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Data analysis of the LHCf Si microstrip sensors

K. NODA1 , O. ADRIANI2,3 , L. BONECHI2 , M. BONGI2 , G. CASTELLINI2,3 , R. D’ALESSANDRO2,3 , K. FUKATSU4 ,
M. HAGUENAUER5 , Y. ITOW4,6 , K. KASAHARA7, K. KAWADE4 , D. MACINA8 , T. MASE4 , K. MASUDA4, H.
MENJO2,6 , G. MITSUKA4, Y. MURAKI4 , M. NAKAI7 , P. PAPINI2 , A.-L. PERROT8, S. RICCIARINI2,9 , T. SAKO4,6 , Y.
SHIMIZU7 , K. SUZUKI4 , T. SUZUKI7 , K. TAKI4 , T. TAMURA10 , S. TORII7 , A. TRICOMI1,11 , W. C. TURNER12
1INFN Section of Catania, Italy
2INFN Section of Florence, Italy
3University of Florence, Italy
4Solar-Terrestrial Environment Laboratory, Nagoya University, Nagoya, Japan
5Ecole-Polytechnique, Palaiseau, France
6Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University, Nagoya, Japan
7RISE, Waseda University, Japan
8CERN, Switzerland
9Centro Siciliano di Fisica Nucleare e Struttura della Materia, Catania, Italy
10Kanagawa University, Japan
11University of Catania, Italy
12LBNL, Berkeley, California, USA
koji.noda@ct.infn.it

Abstract: LHCf is a collider experiment dedicated to obtaining information relevant to ultra-high-energy cosmic-ray
physics. One of the two LHCf detectors has position-sensitive silicon microstrip layers that are read out with front end
electronics. These electronics saturate for high energy photon showers because of the limited dynamic range of the
preamplifier. Consequently we are planning an upgrade of the processing circuits in anticipation of LHC operation at
increased collision energy, and we are developing an analysis method to correct for the saturation effect. An overview of
these data analysis methods will be given in this paper.
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1 Introduction

LHCf [1] is a collider experiment dedicated to obtain-
ing information relevant to ultra-high-energy cosmic-ray
physics. LHCf is installed at the CERN Large Hadron Col-
lider in Geneva, Switzerland. It measures the spectra of
very forward secondary neutral particles emitted in high
energy collisions. These spectra are relevant to the simu-
lation of air-shower development generated by ultra-high-
energy cosmic rays.
The LHCf detectors are located +/- 140m from Interac-

tion Point 1 (IP1; the ATLAS site) and at zero degree col-
lision angle. The detectors are installed in the instrumenta-
tion slots of the TAN neutral particle absorbers. Inside the
TANs the beam vacuum chamber makes a Y-shaped transi-
tion from a single beam tube facing the IP to two separate
beam tubes joining to the arcs of LHC. The TAN instru-
mentation slot is in the crotch of the Y. Charged secondary
particles from IP are swept aside by the inner beam separa-

tion dipole before reaching the TANs, so only neutral par-
ticles are incident on the LHCf detectors. The two LHCf
detectors located on opposite sides of IP1 are designated
Arm1 and Arm2.
The overall concepts for the two Arms are the same. A

simple plastic scintillator at the front of each Arm facing
IP is followed by two each sampling calorimeters, made of
16 plastic scintillators sandwiched by tungsten absorbers
(total length equivalent to 44 radiation lengths). We call
the calorimeters ‘towers’.
In addition four position-sensitive sensors are distributed

among the layers of the calorimeters for determining the
transverse shower positions. Arm1 utilizes scintillating
fibers as the position-sensitive layers, while Arm2 uses sil-
icon (Si) microstrip sensors. In addition the geometrical
configurations of the two towers for each Arm are differ-
ent. Geometric details for Arm2 are given in the next sec-
tion (see also Figure 2). Many additional details of both
Arm1 and Arm2 can be found in [1].
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Figure 1: An example of data taken during 2010 operation [2] (a candidate for detection of two photons from the decay
of a neutral pion). The upper two panels show the transition curves taken by the two calorimeters; The left is by the small
tower, while the right is by the large tower. The lower two panels are the data from the Si microstrip sensors; The upper
is the four x-view data, while the lower is the four y-view data. The identifiable peaks are from the 1st and 2nd layers,
while the data from the 3rd and 4th layers are almost zero. For details about the detector see Section2 and Figure2.

For LHC operation in 2010 we have mainly obtained
data for pp collision energy

√
s = 7 TeV. In Figure 1, we

show an example of a neutral pion event, i.e., one gamma-
ray for each tower, obtained by Arm2. We can see sharp
peaks from single gamma-ray events detected by the first
two layers of the Si microstrip sensors. After careful anal-
yses of the data and studies for systematic errors, the first
physics paper from the LHCf experiment has been pub-
lished in 2011. It is dedicated to measurement of the single
gamma-ray spectrum [2]. Additional publications on other
processes will follow.
During 2010 operation, we observed some saturation ef-

fects in the Si microstrip sensors (Section 3). In principle,
the sensors are only used as position-sensitive detectors, in
which case these saturation effects are not problematic for
the reconstruction of the peak position. However, consider-
ing the future possibility of using the Si microstrip sensors
as a calorimeter complementary to the plastic scintillator
layers, we must understand how saturation would affect
the energy calibration of these sensors. In this paper we
describe how saturation effects can be corrected in future
LHC operation.

2 The LHCf Si microstrip sensors

Let us begin with the structure of the Si microstrip sensors
in the Arm2 detector (Figure 2). Each of the four Si mi-
crostrip sensors is composed of a pair of layers for x- and
y-views. They are located in the layers of the calorime-
ters, at depths of 6, 12, 30, and 42 radiation lengths from
the upstream surface of the calorimeter. Each sensor is a

Figure 2: Schematic drawing of the LHCf Arm2 detector
[4]. The two towers are 240 mm long and have transverse
dimensions of 25×25 mm2 (the small tower) and 32×32
mm2 (the large tower).

285 μm thick n-type microstrip wafer with 64 mm × 64
mm area, covering the whole cross section of both of the
towers. The sensors are identical to those used in the semi-
conductor tracker of the ATLAS experiment [3], but we
utilize them in a slightly different way; a sequence of 768
microstrips with 80 μm pitch is implanted on the junction
side, but we have increased the read-out pitch to 160 μm.
Thus, the number of analogue channels is reduced to 384
per sensor and 3072 in total (2 views × 4 layers). Even
with this increase in readout pitch, we can see very well
resolved transverse profiles of electromagnetic showers, as
shown in Figure 1.
The Si microstrip sensors are followed by front-end cir-

cuit boards composed of amplifiers and multiplexers. We
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Figure 3: Functional block diagram of the PACE3 chip [4].

call them Front End Hybrids (FEH). One sensor (view) has
one FEH, composed of 12 chips named PACE3 [5], devel-
oped for the CMS Preshower detector [6]. Each PACE3
chip is a synchronous 40 MHz analogue sampler with 32
input channels and one multiplexed output. A functional
block diagram is shown in Figure 3. The first die (on the
left) is an independent amplifier/shaper analogue chain for
each of the 32 channels, called DELTA. Its output has a
very fast peaking time (≈ 32 ns). The second die, PACE-
AM (on the right), is a switched capacitor array of 192-
cell depth for each of the 32 channels, and an output mul-
tiplexer. The PACE-AM samples the inputs from DELTA
every 25 ns. The timing jitter between the trigger signal
from the calorimeter and the 40 MHz clock for data acqui-
sition could be adjusted with a precision of 1 ns.
Digitization and data acquisition of the PACE3 outputs is

controlled by another board, called MDAQ. After receiving
a trigger signal, it starts to sequentially acquire 3 contigu-
ous analogue signals from PACE3 chips. It takes ≈ 6.9μs
to obtain the 3 samples for 32 channels. The MDAQ dig-
itizes the above 96-sequential signals with its ADCs. One
MDAQ board has 12 dual 12-bit ADCs, thus 24 ADCs, cor-
responding to a pair of 2 views (x & y). In total we use 4
MDAQ boards for the whole of the Arm2 detector. All the
ADCs on the boards operate in parallel, and so all the data
acquisition is done in ≈ 6.9μs, followed by data storage.
Details about the performance of the Si modules have

been given in another publication [4], and also in a contri-
bution to the previous ICRC conference [7]. The perfor-
mance has been tested several times with test beams. Here
we show only topics related to this paper. In the test beams
we have confirmed with a high resolution Si tracker that,
the position resolution of the sensor for electromagnetic
showers is 40 μm [4]. It is less than a third of that derived
from the data taken by the scintillating fibers of Arm1. The
dynamic range of the sensor is a function of parameters in
the PACE3 chip. Finally, we found a suitable set of parame-
ters allowing the chip to handle up to 2 pC charge injection
with a deviation from linearity of 6% [4]. Above this limit,
the ADC value obtained by the system gradually saturates.
This 2 pC limit corresponds to≈600 MIPs (Minimum Ion-
izing Particles), and a pulse height of ≈1200 ADC counts.
Roughly, according to a simulation study, the signal from
a 2 TeV photon shower saturated, but the signal from a 1
TeV photon did not. Therefore most of the events for the
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Figure 4: An example of saturated events. The thick line is
the 2nd sample of the 2nd layer, while three-dotted dashed
lines and dot-dashed lines are the 1st and 3rd samples of
the same layer, respectively.

LHCf data taking so far do not show a saturation effect.
Also, we have already confirmed that this saturation does
not significantly affect the position resolution. The number
of saturated strips is relatively small compared with the to-
tal number of strips occupied by the peak itself. Thus we
can reconstruct the peak position easily from the center of
gravity of the peak, or by omitting the saturated strips and
fitting the tails of the peak.
On the other hand, the possibility of doing calorimetry

with the Si modules must be investigated carefully. In the
test beam with 200 GeV electrons, a calorimetry measure-
ment with only the Si detectors has been performed and
shown to have an energy resolution of about 12% [4]. This
is to be compared to an energy resolution of 2.5% for the
scintillator-PMT calorimeter with 200 GeV electrons [1].
Since the calorimeter measurement with the Si sensors was
done only with a 200 GeV electron beam, the data obtained
were completely without the saturation effects discussed in
this paper. In the future studying and understanding of the
saturation effects on Si sensor calorimetry will be impor-
tant for establishing it as a complementary energy measure-
ment to the scintillator-PMT calorimetry. It could resolve
the present rather large systematic error in the energy cali-
bration of the scintillator-PMT calorimetry [2].

3 Saturation effect and its correction

As described in the previous Section, we have an expected
saturation of the Si sensor modules at around 1200 ADC
counts. Figure 4 shows an example, where the peak is satu-
rated around 1100 ADC counts for the 2nd sample. In this
Section we briefly survey the analysis methods to correct
for this saturation effect.
Also, we found that the baselines of all the samples are

shifted by a few ADC counts although this is not visible
in Figure 4. This is due to shared lines (voltage sources
etc.) interleaved with the lines carrying the sample signals.
Therefore we plan to change this part of the circuit for fu-
ture LHCf operation, and hopefully eliminate the baseline
shift and the need to correct for it.
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Figure 5: Distribution of the energy deposit on the Si layers
(sum of 1st & 2nd). The incident particle is a 3 TeV photon.

3.1 estimation of the peak area

In order to estimate the energy deposit by a particle in the
data, it is important to apply correctly a fitting of a peaked
function for the lateral distribution. However, it was diffi-
cult due to the baseline shift. Thus, here we take another
approach for the estimation of the peak area; a simple ADC
sum of a region, and concentrate only to the correction of
the saturation.

3.2 energy calibration

After the estimation of the peak area in unit of ADC counts,
we must convert it to the energy deposit on the Si layers and
then to the incident particle energy. The former conversion
(gain calibration) has been derived from the test beam data
without the plastic scintillator data. We analyzed the data
of 100, 150, 175, and 200 GeV electron beams taken in
the SPS collider at CERN in 2010. For the simple ADC
sum, we have got a factor of 42.81 [ADC/MeV], with a
systematic errors of +0.5% -1.0%.
The latter conversion, from the energy deposit on the Si

layers to the incident energy, has been derived from a MC
simulation for the LHC configuration. Figure 5 shows an
example of its outputs, a distribution of sum of the energy
deposit on the Si layers by a 3 TeV (3000 GeV) photon. We
can see an energy resolution of ∼11% only with the Si de-
tectors, which is consistent with the previous works. Using
the distributions for all the MC energies (50, 100, 200, 500,
1000, 2000, and 3000 GeV), we have derived a conversion
function with a fitting (as shown later). The function can
convert the energy deposit to the incident energy with a
∼3% precision for all the MC energies.

4 Results and prospects

Now we have an estimate of particle energy only with the
Si layers, independent of the plastic scintillator. In order
to check the capability of the correction of the saturation
effect clearly, we made a data-like MC set by putting an

Figure 6: Energy reconstruction with the energy deposit on
the Si layers, with an artificial saturation for the MC.

artificial saturation to the MC, and then applied the conver-
sion function to it. Here we show the result in Figure 6. The
line shows the conversion function derived in the previous
Section (MC without the saturation), while the points show
the MC with the artificial saturation. We can see clear satu-
ration effect as differences between the line and the points.
Seeing the residual (the lower panel), we can conclude that,
below 1 TeV the incident energy can be reconstructed with
a <5% precision only with the simple ADC sum, while
above 1 TeV the saturation must be corrected by a fitting
with a peaked function.
As for the real data, we have also applied the whole

of the above methods (from the gain calibration) and con-
firmed the consistency with the result. When we succeed
in a fitting by a peaked function instead of the simple sum,
a correction of the saturation effects are foreseen above 1
TeV. Then the Si detector can be used for a complementary
cross check of the plastic scintillator calorimeter.
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