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Evaluation of coincidence time resolution in a liquid xenon detector with silicon photomultipliers
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This work explores the combination of liquid xenon as a scintillating medium and silicon photomultipliers
as a readout in Positron Emission Tomography (PET) for enhanced Time-Of-Flight resolution. We present the
results of our first prototype optimized to maximize light collection using high photodetection efficiency (PDE),
VUV-sensitive sensors and to minimize time fluctuations. We report a coincidence time resolution of 281 ± 2
ps FWHM, obtained using a 22Na calibration source. This result is competitive with the current state-of-the-art
PET scanners and represents a significant step forward in the development of liquid xenon as a viable alternative
to conventional scintillators in PET technology.
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I. INTRODUCTION

Positron Emission Tomography (PET) is widely used in
both clinical and research applications across different fields,
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such as oncology, cardiology, or neurology, due to its ability
to measure the in vivo biodistribution of a radiotracer with
high sensitivity, making it an invaluable tool for exploring dy-
namic biological processes. The radiotracer typically involves
a glucose molecule that has been modified by substituting
one of its atoms with a radioactive isotope, such as 18F,
which emits positrons. This modified glucose is preferen-
tially taken up by areas of the body with higher metabolic
activity, such as the brain or tumors, where it accumulates.
Once emitted, the positron annihilates with an electron in
the patient’s body, resulting in the production of two 511
keV gamma rays that travel in opposite directions. When
the patient is positioned within a ring of scintillators, these
gamma rays can be detected in coincidence, allowing for
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FIG. 1. In a non-TOF reconstruction, all the segments in a single line of response contribute to the image with the same probability. In a
TOF reconstruction, time resolution gives a location in the line of response with more probability of having emitted the gamma rays, allowing
a better image resolution.

the formation of a line connecting them, known as a line of
response (LoR).

A key feature in PET scanners is the timing information
they capture. In conventional PET scanners, each detected
coincidence event defines an LoR along which the annihi-
lation event occurred. However, without additional timing
information, all points along the LoR are equally likely to
have emitted the gamma rays, and the location of the actual
emission event cannot be determined individually. Instead,
PET imaging focuses on accumulating a large number of such
events and using the intersection of many LoRs to statistically
reconstruct the spatial distribution of the radiotracer through-
out the body.

In contrast, PET scanners with Time-Of-Flight (TOF) ca-
pabilities enhance this process by measuring the time of
arrival of the two gamma rays at the detectors with greater ac-
curacy. This precise timing information is used to calculate the
time difference between the two gamma rays, which correlates
with the distance of the annihilation point from the center of
the LoR. As a result, it is possible to identify a more localized
segment along the LoR with a higher probability of emission
(see Fig. 1). This capability can improve image quality [1]
or allow the same image quality to be achieved using lower
radioisotope doses or shorter scan times.

The time resolution of PET scanners, known as coinci-
dence time resolution or CTR, is determined primarily by
the time resolution of the readout system and the scintillation
decay time. These parameters must be as small as possible to
maximize the number of events acquired per unit of time and
to minimize the coincidence window used to correlate events
on different detectors.

The concept of incorporating timing information into PET
scanners originated in the late 1980s [2], when the first scan-
ners were built [3–7]. These early scanners used CsF and
BaF2 crystal scintillators, achieving time resolutions in the
range 450–750 ps FWHM [8,9]. However, their low detection
efficiency and limited light output resulted in poor spatial
resolution and sensitivity, limiting their use mainly to research
environments. Over time, advancements in new scintillating
materials, particularly LSO and LYSO, have significantly
improved the TOF resolution. LSO and LYSO offer high
light yields (30 000 and 25 000 photons/MeV, respectively)
and fast decay times (both approximately 40 ns) [10,11],
enabling TOF resolutions in the range 450–600 ps [12,13]. In

particular, EXPLORER, the world’s first whole-body PET
scanner, features a TOF resolution of 430 ps FWHM [14].
More recently, the development of faster electronics and
silicon photomultipliers (SiPMs) has further enhanced time
resolution in TOF-PET, achieving values between 200 and
400 ps FWHM (see, for instance, Refs. [15,16]), depending
on the characteristics of the crystals and SiPMs used.

The motivation behind improving the coincidence time
resolution lies in its direct impact on the spatial localization
of annihilation events along the LoR. Although the final im-
age resolution depends on many reconstruction parameters, a
rough spatial uncertainty can be estimated from the CTR using
Eq. (1), yielding values of 64 mm for 430 ps and 30 mm for
200 ps. This approximation helps illustrate how TOF informa-
tion narrows the probable origin of the event even before full
image reconstruction:

�x = c · CTR

2
. (1)

Among the materials being explored to push time resolu-
tion even further, liquid xenon (LXe) stands out as a promising
candidate. It offers a high light yield (58 700 photons/MeV)
[17], a primary scintillation characterized by two fast-decay
constants (τ1 = 2.2 ns, τ2 = 27 ns) [18] while the decay time
associated with recombination is τ3 = 40 ns [19], and an ex-
cellent scalability due to its liquid state. Consequently, LXe
is inherently a brighter and slightly faster scintillator than
LYSO. However, its attenuation length is nearly three times
longer than LYSO’s, and the fraction of photons interacting
via the photoelectric effect, which is relevant for PET ap-
plications, is a factor of two less, ∼22% [20,21], reducing
the rate of interactions per unit time, which in turn de-
creases the overall sensitivity. Additionally, working with LXe
presents significant technical challenges, as it requires cooling
to −110 ◦C and continuous purification to achieve its highest
light yield. This can result in a more complex system, given
the safety requirements needed to maintain precise tempera-
ture and the pressure control of the LXe.

The idea of constructing a PET scanner based on LXe was
first proposed over four decades ago [22], and has been ex-
plored in several studies since [23–25]. Recently, the PETALO
Collaboration has revisited the concept of an LXe-PET scan-
ner, considering the integration of modern SiPM technology
for signal readout. This approach promises better energy
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FIG. 2. The aluminum cube that keeps the LXe inside when
operating and the thermal links attached to the cold head.

resolution and TOF performance compared to previous de-
signs [26–28].

II. EXPERIMENTAL SETUP

PETit is the first prototype of PETALO and consists of a
metal-aluminum cube (F100-1ALU) from Vacom filled with
liquid xenon suspended inside a vacuum vessel. To liquefy the
xenon, a Sumitomo CH-110 cold head is coupled to the cube
via custom-made copper thermal links, allowing the system
to reach xenon’s liquefaction temperature of −110 ◦C. The
thermal links are wrapped in polyethylene terephthalate foils
to minimize heat dissipation. The vacuum vessel helps main-
tain the cryogenic temperature of the xenon, by reducing heat
transfer. The cube and cooling equipment are shown in Fig. 2.
Inside the cube, xenon is continuously recirculated in its gas
phase using a double diaphragm compressor and purified by
passing through a PS4 MT15 R2 hot getter filter from Sigma
Technologies. This filter removes impurities such as oxygen,
nitrogen, and water, which can quench xenon’s scintillation
light [29]. The gas passes through a heat exchanger when
entering and exiting the cube, which precools the gas before
liquefaction.

The prototype is instrumented with two planes of Hama-
matsu VUV-sensitive S15779 SiPMs with a micro-cell pitch
of 75 µm, positioned on opposite sides of the cube and facing
each other. Each SiPM has an active area of 5.95 × 5.85
mm2 and they are arranged in arrays of 8 × 8 sensors each,
providing a total active surface of 23.04 cm2 on each plane.
These SiPMs offer high gain and fast response, which are
essential to obtain good time resolution and they also exhibit
low dark noise at cryogenic temperatures. They have 30%
photodetection efficiency at the peak wavelength of xenon
scintillation and are protected by a quartz window with over
90% transmission at relevant wavelengths.

FIG. 3. The inner sketch of PETit with the dimensions of the
relevant parts.

A 22Na calibration source, emitting pairs of nearly back-
to-back gammas with an energy of 511 keV, is placed in
the middle of the cube, within a port to avoid contact with
the liquid xenon. The radioactive material, with an activity
of ∼260 kBq at the time of the measurement, consists of a
0.25 mm diameter sphere, which can be considered pointlike,
and is encapsulated in a plastic support.

The goal of PETit is to achieve the best possible time
resolution, which requires maximizing light collection and
minimizing distortions introduced by the depth of interaction.
To this end, a polytetrafluoroethylene (PTFE) block, highly
reflective to VUV wavelengths (∼98%) [30,31], is placed
in front of each SiPM array. The block is machined to form
an array of contiguous cells to be filled with liquid xenon,
each aligned with an SiPM and having the same transversal
dimensions as the SiPM but a depth of 5 mm (see Fig. 3).
The wall thickness between the cells is only 1.75 mm. At
this thickness, optical cross talk between adjacent cells is
expected to be negligible, since measurements show that
the VUV light transmittance through 1.75 mm of PTFE is
only 0.67% [32], which provides effective optical isolation
between neighboring volumes.

The PTFE pieces are mounted to leave a 0.5 mm gap be-
tween the SiPM face and the end of each cell. This gap allows
liquid xenon to fill the cells completely, ensuring that when
511 keV gamma rays interact with the xenon volume, most of
the scintillation light reaches the SiPM aligned with the hole.

The scintillation light detected by the SiPMs is digitized
with two TOFPET 2C Application-Specific Integrated Cir-
cuits (ASIC) from PETsys [33,34], one for each readout plane.
These ASICs are mounted on the vacuum side of the cube
walls corresponding to the SiPM arrays.
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FIG. 4. Simplified equivalent TOFPET 2C channel from Ref. [35].

TOFPET 2C ASIC: Time measurement

TOFPET2 is a low-power, low-noise ASIC designed for
Time-Of-Flight applications, featuring 64 independent chan-
nels that provide both charge and time information. To
minimize dead time, each channel includes four independent
analog buffers to store the charge before digitization. A round-
robin mechanism selects the buffer for each incoming event.

The ASIC operates using a dual-threshold trigger with fast
dark count rejection [35]. The lower threshold measures the
event timestamp in the signal’s rise edge, while the higher

FIG. 5. TDC operation. Reproduced from Ref. [35].

threshold rejects dark counts and integrates the charge to
provide the energy measurement. Only the events that cross
both thresholds are accepted and digitized; otherwise, they are
rejected without introducing any logic dead time. Importantly,
both thresholds can be configured independently for each of
the 64 channels. Furthermore, each buffer is calibrated sepa-
rately for energy and time.

FIG. 6. Energy spectrum obtained by one of the SiPMs, fitted to
a Gaussian function in the photo-peak.
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FIG. 7. Time difference distribution obtained for a pair of
channels.

The architecture of the TOFPET 2C ASIC ensures that
time and charge are processed through independent analog
paths. The incoming signal from the SiPM is split into three
distinct branches: T for timing, E for energy validation, and
Q for charge integration (see Fig. 4). Each branch has its
own preamplifier, buffer, and control logic, and digitization
is performed through separate analog buffers.

The timestamp is measured using a time-to-digital con-
verter (TDC) integrated in each channel of the ASIC. When
the signal crosses the lower threshold, a discriminator gen-
erates a digital trigger (trigger_T) that initiates the time
measurement process. This process combines a coarse times-
tamp (tcoarse), obtained from a global counter synchronized
with the system clock, and a fine timestamp (tfine) calculated
by integrating a constant current into an analog capacitor dur-
ing a fixed time interval (see Fig. 5). Specifically, the trigger
closes a switch that allows a defined current to charge the
capacitor, and the voltage reached is then digitized to esti-
mate the fine component of the arrival time. This architecture
enables time binning down to 30 ps and supports accurate
timestamping even at high event rates. The final timestamp
can be obtained using Eq. (2):

tT = tcoarse − tfine · TDCLSB with TDCLSB = 5 ns. (2)

III. EXPERIMENTAL METHODS

During a run, when the charge recorded in a specific chan-
nel and buffer crosses both thresholds, the timestamp and the
integrated charge of the channel are saved to a file. The data
are grouped event by event based on the channel timestamp,
and an initial filter is applied to retain only coincidences, i.e.,
events where at least one sensor from each detection plane
is present. Due to the cell structure of the PTFE block, most
of the charge is detected by the sensor coupled to the xenon
volume where the interaction occurred. Therefore, we single
out the sensor with the highest detected charge for each plane,
which consistently corresponds to the earliest detection of
scintillation light, further confirming its association with the
primary interaction site.

Then, we fit the photo-peak in the charge spectrum (see
Fig. 6) and a second filter is applied to retain only the events

within this peak. We select the events where the energy in both
planes falls within the range of the fitted μ ± 2σ .

As shown in Fig. 6, the energy spectrum exhibits a no-
ticeable compression effect at high energies, indicative of
saturation in the charge readout. In particular, the position
of the Compton edge is shifted to approximately 420 keV,
whereas for 511 keV gamma rays it is expected to lie around
340–360 keV. This shift suggests that the integrated charge
signal is being clipped due to SiPM saturation under high–
photon flux conditions.

As discussed previously in subsection of Sec. II, the TOF-
PET 2C ASIC processes time and charge through separate
analog paths. In this architecture, the charge measurement
is performed independently from the timing logic, which is
based on the leading-edge crossing in the T branch. Therefore,
although saturation affects the charge linearity and distorts the
energy spectrum, it does not compromise the accuracy of the
timestamp associated with each event, a crucial feature that
preserves the validity of the TOF information.

Finally, a third filter is applied to select only the diamet-
rically opposite pairs of channels relative to the calibration
source. This step helps reject events where one or both
gammas interact with the detector materials before entering
the xenon, which would introduce noise in the Time-Of-
Flight calculation, since their paths would be deviated. An
example of the time difference distribution obtained for a pair
of channels is shown in Fig. 7.

Beyond the main central peak, the distribution exhibits two
smaller peaks approximately 400 ps away from the main one.
This feature appears consistently across all pairs of chan-
nels, and the secondary peaks are found to be at roughly
the same distance. These side peaks are already reported in
literature [36].

In order to understand the appearance of these outer peaks,
we studied the time difference distribution for each possible
buffer combination (see Fig. 8, which shows a particular pair
of channels) finding a relationship between these peaks and
the buffer used. When buffer 0 is selected in both channels,
the spurious peaks on the sides of the main peak disappear.
However, for the other combinations the secondary peaks
remain, with the combination involving buffer 3 in both chan-
nels showing the highest frequency.

This behavior is likely due to an unresolved issue in the
time calibration of the different buffers. Consequently, we de-
cided to filter the data retaining only the events where buffer 0
is used in both channels. The distribution of a pair of channels
after applying this last filter is shown in Fig. 9, fitted to a single
Gaussian function.

Every pair of channels exhibits a displacement of the mean
of the distribution from zero, due to time skew. Time skew
in PET scanners refers to the discrepancy in the timing of
signal detection between paired detectors that are meant to
simultaneously detect gamma photon pairs emitted from a
positron annihilation event. Ideally, these photons would be
detected at the same time by the detectors on opposite sides of
the scanner; therefore, the time difference would be centered
around zero. However, skews in timing can arise due to several
factors, including internal variations in the electronic process-
ing across ASIC channels, differences in the trace routing
on the SiPM boards, and possibly small residual mechanical
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FIG. 8. Time difference distributions for a pair of channels for all the buffer combinations.

FIG. 9. Time difference distribution obtained for a pair of chan-
nels with buffer 0 compared with the time difference distribution
obtained for all buffers. Fit for buffer 0 is shown.

misalignments. We observe variations in the Gaussian cen-
troids as large as 950 ps, as illustrated in Fig. 10 (left panel).
This variation cannot be attributed only to routing differences,
as we have verified that these are below 1 cm in the worst
case, corresponding to a time difference of approximately 70
ps. All evidence points to an ASIC internal deviation in the
channel delay calibration as the dominant source. To correct
for this effect, we first obtained the Gaussian centroid for
each pair of channels and subtracted this value from the time
difference. In this way, we used the Gaussian centroids as
an offset calibration for the recorded timestamps. Applying
the correction, we obtained the histogram shown in Fig. 10
(right panel), which is now centered at 0 ps.

IV. RESULTS AND DISCUSSION

After applying the time skew correction to all pairs of chan-
nels, we combined the data into a single histogram, as shown
in Fig. 11. This combined histogram represents the time
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FIG. 10. Time difference distributions for every pair of channels, selecting only buffer 0 in both channels. Left panel: raw data. Right
panel: after skew correction.

difference distribution across all channels. By performing
a Gaussian fit to this aggregated distribution, we obtained a
CTR of 281 ± 2 ps FWHM.

As shown in Fig. 11, the distribution exhibits non-Gaussian
tails, which can likely be attributed to residual contributions
from nearby peaks observed in Fig. 9. Despite applying a
buffer 0 filter to suppress these features, some channels may
still contribute slightly to them. When summing over all chan-
nels, these small residuals can give rise to the observed tails.
Moreover, as illustrated in Fig. 8, these contributions are not
necessarily symmetric, which could explain the larger tail on
the lower-value side.

The result obtained is a compelling proof of concept
of the potential of liquid xenon combined with silicon
photomultipliers in TOF-PET technology. The achieved time
resolution is competitive with current state-of-the-art PET
scanners, such as the Philips Vereos, which features a CTR of
310 ps FWHM [37]. This represents a significant milestone in
the development of LXe-based PET technology, highlighting

FIG. 11. Fit to a Gaussian function on the distribution of the time
difference of all channels after time skew correction.

its feasibility as a viable alternative to conventional scintilla-
tors like LYSO. The next step will be to measure the CTR
with a longer depth of interaction, as is typical in clinical PET
scanners, to further validate and optimize this approach for
practical applications.

This result also demonstrates a significant advancement
compared to earlier efforts using LXe for TOF-PET, such as
Ref. [24] with a CTR of 552 ps or Ref. [25] with a CTR of
0.9 ns, where the use of traditional photodetectors limited the
achievable time resolution. The integration of SiPMs in our
setup allows us to reach a performance that is now competitive
with commercial systems.

Regarding the scalability of the concept to a whole-body
PET scanner, several possible detector geometries are under
study. For example, a design with an LXe thickness of 6 cm
(corresponding to 2 radiation lengths, 2X0) would require
approximately 427 kg of xenon. We expect timing resolution
to be relatively robust against increases in interaction depth
[38,39]. These ongoing investigations will help assess the per-
formance and feasibility of LXe-based detectors in realistic
clinical configurations.
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