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Outline

OIntroduction on MeV y-ray astronomy



MeV y-ray astronomy observations

T. Takahashi et al. / Astroparticle Physics 43 (2013) 142—154
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Comptel (1991-2000)
63 sources 1-30MeV

EGRET (1991-2000)

271 sources>100MeV

EGRET All-Sky Gamma-Ray Survey Above 100 MeV

Comptel

Fermi (2008-)
6000+ sources>100MeV

There is great discovery potential for the MeV gap
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MeV vy-ray astronomy

OStudying the origin, composition, and evolution of the universe,
and other related phenomena.
* MeV spectral line astronomy

 Ultra-high-energy neutrinos and cosmic rays
* MeV bremsstrahlung
* Sub-GeV dark matter and primordial black holes
* MeV polarization 107y averaged over 116 days i) 10
- - cosl, “%é‘eo .
thermal freeze-out (early Univ.) i _ T Lox ] ~—————] _
indirect detection (now) . . E 100} concentrator ; E 10
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Gamma spectra prediction from merger of neutron stars

A brand-new astronomical observation window for MeV v rays
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Outline

OMeV y-ray detection

* Key technological challenges
* Some experimental proposals



Key technological challenges

[0 The energy is too high to be collimated

O It is difficult to measure 3D trajectories of electrons, that produced in
Compton scattering and pair conversion according to Coulomb multi-
scattering.

Astroparticle Physics 97 (2018) 10-18
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It is practical to improve the e-tracking measurement by
reducing the material density with gas detectors
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Some experimental proposals

SMILES (0.3-3MeV) e-ASTROGAM (0.3MeV-3GeV)
TPC Compton camera Silicon gamma telescope
The Astrophysical Journal, 930:6 (13pp), 2022 May 1 _ Journal of High Energy Astrophysics 19 (2018) 1-106

gamma-ray

Si Tracker

Calorimeter

TPC Field cage Micromegas + 2 GEMs

NIM A 718 (2013) 395

HARPO (MeV-GeV)
TPC Gamma polarization measurement

Advantages of 3D e-tracking with TPC

* Providing Scattering plane limits to reduce background
* Achieving optimal angular resolution by lowering electron scattering
* Electron emission angles carrying polarization information
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Outline

OMeGaT experiment & R&D process

* Conceptual design
* Simulation framework and results
* Prototype of R&D

e Electronics



Conceptual design

OTPC based technique

»>30 cm cubic volume (prototype)

»four 50 cm cubic or a single 100 cm X 100cm X 50(or
larger)cm volume (satellite)

»3-10 bar high pressure

OExpected performance
»High dynamic range:
0.3 MeV -100 MeV vy |
» Angle resolution (PSF): | Tec
2° @MeV, 0.5° @100 MeV

Scintillator
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Software tframework

Goal: single software for simulation, reconstruction & analysis

Software stacks:

Data Processing

MegatSoftware: - Services (e.g. geometry) Analysis (Mini-Framework)
: : . - Algorithms
i Slmulatlotl. - raw data decoding MegatSoftware :
- calibration .
. - reconstruction Provides some tools for convenient access
b k4SlmGeant4 - Tools & Utils w _
eak Coupling
. kalibs : Mandatory: > mm‘l-framework (optional) :
o EVCﬂt data model. - k4FWCore (DataSvc) Candidates:
- kd4Analysis (i.e. FCCAnalyses)
Optional: - bamboo
e EDM4h€p - k4SimGeant4 (sim algorithm) - TIMBER
- k4Gen (generator algorithm)
. . - other key4hep algorithms RDataFrame
* Event-processing: Gaudi | <chstenng
- track fitting R
. - etc.
e Gaudi

e Lk4FWCore

Data processing (on server):

* official data production:
* simulation & reconstruction
* standardized & trackable

¢ flexible kernel:
e Gaudi

2025/9/17

DDG4
(Standalone
Simultation)

Data Store
(edm4hep)

Exploratory analysis (on desktop):

* personal data analysis:

® quick turn-around workflow
e Jightweight kernel:

e RDataFrame (ROOT)
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Simulation performance

* Track reconstruction of recoil electron by
Kalman Filter Algorithm
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effective area [cm2]

Simulation performance

Four identical 50cm cubic detection vessels

— Very preliminary simulation result without pair conversion
-== Rough estimation by taking pair into account
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Perfect performance on spatial and energy resolution are required
for the TPC and calorimeter
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Prototype of R&D

30 cm cubic volume
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Technical challenges
* High voltage: Micromegas ~ 3000V, Field cage ~ 15000V

* High-pressure sealing: 0.5 Mpa
* Mechanical support and heat dissipation 1ssues

2025/9/17 MeGaT 15
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Prototype of R&D

— The thermal bonding
o Micromegas S
N
[ %L §

“ﬂ | Sealed jar &
Mechanical

simulation Field cage

Small chamber

FEE of TPC

CZT front-end & carrier board
i "

High Voltage &
back-end board

CSA & ADC  wov

high voltage

b O a r d connector

2025/9/17 MeGaT 18



Readout Electronics

CIChallenges:
* Large mount of readout channels
* High dynamic range, low noise
* Multiple detector system

CdSolutions:

* Encoding Method to minimize the readout channels
* Develop low noise FEE with dedicated ASIC
* Modular design to ensure the extensibility of the system



FEE for the TPC

All-digital output ASIC (design by

Professer L. Zhao)

* High-Speed Switched Capacitor Array
(SCA) & Wilkinson ADC

* The development of the front-end readout
board has been completed, and

performance testing is underway
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FEE for the CZT

Multiplexing method
* Multiple pads of different detectors can be

connected to one readout channel.

* The cathode signal of CdZnTe shows which T e,
0
detector has been hit. — %ﬁ -
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Summary

OOMeGaT is aiming to open up the MeV y-ray
observation window with very high sensitivity.

O Technologies are innovative and challenging, but are
proven to be reliable.

OFirst 30 cm cubic prototype will be built and
characterized with photon beam soon.



Channel encoding method

OPixelate CZT

e 20 X 20 X 15 mm? size for single
piece
* 121-pixel array with 1.72 mm-pitch

e ]28k channels in total for a 30 cm
cubic prototype

OdEncoding method

* Multiplexing readout channels for the
pads from different CZTs.

* The cathode signal gives the
judgement.

e The channel number is expected to be ——e

reduced with a factor of more than 10.

2025/9/17 MeGaT

ITT

o

1A
2A

1B
2B



O Multiple detector system

Schematic design for system

* High dynamic range, low noise FEEs
* TO from cathode signal of CZT

* Encoding readout to minimize the channel number
* Modular design for extensibility
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The thermal bonding method

Over the past decade, We developed a novel thermal bonding
method for the efficient fabrication of Micromegas detectors.

Micromegas in a Bulk Thermal bonding processing

Hot Roller
[ ooy Stainless Steel Mesh

Readout PCB

O ot Roler

No etching, no pollution

Easy to handle at lab

Easy to make new structures
®0.5mm- ®1mm spacers, ~lcm pitch

/mct Yot B YOS =>»easy to clean, especially for large
— P Shesers area

ontact to Mesh =>»less than 1% spacer area

esh
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Fabrication and applications

Neutron detectors for the Chinese
Spallation Neutron Source

CEPC-RICH
&STCF-RICH

2025/9/17 MeGaT 31



Performance of the Micromegas detector

* Energy resolution: < 15% (FWHM) .

40(
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Gas gain

Performance of the Micromegas detector

Performance in high gas pressure was studied in the

PandaX-III experiment

L R
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g 041
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Performance of the CZT

Cadmium zinc telluride (CZT)
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Channel encoding method

OPixelate CZT

§ 20 X 20 X 15 mm? size for single
piece
§ 121-pixel array with 1.72 mm-pitch

8 128k channels in total for a 30 cm
cubic prototype

CdEncoding method

§ Multiplexing readout channels for lTT N

the pads from different CZTs. o e
8 The cathode signal gives the

judgement. IF z *lq "
§ The channel number is expected to —[*3 i

be reduced with a factor of more

than 10.
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FEE for the TPC

OThere are 1200 signal strips to be readout

for the 2D Micromegas (0.5mm pitch)
. STAGE chip specifics
O FEE design for the TPC readout Lo _ PSP _
§ Dedicated STAGE chip for TPC (by ?‘2‘6}1(13‘\“51;"51\1 %%"‘lec range of

Saclay F
aclay France) v" Shaping time: 50 ns — 1 us (16 values)

Each ' 4 chips fi t :
: zgg Cﬁ;)relt;céllsntegrate chips for readou v' Noise: <850 e- (120fC, 200ns, input
STRCE T T e T capacitance< 30pF)

AL T ITTL ”'mi““" *"‘L“,,”imi“‘* AL v INL of charge measure: < 2%
v Counting rate: < 1kHz

STAGE

264

fﬁﬂ%m

BUFFER

KGG >\gdl M\odj i

L4154

(%[0

X 64 Channels

Common NQ‘H ::r:n;\s ; 4 ‘
L FMCOMI'OIRCQ:? ‘ |owCoﬂto|R¢g 'm-
[channel level] | | [Asic level 1] -
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FEE for the CZT

[ Pixelate CZT detectors

§ Wide energy range: 60 keV to 3 MeV
§ Energy Resolution (corrected): < 2% @662 keV FWHM

O Start with the JCFO32EB ASIC, optimizing selection for the

chip 1s still in progress ; | [Tt
v 32 inputs .
Analog
v" Feedback capacitance: 15fF, 60fF, 0.5pF | shaping I detector [
Slow
v Shaping time: 0.3 us — 40 us pAc || comparator [ZI9,
v Noise RMS: 80¢- + 12e-/pF — ot
| shaping [ _| comparator
v INL of charge measure: < 10% j
DAC
v" Counting rate: <200 kHz T Amiog
rthogona us

timing




Schematic design for system

0 Multiple detector system

* High dynamic range, low noise FEEs

* TO from cathode signal of CZT

* Encoding readout to minimize the channel number
* Modular design for extensibility

| TPC-FEE i
I |
I T

MicroMegas | = ol e ,
Signal |:>i ASIC _'Cm"x FPGA Jﬂi i i i
| i i DCM |
| CZT-FEE | : Server |
: a | Data : C_ :
| :| > | o | [wsa] Data A :
CdznTe |::>: ASIC 2" C:::; FPGA| | : Clock : ] FPGA = Command I
Anode Signal : e | Sync signals : [ ] % i
i : Trigger : ™ :
! CZT-ADM i i |
e OS5 > | ! |
CdZnTe : - @—JCSA [: : oata | TO signal : :
Cathode Signal m— Rt el Gl | | |
I I |
I J I |

Front-end processing Back-end processing

PR SRS S - - . D S = S S S e e e e e e e o
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R&D status: software framework

Goal: single software for simulation, reconstruction & analysis

Software stacks:

Data Processing

MegatSoftware: - Services (e.g. geometry) Analysis (Mini-Framework)

. . . - Algorithms

i Slmulatlotl. - raw data decoding MegatSoftware :
- calibration
. - reconstruction Provides some tools for convenient access
* k4SimGeant4 - Tools & Utils Weak Coupling
. Kalibs : Mandatory: » | mini-framework (optional) :

o EVCﬂt data model. - k4FWCore (DataSvc) Candidates:

- kd4Analysis (i.e. FCCAnalyses)

e EDM4h€p ?Ezisoirr]r?(l‘;eanm (sim algorithm) i ??h;gbe?

- k4Gen (generator algorithm)

* Event-processing: coudifilll Cclomaih A RDataFrame

- track fitting R

e Gaudi i
e Lk4FWCore

. (S_t:nndc;lll?ne
Data processing (on server): Simultation) (edmdhep)
e official data production: Exploratory analysis (on desktop):

e simulation & reconstruction
e standardized & trackable

¢ flexible kernel:
e Gaudi

* personal data analysis:
® quick turn-around workflow
e Jightweight kernel:

e RDataFrame (ROOT)

2025/9/17 MeGaT 39



Current status of simulation package

Geometry features

1.Persistence format:
o XML (dd4hep-native)
e Covertible: TGeo, GDML

2. Fully-parameterized model:

o Calorimeter
o CZT-arrary + PCB-array

« TPC
* Gas + Anode-PCB + FieldCage

3. Tessellated CAD model:

e Vacuum-vessel

Geant4 Running Engine

option 1: Gaudi-integrated
e Single-threaded
 No MC truth

option 2: Standalone process
* ddg4 (dd4hep-native)
e Multi-threaded support
e MC truth support

2025/9/17

Calorimeter Segmentation
e  Crystal (blue)
e  PCB(green)

Sensitive Detector

Calorimeter crystal:
e multi-steps per Hit

TPC gas:
e one-step per Hit

MeGaT

Y
X
Z

Origin: TPC fiducial center

Calorimeter
(CZT array)

TPC-Gas

TPC-Anode PCB

Readout segmentation

Calorimeter:
e Pixel

TPC:

Strip/Pixel
Extra stage needed in digitization

Surface attached to PCB
e Drift distance determination
e Coordinate transformation
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Background estimate[1]

1. albedo gamma-ray

1.87x10~2 .
AN (£ (5™ if £ <200.0keV | Incident Energy Spectrum Due to CDGRB _ |

—F = 1101 x 1074 (5£,) 77 if200.0keV < E < 20.0 MeV ‘ : :

729 x 107 (1£7) " if E > 20.0 MeV

<
<

<

- = =1 Ll"ll_

- =3 lll"‘

counts/cm?/s/st/keV

+ &1

counts/cm?/s/sr/keV

M R L S NEEEEE R
d
D S P N %40 107 10° 10* 10°
i ' ! ' ' Energy (keV)
Jo7l— i e o Lo 2.Cosmic Diffused Gamma-Ray Background (CDGRB)
10 10? 10° 10! 10°
Energy (keV) N
N 7.877 E~1% exp~ E/4113 if £ <60.0keV
_4 ( E\65 _3(E —2.58
- =1 432x 107 (%) 8410 (%)
+4.8 x 1074 (&) if £ > 60.0 keV

[1] Rita‘%g 9S/%I}kar et al. “Instruments of RT-2 experiment'\%g rd CORONAS-PHOTON and their test and evalﬁttion IV:
background simulations using GEANT-4 toolkit” Exp Astron ? 011) 29:85-107 DOI: 10.1007/s10686-010-9208-z



MeGaT design

1 1
— _ 2\ - _ - _ 2 2
cosp =1—m,c (Ey E, Ke> ARM = \/a(pgeo + 045 con
,_ (92 L (%) . I |
O-(p - aKe e aEy O-Y ; 18F l\\\\\ —ph|=10degrees é’ 18; \\\\\ —phi:’]()degrees
2 § 10F phi = 30 degrees E 165 : G : hi=30d
6<p _ mecC . 1 % T \\ ................. (p'rea'o’n'—phi=60degrees % 1_42 \k\\\ ()Ugeo —— phi =30 degrees
0K, sing (g, 1+ K,)° FEINN G e B (e
0p _ _mecm (L __ 1 O N N
aEy sin ¢ E]% (Ey + Ke)z 0_42 \ j \i\\ 04 \\
f ‘ — ; n2f 1 ‘ S
E i E i i N IR R RPRT R
25 0 50 100 150 200 250 300
energy of the incident gamma-rays [MeV] z[mm]
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