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Abstract: Polyethylene Naphthalate (PEN) plastic scintillator has been identified as potential
self-vetoing structural material in low-background physics experiments. Radio-pure scintillating
components have been produced from PEN using injection compression molding technology. These
low-background PEN components will be used as optically active holders to mount the Germanium
detectors in the Legend-200 neutrinoless double beta decay experiment. In this paper, we present
the measurement of the optical properties of these PEN components. The scintillation light emission
spectrum, time constant, attenuation and bulk absorption length as well as light output and light
yield are reported. In addition, the surface of these PEN components has been characterized and
an estimation of the surface roughness is presented. The light output of the final Legend-200
detector holders has been measured and is reported. These measurements were used to estimate the
self-vetoing efficiency of these holders.
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1 Introduction

Rare event physics experiments such as dark matter or neutrinoless double beta (0𝜈𝛽𝛽) decay
searches demand ultra-low backgrounds. Hence, ultra-pure materials are required for the structural
materials and for the detectors themselves. Additional strategies to mitigate external backgrounds
include active vetoes around the detectors. In the GERmanium Detector Array (Gerda) experiment,
the predecessor of the Large Enriched Germanium Experiment for Neutrinoless 𝛽𝛽 Decay (Legend),
liquid Argon (LAr) was used to cool down the Germanium (Ge) detectors and at the same time it also
served as an active shielding. Interactions of charged particles in LAr produce Vacuum Ultra-Violet
(VUV) light (∼ 127 nm) [1] that is used to veto external backgrounds. However, the 127 nm VUV
light from LAr cannot be efficiently detected using silicon photomultipliers (SiPMs), multi-pixel
photon counters (MPPCs), or photomultiplier tubes (PMTs). The common solution to this problem
is the use of wavelength-shifting (WLS) coatings, which absorb the VUV photons and then re-emit
light of wavelengths at which standard photo-sensors are more efficient. Thus, in Gerda, the VUV
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light from LAr was collected using a curtain of WLS and scintillating optical fibers placed around the
detector array [2]. These optical fibers guide the photons that are then collected by SiPMs placed on
top of the setup. This method has proved to be very efficient in discriminating external backgrounds.
Nevertheless, in order to increase the sensitivity of the next generation of 0𝜈𝛽𝛽-decay Ge experiments,
the backgrounds produced around the Ge detectors need to be suppressed even more. This new
generation of experiments, Legend-200 and Legend-1000, are currently being developed by the
Legend collaboration. Increasing the light collection efficiency of events produced in the vicinity of
the Ge detectors is of paramount importance to reach the Legend physics goals. The Legend-1000
experiment is designed to probe the 0𝜈𝛽𝛽-decay with a 99.7%-CL discovery sensitivity in the 76Ge
half-life of 1.3 × 1028 years, corresponding to an effective Majorana mass upper limit in the range
of 9–21 meV, to cover the inverted-ordering neutrino mass scale with 10 years of live time [3].

The support structures used to mount the Ge detectors usually consist of optically inactive
and nontransparent materials. The design of these support structures has been optimized to
reduce the amount of inactive materials. In addition to being a potential background source, the
structural materials also absorb the scintillation light of LAr, decreasing the background identification
capabilities for events originating in the vicinity of the detectors. As part of the Legend R&D
program, radio-pure polyethylene-naphthalate (PEN) structures have been produced using injection
compression molding technology [4, 5]. PEN is a commercially-available polyester, which has a yield
strength higher than copper at cryogenic temperatures and therefore can be used as structural material
in cryogenic physics experiments. Moreover, it can act as a wavelength shifter and it scintillates in
the blue region between 410 nm and 550 nm, which is ideal for most of photo-sensors devices [6–9].

A structural material with both scintillation and WLS capabilities such as PEN, in an environment
like the Legend-200/Legend-1000 setups has several advantages. Thanks to the scintillation, back-
grounds originated by radio-impurities within the bulk PEN material can produce a light signal that
could be used to identify these events. This self-vetoing capability combined with a high radiopurity
can strongly suppress the backgrounds induced by PEN. In the same way external backgrounds deposit-
ing some energy in PEN can also be identified. In addition, PEN will improve the LAr light collection
efficiency thanks to the WLS capabilities. Consequently, a higher identification of backgrounds
generated in the vicinity of the detectors can be achieved. The PEN efficiency to shift the wavelength
of LAr light (∼ 127 nm) to blue light (∼ 450 nm) is under investigation. Results vary from 12% to
70% compared to tetraphenyl butadiene (TPB) and are dependent on sample and setup [7, 9, 10].

Since PEN is a scintillating material being used as an optically active structural material for
the first time in the Legend-200 experiment, most of its optical properties are as yet unknown. A
precise knowledge of the PEN optical properties of the Ge detector holders used in the Legend-200
experiment is of paramount importance in order to determine the background rejection efficiency for
different radiation sources. Hence, the optical properties of these PEN structures such as emission
spectrum, time constant, attenuation, bulk absorption length as a function of wavelength and light
yield have to be carefully studied and characterized. The knowledge of these parameters is crucial
to allow the determination of the detection efficiencies of backgrounds originating in the close
surroundings of the Ge detectors, for example 42Ar in the liquid argon or in the support structures
in the Legend experiment. Knowledge of these parameters will allow to estimate the expected
background contributions in the future Legend-1000 experiment. Furthermore, these results can be
used to optimize the geometry of the mounting structures to maximize light collection.
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This paper is organized as follows. The PEN holders designed for Legend-200 and the
setups for their optical characterization are described in sections 2 and 3. The surface and optical
characterization of the PEN production for Legend-200 are discussed in section 4 and 5, respectively.
Finally, the light output of the PEN holders as well as estimations on the light output and photon
detection efficiency are presented in section 6.

2 Low-background PEN scintillating structures in the Legend-200 experiment

Scintillating low-background structures were produced by employing injection compression molding
technology using commercially available PEN granulate (TN-8065 SC) from Teĳin-DuPont. A
detailed description of the whole process from granulate to final radio-pure and optically active
support holders can be found in reference [5]. The typical support structures for the germanium
detectors used in the Gerda experiment are shown in figure 1. These structures included copper
elements and a high purity silicon (Si) plate that was used to carry the required electronics to supply
high voltage (HV) and to readout the signals from the detectors as well as other components needed
to mount the Ge detectors. Contamination in the close detector surrounding or on the detector
surface were the most prominent backgrounds in Gerda [11]. Hence, new strategies to mitigate
these backgrounds must be developed.

Figure 1. Left: sketch of the support structures used to mount the Ge detectors in Gerda. Right: scintillating
PEN holder for Legend-200 excited with a UV lamp. The PEN holders will replace the high purity Si plates
used previously in the Gerda experiment (left panel).

In the Legend-200 experiment, optically active detector support holders will replace the high-
purity silicon plates previously used in the Gerda experiment (see figure 1). The active PEN holders
will complement the LAr veto system allowing to minimize non-active components around the Ge
detectors. As a consequence of the scintillating and WLS capabilities of PEN, an improved light collec-
tion and identification of external backgrounds produced in between the Ge detectors can be obtained.

Finally, in order to minimize the mass of the PEN holders, mechanical simulations were
performed to optimize their design. These studies produced three optimized designs to mount all
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types of Ge detectors used in the Legend-200 experiment. The final design of the low-mass PEN
holders was validated during the Legend-200 prototyping tests at LNGS in 2020 [5, 12, 13].

3 Test bench setups for optical characterization

Aiming to assess the most important optical parameters like the light yield, light output and
attenuation length of the molded radio-pure Legend-200 PEN scintillator, several test benches were
set up. These setups included two dark boxes with a spectrometer and several photo-multiplier tubes
(PMTs) with which the PEN optical properties were measured. In order to guarantee reproducible
measurements, 3D printed support structures featuring 0.1 mm precision were used, ensuring that
the scintillator samples together with the photo-sensor devices could be arranged with a precision of
0.1 mm.

The PMTs used for these measurements are of type H11934-300 from HAMAMATSU photonics
(see figure 2). Each PMT assembly provides a sensitive square area of around 23 × 23 mm2. A
maximum quantum efficiency of 𝜂 = 39% at 420 nm is quoted by the manufacturer [14]. The PMT
window material is made of borosilicate glass, while the photocathode material is of type EGBA
(Extended green bialkali).

Figure 2. Left: photo-multiplier tube assembly of type H11934-300 used for this study. Right: interior of the
dark box used to measure the optical properties of PEN. A radioactive 207Bi source with a collimator (bottom
right) is mounted on a motorized stage. A 3D-printed holder is used to mount the PEN sample with the PMTs.

A triggering mechanism was developed to select beta particles from a 207Bi radioactive source.
This mechanism is described in subsection 3.2. Figure 2 (Right) shows a photo of the setup employed
for this research. It features the 207Bi source placed on a collimator vertically above a PEN sample
coupled to PMTs in a 3D printed holder. The source together with the trigger system were mounted
on a remote-controlled stage that can be moved two-dimensionally in a parallel layer 15 mm above
the PEN sample. This 8MTF-102LS05 stage from STANDA features micrometer resolution and
guarantees equidistant steps from point to point with an uncertainty of 2.5 μm.

To study the light emission properties of PEN, an Andor Shamrock 193i spectrograph was
employed. PEN samples were optically coupled to it and exposed to photons from a 345 nm
light-emitting diode (LED). The bulk absorption length of PEN was assessed with direct and
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indirect methods encompassing measurements and Geant4 optical simulations. To this end, a
Shimadzu UV-2700i UV-Vis Spectrophotometer and a Lambda 850 UV-VIS spectrometer from
Perkin Elmer were used.

3.1 The Bi-207 radioactive source

Under the operational conditions of the Legend-200 experiment, most of the particle interactions
in the PEN holders will have their origin from natural radioactivity within the holders or in their
vicinity. The most relevant of these particles have energies at the MeV scale. Hence, the optical
properties must be characterized using radiation of similar energies. Thus, a 207Bi radioactive source
is well suited for this purpose. The 207Bi decays through electron capture (99.9%) into excited
states of 207Pb. The excited 207Pb goes into its ground state through gamma emissions or through
emission of conversion electrons. There are three major gamma lines with energies of 570, 1064
and 1770 keV [15] as illustrated in figure 3. These 𝛾-ray emissions can be replaced by atomic K,
L or M shell conversion electrons as presented in table 1. Most of the useful conversion electrons
are attributed to the 1064 keV de-excitation and have an energy between 976 and 1060 keV with
a total probability of 9.5%. In contrast to the Compton continuum produced by gammas, these
mono-energetic electrons can be absorbed in a few millimeters of PEN or materials with similar
density, providing a well defined energy deposit.

Table 1. Main conversion electrons from 207Bi [15, 16].
Transition [keV] Shell Energy [keV] Probability [%]

569.7
K 482 1.55
L 555 0.43
M 566 0.11

1063.7

K 976 7.11
L 1049 1.84
M 1060 0.44
N 1063 0.12

1770.2 K 1682 0.02

The 207Bi source from Eckert & Ziegler had an activity of about 170 kBq. The source was
fabricated by gluing a thin deposit of active material between two titanium foils, each 2.4 mg/cm2

resulting in a thickness of 5.3 μm. The foils are supported in an aluminium frame of 25 mm in
diameter, 3 mm thick. The diameter of the active deposit is approximately 5 mm.

3.2 Trigger system for electron selection

In order to select only the “mono-”energetic electrons from the 207Bi source, a trigger system inspired
from reference [17] was developed. The trigger system consisted of a thin EJ-212 plastic scintillator
(90 μm thick) from ELJEN TECHNOLOGY, that was coupled to a polymethyl methacrylat (PMMA)
light guide, which in turn was coupled to a 1 inch PMT as is sketched in figure 4 (Right). Optical
EJ-550 grease was used to guarantee a good optical coupling between the EJ-212 scintillator and
the PMMA light guide and between the latter and the PMT. This ensemble was then placed in a
3D-printed black support as shown in figure 4 (Left).
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2339.9
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1770.2

1063.7

569.7

83

82

  6.87 %

  74.58 %

 97.8 %

𝜺: 99.93%

Stable

Figure 3. The three major 𝛾 lines of the 207Bi radioactive source.

H11934-300 
PMT assembly

PMMA light guide

PTFE collimator 207Bi

EJ-212 90 μm thick scintillatorOptical grease

Figure 4. Left: 3D printed support structure used to mount the trigger setup. Right: device used to select
electrons from the 207Bi source using a 90 μm thick scintillator.

The polymer base of the EJ-212 scintillator is Polyvinyltoluene (PVT) and has a density of
1.023 g/cm3. The reported light yield by the manufacturer is 10000 ± 200 photons per MeV, with
a spectrum peaking at 423 nm. This EJ-212 scintillator has a decay time of 2.5 ns, while the
light attenuation length is reported to be 250 cm [18]. Electrons going through the EJ-212 plastic
scintillator will deposit energy and excite the material, initiating a scintillation light signal. The
mean deposited energy by electrons traversing the EJ-212 scintillator was estimated using Geant4
simulations. It was found that electrons from the 207Bi source traversing the EJ-212 scintillator on
average deposit around 25 keV. This amount of energy will generate about 250 optical photons of
which some can be detected by the PMT of this system. The electron selection was performed by
asking for the detection of at least 1 photon in the PMT of the trigger system in coincidence with a
signal in one of the PMTs surrounding the PEN samples.

Finally, electrons were collimated by placing a PTFE collimator between the 207Bi source and
the EJ-212 scintillator. This collimator consisted of a cylinder with an internal and external diameter

– 6 –



2
0
2
2
 
J
I
N
S
T
 
1
7
 
P
0
9
0
0
7

of 2 and 20 mm, respectively, and a height of 20 mm. In this configuration only the collimated
electrons passing through the collimator hole interact with the EJ-200 scintillator.

3.3 Data taking and processing

The signals from the PMTs were readout using a Struck SIS3316 digitizer. A threshold trigger of
around 0.5 photo-electrons was used in the PMT of the trigger system described in the previous
section. For each triggered event, signals sampled at 250 MHz and containing complete waveforms
with 128 samples (512 ns) in each PMT were readout for post-processing and analysis.

Signals were processed offline using the Julia programming language [19]. After baseline
subtraction the charge was converted to the number of detected photons using the single photo-electron
gain response of each PMT. The single photo-electron conversion factor was calibrated for each
PMT and is described in detail in the next section. Finally, the total number of detected photons was
computed by adding the number of detected photons of all PMTs coupled to the scintillator sample.

3.4 PMT single photo-electron gain calibration

The PMTs used for this study were calibrated using light emitting diodes (LED) of 400 and 450 nm.
The LEDs were operated at low intensity using a pulse generator with a frequency of 1 kHz.
The trigger threshold was set below 0.5 photo-electrons in order to capture the complete single
photo-electron (SPE) distribution.

The SPE selection consisted of finding the number of peaks in the waveform above a given
threshold after baseline subtraction. Then, only waveforms with a single peak were used to compute
the SPE charge by integrating the charge in the last 64 samples, while the pedestal was computed
using the first 64 samples of the waveform. A pre-trigger window of 90 samples was used in order to
guarantee the position of the SPE peak in the last 64 samples. The charge distribution thus obtained
was then fitted using the following model [20]

𝑓 (𝑥) = 𝑁Ped

𝜎Ped
√

2𝜋
exp

(
− (𝑥 − 𝜇Ped)2

2𝜎2
Ped

)
︸                                 ︷︷                                 ︸

pedestal

+
𝑁Exp

𝜏
exp

(
−𝑥

𝜏

)
︸             ︷︷             ︸
badly amplified events

+ 𝑁1PE

𝜎1PE
√

2𝜋
exp

(
− (𝑥 − 𝜇1PE)2

2𝜎2
1PE

)
︸                                  ︷︷                                  ︸

first PE

+ 𝑁2PE

𝜎2PE
√

2𝜋
exp

(
− (𝑥 − 2𝜇1PE)2

2𝜎2
2PE

)
︸                                    ︷︷                                    ︸

second PE

(3.1)

where 𝑁 , μ and 𝜎 correspond to the number of events, the position and width of the individual
Gaussian distributions, respectively. Here, the first Gaussian term corresponds to the pedestal, while
the second and third correspond to the first and second photo-electron peaks, respectively. In order
to take the badly amplified events1 into account, an exponential term with decay constant 𝜏 was used,
which is an empirical function to describe these events.

1In these events an electron released from the photocathode may follow a non-ideal trajectory which will result
in secondary electrons potentially not reaching the next stage of amplification. This will ultimately result in lower
amplification and is caused by electric field imperfections in the PMT [20, 21].
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A voltage scan, i.e. determination of the charge distribution as a function of PMT bias voltage,
around the recommended operational high voltage of 900 V was also performed. Finally, the gain
was defined as:

𝑔SPE = 𝜇1PE − 𝜇Ped. (3.2)

with 𝑔SPE = charge / SPE being the charge per SPE. A typical SPE distribution is shown in
figure 5 (Left). The main components of Equation 3.1 (pedestal and 1st p.e.) can be clearly observed.
Figure 5 (Right) shows the relation between the gain (SPE) and the HV, as expected this relation
follows a potential law.

Figure 5. Left: typical SPE distributions for different values of HV. Right: gain as function of HV.

3.5 Simulation of the setups

Accurate simulations of the setups used for these studies were developed using the Geant4 simulation
toolkit [22]. A complete geometrical description of the trigger system described in section 3.2, the
207Bi source and its container as well as a detailed description of the PMTs and scintillator samples
were implemented.

PMTs

Light guide

207Bi source

Collimator

EJ-212

Sample

Figure 6. Left: Geant4 visualization of a setup to study the light output and light yield of scintillator samples.
Right: Monte Carlo true deposited energy by electrons from 207Bi source in the thin EJ-212 scintillator.

The goal of these simulations was to determine the energy deposited by collimated electrons
emitted by the 207Bi source in the samples being measured. The electrons lose part of their energy
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in the source container and in the thin EJ-212 scintillator before reaching the target samples. The
distribution of deposited energy of collimated electrons from the 207Bi source traversing the EJ-212
scintillator is shown in figure 6 (Right). The electrons deposit on average 25 keV in the EJ-212
scintillator. The interaction of electrons in the EJ-212 scintillator lead to scattering in the direction of
these collimated electrons. This results in a beam spot in the scintillator samples focused below the
center of the collimator. The distribution of the first position of interaction of collimated electrons,
previously interacting in the EJ-212 scintillator and reaching the scintillator samples (surface of
30×30 mm2) in the setup is shown in figure 7. About 68% of the electrons interact in a circumference
with a radius of about 7 mm. It was found that the electrons from the 207Bi source can be fully
absorbed in 3 mm of PEN material. Therefore, 2 samples of 1.7 mm thickness were stacked above
each other for most of the measurements.

Figure 7. First position of interaction of triggered collimated electrons reaching the scintillator samples being
measured. About 68% of the electrons are distributed in a circumference of 7 mm radius. The 207Bi source
was placed just above the center of the sample (coordinates [0, 0] in the plane 𝑧-𝑥).

The final deposited energy in the target scintillator samples after energy losses in the source
material and the EJ-212 trigger scintillator was computed and is shown in figure 8. The four main
electron lines can be observed in the Monte Carlo (MC) true deposited energy. However, taking
into consideration the discrete energy resolution of a few percent, only two peaks are expected to be
observed using a setup with PMTs. The two peaks have a mean energy of around 420 and 930 keV,
respectively. The effect of a finite energy resolution is taken care of by convoluting the MC true
energy spectrum with a Gaussian with width corresponding to the expected energy resolution of the
used PMTs. This is shown in figure 8 (orange and green histograms).
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Figure 8. Monte Carlo true deposited energy by electrons from the 207Bi source. The blue line represents
perfect energy resolution, while the orange and green lines represents an energy resolution of 2 and 5%,
respectively.

The Geant4 simulation framework was also used to study light propagation and collection.
Hence, the optical properties of the different components were implemented. To this end, the
UNIFIED model of Geant4 was used [23, 24]. This model describes the physics processes that
optical photons undergo at a surface with respect to the surface properties. In this framework,
parameters including the scintillation yield, emission spectrum, bulk absorption length, excitation
time and surface roughness2 need to be defined. Some of these parameters such as excitation time
and the emission spectrum can be measured directly. For the others, simulations or a calibrated
scintillator sample as reference is required. In the next sections, results of direct measurements and
estimation of these parameters are reported.

4 Surface characterization

In the configuration of the Legend-200 and Legend-1000 experiments, most of the PEN holders
are placed between two Ge detectors. An ideal holder should collect and propagate as much light
as possible to the lateral sides where the optical fibers are located, in this way maximizing light
detection efficiency. Hence, the surface quality of the PEN holders is of paramount importance.
Since the PEN holders were cut from a larger tile produced by injection molding, the larger surfaces
facing the Ge detectors correspond to the molded sides, while the lateral sides correspond to a rough
cut. This method ensures having surfaces with excellent quality on the molded sides.

2In the Unified model a surface is modeled as consisting of micro facets. The angle 𝛼 of a micro facet with respect
to the average surface normal is sampled from a normal distribution. The standard deviation of the distribution of the
micro-facets orientations is defined by sigma alpha 𝜎𝛼, which is required as input for the simulations. A higher 𝜎𝛼

implies higher roughness of the surfaces. On the other hand, 𝜎𝛼 = 0 corresponds to a perfectly polished surface. The 𝜎𝛼

must be combined with the type of specular reflections to take effect [23, 24].
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The surface of the finished holders was characterized using a Keyence VHX-6000 digital
microscope. This device allowed for a closer and detailed examination of the surfaces with a
resolution of ≈ 440 nm in each of the 𝑥 and 𝑦 directions and ≈ 10 nm in 𝑧 for chunks of surface
holder of about 1 mm2. Using the 3D profile of the surfaces thus obtained, a measurement of the
surface roughness expressed as 𝜎𝛼 was estimated. This 𝜎𝛼 is defined as the average of all the slopes
calculated from the center of each point in the grid to all surrounding points (8 in total) individually.
The distribution of the slopes computed in this way is shown in figure 9. Using this distribution, a
𝜎𝛼 of (0.89 ± 0.03)◦ for the molded sides was measured. Measurements with different samples
revealed that in some cases (samples with scratches) a surface roughness up to 3◦ can be present.

Figure 9. Left: angular distribution of the slopes measured using a 3D image with micrometre resolution.
Right: intensity of reflected light on the PEN surface for different incident angles.

Additional characterization of the surface of the holders was performed using a special device
developed to study how light incident at a given angle will result in reflected light intensity to vary as
a function of angle. By fitting the measured power of the reflected light with a Gaussian distribution,
it was possible to estimate 𝜎𝛼 as the sigma derived in the Gaussian fit. The measurements taken
with this instrument used light at 𝜆 = 513 nm. The sensitivity of the device was determined and
calibrated using a mirror placed on top of the PEN holder. These calibration results showed a limit
on the sensitivity to the measurement of 𝜎𝛼 of 0.40◦ for polished surfaces with this device. Once
the setup was calibrated, a scan using the PEN holder was performed. To avoid reflections from the
back surface of the PEN holder, it was painted with matte black paint so the photons arriving at
this surface would be absorbed. Taking the average of these measurements and using the accuracy
determined with the mirror measurements, a 𝜎𝛼 defined as 𝜎𝛼 =

√︁
𝜎2
𝛼 (sample) − 𝜎2

𝛼 (Mirror) of
(0.46 ± 0.07)◦ was determined. This result (average of 4 points) falls within the distribution of 𝜎𝛼

obtained from the distribution measured with the 3D image method described at the beginning of
this section (thousands of points). All these results confirmed that PEN holders with a high quality
surface have been achieved.

5 Scintillation properties of the Legend-200 PEN scintillator

First evidence of PEN scintillation was reported in 2011, where a light yield comparable to a BC-408
Polyvinyltoluene (PVT) sample was reported [25]. Furthermore, previous measurements reported a
PEN emission spectrum matching the sensitive regime of standard photo-sensors, which is crucial
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to optimize light collection efficiency. In addition, the attenuation length and surface quality will
determine the size and geometry of the scintillator components that can be used in the experiment.
The measurement of all these parameters are reported and discussed in the following subsections.

5.1 Time response

The time distribution of the scintillation response of PEN is needed to determine the integration
time required to read out all the signals generated by the scintillator. This parameter in general also
limits the applications in which PEN can be used. To measure the time response, PEN samples
of 30 × 30 × 1.7 mm3 were coupled to 5 PMTs as shown in figure 6 (Left). The samples were
excited with electrons from the 207Bi source and the recorded PMT signals were used to determine
the PEN decay time.

Figure 10. Left: example of typical PEN waveforms sampled at 250 MHz readout using photo-multiplier
tubes. The PEN samples are excited using electrons from a 207Bi source. Right: average waveform fitted with
an exponential function.

Figure 10 (Left) shows typical waveforms of a PEN sample excited with electrons with energies
around 1 MeV from the 207Bi source. Taking advantage of the fast time response of the EJ-212
scintillator (∼ 2 ns), it was used to align the PMT waveforms when coupled to the PEN sample. This
alignment was performed by demanding the fast signal of the trigger PMT to always be at the same
position in the waveform. Figure 10 (Right) shows the average waveform of all the signals selected
in this way. The average waveform was then fitted using the exponential function

𝑓 (𝑡) = 𝑝0 + 𝑝1𝑒
−𝑡/𝜏PEN (5.1)

with 𝜏PEN being the mean decay time or time constant of PEN. From data of 5 different PMTs and
4 PEN samples a mean value of 𝜏PEN = (25.3 ± 0.2) ns was found. This value is in disagreement
with previously reported values of 34.9 ns of PEN samples excited with 125 GeV protons [26], and
slightly differs from [27] where (28.9 ± 0.2) ns was reported for PEN excited with beta particles
from a 90Sr source. However, in the latter work two exponential functions were used for the fit.
Moreover, the difference can be also explained with a different composition of the material that
can lead to different optical properties [28]. In addition, it has been reported earlier that energy
deposition in PEN by different particles leads to different pulse shapes. Thus, it is not unexpected
that the scintillation response to protons will have a different time constant [4, 29].
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5.2 Emission spectrum

The PEN emission spectrum was studied using an Andor Shamrock 193i spectrograph, which
features a 0.2 nm wavelength resolution. PEN samples with 1.7 × 20 × 74 mm3 dimensions, were
excited using a UV LED from Thorlabs (LED341W) with an emission wavelength of (340 ± 10) nm
and a typical Full Width at Half Maximum (FWHM) of 15 nm. The PEN emission spectrum was
measured by exciting the sample at different distances. In order to improve the position resolution of
the excitation point with respect to the light collection window of the spectrometer, a light collimator
allowing for a millimeter resolution was coupled to the LED. The results of these measurements are
shown in figure 11 (top).

Figure 11. Top: emission spectrum of a PEN sample excited with a collimated 340 nm UV LED at different
distances with respect to the light collection point. Bottom: quantum efficiency (QE) as a function of
wavelength (solid line) for the H11934-300 PMT. The PEN emission spectrum (dashed line) is drawn for
illustration. Quantum efficiency was taken from the PMT manual [14].

It can clearly be seen that the peak of the emission spectrum shifts to higher wavelengths when
the distance from the excitation point with respect to the collection window increases. In addition,
this shift is higher at shorter wavelengths, which is a sign that the bulk absorption length is higher
in this region. This self absorption behavior has been exploited to determine the bulk absorption
length as a function of the photon wavelength as described in the next subsection.

In general, the PEN emission spectrum starts at around 390 nm, peaks around 440 nm and
extends up to 600 nm. In this region, most of the photo-sensors can be used. As example, the
quantum efficiency as a function of the wavelength can be seen in figure 11 (bottom) for the PMTs
used in this work.

5.3 Attenuation and bulk absorption length

Another important characteristic of scintillators is the light attenuation and bulk absorption length.
To determine the attenuation of the Legend-200 PEN scintillator, a sample of 100 × 20 × 1.7 mm3

was used in conjunction with two PMTs coupled to the two ends of the sample (sides of 20×1.7 mm2).
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The sample was then excited with electrons from the 207Bi source using the trigger system described in
subsection 3.2. A first transverse scan over the side corresponding to the width of the sample (20 mm)
was performed in order to identify the center of the sample on this axis (𝑦-axis). Once the center
on the 𝑦-axis was determined, a scan was taken moving the source lengthwise (𝑥-axis) from PMT1
(Left) to PMT2 (Right) in steps of 0.5 mm, with 60 s of data taking in each position. For each position
the mean number of detected photons in each PMT as well as the sum of both PMTs were computed
and are shown in figure 12. In this configuration the center of the sample corresponds to 𝑥 = 60 mm.

Figure 12. Mean number of detected photons as a function of the distance from the excitation point to the
PMTs. A long PEN sample (100 × 20 × 1.7 mm3) coupled to two PMTs was used. The sample was excited
using collimated electrons from a 207Bi source.

The change in the total number of detected photons (blue points in figure 12) as a function of
the distance 𝑥 from the excitation point to the PMTs was fitted using an exponential function of type:

𝑓 (𝑥) = 𝑝0𝑒
−𝑥/𝜆1 + 𝑝1𝑒

𝑥/𝜆2 (5.2)

Taking the average of 𝜆1 and 𝜆2, an attenuation value 𝜆 = (39.5±1.9) mm was found. The attenuation
value 𝜆 measured in this way is geometry dependent as it depends on the mean distance travelled
by the photons, determined by the actual geometry. A more useful quantity, independent of the
sample geometry is the bulk absorption length as a function of the photon wavelength (𝑤𝑙). The
bulk absorption length 𝜆𝑏 (𝑤𝑙), or the distance light of a certain wavelength can travel through a
medium, before its intensity decays by 1/𝑒 is defined by:

𝜆𝑏 (𝑤𝑙) = − 𝐿

ln(𝑇) (5.3)

𝑇 =
𝐼

𝐼0
(5.4)

where 𝐿 is the length the light travels in the medium, 𝑇 is the transmission of the light, 𝐼 is the
transmitted intensity and 𝐼0 is the incident intensity. The bulk absorption length was determined
using three independent methods.
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First, 𝜆𝑏 was measured using a Shimadzu UV-2700i UV-Vis Spectrophotometer. This instrument
is a double beam, double monochromator spectrophotometer with a bandwidth of sub-nanometers
and sensitivity from 200 to 800 nm. The double beam measures the transmission of both a sample
and a reference, normalizing the intensity of the light source and improving the sensitivity of the
instrument. A sample is commonly dissolved in a solvent and filled into a cuvette and the reference
is an identical cuvette, filled with the solvent. As PEN cannot be easily dissolved, and dissolving the
material could affect the true attenuation length of the bulk, an alternative method was developed to
use this apparatus. PEN pieces were machined to fit perfectly into a BrandTech Macro UV-Cuvette
and were fixed using a slotted black bottom and top fitting, designed to keep the face of the PEN
plates parallel to the cuvette face, as well as to create a standard position as shown in figure 13 (Left).
These slotted pieces were machined from black plastic, to ensure there would be no interference
with the measurement and the reference liquid.

The cuvette was then filled with ethanol as the reference liquid. Ethanol was selected as it was
chemically compatible with the cuvette material, the PEN plastic and the slot pieces. The ethanol
used was purchased from Sigma Aldrich, HPLC Spectroscopic grade.

Figure 13. Left: PEN pieces inserted into cuvette (on left) and reference cuvette (on right) without samples.
Slotted black pieces were used in both the sample cuvette and the reference cuvette to ensure consistency.
The cuvettes are then placed in a Shimadzu UV-2700i UV-Vis Spectrophotometer. Right: inside of UV-VIS
Lambda 850 spectrometer in transmission mode. A PEN sample was placed at the opening of an integrated
sphere.

A concerning factor on using plastic pieces submerged in a reference liquid is loss of light from
changing refractive index. Without taking this loss of light into consideration, the attenuation length
would have a systematic uncertainty and be lower. To predict this loss of light, optical simulations
were conducted using the Geant4 package. In the simulation, it was assumed that the PEN, cuvette
and ethanol had attenuation lengths much longer than the sample size. The factor, or fraction of
light lost due to changing refractive index was determined by Equation 5.5:

𝑓PEN =
𝑇PEN in ethanol

𝑇ethanol
(5.5)
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Where 𝑇PEN in ethanol and 𝑇ethanol correspond to the measured transmission at a given wavelength. The
𝑓PEN was fed into the attenuation length calculations to take this effect into account. To avoid surface
effects, careful inspection was conducted using a microscope and bright lights. Results obtained on
the bulk absorption length from these measurements are shown in the orange band (ORNL setup) of
figure 14.

The second direct method used a UV-VIS Lambda 850 spectrometer from Perkin Elmer. Using
an integrated sphere allows the total amount of light, in both transmission and reflection mode, to be
collected. The setup employs a monochromator allowing to select light of a given wavelength with
sub-nanometer precision. Measuring both reflection and transmission allows to precisely estimate
the amount of light that has been absorbed in the sample. Figure 13 (Right) shows a PEN sample
placed in the setup before taking data in transmission mode. In reflection mode the sample is placed
at the back of the sphere where a reference reflector is placed. Measuring the amount of reflected
light allows to correct the amount of transmitted light with respect to the incident light. Two PEN
samples of 30 × 30 × 1.7 mm3 were used individually for these measurements. The setup was
calibrated before each measurement and 5 runs with each sample were taken. The results obtained
from these measurements are shown in the blue band (TUM setup) of figure 14.

Figure 14. Measured bulk absorption length in PEN as a function of the photon wavelength using different
methods. The color bands group the results of each setup. In the region of the PEN emission spectrum the
results are within each others uncertainty.

Finally, a third method using information of the PEN emission spectrum as shown in figure 11
was developed. This method exploits the information of the shift (to higher wavelengths) of the peak
of the emission spectrum resulting from increasing absorption due to the increase of the distance
between the excitation point and collection point. However, this spectral information does not provide
an absolute normalization factor. Therefore, using just this spectral information, only the shape of
the bulk absorption length curve can be obtained. To surmount this problem, the same sample was
coupled to two PMTs. The PMTs provided a robust method to determine the absolute normalization
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factor by measuring the mean number of detected photons according to the distance between the
PMTs and the excitation point. Then, the PEN sample was excited at different distances with respect
to the detection point as described at the beginning of this section. Later, this information was used
to scale each spectrum of figure 11.

The final ingredient required to compute the bulk absorption length is the mean total distance
traveled by the optical photons before reaching the photo-sensors. Since optical photons undergo
multiple reflections on the surfaces of the material, the total path length is larger than the distance
from the excitation point to the collection point. The total distance traveled by the photons between
the excitation and the collection point was estimated using Geant4 optical simulations. Moreover,
the path followed by the photons also depends on the surface roughness. The surface roughness will
imply that the photons undergo more or less reflections before reaching the PMTs. As shown in
section 4, high quality surfaces have been obtained. Thus, simulations using a 𝜎𝛼 with values from
0 to 5 degrees for the molded sides were performed. These values correspond to polished and close
to polished surfaces. On the other hand, for the lateral sides, simulations with values of 𝜎𝛼 from 0
to 10 degrees were carried out. It was found that variation of the roughness of the surfaces within
the range 0 to 5 degrees has only a minor impact on the total distance travelled by the photons.

All these ingredients were combined and using an iterative process, a bulk absorption length
curve was obtained. For the first iteration an initial bulk absorption length of 150 mm was assumed
for all wavelengths. For each iteration the detected spectrum measured exciting the sample at
position 𝑥 was scaled according to equation (5.2) taking as reference the spectrum at 𝑥 = 5 mm,
which corresponds to the shortest distance between collection point and excitation point. For each
excitation position 𝑥 the corresponding bulk absorption length curve was found. Taking the average
of all positions, a new bulk absorption length curve was obtained. This new bulk absorption curve
was used in the simulations for the next iteration. After three iterations the results converged to a
final bulk absorption curve. Figure 15 shows the bulk absorption curve after 3 iterations for each
position analyzed as well as the average of all positions to be used in the next iteration.

The results of the three methods reported in this section are in good agreement. At the peak
wavelength of the PEN emission spectrum around 440 nm the obtained bulk absorption length
was 54.3 ± 1.0 mm, 55.3 ± 1.0 mm and 52.8 ± 2.0 mm for the three methods, double beam with
reference sample, integrated sphere with transmission/reflection measurement and iterative method,
respectively. The third method gives a slightly lower value than the two first methods. However, the
uncertainties are higher because of assumptions made for this method. The results were validated by
using them as input for the simulation of the PMT data obtained with the measurement described at
the beginning of this section. The simulations show an excellent agreement with the data for a long
PEN sample as can be observed in figure 16, thus giving confidence in the obtained results.

5.4 Light output and absolute light yield

The scintillation efficiency, referred to as light yield, corresponds to the number of generated optical
photons per amount of deposited energy for a given particle species. With known light yield, bulk
absorption length, surface roughness and quantum efficiency of the photo-sensors, the light output
(photons being detected by the PMTs) from a sample with a given geometry can be obtained. A
higher light yield will result in a higher number of detected photons, translating into a higher
detection efficiency and better background rejection efficiency.
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Figure 15. Estimated bulk absorption length in PEN as a function of the photon-wavelength using the spectral
information of a sample excited at different distances from the collection point. A 15 mm shift on the y axis
from curve to curve was used for visualization purposes.

Figure 16. Data — Monte Carlo comparison for tuned values of the bulk absorption length curve and surface
roughness. A PEN sample of sample of dimension 70 × 10 × 1.7 mm3 coupled to two PMTs was excited at
different positions.

In order to measure the light output of PEN, square samples of 30 × 30 × 1.7 mm3 were stacked
and coupled to five PMTs, four lateral and one at the bottom as shown in figure 6 (Left). The samples
were then excited with collimated electrons from the 207Bi source that was placed over the center
of the samples. Scintillators with well known optical properties were procured and samples of
the same dimensions as PEN were machined. These samples allowed the detection efficiency of
the setup to be calibrated and to have a direct comparison of the light output among the different
scintillators. To this end, EJ-200 and PS32 samples were used. These scintillators are based on
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polyvinyltoluene (PVT) and polystyrene (PS) respectively. The light yield of the EJ-200 and PS32
scintillators is reported to be 10000 and 8750 photons/MeVe−, respectively. The number of detected
photons when using the 207Bi source to excite the three scintillator samples is shown in figure 17.
The region around the peaks of each spectrum was fitted with a Gaussian distribution and this
value was compared to the peaks of the deposited energy spectrum (∼ 420 keV and ∼ 930 keV)
obtained from simulations (see figure 8) in order to obtain the light output. As expected, the EJ-200
samples show the highest light output, with about 1500 photons/MeVe−. A direct comparison of
PEN with these two scintillators provided a lower limit of a light yield of 3000 photons/MeVe−.
However, while the bulk absorption of the EJ-200 and PS32 scintillators is of the order of meters,
resulting in negligible attenuation effects for these small samples, in the case of PEN this effect has
to be taken into account. Thus, to determine the light yield of PEN, Geant4 optical simulations are
needed, taking into account the effects of bulk absorption length and surface roughness using the
measurements described in previous sections.

Figure 17. Number of detected photons for different scintillator samples excited with 207Bi.

First, taking advantage of the well known properties of the EJ-200 scintillator it was used to
calibrate the detection efficiency of the setup. For this scintillator the bulk absorption length at
450 nm is about 380 cm, while the decay time and index of refraction are 2.1 ns and 1.58 respectively.
The uncertainty on the light yield (10000 photons/MeVe−) is about 2%,3 and it is included in the
estimations of the systematic uncertainties of the PEN light yield. The detection efficiency of the
setup was determined by comparing simulations with data. Figure 18 (Left) shows the number
of detected photons for the EJ-200 samples used as reference for the calibration of the detection
efficiency of the setup. The simulated number of detected photons (orange) is higher with respect
to the data (green). The region around the ∼ 1 MeV peak was fitted in both data and simulations
and the values of the peaks thus obtained were compared to calculate the detection efficiency of the
setup. Once the simulations were corrected for the detection efficiency of ∼ 62% (blue histogram)
an excellent agreement between data and simulations was achieved.

3From direct communication with ELJEN technology researchers, the 2% uncertainty is equivalent to ±200 photons
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Figure 18. Left: light output of EJ-200 samples excited with 207Bi source. The green histogram corresponds
to data, while the blue and orange histograms correspond to the simulation assuming 100% and 62% detection
efficiency respectively. Right: shows the detection efficiency from simulation as a function of the surface
roughness for the EJ-200 samples.

An unknown parameter of the EJ-200 samples is the surface roughness. To estimate the
uncertainty originating from this parameter, 3D images were taken and estimations of 𝜎𝛼 < 0.2 rad
were obtained following the same procedure as described in section 4. Then, simulations with
different surface roughness were carried out. Figure 18 (Right), shows the impact of the surface
roughness for the EJ-200 samples on the determination of the detection efficiency of the setup. In
the range of the experimentally obtained 𝜎𝛼, an uncertainty of 2% can be inferred. This effect is
small because of the small size of the samples and the long bulk absorption length of the EJ-200
scintillator.

Finally, the response of the PEN samples was simulated using different values of light yield.
These simulations were used to determine the detection efficiency as a function of light yield.

𝜂 =
number of detected photons (data)

simulated number of detected photons (for a given light yield)
(5.6)

with the “number of detected photons (data)” being fixed by the data. This implies that for a higher
value of light yield used in the simulations a smaller value of 𝜂 is expected. Figure 19 (Left) shows
this relation for different assumptions of light yield. A light yield of 5437 photons/MeVe− best
matches the calibrated detection efficiency of 𝜂 = 62% previously determined with the EJ-200
calibration samples. Figure 19 (Right) shows the effect of the surface roughness on the determination
of the detection efficiency for a given value of light yield.

Taking into account the uncertainties on the different parameters used as input for this study, the
total systematic uncertainty was estimated as

𝜎2
PEN LY = 𝜎2

r-EJ200 + 𝜎2
LY-EJ200 + 𝜎2

r-PEN + 𝜎2
b-PEN + 𝜎2

setup (5.7)

where 𝜎r-EJ200 = 2% and 𝜎r-PEN = 1% take into account the effects of the roughness of the EJ200 and
PEN samples respectively, 𝜎LY-EJ200 = 2% accounts for the uncertainty of the detection efficiency
calibration coming from the uncertainty of the light yield of the EJ200 scintillator, 𝜎b-PEN = 1%
stands for the uncertainty of the bulk absorption length, and 𝜎setup = 1% accounts for effects of
alignment reproducibility of the measurements. A total systematic uncertainty of 𝜎PEN LY = 4%
(∼ 220 photons/MeVe−) was obtained.
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Figure 19. Left: effect of the simulated light yield of PEN on the detection efficiency. A quadratic relation
is used to fit the detection efficiency as a function of the simulated light yield. Right: effect of the PEN
surface roughness on the detection efficiency for a given light yield. For each value of surface roughness of
the molded sides (𝑥-axis) four values of surface roughness were simulated for the lateral sides (𝜎𝛼 of cut
side), indicated with different colors in the plot. The mean value is computed taking the three lower values of
surface roughness in the cut sides into account.

6 Light output and self-vetoing efficiency of the Legend-200 PEN holders

The light output of the Legend-200 PEN holders in the final operational conditions of the Legend-
200 setup will depend on the shape and size of each holder. In addition, the different components
mounted on the holders as well as the configuration of the light readout system will also impact
the detection and self-vetoing efficiency. While this light output can be simulated using the optical
parameters reported in this work, having measurements under well controlled conditions are also
crucial to compare and understand the light propagation and collection.

6.1 The setup

In order to determine the light output and self-vetoing efficiency of the final PEN Legend-200
holders, PMTs were coupled to the flat lateral surfaces of the holders as can be seen in figure 20.
3D printed support structures specially designed to fit the shape of each type of holder were used.
These support structures allowed the placement of the PMTs to within 0.1 mm and therefore enable
reproducible measurements. The optical grease, EJ-550, between the holders and the PMTs ensured
a good optical coupling. Finally, the holders were excited using collimated electrons from the 207Bi
source using the trigger system described previously. The PEN holders were scanned along both
axes in steps of 1 mm. In each position, 30 seconds of data were recorded. For a complete scan of
each holder about 3 days of data taking were needed.

At the beginning of each scan, the PMTs were calibrated by their SPE response using the protocol
described in subsection 3.4. The goal of this calibration was to verify and decrease uncertainties
caused by possible instabilities of the SPE response. However, it was found that the gain is very
stable among the different measurements, and only sub-percent variations were observed.

6.2 Light output and self-vetoing efficiency

To determine the light output, the charge of each PMT was converted to number of detected photons
and then the total number of detected photons was found by summing the output of all the PMTs
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Figure 20. Legend-200 holder placed in a 3D support structure designed to fit its shape. The PMTs are
coupled to the holder using optical grease.

coupled to the holder. Figure 21 (Left) shows the mean number of detected photons as a function
of source position. Since the thickness of one holder is not enough to completely absorb the
electrons from the 207Bi source, data with two stacked holders were taken for calibration purposes.
A calibration factor to convert the number of detected photons to deposited energy was found using
the ∼ 1 MeV peak that could be identified using data with two stacked holders. Using this calibration
factor the number of detected photons can be translated into energy deposited.

The self-vetoing efficiency of the Legend-200 holders depends on the optical properties of the
material, the amount of deposited energy, type of particle and the setup. This study was performed
assuming that the detected ∼1 MeV peak using the 207Bi source is Poisson distributed around its
position. Therefore, by integrating the Poisson probability distribution from 0 detected photons to a
certain amount, the probability of detecting at least that amount of photons for an energy deposition
can be calculated. Assuming a linear energy dependency, this can be estimated for arbitrary energy
depositions. Furthermore, by fixing the amount of photons that have to be detected, the minimum
needed energy deposition to detect that amount of photons can be calculated. In this way the
minimum deposited energy required to have a 5𝜎 detection probability of at least two photons in
this setup was determined. Figure 21 (Right) shows this estimated energy as a function of 207Bi
source position above the holder.

In general, it was found that for positions close to the PMTs, energy deposits of above 50 keV
can be detected (> 5𝜎). For some areas on the holder a minimum energy of ∼ 250 keV is required
for a 5𝜎 detection. The strong correlation with the position of the PMTs is explained because of
geometrical effects but also it is a consequence of the bulk absorption length of PEN of the order of
60 mm. Hence, for events located far from the PMTs a significant reduction in the light output is
produced. This effect is nevertheless tolerable for small components like the Legend-200 holders.
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Figure 21. Left: mean detected photons per event using electrons from the 207Bi source. For positions close to
the PMTs around 100 p.e. are detected on average. Right: required deposited energy to achieve a 5𝜎 detection
efficiency of at least 2 p.e. using a Legend-200 holder in this setup (see figure 20). The lower threshold
correspond to the regions close to the PMTs positions. The positions of the PMTs can be seen in figure 20.

7 Conclusions & outlook

PEN is an innovative scintillating polymer material for use as an active structural material in
low-background physics experiments. After a successful production of low background PEN tiles,
support holders for deployment in the Legend-200 experiment were produced. These PEN holders
will be used to mount the Ge detectors that are operated in liquid argon. In this study, the surface of
the Legend-200 holders has been characterized and it was found that high quality surfaces have
been obtained. Thus, the molded surfaces of the PEN holders can be considered as having the
surface quality of polished materials. In the Legend-200 setup, this has the advantage that light
from liquid argon produced in between the Ge detectors will be efficiently collected and guided
(due to the difference in refractive index between PEN and LAr) to the lateral sides where the WLS
optical fibers are placed. In this way, the use of PEN holders will optimize light collection and the
discrimination of backgrounds originating in the surrounding of the Ge detectors.

The main optical properties of the Legend-200 PEN production batch have been measured
and are summarized in table 2. Detailed Geant4 simulations of the setups used for this optical
characterization have been developed. Using the reported values of the different optical parameters,
an excellent agreement between data and Monte Carlo simulations has been achieved.

Table 2. Main optical properties of Legend-200 PEN scintillator batch.
Light yield (5440 ± 220) photons/MeVe−

Time constant (25.3 ± 0.2) ns
Bulk absorption length (62 ± 3) mm at 450 nm
𝜎𝛼 of molded surfaces < 0.1 rad

Emission spectrum maximum (440 ± 3) nm

The final Legend-200 holders have been optically characterized and an estimation of the
minimum energy needed to be deposited for their self-vetoing capabilities within the PMT setup
used in this study has been performed. It was found that a self-vetoing efficiency (> 5𝜎 detection)
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for events depositing a minimum energy between 50 and of 250 keV (depending on the position) is
reached. Even though these results are setup dependent, these open the window — using detailed MC
simulations — for a precise estimation of the background discrimination and self-vetoing efficiency
of these PEN holders in the final operational conditions of the Legend-200 setup. Moreover,
these results can be used to study the benefits of using PEN in similar low-background physics
experiments. Finally, further R&D is being carried out for a potential wider application of PEN in
the Legend-1000 experiment.
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