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General AntiParticle Spectrometer

• One of the great unanswered questions in
physics and astronomy concerns the
properties and composition of dark matter

• A very promising indirect signature of dark
matter are cosmic ray antideuterons

General AntiParticle Spectrometer (GAPS):

• is a balloon-borne experiment designed to
search for Cold Dark Matter

• searches for the low energy antideuterons
(<3GeV/n) produced in the annihilation of
CDM particles in the galactic halo

• Prototype flight (pGAPS) in 2012 @ Taiki, JAXA
balloon facility in Japan

Final balloon flight from McMurdo Station
Antarctica in 2020 (launch approved by NASA)

pGAPS balloon filling
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The GAPS collaboration

The project is funded by NASA, JAXA, INFN
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The instrument

TOF plastic scintillators
• outer TOF: 3.6×3.6m2 , 1.5m height
• inner TOF: 1.6×1.6m2 , 1m height
• 1m b/w outer and inner TOFs
• 500 ps timing resolution
• 16.5 cm wide plastic paddles

• PMT on each end

Si(Li) detectors
• 12×12 Si(Li) wafers

• 4 inch diameter
• 2.5mm thickness
• segmented into 8 (or 4) strips

• 10 layers with 10 cm spacing
→ 3D particle tracking

• 4 keV energy resolution

• dual channel electronics
• X-ray: 20 - 80 keV
• charged particles: 0.1-50 MeV

The instrument

1.5m

1.6m

1m

3.6m

TOF plastic scintillators
• outer TOF: 3.6´3.6m2, 2m height
• inner TOF: 1.6´1.6m2, 2m height
• 1m b/w outer and inner TOFs
• 500 ps timing resolution
• 16.5 cm wide plastic paddles
• PMT on each end

Si(Li) detectors
• 12´12 Si(Li) wafers

• 4 inch diameter
• 2.5mm thickness
• segmented into 4 strips

• 10 layers with 20 cm spacing
à 3D particle tracking
• 100 ns timing resolution
• 3 keV energy resolution
• dual channel electronics

• X-ray: 20 - 80 keV
• charged particles: 0.1 - 100 MeV

operation temperature: -35oC
Cooling system: oscillating 

heat pipe (OHP)
Not to scale
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Antiparticle identification with GAPS
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X-ray yields were measured at KEK in 
2004 and 2005

Plastic Scintillator TOF

Si(Li) Target/Detector

The antiparticle slows down & stops in a 
target material, forming an excited exotic 
atom

A time of flight (TOF) system tags 
candidate events and records velocity

Deexcitation X-rays provide signature
Annihilation products provide added 
background suppression

An antiparticle slowed by the atmosphere

• passes through the TOF system
(which measures particle velocity)

• Loses energy in layers of Si(Li)
targets/detectors

• Stops, forming exotic excited atom

• Atom de-excites, emitting X-rays

• Remaining nucleus annihilates,
emitting pions and protons

3 techniques to uniquely identify antideuterons
• time of flight, depth sensing and dE/dx loss

• simultaneous detection of X-rays

• multiplicity of pions, protons and other particles emitted from the nuclear
annihilation
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The lithium-drifted silicon Si(Li) detector

2. Overview of detector program

The Si(Li) detector has been extensively developed for X-ray
astronomy and flown on a satellite [13]. It was investigated in the
1960s as a particle tracker for high energy particle physics,
although it was ultimately replaced by high resistivity silicon.
GAPS will be the first balloon experiment to employ a very large
area, segmented, high energy resolution Si(Li) detector. In order to
progress rapidly towards a science experiment, the GAPS project
is taking a dual approach to the development and demonstration
of the Si(Li) detector technology. The near term goal is a
technology demonstration of a prototype GAPS (pGAPS) instru-
ment. pGAPS is scheduled to fly from the JAXA/ISAS balloon
facility in Hokkaido, Japan in summer 2012. The pGAPS goal is
(1) to demonstrate stable, low noise Si(Li) performance with the
good energy resolution at the ambient pressure of balloon
altitude, ! 35 km, (2) to demonstrate the in-flight cooling of the
Si(Li) detector using our baseline approach and (3) to characterize
the background in the Si(Li) detectors at balloon altitude. The
longer term goal is to demonstrate the capability to mass produce
Si(Li) detectors for the ultimate science experiment, which is
called bGAPS. The goal is to fly bGAPS from Antarctica, which
requires of order 3000 Si(Li) detectors, in the winter of
2016–2017.

An in-house facility has been established at Columbia Uni-
versity for the cost-effective, mass production of Si(Li) detectors.
The fabrication process is fairly simple and has been well studied
since the 1960s [14,15]. The flight demonstration entails flying
detectors (procured from SEMIKON GmbH) in order to demon-
strate the flight goals indicated above. This demonstration only
requires Si(Li) detectors meeting our energy resolution require-
ments at altitude, and with comparable thermal properties. Using
commercial detectors permits an early flight of pGAPS, since we
are just now producing our first in-house detectors (the second
part of the dual track), and much work is required to optimize
them. The design differences in the commercial and in-house
Si(Li) detectors are not particularly profound (see below), so the
pGAPS demonstration should provide ample evidence that the in-
house Si(Li) detectors will work as required on bGAPS.

This paper describes measurements made on the first three
SEMIKON Si(Li) detectors. The pGAPS flight will employ six of
these detectors.

3. Si(Li) performance test

3.1. Detector design

As mentioned above, the key to the GAPS detection method is
the good energy resolution and the good timing resolution in
Si(Li) detectors, which allow us to identify the antideuterons. The
lithium compensation permits one to achieve an excellent energy
resolution in a thicker detector ð ! 223 mmÞ than can be obtained
with pure, high resistivity silicon. In particular an energy resolu-
tion of ! 3 keV (FWHM), extremely modest for a modern Si(Li)
detector, is adequate to clearly identify the antiprotonic and
antideuteronic X-rays. The timing resolution of the Si(Li),
r100 ns using simple zero-crossing timing, is also adequate to
suppress sources of background that are temporally incoherent
with the X-ray emission and nuclear annihilation.

The SEMIKON Si(Li) detector (Fig. 3) has a lithium diffused Nþ
contact and a Boron-implanted Pþ contact. The thickness of
Boron-implanted contacts amount to ! 1 mm, while the specially
thinned lithium diffused contacts show an effective thickness of
30 mm or below, as determined by measurements with
a-particles [16]. A grounded guard ring (for suppression of

leakage current and the associated noise contribution) and eight
electrically independent adjacent strips (total area ! 70 cm2)
have been fabricated with reactive ion etching of the Pþ contact.
Wire-bonding is used to connect each strip to a printed circuit
board (PCB) located on the detector frame. A positive bias voltage
is applied to the Nþ contact.

In contrast, the in-house detectors are somewhat simpler. The
much more rugged lithium diffused Nþ contact is segmented into
the eight strips and a guard ring with ultrasonic impact grinding.
Each of the eight strips and the grounded guard ring are
connected to the PCB via electrodes with simple pressure contact.
An Au Schottky barrier on the other side of the Si(Li) detector
provides the Pþ blocking contact. We note parenthetically that
modern Si(Li) research attempts to achieve a simultaneous ever
finer pixel resolution and a better energy resolution, for which a
premium in cost is paid. The GAPS project is regressing to the
early days of Si(Li) technology; the goal is to create large
quantities of flight-qualified, large area, moderately thick detec-
tors with modest energy and spatial resolution at a minimum
cost.

3.2. Experimental setup

Each of the SEMIKON Si(Li) detectors were mounted on a
copper cold plate inside a vacuum chamber, which was main-
tained at ! 10%6 Torr with a turbo pump backed by an oil-free
scroll pump. Detectors were cooled with a two stage thermal
electric cooler (TEC), attached under the cold plate. The guard ring
on the Boron implanted Pþ side was ground to the detector frame
and positive HV was applied to the lithium diffused contact. Each
strip on the Pþ side is wire-bonded to the PCB on the detector
frame, which is also connected to a charge sensitive preamplifier.
The signal from the preamplifier is shaped with a commercial
spectroscopy amplifier (Ortec-452), and then connected to the
multi-channel analyzer (MCA). The picture and the schematics for
the cooling system and the electronics are shown in Figs. 4 and 5.

3.3. Experimental results

Two 2.5 mm thick (ST12-1C, ST9-24B) and one 4 mm thick (ST9),
4 in. diameter SEMIKON detectors have been evaluated under
varying conditions. The goals of evaluation are modest; to ensure
that the detectors are operating in accordance with theoretical
expectations and with performance adequate for the pGAPS flight
demonstration. To this end we acquired the following data on all
strips; leakage current vs. temperature; leakage current vs. applied
bias voltage; energy resolution vs. temperature; energy resolution

Fig. 3. SEMIKON Si(Li) detector: 4 in. diameter, 2.5 mm thick, 4 mm guard ring,
70 cm2 active area. A guard ring and strips are structured on Pþ side.
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vs. shaping amplifier peaking time. The latter was done in order to
compare measured performance against that predicted from a noise
model (see the following section).

The temperature dependence of the leakage current with
250 V bias voltage follows the equation, Ipe!Eg=2kT , as seen in
Fig. 6 [17]. Here, Eg is the energy gap in silicon ð # 1:12 eVÞ, k is
Boltzmann’s constant and T is the absolute temperature.

The bias voltage dependence of the leakage current at !34 1C
is plotted in Fig. 7, typical of what is seen in a few millimeters
thick conventional Si(Li) detectors [18].

The full width at half maximum (FWHM) energy resolution was
measured with the 241Am 60 keV X-ray for different bias voltages,
temperatures, and shaping times. Fig. 8 shows the temperature
dependence of the energy resolution. As the temperature decreases
below !28 1C, the energy resolution approaches # 3 keV and the
fluctuation among the channels becomes smaller as expected. Fig. 9
shows the bias voltage dependence of the energy resolution. The
optimized bias voltage was between 250 V and 300 V for the
2.5 mm thick detectors, while it was # 350 V for the 4 mm thick
detector. Note that the minimum of the energy resolution with the
bias voltage is quite shallow, so the exact bias operation point will
not be crucial. The low required operating bias will allow us to
reduce the total power in the flight system and avoid the risk of the

Fig. 4. Cooling system. The detector is mounted on the copper cold plate cooled
down by the thermal electric cooler (TEC).

Fig. 5. Electronics. The positive HV is applied on the Nþ side and the signal is read
from the Pþ side followed, respectively, by the preamp, spectroscopy amplifier
and multi-channel analyzer.
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Fig. 6. Leakage current vs. temperature with the 250 V bias voltage for the 2.5 mm
thick detector, ST12-1C. The plot indicates the average of eight channels and the
error bar is the standard deviation derived from the eight channels. The solid line
shows the fit with Ipe!Eg=2kT .
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Fig. 7. Leakage current vs. bias voltage at !34 1C for the 2.5 mm thick detector,
ST12-1C. The plot indicates the average of eight channels and the error bar is the
standard deviation derived from the eight channels.
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Fig. 8. Energy resolution (FWHM) vs. temperature for the 2.5 mm thick detector,
ST12-1C. The plot indicates the average of eight channels and the error bar is the
standard deviation derived from the eight channels.
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Si(Li) detectors provides

• active regions that can be made both large in area
and deep in thickness

• 4 keV energy resolution necessary to distinguish
X-rays from anti-p or anti-D exotic atoms

The baseline GAPS design requires

• 12×12 wafers

• 10 layers

• 1440 detectors

• 4inch diameter

• 2.5 mm thick

• 8 strips
• 11520 channels

pGAPS used a discrete amplifier for detector readout

Goal: ASIC design for the final 2020 flight
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Main requirements for the front-end electronics

• Modular structure:
4 sensors per module
1 ASIC per module

• Channels per ASIC: 32

• Operating temperature: -40 ◦C

• Power dissipation: <10 mW/channel

• Signal polarity: electrons

• Dynamic range: 10 keV-50 MeV

• Analog Resolution: 4 keV (FWHM)

• Threshold: 10 keV

• Detector leakage current: 5-10 nA
(50 nA for tests at higher
temperature)
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Readout channel block diagram
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• Design performed in 180 nm CMOS technology
• One 11-bit hybrid SAR ADC per ASIC
• The channel can be operated either in triggered or self-triggered mode
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Charge Sensitive Amplifier

T1

T0

T2

Vdd

Id2

T3

Cf

Id1

Id3

T4

In

Out

G

Vref

Main design features
Bias 1.8 V
VDD
Input device 2000/0.5
W/L
Input bias 2.0 mA
ID
Power 4.0 mW
consumption
Feedback device 240/6
W/L

• Architecture: active folded cascode (with local feedback) loaded by an active
cascoded load

• Sensitivity: dynamic compression with MOS capacitor
• Reset: performed by a time continuous feedback implemented with a
Krummenacher network 9



CSA response and dynamic range
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• Charge sensitivity:
• High gain region: 230 µV/keV (Cf =190 fF)
• Low gain region: 3.0 µV/keV (Cf =14.5 pF)

• Dynamic range: the CSA covers the full dynamic range of 50 MeV

• Rise time: tr<15 ns
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Improved charge restoration network

Krummenacher network to comply with the
high detector leakage current

• Ileak=5-10 nA (detection at T=-40 ◦C)

• Ileak=50 nA (test at higher T)
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Effect of process variations

CSA sensitivity is affected by process parameters variation throughout

• the feedback device itself

• the CSA input device (which sets the input voltage)
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Mitigation of process variations effects

The effect of process parameters variation has been strongly mitigated by generating

Vref in a way which follows the variations of the amplifier input node
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Time invariant filter
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• Unipolar semi-Gaussian (RC2 − CR) shaping function→ tp=2τ
• Peking time selection (3 bit): obtained by switching capacitances C1 , C2 , Cp and Ci
in order to keep constant the ratios:

C2
C1

and Gf =
C2
tp
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Filter performance
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• The filter introduces a gain of 1.5 almost independent of the peaking time
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Threshold generator

• A threshold circuit converts the single-ended signal at the output of the shaping
section to a differential signal

• A differential threshold voltage is used to avoid possible crosstalk
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The differential voltage applied at the discriminator input is

VTh−Out1 − VTh−Out2 = VTH − VSh

where VTH = VTP − VTN and VS0 is a constant DC voltage
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Discriminator

A comparator is used to discriminate the amplified pulse

• Two stage operational amplifier

• small positive feedback is applied to produce a regenerative action

• small hysteresis→ avoids re-switching induced by noise

The same scheme is used for the HIT and ZC comparator
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Single-ended to differential Sample & Hold

• Provides the differential signal to the
11-bits ADC

• Class AB output stage→ rail-to-rail
output range

• Introduces an additional 2.7 gain
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Overall channel time response
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Overall channel performance
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CSA feedback device options

Sensitivity:

• High gain region: 950 µV/keV

• Low gain region: 15 µV/keV

Power consumption:

• Analog channel: 7.2 mW ×11520≈83 W

• System: ≈150 W
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Noise Performance
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• ENC increases with tp due to the detector leakage current shot noise

• The required resolution of 4 keV can be obtained only with the 8 strips option

• The minimum is obtained with tp in the range 0.5-0.8 µs
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Minimum threshold setting

The comparator threshold has to satisfy the following condition

Qth,min ≥ Qth,nhr + Qth,disp = ENC

√
2 · ln

(
f0

fn,max

)
+ λ (nch,max) ·

σVTh
GQ

• f0 is the noise hit rate at zero
threshold

• ENC is the equivalent noise charge

• σVTh is the standard deviation of the
threshold dispersion

• GQ is the charge sensitivity

• nch,max is the maximum acceptable
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To set the minimum threshold at 10 keV a fine trimming of the threshold with a local

3 or 4-bit DAC will be implemented1

1 L. Ratti, A. Manazza, “Optimum Design of DACs for Threshold Correction in Multichannel

Processors for Radiation Detectors”, IEEE TNS, 2012
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Conclusions

A FE channel for the readout of the Si(Li) detectors of the GAPS experiment has been
designed in a 180 nm CMOS technology

A first prototype of the full readout ASIC with 32 channels will be submitted for
fabrication by July 2018

The submission of the final ASIC is foreseen by the end of 2018
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