
Scintillator Detector using Wave-length Shifting Fiber
Read-out

Introduction to scintillator

Certain materials when struck by an energetic particle or radiation emit a small flash of light
by fluorescence i.e. a scintillation. The material is known as a scintillator. Mainly there are
two types of scintillators,

• Organic scintillator

• Inorganic scintillator

Organic scintillators (e.g. anthracene, stilbene etc) are fast but their light output is low.
Inorganic scintillators (e.g. NaI(Tl), BGO, BaF2 etc) are slow but they have high light
output, giving rise to better energy resolution. But it is recently found that CeF3, PbWO4,
ceramic crystals etc, the inorganic scintillators, are also very fast.

One type of organic scintillator is plastic scintillator. Plastic scintillators are made by
dissolving the organic scintillator (e.g. PBD, P-terphenyl, PBO etc.) in a solvent
(e.g.Polyvinyltoluene, Polyphinylbenzene, Polysterene etc.) which can be subsequently
polymerised. The solvent concentration is typically of the order of 10 g/liter. The ionisation
energy seems to be absorbed mainly by the solvent and then it is passed on to the scintil-
lating solute. The transfer usually occurs very quickly and efficiently, although the precise
details of the mechanism are still not clear. Very often, a secondary solute such as POPOP
is also added for its wave length shifting properties, but in a very small amount. Advantages
of plastic scintillators are, ruggedness, availability in large size, fast response of signal etc.

The wide spread use of scintillators in particle or radiation detection is possible with the
availability of photomultiplier tubes which convert the extremely weak light output of a
scintillation pulse into a measurable electrical signal. Generally the Photo Multiplier (PMT)
is mounted with the scintillator via a so called wave guide to maximise the light collection.

Photomultiplier (PMT) tube

This is an electronic device which convert mainly optical light into a measurable electronic
signal. Light produce in the scintillator is propagated to the PMT for conversion to electrical
signal, which can easily stored in digitised form using data acquisition system. The combina-
tion of scintillator and the PMT is the backbone of present day high energy energy physics,
starting from the first observation of νe and the combination is simply called scintillator
detector.
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A design of a conventional PMT is shown in figure 1 and different components and basic
features of PMT are

• A window to admit light, in general this is made of glass, but to have extended quantum
efficiency at violate or UV range of photon, window is made of quartz. A plano-concave
shape is used to minimise the spread in electron transit time, consequently improve
the time resolution.

• A photo cathode that emits electronics in response of light, which are made of bialkali,
trialkali and combinations of these with alkali material. The choice of this materials
are mainly due to low work function of in combination.

• An electron optical system which focuses the emitted electron to next stage.

• A series of electrodes called dynodes which multiply electrons by secondary emission
and CuBe, GaP etc., are typical chosen as dynode material for their large multiplication
factor.

• An anode (conventionally tungsten) collects secondary electrons.

In general the size of the scintillator detector is not matched with the front face surface area
of the PMT. To propagate photon from scintillator to PMT efficiently, a transparent medium
is included in between them, similar to impedance matching in electronic circuit. Typical
scintillator detector with scintillator coupled with the PMT with light guide is shown in
figure 2.

Wave-length shifting fiber read-out system

For a compact system where the space is not available to mount the PMT via a wave guide or
in the presence of leakage magnetic field the wave guide read-out system is not appropriate.
In the presence of magnetic field the trajectory of the secondary electrons in the PMT is
disturbed and consequently electrons are not focussed properly on the dynodes or anode i.e.
the signal height is decreased. Hence, higher the magnetic field, worse is the signal and it
may even be lost for a high field. To avoid this problem, wave-length shifting (WLS) fiber
read-out system is used, so that the PMT can be mounted outside the magnetic field region.
One should also choose special WLS fiber so that its emission spectrum matches that of the
PMT.

The band gap of the material of the wave-length shifting fiber is lower than the energy of
the photon produced by the scintillator. The photon emitted by the scintillator is absorbed
by the WLS fiber and re-emitted as a lower energy photon uniformly in all directions. Hence
all photons are not propagated through the fiber.

Let φc be the critical angle of the wave length shifting material w.r.t. the cladding material
as in figure 3. So the light produced in the fiber which makes an angle θ with the fiber axis
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Figure 1: Different components of a conventional photomultiplier.

Figure 2: Coupling of scintillator with the PMT.
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escape from the fiber if θ > θc where φc + θc = π/2 and if θ < θc, it is trapped. Hence, the
fraction of light that is piped in one direction of the fiber is

Figure 3: Transmission of wave length shifted photon inside the fibre.

F =
Ω

4π
=

1

4π

∫ θ=θc

θ=0

2π sin θdθ =
1

2
(1 − cos θc) =

1

2
(1 − sin φc) =

1

2
(1 −

ncl

nco

)

where, the r.i. of the core material, nco = 1.60 and the r.i. of the cladding
material, ncl = 1.49, hence F = 3.44%. If one side of the WLS fiber is made a perfect
reflector, then the total light along the PMT is = 6.875%.

Experimental tools

• 130 cm × 60 cm × 1 cm BC-404 plastic scintillator(bicron).

– light output, 68% of anthracene

– Wavelength of maximum emission : 408 nm

– Decay constant of main component : 1.8 ns

– Bulk light attenuation length : 160 cm

– Refractive index : 1.58

– Density : 1.032 gm/cc

– Softening point : 70◦C

• BCF-91A wave-length shifting fiber.

– scintillating core (polystyrene) refractive index: 1.60

– Cladding (PMMA) r.i.: 1.49

– Diameter : 1.05 mm

– Attenuation length (λl) = 125 cm

– Operating temperature : −20oC to + 50oC

– Wavelength of maximum emission : 500nm (green)

4



• 8575 Burle/ET PMT (12 stage dynode)

• High tension power supplies (0-3 KV).

• Discriminator (-10 to 380 mv).

• Linear Fan-in/fan-out (4 input and 4 output, width:0-150 ns).

• Coincidence logic unit (1-4 fold coincidence).

• Analog to digital converter (ADC).

• Time to digital converter (TDC).

• CAMAC module.

We use cosmic ray muons as the source of our signal. The shielding by the roof of concrete
reduces the soft component of cosmic rays, even though we have primarily cosmic muons
passing through the detector. In general lead shielding is used in between the telescope
paddles to suppress any double or triple Compton scattering of photons that can interfare
with efficiency measurement, but here it is not used.

Grooved scintillator:

The scintillator for this project has the size 130 cm × 60 cm with the width 1 cm. One surface
of the scintillator is grooved along its length. There are 23 grooved lines, each of the line
has width 4.2mm and depth 2.05mm. Two WLS fibers are fixed in each grooved line with
the help of alluminium foil as shown in the figure 4. One end of the fiber is used to be a
good reflector using alluminium tape/vapour, but again here that is not done. If the
reflectivity of the alluminium reflector is approx 100%, then the nearly 6.875% of photons
are piped to the PMT side mounted at the other end, but here that number if nearly half.
To avoid any air gap in between the fiber end and the PMT window we used silica gel which
has the refractive index in between the fiber and the window glass. This is also not used
in this setup.

The scintillator is covered by a special, highly reflecting tyvek, so that photons that escape
out of the scintillator undergo a number of diffuse reflections from this material and finally
absorb in the fibers. This would improve the uniformity as well as efficiency of the scintllator.

Experimental setup:

We use three scintillators detector to get the trigger. Each scintillator detector is mounted
with a PMT though he wls fibre. These are also covered by the tyvek paper. We call this
arrangement (to choose a particular overlapping region) as telescope. The test scintillator
is placed inside the telescope as shown in figure 5. The signal from each detector goes to a
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Figure 4: Grooved scintillator with embedded wls fibre.

coincidence logic unit through a discriminator (discriminating level ≈ −30mv). Rise time
of the signal is few ns, which is determined by the properties of the scintillator detector,
whereas fall time is ∼15ns and this is determined by the external electronics and independent
of scintillator properties. One of the output of the coincidence module goes to the scaler to
count the coincidence, one to an ADC to open the logic gate of width ≈ 80 ns and another
one to a TDC to give the start trigger on it.
The signal from the grooved test scintillator goes to a linear fan-in/fan-out module. One
output is directly fed to ADC, where delay of this signal is adjusted to accommodate whole
signal within the ADC gate width. Other output of fan-in/fan-out goes to a discriminator,
three outputs of that go to a visual scaler to count the single count rate, another coincidence
logic unit to make boolean and gate with the trigger logic to measure efficiency and third
one to stop counter of TDC to measure time resolution.

Three outputs which are fed in ADC, TDC and coincidence logic has proper delay length
to ADC gate, TDC range and gate of trigger coincidence logic respectively. Signal from the
ADC and the TDC are stored in a computer via a CAMAC module. Coincidence logic along
with electrical path for ADC and TDC are shown in figure 6

Plataeu curve:

One important aspect is the applied voltage to the PMT. There are many inherent noise
signals due to the electronics, PMT and scintillator (due to the earth’s radioactive source)
which show up during the measurements. To separate out the noise from the actual signal,
the signal due to particle (radiation) must be higher than that due to noise. The dependence
of the signal height(h) on the applied voltage(V ) can be given approximately by the relation,
h ∝

∏n

i=0(vd)i ∝ V n, where n is the number of dynode stage in the PMT, in general varies
from 6 to 12 for various PMT (here it is 12). So with the increase in the applied voltage, the
signal height will also increase and using a discriminator level the noise part can be separated
out. But at high voltage the noise from the scintillator (due to the signal of the radioactive
source in the earth) and the PMT can be higher than the discriminator level. To reduce
the dark noise of the cathode of PMT, it is useful to keep the PMT at a low temperature.
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Figure 5: Detector setup including NIM/CAMAC module.

Figure 6: Circuit diagramme to measure detector efficiency, ADC spectrum as well as timing
of scintillator detector.
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Again due to the statistical fluctuation, monoenergetic particles produce different number
of photoelectrons and correspondingly there is a variation in pulse height. Keeping all these
in mind we have to choose the appropriate voltage for which we can get a clear signal from
the ionisation of the incident particles (radiation). Though all dynodes and anode have a
+ve potential with respect to its previous stage and apparently requires many individual
power supply to for all dynodes and anode. But, in practise, only one power supply is used
to give required potential difference using bleeder resistance circuit. There are two different
conventions are used to provide these potential differences, e.g., (i) a positive voltage on
anode and cathode is grounded which has advantage of safety in HV, but an extra capacitor
in readout electronics and (ii) a negative voltage is applied at cathode and anode is grounded.
Bleeder resistance ckt for those two types are shown in figure 7 and first option is used in
this experiment.

Due to gain in each dynode stage, number of electron near anode is very large for a signal of
incident muon, which reduces the potential between to dynodes and consequently reduces the
gain of dynode. To avoid this non-linearity, capacitors are connected in parallel to bleeder
resistance in last few amplification stages.

Efficiency and number of electrons:

When a cosmic ray muon passes through the three paddle scintillators, the coincidence signal
gives a count in scaler, opens a logic gate in ADC and gives a start trigger to the TDC. The
signal of the test scintillator is stored by the computer from the ADC and TDC modules
with least count 0.25 fC and 100 ps respectively. Irrespective of muon trajectory, single
count rate of the test scintillator is also accumulated in counter.

One of our main goal is to calculate the efficiency, we count the number of coincidence
signal of three scintillators keeping them at a constant voltage and varying the the HV of
test scintillator. To remove the chance coincidence of noise we use discriminator (−30 mV).
The scintillators are placed vertically one upon another as shown in figure 5. So we expect
vertical cosmic ray muons either passes through all scintillators simultaneously. As a muon
passes through the scintillators there would be a coincidence, if the signals due to ionisation
are larger than the discriminator height. At very low voltage the gain of PMT is low and the
corresponding signal height is below the discriminator bias. The coincidence count increases
with the increase of voltage (i.e. some of the signal height due to the incident ionising particle
goes beyond the discriminator bias), and for a particular range of voltages, the coincidence
rate is nearly constant (the signals due to the incident ionising particles is larger than the
discriminator bias but the noise level below that height). The four fold coincidence counting
rate vs voltage curve is known as the plateau curve and the constant coincidence part is
known as the plateau region of the curve. A typical plataeu curve is shown in figure 8. After
that the coincidence rate increases very rapidly with the voltage (the chance coincidence
due to noise pulse increases). We choose the operating voltage within the region to get the
detecting efficiency of the incident ionising particles ∼ 100%.

In the present prototype scintillator, at a specified voltage on the PMT, the mean pulse height
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Figure 7: Bleeder resistance circuits to provide potential difference in different dynodes and
anode.
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Figure 8: Typical example of Single count rate and efficiency of scintillator detector.

for a minimum ionising particle varies by a factor two from one end to another primarily due
to attenuation in the WLS fiber. However the pulse height is much higher than the pedestal
level of ADC and efficiency is close to 100%. The intensity of light travelling through the
WLS fiber roughly follows a relation of the form

I(x) = I0e
−

x

λ
l

where I0 is the intensity of light inside the scintillating fiber at the source point. λl is the
attenuation length of the WLS core material.

The signal delay in the fiber, PMT and electronics (TDC,discriminator etc.) can be es-
timated, rather accurately. But there is some spread in the delay time due to multiple
reflections of photons inside the scintillator, travel time in the fibers, spread in the reemis-
sion of light in the WLS fiber, jitter within PMT etc, which can not be avoided; however
this spread is very small in the present experiment as measured by TDC for the pulses. A
typical ADC spectrum is shown in figure 9, where pedestal distribution is fitted with Gaus-
sian function (P0-P2) and signal due to muon trajectory is fitted with Gaussian convoluted
Landau function (P3-P6). The pedestal in this setup could be due to mis-alignment of the
cosmic telescope and/or inefficiency of the detector. A good detector is quantified with the
ratio of the difference in Landau peak (P4 −P0) and Gaussian peak of pedestal to the width
(P2) of Pedestal distribution.

Similarly A typical TDC spectrum is shown in figure 10. Here observe time resolution has
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Figure 9: Signal charge of cosmic muon signal in a scintillator detector. Same figure in liner
and semilog scale.

almost similar contribution from the start pulse, thus the observed width is ∼
√

2 times
the width of test scintillator. Intrinsic time resolution of scintillator detector is mainly due
to the variation of photon propagation in the detector. Typical time resolution of a good
trigger system of scintillator detector is about ∼ ns.
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Figure 10: Timing of cosmic muon signal in a scintillator detector.

The resolution in pulse height measurement depends on the combined fluctuation of photons
produced in the scintillator and their reemission in the fiber, photons piped through the
WLS fiber to cathode and the electron production in cathode and dynodes of PMT. Let
the efficiency of the fiber to collect the photons from the scintillator and their re-emission is
f1, the fraction of light goes from the WLS fiber to the photocathode is f2, Photocathode
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efficiency is f3 and the electron multiplication factor of dynodes is δ. Let the mean number
of electron produced in photocathode is N. So mean number of photon reached in the pho-
tocathode is (N/f3), the mean number of photon produced in the WLS fiber is (N/f2f3),
the mean number of photons produced in the grooved scintillator is (N/f1f2f3), the mean
number of electrons produced in the first dynode is Nδ and so on. In the Poisson distribution
law the relative variance (σ/µ)2 of the mean particle number M is 1

M
. Square of the net

relative variance is the quadratic sum of all relative variance. Assuming all the processes
obey Poisson (though the number of particles in each case is greater than 20, we use the
Gaussian) distribution law, resolution (∆h/h) of the signal (pulse height) can be written as

[

∆h
h

]

=

√

f1f2f3

N
+

f2f3

N
+

f3

N
+

1

N
+

1

Nδ
+

1

Nδ2
+ · · ·+

1

Nδn

Where n is the dynode stage of the PMT.

As f3 ≈ 0.25, f2 also ≈ 1 and δ ≈ 5, for simplicity we can take N ≈
[

h
∆h

]2

.

The ionisation loss due to a muon ∼ 1.5 MeV
gm.cm2 . The width of the scintillator is 1.0 cm,

light output of the scintillator is 65% of anthracene (light output of anthracene is 3.5%),
density of the scintillator is 1.032 gm

cm3 and the mean energy of the produced photons is 12.4125
4.08

ev. So for the normal incidence of muon the expected number of photon produced in the
scintillator,
Np ∼ 1.5 × 106 × 1.0 × 1.032 × .035 × .65 × 4.08

12.4125
∼ 11000

As mentioned in the introduction, the gain of the PMT proportional to V n in this operational
region, thus using gain (peak of Landau distribution) vs HV should give the value of n,
number of dynode stage of the PMT. Figure 11 shows the variation of peak position and
width of Landau functions and square of those ratio. Fit of the log(µ) and log(HV) should
give the number of dynode stage. One of the source of lower value of observed dynode stage
is the saturation of first dynode stage. Almost similar results in obtained while fit the log(σ)
and log(HV), which can not be explained using simple gain. If the fluctuation is mainly due
to fluctuation of p.e. in photo-cathode, (µ/σ)2 is expected to be the Npe.

Assuming that the WLS fiber has the efficiency ∼ 100% and the alluminium foil and tyvek
are perfect reflector, we get the number of photoelectron N ( = Np.f1.f2.f3) ∼ 140. But,
experimentally observed number is much smaller than that.

Experimentally observed number is much lower than the photoelectron which are expected
from this simple calculation. There are many reasons for the reduction,

• We are using Gaussian fit instead of Poisson one.

• Alluminium foil or Tyvek are not perfect reflectors and due to the inefficiency of proper
setting of them, there must be a loss of light.
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Figure 11: Relative gain of the scintillator detector as a function of applied HV.
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• WLS fiber is not 100% efficient.

• There is a loss due to improper mounting.

• Most of the photons move in zigzag way. So the effective path lengths are larger than
our measured lengths.

Chance coincidence

At the plateau region, the number of coincidence muon signal is few order of magnitude
lower than the single count rate. A fraction of single count rate is coming from other muons,
but that number is also not very large. So, most of the count rate are coming from non-muon
source and that is mainly due to local radioactivity and electronics. For simplicity, consider
the coincidence logic unit of two scintillator detector, where individual count rate of those
detectors are n1 Hz and n2 Hz respectively and common logic gate width is τ . Due to random
noise in first scintillator, the coincidence logic gate is open for n1 τ sec in one sec as shown
in figure 12. Signal of second scintillator may come at any time during this n1 τ and the
number of second signal fall within the gate width is n1 n2 τ . Coincidence logic unit produce
output pulse if the arrival time of second signal fall within −τ to τ sec of the first signal,
thus the total number of random coincidence is 2 n1 n2 τ . Generalised form of the chance
coincidence rate for N logic pulse of same width is N × (πN

i=1 ni) × τN−1.

Figure 12: Chance coincidence of two logic pulse.

This calculation can be verified by counting random coincidence of two/three detectors. Total
rate of cosmic ray muon is not negligible with respect to this chance coincidence. Thus, to
remove the signal of cosmic muon, instead of placing them together, these detectors can be
placed at a certain distance. In general number of secondary cosmic ray shower is much larger
than one and consequently correlated cosmic showers mimic a chance coincidence. This can
be avoided by delaying one signal simply using a long co-axial cable or delay generator,
which is show in in figure ??. Logic ckt of this setup is shown in figure ??.

Figure 13: Logic ckt for the test the chance coincidence.
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Exercises

• Assembled all components of the scintillator detector

• Complete electronic circuits and adjust cable delay by observing both analog and
digital signal in oscilloscope.

• Change the HV of test scintillator from 1.3 keV to 1.8 keV and find

– Single count rate as a function of HV

– Plateau of operation

– Find the Landau Peak and width of muon signal at different applied HV

– Find the shift in time and resolution at different applied HV

– Estimate the number of dynode stage of the PMT

• Measure 2/3-fold chance coincidence at different HV/thrshold/coincidence gate width
and compare with the calculation.

• Measure the velocity of analog and digital electrical signal in co-axial cable.
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