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Muonic atoms and (light) nuclear charge radii
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Muonic atoms and (light) nuclear charge radii

Q ED , Roo ) ee Absolute charge radii input/censitivity from
laser spectroscopy?
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Muonic atoms and (light) nuclear charge radii

LEI: Nuclear Physics A306 (1978) 397 —405; © North-Holland Publishing Co., Amsterdam

D ata 7 3C Not to be reproduced by photoprint or microfilm without written permission from the publisher
.

. NUCLEAR POLARIZATION IN MUONIC ATOMS
Reference radii from e-scatter and pZ ATOMIC DATA AND NUCLEAR DATA TABLES . 725 59

G. A. RINKER '
Institut fiir Kernphysik. Kernforschungsanlage Julich, D-5170 J

TABLE IIA. Muonic 2p — I Transition Encrgies and Barrett Radil for Z < 60 and 7 > 77
See page 104 for Explanaton of Tables

I Angeli | Atomic Data and Nuclear Data Tables 87 (2004) 185-206 195 and [P P ISR g
- [keV]  [keV] [keV] [fm] (fm] | [1/fm] [am/eV]  [fm])
Physikinstitut der Universitdt Fribourg, CH-1700 Fribow
Table 1 Table 1 (continued) s smet | s maw oo umo 2w |oom 2w me  soms | e
Nuclear rms charge radii. (For the neutron the entry is (%) (fm?) . 1 70 (naoien)
and for the proton and deuteron, sec Section 2.) See page 194 for Z B4 R (m) Aok (fm) AR (fm) J. SPETH ot sy ow s e oo 2w s g |
Explanation of Tables 37 3.3901 -0028 0013 Institut fiir Kernphysik, Kernforschungsanalage Jilich, D-5170 . | e | o 152 ooms 20005 2065 | oos 20 et 1008 | (uses
. 38 34020 0017 2 3 % i | o
z El A R(m) AwR (fm) AR (fm) 30 34085 0105 0099 4 et s sous o 2o | some 2om 210
3 ) : : Institut fiir Physik. Universitat Bonn, D-5300 Bonn, W | "C' |5 o7 oo ro na L e | o
0 n 1 01149 0024 40 3426 0017 10006
1 H 1 0.8791 0088 46 3.4363 L0068 0032 Received 22 February 1978 FOL | A oows sy a4 e e S| B
2 2 2 262
z 1402 0091 19 LS 8. adAa2 0067 0057 Abstract: We have calculated nuclear polarization energy shifts for muonic | ™! |03 1o soes 213 260 | 000 2w amo azm | (s
3 1.7591 0356 39 34346 -0017 table using a phenomenological extension of more detailed mict ;
2 He 3 1.9448 0137 40 34378 0027 -0003 previously. Numerical results are presented in tabular form. no |ty e o wem oo nosm o | ™
R L 2 :gé; ggég j_‘) :22:? -%;g -gg:“; s |ussaen vrm o oo ow |wmes wme oz yos | e
3 i 253 02 > 34512 3 1002 H ftvec
7 24312 0281 43 3455]0 0089 0013 »r sy esis o e e |ome em ame sl | (e
H o e
“5‘ :e Iz siigg '8;;: a cc@xq‘g‘ -81‘7"1‘ gg}; e |omas oo 2o aws |aasw 2ous os s | e
242 5, 24 ¥ 012 | 5 2 (26:33)
11 2.4059 0291 -t f: 3.4552 0129 0016 *e |mmay wnae oo wme s |esse ww om sum | e
6 C 12 24703 0022 u Wil 3aso 0141 0017 . ) '
5 S4e1t o5 7d q i Angeli 2002 e o s o sse s 0w sem osm g | e
4 25037 0081 o =
7 N 14 25579 0068 'lg.\OV" wa
15 26061 0074 o0 1014] A “Data” HE
8 o 16 27013 .0055wg ’ o “Fit’ 'Y N
17 26953 }W?" 10121 @ Alldata.. o q . . _3 .
s 2775 \[Fods SRR 10" data points with G 10 correctione
9 F 19 238976 0024 aﬁ‘?
10 Ne 17 3.0428 0188 0135 e
18 29719 0084 0048 .
19 3.0081 0053 10033 21 Sc
20 30053 0021 22 Ti
a2z oo B h di
- - ” nuclear deformation
- . arret moment — charge radius
24 29032 0104 0044
25 29305 0133 10069 23 v 5
26 2928 0153 L0081 24 Cr 1 CI ST "SR S T .
2’ 29632 0245 0159 20 40 5o

Basis for all later reviews...



a

The experimental gap

We are all talking about hydrogen and helium because ...
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The experimental gap

Q We are all talking about hydrogen and helium because ... ' ‘ [ ' ‘ ' ' ' ' ‘
a Accessible by nucleon and few-body theory .
a Accessible by laser spectroscopy g IR
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Fig. 1. Part of the j« X-ray spectrum of the CsHgN,0; +Rh target.
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The experimental gap

We are all talking about hydrogen and helium because ...
a Accessible by nucleon and few-body theory
a Accessible by laser spectroscopy

Most of the stable nuclei have been measured
a Z>10 limited by TPE corrections
a Z<10 limited by semiconductor resolution

Accurate and precise radii from e-scattering is a challenge
Currently the reference data for light nuclei Z>2

What going on with carbon?
a Accuracy and precision with a crystal spectrometer
Q > 10'"muons
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The experimental gap
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Q We are all talking about hydrogen and helium because ...

d  Accessible by nucleon and few-body theory 6@ A need for efficient, ® pux-ray (HPGe)
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a Most of the stable nuclei have been measured r
Q  Z>10 limited by TPE corrections I

a Z<10 limited by semiconductor resolution

high-resolution X-ray
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Precision X-ray spectroscopy

Limitations of solid state X-ray detectors:

a o, =4/FNQ

| S/N with ENC a few 100 e-

Unit of heat < Unit of lonization
o AT = Edeposited / Ctot
a AT /T large — operate < 0.1 K
a A very good temperature sensor
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Precision X-ray spectroscopy

Resistance of highly doped semiconductors

Limitations of solid state X-ray detectors:
O o,=,FN, R
O S/N with ENC a few 100 e- —E—/ — L
T

Unit of heat < Unit of lonization
o AT = Edeposited / Ctot
a AT /T large — operate < 0.1 K
a A very good temperature sensor
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Precision X-ray spectroscopy

A
Limitations of solid state X-ray detectors: (—LL

o o,=.FN, ’

| S/N with ENC a few 100 e-

SQUID loop

Unit of heat € Unit of lonization
J AT=E /C

deposited tot

a AT /T large — operate < 0.1 K thermal bath

thermal link
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a A very good temperature sensor
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MMC detectors developed at the Kirchhoff Institut fiir Physik (KIP) in Heidelberg.
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Precision X-ray spectroscopy

From innovation to application with the maXs-* sensors
maxS-30 sensor with 8x8 0.5 mm pixels, efficient up to ~ 60 keV
Resolving power up to 6000
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https://www.kip.uni-heidelberg.de/tt-detektoren/?lang=en
https://iopscience.iop.org/article/10.1088/1748-0221/16/06/P06006

Precision X-ray spectroscopy

Energy resolution AE FWHM = 9.8 eV @ 59 keV

FWHM: 9.80eV <
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Precision X-ray spectroscopy

Energy resolution AE FWHM = 9.8 eV @ 59 keV

MMC detectors developed at the Kirchhoff Institut fiir Physik (KIP) in Heidelberg. 400
a From innovation to application with the maXs-* sensors
a maxS-30 sensor with 8x8 0.5 mm pixels, efficient up to ~ 60 keV
a Resolving power up to 6000
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MMC detectors developed at the Kirchhoff Institut fiir Physik (KIP) in Heidelberg.
a From innovation to application with the maXs-* sensors
a maxS-30 sensor with 8x8 0.5 mm pixels, efficient up to ~ 60 keV

Used for a wide variety of (X-ray) spectroscopy experiments
IAXO arXiv:2010.15348
ECHO arXiv:2111.09945
Highly charged lons https://doi.org/10.3390/atoms6040059
Th isomer measurement arXiv:2005.13340

Precision X-ray spectroscopy
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Precision X-ray spectroscopy with QUARTET

Quartet: Apply MMC to precision muonic atom X-ray spectroscopy

Motivated by opportunity
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Precision X-ray spectroscopy with QUARTET

Quartet: Apply MMC to precision muonic atom X-ray spectroscopy

Lamb shift TPE x (2/1)}
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Precision X-ray spectroscopy with QUARTET

Quartet: Apply MMC to precision muonic atom X-ray spectroscopy

Theory challenge

Experimental precision MOtivated by ODDOFtunitY
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Precision X-ray spectroscopy with QUARTET

What is interesting about Li, Be, & B
O  These <r?> as ab-initio benchmarks

A Calibrate Mass and Field Shifts (?)

(A Reference nuclei for Isotope chains.
Ongoing collinear laser spectroscopy measurements at GSI (COALA) ISOLDE/CERN (CRIS), ...
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Precision X-ray spectroscopy with QUARTET

PHYSICAL REVIEW C 107, 014314 (2023)

What is interesting about Li, Be, & B

c
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N
)

These <r?> as ab-initio benchmarks
Calibrate Mass and Field Shifts (?)

Reference nuclei for Isotope chains.
Ongoing collinear laser spectroscopy measurements at GSI (COALA) ISOLDE/CERN (CRIS), ...

Are LA
Re(A) = \/R2, +5(r2) e
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Lithium isotope

PRC 84, 024307 (2011)

From https://www.phy.anl.gov/theory/research/density/

(point radii) 0.16 Av[gLUX o P NV2+‘3-la
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Precision X-ray spectroscopy with QUARTET

What is interesting about Li, Be, & B
[  These <r?> as ab-initio benchmarks
A Calibrate Mass and Field Shifts (?)

(A Reference nuclei for Isotope chains. Golden case [ = 0.25:
Ongoing collinear laser spectroscopy measurements at GSI (COALA) ISOLDE/CERN (CRIS), ...

Uncertainty Contributions to
r(8Li) — r(®B)

d  We (the us) can also do isotope shifts of different Z. Like mirror nuclei.

= Current status + 8B

S. J. Novario, et. al., PRL 130, 032501 (2023)
0.0

® QUARTET
¢ CC: AN?’LOgo(394)
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25 _034 0.007
<
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Precision X-ray spectroscopy with QUARTET

PHYSICAL REVIEW A 102, 030801 (R) (2020)

What is interesting about Li, Be, & B
o« e, Probing atomic and nuclear properties with precision spectroscopy of fine
d  These <r?> as ab-initio benchmarks O bypertns srecture i the 'Li* b
| Calibrate Mass and Field Shifts (7) Collinear Laser Spectroscopy of Helium-like 1'B3+
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Kristian Kénig !, Bernhard Maag >0, Wilfried Nértershiuser 2, Simon Rausch 2,

(A Reference nuclei for Isotope chains. o e a5
P Thomas Udem @

Ongoing collinear laser spectroscopy measurements at GSI (COALA) ISOLDE/CERN (CRIS), ... O
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MMUC spectroscopy @ PSI

Preliminary measurements with Silicon Drift Detector (SDD):
. < 10 eV statistical precision
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MMUC spectroscopy @ PSI
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MMUC spectroscopy @ PSI

What is PSI? [] Previous talk A Knecht

Low energy
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What will we do?
d  Add MMC detector to muX setup
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MMUC spectroscopy @ PSI

What is PSI? [| Previous talk A Knecht

What will we do?
d  Add MMC detector to muX setup
A Load MMC detector on a truck and

see how much it likes a secondary muon beamline
d  Will this work?

d  Statistics v/
A Background: probably OK, unless the sensor readout does not like neutrons, Michel electrons, dust & humidity, ....
d  QED.Fine, hyperfine (a few eV), and quadrupole (< leV ) corrections calculated. v/
d  e- screening & Coulomb explosion v/
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Precision X-ray spectroscopy with MMCs
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Precision X-ray spectroscopy with MMCs

Future

l. Improved charge radii of Li, Be, B
2.  Improved charge radii of > C.Which ones make sense?!

3. Other applications such as high-field BSQED on pZ
Phys. Rev. Lett. 126. 173001

> hydrogen like high-Z @ GSI (SPARC/SPECTRAP)
But first, 6/7Li AE to<| eV
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Muonic-Atom Spectroscopy and Impact on Nuclear Structure and Precision QED
Theory

Aldo Antognini,?:* Sonia Bacca,*# Andreas Fleischmann,’ Loredana Gastaldo,?
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Recent progress in laser and x-ray spectroscopy of muonic atoms offers promising long-term
possibilities at the intersection of atomic, nuclear and particle physics. In muonic hydrogen,
laser will ine the ground-state hyperfine splitting (HFS)
and additionally improve the Lamb shift by a factor of 5. Precision spectroscopy with cryo-
genic microcalorimeters has the potential to significantly improve the charge radii of the light
nuclei in the Z = 3-8 range. Complementary progress in precision should be achieved on
the theory of nucleon- and nuclear-structure effects. The impact of this muonic-atom spec-
troscopy program will be amplified by the upcoming results from H and He" spectroscopy,
simple molecules such as HD* and Penning trap measurements. In this broader context, one
can test ab-initio nuclear theories, bound-state QED for two- or three-body systems, and deter-
mine fundamental constants, such as the Rydberg (Roc) and the fine- structure (a) constants.

https://arxiv.org/pdf/2210.16929.pdf
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TABLE IV. Screening in muonic O (constant screening

V,=510.4 eV).
Transition energy Screening
Transition (keV) correction (eV)
4Aps /e —1s1/9 166.408 -2.4
3pgse —1sy/9 157.714 -0.6
2p3/9 184/ 132.878 -0.1

Isotope Transition Linewidth (eV) Recoil correction (eV) Recoil previous transition (eV)

6 2pi-is 0.0067 -0.030 0.001
T 2pi-is 0.0068 -0.026 0.001
9%8e 2pi-is 0.021 -0.065 0.002

TPE effect on lambshift according to S. Bacca: 11.8 meV. With n scaling this gives 0.09 eV for °Li

TPE effect on lambshift according to S. Bacca: 22.2 meV. With n? scaling this gives 0.18 eV for " Li
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