Journal of Instrumentation

OPEN ACCESS Related content

Single crystalline LUAG fibers for

Development of a New Class of Scintillating Fibres " anoencoss aitieaou catimerss
with Very Short Decay Time and High Light Yield oo |

- Strip detectors for a portal monitor
application

. . . G.V. Russo, D. Lo Presti, D. Bonanno et
To cite this article: O. Borshchev et al 2017 JINST 12 P05013 al.

- A large Scintillating Fibre Tracker for LHCb
R. Greim

View the article online for updates and enhancements.

This content was downloaded from IP address 131.169.4.70 on 08/12/2017 at 12:08


https://doi.org/10.1088/1748-0221/12/05/P05013
http://iopscience.iop.org/article/10.1088/1748-0221/8/09/P09019
http://iopscience.iop.org/article/10.1088/1748-0221/8/09/P09019
http://iopscience.iop.org/article/10.1088/1748-0221/9/11/P11008
http://iopscience.iop.org/article/10.1088/1748-0221/9/11/P11008
http://iopscience.iop.org/article/10.1088/1748-0221/12/02/C02053

’ inst PuBLISHED BY IOP PUBLISHING FOR SissA MEDIALAB

RECEIVED: March 22, 2017
AccepTED: May 11, 2017
PuBLisHED: May 17, 2017

Development of a New Class of Scintillating Fibres with
Very Short Decay Time and High Light Yield

0. Borshchev,? A.B.R. Cavalcante,” L. Gavardi,"' L. Gruber,? C. Joram,? S. Ponomarenko,
O. Shinji¢ and N. Surin“

4 Enikolopov Institute of Synthetic Polymeric Materials of the Russian Academy of Sciences,
Moscow 117393, Russian Federation

bCBPF,
Rio de Janeiro, Brazil

¢Technische Universitdt Dortmund,
D-44221 Dortmund, Germany

4CERN, PH Department,
CH-1211 Geneva 23, Switzerland

¢Kuraray CO., LTD., Methacrylate Development Department,
Tokyo, 100-8115, Japan

E-mail: laura.gavardi@cern.ch

ABsTrRACT: We present first studies of a new class of scintillating fibres which are characterised by
very short decay times and high light yield. The fibres are based on a novel type of luminophores
admixed to a polystyrene core matrix. These so-called Nanostructured Organosilicon Luminophores
(NOL) have high photoluminescense quantum yield and decay times just above 1ns. A blue and
a green emitting prototype fibre with 250 um diameter were produced and characterised in terms
of attenuation length, ionisation light yield, decay time and tolerance to x-ray irradiation. The
well-established Kuraray SCSF-78 and SCSF-3HF fibres were taken as references. Even though the
two prototype fibres mark just an intermediate step in an ongoing development, their performance
is already on a competitive level. In particular, their decay time constants are about a factor of
two shorter than the fastest known fibres, which makes them promising candidates for time critical
applications.

Keyworbps: Scintillators, scintillation and light emission processes (solid, gas and liquid scintilla-
tors); Calorimeters; Particle tracking detectors; Timing detectors
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1 Introduction

1.1 Scintillating fibres

The use of plastic scintillating fibres (PSF or SciFi) as active elements of particle detectors or
active targets has a more than 30 years long history in nuclear and high energy physics. The SciFi
technology allows building intrinsically fast, low mass tracking detectors with a high degree of
geometrical adaptability [1, 2]. A further vast field of application is calorimetry, both electromag-
netic and hadronic, where scintillating fibres are embedded in a high-Z absorber medium (typically
lead) [3, 4]. Scintillating fibres can also be arranged as active targets, providing fast trigger and/or
high resolution 3D vertexing [5].

The technological evolution and performance of scintillating fibre based detectors is tightly
linked to the photodetection technology, currently culminating in the so-called Silicon Photomulti-
plier (SiPM) [6], which revived the interest in the SciFi technology and has opened up new fields of
applications. The intrinsic properties of the SiPM, in particular the combination of high sensitivity,
high gain and fast pulse shape, implemented in a solid-state sensor of sub-mm? size, allow for
designing large-scale high-resolution SciFi detectors, which can be read out at the bunch crossing
rate of a modern hadron collider such as the LHC. The SciFi tracker currently under construction
for the LHCb experiment is a recent example [7].



On the other hand, the most advanced photodetection technology only mitigates some of the
intrinsic limitations of the SciFi technology. The achievable spatial resolution is correlated with
the fibre diameter and thus with the light yield, unless one conceives staggered multi-layer fibre
arrangements which come at a cost in terms of the number of readout channel and material budget. A
further limitation is the moderate radiation hardness of plastic scintillators which currently prevents
or at least complicates their use in very harsh radiation environments.

1.2 Main characteristics and limits

The performance of a scintillating fibre based detector is often driven by the achievable signal
amplitude A with its unavoidable (Poisson-like) statistical fluctuations o4. It affects parameters
like detection efficiency, spatial resolution and energy resolution. For time critical applications
the decay time constant of the scintillation light should be as short as possible. It allows for very
high rate experiments, or in combination with a high signal amplitude, for high precision timing
measurements.

The signal amplitude for a given energy deposit in the fibre AE can be factorised into (1)
generation, (2) collection , (3) transport and (4) detection of the scintillation light.

A/AE =Y; - €oll - €rans - PDE

where all factors are functions of the wavelength.

The ionisation light yield Y;(1), measured in photons per deposited energy, is an intrinsic
property of the scintillator. It depends on the choice of the core material and the additive dyes, the
degree of spectral matching between the activator and wavelength shifting dyes and the quantum
efficiency of the latter.

The light collection and transport are affected by the construction of the fibre (core geometry
plus single or double cladding structure) and by the purity of the involved materials. The collection
(sometimes also called trapping) efficiency e describes the fraction of the isotropically emitted
scintillation light which falls into the two cones in which it undergoes total internal reflection. For
double cladded fibres €. is about 5.3% per hemisphere. The losses during the light transport
through the fibre over a distance d are characterised by the wavelength dependent light attenuation
length A(Q), €rans = 1 — exp(—d/A). Self absorption of the wavelength shifting dye, caused by an
insufficient Stokes shift, can also reduce the transparency of the fibre.

The emission spectrum of the scintillator generally appears to shift towards the red during its
transport through the fibre, as scatter and absorption phenomena in the fibre core affect shorter
wavelengths more than longer ones. The effective emission spectrum at the end of the fibre should
be optimally matched to the photon detection efficiency PDE(A) of the photodetector. Similarly,
the degradation of the transparency of the fibre core which is observed after exposure of the fibre
to ionising radiation, affects primarily the shorter wavelengths.

This article describes the first results of an ongoing R&D effort aiming at a significant perfor-
mance gain of scintillating fibres, mainly in view of their use in high rate experiments which are
typically also confronted with harsh radiation environments. The focus lies on the development
of very fast and high yield scintillating fibres with emission spectra in the blue-green to green
wavelength domains, well matched to the PDE spectrum of modern SiPM photodetectors, and less
affected by radiation damage.



The well established scintillating fibres of type SCSF-78 (blue) and SCSF-3HF (green), pro-
duced and commercialised by Kuraray! define the current state-of-the-art and serve as reference.
They are made from a polystyrene (PS) core and employ a double cladding structure of polymethyl-
methacrylate (PMMA) and a fluorinated polymer. The thickness of each cladding layer is 3% of
the total fibre diameter.

2 Development of high performance luminophores

From the materials point of view, scintillating fibres rely upon the composition of plastic scin-
tillators, in which a polystyrene polymer matrix contains two types of organic luminophores: an
activator and a spectral shifter. Following energy deposition by a charged particle, the polymer
matrix emits primary UV photons. Since UV photons have very short attenuation length, they
are further converted via step by step absorption and re-emission by the activator and spectral
shifter luminophores into lower energy photons with larger attenuation length. The efficiency of a
multi-step process is generally not very high.

Recently a new type of high performance luminophores called Nanostructured Organosilicon
Luminophores (NOLs) was suggested [8]. They are based on covalent bonding of the activator
and spectral shifter organic luminophores through Si atoms into a united branched or dendritic
organo-silicon molecule - NOL. Silicon atoms in the NOL, on the one hand, break the conjugation
between the organic luminophores attached to it, and, on the other hand, fix them on a small
distance from each other without formation of excimers. The particular molecular structure of
NOLs leads to a highly efficient non-radiative intramolecular energy transfer from the activator
to the spectral shifter by Forster mechanism, and to faster down-shifting of the absorbed light.
As a result, NOLs possess high molar absorption coefficients, large pseudo Stokes shift and high
photoluminescense quantum yield combined with fast photoluminescense decay time, sometimes
as small as 0.8-0.9 ns [9]. In addition, by choosing different organic luminophores for the synthesis
of NOLs, both their absorption and emission spectra can be tuned to the desired regions [10].
NOLSs are compatible with a range of optical polymers such as PMMA, PS or silicones [11] which
allows for the creation of highly efficient plastic scintillators, spectral-shifting coatings or sheets.
NOL-containing layers or optical plates have already been used for highly efficient down-shifting
of light in various optoelectronic devices, such as organic light emitting diodes [12], thin film
photovoltaics [13], elementary particles noble gas detectors [14] or pure CslI scintillators [15]. In
this work, we report on our first results on the application of NOLs in highly efficient and fast
scintillating fibres.

High scintillation yield in fibres requires a rather large concentration of the activator. However,
long attenuation length can only be achieved by keeping the concentration of the spectral shifter
relatively low. Therefore, pure NOLs are not expected to be efficient for scintillating fibres, as their
ratio of activator to spectral shifter luminophores would be far from the optimum. Consequently,
we have used here a conventional activator and added NOLs as highly efficient spectral shifters
with high absorption cross-section and ultra-short photoluminescense decay time. For this purpose,
we selected two different NOLs, which are able to absorb the emission coming from the activator
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Iuminophores, in particular: (1) NOL11 emitting in the blue region with maxima at 397, 421 and
445 nm, having photoluminescence quantum yield (PLQY) of 96% and photoluminescense decay
time 7 = 0.98 ns, and (2) NOL19 emitting in the green region with maxima at 436, 466 and 490 nm,
having PLQY = 87% and 7 = 0.93 ns.2
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Figure 1. Absorption (left) and luminescence (right) spectra of NOL11 and NOL19 used as highly efficient
spectral shifters in scintillating fibers BPF-11-1 and GPF-19-1. For comparison, the absorption spectrum of
POPOP, often used as the spectral shifter in the standard plastic scintillators, is shown as well.

To characterize the intrinsic properties of the NOLs, the absorption and luminescence spectra of
NOL11 and NOL19 were measured in diluted THF solution, as shown in figure 1. For comparison,
the absorption spectrum of one of the standard spectral shifters used in plastic scintillators and
scintillating fibres — POPOP — is included in the figure. As can be seen from this data, the
integral absorption of both NOLs is about 3 times larger than those of POPOP. The absorption
edge of NOL11 lies at 410 nm, while it is at 440 nm for NOL19. This difference in the absorption
spectra of NOL11 and NOL19 as well as their internal molecular structure leads to a shift between
the NOL11 and NOL19 luminescence spectra of about 45 nm. The first emission peaks of NOL11
and NOL19, at 397 and 436 nm, respectively, will be re-absorbed for high NOL concentrations or
for large optical paths. Thus, NOL11 emits in the blue and NOL19 in the green regions. These two
NOLSs were used for the preparation of scintillating fibres, in the following called BPF-11-1 and
GPF-19-1, respectively (Blue/Green Prototype Fibres 1).

3 Production of scintillating fibres

All fibres discussed here were made by a preform drawing method, developed by Kuraray. This
production method is less efficient in productivity to an extrusion method used widely for ordinary
optical plastic fibres, however it brings advantages when different low-volume productions for a
wide range of applications are required, as it is typically the case for scintillating fibres.

The activator and NOLs were admixed to the styrene monomer and bulk-polymerised in a
cylindrical vessel to a cylindrical core rod. In order to produce multi-cladding type fibres, the
polymerized core was then dressed with two cladding cylinders, where the inner material was

2All these measurements were made in diluted THF solution to characterize the properties of individual NOLs. See
catalogue at: http://www.luminnotech.com.
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PMMA and the outer a fluorinated polymer. This preform rod was then set in a heating furnace and
drawn into thin fibre of 0.25 mm outer diameter. All fibres, NOL and reference fibres, presented
here were multi-cladding type in order to maximise effective light yield and attenuation length.

Polystyrene is a polymer that easily deteriorates and discolours under the influence of oxygen
and heat, leading to increased optical absorption in the wavelength region between 400 nm and
550 nm. To achieve maximum attenuation length, control of oxygen and heat is crucial, particularly
as preform polymerisation and fibre drawing are high temperature processes.

A further important point concerns the molecular orientation of the polystyrene core polymer,
which is determined by certain parameters of the fibre drawing process. A higher degree of molecu-
lar orientation benefits the mechanical strength of the fibre, but reduces its optical transparency, i.e.
results in a shorter attenuation length. The fibre drawing process requires therefore a well-balanced
and stable control of the involved parameters.

4 Performance characterisation

In the following we describe the performance of the two new prototype fibres. For each measurement
we give a short description of the experimental set-up and compare the fibre to the SCSF-78 and
SCSF-3HF reference fibres. All fibres discussed in this article have a diameter of 250 um.

4.1 Spectral emission

The emission spectrum of a scintillating fibre depends primarily on the choice of the wavelength
shifter and on the distance between the excitation point and the photodetector. In our set-up, which
is described in detail in [16], the wavelength shifter in the fibre is excited by four UV-LEDs. Those
are mounted in an integrating sphere-like cavity through which the fibre passes. The cavity is
mounted on a carriage which can be moved along the fibre. The fibre is read out at one extremity
by a spectrometer (Ocean Optics USB2000+UV-VIS-ES).

Figure 2 shows the emission spectra of the prototype fibres and of the reference SCSF-78
and SCSF-3HF fibres, excited at a distance of 15cm, 95 cm and 295 cm from the spectrometer.
Both SCSF-78 and BPF-11-1 are blue fibres with maxima in the region between 420 and 450 nm.
The emission spectra of the GPF-19-1 and SCSF-3HF peak at 470 nm and 530 nm, respectively
(green). The measurements presented in figure 2 show clearly the before mentioned shifting of the
emission spectrum towards longer wavelength when the distance between excitation and detection
point increases, i.e. the photons with shorter wavelength tend to be more attenuated than photons
with longer wavelengths.

4.2 Attenuation length

The attenuation length A(A) characterises the quality of light transport through the fibre (see
section 1.2). Alternatively, the attenuation coefficient a(1) = [A(1)]™! is used, e.g. in the context
of radiation damage (see section 4.5).

As mentioned above, the set-up [16] used for the measurement of the attenuation length was the
same as the one for the spectral emission, except that for integral measurements the spectrometer
(Ocean Optics USB2000+UV-VIS-ES) was replaced by a Si-PIN photodiode (Newport 818-UV).
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Figure 2. Emission spectra at distances of 15 cm, 95 cm and 295 cm, respectively, from the spectrometer.

The spectral attenuation length was derived from exponential fits to the intensities measured
with the spectrometer in wavelength bins of about 5 nm, at different excitation distances from the
spectrometer. The fits were performed between 100 and 300 cm, to avoid the contribution of a
second exponential with shorter attenuation length due to losses of cladding light and to photons
travelling with non-meridional trajectories inside the fibre. This steep exponential term has typical
attenuation lengths of 20-30cm, i.e. it is already sufficiently attenuated at 100 cm to be ignored.

The results of the spectral attenuation length presented in figure 3 show that the SCSF-78
fibre outperforms the other samples in the wavelength region 430 — 600 nm, i.e. where its emission
spectrum lies, while the SCSF-3HF is favoured at higher wavelengths, where the other samples do
not emit any light. In general the photons with longer wavelengths are less attenuated in the fibre,
with the exception of the two minima at 4 ~ 535nm and 4 ~ 610nm. The enhanced absorption
in these regions can be assigned to the excitation of high harmonics of the aromatic C-H stretching
vibration levels of polystyrene [17] and are therefore visible in all four samples.

The integral attenuation length was measured in a similar way. An exponential fit was ap-
plied to the recorded intensities of the Si-PIN photodiode at different excitation distances. As
discussed in [16], the precision on A with the set-up used is 5%. Unless the sensitivity of the
used photodetector is constant in the wavelength range of the detected photons, the integral atten-
uation length will depend on the spectral sensitivity of the photodetector. As shown in figure 4,



16001
E [+« BpPF1L1
1400~ | v GPF191
& L |. scsrs
81200F- | = SCSF-3HF
Ea- SCSF-3HE
Z1000[ GPF-19-1 ii
E F SCSF-78 !ﬂ?ﬂ éi aiee
§ 800 —weBRELLL ] ;il”‘ﬂ P .
C sitt ii;Yv (LI H
600[— K abdy § L
E ott Lasdy .-- i |
C . A v - [ ]
4001~ Shaasty .
i . vv TTLLL
200 ,
[ o1a v
) el H R EE A EE R R
450 500 550 600 650

Wavelength [nm]
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the quantum efficiency of the used Si-PIN diode increases steadily from 0.5 at 400 nm to 0.84 at
650 nm. The SCSF-3HF sample particularly profits from the enhanced sensitivity of the photodi-
ode at longer wavelengths and achieves an integral attenuation length comparable to the SCSF-78
fibre (see figure 5). Both reference fibres show integral attenuation lengths exceeding 300 cm
(Ascsp-78 = 351 cm; Agcsp-3gr = 330 cm), while the attenuation lengths of the prototype fibres
are both smaller than 300 cm (Agpr_11-1 = 263 cm; AGpr_19-1 = 294 cm).
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4.3 Ionisation light yield

The measurement of the intrinsic ionisation light yield of thin scintillating fibres is a challenge as it
requires knowledge of the energy deposited by a charged particle (or high energy photon) in the fibre
core and many other parameters such as the trapping efficiency of the fibre, the quality of coupling
between fibre and photodetector or the photon detection efficiency of the latter. Typical values in
the literature lie around 7000-10000 photons/MeV. However, for the purpose of comparing the



prototype fibres among each other and with the reference fibres it is sufficient to perform a relative
measurement under reproducible and well defined experimental conditions. Our method is based on
the measurement of the light output at the end of the fibre, in units of photoelectrons (p.e.) detected
by a photodetector, created by a minimum ionising particle traversing the fibre at a given distance
from the detector. A more detailed description of the set-up and its components can be found
in [18]. The whole set-up is placed inside a dark room at an ambient temperature of about 22 °C.

In order to increase the measured light output and therefore the signal to noise ratio we arranged
the three test fibres and two trigger fibres in a way that the ionising particle had to traverse all three
fibres. The three test fibres of 250 um diameter and 2.6 m length were read out jointly by a single
Silicon Photomultiplier (SiPM type Hamamatsu S13360-1350CS). The average path length of the
particles through the active part of the fibres was calculated to be 0.52 mm. On one end the fibres
were glued into a cylindrical plastic ferrule and then cut with a diamond milling tool in order to
achieve a good quality end cut. The other end was left unmachined. The SiPM was connected to
a Hamamatsu C12332-01 driver board featuring a temperature compensation of the bias voltage
and signal amplification. Two trigger fibres with the same diameter, placed on top and below
the fibres under test, were read out individually by two Hamamatsu H7826 Photomultiplier Tubes
(PMTs). The ionising particles were provided by a special monochromatic electron gun [18], based
on a Sr-90 source, placed below the fibres, which allows to select electrons with an energy of
1.1 £ 0.1 MeV using a magnetic field and collimators. Electrons of 1.1 MeV can be considered
as minimum ionising particles (MIP). The SiPM signal was readout with a LeCroy LT344 digital
oscilloscope (bandwidth 500 MHz, 500 MS/s)). The respective trigger signal was generated as a
coincidence of the amplified and discriminated trigger PMT signals, leading to a trigger rate of
about 10Hz. The trigger ensures that only electrons traversing all three test fibres were recorded.
After pedestal subtraction, the mean accumulated signal charge was converted into photoelectrons
after appropriate calibration using single photoelectron spectra.
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Figure 6. Light yield of prototype fibre samples and comparison to Kuraray standard fibres SCSF-78 and
SCSF-3HF. The error bars are covered by the markers. The systematic uncertainty for the measurement was
found to be 2.5 % and should be added to the above errors obtained from the fits.

We measured the light output at distances d = 90cm to d = 240 cm from the SiPM in steps
of 30 cm and normalised it to the average pathlength of 0.52mm. Finally the data points were

fitted by a single exponential function (f(d) = Npee‘d/ A). The scintillation yield was defined as



the light output extrapolated to d = 0. It can be noted that such measurement allows also to
extract the attenuation length A using a different method than the one described in section 4.2.
Figure 6 shows the results of the light yield measurements for the two prototype fibres and Kuraray
standard fibres. We obtained a value of Npe = 23.2/mm for the blue prototype fibre (BPF-11-1),
reaching almost 85% of the best value achieved with the blue emitting standard fibre SCSF-78
(Npe = 27.8/mm). We believe that the BPF-11-1 light yield can be further enhanced by optimising
the activator and wavelength shifter concentrations. The green prototype fibre (GPF-19-1) yields at
this stage Npe = 14.2/mm, i.e. about 40% less than the reference fibre SCSF-3HF (N, = 23.6/mm).
It should be noted that we experienced some unstable conditions during the fibre drawing process
for this particular fibre which may have deteriorated its performance.

4.4 Decay time

For fast timing applications it is of particular importance that the decay time constant of a scintillating
fibre is as low as possible. The described measurement method is based on the assumption that
the decay time of the wavelength shifting dye dominates the overall decay time of the scintillating
fibre. A fast pulsed UV-LED (PicoQuant PLS370, 4 = 375nm, o ~ 220ps pulse width) was
used to laterally excite a single fibre at a distance of about 10-15 cm from one fibre end which was
attached to a fast PMT (Hamamatsu H7826). The fibre was machined with a diamond milling tool
in order to achieve a good quality end cut. The light intensity was adjusted such that the PMT
detected primarily single photons. A pulse generator drove the LED and provided the start signal,
whereas the amplified and discriminated (threshold 0.5 p.e.) PMT signal gave the stop signal for
each single event. For each measurement typically a few 100k events were recorded using a LeCroy
LT344 digital oscilloscope. The resulting time distributions can be well described by an exponential
function containing the decay time constant 7 of the scintillation light, convoluted with a Gaussian
with a width of o ~ 450 ps accounting for the overall time jitter of the experimental set-up, given by:

2 a _
fouo,t) = % exp %(Z,u + 0-7 - Zx)] erfc (%) 4.1)
where erfc is the complementary error function.

Figure 7 shows the measured and fitted time distributions for the prototype and reference
fibres. The decay time constants of 2.4ns and 6.2 ns obtained for the blue and green reference
fibres, respectively, are in good agreement with the catalogue values of 2.8 ns and 7 ns for SCSF-78
and SCSF-3HF provided by Kuraray.®> The measurements of the prototype fibres yield a decay time
of 1.2-1.3 ns which is about a factor two faster than the best standard fibre and demonstrates the
potential of using NOLs for very fast scintillating fibres.

4.5 Performance degradation after x-ray irradiation

An X-ray set-up [19], based on an X-ray tube equipped with a tungsten target, allowed to uniformly
irradiate 3.5 m long fibre samples. For this test the tube was operated at 40kV and at an anode

3www.kuraraypsf.jp; it should be noted that the Kuraray catalogue value of the decay time constant of SCSF-78 is
not based on a direct measurement of a fibre but derived from the decay time of the wavelength shifter dye of this fibre
in solution.
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Figure 7. Decay time of prototype (top) and reference fibres (bottom).

current of 30 mA. With these settings the fibres under test were irradiated to a dose of 1 kGy in 45
minutes (dose rate of 23 Gy/min).

The quantity used to assess the damage caused by the irradiation is the additional attenuation
coefficient a;aq. It is defined as a;aq = @’ — @, where o = Ag 1 is the intrinsic attenuation of the

fibre and @’ = A’~! is the attenuation after the irradiation.

It should be noted that the performance degradation of a fibre after irradiation with X-rays
does not necessarily allow to infer the damage obtained from other radiation sources. In particular
hadron irradiation causes not only a higher deterioration just after the irradiation, but also the
time evolution of the damage is different: while hadron irradiation induces a permanent damage,
the fibres irradiated with X-rays completely anneal, typically on a time scale of weeks. The time
constant of the annealing may vary depending on the choice of the dyes. For example, for the
SCSF-78 fibres we observe a total annealing after about 1 month from the irradiation. The results
of the X-ray irradiations are shown in figures 8 to 10. The measurement of @’ was performed just
after the irradiation and then repeated a week later. The blue fibres (SCSF-78 and BPF-11-1) are
less damaged than the green fibres (GPF-19-1 and SCSF-3HF). The spectral analysis shows how
the resistance to X-rays depends on the chosen dyes. The two blue fibres behave similarly, both after
the irradiation and after the annealing, with a more or less pronounced minimum in the wavelength
region around 500 nm. The green fibres are equally affected only for wavelengths up to 540 nm,
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while they exhibit different behaviours in the range 540 — 600 nm. The SCSF-3HF sample shows
a faster annealing than GPF-19-1. The irradiation of the fibres and the consequent annealing took
place in normal laboratory atmosphere at room temperature.

_ x10°
5 st +
EOF !
° af |
3F
i ¥
2 ¢
r o
1 % % :
r 3 A
C | L | |
SCSF-78 BPF-11-1 GPF-19-1 SCSF-3HF

Figure 8. Additional attenuation coefficient after X-ray irradiation ay,q = @’ — @p. For each sample, ag has
been measured before irradiation, while @’ is the attenuation directly after irradiation (filled markers) and
after 7 days of annealing (empty markers).
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Figure 9. Additional attenuation coefficient di- Figure 10. Additional attenuation coefficient after
rectly after X-ray irradiation. 7 days of annealing.

5 Discussion

The results presented in this work are summarised in table 1. They reflect an intermediate state
of an ongoing development programme. Both the blue and the green prototype fibres show a very
short decay time constant and mark to our knowledge new records. The GPF-19-1 prototype fibre
is about a factor 6 faster than the SCSF-3HF fibre produced by Kuraray and about two times faster
than the green BCF-20 fibre produced by Saint-Gobain Crystals.4

At identical number of detected photoelectrons, the decay time constant 7 impacts linearly
on the achievable time resolution or coincidence resolving time o oc 7. An example where such
reduced decay time may boost the detector performance is the Mu3e experiment at PSI [20, 21].

4Saint-Gobain Crystals, Hiram, Ohio, U.S.A.
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Table 1. Summary of fibre performance. The peak wavelength Ape.x is for fibre excitation close to the
photodetector.

Fibre type | Apeak [nm] A [cm] LY [p.e/mm] 7 [ns]
BPF-11-1 430 263 23.2 1.34
GPF-19-1 470 294 14.2 1.18
SCSF-78 440 351 27.8 2.36
SCSF-3HF 530 330 23.6 6.18

A fast scintillating fibre hodoscope is foreseen to discriminate combinatoric background from
u* — e"v,v, decays against the lepton flavour violating signal channel u* — e*e~e*. Given the
small length of the detector (36 cm) the not yet optimal attenuation length of our prototype fibres
would not lead to noticeable performance loss.

We expect that further optimisation of the luminophore concentrations as well as of the pro-
duction process will lead to significantly longer attenuation length and increased scintillation yield.
The goal is to reach a 20% higher scintillation yield than the SCSF-78. Such fibres would be
highly attractive for the large LHCb SciFi Tracker [7] currently under construction at CERN. The
experiment would particularly profit from a fast blue-green fibre with high light yield and long
attenuation length.

The LHCb SciFi Tracker uses 250 um SCSF-78 fibres of 2.5 m length, read out at one end
with SiPM photodetectors while the other fibre end is mirrored. Given that the attenuation length
of polystyrene generally increases with wavelength, a blue-green fibre could be an advantage. Peak
emission around 500 nm would very well match the spectral sensitivity of the SiPM detectors. In
the inner region, close to the LHC beam pipe the fibres are exposed to an ionising dose of up to
35 kGy, accumulated over the lifetime of the detector. This leads gradually to a reduction of the
attenuation length and hence to a lower number of detected photoelectrons, ultimately affecting the
hit efficiency of the detector. The problem could be mitigated by using fibres with an initially higher
scintillation yield, provided that they show the same radiation damage.

The fibre length of 2.5 m leads to a substantial spread of the photon propagation times of up
to 15 ns, for reflected photons of even up to 30ns (2 - 2.5 m - 6 ns/m). Fluctuations due to the
decay time of the scintillator come on top. Fibres with significantly shorter decay time mitigate the
problem that a fraction of the scintillation light spills over in the next LHC bunch crossing following
with a 25 ns interval.

The irradiation tests with X-rays to a dose of 1 kGy indicate that the radiation damage of the
blue BPF-11-1 and the green GPF-19-1 fibres are on a level comparable to the respective reference
fibres, however irradiation tests with hadrons and to higher doses still have to be performed.

It should be noted that the NOL principle on which the discussed scintillating prototype fibres
are based, can also be applied to scintillator tiles [8] and wavelength shifting (WLS) fibres which
should potentially be very fast and efficient. The requirements are however different, as WLS
fibres shall not produce scintillation light, i.e. the absorption spectrum of the luminophore must not
overlap with the emission spectrum of polystryrene.
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6 Outlook

The prototype fibres discussed in this article represent an intermediate step of an ongoing develop-
ment programme. Further iterations, optimising luminophore choices and concentrations as well
as the process steps, are expected to improve the performance in several respects.

Given the novelty of NOLSs, little is known about the long term stability of NOL-based fibres. In
general, the oxidation stability of NOLs is similar or slightly higher than the one of normal organic
dyes. We therefore don’t expect any degradation of NOL fibres in a normal ambient environment.
Sustained exposure to light is known to damage scintillating fibres. Quantitative tests need to be
performed by exposing fibre samples to various light sources and monitoring their performance.
Applications in modern particle physics experiment will often entail exposure to harsh (multi-kGy)
radiation fields, typically consisting of multi-GeV hadrons. We will therefore complement our
studies with x-rays by high energy hadrons, which are known to produce permanent damage in
the fibres. The CERN PS irradiation facility providing intense proton beams of 23 GeV/c is well
suitable for such a campaign.
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