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Agenda

1. Motivation for GAMPix
2. How it Works
3. First Prototype Results

& applications: GammaTPC, DUNE...
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GammaTPC

Instrument Concept Large-area LAr TPC gamma-ray telescope
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GammaTPC

Instrument Concept Large-area LAr TPC gamma-ray telescope

Incoming y

SCIENCE-DRIVEN READOUT REQUIREMENTS

10 m2 <50e-
Instrument area Pixel noise . ] _
3D readout <2'W /mz Th_e chr?_llinq:. Read ou’E r_mlllonsd of pixels \JI[\.IIth Ilcl)w
Uniform detector response Cooling budget at 100 K nOISﬁ, ighc ?rge prec::'gn’ ?n an exceptionally
small cryogenic power budget.
0.5 mm ~1% yogenic p g
Pixel pitch - 40M pixels Track charge resolution There is more...

Why TPC?
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1| MOTIVATION for GAMPix

Charge Loss due to Diffusion

lcm

1 cm drift

Electron yield
N Opoise Pixel threshold: 80 e~

threshold
100
Energy [keV]

w11 NEN V§S\. o= 50 =e= 500
80 ~= ~o= 250 =e= 1000

3 cm drift

3cm

60

40 \,

Electron yield [%]

L] ]
10 cm drift °
10 cm B X
0 2 10 15 20 25
Drift length [cm]
........ T L 0 R T O 0
@ Drifting electrons . Above threshold: charge recorded . Below threshold: charge missed . . . .
Even 50 e noise is too high for the desired accuracy

Schematic  same track, fixed pixel threshold
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1| MOTIVATION for GAMPix

“Decrease the pixel noise.”

- Someone, probably

1 Even for 50e we would need 100 uW /pixel = 2 kW /m?.

O-e \/' P That is 1000x too high (in space, or anywhere)

Back to the drawing board...

ol AL
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2 | HOW GAMPix WORKS

We have the Pixels
LArPIX for example Sensors too sma"
Too much charge sharing

10 cm drift

Pixels @ Drifting electrons . Above threshold: charge recorded . Below threshold: charge missed
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2 | HOW GAMPix WORKS

Wire Grid

Wire Grid

Pixels < >
1cm

CPAD 2026

Add a Wire Grid on top of the Pixels
1. The pitch of the wires needs to be on the
order of the diffusion (1 cm)

2. The vertical offset should be ~ wire pitch
(1cm)

1cm

ol As>
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2 | HOW GAMPix WORKS

Wire Grid Add a Wire Grid on top of the Pixels
1. The pitch of the wires needs to be on the

\j order of the diffusion (1 cm)
2. The vertical offset should be ~ wire pitch
(1cm)
/ “ A
|

wire threshold N1 Oyyjre

Wire Grid

Pixels L
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2 | HOW GAMPix WORKS

Wire Grid Add a Wire Grid on top of the Pixels
1. The pitch of the wires needs to be on the
order of the diffusion (1 cm)

2. The vertical offset should be ~ wire pitch

(1cm)

/ -t

wire threshold N1 Oyyjre

Wire Grid

Pixels ~ ASICChip .

\/

Wire Grid Provides the Trigger
1 ‘ for the Pixel ASIC Chip

~ 10 us ahead of charge arrival
+ location

CPAD 2026 S! A< | Bahrudin Trbalic | bahrudin@stanford.edu



2 | HOW GAMPix WORKS

Wire Grid Add a Wire Grid on top of the Pixels
1. The pitch of the wires needs to be on the
order of the diffusion (1 cm)

2. The vertical offset should be ~ wire pitch

Wire Grid (1cm)

/ \ “ A
-
wire threshold N Oy,
........... o RN - e e L LWITE

Pixels ~ ASIC Chip 1l T YL

Wire Grid Provides the Trigger Amplitudes of the Wire Signals* Provide
for the Pixel ASIC Chip 2 ‘ the Total Charge of the Electron Track
~ 10 us ahead of charge arrival *Sum of 4 neighboring wires and a

+ location sophisticated reconstruction algorithm, see [1]
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Pixels + Wires: More Than the Sum of Their Parts

Pixels Wires
Fine 3D tracking Integrated Track Charge
Interaction position + recoil direction Early trigger + position

) X
Combine both measurements

/ Selective ASIC activation \ / Drift-length reconstruction\

(on average, for GammaTPC)

Charge-yield information enables
~4103x Less Data drift-distance estimation

\_ A\ J
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2 | HOW GAMPix WORKS

Complimentary Drift-length Reconstruction
In addition to the light-based drift readout in TPCs

Electron Yield = Qpjxeis / Quwires

+1cm
100 <+ i
s§ Energy [keV] ]
, o 50 =e= 500 20 - I
80 <§\ o= 250 =e= 1000 '
g \.\:§.\ -
T 60 \ R~ )
v ‘ \- S,
; \. .\. 4 ﬂ 10 -
S 40 N \ 5
& | \ &
L
20 .\ 5 -
0 0 T T T
0 2 10 15 20 25 -3 -2 -1 0 1 2 3

Drift length [cm] Drift-length estimation error [cm]

Method: Train a neural network using electron yield and 3D charge-distribution to predict
drift length, achieving ~90% of events reconstructed within 1 cm, which is ~5%

ol AL
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2 | HOW GAMPix WORKS

Good Idea! Does it Work?
Requirements for GAMPix_Pi

Param Spec
Temperature LAr (87 K)
Plxel size 500 um x 500 um
‘ Pad capacitance < 500 fF
Noise - requirement <50 e-
On power - expected < 0.2 mW/pixel
A Off power - expected | = 300 nW/pixel
| Dynamic range 7000 e- (Qin =~1.1 fC)
, Settling time after
| trigger <OHs
'//;»" Sampling rate 2.0 MS/s

{ Let's design it...

ol Ay
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2 | HOW GAMPix WORKS

ASIC architecture "o GAMP1ixP1-vl

GAMPixPi_v1

Matrix: 8 x 8

Prev. Pixel

Pixel Architecture

Pixel Logic

I I I I I I I I - - A I I - I - I - -5

~ Data Sync
CF CDS |
" I| Noise Shaping g &
- I SE-to-DIFF Readout
7 R LPF  CDS
@ CsA \H-" H>

SAR

Collecting H/
Pad { JAs @ Ibias Clk Gen
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Analog Pads: Analog Supply, Pixel & ADC Ref. Signals

» Next Pixel
E' I
= -
:. | Near-zero standby
Pixel timing | Cfg | ADC Data Power Pulsing (PP) ; : nower (~nW/pixel) m
o
o I
Bo || Cfg. Registers Digital Memory - FIFOs - >
ﬁmg Control Interface ADC Data Storage '\ Fastseting Time [us] *MOStIy developed by
Digital I/Os - Timing and Data o student interns (PhD, MSC,
e EEEEEEEEEE R B 2 | ONstate | OFF state and BSc) over the summer
: / * el o I ﬁ TECHNOLOGY T1M_ 1) INTEGRATED
Digital Pads: Digital Supply, Timing, Cfg, Readout, PP and Data Dk AN\ | INNOVATION DIRECTORATE | # 1 1 CIRCUIYS
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3 | FIRST PROTOTYPE RESULTS
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3 | FIRST PROTOTYPE RESULTS

ASIC Support System
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Carrier board: 3.5 cmm x 5.0 cm 17




3 | FIRST PROTOTYPE RESULTS

Wire-bonded GAMPix_Pi-v1
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After Many of These...

ILA Status: Idle

Functional verification at 300 K and LAr

Name

e csa_rst_p_OBUF - - ® SIOW CO ntrOI

o pxl_pwr_en_p_OBUF

* Digital memory

* FPGA sync

* Testing modes for calibration
| * ADC chain

* Pixel readout and timing

* Internal pixel pulsing injection

& read_en_p_OBUF 0

8 saci_rsp_seen

* Full signal chain
* Power-pulsing

* Low-power operation

RRRRRRRRRRK
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3 | FIRST PROTOTYPE RESULTS

Carrier board and ASIC immersed in LAr

Measured response on a single pixel with the chip operated in LAr

injec;ed charge | Ii | | | | | | -
6.2x10% e~ l . :
500 —C— 4.7x10%e” : 6
—0— 3.1x10%e" i "q-;
400| =—o— 1.6x10°e~ : ?2
% i | 45
= ! [ ®
s e :
T | | 3
O 200 : | £
< i i 25
1 1 @
100 : ! 2
| | . A=1600 e g
0 ! . I RCfilter=600 ns 0
0025 S0 75 W0 s 0 #5200 (Measured Quantities A
Ay I time after power-on (ps) * Power ON: 260 nW/pixel
pixel power ON .
power-on, first sample charge injection - ¢ POWGF OFF: 140 uW/pler
* Uniform response across all < 32 samples at 0.6 us intervals. * Noise*: ~58 e-
pixels « First valid sample ~1.1 ps
* Four resolved test-charge after power-up, validating the \*Noise measured in a noisy, non-shielded/
injection levels (see legend) power-pulsing capability environment (preliminary result)
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3 | FIRST PROTOTYPE RESULTS

GAMPIix for DUNE: Tiles over Pixels

10 cm electrodes What it buys DUNE
* Energy resolution: tile sees full charge despite
— / = diffusion across sub-threshold pixels
ik

7 X « More blips: noise well below the ~500 e~ strip
24 / X baseline keeps MeV-scale deposits visible
- e e e e e ' Coarse

/ i « Low power: power-pulsed pixels free the budget
/ o for quieter front ends
. — Pixel pads on
b 7 /  PCB  Lower data volume: Front end data reduction

~5 mm pad pitch « Drift distance from charge alone (~15%): pixel
Proposed Architecture cloud width vs tile signal gives lifetime correction,
. Pixel pads on PCB, one ASIC per board edge-background cuts and charge-light matching

in pile-up
« Coarse electrode tile above each 20x20 block of
pads Bottom line
- Tile triggers and measures total charge Pixel-only readouts give 3D imaging but trade
» Pixels power up and image only where a tile fires noise against power. GAMPix keeps the 3D and

breaks that trade-off.

ol AL

CPAD 2026 Si_AZ | Bahrudin Trbalic | bahrudin@stanford.edu



GAMPIix for DUNE: Recovering Low-Energy Charge

2.5m drift distance

. upermnova neutrino nteraction vertex 2 L
Fslagnmogicals : * " & = E 1.0 * : + :
50 - frar} 1 1
> Sos| '] f { I
100 - _ v I ! j
y Hadronic system Qo6 I :
Crda, 50 RN )
: \\‘\u;\ = ) o 1 1
IE 2 é 0 < f < T g 0.4 : 1.0MeV electrons :
| ; — % _‘a : 2.5MeV electrons :
! = 2 5.0MeV electrons
:: -50 ]l\ "'% 0.2 E 4 10.0MeV electmns!
9 ~100 - © ! g . I
' 0007160 200 300 400 500
150 ~150 . Noise [e ] .
=100 | 1
-50 1 1
Y ¢ ~200 LT ' ' ) | ! | ———
m) -50 0 50 100 150 200 250 300 350 I !
. z (cm)
arXiv: 2203.00740 PRD 99, 036009 (2019) GAMPix simulation
Astrophysical neutrinos GeV oscillation events Noise sets what survives drift
Supernova and solar v deposit only Neutron scattering and nuclear « ~500 e~ (strips): 1 MeV lost, 10 MeV
MeV-scale energy, buried in de-excitation leave a halo of loses ~30%
radiological backgrounds MeV vy blips, lost if undetected  1MeV: ~830% at 150 e, >85% at

~50 e~ (GammaTPC)
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Thanks!

[1] GAMPIix Paper ntips.//arxiv.ora/abs/2402.00902v1

[2] GammaTPC Paper hitps//arxiv.ora/abs/2502.14841
also: gammatpc.com



https://arxiv.org/abs/2402.00902v1
https://arxiv.org/abs/2502.14841
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BACKUP SLIDES

Just in case
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Electric Fields in GAMPix Unit
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GAMPix | Simulated Signal Chain

Current from Drifting Electric Field Analog Bessel Analog and Digital
Electrons Response Filter Output
Total current Trom The Frack ﬁ“[:lm Garﬁef‘d++ 1=
25+ Signal on x; -"h".
1000 - " Signal on x; f ",
|_| g T 2.0 Signal on y, { \
E 800 4 ] | i Signal on ¥; I" I|
[ 5.1 w 171 — Total Signal I.' |
“ = Digital Sampl |
w E:L 600 f}\____ | ; 1.0 Igital samples I||| III
O ; il = : [
| [rLIJ\L ﬁ-H N I 5] 031 JI ,.-‘f'. \'hll.l
200 4 | ll L | \k\ ------------------- |.'I
J L ] J 5 -0.51 ——— /
00— — g - ; | 4 . -1.0l I ] I i I
o s g A - 0 50 100 g¢ 105 105 -30 -20 . -10 0 10
Time [ps] Time [ps] Frequency [radians / second] Time [ps]
= Tuotal Signal - i - = Total IJI;_JIlIzed Sigmial ; |
Signal on Central Pixel 9,13 |-—___‘\ ‘rrj?rlaurll;ﬁ;:]:slqn:g:-:?nr:iﬂ s
1000 ﬂ-l_l 1 1.50 Anilc-q E.lgnl:lal. :;.qu- 9.1l3-
8001 - " 125
E _ﬂ ‘-i 100
m : 600 14 4E:- -
E :v
.Z 3_ IJ]L\_LI- dh \.E; oy
n- 400 LLl_IJ il
0.50
200 )
rrll 4 025
o - 0 5 10 10° 106 107 000 e . . :
o ws 10 13 20 25 a0 Time [ps] Frequency [radians / second] 3 3 5 5 7

Time [us] Time [ps]
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GAMPix | Simulated Signal Chain

Dual Scale Charge Readout: Coarse Grids and Pixels
Track Energy 50 keV,

Impuls Response: 1.0K electrons 0.99K & Detectod ehorga on Wires

0.41K e- Detected Charge on Pixels

200

175

150

125

z (mm)

100

75

50

25

Digital Charge Readout
1.00K e- Deposited Charge
3.6 us Peaking Time
1.0 MHz Digital Sample Rate

le7 Signal on each wire
T T
—— Signal on x; ' : - ——'\\\
8 - Signal on x2 i i P s
—— Signal on y; : | / :
64 — Signal ony> : i :
- Total Signal : i }
4 —-== Pixels Activated : l :
T 4 , ! |
3 H !
S ! P B ~—
S 2] : ~ e e Py
7
! = Ao |
) I e e T T ~—— e P :
N = s — | 1
| H |
-2 \ : / ! !
Nl ! !
T T . . I i i I i
0 5 10 15 20 25 30 35

Time [ps]



GAMPIx | Simulated Signal Chain
Issue: Non-uniform response from the wire grid

Input Wire Signal Readout

Jo1
v

Sum of Signals

wiret e We Ty _ SO]-
ml -
Sr1

signal (adu)
Q>
]

wire 3

P S A =N\

GamPix wire 4

time (us)
¢ time (ps)
Pixel Readout |15 | Wire Signal of Event
3D Reconstruction

signal (adu)

and Clustering Wire Signal Readout = \Nire Signal of Reconstructed
Input Track
Tl q ® - @ . —~lwire 1 !
e ri s e . = —_— ~

" :. .. e P I-.“ Sn \/k qul_quml”qOI

T v ! o N ;
Gampix wire 3 \
- Oq r2 .. q-I;B L simulation - \/\-——
- Fo» wire 4 triggered , = . L~ .

4 . 1911 <01 time (ps) Agpi=4riM; =,




Power Saving 10 MeV photon

T 125
T 10.0
7.5

= T 5.0

z (cm)

2.5

T 0.0

s T-2.5
T - |

* 40 coarse voxels are ~10-3 of (30 cm)3 volume.

* This is reduction in pixel on power

e |04 pixel samples read out, ~2e4 reduction over all pixels
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quiet pixels AADC (LSB)

Injection-locked crosstalk: quiet pixels respond in anti-phase

—10 1

—15 A

—20 A

—25

=
=
.G - 400
- 300
50 mV
= 100mV | 59q
— 200 mV
- 100
= pulsed (col 4-7)
=—e— quiet (col0-3) | o
8 10 12 14 16 18

readout sample

(as1) >avv sjexid pasind

-”-—-.-""'
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Charge Ratio vs Drift Distance

- 5.5

Length Estimation Error

- 5.0

2000 | 3000 a 4000 B 5000 | 6000
Drift Length [mm]

——
1000

Relative Drift Length Error vs Drift Length
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