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The GAPS Time-of-Flight Detector
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The General Antiparticle Spectrometer (GAPS) Antarctic long duration balloon mission is
scheduled for launch during the austral summer of 2024-25. Its novel detection technique, based
on exotic atom formation, excitation, and decay, is specifically designed for the detection of slow
moving cosmic antiprotons and antideuterons. Such antinuclei are predicted by a wide variety of
allowed dark matter models, as well as other astrophysical theories like primordial black holes.

There are two main components of the GAPS instrument: a large-area tracker and a surrounding
time-of-flight system (TOF). The combination of these two systems allows GAPS to effectively
differentiate between species of negatively-charged antinuclei and determine the energy deposition,
velocity, and trajectory of particles interacting with the detector. This contribution will focus on
the TOF, which determines the velocity of the incoming antiparticle and provides the trigger to the
experiment. We will give an overview of the TOF detector, an explanation of relevant electronics,
and a report on its construction and preliminary performance. The TOF is composed of 160 thin
plastic scintillator paddles ranging in length from 1.5 to 1.8 meters. At each paddle end, signals
from six silicon photomultipliers are combined to produce two copies of the resulting waveform:
one to form the trigger and one for data readout. This design is optimized for low mass and fast
data acquisition while still maintaining good light collection.
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1. Introduction and Science Background

The unknown nature of dark matter (DM) requires investigation with many different experi-
mental strategies. Typically, DM experiments are one of four complementary types: accelerator
searches, direct detection, indirect detection, or astrophysical probes. Each of these approaches are
optimized for examining the problem of DM from different angles [1]. The General AntiParticle
Spectrometer (GAPS) is an indirect detection experiment which targets cosmic ray (CR) antinuclei
as a potential dark matter signature. While antiparticles are not themselves DM candidates, a wide
range of existing dark matter models predict antinuclei as a product of DM annihilation or decay
[2, 3].

For this reason, CR antinuclei hold important information about the question of dark matter. A
few years ago, the interpretation of Alpha Magnetic Spectrometer (AMS-02) antiproton data resulted
in a potential DM signal (e.g. [4]). However, further analysis [5, 6] reduced the significance of
the finding. The difficulty in fully understanding and disentangling background antiprotons from a
potential signal motivates the GAPS search for antideuterons.

In addition to extending the antiproton spectrum to lower energies, the GAPS experiment
will search this energy range for a potential antideuteron flux. This is a particularly interesting
search due to the uniquely low background from known astrophysical processes. According to
conventional physics, cosmic ray antideuterons are produced only through interactions of primary
CRs with the interstellar medium (ISM). The minimum energy of an incident particle required
for this interaction to produce antideuterons is high, and due to energy conservation the resulting
spectra of antideuterons (secondary CRs) are boosted to higher energies, with a very low flux
predicted at kinetic energies below 0.5 GeV/n [3]. Theories of antideuteron production beyond the
standard model are not constrained in the same way, because DM annihilation happens nearly at
rest. For example, annihilation of WIMPs would produce an antideuteron flux significantly above
conventional physics backgrounds at low energies.

GAPS is a long duration balloon experiment scheduled to launch from Antarctica during the
austral summer of 2024-25. This contribution will focus on the (time-of-flight system (TOF), which
determines the energy deposition, velocity, and trajectory of incoming CR particles and provides
the trigger to the experiment.

2. The GAPS Instrument

The GAPS instrument is composed of two main detector components: a large area lithium-
drifted silicon tracker (Si(Li)), and the time-of-flight detector (TOF) which surrounds it. Detection
and particle identification are accomplished with the following novel technique:

When a negatively charged antiparticle enters the detector volume, it will first interact with
and deposit energy in the TOF, which forms the trigger for the experiment. Then, it slows down
and is captured by the tracker material, forming a matter-antimatter bound state. This state is
extremely unstable, and the decay and annihilation of the exotic atom produces X-rays, pions, and
protons which also deposit energy in the tracker and TOF. In particular, the energy of the X-rays are
characteristic of the reduced mass of the exotic atom, and can therefore be used to determine the
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TOF cube

Figure 1: Overview of the GAPS instrument, with the outer TOF highlighted in red and the inner TOF
highlighted in yellow.

charge-to-mass ratio of the captured particle. The stopping vertex can also be reconstructed from
the tracks of annihilation products, leaving us with a full picture of the event [7].

This technique is optimized for the detection of CR antiparticles with less than 0.25 GeV per
nucleon, where antiprotons have never been measured and antideuteron backgrounds are extremely
low. This technique is less limited in aperture and mass compared to magnetic spectrometers. With
over 7 m2 of active Si(Li) detector area and 25 m2 of TOF detector area, the geometric acceptance
of GAPS is high, and yet it is light enough to be launched with a long-duration balloon.

2.1 Tracker

The tracker is composed of more than 1000 Si(Li) detectors, each of which is 10 cm in diameter,
2.5 mm thick, and segmented into eight strips. Four of the detectors are grouped together to form a
module, which uses an Application Specific Integrated Circuit (ASIC) with 32 channels to provide
power and read out data [8]. The modules are arranged in 7 layers with six rows of six modules.

The Si(Li) acts as both a target nucleus for the capture of a negatively charged antiparticle,
and as an X-ray detector with a resolution of 4 keV FWHM in the relevant energy range [9].
The operational range of the tracker is around –35◦ Celsius, which is accomplished with a passive
oscillating heat pipe thermal system [10].

2.2 Time-of-Flight Detector (TOF)

The time-of-flight detector (TOF) is composed of 160 long, thin plastic scintillator paddles
ranging in length from 1.5 to 1.8 meters. The paddles are arranged with a slight overlap between
adjacent paddles into an inner TOF (the cube, closely surrounding the tracker on all six sides) and
the outer TOF (a second layer on top of the cube, called the umbrella, and around the four sides,
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Figure 2: A SiPM preamp, fully wrapped paddle, and mounted TOF panel.

called the cortina). See Figure 1 for a diagram of the experiment with the inner and outer TOFs
labeled, and Figure 2 for photos of a TOF paddle and panel.

This arrangement is designed to provide maximum coverage for events stopping in the tracker.
The TOF is also used to track the out-going annihilation products, which is helpful for particle
identification.

3. TOF Construction

The material which comprises the TOF detector area is Eljen EJ-200 general use plastic
scintillator. The scintillator was machined by Eljen to have a width of 16 cm, a thickness of 6.35
mm, and lengths varying from 1.5 to 1.8 m. The paddles were wrapped first in aluminum foil and
then vinyl blackout material in order to achieve good internal reflection and light-tightness. A small
opening was left at the center of the paddle, where a venting tube was inserted in order to allow for
outgassing and pressure changes without damage to the wrapping.

The scintillator light output is collected and readout by Silicon photomultipliers (SiPMs). Six
SiPMs are attached to each side of a paddle, which connect to a preamplifier board. Aluminum
enclosures were built around each SiPM preamp board, and each board was tested to confirm that
all six of the SiPMs had a relatively similar gain. For this test, an LED, step motor, and darkbox
was used to collect data for 1000 LED flashes in front of each of the six SiPMs. Although the
results did not provide an exact gain value, they clearly indicated when one of the SiPMs was non-
functional, and they also showed the spread in the response of performance across SiPMs (which
was determined to be a measure of the relative gain). Examples of acceptable and unacceptable
SiPM responses, depicted with distributions of integrated charge per event, are shown in Figure 3.

When a preamp was shown to have an even response to light pulses across all six SiPMs, it
was coupled to the end of a paddle using silicon optical interfaces and optical cement. Two preamp
boards were adhered to each paddle. An intricate wrapping procedure was then performed to make
the nontrivial geometry of the preamp enclosure light-tight. To confirm light-tightness, the paddle
was thoroughly inspected using a flashlight, with a specific focus on the edges of the wrapping
material and any difficult corners.

4



P
o
S
(
I
C
R
C
2
0
2
3
)
1
2
0

The GAPS Time-of-Flight Detector Sydney Feldman

Figure 3: Left: Distribution of integrated charge per event for 6000 events with a well-performing SiPM
preamp. Right: Distribution of integrated charge per event for an unacceptable SiPM preamp. Note that one
SiPM of the six in the preamp did not have a response to the LED pulse.

Figure 4: A diagram of the signal pathway for the GAPS trigger generation and readout.

Then, muon calibration data were taken for each paddle to verify that the gains were balanced
between paddle ends; this ensures uniform illumination of the paddle. Finally, the paddles were
strapped to carbon fiber panels which mounted to the gondola frame of the experiment. The panels
are arranged into the inner TOF, which is a cube that closely encloses the tracker from all six sides,
and the outer TOF, which is composed of the umbrella (a single layer above the cube top) and the
cortina (an additional layer around the four cube sides); see Figure 1.

Using the time difference between signals from the same paddle along with the known speed
of light in the scintillator material, we are able to determine where along the paddle the particle
traversed. This knowledge of the hit location, as well as the information available in the signals
themselves (like the total integrated charge and pulse height), will give us information on the
trajectory, the velocity (𝛽), and the energy deposited by incoming and outgoing particles. The
required timing resolution for the TOF detector is 400ps.
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Figure 5: Readout and trigger box, closed (left) and partially disassembled (right) to show the electronics
boards within.

4. TOF Electronics

Figure 4 shows the signal pathway for trigger generation and data readout. Each SiPM preamp
(two for each of the 160 paddles, for a total of 320 preamps) produces two copies of the signal:
a low gain (LG) version and a high gain (HG) version. The LG signal is sent to a local trigger
board (LTB), where it is passed through three discriminator levels. The three trigger levels are
adjustable, and are currently set to 0.4 min-I (HIT), 2.5 min-I (BETA), and 30 min-I (VETO). HIT
is intended to record all paddles with a track in them. BETA is intended to record paddles which
have a slow-moving, high-ionizing track. VETO is intended to reject high-Z cosmic ray nuclei,
such as Carbon and above. Each LTB encodes the signal from eight paddles using these three
trigger levels, and sends a serialized data stream to the master trigger board (MTB) indicating the
thresholds reached. There are 20 total LTBs, and the MTB takes the hit pattern from all 20 to make
a trigger decision.

The tentative trigger decision requires both the correct energy deposition to trigger BETA but
not VETO and a certain number of hits, of any level, in the outer and inner TOFs. If this trigger
requirement is met, the MTB generates an event ID which allows for merging events between the
TOF readout boards (RBs) and the tracker readout electronics. This event ID is then distributed,
along with the trigger decision, to the two systems.

Each of the 40 RBs in the TOF receives eight HG waveform signal from the SiPM preamp and
the trigger, event ID, and synchronized clock signal from the MTB. The RBs use the Domino Ring
Sampler (DRS-4) ASIC. which samples at a rate of 2 GS/s to digitize a full 512 ns history of the
waveforms.

There are 20 readout and trigger (RAT) boxes in the TOF; each RAT box has one LTB, two
RBs, and a power board (PB) which accepts 24V battery power and provides power to the three
other boards in the RAT box as well as the power and bias voltages to 16 SiPM preamps. See Figure
5 for photos of the inside and outside of the RAT boxes.

5. Prototype and Testing

There have been three stages of prototyping and testing for the GAPS experiment. The first
was the GAPS Functional Prototype (GFP) built at MIT Bates Lab in Boston Massachusetts during

6



P
o
S
(
I
C
R
C
2
0
2
3
)
1
2
0

The GAPS Time-of-Flight Detector Sydney Feldman

Figure 6: Distribution of times of flight for GFP data for which we find a timing resolution of 290ps based
on a Gaussian fit.

the Fall of 2021. The GFP TOF was composed of two parallel panels of twelve 180 cm paddles,
separated by a approximately a meter and placed over the GFP tracker. For GFP data taking, data
from paddles directly on top of each other were read out using the same RB. Applying cuts on the
time difference between paddle ends to select only vertical muons passing through the center of
both the upper and lower paddles, it was possible to measure timing resolution performance (see
Figure 6) to 290ps, which is significantly better than our requirement of 400ps. This is a significant
validation for the design and a good test of hardware and readout systems.

The next phase of testing started in the fall of 2022, with the integration of the entire tracker with
the inner TOF at the UC Berkeley Space Sciences Lab. This ground system testing also involved
construction of the mechanical structure. Then, in June 2023, thermal and vacuum performance
testing was done at National Technical Systems in El Segundo, CA. The TOF was operated for
several hours at float pressure and at both the hottest and coldest temperatures expected in flight
from the thermal model. During these operations, the TOF system performed as expected, with the
electronic boards working correctly.

6. Conclusion and the Future of GAPS

At the time of this conference, it can be reported that the construction of the TOF components
(electronics and hardware) is largely complete, that results from the GFP indicate that timing
resolution goals are met, and that the TVAC testing was very successful. The TOF appears to be
robust and prepared for a long-duration balloon launch.

GAPS is currently on schedule to launch during the austral summer of 2024-2025. During
fall 2023, the payload will undergo further testing at Nevis Labs, Columbia University. In June of
2024, compatibility testing will be performed at NASA facilities in Palestine, TX, in preparation
for shipment to Antarctica in the fall of 2024.
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