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Abstract

We have measured the spectrum and di use re ection of various sates
of Tyvek, a material to be used to line the inner walls of the Pree Auger
Observatory water cerenkov tanks. These measurements were @arout
with a Lambda 18 UV/VIS spectrometer over a wavelength range from
200 nm to 700 nm. The angular dependance of this scattering wagaussian.
We have also carried the measurements with th€ASCO OS-8020 to nd
the re ectivity of Tyvek samples versus Incident and Re ectedangles. The
re ected angles range from 90 to 90. Finally, information from these
measurements was used to simulate Cosmic rays events in a Watere&@ov

detector.



Preface

The Pierre Auger Observatory will consist of a huge ground arrayf avater
cerenkov vessels working in unison with a uorescent atmosphewgetector.
These detectors are being designed to measure the energy andation of ar-
rival of very high energy cosmic rays from unknown galactic @xtra-galactic
sources. Understanding of these 10eV cosmic rays will help us understand

the complex and profound workings of the cosmos.
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1 Introduction

Cosmic Rays are now known to span the energy range fron? HY to beyond
10?° eV[1]. Above 10 eV the particles are so rare that their detection relies
on measurements of the giant cascades or extensive air showeeatad in
the atmosphere. The giant cascades or extensive air showers carobserved
with arrays of particle and optical detectors at ground leve Since the ux of
particles falls inversely as the square of the energy until ab® 13° eV only
about one perkm? per year is collected.

The existence of the most energetic event yet detected, 3 107 eV,
implies that it must have originated within 20 Mpc of the eartfj2]. However
the arrival directions of this event and others of similar engy do not point
to any unusually energetic objects within our galaxy or elsevene. The origin
of these very high energy particles is unknown and how Naturercaccelerate
them to energies is not understood.

Only a few hundred records above 1®eV[3] have been recorded thus far,
too few to draw major conclusions. Increasing this sample willgaire a much
greater e ort. The Pierre Auger Project is a proposal to constrat a device
with an aperture of 5000km? sr per year. Such an instrument would allow
5000 events to be recorded annually above ¥@&V and, with the capability
of accurate energy and primary mass determinations, and wilkrgvide data
to confront con icting ideas about the origin of the most enggetic particles

in nature.



Two giant observatories will consist of a large array of water Cenkov
detector tanks, shown in Fig 1, spaced apart over a 5080n? area. In these
facilities extremely high-energy cosmic rays will be detemti through the
Cerenkov e ect produced in the water by the associated air showsecondary
particles entering the tanks. If this project is successful, ancaurate, high-
statistics measurement of the energy spectrum, arrival direcins, and nuclear
identity of the highest energy cosmic rays will be made, possibanswering
many questions on the nature and the origin of these high energpsmic
events.

This work focuses on the design of the large water Cerenkov tanksed
to detect cosmic rays at ground level. Quantitative informabn referent to
di erent air shower parameters is expected to be obtained by @asuring the
Cerenkov light intensity for each event. For this reason it isery important to
assure that the sensitive photodetectors (photomultiplier tubs) will collect
as much as possible of the generated light. The two main propes of these
detectors which control the light collection e ciency are (1) the attenuation
length of the water as function of the wavelength() and (2) the re ectivity
of the inner liner (eg.,Tyvek) as a function of wavelength() and the incident
angle [6]. Both issues are currently under study, and the secondabject of
this work. In addition we have conducted a simulation of the péormance of
a water cerenkov detector (TANK) a model based on the proposed sacke

array detectors for the Auger Observatory.



Figure 1: The Surface Detector

1.1 Cosmic Ray Air Showers

Cosmic rays are sub-atomic particles and gamma-ray photons isth bombard
the Earth from outer space. They possess a large range of energiesially
measured in electron-volts [eV]) from a few GeV to more than 1@eV.

Low energy cosmic rays are most plentiful many thousand per sqeam



per second. The highest energy cosmic rays are very rare, lesstloae per
square km per century. This makes compositional studies at higinergies
very di cult. Usually the vast majority of cosmic rays are single protons,
although other heavier atomic nuclei are also present in the iprary cosmic
ray ux, extending all the way up to iron nuclei. The vast majority of primary

cosmic ray particles are therefore positively charged.

A small fraction (0.1%) of cosmic rays are photons in the form gamma-
rays. These gamma-ray photons are important when trying to ndhe origin
of cosmic rays since they are uncharged and arrive at the Eartinde ected
by the galactic magnetic eld.

In general the highest energy cosmic rays are very great intstdo the
scienti c community, providing a unique tool for locating the high energy
sources. Just as with gamma-rays the charged component is rélaty unde-
ected by the galactic magnetic elds and therefore arrive aithe earth on a
true course. The arrival directions should theoretically beary close to the

direction of the source in the sky.
1.1.1 Detecting air showers

Direct observation of cosmic rays is possible only above the dag atmo-
sphere. High energy cosmic rays are so rare though, that it woul@ lbmpos-
sible to lift into space a detector big enough to capture a signtant number
of them, so one has to nd ways to detect them at the surface. Whetos-

mic ray particles strike the atmosphere, collisions with air mecules initiate



cascades of secondary particles. These \air showers" often contag many
millions of particles, cascade to earth over a large lateral @. When they
reach the surface of the earth, the particles from an air showaeritiated by
a 10°° eV cosmic ray may cover an area of 16 square kilometers.

The atmosphere absorbs the great energy of the incident (primg cosmic
ray particles in a giant air shower which develops after an itial interaction
with an atmospheric gas molecule. Thus nature provides us Wwitmost of
the experimental apparatus in the form of the atmosphere need to detect
cosmic rays. This showering process makes it possible to detect anelasure
the properties of the primary at ground level. By careful mesurement of the
air shower one can estimate the direction and energy of the arigl incoming
cosmic ray patrticle.

Cosmic rays are detected in a variety of ways depending on theinergy.
(1) The lowest energy cosmic rays are detected by equipment oodrd satel-
lites and high altitude balloons because they are absorbed dég in upper
atmosphere. (2) Higher energy cosmic rays interact in the atmdsgre pro-
ducing cosmic ray air showers. Many of the air showers are absorbiedhe
atmosphere and do not reach ground level. However, the air shovparticles
initially travel at speed greater than that of light in air and emit tiny ushes
of light (Cerenkov light). The Cerenkov light can be detecte at ground level
using air-cerenkov detectors on clear, dark, moonless night8) Even higher
energy cosmic rays produce air showers which reach the groumdd and

can be detected directly with particle detectors. The deteots are usually



arranged in a grid formation( or array), Figure 2, on the grood and the
arrival direction of the initial cosmic ray primary particle can be inferred by

measuring the particle arrival times at each of the detectors.

Figure 2: The Layout of Auger Observatory

Within a water Cerenkov detector of such a ground array the cenkov
light will be produced with a distinct 1= 2 spectrum. A bialkai photocathode
and appropriate UV transmitting window will be sensitive to light = (300-

600)nm. Since the cerenkov light spectrum is weighted hegvin the UV, a



long absorption length in the water will be crucial.
1.1.2 The Shower, the Glow, and the Pancake

When a high-energy cosmic ray enters the earth's atmosphereiitteracts
and creates a shower of lower-energy particles. These particie turn create
more particles. The net result is a large pancake of lower engrparticles
(100's to 1000's) traveling toward the earth at approximatel the speed of
light. This pancake is roughly 100 meters across and 1-3 metexvide. The
particles in the pancake are photons, electrons, and positrofthe electron's
antimatter partner). If the initial cosmic ray was a nucleus {.e. Hydrogen,
Helium, Iron, etc.) there will also be muons in the showers. Muorse heavy
electrons that have great penetrating power[7].

As the electrons and positrons travel through the atmosphere ¢y emit
Cerenkov light. That is because the are traveling faster thanhe speed of
light in air. If the cosmic ray that started the shower of partices does not
have su cient energy then very few of the secondary particled)(- 100's) will
reach the ground. But the Cerenkov light they generated in th atmosphere
will.

This Cerenkov light also arrives in a pancake, but now the paake is
about 200 meters across and again only 1-3 meters thick. Givéire speed of
light, that means that all of the Cerenkov light arrives in alout 10 nanosec-
onds (1 nanosecond = 1 billionth of a second). Using large mirrorrays the

Cerenkov light can be focused onto photomultiplier tubes[8By requiring a



fast coincidence of many photons coming within a few 10's of maseconds,
the pancake can be detected.

The few secondary particles that reach the ground requires arge and
well designed detectors to detect them. They a few already potypes of
detectors that are in operation and have proven well to be edative. The

water Cerenkov detectors are the primary detectors choserr finese project.

1.2 Water Cerenkov Detectors

Many types of detectors were considered for use in the Auger suéaarray.
Water-Cerenkov tanks, when compared to other technologiesctuas plastic
scintillators, are a good choice as the the surface array detectfor several
reasons. One being that it is a proven technology. For twenty ges a 12
km? air shower array employing more than 200 water-cerenkov usitwas
operated at Haverah Park in the UK [9]. The experience gained dog
that experiment provides a much useful information for the Auer project,
demonstrating that an array based on this technique can opemtfor along
period with both stability and low maintenance. This being tle primary
concern for the Auger project which has a large number of statie over
a very large area makes water cerenkov detectors[10] the paim detector
technology for the Auger ground array. A suitably designed wateéank array
can adequately address the physics requirements, at the samediproviding
more cost e ective than other techniques.

Water-Cerenkov tanks are especially sensitive to muons in air @hers.



The average muon energy is about two orders of magnitude highthan that
of electrons or photons at ground level. Muons typically tneerse the entire
tank whereas most electrons and photons stop in water after penating a
few centimeters.

This special sensitivity to muons is helpful to the goals of the Ager
Project in a number of ways. One involves the study of cosmic raym-
position. The number of muons in an air shower and their lateragxtent
at ground level is a powerful indicator of the nuclear identy of the of the
primary cosmic rays. The lateral distribution of particles carbe well deter-
mined by an array of this detector, enabling good estimationfdhe total size
of the shower at the ground, and hence the primary energy. Musrend to
have larger transverse momenta with respect to the shower axisah electro-
magnetic particles because of the kinematics of their prodimn is hadronic
rather than electromagnetic in origin.

Proton air showers will be rich in muons and have large lateraxtent
due to the violence of the initial interaction. Showers fronmuclear primaries
will be muon rich and have lesser lateral extent. Gamma ray priaties will
produce an electron rich shower and also be narrow at ground é&tvWater-
Cerenkov tanks permit good identi cation of the relative number of muons
and electrons by measuring the amount of Cerenkov light proded by a
particle traversing a tank as well as the time structure of suchraevent.
Light from muon traversals will arrive at the photodetector sightly ahead

of an electron signal loosing most of its energy near the top oféehan. We



have studied the time structure of these processes in a water tanknsilation
in Section 4.

The Water Cerenkov detector can be simply be described as a vale of
water acting as a Cerenkov radiator viewed by one or more semgit light

detectors, usually photomultiplier tubes.
1.2.1 The photomultiplier Tube

The photomultiplier has a light sensitive electrode called # photocathode
which is placed on the inner surface of the glass which emits @l®ns when
struck by photons. Inside the photomultiplier there is a vacuum The elec-
tron is attracted and accelerated to the rst dynode, which ischarged pos-
itively by a high voltage. As it hits it with great energy, the dynode emits
several electrons, which are then attracted to a second dynodehich has
even higher positive electric potential. This process repeatany times. At
the last dynode we have a large number of electrons. In this wakid signal
of a single electron is enormously ampli ed.

A photomultiplier schematic is shown in Fig 3, and a brief desgstion of
it's components is given below.
Photocathode Made of photosensitive material
Electrical optimal system Acts like electron collection system.

Anode The nal signal is taken from here.

Multiplier It ampli es the weak primary photocurrent by using a series of sec-

ondary emission electrodes or DYNODES to produce a measurdd current

10



at the Anode of the Photomultiplier.

Photocathode
Electrical optical/

input system.

Focusing electron

Dynode

ITT T TTTT T TT NTTTTTTTTTATTTT

(Yo

Figure 3: PHOTOMULTIPLIER TUBE
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1.2.2 Cerenkov Light Emitted by Relativistic Charged Parti cles

Cherenkov radiation is the radiation produced when a chardeparticle moves
through a material at speed greater than the speed of light in &t material.

In simple dielectric material, the speed of light is given by [
C, = c=n:

It is less than the speed of light in free space by a factor 1/n, wheen is the
index of refraction for the material. Thus it's possible for a ltarge moving
in a material to have a speed v that is greater than the speed oglit in the
material and still not violate Einstein's relativity. Upon exceeding the speed
of light in the dielectric medium (eg., water) a burst of Cerekov radiation
is emitted along a direction making an angle. with respect to the particle's
direction of ight.

They are several distinctive properties of this radiation.

Cherenkov radiation is asymmetric, being larger in the dir¢ion of
motion of the particle and emitted with angle . with respect to the

particles direction of travel.

Cherenkov radiation is linearly polarized, with the compoent of the

electric eld parallel to the path of the particles.

The visible spectrum of Cherenkov radiation is continuos, witlan en-

ergy varying as9.
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The half-angle . of the Cerenkov cone for a particle with velocity c in

a medium with the index of refractionn is

1
< = COS 1(n—)

c 2(1 ni) (for small )

The threshold velocity  is, and

1
T herefore; _— pﬁ; where =n 1L

Cerenkov detectors [12] utilize one or more of the propertief Cerenkov
radiation: (1) Their existences a momentum threshol@, = m, for emis-
sion of radiation. (2) The dependance of the Cerenkov cone fahgle . on
the velocity of the particle can be used to detect a particleslentity. (3) The
dependence of the number of emitted photons, on the partictevelocity can
also be used to identify particle species.

The Pierre Auger Water-Cerenkov will identify particles baseé on the
number of photons emitted in the water tanks as well as the timg infor-
mation determined from the arrival of this light at the photodetector. The
number of photoelectrons detected in a given device is a cohwion of the
number of Cerenkov photons produced in the radiator (waterdf index of
refraction n, length L, geometric collection e ciency ., and whose pho-
todetector converts photons to electrons with quantum e cency Q( ) or

Q(E). This integral is shown below:

13



ZE2
Npe: = 370(eV  cm) 'L sin? ¢ 4et(E)Q(E)dE
E1

The length of the radiator L for vertical muons in the Pierre Auger water
tank is 120 cm. This and the angle of incidence will determirtee number of
photons generated along the cerenkov path, but a rough calation indicates
about 46000 photons emitted in 120cm of track in the waveletigrange

= (300 700nm. The light collection e ciency g Will depend on the
number and quality of the geometrical re ections and the abgption length
( 7m) for Cerenkov light in the water as each Cerenkov photon is aes to
a photodetector. Once reaching the photodetector the e ciecy for collecting
the Cerenkov light Q( ) is the quantum e ciency of the photomultiplier
tube for converting photons to an electrical signal ( (10 20)%). All
of these properties are wavelength or energy dependent. Wevaastudied
this complex scenario of generation and collection of photsrin our tank

simulation.
1.2.3 Existing Water Cerenkov Detector

Super-Kamiokande [13js a 50,000 ton ring-imaging water Cerenkov detector

located at a depth of 2700 meters water equivalent in the Kawka Mozumi
mine in Japan. It is used mostly for the search for proton decay @eleon
decay in general), observation of neutrinos (solar, atmosplerfrom muons
created by cosmic ray particles in the atmosphere, and upwaraigg muons

created by neutrino interaction in the Earth beneath the detctor).
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The detector consists of large tank of very clear water surroued by
a large array of photodetectors. The tank is a cylinder of roddy 40 m
diameter and 40 m height. On all the walls (side, top and bottomnthere
are many (about 13000) photomultiplier tubes. They are espetly light
sensitive detectors that can detect single photons. They are dking' toward
the inner volume of water. The walls of the Super-Kamionde t&k are lined
with Dupont Tyvek 1073-B to increase light collection e ciercy.

To eliminate the background usually from the radioactivity n the sur-
rounding rocks and water and to some extent cosmic muons. The detor is
located deep underground in order to shield it from cosmic ray uon above
it.

Milagro [14] consists of a 5 million gallon pool of water: 80 meters by 70
meters across and 8 meters deep. When the high energy secongeicles
(electrons and positrons) travel through the water they emit @renkov light.
(When a high energy photon enters the water it interacts andreates elec-
trons and positrons.) This light spreads out in a 41 degree con@n array
of light sensitive detectors (photomultiplier tubes - PMTSs) deéects this light.
Milagro will have 3 layers of PMTs. The top layer will have 450 MTs on a
3 meter x 3 meter grid. These will oat about 1-2 meters below ta surface

of the water.
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1.2.4 Pierre Auger Surface & Fluorescence Detectors

The Auger Project will require detector units which will withstand a harsh
outdoor desert environment for 20 years with very little maitenance.They
must withstand high winds, hail,temperature extremes, and cast&andal-
ism. An important step in the project is to develop a detector wiah meets
these durability requirements as well as the performance r@éigements at a
cheaper cost. Several prototypes have been developed and enare still in
construction. All of the prototype tanks have performed well & cosmic ray
detectors.

The Auger Observatory layout shown in Figure 2 is to be a hybrid dec-
tor, employing two complementary techniques to observe exisive air show-
ers. A giant array of particle counters will measure the latefaeand temporal
distribution of shower particles at ground level. An optical a+ uorescence
detector will measure the air shower longitudinal developméin the atmo-
sphere above the surface array. Measurement of atmospheric escence is
possible only on clear, dark nights. About 15% of all Auger showersivbe
measured by both techniques.

The arrangement shown in Figure 2 is one of two separate, iderdl instal-
lations to be located in the northern and southern hemispheresspectively.
In order to signi cantly increase the data set at the highest engjies, Auger
is a very large detector. The hybrid nature of the design enadd accurate
and robust determination of the energy and primary mass group®perating

together, the surface array and uorescence detector charaeize showers to

16



a greater degree than either technique alone.

Both the surface array and uorescence methods are well estatied by
prior experiments. The surface array resembles the array succefigfem-
ployed by the Haverah Park group for over twenty years, althoudgon a much
larger scale. The uorescence telescope uses techniques piateby the Uni-

versity of Utah's Fly's Eye [15], Figure 4, and the HiRes experient[16].

Figure 4: FLY'S EYE
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Table 1: Dierent Types of Tyvek Materials

Sample| Type Characteristics
1A 1025D thickness=5mil
3 1025D thickness=5mil
4 1056D thickness=5mil
5 1058D thickness=5mil
6 1059B thickness=6mil
7 1059D thickness=8mil
8 1070D thickness=7mil
9 1073B thickness=7mil
10 1073D thickness=8mil
11 1079 thickness=6mil
12 1085D thickness=10mil
15 SR-1 | thickness=10mil, coated at the back
16 SR-2 | thickness=14mil, coated at the back
17 SR-3 | thickness=14mil, coated at the back
18 SR-4 | thickness=16mil, coated at the back|

2 Re ectivity Tests of Tyvek Samples
2.1 Tyvek

The material selected for the inner lining of the Pierre Auger5] water
tanks should have both highly di use and specular re ective prperties. The
Dupont material, Tyvek[4] has been proposed for this inneming. A number
of grades of Tyvek and it's laminates are manufactured. In th section we
discuss our measurements of the re ectivity of DUPONT TYVEK samples
as a function of wavelength. Because of its good re ectivitynithe nearUV
and durability, this material has been chosen to line the watetanks in the

Pierre Auger Project ground array. Studies have shown TYVEK 10Bis
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approximately 90% re ective in the visible, dropping by a fewpercent as
the angle of incidence increases. This studies also show that tleeectivity
drops by (10-20)% in the near UV [17].

In studying the re ective properties of Tyvek we are also exphking a
technique that might be useful to the AUGER project for maintaning quality
control in the manufacturing of many thousands ground array etectors. Our
measurements are of a relative nature and taken on dry samplesit ve feel
they have been a useful guide for the choice of bag material ihet water

cerenkov detectors.
2.1.1 Specular & Diuse Re ection

Specular re ection is a re ection usually from a smooth surfacethe bouncing
of light rays from a surface in such way that the angle at which istrikes a
given a ray is returned is equal to the angle at which it strikethe surface.

Di use re ection also known asLambertian re ection [18] is a situation
that arises when light is incident on a rough surface, it is re@ed in many
directions. The light is isotropically re ected with equal irtensity in all
directions. (see Figs 5,6 below

For any given surface, the intensity only depends on the anglebetween
the direction L to the light source and the surface normaN of of Figure
5b. They are two main reasons this occurs. First, Figure 5a showshaam
that intercepts a surface covers an area whose size is inversalggortional

to the cosine of the angle that the beam makes withN. If the beam has
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an in nitesimally small cross-sectional di erential areadA, then the beam
intercepts an areadA=cos. This is the case for any surfaces regardless of

the material.

Figure 5: Di use Re ection

Re ections from Lambertian surfaces have the property, ofteknown as
Lambert's Law[18], that the amount of light re ected from a wit di erential
area dA toward a photometer is directly proportional to the cosine othe
angle between the direction to the photometer ant\ . Since the amount of
surface the in the photometer view is inversely proportionalat the cosine of

this angle, these two factors cancel out. Thus, for Lambertiasurfaces, the
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amount of light detected is independent of the photometer diction and is

proportional only to cos , the angle of incidence of the light.

| = Acogy( )

“e

r

Specular

0 -0

Figure 6: Specular & Di use Re ection

2.2 Measurement of Tyvek Samples

In our studies, various samples of Tyvek were measured for the splac and
di use re ective properties. Tyvek is a spun-woven polyole n ad there is
no compelling reason to believe it has a uniform re ective pperties with
angle. The re ectance variation associated with the local weea pattern of
the samples can dominate statistical variation. In addition, lhe roll to roll
variations can be expected, probably at a level of (10-15)%hanges can also
occur if the Tyvek is pressed to a backing material. For a true nasurement
of specular and di use re ectivity an integrating sphere techique should be

employed with the nal laminated samples.
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Such a study[17] has been performed for the super Kamiokandepen
iment, indicating a 90% re ectivity for TYVEK 1073B, used as a reector
in their large water Cerenkov tank. Such a costly study was notgssible
for this work. We will measure the re ectance of di erent sampgs Tyvek as
a function of wavelength with a relatively small solid angle. fie spectrum
shape in the near UV is most important to observe. An overall relate re-
ectivity for di erent sample is reported. A sample-to-sample variation is

observed and described later.

2.3 Perk & EImer Lambda-18 Spectrometer and Setup

We have used the Perk & Elmer lambda-18 spectrometer as the piany
instrument in nding the re ectivity of Dupont Tyvek samples a s a function
of wavelength. The set up and sample placement in the spectroraets shown
in Figs 7 and 8. The scans were performed for a wavelength range 200
600hm. We have taken data for di use and specular re ections by switdng
between the two di erent sample placement positions in the spgometer.
For specular measurements the sample is placed to such thatcigent
reflected » Where incigent = 10°. For di use measurements the sample is placed

such that |eflected = incident + 18°, further discussed in the next section.
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Figure 7: Experiment Setup(Drawing) Perk & Elmer -18 spectrometey
Lambda-18 Light Box

reference beam

¢ _~ specular sample test position 1
N
NN

« — diffuse sample test position 1

[ | e B e | [ e

/E

\ integrating sphere

sample beam
focusing mirror 2

Figure 8: Experiment Setup(Drawing) Perk & Elmer -18 spectrometey

2.4 Measurement Technique

Within the Perk & Elmer Lambda 18 re ectance spectrometer a maochro-

mator light source is used in a dual-beam arrangement. The beanare
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chopped at 1 s intervals into a reference ref ) beam and a sample gam)
beam. This eliminates systematic errors due to PMT drift. Eaclbeam is di-
rected into an integrating sphere (IS) where a PMT measures tHight input
L and Lsam as the monochromator scans. The actual resulting measure-
ment is the ratio Lsam=Lref .

The TYVEK samples (3x3 cnt active area) were placed at in a sample
holder near mirror 1 in the sample beam line. Part of the light () is re ected
into focusing mirror 2 and then into the integrating sphere. Tl beam angle
of incidence with respect to the sample holder is normally at 1Gor opti-
mizing specular re ectance measurements. This angle was thertieased to
28 for diuse scattering measurements. The diusely scattered lightwill
produce the dominate source of photoelectrons to nally reacthe Auger
tank photomultiplier tubes. This simple two-angle approach as taken to
avoid serious modi cations to the spectrometer that would be @cessary to
sweep the angle. The monochromator was set to scan betweer200nm and

=600nm.

A measurement is taken by rst running a blank sample &) for baseline
correction and then a second run by inserting the TYVEK B) sample. After
the second TYVEK scan a baseline corrected spectrum ratio (S) is calated,

B(; )
A()

, Where indicates that a fraction ( ) of light is collected in the B scan

S(; )=

only if it scatters within the solid angle coverage of mirror 2 ad into the
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integrating sphere. All incident light is collected in the nomalizing A mea-

surement. Thus the true re ectivity is

R()=S8( )=()

We do not determine ( ) but only report the spectrum ratios S( ).

2.5 Test Scans

There were 12 kinds of Tyvek samples that have been tested. A spke and
di use scan was taken of each as a function of wavelength. In atddn each
group of scan was accompanied by a scan ofSI ANDARD sample later
used in correcting scans taken on di erent days.ThiSTANDARD sample
is denoted as sampleA 102D.

The results of the Tyvek scans are shown in Figures 9, 10, and 11.réle
the spectrum ratios are shown in pairs of two scans, a specular(joand
di use(bottom). The ordinate of each graph is given in arbitary units. The
integrated sum is given below each scan in both an unweightedU®l) and
weighted (WSUM) version. The rst sum is the unadjusted sum. The secal
sum involves a weighted sum.

The photoelectron yield reaching the the PMTs will be a convation
of incident radiation spectrum dN=d , transmission T( ), PMT response
Q(; wbe), and re ectivity R"(; vek). FOr simple comparisons,'s we as-
sume n=1 bounce, and transmission T=1. We perform an integral otht
form,

Z500nm
WSUM = K Q( )R( )d= 2
300nm

25



. 0.4
i)
C0.36
)
>0.32
S0.28
e}
S0.24
> 0.2
20.16
i)
€0.12
0.08
0.04

0 0
200 300 400 500 600 200 300 400 500 600

0.4
o
"£0.36
)
~0.32
£0.28
Z
£0.24
0.2
20.16
Q
20.12
0.08
0.04

ity (

—~ 0.4
B
£0.36
]
~0.32
S0.28

1A

el
$0.24
WSum = 0.3425569E-03 | ~—~
= Sum = 111.4428 > 0.2
= =
C %) C
E %O.W 6 &
E 0.17212576-03 | £ 17 £ 0.1838584E—03
Sum = 54.88993 = = Sum = 58.64359
P 0.08 F
e 0.04 =

Wavelength (nm) Wavelength (nm)

— 0.4
)

20.36
D

>0.32
20.28
=

024
0.2
20.16
8 md
<012 B
0.08 F
0.04

5

0.2764419E-03

0.3010030E-03
97.74321 88.96862

ity

0 0
200 300 400 500 600 200 300 400 500 600

Wavelength (nm) Wavelength (nm)

Figure 9: The Re ectivity Tests

26



2£0.28

Un

>0.24

Arbitrar
o
N

~Z0.16

sity

c0.12

nte

—0.08

0.04

— Loz2s B
= c =
r > r
= ~0.24
E 0.32261126-03 | 2 E 0.3104189E-03
— Sum = 104.1917 = 0.2 Sum = 99.77333
= < E
~—~0.16
)
WSum =  0.1985716E-03 | @ WSum =  0.1937170E-03
Som = 630311 § 0.12 Som = 810775
<0.08
= 0.04
E L1 ‘ I | ‘ I R - ‘ I O E I | ‘ I | ‘ I | ‘ L1
200 300 400 500 600 200 300 400 500 600
Wavelength (nm) Wavelength (nm)
~ 2028 F
|- [ |-
r > r
= ~0.24 F
E 0.3010576E-03 | 2 F 0.3015908E—03
— 94.49857 = 02 & Sum = 95.81693
E < E
— ~0.16
c b c
= 0.1988981E-03 | © E 0.1895383E—03
= Sum = 61.44497 §O'1 2 B Sum = 59.09597
- <0.08
v 0.04
£ L1 ‘ I | ‘ I R - ‘ I £ I | ‘ I | ‘ I | ‘ L1
200 300 400 500 600 200 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 10: The Re ectivity Tests

27



2 F m 0.4 E
20.28 B 2036 £/
) C ) =
>0.24 = 0.32
° F 0.28121386-03 | 2 E
= 0.2 90.6663 =0.28 =
2 F o =
s L -
R =02
Y649 B m= 0.1602139E-03 | 20 15 &
T B = 53.59429 o E
o008 £ £0.12 =
5 0.08 E
0.04 0.04 F
7\ L1 L ‘ L Ll ‘ L1 L L ‘ L L1 L :\ Ll ‘ L1 L1 ‘ L1 L1 ‘ Ll L

0 o)
200 300 400 500 600 200 300 400 500 600

Wavelength (nm) Wavelength (nm)
—~ 0.4 ~ 04
D g 2 g

c0.36 £ 8 c036 & 11

D = ) C
~0.32 &= ~0.32 £
So28 £ S028
Fe) C 0 C
Fo24 = 3024 =
> 02 £ > 02 E
0.16 £ 0.16 F

€012 £ - sRyees) Coaz2 £ 87 4338°%
0.08 [ 0.08 [
0.04 [ 0.04

7\ L1 ‘ Lol ‘ L1 ‘ Lo :\ L1 ‘ I | ‘ I | ‘ Lol

0 0
200 300 400 500 600 200 300 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 11: The Re ectivity Tests

28



Thus we adjust the data before summing it by multiplying each da point by
the photodetector quantum e ciency multiplied by the characteristic 1= 2
for Cerenkov radiation. K is the arbitrary scale factor common to all mea-
surements. We believe that WSUM is a better gure of merit with wich to
judge the net e ect of the re ectivity for the Tyvek samples. These measure-
ments are summarized in Table 2.

Table 2: Integral(WSUM) values(10 3) of dierent Tyvek materials for

Specular and di use re ection using Perk and Elmer Lambda-18 (g&ctrom-
eter.

Tyvek Type | Specular| Diuse | Specular corrected Di use corrected

1A 1025D 0.3426 | 0.1721 0.3276 0.1723
3 1025D 0.3163 | 0.1839 0.3054 0.1962
4 1056D 0.3010 | 0.1688 0.2766 0.1654
5 1058D 0.2764 | 0.1498 0.2331 0.1302
6 1059B 0.2812 | 0.1692 0.2414 0.1662
7 1059D 0.3030 | 0.1720 0.2802 0.1717
8 1070D 0.2870 | 0.1684 0.2452 0.1646
9 1073B 0.2765 | 0.1599 0.2765 0.1599
10 1073D 0.2707 | 0.1677 0.2707 0.1677
11 1079 0.2340 | 0.1492 0.1671 0.1292
12 1085D | 0.2801 | 0.1611 0.2395 0.1506
Sunluk | 0.3045 | 0.0859 0.2830 0.04102
Sunluk 8k | 0.1533 | 0.1015 0.0717 0.0598
SR-1 0.3072 | 0.1945 0.2881 0.1580
SR-2 0.2931 | 0.2035 0.2606 0.1653
SR-3 0.2983 | 0.1866 0.3276 0.1515
SR-4 0.2462 | 0.1818 0.3276 0.1476
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2.6 Corrections to the Data

Since aSTANDARD Tyvek sample scan has been taken with each opera-
tion of the spectrometer. We can also make a normalizing cortem to each
sample scan to account for scans taken on di erent days. AHT ANDARD
scans were scaled to the rst such scan. Again the integral WSUM for ¢h
di use and specular re ection is found by summing the numbers aprevi-
ously discussed. Data from the standard 1A-1025D sample taken at the
beginning of each measurement set is used to correct the the déa that
set by renormalizing all measurements to the measurements ofkthrst day
of running.

By comparing the later STANDARD runs to the rst day tests, a scale
factor is determined and applied to all data in the current setA summary
of WSUM values, both corrected and non-corrected are shown infle 1 for

comparisons,.

WSUMcorr = WSUM  WSUMstanparp 0=W SU MstanbarD

2.7 Error Analysis

As mentioned before we expected a natural uctuation of our nasurements
due to spectrometer measurement error, measurement technigaed varia-
tion of sample.

From repeated measurements of the same samples (not moved) weede

mined that the Perk&EImer Lambda-18 spectrometer providedeaproducible
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measurements of the re ectivities at the%% level, con rming spectrometer
literature reports.

A study of error due to sample placement technique was perforohdy
repeating scans on a given sample 2 to 3 times after removal amghlacement.
A 1.5%(1 ) error measurement technique was established.

To estimate errors in sample variation, we performed repeatedeasure-
ments of 4 Tyvek samples cut from the same roll (TYVEK 1025D) but fsm
4 random positions. Error due to sample variation was establishébm mea-
surements of the 4 TYVEK 1025D samples cut from random locationd
assigned an 7%. error.

Thus the total measurement error on the Tyvek samples when taken

guadrature

ot (%) = ! (:3%) + (1 :5%) + (7 :0%)

resulting in a (%)= 8% error, dominated by sample variation. From
this error we might expect (10 - 15)% shifts in our spectrum angdes. The

measurements and errors are shown in Figure 12.
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3 TYVEK Re ectivity versus Incident and
Re ected Angles

3.1 Theory

Light re ected from a given surface depends on several factqi®) Type of the
surface e.g quantity of light re ected from a polished silver sfiace is much

greater than that re ected from polished steel. (2)The color bthe surface.
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(3) The angle at which the incident light meets the re ectingsurface.

The re ected light is usually characterized by two componerst , di use
and specular which is also the case for the DUPONT tyvek material wth we
have done the study on. Therefore the rst component producedyhdi use

character of Tyvek can be described by a function form

this is the so called Lambert's cosine law [18].

Lambert's law states that the re ected energy from a small surfze area
in a particular direction is proportional to cosine of the antp between that
direction and the surface normal. Lambert's law determinesdw much of
the incoming light energy is re ected. The intensity depend®n the light
source's orientation relative to the surface, and it is this mperty that is
governed by Lambert's law.

The second component is produced by specular character of TiveSpec-
ular re ection (regular re ection) occurs when incident paallel rays are also
re ected parallel from a smooth surface. These second componeain be
described assuming the gaussian peak with an intensity varying Wit ; and

takes the form

e o i=le expl )22 )
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Therefore the total intensity at the re ection angle ; is given by :

ICrs )= laC )+ 1e(rs i)
which is characterized by both di use and specular components.

3.2 Experimental Setup and Procedure

A standard He-Ne laser beam( = 640nm), 3.05 optical ber and intensity
photometer(PASCO 0S-8020 ) were used for the measurements. The He-
Ne laser beam was used to illuminated a thin sample of Tyvek matati
which was located about 12 cm from the source on a holder, see Hig.
To measure the amount of re ected light at several angles we hawsed
a 3.05 mm diameter optical ber, optically coupled to a relate intensity
photometer. The sample holder and optical ber were allowedtrotate on a
goniometer of 8.5 cm in radius while the incidence laser beanasvimpinging
on the sample from a xed direction.

By switching between di erent scale sensitivities on the photoeter we
were able to measure the relative intensity of the re ected bea at the re-
ected plane. We took two kind of data at every angle we used. West took
data the laser turned o and used it as a background substractiorof the
second measurement we took with the laser on. No absolute measuretse
of the light intensity was obtained, since we were not able to masure the

small light output coming out of the optical ber.
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Figure 13: The Experiment Setup

3.3 In-the-Plane Measurements

We have taken three measurements at incident angles,80 and 45 respec-
tively, We have used PAW [19] software to generate the gures stvo Fig. 14
and Fig. 15 where the light intensity as a function of the angle, is plotted.
The relative intensity is given in arbitrary units. By using a tting function

routine

REAL FUNCTION TYVEK10(X)
COMMON /PAWPAR/PAR(3) XX =0:0175
XXX =0:0175 (, i)

SIG =0:0175 PAR(3)
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TYVEK10=PAR(l) COS(XX )+ PAR(2) EXP ( :5 ((XXX )=SIG) 2)
RETURN

END

we are able to t the graphs. The values PAR(1) and PAR(2) and PAR(3
are generated by PAW tting function. Our tting function co rresponds to
the characteristic function form of specular and di use compants. The
rst rst component is produced by di use character of Tyvek. By using
the Lambert's cosine to t our data without the peak, we found tat di use
component is independent of; since the average amplitude | obtained is
essentially the same for incident angles. We can evaluate itsatVe contri-

bution by evaluating the Integral

Z _

2
I=A cof )d,
2

The second component is produced by the specular character gfv€k and
it's relative contribution is determined by evaluating theintegral

Z=2e(r i)2
=2 272

I(;)=B d,

where A = PAR(1) and B= PAR(2). The results are shown in table 3.
From our t we found that to be a constant of value = 22° for
all incident angle. From the above results the re ected intesity can be
understood as the re ection of light in the re ection plane bya dielec-
tric material. The total intensity of light at the re ection a ngle | is then

I(v; )= 14q( )+ Ie(+; i) This quite simple model agrees with our data
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Figure 14: Intensity of the re ected light in arbitrary units as a function of
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the re ected angle for incident angles Q 10, and 30

Table 3: Integral values(102) of di erent measurements for di erent inci-

dence using PASCO photometer and laser.

80

i A B Lambert cosine| Gaussian Peak Total
0° | 5.284| 2.022 10.568 79.866 90.434
10° | 5.201| 4.446 10.234 161.37 171.604
3(° | 5.339]| 4.147 10.678 340.343 351.02
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Table 4: Integral values(103®) of di erent measurements for di erent Out of
plane angles using PASCO photometer and laser.

Incidence angle A B Lambert cosine| Gaussian Peak
° 5.284| 2.022 10.568 79.866
35 6.022| 2.88 12.044 47.26
45 6.577| 1.108 13.154 169.58
quite well.

3.4 Out-of-Plane Measurements

We conducted measurements at three di erent angles 0, 30, 4Bgtees out of
the plane of normal re ection. The setup still was the same as thgrevious
experiment except that we had the Tyvek material placed at tb three out-
of-plane angles. We expected di use scattering to dominate. Ehresults are
shown in Table 4 and the Figure 15. As expected the di use scatteg is

seen to dominate in all cases.
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4 Tank Simulation

| have used a Monte Carlo program "'TANK'[20] which simulates the @ssage
of particles through the Auger water cerenkov tanks. In the simation the

tank is given a height of 1.2m and a radius of 1.8m and is lled ith water of

index of refraction n=1.33 and mean absorption length as a faetion wave-
length of ,,s=7m. The walls of the tank are lined with TYVEK and three

PMTs are place to collect light at the tank surface.

Electron at ground level from air showers are typically of emgy E=100
MeV and muons have a mean energy of 1000 Mev. The electron &és/about
20cm in the water tank before loosing all of its energy. It willadiate this
energy away partially as ionization excitation and cerenkolight in a nearly
random and isotropic manner. 1000 MeV muons will pass throughe 1.2 m
high tank nearly unde ected loosing about 250 MeV along the wa Muons
will produce cerenkov radiation along the straight line tragctory of cerenkov
angle cos()=1/1.33. These processes are simulated "TANK'

The scattering of light from the TYVEK walls in TANK is controlled by
the user and we have used the parameterization determined in ngsts for
this purpose. we have assumed that 70% of the time the scatterirgyof the
random type and 30% of the time it is of the gaussian type with h&hngle
15 degrees, Figure 16(a). For these studies the TYVEK re ectivitys taken
from our spectrophotometric measurements and parameterizad 90% from

600nm to 400nm and then linearly dropping to 60% at 200nm wateagth,
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Figure 16: Re ectivity dependence of the wavelength and thimcident angle

Figure 16(b). The time structure of the light arriving at the PMTs is also
kept so time of arrival of photons can be studied.

| use the simulation to determine the number of photons colleetl by the
PMT's for electrons and muons and the time of arrival of these gmals for
various trajectories. It has been suggested that blackening @htop of the
surface array tanks will decrease the average time of arrival photons with

some lose in number. | looked at this issue with TANK. In some cases |
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Type |No. of photons(e) Time(e)(ns)|No. of Photons( ) [ Time ( )(ns)
Auhite op 14 50.6 25 235
Abplack;op 7 22.1 14 15.9
B white  op 18 50.2 18 33.0
Bblacktop 6 20.3 14 21.4
Cuwhite cop 18 33.7 22 42.5
Chlackop 5 25.9 9 28.3

Table 5: Number of Cerenkov photons collected per thousand atiteir mean
time of arrival.

can compare my results to actual measurements performed by P& Auger

collaboration.

4.1 Measurements

We choose to explore three typical trajectories A, B, and C of thelectrons

and muons entering the tank from above. These are de ned below
A= xin=0. yin=0. xout=0. yout=0.
B= xin=0. yin=0. xout=1. yout=1.
C= xin=1. yin=1. xout=0. yout=0.

We have performed simulations both for white top and black tofor each
trajectories and recorded the number of photons collectedha time of arrival
of these signals for electrons and muons. A comparison betweewfam yields
and timing is shown in Table 5.

We can use the simulation to estimate the mean number of photoeteons

detected for vertical muons by noting that approximately 4600 photons
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Type | &L (electrons) | &L (muons)
A 0.436 0.675
B 0.405 0.646
C 0.771 0.667

Table 6: Ratio of the Mean time of arrival for black top and whtie top.

are produced as shown earlier. The e ciency for detecting tlse IS get =
25=1000 =:025. Using a quantum e ciency Q = .15 we obtain the average

number of photoelectrons collected is
Npe =46000 4o Q=172;

a value close to that observed in data.

In Table 6 we have found the ratios of mean signal collectionnties for
muons and electrons O‘%) using vertical trajectory A. From the table its
shown that the muons arrival time decreases about 67% and the electrons
arrival time decreases 43% for the central vertical going-through muons
and electrons trajectories in average when using a black todn Table 7
we calculate the ratio of collected signal. We see that numbef photons

collected decreases about 56% for muons and 50% for electrons when

using the black top.

We can compare these results with those of a prototype water Ceai®v
detector running at Tandar.[20] In Tandar experiment they lave examined
the possibility of reducing the long decay time constants measad by water

tank detectors by using a black top surface instead of a fully led Tyvek tank.
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Type | &L (electrons) | &L (muons)
A 0.50 0.56
B 0.33 0. 78
C 0.28 41

Table 7: Ratio of the number of photons collected for black fpand white

top.

In their experiment they found that the use of black top surface ectively
reduces the pulse duration from 40 nsto 10 ns at the expense of a 60 %
decrease in the total charge collected. Fig 17 shows the resufghe average
pulse measured by one of the photomultiplier for a muon trajecty(which in
our case is trajectory A where it can be seen a dramatic shortening of the

decay constant from 39 ns to 11 ns ( 70%) is evident. These results are

consistent with our calculations.
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Figure 17: Comparison of average pulses due to central verfitaZrough-going
muons with tyvek top and black lining on the top.
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5 Conclusions

From the studies performed in the thesis one concludes that tieeis no great
di erence in the re ectivities of TYVEK samples in the wavelengh range

= (300-700)nm. The di use re ectivities of 1025D and 1073D a& similar.
This other quality factors of these sample should be used in deteining
the bag liner. These tests were able to clearly reject for exahepthe SAN-
LUK samples obtained from Brazil and thus could make a reasona&bdjuality
control test for bag material used in fabrication.

Measurements of the re ectivity versus incident and re ectedangle is
closely matched by a simple gaussian plus random scatter model. efbut-of-
plane measurements are the rst to be performed and also show no guses
tting the random scatter model well.

After inserting experimental information into our TANK simulati on pro-
gram we were able to make good predictions for the number ofgbelectrons,
time structure of the signal, and di erences in detector desig(eg. black top
vs. white top). These predictions are in good agreement with gsent Pierre
Auger water-Cerenkov test measurements on cosmic rays. The TANK simu

lation may ultimately lead to other tank design optimizatiors.
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