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Abstract: Tyvek is widely used as the inner lining material of water Cherenkov detectors. Therefore, infor-

mation about its optical properties plays an important role in the simulation and reconstruction of particles

passing through water Cherenkov detectors. In this paper, a water tank experiment is performed to study

the Tyvek reflectivity in water. The so-called UNIFIED model, which is an optical model of surface reflection

in Geant4, is adopted to describe the Tyvek reflectivity. Two key optical parameters are obtained from a

comparison between the measured data and a Monte Carlo simulation.

Key words: water Cherenkov detector, Tyvek, surface reflection, UNIFIED model

PACS: 29.40.Cs

1 Introduction

Tyvek is a paper-like material made with contin-
uous, randomly distributed and nondirectional fibers
of high-density polyethylene. Because of its high re-
flective properties, Tyvek is widely used as light re-
flector in water Cherenkov detectors, such as those in
the Super-Kamiokande experiment [1], and the Pierre
Auger experiment [2]. In the Daya Bay reactor neu-
trino experiment [3], Tyvek is deployed to divide the
water Cherenkov detector in the veto system into in-
ner and outer regions. The Daya Bay experiment is
a low background experiment, which requires a very
high muon veto efficiency (99.5%) to reduce the neu-
tron background from cosmic-ray muons. In order to
detect the muon efficiently, Tyvek is applied to im-
prove the Cherenkov light collection. On the other
hand, the Cherenkov light propagation is also useful
for the muon track reconstruction. Thus it is very im-
portant to understand the optical properties of Tyvek
well.

Because of its high opacity, Tyvek is usually re-
garded as a diffuse reflection material. In fact, it
has both diffuse and specular reflection. In partic-
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ular, the specular reflection ratio in water is larger
This has been studied in many
measurements [4—6], which directly measure the in-
tensity distribution of the reflected light by Tyvek in
the plane of the incident light. However, the equip-

than that in air.

ment is somewhat expensive and of a complicated de-
sign. Because the measurements are obtained under-
water, all the processes need to be carefully operated
to control the relative measurement uncertainty, and
it is not easy to get the Tyvek reflectivity parame-
ters. From these measurements, it can be concluded
that different types of Tyvek have different surface re-
flections. In the water tank measurement [7], a type
1082D Tyvek is selected because it is thicker and less
transparent than many other types. To enhance the
mechanical strength, a complex film is made by com-
bining two layers of 1082D Tyvek and a layer of white
PE (100 pm) in the middle. A test is designed to
measure the involved optical properties of this com-
plex film, which are useful for the detector simulation
and particle track reconstruction.

In Sec. 2, we present a surface reflection model
which describes the photon behavior at the optical
surface. The details of the water tank experiment
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setup are introduced in Sec. 3. The experimental re-
sults are given in Sec. 4. Finally, the experimental
conclusion is summarized.

2 Surface reflection model-UNIFIED
model

To describe the reflection and transmission of light
at a rough surface, Geant4 provides a fairly flexible
optical model inspired by the work of Nayer et al.
[8]. This UNIFIED model is applicable over a wide
range of surface roughness and wavelengths. It allows
the adjustment of parameters to control the relative
contributions from the following components: spec-
ular reflection, diffuse (Lambertian) reflection, possi-
ble backscattering, and the total surface reflectivity.
By using five parameters, the reflected intensity I is
given as the following function:

I = R(6:,n)[Cag(u;0,04)+ Css0(6; —6,)5(,)

+Cs6(0; +0.)6(¢:) + Cay cos(0:)] (1)

with
Csl +Oss+cbs+cdl = 17 (2)

where 6; is the incident angle, 0, is the angle of reflec-
tion with respect to the average normal, and ¢, is the
angle between the projection of the reflected photon
onto the average surface and the plane of incidence.
The parameter «,, which is the angle between the
average surface normal and the microfacet normal, is
assumed to follow a Gaussian distribution with stan-
dard deviation of o, and o, characterizes the surface
roughness. R is the total reflectivity of the surface,
Cy is the specular lobe constant; Cy is the specular
spike constant; Cy is the backscatter spike constant;
Cyq is the diffuse lobe constant, and its reflection in-
tensity obeys the Lamberts’ law [9]. Fig. 1(a) shows
the polar angular distribution of the incident light on
the rough surface and reflected by the rough surface,
with the contribution from various sources identified.
The coordinate system used in the model and the
geometrical parameters in the Eq. (1) are drawn in
Fig. 1(b).

According to the physical characteristics of Tyvek,
the probability of the processes of specular spike and
backscatter spike occurring is very small, thus Cy,
and C,, are usually set to zero, leaving, besides R,
only C and o, as the optical parameters. There are
several measurements of the dependence of Tyvek re-
flectivity on the reflection angle [4-6]. A careful tun-
ing of C; and o, in the UNIFIED model is tried to
approximate the data found in Ref. [4]. The results

show that Cg varies from 0.51 to 0.78 with different
incidence angles in water, while o, in radian is be-
tween 0.17 and 0.26. In the Pierre Auger experiment,
the early study shows that Cy is 0.2 and o in radian
is 0.2 [5, 10]. From their recent measured data of type
1056D Tyvek [6], the tuning results indicate that Cy
is about 3 to 4 times Cy; and o is about 0.1.

(®) P
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\ medium

Fig. 1.
the components of radiant intensity in the
UNIFIED model. The direction vector of the
incident photon is given by di; (b) The coor-

(a) Polar plot qualitatively illustrating

dinate system used in the surface model along
with the definition of geometrical parameters.

3 Experimental setup and measure-
ment

A water tank with dimensions 2.8 mx1.2 mx1.3 m
has been built [7]. In the tank, two 8 inch EMI
9350K A photomultiplier tubs (PMT) are mounted for
light collection, one is placed at the bottom and the
other one on the side wall (Fig. 2(a)). For this exper-
iment, only the bottom PMT is used, while the side
one is used for another purpose. The Tyvek reflector
is supported by a stainless steel frame (Fig. 2(b)), and
it divides the tank into inner and outer parts. Two
holes are cut on the Tyvek surface in order to pro-
trude the PMT sensitive arc into the inner tank. The
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tank is filled with 4 tons of highly purified water. To
keep high water transparency, a circulation and pu-
rification system has been constructed [7] (Fig. 2(a)).
Water circulates independently in the inner and outer
parts.

A violet (405 nm) laser diode (LDH-P-C-405)
driven by the laser driver (PDL 800-B) is used as the
light source in this measurement. It can emit light
pulses as short as 70 ps FWHM at repetition rates
from a single shot up to 80 MHz. In this measure-
ment, the repetition frequency is set at 2.5 MHz. A
laser focus system (Fig. 3) is designed to get a parallel
laser beam. In this system, the compass is used to fix
the laser focus system on the water tank and control
the azimuth angle of the laser beam. The reflection
mirror can change the zenith angle of the laser beam.
This laser focus system is installed at the center of
the top surface of the water tank (Fig. 4).
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Fig. 2.

(a) Circulation diagram; (b) Tyvek re-
flector on a stainless steel frame.

The emerging laser beam perpendicularly shoots
onto the bottom Tyvek reflector, subsequently most
of the photons are reflected between the top and
bottom surface of the water tank. Each time they
are reflected on the bottom Tyvek reflector, photons

from the specular lobe component travel more or less
2H (H is the distance between the top and bottom
Tyvek (Fig. 4)), the corresponding time-of-flight will

increase by Ty (T = 7 where V, is the velocity of

light in water). Thus the time interval of an adjacent
pair of photons with a different number of multiple
reflections is a multiple of Ty. The bottom PMT is a
natural choice to record this time interval. This phe-
nomenon is helpful for studying specular reflection
characteristics.
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Fig. 3. The laser focus system.
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Fig. 4. The layout of the water tank from a
side view. The reflected photons are received
by the bottom PMT or are absorbed by water
after multiple reflections.

For Tyvek material, if the specular reflection com-
ponent is dominant, o, is small. The Monte Carlo
simulation results based on the real Tyvek volume
show that the time interval between adjacent reflected
photons is T,. When the number of incident pho-
tons is small, 27y, 3T} --- will appear (Fig. 5). When
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Cy is not big enough and o, is not small, under the
same circumstances, the simulation results show that
there is no time structure (Fig. 5). Therefore, the
time interval between the adjacent reflected photons
is sensitive to Cy and o.
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Fig. 5. The peak time interval distributions in

the MC simulation.

The measurement is designed as Fig. 4 shows.
When the laser flashes, a synchronous signal from
the laser driver is also sent out to the digital oscil-
loscope (Lecroy WaveRunner 104Xi-A) and is used
as the external trigger. Once there is a trigger signal,
the oscilloscope records the PMTSs’ pulse shape in a
500 ns time window with a sample rate of 5 Gs/s.

4 Experimental results

Previous measurements demonstrate that the to-
tal reflectivity of the selected Tyvek is about 98%
in water and the water attenuation length is above
20 m with two volume circulation [7].
transparency can ensure that photons with multiple
reflections can be detected. Fig. 6 shows a typi-
cal waveform from the bottom PMT when the laser

This water

flashes once. Only the relative time between the
peaks is meaningful, because the delay of the signal
during their propagation in the cable has not been
subtracted. The reflection peaks corresponding to the
photons of different path lengths are clearly shown in
the waveform. A peak finding program is developed
to locate the peak time in each waveform and calcu-
late the time intervals between adjacent peaks.

7.5 K independent waveforms from the bottom
PMT are taken. All the values of the adjacent peak
time interval are filled into a histogram. As shown in
Fig. 7, there are three peaks at 7 ns, 13 ns and 19 ns
respectively. These values can be explained by the
geometry of the Tyvek reflector. The designed height
of the Tyvek reflector is 1 meter. However, due to the

two volume circulation, the water pressure in the in-
ner and outer sections is different, and this difference
results in shape deformations of the Tyvek reflector.
Meanwhile, due to Tyvek buoyancy in water, the bot-
tom Tyvek reflector rises by 10 cm. Constrained by
the top stainless steel structure, the top Tyvek reflec-
tor can not float, moreover, it sags by 10 cm under
the weight of the top stainless steel structure. With
consideration of all these effects, the measured values
agree well with the calculated values using the real
Tyvek reflector geometry.
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Fig. 6. A typical waveform from the bottom
PMT when the laser flashes once.
F T T T T T T T T T i
250 =
2 200 3
o E ]
S 150 [ =
.8 E 7
5 100 3
50 3
i s L by Ly s 5
10 20 30 40 50 60 70 80 90
time/ns
Fig. 7. Comparison between the measured data

and the MC simulation on the peak time in-
terval distribution. In the MC simulation, we
set Cq=85% and 04=0.06.

A Geant4 based Monte Carlo simulation program
is developed and applied to simulate this water tank.
For C and o, rough tuning results (Fig. 5(b)) show
that small o, and large C,; can make more and clearer
peaks. Conversely, large o, and small Cy can make
less peaks or even no peak at all. These preliminary
results reveal 0.6< Cy <0.9 and 0.02< o, <0.08. De-
tailed MC simulations tuning with different values of
Cy and o, in this range are carried out to search the
proper values of the tested Tyvek.
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In order to describe the agreement between the
MC simulation and the measured data quantitatively,
a x? statistic is defined as [11]:

- (VTR N TS )

- Ng + Ns ’

SEZNS

are the respective numbers of total bin counts.
Ns(Ng) is the MC (data) count in each bin of the
peak time interval histogram.

(3)

where

R=) Ny (4)

Table 1 gives the reduced x? values at different C,
with 0,=0.06 and Table 2 gives the reduced x? values
at different o, with C,=85%, respectively. The min-
imum reduced x? value indicates the best agreement
between the measured data and the MC simulation
(Fig. 7). The best optical parameters are determined,
i.e. Cq=85% and 0,=0.06 in radian.

Table 1. The reduced x? values at different Cy
as 0,=0.06.
Ca x?/ndf
60 2.19
65 2.22
70 2.04
75 1.81
80 1.77
85 1.64
90 1.79
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