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The unexplored MeV Gamma Ray Sky
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Astrophysics Opportunities

OMillisecond Pulsar Timing Arragravity Wavesto
(WEXcellent transients, muithessenger
WGW NS mergersoright at MeV

wPossibly:4process in real time with nuclear lines
(WHuge population of Gamma Ray bursts.

WAGNS

(WAcceleration mechanism: transition from synchrotron radiation to Invers
Compton

(WGood polarization sensitivity: magnetic fields
(WNuclear lines
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MeV gamma ray measurement

1 MeV
gamma

WGamma ray with multiple
Compton scatters, final
absorption.

(WEach creates recolling
electron track.

0)Circle sizes indicate recoll
energies.

A difficult problem
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MeV gamma ray measurement

WMeasure aI{'O ﬁD}

(Deduce sequence

Z (cm)

D
WNow havd , and—
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MeV gamma ray measurement

actual
direction

Circle of possible
gamma ray directions.
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SKy map from point source with some backgro
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If the Initial electron recoll direction IS measure

| .
direction WReduces circle to an arc
(Significant reduction In

Zab confusion

without e track with e track
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Telescope Performance

C 4 vAg Far FieldMlonoenergetic
o </l©> .
53 ="y~ PointSource
ED N———— . — /////
10° 10* > ol _
sneroy (ke ==~ " 1. Energy-Resolution
2. Angutar-Resolution
Sensitivity
3. Effective/Area The minimum brightness
of the source that can be
detected

4. Background Signal

10



1AL
P B W

Angularresolution

Energy error Geometry error

1

Non dominant when:

o/ /

REQUIREMENTS 5
A Precise:3D«readout.over

alargevolume - 5
A Minimal energy-error

Better point also gives bettdsequencejeconstruction
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Time Projection ChamberTPGS LAr

Cathode plane:10 kV.

Light readout SIPM array
L N—

rt-ﬂi“—_‘—__: __ .-__i- _4{ -__:__-:__-:- ]

Reflective field

N .
cage walls Arlode plane: OV.

adrocharge readout.
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(3D readout with 2D Instrumentation
WAIllows scaling to large mass

WUniform detection volumeandresponse
WFine grained readout possible

Compton Scatter fraction

Fraction
o o
BN (®))

10" 10° 10
Energy (MeV)

photo absorption pair production

® Ar low Z maximizes Compton energy winc
WLow density-> Larger Mean Free Path
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GammaTlPC Concept

reflecting +
field-grading

cathode
+ SiPMs
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WLArat ~120 K, carbon fiber vess:
(W~20 cm segmentation for pile up

(10 m?, 4 ton configuration shown

(WReadout + vessel mass ~300 kg
WReadout cost ~$1.2M /m

(Calorimeter needed for high
energy Compton and pairs

WTrackerthickness and area
optimized for ~1 MeV

WHemispherical pressure vessel:
2 FOV
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High
energy

€ electron

Heat

wComplicated process results In charge and light
WRecombination fluctuations smears these signals

WCombined signal should have respectable energy
resolution, comparable to Si, worse than Ge or CZT.

(Light measurement with SIPM array + wave shifter

N\

Energy Resolutlon
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Interaction Locations

1 MeV electron track, 21K e

Dense tail of track:

(WTracks bigger than requiregd<~1mm

a. N> 33 LS| Fesolution:

Interaction | A

location |
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* 24 B N — | —2.5
5 3 :
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High fidelity simulation with PENELOPE

measure Initial direction, pair tracks
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1000 keV, 27.9K e-

500 pe, 0 = 250 Pixel Readout
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1000 keV, 27.9K e- o
500 pm pitch, ge = 25.0 e- GAI\/I P IX
ArXiv:2402.00902

0.000 cm drift
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| Signals on four closest wires |
Error on reconstructed integral
‘,i, 745 10 5. Signal on x; i ) :
W7 | 2 dignal on x| [\ E'% 5 Relative Error [%]
; i . E 2.01 —— Signalon y; / \ _g —  Systematic
| = —— Signal on y> = 4 '
= {4 o 151 Total igna / S ENC Noise
il | Lo T~ Digital Samples . \ § 3 - Total
‘ - E // /N >
N P 5 0.5 AN —
T~ 10 - .
= 0.0- -
& .g 1
—-0.5 e
E —
—-1.0- . . . . . X o
~30 ~20 ~10 0 10
Time [ps] 0 200 400 600 800 1000

Energy [keV]

wCoarse grid induction signals highly position
dependent

wDetailled simulation: COMSOL, Garfield+
w | Y Zh8asiem, full electronics chain
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Upcoming test with CRY
(, ~100e) readout
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Excellent track reconstruction

Initial direction

1000 keV, 27.9K e-
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MEGAIib:

GammaTPC
:E%;zigg]ﬂlbedo Photons Si m u Iatio n
Chain

GammaTPC
Geometry &
Materials

Monte Carlo Simulation of
Backgrounds

Event parser
- (%,y,Z) location
- Energy A
- Time e .
- Electron Recoil Direction i GAMPIX
. S ) . Charge Readout
-~
L ______________ .I e -
- _,,-"'x
GammaTPC simpz
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R N 1 o / \
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. - . . lter 051< ’ /f;:
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References

[1] https://megalibtoolkit.com/home.html
[2] https://github.com/tashutt/Gampy/
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EventReconstruction

RandomTreeClassifier

eature Importance
compton_angle 0.1€ 0
kn_probability 0.158314
energy_from_sum 0.143044
min_hit_distance 0.141768
e out CKD 0.124048
num_of hits 0.048163
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TPC cells LAr scintillation ACD

WEquatorial LEO
WPIleup < 5% for ~17.6m segments

(Backgrounds In sensitivity estimates:
WCosmic photons

/

Csl Calorimeter

Particles in LEO

WAr activation- modest due to low Z 104 N
W CI,38CI,*Ar,3’'S,;385,49 f ¥ X 10, .
(Csl activation high rate, but tagged + E m _ \
reconstructed = RN /\
. < |
WAIlbedo photons mostly eliminated by Csi I (R — N !f
_ . LL 100 {4 — Albedo Gammas |
calorimeter + reconstruction. | =
wWCharged particles tagged by ACD 1 = e

101 10° 101 104 103 104 10°
Energy (MeV)
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Angular Resolution vs Energy
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Angular Resolution and Efficiency

Angular Resolution vs Energy
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Number of Events
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Angular Resolution and Efficiency

Number of Hits vs Bad Events for energy=316.0 keV Number of Hits vs Bad Events for energy=3162.0 keV
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Pair Sensitivity s 1000k
(Not yet studied |
|
WTracker highly efficient at 2 radiation lengths 1
| 5%
(WLowMoliere scattering iInLArmay i\
compensate lack of layers with gaps T

500 um pitch, o= = 25.0 e-

100 MeV example showrg —B1° with e
crude PCA treatment. 3
WUpper energy range set by calorimeter __%\\

Z (mm)
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Summary

WLArTPCs are powerful new technology, especially in era of low launch
costs. Combines large mass, and sensitive readout.

(WSubstantial development remains, but we are making progress on core
challenges

Paper or ArXiv©
(WPlenty of work to go around!




Backup
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k.

GAMPIx fast power cycle ASIC o

ASIC Architecture Pixel Readout

Switched Capacitor Memory
N buckets | M paritions

Sampling Filter

1 AR

Trigger Control
Clk N

(Builds on cryogenic ASIC development for DUNE,
guantum instrumentation.

WTlransistorlevel modeling of power switching front
end (TSMC + SLAC data)g.~500ns, Dp WA

WSwitched capacitor storage + slow multiplexed A'fg)oefeeja
sparse sampling to be adapted from other designs
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Charge neutralization

WSlow drifting Arions create space charge

(WField distorted by few %; traps charge

(WPerhaps ok? Calibrate?

WNeutralization concept: photocathode on lossy light s« | .f/ = oY
pipes, pulsed with 275 nm light. QE #i®eded ™

(ONeeds work TS Ny

wWSynergy with DUNE calibration, Michigan St. and
Hawall groups.

-----------
i e

light pipe
photocathode

/////// B

cathode plane w/ SIPMS Thickness of Aluminum (nm) 33

0.16%
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Incident 300nm
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0.10% T
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‘ i \/| P 0.04% T
' o 0.02% T
0.00%
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Electron track direction




o1 An

LAr I n S p aC e ” :g;ﬁ;qitl}i(librium PressssureI | "
WPassive cooling would require
untenable Sun + Earth shield
(Cryocooler should work o L 1 1

W YIFEESNI AKSFG fATFUE O YmMHN

Temperature (K)

Y2 MO oI NJb

4 mm carbon fiber shell holds 23D bar!

WFew W/nt power budget

3.0 —————————————————————————
(WNeed single phase Ar + saboling. § 20 [ onine|
(WControl of volumes + displacement element % i laup '
(e.g., piston) to create overpressure. £ 14
WSpin spacecraft? 0-5'F//Trne point
Y S

Temperature [K] 35



o1 An

More on GAMPIX =

Galactic SN neutrinos

(WCoarse + fine measures

diffusion; hence depth; 5

)
[ [ [ (&) ;’

hence pileup rejection
5 s S S SRR S N
g gﬁﬁ%_@ §1 : ._ ........... .......

. = wf Depth measured to 5% ,3, 1
WTwo possible DUNE \

Estimated drift distance (cm) GE

application: T
200— DUNE Beam event—

(WGalactic SN signal.

150 - 51 b9 Wot ALJQ
’ . N 3.0 ms e- lifetime, 5.0 m drift
(Seam’ energy resolution, ™71+ Hadronic system 0o
reconstruction. S0 L, e, S
\;\. il | Lo o E 60 — E:{r:irzxg:;arse tiles
—50 - ; '-'EJ —— LArPix
WGAMPIx powerful whenever | -
[ ] [ [] [ [ ] ] —150 j . .
imaging at diffusion limit g | redend Wizone) o — 35— i |
-50 0 50 100 150 200 250 300 350 Electron Track Energy (MeV)

z (cm) 36



Particle rate In space Is challenge

Particles in LEO

lD"q‘ -

lDE -

Flux {(/m™2/s/MeV)
—
<

104

(Cumani 2019)

Secondary Positrons
—— Primary Alphas

_‘ /\

10-©
10-1

UL | ' e rrrr ! UL R L A |
10¢ 101 104
Energy (MeV)

rTTT]
1073

LILILN ' UL A L R A |
104 10°

Equatorial low earth orbit required

WLowest background orbit
required

WPIleup, after segmentation
<10%

(Backgrounds
(WSpace charge
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GammaTPC Development

(Modest funding to date internal, APRA

WSignificant leveraging of DUNE program overall,
and group at SLAC.

(Joint TPC development with R&D for SN neutrino
calibration

WSLAC Liquid Noble Test FactlityNTF Liquid Noble Test Facility

Winitially LZ system test, now hosts R&D for XLZD, DUNE,
NEXO, GammaTPC, cryogenic ASICs

(WPossible synergy with GRAMS balloon
program?
wWSmall zereg prototype needed

LAr systems in LNTF
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