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Abstract

The spectral response of PHT-0044 (blue) and BCF-20 (green) scintillating fibres
was measured as a function of wavelength using a UV LED. It was observed that
significant spectral strength from the PHT-044 fibres was missing compared to man-
ufacturer’s specifications at the origin of the source, shifting the peak value of the
spectrum to significantly higher values in wavelength. In contrast, the correspond-
ing shift for the BCF-20 fibres was minimal. The mechanisms responsible for the
observed behavior are discussed herein. Moreover, the attenuation length for each
fibre type was extracted and studied as a function of wavelength. Finally, the mea-
sured fibre spectra were convolved with the wavelength response from a typical
bi-alkali photo multiplier as well as a green-sensitive silicon photo multiplier, yield-
ing the number of photoelectrons, which is shown to be consistent with the numbers
extracted from cosmic-ray and photon-beam data.

Key words: scintillating fibres, wavelength response, optical transmission,
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1 Introduction

The study in this paper was undertaken in the context of determining the opti-
mal type of scintillating fibres to be coupled to the electronic front-end readout
of the electro-magnetic barrel calorimeter (BCAL) for the GlueX project. This
experiment aims to elucidate confinement in Quantum Chromodynamics, by
searching for hybrid mesons that possess gluonic degrees of freedom and ex-
otic quantum numbers, and arise from photoproduction at 9 GeV [1,2]. To
achieve this goal, amplitude analyses on numerous exclusive reactions must
be carried out to determine the J7¢ quantum numbers of produced exotic
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mesons, which decay into photons and charged particles. Clearly, an overall
hermetic detector with adequate resolution is essential, and the BCAL is a
crucial subsystem. Indeed, this calorimeter will cover 11° to 126° with respect
to the beam direction, and will be charged primarily with the detection of
photons resulting from 7° — v+ and 1 — 7 decays in the 40 MeV to 4 GeV
energy range.

Significant contribution to the energy and timing resolution as well as detec-
tion threshold arises from the resulting photo-statistics associated with the
traversal of neutral or charged particles through the BCAL. At the end of the
readout this feature is quantified by the number of produced photoelectrons.
Therefore, it is important to optimize the production, transport and collection
of optical photons and their conversion to photoelectrons for a given energy
deposition in the calorimeter, while accounting for attenuation.

The BCAL will be comprised of a lead and scintillating fibre matrix, consisting
of ~200 layers of lead sheets, each of 0.5 mm thickness, and 1-mm-diameter,
multi-clad, scintillating fibres (SciFi), bonded in place using BC-600 optical
epoxy !. The detector will consist of 48 modules each 390 cm long and with
a trapezoidal cross section, and will form a cylindrical shell with inner and
outer radii of 65 cm and 90 c¢m, respectively. The simulated sampling fraction
— fraction of photon energy deposited in the SciFi’s with respect to the total
energy deposited in the module — is 12.5%. Two full-sized prototype modules
were constructed: Module 1 was built entirely of PHT-00442 fibres, whereas
Module 2 was built with a combination of PHT-0044 and BCF-20 fibres.

The BCAL will be deployed inside the GlueX detector’s super-conducting
solenoid. The central field of the solenoid is 2.2 T, resulting in substantial
magnetic field strength and gradients near the BCAL ends, so using vacuum
PMT’s with short light guides is not possible. The leading option is to use
silicon photomultipliers (SiPM) coupled to compact light guides. These devices
are immune to large magnetic fields and typically have their peak quantum
(QE) and photon-detection (PDE) efficiencies in the green optical region. Our
collaboration has been working with SensL® to develop large-area SiPM arrays
(SiPMPlus), in order to match the GlueX readout cell size.

The breakdown of this paper is as follows. The scintillation mechanism is
briefly recounted in Section 2, the experimental measurements are described
in Section 3, the data analysis is presented in Section 4 and the conclusions
in Section 5.

1 St. Gobain Crystals & Detectors, Newbury, OH, USA (www.bicron.com)
2 PolHiTech SRL, 67061 Carsoli (AQ), Italy (www.polhitech.it)
3 SensL, Blackrock, Cork, Ireland (www.sensl.com)
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2 Scintillation mechanism

The chemical and optical properties of scintillating materials have been pre-
sented elsewhere [3-5] and are recounted briefly herein. Such materials are
composed of a chemical base, usually polystyrene or polyvinyltoluene, and
one or more dyes that are added to improve the quantum yield of the scintil-
lator and to waveshift the scintillation light to longer wavelengths.

The fluorescence mechanism responsible for scintillation light occurs in the
base materials and the additive dyes. It relies on the atomic structure of car-
bon atoms, where electron excitation is followed typically via a two-step mech-
anism, the first involving a non-radiative and the second a radiative decay. It
is the latter step that produces fluorescence, or scintillation light [3].

The scintillation material itself suffers from light absorption and a quantum
yield of a few percent only. Primary dyes have a quantum yield typically
over 80% and their optimum concentration in the mixture is about 1% by
weight [3,4] but are also subject to self-absorption. A secondary dye, in a much
lower concerntration (around 0.01%), resolves this issue by quickly absorbing
the primary emission and waveshifting it to a longer wavelength. This process
“extends” the primary attenuation length from a few cm up to several meters,
and indeed SciFi’s emit in the blue or green region and have attenuation
lengths over 3.5 m. Moreover, the concentrations of the dyes can be tuned to
achieve either higher light yield at the expense of attenuation length or the
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Fig. 1. Emission and absorption spectra from the secondary dye of (a) BCF-12
and (b) BCF-20 fibres. Also shown are the stimulated wavelength ranges from the
373 nm LED and 375 nm laser used in our measurements, as discussed below. All
curves have been arbitrarily normalized to facilitate the comparison of their spectral
shapes. (colour online)

The attenuation length depends on the self-absorption of the materials and
reflection losses as the photons travel down the fibre [6]. This is illustrated in
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manufacturer’s absorption and emission spectra for the second dye in BCF-12
and BCF-20 as shown in Fig. 1, together with the stimulated wavelengths
from the two light sources used in our experiment. The overlap between the
absorption and emission spectra in Fig. 1 is minimal, thus resulting in long
attenuation length for these fibres. The integral of the transmitted light in-
tensity decreases linearly as a function of the distance that the light travels in
the fibre, i.e. there is an exponential loss of photons. The various wavelength
regions exhibit differing slopes in these curves, with the shorter wavelengths
following steeper slopes [3].

In this paper, our investigation focused on the measurement of wavelength
spectra from 1-mm-diameter PHT-0044 and BCF-20 SciFi and the subse-
quent analysis to extract the short- and long-attenuation lengths as well as
the dependence of the attenuation length on wavelength. Both SciFi types
are composed of a core of polystyrene and two layers of polymethylmethacry-
late cladding: the first from acrylic and the second from fluor-acrylic material,
having thicknesses of 3% and 1% of the fibre’s diameter *. An important issue
in the data analysis is the normalization of the light produced at the source,
corresponding to near-zero fibre length. To this end, manufacturers’ source
spectra were examined and compared to our nearest measurements (1 mm
fibre length). The properties of PHT-0044 and BCF-12 are quite similar, in
terms of peak emission and attenuation length. Source spectra are not avail-
able for the former, and this is why the BCF-12 spectra were used, instead.

3 Measurements

For the measurements reported herein, a LED light source, a spectro-photometer
and the tested SciFi were coupled together in a robust and reproducible man-
ner. The SD2000 dual-channel fibre optic spectro-photometer® is based on a
blazed diffraction grating with a 50 pum wide slit and features a high-sensitivity
2048-element linear CCD array that provides high response and excellent op-
tical resolution from 200-1100 nm. This device had been calibrated by the
manufacturer, and the provided specifications indicated a wavelength differ-
ence, |dA|, between expected and measured values, never exceeding 0.3 nm for
any given pixel on the CCD. The SD2000 employs an external ADC1000-USB
A/D converter to communicate with a PC running commercial software. The
spectro-photometer had an integration window of 150 us and measured the
wavelength region of 340-1020 nm in over 2000 bins, resulting in a resolution
of ~3.3 bins/nm (or 0.3 nm). As a result, although the spectral shapes appear
jagged at each wavelength, upon close inspection the overall behavior of the

4 St. Gobain Crystals & Detectors, Scintillating Optical fibres Brochure 605.
® Ocean Optics Inc., Dunedin, FL, USA (www.oceanoptics.com)



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

data was stable, as evidenced by their long-wavelength tails that overlapped
above 500 nm as expected, since at those wavelengths there is little absorption
of light. This feature will be demonstrated below. Sample dark spectra were
obtained and these had negligible effect on the measured spectra with UV
light.

For our measurements, a RLU370-1.7-30 ultra violet LED® was employed,
with a peak emission wavelength of 373 nm, a spectrum bandwidth of 13 nm,
and typical radiant flux of 1.7 mW. Selected measurements were also per-
formed using a 375 nm PicoQuant PDL 800-B picosecond pulsed diode laser
with LDH-P-C-375B laser head”. A comparison of the spectra from the LED
and the laser, as measured directly with the spectro-photometer, are shown in
Fig. 2. These demonstrate that: a) the spectro-photometer had been correctly
calibrated versus wavelength by its manufacturer, since the peak emission of
the LED and the laser indeed were measured to be at 373 nm and 375 nm,
respectively, and the peak widths were 13 ns and 1 ns, in agreement with man-
ufacturers’ specifications; b) There is no significant contribution from these
light sources to the intensity of the measured fibre spectra in the wavelength
range of interest, since the broad LED peak at ~560 nm is only at the few
percent level and does not fall in the excitation region of the fibres. In any
case, this peak does not appear in the fibre spectra when the LED is posi-
tioned perpendicularly to the tested SciFi. The spectro-photometer was also
used to measure the spectra of other LEDs at 470 nm and 590 nm and was
found equally accurate.

Intensity

400 500 600 700 800
wavelength (nm)

Fig. 2. Comparison of the emission spectra of the LED and the laser as measured
directly, using the spectro-photometer, and plotted on a logarithmic scale. Details
are provided in the text. (colour online)

The fibre under test was clamped in place horizontally until it was taut, with
one end held via a clamp on a lab stand while the other was glued through

6 Roithner Lasertechnik,Vienna, Austria (www.roithner-laser.com)
" PicoQuant GmbH, Berlin, Germany (www.picoquant.com)
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a SMA connector using BC-600 epoxy. Once the glue had cured, the fibre
end at the tip of the SMA connector was polished using three progressive
grades of polishing paper (coarse, 12 um and 3 pum grit) and a polishing puck,
from a Clauss® fibre Optic Polishing kit (PK-2000), and was cleaned using
ethyl alcohol and KimWipes to remove metallic dust originating from the tip
of the SMA connector. Finally, the SMA end was coupled to the spectro-
photometer’s slave channel. This method allowed for easy and reproducible
coupling of fibre to spectro-photometer. The setup was made robust to protect
against displacing the test fibre and was leveled to avoid any curvature in
the test fibres, which was shown to affect the intensity of the detected light,
although it does not influence the shape of the spectra.

- Power
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Fig. 3. Schematic drawing of the experiment. The test fibre is shown as the bold
horizontal line: on the right it is clamped to a lab stand (C), in the middle it
threads through the legs of the LED support stand via barrels (B) having 1 mm
inner diameter holes and external threads that mount on the support frame and on
the left it is connected to the slave channel (S) of the SD2000 spectro-photometer
by an SMA connector. The SD2000 connects to the ADC via a flat-ribbon bus
and the ADC, in turn, connects to a PC via a USB cable. The vertical arrow
pointing downwards from the LED housing indicates the direction of the incident
light through its port (P) onto the test fibre. The horizontal displacement of the light
direction to the entrance of the SD2000 master channel is our distance parameter,
z. This figure is not to scale: for example, the LED’s port is a lot closer to the fibre
than implied in this schematic.

The LED was installed in a commercial housing and was mounted on a spe-
cially designed stand that could slide on the lab bench and translated across
the length of the fibre (from 8 cm to 380 c¢m) in a parallel fashion, guided by
a set of aligned, steel ruled guides. A schematic drawing of the setup is shown
in Fig. 3. It should be noted that in that figure the distance of the LED hous-
ing port (P) to each fibre tested was 3 mm and held constant to maintain a

8 The PK-2000 can be obtained from a large number of fibre accessories vendors.
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consistent beam profile. With this setup, relative comparisons of the measured
light intensity along the length of a given fibre were possible. However, due to
the different level of polish of each fibre, absolute comparisons from one fibre
to another were not possible as far as the measured intensity went, although
the spectral shapes were unaffected and could still be compared.

All measurements were carried out in complete darkness in our lab. However,
since the core of blue-emitting scintillating fibres can be damaged by prolonged
exposure to UV light, yellow, UV-absorbing film (TA-81-XSR?) was used to
cover all fluorescent overhead and incandescent desk lights in our detector test
laboratory during the preparation and setup stages.

4 Results

This section is subdivided as follows. The fitting of the wavelength spectra for
distances from 8 cm to 380 cm is presented first, since this method was entirely
self consistent and independent of assumptions on the manufacturer’s source
(0 cm) spectra. This is followed in sequence by a different set of measurements
from 1 mm to 20 mm and a comparison of those results to manufacturer’s spec-
tra. Finally, the effect of two different photosensors on the measured spectra
is shown and the number of photoelectrons is extracted and compared to lit-
erature.

4.1 Fitting the emission spectra

The measured spectra for the BCF-20 and PHT-0044 fibres are shown in Fig. 4
at 8 cm from the source; these are typical of the spectra measured for all other
source distances. On one hand, the BCF-20 spectra are well described by a
Moyal distribution function plus a flat background:

f(x,a,p,0,b) =a-exp (—; ((95 ; #) + e_(x_“)/g>> +5b (1)

as is evident in Fig. 4a where the fit to Eq. 1 is shown. On the other hand,
the PHT-0044 fibre spectra require a sum of two Moyal functions plus a flat
background, as shown in Fig. 4b. The results of fits to Moyal functions for
spectral measurements at LED distances ranging from 8 to 380 c¢m for the
PHT-0044 and BCF-20 fibres are shown in Fig. 5. The Moyal distribution is
often used as a good approximation to the Landau distribution [7].

9 Window Film Systems, London, ON, Canada (www.windowfilmsystems.com)



1 1 1 1 1 1 1 1 1 1
4000 N =
1y 2500 =
I3 (a) // \‘ ()
- 0\ BCF-20 / \  PHT-0044
£ 3000 1 2000 AN -
5 [ I |
z [ I \
4 | \ |
= | \ 1500 | \‘ F
S 2000 ! \ L | \
- I \ |
z I \ I \
G | \ 1000 | \ =
o | \ 1 \\
£ | \ |
S 1000 i \ = i \
I \ 500 | \ -
\ \
[ N ] \
I N - /l X S
== 07 T T T —

[ T T T T T
450 500 550 600 650 700

wavelength (nm)

450 500 550 600 650

wavelength (nm)

350 400

Fig. 4. (a) The emission spectrum for the BCF-20 fibre (grey band) is shown with
the source located at 8 cm from the spectro-photometer and the results of a fit

(dashed line) to a Moyal function plus a flat background; and (b) The emission

spectrum (grey band) for the PHT-0044 fibre with the source located at 8 cm from

180

181

182

183

184

185

186

187

188

the spectro-photometer with the results of a fit (dashed line) to a sum of two Moyal

functions plus a flat background.

F TaTgTcTpTET F

TaTe'c b ET F 2000
3500
3000
2500

2000

2500
3 2 (a)

A\ PHT-0044

N
o
o
o
I

1500

Intensity (arbitrary units)

1000 - 1500
i 1000

500
i 500
O IIIIIIIIIIIIIII O |
350 400 450 500 550 600 450 500 550 600 650 700

wavelength (nm) wavelength (nm)

Fig. 5. The results of fits to Moyal functions for spectral measurements at source
distances ranging from 8 to 380 cm for (a) PHT-044 and (b) BCF-20 fibres. The
wavelength ranges labeled A through F' in the plots will be referenced later in this

paper. (colour online)

The single Moyal function fits have 4 parameters including an amplitude (a),
a characteristic wavelength and width (given by p and o) and the background
term (b). The fits involving a sum of two Moyal functions introduce three
additional parameters. The BCF-20 fibre spectral fits are characterized by a
single wavelength (u) and width (o) and the PHT-0044 fits are characterized
by two wavelengths (7 and ps) and corresponding widths (o7 and o3). The
dependence of these fit parameters on LED distance is shown in Fig. 6. The
integral of the background term over wavelength from 400 to 700 nm is about
5% of the integral of the spectra over this same wavelength range.
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Fig. 6. Dependence of the Moyal fit parameters (a) p and (b) o as a function of
source distance for the PHT-0044 and BCF-20 fibres.

4.2 Attenuation length versus wavelength

The Moyal fits described above were integrated over wavelength for the two
fibres for various source distances. Six ranges of wavelength (labeled A through
F) over which the integrals were performed are indicated in Fig. 5 for the two
fibres. The central (middle of each bin) wavelengths are indicated in the legend
of the plots in Fig. 7. These data were fit to an exponential of the form:

I(d) = Iy + a - e” @D/ (2)

For the fits shown, the floor term was set at about 10% of the maximum value
for the data in a particular wavelength range. The dy was not a fit parameter
but rather was determined by the starting point of the fit which was dy = 8 cm
for all the wavelength ranges except for the wavelength range labeled A. The
fit parameter \ is the attenuation length and its dependence on wavelength
for the two fibres is shown in the left panel of Fig. 8. Such behaviour was first
reported in reference [3].

The attenuation lengths in the right panel of Fig. 8 were obtained by plotting
the value of the Moyal fit function as a function of distance at discrete wave-
lengths and fitting to an exponential. Note the structure in this dependence
around 460 nm to 470 nm that corresponds to the region of the second peak in
Fig. 5. This is a persistent feature and not an artifact of our measurements or
the spectro-photometer response, and shows faintly in the left panel of Fig. 8
due to the lower resolution in that method.
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Fig. 8. (a) The attenuation length as a function of wavelength for the PHT-044 and
BCF-20 fibres. The attenuation length is the parameter A\ as defined in Eq. 2 and
is obtained by fitting the data shown in Fig. 7. (b) The attenuation length as a
function of wavelength as extracted by plotting the value of the Moyal fit function
as a function of distance at discrete wavelengths and fitting to an exponential. Note
the structure in this dependence around 460 nm.

20 4.8 Fibre spectral shape details

o The spectral shapes of the PHT-044 and BCF-20 fibres differ significantly, as
22 can be seen in Figs. 4 and 5. The striking difference between the PHT-0044
10
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and BCF-20 fibres in terms of the loss of light from the source to 8 cm distance
is illustrated in a graphical manner in Fig. 9. In that figure, the d=0 cm and
8 cm spectra are shown as a function of wavelength, normalized at 490 nm
and 590 nm for the PHT-0044 and BCF-20 fibres, respectively. The emission
spectrum at the source (d = 0 cm) for the PHT-044 fibre was assumed to
follow the emission spectrum for BCF-12 as mentioned previously; that and
the source spectrum for BCF-20 were provided by the manufacturer. This
normalization was based on a combination of long attenuation length and
sufficient intensity at each wavelength. With attenuation lengths of ~800 c¢m
and ~900 cm at 490 nm and 590 nm, respectively, as extracted from Fig. 8,
the effect of 8 cm in loss of strength is negligible. In addition, variations in the
regions around these values resulted in stable ratios of areas under the spectral
shapes, further emphasizing the lack of sensitivity to the exact normalization
choice.
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Fig. 9. The manufacturer’s d=0 cm source (dashed line) and 8 cm spectra (solid
line) are shown, as a function of wavelength for (a) the PHT-0044 and (b) BCF-20
fibres, respectively. Details are presented in the text.

The main features of Fig. 9 are: a) large loss of light from source to 8 cm for
PHT-0044 as compared to the BCF-20 fibre and quantified in Section 4.4, and
b) a curious discrepancy between the source and 8 cm curves for the BCF-20
is apparent, where the latter extends to lower wavelengths. We have no firm
explanation of this, however, a close inspection of the leading edge of the source
shows a rather rapid (and unnatural in appearance) rise from its 470 nm base
to its 490 nm peak. A possible explanation is that the manufacturer may have
used a bandpass filter to block the blue wavelengths of a UV light source.

Our experimental setup used for the measurements, as presented in Section 3,
did not allow measurements closer than 8 c¢m from the source. Therefore,
in order to further investigate the double-peaked behavior of the PHT-0044
spectra and to facilitate comparisons to the manufacturer’s source spectra,
we employed an alternate setup using the laser. In that, the laser light was
transported via a clear optical fibre held by a clamp and a lab stand so as to be
perpendicular to the tested PHT-0044 fibre, in a manner similar to the LED
measurements. In this manner, a short sample (15 cm) of PHT-0044 fibre was
tested by axially coupling it to a clear (BCF-90) 5 cm-long fibre using Q2-3067

11
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optical grease'*, with both fibres positioned in a channel of a plate so as to
remain in contact and axially aligned. The clear fibre was threaded and epoxied
through a SMA connector and facilitated proximity measurements of the PHT-
0044 by bridging the gap from the spectro-photometer’s SMA connector to the
CCD surface. In this manner, PHT-0044 spectra were collected at distances
from 1 to 20 mm in 1 mm steps, from 20 to 60 mm in 5 mm steps and
at 100 mm. The latter point provided an “anchor point” to the LED data,
since the two measurements had different setups. Indeed, it was reassuring to
observe that the LED- and laser-stimulated PHT-0044 spectra at 10 cm were
consistent, as shown in Fig. 10.
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Fig. 10. A comparison of the spectra for PHT-0044 with two different excitation
sources at a distance of 10 cm. The LED spectrum was taken with the 4-m PHT-0044
fibre in 2007 and the UV laser spectrum was taken using a short PHT-0044 sample
in 2008. No normalization was applied in the display of these curves, although
attention was paid at the measurement stage to approximately match the intensity
of the laser to that of the LED, as measured in the spectro-photometer. The small
differences could be attributed to the different wavelength ranges stimulated by the
LED and laser, as shown in Fig. 1 and/or from the “extended” beam projection of
the LED compared to that of the laser fibre tip.

Having assured the reliability of the laser measurements, the resultant spectra
are shown in Fig. 11, normalized at 500 nm. Normalization at other wave-
lengths was carried out, but the 500 nm normalization was the most consistent
one, since the high-wavelength tails of all distance measurements overlapped
perfectly, and no large discrepancies appeared at the two peaks. Of course,
some deviation of the curves is expected on the low-wavelength side due to
absorption, and this is exactly what is observed. Additional analysis cross
checks, such as Moyal fits and spectral integrations, verified this behavior.
Since the laser measurements aimed at a qualitative understanding of the
double-peaked behavior of the PHT-0044 data and a cross-check of the LED
data, further quantitative analysis was deemed beyond the scope of this paper.

The spectra at distances of a few mm’s from the excitation source should

10 Dow Corning Corporation, Midland, MI, USA (www.dowcorning.com)
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Fig. 11. Measurements from a short sample of PHT-0044 fibre using the UV laser.
Spectra were collected at distances from 1 to 20 mm in 1 mm steps, from 20 to 60
mm in 5 mm steps and at 100 mm, but only five of them are shown for reasons of
clarity. The spectra were normalized relative to each other at the wavelength value
of 500 nm.

closely match the “source spectrum” provided by the SciFi manufacturers.
For PHT-0044 (and BCF-12), however, the peak emission is listed by them
at 435 nm with no evidence of secondary strength at 460-470 nm. Our mea-
surements are in disagreement to those reference spectra: while some strength
is evident at 435 nm, the peak emission is at 460-470 nm, instead. One ex-
planation may lie in the attenuation length measurements, shown in Figs. 7
and 8. The attenuation length at 460 nm is ~400 cm, compared to ~80 cm at
435 nm. Thus, if the source spectrum has secondary emission strength around
460-470 nm, the reduced attenuation of the latter compared to the former can
result in the double-peak structure observed in our measurements. It is worth
noting here that the blue emitting fibres in reference [3], the equivalent fibre
types from Kuraray (SCSF-81 and SCSF-81M) ! | and several blue-emitting
plastic scintillator data (BC-400, BC-404 and BC-408 from St. Gobain as well
as EJ-200 from Eljen '?) all show a “shoulder” in the source emission spectra
in the region of 460-470 nm.

The significant difference in attenuation lengths at 435 nm and 460-470 nm
can easily provide the explanation of the structure observed in Fig. 5. How-
ever, the attenuation length for 435 nm cannot account for the weak strength
observed at a few mm distance from the source location. Another mechanism
must be responsible for the suppressed emission at the nominal peak wave-
length of 435 nm. Taking into consideration that the reference spectra are
generated within scintillation material thickness of 1 cm or more, it is possible
that within the 1 mm diameter (maximum effective thickness) of the fibre
the UV source does not fully excited the dyes, thus resulting in a reduced

" Kuraray America Inc., Houston, TX, USA (www.kuraray-am.com)
12 Eljen Technology, Sweetwater, TX, USA (www.eljentechnology.com)
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strength at the lower wavelengths. The 10 cm distance spectra for BCF-12 in
reference [8] appear very similar to those shown in Figs. 5 and 10 of this work.
The agreement between the reference spectra and our measurements for BCF-
20 further indicates that this effect is indeed confined to lower wavelengths.

A quick calculation from our work shows that the resolving power, R = A\/A\,
of our LED and laser is 28.6 and 375, respectively. Coupled to the aforemen-
tioned spectro-photometer resolution of 0.3 nm, these values result in a very
fine resolution in wavelength, that does not appear to be the case for the re-
sults in reference [9], which is perhaps why the second peak appears to be
washed out in their work and other published data.

4.4 Scintillating fibre/photosensor matching

The fibre spectra of intensity versus wavelength in Fig. 12a were convoluted
with the spectral response of a typical bi-alkali PMT (the XP2020'%) and a
SiPM (the A35H SiPM ') in Fig. 12b, respectively, resulting in the curves
shown in Fig. 12¢ and Fig. 12d.

Specifically, the PHT-0044 and BCF-20 spectra were convoluted over wave-
length with the XP2020 QE and SiPM PDE;, respectively, and were plotted as
a function of distance from the source. Double-exponential fits were employed
with two attenuation lengths (short and long). Note that when the PHT-044
spectrum is folded with the XP2020 QE, the fraction of the integrated source
intensity (see Fig. 9a) seen at 200 cm from the source is 24% while the cor-
responding fraction for the BCF-20 with the A35H is 61%. Since the QE and
PDE are relatively flat in the region of interest, these fractions reasonably de-
scribe the actual loss of light in the fibres. One can conclude that, whereas the
integrated intensity of the PHT-0044 fibre coupled to the XP2020 is superior
to that of the BCF-20 fibre, the results are indistinguishable when the fibres
are coupled to the SiPM, only if one cconsiders the data in the d = 8-380 cm
region, and not from the source.

The wavelength-averaged QE of the XP2020 and PDE of the A35H SiPM were
computed using the emission spectra of PHT-044 and BCF-20. The integrals
of these spectra over wavelength were computed as a function of distance,
with and without convolution with the QE (or PDE), by dividing the integral
with convolution by the integral without convolution. The results are shown
in Fig. 13. For PHT-044, at 200 cm from the source, the average QE of the
XP2020 is 15% and that of the A35H is 14%. For BCF20, at 200 cm from the
source, the average QE of the XP2020 is 9% and that of the A35H is 14%.

I3PHOTONIS SAS, Brive, France (www.photonis.com).
14 A prototype SiPM from SensL with a 35um pixel pitch.
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Fig. 12. (a) Emission spectrum for the PHT-0044 (solid lines) and BCF-20 fibres
(dashed lines) at 8 cm and 390 cm. The 8 cm spectra for both the blue and green
fibres were normalized to give unity for the respective total integrals. (b) The QE
and PDE for the XP2020 and SiPM respectively. (¢) The PHT-0044 and BCF-20
spectra now convoluted with the QE of the XP2020. Note that the areas under the
curves for the 8 cm distance are set to 1.0 in plot (a), which results in areas under
the PHT-0044 spectra of 0.164 and 0.068 while those under the BCF-20 curves are
0.110 and 0.040, both in plot (c). (d) Similar curves, but now convoluting with the
PDE of the SiPM. The areas under the PHT-0044 curves are 0.136 and 0.067 while
for the BCF-20 curves we have 0.145 and 0.065.

4.5 Attenuation length with and without photosensor

As can be seen in Fig. 7. the light output of a fibre is strongly dependent
on A and d, with shorter wavelengths that dominate at small distances be-
ing replaced by longer wavelengths at larger distances. The bulk attenuation,
however, is the result of the integrated light yield and, being the convolution
of two different response regions, cannot be effectively represented by a single
exponential function. Therefore, each fibre is thus characterized by a short
and long attenuation length (see also Reference [11]). In order to extract these
two components, a double exponential was used:

I(d) — IO —I— 041 . 6_(d_d0)/>‘1 + a2 . e_(d_do)/AQ (3)

Using this information, the attenuation length for PHT-0044 and BCF-20 was
plotted with and without the photosensor coupling in Fig. 14. The fitted values
from a double-exponential fit are shown in Table 1. The weighted attenuation
length in that table is based on the relative amplitudes of the two exponentials.
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Fig. 13. The average QE of the XP2020 and the average PDE of the A35H, as a
function of distance from source for PHT-044 and BCF-20 scintillating fibres, are
shown. Details are given in the text.

The long bulk attenuation length of 414 c¢cm for the PHT-0044 fibre combined
with the XP2020 agrees well with the specification supplied by the manufac-
turer, which was extracted using a %°Sr electron source and a bi-alkali vacuum
PMT. Those measurements were made between 64 cm and 200 cm and are
dominated by the long component ** . For the BCF-20 fibre, on the other hand,
the manufacturer’s specification was derived using bi-alkali PMT’s and our re-
sults cannot be compared directly to those. However, the smoothly varying
and relatively flat QE response of a PMT over the emission spectrum of BCF-
20 (approximately 460 nm to 560 nm; see Figs. 12b and 13) will not alter the
weighted attenuation length of 408 cm, and St. Gobain quotes a value larger
than 350 cm. In conclusion, our measurements using UV light sources and
a spectral deconvolution agree very well with the manufacturer’s ones using
an electron source, once the range of distance measurements are taken into
consideration.

4.6 Number of photoelectrons

In this section the number of photons at the end of each fibre will be calculated
and used to determine the number of photoelectrons for two different readout

15 Information provided formerly by PolHiTech (www.polhitech.it)
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Fig. 14. Double-exponential fits to the PHT-0044 and BCF-20 data without and
with the convolution of the photosensor. The photosensor in the case of PHT-0044
is the XP2020 and in the case of BCF20 is the SiPM. The results of the fits are
shown in Table 1.

devices. These number will be compared to those extracted from our own
beam tests [12].

SciFi’s rely on total internal reflection for optical transmission. Manufacturers
claim trapping efficiencies (capture ratio) around 3% and 5.5% for single- and
double-clad fibres, respectively. These numbers reflect a simple calculation
employing meridional optical rays. When skew rays are included, the trapping
efficiency almost doubles [5]. The precise number for the trapping efficiency
can be obtained only by Monte Carlo simulations and is slightly less than sum
of the two terms, owing to the large path length of skew rays that results
in losses. In the calculations below we assumed the manufacturer’s (minimal)
value.

When calculating the number of photons arriving at one end of either a BCF-
12 (or equivalent type with peak emission at 435 nm) or BCF-20 fibre, one
must start with the number of 8,000/MeV claimed by St. Gobain, which rep-
resents the total number of photons created that travel to both ends of the
fibre; then, the trapping efficiency per side and attenuation length must be
applied to obtain the number of photons at the end of the fibre. Using this
information, a minimum-ionizing, single-charged particle traversing a 1-mm-
fibre will result in a few (2-6) photoelectrons at a few meters from the particle
entry [3].
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4.6.1 Ny estimates from cosmic rays

A prototype BCAL module was built using PHT-0044 fibres and was tested
using a photon beam and cosmic rays. The readout of the module was divided
into 18 readout segments, comprised of six rows in depth and three columns
vertically with respect to the beam. Acrylic light guides having a square profile
and with a 45° mirrored surface channelled the light from the fibres to the
PMTs that were placed perpendicularly to the fibre direction on both ends of
the module [12].

The N, yield per segment side was extracted for minimum ionizing particles
passing through the center of the BCAL module based on cosmic-ray mea-
surements. The photoelectron yield is expected to be given by:

Npe:NO'5E'fsurvive'fPDE'fC’R'ftrans (4)

where:

(1) Ny is the number of photons emitted by the scintillator per MeV of de-
posited energy. We assume Ny = 8000 photons/MeV, taken from the
manufacturer’s specifications;

(2) OF is the energy loss for a minimum ionizing particle passing through
3.8 cm of the Pb/SciFi matrix that corresponded to the BCAL readout
cell size during the beam test. This number was found to be 4.8 MeV,
from simulations;

(3) fsurvive 1S the fraction of photons produced at the source that survive
after 200 cm. From Section 4.4 we have fquvive = 0.24;

(4) fppg is the average photon detection efficiency for the XP2020 which is
the average quantum efficiency (0.15 from Fig. 13) times 0.85 (average
collection efficiency) or fppp = 0.13;

(5) fcr is the capture ratio for double clad fibre. The manufacturer quotes
a minimum fer = 0.054;

(6) firans is the transmission through the light guide used for BCAL Mod-
ule 1. The 45° mirrored surface was measured to have a reflectivity of
~ T75% but the overall transmission, which also includes transmission
through all the interfaces and coupling to the PMT was not measured.
From simulations, an overall efficiency between 0.4 and 0.5 is expected.

Under the above assumptions, a range for V. = 25 — 30 is extracted, in good
agreement to the measured N, = 25.5+0.7.
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4.6.2 Ny estimates for a 1 GeV photon

An estimated N, = 770 extrapolating to a 1 GeV photon was extracted from
the tests of the prototype module [12]. Following the same procedure as above,
Eq. 4 was used with 0E = fsampie - 1000 MeV and a sampling fraction of 12.5%
as estimated by the simulations. This resulted in a yield estimate of N, ~ 700,
in agreement with the measurement.

4.6.3  Estimating Npe for green SciFt with SiPM

The weighted attenuation lengths for PHT-0044 and BCF-20 coupled to the
XP2020 and SiPM photosensors, tabulated in Table 1, show that neither com-
bination exhibits a clear superiority in terms of attenuation length. However,
with either SciFi generating 8,000 photons/MeV at the source, our results
indicate that the BCF-20 plus SiPM combination will deliver a factor of 2.5
more photons at 200 cm from the ionization source location than a PHT-0044
plus PMT combination. This is solely the result of the failure to populate the
435 nm peak in PHT-0044, as discussed in Section 4.3.

5 Summary and Conclusions

The relevant quantities in matching SciFi’s to photosensors are the emission
spectra of the former and the spectral response of the latter because this
combination affects the number of photoelectrons generated independent from
attenuation length. Changes in the spectral emission of the fibre with length
affects the number of photoelectrons detected and introduces a non-linearity
in the energy response of the detector system. The combination of SiPM’s
and fast green emitting SciFi’s, such as BCF-20, in applications where the
technology of the latter is relevant, is an optimal one due to the flat PDE
response of the SiPM in the emission wavelength spectrum of the former and
the stability of the peak emission wavelength of the SciFi, as seen in Fig. 12.
Such combinations have already been reported in the literature [13].

Fast blue SciFi’s are by far the most widely used fibres, in combination with
bi-alkali type of vacuum PMTs. Most such fibres with peak emission at nom-
inal 435 nm — examples of which are PHT-0044 (now not available anymore),
BCF-12 and SCSF-81 — share very similar attenuation lengths and spectral
functions. However, our testing of several different samples produced consis-
tent emission spectra that are quite different than the manufacturers speci-
fications. In this paper we have shown only the results for PHT-0044 due to
the large detailed amount of experimentation that we have done with that
particular fibre. The peak emission is not at 435 nm, which appears only as
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a secondary bump, but at approximately 470 nm, instead. One possible ex-
planation is that the thickness of the fibre presented to the exciting UV light
(maximum 1 mm) is not adequate to absorb the UV light and to allow its full
conversion to the emission spectrum representative of the material in sufficient
thickness. As such, the emission spectra in this paper near the illumination
center, shown in Fig. 11, are the effective spectra for such types of fibres.

This observation leads to question the effective photon yield listed by most
manufacturers of approximately 8,000 photons/MeV of deposited energy by
minimum ionizing particles (MIP). If such yield is the integral of the full emis-
sion spectrum, as listed in the product literature, then a significant fraction,
approaching 50%, is not available for excitation by UV light, as shown in
Fig. 9. Experimental results are consistent with such reduced photon yields.
BCAL data with cosmic rays and photon beams verify that the nominal pho-
ton yield of 8,000/MeV has to be reduced by a significant fraction, over and
above that justified by attenuation length and spectral distortion with dis-
tance, to account for the measured yields. The same treatment was applied
to the KLOE results of 700 photoelectrons for 1 GeV incident photon en-
ergy [10] taking into consideration the single-clad fibres used and the very
efficient light guide-Winston Cone collectors used. We then reproduced the
number of photoelectrons as measured by KLOE using Eq. 4 and the relevant
factors described in Section 4.6.1.

The conclusion derived here is that that our work explains the physics cause
for the commonly known fact that the measured number of photoelectrons
from SciFis do not reflect the theoretical number for scintillating material of
8,000/MeV. The actual number is closer to around 4,000 photons/MeV at the
scintillation location for 1 mm diameter blue emitting fibre.

Using the methodology described in this paper, it is concluded that the con-
version of UV light in 1 mm of BCF-20 material is much more efficient than
for blue fibres. The overlap of the reference and measured spectra in Fig. 9 is
significant, indicating a small loss of photon yield due to conversion to the final
emission spectrum. If this also represents the case of charged particle tracks in
BCF-20 fibres, as the results for PHT-0044 indicate, then one expects a fac-
tor of approximately 2.5 times the photoelectron yield of the BCF-20/SiPM
combination than obtained with the PHT-0044/PMT combinations.

It would be advisable for the manufacturers of scintillating fibres to show
actual spectra obtained in such thin materials, rather than reference emission
spectra than can only be realized in thicknesses beyond the realm of fibre
use and availability and to quote the effective number of photons per MeV of
energy deposit (MIP) produced in fibres.

Finally, the attenuation lengths of both PHT-0044 and BCF-20 are in good
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agreement with specifications if the measurements duplicate the manufacturers
methodology. As such, both blue and green SciFi’s exhibit comparable bulk
attenuation lengths with or without the influence of the two corresponding
types of photosensors used in our work.
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Without Photosensor | With Photosensor
Component PHT-0044 | BCF-20 | PHT-0044 | BCF-20
short (cm) 50+14 48+8 4348 50+9
long (cm) 478+21 481+21 414+14 491421
weighted (cm) | 428423 400123 353+18 | 408425

Table 1

Short and long attenuation length components for the PHT-0044 and BCF-20
fibres, as extracted from a double-exponential fit. The weighted attenuation length
is based on the relative amplitudes of the two exponentials. The photosensor in the
case of PHT-0044 is the XP2020 and in the case of BCF-20 is the SiPM.
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Figure Captions

Fig. 1. Emission and absorption spectra from the secondary dye of (a) BCF-12
and (b) BCF-20 fibres. Also shown are the stimulated wavelength ranges from
the 373 nm LED and 375 nm laser used in our measurements, as discussed
below. All curves have been arbitrarily normalized to facilitate the comparison
of their spectral shapes. (colour online)

Fig. 2. Comparison of the emission spectra of the LED and the laser as
measured directly, using the spectro-photometer, and plotted on a logarithmic
scale. Details are provided in the text. (colour online)

Fig. 3. Schematic drawing of the experiment. The test fibre is shown as the
bold horizontal line: on the right it is clamped to a lab stand (C), in the
middle it threads through the legs of the LED support stand via barrels (B)
having 1 mm inner diameter holes and external threads that mount on the
support frame and on the left it is connected to the slave channel (S) of the
SD2000 spectro-photometer by an SMA connector. The SD2000 connects to
the ADC via a flat-ribbon bus and the ADC, in turn, connects to a PC via
a USB cable. The vertical arrow pointing downwards from the LED housing
indicates the direction of the incident light through its port (P) onto the test
fibre. The horizontal displacement of the light direction to the entrance of
the SD2000 master channel is our distance parameter, z. This figure is not to
scale: for example, the LED’s port is a lot closer to the fibre than implied in
this schematic.

Fig. 4. (a) The emission spectrum for the BCF-20 fibre (grey band) is shown
with the source located at 8 cm from the spectro-photometer and the results
of a fit (dashed line) to a Moyal function plus a flat background; and (b) The
emission spectrum (grey band) for the PHT-0044 fibre with the source located
at 8 cm from the spectro-photometer with the results of a fit (dashed line) to
a sum of two Moyal functions plus a flat background.

Fig. 5. The results of fits to Moyal functions for spectral measurements at
source distances ranging from 8 to 380 cm for (a) PHT-044 and (b) BCF-
20 fibres. The wavelength ranges labeled A through F' in the plots will be
referenced later in this paper. (colour online)

Fig. 6. Dependence of the Moyal fit parameters (a) p and (b) o as a function
of source distance for the PHT-0044 and BCF-20 fibres.

Fig. 7. Integrals of the Moyal fits to the spectral functions as a function of
source distance for (a) the PHT-044 and (b) the BCF-20 fibres. The points
labeled A through F' are the integrals for the wavelength ranges defined in
Fig. 5. The curves are results of fits to a single exponential. More details are
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Fig. 8. (a) The attenuation length as a function of wavelength for the PHT-
044 and BCF-20 fibres. The attenuation length is the parameter A as defined in
Eq. 2 and is obtained by fitting the data shown in Fig. 7. (b) The attenuation
length as a function of wavelength as extracted by plotting the value of the
Moyal fit function as a function of distance at discrete wavelengths and fitting
to an exponential. Note the structure in this dependence around 460 nm.

Fig. 9. The manufacturer’s d=0 cm source (dashed line) and 8 cm spectra
(solid line) are shown, as a function of wavelength for (a) the PHT-0044 and
(b) BCF-20 fibres, respectively. Details are presented in the text.

Fig. 10. A comparison of the spectra for PHT-0044 with two different exci-
tation sources at a distance of 10 cm. The LED spectrum was taken with the
4-m PHT-0044 fibre in 2007 and the UV laser spectrum was taken using a
short PHT-0044 sample in 2008. No normalization was applied in the display
of these curves, although attention was paid at the measurement stage to ap-
proximately match the intensity of the laser to that of the LED, as measured
in the spectro-photometer. The small differences could be attributed to the
different wavelength ranges stimulated by the LED and laser, as shown in
Fig. 1 and/or from the “extended” beam projection of the LED compared to
that of the laser fibre tip.

Fig. 11. Measurements from a short sample of PHT-0044 fibre using the UV
laser. Spectra were collected at distances from 1 to 20 mm in 1 mm steps, from
20 to 60 mm in 5 mm steps and at 100 mm, but only five of them are shown
for reasons of clarity. The spectra were normalized relative to each other at
the wavelength value of 500 nm.

Fig. 12. (a) Emission spectrum for the PHT-0044 (solid lines) and BCF-20
fibres (dashed lines) at 8 cm and 390 cm. The 8 cm spectra for both the blue
and green fibres were normalized to give unity for the respective total integrals.
(b) The QE and PDE for the XP2020 and SiPM respectively. (¢) The PHT-
0044 and BCF-20 spectra now convoluted with the QE of the XP2020. Note
that the areas under the curves for the 8 cm distance are set to 1.0 in plot
(a), which results in areas under the PHT-0044 spectra of 0.164 and 0.068
while those under the BCF-20 curves are 0.110 and 0.040, both in plot (c).
(d) Similar curves, but now convoluting with the PDE of the SiPM. The areas
under the PHT-0044 curves are 0.136 and 0.067 while for the BCF-20 curves
we have 0.145 and 0.065.

Fig. 13. The average QE of the XP2020 and the average PDE of the A35H,

as a function of distance from source for PHT-044 and BCF-20 scintillating
fibres, are shown. Details are given in the text.
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Fig. 14. Double-exponential fits to the PHT-0044 and BCF-20 data without
and with the convolution of the photosensor. The photosensor in the case of
PHT-0044 is the XP2020 and in the case of BCF20 is the SiPM. The results

of the fits are shown in Table 1.
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