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Introduction

In recent years more and more experiments aimed at studying neutrinos
have appeared. Most of these experiments use neutrino detectors. Huge col-
laborations are engaged in the design, construction, testing and maintenance
of the neutrino detectors. In this paper the JUNO project is considered, also
simulated optical processes inside the detector and PMT.



Chapter 1

JUNO experiment

The Jiangmen Underground Neutrino Observatory (JUNO) is a multi-
purpose neutrino experiment. The experiment locates in Jinji town, Kaiping
city, Jiangmen city, Guangdong province. The experimental site is 43 km to
the southwest of the Kaiping city, a county-level city in the prefecture-level city
Jiangmen in Guangdong province. There are five big cities, Guangzhou, Hong
Kong, Macau, Shenzhen, and Zhuhai, all in 200 km drive distance, as shown
in Figure 1.1. The experimental site is at 53 km from the Yangjiang NPP
and Taishan NPP. Yangjiang NPP has six reactor cores of 2:9 GW th each
(themal power). Taishan NPP has planned four cores of 4:59 GW th each.
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Figure 1.1: The JUNO experiment location.

1.1 JUNO Detector

The JUNO detector consists of a central detector, a water Cherenkov detec-
tor and a muon tracker. The central detector is a liquid scintillator (LS) detec-
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tor of 20 kton fiducial mass with an designed energy resolution of 3%=E(MeV).
The central detector is submerged in a water pool to be shielded from natural
radioactivity from the surrounding rock and air. The water pool is equipped
with Photomultiplier Tubes (PMTs) to detect the Cherenkov light from cosmic
muons, acting as a veto detector. On top of the water pool, there is another
muon detector to accurately measure the muon tracks. A schematic view of the
JUNO detector is shown in Figure 1.2.
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Figure 1.2: A schematic view of the JUNO detector.

The photoelectron yield has been tuned according to the Daya Bay data.
To reach the required energy resolution, the following improvements from Daya
Bay have to be accomplished.

The PMT photocathode covergage  75%
The PMT photocathode quantum efficiency  35%.

The attenuation length of the liquid scintillator 20 m at 430 nm, which
corresponds to an absorption length of 60 m with a Rayleigh scattering
length of 30 m.



Chapter 2

PMT

Photomultiplier tubes (PMTs) are widely used in astrophysics, nuclear and
particle physics. In many cases, the only optical property of a PMT of interest
for the design of an experiment is its spectral sensitivity, i.e., the fraction of
photons converted into detected photoelectrons as a function of the wavelength.
Three processes are possible for a photon impinging on a PMT:

1. Absorption in the photocathode, with probability A( ; )

2. Reflection from the PMT window or photocathode, with probability
R(5 )

3. Transmission through the photocathode inside the PMT, with probability
T(;)=1 R(;) A(;)

In case of absorption, a photoelectron is produced, which has a certain prob-
ability to escape the layer towards the interior of the PMT, to be accelerated
to the first dynode and start an avalanche, resulting in a detectable signal. It
is convenient to express the probability that a photon contributes to a signal,
so called quantum efficiency QE, as the product of two probabilities:

QE:A( , ) 1:)conv( )

where A( ; ) is the probability that the photon is absorbed in the photocath-
ode, which is a function of the wavelength and the incidence angle and Pcony
is the conversion factor for such absorption to result in an avalanche.

2.1 PMT mass-testing methods

2.1.1 Container approach

All of the 17739 large-photocathode 20-inch PMTs will be tested in 4 con-
tainers which are designed and produced by the team from the University of
Hamburg and the University of Tiibingen. Each container is a 20" refrigerated
container that can control the temperature within a range between -20 C and



45 C with a precision of less than 1 C. In addition, the containers are lined
with a multi-layer magnetic shielding based on silicon iron that guarantees a
magnetic field of less than 10% of the EMF in each of the 36 measurement
positions. To provide identical and reproducible measurement conditions each
container is equipped with 36 precision-made drawer boxes housed in a shelf,
as can be seen in Figure 2.1. The complete shelf system (including the boxes)
is made from aluminum, and nearly all surfaces inside the container and the
drawer boxes are black. The PMTs are placed on removable trays equipped
with a precise holder made from anti-static foam. The trays are then fixed
to the drawer by a clamping lever, allowing for the precise positioning of the
PMTs inside each drawer.

Figure 2.1: The Container: general view (left), drawers (middle), PMT layout in a drawer
(right).

On the other side of the drawer boxes the light sources are mounted 50 cm
away from the top of the PMT. The light sources are stabilized LEDs produced
by the HVSYS company, and are also used in the scanning stations. They are
deployed behind optics (including a diffuser) designed to generate a suitable
light field to illuminate the entire surface of the 207 PMTs with an intensity
between 0:1 and 1:5 photons per LED pulse. A large light shaping tube, coated
black on one side and equipped with highly reflecting Tyvek on the other side,
ensures that the sides of the PMTs are also illuminated (see Figure 2.1 right).
In addition, two of the four containers will be equipped with a picosecond Laser
(wavelength of about 420 nm). The light of the lasers will be distributed by
optical fibers producing a light field of similar intensity but within a narrower
cone. Not all of the PMT characteristics can be tested inside the container.
The container will mainly test the PDE and T'TS of the PMTs, as well as the
dark count rate and the pre- and after-pulse rates.

2.1.2 Scanning station

The container approach is not sensitive to inhomogeneities of characteris-
tics along the PMT’s photocathode surface. Since all of the measurements in
the container are performed in a constantly compensated magnetic field at the



level of a few T, it does not allow for the testing of a PM'T’s magnetic field
sensitivity. In order to obtain these measurements a sampling of about a thou-
sand PMTs will be tested more precisely. A special setup, called the scanning
station, was designed and produced at the Joint Institute for Nuclear Research
(see Figure 2.2). The scanning station is placed in a light-tight dark room. In
order to adjust/compensate for the EMF inside the black room Helmholtz coils
are installed within the walls, floor and ceiling. The core of the scanning station
is a rotating frame with 7 stabilized compact pulsed light generators that are
placed at different zenith angles. The frame is rotated by a step motor and
covers all 360 azimuthal angles. A support system that holds the PMT allows
for rotations in different spatial positions in order to put the PMT into different
orientations with respect to the magnetic field provided by the dark room. It
allows for the testing of individual PMTs in all relevant aspects by scanning the
photocathode, and allows for an in-depth understanding of the performance of
a PMT, and may identify any potential problems.

Motor

Rotating frame (with LEDs)

Figure 2.2: Scanning station general view in the dark room (left) and rotating support (right).

2.2 Optical processes

Dealing with light reflection from a PMT, four regions can be defined, each
characterized by its own refractive index:

The medium where the light originates, with ng ;
The PMT glass envelope, with ny;
The photocathode, with Nz = Npn + {Kpn
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The vacuum inside the PMT, with ng.

The amplitudes of the reflected and transmitted waves at the interface glass-
photocathode (N,  Nn3) are given by the following formulas:

toataorasexp( 2{ )
1+ Moz, eXp( 2{ )
ar( ;) = —ruep( {)

, 1+ o3l eXp( 2{ )

ar( ; )=rs+

where

_ Nicos jG) NjCoS j

i =

Y Nj cos gy + Nj cos ()
2N; cos i)

tij

- Ni cos jg) + Nj cos )

_2 dn3

coS 3 (2.2)

In previous equations Ny is the refractive index of the I-th region,  is the angle
of the propagating light beam with respect to the normal in the same region.
This is calculated using Snell’s law starting from the angle of incidence on the
PMT window = . All functions and variables in this section equations are
complex, and the imaginary part of Ny , N, and Ny is set to 0. Eq. (2.1) holds for
both light polarizations, perpendicular and parallel relative to the photocathode
plane (defined as s and p waves, respectively), provided that the definitions for
rij and tjj are changed by swapping the i and J indices as indicated in Eq. (2.2)
(the formulas with first indices apply to the s-wave). Eq. (2.1) can be used to
predict the total reflectance of the PMT by adding the Fresnel reflection at the
medium-to-window interface (N;—ny) to the reflectance from the photocathode:

1
Rt = 5 R 5 )+ RS )

2
Rep(l  Fgp)?
Rg;); = I:s;p =+ S'p( s’p)

1 FspRsp
where the quantities:
: 2
sin( 1 2)
Fs(; )= ———M=
S( ’ ) sin( 1+ 2)
tan( 1 ) °
p( ) tan( 1+ 2) ( )
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represent the Fresnel reflection coefficients at the interface with the PMT win-
dow. Similarly for the transmittance:

Teot( ):1 T ; )+T|;0t( ;)

2
Tsp(1  Fsp)
T( ;)= =2 2P 2.5
s,p( ! ) 1 FS;pRS;p ( )
N4 Ccos . gn-
Tepl 1) = ————jasP}? (2.6)

~ Nycos »
The last optical function, absorption, is deduced from Egs. (2.3) and (2.5), by
using the identity:

AC5)=1 R(;) T(:) (2.7)



Chapter 3

Modeling of optical processes inside
the detector and PMT

The main requirement for a photomultiplier is Photo Detection Efficiency
(PDE). Theoretically, the average PDE from all points of the photomultiplier

is given by:
7

PDE=  PDE(Q; )

7

2
dQd = A(Q, )Pp:e:(ﬂ; e

d?® )
d€2d

dQd afad

(3.1)
where A(€; ) is a photocathode absorption coefficient and Ppe:(€2; ) is a
probability to produce a photo-electron.

Figure 3.1: Definition of solid angles.

As the scanning station has 7 LEDs to test the PDE we can divide each
photomultiplier into several "belts” (7 belts), each with its own PDE;. It
is taken into account that inside each belt the PDE should be constant, i.e.
PDE; = const.
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