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We want to

¢ Accurately measure
absolute nuclear charge
radii of stable nuclei
from °Li to 2°Ne
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How?

Muonic atoms

* slevels very sensitive to nuclear radius:

2 2
6EFNS - Zz (i) <ﬂ> ~ 10—4— ZZ
Ey Ao me

* Well-developed theory + Experiment
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How?

Muonic atoms

* Needed resolving powerFE > 103
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o , for3 < Z.
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How?

Muonic atoms

s levels very sensitive to nuclear radius:

2 2
SEFNS - Zz (i) <ﬂ> ~ 10—4— ZZ
Ey Ao me

Well-developed theory + Experiment

Needed resolving power FE > 103
E
for3 < Z.

Solid-state detectors not adequate
under ~200 keV (Z = 10)

Laser spectroscopy not (yet)
possible.

Cryogenic microcalorimeters

X-ray photon or particle
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Thermometer i '
. ' \
Weak thermal link G — Absorber C

Thermal bath
(T < 100mK)

High quantum efficiency

Broadband (important for
calibration)

Superb resolution (ri > 103)
E

Fast rise time (important for

background suppression) 4 /30
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How?

Quantum Interactions with Exotic Atoms

Muonic atoms

QUARTET

Cryogenic microcalorimeters

X-ray photon or particle
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Metallic Magnetic Calorimeters (MMCs)

absorber

SQUID loop

thermal link

thermal bath

OFE dM 6FE
OF |:> 5T=? |:> oM = |:> 0D ~ M ~ 6T ~ OE

dT C
Absorption of Increase of Change of Change of
energy temperature magnetisation magnetic flux
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Metallic Magnetic Calorimeters (MMCs)

absorber !

* Absorber thickness
determines efficiency
at given energy
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Metallic Magnetic Calorimeters (MMCs)

absorber

* Absorber thickness
determines efficiency
at given energy
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Frontier applications of MMCs:

X-ray spectroscopy of highly charged ions @ storage rings 229mTh optical excitation energy 8.1(2) eV:
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Search for Axion-like particles:
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Frontier applications of MMCs:

X-ray spectroscopy of highly charged ions @ storage rings

R 180° detector
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Experimental scheme

e 10*u~/s, ~30MeV/c
* Entrance counter and veto for tagging and W beam
timing
oo I Voo
Coincidence
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Experimental scheme
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* Target ladder in vacuum chamber with x-ray
windows mm
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e X-ray tube and suitable targets X-ray |
beam i

b

Target chamber
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Experimental scheme
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Calibration Strategy

E(2P-1S):
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Li Be B

50

N 0
100
E (kel)

150

200

Ne

8/30



Calibration Strategy

E(2P-19): Li Be B C N @) F Ne
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Calibration Strategy

E(2P-15): Li Be B C N @) F Ne
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Calibration Strategy

E(2P-15): Li Be B C N @) F Ne
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Some open guestions

 Transport, integration, cooling, fast enough?
 Sources of background in the accelerator environment.
e Effect of muon-induced background?

e Efficiency of detection & detector placement

* [Interplay of stability & calibration
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Test beam:

October 23

1 week online



Test-beam summary: The detector

Use existing MaXs-30 detector

_;.
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Test-beam summary: The detector

With dedicated sidearm

Use existing MaXs-30 detector
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Test-beam summary: The detector

Use existing MaXs-30 detector With dedicated sidearm

Efficiency: 97% @ 19 keV,7% @ 75 keV

Good for np-1s in muonic: Li, Be, B & (C)
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Test-beam summary: Target choice and preparation

Used targets:
e Blank Cu
« MLi =929% 7Li,8% °Li 2 mm thick
*  °Li =95% °Li,5% Li 2 mm thick
. 9Be, 99.0% pure, 2.5 mm thick
. Mp =80%'"B,20%°B 2 mm thick
«  2C(>99%) powder in Cu or Alu pouch, 0.5 g

«  BC(>99%), D-fructose in Cu or Alu pouch, 1 g

* XRF targets: Mo and Ag foils on Cu grid




Test-beam summary: Target choice and preparation

Used targets:

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

« M1i =920 "Li,8% °Li 2 mm thick
e ®Li=95% °Li,5% ’Li 2 mm thick

«  °Be, 99.0% pure, 2.5 mm thick

« MIB —80%'"B,20%'°B 2 mm thick

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

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

* XRF targets: Mo and Ag foils on Cu grid




Test-beam summary: Tested calibration sources

E(2P-1S):  Li Be B C N O F Ne
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Test-

oeam summary: Preparation schedule

Date 21.9 22-23 24-27 28.9-4.10 5-9 10-11 12 13-15 16-17 18 19 20-25

Set up,
MMC Transport & Cooling, <10 mK Tests Long SERIIERS Warm up & Crane Tunning .

. calibration Rate test (high-E Prepare for . Beamtime!
Det. Crane Prepare tuning complete det. . Cool down First pulses
. test photon) craning
electronics

DAQ Cryo data in - Data- Pixel fit

MIDAS Syncing N — = - -

Rate tests 55Fe,

Source 55Fe 55Fe FeCdBayY Ba 137Cs 2A1AM 241Am
Target Design Gluing Assembly & Final Cover with ta'ro\séielﬂ %Iger ta,:\sestellj; k:jlger
Chamber mounts windows leak test Assembly Copper g | g I
SDD & Test (MuX - Setu Opt.
HPGe exp.) = - P Calib.
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Test-beam summary: Online schedule

Day | I 1l \Y; Vv (VI)
i 00:00 - 2:00 - 11:00 - 12:00 13:30 - 11:30 - 12:30 17:00 - 19:00- | 10:00— 11:00- | 12:00- 21:30 - 23:30 - 1:30 - 14:00 - 15:00- | 19:00 - 21:00 - 9:30 - 14:30-
1:00 11:00 12:00 -13:30 11:30 12:30 -16:30 18:30 10:00 11:00 12:00 19:00 23:00 1:30 13:30 15:00 19:00 21:00 9:30 14:00 7:00
Impla Produ Beam Beam Calib
. . . . i + i i ile- . ’
Goal Calib. Pr_odu Calib. Bgnd Produ Calib. nt. Bgnd Pr_odu Calib. Rate ction tun_lng tun_mg Produ Pile Pr_odu Calib. Eroduc s (g P_roduc
ction ction ction test beam while while ction up test | ction? tion tion
test . study
tuning reset reset
o
Target Mo-Ag Li Mo-Ag Cu 5Li Mo-Ag 2@ Empty 10118 Mo Be 10118 13C L2 ‘Be e 2@ Mo-Ag (7LI_Ii; Mo-Ag | SLi/7Li
°Fe Fe
55 ) H
109Fe, o 210ppy 210pp,
Source Cd, «— «— «— «— Fe «— o - «— «— «— «— «— «— «— «— — — «—
241 Am, Am,
m 137Cg 137Cs
Ladder I I I | | I | ] I I I I I I Il i 1| 1| i 1|
MMC Soft Soft
\Y Vv Vv Vv \Y Vv Vv \Y \Y Vv \Y \Y \Y V Vv Vv V \Y Vv
Det. reset | reset
MMC
DAQ sync CSVv
output

Ladder |
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Test-beam summary: Preparation schedule

Day | I 1 WY, V (V1)
i 00:00 - 2:00 - 11:00 - 12:00 13:30 - 11:30 - 12:30 17:00 - 19:00- | 10:00— 11:00- | 12:00 - 21:30 - 23:30 - 1:30 - 14:00 - 15:00- | 19:00 - 21:00 - 9:30 - 14:30-
1:00 11:00 12:00 -13:30 11:30 12:30 -16:30 18:30 10:00 11:00 12:00 19:00 23:00 1:30 13:30 15:00 19:00 21:00 9:30 14:00 7:00
Impla Produ | Beam Beam calib
Goal | calib. | P | caiib. | Bgnd | PN | catib. | nt. Bgnd G °dU [ cqy, | Rae [ ction +gggtuning | tuning | Produ f Pile- f Produ f o ; — f Produc 17 f Produc
ction ction ction test beam while while ction up test | ction? tion tion
test . study
tuning | reset reset
o
Target Mo-Ag Li Mo-Ag Cu 5Li Mo-Ag 2@ Empty 10118 Mo Be 10118 13C L2 ‘Be e 2@ Mo-Ag (7LLIi; Mo-Ag | SLi/7Li
°Fe Fe
55 ) H
109Fe' " 210pp, | 210pp
Source Cd, «— «— «— «— Fe «— oo - «— «— «— «— «— «— «— «— — — «—
241 Am, Am,
m 137Cg 137Cs
Ladder I | | | | | | Il I 1| 1| I | | Il Il Il Il I Il
MMC Soft Soft
Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv Vv
Det. reset | reset
MMC
DAQ sync CSV
output
Ladder | Ladder 11

16 / 30



Test-beam summary: Preparation schedule

Day | I 1l \Y; Vv (VI)
i 00:00 - 2:00 - 11:00 - 12:00 13:30 - 11:30 - 12:30 17:00 - 19:00- | 10:00 - 11:00- | 12:00- 21:30 - 23:30 - 1:30 - 14:00 - 15:00- | 19:00 - 21:00 — 9:30 — 14:30-
1:00 11:00 12:00 -13:30 | 11:30 12:30 -16:30 18:30 10:00 11:00 12:00 19:00 23:00 1:30 13:30 15:00 19:00 21:00 9:30 14:00 7:00
Impla Produ Beam Beam Calib
. . . . i + i i ile- . '
Goal Calib. Pr_odu Calib. Bgnd Pfodu Calib. nt. Bgnd Pr_odu Calib. Rate ction tun_lng tun_mg Pljodu Pile Pr_odu Calib. P_roduc s (g P_roduc
ction ction ction test beam while while ction up test | ction? tion tion
test . study
tuning reset reset
o ;
Target Mo-Ag Li Mo-Ag Cu 5Li Mo-Ag 2@ Empty 10118 Mo Be 10118 13C L2 ‘Be e 2@ Mo-Ag (7LI_Ii; Mo-Ag | SLi/7Li
°Fe Fe
55 ) H
109Fe, o 210pp, 210pp,
Source Cd, «— «— «— «— Fe «— o - «— «— «— «— «— «— «— «— «— «— «—
21 Am, Am,
m 137Cg 137Cs
Ladder I I I | | I | ] I I ] I I I Il i Il Il i Il
MMC Soft Soft
\Y V V Vv \Y V V \Y \Y V \Y \Y \Y V \Y V V \Y V
Det. reset | reset
MMC
DAQ sync CSVv
output

4 hours downtime of the MMC detector refrigerator

Detector up time: 96%

During reset, optimize implantation using solid-state detectors
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Test-beam summary: Role of solid-state detectors

Optimize Signal to background:

Carbon x-rays / s vs. Momentum

-13C (1.0 gram)
® -12C (0.5 gram)
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Test-beam summary: Role of solid-state detectors

Optimize Signal to background:

Contamination analysis
(“Where do the muons stop”)

60
55
50
45
40

25
20
15
10

Carbon x-rays / s vs. Momentum

24.0 26.0 28.0 30.0 32.0 34.0

-13C (1.0 gram)
® -12C (0.5 gram)

36.0 38.0

108

10°

104

Prompt Germanium detector hits Vs. Energy

7,uLi(n - 1)

4-3

[TTTT ==

— Li-6 & natLi

1 | 1 1 1 | 1 | 1 1
150 200 250

Energy (keV)
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Test-beam summary: Role of solid-state detectors

Optimize Signal to background:

Contamination analysis
(“Where do the muons stop”)

6ri target (not oxidized) Mixed Litarget (oxidized)

60

Carbon x-rays / s vs. Momentum

55 H
50 5
45 hd | 13
i | . " W -13C(1.0gram)
35 . u ® -2C (0.5 gram)
30 |
25 . hd
20 m .
15 n
10 L
24.0 26.0 28.0 30.0 32.0 34.0 36.0 38.0
Prompt Germanium detector hits Vs. Energy
10" s
2 uLi(n—1)
: — Li-6 & natLi
10° =
104 é
:I 1 1 ‘ Il 1 Il 1 | 1 1 1 1 1 1 1 ‘ 1 1 1

|
150 200 250
Energy (keV)
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Data-Stream

Single-pixel level

Single event
pulse shape fitting
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Data-Stream

Single-pixel level

Single event
pulse shape fitting

l Chi2, Amplitude

U/mv

u/mv
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Data-Stream

Single-pixel level

Single event
pulse shape fitting

Chi2, Amplitude

Clustering and
filtering

Chi~2

2023-10-24 Beamtime 67Li 8 0.csv, ADC2POSP

Good pulses
Pulses with high energy
Primary electron events

Secondary electron events

1.5
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Preliminary zoomed-in spectrum of mixed Li target

* High resolution critical!

e Determine abundances

MMC counts per 2.5eV
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Preliminary zoomed-in spectrum of mixed Li target

* High resolution critical!
e Determine abundances

* Fit correct lineshape (FS-HFS)

MMC counts per 2.5eV
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Preliminary zoomed-in spectrum of mixed Li target

High resolution critical!
Determine abundances
Fit correct lineshape (FS-HFS)

Determine contaminations

MMC counts per 2.5eV
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QUARTET goals and impact



Goals for 2024 and how to reach them:

With existing maXs-30 detector:

Assuming resolution and rates
as in test

48 hours per isotope

Upgrade digitizer modules to
ppm-level non-linearity and
ppm/°C-gain drift

Improved sources’ positioning
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Goals until 2027:

With dedicated detector (10-200 keV):

* optimized absorber dimensions
balancing active area, stopping
power & resolution

g

* Protected on-chip T sensors to S

eliminate dead-time caused by

X-ray events in them.

 x10-100 increased rate
hardness by improved pixel-
heatsinking
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Immediate Impacts:

1. Test state-of-the art ab. Initio. Nuclear theory
2. Benchmark state-of-the-art QED calculations

3. New physics searches via isotope shifts
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Physics case 1: Test ab initio nuclear theory

Distinguish nuclear models
(remove gray band):

PRC 84, 024307 (2011)
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Physics case 1: Test ab initio nuclear theory

Distinguish nuclear models Facilitate determination of the
(remove gray band): radii of mirror nuclei:

PRC 84, 024307 (2011)

e Exporiment _-v- SVMC Uncertainty Contributions to

2.6 i -@- FMD v frozen core '
-8 GFMC * 3BM T'(SLL) _ T’(8B)
-0- NCSM (CDB2K) -o- TOSM

[#

= Current status + 2B

“ QUARTET
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*Priv. Com. With W. Nortershauser
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Physics case 2:

Muonic Atoms

Nuclear charge
radius

Nuclear
Polarization
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Physics case 2:

. Spectroscopy of
Muonic Atoms  hajium-like ions
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radius QED
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Physics case 2:

. Spectroscopy of
Muonic Atoms  hajium-like ions

Nuclear charge Three-body
radius QED

Nuclear
Polarization

Completed: Helium-like **C (Darmstadt):
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Physics case 2:

Muonic Atoms

Nuclear
Polarization

Completed: Helium-like **C (Darmstadt):
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New experiment: precision measurements
in cooled trapped Helium like Lithium
Courtesy of Akira Ozawa & Thomas Udem
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Physics case 3: BSM with isotope shifts
812 (muonic) Vs.8r*(electronic)

Helium-like ions: g-factors in hydrogen-like ions:

C. Delaunay, C. Frugiuele, E. Fuchs, Y. Soreq PRD 96 (2017) T. Sailer et. al,, Nature 606 (2022)

1 T
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Why go up to neon?

Radius crucial for confronting experiment and theory in beta spectrum of 2°F

TABLE II: Systematic effects considered in the analysis.

Source Abw nmr Abcr ( 10_3}
End-point energy, Fo 0.19 0.71
Charge radius, R 0.46 1.67
G'T matrix element, ¢y 0.021 0.077
Quadratic term, c2 0.001 0.013
Weak magnetism, bw ar —— 2.62
Induced tensor, d! 0.17 0.63
*Curtesy of Oscar Naviliat-Cuncic [ [
Nuclear Theory New Physics
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Summary

* Goal: Radii from °Li to 22Ne up to 20 times better
* Muonic Atoms + Cryogenic Calorimeters = Coffee + Donuts

* Successful test beam on Oct. 23. No show-stoppers, Analysis ongoing

e 2024: ulLi, Be, B radii x 3-5 with (upgraded) existing system

e Until 2027: Ultimate precision with dedicated detector(s)
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