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Spectral photon sorting for large-scale Cherenkov and scintillation detectors
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We describe here measurements with a new device, the “dichroicon,” a Winston-style light concentrator
built out of dichroic reflectors, which could allow large-scale neutrino detectors to sort photons by
wavelength with small overall light loss. Photon sorting would benefit large-scale water or ice Cherenkov
detectors such as Hyper-Kamiokande or IceCube by providing a measure of dispersion, which, in turn,
could allow improved position reconstruction and timing. For scintillator detectors like JUNO and
upgrades to SNO+ or KamLAND-ZEN or to water-based liquid scintillator detectors like Theia,
dichroicons would provide effective discrimination between Cherenkov and scintillation light, allowing
them to operate as true hybrid detectors. We include measurements with a prototype dichroicon using first a
Cherenkov source to show that spectral photon sorting works as expected. We then present measurements
of two different linear-alkyl-benzene-based liquid scintillator sources and demonstrate discrimination
between Cherenkov and scintillation light. On the benchtop, we can identify Cherenkov light with better
than 90% purity while maintaining a high collection efficiency for the scintillation light. First results from

simulations of a large-scale detector are also presented.
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I. INTRODUCTION

There is a rich history of discovery for large-scale
neutrino detectors that use photons as their primary detec-
tion method [1-12]. These detectors are often monolithic,
with a target medium in which Cherenkov or scintillation
light is produced, viewed by an array of photon sensors.

Perhaps surprisingly, despite their great success to date,
these detectors use only a small amount of the information
available in the photons they detect. A typical large-scale
photon-based detector records at most the number of
detected photons and their arrival times. But photons
may also carry information about physics events in their
direction [13], their polarization, and their wavelength.

We focus here on the development of a device that is
capable of providing information on the photon wavelength
in a large-scale detector. In a Cherenkov detector—whether
in water, ice, or oil—the photon wavelength carries
information about the propagation time from the source
vertex to the photon sensor. Across 50 m of water, for
example, a 550 nm photon will arrive nearly 2 ns earlier
than a 400 nm photon, easily resolvable by modern
photomultiplier tubes (PMTs) [14]. Thus, measuring the
difference in time between many long-wavelength and
short-wavelength photons that lie along a Cherenkov ring
provides information about the event position, independent
from the overall timing and angular information usually
used in reconstruction. The resolution of dispersion in such
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a detector also allows improved timing, as both the
approximately 2 ns spread from dispersion and the differ-
ential effects of Rayleigh scattering broaden the prompt
time window used for reconstruction.

In a scintillation or water-based scintillation detector, the
photon wavelength can be used to detect Cherenkov light
independently from scintillation light. For these detectors,
the scintillation light typically lies in a narrow band at short
optical wavelengths, while Cherenk ov light is naturally
broadband. Future large-scale scintillation experiments like
Theia [15] plan to detect both Cherenkov and scintillation
light as a way of providing a very broad range of physics
with a single detector.

Independent detection of Cherenkov light allows
reconstruction of the event direction, which can aid in
identifying solar neutrino events [16,17], classification of
neutrinoless beta decay candidates against the solar neu-
trino background [18-20], or discrimination of high-energy
v, events from z,’s, which is important for studying long-
baseline neutrino oscillations. The scintillation light pro-
vides a high light yield that is critical for good energy
resolution and position reconstruction. The time profile of
the scintillation light is also important, because it affects
position reconstruction and provides ways of discriminat-
ing f’s from a particles.

There are several possible techniques for measuring the
Cherenkov light in liquid scintillator detectors. The timing
of the detected photons is a powerful handle, as the
Cherenkov light is produced promptly, whereas it may
take as much as a nanosecond for the scintillation light to be
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emitted [21]. Additionally, the angular distribution of the
Cherenkov light around the event direction distinguishes it
from isotropic scintillation light. Benchtop-scale experi-
mental setups, such as in Refs. [21-25], use the timing and
directionality to identify the Cherenkov light.

Separating the two components in current-generation
large-scale scintillation-based neutrino detectors is, never-
theless, very difficult. The transit time spread (TTS) of
PMTs is generally around 1.5 ns or larger, making it difficult
to resolve the early Cherenkov light. An illustration of the
typical timing spectra of the detected light for a SNO+-like
detector using a liquid scintillator is shown in Fig. 1,
generated using the RAT-PAC software [26]. Even with using
both the timing and spatial distributions of the hits, no
current-generation large-scale scintillator detector has been
able to demonstrate the detection of Cherenkov light.

The challenge in discriminating Cherenkov and scintil-
lation light by photon wavelength in large-scale detectors is
doing so while maintaining the high detected light yield
needed for a low-energy physics program or precision
reconstruction and particle ID. Using a water-based liquid
scintillator [27], for example, increases the ratio of
Cherenkov to scintillation light by reducing the total
scintillation light. Using a scintillator like linear alkyl
benzene (LAB) with only a small amount of fluor can
also be done to slow down the scintillation time profile
[28], and then timing can be used to identify Cherenkov
light; however, this again comes with a consequent reduc-
tion in scintillation light yield. Adopting a simple filtering
scheme, or using sets of photon sensors of different
wavelength sensitivities [29], also reduces the total light
yield, because the detection area taken up by filtered photon
sensors can be used for only one photon wavelength band.
What is needed is a way to sort photons by wavelength,
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FIG. 1. The time profile of the detected light for simulated

2.5 MeV electrons at the center of a SNO--like detector,
consisting of about 9000 PMTs with transit time spreads of
1.4 ns, a 6-m-radius acrylic vessel, and about 50% coverage. The
Cherenkov light arrives promptly but is difficult to identify due to
the intrinsic resolution of the photodetectors and high light yield
of the scintillator.

directing different wavelength bands toward relevant pho-
ton sensors and doing this in a way that loses as little timing
or position information as possible.

In earlier work [30], we showed that sorting by wave-
length can be done using dichroic reflectors and that
broadband (falling as 1/4%) Cherenkov light can be dis-
tinguished from narrow-band scintillation light, in a LAB
scintillator doped with 2,5-Diphenyloxazole (PPO). To turn
this approach into something that could be used in a
large-scale detector, we have configured the dichroic filters
into a Winston-style light concentrator, the “dichroicon.”
As is well known, Winston cones provide optimal light
collection for nonimaging detectors [31] and have been
used in other large-scale neutrino detectors [32,33]. An
additional advantage to a large-scale detector of using long-
wavelength photons to identify Cherenkov light is that the
long-wavelength photons travel faster and are scattered
and absorbed far less than short-wavelength photons [34],
thus preserving more of the directional information of the
Cherenkov light.

In this context, this paper refers to photons with
wavelengths between around 450 and 900 nm as “long-
wavelength” and photons between 350 and 450 nm as
“short-wavelength.” The shortest wavelength photons
between 300 and 350 nm are absorbed by scintillator
and reemitted at longer wavelengths. The emission spectra
of common fluors such as PPO, as shown in Fig. 2, peak
around 360-380 nm and trail off by 450 nm, leaving
primarily Cherenkov light emission above this wavelength.
Red-sensitive PMTs can be used to detect this long-
wavelength light and have quantum efficiencies that can
extend to around 800-900 nm, also shown in Fig. 2.
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FIG. 2. The quantum efficiency of the PMTs used in the various
measurements compared to the Cherenkov emission spectrum
and the emission spectra of the fluors PPO and PTP. The three
emission spectra are arbitrarily scaled and show shape only.
The quantum efficiency curves for the R7600-U20, R2257, and
R1408 are taken from Refs. [35-37], respectively. The PPO and
PTP emission spectra were taken from the PhotochemCAD
database [38].
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The dichroicon follows the off-axis parabolic design
of an ideal Winston cone but is built as a tiled set of
dichroic filters and does not achieve the idealized shape.
The filters are used to direct long-wavelength light toward a
central red-sensitive PMT while transmitting the shorter-
wavelength light through the “barrel” of the Winston cone
to secondary photodetectors. This is possible because of
the remarkable property of the dichroic reflectors, which
reflect one passband of light (below or above a “cut-on”
wavelength) while transmitting its complement, with very
little absorption. As shown schematically for two possible
designs in Fig. 3, the barrel of the dichroicon is built from
short-pass dichroic filters, and a long-pass dichroic filter is
placed at the aperture of the dichroicon. The short-pass
filter passes short-wavelength light while reflecting long-
wavelength light; the long-pass has the complementary
response.

The parameter space for optimization of the dichroicon is
large, and we have explored only a small fraction of it in the
work presented here. The features of the dichroicon that can
be varied include: length and geometric field of view, cut-
on wavelength for different dichroic filters (they need not
all be the same across the cone), photon sensor type and
response for both short- and long-wavelength bands,
presence or absence of additional filtering at the aperture,
shape and reflectivity of the light guide, and size and
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FIG. 3. Simple schematics for two potential options for a
system to detect light sorted by the dichroicon. On the left is
shown an option where a parabolic reflector is built around the
dichroicon to detect the short-wavelength light. On the right is an
option using acrylic light guides to direct the short-wavelength
light to one or more photodetectors. In this case, a pixelated light
detector such as a large area picosecond photodetector (LAPPD)
might be an ideal sensor for the dichroicon. In both designs, the
long-wavelength light is detected at the aperture of the dichroi-
con. Neither of these full designs are constructed in this paper but
are included to show potential detection schemes for the short-
and long-wavelength light. The device built for this paper is
shown in Fig. 11. The blue and red lines show possible photon
tracks for short- and long-wavelength light, respectively.

configuration of the photon sensors used to detect both sets
of light. In fact, a multiband dichroicon could be designed,
which simply nests various dichroicons within each other,
if more than two passbands were needed. Our design here
has been constrained by available PMT sizes and sensi-
tivities and sizes and shapes of available dichroic filters. For
a dichroicon that would be deployed in a real detector, the
optimization would depend upon the physics goals, the
target material and any added fluors, and the fiducial
volume of the detector.

In our design, a 3D printed structure is tiled with dichroic
filters, as shown in Fig. 4. Around the barrel of the Winston
cone are 18 short-pass filters from Edmund Optics [39] and
18 from Knight Optical [40], the latter of which are custom
cut to trapezoidal shapes to fill the surface area. A long-pass
filter from Knight Optical, 50 mm in diameter, sits at the
center of the dichroicon. A second dichroicon is also
constructed using several different filters. The specific
filters used for the two dichroicons are presented in
Tables I and II, respectively. The dichroicon pictured in
Fig. 4 and presented in Table I is used for the majority of
the measurements in this paper and is referred to simply as
the dichroicon. The measurements with the dichroicon
were done with both a Cherenkov source and a LAB-PPO
source. The second dichroicon is used primarily for
measurements in LAB with p-terphenyl (PTP) as the fluor,
which has a shorter-wavelength emission spectrum than
PPO. We refer to that device as dichroicon-2, and the only
difference from the dichroicon is the cut-on wavelength of

FIG. 4. A head-on view of the dichroicon. The filters are held in
a custom 3D-printed plastic holder and can be easily swapped.
The short-pass filters tile the barrel of the Winston cone, and a
central long-pass filter is placed at the aperture. A small amount
of black electrical tape is used to block a small gap between the
filters and the holder at the top of the dichroicon. The outer
diameter of the dichroicon is about 150 mm, and the inner
diameter, where the long-pass filter is located, is about 50 mm.
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TABLE L
angle of 45°.

The details for the filters used for the dichroicon shown in Fig. 4. The cut-on wavelength is given for an average incidence

Cut-on (nm) Pass Shape Dimensions (mm) Quantity Manufacturer Online data sheet
500 Short Rectangular 25.2x35.6 18 Edmund Optics [39]
453 Short Trapezoidal 35 x 35 x 35 %25 6 Knight Optical [40]
453 Short Trapezoidal 25x35x35x%x 14 6 Knight Optical [40]
453 Short Triangular 14 x 35 x 35 6 Knight Optical [40]
480 Long Circular @50 1 Knight Optical [41]

the rectangular-shaped short-pass filters used in the barrel
of the device is slightly reduced, and the cut-on wavelength
of the central long-pass filter used at the aperture is slightly
reduced. All measurements in this paper are made with the
dichroicon (rather than the dichroicon-2) other than those
presented in Sec. IV E 3.

The cut-on wavelength specified in Tables I and II refers
to the wavelength corresponding to the 50% transmission
crossing, as the filter either goes from transmitting to
reflecting or vice versa. The choice for the cut-on, manu-
facturer, size, and shape of the filters was motivated
primarily by availability, cost, and design limitations.
The choice to use cut-on wavelengths between 450 and
500 nm for the dichroicon was motivated largely by the
result in Ref. [30], where measurements made with
LAB + PPO and a single 500 nm dichroic filter showed
excellent performance. Shorter-pass filters were used for
the dichroicon-2, the reasons for which are detailed in
Sec. IVE3.

This paper focuses on detecting the light at both the
aperture and barrel of the Winston cone using PMTs. There
are, however, many possible options for photon sensing.
One interesting option is LAPPDs, which provide an
excellent time resolution of around 50 ps [44] over their
active areas, which consist of 350 square centimeter pixels.
By coupling an LAPPD to a dichroicon, one could use the
central pixels to detect the long-wavelength light and the
outer pixels for the short-wavelength light. Also possible
instead of PMTs is an array of silicon photomultipliers,
similar to the device described in Ref. [45], to perform
pixelated detection of the light sorted by the dichroicon.

The method for detecting the short-wavelength light is
complicated by the fact that the entire barrel of the Winston
should be instrumented to provide maximal collection
efficiency. Placing PMTs directly behind the barrel of
the cone would be an expensive and inefficient way to

collect the light, although it would preserve the timing of
the photons. There are many ideas for better ways to collect
these photons—one could use acrylic light guides to direct
the light back toward one or several blue-sensitive PMTs.
Another idea is to use a second parabolic reflector, built
from reflecting material instead of filters, that wraps around
the dichroicon, more efficiently directing the short-
wavelength light toward the photon sensor. A simpler option
consists of a cylinder that is lined with reflective material or
paint, which reflects the short-wavelength photons back to a
single PMT. This final option was chosen for our exper-
imental setup, as will be discussed in Sec. I[VA.

All of these options will slightly degrade the timing of the
short-wavelength photons by reflecting the photons one or
more times before they are detected. Particularly for scintil-
lation detectors, where the timing of the photons is already
spread out by the intrinsic emission spectrum of the scintil-
lator, this will be a small effect, and it is part of the reason for
choosing to tile the barrel of the dichroicon with short-pass
filters rather than building the complementary design.

Although we have chosen to include a long-pass dichroic
filter at the dichroicon aperture, its presence ultimately
depends on the physics goals of an experiment and the
configuration of the photon sensors. The advantage of a
long-pass dichroic filter at the aperture, rather than a simple
long-pass absorbing filter, is that short-wavelength light
that hits the aperture is reflected rather than absorbed, and,
thus, the total short-wavelength light yield is not affected.
The majority of this light, in our configuration, would have
to be detected by another device—for example, by PMTs
on the other side of a large detector. A different optimi-
zation of the dichroicon, however, might lead to a different
choice for the aperture filter.

Nevertheless, even with a long-pass dichroic filter at
the aperture of the dichroicon, we find that some short-
wavelength light does leak through. For Cherenkov and

TABLEII. The details for the filters used for the dichroicon-2. The cut-on wavelength is given for an average incidence angle of 45°.
Cut-on (nm) Pass Shape Dimensions (mm) Quantity Manufacturer Online data sheet
450 Short Rectangular 252 x35.6 18 Edmund Optics [42]
453 Short Trapezoidal 35 %x35%x35%25 6 Knight Optical [40]
453 Short Trapezoidal 35x35x35x%x 14 6 Knight Optical [40]
453 Short Triangular 14 x 35 x 35 6 Knight Optical [40]
462 Long Circular @50 1 Knight Optical [43]
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scintillation separation, even this small amount of leakage
is noticeable, because there is so much more scintillation
than Cherenkov light generated at the source. Thus, we
have included a long-pass absorbing filter behind the long-
pass dichroic filter at the dichroicon aperture in some of
our measurements, which leads to the improved purity of
Cherenkov photons detected there. While this means that
some of the short-wavelength light is lost from the system,
it is a tiny amount, as it is only the small number that
leak through the long-pass dichroic filter that are absorbed.
A photon sensor with better timing at the aperture would
likely make the long-pass absorbing filter unnecessary for
Cherenkov and scintillation separation, as the small amount
of scintillation light that leaks through could be distin-
guished by timing.

Our primary goal in the measurements of this dichroicon
is to demonstrate the ability to sort photons for both a
Cherenkov and scintillation source. Our measurements
with a Cherenkov source are designed as a demonstration
that the dichroicon works as intended, in an easy to study
system, with application for large-scale neutrino detectors
such as Hyper-Kamiokande. Our measurements with scin-
tillation sources will further demonstrate the photon-sorting
technique in addition to providing a way to separate
Cherenkov and scintillation light.

In Sec. II, we discuss the experimental setup and results
of our dichroic filter characterization, which provides
critical input into our simulation software. In Sec. III,
the calibration of the PMTs used in the dichroicon setup is
discussed, which is necessary for a quantitative under-
standing of the dichroicon results. In Sec. IV, the benchtop
setup, data analysis, and results for the dichroicon mea-
surements are presented. These results include mea-
surements using a Cherenkov source and two different
scintillation sources, a variety of different dichroic filters
and absorbing long-pass filters, and two different red-
sensitive PMTs at the aperture of the dichroicon.

Finally, it should be noted that dichroic filters have
appeared recently in several other potential photon-
detection devices for large-scale neutrino detectors.
These filters are starting to be studied in more detail for
use as a photon-trap device for Hyper-Kamiokande [46]
and for the ARAPUCA and X-ARAPUCA light trap
designs for ProtoDUNE and DUNE [47].

II. DICHROIC FILTER CHARACTERIZATION

Manufacturers typically provide data for one or two
incidence angles for dichroic filters, scanned over the
wavelength [39,40]; however, dichroic behavior as a
function of the incidence angle, which is needed for
simulation studies and optimization, is not provided. We
have therefore characterized them on the benchtop in two
ways: first, using LED sources and well-understood PMTs
and, second, using LED sources and a spectrometer. The
measurement using PMTs provides both transmissivity and

reflectivity information, but the data are averaged over the
spectrum of the LED. The spectrometer data provide only
transmissivity, but the detailed wavelength dependence of
the filter can be extracted. We have also measured the
transmissivity of the filter in water.

A. Experimental setup

A schematic of the dichroic filter characterization exper-
imental setup using PMTs is shown in Fig. 5. In this setup,
a collimated LED is directed toward a 50/50 beam splitter
[48]. One output of that beam splitter goes toward an
R7600-U200 PMT, referred to as the normalization PMT,
which provides a measure of the LED intensity, which
changes slightly across datasets. The other output goes to a
dichroic filter, which both transmits and reflects the
incoming photons. The transmitted and reflected light is
detected by R7600-U200 PMTs, referred to as the trans-
mission and reflection PMTs, respectively. The three PMTs
are operated at —800 V.

The dichroic filter is located on a rotating stage, and the
angle can be chosen in 1° increments. We measured the
response at incidence angles from ~0° to 60°, where 0°
indicates light impinging normal to the surface. Given the
geometry of the setup, most significantly the opening angle
of the collimated LED beam, very large incidence angles
> 60° were not possible to measure. Additionally, mea-
surements of reflection were not made at incident angles
less than 15° because of shadowing by parts of the setup of
the reflected light.

LEDs at wavelengths of 385, 405, 450, 505, 555, 590,
and 630 nm from Thorlabs were used to probe the filter
response across the wavelength. The data sheets are
available online [49]. The spectral FWHM of the LEDs
ranges from 12 to 30 nm, and no filters were used to narrow
the wavelength range of the beam.

Normalization
PMT

Transmission
PMT

Collimated LED
| —— ——— > ) .......

50/50 Beam ’

Splitter
< Long-pass
dichroic filter
Reflection
PMT
FIG. 5. The dichroic filter characterization setup. The nor-

malization, transmission, and reflection PMTs are R7600-U200
PMTs. The dichroic filter is held on a rotating stage.
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The LEDs are pulsed with 40-ns-wide 3 V square pulses
at 1 kHz. This output is split; one side is used to trigger the
oscilloscope acquisition, and the other goes to the LED. At
these settings, the LED output provides a relatively high
intensity source, resulting in the collection of around 100
photoelectrons (PEs) per triggered event at the normaliza-
tion PMT. In general, due to the nature of the dichroic filter,
either the reflection or transmission PMT views a similar
number of PEs, while the other detects very few photons
over the entire dataset.

B. DAQ and data analysis

The data acquisition (DAQ) system is a Lecroy
WaveRunner 606Zi 600 MHz oscilloscope which digitizes
the analog signals from the PMTs. The data are sampled
every 100 ps in 200-ns-long waveforms. The oscilloscope
has an 8-bit analog-to-digital converter with a variable
dynamic range, which allows for roughly 100 x4V reso-
lution. The Lecrunch software [50] is used to read out the
data, formatted in custom hdf5 files, over an ethernet
connection.

C++based analysis code runs over the hdf5 files to
calculate the amount of light collected by the normaliza-
tion, transmission, and reflection PMTs. Each PMT signal
is integrated to produce a charge. The gain of the PMTs is
set such that if a single photon is detected, the peak of the
charge distribution sits around 1 pC. For each triggered
event, the charge is converted to the number of photons
detected, which is summed over the total dataset.

C. Results

For each LED, two calibration datasets are taken with no
dichroic filter—one with the LED directed at the trans-
mission PMT and the other with it directed toward the
reflection PMT (still including the beam splitter and
normalization PMT). These datasets are used to measure
both PMT responses under the condition where no dichroic
filter is blocking the LED output and are used to nor-
malize to an expected intensity for 100% transmission or
reflection.

The calculated transmission 7 through the dichroic filter
is given below in Eq. (1):

7= Lr  Nar (1)
Tk Nr
The first term, T, is the total amount of light detected at
the transmission PMT and is divided by the total amount of
light detected by the transmission PMT when no dichroic
filter was present, Tyr. This gives the fractional trans-
mittance of the filter, under the assumption that the
intensity of the LED did not change. To correct for realistic
variations in the LED intensity, we multiply by a second
term, which is the normalization PMT measurement of the
LED intensity during the data taking with no filter, Ny,
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FIG. 6. The transmission data for the 500 nm short-pass filter
for incidence angles between 0° and 60°. The percent trans-
mission was calculated using Eq. (1).

divided by the normalization PMT measurement during
data taking with the filter, N . This second term provides us
with the relative change in intensity of the LED between the
two measurements. The same equation is used to calculate
the reflectance R, where the data for the reflection PMT are
used instead:

R N
R=_F I NF (2)
Ryr  Np

The results for the transmissivity and reflectivity of the
500 nm short-pass filters used in the barrel of the
dichroicon are shown in Figs. 6 and 7.

D. Spectrometer results

The experimental setup to measure the transmission as a
function of the wavelength and incidence angle with an
Ocean Optics USB-UV-VIS spectrometer is a simplified
version of the setup shown in Fig. 5. The PMTs and beam

w
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(%) uonoapzay
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Incident Angle (°)

FIG. 7. The reflection data for the 500 nm short-pass filter for
incidence angles between 15° and 60°. Note that the reflected data
extend only to incident angles of 15° due to shadowing effects in
the setup. The percent reflection was calculated using Eq. (2).
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splitter are removed, and the transmitted light is detected
with the spectrometer. While this simple setup does not
provide reflectivity values, the transmitted data captured are
far more detailed in terms of the behavior as a function
of the wavelength. To span relevant wavelengths between
350 and 750 nm, three different light sources are used: a
365 nm LED, a 405 nm LED, and a white LED which spans
420-750 nm.

Data are taken with no filter to understand the spectrum
and intensity of each of the LEDs. The dichroic filter is
added between the collimated LED and the spectrometer at
varying incidence angles. This data are normalized to the
no-filter data to calculate the absolute transmission. The
resulting transmission is shown in Fig. 8 for the 480 nm
long-pass filter that is used at the aperture of the dichroicon.

These data are consistent with the PMT data that were
taken for this filter. Perhaps most interestingly, the small
amount of short-wavelength leakage through this filter at
high incidence angles becomes clear and will be important
in understanding the results for the dichroicon. This
measurement is performed for all of the different types
of filters deployed in the dichroicon, specified in Table I.

The behavior of the filters will ultimately need to be
mapped for the specific fluid that the dichroicon is
submerged in. The buffer fluid around the PMTs is
commonly water, and measurements with the filter placed
in a water bath are made to understand the expected change
in performance. The setup and technique is identical to
those in air, and the results show that the dichroic filters
do perform differently in water. Figure 9 shows the results
for the 480 nm long-pass filter at two incidence angles
compared to the data taken in air. As expected, there is a
small change to the behavior of the filter, particularly where
it transitions from reflecting to transmitting at larger
incidence angles. We would anticipate larger shifts were
the dichroicon submersed in a scintillator or oil.

The results described in this section are used as input into
the simulation software used to model the dichroicon,
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FIG. 8. The transmission through the 480 nm long-pass filter,

used at the aperture of the dichroicon, as a function of the
wavelength, for multiple incidence angles.
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FIG. 9. The transmission through the 480 nm long-pass filter,
used at the aperture of the dichroicon, as a function of the
wavelength, for 0° and 45° incidence angles, in air and in water.

described in Sec. IV C. More detailed studies of these
dichroic filters, with data taken at more incidence angles,
will improve our model in the future.

III. PMT CALIBRATION

In the dichroicon measurements presented in Sec. IV,
light is detected using three different Hamamatsu PMTs: an
R2257, an R7600-U20, and an R1408. To compare various
dichroicon measurements, we need the relative detection
efficiencies of the PMTs. The total detection efficiency is
given by

QE xCE x F, (3)

where QE is the quantum efficiency of the PMT, CE is the
collection efficiency of the PMT, and F is the front-end
efficiency of the PMT. The QE measures the likelihood that
a photoelectron is created given an incident photon and
depends on the wavelength of the photon. The CE is the
probability that a created photoelectron is guided to the
dynode stack and multiplied, creating a signal at the anode.
The F measures the efficiency for detecting the signal,
given that the PMT pulses might be lost in the noise or fall
below the analysis threshold. In principle, an additional
efficiency factor is needed for absorption of the PMT glass
and photocathode; however, this factor should be similar
between the three PMTs and, thus, not impact the relative
detection efficiencies.

The QE curves are provided by Hamamatsu for the
R2257 and R7600 PMTs [35,36], and the QE of the R1408
has been measured for the SNO Collaboration [37], but the
factor CE x F must be measured for our setup. For this we
use an experimental setup very similar to the one described
in Sec. I A, as well as identical DAQ and analysis software.

The measurement is perform for two LEDs, at peak
wavelengths of 505 and 590 nm. The LED is collimated
and directed toward the 50/50 beam splitter, one output of
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TABLE III. The relative efficiencies of the R7600-U20 and
R1408 PMTs. The Rcgr measures the efficiency ratio between
the R2257 PMT and the other two PMTs, after factoring out the
expected difference in the quantum efficiencies. This effectively
provides the value for the collection and front-end efficiencies
of the other two PMTs. This factor is used when comparing
expected numbers of detected photons in the dichroicon mea-
surements, which are performed relative between the PMTs.

PMT RCEF at 494 nm RCEF at 587 nm
R7600-U20 1.81 £0.04 1.86 + 0.04
R1408 2.02 £0.04 1.97 £0.04

which goes toward an R7600-U200 normalization PMT.
The other output is directed toward either a 494 or 587 nm
bandpass filter, which narrows the wavelength spectrum
of the LED so that it spans only a small portion of the QE
curve. The output of the bandpass filter is detected by one
of the three measurement PMTs. The ratio of the number of
photoelectrons detected by the measurement PMT and the
normalization PMT is calculated and compared between
the three PMTs. The difference in this ratio between the
PMTs measures the difference in detection efficiencies. The
known QE for each PMT at 494 and 587 nm can be factored
out, giving a measure of the relative CE x F factors,
referred to as Rcgg. The values of Rqgp calculated relative
to the R2257 PMT (the least efficient) at both wavelengths
are shown in Table III. Note the agreement between the
Rcgr values at both wavelengths, as expected based on the
fact that neither the collection or front-end efficiency
should be wavelength dependent.

IV. DICHROICON MEASUREMENTS

A. Experimental setup

The dichroicon experimental setup consists of either a
pure source of Cherenkov light or a scintillation source.
The Cherenkov source consists of a UV-transparent (UVT)
acrylic block embedded with two *Sr sources on two sides,
shown on the left in Fig. 10. The scintillation source is a
%Sr source deployed above a hollowed-out UVT acrylic
block filled with scintillator, shown on the right in Fig. 10.
The blocks are 3 x 3 x 3.5 cm cubes. The scintillation
source has a machined-out cylindrical volume that is 2 cm
in diameter.

The °Sr undergoes a 0.546 MeV B~ decay to °°Y with a
half-life of 29.1 yr. The *°Y undergoes a 2.28 MeV f~
decay to *%Zr with a half-life of 64 hr. The = particles
create either isotropic scintillation light and/or Cherenkov
light in the scintillator or acrylic. At these low energies, the
P~ particles often undergo several scatters such that the
Cherenkov light can be created traveling in any direction.
Our simulation studies of the scintillation source, using the
GEANT4 implementation in the RAT-PAC simulation package,
have shown us that the amount of Cherenkov light created

FIG. 10. The acrylic Cherenkov source (left) and the scintilla-
tion source (right). The Cherenkov source is a UVT acrylic block
with two %°Sr sources embedded on its sides. The scintillation
source is hollowed UVT acrylic, filled with scintillator, and a 90gr
source deployed above the scintillator volume. In this picture, the
scintillation source is filled with LAB + PPO.

in the acrylic reaching our dichroicon is very small; nearly
all photons come from the target scintillator volume in the
hollowed-out space of the acrylic block.

The scintillator of choice is LAB, which has become a
popular liquid scintillator due to its ease of handling, high
light yield, and compatibility with acrylic. The fluors used
in the various measurements are PPO and PTP, both added at
a concentration of 2 g/L to the LAB. The primary fluors
drastically increase the light output and shift the emission
from the UV into the visible, where the PMTs operate most
efficiently. Because of'its popularity, the LAB + PPO proper-
ties have been characterized on the benchtop [51-55].
The properties of the fluor PTP are also well studied [56]
but for slightly different applications, such as for the X-
ARAPUCA devices [57], and it is not a particularly common
fluor to dissolve in LAB. Thus, the majority of the measure-
ments in this paper are presented with LAB + PPO.

A Hamamatsu ultrabialkali R7600-U200 PMT is opti-
cally coupled to the acrylic block using Eljen Technology
EJ 550 optical grease [58]. The PMT acts as a high-
efficiency fast trigger, provides the time zero, and is
referred to as the trigger PMT. On the other side of the
cube is the dichroicon. The filter at the central aperture of
the dichroicon is coupled to a PMT using the EJ 550 optical
grease.

Measurements are made separately with two different
Hamamatsu PMTs at the aperture: the R7600-U20 and the
R2257, which are referred to as the aperture PMTs. The
former is a 1-in (25.4-mm) square PMTs operated at
—900 V, while the R2257 is a 2-in (50.8-mm) diameter
cylindrical PMT operated at 1500 V. These high-voltage
values were chosen based on recommendations from the
Hamamatsu data sheets, and the PMTs were not operating
at the same gain. The QE of these PMTs, as well as the
emission spectra of the fluors, is shown compared to the
Cherenkov spectrum in Fig. 2.

The R7600-U20 has the advantage of a very high
efficiency for long-wavelength light, peaking around 20%
at 500 nm and still at 10% by 700 nm. Additionally, this
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FIG. 11. A schematic showing the setup with the dichroicon
and reflective cylinder. The R7600-U200 PMT is optically
coupled to the acrylic or scintillator source and used as a fast
trigger. The long-wavelength light is detected at the aperture of
the dichroicon. The short-wavelength light is transmitted through
the dichroicon, reflective off of the reflective Mylar lining the
cylinder, and detected by an R1408 PMT. The setup with the
R2257 aperture PMT is identical to the one shown, except, due to
the length of the aperture PMT, the reflective cylinder is extended
150 mm. The back of the aperture PMT is covered in reflective
foil. The area of the R1408 PMT outside of the reflective cylinder
is masked off using felt.

PMT has very fast timing, with a measured TTS of around
350 ps. In comparison, the R2257, while relatively efficient
at long wavelengths, peaks only around 10% efficiency
close to 600 nm. Additionally, the 900 ps TTS, while still
very good, is not as impressive as the R7600-U20. The
photocathode area, however, is about 5 times larger than the
R7600-U20, and its cylindrical shape makes it match very
well at the center of our dichroicon design.

The full setup is shown schematically in Fig. 11. The
front face of the R2257 or R7600-U20 is placed 215 mm
away from the light source. In the complete configuration, a
cylinder with reflective Mylar coating is used to direct the
short-wavelength light back to an R1408 PMT, operated
at 2000 V with a gain of 107. Additionally, the R2257 or
R7600-U20 is wrapped in reflective foil to ensure photons
are not lost when they hit the back of the central PMT
and its base. The reflective cylinder is about 152 mm
in diameter, to fit tightly around the dichroicon, and any
small gaps were closed with black tape. The R1408 PMT is

FIG. 12. A side view of the dark-box setup with the Cherenkov
source. The dichroicon is shown with the R2257 PMT at the
aperture. In front of the R2257 PMT is a 480 nm long-pass
dichroic filter. The barrel of the dichroicon consists of short-pass
dichroic filters. The reflecting cylinder and R1408 PMT are not
shown in this setup. The distances and size of the various
important components are shown in Fig. 11.

FIG. 13. The full setup with the short-wavelength light detec-
tion system, which consists of a cylinder with a Mylar-lined
reflecting interior that ends at an R1408 PMT. The part of the
R1408 PMT outside the cylinder is masked off using black felt.

an 8-in (203-mm) diameter Hamamatsu PMT, so the
outside of the PMT is masked off using felt to ensure
only the central area, viewing inside the reflective cylinder,
is used. Various pictures of the setup can be found in
Figs. 12 and 13.

As discussed, this particular design for the detection of
the scintillation light is not expected to be optimal. The
length of the R2257 requires a long light guide, and the
R1408 PMT is larger than necessary for our narrow-view
dichroicon. Our design is directed only toward achieving
our primary goal here: demonstrating the sorting of photons
in a way that preserves as much of both wavelength bands
as possible. A more robust and integrated design would be
needed for a realistic large-scale detector.

B. DAQ and data analysis

The same DAQ system as the one described in Sec. I[I B
is used. The rate of coincidences where both the trigger and
aperture PMTs detect light is kept low, and thus 2000000
triggered events were recorded for all datasets to maintain
reasonable statistics. This low coincidence rate (about 1%
for the Cherenkov source) ensures that the detected events
at the aperture PMT are single photoelectron (SPE). This
simplifies calculating the photon arrival times where no
correction for multiple photon hits is needed.

The c++-based analysis code runs over the hdf5 files to
identify interesting events, in which light is detected by the
PMTs around the dichroicon. A software-based constant
fraction discriminator is used to find the time difference
between the trigger PMT and the dichroicon PMTs. This is
done by scanning the digitized waveform of the dichroicon
PMTs, looking for a threshold crossing where the voltage is 3
times larger than the width of the electronic noise. After each
threshold crossing, the number of consecutive samples above
the threshold are counted in a 15 ns window. If the waveform
stays above the threshold for longer than 3 ns, the analysis
flags the threshold crossing as associated with a true PMT
pulse rather than a spike in the electronic noise. The peak of
the PMT pulse is identified, and the sample associated with
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the 20% peak-height crossing is found. The time of the
trigger PMT is identified similarly, and the large signal at the
PMT makes the threshold crossing easy to find.

In general, the dark rate of each PMT is estimated by
looking for PMT pulses in a window before the prompt
light, and in all cases a correction is applied when making
quantitative comparisons. This turns out to be a small
correction given the relatively low dark rates of these PMTs.

C. Dichroicon simulation models

A simulation of the benchtop setup with the dichroicon
was developed in the Chroma software package [59]. Chroma
is open source and can be found on Github [60]. Chroma
provides a fast real-time ray tracer, as well as a full optical
Monte Carlo calculation that can be nearly 400 times faster
than GEANT4. The detector geometries are defined by
triangulated surfaces rather than constructive solid geom-
etry. This provides a reasonable alternative to the standard
GEANT4-based Monte Carlo software, particularly for very
large geometries such as Theia and Hyper-Kamiokande
with tens of thousands of PMTs. A model of the dichroicon
and benchtop setup is implemented in Chroma and compared
to the Cherenkov source data in Sec. IV D. A discussion of
simulations of large-scale detectors with dichroicons can be
found in Sec. V.

1. Chroma

A detailed optical model of the dichroicon is imple-
mented in Chroma and shown in Figs. 14 and 15. Chroma
allows the triangular mesh defined by CAD software to be
directly used in the simulation, so the CAD drawing for the
dichroic filter holder is used to accurately reproduce the
positions and orientations of the dichroic filters. For other
geometry components, a triangular mesh is constructed at
run time according to measurements taken of the dichroi-
con. The simulation defines the surface properties of each
triangle in the mesh along with the bulk properties of the
material between triangles. Photons are initially produced
in a GEANT4 simulation and transferred to a GPU where
they are propagated from triangle to triangle. This propa-
gation is done on a GPU using CUDA ray-tracing code
where each CUDA core handles a single photon, allowing
many photons to be propagated in parallel much faster than
a single thread could achieve.

Chroma implements several surface models that govern the
behavior of photons on the triangular mesh. By default, the
Fresnel equations are used to refract or reflect photons
between materials of different refractive indices. A surface
model that defines absorption, diffuse reflection, and
specular reflection probabilities is used for the surfaces
of opaque materials. Finally, a model that uses wavelength-
and angle-of-incidence-dependent reflection and transmis-
sion probabilities is used to model the behavior of the
dichroic filters. Between mesh triangles, Rayleigh scatter,

FIG. 14. A direct view of the Chroma dichroicon model with the
R2257 PMT at the center of the dichroicon. The outer diameter of
the dichroicon is about 150 mm, and the inner diameter, where
the long-pass filter is located, is about 50 mm. The two different
colors in the barrel of the dichroicon indicate the two different
types of short-pass filters, as detailed in Table I.

attenuation, and reemission of photons is simulated accord-
ing to the defined bulk material properties.

The measured transmission properties of the various
filters described in Sec. II D were used to create the dichroic
surface models in the simulation. The filter holder mesh
was set to perfectly absorbing. For the PMTs, Hamamatsu
specifications were used to set the QE of the photocathodes
and construct the overall geometry. A simple model of the
acrylic Cherenkov source was implemented in GEANT4 to
generate Cherenkov photons from the energetic electrons in
Y? decays, which are propagated in the Chroma geometry.

After photons are propagated and absorbed on the photo-
cathode, a simple DAQ simulation is performed whereby the

FIG. 15. The full Chroma simulation setup for reproducing the
Cherenkov source results. Geometry components with the same
optical properties are colored similarly; however, the colors are
arbitrary. The sizes of the components and distances between the
objects are identical to those used for the data shown in Fig. 11.
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hit times of the photons are smeared by a Gaussian
distribution with a width matching the Hamamatsu provided
TTS of the PMT. The earliest hit time, if any photons were
detected, is taken as the hit time for the PMT in that event.
Analyzing the time differences between the hit time on the
tag PMT coupled to the Cherenkov source and the PMTs

In order to compare across configurations and aperture
PMTs, a factor C{ggy is defined in Eq. (4) that integrates
the histograms H, 5¢ around the mean y of the distribu-
tions, where ¢ and u come from a Gaussian fit to the no-
filter data:

in the dichroicon can proceed in the same way as the f;‘*;” Hdt
C = 4
measured data. NORM = N Regr (4)

D. Cherenkov source results

The primary goal in the measurements of the Cherenkov
source is to determine the effectiveness of the dichroicon
for spectral sorting of Cherenkov light, to understand how
each component of the dichroicon and reflecting cylinder
affects the overall performance of the full device, and to
develop and test the Chroma model of the dichroicon. The
At profiles presented are generated using the analysis
described in Sec. IV B.

Measurements are done in several staged configurations
to understand the device under a variety of conditions. First,
data were taken with the aperture PMT placed 215 mm
away from the source, with no filters and no reflecting
cylinder. This gives a baseline measurement for those to
follow and is referred to as the no-filter dataset. Second, a
480 nm dichroic long-pass filter was coupled to the front
face of the aperture PMT, which acts as it would at
the center of the dichroicon. In this configuration, only
the dichroic long-pass filter is present, and the barrel of the
dichroicon is not included. Third, an absorbing long-pass
filter is added behind the dichroic long-pass filter. This
filter is included to absorb possible short-wavelength
leakage through the dichroic filter. Finally, the barrel of
the dichroicon filled with the short-pass filters was
deployed. Data were taken with the dichroicon both with
and without the absorbing long-pass filter behind the
dichroic long-pass filter.

The integral is then normalized by the number of
triggered events, N, the photocathode area of the PMT,
A, taken from the Hamamatsu data sheets [35,36], and the
relative efficiencies of the PMT, Rcgg. The Rcgp factor
contains the collection and front-end efficiencies, which are
measured relative to the R2257 PMT, as presented in
Sec. IIl. Cnorm 1S used to compare the amount of
Cherenkov light detected across different configurations
and between the two aperture PMTs. By including the
photocathode area, the collection efficiency, and the front-
end efficiency in the Cyorm factor, the difference in
performance between the two PMTs comes primarily from
the different QE curves.

The results of these tests for the aperture PMT are
presented in Table IV. In order to directly compare the
Chroma results to the data, a scaling factor in the simulation
that is used to adjust the overall efficiency is tuned so that
the simulation and data agree exactly for the no-filter
configuration. This scaling factor is kept constant for the
subsequent results. As is clear from Table 1V, the overall
agreement between the data and simulation is quite good.
The largest discrepancies occur for data with the dichroicon
and absorbing filter, likely due to a small mismodeling of
the very complicated nature of the three different types of
dichroic filters. Figure 16 shows the results for the R2257
PMT under several of the configurations compared directly
to the Chroma results.

TABLE IV. The Cherenkov source results for the R2257 and R7600-U20 aperture PMTs, with different configurations of the filters.
Croru 18 defined in Eq. (4). The errors are statistical only. The v indicates whether a given part of the setup was used. The first column
corresponds to the central long-pass dichroic filter, the second column to the absorbing long-pass filter behind the dichroic filter, and the
third column to the barrel of the dichroicon equipped with the short-pass dichroic filters. The results from data and the Chroma simulation
are shown in the next two columns. To account for unmodeled inefficiencies in the simulation, the results for each PMT are scaled such
that the case with no filters has the same Cyory as the data.

PMT Dichroic Absorbing Dichroicon Cnorm (1/m?) [data] Cnorm (1/m?) [Chroma]
R2257 1.73 +0.03 1.73 £0.02
R2257 v 0.95 +0.02 0.91 +£0.01
R2257 v v 0.87 +£0.02 0.78 £0.01
R2257 v v 2.75+0.03 2.94 +0.03
R2257 v v v 1.80 £+ 0.03 1.65 +0.02
R7600-U20 4.18 + 0.06 4.18 +£0.09
R7600-U20 v 1.76 + 0.04 1.85 +£0.06
R7600-U20 v v 1.60 £ 0.04 1.64 +0.05
R7600-U20 v v 8.90 +0.09 7.31£0.11
R7600-U20 v v v 5.80 +0.07 3.74 +£0.08
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FIG. 16. The results for the R2257 central aperture PMT and the
acrylic Cherenkov source. In black are data for the configuration
with no filters or dichroicon. The blue shows the data with the
long-pass dichroic filter optically coupled to the R2257. The data
with the full dichroicon added are shown in red. The correspond-
ing Chroma results are shown in the dashed lines. These results are
summarized in Table IV. The value of At is determined by cable
delays and transit times through the PMTs and has no impact on
the analysis. The results for the R7600-U20 look similar, but with
a narrower TTS.

The results presented in Table IV indicate that, regardless
of the configuration, the R7600-U20 PMT detects more
Cherenkov light per photocathode area than the R2257
PMT, as one would expect based on the quantum efficien-
cies of the PMTs. The relative changes to Cyory depend on
the shape of the QE curve of each PMT, but the qualitative
features are consistent in both setups.

Adding the dichroic long-pass filter in front of these
aperture PMTs reduces the Cherenkov light by about 50%,
as expected given the reflection of the shorter-wavelength
photons. The reduction is slightly larger for the R7600-U20,
because it has a higher sensitivity to short-wavelength light,
which is largely being filtered out. Introducing the absorbing
long-pass filter behind the dichroic filter, an additional 10%
of the Cherenkov light is lost. This filter absorbs short-
wavelength leakage through the dichroic filter, which is not
designed to have perfect blocking below the cut-on wave-
length, particularly for photons at large incidence angles.
This becomes important for the measurements presented in
Sec. IV E, where the absorbing filter is used to remove
scintillation light leakage through the dichroic filter.

By incorporating the dichroicon barrel, filled with short-
pass dichroic filters, the total amount of Cherenkov light
collected at the aperture (through only the dichroic long-
pass filter) is increased by a factor of 2.9 and 5.1 for the
R2257 and R7600-U20, respectively. The larger factor for
the R7600-U20 comes from the relatively larger short-
wavelength sensitivity—the short-wavelength light, which
can be reflected by the barrel of the dichroicon, now strikes
the central dichroic filter at higher incidence angles, where
the filter is more likely to leak the photon.

In addition to detecting the light at the aperture, as with a
standard Winston cone, our design requires the detection of
the light transmitted through the short-pass dichroic filters.
The short-wavelength system, consisting of the reflective
cylinder and R1408 PMT, was tested with both aperture
PMTs. The inclusion of this system did not affect the
amount of light detected by either aperture PMT. The
R1408 detects 3.3 times more light than either aperture
PMT, after correcting for the measured relative differences
in the front-end and collection efficiencies.

Simulations of this setup overpredict the total light
detected by the R1408 by a factor of 3. This is likely
due to the fact that the model does not include many
inefficiencies in the setup of the short-wavelength detection
system. These primarily include nonperfect reflectivity of
many of the components, nonuniform deployment of the
reflective components, and the lack of the inclusion of the
PMT stands in the model. The result is nevertheless
encouraging, as this simple system detects 33% of the
predicted short-wavelength light. A more integrated device
with better and well-understood reflective coating could
easily improve on these results and should, in principle, be
easier to model.

Overall, with both aperture PMTs, the dichroicon dem-
onstrated excellent capabilities for spectral sorting of
photons towards two different PMTs, simultaneously
detecting both the short- and long-wavelength light.

E. LAB + PPO results

The results presented in this section use the setup
described in Sec. IVA, now with the LAB + PPO scintil-
lation source. As discussed, one of the primary goals with
this source will be to separate the scintillation and
Cherenkov components of the light emission. Figure 2,
which compares the shape of the PPO emission spectrum to
the shape of the Cherenkov emission spectrum, illustrates
that photons with wavelengths above 500 nm should be
primarily Cherenkov light. In the full setup, this light will
be directed toward the aperture PMT, while the shorter-
wavelength scintillation light will pass through the dichroi-
con and be detected by the R1408. As with the Cherenkov
measurements, presented in Sec. IV D, measurements are
made with the two different aperture PMTs.

The At distributions are created using the analysis
techniques described in Sec. IV B. The scintillation time
profile for LAB + PPO is well understood and has been
measured in Refs. [51,52,54], which we use as a guide for
our fits to the time profiles. As discussed in Ref. [51],
deoxygenation of the LAB + PPO leads to a reduction in
the quenching of the scintillation light, which primarily
affects the late-light timing in the tail of the At distribution.
The focus of these measurements is primarily on the
prompt light, and we fit our spectrum only to 20 ns past
the prompt peak, so deoxygenation of the scintillator is not
performed.
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Following the procedure with the Cherenkov source, we
first make measurements of light at the aperture PMT under
varying conditions. These includes incrementally adding an
absorbing long-pass filter and then the barrel of the full
dichroicon, keeping track of the relative effect of each
component. Unlike the Cherenkov source, however, we
cannot just integrate the prompt peak, because we may
have significant contamination from scintillation light leak-
ing through the dichroic filter. Additionally, unlike the
Cherenkov source measurement, no measurement is made
without the central dichroic filter, as the Cherenkov light is
completely dominated by the large scintillation light yield.

The At spectra for the central PMT are fit using Eq. (5)
using the RooFit package [61]:

F=Cx fpmr(t—1)

2 A; x (et — et/

1 (Ti - TR)

—|—(1—C)><'

1

* fomr(t—1).

(5)

The fit is performed to the prompt Cherenkov and
scintillation light between 0 and 30 ns in the At histogram.
The scintillation component of the fit uses the sum of two
decay exponentials with time constants z; and 7, and
associated weights A| and A, and an exponential rise time
7r. The weights are constrained to sum to one. The PMT
TTS fpumr is determined from the Cherenkov source data to
be around 350 ps for the R7600-U20 and 900 ps for the
R2257. The mean y and width o of fpy are constrained to
the values found when performing Gaussian fits to the
Cherenkov source data. This distribution is convolved with
the scintillation time profile in the fit. There is an arbitrary
offset 7, which allows for cable delays and other time
offsets, that is different for the two PMTSs. The Cherenkov
component is modeled by weighting the PMT TTS dis-
tribution by an appropriate factor C. The Cherenkov and
scintillation components are constrained to sum to one.

Figure 17 shows an example fit done to the LAB + PPO
data with the R7600-U20 at the aperture of the dichroicon,
with the Cherenkov and scintillation components shown
separately. As is evident, the scintillation and Cherenkov
components of the light are very nicely separated, and a
prompt timing window can be selected to identify a pure
sample of Cherenkov light. The purity of the selection of
the prompt Cherenkov light, P, is defined in Eq. (6), which
calculates the fraction of the Cherenkov component of the
fit in a nonsymmetric window that goes from —5¢ to +1.5¢
around the mean of the distribution:

u+150 C x t—1
pP— / fPMT( )dl‘
u—50 F

(6)

In addition to the purity, the total amount of Cherenkov
light detected is an interesting quantity that can be directly
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FIG. 17. An example fit using Eq. (5), to LAB-PPO data. The
Cherenkov and scintillation components are shown separately, in
addition to the total fit in red. The data were taken with the short-
pass barrel of the dichroicon and the absorbing long-pass filter
behind the dichroic long-pass filter at the aperture of the
dichroicon. The data are normalized to 1.0. The At offset from
zero is arbitrary and does not impact the fit.

compared to the Cherenkov source data. Given that the
indices of refraction of LAB + PPO and acrylic are almost
identical [62], the total amount of Cherenkov light col-
lected should be nearly the same. As with the Cherenkov
source data, we correct for the number of triggered events,
the photocathode area of the PMT, and the collection and
front-end efficiencies of the PMT, as defined in Eq. (7).
Note that this equation is essentially identical to Eq. (4), but
here we are explicitly using the fit to remove the expected
counts from scintillation leakage into the prompt window:

=50

NXAXRCEF

20 C X four(t = 1)dt

(7)

% —
NORM —

Particle identification and reconstruction in a real scin-
tillation detector using Cherenkov light will depend on both
the purity of the Cherenkov photons and their total number.
One can achieve great purity by, for example, moving the
cut-on wavelength toward even longer wavelengths, but
this buries more of the remaining Cherenkov photons
beneath the scintillation light and, thus, would lead to only
a small number of usable Cherenkov photons. Thus, we use
as one metric the total number of Cherenkov photons
multiplied by the purity:

R = Cxorm % P (8)

When P = 1, the detector can operate identically to a
Cherenkov detector, up to the total light yield given by
Clorm- In a real detector, additional information can be
used to identify Cherenkov photons (such as a hypoth-
esized event direction), and, thus, while R provides a good
relative metric, it may be a pessimistic assessment of the
total effective Cherenkov yield.
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TABLE V. Results for the LAB + PPO source with the R2257 and R7600-U20 central PMTs. Cogy 15 the total Cherenkov light,
normalized to the number of triggers and photocathode area, defined in Eq. (7). P is the purity of the Cherenkov light selection in a
prompt window, defined in Eq. (6). R is C{gry X P. The errors come from the uncertainties on the fit parameters. The v indicates
whether a given part of the setup was used. The first column corresponds to the central long-pass dichroic filter, the second column to the
absorbing long-pass filter behind the dichroic filter, and the third column to the barrel of the dichroicon equipped with the short-pass

filters.

PMT Dichroic Absorbing Dichroicon Clorm(1/ m?) P (%) R

R2257 v 0.91 +£0.06 70.8 + 1.4 0.64 + 0.06
R2257 v v 0.80 + 0.06 90.6 + 1.1 0.72 +0.06
R2257 v v 2.77 £0.13 8224+1.2 2.28 +0.07
R2257 v v v 1.84 +0.10 90.0+ 1.1 1.66 + 0.07
R7600-U20 v 1.77+0.13 699+1.5 1.24 +0.09
R7600-U20 v v 1.73 £0.13 955+ 14 1.65+0.13
R7600-U20 v v 8.71 £0.64 8444+1.5 7.35+0.56
R7600-U20 v v v 5.54 £0.40 9324+1.3 5.16 £0.38

The results for both aperture PMTs for the various
configurations are presented in Table V with the corre-
sponding Chroma results in Table VI. The Cygry results
agree well with the Cherenkov source data and can be
directly compared to the Cyorm Values in Table IV. As with
the Cherenkov source results, the Chroma predictions agree
well with the data, particularly for the R2257. Again, the
largest discrepancy is with the dichroicon with the R7600-
U20, where the total amount of Cherenkov light collected
is being underpredicted. Additionally, the Chroma results
systematically underpredict the amount of scintillation light
leakage through the central dichroic long-pass filter, lead-
ing to a higher-purity selection of the Cherenkov light in the
prompt window. Future efforts to characterize the dichroic
filters in more detail should help improve the agreement
between the data and simulation.

From these tables, it is clear that an excellent purity is
achieved with both the R2257 and R7600-U20 PMTs. As
expected, given the faster timing of the R7600-U20 PMT,

TABLE VL

we are able to achieve better purity with this PMT. In all
setups with the absorbing long-pass filter behind the long-
pass dichroic filter at the aperture, the purity for Cherenkov
selection in the prompt window is better than 90%. It is
important that this purity is achieved with a prompt window
that still selects that majority of the Cherenkov light—that
is, to achieve a higher purity of Cherenkov selection, we are
not selecting an extremely narrow window around the
prompt peaks, which would reject not only the scintillation
light, but also a large amount of the Cherenkov light.

By comparing the R values for the various datasets, we
can make several conclusions. First, comparing the first two
rows for each PMT in Table V, the introduction of the
500 nm absorbing long-pass filter without the barrel of the
dichroicon increases the purity without significantly affect-
ing the total Cherenkov light detected, effectively increas-
ing R. However, when the full dichroicon is in place, the
total Cherenkov light detected is significantly affected by
the inclusion of the absorbing long-pass filter, which was

Results for the Chroma simulations of the LAB + PPO source with the R2257 and R7600-U20 central PMTs. C{ggy; is the

total Cherenkov light, normalized to the number of triggers and photocathode area, defined in Eq. (7). P is the purity of the Cherenkov
light selection in a prompt window, defined in Eq. (6). R is C{jggy X P. The errors come from the uncertainties on the fit parameters. The
v indicates whether a given part of the setup was simulated. The first column corresponds to the central long-pass dichroic filter, the
second column to the absorbing long-pass filter behind the dichroic filter, and the third column to the barrel of the dichroicon equipped
with the short-pass filters. To account for unmodeled inefficiencies in the simulation, the results for each PMT are scaled such that the
case with only the long-pass dichroic filter has the same Cygry as the data.

PMT Dichroic Absorbing Dichroicon Ciorm (1/ m?) P (%) R

R2257 v 0.91 £0.10 87.8 + 1.1 0.80 £0.11
R2257 v v 0.83 £0.08 977+ 1.1 0.81 £0.08
R2257 v v 2.60 +0.21 862+ 14 2.24 +0.25
R2257 v v v 1.72 £0.16 96.4 + 1.1 1.66 +0.17
R7600-U20 v 1.77 £ 0.22 80.3 £3.6 1.42 +0.29
R7600-U20 v v 1.76 = 0.21 95.0+ 1.8 1.67 £ 0.22
R7600-U20 v v 6.41 £0.49 80.0 + 1.7 5.13 £ 0.64
R7600-U20 v v v 3.63+0.32 96.4+ 1.9 3.50 £ 0.34
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discussed in the Cherenkov source data and is due to the
leakage of photons through the central dichroic filter at
high incidence angles. This suggests that the inclusion of
the absorbing long-pass filter is not necessarily the optimal
configuration for a large-scale detector, where not just
the purity but the total number of detected Cherenkov
photons is important. While the purity of the selection is
increased (by about 10%) with the absorbing long-pass
filter, the total Cherenkov light lost is about 30%, so the
value of R decreases.

Perhaps most notably, by including the full dichroicon
we improve our Cherenkov light collection by about a
factor of 5 for the R7600-U20 and a factor of 3 for the
R2257, identical to the Cherenkov source results. This
suggests that having a red-sensitive PMT is important at
the center of the dichroicon, but having additional blue
sensitivity will help with the detection of the Cherenkov
light. The temporal separation with these PMTs is
already quite good, and therefore a small amount of short-
wavelength scintillation leakage is acceptable, as both
Cherenkov and scintillation light is leaked, so one increases
the total Cherenkov light detected while sacrificing a small
amount of purity.

In addition to the Cherenkov light detection, the ability to
sort scintillation light to the back R1408 PMT is a critical
feature of the dichroicon design. The setup is adjusted to
include the full reflective cylinder and R1408 PMT.
Encouragingly, it was easy to identify individual events
with coincidences of Cherenkov light at the aperture PMT
and scintillation light at the back PMT. A typical waveform
for the setup with the R2257 is shown in Fig. 18. In this
event, it is clear that the back PMT detected several photons,

g -0.005
9]
g
S 001
~ — RI1408

-0.015— — R2257
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Sample (0.1 ns)
FIG. 18. The R2257 and R1408 waveforms for a single

triggered event. This event has an early-time PMT pulse,
corresponding to Cherenkov light, for the R2257 PMT and an
approximately 5 PE pulse at the R1408 PMT. The waveforms are
specifically selected by looking at the At histogram and selecting
an event in the Cherenkov peak. The x axis is labeled in 0.1 ns
samples, and the offset between the two waveforms is showing
the additional photon travel time and transit time through the
R1408 PMT.

leading to a PMT pulse size corresponding to around five
photoelectrons, while the aperture PMT detected a single
Cherenkov photon. The scintillation timing profile is also
evident in the pulse shape of the R1408.

The data for the aperture PMT are compared with and
without the reflecting cylinder, and no difference is found.
This indicates that the reflecting light guide does not lead to
additional scintillation light bouncing off of the cylinder and
leaking through the central dichroic filter. The total light
collected at the R1408 PMT should represent the high light
yield of the scintillator. To quantify this, we integrate the
charge spectrum, which is heavily multi-PE, using Eq. (9):

% C,
Oror = Zin s 9)

N
—o YspE

Here Q; is the charge of bin i in pC, and C; is the
associated bin content. This sum is normalized by the
charge of the SPE peak Qqpg, which is 1.6 pC as the PMT is
operating at a gain of 107. This is a good measure of the
total light collected by the R1408 and can be compared to
the total light collected by the aperture PMT, which remains
in the SPE regime, and the photon counting is done the
same way as with the Cherenkov source. The R1408
detects about 550 times more light than both aperture
PMTs in these setups. This highlights the traditional
difficulty with separating the two components of the
light—the scintillation yield overwhelms the Cherenkov
yield. Using the dichroicon, we simultaneously detect a
large fraction of the scintillation light with the R1408 while
detecting the Cherenkov light at the aperture with high
purity. To quantify this, we compare our results for the
R1408 to the Chroma prediction and find an efficiency for
detecting the short-wavelength light around 30%, consis-
tent within uncertainties to the value found for the
Cherenkov source. With a better-engineered, integrated
system, we expect to be able to increase this efficiency for
detecting the short-wavelength light.

The time distribution of the detected light for the R7600-
U20 and R1408 PMTs can be seen in Fig. 19. The
scintillation light detected by the R1408 PMT swamps
the Cherenkov light collected by the R7600-U20 PMT,
making it very clear why this separation is so difficult
without spectral photon sorting. This figure clearly illus-
trates the power of the dichroicon—by detecting the
Cherenkov and scintillation light in separate PMTs, we
are able to maintain the high light yield of the scintillator
while simultaneously detecting the Cherenkov light.

1. Pulse shape discrimination (PSD)

For liquid scintillator detectors, particle identification
(PID) is critical for background rejection. LAB + PPO is
well known to have good pulse-shape discrimination
between f and a excitation, a thorough discussion of
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FIG. 19. The dichroicon data for both the R7600-U20 PMT at
the aperture and the R1408 PMT behind the dichroicon. The light
detected by the R1408 is primarily scintillation light, and the light
detected by the R7600-U20 is primarily Cherenkov light.

which can be found in Ref. [52]. In short, « particles are
known to excite the slow component of the scintillation
emission, which is typically associated with triplet state
excitation of the solute molecules, more than f particles.
The ratio of the amount of prompt to the amount of
late light can be used as a handle to separate f from «
particles. A practical application of this PSD technique in
the Borexino detector can be found in Ref. [63] and is
discussed for SNO+ and LENA in Refs. [64,65]. Similar
PSD techniques for background rejection in scintillators
can be found in Refs. [66,67].

In principle, there is another difference in the light
production for f and a particle excitation in a liquid
scintillator. Most f particles from radioactive decays are
above the Cherenkov threshold, whereas the « particles are
not. Thus, if Cherenkov light could be identified at energies
around a couple of MeV in a liquid scintillator detector,
the absence of Cherenkov light would be a clear tag for
excitation.

We tested this in our setup using a 2'%Po a source to
irradiate the LAB + PPO, replacing the *°Sr source. For
this, we used only the R7600-U20 aperture PMT, as both
central PMTs behave well in terms of detecting ample
Cherenkov light in the setup with the dichroicon. The *'°Po
decays 100% of the time via a 5.41 MeV «, which enters the
scintillator, creating scintillation light.

Figure 20 shows the data for the R1408 PMT, which
detects the short-wavelength scintillation light through the
barrel of the dichroicon. As expected, the typical difference
in the scintillation time profiles is identified, where, under «
excitation, the scintillator produces more late light. This is
the typical manner in which liquid scintillator detectors
perform PID.

The data for the R7600-U20 at the aperture of the
dichroicon are shown in Fig. 21. As can be seen clearly, the
prompt Cherenkov light is absent in the data with the o
source. Using the full dichroicon setup, both the difference
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FIG. 20. The R1408 data for a *°Sr g source and a 2'%Po «a
source. The small bumps in the timing spectrum are due to the
complicated PMT transit time distribution, which includes two
different late-pulsing peaks. The difference between these dis-
tributions is used to discriminate between f and a particle
excitation in liquid scintillator detectors.

in the scintillation time profiles for the back PMT and the
difference at early times for the aperture PMT can be used
to discriminate between « and S particles.

2. Off-axis source

Two measurements with the source displaced from
center of the dichroicon are performed with the LAB +
PPO scintillation source to understand the behavior of the
dichroicon. In all cases, the scintillation light is emitted
isotropically, so, as the source moves further from the
central axis of the dichroicon, the average incidence angle
of the photons increases and the solid-angle acceptance
shrinks. The coordinate system is defined in Fig. 11 and is
used to describe the movement of the source. In the first off-
axis test, the source is relocated to the edge of dichroicon,
moving it 75 mm in the +y direction. The second off-axis
test moves the source 75 mm further in the +y direction.
The x distance from the dichroicon is kept constant at
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FIG. 21. The R7600-U20 data for a ®°Sr 8 source and a >!°Po a

source. The lack of Cherenkov light for the below-threshold a
particles can be clearly identified.
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115 mm, and the z position is kept at the same level as the
center of the dichroicon.

In the first off-axis measurement, we find a reduction
consistent with 50% in the light collection of the
Cherenkov light at the aperture PMT, as expected based
on the change in the solid angle. For the second off-axis
measurement, the source is now outside the geometric field
of view, so only 6% of the Cherenkov light is collected. The
only reason we collect any light at all in this setup is that
our design is not a perfect Winston cone.

For these off-axis measurements, we again quantify the
total light collected at the R1408 PMT using Qror, as
defined in Eq. (9), and compare it relative to the on-axis data.
The data collected at this PMT do not require the Winston
cone to work as a reflector—instead, they rely on only the
short-wavelength light incident on the dichroicon to be
transmitted and successfully reflected back to the PMT. For
the off-axis 1 data, we again find about 50% of the total light
detected. Then, for off-axis 2 data, we find now 29% of the
light still collected, a much larger factor than found for the
aperture PMT. This demonstrates the short-wavelength light
collection is more robust to large angles of incidence,
outside of the view of the Winston cone. Table VII summa-
rizes the results presented in this section.

In a large detector, the geometric field of view of
the dichroicon will need to be chosen given the detector
design—in particular, the size of the detector, the size
and shape of the photodetectors, and the expected fiducial
volume. In general, an inner fiducial volume is usually
several meters away from the PMT array; thus, the
maximum angle of incidence on a Winston cone is quite
small. The behavior of the dichroicon under far-field
illumination is not measured and will be a priority for
future measurements and simulation studies.

3. LAB +PTP and dichroicon-2

By using a scintillator with a shorter-wavelength emis-
sion spectrum, the cut-on of the central dichroic filter can
be decreased, thus increasing the total Cherenkov light

TABLE VII. A summary of the results for the off-axis mea-
surements with the R2257 PMT at the aperture of the dichroicon.
The value of C{ggy for the central data is the same as given in
Table V. The Corm and Qror values for the first off-axis
measurement at y of 75 mm are consistent with a 50% reduction
in the collection of the scintillation and Cherenkov light. At the
more extreme incident angles, the Cherenkov collection effi-
ciency is reduced by a larger factor, as the source is outside the
geometric field of view of the Winston cone. The Qtor values are
given relative to the central data, which are normalized to one.

y (mm) Clorm (1/ m?) QEFIOT

0 0.91 £0.10 1.00 £ 0.06
75 0.49 +0.05 0.52 +0.03
150 0.06 +0.01 0.29 +0.02

collected at the aperture PMT. A fluor, PTP, was identified
as being able to dissolve in LAB at 2 g/L with a high light
yield and a shorter-wavelength emission spectrum than
PPO, as presented in Fig. 2. Measurements discussed in this
section are done with LAB 4 PTP and compared directly to
the LAB + PPO measurements. The setup included the full
dichroicon, with the R7600-U20 at the aperture, but with-
out any absorbing long-pass filter behind the dichroic filter.

The second dichroicon, called dichroicon-2, detailed in
Table II uses a 462 nm long-pass filter at the aperture to
replace the 480 nm long-pass filter. Additionally, the
rectangular filters are replaced with 450 nm short-pass
filters. These filters are chosen with shorter-wavelength
cut-on values to reflect to and transmit through the aperture
filter a larger fraction of the Cherenkov light.

The data for the R7600-U20 PMT with a LAB + PPO
source, shown in Fig. 22, show an increase in the amount of
Cherenkov and scintillation light detected when using the
dichroicon-2. This is shown similarly for the LAB + PTP
source in Fig. 22; however, given the shorter-wavelength
emission spectrum of the PTP, there is an increase only in
the Cherenkov light detected, with no change to the amount
of scintillation light leaking through the dichroic filter.

These results are presented quantitatively in Table VIIIL.
The definitions of C{ gy P> R, and Qpqr are the same as the
ones presented in Sec. IV E. The first row shows the LAB +
PPO results already presented in Table V for the R7600-U20
PMT at the aperture of the dichroicon. By replacing the
LAB + PPO with LAB + PTP, the amount of Cherenkov
light, quantified by C{ory» does not change, as expected,
but the purity of the selection in a prompt window improves
to about 88%. This improvement comes from the smaller
amount of scintillation light leakage through the central
filter, due to the shorter emission spectrum, and thus less
scintillation light in the selected prompt window.

Rows three and four in Table VIII show the results for
dichroicon-2, which show a notable increase of about 40%

%107
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FIG. 22. The data for the R7600-U20 at the aperture of the
dichroicon using LAB 4 PPO and LAB + PTP targets, compared
for the dichroicon and the dichroicon-2.
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TABLE VIIL

Comparison between LAB + PPO and LAB + PTP and the two different dichroicons for the

R7600-U20 aperture PMT. For both scintillator cocktails, using the dichroicon-2 with a shorter-wavelength pass

filter increased R.

Scintillator Dichroicon Clorm (1/m?) P R O1or (10° pC)
LAB + PPO 1 8.71 £0.64 84.4+1.5 7.35 +0.56 9.47 + 0.56
LAB + PTP 1 8.94 +£0.67 882+ 1.6 7.89 +£0.61 7.03 +£0.30
LAB + PPO 2 12.38 £0.93 81.2+£1.9 10.05 £0.79 9.03 +0.54
LAB + PTP 2 12.54 +0.92 920+ 1.4 11.54 £0.86 7.12 +0.33

in the total Cherenkov light collected. Again, this is
consistent between the LAB 4 PPO and LAB + PTP
results. The purity of the selection for the LAB + PPO
data decreases, as there is more scintillation light leakage
through the shorter-wavelength central filter. However,
there is no increase in the scintillation light leakage for
the LAB + PTP data, so the purity of the selection
increases, as there is more Cherenkov light but the same
amount of scintillation light in the prompt window. Overall,
the value of R for this setup with LAB 4 PTP and the
dichroicon-2 reaches 12.54, which is the largest value for
any setup tested.

In general, the dichroicon-2 performs better than
the dichroicon by collecting more Cherenkov light at the
aperture with no significant decrease in the purity of the
Cherenkov selection. This is in part due to the narrow TTS
of the R7600-U20, which allows for excellent separation,
regardless of the increase in the scintillation leakage for
LAB + PPO. It is also not unexpected that the performance
is improved by replacing some of the filters—the choice of
the filters for the original dichroicon was not optimized.
Overall, the dichroicon-2 measurements demonstrate that
small, simple changes to the dichroicon can yield perfor-
mance improvements, which will be further investigated in
future studies.

The data for the R1408 PMT are compared in Table VIII,
which shows the total amount of scintillation light detected in
the Ot column. In both cases, the changes to the dichroicon
do not impact the total amount of light collected by the R1408
PMT. This is expected as only a very small fraction of the
scintillation light is above 450 nm, so replacing half of the
short-pass filters has very little impact on the total scintillation
light transmitted through the dichroicon.

The disadvantage of using LAB 4 PTP can be under-
stood by comparing the Qror column between LAB + PPO
and LAB + PTP. It is clear that using the LAB + PTP the
total collected scintillation light at the R1408 is about 75%
of that for LAB + PPO. Part of this effect comes from the
QE of the R1408, shown in Fig. 2. However, the QE of the
R1408 is fairly flat across the emission spectra of LAB +
PPO and LAB + PTP and does not explain the majority of
the effect. The amount of light collected at the R7600-U20
trigger PMT is a good indicator of the total light yield of the
scintillator. This comparison is again done by integrating the
charge spectra and shows that the LAB + PTP light yield is

about 20% lower than the LAB + PPO light yield. This is
consistent with the lower amount of collected scintillation
light for the R1408 PMT, indicating that we are not losing
any additional scintillation light in our setup by using
LAB + PTP. Rather, it is simply the intrinsic light output
of the scintillator which appears to be lower. This is not
unexpected, because LAB + PPO is a very popular liquid
scintillator specifically for having a very high light yield.

V. LARGE-SCALE DETECTOR SIMULATION

The Chroma model for the dichroicon can be used to
simulate large-scale detectors and evaluate the efficacy of

FIG. 23. A visualization of a 1-kT right cylinder active volume
of LAB + PPO instrumented with 13 350 dichroicons produced
by Chroma.
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FIG. 24. A chroma event display showing a single 100 MeV
electron event in LAB + PPO. Dichroicons are colored blue if a
short-wavelength hit was detected, or red if a long-wavelength hit
was detected. Both a long- and short-wavelength hit results in a
magenta dichroicon. Despite all dichroicons detecting many
short-wavelength scintillation photons, a clear long-wavelength
Cherenkov ring can be seen in magenta. Every dichroicon detects
at least one short-wavelength photon, so there are no dichroicons
colored red in this image. No selection criterion was used when
choosing this event, and most events appear similar during hand
scanning of the simulated data.

dichroicons. A basic model consisting of a 1-kT right
cylinder active volume of LAB + PPO surrounded by 13
350 dichroicons is shown in Fig. 23. The dichroicon model
is the same as shown in Fig. 15. A single 100 MeV electron
event is shown in Fig. 24, where dichroicons are colored
blue if only a short-wavelength hit was detected, red if only
a long-wavelength hit was detected, and magenta if both a
short and long-wavelength hit were detected. This shows a
clear Cherenkov ring on the long-wavelength PMTs despite
every short-wavelength PMT being hit with scintillation
photons, illustrating the usefulness of the dichroicon
detection scheme. Using this simulation model, the dichroi-
con can be optimized for maximal physics performance in
large-scale detectors, which is the focus of future studies.

VI. CONCLUSION

In this paper, we have introduced the dichroicon, a
Winston-style light concentrator built from dichroic filters,
designed to sort photons by wavelength in large-scale
photon-based detectors. For very large water Cherenkov
detectors, the dichroicon can provide measurements of
photon dispersion across large distances and thus improve
event position reconstruction and timing. As we have shown,

the spectral sorting of Cherenkov photons works well (for our
low-energy %Sr source), and the model of the dichroicon
response is reasonably well understood. We have also shown
that, for scintillator detectors, even in the presence of a high
light yield scintillator like LAB-PPO, we can observe
Cherenkov photons with purities near 90%, while also
observing a large fraction of the scintillation light.

Thus, the dichroicon provides a way, in principle, to
create truly hybrid Cherenkov-scintillation detectors, in
which a very broad range of physics can be done. While
there are other ways to observe both Cherenkov and
scintillation light in a liquid scintillator detector, the
dichroicon approach has the advantage of allowing a high
scintillation light yield—important for low-energy
physics—while retaining the fast timing of the scintillator
and Cherenkov light and with the high purity of the latter.
Monolithic neutrino detectors are not the only possible
application: dichroicons can also be used with segmented
scintillation detectors if there is an interest in observing
Cherenkov light distinct from scintillation light. In any
detector in which detection area is limited—either at the
front face of a detector segment or on the walls of a
monolithic detector—the dichroicon provides an effective
way of sorting photons by wavelength.

We have included here also transmission and reflection
measurements of the dichroic filters as a function of the
incidence angle and wavelength, and these measurements
were used as input into Chroma, a fast photon ray tracer.
Chroma allowed for a detailed model of the dichroicon to be
built and the benchtop setup simulated, the results of which
how good agreement with the Cherenkov source data.
Initial studies using Chroma to model large-scale detectors
have begun and show promising initial results.

Our measurements with liquid scintillator sources
demonstrated Cherenkov and scintillation light separation
with a maximum Cherenkov purity of 93.2 + 1.3%.
Additionally, measurements made with an o source dem-
onstrated the ability to perform PSD with liquid scintilla-
tors by using the absence of Cherenkov light, a possibility
that helps eliminate f# — @ backgrounds from decays like
214Bj or 212Bi. With a second dichroicon, constructed with
slightly different filters, we found better performance than
our first prototype and found the best Cherenkov and
scintillation separation occurred with this “dichroicon-2”
and LAB-PTP, which has a narrower band of secondary
emission than LAB-PPO.

Optimization of the dichroicon will depend in part on the
goals of any particular experiment, as the phase space for
this optimization depends on the required angular accep-
tance (and, thus, detector fiducial volume), the anticipated
wavelength spectrum (and, thus, fluors if present), required
detector pixelization, and overall light yield of Cherenkov
and/or scintillation photons. We expect in a future pub-
lication to include a more complete Chroma model for large-
scale detectors, based on a more integrated dichroicon
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design, and studies of reconstruction and particle ID for
various physics goals.
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