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prototype for the ILC.
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Abstract

The technological prototype of the CALICE highly granular silicon-tungsten electromagnetic calorimeter (SiW-
ECAL) was tested in a beam at DESY in 2017. The setup comprised seven layers of silicon sensors. Each layer
comprised four sensors, with each sensor containing an array of 256 5.5 x 5.5 mm? silicon PIN diodes. The four sen-
sors covered a total area of 18 x 18 cm?, and comprised a total of 1024 channels. The readout was split into a trigger
line and a charge signal line. Key performance results for signal over noise for the two output lines are presented,
together with a study of the uniformity of the detector response. Measurements of the response to electrons for the

tungsten loaded version of the detector are also presented.

Keywords: Calorimeter methods, calorimeters, Si and pad detectors

1. Introduction

The International Linear Collider (ILC) has been pro-
posed for the next generation of e*e™ linear colliders
[1, 2, 3, 4, 5]. It will provide collisions of polarized
beams with centre-of-mass energies between 250 GeV
and 1 TeV. These collisions will be studied by multi-
purpose detectors. The two proposed projects [5] — the
International Large Detector (ILD) and the Silicon De-
tector (SiD) — are designed to exploit Particle Flow (PF)
techniques [6, 7], for the reconstruction of the final state
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particles. The detectors are designed to provide single
particle information. This will enable the full power of
PF analysis techniques to be exploited, to provide accu-
rate measurements of final state systems. PF techniques
can improve particle energy/momentum measurements
by suitably weighting calorimeter and tracker signals.
This requires highly granular, compact and hermetic
calorimetry. A solenoidal magnetic field, of 3.5 - 5.0
T, is required to separate the charged particles. The
calorimeters must be placed inside the solenoidal struc-
ture to avoid energy losses in dead material, and as a
consequence the calorimeters must be compact. Signif-
icant R&D for calorimetry at future linear colliders has
been carried out by the CALICE collaboration.

The performance, at a test beam, of the technolog-
ical prototype of the silicon-tungsten electromagnetic
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calorimeter, the SiW-ECAL, is reported in this docu-
ment. The SiW-ECAL is the baseline choice for the
ILD ECAL. It will be placed, together with the hadronic
calorimeter, inside a magnetic field of at least 3T. Sili-
con constitutes the active and tungsten the passive mate-
rial of the detector. The overall thickness is 24 radiation
lengths (X) or about 1 interaction length. The baseline
ILD electromagnetic calorimeter is compact, with high
granularity in 3 dimensions. In the barrel region, the
calorimeter comprises 26 to 30 layers, and is contained
within a radial distance of only 23 cm.

The active sensors will be segmented in squared cells
of about 5 x 5 mm?, for a total of ~80 million readout
channels for the barrel region of the ECAL of the ILD.
The dynamic range in each channel was determined by
the requirement to measure the energy deposited, at nor-
mal incidence, by a minimum-ionizing-particle (MIP),
for calibration purposes, and from the maximum parti-
cle energies expected at ILC. The dynamic range will
span 0.5 to 3000 MIPs.

The very-front-end (VFE) electronics will be embed-
ded inside the calorimeter modules. To maximize the
hermeticity of the calorimeter, and to minimize external
services, the modules will be cooled passively, through
the body of the calorimeter. To reduce the overall power
consumption, “power pulsing” will be used. The elec-
tronics will be powered during the ~1-2 ms arrival du-
ration of the e*e™ bunch trains, and underpowered (the
bias currents of the electronics will be shut down) for
~ 200 ms until the next cycle. The calorimeters will
operate in self-trigger mode (each channel featuring a
discriminator for an internal trigger decision), with on-
chip zero suppression

2. The SiW-ECAL technological prototype

The first SiW-ECAL prototype, the SiW-ECAL
physics prototype [8] was extensively tested at DESY,
FNAL and CERN [9, 10, 11, 12, 13]. The VFE was
placed outside the active area with no particular con-
straints on power consumption. The prototype consisted
of 30 layers of silicon sensors alternated with tungsten
plates yielding a total of 24 X,. The active layers were
made of a matrix of 3 X 3 silicon sensors of 500 um
thickness. Each of these sensors was segmented in ma-
trices of 6 X 6 squared pixels of 10 x 10 mm?.

The new SiW-ECAL ’technological’ prototype ad-
dresses the main technological challenges associated
with the final detector: compactness, power consump-
tion reduction through power pulsing and embedded
VFEE.

The SiW-ECAL technological prototype setup was
tested at DESY (Hamburg) in summer 2017. The setup
is shown in Figure la. It consists of 7 layers housed
in a PVC and aluminium structure that can host up to
10 layers, in slots with a 15-mm pitch. Six layers were
placed in slots 1 - 6. The 7th layer was placed in slot
10. The layers are referenced by their numbers from 1
to 7, starting from the front face. The detector was com-
missioned in the laboratory and afterwards exposed to a
low energy positron beam in the DESY test beam area
(line 24) [14] with the first layer located upstream . All
the results in this paper were obtained with the detector
running in power pulsing mode, with gated acquisitions
of 1 — 3 ms at frequencies of 1 — 5 Hz.

Each layer consists of a readout module positioned in
a carbon cradle that protects the sensors and the sides
of the module. The module is contained within two
aluminium plates to provide electromagnetic shielding
and mechanical stability. The readout module consists
consists of an Active Signal Unit (ASU) and an adapter
board to a data acquisition system (DAQ)[15, 16, 17].
Each ASU consists of an 18 x 18 cm? sized printed cir-
cuit board (PCB). On one side of the board is a 2 X 2
array of 4 silicon sensors. The sensors are read out with
a4 x 4 array of 16 VFE ASICs on the other side of the
PCB. The PCB features 1024 square pads of 5.5 X 5.5
mm? which are readout by the ASICs.

The super capacitance used for the power pulsing is
located on the adapter board. This decoupling capacitor
of 400 mF with 16 mQ of equivalent serial resistance
provides enough local storage of power to assure stable
low voltage supply during the power pulsing. The ca-
pacitor is seen just above the red number 2 in Figure 1a.
A schematic drawing of a readout module is shown in
Figure 1b.

The VFE ASICs are 16 SKIROC2 [18, 19, 20] (Sil-
icon pin Kalorimeter Integrated ReadOut Chip), that
have been designed for the readout of silicon PIN
diodes. The SKIROC?2 are enclosed in an LFBGA pack-
age and are bump bonded to the PCB. The version of the
ASUs tested in this beam test has a thickness of 2.8 mm,
including the ASICs in its current packaging.

The SKIROC2 comprises 64 readout channels. Each
channel consists of a variable-gain preamplifier fol-
lowed by two branches: a fast line to provide a self-
trigger decision and a slow line for dual-gain charge
measurement. The gain on the preamplifier is set by
changing the feedback capacitor. The fast line con-
sists of a high gain variable CRRC shaper followed by
a low offset discriminator to make the trigger decision.
A common 10-bit DAC provides the threshold of the
discriminator. The slow line is made of a low gain and
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Figure 1: (a) Prototype with 7 layers inside the mechanical housing. The Active Signal Unit (ASU) is contained within an aluminium plate at (1).
Part of the adaptor board can be seen at (2). The first component of the DAQ system is at (3). (b) Schematic view of the readout modules including
the surface location readout by each ASIC, numbered from O to 15. Notice that the adapter board and the DAQ-detector interface drawings are not
to scale.

a high gain CRRC shaper to handle the extensive dy- each gated acquisition with a slow clock of 5 MHz. The
namic range. When a channel triggers, a track and hold timestamp numbers are called bunch crossing identi-
cell is used to record the signal at its peaking time in the fiers (BCID). The charges are stored in the buffers of
dual gain line. The levels of all the other channels are a Switched Capacitor Array, SCA, and later converted

then also recorded. The triggers are timestamped within by a 12-bit Wilkinson ADC. In power pulsing mode the



ASIC consumes 27 uW per channel.

The four sensors consist of 90 x 90 mm? silicon sen-
sors 320+15 um thick with high resistivity (larger than
5000 Q-cm). Each sensor is subdivided in an array of
256 PIN diodes of 5.5 X 5.5 mm? each connected to the
PCB pads by a dot of conductive glue. High voltage to
deplete the sensors is delivered to the sensors via a 100
pum copper foil isolated from the rest of the setup by a
Kapton sheet.

3. Performance at the DESY positron beam

The beamline at DESY provides continuous positron
beams in the energy range of 1 to 6 GeV with rates from
a few hundreds of Hz to a few kHz with a maximum of
~ 3 kHz for 2-3 GeV. DESY also provides access to
a large bore 1 T solenoid. The physics program of the
beam test can be summarized as follows:

1. Calibration without tungsten absorber using 3 GeV
positrons interacting, approximately, as MIPs.
The beam was directed normally to 81 positions,
equally distributed over the surface of the modules.

2. Test in a magnetic field up to 1 T using a 3 GeV
positron beam. For this test, a plastic made struc-
ture was designed and produced to support a read-
out module.

3. Response to electrons of different energies with a
fully equipped detector, comprising detector layers
and tungsten absorber.

The commissioning of the prototype is discussed in
Section 3.1. The results of the pedestal, noise and MIP
calibration in Section 3.2. The performance in a mag-
netic field is discussed in Section 3.3. The response
of the detector to electromagnetic shower events is dis-
cussed in Section 3.4.

3.1. Commissioning of the detector

Earlier experience with the SKIROC2 ASIC has been
reported in [19, 20, 21]. For the following, the internal
SKIROC?2 parameters determined in these references
are adopted except if otherwise stated. It has been es-
timated that a MIP traversing the PIN perpendicular to
its surface produces, on average, a signal of 4 fC. Since
most of the data taking program consisted of the record-
ing of MIP level signals, we set a low value of the feed-
back capacitance of the preamplifier to 1.2 pF to ob-
tain gains of 71.25 mV/fC and 7.125 mV /fC in the dual-
gain charge measurement. At high gain, the SKIROC2
has a linearity of better than 90% for signals in the range
of 0.5-200 MIPs. This is sufficient for the analysis of

electromagnetic showers created by positrons of a few
GeV. All data presented here were taken at high gain.

3.1.1. Masking of noisy readout channels

At the start of commissioning, channels were dis-
abled if they caused triggers above a noise threshold of
1 MIP [22]. The disabled channels can be classified into
four categories:

e Routing issues: The same channels trigger in all
layers. This hints at a issue with the routing of
the PCB. Following a conservative approach, we
added to this set all channels that were noisy in at
least three modules.

e ASIC issues: In case 70% of the channels of an
ASIC triggered, the entire ASIC was disabled.

o Sensor issues: If a wafer showed problems e.g. like
high leakage currents, all channels connected to the
wafer were disabled.

e Others.
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Figure 2: Fraction of channels with counts above one MIP in noise
runs and which have been disabled for the data taking.

The results of this study are summarised in Figure 2.
All these channels have been disabled during the data
taking.

3.1.2. Trigger threshold optimization and signal-over-
noise ratio for the trigger

For each ASIC, the threshold of the internal trig-

ger was optimized through dedicated scans of trigger

threshold values with noise signals or with injected sig-

nals of different amplitudes. The scans start from high



values of the thresholds, which are successively lowered
while the number of signals recorded by each channel is
counted. The resulting curves can be approximated by
an inverted error function. The optimal threshold was
chosen as the threshold at 50% plus 3 times the width
of the curve. The width was defined as half the differ-
ence between the thresholds at 84% (50+34%) and 16%
(50-34%). The average of the optimal thresholds for all
channels is used as the global optimal threshold to be
used by the ASIC. If the analysis failed in more than
50% of channels (i.e. because they are masked), an ad-
hoc high value of the threshold is chosen for the ASIC
(250 in DAC units).

The width of the threshold curve depends on the ra-
tio of the frequency of the white noise of the electronics
to the clock speed of the readout. Therefore, the width
of the threshold curve does not provide a direct mea-
sure of detector noise. Alternatively, the scan can be
repeated with external signals, provided either by beam
particles or by electronic injection. Following the sec-
ond approach, amplitudes equivalent to 1 and 2 MIPs
were injected into channels of an ASIC mounted on a
test board.

The result of these scans is shown in Figure 3 for sev-
eral channels of one SKIROC. These curves are used to
establish the trigger threshold and to estimate the trigger
signal-to-noise, (S/N)igeer. The signal-to-noise is de-
fined as the ratio between the distance of the 1 MIP and
2 MIP threshold curves scans, at 50% efliciency, to the
width of the 1 MIP threshold scan curve. From the mea-
surement shown in Figure 3, we extract a (S/N) igger
ratio of about 12.8.

The trigger threshold calibration (from DAC units to
MIPs) is extracted from these curves following a simple
formula:

1 — Threshold[MIP] =
DACs09,(1 MIP) — Threshold[DAC] (D
DACs05,(2 MIP) — DACsyg,(1 MIP)

where DACsyq, (X MIP) stands for the DAC value at
the 50% point of the threshold scan curve obtained with
X MIP signals. This calibration has been applied to all
readout modules: see Figure 4. Further dedicated data
taking runs with particle beams are needed in the future
to measure the systematic errors and spread in perfor-
mance, between SKIROCs and modules, from the cali-
bration data.

3.2. Response to 3 GeV positrons acting as MIPs

All the analyses presented here rely on the selection
and identification of track like events. The first step of
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Figure 3: Two sets of threshold curves. Each set consists of threshold
curves for individual channels in which a charge is artificially injected
using a pulse generator. For the set in the left (in blue), an equivalent
of 1 MIP was injected. For the set in the right (red), a equivalent of
2 MIPs was injected. These curves were obtained in a dedicated test
board [20] to test single SKIROC2 ASICs.
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Figure 4: Summary of the trigger threshold settings in the internal
DAC units (left vertical scale) and in MIP units (right vertical scale).

the reconstruction is the rejection of two types of fake
events due to the ASIC design: a) triggers in consec-
utive BCIDs due to the preamplifiers sensitivity to in-
stabilities of the power supply; b) an artefact of the
event validation logical sequence of the ASIC. These
fake events are removed offline using timing informa-



tion. Electromagnetic showers are rejected by requir-
ing less than 5 triggers per module. Tracks are recon-
structed from the seven layers by selecting events where
the timestamps from the layers are clustered together,
allowing for a tolerance on the BCID of +1. An event
is accepted if at least three of the layers were clustered
together in a track traversing the modules in the same
position for all modules with a tolerance of +5.5 mm
per layer.

3.2.1. Pedestal and noise determination

The pedestal positions and widths, from the high
gain charge measurement line, are shown in Figure 5.
Masked channels, or channels involved in the trigger re-
gion, were not included. A Gaussian fit was made to the
ADC distribution from each channel. The pedestal po-
sition was taken from the mean of the Gaussian. The
width of the pedestal was taken from the Gaussian stan-
dard deviation. These values were calculated for all
ASICS, channels and SCA under test. These data are
used to perform a pedestal subtraction to the raw ADC
signal. This process is done on a layer, ASIC, channel
and SCA basis.

The calculated pedestal positions and widths of the
ADC for all non-triggered and non-masked channels
and SCAs are shown in Figure 5. The non-gaussian
spread of the pedestal position is explained by the fact
that each SCA has its own pedestal value. More impor-
tant is that the width of the distributions is very similar
for all channels and SCAs. This shows the good level of
homogeneity of the noise levels across the system.

3.2.2. MIP calibration

For all channels under test, the resulting charge spec-
trum of the triggered channels after pedestal correction
is fit by a Landau function convoluted with a Gaussian
if the number of events was larger than 1000. The most-
probable-value of the Landau function is taken as the
MIP value, allowing thus for a direct conversion from
ADC counts to energy in MIP units.

The fit succeeded in 98% of the cases. Figure 6 shows
the results of the MIP calibration for the successful fits.
The calibration shows that the response to MIPS across
the detector is the same to within 5%.

3.2.3. Signal-over-noise ratio for the charge measure-
ment of triggered channels

The signal over-noise-ratio for the charge measure-

ment of triggered channels, (S/N)charge, 1s defined as

the ratio of the calculated MIP value to the noise (the
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Figure 5: Distribution of the pedestal mean positions (upper) and
widths (lower), from the high gain charge measurements, for Gaus-
sian fits of the pedestal data, for all individual channels and SCAs in
the setup.

pedestal width) for each channel and SCA. The mea-
sured value, for all channels under test, is:

(S/N)Charge =204=+1.5 (2)

The results are summarized in Figure 7. The excel-
lent ratio ensures that low energetic hits just above the
trigger threshold can actually be used for the event re-
construction.

3.2.4. MIP detection efficiency

To evaluate the single hit detection efficiency, we
increased the purity of our track sample by requiring
tracks with at least 4 layers, with the hits correspond-
ing to the same beam location. For the remaining three
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layers, the search region is extended to the eight chan-
nels surrounding the target channel. Residual spurious
signals are filtered by requiring a minimum energy de-
position of 0.3 MIP. The average efficiency, for every
ASIC, is shown in Figure 8. Except for a few excep-
tions, the efficiency is compatible with 100%. Low ef-
ficiencies in the first layer are related to the presence of
noisy channels not spotted during the commissioning.
These channels saturate the DAQ in their ASICs earlier
than in others. In the last layer, we also observe a few
small deviations which are associated with channels in
the periphery, suggesting a small misalignment of the
last layer.
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Figure 8: The MIP detection efficiency, for high purity track events,
using through-going positrons (no tungsten absorber present). The
average for all readout channels in each ASIC is shown. The error
bars correspond to the standard deviation of the efficiency distribution
of all channels in the ASIC.

3.3. Performance of a single readout module in a mag-
netic field

The study of the performance of the module inside
magnetic fields was carried out in four consecutive
steps: a reference run without magnetic field; a run with
a magnetic field of 1 T; a second run with 0.5 T; and
a final run repeated without magnetic field. The beam,
3 GeV positrons, was incident on the area of the PCB
readout by the ASIC number 12. During all this time,
the readout module was continuously monitored and did
not show any technical issue or change of performance.

Due to the lower beam rates in this beam area at
DESY (and the technical character of the test), we did
not collect enough data to present a reliable comparison
with the calibration described in the previous sections.
However, a detailed study was made of the stability of
the pedestal position and width of all channels in ASIC
12. Their values are well compatible with the values
obtained in Section 3.2, as is shown in Figure 9. We
see that the agreement is perfect within the statistical
uncertainties. Due to the lower rates in this beam area,
the analysis was only carried out on a few channels and
memory cells.

3.4. Performance of the SiW-ECAL for low energy elec-
tromagnetic showers.
For the last part of the beam test, tungsten sheets with
a thickness of 1.2 X, each were inserted in front of each
of the seven layers yielding a total depth of 8.4 Xj.
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The beam was directed in the centre of the region cov-
ered by ASICs 12-15, see Figure 1. Between 5000 and
10000 triggers were recorded for electron beam energies
of 1 to 5 GeV. For electrons at 5.8 GeV, ~1000 triggers
were recorded. The analysis was carried out using pro-
cedures described in section 3.2. Events were selected
by timestamp. Single cell calibrations were applied. In
the present analysis, no constraint on the number of trig-
gers per layer was applied.

Figure 10 shows the average energy measured per
layer as a function of the amount of tungsten absorber
in each layer, in X units. The profile of the energies,
measured across the layers, is as expected for electro-
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Figure 10: Electromagnetic shower profiles for different beam ener-
gies. In the x-axis, we show the accumulated thickness of tungsten
absorber in front of every active layer. In the y-axis, the averaged
fraction of the total energy measured by every active layer in each
reconstructed event.

magnetic cascades generated mainly in the tungsten ab-
sorber. The measured distributions for the various ener-
gies behave qualitatively as expected. The shower max-
imum is at around 5 X and shifted towards smaller X
for the smallest energies under study. Finally one ob-
serves that the longitudinal leakage increases with in-
creasing energy. A more detailed study of the detector
response to electromagnetic showers including compar-
isons to shower simulation programs like GEANT4 is
left for a future publication.

4. Summary and outlook

In this document, we present the results on the com-
missioning in beams of a small but fully equipped SiW-
ECAL technological prototype made of detection units
featuring the main characteristics foreseen for future
high energy e*e™ collider detectors. The prototype com-
prised seven independent layers of silicon sensors. Each
layer had 1024 readout channels, with embedded elec-
tronics that were designed for the ILD detector for the
International Linear Collider. The prototype was tested
in a setup optimised for a physics program dedicated to
the study of electromagnetic showers. The layers were
entirely operated in power-pulsed mode.

Using through-going positrons as MIPs, the beam test
has allowed for an in-depth evaluation of the perfor-
mance of the detector. The response to MIPs is homo-
geneous, with 98% of the unmasked channels calibrated



within a spread of 5%. The trigger line signal-over-
noise ratio, defined as the ratio of the most-probable
MIP response to the pedestal standard deviation, is
~12.8. With this trigger signal-to-noise, triggers can be
formed with high efficiency from signals in individual
cells that are well below the MIP level. This will be
required for effective particle flow analyses. New ded-
icated beam tests are required to characterise a broader
set of modules and ASICS. The MIP track detection ef-
ficiency is 100% for most of the channels. The signal-
over-noise ratio for the high gain charge line measure-
ment is ~20.4, for triggered channels. This will ensure
that all channels with a trigger just above noise level can
be used for data analysis.

When interleaved with tungsten plates the lay-
ers qualitatively exhibit the expected electromagnetic
shower profiles. Further studies and comparisons with
simulations must be conducted to assess these observa-
tions quantitatively. These data will be complemented
by subsequent beam tests, including further R&D devel-
opments and a potentially larger stack with up to ~20 to
30 fully equipped layers, and a homogeneous distribu-
tion of tungsten absorber amounting up to ~24 Xp.
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