Development of the upgraded LHCf calorimeter with
Gd2SiO5 (GSO) scintillators

a Solar-Terrestrial

Environment Laboratory, Nagoya University, Nagoya, Japan
Section of Florence, Florence, Italy
c University of Florence, Florence, Italy
d IFAC-CNR, Florence, Italy
e Ecole-Polytechnique, Palaiseau, France
f Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University,
Nagoya, Japan
g RISE, Waseda University, Shinjuku, Tokyo, Japan
h Graduate School of Science, Nagoya University, Nagoya, Japan
i CERN, Geneva, Switzerland
j Kanagawa University, Kanagawa, Japan
k INFN Section of Catania, Italy
l University of Catania, Catania, Italy
m LBNL, Berkeley, California, USA
b INFN

E-mail: makino@stelab.nagoya-u.ac.jp
The Large Hadron Collider forward (LHCf) experiment was motivated to understand the hadronic
interaction relevant to the cosmic-ray air shower development. LHCf has installed compact
calorimeters at the LHC and observed neutral particles emitted around zero degree during 0.9,
2.76 and 7 TeV pp collisions and 5 TeV pPb collisions. Since the next operation in 2015 is
expected under much higher radiation dose, we have upgraded the detectors, especially their scintillators, to be radiation harder. In this paper, we report the performance of the new imaging
sensor, GSO-bar hodoscope tested by heavy-ion beam and 50-250 GeV electron beams. As the
result, shower-peak position resolution of 123 µ m for 100 GeV electron induced showers was
achieved that is satisfactory for our physics goal.
Technology and Instrumentation in Particle Physics 2014
2-6 June, 2014
Amsterdam, the Netherlands
∗ Speaker.

c Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence.
⃝

http://pos.sissa.it/

PoS(TIPP2014)028

Y. Makino∗,a O. Adriani,b,c E. Berti,b,c L. Bonechi,b M. Bongi,b,c G. Castellini, b,d
R. D’Alessandro,b,c M. Del Prete,b,c M. Haguenauer,e Y. Itow,a, f K. Kasahara,g
K. Masuda,a E. Matsubayashi,a H. Menjo,h G. Mitsuka,a,c Y. Muraki,a P. Papini,b
A-L. Perroti S. Ricciarini,b,d T. Sako,a, f N. Sakurai, f Y. Sugiura,a T. Suzuki,g
T. Tamura,i A. Tiberio,b,c S. Torii,g A. Tricomi,k,l W. C. Turner,m and Q. D. Zhou,a

Development of the upgraded LHCf calorimeter with Gd2 SiO5 (GSO) scintillators

Y. Makino

1. Introduction
The Large Hadron Collider forward (LHCf) is an experiment dedicated to measure the hadronic
production cross-sections of neutral particles emitted in forward angles (pseudorapidity, η > 8.4)
in proton-proton collisions at the LHC, CERN [1]. The energy spectra of forward particles can
be used to improve the hadronic interaction models used for modeling the cosmic-ray air shower
development and hence are helpful in the further understanding of the Ultra-High-Energy Cosmic
√
Rays. LHCf has reported energy spectra of forward photons and neutral pions at s = 900 GeV
√
and 7 TeV pp collisions and sNN = 5.02 TeV pPb collision [2–5]. LHCf will measure the forward
√
spectra of s = 13 TeV pp collision planned in 2015. With this collision energy, irradiation to the
detector will be fatal, especially to the plastic scintillators used in the current detectors [6]. Therefore, we have developed the new detectors with high radiation resistivity. The performance of the
upgraded detectors was studied by beam tests. The basic optical properties of the new scintillators
are different from current ones.

2. LHCf detectors
2.1 The current detectors
LHCf has two independent detectors, named Arm1 and Arm2, installed in the instrumental
slots of the neutral particles absorbers (TANs) located at ±140 m from interaction point 1 (IP1).
In the TANs, neutral particles produced at IP1 and emitted in the pseudorapidity range from 8.4 to
infinity are observed. Each detector has two sampling and imaging calorimeter towers composed
of 44 radiation lengths of tungsten and 16 sampling layers of 3 mm thickness plastic scintillator
plates (EJ-260). The transverse sizes of the calorimeters are 20×20 mm2 and 40×40 mm2 in
Arm1 and 25×25 mm2 and 32×32 mm2 in Arm2. Four layers of imaging sensors, scintillating
fibre belts (SciFi, KURARAY SCSF-38) for Arm1 and silicon micro-strip sensors for Arm2 [1],
are sandwiched in the calorimeter for measuring transverse positions of the showers (Fig.1). The
current detectors have energy and position resolutions for the electromagnetic showers better than
5 % and 200 µ m, respectively, in the energy range >100 GeV. More detail of the current detectors
is described in [1].
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Figure 1: Schematic views of the current Arm1 (left) and Arm2 (right) detectors. The transverse sizes of
the calorimeters are 20 × 20 mm2 and 40 × 40 mm2 in Arm1 and 25 × 25 mm2 and 32 × 32 mm2 in Arm2.
Although plastic scintillators used in the current sensors are replaced with GSO after upgrading, basic design
of the detector does not change.
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√
LHC plans s = 13 TeV proton-proton collision in 2015. Once the LHC increases the collision
energy to 13 TeV in 2015, maximum radiation dose to the detectors will be about 30 Gray / nb−1 .
Considering this irradiation rate, current detectors are not suitable for this operation, because plastic
scintillators begin its degradation of light yield for doses above 102 Gray. Therefore, to measure
the energy of the particles precisely, plastic scintillators must be replaced with more radiation-hard
ones for the next physics run. We decided to use Gd2 SiO5 (GSO) scintillators for the new detectors.
2.2 Upgraded detectors with GSO scintillators
GSO is an inorganic and crystal scintillator, and this is one of the radiation hardest scintillator
among known scintillators. GSO has no degradation in scintillation properties at 106 Gray and this
is at least 104 times higher than EJ-260. The radiation hardness of GSO was verified by accelerator beam test [6, 7]. Plastic scintillator plates used in Arm1 and Arm2 and SciFi in Arm1 were
replaced with GSO-plates and GSO-bar hodoscopes, respectively. Although each component of
the calorimeter was replaced, the basic design of the calorimeters was not changed before and after
the upgrade. In this paper, we focus on the performance of the GSO-bar hodoscope of upgraded
Arm1. The study of the GSO-plates is described in [8].
The upgraded Arm1 has four GSO-bar hodoscope layers for imaging showers developed in the
calorimeters (Fig.2). The GSO-bar is a 1 mm×1 mm×20 mm (40 mm) long and thin scintillator
bar and is not covered with any coatings or cladding materials. One layer of GSO-bar hodoscope
consists of two orthogonally aligned belts. Each belt consists of 20 GSO-bars with 20 mm length
and 40 GSO-bars with 40 mm length for the 20 mm and 40 mm calorimeters, respectively. The
GSO-bar belts were fastened with the black acrylic holder and they are covered by mirror-like optical enhancement film (enhanced specular reflector, 3M Company) to optically screen two belts. 4
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Figure 2: Right figure shows the GSO-bar hodoscope under construction. Left figure shows a completed
one layer of the GSO-bar hodoscope. Fibers from the GSO-bars were bundled with epoxy glue.
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Figure 3: The setup of the SPS beam test. Arm1 detector was on the two-axis movable table. Although the
3rd layer of the GSO-bar hodoscope was missed in this beam test, this is not problem for measurement of
electro-magnetic shower because later layers (3rd and 4th) of the GSO-bar hodoscopes are used for hadroninduced shower

GSO-bar hodoscopes with 480 ch were read out by 8 of 64-anode photomultiplier tubes (HAMAMATSU H7546, hereafter MAPMT) through 0.71 mm diameter silica fuzed optical fibers.

2.3 Crosstalk on GSO-bar hodoscope
Because GSO-bars have no cladding materials different from SciFi, the GSO-bar hodoscope
has non-negligible crosstalk between neighboring GSO-bars. Crosstalk also occurs on the MAPMT
surface by the leakage of light to neighboring pixels from fiber end. As the result of the accelerator
test with heavy-ion beam (12 C, 400 [MeV/n]) at Heavy Ion Medical Accelerator in Chiba (HIMAC)
at National Institute of Radiological Science (NIRS), about 8-9 % of crosstalk adjacent to the
channels was observed. A crosstalk matrix for its correction was determined after the measurement
of crosstalk in all channels [8].

3. Performance study of the upgraded detector
3.1 Setup
The beam test for performance study was carried out at CERN Super Proton Synchrotron
(SPS) North area T2H4 beam line in August, 2012. In this beam test, the detectors on a two-axis
movable table were exposed to 50-250 GeV of electron, 150 and 200 GeV of muon and 350 GeV
of proton beams. A silicon strip tracker (ADAMO tracker, [10]) was placed in front of the detector
to determine the particle-incident position on the calorimeters (Fig.3) as a reference to the position
determination.
4
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Figure 4: Lateral distributions of the cascade shower developed in the 40 mm calorimeter. The black line
shows the raw distribution with relative gain correction and the red distribution is after crosstalk correction.

3.2 Determination of the shower-peak position
A incident shower position is determined using the lateral distribution measured with each
GSO-bar hodoscope layer. The black histogram of Fig.4 is a lateral distribution of a cascade shower
developed in the 40 mm calorimeter observed by the first layer of the GSO-bar hodoscope. This
distribution after relative gain correction is still broader than the expected distribution due to smearing by crosstalk effect. Applying crosstalk correction, the distribution becomes sharper as shown
in the red histogram in Fig.4. Crosstalk is corrected by subtract the crosstalk component of each
channels. The distribution was fitted by an empirical function based on the Cauchy distribution
to determine the shower peak position. Note that the cross talk does not deteriorate the position
resolution significantly. On the other hand, to identify the events recording more than 1 shower
in a single calorimeter cross talk correction improves the analysis. Performance of this multi-hit
analysis was described in [11].

3.3 Position resolution
True beam position was determined using the ADAMO tracker. Because the position resolution of ADAMO tracker, about 30 µ m in this study, is better than that of the LHCf calorimeters,
position resolution was defined as the standard deviation of the residual distribution between the
shower-peak positions determined by the GSO-bar hodoscope and the ADAMO tracker. Figure
5 shows comparison of the position resolutions between the GSO-bar hodoscope and the current
imaging layer, SciFi. In this figure, the black circles and the open squares show the position resolutions of the GSO-bar hodoscope and SciFi, respectively. The position resolution of the GSO-bar
hodoscope meets the requirement of the LHCf experiment, less than 200 µ m, and is better than
that of SciFi in the whole energy range. Improvement of the analysis method such as crosstalk
correction, design of the support structure and the accuracy of the alignment between scintillators
led this improved result.
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Figure 5: A comparison between SciFi and GSO-bar hodoscope. Horizontal axis is the energy of injected
electron and vertical axis is shower-peak position resolution of GSO-bar hodoscope. Filled circles show
resolution of GSO-bar hodoscope and open squares show that of SciFi.

4. Summary
The LHCf collaboration has developed the new detectors with GSO scintillators. Performance
studies of the new detectors by using accelerator beam were carried out by several hundreds GeV
of electron and muon beams. Although the GSO-bar hodoscope has 8 to 9 % of crosstalk adjacent
to the next channel, we confirmed that they can be corrected. The GSO-bar hodoscope showed position resolution of 123 µ m for 100 GeV electron-induced shower and this performance was better
than that of SciFi in all energy range 50-250 GeV used in the beam test. The GSO-bar hodoscope
for upgraded Arm1 detector meets requirement of LHCf and is ready for the next operation in 2015.

5. Acknowledgements
The authors thank to the successful beam operation of HIMAC and SPS to perform the
studies described in this paper. The beam test at HIMAC was supported by a NIRS as H264. This
study was supported by Grant-in-Aid by MEXT.

References
[1] The LHCf collaboration, The LHCf detector at the CERN Large Hadron Collider, JINST 3 (2008)
S08006
√
[2] O. Adriani et al., Measurement of zero degree single photon energy spectra for s = 7 TeV
proton-proton collisions at LHC,Phys. Lett. B 703 (2011) 128
√
[3] The LHCf collaboration, Measurement of zero degree single photon energy spectra for s = 900 GeV
proton-proton collisions at LHC, Phys. Lett. B 715 (2012) 298
[4] The LHCf collaboration, Measurement of forward neutral pion transverse momentum spectra
√
for s = 7 TeV proton-proton collisions at the LHC, Phys. Rev. D 86 (2012) 092001

6

PoS(TIPP2014)028

50

Development of the upgraded LHCf calorimeter with Gd2 SiO5 (GSO) scintillators

Y. Makino

[5] The LHCf collaboration, Transverse-momentum distribution and nuclear modification factor for
√
neutral pions in the forward-rapidity region in proton-lead collisions at sNN =5.02 TeV, Phys. Rev.
C 89 (2014) 065209
[6] K. Kawade et al., Study of radiation hardness of Gd2 SiO5 scintillator for heavy ion beam, JINST 6
(2011) T09004
[7] M. Tanaka et al., Applications of cerium-doped gadolinium silicate Gd2SiO5 : Ce scintillator to
calorimeters in high-radiation environment, Nucl. Instrum. Meth. A 404 (1998) 283.

[9] T. Suzuki et al., Performance of very thin Gd2 SiO5 scintillator bars for the LHCf experiment , JINST
8 (2013) T01007
[10] L. Bonechi et al., Development of the ADAMO detector: test with cosmic rays at different zenith
angles, Proc. of 29th Int. Cosmic Ray Conf. Pune 9 (2005) 283.
[11] The LHCf collaboration, LHCf DETECTOR PERFORMANCE DURING THE 2009 2010 LHC RUN,
IJMPA 28, (2013) 1330036

7

PoS(TIPP2014)028

[8] Y. Makino et al., Performance of the Upgraded LHCf Calorimeter with Gd2 SiO5 (GSO) Scintillators
Tested by Accelerator Beams, JPS Conf. Proc. 1 (2014) 013016

