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Role of absolute nuclear EM radii

* Mirror nuclel and equation of state

e Study nuclear structure away from stability

* Important for weak interaction studies (e.g. for CKM)

* Direct comparison of with state-of-the-art nuclear calculations

* Confronting experiment & theory @ accuracy frontier
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Where do charge radii come from?
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Half life > 5 ms
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Isotope Shifts

[ Half life > 5 ms J

Where do charge radii come from?

Extraction of MS radius difference from

measurements
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Where do charge radii come from?

Extraction of MS radius difference from
measurements

1 1
MAI MA

6VA,AI ~ K + FST'AZAI

Reference radil connect MS differences with
absolutes

2
Th = Ti + 0T,

Reference radii

Measured

Isotope Shifts

[ Half life > 5 ms J
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Where do charge radii come from?

Extraction of MS radius difference from
measurements

1 1
MAI MA

6VA,AI ~ K + FST'AZAI

Atomic factors, either calculated or extracted
from reference radii (King Plot).

Reference radil connect MS differences with
absolutes

2
Th = Ti + 0T,

Reference radii

Measured

Isotope Shifts

|

Half life > 5 ms J




AN
N\
{\
N
~

AN

N

|

[T TT]

Reference radii

N

N

S

Half life > 5 ms

A| |L

S

N

N

N

N

S

Reference radii and where to find them

S

T

bohayon@technion.ac.il



Muonic Atoms 101.: Ordinary atoms Muonic atoms

_ u
e
Z) /) &)
Characteristic length n2a, /200 nZa,m
. — ¢ Shorter
(Bohr radius: a, = S 0.5A): An 7 ' YA
0™ meca my distances
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MUOniC AtomS 101: Ordjnaryat()ms

\ e_
2 /)
Characteristic length nZa, - /200
) . . h _ - a,, =

(Bohr radius: ay = — 0.5A): n 7
Characteristic Ener

= gy 700 R. 72 X 200
(Rydberg: R, = — ~ 13.6 el/): E. = —

2o 24, %

MW — Laser

Laser —» x —ray

Muonic atoms

2
na, m
e Shorter
Z my distances
2 .
Fo— RowZ”my, Higher
" nZ m, energies
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MUOniC AtOmS 101: Ordjnaryat()ms

—~—_

o
Z) /)
Characteristic length nZa, - /200
. . . h _ - a,, =
(Bohr radius: ay = — 0.5A): n 7
Characteristic Ener
= gy 700 R. 72 X 200
(Rydberg: R, = — ~ 13.6 el/): E. = —
2o 24, %
MW - Laser
Laser —» x —ray
4 2 3
Finite Nuclear Size effect:  AE 4 R L™ (7, 5 X (200)
INIte NucLear oize erfect. ~ —_ >

For Hydrogen 1s-2p:  ~ 4 neV (1 MHz, ppb)

Muonic atoms

2
na, m
e Shorter
Z my distances
2 .
Fo— RowZ”my, Higher
" nZ m, energies

4RLZ* (1.\° (m,\
n a, m,

~ 30 meV, 10 ppm
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Measuring nuclear radii with muonic atoms:

1. Captured around N=14

2. All electrons are emitted
3. Cascade to ground level

4. Muon decay ~2us

5. Ezp_1s = EQED AEpys




“Old school” combined analysis of muonic atoms and electron scattering:

Muonic Atoms Elastic Electron Scattering
Measured transition energies Measured differential cross sections
\ 4
Charge density distribution p(r)

RN

. . LI
Barrett equivalent radius R, r
2
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[
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where to find reference-radii?

Comprehensive theory of the Lamb shift in light muonic atoms

K. Pachucki, V. Lensky, F. Hagelstein, S. S. Li Muli, S. Bacca, and R. Pohl
Rev. Mod. Phys. 96, 015001 — Published 24 January 2024
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where to find reference-radii?

Comprehensive theory of the Lamb shift in light muonic atoms

K. Pachucki, V. Lensky, F. Hagelstein, S. S. Li Muli, S. Bacca, and R. Pohl
Rev. Mod. Phys. 96, 015001 — Published 24 January 2024
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Table of experimental nuclear ground state charge radii: An update

Z > 2: . Angeli?, K.P. Marinova >*

* Institute of Experimental Physics, University of Debrecen, H-4010 Debrecen Pf. 105, Hungary
b Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia 2013




Sources of uncertainty :

Radii of light nuclei from muonic atom x-ray spec.
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Sources of uncertainty :

Radii of light nuclei from muonic atom x-ray spec.

0.35%

” = ‘pUre” experiment
0.30%

msmmmms  Nuclear polarization

0.25%

O-T 0.20%
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Sources of uncertainty :

Radii of light nuclei from muonic atom x-ray spec.

0.35%

” = ‘pUre” experiment
0.30%

msmmmms  Nuclear polarization

0.25% 2013 Compilation

O-T' 0.20% b

0.15%

0.10%

0.05%

0.00%

4 6 g 10 12 14 16 18 20 22 24 26 28 30 32
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Sources of uncertainty :

Radii of light nuclei from muonic atom x-ray spec.

0.35%
” = ‘pUre” experiment
0.30%
msmmmms  Nuclear polarization
=
mmmmms  Charge density
0.25%
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Sources of uncertainty :

Radii of light nuclei from muonic atom x-ray spec.

Experiment Theory (and its inputs)
New experiments needed! Would clearly benefit from modern analysis!
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Sources of uncertainty :

Radii of light nuclei from muonic atom x-ray spec.

0.15%

Experiment Theory (and its inputs)
New experiments needed! Would clearly benefit from modern analysis!
< | >
0.35% :
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I
” | s “pUre” experiment
0.30% :
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The radius gap
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The radius gap

ForZ < 3:
Laser spectroscopy of muonic atoms, limited by nuclear theory
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The radius gap

ForZ < 3:
Laser spectroscopy of muonic atoms, limited by nuclear theory

ForZ > 6:
Measured x-rays from muonic atoms using solid-state detectors.
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The radius gap

ForZ < 3:
Laser spectroscopy of muonic atoms, limited by nuclear theory

ForZ > 6:
Measured x-rays from muonic atoms using solid-state detectors.

ForZ = 3 — 5,and others:
Electron scattering (I would like to discuss with this community!)
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The radius gap

ForZ < 3:
Laser spectroscopy of muonic atoms, limited by nuclear theory

ForZ > 6:
Measured x-rays from muonic atoms using solid-state detectors.

ForZ = 3 — 5,and others:
Electron scattering (I would like to discuss with this community!)

ForZ =6
Measured with crystal spectrometer. Not widely applicable
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The radius gap

ForZ < 3:
Laser spectroscopy of muonic atoms, limited by nuclear theory

ForZ > 6:
Measured x-rays from muonic atoms using solid-state detectors.

ForZ = 3 — 5,and others:
Electron scattering (I would like to discuss with this community!)

ForZ =6
Measured with crystal spectrometer. Not widely applicable
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The radius gap
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Enter microcalorimeters

Cryogenic microcalorimeters

* High quantum efficiency

* Broadband (important for
calibration)

e Superb resolution (ri > 103)
E

e Fastrise time



Metallic Magnetic Calorimeters (MMCs)

absorber

SQUID loop

thermal link

thermal bath
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SE |:> _ %k
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Increase of
temperature
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energy

* Absorber thickness
determines efficiency
at given energy
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Enter microcalorimeters

Cryogenic microcalorimeters

Muonic atoms

* High quantum efficiency

5EFNS~ZZ e (M) -4 22 * Broadband (important for
Eo apg) \Me calibration)

e Superb resolution (r£ > 103)
E

e Fastrise time



Enter microcalorimeters

Muonic atoms

2 2
OLpys 22T} (e _qo-4 »2
Eo Ao me

Cryogenic microcalorimeters

2w TS

/iy

High quantum efficiency

Broadband (important for
calibration)

Superb resolution (ri > 103)
E

Fast rise time (Important for
background suppression)



Quantum Interactions with Exotic Atoms

QUARTET
2P3/9 r

2p
iy 1/2 . r

1S

More info:

arxXiv:2311.12014
arXiv:2310.03846



Experimental scheme
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Target choice and preparation

Used targets:

e Blank Cu Stopping power optimized with G4beamline Chamber covered with Cu

o Natyi — 920y 7Li, 8% °Li 2 mm thick
|

copper collimator

|

e °Li =95% °Li, 5% "Li 2 mm thick woree

\

. 9Be, 99.0% pure, 2.5 mm thick

e B —80%MEB,20%°B 2 mm thick

«  12C(>99%) powder in Cu or Alu pouch, 0.5 g

. 13C(> 99%), D-fructose in Cu or Alu pouch, 1g

 XRF targets: Mo and Ag foils on Cu grid




Test-beam summary: lested calibration sources

E(2P-1S):  Li Be B C N O F Ne
241 A m *‘
% ¥ W
_ 4
~ 137C oAl A .*
\b Am
—/ S e
4 Vo8 210pp
.
& Ag XRF @- Calibration sources
* <= Muonic (2P-1S)

& Mo &AgK,

0.01

55Fe Mo XRF
\ 4

0 50 100 150 200

E (keV)
12/ 30
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Preliminary zoomed-in spectrum of mixed Li target

B MMC data

ol uLi 2p-1s SDD data

Ul
o

NS
o

W
o

u/Li 2p-1s

MMC counts per 2.5eV

N
o

10

ol e bl v i - |
—300 —-200 —100 0 100 200 300
Energy [eV]




QUARTET goals

* Phase |: order of magnitude
iImprovement in radii of Li, Be, B
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QUARTET goals

* Phase |: order of magnitude

iImprovement in radii of Li, Be, B

Phase Il: Heavier systems
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3He [ Physics reach depends on theory effort! ]
@

¢ “He

@

1 2 3 4 3 6 7 8 9 10 11 12




Output |: Reference radi

Improve entire chains:

6-9,11] j-
Li: PRC 84, 024307 (2011) 712Bg:  PRL 122, 182501 (2019) 10,11 PRL 108, 142501 (2012)
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Output |: Reference radil

o911 PRC 84, 024307 (2011)
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Output lI: light Mirror Nuclel

Ronald’s talk

S. J. Novario, et. al., PRL 130, 032501 (2023)

¢ CC: AN’LO¢o(394)
—0.1 4 1 CC: AN?LOqo(450)
A CC: N°LOga¢

—0.2 97 ¥V AEDMC: N°LOg3
{ Exp.
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Output lI: light Mirror Nuclel

Ronald’s talk

i% Golden case I = 0.25:

S. J. Novario, et. al., PRL 130, 032501 (2023) Uncertaintv Contributions to
inty ibuti

r(8Li) — r(®B)

¢ CC: AN’LOGo(394)
—0.1 4 1 CC: AN?LOqo(450)
A CC: N?*LOgas

—0.2 91 ¥ AEDMC: N°LOg1

ﬁ R{I;Iﬁil‘l‘ﬂr (fm)
I

< Exp. = Current status + B
Y k " QUARTET
# #2Si ARmMirror — 1 574-1 £ 0.021 [fm)]
—0.25 —0.20 —0.15 —0.10 —0.05
o
r(°Li) r(**B) &6r(*'B—-8B) &r(°Li—8Li)

*Priv. Com. With W. Nortershauser



Output lll: Muonic vs. electronic Isotope shifts

Deuteron-proton charge radii difference: perfect agreement

Z_1 rg B rpz|muuni¢; = 3.820 O(Y)EXP(SO)IIIGU fﬂ‘l2
r§ _ rglclcctmnic = 3.820 7(3) fl’l’l2 _

Helion-alpha charge radii diference: 3.6 o disagreement !!!

ff — fi ‘muunic = 1.063 G(G)cxp(SO)thw fmz (CREMA, 2023)

Z=2 ﬂ? o r.i |ClCCt1’Unic =1.075 7( 1 5) fmz (Eikema, 2023)



Output lll: Muonic vs. electronic Isotope shifts

Deuteron-proton charge radii difference: perfect agreement

Z—'] rg _ lP§|muunic = 3.820 O(T)GXP(SO)thcu frn2
r§ _ rsltltctmnic = 3.820 7(3) fm2 ]

Helion-alpha charge radii diference: 3.6 o disagreement !!!

re — 2 |muonic = 1.063 6(6)exp(30)imeo fm”> (CREMA, 2023)

Z=2 ﬂ? o rfi |ClCCt1’Unic — 1 075 7( 1 5) fm2 (Eikema, 2023)
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Output lll: Muonic vs. electronic Isotope shifts

Pachucki’s talk:
Deuteron-proton charge radii difference: perfect agreement

- rg — 12| muonic = 3.820 0(7)exp(30)meo fm’
) ry — I3 |electronic = 3.8207(3) fm” .

Helion-alpha charge radii diference: 3.6 o disagreement !!!

re — 2 |muonic = 1.063 6(6)exp(30)imeo fm”> (CREMA, 2023)

Z=2 ff — r,i |{:lcctmnic =1.075 7( 1 5) fm2 (Eikema, 2023)

Motivation to measure lithium:
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Boron IS (desire to improve electronic measurements) 7=5
PRL 108, 142501 (2012)
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Nature volume 606, pages 479-483 (2022)



Summary

1. Charge radii are central for confronting theory with experiment

2. OnlyforZ=1,2, they are both precise & reliable

3. For/Z>10, they are precise bot not reliable (opportunities for theory)
4. For /Z=3-10, not precise. Limited by available experimental methods

5. New collaboration — QUARTET: Determine radii via x-ray spectroscopy of
light muonic atoms using novel cryo-calorimeters

6. Successful test last October, physics run next September,



Points of discussion:

Modern scattering on Lithium and Boron in JLAB Modern QED and Is NREC the I'ight platform to lunch a
Nuclear polarization in ulLi - uNe 3 .
new EM radii table (a-la AME)?
F-B Parametrization Results for Boron T
A.A Kabir et. al., in preparation u? gB.e 108 e ulLaser
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