Abstract. Following the comparative study of proton induced radiation damage on various
plastic scintillator samples from the ATLAS detector, a study on neutron irradiation and
damage assessment on the same type of samples is currently being conducted. The samples
were irradiated with different dose rates of neutrons produced in favourable nuclear reactions
using a radiofrequency linear particle accelerator as well as the SAFARI nuclear reactor at
NECSA and the IBR-2 pulsed reactor at the Joint Institute for Nuclear Research (JINR) in
Dubna. The MCNP 5 code was utilized in simulating the neutron transport for determining the
dose rate. Light transmission tests were performed in order to assess the radiation damage on
the scintillators, In addition; light yield, Raman spectroscopy and Electron Paramagnetic
Resonance (EPR) analysis will be used to characterize the samples after irradiation. The project
aims to extend these studies to include radiation assessment damage of any component that
processes the scintillating light and deteriorates the quantum efficiency of the Tilecal detector,
namely, photomultiplier tubes, wavelength shifting optical fibres and readout electronics will
also be exposed to neutron irradiation and the damage will be assessed in the same manner.

1. Introduction
The ATLAS detector is used to measure what happens in proton-proton collisions at the Large Hadron
Collider (LHC) to find evidence of new physics. The tile calorimeter is part of the ATLAS detector, it
is the hadronic calorimeter responsible for detecting hadrons, taus, and jets of quarks and gluons. The
tile calorimeter consists of a central barrel and 2 extended barrels. Each barrel contains 64 modules
that consists of a matrix of steel plates and plastic scintillators. The steel plates act as an absorber
medium that converts the incoming jets into a “shewar” of particles. The plastic scintillator tiles then
absorb the energy of the particles and ﬂuoresceh emit light. The light from the scintillators is
passed through wavelength shifting optical fibres and is detected by photomultiplier tubes. The signal
is further processed using readout electronics in order to digitize the data for further analysis [1][2].
Between the central barrel and extended barrels there is what is referred to as the Gap region. This
region contains additional plastic scintillators that are radially distributed within the region. During the
first run of data taking, the scintillators in the gap region were exposed to a radiation environment of
—~up to 10 I\Gy/yeal It is predicted that during the high luminosity (HL)-LHC run time, the scintillators
in the Gap region will sustain a significantly large amount of radiation dami%? and will require
replacement during the phase 2 upgrade in 2018. This prediction has-led tj--th& mparative study of
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proton induced radiation damage on plastic scintillators conducted by H Jivan [1][3], C Pelwan [4]
and S Liao [5].

With 2018 rapidly approaching, the comparative study of proton irradiated plastic scintillators has
been extended to study the effect of neutron induced radiation damage on plastic scintillators. In this
paper, we report some of the results obtained from radiation damage induced by neutron irradiation.

2. Scintillation Mechanism

The plastic scintillator samples that were studied are organic scintillators, these scintillators have a
basic scintillation mechanism that involves Féster energy transfer and self-absorption. They consist of
one or two dopants [6]. The scintillation mechanism of organic scintillators is determined by the
characteristics of the benzene ring. An organic scintillator scintillates despite its crystal form, whether
it be it a liquid, a gas or imbedded in a polymer. The chemical bonds found within a benzene ring are:
o-bonds that are in the plane with bond angle 120° and are ﬁ‘om@ybridization. The other chemical
bonds found are m-orbitals which are out of plane and overlap. The n-electrons are completely

delocalized.
Looking at the scintillation mechanism after the scintillator has absorbed the photon or excitation

by ionization, the molecule will undergo vibrational relaxation to the Sipstate. The S1p excited state
radiatively decays to the vibrational sub-levels of the ground state. The lifetime of the Sypstate is in the
nanoseconds time range. The short lifetime allows for the fluorescence emission spectrum to be
roughly a “mirror image” of the absorption spectrum, in other words, they have the same spacing, The
emitted photons have less energy than the Soo — S10 phase transition and that’s where the important
Stokes shift is observed. There is no 5z — 53 emission, thus there is an internal non-radiatively de-
excitation occurring within the scintillator taking place in the picoseconds time range. The excited
triplet state cannot decay to the ground state as a result angular momentum selection rules, it therefore
results in a delayed fluorescence and phosphorescence [7].
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Figure J. A fluorescence absorption and emission spectra (left) and scintillation mechanism for and

organic scintillator (right) [7].

3. Experimental Details
Four plastic scintillator grades were under study, three of which were obtained from ELJEN
technologies and one from Dubna. The three plastic scintillators obtained from ELJEN technologies
are composed of a polyvinyl toluene base and 3% added organic fluors [1], the fourth plastic
scintillator grade is the Kharkov type obtained from Dubna. The plastic scintillator grades under study
are the £J200, EJ208, EJ260 and the Kharhov type.

Several samples of each plastic scintillator grade were cut and polished at the Dzhelepov
Laboratory of Nuclear Problems (DLNP) at JINR. Sixteen samples were cut to dimensions 20 mm by
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20 mm, with 6 mm thickness. Additional samples of the ELJEN grade were polished to 10 mm a2 K p

thickness with dimensions 20 mm by 15 mm. Special samplp-halders were made to accommodate our ) )
samples due to their size. - WWy LY
Flﬂﬂ( Laboratory of Neutron Physics (FLNP) in JINR ., 4@

Channel 3 of the IBR-2 pulsed reactor at the
was used to irradiate the samples [8]. TI e»san{}es were subjected to irradiation with a beam of fast
neutrons with energies above 1 MeV for\337 hours, The reactor was operating at an average power of Ve )
1875 kW. The samples were placed at three different positions from the reactor core to expose the <% /.
samples to different neutron fluxes to achieve various doses. The neutron flux density ranged between {
1-10%~7.7-10°. U,v\"“‘)@

The Monte Carlo N-Partcle (MCNP) 5 [9] code was used to simulate neutron transport through = o
plastic scintillators and to determine the dose rate. The Monte Carlo method is used to simulate 7 Fdu
statistical processes theoretically, in particular complex problems that cannot be solved/modelled =
using computer codes that use deterministic methods. The MCNP code is used to simulate neutron, o) n@f ¢
photon-and electron or coupled neutron/photon/electron transport. The code is in 3-D and is capable of LA
tracking up-to-34 particles and 4 light ions. The code takes into account the absorption and the Lo
moderation of the neutrons as they travel though matter. T L

Table 1 below shows the neutron flux density, neutron fluences and doses at the various positions. ="

Table 1. Neutron flux density,'neml'on fluences and doses at the various positions. ‘; P \@‘
Sample position Flux density (n/em?/s) Fluence (n/cm?) Dose (Gy) ",
1 ST (Ioe 12107 66 w7 Tle

N e 2 3.6:10°¢ 3.6-10"2 199 * i

\ N 3 7.7-10° 9.4-10" 510 i

Light spectroscopy was conducted using the Varian Carry 500 spectrophotometer to characterize
the optical properties of the irradiated samples due to the damage of the neutron irradiation. The light
transmission of the samples\ was measured relative to the transmission in air over a laser wavelength
range between 200-800nm. Transmission spectra were collected 8 weeks after irradiation, control
samples were left [i'n"'»i'i"i;adi.a.ted in order to gauge the transmission loss. ey

4. Light Transmission 1105@ and Analysis
The light transmission spectroscopy results for each scintillator grade relative to the light transmission
in air are shown below on the spectra on the left in Figures 2-5. In Figure 2, it is observed that at a

. / . 'wavelength of 400 nm the absorptive edge falls away completely for the EJ200 grade. The overall

transmission of the grade decreases with an increase in dose but it is observed that at 755 nm, there is
a slight increase in transmission at low doses. Figure 3 shows the light transmission spectrum of the
EJ208 grade. It is observed from the spectrum that the absorptive edge falls away at 385 nm. At the
highest exposed dose, there is an increase in transmission. At doses lower than 200 Grays, there is a
decrease in light transmission. However we do observe an increase in light transmission for the lowest
dose exposure at wavelengths above 705 nm. The transmission spectrum for the EJ260 is shown in
Figure 4, it is observed that transmission starts to occur at wavelength 355 nm for a short wavelength
range. The absorptive edge falls away completely at 460 nm. The overall transmission of the grade
decreases with radiation damage. Figure 5 shows the transmission spectrum of the Kharkov type
grade, the absorptive edge for this grade falls oft completely at 400 nm. It is observed that the overall
transmission.of the grade increases with increasing dose. y

The t@nsmission lossjs observed at wavelength 450 nm as this corresponds to the peak absorption - . \
wavelength of the wavelength shifting optical fibres coupled with these scintillators within the Tile — ,of"
Calorimeter. We consider the transmission loss of the highest dose exposure, 510 Grays. We observe a |
8.4% transmission loss for the EJZOO@VQlransmission increase for the EJ208 and 0%) transmission S}~ A
loss for the EJ260 as the sample absorbs light in the wavelength range from 400 nm to 460 nm. The
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Kharkov type grade shows a 2.9% transmission increase. The ttansnussmn loss is cleal ly shown in
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Figure 2. Left: Transmission spectrum for un-in'adiatea and irradiated samples over several doses

relative to air for the EJ200 grade. Right: Enlarged spectrum at wavelength 400 — 800 nm.
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Figure 3. Left: Transmission spectrum for un-irradiated and irradiated samples over several doses
relative to air for the EJ208 grade. Right: Enlarged spectrum at wavelength 400 — 800 nm.
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Figure 4. Left: Transmission spectrum for un-irradiated and irradiated samples over several doses
relative to air for the EJ260 grade. Right: Enlarged spectrum at wavelength 460 — 800 nm.
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Figure 5. Left: Transmission spectrum for un-irradiated and irradiated samples over several doses
relative to air for the Kharkov type grade. Right: Enlarged spectrum at wavelength 400 — 800 nm,

5. Conclusion

From the results obtained in this study, we observed that neutron irradiation has an effect on the light
transmittance of plastic scintillators. We considered the transmission loss at wavelength of
approximately 450 nm which corresponds to the peak absorption wavelength of the wavelength
shifting optical fibres coupled with these scintillators within the Tile Calorimeter. The EJ200 showed
the highest transmission loss with a 3.8% loss whilst the EJ260 showed no loss at all at wavelength
450 nm since it is observed that no transmission occurs in the wavelength range of 400 — 460 nm.
Unlike the EJ200 and EJ260, the EJ206 and the Kharkov type had an increase in transmittance by 3%
and 2.9% respectively.
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/ The overall transmission for the EJ200 and EJ260 decreases with exposure to radiation but there is
., no clear relationship between the dose exposure and the light transmittance from the three doses under
study. The EJ208 and the Kharkov type both show an increase and decrease in light transmission. The
* highest dose exposure show an increase in light transmission whilst doses below 200 Grays show that
there is a transmission loss for the EJ208. The Kharkov grade shows transmission loss for the lowest
dose, below 100 Grays and an increase in transmission for doses above 200 Grays. No additional
features were observed on the spectra due to radiation damage for all the grades compared to those
observed in the proton irradiated samples [1].
All the results in this study are preliminary, they will be used as a guide in future studies. No
conclusions can be made in this study on which plastic scintillator grade performed better under
neutron radiation.

6. Upcoming work

Light yield tests will be done next. Raman spectroscopy will also be performed to observe if any
structural damage occurred from the radiation damage. More samples will be irradiated at higher -
exposure doses to study on how the plastic scintillators behave higher doses of radiation damage, A
study on the thickness dependence of the plastic scintillators will also be conducted. This will focus on
studying the relationship between the thickness and the transmittance of the sample after undergoing
radiation damage.
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