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Abstract—The particle flux increase (pile-up) at the HL-LHC
with luminosities of L = 7.5 x 10°* em™ 2 s™! will have a
significant impact on the reconstruction of the ATLAS detector
and on the performance of the trigger. The forward region and
the end-cap where the internal tracker has poorer longitudinal
track impact parameter resolution, and where the liquid argon
calorimeter has coarser granularity, will be significantly affected.
A High Granularity Time Detector (HGTD) is proposed to
be installed in front of the LAr end-cap calorimeter for the
mitigation of the pileup effect, as well as measurement of
luminosity.

It will have coverage of 2.4 to 4.0 from the pseudo-rapidity
range. Two dual-sided silicon sensor layers will provide accu-
rate timing information for minimum-ionizing particles with a
resolution better than 30 ps per track (before irradiation), for
assigning each particle to the correct vertex. The readout cells are
about 1.3 mm x 1.3 mm in size, which leads to a high granular
detector with 3 million channels. The technology of low-gain
avalanche detectors (LGAD) with sufficient gain was chosen to
achieve the required high signal-to-noise ratio. A dedicated ASIC
is under development with some prototypes already submitted
and evaluated. The requirements and general specifications of
the HGTD will be maintained and discussed. R&D campaigns
on the LGAD are carried out to study the sensors, the related
ASICs and the radiation hardness. Both laboratory and test beam
results will be presented.

Index Terms—HL-LHC, ATLAS, HGTD, LGAD, Si sensors,
Timing detectors

I. INTRODUCTION

The HL-LHC [1] is an upgrade of the LHC project, which
will deliver an integrated luminosity of up to 4000fb~!
over the subsequent decade, and achieve an instantaneous
luminosity of L = 7.5x103* cm~2s~!, compared to the current
value of L = 2.5x103* cm—2s~!. This will increase the pileup
interactions to an average of 200 simultaneous proton-proton
interaction within the same bunch crossing interval (< p > =
200),which is 6 times higher than the current pileup rate. The
Inner Tracker upgrade (ITk) [2] will have a better position
resolution and pseudo-rapidity extended to || = 4.0 (n <
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2.5 up to now), but the ITk will have low Zy resolution in
the forward region. So the timing information can help to
further reduce pileup effect in this region. Hence by using
only the ITk, multiple tracks nearby in the space can lead to
track/vertex association ambiguities. The timing information
of the HGTD [3] reduces the density of vertices for a given
track, and allows the effective separation of the hard scatter
vertex from pile-up vertices surrounding it in the Z direction,
hence the improvement of the ATLAS [4] performance in the
forward region.

II. HGTD REQUIREMENTS AND LAYOUT
A. Overview & requirements

To ensure the performances needed to deal with the high
luminosity expected in the HL-LHC phase (< p > = 200), a
part of the ATLAS [4] detector has to be upgraded, where the
electromagnetic calorimeter [5] has larger granularity and the
inner tracker resolution degrades. Consequently, The HGTD
detector which will provide a high granularity and timing in-
formation is proposed to be located in the gap region between
the end-cap calorimeters and the barrel. Each HGTD end-cap
is the integration of one hermetic vessel, two instrumented
double sided layers and two moderators placed inside also
outside the airtight vessel. The modules with sensors and
on-detector electronics are mounted on the front and back
sides of a common cooling disk. Each disk of this last is
physically separated in two half circular disks. The HGTD
will cover the pseudo-rapidity range between 2.4 < |n| < 4.0,
complementing the inner tracker by providing high-precision
time measurements for charged particles, and enhancing the
performance of physics object reconstruction. Fig. 1 shows the
position of the HGTD detector.

Due to space limitations and the high expected radiation
level at the HGTD position, a technology of silicon-based time
sensor is selected to be used, with thin and configurable array
sensors. These requirements are satisfied using the Low Gain
Avalanche Detector (LGAD) [6] pads of 1.3mm x 1.3 mm X
50 pm (length x width x thickness). Such pad dimensions
ensure under 10% of occupancy at high pileup ranges, limited
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Fig. 1: Position of the HGTD within the ATLAS Detector [3].

Pseudo-rapidity coverage 24 < [nj< 40
Thickness in z 75mm (+50mm moderator)
Position of active layersinz ©35m
Weight per end-cap 350 kg

Radial extension:
Total
Active area

110mm < r < 1000 mm
120mm < r < 640mm

Pad size 1.3mm X 1.3mm
Active sensor thickness 50 pm
Number of channels 36M
Active area 6.4m?
Module size 30 x 15 pads (4cm % 2cm)
Modules 8032
Collected charge per hit > 4.04C
Average number of hits per track

24 < [nf<27 (640mm > r > 470mm) =20

27 < [nj< 35 (470mm > r > 230mm) =24

35< Injc 40 (230mm >r > 120mm) =26
Average time resolution per hit (start and end of operational lifetime)

24 < [nf< 40 =35 ps (start), = 70 ps (end)

Average time resolution per track (start and end of operational lifeti

Fig. 2: Main parameters of HGTD [3].

= 30 ps (start), = 50 ps (end)

inter-pad space, with a low capacitance of the detector, and
this is relevant for the temporal resolution. For the read-out a
custom low-noise ASIC ALTIROC [7], [8] is developed and
bump-bonded to the sensors, to answer the demands for tem-
poral resolution and radiation hardness. Another functionality
of the ASIC will be to provide a non-biased bunch by bunch
luminosity measurement, and the implementation of a trigger
with minimal bias, by counting the amount of hits stored in
the detector and deliver this data at 40 MHz. A 35 ps time-
resolution at the start of HL-LHC (Run 4) is required, followed
by a 70 ps time-resolution by the end of the HL-LHC run
period. Fig. 2 summarize the main parameters of the HGTD.

B. Layout

The objective from the design of the detector is to ensure the
optimal timing resolution to effectively remove the impact of
the pile-up in the forward region. For this reason, each layer of
the HGTD is double-sided, and each side is rotated in opposite
directions by 15°. On a common cooling disk, modules with
on-detector electronics and sensors are installed on both sides,
front and back. The modules are arranged in an overlapping
manner, with 20% overlap for the radius of the disk r > 470
mm, 54% for r € [230,470] mm and 70% for r < 230 mm.
The choice of the optimal overlap for each ring was based
on a full simulation, in order to achieve the required timing
resolution via the average number of simulated hits, given the
expected time resolution of the pads.

C. Radiation hardness

The radiation hardness of the sensors and electronics is one
of the most important parameters of the HGTD. To achieve
sufficient performance of the sensors and ASICs, the detector
layout has been designed considering a replacement scenario
during the HL-LHC. Through an intensive R&D campaign,
a minimum charge of 4 fC is required, this can be achieved
up to a radiation damage of 2.5 x 10 n.,cm? and total
ionising dose (TID) about 2.0 MGy. As a result, the sensors
and electronics within the lowest-radius (r < 230 mm) will
be replaced after each 1000 fb~! and the sensors and ASICs
within 230 mm < r < 470 mm should be replaced at half of
the data-taking (2000 fb~!) during the HL-LHC program. In
the inner ring the total Si 1 MeV n., fluence has a similar
proportion of charged particles and neutrons, whereas in the
outer and central rings, the effect is dominated by neutrons. To
account for uncertainties in the simulation, a total safety factor
of 1.5 is applied for the sensors which are most sensitive to
the fluence of the particles, and for the electronics which is
more sensitive to TID, 2.25 as a factor. The maximum fluence
and total ionising dose as a function of the radial position
including the replacement of the rings can be found in Fig. 3.

D. Module components

The hybrid module is made of two parts: two LGAD sensors
and two ASICs, called bare module, and the flexible printed
circuit board (flex cables). The flex is made of two pieces, a
small flex board permanently glued to the bare module and a
long flex tail whose length, of up to about 60 cm, depends on
the module position in the detector. The sensors and the ASICs
are connected through a flip-chip bump bonding process called
hybridization. All connections between the ASIC and the
peripheral electronics are routed through the flex cable. The
bare module is glued on the back side of the sensor to the
flex module small piece, and all the signals are wire bonded
between the ASIC and the flex cable and for the high voltage
between the sensor and the flex. The size of the bare modules
is around 2 x 4 cm?, the pads size is 1.3 x 1.3 mm?. Each
sensor is connected to one ASIC, reading a matrix of 225
channels. A view of the HGTD hybrid module is showed in
the Fig. 4.

III. SENSORS AND READOUT ELECTRONICS
A. LGAD sensors

LGADs are n-on-p silicon detectors that contain an addi-
tional highly doped p-layer under the n-p junction to create
a high field that causes internal amplifications referred as the
gain of the LGAD as illustrated in Fig. 5. The gain is related
to the dose of doping in the multiplier layer and reduces with
the fluence of radiation. The HGTD LGADs were initially
designed by the Centro Nacional de Microelectrnica (CNM) in
Barcelona [6] and developed during the last 5 years within the
CERN-RDS50 community [9] including collaboration with two
other LGAD vendors: Hamamatsu Photonics (HPK, Japan)
and Fondazione Bruno Kessler (FBK, Italy).

Three major effects determine the time resolution: time walk
from amplitude variations, jitter from electronic noise and
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Fig. 3: Expected Si 1 MeV n,, radiation levels in HGTD, using
Fluka simulations, as a function of the radius considering a

replacement of the inner ring every 1000 fb—! and the middle
ring replaced at 2000 fb—1 [3].

Landau fluctuations from charge deposition non-uniformities
along the particle path. Time walk and noise jitter depend on
the type of readout electronics chosen. Both depend inversely
on the signal slope (voltage slope at the output of the amplifier)
dv/dt:

Vin N
OTimeWalk = [T]RMS o8 [W]RMSH
trise dt
_ N ~ trise
O Jitter = v — 5
dt N

Fig. 5: View of the cross section of an LGAD [3].

where S refers to the signal which is proportional to the gain,
Vi, to the threshold voltage, t,;s to the rise time and N to
the noise. The third effect, referred to Landau fluctuation is
due to the non-uniform charge deposition along the particle
path leading to time-of-arrival fluctuations. It is a contribution
depending on the thickness of the sensor (thin is beneficial)
and the setting of the threshold. Adding the three contributions
in quadrature yields the overall time resolution. After time
walk correction, the noise jitter is the dominating contribution
for low S/N and the Landau term takes over for high S/N.

B. Electronics readout

Each LGAD will be read out using the ASIC chip, AL-
TIROC that will have 225 readout channels. Two iterations
of this chip have been produced and tested so far: the first,
ALTIROCQO, integrated four pads in a 2 x 2 array, with the ana-
log part of the single-channel readout: the preamplifier and the



EPJ Web of Conferences 253, 11012 (2021)
ANIMMA 2021

https://doi.org/10.1051/epjcont/202125311012

TOATDC

Ca l Detector L1
HY 4
T Pream iscriminator e

L o

DIGITAL
Front End

onionion
TOTTDC

EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC

Trigger

Table Hit Data Luminosity
= Formatting . nat;_

ot ormatting
Luminosity
Serializer

640Mb/s elinkto
IpGBT

Config.

Registers

FastCommand Unit Slow
Control

fastcommand elink  320MHz clock
from IpGBT from IpGBT

Fig. 6: Global architecture of the ALTIROC ASIC. The
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The ASIC common digital part is shown in the bottom [3].
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discriminator. The second iteration, ALTIROCI, consists of a
5 x 5 pad matrix, in which the digital components have been
added to the single-channel readout. The next major ASIC
iterations, ALTIROC2, will integrate all the functionality of
the final ASIC and will have its final size, and the ALTIROC3
which will be the radiation hard version of the ALTIROC2.
The ASIC chip will provide the Time Of Arrival (TOA), with
measurements restricted to a 2.5 ns window centered on the
bunch crossing, and the Time Over Threshold (TOT) used
offline to correct the TOA for time walk effect in order to
achieve the target time resolution with an ASIC contribution
smaller than 25 ps, and its discriminator threshold expected to
be about 2 fC. The design of the whole ASIC of the HGTD
with 225 channels is shown in the Fig. 6.

IV. SENSORS MEASUREMENTS AT LABORATORY

The dynamic characteristics of LGADs, like the temporal
resolutions, gain and charge collection have been determined
in the laboratory with Sr°° 3 particles in response to ionizing
particles. Fig. 7 illustrates the charge collected as a function of
the biasing voltage for different fluences for HPK-3.2 (top) and
at maximum fluence for all vendors (bottom). The horizontal
lines indicate the HGTD lower charge limit of 4 fC at all
fluences. Solid markers indicate neutron irradiation (n), open
markers p irradiation at CYRIC (pCy). Measurements were
performed at -30 °C except for the pre-rad measurement that
was done at 20 °C. The HGTD requirement to collect up to 4
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Fig. 7: Collected charge as a function of bias voltage for
different fluences for HPK-3.2 (top) and at maximum fluence
for all vendors (bottom) [10].

fC for efficient HGTD operation until the end of the HL-LHC
phase has been met by these sensors.

V. TEST BEAM CAMPAIGNS

To study the LGAD performance before and after irradia-
tion, and the HGTD modules, the sensors have been exposed
to charged-particle beams. The HGTD community performed
the test beam in more than fifteen periods between 2016 and
2020 at the H6 beam line of the CERN SPS [1 1] with 40 to 120
GeV pions, at Fermilab with 120 GeV protons, at SLAC with
15 GeV electrons, and at DESY with 5 GeV electrons [12],
[13]. In the next sections, we will present the experimental
setup using by the DESY laboratory as a model, and the test
beam results for different laboratories.

A. Experimental setup

An EUDET-type [14] telescope based on MIMOSA pixel
planes was used to provide the position-dependent measure-
ments. Also for the triggering purposes, an additional pixel
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Fig. 8: Collected charge as a function of the the bias voltage
for different single pad sensors built by CNM [10].

reference plane was employed, using the FE-I14 [15] read-
out chip. The signals of the trigger were combined in the
Trigger Logic Unit (TLU), whose output was used by the
telescope and connected to the oscilloscope, ensuring a perfect
match between the events recorded by the telescope and the
oscilloscope(s). In addition Cherenkov light emitting quartz
bars coupled to Silicon Photo-multipliers (SiPM) were used
as timing references. The installation was assembled on a
plate base linked to a remote controlled stage motors that
moved in both vertical and horizontal axes orthogonal to
the direction of the beam with a micrometer accuracy. The
polystyrene container that covers the devices under test has
been used to ensure both the light-tightness and to stabilize
the temperature to about 25 °C with a water cooled system. To
prevent condensation of moisture that may harm the sensors,
a locally available nitrogen outlet was added to the box.

B. Results

Fig. 8 shows the collected charge as a function of the the
bias voltage for different single pad sensors built by CNM
from wafer W4 produced in the run 10478, doped with Boron.
Measurements were performed at -32 °C for sensors irradiated
with neutrons (at 1x10'* n.,/cm? and 6x10'* n.,/cm?) or
with protons (empty markers) at 1x10'4 n.,/cm? and at 20
°C for the unirradiated one. The fluences are provided with
a precision of 10 %. At every event, the collected waveform
charge is computed as the area integral of the signal. Using
the Landau-Gauss convoluted function, the distribution of the
charge is fitted, where the charge collected is determined to
be the likeliest value of the fitted function. After irradiating
this sensor to 6x10'* n.,/cm?, it achieves the 4 fC value
that is demanded for an ALTIROC optimal performance, and
specifically 4.2 fC at 390 V.

The Constant Fraction Discriminator (CFD) have been cho-
sen in order to optimise time resolution. Using this algorithm,
for every single event in a run, the waveform TOA is calculated

Bias voltage [V]

Fig. 9: Time resolution as a function of the bias voltage for
different single pad sensors built by HPK [10].

as the time of crossing a given threshold. To determine this
threshold we use the CFD fraction from the signal amplitude,
defined using the time resolution dominant factor. For unirra-
diated sensors, the Landau effect is the dominant, whereas
is the noise in irradiated sensor. In order to provide time
reference signal we used a non-irradiated LGAD. The time
resolution was calculated by fitting the distribution of the
difference between time at a CFD = 50% for the device under
test (DUT) and the time at a CFD = 20% for non-irradiated
sensor. As it is shown in Fig. 9 the HPK-3.2 sensors doped
with Boron irradiated to 1.5x10'5 n.,/cm? reaches the HGTD
timing requirement with 36 ps, at 600 V for a collected charge
of 22.8 {C.

The hit reconstruction efficiency is determined by calcu-
lating the ratio between the number of tracks that trigger the
sensor response (with a collected charge greater than 2 fC) and
the total number of reconstructed tracks traversing the DUT
at a given position. Fig. 10 (top) manifest the efficiency as a
function of bias voltage for different single pad sensors built
by CNM from wafer W6 produced in the run 10924, doped
with Gallium. Sensors were irradiated with neutrons or protons
with different fluences. The efficiency is computed for a charge
threshold of 2 fC which corresponds to the threshold of the
ALTIROC and from hits in the pad center region (in 0.5x0.5
mm? area). For CNM sensors doped with gallium irradiated
to 3x10% n.,/cm? the efficiency is about 99.7 % for the bias
voltage of 740 V and with 5.3 fC as collected charge. The
bottom plot of Fig. 10 shows the efficiency 2D map for the
same sensor with same voltage. This map confirms that even
after irradiation the sensor still very efficient in the center,
while the borders are less efficient.

VI. CONCLUSION

The addition of the timing information is a powerful new
tool to improve the performance of the HL-LHC detectors.
Therefore, the HGTD detector has been proposed to meet the
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