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Abstract: A new low-energy X-ray detector was built and operated, using a plastic scintillator
coupled to a large area SiPM. The signal is amplified with a low-noise, high gain, custom circuit
providing excellent photon-counting capabilities and allowing a quasi-digital measurement. The
detector was tested using X-rays coming from molybdenum K lines (17.4 and 19.6 keV), and an
energy resolution of 28% is obtained with 20 photoelectrons per X-ray photon on average.
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1 Introduction

Plastic scintillators were invented in the 1950s and they are now employed in a wide range of
particle detectors. Nowadays many plastic scintillators, for example EJ-200 [1], can provide a
high light yield (about 104 photons/MeV) with fast emission times (less than 1 ns) and a few ns
decay times, combined with relatively low prices and availability in a huge variety of shapes and
sizes. They are mainly employed for detection of charged particles and have a very large interaction
length of 𝜆 = 14 cm for 1 MeV gamma rays. The photon interaction length begins to decrease to
𝜆 = 5 cm for energies below 50 keV and is dominated by photoelectric effect below 10 keV, reaching
𝜆 = 1 mm at 6 keV [2]. Efficient detection of X-rays in the 5-50 keV range is then feasible using
plastic scintillators with thicknesses ranging from a few mm to tens of cm. In the high end of this
energy range (near 50 keV) recent studies showed that an energy resolution of the order of 20%
(with a 1/

√
𝐸 scaling) is achievable [3]. In order to test the performances of plastic scintillators

at lower energies (near 20 keV), we built and operated an X-ray detector based on a EJ-200 plastic
scintillator provided by Eljen Technology, coupled to a SiPM providing single-photon counting
capabilities [4].

2 Detector

The detector is composed of a 6.5×6.5×5 mm3 EJ-200 polyvinyl-toluene-based plastic scintillator
provided by Eljen Technology, coupled with optical grease to a 6×6 mm2 Hamamatsu S13360-
6050CS SiPM. The SiPM signal is amplified with a low-noise custom circuit providing a × 600
gain. Thanks to the amplifier performances, the system has optical photon-counting capabilities,
reaching pulse amplitudes (charges) of 80 mV (200 pC) for a single photoelectron. Then, the
different peaks corresponding to the photo-electron countings can be easily distinguished in the
charge spectrum up to 30 photoelectrons, allowing a quasi-digital measurement.

A polyvinyl-toluene-based plastic scintillator material (EJ-200) has been chosen for its high
light yield and fast emission.

EJ-200 has a high scintillation efficiency (10000 photons per deposited MeV) and an emission
spectrum peaking at 425 nm (in the blue region), as shown in figure 1.
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Figure 1. Picture of an EJ-200 scintillator showing blue emission under UV light.

Furthermore, the selection of EJ-200 grants a very fast (0.9 ns) optical rise time and 2.1 ns
decay time. The scintillator size is large enough to completely absorb the electrons ejected by
photoelectric effect, which have a range less than 50µm [5]. The X-ray interaction probability with
the detector 𝑃 is limited by the scintillator thickness 𝑡, as follows:

𝑃 = 1 − 𝑒−𝑡/𝐿 (2.1)

where 𝐿 is the X-ray absorption length in polyvinyl-toluene (see figure 2).

Figure 2. X-ray absorption length for EJ-200 vs. energy, fitted with an empirical formula in order to interpolate
the data (left) and interaction probability for a 0.5 cm thick EJ-200 scintillator vs. energy (right) [6].

As shown in figure 2, at energies greater than 10 keV the efficiency of our system drops
significantly, so a scintillator with higher Z or larger thickness should be employed. The scintillator
is wrapped in a 50µm thick Teflon tape, darkened with one layer of black tape, and coupled to
the SiPM with Xiameter PMX-200 silicone-based super-viscous (106 centistokes) optical grease,
as shown in figure 3.

The detector packaging is valid in view of our tests (17.4 keV X-rays), but at lower energies
(< 5 keV) the darkening tape stops a significant fraction of X-rays so another method should be
implemented.

2.1 Readout

A Hamamatsu MPPC (SiPM) S13360-6050CS with a 50 × 50µm2 pixel size is used for the
measurements. At 25◦C, when operated 3V over its breakdown voltage 𝑉br = 51.3 V, its nominal
gain is 1.7×106 and its photon detection efficiency (PDE) is 40%, at a peak sensitivity wavelength of
450 nm (close to the peak emission of EJ-200), while its breakdown voltage temperature coefficient
is 54 mV/◦C.
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Figure 3. Picture of the detector, showing the scintillator (on top), coupled to the SiPM (below) with optical
grease, wrapped with Teflon tape and darkened with black tape. Note that the SiPM pins distance is 7.4 mm.

Pulses from the SiPM were amplified using a custom-built low-noise amplifier with a 600 gain
and 80 MHz bandwidth. Data-taking is performed using a LeCroy Teledyne HDO6104 oscilloscope
with sampling at 2.5 GS/s, and 1 GHz bandwidth. In order to suppress ambient pickup noise, in
the offline analysis the waveforms are filtered, using the Python scipy library [7], with a digital
IIR notch filter with a central frequency of 100 MHz and Q value of 1, followed by a Butterworth
second-order low-pass filter with 200 MHz cutoff frequency [8].

For each waveform, the charge is evaluated as the integral from −20 to 420 ns with respect to
the trigger, divided by the 50Ω oscilloscope input impedance. As shown in figure 4, a dataset of
20000 dark count waveforms with a 20 mV trigger threshold was taken and analyzed to study the
amplifier performances.

Figure 4. Dark count waveforms: the contributions from the single photoelectron populations can be
appreciated (∼ 80 mV for each p.e.).

As shown in figure 5, from the charge spectrum of the dark count pulses, a mean charge of
𝑄𝑃𝐸 = 196.4 ± 0.2 pC can be estimated for the single photoelectron.

Then, knowing the amplifier gain (600), the gain of the SiPM can be estimated to be:

𝐺SiPM =
𝑄𝑃𝐸

𝐺Amp𝑒
= (2.04 ± 0.01) × 106 (2.2)
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Figure 5. Charge spectrum of dark count pulses. The contributions from the different photoelectron peaks
(up to 4) can be distinguished.

where 𝑒 = 1.602×10−19𝐶 is the elementary charge. Therefore the experimental value is compatible
within 7% with the nominal SiPM gain of 𝐺SiPM = (1.91 ± 0.01) × 106 at room temperature
(18 ± 0.3◦C).

3 Results

The detector was tested with a radioactive source, where 𝛼 particles from a 10 mCi Am-241 source
are directed to a molybdenum target in order to generate X-rays from Mo K-𝛼 and 𝛽 lines. The
X-ray flux is 2.4× 104 photons/(s·sr) with an emission collimated to 0.5 sr and the relative intensity
between K-𝛽 (19.63 keV) and K-𝛼 (17.44 keV) lines is 20%, therefore the average energy is 17.8 keV.

The analysis was based on a dataset of 20000 waveforms, taken with a trigger to 360 mV, cor-
responding to about 4.5 p.e. threshold, and with the X-ray source aperture touching the scintillator.

Thanks to the high gain of the amplifier, the different peaks corresponding to the photo-electrons
are easily distinguishable, as shown in figure 6.

As expected, a linear relation between peak amplitude and the integrated charge is observed,
as shown in figure 7.

The spectrum of the charge has been fitted, as shown in figure 8, with the sum, for each
photoelectron peak 𝑖 = 1, 2, 3, . . ., of gaussian functions corresponding to the charge spectrum of
the single photoelectrons peaks, weighted with the probability 𝑤𝑖 of detecting 𝑖 photoelectrons.
The weights follow a gaussian in the 𝑖 variable, with the mean (𝑃𝐸) corrisponding to the average
number of photoelectrons and a 𝜎𝑃𝐸 which includes all photostatistics fluctuations. The fit function
is then:

𝑓 (𝑄) ∝
∑︁
𝑖

Gaus (𝑖, 𝑃𝐸, 𝜎𝑃𝐸) · Gaus
(
𝑄,𝑄𝑃𝐸 · 𝑖,

√︃
𝑄2

Noise + 𝑖 · (𝑄𝑃𝐸 · 𝐺𝐹)2
)

(3.1)

where 𝑄𝑃𝐸 is the mean charge for one photoelectron, 𝑄Noise is the equivalent charge noise and 𝐺𝐹

is the single-cell (one photoelectron) relative gain spread of the SiPM.
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Figure 6. Histogram of waveforms for data taken with the molybdenum K lines.

Figure 7. Charge vs. amplitude profile histogram, with linear regression.

A mean value of about 20 photoelectrons per X-ray photon is obtained, i.e. a photoelectron
yield of 1.13 photoelectrons/keV, which when divided by the SiPM PDE (∼ 40%), corresponds to
2.9 optical photons/keV reaching the SiPM.

Moreover, from the fit, an energy resolution of 𝜎𝑃𝐸/𝑃𝐸 = 28% is obtained, to be compared
with the photostatistics spread 1/

√
𝑃𝐸 = 22%. Then, the additional fluctuation of 17% must be

included in order to get the correct resolution — this spread might be due to the geometrical spread
of photons inside the scintillator and to the fact that the X-rays are impinging in different points
of the scintillator with different directions. As verified with a simple Monte Carlo simulation, the
presence of two different lines with a relative intensity of 20% and a difference in energy of 2.2 keV
does not significantly affect the resolution.

In any case, the data show a large charge/photoelectrons conversion factor of 𝑄𝑃𝐸 ∼ 196 pC,
a very good (∼ 40 pC) equivalent charge noise after amplification of factor 600, and a low intrinsic
SiPM single-cell gain spread of GF ∼ 6%.
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Figure 8. Charge spectrum for data taken with the molybdenum K lines with a 360 mV trigger threshold,
fitted with 𝑓 (𝑄).

3.1 Simulation

In order to roughly estimate the light yield in the energy range used in this work, the detector was
simulated with Geant4 [9] using the low-energy electromagnetic Livermore physics list, shooting
17.44 keV X-rays (molybdenum K-𝛼 line) towards the scintillator, which has the same size as the
real one. For each event, the total absorbed energy (above a 3 keV threshold) and the energy of the
hardest scattered electron was saved, as shown in figure 9.

Figure 9. Geant4 simulation results: absorbed energy spectrum from 17.44 keV X-rays with a 3 keV threshold
(left) and energy spectrum of hardest scattered electrons, with a peak at 17.15 keV (right).

In most cases, the photons interact with a carbon atom through photoelectric effect, scattering a
∼ 17.15 keV energy electron. As expected, the energy difference is close to the carbon 1s absorption
peak (285 eV). In other cases, as shown in figure 9, the photons interact through incoherent or
coherent scattering, so they only deposit a small fraction of their initial energy. In EJ-200, the
17.15 keV scattered electrons have a stopping power of 𝑑𝐸/𝑑𝑥 = 14.63 MeV cm2/g (around 7
times its value for MIPs), so the light yield quenching must be taken into account, as dictated by
Birks’ Law:

𝑑𝐿

𝑑𝑥
= 𝑆

𝑑𝐸
𝑑𝑥

1 + 𝑘𝐵 𝑑𝐸
𝑑𝑥

(3.2)
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where 𝑑𝐿
𝑑𝑥

is the differential number of photons per length, 𝑆 = 104 photons/MeV is the nominal
light yield of EJ-200 and 𝑘𝐵 = 2 × 10−2 g MeV−1 cm−2 is the Birks’ coefficient for polyvinyl-
toluene-based scintillators [10].

The Birks’ law formula can be integrated in 𝑑𝑥, as follows:

𝐿 = 𝑆

∫ 𝑅

0

𝑑𝐸
𝑑𝑥

1 + 𝑘𝐵 𝑑𝐸
𝑑𝑥

𝑑𝑥 (3.3)

where 𝑅 is the scattered electron range in EJ-200, and 𝐸0 = 17.15 keV is its initial energy. The
integral is numerically evaluated, event-by-event, directly in the Geant4 simulation, to get the
histogram of the number of optical photons generated in the scintillator (without including any
smearing due to Poisson photostatistics), as shown in figure 10.

Figure 10. Simulated histogram of the number of optical photons generated in the scintillator, with a
threshold at 50 photons. The spread is due to fluctuations in energy loss.

According to the simulation, the mean number of optical photons generated is 85.71 ± 0.16,
which translates into a mean light yield of 4.9 photons/keV. By comparing this value with the
number of optical photons reaching the SiPM estimated before (2.9/keV), a reasonable ∼ 60% light
collection efficiency is estimated.

4 Conclusion

An X-ray detector for low energies was built and operated, featuring a plastic scintillator coupled
to a SiPM and showed optical photon-counting capabilities. The detector was tested using X-rays
coming from molybdenum K lines and showed overall good performance. An energy resolution of
28%, with 1.13 photoelectrons per keV, is obtained. An additional fluctuation of 17% is present
along with the photostatistics, and it will be further investigated using different X-ray energies.

Future tests will also be performed using a 2 mm thick GAGG(Ce) crystal [11], featuring a 60
photons/keV light yield, a 6.63 g/cm3 density and a 0.6 mm X-ray absorption length at 30 keV. The
use of GAGG should allow a more efficient detection of X-rays and a better resolution.
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