift

» @® celectron scatt.
> 10""E .
= = e @® muonic atoms
S — @) exp. error only
- B ® ® ® H/D iso shift
810—2§ .................................................................................................... ) ‘ H/T T—REX
% — ®
5 B @
310—3 e \1/ ...................................
) = N% % ®
m [ .: ~ ’ 1
— - O~ -Q__ \J :
10—4 L N, :. ............................................... <:'/ ...................... NPT
= ke & S
10°°




Tritium 1S-2S ¥
400x better triton radius

with 1 kHz measurement Triton-Radius EXperiment
(vs. 0.01 kHz for H, D)

* cryogenic H nozzle (4.2K) ® electron scatt.
* magnetic quadrupole guide ® ® muonic atoms
. @) exp. error only
* Li MOT -> cold buffer gas ® ® H/D iso shift
+ magnetic trapping of H/D/T | M H/T T-REX
[ — @®
i N o
Broolodod Do
g= R = 4 ®
(qo] — S~ - Q i
— - O~y T =L, \J !
- e as :
10—4 e ﬁ.g. ................................................... d et et R e et aaaaanas
= 8 S S
107°




1st step: Somewhat better triton radius

4x better radius

with 100 kHz measurement
(vs. 0.01 kHz for H, D)

* Optogalvanic spectroscopy
in a cell

* Syst. extrapolation w/ H,D

3 4
He He
1.9679°( 14) | 1.6782 ( 8)
1.9730-(1+60)| | 1-6810-(40)
H ‘D || _°T
L
0.8409 ( 4)|| 2.1279 ( K 1.7xxx (200)
0:-8754(61) | | 2-4443~2 1.7550 (860)
\‘\

Bt e S e S
243nm 4 /> T <\ EI
R .—-- - e—— \ __________

signal B e & miniature
o Iock-i‘:w pressure gauge

amplifier

* Tritium confined.



T(1S-2S) in a cell: Optogalvanic spectroscopy

RF signal lif; power
generator Preampliiier gmplifier
| | typ. 20W power
@ | | detector
(ZX47-40LN-S+) _ _
directional () ( lock-in optogalvanic
Coupler 20dB N~/ L amplifler s|gna|
UV enhancement cavity helical resonator
243nm < El
(486nm) optical : : |
chopper H,/T, discharge cell
- _/

Optogalvanic spectroscopy in a cell

— Don’t need to observe fluorescence @

— Tritium confined ()

— BUT: large systematics! l
* HOWEVER: We KNOW the results for H and D — can test our syst. effects  (O)



T(1S-2S) in a cell: Optogalvanic spectroscopy

RF signal lifi power
generator Preamplifier  gmplifier
I | typ. 20W power
@ | | ~ detector
I (ZX47-40LN-S+) - _
directional [} () ( lock-in optogalvanic
coupler jZOdB ~— L amplifier signal
UV enhancement cavity\ helical resonator
o )
(486nm) _ rical e, el . ‘
Ch%[I)per H,/ T, discharge cell
/

IMOGS (P =20 mW counter-prop., T=0.3s, p(H2) = 0.2 mbar)
SAS (PL probe = 140 pW, P pump = 2 MW, T=0.03 s, p(Hz) = 0.2 mbar)

4 15:0
- 12.5
3.
F10.0 45
o
o
v TS
R
58 5
1 _ 2
E .25 &
o+—= | 0.0
505 510 515 520 525 530 535

laser frequency (GHz) +616000.0



Hydrogen/Tritium Laser Spect_ro_scopy in RF Diss:harge Cell
Balmer-f Transition / Overview

optogalvanic
spectroscopy (OGS)

modulated lin. OGS

intermodulated OGS (IMOGS)

power
detector ]
N 5 TTART -
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Lin. OGS (PL=1.8mW, T=1.0s, p(H>) = 0.2 mbar)
Lin. abs. (P =140 pW, T = 1.0 s, p(H2) = 0.2 mbar)

IMOGS (P. =20 mW counter-prop., T=0.3s, p(Hz) = 0.2 mbar)
SAS (PL, probe = 140 pW, P pump = 2 MW, T = 0.03 s, p(Hz) = 0.2 mbar)

530

515 520 525
laser frequency (GHz)

1.20
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o
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535
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absorption
spectroscopy

linear absorption

— R D—

saturated absorption (SAS)




Trapping and spectroscopy

d'

- = o = = =

3

*cryogenic H nozzle (4.2K) h\/'
* magnetic quadrupole guide
* Li MOT -> cold buffer gas e il
. . -
*magnetic trapping of H/D/T e




Simulated trapping efficiency

= —
% —  simple simulation:
2 19°E 4.2K atomic H beam
o F 60 m/s trap depth
%_ 102 E_
S
*_‘ 10_32—
B 10 trapping efficiency (better for T)
107 == —e— H + 7Li
- —®— mass=3 + 7Li
10°° = |
ool [ 10" Liin1cm dia N

10° 10'° 10" 10'2 10'3 104

Li density (atoms / cm”3)
J. Phys. Conf. Ser. 1138, 012010 (2018)



Towards H Beam Characterization




Towards H Beam Characterization

Jul23 17:28

osziblue

& Math | Analysis | X Utilities | @ Support

|
70ms 80ms “

10.0 ms/div Normal 252V |
100kS  1MS/s Edge Positive |




Towards trapping and spectroscopy \’J,

Triton-Radius EXperiment
Mainz




Atomic Lithium

Silicon detector

2500

maXs30 MMC detector

2000
_ QUARTET
2p-1s °Li - -
1500 » 2pyra - r
2s —
1s

1000
2p-1s “Li
e <

500

IIIIIIIIIIIIII|IIIIIIIIIIII

L b |

0.8
E - 18.7 keV




Li-6 Li-7 isotope shift

I 1 I 2500 :_ Silicon detector
Experiment - maxs30 MMC detector
Sansonetti (1995) [5] e 2600 =
Scherf (1996) [6] e ) >p-1s Li
Walls (2003) [7] e 1500f— T
Noble (2006) [9] o -
D‘ 2 ? .1 H . 1000_—
Thas (2007) [10] \Thts - 2p-1s “Li
ey Work 500f— g
Yan (2008) [23] L) =
Puchalski (2009) [16] 1 ok . - .
| L L 1 5 | —0.4 0.2 0 0.2 0.4 0.6 0.8
- 0 y > E-18.7 keV
i . : UARTET
Li Splitting Isotope Shift (MHz) QPQ -
| O~
Sansonetti et al., PRL (2011) s




2D MOT + sectrosco

\ ap) -“5
) é ‘ \’

ll »-,
a
41‘ )
(@ I

(@]

%

\\\\\\\:
e

2D- MOT design: Tlecke Walraven et al, I5RA 80, 013409 (2009)



Our 18t spectroscopy on cold °Li

30000 -

---- background
@ 25000 - — fit
g5 { measurement
& 20000 -
)
(0]
= 15000 -
-
3 10000 -
O
5000 = === e :
-20 =15 =10 -5 0 5 10 15 20
Q)
— 2500 - .
— ® ..o g o0
© 0O- ®ecesevsegoe® *© ° eoo?®
g = ... e '0".'.
.a 1 1 1 1 . | 1 | [} 1
v -20 =15 -10 -5 0 5 10 15 20

frequency detuning from 446.799762 THz (MHz)



muX

X-rays from O(10s of ug) target material using Ge detectors
(Miniball)

— rare, or radioactive

i e




muX: Radii of O(10ug) material

rare stuff, or radioactive isotopes  myeinemene o 19

DOI 10.1007/s10751-011-0296-6
0.245 7
€ measurements
& proposed
Atomic parity violation in a single trapped radium ion
NuTeV
0.240 SLAC-E158
= T 0. 0. Versolato - L. W. Wansbeek - G. S. Giri - J. E. van den Berg -
Qweak D. J. van der Hoek : K. Jungmann - W. L. Kruithof - C. J. G. Onderwater -
3 B. K. Sahoo . B. Santra . P. D, Shidling - R. G. E. Timmermans -
L. Willmann - H. W. Wilschut
= APV(Cs
«P 0235 (Cs) CDISH
c
o
+ APV (Ra) Tevatron LEP1
LHC
5580 SLC + INPUT: need &R to 0.2%
' MOLLER @
P2 @ ¢ soLID
0.225
0.0001 0.001 0.01 0.1 1

10 100 1000 15000 _ 3
1 [GeV] EIPNC_ Kr Z QW



muX Setup

HPGe

detectors
Muon @ >
counter for N
1 t=0

50 kHz /
30 MeV/c X« m B A\
| I [ e Electron
] I L:il;:‘ detector
Il J|Lw

Miniball detector array



Muon transfer to microgram targets

muon entrance H./D2 gas @ 100 bar
counter ( y target /\\‘
| o ~
y © &\
R
% o .0

-

u- stops in 100 bar of H> + 0.25% D

1.
2.
3.
4.



Muon transfer to microgram targets

muon entrance H./D2 gas @ 100 bar
counter : y target
> o
% o . ©

-

W stops in 100 bar of Hz + 0.25% D> & forms muonic hydrogen pp

1.
2.
3.
4.



Muon transfer to microgram targets

muon entrance H./D2 gas @ 100 bar
counter : y target
> o
% o0

-

W stops in 100 bar of Hz + 0.25% D> & forms muonic hydrogen pp

1.
2.
3.
4.



Muon transfer to microgram targets

muon entrance H./D2 gas @ 100 bar
counter g y target /\\‘
°0 seof” 3
% Y.

-

1. P stops in 100 bar of H2 + 0.25% D2 & forms muonic hydrogen pp
2. transfer to deuterium pyp — ud

3.

4,



1.
2.
3.

4.

Muon transfer to microgram targets
H./D2 gas @ 100 bar

muon entrance

counter

&

u- stops in 100 bar of H> + 0.25%
transfer to deuterium pyp — ud

0,y [107° cm?]

I

102E\‘ )
B [
— .

—
o

—

107"

107

— ud + H2
ud + H, (o,,)

--- ud (F=1/2) + D

— ud (F=3/2) + D,
L L1 11 I

/

107

1072

107
Ein [€V]

1

10

10?



Muon transfer to microgram targets

muon entrance H./D2 gas @ 100 bar
counter ( y target /\\‘
°0 seof” 3
% Y

-

1. P stops in 100 bar of H2 + 0.25% D2 & forms muonic hydrogen pp

2. transfer to deuterium pyp — ud
3. Md moves almost freely in the Hz gas

4.



Muon transfer to microgram targets

muon entrance H./D2 gas @ 100 bar
counter : y target
> o
: 0

-

1. P stops in 100 bar of H2 + 0.25% D2 & forms muonic hydrogen pp

2. transfer to deuterium yp — ud
3. pd moves almost freely in the H2 gas

4. transfer to high-Z element uyd — yZ when hitting target



Muon transfer to microgram targets

muon entrance H./D2 gas @ 100 bar
counter : y target

o2 od 1 e
- G ee o

1. P stops in 100 bar of H2 + 0.25% D2 & forms muonic hydrogen pp
2. transfer to deuterium yp — ud

3. pd moves almost freely in the H2 gas

4.

transfer to high-Z element uyd — pZ when hitting target &
emission of x rays during the atomic cascade




Proof-of-principle

So far problems with
the uniformity of Ra
target.

Measured Re and Cm

Q("®Re) = 2.07(5) b
Q("*Re) = 1.94(5) b

First physics result: 15 ug of 2Cm
PRC 101, 054313 (2020)

4 ug of 2*Ra



Nuclear charge radius in '818’Re

Counts (a.u.)

The extraction of the nuclear
charge radius from the analysis
of the 2p1s hyperfine transitions

Preliminary results:

R(185Re) - 5.297(2)stat(6)sys fm
R(187Re) - 5.288(2)stat(4)sys fm

Not all the systematics are taken
into account.

Theoretical calculations by
N. Oreshkina, MPIK

b

lll 1

.1.||J.|| | I

Counts (a.u.)

(data-fit)/o

4]
—
QITTTT

of

P P
5200

5500 5550 5600
Energy (keV)

5250 5300 5350 5400 5450

bl
Qoosnons,o

5250 5300 5350 5400 5450 5500 5550 5600

Energy (keV)



Conclusions

muonic H, D, 3He, “He by laser done — improved charge radii
nuclear polarizability

muonic Li, Be, .... — better charge radii by QUARTET X-rays and MMCs
muonic high-Z , also for rare or radioactive nuclei! — muX

3T charge radius: missing link Z=1 — 2
T2" molecular ions (F. Schmid) or T(1S-2S) in Mainz

°7Li isotope shift: new effort in Mainz using cold Li beams + AFR






Backup



Hyperfine structure in muonic H

CREMA-3 / HyperMu at PSI
(R16.02)




The sky in hydrogen




Hyperfine structure in H/ up

O

The 21 cm line in hydrogen (1S hyperfine splitting) has been measured to
12 digits (0.001 Hz) in 1971:

V.o = 1420 405. 7 + 0.000 001 kHz

Essen et al., Nature 229, 110 (1971)

QED test is limited to 6 digits (800 Hz) because of proton structure effects:

v, =1420403.1 0.6 +

- *04 kHz
proton size polarizability

Eides et al., Springer Tracts 222, 217 (2007)



Proton Zemach radius

HFS depends on “Zemach” radius:

ANE=—2(Za)m{r),E.

<r>(2)=fd3rd3r'pE(r)pM(r')|r—r'|

Zemach, Phys. Rev. 104, 1771 (1956)

Form factors and momentum space



From charge to magnetic properties

A
= 2P
2|—<"25-2p
0 -
2S width: 20 GHz
2P lifetime (8ps)
width: 0.1 GHz
1S (Doppler width)

— 4 1S-HFS

Amaro et al [CREMA], 2112.00138

2S-2P = Lamb shift

IS sensitive to CHARGE radius

1S-HFS = Hyperfine splitting

IS sensitive to ZEMACH radius



Proton Zemach radius from pp

wp 2013 @
e-p. Mainz ——
H. Volotka o
@ e-p. Friar
H. Dupays
S T o T v B - T R by R T

Proton Zemach radius R, [fm]

Mp 2013: Antognini et al. (CREMA Coll.), Science 339, 417 (2013)



Proton Zemach radius from pp

coal R-16-02 (CREMA-3) o
p 2013 L
e-p. Mainz ——
H, Volotka &
@ e-p. Friar
H. Dupays
S T T B B - TRy EEN—— b T

Proton Zemach radius R, [fm]

PSI Exp. R-16-02: Antognini, RP et al. (CREMA-3 / HyperMu)
see e.g. Schmidt, RP et al., J. Phys. Conf. Ser 1138, 012010 (2018); arXiv 1808.07240

also: FAMU @ RIKEN/RAL, and a Collaboration at J-PARC



AFR: Active Fiber-based Retroreflecto

* Use of Active fiber-based Retroreflector:

— Reduction of poooler effect .
: H(2S5) 6|

Tip/tilt piezos  Shutter

7-adj. piezo 0.8 m
i fiber

Four-
quadrant |®|@® 7 -
PMT @D Y

HR mirror Four-lens collimator

[A. Beyer, “Active fiber-based retroreflector providing phase-retracing anti-parallel laser beams for

precision spectroscopy”, 2016]
[V. Wirthl, “Improved active fiber-based retroreflector with intensity stabilization and a polarization

monitor for the near UV”, 2022]



AFR: Actively stabilized Fiber-based
Retro-Reflector




Ggp/Gp

Electron scattering

1.01

dG,(Q")
dQ’

(r’y=—6Hh" extrapolation to Q2 = 0 required

Q°=0

0.99 | HiH

098 r

0.97

0.96 { >
Vanderhaeghen, Walcher: 1008.4225

0.95

0O 005 01 015 02 025 03 035 04
Q2 [(GeV/c)?}] Mainz MAMI data 2010



Correlation between R_and R/ R,

85
48
35 3D
25 ¢ 2P . CROO Myred ENS y
Ent 7)/h = — — 0 An,t, 7). (7
(J»-?)/ ng m. +n3 €0+ (J;j) ()
3 7
o v(15—2s)msz—§ENS
10 =10Hz 1072 =20kHz
" The source of the 98.91% correlation of R_ and R_

[Pohl et al., Metrologia 54, L1 (2017)]



Hydrogen 2S-6P: which contributions are being tested

Hydrogen 28, /5-6P; /o (Hz)

V. Wirthl, MPQ _

Dirac (with me — Myed) 730691 021 696 054
Rel. nuclear recoil 1129173
Radiative recoil 1540
1-loop QED

self-energy —10716798359

vacuum-polarization 26 853 088

{7 vacuum-pol. 634

hadronic vacuum-pol. 425
2-loop QED —90477
3-loop QED —236
Finite nuclear size

x al —138394

x a’ o

x af —T74
Nuclear polarizability

x a 8

x ab —49
Nuclear self-energy —n84

Our 2S-6P meas. uncert.:
490 Hz

Start seeing muons and
hadrons in vacuum

|
|

Start seeing 3-loop
bound-state vacuum effects

Total
Theory uncertainty 199

730689977 771255 _

Start seeing
Nuclear self-energy

Precision spectroscopy of 2S-6P transitions in hydrogen

[ 2



Quantum Interference in 2S-nP

0.25 ) see
__ 020 le) —x Horbatsch, Hessels, PRA 82, 052519 (2010);
=, o.1% . e, PRA 84, 032508 (‘11); PRA 86 040501 (‘12)
O VE Sansonetti et al., PRL 107, 021001 (2011)
g B0 ' \ . Brown et al., PRA 87, 032504 (2013)
0.05 ] \ e
¥ e / — : --.1\_\
e 0 2 a 6 1 1\‘
Detuning [I7] E L i
| Wi )
0.100
= 0.010 N N
% 0.001 y : (d E )d (d E )d el
= e |[> S — P ((1)) o 1 0 1 + 2 0 2
S 10 0 =0 +iy, /2 0,—w+iy,/2
k=
10~%
S = Lorentzian(1) + Lorentzian(2)

20 40 60 80 100
Line splitting [I']

+ cross-term (Ql)
Fitting this with 2 Lorentzians creates

line shifts



Studying Quantum Interference in 2S-4P

——|en)

T 2\F iAD |2

(d2E0>d2e
W,— 0, +iy,/2 w,—w, +iy,/2

P(w)oc

= Lorentzian(1) + Lorentzian(2)

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)

+ cross-term (Ql)



Observed line center - 15 (kHz)

Studying Quantum Interference in 2S-4P

F=0 ypF=1
25172 4P1p

F=0 ypF=1
28172 AP35

_1_:] L A \I'()igf ﬁl‘ . % ) ‘l - i _1_:] L B \f()igl' ﬁl‘
, | =1 4Pa2 , 4P32
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LLes R iin Al = Lol 3 .-E
—30F" e ¥--""1 = —30| ; -
—45 [ ] cemi ¥ CcEM2 ] N —45 [ I ceEma $ cEMm2 ]
45| € Fano-Voigt fit : 45| D Fano-Voigt fit
30} :f 30}
153 ; %1 | = 15 1 1
z ¥
o s == Egans T e el ] e w nmw -! -------- :‘F (- 1 [, -
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=45t vy = 616 520 152 555.1(3.0) kHz —45} vz =616 521519 990.8(3.0) kHz
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Linear laser polarization angle 6y, (7)

Beyer, Maisenbacher, RP et al, Science 358, 79 (2017)
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normalized signal [arb. units]

muonic “He ions

]

uHe (2S — 2P,),)

e-He scatt W00

Sick 2008

claim by 90

~*~_Carboni et al. 1977 \

excluded by
Hauser et al. 1992

Az A
‘ -] l 10 SMP

S08 AM BIS S0 8= 830 &I A (A)



muonic “He ions
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