Fundamental Physics with Exotic Atom

Overview of Technological
Challenges Iin Exotic Atom
Precision Experiments

Florin Sirghi o
SIDDHARTA-2
FRASCAT

I N F Istituto Nazionale di Fisica Nucleare
LABORATORI NAZIONALI DI FRASCATI



Precision experiments with exotic atoms offer uni

fundamental physics, from testing quantum electrc
to probing the strong interaction (QCD), high precisic

Achieving the necessary precision is fraught with significant technological
These challenges primarily stem from the nature of exotic atoms them
short lifetimes, the weak signals they produce, and the demanding ex
conditions required for their creation and study.
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The key technological challenges: Background Interference:

o High Background Radia
facilities where a multitu
o Low Production Yields: Creating exotic and radiation are present

atoms often involves complex processes

Weak Signals and Low Event Rates:

o Unwanted X-ray Emission:

o Short Lifetimes: time available forthem to from conventional atomic tr
form exotic atoms and undergo de-excitation materials, cosmic rays, or fac

o Dilute Targets: To minimize unwanted radiation).
interactions and effects like the Stark effect, o Charged Particle Contaminat
increase the stopping power particles from the beam or seco

o Limited Beam Intensity: Interactions

o Spurious Signals: Detector noise
interference, and other spurious si

Limitations in Detector Technology:
o Energy Resolution: detectors with high energy resolution are required.
o Detection Efficiency: detectors must have very high quantum efficiency
o Timing Resolution: Good timing resolution - fast trigger and veto capabilities

o Background Rejection Capabilities: pulse shape discrimination, spatial reconstruction, and coi
measurements.

o Radiation Hardness: accelerator environments, detectors must withstand high levels of ra

o Cryogenic Requirements: require extremely low operating temperatures (TES) (cryogeni
adding complexity to the experimental setup and operation.

o Areavs. Resolution Trade-off: large active detection area (to maximize signal ca
excellent energy resolution.




“The most important experiment to be carried out in
low energy K-meson physics today is the definitive
determination of the energy level shifts in the K-p and
R-d atoms, because of their direct connection with the
physics of KN interaction and their complete
independence from all other kinds of measurements
which bear on this interaction”.

R.H. Dalitz (1982)

Carlo Guaraldo

Hannes Zmeskal
the key initiators and drivers of
kaonic atoms studies at the
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in the case of K-
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X-ray energy ~ K= ¥ 1000
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SIDDHARTA-2 setu

hydrogen density of 1.3 X
Deuterium: ~1.5% of liquic
density

Kapton polyimide (C22H10N205s)
foils, with a thickness of 75 um

% Target + SDD cooling

Leybold MD10-18 W @ 20 K
cupport and cooling  LATOET CEIl @nd SDDs are cooled
structure for target i ultra pure aluminum bars

and SDDs
“\. Kapton target wall with TTC . 20"30 K
Alu support structure TSDD - 130 K
' SDD array PTC 31 .5 -2 bar

start counter TO




SIDDHARTA-2 setup: cryogenic targets

v" Selected materials in different configuration:
vacuum entrance wmdows
target walls
coolmg supports

litre mn and Oxygen

windowless designs to enhance low-energy X-ray transmission and detec
efficiency.
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Transition-Edge- Cadmium-Zinc-Telluride

. .. | Charge Couple device o .
Characteristic (CCD) Silicon Drift Detectors (SDDs) . Sensor (.TES) (CdZnTe) Detectors
Microcalorimeters
<10 eV at 6 keV Few % FWHM ;
Energy ~140 eV at 6 keV ; ~150 eV at 6.4 keV ; N
Resolution Absolute calibration 6% at 60 keV;
(FWHM) <200 eV at 6 keV 0.04 eV uncertainty
at 6.4 keV 2.2% at 511 keV
~30 sec Below 1 psec;
Timing fall times <100 ps
. Exposure time ~ 800 ns FWHM ; Few tens of ns
Resolution rise times ~ tens ps
~1 minutes <500 ns FWHM ;
Mo/Cu + Bi
(absorber), ium-Zinc- i
Silicon (high purity) Silicon (high purity) Cadmium-Zinc-Telluride
Au 2um + Bi 4um, 20 (CdZnTe)
mm?
Quantum 0 .. . 85% at 6 keV (NIST >98% theoretical absorption
~ > 0, = .
Efficiency 80% up to 6 keV 95% efficiency in 1-10 keV; TES spectrometer) for 1.25 mm thick at 58.9 keV
22.5 x 22.5 um pixel . 2,
size: SIDDHARTA: 144 SDDs, 1 cm?; 240 pixels, ,
’ . 2, 1 cm® active surface
Detector Area 1242 x1152 pixels; SIDDHARTA-2: 384 SDDs, 246 cm~; ~0.23 cm?total e
collecting area

J-PARC E57: 300 cm? total

116 cm?® total area

~130-150K; ~170 K ~100 mK Room temperature
Temperature




Phase 3 Phase 2
Phase 1
-

Photons “ g 0V Vv v
Hicon ate

. Dioxide Electrode
for a wide energy range Pixel 1152 (H) x 1242 (V) <
Format/size pixels 22.5 x 22.5um
Drain . o Incoming
Voltage Reset Photons ccD
Control Gate .
¢ i . Active Area 7.24 cm?2
i\ ransfer; Sy Channel
Buried L8 Gt 1-' Stop Potential — W 03 (i1
_— Depletion ~30 pm Barrier el
Depth p-Type Silicon
ubstrate Photogenerated
Energy ~140 eV at 6 keV Electrons
Resolution
Lateral Transfer Timing Non-triggerable;
Overflow  photodiode Retential Capability ~10 s readout time
Integrated Potential
) Charge Barrier  P-Silicon
Figure 1 Potential Well Background Event Topology
po— 0 R Rejection (Spatial Pattern
“’i‘ . Mechanism Analysis)
| = .
LE - = oF | single pixel event double pixel event
' S . 3-pixel event
See talk of M. lliescu - SPHINX project



Sllicon Drift Detectors (first large area ) with integrated JFET

s P N S e n 5 ® r New x-ray detectors specially designed

@ anode as well as readout electronics

fieldstrips

energy range < 20 keV

energy resolution ~ 150 eV (FWHM) at 6 keV;
stability and linearity better than 10%;

Fast detector - > trigger system at the level of 1ps;

_ path of
~sili =< electrons a . . . g .
| aMcon Operating in high radiation environment;

é incoming Custom topology — large active area (~ cm? / channel)

back contact x-ray photon

radiation entrance

(b)

back contact

electron potential (V)




SDD with external CUBE preamplifier

Monolithic SDDs arrays developed by
Fondazione Bruno Kessler

new technology, lower production cost
e 2x4 matrix SDD units (0.64 cm?)
» active/total surface ratio of 0.75

SDD Drift Time
distribution
FWHM ~ 500 ns

A CMOS low-noise charge «m
sensitive preamplifier (CUBE s
operate at lower cryogenic -

temperature (up to 50k woF
SIDDHARTA-2 P (up ) :

Ceramic carrier o
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5000 6000
drift time [ns]



Thick SDD: extending the working range
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Transition Edge Sensors (TES)

Response function
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See talk of T. Hashimoto



Counts/keV

Cadmium Zinc Telluride (CZT)

High atomic number

Good absorption efficiency

e 1mm thick detectors >98% at 60keV

e 10mm thick detectors >86% at 200keV
Optimal band gap

Room Temperature Operation

High energy resolution:

e 1.5% at 50 keV

* 0.82 % at 660 keV

» Fast detector response: down to 50 ns

Compound

Mean atomic number 14 32 32 49.1 50

Bandgap (eV)
electrons (cm?/V)
holes (cm?/V)

Resistivity (Qcm)

Thickness to absorb 90%

of 60keV incident
radiation (cm)

2 modules with four detectors

Lead
1000 fluorescence

20 40 120

60 BO w0
Energy (keV)

See talk of F. Artibani

13mmx15mmx5mm

Absorbed Fraction (%)

CZT does not need complex cryogenic cooling systems, like th
high-purity germanium (HPGe)

GaAs CZT CdTe

1.12 0.66 1.42 1.57 1.5
2-5 5 10+ 102 10°
12 2 10° 310° 510

2. 311038 B a7 108 510" 108-10?

130 2.6 2.6 0.5

ies

100 CdZnTe Absorbtion Capabilit

aqo F

— 1 mm
— 2mm
201 5 mm
=10 mm
10 H——20 mm
——30mm
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Energy(keV)
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SIDDHARTA-2 setup: kaon trigger and luminosity moni

Kaon Trigger con

of two'plastic
scintillators read b
PMT’s placed above

below the IR.

The Luminosity
monitor consists of
two plastic scintillators
in the horizontal plane




Synchronous background
Kaon Trigger associated to kaon absorp
or to other ® dec

E 105

- Veto-1 14 plastic scintillator read by PMTs to select the
§ events occurring in the gas target, rejecting the X-ray

: gl 10 background corresponding to K- stopped in the solid

g clements of the setup

E 103

L-shape VETO-1
single module Ly
10? '
R10533 PMT's
Support H
10 structure
1 I |
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jde _
e
The combined used of Kaon Trigger and SDDs

drift time allows to reduce the :
asynchronous background by a factor ~ 2 - 10%

-

Veto-2 48 plastic scintillator read by SiPMs to suppress
the background induce by particles produced by kaon

x10% ; .
§ wooF- SIDDHARTA-2 absorption, passing through the SDDs.
z - e |~ oma
g 350 ! ' SDD time distribution

o g . FWHM

20E . ~ 450 ns
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SIDDHARTA-2 setup: Charge Kaon Dete

p k- Stop both K* and K
(Teflon) and detect second

scintillator
2 mm teflon
5-10 mm thick scintillator
Immediate prompt \ Delayed prompt
83% crossing probability * ock  53% crossing probability

hist124125_kt1
Entries 17170
Mean 38.11
Std Dev 58.82

Count

0?

—

10
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-50 0 50 100 150 200 250
tdc (1 ch=100 ps

. Charge Kaon
UUUUUUUUUU detector




EXtensive

Kaonic

Atoms research: from
LIthium and
Beryllium to
URanium

e proposal to perform funda
at the strangeness frontier
presented in varies Scientific
and INFN commissions

RESEARCH C. Curceanu et al., Front.in Phys. 11 (2023) 12

- Use the present setup
- Minimal modification

- 300 pb-1 of integrated luminosity

- Use the present setup

- Minimal modification target

- 200 pb-1 of integrated luminosity

In parallel we plan
dedicated runs for
kaonic atoms (O, Al, S)
with different types of
detectors:

- 200 -300 pb-1 of
integrated luminosity



NEW SDD Calibration — High Precision Modifying the calibrati

Advanced calibration system from 3 fixed to 7 movak
Goal: systematic uncertainty ~0.1 eV - 0.2 eV

The 8303-V Vacuum
Compatible
Picomotor™ Actuator

Holding structure

aperture s
exposing a §indie :
target at a time “ “

Limited by systematic unce
on energy calibration

k4 Syst ke Stat. e Calc.

P L
—8

THIS WORK -

PDG -

External Laser system Ga (Ka 9243 eV)
for alignment As (Ka 10532 eV) arLLss |

Fluke PLS 6G RBP SYS Ge (Ka9876 eV)  [Hl.. sackenstoss7- i

Fe

Al (La 9685 EV) ;,z.:: CHENG 75 - AT
Pt (La 9416 6V) ——

Movable targets arm inserted behind the collimator. bviin 1§ Shbned et oot sl | ik

Kaon Mass [MeV/c?]

See talk of S
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Integration o

Lithium-6 Lithium-7

Beryllium-9 Boron-10 Boron-11

Transition Energy (keV) Energy (keV)

20.365

22.809

5 — 3 T.724
5 — 4 2.444

¥

Construction of new support system
conical shape to maximize the solid angle
MC simulations ongoing

Solid target system

Kaonic boron test measurement successfully achieved

15.261

T.814

2,472

Transition Energy (keV) Energy (keV) Energy (keV)

22.273
5 — 4 4.465 7.015 7.047
6 — 4 6.890 10.826 10.875
6 — 5 2.425 3.811 3.828




Pb
CdZnTe Shielding

+
Targets

- 200 -300 pb-1 of integrated luminosity

In parallel we plan dedicated runs for kaonic atoms (O, Al, S) with different types of detectors:

Kaonic Oxygen: key role in the desc
nuclear-matter density distribution whi
the formula for the density-dependent ¢
potentials

s Kaonic Aluminium: 3->2 QCD - neve
=Kaonic Sulphur: 4->3 past measureme
inconsistent

We are developing an optimized CdZnTe

based setup

Larger active area:

32 detectors instead of 8
Optimized geometry and shielding
o reduce the background

AL
7
¥

Vi
CdZnTe X-rays




SIDDHARTA SIDDHARTA-2
Kaonic Atoms 2002

measurements
at Da®ne

Kaonic Neon
(Kaon mass)

kicked-out _.
electron - -]

2.01410
NA: 0.0115%

Kaonic Nitrogen
(2002)










Residual [eV]

The energy response is linear within few ( <5 eV between 4 keV and 14 keV)
Excellent energy and time resolution @ 140 K

CuKal [channel]

Linearity
C {TiKg
- SrKe | -
- + + CuKg ®
__l L I | . | . L O
4000 6000 8000 10000 12000 14000
31135,
3113F- Stability
31125 "
3112 e - — — — — S
- ¢
31115
3111
: ] 1 1 1
8110.55706 01/07 08/07 15/07
date

® Data

| Energy resolution

T 1
| —— Fit (Noise=92.1 + 4.6, FF=0.146 + 0.005) |

Pl

P

FWHM Fe Ka line o™
160 eV Pl
f‘n
/ o
Fe Ky

b TiK,
E 1600
2 .0l Time resolution A
% 1200 /:[/
Drift Time Cu Ka line e
10009 | 460 ns at T =140 K P
800 + //
600 - /z//
400
r““’/
200 +
v I ¥ I 4 ' 1 M I ' I ' I ' T
&0 100 120 140 160 180 200 220 240

Miliucci M., lliescu M., Sgaramella F., et al., 2022,Meas. Sci. Technol., 33 (9) 95
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