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Abstract

The NOE Collaboration has proposed a calorimeter to measure the energy of the final states of v interaction events.
The properties of long scintillator bars with wavelength-shifting fiber readout have been studied to develop a calorimeter
design option. Various prototypes have been exposed to a cosmic rays stand.

The total measured light yield in the middle of a 6 m-long fiber is about 15 photoelectrons. With this photon collection

performance, it has been simulated that the calorimeter can achieve 17%/\/E and 50%/\/E resolutions for electrons and
pions, respectively. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction
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neutrino oscillation, a new generation of Long Base
Line (LBL) and atmospheric neutrino experiments
is being discussed. Several experiments have been
recently proposed: ICANOE [4], MINOS [5],
MONOLITH [6], NICE, OPERA [7] and K2K
[8], that is the only one already yielding data. Both
LBL and atmospheric neutrino experiments are
foreseen to run underground, where the available
space is limited. In addition, neutrino physics re-
quires massive detectors, in order to compensate
for the low neutrino cross-section, therefore de-
manding an efficient space use. As a consequence,
the transverse dimensions of the detectors have to
fill a relevant part of the underground halls. On the
other hand, neutrino experiments require good
calorimetric performance to reconstruct the incom-
ing neutrino energy and to provide an efficient
beam monitor.

In NOE proposal [9] we present our program to
search for v, oscillation by detecting the appear-
ance of v, (by the identification of = decays) as well
as the appearance of v, (by measuring an excess of
events with an electron in the final state). We search
also for the disappearance of v, by measuring an
increase of the neutral current (NC) to the charged
current (CC) ratio. In case of large Am* (beyond
Am?* = 5x 1072 eV?), besides the search of v, ap-
pearance via kinematical cuts, v, energy distribu-
tion due to oscillation could be observed with
adequate statistics.

The detector has been tailored to get a high
sensitivity to v,, v, appearance at the CNGS [10]
energies ( ~ 20 GeV on the average) by improving
at best its tracking capabilities and energy resolu-
tion. The basic detector module is based on an
instrumented target capable of particle identifica-
tion, followed by a calorimeter and a muon de-
tector. In this way two classes of events can be
recorded. The first class includes neutrino interac-
tions in both detectors where, through the muon
identification, the v, oscillation search is accomp-
lished in the disappearance channel. The second
one includes neutrino interactions in the first
granular but massive device, where event vertex
reconstruction, kinematical analysis, particle track-
ing and identification can be carried out. The
downstream calorimeter fully contains the event
and measures its total (and transverse) energy at

a level of 20%/\/E for electrons and 50%/\/E for
hadrons [9]. In this event sample, the appearance
of v,, v, oscillated events can be detected.

Recently, the ICARUS [11] and the NOE col-
laborations joined the ICANOE proposal, an ap-
propriate combination of the ICARUS liquid
argon imaging capability with the NOE fine grain
calorimeter, suitably upgraded to provide also the
magnetic analysis of muons. This new detector
would address the detection of neutrinos coming
from the CERN beam, of atmospheric neutrinos
and searches for nucleon decays.

Neutrino physics claims large area detectors and
in particular large area calorimeters. Nowadays
these are essentially based on gas detector and
scintillating fibers. Gas detectors with transverse
dimension larger than 10 m have been used in
several detectors: for instance, the MACRO experi-
ment successfully used 12 m long streamer tubes
[12]. Unfortunately, sampling calorimeters with
this kind of gas detectors show a modest energy
resolution, being strongly limited by the small en-
ergy sampling fraction [13]. Higher performance
can be achieved by using plastic scintillator, but the
main drawback comes from the small attenuation
length (4 < 2 m). To face this problem a sampling
calorimeter based on scintillating fibers has been
built [14].

Actually, the ICANOE collaboration is studying
the properties of scintillating fibers calorimeter
[15] and has achieved an energy resolution
of 43%/\/E for hadrons and 21%/\/E for elec-
trons. Another interesting technique to face the
problem of the small attenuation length is to couple
solid scintillator bars to wavelength-shifting fibers,
which capture the light emitted in the scintillator.
Several meters of attenuation length can thus be
obtained allowing both good energy resolution and
reasonable detector transverse dimensions. This
technique can considerably reduce the number of
readout channels.

We have constructed and studied prototype de-
tectors where the signal was collected from the
scintillating fiber and delivered to high-gain photo-
multipliers (PMs). Our prototypes have been tested
in a cosmic ray stand. We present in this paper the
results in terms of photoelectrons yield, efficiency
and attenuation length.
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2. Prototype assembling
2.1. Scintillators

The prototypes have been built by using a
commercially available plastic scintillator by
Pol.Hi.Tech [16]. The main properties of this scin-
tillator are an attenuation length of 4 m, an emis-
sion peak of 420 nm and a light yield of 35% of
anthracene (Table 1).

The scintillators have been cut as 23 cm- and
600 cm-long bars having a cross-section of
1 x4 cm? or 0.5 x 1 cm?. On the top of this bars we
milled a central square groove of 2.2 x 2.2 mm?.

We have cleaned the bars with ethanol (40%)
and de-ionized water (60%) solution to avoid any
damage to the scintillator bulk. We have polished
the machined surfaces with different abrasive pa-
pers. Later, a finer polishing has been performed,
using an abrasive paste. We have left the central
groove unpolished, to collect diffuse light from the
scintillator onto the fiber.

2.2. WLS fibers

The wused WLS single cladding fibers
(Pol.Hi.Tech. S048) have a 2 mm diameter and are
600 cm long. Their main characteristics are sum-
marized in Table 2.

Before assembling the prototypes, the fiber ends
have been cut and polished by using a fine grain
abrasive paper. We have taken particular care to
prepare fiber end coupling to the PM windows to
maximize the light transmission efficiency.

2.3. Assembly

We have placed the fiber inside the silicon
oil-filled bar groove, to obtain a good optical
matching. It has to be pointed out that, since light
is totally reflected inside the fiber core, the silicon
oil does not affect its transmission (Fig. 1). To
keep the fiber in place, a thin plexiglass slab
has been put over the scintillator bar. By firmly
pushing the slab, the exceeding silicon oil has been
removed.

We have wrapped the whole prototype with
a white paper sheet in order to partially recover

Table 1
Characteristics of the Pol.Hi.Tech. scintillator®

Scintillator Pol.Hi.Tech
At 4 m
Aemis 420 nm

2.5 ns

T
Light yield 35% anthracene — 2.0 p.e./mm/MIP

*Light yield is normalized to the light output of anthracene.

WLS Fiber

Plexiglass Slah
r O y

| 6]]
Scintillator

b)

Fig. 1. Experimental setup: (a) top view, (b) front view.

photons by diffuse reflection. Finally, it has been
entirely wrapped with a sheet of thick black paper
to ensure light tightening.

The photomultiplier tube (PM) used to perform
all the tests is the Philips XP2020. One of the ends
of the WLS fiber was held within a plexiglass hous-
ing and then optically coupled with the PM photo-
cathode window.

3. Data taking and analysis
3.1. Trigger

We have used a trigger to select cosmic rays
crossing the tested prototype. It consists of two
scintillating bars directly coupled with Philips
XP2008 PMs, respectively, placed on the top and
bottom of the prototype. The trigger layout is
shown in Fig. 2.

The PM signals are discriminated by means of
two LeCroy Octal Discriminators 4609C, with
a 20 mV threshold. A logic coincidence of the two
signals is carried out by means of a Caen 3-fold
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Table 2
Main properties of the WLS single cladding fibers®

Neore 1.59

Ncladding 1.49

Cladding thickness 3.5% of the core diameter
Numerical opening 0.57

Aass 420 nm

Aemis 481 nm

*The numerical opening is defined as NO = n,, cos ¢, where
¢. is the critical angle.

Logic Unit N405. The output NIM signal is then
split. The first signal is counted by a Caen Quad
Scaler N145. The second signal triggers the gate of
a LeCroy ADC 2249A.

The gate duration has been set to 100 ns to take
fully into account the time jitter, the pulse duration
and the photon collections time (the prototype
pulses typically exhibit rise times of few ns and fall
times of ~ 10 ns).

The analog signal from the XP2020 PM
(HV = 2100 V and Gain = 3 x 107) is amplified by
a factor 10 by a LeCroy PM Amplifier 612A and
then delayed and split. The first pulse is directly
readout into the ADC. The other one is dis-
criminated (V;, = 20 mV) and put in coincidence
with a signal from the trigger gate line. This result-
ing pulse is then counted by the scaler.

By means of the scaler it has been possible to
evaluate the trigger inefficiency. We have measured

3.2. Data analysis

The average number of detected photoelectrons
has been evaluated according to the PM spectrum
method [17]. This method is based on the analysis
of the PM spectrum. It has to be pointed out that
this method is reliable whenever the PM spectra
clearly show the single photoelectron peak (see
Fig. 3).

The analysis procedure consists of the following
steps:

(I) The pedestal peak is fitted with a Gaussian
distribution, to determine its mean (M ,q) and
its variance (65.q)-

(2) The contents of the channels from zero to
M ,cq + 30,4 are set to zero. In this way the
pedestal is completely erased, but a part of the
signal is also lost.

(3) To recover the lost signal, a Gaussian fit of the
single photoelectron (p.e.) peak is performed,
and the previously suppressed values are re-
placed by Gaussian random values generated
according to the fit parameters. If the single p.e.
peak is not evident, the Gaussian fit is per-
formed on the whole spectrum, giving a less
accurate but still useful result.

(4) The average number of detected p.e. is cal-
culated according to the formula:

a geometrical inefficiency of ~ 3% and an elec- i Mg — Myea "
tronic one of ~ 1%. cC
Scintillating bar Trigger scindllator
Caen N145
/_ Scaler
- Scaler 1
\_ Caen N405
\ xP2020 n n
LeCroy 4608C Logic AND _\
Discriminators
Vih=20mV
) saaier2
D ,—Dj
Z

\_ Caen N107 N\ LeCroy 612A

Delay PM Amplifiers

/ Attenuator

LeCroy 2249A
Gate ADC

Caen N109

Q-input

Fig. 2. Trigger layout.
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Fig. 3. Typical differential PM spectrum. The pedestal and the
single p.e. peaks are evident. Also two p.e. peak is visible. We
have to remark that the three peaks are equispaced.

where Mgy, is the mean value of the recorded
pedestal subtracted PM spectrum and CC is the
calibration coefficient, i.e., the difference between
the single and the double p.e. peaks expressed in
ADC channels. This difference should be equal to
the difference between the pedestal and single p.e.
peaks. The CC parameter has been evaluated by
using a measured spectrum where the pedestal,
single and double p.e. peaks can be easily resolved
(see Fig. 2). Its measured value is 50 + 6 ch.

This method is always reliable, but its main
drawback is that the results are strongly dependent
on the fit interpolations. The uncertainty on 7 can
be evaluated according to the following expression,
obtained by applying the error propagation for-
mula to Eq. (1):

2
2 2 Mdist - Mped 2
Ox OMm,. T OM e + — cc occ-

(2)

Since the first two terms under the square root are
by one-order of magnitude smaller than the third
one, they can be safely neglected.

O = 24 x 10_3(Mdist - Mped)' (3)

e

4. Results
4.1. Attenuation length

We have measured the attenuation length of the
WLS fiber by placing at different distances from
PM, the trigger scintillators. In this case a 600 cm
long Pol.Hi.Tech. scintillator was used. The optical
glue used is Bicron BC 600. We have obtained quite
similar results with the shorter scintillator bars
(23 cm long).

In Fig. 4, we show the result both for an unmir-
rored and a mirrored fiber. We have used a diffuse
reflector (TiO,) to mirror the fiber end.

The reflector effect is evident only if the distance
of the bar from the PM is greater than 2 m: the
reflected photon path is quite similar to the direct
photon path.

Experimental data have been fitted with the fol-
lowing function:

I(d) = To(e ™ + oe™ %) @

where 4; and A, are, respectively, the attenuation
lengths of the light trapped into the external clad-
ding and of the light guided by internal reflection
into the fiber core, and o is a parameter taking into
account the relative weights of these processes. The
data fitted results are in Table 3.

25 |-
r ® unmirrored
B mirrored

20

— 167 % (e(»dll«lﬂ) +0.4 % e(-rl/7’70))
————— 18.4x (710 4 0.3 x £ V1)

15 -

Mean number of photoelectrons

SST ST ST S (NS ST S A NN S SN N S NS S | PR TSR
0 100 200 300 400 500 600
Distance from PM (cm)

Fig. 4 Mean number photoelectrons versus distance.
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Table 3
Attenuation lengths for mirrored and unmirrored fibers

Fiber type A1 (m) Ay (m)
Mirrored 1.3+ 0.3 104 +1.3
Unmirrored 1.4+03 7.7+ 0.6

The reported attenuation length for the mirrored
fiber is just a parameter used for comparison,
since it does not represent the real attenuation
length, that is correctly given by the following
expression:

I(d) = Io - (™% + ae™ %)
+ R(e*(ZL*d)//h + ae*(ZL*d)/iz)) (5)

where R is the reflection coefficient, L the fiber
length and d the distance between the light produc-
tion point and the fiber end. We can, however,
mark that by mirroring a fiber end with a diffuse
reflector, the light yield increases to ~ 10%.

4.2. Light yield and efficiency

For the light yield and efficiency studies, two
600 cm Pol.Hi.Tech. scintillating bar with
1 x4 cm? and 0.5 x 1 cm? cross-section have been
used.

We have used a double readout (Fig. 5) to collect
all the photons emitted by the WLS fiber. The two
PM tubes have been previously calibrated with
a light pulser, tuning HV to obtain the same gain.

The light yield for both the tested bars is shown
in Fig. 6. As expected the smaller the cross-section
(0.5 x 1 cm?) the lower the light yield, since the path
length of the crossing particle in the scintillating
medium is shorter and consequently the ionization
energy deposit, the number of produced and col-
lected photons are lower.

A qualifying parameter is the light yield uniform-
ity along all the fiber length. The longitudinal uni-
formity LU has been defined as

S
LU= 6)

\— Scintillating bar

\ XP2020 XP2020

W7

(]
wn
T
1

[
=]
T
]

Mean number of photoelectrons
[ .
=} wm
T T
1 1

w
T
1

® 1 x4 cm” cross section

2 .
O 0.5x1 cm” cross section

PR ST ST S NN SN SN ST SN (NN SR SO ST SN S ST ST S N ST ST ST SN N SN S S ]
0 100 200 300 400 500 600
Distance from PM (cm)

Fig. 6. Double readout light yield for both tested cross-section.

where M and S are the mean value and the RMS
spread of the number of detected p.e., all along the
fiber.

For the 1 x4 cm? bar, the measured light yield
uniformity is 16% (with the end points discarded)
and for the thinner one is 14% (with the first point
discarded). As expected, the longitudinal uniform-
ity is not greatly affected by the bar cross-section
since it is mainly due to the WLS fiber.

The light yield enhancement observed near the
ends of the fiber is mainly due to short wavelength
tail in the WLS fiber emission spectrum and to
photons propagating in the external fiber cladding.
An improvement in uniformity can be easily
achieved by using UV filter in front of the PM and
by painting the last 10 cm of the fiber black [18],
to reduce the light propagation into the external
cladding.
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An interesting feature of the prototype is the
global detection efficiency. The data collected with
the 1 x4 cm? cross-section bar show an almost
uniform efficiency of ~ 85%, while for the thinner
bar the detection efficiency is ~ 55%. This is due to
a reduced light collection capability.

The energy resolutions for electrons and hadrons
have been evaluated by GEANT 3.21 based on
Monte Carlo code [9]. The detector simulation is
performed by considering a fluctuation of about
15% around the measured attenuation length of the
WLS fiber, and by assuming a mean value of 15 p.e.
per m.i.p. and scintillator plane, according to the
measured light yields. The energy resolutions ob-

tained are 50%/\/E for hadrons and 17%/\/E for
electrons that are consistent with the prefixed limits.

5. Conclusion

We have tested the main properties of a scintil-
lating bar with WLS fiber readout in order to fully
understand the behavior of this detector as active
part of a sandwich calorimeter. We have measured
an attenuation length of about 4 m and a light yield
of 15 p.e. in the middle of a 6 m-long WLS fiber.
The measured longitudinal uniformity is typically
15% The energy resolutions achievable in the
framework of the NOE calorimeter design are

50%/\/E for hadrons and 17%/\/E for electrons.
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