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Abstract: LHCf is an experiment at the CERN LHC (Large Hadron Collider) and aims at measuring most
energetic neutral particles emitted in the forward region at collisions and calibrating Monte-Carlo hadronic
interaction generators used in air shower simulations. We have already measured the photon spectrum at the C.M.S
energy of

√
s = 7 TeV (equivalent Elab ∼ 2×1016 eV) and 900 GeV(Elab ∼ 4×1014 eV).

The highest energy LHC run is expected in the spring of 2015 and the beam luminosity will be much higher than
the previous case. To cope with such an environment, we are upgrading our detectors to be more radiation hard.
We introduce this upgrade and touch little bit about our future plan after the LHC.
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1 Introduction
High energy cosmic ray observations ranging from ∼ 1015

to 1020eV have been performed by various experiments, but
the interpretations of the results are not unique. One of the
main causes of leading to such divergence is uncertainty in
the hadronic interaction models used in the Monte-Carlo
simulation of air showers. Forward particle generation,
which is important for air shower development, cannot be
well described by QCD and thus a source of difference in
Monte-Carlo codes.

The LHCf [1] is a unique experiment that measures
neutral particles emitted in the very forward region (pseudo
rapidity |η |> 8.4). The main components of the forward
neutral particle flux are photons and neutrons. We took
data at center-of-mass energies of

√
s =0.9 and 7 TeV from

November 2009 to July 2010 when the beam luminosity was
not too high[2, 3, 4]. During these runs, the present detectors
seemed to reach the vicinity of the radiation damage of
plastic scintillator.

Therefore, for a future run at the maximum LHC energy
of
√

s = 13 TeV, where radiation is expected to be 10 times
higher, we decided to replace the scintillating fibers used for
position sensors with GSO bars1 which has high radiation
hardness (106 Grey), high light yield (104 photons / MeV)
and short decay time (30 - 60 ns). The plastic scintillator
plates used as a sensor in the sampling calorimeters are
replaced with GSO plates.

In this paper, we present the test results of GSO bars
focusing on the position dependence of light collection and
cross talk between adjacent bars.

2 Arm1 detector
LHCf has two detectors called Arm1 and Arm2; they
are placed at ±140 m from the beam interation point 1
(IP1:Atlas site). Each detector has two calorimeters (called
towers) with 16 plastic scintillators interleaved with tung-
sten plates of 2 or 4 radiation lengths. They measure the

cascade shower development in the longitudinal direction.
In addition, each tower contains 4 position sensitive layers
that measure the lateral distribution of the showers. This set-
up allows the energy and the incident position of the incom-
ing primary neutral particles to be measured simultaneous-
ly. Accurate determination of the incident particle position
is important for two reasons: for good energy estimation
since we must correct for shower particle leakage out the
sides of the towers, and for measurement of the transverse
momentum of the incoming neutral particles.

For position sensitive detectors, Arm2 uses silicon strip
sensors while Arm1 uses SciFi which is to be replaced with
GSO bars. Other parts of Arm1 and Arm2 are very similar
so we describe here Arm1 in detail.

The two towers, small and large, in Arm1 have a square
cross section of 20 mm × 20 mm and 40 mm × 40
mm respectively. A unit SciFi (KURARAY SCSF-38)
composing the belt has a cross section of 1 mm × 1 mm
including a 0.02 mm of cladding. For the small (large) tower,
one belt consists of 20 (40) such units of length 20 (40)
mm. Each layer contains two belts; one is aligned in the X
and the other in the Y direction, respectively. Each SciFi is
connected to a round clear fiber (KURARAYClear-PS) of
1 mm in diameter. The SciFi belts are painted with white
acrylic paint to improve light collection efficiency and to
reduce cross talk between SciFis and to glue adjacent SciFis
together. The round, clear fibers guide the photons from
the SciFi to 64 anode photomultipliers (HAMAMATSU
H7546, hereafter MAPMT). The fibers are attached to a
cookie holder so that each fiber faces an appropriate channel
of a MAPMT. In total, 480 SciFi channels are read out
with a front-end circuit (FEC; Clear Pulse Co., Ltd, Model
80068 MAPMT Head-amp Unit) that transfers the data to
an interface board installed on a VME bus

1. GSO: cerium-doped gadolinium oxyorthosilicate (Gd2SiO5)
scintillator[5]
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Fig. 1: Schematic view of a prototype GSO belt attached
to silica fuzed optical fiber. The arrows are the positions
where a carbon beam is injected.

3 GSO bars
To check the performance of GSO bars (Hitachi Chemical),
two prototypes of a GSO belt are made. One is coated
with white acrylic paint (painted type) to avoid cross talk
between bars. The other one is tested without coating or
reflector (non-painted type). In this case, air would act like
a cladding surrounding the SciFi core and light attenuation
is expected to be smaller than the painted case but cross
talk then becomes unavoidable. Each prototype GSO belt
consists of 5 aligned 1 mm×1 mm×40 mm GSO bars,
which are connected to silica fuzed optical fibers of 0.71
mm diameter (Polymicro FVP-600-660-710) and 350 mm
length (figure 1). A thinner fiber than the current detector
has been selected to adjust the 6 times larger light yield
of the GSO bar compared to that of the SciFi. At the open
end of each GSO bar, a mirror-like optical enhancement
film (enhanced specular reflector; 3M Company) is attached
to increase light collectivity. The fibers are connected to a
MAPMT through a “cookie” holder in such a way that no
adjacent channels of the MAPMT are used in order to avoid
cross talk at the face of the MAPMT, although of course
cross talk along the lengths of the GSO bars is still possible.

3.1 Response to cosmic ray muons
ADC counts
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Fig. 2: Typical ADC distribution of two GSO bars when
cosmic ray muons hit them

Figure 2 shows two examples of ADC distribution of
the GSO bars for cosmic-ray muons. Details of the trigger
condition etc is in [6]. Others have quite a similar shape.

3.2 Test with carbon beams at HIMAC
To be able to evaluate the position dependence of the
light collection and cross talk between GSO bars, more

quantitative tests were performed by using 290 MeV/n
carbon beams at HIMAC in Japan. The experimental setup
is shown in figure 3. To avoid pile-up events, the beam
intensity was set to 103 particles per spill. Each spill is
3.3 seconds long and beam-on time is 1.2 seconds. A 200
mm long aluminum block with a 10 mm diameter hole at
the center is used to collimate the beam. Downstream of
the collimator, two fixed trigger scintillators (10 mm × 10
mm×2 mmt) are placed with an overlapping region of 2
mm× 2 mm for coincidence. The GSO belts and FEC are
put in a detector box which in turn is set on a moving table.

Fig. 3: Experimental setup for heavy ion beam test at
HIMAC. The trigger scintillators are fixed and the GSO
belts are set on a movable table

A trigger signal is generated from the coincidence signal
of the two trigger PMTs during the data taking while for
the pedestal run, the trigger channel is manually switched
to the clock generator. Two gates are prepared; one for the
charge ADC (width: 300 ns) to record the response of the
trigger PMTs and the other is for the FEC (width: 10 ms). In
this experiment, the HV of MAPMT is set to 700V (catalog
gain is 2.0×104).

4 Results
4.1 The position dependence of light collection
The longitudinal position dependence of the response of
each bar is measured by injecting the beam at every 5mm
step position along the entire 40 mm length (see Fig. 1).
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Fig. 4: ADC distributions when the beam is injected at the
center of the bar (black), and±10 mm from the center (blue
and red).

The ADC distributions of a bar at 3 injection positions (-
10, 0, +10 mm, where 0 mm is defined as the center of the
bar) are shown in figure 4. The expected energy deposition
is 40 MeV. According to the typical gain of the MAPMT,
∼100 p.e. should be detected. Considering the difference
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of gain due to the use of different MAPMTs and different
FEC channels, this distribution is consistent with the muon
observation (within a factor of 2).

Figure 5
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Fig. 5: Position dependence of light collection for (a) non-
painted GSO bars (the black dotted lines are the fitted
results) and (b) painted GSO bars. The GSO bar center is
position 0, and the negative side is closer to the PMT

For each beam position, the peak ADC position is ob-
tained by a Gaussian fitting and normalized by the one when
the beam is injected to the center of the bar. This relative
light collection power is plotted in figure 5, and we see it
varies from a minimum value of -14% to a maximum +20%
for nonpainted bars (figure 5(a)) and -11% to +50% for
painted bars (figure 5(b)). It is obvious that the non-painted
bars have less position dependent. If we fit the position de-
pendence for the non-painted case by exp(−x/λ ), we get
λ ∼ 140mm

4.2 Estimation of cross talk between GSO bars
Since the GSO bars contact each other, the cross talk
between bars should be estimated. Cross talk occurs when
a scintillation photon escapes from one bar and enters into
another bar. Other possible source could be at the fiber-to-
PMT connection point, which is avoided in this test.

For each triggered event, the GSO bar with the maximum
ADC value is regarded as being hit by the beam. The relative
signal sizes of all bars with respect to the hit bar thus defined
are plotted in figure 6 as a function of distance from the hit
bar (the mean value and standard deviation of all runs are
also plotted). The figure shows that, for non-painted bars
the cross talk of the hit bar to the adjacent bar is about 8%
and that to the second bar is about 4%. For painted bars, the
corresponding values are 2% and less than 1%, respectively.
This latter result suggests that a fake cross talk by knock-on
electrons are very small.

Fig. 6: Cross talk distribution of (a) non-painted GSO bars
and (b) painted GSO bars (gray lines). GSO bar hit by the
beam was labeled 0. The adjacent bars on each side were
labeled in sequence. The cross talk is expressed by the
relative ADC value (in percent) to the one for the hit bar.
The mean value at each position is plotted together with the
standard deviation as error bars (red lines).

4.3 Impact on LHCf
Monte Carlo simulations have been used to study how the
light attenuation and cross talk affect the LHCf observation.
Two sets of simulations are performed: one with cross talk
and attenuation effect and the other without such effects. A
100 GeV photon is injected in the center of the small tower
to generate 30,000 events.. The energy deposited by each
shower particle is smeared by the attenuation and cross talk
effects to calculate the centroid of each shower by using the
standard LHCf procedures.

The result is shown in figure 7, where we see the centroid
shifts by 0.04 mm toward the fiber end side of the GSO bar.
This deviation is relatively small since the beam position
determination for the

√
s = 7 TeV had an accuracy of 1

mm with respect to the beam position monitors of the LHC
which led to 5 to 20% modification of the energy spectrum
depending on the energy region and rapidity as described in
[1]

5 Future plan
LHC will be ready for the highest energy collisions at√

s = 13 TeV in the spring of 2015. LHCf will take data
at the very initial stage of the highest energy runs with the
upgraded Arm1 and Arm2. This will give us a clue whether
we can extend the results to higher energy side.
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Fig. 7: Result of Monte Carlo simulation with 100 GeV
photon injected in the center of the small tower. Black line:
simulation without light attenuation and cross talk effects.
Red line: the one with the effects which shows 0.04 mm
systematic shift to the PMT(fiber) side.

On reconsidering the matter, we notice that information
at lower energies is still meager and yet important to help
solving cosmic ray problems. RHIC(Relativistic Heavy Ion
Collider at Brookhaven National Laboratory, USA) will
provide opportunity to study relevant stuff. Since it is a
collider, its structure is similar to LHC and we could find a
good place to install the current LHCf detector. We are now
considering a realistic experimental plan.

In figure 9, we show the region of energy and PT we can
cover for p-p collisions at

√
s = 500 GeV (equivalent to

1.3×1014 eV lab. energy), when the detector is installed at
18 m from IP. This looks like very small but the PT region
is quite similar to the current LHCf. Therefore, we will be
able to discuss validity of Feynman scaling in the forward
region by comparing data at RHIC and LHC, together with
the validity of each interaction model( figure 9). RHIC will
also provide opportunity of exploring pN collisions.

Fig. 8: Phase space we can cover for
√

s = 500 GeV p-p
collisions at RHIC

6 Summary
LHCf is providing important information for calibrating
hadronic interaction models in the very forward particle
production region where measurement has been so difficult.
Its immediate last task at LHC is to provide the similar

Fig. 9: We will be able to see the difference in the interaction
models at

√
s = 500 GeV p-p collisions at RHIC. Dpmjet3

and qgsjet-II–03 are compared: (a) photon and (b) neutron
energy spectrum. Note, experimental errors are not included
here.

information so far at the highest energy,
√

s = 13 TeV,
expected in the spring of 2015.

To cope with expected higher luminosity than the current
LHC, we are upgrading the detectors by replacing plastic
scintillator plates and SciFi with radiation hard GSO plates
and GSO bars, respectively. GSO bar performance has been
tested and proved to be compatible with our requirement.
We will do a beam test with the upgraded detector in the
late 2014 or early 2015, and take the highest energy data in
the spring of 2015.

The experiment at RHIC will gives us relevant informa-
tion similar to LHCf at 3 order of magnitude lower labora-
tory energies than LHC and serve to choose or construct
more reliable hadronic interaction models.
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