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Design and performance of the 
readout chip in the Si(Li) tracker 
module of the GAPS experiment 
V. Re1,3, L. Ghislotti1,3, P. Lazzaroni3, M. Manghisoni1,3, E. Riceputi1,3, 
L. Ratti2,3, L. Fabris5, M. Boezio4 and G. Zampa4

Introduction The Macro Pixel ASIC
This work reports the experimental results
from the characterization of a
semiconductor detector module, that is
the basic unit of the tracker for the
General AntiParticle Spectrometer (GAPS)
balloon mission. In the austral summer of
2024, GAPS will search for an indirect
signature of dark matter through the
detection of low-energy (< 0.25 GeV/n)
cosmic-ray antiprotons, antideuterons,
and antihelium.
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Time-of-Flight System (TOF)
§ 160 plastic scintillator paddles 

with Si-PM readout
Si(Li) Tracker
§ ~1000 Si(Li) detectors
§ 10 layers with 10 cm spacing

§ 7 with Si(Li) detectors
§ 1 with  both Si(Li) detectors 

and dummy modules
§ 2 with dummy modules

The GAPS instrument

16th Pisa Meeting on Advanced Detectors – La Biodola, Isola d’Elba, May 26 – June 1, 2024
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§ Tracker composed by 10 layers of
6x6 modules

§ Each layer with modules arranged in
6 lines (every line shares the same
low power supply voltage)

The GAPS Tracker

1st line
2nd line
3rd line

4th line

5th line

6th line
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Fig. 4. Mean value and spread (in terms of standard deviation) of the
reference current as a function of the 3-bit bias setting from ten samples
measured at 27 �C. The dashed line shows the nominal value of 5 µA expected
from design.

The reference current, generated with a V-to-I converter293

starting from the BGR voltage, was evaluated, thanks to a294

current monitor that makes this current available for measure-295

ment at the ASIC output. In Fig. 4, the mean value and spread296

of the reference current are reported as a function of the 3-bit297

setting (Bias) for ten samples measured at 27 �C. It is possible298

to see that among the eight bias settings, the ones closest299

to the 5-µA reference value are 101 and 110. The reference300

current has also been measured at temperatures varying from301

�40 �C to 30 �C. A temperature coefficient of �130 ppm/�C302

was measured over this temperature range, and an increase in303

the reference current of about 50 nA, with respect to the value304

measured at ambient temperature, is observed when the ASIC305

is operated at �40 �C.306

The 8-bit DAC for global threshold setting provides a307

differential voltage to the threshold generator with a resolution308

of 1.6 mV that translates into a threshold resolution in energy309

of 5.83 keV. The 8-bit DAC has a maximum differential310

nonlinearity (DNL) of 0.09 LSB and a maximum integral311

nonlinearity (INL) of 0.55 LSB. The 3-bit DAC integrated312

in each channel allows for further fine-tuning of the threshold313

in a range of 40 keV with a resolution of 5 keV.314

The 11-bit ADC has been fully characterized using an315

external 16-bit DAC connected to a dedicated input of the316

ASIC. Preliminary results obtained using clock frequencies317

up to 24 MHz (conversion time down to 625 ns) have shown318

that no missing codes are present, and the average resolution319

is 9.8 effective number of bits (ENOB).320

The overall power consumption of the ASIC operated in321

the idle condition is 264 mW, including both the analog and322

digital sections, resulting in 8.2 mW/channel which meets the323

experimental requirement. These values were provided directly324

by the Keysight N6705C power analyzer used to supply the325

ASIC.326

B. Channel Time Response, Sensitivity, and Dynamic Range327

To evaluate the time response of the analog channel, a dig-328

itized waveform was reconstructed at the shaper output by329

Fig. 5. Digitized waveform reconstructed at the output of the analog channel,
after pedestal subtraction and for an input particle energy of 841 keV at the
eight selectable peaking times. The ADU is the width of the ADC bins:
1 ADU = 1.76 mV.

running the ASIC in the external-trigger mode and changing 330

the delay between the voltage step that triggers the internal 331

injection circuit and the S&H sampling signal. The result of 332

this digitizing procedure is shown in Fig. 5 for one channel 333

and for the eight peaking time settings. The plot is expressed 334

in analog-to-digital unit (ADU) as read at the output of the 335

ADC, and also converted into volts (1 ADU = 1.76 mV). 336

It can be seen that the filter provides a good unipolar semi- 337

Gaussian CR-(RC)2 shape, with peaking times (⌧p) from 338

around 0.25–1.60 µs. 339

For each peaking time setting, the input–output transcharac- 340

teristic of the full analog readout channel, as shown in Fig. 6, 341

is obtained by measuring the peak value of the differential 342

signal digitized at the output of the S&H as a function of the 343

energy released in the detector. As expected, the character- 344

istic exhibits an almost bilinear shape, as it is also evident 345

from the plots of the sensitivity and the relevant resolution 346

shown in Fig. 7. In the X-ray detection region (energy lower 347

than 100 keV), the channel provides a sensitivity of around 348

1 ADU/keV (1.76 mV/keV) which makes it possible to satisfy 349

the requirement to have a resolution of 1 keV. In the heavy 350

particle detection region (higher than 10 MeV), the sensitivity 351

decreases and tends to a value of 0.01 ADU/keV (10 µV/keV) 352

with a resolution of 100 keV. As shown in [9], this change in 353

channel sensitivity is due to the dynamic compression imple- 354

mented in the CSA, whose equivalent feedback capacitance C f 355

adapts from 175 fF, in the X-ray detection region, to 14.7 pF 356

in the heavy particle detection region. The zero in the CSA 357

transfer function introduced by the charge restoration stage 358

affects the gain, which slightly decreases with the peaking 359

time. 360

The results of the measurement, performed at the tempera- 361

ture of �40 �C on three samples (96 channels), are reported 362

in Table II. The mean value and the standard deviation of 363

the peaking time and the channel sensitivity for both the 364

X-ray and particle detection regions are shown. It must be 365

noted that the channel gain is sensitive to the temperature. 366

The tracker is cooled by a passive oscillating heat pipe (OHP) 367

Particle identification: 
TOF system measures velocity and dE/dx

Si(Li) Tracker functions as
• Target to slow an incoming antiparticle and capture it 

into an exotic atom in an excited state
• Spectrometer for de-excitation X-rays
• Tracker to measure antinucleus dE/dx and stopping 

depth, and annihilation products from nuclear decay

Module:
§ 4 sensors (8 strips per sensor)
§ 1 readout ASIC
§ 1 front-end board
§ Mechanical support
§ Top and bottom windows (not

shown)

Front-end electronics requirements
§ Channels per ASIC: 32
§ Operating temperature: -40°C
§ Power dissipation: < 10 mW/ch
§ Signal polarity: electrons
§ Dynamic range: 10 keV-100 MeV
§ Analog Resolution: 4 keV (FWHM)

detector capacitance 40 pF
§ Detector leakage current: 5-10 nA
§ Event rate: 100 Hz

§ 11-bits ADC
§ Digital Back End (registers control, 

SPI, ...)
§ 8-bit DAC for global threshold setting
§ 3-bit DAC for threshold fine 

trimming
§ Detector leakage current readout
§ Temperature sensor readout

Integration and Calibration of the GAPS Antarctic 
Balloon Payload

Riccardo Munini1, Field Rogers2 on behalf of the GAPS collaboration3

1INFN Trieste, 2SSL UC Berkeley
 3see https://gaps1.astro.ucla.edu/gaps/authors/alist.html

Tracker

TOF cortina

TOF cube

Radiator

4 m

mass: ~2,500kg
power: 1.3kW

The GAPS detector

Solar 
panels

Electronics 
bay

TOF 
umbrella

Spring-Summer 2022
Integration started at Bates (MIT). 

Five tracker planes mounted.

GAPS is a balloon born experiment designed to 
measurements antinuclei in the cosmic radiation as a 

signature for dark matter annihilation

September 2022-
February 2023

Moved to SSL Berkeley 
Tracker fully integrated 

and tested. 
Extended muon data 
taking for calibration.  

Late 2022
Cooling system fully integrated 

and tested. Nominal 
performances reached.  

April-May 2023
Top Cube and part of the 

umbrella ToF integrated and 
tested. Muon acquisition with ToF 

trigger performed.

Spring 2023
The GAPS instrument at SSL with 

the tracker and part of the ToF 
integrated. 

Late May 2023
GAPS shipped to NTS for thermal 

vacuum test.

June 2023
TVAC validated thermal model for the 

instrument. Full functionality, muon hits 
recorded on all detector modules Extensive mu data 

taking for tracker 
calibration and ToF 
system operation. 

Tracker Si(Li) 
(re)calibration with 

X-ray sources

Fall 2023

Winter 2023

Spring 2024

Instrument 
reassembled at 

Columbia 
laboratories in 

Nevis, New York.

Hang test at NASA 
facilities in 

Palestine, TX

June 2024

Fall 2024 Detector shipment 
to Mc Murdo base 

in Antarctica

Dec 2024 Launch for a ~30 
days balloon flight

July 2023
GAPS moved to Columbia labs in Nevis

The SLIDER 32 Front-End ASIC
§ 180 nm CMOS technology
§ Low-noise analog front-end with dynamic signal compression 

for high dynamic range (from low-energy X-rays to high energy 
proton and pion annihilation products)5 Appendix
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Figure 5.1: Front-end schematic.

• Active CR di�erentiator and Zero Crossing comparator (ZC). The di�erentiator task
is to derive the shaper output, with a CR �lter, in order to retrieve the exact shaper
output peaking time. When the shaper derivative is equal to zero, the shaper output
is at its maximum voltage, namely its peaking time. The di�erentiator output is
negated and then connected to the ZC comparator: when its voltage is greater than
0V, the ZC output turns into a 1 logic. This is the moment when the shaper output
has to be sampled.

• Single-ended to di�erential S&H. This block holds the shaper output voltage value
when the signal CONV passes from 0 logic to 1 logic. The CONV signal is equal to
ZC when the front-end operates in self-trigger mode, instead, when it operates in
non self-trigger mode, the CONV signal must be provided from an external source.
This block introduces an additional 2.7 gain.

• Injection Capacitance ⇠8= 9 . This capacitance (which is part of a injection circuit) is
only used during tests in order to simulate the charge coming from a detector strip.

• 11-bit hybrid SAR ADC. This block is used to sample and digitalize the voltage held
in the Sample and Hold.

42

§ RC2−CR signal 
shaping with 
peaking time 
0.25 µs – 1.6 µs

§ 4 keV energy 
resolution at 
peaking times 
0.5 – 1 µs

v Fall 2021/Winter 2022: GAPS Functional Prototype built at MIT Bates 
Laboratory 

v Fall 2022/Winter 2023: GAPS integration at Berkeley Space Sciences Lab 

IEEE Proo
f

MANGHISONI et al.: 32-CHANNEL READOUT ASIC FOR X-RAY SPECTROMETRY AND TRACKING 9

Fig. 12. Input–output transcharacteristic of 17 056 channels (533 ASICs)
measured at ambient temperature for ASIC classification. The 469 nonre-
sponding channels are highlighted.

Fig. 13. Classification of the 535 tested ASICs as resulting from tests
performed at ambient temperature.

reducing the contribution from the bias network, an improve-544

ment of around 0.4 keV can be obtained for the peaking545

times around 1 µs. A reduction in the contribution from546

other blocks in the channel is less straightforward. Since these547

noise contributions are mainly from blocks following the CSA,548

a reduction in the equivalent noise at the channel’s input can549

be obtained either by increasing the CSA low-energy gain,550

which is not possible due to the limitation in dynamic range,551

or at the cost of injecting more current in these blocks, thus552

increasing the ASIC power consumption.553

E. ASIC Validation and Yield554

The validation and selection activity was carried out in two555

steps. First, we checked the capability to communicate with556

the ASIC. We found that only two devices were unable to557

communicate. So, from this type of test, we got a yield of558

almost 100%. As a next step, we verified the functionality of559

the analog readout channels. To this purpose, the input–output560

characteristic of each channel of the 533 devices that pass561

the digital test was measured. The result of this measurement562

Fig. 14. Normalized distribution of the ADC output obtained for a fixed input
of 40 MeV for all the 17 056 tested channels and for the 9920 belonging to
Class A devices only.

is reported in Fig. 12. From the plot, it can be seen that a 563

certain number of channels do not respond to the injected 564

input signal. More in detail, 469 channels, out of 17 056, were 565

not responding, thus providing a yield, in terms of channels, 566

of about 97%. Based on these results, ASICs were classified 567

according to the following criteria. 568

1) Class A: All the channels respond properly. 569

2) Class B1: One channel does not respond properly. 570

3) Class B2: Two channels do not respond properly. 571

4) Class B3: >2 channels do not respond properly. 572

5) Class C: The ASIC does not communicate. 573

The classification results are reported in Fig. 13. It can be 574

seen that 310 Class A devices (58%) were deemed suitable 575

for tracker assembly. It is worth noting that since the analog 576

readout channel has been optimized for operation at �40 �C 577

and its behavior is sensitive to temperature variations, channels 578

that do not respond properly at ambient temperature were 579

observed to recover when cooled. Nonetheless, these channels 580

showed poor performance, in particular in terms of sensitivity 581

in the low-energy range. 582

To better evaluate the effect of this validation and selec- 583

tion activity, the normalized distribution of the ADC output 584

obtained for a fixed input of 40 MeV is shown in Fig. 14 for 585

all the 17 056 tested channels and for the 9920 belonging to 586

Class A devices only. It can be seen that after selection, the 587

spread in channel output is improved. 588

IV. CONCLUSION 589

In this article, we described the architecture and presented 590

the experimental results from the characterization of the 591

SLIDER32 ASIC for the readout of the Si(Li) tracker of 592

the GAPS experiment. After fabrication, all the functionalities 593

have been successfully verified at the operating temperature of 594

�40 �C. The chip performance was found to meet the experi- 595

mental requirements. Fully functional chips were selected for 596

the assembly of the detector and of the flight instrument, which 597

is now under construction in view of the first GAPS balloon 598

flight scheduled for the Antarctic summer of 2024–2025 from 599
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is reported in Fig. 12. From the plot, it can be seen that a 563

certain number of channels do not respond to the injected 564

input signal. More in detail, 469 channels, out of 17 056, were 565

not responding, thus providing a yield, in terms of channels, 566

of about 97%. Based on these results, ASICs were classified 567

according to the following criteria. 568

1) Class A: All the channels respond properly. 569

2) Class B1: One channel does not respond properly. 570

3) Class B2: Two channels do not respond properly. 571

4) Class B3: >2 channels do not respond properly. 572

5) Class C: The ASIC does not communicate. 573

The classification results are reported in Fig. 13. It can be 574

seen that 310 Class A devices (58%) were deemed suitable 575

for tracker assembly. It is worth noting that since the analog 576

readout channel has been optimized for operation at �40 �C 577

and its behavior is sensitive to temperature variations, channels 578

that do not respond properly at ambient temperature were 579

observed to recover when cooled. Nonetheless, these channels 580

showed poor performance, in particular in terms of sensitivity 581

in the low-energy range. 582

To better evaluate the effect of this validation and selec- 583

tion activity, the normalized distribution of the ADC output 584

obtained for a fixed input of 40 MeV is shown in Fig. 14 for 585

all the 17 056 tested channels and for the 9920 belonging to 586

Class A devices only. It can be seen that after selection, the 587

spread in channel output is improved. 588

IV. CONCLUSION 589

In this article, we described the architecture and presented 590

the experimental results from the characterization of the 591

SLIDER32 ASIC for the readout of the Si(Li) tracker of 592

the GAPS experiment. After fabrication, all the functionalities 593

have been successfully verified at the operating temperature of 594

�40 �C. The chip performance was found to meet the experi- 595

mental requirements. Fully functional chips were selected for 596

the assembly of the detector and of the flight instrument, which 597

is now under construction in view of the first GAPS balloon 598

flight scheduled for the Antarctic summer of 2024–2025 from 599

GAPS timeline
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ASIC selection and testing

§ Test results 
for 535 
ASICs, about 
17000 
channels

§ 58% fully 
functional 
ASICs at 
room 
temperature

Calibration with 
cosmic muons 
in self-trigger 
mode

v June 2023: TVAC testing at NTS Lab 
in El Segundo, CA

v Fall 2023: Rebuild at Columbia Nevis 
Lab, NY

v June/July 2024: Hang test at NASA 
facilities in Palestine, TX 

v Fall 2024: Ship to Antarctica for 
launch during 24-25 season 
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