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— The General AntiParticle Spectrometer (GAPS)

GAPS is an Antarctic balloon experiment designed to
detect low-energy cosmic antinuclei as an indirect

Si(Li) Tracker signature of Dark Matter
(within TOF Cube)

Time-of-Flight W\
(TOF) Umbrella /i \ TOF Cortina

The instrument

» Time-of-Flight System (TOF)
» 160 plastic scintillator paddles with Si-PM readout
= Si(Li) Tracker

* 1009 lithium-drifted silicon (Si(Li)) detectors

* 7 layers with 10 cm spacing
« 12x12 Si(Li) detectors per layer

I 1 1 o » Support instrumentation
_|Ct['ni5:“ ey \ \&¢ ( * Thermal Oscillating Heat Pipe (OHP) system
 Electronics, Solar panels

and inner Cube

e\

< - 9’ w .
2 A ‘

Radiator @S]

Final integration at the NASA LDB
facility at McMurdo station in
Antarctica to assemble and validate the
instrument in December 2024

GAPS instrument suspended from the launch vehicle — December 2024

“The General Antiparticle Spectrometer (GAPS) Antarctic Balloon Payload”,
https://doi.org/10.48550/arXiv.2604.19830 1/20
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— GAPS First Flight in 2025

[ NASA LDB Facility

, © Mchrdo
GAPS launch Trajectory On ground payload recovery
= First successful launch = Two full circumnavigations » Total number of triggers: 540 M
on Dec 15 at 16:37 UTC of the Antarctic continent = 1 TB of data over Starlink
= Total flight time = ~35 km float altitude 15 TB of data stored on hard disks
25 days 2 hours 53 minutes = ~12000 km total distance
n Recovery on ground s ~29 km/h average speed Two additional ﬂlghts
(~100 days total)
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— The Si(Li) Tracker

Module! Detector
* 4 Si(Li) detectors with 8 strips each High Voltage
 Front-End Board connected via flex-rigid boards Aluminum Frame l SifLl) Betector
. ) N, Purge
* Aluminum frame and top and bottom windows Shields i
« SLIDER32 Readout ASIC! (180 nm CMOQS)
....... RETTRRT Y RS =
= : i ASIC
| ” zgg % Low Voltage | Low Voltage
£ : 3 e > >
1 = - SPI Signals | | SPI Signals
il o B = = =
= 3 LA 9 ADC Clock ADC Clock
H H / =g

Tracker layer assembly P FED
onnectors

* 6 modules connected in series to implement a row
* 6 rows side by side to implement a plane

e 24 cm —>

| | 24 cm

I 1 “X-ray and Particle Detection with the Si(Li) Tracker Module of the GAPS
Experiment”, https://doi.org/10.1109/TNS.2025.3616408

v
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— Charge sensitive amplifier

Vie | Reference
Main requirements G| T | e
* Dynamic range: 10 keV — 100 MeV Gg’r:cr:ni:\gos ~
* Power consumption < 10 mW /channel &) “
* Leakage current: 2 nA (-40 °C) up to 200 nA (430 °C) »—E: 1
* Detector Capacitance: 40 pF JL T
+ Resolution: 5 keV FWHM (~ 600 e- rms) @
* Operating temperature: -40 °C l -

Cd

SiLi) ), i@
Envisioned applications strip ) ¢
o ) _ _ _ CSA with dynamic
* Readout of capacitive sensors in applications with signal compression

high input dynamic range and high resolution
at low energies Distinctive features in CSA feedback

* Feedback capacitance (;is implemented using a MOS
capacitor to achieve Dynamic Signal Compression

* Cope with 10 keV to 100 MeV incoming energy range
* Preserve sensitivity in the X-ray detection region (up to 100 keV)

» Upgrade of the ASIC! developed in
180 nm CMOS technology for the
readout of Si(Li) detectors in

tracker of the GAPS experiment
(second and third flights) * Reference voltage as a function of temperature

1 *A 32-Channel Readout ASIC for X-Ray Spectrometry and Tracking in the GAPS * Improved KrummenaCher circuit fOI’ Charge restoration and

Experiment”, https://doi.org/10.1109/TNS.2023.3336192 detector leakage current compensation (up to 200 nA)
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— Dynamic signal compression with MOS capacitor

Cos |

Drain-source shorted to form one capacitor terminal, the gate forms the other

e 0< Vig KL Vy, = Cgg is set at its minimum and it is mainly due to the
overlap gate-to-source Cgs ., and gate-to-drain Cgp ., Capacitances:

Conin = Cgs00 T Cgp,o0 = 2ZW ALCox
* Vs> Vi, = Cgg shows a maximum value mainly given by C;c capacitance:

Ciax = Coc= WLCpox

Vs Vg |
= At CSA Gain
Qi = Qin . 1
L I — L ) Qin G = —

o— out o T out CGS

Limitations related to the MOS threshold voltage

» CSA output voltage range must be greater than Vy, (Vpy, is increased
by the body effect)
* Vo, depends on temperature

“Dynamic compression of the signal in a charge sensitive amplifier: from concept to design”,
https://doi.org/10.1109/TNS.2015.2477461

Ves<Vu

/| poly \
o
n+

-
M

p-substrate

Vbut y

1.2V

09V

03V

ov

High Gain
Vgs << Vy

Low Gain
Vgs >> VTh

600 mV

\

Qin
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— CSA feedback capacitor

DTMOS: Dynamic Threshold MOSFET

* Originally proposed in 1994 by Assaderaghi in
“A dynamic threshold voltage MOSFET (DTMQOS) for
ultra-low voltage operation”

* The device bulk (well) is connected to the gate
n-type DTMOS

i R s

* As a result: Vgg = V5 and the threshold voltage is
changed dynamically with Vg

Vra = Vo + )’(\/ 2¢p + Vsg — m)
|l

—Ves

p-type DTMQOS

— Vg decreases as Vg increases

DTMOS as CSA feedback element

VS ;;El Vg = Vb

Qin

Qill@

Vru = Vo + V(\/Zfl) — Vour + Vs — \/ﬁ)

— Vg decreases as V,,; increases

Expected differences wrt standard MOS
* reduced requirement for output dynamic range

* slightly sharper transition between high and low
gain region
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— Temperature effects

C-V curve

GS

0

1. Feedback MOS threshold voltage
Transistor threshold voltage decreases with T
Veu(T) = Vepo — Ko T

* the C-V characteristic shifts accordingly

* the transition point (kink) between the high and
the low gain regions of the CSA transfer
characteristic displaces with T

Vour

Vr

Ves <<Vt
High Gain

CSA transfer characteristic

4

~

I N N
.

Ves >> V7

Low Gain

kink

O

2. Space-charge at the silicon-oxide interface

It depends on temperature and affects the transition
between week and strong inversion

* The slope of the transition between min and max
values of the capacitance decreases with T

* less sharp transition of the CSA characteristic
between the high and low gain regions
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— Temperature effect

Vbp
.8

Vsr = Vi

Assuming <

[ p—O VOUT

— ——<VREF

~ Vrp(T) = Vrpo — KT

Vri(T) = Vrpo — KT
q(Ver — Vrp)

In; = Ippex
_ DI DO P[ kT

mitigation
The CSA characteristic depends on the overdrive voltage of the feedback transistor Mg

Vove = Vese — Vrr = Vegr — Vi (T) — Vrp(T)
it is affected by temperature variations of

* Threshold voltage V1g(T) of the feedback transistor Mg
» Threshold voltage Vi(T) of the input transistor M; (that affects Vj;)

The effect can be mitigated by generating Vg

: . RE Reference Voltage Generator
in a way which follows the temperature variations

so that Vyyr is temperature independent —e— Vpp
Temperature dependent I‘”i @
reference voltage | Vieer
Veep =a =BT

MQﬁ

»
|

With:
a = Voyr(—=40°C) + Vrro + Vo

M1

k I
ﬁ :KF+KI+H_Blnﬂ

q Ipo T
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— Charge restoration feedback network

Krummenacher architecture Network limit
* Discharges the amplifier feedback capacitor Stage unbalanced for wide output signals
« Sets the DC voltage at the CSA output node — [k/2 integrated on Ck (V¢ shift)
(gate of M2, to the same Vref as gate of MI) — additional output current that can unbalance the stage
» Compensates for detector DC leakage currents in the opposite direction when Vout returns to baseline
more than the tail current Ik (large Ck capacitor to reduce the effect)
Vdd
1.0 e e . Iy
M4 » Cr: n-type DTMOS | lo = 9m3Ve = Gms L
vkt Lo )3 [ T — —40°C j 2C
T 2 08l Cqy = 40pF 4
L] L heak = 2.5 nA 1
M3 J| = |
Ve g - .
Detector $o6 Network improvement
Ileak ‘ out 2
‘ - ! 2 oa Bulk of additional transistor
HEM g MZ]}J 2 M4 is used to regulate the
Vref | © s discharge current
i [ —— With M4
0.0k Without M4
" 006 0% ok as e i is0 i 200 iy ~ Gms (Vc 4 Imbs VK)
Time (ms) Ima
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— Charge restoration feedback network

Krummenacher architecture Network limit
* Discharges the amplifier feedback capacitor Stage unbalanced for wide output signals
« Sets the DC voltage at the CSA output node — [k/2 integrated on Ck (V¢ shift)
(gate of M2, to the same Vref as gate of MI) — additional output current that can unbalance the stage
» Compensates for detector DC leakage currents in the opposite direction when Vout returns to baseline
more than the tail current Ik (large Ck capacitor to reduce the effect)
Vdd
I R e . Iy
M4 —1 1 0 Cs: n-type DTMOS ] lo = gm3VC = 9m3 =~ t
ve T[] gl Ik j T = —40°C j 2C
-« g 2 08l Cqy = 40pF i
L \ . heak = 2.5 nA ]
M3 “ Ve S
Detector | $o6 Network improvement
Ileak ‘ Oout 2
- T 3 Bulk of additional transistor
H@\ i o MZ]}J 2 M4 is used to regulate the
Vref i > © s discharge current
i i [ —— With M4
0.0k Without M4
" 006 0% ok as e i is0 i 200 iy ~ g (Vc 4 Imbs VK)
Time (ms) Ima
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— Readout channel

2.

oo <

INJ_EN
Clnj T
INJ —| |——o/o__
\
IN o

Krummenacher Network for
Leakage Current Compensation

|

Leakage Current
Generator

/—/H

Cr (DTMOS)

=

ﬂ o Vief,csA

= (Test Boailc; ;{f la l

Charge Injection Circuit

for Calibration =

LEAK_EN

SHAP_MODE
3
I
11

Vref.sh

’ —Acsa

SHAP_MODE Con2
i
[ A
Csh 1

Y

CSA with Dynamic
Signal Compression

Krummenacher [§ii§
Feedback

eakage Current

Feedback ‘
Capacit

Generator

363 pm

CR-RC Shaper with
Eight Selectable Peaking Times

Output Driver

100

Area 363 pm x 100 pm

v

pm

Charge sensitive amplifier with
dynamic signal compression

CR-RC filter with 8 selectable peaking
times (from 0.2 to 1.6 ps)

Charge injection circuit for calibration
in the 10 keV to 100 MeV energy range
(External 16-bit DAC provides V,,
reference voltage)

Leakage current emulator circuit to
test the compensation capabilities of the
Krummenacher feedback up to 500 nA

Output buffer to drive the oscilloscope
load capacitance

Power consumption
3.5 mW/ch vs 8.3 mW/ch

of the 180 nm version
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— Test ASIC

2

i
NMOS + Iéa’lz;gej Test mi.
T Driver FS
% gllvi’ifg_l i i R ' w ;
NDTMOS 4 leakage E} &&i
' R R =

i
: : T ,Z,,,»j : R Bias gﬁgﬂifi — ;"’Z,,,,
e — Reg ister ——

i [ (B Eu! Ty g
i i T A B W] W 5 R T =8

Design submitted in February 2025 and delivered
in late July 2025

Area 1500 pm x 1000 pm with 42 pads
CLCC44 package
Eight fully analog channels

Four CSA feedback configurations
(same area for comparison purposes)

NMQOS PMOS n-type DTMOS  p-type DTMQOS

g g b

Length Width Gate area

Configuration
(Hm) (um) (Hm2)
n-type MOS 14.0 114.3 1600.2
ntype DTMOS  14.0 114.3 1600.2
p-type MOS 20.0 80.0 1600.0
p-type DTMOS  20.0 80.0 1600.0
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— Test setup

B '
ST 001/SVIBA = Svia]
C65.6.2 N R55.6.2
e 00 e T
= e
R63.11.200 | _
21928 2
cée.

y [t R63.11.1 A .
CLCC Socketf.1 ELOUTS5LE 8] S £

@ TeMErs _ antaresd |
& NeNEmiRs2.1q, Test Board v

= R54.1 Luca Ghislott1 -
o5 ommEnE” & ORI Rst-16y U 2025
£y

3 o RRNC det5[ra] B
o A 0 (BT cse. 9 capaciance i
L] XC 0 (O c58. 9 J9 LENO 5

Doy eiEGiceo.s  EEETM EE

R43.9 [EREEIEIEE 00 00 1o GND__ ]

— o PEE=R24. 31
3 c:

S 34
9
)

=]
" =]

[rasie

DraVER I
oo Iooi2

N Sensor
) 000000
> 000000 "™

Custom ASIC test board with CLCC44 socket

 16-bit DAC generates the V,; voltage for the
charge injection circuit

* Programmable voltage references and current
biases for automated testing

* On-board temperature sensor

Digital Oscilloscope

* Test setup supports full-automated test routines

Channel Inputs

ASIC

Test Board

Arduino Giga R1
w/ custom shield

Climate Chamber

* Climate chamber control for temperature testing and ASIC
operation at -40 °C flight temperature
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— CSA transfer characteristic

CSA Output Voltage (V)

0.9- - n'—typle I\}IOS
I n-type DTMOS
0.8
0.7
0.6
05
0.4:-
0o 20 a0 60 T80 100
Incoming Energy (MeV)
n-MOS n-DTMOS
G (pV/keV) 259 187
G (1V/keV) 2.03 1.91
Compression factor k 127 08
Kink (keV) 1918 2023
AV, (mV) 653 532

300
250 0 — 700 keV
[ linear region
= |
E 200} T — —a0°C
% [ C, = 40 pF
S 150}
=
o L
s
S 100f
el
m L
(@] L
50 i
i —o— n-type MOS 1
ok n-type DTMOS 1
0o 200 400 600 800 1000

Incoming Energy (keV)

n-DTMOS vs n-MQOS feedback shows:
* 30% lower low-energy gain X
* slightly reduced high-energy gain =
* 30% lower compression factor (k) X

* 20% smaller output swing v
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— Feedback capacitance

UL L L L L L L L L L L L L L L L L L L L L L L L L L 0'6I"III'II'I'I'I'I'I'I"I'I'III‘l'
o | T T T T T T - o NMOS o
[ —*— NMOs § DT-NMOS L
[ = DT-NMOS 05l _ Ej i
o 20 ] ~ 2 8
5 T = —40°C - & T =—40°, _gwc
0y Cy = 40pF 8 Cy = 40pF
2 ‘ - 504 ‘ B
o 15 _ &
G i Slope ' g8 e L@
a - 134 pF/V S | =
< - %03} .
O 10 L Slope ] 3l 2WALCoxHCss +Cos
3 T 113 pF/V ] s | ,,
8 - b
'§ 5 [ ] 0.2
L : ]
0 _. N RN P S N N [N T TN TN TN AN SN SN NN N N N O N il 0.1 L s 1 TP N S (S i
0 0.1 0.2 03 0.4 05 0.6 0.7 g 20 40 60 80 100 120 140 160
CSA Output Voltage (V) CSA Output Voltage (mV)
Extracted by differentiating the transfer characteristic of n-DTMOS vs n-MOS feedback capacitance shows:
the CSA wrt the output voltage and fitted with: - lower transition voltage /
Cy+Cn Cy—Cp * higher slope of the transition v
F - 2 2 tanh[a’(vout - b)] . . . . .
* higher capacitance in the low-energy gain region
— lower low-energy gain X
L. Ratti, et al. “A 2D imager for X-ray FELs with a 65 nm CMOS readout based on per-pixel (Can be increased by red ucing the W of the device)

signal compression and 10-bit A/D conversion”, https://doi.org/10.1016/j.nima.2016.05.055
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— Temperature effects

CSA transfer characteristic

500
400
S
x|
&300F
= C;: DT-NMOS
S 200}
<
wn
[
100 | —— T = —40°C, Viercsa = 360mV 1
L — T:3OOC, Vref,CSA:36O mV
: —— T =30°C, Optimal Vier,csa
0 220 4 60 80 100

Incoming Energy (MeV)

The reference voltage generator compensates for the
effect of temperature on the feedback MOS Vth v

It remains the reduction in the slope of the transition
between minimum and maximum value of the
feedback capacitance X

Feedback capacitance

3
| —e— T = —40°C, Viercsa = 360 mV

4 T = 3OOC, \/ref'(:sA = 360mV
+ —v— T =30°C, Optimal Viefcsa

= N N
(6] o (6;]
———T

—
o

—T——
]

Feedback Capacitance (pF)

Cd =40 pF
Cr: DT-NMOS

........................

CSA Output Voltage (V)

+30 °C
-40 °C
Vref=360 mV  Vref=f(T)
Transition (mV) 293 221 291
Slope (pF/V) 145 115 117
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— Leakage current compensation

Transient response at -40°C Transcharacteristic at 25°C
.|'-"1----|""1""|"'I'-|"("'C|"": 0.5_| T T T T T T T T T T T T T T T T T T T T ]
e:feo r:Jgrent __ : Leil;a_geocnlxrent C; n-type DTMOS ]
250A ] e 100 o e :
: 041 d=70P ur
— 5nA —%— 200nA / _
s — 10nA > --A=- 300 nA ; ]
& — 20nA o I
2 —— 50nA 2031 )
= 80nA =
g ] g
3 Cr: n-type DTMOS 3 0.2r < e A A
< T =-40°C 1 < L £
4] Cy = 40pF ] S r =1
: | o1r § AT |
\ 7 ,,,,,
I T R A A 1 n ¥_T—__n—j 00-_ | ‘j“ | " n 1 n L 1 1 L n & 1 n I n 1 n 1 A | ]
000 025 050 075 100 125 150 175  2.00 0 20 40 60 80 100
Time (ms) Incoming Energy (MeV)
Leakage current at — 40 °C Leakage current at at room temperature
* Up to 80 nA, well above the values expected from the * Tested beyond 300nA
Si(Li) detector in flight conditions v « Up to 200nA
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— Shaper time response

Shaper Transient response Measured vs simulated peaking times
— 1800 -+~ Tt r-rr o
0.90 Peaking Time . mtvoe DTM _' - --®-- Simulated ]
1 o . Cr: n-type 0S ] 1600 F —m Measured :
f =i — I ]
0.85 || . y ' 1400 | el
g R p.2 tp6 s I e
S ths —— tor o 1200} P ]
4(3 x‘”f,/ Uz’- I ."’ - —
=080 - ] = LA
2 - 2 1000 | e ]
El /’/‘/ = [ ey d
s} 20 L . - m .
3 075} ///” 7 :% 800: ,/fg}»f’“fr .
£ e Z & 600 o -
2 e : : g ]
0.70 /// T 400 L > T = —40°C ]
,, | o Cy = 40pF ]
’ I @ i
_ i Cr: DT-NMOS ]
0.65 RS ] 200 f :
00 05 10 15 20 25 30 b
Time (ps) tp.0 to1 tp,2 tp3 tpa tps tp6 tp,7
g Peaking Time Setting
* Good unipolar semi-Gaussian (CR-RC) time response * Measured peaking times values slightly different wrt
for the 8 peaking times simulated ones
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— Energy Resolution

! T T T ) T 7 T T T v v T v T T T T T T T T T T T T T T T E
- -&=-- P.L. Sim. (TT corner) [ O P.L.Sim. (TT corner) 1800
6r \ —&— Measurement 1700 | -9+~ Measurement A
_ \, 61 " 4700
\\\ s /// (@) :
= Bl ettt et e 4600 ] S S SR . 4600
> AN Target Resolution “w — Target Resolution i ]
= : £ kS 0 ~
c | 5 'ji"r 1500 o
2 2 S 4r P 3
_g _500 % é /,///O ] E
g 41 i > @ 1400
3 270 - T = —40°C ]
2 T = —40°C : "i’c”)/ = 1300
Cy = 40 pF _-H 1400 - e P P ]
1200
3 | I 4
300 400 600 1000 L= 20 a0 e 8 10
Peaking Time (ns) Detector Capacitance (pF)
* Resolution with nDTMQOS better than the Increase with detector capacitance:
target 5 keV FWHM for all peaking times v ¢ ~ 0.04 keV FWHM/pF

* Measurement for NMOS in progress * ~5erms/pF
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— Summary

Use of a Dynamic Threshold MOS as the

. - CSA parameter n-MOS n-DTMOS
feedback element of a charge sensitive amplifier P
implementing dynamic signal compression Rise time X v
Low-energy gain v X

* Four feedback configurations available (2 tested)

Q
Q

High-energy gain

NMOS PMOS n-type DTMOS | p-type DTMOS Compression factor
VDD

o—%E“—o O_.”%_Q @| |% Slope of transition

= Output swing

xX X «
NN A X

Noise

* n-DTMOS provides promising results with the only

exception of low-energy gain and compression factor Future plans

e This limit can be overcome by reducing the gate

width of the device » Complete the test of the 4 CSA feedback

configurations and come to a final decision

Reference Voltage Generator to mitigate the * Complete the design of the analog readout channel
temperature effects on the CSA feedback MOS * Submit a chip with 8 channels + ADC and Digital

Backend by the end of 2026

- Submit the flight ASIC with 32 channels by the end

of 2027 (ready for second flight of GAPS experiment)
19/20

Bulk controlled MOS in the Krummenacher
feedback network validated



