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Negative cloud muon
beam at e.g. the Paul
[ ] Scherrer Institute

Stopped negative muon:
e  Atomic capture @ n = 14
° At high n:Auger transitions. Kick out “all” of the electrons

° At lower n radiative transitions dominate: Muonic X-rays

2 keV for pH, 6 MeV for uPb
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Muonic atoms: what is happening here?

Negative muons in matter:

Stopped negative muon:
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Atomic capture @ n = |4
At high n:Auger transitions. Kick out “all” of the electrons
At lower n radiative transitions dominate: Muonic X-rays
MH: neutral, molecular dynamics, transfer, catalyzed fusion

Free energy?

- w0t so eacy ... wnew effort at PST
US DMu/DT collaboration



https://indico.psi.ch/event/12027/contributions/34046/attachments/20770/34165/Update%20to%20PSI%2001-26-2022.pdf

Negative muons in matter:
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Muonic atoms: what is happening here?

Stopped negative muon:
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Atomic capture @ n = |4
At high n:Auger transitions. Kick out “all” of the electrons
At lower n radiative transitions dominate: Muonic X-rays

Decay in orbit



Muonic atoms: what is happening here?

Negative muons in matter:

fast neutron(s)

A/
W

MuSun: Muon capture rate'6n the deuteron
d

n
n

Stopped negative muon:

Atomic capture @ n = |4
At high n:Auger transitions. Kick out “all” of the electrons
At lower n radiative transitions dominate: Muonic X-rays
Decay in orbit

or

Muon capture + (very) excited nucleus

Ordinary muon capture studies for the matrix elements in 83 decay

D. Zinatulina, V. Brudanin, V. Egorov, C. Petitiean, M. Shirchenko, J. Suhonen, and I. Yutlandov
Phys. Rev. C 99, 024327 - Published 28 February 2019


https://doi.org/10.21468/SciPostPhysProc.5.018

Negative muons in matter:

Muonic atoms: what is happening here?

Very much like the H atom, but:

Bohr energies:

Bohr radii:

E =

n
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mc? a*Z?
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n? he

mc? aZ

Energies 200 higher:2 keV — few MeV range

Radii 200 times smaller: significant overlap with the nucleus

The muon lives partially inside the nuclevs

E (Z=82)
— 19 MeV (point nucleus)
— |1 MeV (finite size)
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Muonic atoms: what is happening here?

Negative muons in matter: Very much like the H atom, but:
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Energies 200 higher:2 keV — few MeV range

Radii 200 times smaller: significant overlap with the nucleus
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+ most <r?> of most stable nuclei in the tables




What to do with muonic atoms transitions?

Modern approach with
low Z muonic atoms

X-rayQ(10-1000 keN ’,,"



https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022501

What to do with muonic atoms transitions?

Modern approach with
low Z muonic atoms

QED, R, ...
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Need a_model and/or data. of the nuclear charge
distribotion.

Solve Dirac equation with all
necescary QED contributions™

v

X-rayO(10-1000 keN ’,,"
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Need a nuclear model and moct
applicable way to tackle the
many-body problem NCSM, CC,

T

TPE AKA nuclear polarization

&
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For Z=1,2 nuclei rigorous description in this RMP

. cReo Mred | Ens .
E _— A
(n,€,5)/h 3 - + 3 deo +A(n, 4, 7)



https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.96.015001

What to do with muonic atoms transitions?

Modern approach with QE D, Rool . Put ab-initio nuclear theory to the test

Ab initio calculation of nuclear structure corrections

low Z muonic atoms in muonic atoms
C. Ji', 8. Bacca®*!, N. Barnea®, O. J. Hernandez**%,
N. Nevo-Dinur®
g“m“” Trends of Neutron Skins and Radii of Mirror Nuclei from First
@ ()

e Principles

S.J. Novario, D. Lonardoni, S. Gandolfi, and G. Hagen

Phys. Rev. Lett. 130, 032501 - Published 19 January 2023
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Need a_model and/or data. of the nuclear charge Combine with laser spectroscopy
BL distribotion. — fundamental constants R, r
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NFS input for precision
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https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022501

It’s not that simple ...

Reference tables of (muonic)
charge radii: Fricke & Heilig book, [
Fricke — Angeli tables

Two Photon exchange / Nuclear polarization recipe from Rinker & Speth (1978)
“we tentatively estimate that our overall results are accurate to

within 20 % or 30 %”
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https://link.springer.com/book/10.1007/b87879?page=1
https://inspirehep.net/literature/415004
https://inspirehep.net/literature/1611365
https://doi.org/10.1016/j.adt.2011.12.006
https://www.sciencedirect.com/science/article/pii/0375947478904712
https://arxiv.org/abs/2409.08193

It’s not that simple ...
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Fine structure anomaly in Pb, Zr, Sn
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https://link.springer.com/book/10.1007/b87879?page=1
https://inspirehep.net/literature/415004
https://inspirehep.net/literature/1611365
https://arxiv.org/abs/2201.09638
https://www.sciencedirect.com/science/article/pii/0375947478904712
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Precision muonic atom data for Z=1,2 by the CREMA collaboration

WHe (25 - 2P, )

1 1
333 334
frequency [THz]

Experimental situation

Ultimate precision, however limited the
exotic atom transition in-range of
lasers and meta-stable initial states
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Experimental situation

Q Precision muonic atom data for Z=1,2 by the CREMA collaboration

Q Most of the stable nuclei have been measured with HPGe (70s / 80s) s

a Z>10 limited by Nuclear polarization / nuclear charge 1071 ® -Laser ]
distribution
a Z<10 limited by HPGe resolution I ]
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Experimental situation

Precision muonic atom data for Z=1,2

Most of the stable nuclei have been measured with HPGe (70s / 80s)

a Z>10 limited by Nuclear polarization / nuclear charge
distribution

a Z<10 limited by HPGe resolution

~1% precise radii from e-scattering to fill the gap

1

orlr

T T /]

0-2 L

102

T T

A need for efficient,

broadband, and

high-resolution X-ray | e e. scattering

detectors

@ px-ray (HPGe)
® ,-lLaser

® ,x-ray (Crystal)

/8 ®
i
(11
N (6}
(€]
° ° W
o /\/\
.3He 12; e © sl ° |
. 4
e .4He i
2 4 6 8 10 12 14 16 18 20
VA

15



Experimental situation

Precision muonic atom data for Z=1,2

Most of the stable nuclei have been measured with HPGe (70s / 80s)
a Z>10 limited by Nuclear polarization / nuclear charge
distribution
a Z<10 limited by HPGe resolution

~1% precise radii from e-scattering to fill the gap
Need for a 1-10 ppm precise energy determination if 2p|s transitions.

Limitations of solid state X-ray detectors:
Q o,=,FN,
a S/N with ENC a few 100 e-

Unit of heat < Unit of lonization:
| AT =E / Ctot

deposited

Qd  AT/T large — operate < 0.1 K
a A very good temperature sensor
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Experimental situation

400 - FWHM: 9,806V
Unit of heat < Unit of lonization o
)
= 300 - A
d AT = Edeposited / Ctoc ? quz
a AT /T large — operate < 0.1 K g
£ 200 -
a A very good temperature sensor 3 &
@'60
P 100 —{é@@
Metallic Magnetic Calorimeters — Unit of spin flip < Unit of lonization
ol P
D Pal‘amagnetlc AUIEI" A”()y 59.50 59.52 59.54 59.56 59.58

Energy E [keV]

a AP, = SM/ST AT = 8M/8T x E /

deposited Ctot
MaX*** censors developed by HD-KIP for e.g. the ECHO
experiment arXiv:2111.09945

Thermal Bath f \ | 3 Sa0D oop

thermal link

Magnetization of paramagnetic material, MMC

M themmal bath — L i aramagnetic
sensor
{ + meander-shaped —
B | ¥—O ‘ \\ pickupcoll — input coil ;X-SQUID

A.Fleischmann. C. Enss and G. M. Seidel. Topics in Applied Physics 99 (2005) 63 17
A.Fleischmann et al.. AIP Conf. Proc. 1185 (2009) 571



https://link.springer.com/chapter/10.1007/10933596_4
https://pubs.aip.org/aip/acp/article/1185/1/571/692599/Metallic-magnetic-calorimeters
https://arxiv.org/abs/2111.09945

Spectroscopy with MMCs

Quartet: precision muonic X-ray spectroscopy on low Z nuclei
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https://doi.org/10.1007/s10909-024-03141-x
https://doi.org/10.3390/physics6010015

Spectroscopy with MMCs

Quartet: interesting because
|. opportunity: big gain in experimental sensitivity 1% — 0.1% for light nuclei
2. few-body systems beyond helium
3. complement/reference existing and future laser spectroscopy data

26 <o FMD v frozen core

-& GFMC * 3BM

©- NCSM (CDB2K) _-o- TOSM
25} Isotope shifts by W. Norterhduser and Co
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https://www.ikp.tu-darmstadt.de/forschung_kernphysik/gruppen_kernphysik/experiment/ag_w_noertershaeuser/index.de.jsp

Spectroscopy with MMCs

Quartet: MMC from the basement to an online experimental environment

— 2023 test beam at PSI

YVY

Accelerator facility
Beamline elements
Neutron / electron / x-ray
backgrounds

(correlated and
uncorrelated to the muon)
Limited beamtime

20



Spectroscopy with MMCs

Quartet: MMC from the basement to an online experimental environment

— 2023 test beam at PSI.

YVY

Accelerator facility
Beamline elements
Neutron / electron / x-ray
backgrounds

(correlated and
uncorrelated to the muon)
Limited beamtime

21



Spectroscopy with MMCs

Quartet: MMC from the basement to an online experimental environment

— 2023 test beam at PSI.

=y

W v/ S
T/ S

Target chamberjia Accelerator facility
™R x-ray tube SN , Beamline elements
/ Neutron / electron / x-ray
/ backgrounds
(correlated and
uncorrelated to the muon)

Limited beamti
imited beamtime o9




Spectroscopy with MMCs

Quartet: MMC from the basement to an online experimental environment
— 2023 test beam at PSI.

\ | R ey SN e
| g7 — R
[a: ‘J‘ I ﬁ

Accelerator facility
Beamline elements
Neutron / electron / x-ray
backgrounds

(correlated and
uncorrelated to the muon)
> Limited beamtime

YVY
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Spectroscopy with MMCs

Quartet: MMC from the basement to an online experimental environment
— 2023 test beam at PSI.
— First 6Li and 7Li measurements.
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Spectroscopy with MMCs

Quartet: MMC from the basement to an online experimental environment
— 2023 test beam at PSI.

— First 6Li and 7Li measurements. Energy resolutions achieved of 15 el/ @ 18-50 kel/ /
— Also did some Be & B.

800 -
mm MMC data B Prompt -
o0 WSLi 2p-1s SDD data 700 + BwAnti-coincident
50 600
% Be 2p-1
) ) -1s
~ 40 n 500 P
] =
& =
] 3> 400
530 8
S 7Li 2p-1s
g HEEP 300
=
520
200
©
10
100
3 i
~300 -200 -100 0 100 200 300 0 4 e

Energy [eV] 0.9 1.0 1:1 1.‘2 1.‘3 1.4
Amplitude [scaled to ]

MMCe for muonic X-ray spectroscopy seems fo work!
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Spectroscopy with MMCs

Quartet: MMC from the basement to an online experimental environment

— 2023 test beam at PS| with Li/B/Be
— Applying a new technology: it's not that simple

- 80
a Raw data
g’_ 70F mm Temperature corrected data
§ 601 “— FWHM: ~15eV
| @60kev
50
64 pixels thus detectors. ol
Each with a slightly different M '
working point/non linearity/... sop
g P Y ——) [ |
20 {
10[- | B
T iy !
N ol o™ o BSEESHES bl 1 N m
00996 0.998 1 1.002 1.004
Relative amplitude
50 MeV Michel electrons == At the single-bit limit of our
light (aka heat) up the entire = 16-bit ADCs g
detector - = g
- -

26
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Spectroscopy with MMCs

Quartet: MMC from the basement to an online experimental environment
— 2023 test beam at PS| with Li/B/Be

— Status and prospects with the current proposal

New detector needed with

thicker absorber

2p-1s energy 2023 statistical reach 00:1art:t3 c; aim NP effect
1-0.3fm

67 19 keV 0.1eV ~0.05eV 0.1-0.2
Be (°Be) 33 keV 0.6 eV ~0.1eV 0.7-0.8
1011 52 keV 2eV ~02eV 1
1213¢ 75 keV ~04¢eV ~3
1415\ 102 keV ~0.5eV ~5
161180 134 keV ~0.5¢eV ~5
19F 169 keV ~06eV ~9
2022Ng 207 keV ~0.7eV ~20

Muli, Poggiallini, Bacca 2020

Drake & Bye 1985

Rinker 1978

27


https://scipost.org/SciPostPhysProc.3.028
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.32.713
https://www.sciencedirect.com/science/article/abs/pii/0375947478904712

Spectroscopy with MMCs

Quartet: MMC from the basement to an online experimental environment
— 2023 test beam at PS| with Li/B/Be

— Status and prospects with the current proposal

New detector needed with

thicker absorber

2p-1s energy 2023 statistical reach Quartet o aim NP effect
0.1-0.3 fm

67 19 keV 0.1eV ~0.05eV 0.1-0.2
%Be ("*Be) 33 keV 0.6 eV ~01eV 0.7-0.8
1011 52 keV 2eV ~02eV 1
12/13C

New accurate radii of light nuclei coming soon
N (next beamtime next week)
. Need reliable/modern/accurate NP input

(but not the most precise)
19F
2022Ng 207 keV ~07eV ~20

Muli, Poggiallini, Bacca 2020

Drake & Bye 1985

Rinker 1978

28


https://scipost.org/SciPostPhysProc.3.028
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.32.713
https://www.sciencedirect.com/science/article/abs/pii/0375947478904712

Spectroscopy with MMCs

And Z>10 — reference radii
But everything has been done already,
and is input (NP/distribution) limited

TABLE IIIA. Muonic 2p - I Transition Encrgics and Barrett Radii for Z < 60 and Z > 77
See page 194 for Explanation of Tabies

T T T T T T T T T
o7Li Isotope | Eeep.  Euneo, ol Wloa | @ c. R, Ref.
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1 10,
B
° ® -Laser

29 °Bet | 33402 33402 0001 17800 2390 | 00420 21160 -2080  3.0725 | [Ses0a]

10 ; 1 10 3700 (2080;60)

o''B @ e. scattering

meept | 52257 52262 0001 19280 2452 | 0.0440 21190 -B600  3.1540 | [ScBOa)

® ,x-ray (Crystal) § 900 (602:30)
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Fricke and Heilig recipe https://doi.org/10.1006/adnd.1995.1007
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https://doi.org/10.1006/adnd.1995.1007

Spectroscopy with MMCs

And Z>10 — reference radii Re(A) = , [R*(Arer) +5<T2>Aref,A
— N

Need one accurate reference point

to anchor the isofopic chain

22547

See Norterhauser group (GSI),
COLLAPS (Cern),... .. -

182193, 196-198 | =
ot ST = . /
T = AA
~ K
( 5 1% IS ~ MS -

\

Two more differences experimentally
constrain the Magcs and Field chift
for King plot analysis

My — My
M oMy

+F § (r2)*4

Proton Number

Neutron Number
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https://www.ikp.tu-darmstadt.de/forschung_kernphysik/gruppen_kernphysik/experiment/ag_w_noertershaeuser/forschung_ag_w_noertershaeuser/exotische_kerne_ag_w_noertershaeuser/laserspektroskopie_uebersicht/index.en.jsp
https://collaps.web.cern.ch/

Spectroscopy with MMCs

And Z>10 — reference radii:
> Generic motivation to support the vast amount of laser spectroscopy data.
(Nuclear model tests, nuclear astrophysics input, ... )
> Nuclear physics data — NFS effects of precision experiments

H
H
H
K

Neutron Number

Table 1| Contributions to the g-factor difference of °Ne®*
and 2Ne®* and the final experimental result

g-factortheory (x10°°)
. “Ne* 1,998,767,277.12(117)
Bound g-factor measurements at MPI Heidelberg o 3987672535380
Difference
@ Precision Trap ENS 0166(11)
Recoil, non-QED 13.2827
Recoil, QED 0.0435
\.\]i('l‘()\\‘ﬂ\'(‘ Horn Recoil, (a/m)(m./M) -0.0103
Recoil, (m,/M)* ~0.0077
Microwave Nuclear polarization 0.0001(3)
z [ Ag Total theory 13.474(1)s
Measurement cycle
" Dg Experiment 13.475 24(53).(99).ys

The dominating uncertainty stems from the FNS. All digits are significant when no uncertainties
are given. m, and M are the electron and nuclear mass, respectively. For the individual
contributions, see Extended Data Table 1.

31


https://www.nature.com/articles/s41586-022-04807-w

Spectroscopy with MMCs

i
—
i am

And Z>10 — reference radii:
> Generic motivation to support the vast amount of laser spectroscopy data.
(Nuclear model tests, nuclear astrophysics input, ... )
> Nuclear physics data — NFS effects of precision experiments
> Isospin difference, isospin triplets & Vud

s
ioga

R

Proton Number

e

Neutron Number

Correlation between Al and AR Misha & SengVud corrections

0.0 ed from Willried's group o IKs KuLEE:uvan One research project there s
and apply the offline techniques o
$ CC: AN?LOco(394) Thes

radioactive beams of e. g is means th:
. 2 us 160 will back in the picture. Lw? ran improve with a factor of ~4-5)
—0.19 & CC: AN*LOgo(450)
&g A CC: N?LOgaut

Extrapolating from the ground state to the
V AFDMC: N*LOgs
-~
e

9474(72)90062-0.
6, and can set 10Be as an

ht
We aim to get 98e to 0.
ambitous goal

excited state can be done with some precision
t o g .

Table 1: Determinations ofn(?\;sn ased on Available data of nuglear charge radii for isotriplets in

measured superallowed decays. Notation: 123.12(234) means 123.12 +£2.34. Superscripts denote

the source of data: Ref.[59]%, Ref.[61]", Ref|[62]°, Ref.[63]%, [64]°, and Ref.[65]/
i

T AT (310" (fn) (r&,0) "/ (fm) G2 () [ (r8,)'72 (fm) .
#\ 305 0] /Mo T05(ex), T0Bc: 2.3550(170) | NJA @
#_\ 268 14 [ %0 J FIN[ex) | 1C: 2.5025(87)° N/A N
05 2265 ARBITOT = 15741 + 0.021 [fm] 18 }“N(\2@’/14(7G)“ 5B (ex) | 0: 2.7726(56)" 3.661(72) N
—U I I ! ! ! 22 | M, 50@91 89) Nie TeNe: 2.9525(40) | 3.596(99 <
~0.25 ~0.20 ~0.15 ~0.10 ~0.05 = Mg (89) o INA(ex) 525(40) (09) %
—a 6 AL-3.130(15)7. 0337(18) 4.11(15) 2
8B P2 any time sodn o0 i P (ex)) i:°3.1336(40)° N/A @
" 34 | T2Ar: 3:3654(40)* | HCT o .2847(21)° 3.954(68)
o2 u 38 | BCa: 3.467(1)° SK: 3.437(4)° < 3.4028(19)° | 3.999(35 X
20 1) e
- 2 Zn 5 3. d702(238) 5081(21)° 2
02 s l s 346 Cr 070(22)" i~
“one Shnednisini—=50 Sake \33Mn: /,u,w (196)" 88(65)° 4.82(39) e
] significantly 54 | 5iNi: 3.738(4)° TCo - 3.6933(19)° 4.28(11) S
g oo N < o2 e { T | 527n: 3.9031(60)° NTA @
4 - _— 66 20Se AT\ Ge N/A N
04 < } 1 70 TOKr OBr 7“50 N/A P
. . . . . 74 i TIRb: 4.1935(172) | TIKr: 4.1870(41)" 4.42(62 <
I Re-evaluation  of experimental input by B. a2l i a7y | SiKr 1) (62) 4 -
005 i Cal L. 54CO already done at Jyvaskyla, a will happen 2
Loy Ohayon, predictive power? //
(K Ca) * muX will (redo) the stable Si isotopes, meaning that
- . & - 4 & I)T ere are more solid ref/stable (29 & 30) Si radii available , and one does not have to rely on the natSi multiplet fit of
0.02 0.04 0.06 0.08 01 0.12 0.14 https://doi.org/10.1103/physrevc.45.80

2) we should contact e.g. Ruiz from https://doi.org/10.1103/PhysRevLett. 132.162502, i.e. offline laser spec measurements with BI
are FRIB people, so why not continue with towards 265i? 32

** we have alreadv measured (still need to finish the analvsis / publish) 35&37Cl. collinear laser spectroscopv to aet to 34Cl is a cr


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.032501
https://arxiv.org/abs/2409.08193
https://doi.org/10.48550/arXiv.2311.00044

Spectroscopy with MMCs

And Z>10 — reference radii:
> Generic motivation to support the vast amount of laser spectroscopy data.
(Nuclear model tests, nuclear astrophysics input, ... )
Nuclear physics data — NFS effects of precision experiments
Isospin difference, isospin triplets & Vud

>
>

— There is some low-hanging fruit,
e.g. laser spectroscopy on Si and Mg relying on natSi and natMg data
muX at PST will measure with isotopically pure Si target this year ( well, thic week!)

7 )
' Je 267 2 T 4000
a) I =
3181 y , ; a
. island of inversion — / 2
) . a 7
E 29g; E o+ o 3000
g 313 = ) fip N
& s * experiment // ; ﬂ
= [~ o FMD g £ 2000
e si f‘ sw0f ¥ 4 2
o ’
E e ©
© > =_a Fom
; . _° - 100
% 32g;j 306 ¢ S % I 0 J
st o o @ 0
2000  -1500  -1000 500 0 500 3027, o, 4 4 a4 % @ 444y 4600 4620 4640 4660 4680 4700

28 2
Relative frequency (MHz) a0 % 24 26 30 3 Channel 33


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.042504
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.45.80
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.45.80

Spectroscopy with MMCs

And Z>10 — reference radii:
> Generic motivation to support the vast amount of laser spectroscopy data.
(Nuclear model tests, nuclear astrophysics input, ... )
Nuclear physics data — NFS effects of precision experiments
Isospin difference, isospin triplets & Vud

>
>

— There is some low-hanging fruit,
e.g. laser spectroscopy on Si and Mg relying on natSi and natMg data
muX at PST will measure with isotopically pure Si target this year ( well, thic week!)

— To make a significant impact on a chain, measure 3 isotopes with pZ, of which one is quite often not stable

oid ¢ Potassium (Z = 19) [1]

0.6

Traditional muonic atom spectroscopy requires
macroscopic targets — stable isotopes

0.4

6<r:>

0.2
0.0

What about long lived icofopes ? 02

20 25 30
Neutron number 34


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.162502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.042504
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.45.80
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.45.80

Radioactive targets

-

I |Wj

N

So we have:

YYVYY

p-time — t=0

Beam halo veto

M decay in orbit time
X-ray time/energy/angle

K counter

Stop 30 MeV/c muons in a small amount of material

l. Stop in 100 Bar of H, + 0.25% - 1% of D,
2. Transfer from pH to pD in ~100 ns + 45 eV of kinetic energy
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Scintillating paddles

U

I |W

PbI

So we have:

YYVYY

p-time — t=0

Beam halo veto

M decay in orbit time
X-ray time/energy/angle

Radioactive targets

K counter

S

|| TSR

Stop 30 MeV/c muons in a small amount of material

l. Stop in 100 Bar of H, + 0.25% - 1% of D,
2. Transfer from pH to pD in ~100 ns + 45 eV of kinetic energy
3. puD moves freely through H2 gas at ca. 5 eV

Ll\,d, + DZ PHYSICAL REVIEW A 73, 034501 (2006)

Ramsauer-Townsend effect in muonic atom scattering

F. Mulhauser,"* A. Adamc_zak}‘T G. A. Beer,> V. M. Bys(ri(sky.4 M. Filipuwicz.S M. C. Fujiwara,® T. M. Huber,” O. Huot,"
R. Jacot-Guillarmod,"* P. Kammel,** . K. Kim.” P. E. Knowles." A. R. Kunselman,'’ G. M. Marshall,® A. Olin,®
C. Petitjean,'" T. A. Porcelli,’ L. A. Schaller,' V. A. Stolupin,* J. Wozniak,'? and J. Zmeskal'®
(TRIUMF Muonic Hydrogen Collaboration)

Hd +H,

Scattering cross section (log scale)

kinetic energy (eV)
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Radioactive targets

K counter ‘ . ‘
- Thin layer of high-Z material

MeV X-ray

" S ﬂ | \;13:@

BN
1

Stop 30 MeV/c muons in a small amount of material

I Stop in 100 Bar of H, + 0.25% - 1% of D,

2 Transfer from pH to pD in ~100 ns + 45 eV of kinetic energy
3. puD moves freely through H2 gas at ca. 5 eV

4 Upon hitting the chamber walls: uD — pZ transfer

So we have:
> p-time — t=0
> Beam halo veto
> pdecay in orbit time
> X-ray time/energy/angle
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Time difference (ns)
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Radioactive targets

Works!
a 5 ug gold plating

https://doi.org/10.1140/epja/s 10050-023-00930-y

@  Implanted potassium MeV X-ray )
htps://doi.org/10.1016/Lnimb.2023.05.036 i N 7 iz
O  Radioactive 248Cm — K \\;3:‘@
\; i

https://doi.org/10.3929/ethz-b-0006 12640

K counter _ . .
- Thin layer of high-Z material

awopd
wopduvard
o o]
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heV)

We need surface targets, but can get away with a shallow implantatic
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https://doi.org/10.1140/epja/s10050-023-00930-y
https://doi.org/10.1016/j.nimb.2023.05.036
https://doi.org/10.3929/ethz-b-000612640

Radioactive targets

Since 2017 muX has been running a decent size HPGe arraL+ transfer targ

Works!
a 5 ug gold plating

https://doi.org/10.1140/epja/s10050-023-00930-y
Q Implanted potassium

https://doi.org/10.1016/j.nimb.2023.05.036 J\;{
Q Radioactive 248Cm —s— 1

https://doi.org/10.3929/ethz-b-0006 12640
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https://doi.org/10.3929/ethz-b-000612640

Radioactive targets

And Z>10 — reference radii:
> First data With 39/40/41 K

> With a <r?> sensitivity of ~0.1% / 100 eV,We control the
HPGe detectors to a few 10 eV (< 20 ppm!)

6<r’>

Potassium (Z = 19) [1]

1.0+ 10 hours
5 days

Ag-110m
0. ” 10 hours

<
>

'
\v

nts / 0.1keV (scaled)
o o
N o ™

EmY

20 25 30
Neutron number

Residual (keV)

700 705 710 715 720

Energy (keV)



https://www.nature.com/articles/s41567-020-01136-5

> Unstable nuclei

muX @ PSI 2016 -

Limited progress in the last 10 years, some

Ba+ spectroscopy, some ....

Elpne=K,

sin?6y (Q°

0.242

0.240

Why heavy nuclei? — our main target is 226Ra because of APV

Hyperfine Interact (2011) 199:9-19
DOI 10.1007/510751-011-0296-6

Atomic parity violation in a single trapped radium ion

0. 0. Versolato - L. W. Wansbeek - G. S. Giri - J. E. van den Berg -

D. J. van der Hoek - K. Jungmann - W. L. Kruithof - C. J. G. Onderwater -
B.

L.

K. Sahoo - B. Santra - P. D. Shidling - R. G. E. Timmermans -

Willmann - H. W. Wilschut

7P
7P

3/2

2’ Q,

7S,,+EnP

v-DIS

E158

QWeaky s

1/2

i1 {
Moller
P2 SOLID
]
"Anticipated sensitivities" SLAC
-2 -1 0 1 2

6D,
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https://doi.org/10.33612/diss.100383960
https://inspirehep.net/literature/1909783

Why heavy nuclei? — our main target is 226Ra because of APV
> Unstable nuclei
> Complicated hyperfine structure and nuclear charge distribution

Fine splitting (FS): J=1+5% Transition  Energy (keV) Relative intensity (%) (n,1,j) Lo ol B

Static hyperfine splitting (HFS): F =T +J ;e mw 2:; + E::Z; ;i
. . . 3 6687.082 81.904 (213) 3 0 = (103) § o

A Significant quadrupole and dipole o mm Gl e e

shifts - & 0

F F s 6353.462 20541 (21} 3 2 - (1,0,;) 0

12 9 6800810 17731 (213) 3 2 = (10}) 0

P O Hvoerfine solittine f d IO EER EE

2p 2 4 ype Ine Sp Ittlng rom groun 12 amjﬂz 12:17.0 §21,§; % 0 El% ; 2
RN .17 3 and excited states (I=0 nuclei Wooemm w2 (d) §

, 5 o wm o) § 2o G .

E don t Save you) 17 (st»em 5391 22\3 ; ; -+ E 2

18 6757.410 4476 (213) 3 2 - (10 2

19 6703.025 4184 Ez 1%; ]; 2 j E ,0.4 4

A Ph.D. Thesis Stella vogiatzi and noomesm o fliao (e

1 i 2 . 23 6803425 1869 2, 1; ; 2 » 2
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https://www.research-collection.ethz.ch/handle/20.500.11850/612640
https://inspirehep.net/literature/1628009

Why heavy nuclei? — our main target is 226Ra because of APV

> Unstable nuclei

> Complicated hyperfine structure and nuclear charge distribution

> Persisting fine splitting anomaly ( From Bergem et. al. 1988 data persistent to Oreshkina 2022 )

Fine splitting (FS): J = 1 +§ uPb measvrement to determine the NP, and then then it has not event the correct sign
Static hyperfine splitting (HFS): F =1 +J

[ Significant quadrupola and dipole

shifts
EP
—2
2 e . o L
" e 5 O Hyperfine splitting from ground . ,
—_— . . e®0 o
i 2 0 and excited states (I=0 nuclei s, ,— Presen
J ) [
. don't save you) F
Q- -100
; it
O  Ph.D.Thesis Stella vogiatzi and L 200 IMII|IHI|I |
1 2 . &
” S : work by N. Oreshkina (nuclear & 300 ,
37, I — Z
5t - wave functions from skyrme i |
Iground = 5 lexcited = 3 interactions) 4 45 5 55 6 65

NP s, (keV)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.37.2821
https://inspirehep.net/literature/2016342
https://www.research-collection.ethz.ch/handle/20.500.11850/612640
https://inspirehep.net/literature/1628009

Why heavy nuclei? — our main target is 226Ra because of APV
> Unstable nuclei
>  Complicated hyperfine structure and nuclear charge distribution
> First radioactive target measurement with 248Cm

Target preparation at Mainz nuclear chemistry

15.5 pg 248Cm target

Steel ring
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Titanium grid
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Target
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covers ’ ‘
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g
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248Cm muonic X-ray spectrum

¥e=213
Fit results (only statistical):
dR = 1.013031(15) = R = 5.94518(9) fm
dQ = 0.9969(7) = Q = 12.003(8) b
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ot AU
.
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nsitiont ?
s 1
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https://www.research-collection.ethz.ch/handle/20.500.11850/612640
https://doi.org/10.1103/PhysRevA.99.042501

>

>
>
>

15.5 pg 248Cm target

Unstable nuclei

Complicated hyperfine structure and nuclear charge distribution
First radioactive target measurement with 248Cm
3 failed attempts with chemically prepared 22°Ra targets

Target preparation at Mainz nuclear chemistry

Steel ring

Carbon fiber
grid

Titanium grid

Entrance
window

Polystyrene

Target
Gas inlet —

Why heavy nuclei? — our main target is 226Ra because of APV
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https://www.research-collection.ethz.ch/handle/20.500.11850/612640

A teaser upon request

Ll o H
What about APV with muonic atoms? 25 v N\
. . . .
> Long standing idea to measure APV with the 2sls o
Missimer & Simons , Feinberg & Chen
> Large PNC amplitudes 102 @ z=5 10 @ Z=30 " |
. . . . +
( circular polarization, e-y or y-P correlation) 2 x El VY
> Challenging transition to observe
— muX aimed to observe 2sls for the first time _1s|
i -4
el [ B.R~10 Some (fun) references:
- [ J-PARC efforts: hetpsi/idoi.org/10.105 1 /epjcon/202226201010
I N }VS (A Meta-stable 2S in Boron: https://doi.org/10.1103/PhysRevLett.78.4363
L . \V\ (A D.Budker Gamma factories and highly charged ions
20000 — e\\w\' 2s1s https://doi.org/10.1002/andp.202100561
I ?f A HiMB physics case hetps:/doi.org/10.48550/arXiv.2111.05788
. (A M. Pospelov ideas in the proton puzzle days
= https://journals.aps.org/pri/abstract/10.1 103/PhysRevL ett.108.263401
15000 https://doi.org/10.1103/PhysRevlett.107.01 1803
I 2S population in pKr boosted by 4x by pH — pKr transfer 46
I ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 |



https://doi.org/10.1016/0370-1573(85)90013-4
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.10.190
https://doi.org/10.1051/epjconf/202226201010
https://doi.org/10.1103/PhysRevLett.78.4363
https://doi.org/10.1002/andp.202100561
https://doi.org/10.48550/arXiv.2111.05788
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.263401
https://doi.org/10.1103/PhysRevLett.107.011803
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TECHNION
Significant progress (expected) all over the nuclear chart V;rggg;:z{i;;;e
A Light nuclei with Quartet / MMC detectors o

imi ~ Laboratoire Kastler Brossel
A Modern HPGe detector array at PSI and All aiming for ~0.1 % . \ @E'EBSE‘USSE
accuracy on charge radii
A A novel HD transfer target for ug targets
Future: ‘ ‘ngi.‘é%[i;'sﬁ‘é
[ LiB, Be, ... CaK, CLAg ... Re,U,Cm,... data under analysis o
A Push MMC + muonic-rays to the limits
O  Eying 'Be-Li, °B-8Li, '°Ne-'8Q, '°F-'"Ne mirror pairs QU RTET
A  '°Be combining MMC with transfer target . &F,W““terz;cere"w Rod .
O measure 2/27A|, 28298305 108mAg - reference radii S K"”?\] poul): ":,OM o
! n IV b ro! JOHANNES RIRG
Some challenges & needs: (% 2‘“3{}0[;0 ) oollo?? UNIVERSTTAT
@O  Need NP input to go from E to <r?> from A=6—226 (& NXVA
A Understand all spectral features for the high Z nuclei BRUEeRA e
A  Produce propper 2*Ra target (implant!) and measure .
propper ™ Ra target (implant’ ETHzirich

A Push MMC + muonic-rays to the limits

 PSI “




. . 2 3,2
So why (re)measure muonic X-rays (with HPGe detectors) ABrws(n,1) = 525 (Za) 'mer®io

Theory uncertainty/complexity

Cr/r

> Specific rare and/or heavy isotopes of interest

> Unstable isotopes?

—_— MUX pi'qjecf at ID.S‘I https://arxiv.org/abs/2108.10265 Experimental sensitivity

z

Physics case: Measuring 2P1S in 226Ra
— Input for a APV experiment on a single trapped Ra ion.

0242 DOt R0 Ol 6
v-DIS
0.240 s | ’
Atomic parity violation in a single trapped radium ion
0238 }

+ APV(Cs) QWeakPVD.g

} i} I
0.232HAPV(Ra*) Moller -
7 ] SOLID

0.230- "Anticipated sensitivities" SLAC
[

INPUT

)
%)
=

0 Determine E(2P1S) < 10 keV to determine charge radius < 0.2% needed to calculate K_

. . el s <
- But all Ra isotopes are radioactive! — < 5 pg of 226Ra < You need O(0.1 mm) of high-Z material to stop standard muon beam


https://arxiv.org/abs/2108.10765

Waveform analysis to achieve o, « signal rise time

10

ADC counts

HPGe
detectors

Muon counter
for t=0

60Co calibration lines [ S ——— W
Samples (at 250 MSPS)
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Measure 2S1S for Z=30 nuclei — measure APV with muons directly?

o  Motivation:
o . 2 ’
i Can we get sin (QW).
ii. Is the muon special
iii. Neutral currents at low Q? have not

Is the muon special?

yet been measured Extending theories on muon-specific interactions
O Goa_l of mux: Carl E. Carlson and Michael Freid
Phys. Rev. D 92, 095024 — Published 23 November 2015
L. Observe 2S I s transition 4 Constraints on muon-specific dark forces
ii. Achieve good S/B for a 10" B.R. transition S P O A L e 0, ST

Testing Parity with Atomic Radiative Capture of u~

H David McKeen and Maxim Pospelov
Phys. Rev. Lett. 108, 263401 — Published 29 June 2012
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