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How did it start: The Bible

Atomic Data and Nuclear Data Tables 99 (2013) 69-95

Contents lists available at SciVerse ScienceDirect

Atomic Data and Nuclear Data Tables

journal homepage: www.elsevier.com/locate/adt

Table of experimental nuclear ground state charge radii: An update

1. Angeli?, K.P. Marinova by

* Institute of Experimental Physics, University of Debrecen, H-4010 Debrecen Pf. 105, Hungary
*® Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia

ARTICLE INFO ABSTRACT
Article istory: The present table contains experimental root-mean-square (rms) nuclear charge radii R obtained by
Received 9 August 2011 combined analysis of two types of experimental data: (i) radii changes determined from optical and, to

Received in revised form

10 November 2011

Accepted 2 December 2011
Available online 12 December 2012

alesser extent, K, X-ray isotope shifts and (ii) absolute radii measured by muonic spectra and electronic
scattering experiments. The table combines the results of two working groups, using respectively two
different methods of evaluation, published in ADNDT earlier. It presents an updated set of rms charge
radii for 909 isotopes of 92 elements from |H to 9sCm together, when available, with the radii changes
from optical isotope shifts. Compared with the last published tables of R-values from 2004 (799 ground

N arge radii states), many new data are added due to progress recently achieved by laser spectroscopy up to early
Radii changes 2011. The radii changes in isotopic chains for He, Li, Be, Ne, Sc, Mn, Y, Nb, Bi have been first obtained
Optical isotope shifts in the last years and several isotopic sequences have been recently extended to regions far off stability,
K, X-ray isotope shifts (e.g.. Ar, Mo, Sn, Te, Pb, Po).

Electron scattering © 2012 Elsevier Inc. All rights reserved.

Muonic atom spectra
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Shortly about muons and muonic atoms

Cute leptons source:
www. particlezoo.net

: 207 times

far from closer

the nucleus

oo™

e Same interaction laws, same formulas

e Heavy sibling of electron; m, ~ 207m,

o Lifetime 0.1-2.2 us, capture and decay 10712 — 1079 s
e Always hydrogen like, some electrons are far away

e Sensitive to nuclear structure
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2022: Discovery of muonic fine-structure anomaly
N——ds—7"
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) Jj/\
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MSo
[1] Yamazaki et al., PRL 42, 1470 (1979) [3] Bergem et al., PRC 37, 2821 (1988)
[2] Phan et al., PRC 32, 609 (1985) [4] Piller et al., PRC 42, 182 (1990)
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What is the fine-structure anomaly

Very poor fit of experimental data for 2p3/5 1/ — 1512
for muonic 907y, 112-124g, 208py,
— nuclear-polarization corrections as variable parameters

4
the root of the problem
f \
theory experiment
2p3/2 2p3/2
A 2P3/2 | 2P3/z|
VS
AN vV
2p12 2p1/2
|AE2p1/2 A 2P1/2
also for A3p in 1 — 208py,
\ y,
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One of the best: 2%8Pb

[1] Bergem et al., PRC 37, 2821 (1988)
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[1] Bergem et al., PRC 37, 2821 (1988)
[2] Fricke and Bernhardt, At. Data Nucl. Data Tables 60, 177 (1995)
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5.5031(11)
x2/DF = 29
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scattering data
5.503(6)[1
5.4785(41)1]
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Nuclear polarization effect

Image source: www.universetoday.com

H=Hy+ap+pm,+ V(r,ry)

/
B (aA|AV|nN)(nN|AV|aA)
AE/ B Z EaA - EnN

nN

(2AIAV|N) = (aA] 3" _min(r )"y )
N — max(r, ry,)'*1 fm Tl
Light muonic atoms: |a) — §(0)
Heavy highly charge ions: \A> — J(R)
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Transverse part of muon-nucleus interaction

H=Hy+ap+pm,+ V(rry)
4
H = Hy+ a(p —eA(r,ry,)) + Bmy + V(r,ry,)
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Transverse part of muon-nucleus interaction
H=Hy+ap+ m,+ V(r,ry,)

4
H = Hy+ a(p — eA(r,ry.)) + Bmy, + V(r,ry,)

- + +

: dqdq’ [ dw Dyelw, q)Dev(w, ) (illit (=) I3 (@'T) (1| T5(~q)ita(@)]i])
L _ 2 aw Upe\W, ’ m N N m
AENp = —i(4ma) Z/ ©@2m)° J 2x (w + wm — iEye)(w — wy + i) ’

dqdq’ [ dw Dye(w,q)Dev(w, ') GI'|jls (@) IR (@'T) (' 11T% (—a') st (@) [iT")

2 M m N N m

AE¥p = +i(47a) Z// @n® / T wm —TB )t o — 0 .
39

ABS = —i(dra) Z// dqdq do, Dﬂg(w @)5 D, (w,

4) (il (@I} (i (@) (Tlpn(g—aIT)

(w + wm —iEie) My
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Nuclear polarization correction 2°®Pb
100

oy 0% 0
e Haga et al. A Present

-100

-200

-300

NP 2py = NP 2p3); (eV)

-400

4 4.5 5 5.5 6 6.5

around 150 eV, or 40 standard deviations gap

Valuev et al., PRL 128 203001 (2022)
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x?/DF = 187

/

\ Combining with

Assumption — cattering data
on N frection 5.5031(11) M
X?/DF =29 5.4785(41)

Total reevaluation of all QED and nuclear effects is needed

Experimen
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Dirac value and nuclear size

e Muons are close to the nucleus,
relativistic — Dirac equation

I
I
1117777777770
bttt
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Dirac value and nuclear size

e Muons are close to the nucleus,
relativistic — Dirac equation

ey
I
1117777777770
bttt

MeC =1 o m,c2 ~ 100 MeV
blndlng Epirac = 80 MeV
1 Ebinding ~ 20 MeV
En:
Dirac e Extended nucleus: sphere,
a+ b2, r<R
Vspn(r) = -
Sph( ) —%, r 2 R
0 —t—

Natalia S. Oreshkina IAEA Headquarters, Vienna Heavy muonic theory and RMS 15 / 29



Historical introduction  Latest improvements

Dirac value and nuclear size

E:
’ binding
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EDirac
0 ———
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e Muons are close to the nucleus,
relativistic — Dirac equation

100 MeV
EDirac 80 MeV
Ebinding ~ 20 MeV
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~

~
~
~

e Extended nucleus:
Fermi,

sphere,
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I

mu(;2 ....__.._.E relativistic — Dirac equation
bindin,
"g ° muc2 ~ 100 MeV
1 Ebirac = 80 MeV
Epirac Epinding ~ 20 MeV

e Extended nucleus: sphere,
Fermi, deformed Fermi
N
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Dirac value and nuclear size

e Muons are close to the nucleus,

I

muCQ ﬂg?fif%%f: relativistic — Dirac equation
bindi
Yoo A e muc? ~ 100 Mev
A
FNS EDirac = 80 MeV
EDiI‘aC Ebinding ~ 20 MeV
e Extended nucleus: sphere,
Fermi, deformed Fermi
9 N
0 pa,c,ﬁ(rm H) - 1 —|—e[r_c(1+BY20(79u))]/a

) AEFNS ~ 10 MeV
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QED effects:

20000 FNS
10000
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QED effects: Uehling

/////////
/////////
/////////

20000 FNS l
10000

Vi) == 2522 [ ot xatalr = 1) = xatalr + )
Vi) = V(1) | 32020

2a

Ve(r) = Virermi(r) [%Xl(zf)]
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QED effects: Nuclear polarization

70 6
Eq e-Ue NP
20000 FNS l {
10000
Improvements:

e field-theory approach, including transverse part
e state-of-art muonic and nuclear input, model dependence
e 07,17,2%,37 4% 5~ and 1T excitation modes

e 4252 eV — 5712 eV

Valuev et al., PRL 128 203001 (2022)
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QED effects: Self energy and recoill

70 6
Eq e-Ue NP
SRS SN SR A..
20000 FNS l ‘ SE rec
10000 3 3

e rigorous QED calculations

o AEsp =3270(160)1M, 337312 eV — 3225(15)B ev
o AE,.. =385[41* eV — 3902051 eV

[1] Cheng et al., PRA 17, 489 (1978)

[2] Haga et al., PRC 75, 044315 (2007)

[3] Oreshkina, PRR 4, L042040 (2022)

[4] Bergem et al., PRC 37, 2821 (1988)

[5] Yerokhin and Oreshkina, PRA 108, 052824 (2023)
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QED effects: sub-leading

/////////

20000 FNS l ‘ SE
10000

+ FNS

in preparation

Natalia S. Oreshkina 1AEA Headquarters, Vienna

rec WK HVP KS
3 <l <1 <1

16 / 29
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Results for 2°8Pb RMS extraction PRELIMINARY

T T T T
» 4
o 4
- ]
—e— | -
——i | -
i ]
| tol -
||-o—| -
.+ i
6.61256.61506.61756.62006.62256.62506.6275 -1 0 ;. 5 é 4
c [fm] AEFP [keV]

Fig: Konstantin Beyer
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Model dependence PRELIMINARY

a (.003 T T T 1
0.002}f 1
E 0.001f y
" L. A I
€ 0.000p 7
|-
<]
0.001F ]
0.002 = 71, . ] 1 .
0 2 4 6 8 10
n

The difference between the Fermi-equivalent radius and the
tabulated value. The solid colourful line is the mean value over all
SKYRME distributions.

Fig: Konstantin Beyer
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Outline

X?/DF = 187
5.5013(7)
Experiment ?
\ Combining with
. Assumptions | _—7| scattering data
Double checking on NP correction 5.5031(11) 5.503(6)
X?/DF = 29 5.4785(41)12
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Theory uncertainties

e Completely ignored in
previous studies
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Theory uncertainties

e Completely ignored in
previous studies

e Important for fitting and
for final errorbars

e Adding uncertainties
(improving the results)
will lead to visibly
worse outcome
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Barrett radii

1

Eif™S ~ C/d3rpc(r)rke‘a3’ = Bir(C, k,aB)

apg is commonly fixed to be the same for all transitions
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Barrett radii PRELIMINARY

EENS = C | d®rpc(r)rke=8" = Bi¢(C, k, ag)

apg is commonly fixed to be the same for all transitions

T T T T T T T T
1.0 _2572p12 T .'“.
- \ k=3.220(0.025) 0.08 } :. ." .
208k a=0.460(0.005) |
> 0.06 - E
g 3
< 12 L i
E k=1.148 o 0.04
= o
O a=0.141 Jde | i
EQ ES 0.02
I
& 4 ooof-f—n -
M
“
-0.02 -
S 1 1 1 1
1 15 0 5 10 15
r[fm] r[fm]

Fig: Konstantin Beyer
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V, parameter

Vo = fins s = rk
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= Big(k,aB) V5
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e Correct if only FNS is included

e We have to subtract ALL other effects

e QED ~a/m~0.2%

o If QED effects are not subtracted, V5 is limited to the same
~ 0.2% accuracy
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V, parameter

e

m
h n
Vo = rms _ Tms N b Bk e
? ﬁ"(kaaB) B#(k,OéB) Mrms lf( aaB) 2

e Correct if only FNS is included

e We have to subtract ALL other effects

e QED ~a/m~0.2%

o If QED effects are not subtracted, V5 is limited to the same
~ 0.2% accuracy

e Was is done properly in the past?

sVs [ 0vs are, \® (OVESBE\® _ OVE OVE cov(re, 0BS)
ve ~ \\ore.. V¢ dBS Vg Ore. 0Bs  (VE)?

rms rms
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V, parameter

e

m
h n
Vo = rms _ Tms N b Bk e
? ﬁ"(kaaB) B#(k,OéB) Mrms lf( aaB) 2

Correct if only FNS is included
e We have to subtract ALL other effects

e QED ~a/m~0.2%

o If QED effects are not subtracted, V5 is limited to the same
~ 0.2% accuracy

e Was is done properly in the past?

sVs [ 0vs are, \® (OVESBE\® _ OVE OVE cov(re, 0BS)
ve ~ \\ore.. V¢ dBS Vg Ore. 0Bs  (VE)?

rms rms

e For the uncertainty estimation cov matrix is needed
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Outline

Low accuracy Low accuracy
Low precision High precision
High accuracy High accuracy
Low precision High precision

.. Fig source:
Additional problems ¢

https:/ /www.portaspecs.com/precision-and-accuracy/
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“A method described in details in [1]" (dozens of citations)
[1] PhD Thesis: P. Mazanek “Gemeinsame Auswertung von
Messung myonische Atomen,..." (Mainz 1992)

“Same scheme as in my diploma work (1989) [2]"

[2] “applying method presented in [3]"
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Cargo Cult Science by RICHARD P. FEYNMAN (1974)
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§ XRay
1.610 § Electron diffraction
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A scatter plot of electron charge measurements as suggested by
Feynman, using papers published from 1913—-1951 (from wikipedia)

Natalia S. Oreshkina 1AEA Headquarters, Vienna Heavy muonic theory and RMS 25 /29



Historical introduction Latest improvements Preliminary results Double checking Additional problems

More recent: Proton radius puzzle

1fm = 10~%5m = 0,000 000 000 000 001 m

Natalia S. Oreshkina 1AEA Headquarters, Vienna Heavy muonic theory and RMS 26 / 29



Historical introduction Latest improvements Preliminary results Double checking Additional problems

More recent: Proton radius puzzle

1fm = 10~%5m = 0,000 000 000 000 001 m

fm 0,85

Natalia S. Oreshkina 1AEA Headquarters, Vienna Heavy muonic theory and RMS

26 / 29



Historical introduction Latest improvements Preliminary results Double checking Additional problems

More recent: Proton radius puzzle

1fm = 10~%5m = 0,000 000 000 000 001 m

fm 0185 Il Il Il Il

Scaterring: 0.87-0.92(1%)

Natalia S. Oreshkina 1AEA Headquarters, Vienna Heavy muonic theory and RMS

26 / 29



Historical introduction Latest improvements Preliminary results Double checking Additional problems

More recent: Proton radius puzzle

1fm = 10~%5m = 0,000 000 000 000 001 m

fm 0185 Il Il Il Il

Scaterring: 0.87-0.92(1%)

Hydrogen spectroscopy 0.88(0.7%)
—e—

Natalia S. Oreshkina 1AEA Headquarters, Vienna Heavy muonic theory and RMS

26 / 29



Historical introduction Latest improvements Preliminary results Double checking Additional problems
More recent: Proton radius puzzle

1fm = 10~%5m = 0,000 000 000 000 001 m

fm 0185 Il Il Il Il

Scaterring: 0.87-0.92(1%)

Hydrogen spectroscopy 0.88(0.7%)

—e—
pu—Hydrogen spectroscopy 0.84(0.05%)
tol

Natalia S. Oreshkina 1AEA Headquarters, Vienna Heavy muonic theory and RMS 26 / 29



Historical introduction Latest improvements Preliminary results Double checking Additional problems
More recent: Proton radius puzzle

1fm = 10~%5m = 0,000 000 000 000 001 m

fm 0185 Il Il Il Il

Scaterring: 0.87-0.92(1%)

Hydrogen spectroscopy 0.88(0.7%)

—e—
pu—Hydrogen spectroscopy 0.84(0.05%)
tol

Natalia S. Oreshkina 1AEA Headquarters, Vienna Heavy muonic theory and RMS 26 / 29



Historical introduction Latest improvements Preliminary results Double checking Additional problems
More recent: Proton radius puzzle

1fm = 10~%5m = 0,000 000 000 000 001 m

fm 0185 Il Il Il Il

Scaterring: 0.87-0.92(1%)

Hydrogen spectroscopy 0.88(0.7%)

—e—
pu—Hydrogen spectroscopy 0.84(0.05%)
tol

+——e—— New hydrogen spectroscopy (2017)

Natalia S. Oreshkina 1AEA Headquarters, Vienna Heavy muonic theory and RMS 26 / 29



Historical introduction Latest improvements Preliminary results Double checking Additional problems
More recent: Proton radius puzzle
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+——e—— New hydrogen spectroscopy (2017)
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New vs Old: Win or Lose?

Old New
t o | —e— Nature

: . N . | PRL

—e—1 } o | PRA

e Only improvements are welcomed
e Criticism is unpleasant and hard to publish

e Be brave, but it can cost you
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[ ] II e Different language!

e Respectful /stubborn: "my father has been using this
method...”

e Constants: changing with time!

e Calibration lines: changing with time!

e Hidden raw data

e Omitted details of methods/experiments
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