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ABsTrRACT: The High Granularity Timing Detector (HGTD) will be installed in the ATLAS experiment
as part of the Phase-II upgrade for the High Luminosity-Large Hadron Collider (HL-LHC). It will
mitigate pile-up effects in the forward region, and measure per bunch luminosity. The design of
HGTD is based on Low Gain Avalanche Detector (LGAD) sensors. This paper presents the results of
beam-test campaigns conducted at CERN and DESY in 2023 and 2024 on single LGADs from HGTD
pre-production test structures, before and after neutron irradiation up to fluences of 2.5 x 10" Neq/ cm?.
The tested LGADs can meet HGTD requirements in terms of charge collection, time resolution, and hit
efficiency, even under HL-LHC end-of-life conditions, supporting their deployment in the final detector.
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1 Introduction

The High Granularity Timing Detector (HGTD) [1] will be installed in the ATLAS experiment [2]
during the so-called Phase-II upgrade for the High-Luminosity period of the LHC (HL-LHC) [3].
The HGTD pixel detector will be introduced in the ATLAS detector at the gap region between the
tracker and the end-cap calorimeters at a distance of +3.5 m from the interaction point covering the
pseudorapidity range of 2.4 < |5| < 4.0. The main goal of this detector is to mitigate the pile-up
issue due to the increase in the instantaneous luminosity during the high-luminosity phase of the LHC
by combining the time measurements of the hits with the spatial information provided by the Inner
Tracker. In addition, the HGTD detector offers unique capabilities for online and offline luminosity
determination, an important requirement for precision physics measurements.

The HGTD will consist of 3.16 million silicon-based Low Gain Avalanche Detectors (LGAD) [4].
LGADs are n-in-p diodes structures with an additional p+ type gain layer, which enhances the rise
time and the signal-to-noise ratio, allowing therefore for excellent time resolution. LGAD sensors
have been extensively studied, before and after irradiation, in the past years [5—8]. Due to the expected
high radiation levels, the HGTD is designed to withstand a 1 MeV neutron-equivalent fluence of up
to 2.5 x 1015neq /em? and a total ionizing dose of 2 MGy, estimated at a distance of 120 mm from
the beam pipe [1]. The most exposed regions are expected to receive radiation damage beyond this
level and will therefore require replacement. In order to reach the HGTD design performance, the
LGADs must meet targets regarding time resolution of 40 ps (50 ps) per hit, collected charge > 15 fC
(> 41C) and hit efficiencies > 97% (> 95%) in the central part of the pad at the start (end) of their



lifetime. These requirements should be achieved taking into account a discriminator threshold of
about 2 fC of the ALTIROC, front-end ASIC foreseen for HGTD [9].

In beam tests [8, 10] as well as in laboratory measurements [11], it was established that the
addition of carbon in the gain layer helps reducing the acceptor removal rate with irradiation, leading
to improved radiation hardness and a lower operating voltage needed to collect the same charge of the
sensors [12, 13]. This is extremely important at high fluences, where LGADs need a high bias voltage
to maintain their performance. The maximal bias voltage is limited by the destructive discharge events
in the sensor, which limit the safe average electric field in the sensor to values below 11 V/um [14]. For
a 50-pm-thick HGTD LGAD sensor, this corresponds to a safe operating bias voltage of about 550 V.

The present paper describes the performance of pre-production LGAD sensors with carbon
enriched gain layer, to qualify the sensor design for use in the HGTD detector. These pre-production
sensors are advanced prototypes that are close to their final design and manufactured in limited
quantities for validation before mass production. The tested LGADs are described in section 2. The
response of the LGADs to particles has been tested in test beam facilities with an experimental set-up
presented in section 3. The collected data are analysed according to the method described in section 4.
The results of these tests are presented in section 5.

2 Sensor

The HGTD sensors are manufactured by the Institute of Microelectronics (IME) [15] of the Chinese
Academy of Science in China, based on two different designs, one by the Institute of High Energy
Physics (IHEP) [16] and the other by the University of Science and Technology of China (USTC) [17].
The LGAD sensors are produced on 8-inch wafers. The total thickness of the sensors is 775 + 5 pm,
while the active thickness is 50 + 5 um. Each sensor is a 15 x 15 array of 1.3 x 1.3 mm? LGAD pads,
for an active area of 380.25 mm?. The sensors have a boron implant gain layer with an additional co-
implantation of carbon, which improves the radiation hardness through smaller initial acceptor removal.

To check the performance of the sensors that will be installed in the detector, an equal amount of
Quality Control-Test Structures (QC-TS) is produced along the sensors. In this way, the quality and
uniformity of the wafers can be monitored and wafer-level technology parameters can be extracted
during the production, allowing the HGTD Collaboration to study wafer and sensor properties in
detail, without interfering with the hybridisation and module-production work flow. Using QC-TS,
bad wafers or issues during the production can be spotted by monitoring testing parameters over large
periods of time. The QC-TS consists of several structures, including a single-pad LGAD, as show in
figure 1 for IHEP and USTC, respectively. The sensor has an elongated dimension of 2.27 x 0.75 mm?
and 2.1 x 0.8 mm? for USTC and ITHEP sensors, respectively. This dimension corresponds to the
same area of the LGAD pixels in the sensors that will be mounted in the detector. Differently, the
dimension of the gain layer is 2.222 x 0.704 mm? and 2.062 x 0.750 mm?. The study of the LGADs,
presented in this paper, is based on the single-pad LGADs from the QC-TS tested in several test-beam
campaigns in 2023 and 2024 at CERN and DESY.

The tested sensors are from the so-called “pre-production”, a small fraction of sensors with
the final design, produced by the chosen vendor and tested before launching the full production.
More specifically, the pre-production sensors are categorized as either early pre-production or core
pre-production. Both early pre-production and core pre-production sensor have a reduced physical
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Figure 1. Layout of the single-pad LGAD of the QC-TS from the USTC-IME and IHEP-IME designs.

thickness of 300 + 5 um.! Except for the thickness, the core pre-production sensors have identical
design, specifications, active thickness and requirements as the final production sensors. In contrast,
the early pre-production sensors differ in several parameters. In particular, the early pre-production
sensors studied in this paper do not have the under bump metallisation (UBM) and, only the IHEP
designed sensors have an increased thickness of 775 + 5 pm. Both, the pad metallisation and the
physical thickness are not expected to significantly affect the sensor performance.

To study the LGAD performance after irradiation, the sensors were exposed to fluences up to
2.5%x 101 Neq/ cm? at the TRIGA reactor [18, 19] in Ljubljana, Slovenia with fast neutrons. Table 1
lists the LGAD sensors measured in the test beams, including the vendor, physical dimensions, and the
irradiation fluence. In the table the first column includes the device name assigned to each sensor
for easier reference in the text: the sensor name is a concatenation of the sensor design (IHEP or
USTC), the wafer number and the fluence. For instance, USTC-W7-2.5 refers to a USTC LGAD
from wafer 7, exposed to a fluence of 2.5 X 101 Neq/ cm?. In one case, to distinguish two sensors,
the position of the sensor in the wafer has been added in parenthesis.

Figure 2 shows the leakage current-voltage (I-V) characteristics at around -30 °C for the tested
sensors. At the same irradiation fluence, the sensors exhibit similar performance.

3  Test beam set-up

The measurement of the HGTD pre-production LGADs were conducted during two beam-test
campaigns at CERN SPS [20] H6A beam line using a high-momentum 120 GeV pion beam and one
campaign at the DESY II test beam facility [21] using a 5 GeV electron beam. The data-taking set-ups
at CERN and DESY were similar, with the main difference being the cooling systems used for the
devices under test (DUTs). At CERN, a chiller was employed, ensuring stable operation at —30°C,
whereas at DESY cooling was provided by dry ice packs, and measurements were performed in the
range of —40°C to —25°C. Figure 3 shows the set-up at CERN and at DESY.

The LGADs were mounted on custom readout boards developed at the University of Santa
Cruz [8, 22] with an on-board amplification stage, as shown in figure 4. The first internal amplifier was

I'The sensor substrate thickness was changed between the pre-production and the final production to increase the resistance
of the sensor and ASIC to thermal cycles. The sensor substrate thickness does not affect the performance since the active
thickness remains unchanged.
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Figure 2. Leakage current as a function of the bias voltage measured at —30°C for all tested sensors.
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Figure 3. Pictures of the test beam set-up at CERN(a) and at DESY(b).



Table 1. List of IHEP-IME and USTC-IME LGAD sensors studied in the 2023 and 2024 beam-test campaigns,
including irradiation fluence, type, physical dimensions, and test facility.

Device name Design ‘ UBM ‘ Thickness [jum] ‘ Dimension [mm?2] ‘ Fluence[neq/cm?] ‘ Tested at
USTC-W2-0 USTC no 300+ 5 2.27%0.75 0 CERN
USTC-W2-0.8 USTC no 300 +5 2.27 x0.75 0.8 x 101 CERN
USTC-W2-1.5 USTC no 300+ 5 2.27 % 0.75 1.5%x 10 CERN
USTC-W2-2.5 USTC no 300 + 5 2.27x0.75 2.5%x 105 CERN
USTC-W24-0.8 USTC no 300+ 5 2.27%0.75 0.8 x 101 CERN
USTC-W24-1.5 USTC no 300+ 5 2.27%0.75 1.5x 10" CERN
USTC-W24-2.5 USTC no 300 +5 2.27 % 0.75 2.5% 10 CERN
USTC-W7-0 USTC | yes 300+ 5 2.27 % 0.75 0 CERN
USTC-W15(P49)-2.5 | USTC yes 300 + 5 2.27x0.75 2.5%x 105 CERN
USTC-W15(P1)-2.5 | USTC | yes 300+ 5 2.27%0.75 2.5x 101 CERN
[HEP-W2-1.5 [HEP no 775+5 2.1x0.8 1.5x 101 DESY
IHEP-W2-2.5 IHEP no 775 +5 2.1x0.8 2.5% 101 DESY
IHEP-W10-0 IHEP yes 300+ 5 2.1x0.8 0 CERN
IHEP-W16-0 [HEP yes 300+ 5 2.1x0.8 0 CERN
[HEP-W16-1.5 [HEP yes 3005 2.1x0.8 1.5x 10" CERN
IHEP-W16-2.5 IHEP yes 300+ 5 2.1x0.8 2.5% 101 CERN
IHEP-W10-2.5 IHEP yes 300 +5 2.1x0.8 2.5% 10 CERN

followed by an external commercial second-stage 20 dB amplifier to give a trans-impedance of 4700
Q. The second stage amplifier was placed either inside the cooling box or outside at room temperature.
To account for variations in results due to changes in the amplifier trans-impedance with temperature,
a 10% systematic uncertainty was assigned to the collected charge and time reconstruction. This
uncertainty is based on a comparison of benchmark measurements with the second-stage amplifier
inside versus outside the cooling box.

Figure 4. Picture of the QC-TS single pad LGAD mounted on a readout board.

The time resolution of each DUT was estimated using a Micro-Channel Plate Photomultiplier
Tube (MCP-PMT) HPK R3809U-50 [23] as a time reference. The MCP-PMT was calibrated using
coincidences between the MCP-PMT and two DUTs. The time resolution was extracted by considering



only the overlapping areas, yielding a measured value of 10.6 + 2.2 ps at an operating voltage of
2650 V. The results were cross-checked in dedicated runs at SPS using two additional MCP-PMTs
in coincidence, which gave a measured resolution of about 13 ps, in agreement with the previous
measurement within uncertainties.

An eight-channel oscilloscope was used to sample the waveforms from both the DUTs and the MCP-
PMT, as shown in figure 5. The oscilloscope has a 1 GHz bandwidth, a 6.25 GS/s sample rate with 8-bit
resolution and a memory depth allowing the acquisition of up to 50k samples per channel per trigger
cycle. The setup also included a EUDET-type telescope based on six MIMOSA [24] pixel planes (three
placed on each side of the DUT) to reconstruct the trajectory of the incident charged particles. The tele-
scope provided the hit position of each track in the DUT frame, enabling efficiency and timing studies.

Triggering was provided by a FE-14 [25] readout chip-based module, which initiated the acquisition
of both oscilloscope waveforms and telescope data. The FE-14 was configured to accept signals only in
aregion of interest (ROI) matching the DUT geometries. Trigger logic and distribution were managed
by a programmable Trigger Logic Unit (TLU) [26]. Busy signals were propagated within the system:
in particular, a waveform generator was used to rise a busy signal during the oscilloscope readout,
while the TLU also distributed busy states from the telescope and FE-I4. In this way, triggers were
vetoed during dead times, ensuring synchronized and loss-free data collection. In addition, the FE-14
signal was recorded and subsequently used in the offline analysis.

The entire setup was integrated under a DAQ framework based on the EUDAQ?2 software [27],
which ensured synchronization of the TLU, telescope, and FE-14 oscilloscope data streams. In addition,
the HV power supply of the DUTs was controlled through EUDAQ?2, enabling unsupervised and
automatic data-taking over different voltage configurations. Figure 5 summarises the DAQ system
workflow implemented in the test-beam campaigns.

During the June 2024 test beam campaign at the SPS, measurements were performed at different
angles. A rotation stage with stepping motor was installed inside the cooling box to remotely control
the rotation of the sensor with respect to the incident beam. In addition to the standard measurement
with the beam perpendicular to the DUT (0°), data were also collected at 6°, 12°, and 18°. Considering
the HGTD geometry and the position inside the ATLAS detector, the maximum angle at which the
particles can hit the detector is around 10°.

4 Data analysis

Two independent systems were used to collect the data analyzed in this study: the EUDET-type
telescope and FE-14 plane, which provided track information, and the oscilloscope, which recorded the
waveforms from the LGAD and MCP-PMT detectors. This section describes the general methodology
used to reconstruct and process the information from these two chains, and how it is used to derive
the physical quantities for the analysis.

4.1 Digitizer data processing

The waveform processing procedure followed a multi-step approach. First, the binary data from the
oscilloscope were converted into a ROOT-format ntuple containing raw waveform samples for each
channel. Each waveform was then analyzed to determine the signal polarity, maximum and minimum
amplitudes, and the corresponding start and stop points of the signal. These parameters were used
to verify that the entire pulse was contained within the acquisition window.
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Figure 5. Simplified schematic of the DAQ system used during the test-beam campaigns at CERN and DESY.
The TLU receives triggers from the FEI4 HitOr signal (grey line). All DUTs are interfaced to the TLU via LVDS
signals (magenta lines). The oscilloscope is connected through an adapter board that converts LVDS to TTL and
splits the trigger and busy signals (orange lines). The green lines represent the sensor and MCP signals connected
to the oscilloscope. Red lines indicate all connections routed through the internal network. Finally, the blue line
shows the connections between the high-voltage (HV) and low-voltage (LV) power supplies and the sensor boards.

Next, the LGAD signal baseline (pedestal) and noise level were estimated using a region preceding
the pulse onset (typically between 10% and 90% of the pre-pulse window). The pedestal was computed
as the mean of this pre-pulse region, and the noise was determined as the standard deviation obtained
from a Gaussian fit to the distribution of sample amplitudes within this region. The pedestal value
was subtracted from all waveform samples on an event-by-event basis, and signal characteristics
were recalculated post-subtraction.

The MCP-PMT waveforms were processed following a similar procedure, with adjustments to
account for their distinct signal characteristics. MCP-PMT pulses exhibit faster rise times and higher
amplitudes compared to the LGAD signals, and the noise level is generally lower due to the high
intrinsic gain of the MCP-PMT. The baseline and noise were computed using the same pre-pulse
region definition, and pedestal subtraction was applied identically. However, the integration window
used to determine the collected charge was shorter (typically 1-2 ns) to match the narrower pulse
width of the MCP-PMT signals. The waveform properties were stored in the same ROOT-file ntuple
using vector branches for the DUT (LGAD) and MCP-PMT signals, allowing for synchronized
event-by-event analysis.



Following baseline correction, several waveform properties were extracted, including the signal
amplitude, rise time, collected charge, signal-to-noise ratio (SNR), and Time of Arrival (TOA). The
amplitude was defined as the global maximum of the waveform. A cut on the signal amplitude was
used to remove events with low amplitude, which helps reduce noise contributions. The cut value is
40 mV and 10 mV for unirradiated and irradiated sensors, respectively. The charge, g, was determined
by dividing the integral of the pulse by the trans-impedance of the read-out board, R, = 47002,
and the gain of the voltage amplifier, Gamp = 102

St Al
== 4.1)
Ry X Gampl
The TOA was extracted using the Constant Fraction Discriminator (CFD) method, defined as the
point where the signal crosses a fixed fraction (fCFD) of its peak amplitude. The TOA value was
chosen to be fCFD = 50%, with the crossing time obtained by linear interpolation between the two
samples around the CFD threshold.

4.2 Track reconstruction and data analysis

The reconstruction of particle tracks and subsequent data analysis were performed using the Cor-
ryvreckan framework [28], a modular software package optimized for test beam studies. Data
from the six-plane MIMOSA telescope and the FE-I4 reference plane were processed through a
standardized Corryvreckan pipeline.

Hits from all detectors were first processed using the EventLoaderEUDAQ?2 module. Noisy pixels
on the MIMOSA planes, identified by an occupancy exceeding fifty times the average, were masked.
Typically, this procedure removed less than 0.1% of all pixels, corresponding to a loss of below 0.05%
of total hits. Subsequently, the Clustering4D module computed the cluster positions as the geometrical
centroids of the constituent hits. The alignment of the telescope and the FE-14 was performed using the
AlignmentTrackChi2 module within the Corryvreckan framework. In this procedure, the MIMOSA
planes were aligned by iteratively shifting their coordinates in the x and y directions and applying
small rotations around the beam axis (z-axis) relative to a chosen reference plane. The goal was to
minimize the residuals between the reconstructed track positions, extrapolated from the other telescope
planes, and the measured hit positions in the same MIMOSA plane. This y?-based minimization was
carried out over approximately 10° events and allowed precise correction of misalignments within
the telescope. Accurate alignment is critical for high-precision track reconstruction, which in turn is
essential for reliable residual and efficiency measurements at the DUT. Only tracks with a y? per
degree of freedom less than six were retained in the analysis.

Track reconstruction was performed using the Tracking4D module. For data collected at the
CERN SPS, track fitting was seeded in the downstream MIMOSA planes. Selected tracks were
required to have at least five hits, including one hit in the two MIMOSA planes just before and after
the DUT, as well as a matching hit in the FE-I4. Only single-track events were considered. The
track fitting procedure at DESY with a 5 GeV electron beam, was slightly modified to account for
the differences in experimental setup and beam type. FE-I4 hit information was not available due
to data-acquisition synchronization issues, so tracking was performed using only the six MIMOSA
planes. For each event, all possible upstream and downstream triplets were reconstructed, and a
complete track was defined when a downstream triplet matched an upstream triplet within a minimum



distance of approach of 150 pm in the central region. Only events with a single complete track
traversing all six MIMOSA planes were retained for analysis.

Following the alignment of the telescope planes, the position and orientation of the DUT were
determined relative to the telescope reference frame. The DUT alignment was performed based on the
reconstructed track occupancy on the DUT plane. A two-dimensional error-function minimization
was applied to the hit occupancy map to extract the optimal x, y offsets and in-plane rotation angle
(0) of the DUT. This procedure corrected for small shifts and rotations of the sensor that can occur
between data batches and ensured precise spatial correlation between reconstructed tracks and DUT
hits. The resulting geometry file containing the updated x, y, and 6 parameters was used in subsequent
reconstruction steps to define the DUT local coordinates consistently.

The final step of the processing chain was the creation of a merged ROOT file containing both
the waveform information recorded by the oscilloscope and the reconstructed track parameters from
the telescope system. Event synchronization between the two independent acquisition systems was
achieved using timestamp-based matching between the digitizer and the oscilloscope. The difference
between the recorded trigger timestamps in both systems was required to be smaller than 0.2 ps,
corresponding to the clock resolution. The merged dataset served as the input for the subsequent
user-level analysis, enabling precise correlation between timing and the position of the hit of the
beam particle in the sensor plane on an event-by-event basis. As mentioned earlier, in the offline
analysis a cut on the signal amplitude was applied to remove contributions from noise. Table 2
summarizes the selection criteria applied in the analysis.

Table 2. Summary of the selection criteria applied in the analysis.

Selection ‘ Requirement

Track quality x*/ndf <6

Matching criteria |timestampg;, — timestamp,,,.| < 0.2 ps
Number of tracks 1

Amplitude cut > 40 (10) mV for unirradiated (irradiated) sensor

S Sensor performance results

The study presents the performance evaluation of LGAD sensors before and after irradiation, with
particle beams using the reconstructed position of the tracks. The primary metric studied is the charge
collection, time resolution and hit reconstruction efficiency. Performance parameters are studied
as a function of bias voltage and incident angle.

5.1 Collected charge

For each DUT, the charge distribution is obtained from events that passed the selection cuts based on
signal amplitude and number of tracks, and is modelled using a Landau-Gaussian convoluted function.
The Most Probable Value (MPV) of the fit is used to quantify the collected charge, hereafter referred
also as Charge(MPV). Figure 6 shows an example charge distribution for sensor IHEP-W16-1.5. At a
bias voltage of 390V the MPV is 7.36 fC. The Gaussian width opoise = 1.52 indicates a moderate
noise contribution, corresponding to a signal-to-noise ratio of about 4.8.
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Figure 6. Charge distribution for the sensor [IHEP-W16-1.5 operated at 390 V. The measurement was performed
at a temperature of —30°C. The distribution was fitted with a Landau-Gaussian convoluted function. The
collected charge, defined as the most probable value, is 7.36 + 0.02 fC. The quoted uncertainty reflects only the
statistical component.

The MPYV is obtained in the same way for different DUTs at various bias voltages. Figure 7 presents
the collected charge as a function of bias voltage for single-pad sensors irradiated at various fluences,
for the IHEP and USTC designs, respectively. The results include measurements for fluences of 0, 0.8,
1.5, and 2.5 x 1013 Neg/ cm?. The error bars represent the contribution from the systematic uncertainty
assigned to the experimental setup. The blue dashed line indicates the minimum charge collection
requirement of 15 fC for unirradiated sensors, while the black dashed line marks the 4 fC threshold
requirement for irradiated sensors. Unirradiated sensors consistently meet the 15 fC requirement
even at low bias voltages. For irradiated devices, the collected charge is notably reduced due to
radiation-induced damage to the gain layer. DUTSs exposed to fluences of 0.8 — 2.5 x 103 Neq/ cm?
require significantly higher bias voltages to collect the required charge. At the highest fluence,
¢ =25x10" Neq/ cm?, all sensors pass the 4 fC threshold for a bias voltage < 550V, confirming
their radiation tolerance up to the HGTD end-of-life scenario.

5.2 Collected Charge as a function of the incident angle

The LGAD performance was studied as a function of the angle of the incident beam. Figure 8 shows
the collected charge as a function of the beam incident angle for an unirradiated IHEP sensor and an
irradiated USTC sensor. In both cases, the collected charge increases with the incident angle. This
effect is due to electrons drifting towards the gain layer along the projection of the particle track. When
the beam is perpendicular to the sensor (0 degrees), the charge density on the gain layer is highly
localized and there is a potential charge screening [29]. Differently, angled tracks produce a more
dispersed charge and thus a reduced charge density across the gain layer, making the suppression
mechanism less effective. In addition, the collected charge increases also because a longer particle
path length through the sensor results in a larger signal amplitude, and therefore a larger collected
charge. This effect increases the collected charge by a factor 1/cos(@) where « is the DUT tilted
angle. The increase in collected charge with incident angle is even more apparent when examining the
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Figure 7. Collected charge as a function of bias voltage for IHEP (a) and USTC (b) sensors at various irradiation
fluences. All measurements were performed at —30°C, except for the IHEP-W2-1.5 and IHEP-W2-2.5 sensors
tested at DESY, where measurements were carried out in the temperature range from —40°C to —25°C. The blue
(black) dashed line indicates the minimum required charge of 15 fC (4 fC) for unirradiated (irradiated) sensors.

relative difference (in %) of the collected charge with respect to the 0° angle, as shown in figure 9.

Both the screening effect and the particle path inside the sensor are larger for larger value of collected

charge, thus the relative increase of charge (MPV) is more significant for unirradiated sensors at higher

bias voltage. For irradiated sensors, the relative difference follows the expected trend (magenta line)

due to the longer path, demonstrating that the screening effect becomes negligible.
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Figure 8. Collected charge as a function of the angles for IHEP-W10-0 (a) and USTC-W15(P49)-2.5 (b) sensors
at various bias voltage points. All measurements were performed at a temperature of —30°C.
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5.3 Time resolution

The time resolution is the key parameters when assessing LGAD sensor performance and it is
determined by:
2 2 2 2

ILGAD ~ YLandau * OTime walk T OTitter - (51)

The Landau term, a-fan dane a118€s from non-uniformities in energy deposition along the particle path

inside the detector. This contribution depends on the active thickness of the sensor and thin sensors

are beneficial. However, thinner sensors suffer from large capacitance and low deposited charge.

An active thickness of 50 pm has been chosen as the best compromise and will be implemented
for the LGADs in the HGTD detector.

: 2

The time walk effect, O Fime walk®

cross a fixed discriminator threshold at different times. This effect is mitigated in the test beam results

by using dedicated time reconstruction techniques, such as the CFD method described in section 4.1.

Finally, the jitter term, o2

Jitter’
rise and inversely proportional to the signal slope. Minimizing jitter requires a high signal-to-noise

originates from the fact that signals with different amplitudes

results from the electronic noise and is proportional to the signal time

ratio and short rise time which is achievable with thin sensors.

The time resolution is obtained from the residual distribution between the TOA of the DUT
and the MCP-PMT. The width of the residual o is a convolution of the sensor resolution and the
resolution of the MCP-PMT:

0 = 0puT ® OMCP-PMT > (5.2)

where opyr is the DUT time resolution and owcp.pmt 18 MCP-PMT time resolution, which is
10.6 + 2.2 ps. o is estimated by a Gaussian fit. Figure 10 shows an example distribution of the
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TOA difference between the IHEP-W16-1.5 sensor and the MCP-PMT. The distribution shows
non-Gaussian tails due to noise. The time resolution of the DUT is obtained by subtracting the
MCP-PMT contribution from the measured residual width:

— 2 _ 2
ODUT = ag O—MCP-PMT (53)
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Figure 10. TOA difference between the sensor IHEP-W16-1.5, operated at 390 V, and the MCP-PMT. The
measurement was performed at a temperature of —30°C. The distribution is fitted with a Gaussian function, and
the width o is extracted from the fit parameters. The quoted uncertainty reflects only the statistical component.

Figures 11 and 12 show the time resolution as a function of the bias voltage for the USTC and
IHEP sensors, respectively. Due to differences in the bias voltage settings for sensors with different
irradiation levels, the plots are separated into unirradiated and irradiated cases. As before, the error
bars represent the contribution from the systematic uncertainty assigned to the experimental setup.
For the least irradiated USTC sensors (yellow and brown points on figure 11(b)) and the unirradiated
IHEP sensors (grey points on figure 12(a)) the time resolution worsens at higher bias voltages. This
degradation is attributed to noise hits, which become significant when operating the sensors at bias
voltages close to the breakdown voltage. Time resolution differences among unirradiated sensors can
arise from variations in charge-carrier velocity saturation, which depends on the electric field [30],
and thus on the sensor bias. All sensors meet the requirement of a time resolution below 40 ps for
unirradiated sensors and below 50 ps for irradiated sensors.

5.4 Time resolution as a function of the incident angle

The time resolution has also been studied as a function of the rotation of the sensor with respect to the
beam. Figure 13 shows the time resolution as a function of the beam incident angle for an unirradiated
IHEP sensor and an irradiated USTC sensor. The time resolution shows little dependence on the incident
angle. This is confirmed by the relative variation in time resolution with respect the incident angle at
0°, as shown in figure 14. The relative differences in time resolution remain within a few percent.
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Figure 13. Time resolution as a function of the angles for IHEP-W10-0 (a) and USTC-W15(P49)-2.5 (b) sensors
at various bias voltage points. All measurements were performed at a temperature of —30°C.
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Figure 14. Relative difference (in %) of the time resolution with respect to angle 0° for IHEP-W10-0 (a)
and USTC-W15(P49)-2.5 (b) sensors at various bias voltage points. All measurements were performed at a
temperature of —30°C.

5.5 Hit reconstruction efficiency

The hit reconstruction efficiency is defined as the ratio of reconstructed tracks producing a signal above
threshold in the sensor fiducial region over the total number of reconstructed tracks crossing that region:

. . Reconstructed tracks with g >
Hit Efficiency = q > Qcut

5.4
Total reconstructed tracks 4
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measurements were performed at a temperature of —30°C. Results are shown for multiple sensor designs from
USTC and IHEP. The dashed line indicates the 95% efficiency requirement for HGTD operation. A charge
threshold of Q. > 2 fC is applied.

where Q¢ is the minimum collected charge, set to 2 fC. The fiducial region is defined as a rectangle
covering the central 60% of the DUT area,” excluding edge effects, where the sensor response is
expected to be uniform. The hit reconstruction efficiency is calculated only for events with exactly
one reconstructed track to discard possible pile-up events. The efficiency study has been performed
only using data collected at CERN. For unirradiated sensors (¢ = 0 x 101 Neq/ cm?) and sensors with
intermediate irradiation level (¢ = 0.8 — 1.5 x 101 Neq/ cm?), the hit reconstruction efficiency remains
above 99% across the entire tested bias voltage range. Figure 15 presents the efficiency as a function
of bias voltage for the most irradiated sensors (¢ = 2.5 X 10 Neq /em?). The results demonstrate
that all sensor designs achieve the minimum required efficiency of 95% for HGTD operation in the
end of life scenario, though at different bias voltages.

To study the sensor response uniformity, the efficiency was determined as a function of the hit
position of the track on the sensor. Figure 16 shows the 2D efficiency maps as a function of the hit
position for sensors irradiated to different fluences. The plots demonstrate a high degree of uniformity
across the entire sensor area, regardless of the sensor irradiation.

Figure 17 shows the uniformity of the efficiency along the x-axis and y-axis for an unirradiated
sensor and a sensor irradiated to a fluence of 2.5x 1013 Neq/ cm? for each of the two designs, respectively.
In both cases, the efficiency within the active area remains uniform and exceeds 95%. Same conclusion
is found for studying the characteristics of the other sensors. A comparison between unirradiated and
irradiated devices reveals an apparent increase in the active area after irradiation. This effect is not due
to physical expansion, but rather to radiation-induced modifications of the electric-field distribution
and charge-collection dynamics. As a result, the sensor edges become less sharp, effectively enlarging

2The central area is evaluated considering —0.81 (=0.87) mm < x < 0.81 (0.87) mm and —0.31 (=0.29)mm < y <
0.31 (0.29) mm for USTC (IHEP) sensors.
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Figure 16. 2D maps of the efficiency as a function of the hit position in the sensor plane for IHEP-W16-0 sensor
operated at a bias voltage of 125V (a) and for the USTC-W15(P1)-2.5 sensor operated at a bias voltage of 555V
(c). All measurements were performed at a temperature of —30°C.

the active region. The sensor size can be estimated at the point where the efficiency reaches 50%
and the results are summarised in table 3. These numbers should be compared to the nominal
dimensions reported in table 1. Table 3 also gives the size of the region where the efficiency is
larger than 95% and 97%, which is the required efficiency in the 60% central area for irradiated
and unirradiated sensors, respectively.

Table 3. Size of unirradiated and irradiated sensors for both sensor designs. The sensor size is estimated
from the region where the efficiency is larger than 50%, 95% and 97%. The applied bias voltage for each
measurement is also shown.

. Bias voltage  Size on x-axis  Size on x-axis  Size on x-axis  Size on y-axis  Size on y-axis  Size on y-axis
Device name

[V] at 50% [mm] at95% [mm] at97% [mm] at50% [mm] at95% [mm] at 97% [mm]
USTC-W7-0 112 2.20 £ 0.01 2.15+0.01 2.14 £ 0.01 0.68 +0.01 0.65 +0.01 0.65 +0.01
USTC-W15(P1)-2.5 555 2.21 £0.01 2.15+0.01 2.14 +£0.01 0.70 £ 0.01 0.66 +0.01 0.65 +0.01
THEP-W10-0 135 2.04 £0.01 1.97 £0.01 1.96 £ 0.01 0.72 £ 0.01 0.68 +0.01 0.67 +£0.01
IHEP-W10-2.5 555 2.05+0.01 2.00 £ 0.01 1.99 +0.01 0.74 £ 0.01 0.69 +0.01 0.69 + 0.01

6 Conclusions and outlook

This study presents a comprehensive evaluation of the performance of single LGADs from the HGTD
pre-production. The LGADs developed by IHEP and USTC were tested under varying irradiation
conditions, bias voltages, and beam incident angles, with a focus on key parameters relevant for
HGTD operation at the HL-LHC.

Unirradiated sensors consistently meet the 15 fC requirement even at relatively low bias voltages,
confirming their suitability for high-precision timing applications. As expected, radiation-induced
damage significantly reduces the collected charge for irradiated devices. Nevertheless, for fluences up to
¢ =2.5x10" Neq/ cm?, all tested sensors provided a collected charge above 4 fC within the prescribed
operating bias voltage, demonstrating radiation tolerance compatible with HGTD requirements. A clear
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Figure 17. Projections on the x- and y-axis of the efficiency in the central region of the sensor for USTC (a,b)
and IHEP (c,d) sensors. All measurements were performed at a temperature of —30°C. Each plot shows the
comparison of the projection of the efficiency for unirradiated (red line) and irradiated sensors (blue line). For
USTC-W7-0, the right tail of the distribution is truncated to avoid spikes due to the missing statistics. The
projections on the x-axis (y-axis) are evaluated considering the integral of the central region from —0.31 mm to
0.31 mm (from —0.81 mm to 0.81 mm) and from —0.29 mm to 0.29 mm (from —0.87 mm to 0.87 mm) for USTC
and THEP sensors, respectively.

enhancement of collected charge with increasing incident angle is observed for unirradiated sensors,
attributed to the more favorable geometry of charge deposition and reduced charge screening effects.

Time resolution improves with increasing bias voltage for most irradiated sensors, reaching below
50 ps even at the highest tested fluences. All sensors meet the requirement of a time resolution
below 40 ps for unirradiated sensors and below 50 ps for irradiated sensors. For unirradiated sensors
and sensors with moderate irradiation, the hit reconstruction efficiency for Q. > 2 fC, remains
above 99% across the entire tested bias voltage range, while all sensors, including those irradiated
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up to ¢ = 2.5x 101 Neq/ cm?, meet the minimum 95% efficiency requirement. Spatial uniformity
studies further confirm consistent performance across the full active area of the sensor, indicating
no localized degradation due to irradiation.

These results confirm that both IHEP and USTC LGAD sensors are suitable candidates for the
HGTD project, having achieved the required performance in charge collection, time resolution, and hit
efficiency even under high radiation fluences. Further measurements with full-size sensors hybridized
to the final readout ASICs, as well as comprehensive system-level tests, are ongoing to evaluate the
feasibility of the complete LGAD-based timing detector for the HL-LHC.
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