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Development and calibration of NuLat, A new type of neutrino detector

Xinjian Ding

(ABSTRACT)

Over the past 20 years, the detection of neutrino oscillation has reported a lot of important
results. The oscillation phenomenon itself has been well proved by various experiments.
Some oscillation parameters has been measured and now in the area of precise determi-
nation. On the other hand, some new questions like the possibility of the existence of
light sterile neutrinos and unexpected 5 MeV bump were raised during the measurement.
The Neutrino Lattice Experiment (NuLat) is a detector based on the Raghavan Optical
Lattice (ROL). It should be able to offer a compact design of an effective detector with
good mobility. It can be extremely useful in the short baseline reactor neutrino oscillation
detection community to resolve several confusing issues. In this thesis, we present the
calibration results we got from the first active NuLat detector and show what kind of

improvements we need for the next version of the NulLat detector based on these results.
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(GENERAL AUDIENCE ABSTRACT)

During the last century, physicists have developed a nice framework to describe the physics
world we live. The model which we called Standard Model has been constructed to
describe the behavior of elementary particles and nicely explain the phenomenon we
found from various experiments. However there are still a lot mysteries which cannot
be explained by this model and more precise measurements on different fields of particle
physics are need to help us improve our understanding about this. Neutrino oscillation

is one of the most important field related to this kind of concern.

The Neutrino Lattice Experiment (NuLat) is a new type of neutrino detector. It has a
good geometry reconstruction ability based on the the Raghavan Optical Lattice (ROL).
Since we cannot directly see the elementary particles, we always rely on the signals gen-
erated by the reaction between particles and our detector. How to interpret the signals
becomes crucial at this point to have high quality experimental data. NuLat is such kind
of neutrino detector which offer good ability for us to interpret the signal right. It has
a compact design compared to most of other detectors in this field. This is really useful
because it can be implemented with limited space where other detectors might have dif-
ficulties. Simultaneously the ROL design can help offer nice background rejection ability

and high energy resolution.

In this thesis, we discuss the progress about develop and assembly of the first active
NuLat detector with the preliminary calibration data which give us basic understanding

about the performance of this first version.
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Chapter 1

Introduction

Neutrino oscillation is one of the most important phenomena to verify the correctness
of the Standard Model of particle physics. A lot of experiments have measured this
phenomenon with different neutrino sources like solar neutrinos, atmospheric neutrinos,
neutrinos from accelerators and reactors. The results from these experiments have shown

some hints about the physics beyond Standard Model.

This dissertation is mainly about the research and development (R&D) for the Neutrino
Lattice experiment (NuLat). The detector uses a Raghavan Optical Lattice (ROL) which
provides a unique means to detect neutrino and reject the background using inherent
segmentation of scintillator cubes to recreate the neutrino event geometry. The advantage
of this detector is its compact size compared to other neutrino detectors. The inherent
geometry reconstruction ability helps it to reach a good signal to background ratio. Also
it should have better mobility compared to other experiments. This mobility can help
it to detect short baseline reactor neutrinos from different baselines which is extremely
useful to reduce errors like spectral uncertainty and also verify the neutrino oscillation
with a short baseline. The work present in this thesis is mainly about the assembly and
testing of the first active NuLat detector. We briefly review the background of neutrino
oscillation and the physics idea behind the NulLat detector in chapter 2 and 3. The
actual R&D work towards this first active NuLat detector are introduced in chapter 4-6.
In chapter 7 and 8, we summarize all the results we got from the different calibration
tests and discuss the improvement we need for the next version of the NuLat detector.

The brief introduction of content in each chapter is as follows:



e Chapter 2 introduces the basic idea of neutrino physics. Various neutrino exper-
iments and a short history about these experiments are summarized. Then we
introduce the initial motivation for the NuLat detector and the potential it has to
help the neutrino community to understand the result of reactor neutrino oscillation

experiments.

e Chapter 3 introduces the physics idea behind NuLat experiment. It has two different
sections. The first mainly focuses on the design of the NulLat detector itself. It
contains an introduction to the specific structure of a Raghavan Optical Lattice
(ROL) based detector and also a brief introduction about related design of the
current NuLat detector. The simulation work to estimate the sensitivity of NuLat to
the active to sterile neutrino oscillation parameters is also introduced in this section.
The second section discusses the data acquisition electronic system inherited from
the mTC detector. It introduces the function of this kind of electronics and how it

help us with data acquisition.

e Chapter 4 presents details about how the current version of the NuLat detector is
assembled. It introduces how spacers maintain air gaps between cubes, and then
shows how we put all the cubes together and seal them into an acrylic box. Another
topic is the alignment and assembly of PMTs into the detector with a quality control

system.

e Chapter 5 introduces some preliminary hardware tests we did and some modifica-
tions during the experience of running the whole system. There are two sections
in this chapter. The first focuses on the test we did to understand the light trans-
mission property of Li loaded and unloaded cubes. The cross talk of signals with
different configurations was also tested. This is followed by a section about the elec-
tronics. Since the data acquisition system was not designed for the NuLat project,

we did several tests and some modifications to make it more suitable for our purpose.

e Chapter 6 introduces how we use radon as source to do calibration on the NuLat
detector. It introduces the system used to fill radon into the detector and how we
checked the existence of it in the detector. Then we present results from different

calibration processes to show how radon can help us calibrate.



e Chapter 7 summarizes all the calibration results related to the light yield of scintilla-
tor and light loss through scintillator. These discussions reveal what improvements

we should search for the next version of the NuLat detector

e Chapter 8 is the conclusion chapter. It summarizes all the information we obtained
from the current calibration process. In addition, it discusses what kind of work

might help the next version of the NuLat detector.



Chapter 2

Neutrino Oscillation

In this chapter, we first introduce the theory of neutrino oscillation and what kind of
parameters should be controlled or measured by related experiments. It also shows how
neutrino oscillations can help give hints about possible extension of the current Stan-
dard Model for particle physics. After the theory part, we introduce various neutrino
experiments and some results they reported in the past 20 years until now. It includes
important results obtained and shows how the NuLat detector can help in this field with

its unique properties.

2.1 Neutrino oscillation

Neutrinos are elementary particles produced in the weak interaction. Currently three
different flavour eigenstates of neutrinos exist in the Standard Model. The neutrino that

is generated with the charged electron is named as the electron neutrino, and so on.

However it is possible that the flavour eigenstates are not identical to the mass eigenstates
(states which have definite mass) as with the quarks and the CKM matrix. This implies
that when a definite flavour eigenstate is generated at a source, this state actually is
a linear combination of states of definite mass. During the travel of this particle with
definite flavour eigenstate, the phase of the mass eigenstates will change. When we try
to detect it, the mass states will have different relative phases to the original states at
the source. So it is possible that we may detect a flavour state which was not present in
the beam to begin with. If this phenomenon shows up during the detection of neutrinos,

we call it neutrino oscillation. In the current Standard Model, neutrinos are not allowed
4



to acquire mass through the Higgs mechanism because they exist only in the left-handed
state (right-handed for antineutrino). So the phenomenon of neutrino oscillation itself is
evidence requiring some extension of the current Standard Model because it implies that

neutrino must be a massive particle.

To derive a mathematical expression of neutrino oscillation, we start with a two-flavour
neutrino oscillations model. We first define two flavour states as v, and vz with two mass

states as v and 5. Then we can write the mixing between flavour and mass states with

Vg cosf  sinf 2
= . , (2.1)
Vg —sinf  cosh ) \ s

where 6 is unspecified parameter known as the mixing angle. We can then write the mass

1 cosd —sind Vg,
=1 ) (2.2)
Uy sinf  cosf Vg

If we apply the time-dependent Schrdinger equation with no potentials to the mass states,

a 2 X 2 matrix as:

states as:

we should get the equation like this:

0
za lvi(z,t)) = E|vi(z,t)) = —

Eye lvi(z,t) i=1,2. (2.3)

The solution to this equation is a plane-wave:

[l 1)) = B 14(0,0)) = e

v;(0,0)) , (2.4)

where phase ¢; = E;t —p;x, p; = (t,p) is the 4-momentum of the neutrino mass state |v;)

and x; = (t,x) is the 4-space vector.

So when we apply this to expression (2.2) with combination of (2.1), we should get:
(mww»_(wm o)(m&mﬁ
vo(x,t B 0 e 5(0,0
|va(z,1)) ‘ 12(0,0)) 2.5)
_feT 0 cos)  —sinb\ [ |va(0,0))
L0 e ) \sind  cosh lv5(0,0))



Detection of the neutrino oscillation just means that we have a different mixed state at

(x,t), based on equation (2.1), we can write the mixed state at (x,t) as:
Valz,1))\ [ cos® sinf\ [|vi(z,t)) (2.6)
wa(z,t)) ) \—=sin@ cost) \|w(z,t))) '
plugging this into equation (2.5), we can get

<|1/a(x,t)>> _ (Mﬁl 0 ) (|yl(o,0)>>
vs(z, 1)) 0 e ) \[n(0,0))

. (2.7)
[ cos  sinB\ e 0 cos  —sind\ [ |va(0,0))
—sinf  cosl 0 e ] \sinf cosd 1v5(0,0)) )
This equation can be rewritten to a more compact version as
U c08*0e™ 1 + sin?Qe2 —cosfsinfe™1 + sinfcosfle 2 2.8)
—cosfsinfe™ " + sinfcoshe™ 92 sin*0e=1 4 cos?fe =2 ’ .

oz, 1 (0,0

ale, ) _p; (Wal0,0)) 20)
vs(z,1)) v5(0,0))

Here, we define U as the mixing matrix. With equation (2.9), we can get the probability

for finding a |v3) state in the beam at the detector given that we generated a |v,) neutrino

at the source. The amplitude can be calculated as:

(va(,1)|va(0,0)) = (cosfsinf(e> — e")) (14(0,0)|v4(0,0))

. . (2.10)
+ (sin*0e™ 4 cos*0e ™) (15(0,0)|v4(0,0)) |

since the beam is pure |v,) at source, so (,(0,0)|v,(0,0)) = 1 and (r3(0,0)|v,(0,0)) = 0.
Equation (2.10) becomes

(v(z,1)|va(0,0)) = coshsind(e'?> — ™) | (2.11)

and the probability of finding |vs) in the detection area should be:



P(vo = vg) = | (v(2,1)[va(0,0)) |*

co (2.12)
= cos%0sin*0|(e'*? — ')

we can expand exponential term of equation (2.12) as

|(€i¢2 _ €i¢1)|2 — (€i¢2 _ €i¢l)(€_i¢2 _ e—idn)
=9 _ (ei(¢2—¢1) + e—i(¢2—¢1)) (2'13)
=2(1 — cos(p2 — ¢1)) ,

with the trigonometric identities cosfsin = 3sin(26) and 2sin*(0) = 1 — cos(26), we can

rewrite the probability as:

P(vy — vp) = sin®(20)sin’*(

i ; ¢1) . (2.14)

Recall that in the Schrdinger equation, the expression for ¢; is

¢i = Eit — pix . (2.15)

So the phase difference is, then,

G2 — ¢ = (By — Byt — (p2 — p1)x . (2.16)

If we assume that the neutrinos are relativistic, let ¢ = A = 1, then t=x=L (where L is

the conventional measure of the distance between source and detector) and

oi =Bl —mi~ Ei(l = 5) (2.17)
then, the phase difference becomes
2 2
G2 — b1 = (k — 2)L | (2.18)



We assume here that the mass eigenstates are created with the same energy. This ap-
proximate assumption is not necessary, but it can help us get the right expression easily.
Actually if we deal with the mass states as wave packets instead of the plane wave we

currently have, the result will be the same. So with this assumption, we would have

2 2
mi ms
— g = — 2L
o= 9= G~ o)

_AmzL
- 2E 7

(2.19)

where Am? = m? —m2 and E, = E, = E,. Substituting this phase difference expression
back into the probability equation and replacing o and 8 with v, and v, to make the
equation as an example to express the probability of neutrino oscillation we actually can

measure from electron neutrino to muon neutrino, we get

Am?L
4F,

P(v. — v,) = sin*20sin®( ). (2.20)
If we carefully deal with the units of measurable quantities, like using kilometers for L

and GeV for E, and pay attention to put h and ¢ back to where left out, we would get

Llkm]

P(ve — v,) = sin*20sin®(1.27Am? [eVﬂm
L[Ge

) . (2.21)
This is the probability that one generates a v, but detects v, and is called the oscillation
probability. On the other hand, we can also get the corresponding survival probability

which is the probability of generating a 1, and detecting a v, :

L
Plv.—v.)=1- sm2208in2(1.27Am2E—) : (2.22)
Figure 2.1 shows how the survival probability looks with a reasonable scale in an actual

experiment.

We now have introduced how to compute the oscillation probability with two flavour
eigenstates and mass states by a 2 X 2 mixing matrix. In the current Standard Model as
introduced before, we have three different flavour eigenstates of neutrinos, so the mixing
matrix we need to explain this neutrino oscillation phenomenon is actually a 3 x 3 mixing
matrix called PMNS matrix and this is defined as



baseline = 180 Km
Pm =1 - 5in*20 sin® {ﬂ.mQLMEV)

[

E, in MeV

FIGURE 2.1: The v, survival probability as a function of the neutrino energy for
L=180 km, Am? = 7.0 x 107 %eV?2 and sin?0 = 0.84 1

C12C13 S512€13 S13€”"
_ i s
Upyuns = | —s12C23 — C12593€" C12C23 — S512523513€" Sa3C13 | - (2.23)

i6 id
512523 — C12523513€ —C12523 — 512€23513€ C23C13

The relation between flavour eigenstates and mass eigenstates is:

Ve n
vy | =Upuns |1 | (2.24)
Vr V3

where ¢;; = cost);; and s;; = sinf;;. The angles 05 013 and 093 represent the mixing angles
and 0 is a CP violation phase. The derivation of this matrix is omitted here, details can
be found in Ref[

As the probability equation explained before, neutrino oscillation depends also on the
squared mass differences between the mass states, namely Am3,, Am32, and Am3,. Only

two of these three are independent since there is a relation

Combining these, we get that neutrino oscillation depends on six free parameters: three
mixing angles, two mass squared difference and one complex CP violation phase. For

practical reasons, the mixing matrix is usually factorized in terms of three matrices My 5 X
M173 X MLQ as
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1 0 0 C13 0 813671'6 C12 s1o O
U=10 Co3 S93 0 1 0 —S12 C12 0 . (226)
0 —S8923 (o3 —Slgei5 0 C13 0 0 1

With this reorganization, different mixing angles are involved in different matrices. In the
next section, we will introduce many neutrino oscillation experiments based on different
neutrino source and F/L range. The introduction will show that certain mixing angle
dominating specific flavour transition which give us ability to measure these parameters

independently with a proper design.

We just briefly introduced the theory of neutrino oscillation here, but most of the im-
portant information and related parameters are already included. In the next section,
we will introduce different experiments which have run for last 20 years. The introduc-
tion of these experiment should offer important background knowledge about the related
technologies being used and the difficulty of detecting the oscillation phenomenon and

parameters in real world.

2.2 Neutrino Oscillation Experiments

Before the introduction of various neutrino oscillation experiments, we first discuss some
useful hints we got from the theory we introduced in the previous section. With the
PMNS Matrix, we can get the expression of the probability of neutrino oscillation within
this three-flavor framework as we did for the two-flavor model. Here we assume the CP
2L
ijE)
From the solar and atmospheric neutrino oscillation experiments which will be discussed

violation term to be zero. Recall that the phase term has the form sin?(1.27Am

soon, we have the basic understanding that the mass splitting Am3, &~ 3 x 107%eV? and
Am3, & 8 x 107%eV?2. So we can actually separate the expression of neutrino oscillation
probability for various experiments into two cases. The first is for experiments where

L/F is small enough to make

L
sin2(1.2mm§2§) — 0. (2.27)

In this case, if we reasonably assume that Am3; &~ Am?; we can have the expression for
the short L/E case as
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P(v, — vy) = cos?(b13)sin?(2003)sin*(1.27TAm3, %) |
P(ve = v,) = sin®(6:13)sin®(26003)sin(1.2TAm3, %) (2.28)
P(v. = vy) = sin®(013)cos?(2003) sin*(1.2TAm3, %) .

On the other hand, when L/E is large, then the terms involving Am2, and Am?, are

rapidly oscillating and the average of these two terms becomes 0.5.

sin?(1.27TAm3, %) — (sin?(1.27TAm3,£)) = % | (2.20)
sin?(1.27Am% L) — (sin?(1.27Am2, %)) = 1 '
then, we can have the relation:
2 .2 .2 2 L L.
P(v, — v, ;) = cos(013)sin”(26012)sin (1.27Am12E) + 55in (2013) . (2.30)
If we go further to assume 6,3 = 0, this relation then reduces to
.2 2 2 L
P(ve = v, ;) = sin”(2612)sin (1.27Am12E) : (2.31)

These equations tell us what kind of oscillations we can detect with certain range of energy
and baseline. Actually, these are the equations being used to design actual neutrino

oscillation experiments.

We have already introduced what kind of parameters we can measure by certain limitation
of L/E, then we will show a simple way to define what kind of sensitivity a specific
neutrino oscillation experiment can have in a realistic condition. We still adopt a simple
two flavor model at this point as an example. Suppose the flavor of neutrinos from the
source is a. The detector is at distance L from the source and the flavour  of neutrino can
be detected. The relation between number of signal events NV, and Ny can be expressed

as

L
Ng = Nasin2(29)sin2(1.27AmQE) : (2.32)

If we define the number of events we can detect at the source of flavor v neutrino to be

N?. then we can get
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1
N, = Ngﬁ . (2.33)

We can define the sensitivity of our experiment as

N
N

where /N, is the standard deviation of a Poisson distribution with mean N,. At low

limit where AmQ%

5=

(2.34)

is small, we can estimate that

L L
Np =~ Nasin2(29)(1.27AmZE)2 o N2(1.27Am25)2 : (2.35)
SO

Am?
=)L (2.36)

0 o /N

For a given §, the small Am? we can see is then

E
Am? o (Ng)_%

(2.37)

5

This expression shows that the sensitivity of measurement related to Am? actually de-
pends on the number of neutrinos from the source, the energy of the neutrino from the
source and the baseline between source and detector. A good understanding of L/F is

crucial to get an accurate measurement of Am?.

On the other hand, when L/F is large, we reach a limit where we can define the value of
sin?(1.27TAm?£) as its average
L L 1
sm2(1.27Am2E) = (sin2(1.27AmQE)) =3 (2.38)

then we can have

§ o \/Ngsin2(29)% : (2.39)
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This relation shows that the sensitivity of measurement of sin*(20) only depends on /N9
for a given L, which means it just requires better statistics. So this measurement is not

sensitive to the misunderstanding of energy E .
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FIGURE 2.2: Relation between baselines and typical energies of various neutrino
oscillation experiments. The solid lines show the first oscillation maximum and the
dashed lines show the second oscillation maximum for Am? = 1,8.0 x 10~° and
2.5 x 1073[eV?]. [

This discussion shows what parameters we need to take care of when we design a neu-

trino oscillation experiment. Figure 2.2 summarizes most of the neutrino oscillation

L
experiments with different baselines. It defines ¢ = 1.27 and AmQE = 7 as the first

oscillation maximum condition, the solid lines in figure 2.2 show this relation. Similarly,
it defines ¢ = 37” as the second oscillation maximum and this relation is marked as dashed
lines in figure 2.2. In the following subsection, we introduce some of these experiments.
These introductions explain the general idea of how an effective experiment is designed,
and show what limitations realistically exist in the detector. We introduce these experi-
ments by categorizing them into four subsections based on what kind of neutrino source

they rely on.
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FIGURE 2.3: The proton-proton chain of the fusion process in the sun. Neutrinos are
produced in the pp, pep, ' Be, hep and 8B processes. 1.5% of fusion takes place
through the Carbon-Nitrogen- Oxygen catalytic cycle (CNO cycle), which is not
shown here. [?

2.2.0.1 Solar Neutrino Oscillation Experiments

Solar neutrinos are v, produced by the fusion reaction which is responsible for the solar
energy production. As figure 2.3 shows, this process actually takes place through different
nuclear reactions and the neutrinos produced by different reactions are characterized by

different energy spectra as shown in figure 2.4.

As figures 2.3 and 2.4 show, because the final state of these reactions all contain several
particles, the spectrum are all continuous. The main v, production process is the pp
process, so the neutrino from this process is called pp neutrino with the end point energy
of 0.42 MeV. The most energetic solar neutrinos can reach around 19 MeV through the

hep process.

Homestake is the first experiment designed to measure the solar neutrino oscillation. It
started in the 1960s. After that, many experiments tried to measure the solar neutrino

oscillation including SAGE, GALLEX, GNO, SNO, SK, Borexino and KamLAND.

Homestake used the 3"C1 — 37 Ar method to detect v,, the reaction is:

Ve + 3701 — 3T Ar + e™ (threshold 814 keV') . (2.40)
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FIGURE 2.4: The solar neutrino spectrum predicted by the BS05(OP) standard solar
model. The neutrino fluxes are given in units of [/cm?/s/MeV] for continuous spectra
and [/em?/s] for line spectra. The numbers associated with the neutrino sources show
theoretical errors of the fluxes. This figure is taken from the late John Bahcalls web
site, in a web URL http://www.sns.ias.edu/ jnb/. !

The 3" Ar atoms produced in the reaction are radioactive with a half life of 34.8 days

through the following process:

STAr — ¥Cl + v, + Auger electron . (2.41)

The decay rate of 3" Ar was measured with a small low-background proportional counter.
Figure 2.5 shows a summary of the observed production rate of 3"Ar, where the back-
ground has been subtracted. The result of Homestake indicates that only 30% of the
expected value calculated from the standard solar model (SSM) is detected. This dis-
crepancy is called the solar neutrino anomaly. Actually, over a period of 25 years running,
2,200 atoms of 3" Ar were detected. The low statistics make the interpretation of this ex-

periment extremely difficult.

The major reason that Homestake has really low signal rate is that the energy threshold
of a 3"C1 experiment is higher then the energy of the pp neutrinos. So a new kind of

detector based on ' Ga was designed. The reaction used to detector v, is similar to 37C1
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FIGURE 2.5: Results for 108 individual solar neutrino observations made with the
Homestake detector. The production rate of 37 Ar shown has already had all known
sources of nonsolar 37 Ar production subtracted from it. [

but with a much lower energy threshold.

ve +" Ga — e +™ Ge (threshold 233 keV)

2.42
"Ge =™ Ga + v, + Auger electron . (242)

There were three "'Ga experiments, GALLEX (GALLium EXperiment), GNO (Gallium
Neutrino Observatory) and SAGE (Soviet American Gallium Experiment). With better
signal rates, these experiments all reported the detection of half of the solar neutrino flux
predicted by the SSM. The apparent deficit of the solar neutrino flux compared to theory

shows that there must be some underlying physics we didn’t understand.

This solar neutrino anomaly was finally solved later by the Sudbury Neutrino Observatory
(SNO) experiment. One good way to verify that neutrino oscillations are the reason for

this anomaly is to measure the total neutrino flux:

(bu - ¢1/e + ¢1/“ + ¢V7— 5 (243)
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using the neutral current interactions. The cross section of neutral current interactions
does not depend on the neutrino flavour. Therefore, even if the flavour of a neutrino

changes due to neutrino oscillation, the total flux can still be measured.

Because of this benefit, SNO used a 1,000 ton heavy water (DyO) Cerenkov detector
(details of Cerenkov detectors will be explained in the next subsection), sensitive to

neutrino interactions through three different interaction processes:

Elastic scattering (ES): vy +e~ — vy +e |
Charged current (CC): D+v, — 2p+e~ (2.44)
Neutral current (NC): D+v, —p+n+uv, .

In the CC process, only v, are involved in this interaction. In the ES process, the cross
section of v.e™ scattering o,, . is significantly larger than that of v, ,.e™ scattering o,/ .
On the other hand, in the NC process, the cross section does not depend on the neutrino

flavor. In the end, we can determine the flux as

¢ES - ¢ue + 0-155(¢m + le/f) )
bcc = b, (2.45)
CbNC = ¢Ve + ¢Vu + ¢I/7— .

Figure 2.6 summarizes the result from the SNO experiment. The measured fluxes are [*"]

dps = 2.35 + 0.22(stat.) £ 0.15(sys) x 106 em™2s71 |
boc = 1.68 4 0.06(stat.) 005 (sys) x 10° em™2s71 | (2.46)
dne = 4.94 £ 0.21(stat.) 53 (sys) x 105 em 2571 .

Since v, and v, cannot be generated in SSM, the result of non-zero v, + v, is strong
evidence of neutrino oscillation. It also shows that only a third of the total v, produced
arrived as such at earth. The measured oscillation parameters based on a two-flavour

model arel?7

tan6o = 04271003 Amj, = 5.6 x 107° eV? . (2.47)
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FIGURE 2.6: Flux of ®B solar neutrinos that are u or 7 flavour vs. flux of electron
neutrinos deduced from the three neutrino reactions, ES, NC and CC, in SNO ( 1+ o
allowed region). The bands intersect at the fit values for ¢, and ¢, indicating that
the combined flux results are consistent with neutrino-flavour transformation.
Copyright 2006 by American Physical Society

2.2.0.2 Atmospheric Neutrino Oscillation Experiments

The atmospheric neutrinos are generated by interactions between cosmic-rays and oxygen
or nitrogen nuclei in the atmosphere. Charged pions are produced first from the interac-
tions. These then decay to muons (and v, neutrinos) which finally decay to electrons (and

neutrinos). The production process of atmospheric neutrinos can be briefly expressed as:

™ =t + v/, (2.48)

pE = eF + vV + v, /0,
Figure 2.7 shows the basic technique to estimate the baseline between the source of
neutrinos and the detector. It can be estimated by the reasonable assumption that the
distance between the original generation position in the atmosphere to the closest surface
of earth can be ignored. Since the neutrinos can penetrate the earth and be detected at
the opposite side, the distance between the position of the source to the detector can be

estimated by the direction of the neutrino being detected. We just need to track back
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along this direction to the other side of the earth, then the distance between detector and

the point on the surface of earth at the opposite side is the L value we need.

Detector

FIGURE 2.7: Demonstration about how to estimate baseline in atmospheric neutrino
oscillation experiments.

Based on interactions listed in Eq. (2.48), we can reach a simple prediction that the ratio

of the number of the muon-type neutrinos to electron-type neutrinos should be 2.

N(’/u) + N(Du)
N(v.) + N(v.)

=2 (2.49)

However, early observations made by the IMB and Kamiokande experiments showed
that the ratio is roughly one. Similar to the solar neutrino anomaly, this was called the
atmospheric neutrino anomaly. This anomaly was finally solved by the Super-Kamiokande
(SK) detector. Actually, the verification of the atmospheric neutrino oscillation from

experiment is the first definite evidence of the existence of neutrino oscillation.

The SK detector is located 1,000m below the Tkenoyama mountain in the Gifu prefecture,
Japan. It uses 50,000 tons of ultra-pure water as the neutrino target. From the charged

current interactions in water, electrons and muons are produced by the processes Eq.

(2.50)

vy +A—=p+X,

(2.50)
ve+A—e+ X .
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Charged particles with velocity 8 > 0.75 in water emit Cerenkov light. 11,200 20-inch
photo-multipliers (PMT) are mounted at the inner wall of the detector to detect the
Cerenkov light. Because muons will produce a clear Cerenkov ring in water, but electrons
will generate an electromagnetic shower in the water, and electrons and positrons in the
shower will generate a blurred Ceerenkov ring. So distinguishing between v, and v, signals
is based on the different pattern of the Cerenkov ring detected. Figure 2.8 briefly shows

the difference between these two patterns.

v,+A—e+X

v,+A—=>pu+X e%EMsM
2 /

Wal.(.‘ I <<

Clear Cherenkov ring Blurred Cherenkov ring

FIGURE 2.8: Particle identification in a water Clerenkov detector. [2!

The direction of the muon can also be measured from the direction of the Cerenkov
ring, since the charged leptons created from charged current interactions go forward
with respect to the original direction of the incoming neutrinos. With this direction
information, the distance between the source where it is generated and the detector can
be estimated, as explained before. If the muon is produced and stops within the detector,
which is called the fully contained event, then the muon energy can be measured by the

total Cerenkov light yield and the original neutrino energy can be deduced from it.

Figure 2.9 shows the SK experiment result. Figure 2.9 (a) shows a clear decrease of the
ratio of detected v, to the expected result with increasing of the L/E ratio. This is a
good explanation for the atmospheric neutrino anomaly detected before. The relatively
stable v, rate shows that the oscillation is mainly due to v, — v,. Also since not only
the signal rate, but also energy of the neutrino and its baseline are being detected, Am?

and sin?20 can be deduced from it and are shown in figure 2.9 (b).

Figure 2.10 shows the recent results of L/E dependence of the v, events from SK. There
is a dip at around L/FE ~ 6 x 10* km/GeV indicating that the oscillation with Am? ~
2 x 1073 eV2. The up-to-date oscillation parameters measured by the SK group at 90%

confidence level (CL) ¥ are

0.407 < sin?0 < 0.583, 1.7x107° < Am? <2.7x 1073 eV? . (2.51)
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FIGURE 2.9: The historical SK data show the first evidence of neutrino oscillations.
(a) The ration of the fully contained Data to Monte Carlo prediction as a fuction of
L/E. The dashed line shows the expected oscillation between muon-type neutrino and
tau-type neutrino at Am? = 2.2 x 1073 eV? and sin?20 = 1. It clearly shows the rate
of muon-type neutrinos decreases while electron-type neutrinos stays constant. (b)
Confidence intervals for sin®26 and Am? for v, +— vy two-neutrino oscillations. [6]
Copyright 1998 by the American Physical Society

Data/Prediction (null osc.)

L/E (km/GeV)

FIGURE 2.10: Result of the L/E analysis from SK experiment. The horizontal axis is
the reconstructed L/E. The points shows the ratio of the data to the simulation

prediction without oscillation. The error bars are statistical only. The solid line shows
the best fit with 2-flavour oscillation. ") Copyright 2004 by American Physical Society
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2.2.0.3 Accelerator Neutrino Oscillation Experiments

In accelerator neutrino oscillation experiments, almost 100% of the neutrinos are produced

from charged pion decays which are introduced in the atmospheric neutrino section.

™ = uF v/, . (2.52)
This makes it suitable for studying the oscillation of the muon-type neutrinos. Since
the typical energy of accelerator neutrino is of the order of GeV, a baseline of several
hundred kilometers is necessary to study with the information of Am? gotten from at-
mospheric neutrino oscillation experiments. Figure 2.11 shows the actual scale of the

distance between K2K, T2K experiments and accelerators.

v} <
WL {1
Ly
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[=]
mHR q
aam
Super-Kamiokande = T2K 295km*™
= ¥ = 1-31
- EMRER]-Parc
g K2K 250km gzn KEK
§AR . wenm .
- s wne o
2 R .-‘Ok Fan

FIGURE 2.11: Locations of accelerators and detectors for K2K and T2K experiments.
[Google map] %!

K2K is the accelerator experiment that measures a clear neutrino signal. The neutrino
beam was produced by the newly constructed neutrino beam line at the KEK proton
synchrotron as shown in figure 2.12. A 12 GeV proton beam was fired into the target
to produce secondary particles. A pair of toroidal horn magnets downstream focused
7t’s to direct the beam at the SK detector, located 250 km away.[? The v, beam was
produced from the pion decay in the decay pipe. The front detector was used to measure
the neutrino spectra to normalize the events by the far detector. The measurement is

based on the detection of Cerenkov light introduced before.

Figure 2.13 (a) shows the energy distribution of the detected v,,. There is a dip at £ ~ 0.7
GeV indicating that Am? ~ 3x107% eV2. Figure 2.13 (b) shows the fitting results for Am?
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FIGURE 2.12: K2K neutrino beam production and detection. [®!

and sin?26. These results agree with the atmospheric neutrino measurements, indicating

that both of the experiments are observing the same oscillation.

18 ; ; : , K2K full data
> -1
8 = 10 T T T
N.16 o B E
14 b : T
'q:'; 3
512 102 |
10
8
6 10'3_ _
4
-------------- 68%
2 90%
—————— 99%
0 104...‘|‘.0‘.|...‘|.‘..
0 0.25 0.5 0.75

1
sin?(26)

FIGURE 2.13: (a) The reconstructed E, distribution for the 1-ring u-like sample.
Points with error bars are data. The solid line (red) is the best fit spectrum with
neutrino oscillation and the dashed line (blue) is the expectation without oscillation.
These histograms are normalized by the number of events observed!”l. (b) Allowed
regions of oscillation parameters. Three contours correspond to the 68% (dotted line),
90% (solid line) and 99% (dashed line) CL. allowed regions, respectively.['%) Copyright
by 2006 American Physical Society

The T2K experiment is the successor to the K2K experiment. Muon neutrinos are pro-
duced by the decay of pions, which are produced by a 30 GeV proton beam from the
J-PARC proton synchrotron. The neutrinos are sent to the SK detector, located 295 km
away. The neutrino beam T2K uses is an off-axis beam!*”, which provides neutrinos with

a narrower energy distribution.

As discussed previously, atmospheric neutrino oscillation shows that the v, — v, oscil-

lation probability is small. With high v, statistics, T2K is able to observe the v, — v,
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appearance signals. As of the year 2013, the T2K group has identified 28 v, — v, can-
didate events while the expected background is 4.9 events. With the knowledge of the

v, — v, oscillation, the updated oscillation parameters measured by T2K are!*

5in’0sy = 0.514, |Ami,| =2.51 x 1073 eV? . (2.53)

2.2.0.4 Reactor Neutrino Oscillation Experiments

In reactor neutrino oscillation experiments, the neutrinos are produced in the fission
reactions of elements like uranium and plutonium. An example of such a fission reaction
process is shown in figure (2.14). As this example shows, with this kind of process, a
lot of electron antineutrinos (,) are created by 3 decay. So reactor neutrino oscillation

experiments are mainly designed to measure the survival probability of antineutrinos

(Fr—spe)-
v, v, v,
® e e e
2 Fo@T G
oF J @ =
5 Qs
Y e ) e ) e

FIGURE 2.14: An example of the fission reaction. v.s are generated in decays of
fission products.On average about six 7.s are generated per fission. About 6 x 10%°
ves/sec are generated in a reactor operating at 3GWy,. The energy of the neutrinos is
a typical decay energy of a few MeV 2

The common way to detect the electron antineutrinos created during the fission process
is the Inverse Beta Decay (IBD) process. It is a nuclear reaction involving electron
antineutrino and proton, the interaction between them creating a positron and a neutron.

The process can be expressed as :

Ve+p—et+n. (2.54)

Since this is also the major reaction NulLat uses to detect the anti-electron neutrinos

created by reactor, the detail of this reaction will be explained in the next section.
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FIGURE 2.15: Schematic diagram of the KamLAND detector. [!]

The KamLAND experiment uses 1,000 tons of liquid scintillator to detect reactor neu-
trinos coming from reactors hundreds of kilometers away. Around 70 reactors are spread
throughout Japan and Korea around KamLAND detector providing an average baseline
of 180 km.!l Figure 2.15 shows a sketch of the KamLAND detector. This detector is
housed in the cavern where the Kamiokande detector used to be. The location is 1,000m
below the top of the IKenoyama mountain, so the cosmic-ray rate is reduced by a factor

of 1075 compared with the surface.

Figure 2.16 shows the Ly/FE, dependence of the survival probability of 7., where Ly =
180 £m is the flux-weighted average baseline. The best fit of the three flavour analysis of
only the KamLAND data indicates?

tan61y = 048170038 Am32, = 7.54T152 x 107° eV? . (2.55)

The L/E scale make the measurement by KamLAND a good comparison to the solar
neutrino oscillation experiments. Figure 2.17 shows the allowed oscillation parameter
region from KamLAND together with the result of the solar neutrino experiments. The
results are consistent with each other. Since KamLAND observes v, disappearance and
solar neutrino experiments measures v, disappearance, the agreement shows that CPT

invariance holds here.
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FIGURE 2.16: Ratio of the observed v, spectrum to the expectation for non-oscillation
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The Double Chooz (DC), Daya Bay (DB) and RENO experiments are new reactor neu-
trino experiments, which measure the reactor 7, oscillation at baselines of 1 ~ 2 km. They
are sensitive to the region Am? ~ 2 x 1073 eV/2, which corresponds to the parameter ob-
served in v, disappearance by the accelerator and atmospheric neutrino experiments.
These three experiments use the near and far detectors with identical structure to signif-
icantly improve the accuracy of the neutrino deficit measurement.”! The baseline of the
far detectors are close to the oscillation maximum (L ~ 1.5 km) and the baselines of the
near detectors are where the oscillation is still small (L < 400m ). Since both detector
sets have an identical structure, most of the systematic uncertainties are canceled out by
comparing the data from the far and near detectors, and the precise measurement of the

v, disappearance is possible.

-

s Best Fit: sin%20,, = 0.099 & A}, = 2.95 x 10° eV?
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F1GURE 2.18: Baseline dependence of reactor 7, survival probability from Daya Bay,
Double Chooz and RENO. The solid line is the best fit oscillation pattern. Fach
detector sees several reactors. The horizontal axis is a weighted baseline and the
horizontal error bar in each data point shows the standard deviation of the
distribution of the baseline. ]

The measured 7, survival probabilities are shown in the figure 2.18 for the different

baseline of these 3 experiments. The baseline dependence of the neutrino deficits shows
that ®1:

sin®013 = 0.09970013  Am3, = 2.95706 x 107° eV? . (2.56)

2.3 Open Questions NuLat Can Help

In last section, we introduced different neutrino oscillation experiments that have been
run in the past. It shows that many questions have been answered by various experi-
ments. The Solar neutrino anomaly has been solved by SNO and the atmospheric neutrino

anomaly has been characterized by the SK detector. Some oscillation parameters have
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been measured and we are expecting the precision determination phase now. In this sec-
tion, we discuss some open questions with which NulLat and its unique properties may
be able to help.

2.3.1 Light Sterile Neutrino Searches

The results presented in the last section are in the framework of the three flavour model.
However, there are some experiments whose results cannot be explained by this framework
and might require extra neutrinos into it. We call this kind a sterile neutrino because it

should not participate in the weak interaction as a normal active neutrino does.

The first experiment to report results which imply this idea is the LSND experiment. It
was an accelerator neutrino experiment designed to measure the v, — v, oscillation. The
observation showed an excess of v, events which imply a Am? in the range of 0.2 — 10
eV2B2, This anomaly is being tested by Fermilab’s MiniBooNE (Mini Booster Neu-
trino Experiment) in both neutrino and antineutrino mode. The results obtained in the
neutrino mode disfavour most of the parameter space defined by LSND but were not
[33]

conclusive On the other hand, the result obtained in the antineutrino mode were

consistent with the LSND signal and consistent with a mass splitting of between 0.1 and
1 ev209,

Further hints of the existence of sterile neutrinos came from the gallium solar neutrino
experiments GALLEX ], SAGEPY discussed in the last section. Both these experiments
used high-activity electron-capture sources to calibrate their detectors. The sources that
were employed were °'Cr and *"Ar sources. These sources emit v, from the electron

capture reactions as:

e +°1Cr =W 4y,

2.57
e +3Ar 5 3C1L 4 v, . ( )

Averaging the observed production rates in the source measurements and dividing by the
expected rate, a deficit of ~ 14% is observed. This discrepancy could be explained by

short baseline oscillations with Am? ~ 1 eV2.

Another anomaly implying the same issue is known as the reactor neutrino anomaly.
The re-evaluation of the expected antineutrino flus from nuclear fission indicates that the

measured flux is about 6% below the prediction with 3¢ significance, as shown in figure
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FIGURE 2.19: Illustration of the short baseline reactor antineutrino anomaly. The
experimental results are compared to the prediction without oscillation, taking into
account the new antineutrino spectra, the corrections of the neutron mean lifetime,
and the off-equilibrium effects. Published experimental errors and antineutrino
spectra errors are added in quadrature. The mean averaged ratio including possible
correlations is 0.943 + 0.023. The red line shows a possible three-active neutrino
mixing solution, with sin®26;3 = 0.06. The blue line displays a solution including a

new neutrino mass state, such as ]Amfww Rl > leV?and sin229new7R = 0.12 (for

illustration purpose only). 1] Copyright by 2011 American Physical Society

2.19. This can be explained by the sterile neutrino oscillation with a mass split of about
2.4 eV2.

To explain these anomalies found in experiments, some models including sterile neutrinos
have been proposed, the details of which can be found in Ref?!). The most important
models for the mixing between the active neutrinos and light sterile neutrinos are the
so-called 3+1, 3+2, and 143+1 models?"). Oscillation physics describe these model with
a rectangular mixing matrix U,; with a = e, u, 7 and i = 1,2, 3, +s and 3,U,Up; = 6ap
where s denotes how many sterile neutrinos are involved in the theory. To simplify
the theory we have to deal with, we briefly discuss the 341 model here. In the 3+1
model, the rectangular mixing matrix describing the physics becomes a 3 x 4 matrix. To
simplify the case, an approximation called short baseline limit (SBL), can be employed.
In this approximation we set the solar and atmospheric mass splittings to zero?!). With
this approximation, the mixing matrix only depends on the three angles that mix the

[21]

active mass states with the sterile mass states: 64, 054 and 034 Then for our specific

motivation to detect the survival probability of reactor neutrinos, the formula should be:

Am3, L
4F

PSBL — 1 — sin?20,4sin’(

). (2.58)
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FIGURE 2.20: Allowed regions in the sin?ec — Am?2, plane and marginal Ax? for
sin?%«c and Am?, obtained from (a) the combined fit of the reactor and Gallium data;
(b) the combined fit of v, and 7, disappearance data. "]

Figure 2.20 summarized the updated allowed region in sin*6.. — Am?,. This summary
is cited from Refl"”l. Figure 2.20 (a) shows the combined fit of reactor!) and Gallium
datal?s#% The 30 allowed regions in the sin’f.. — Am2, plane are confined to 0.010 <
sin*0.. < 0.30 and Am32, > 0.35 eV2. Besides the reactor and Gallium data, short
baseline v, disappearance is constrained by solar and KamLand neutrino data. Updated
KamLAND constraint *?) and solar data from SK experiment!*!] and Borexino*? with the
reactor and Gallium data are combined and shown in figure 2.20 (b). Since the analysis
of solar+KamLAND does not show any indication of short baseline v, disappearance, the
combination with reactor and Gallium data shifts the allowed regions in the sin?d,., —
Am?2, plane to smaller value of sin?f,, region around 0.0054 < sin?%= < 0.23. On the
other hand, Am?, does not change a lot with these two different fit. Using the updated
constraint of allowed sin*0,. — Am3, value, the Daya Bay group offers another possibility

that the reactor anomaly might not from the active to sterile neutrino oscillation, but

just from the overestimate of the 2*°U fission neutrino spectrum *3.

Although there are currently cons and pros to the existence of active-sterile neutrino
oscillation, it is still an open question worth more accurate measurement to resolve the
confusion. The NulLat detector can be a good candidate to join this community with its

good energy resolution, mobility and compact volume.
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FIGUuRrE 2.21: Ratio of background-subtracted 7, candidates to non-oscillation
prediction, as a function of the IBD prompt energy. (a) Daya Bay and RENO ratios
for . candidates observed at the near sites. (b) Double Chooz ratio for 7, candidates
measured at the far detector. The shadowed region represents the typical reactor
error derived from the['617) reference 7, spectra, which is dominant for the considered
energy region. [18]

2.3.2 5 MeV Bump In The Reactor Antineutrino Spectrum

Another unexpected result from several reactor neutrino experiments which makes people
confused is the strange energy structure around 5 MeV. The RENO collaboration first
mentioned the observation of an excess in the number of antineutrinos between 4 and 6
MeV of the positron energy spectrum in the Neutrino 2012 conference*. In 2014, both
RENO and Double Chooz collaborations reported and quantified such an excess!*> 7.
Daya Bay also presented a similar energy structure at the ICHEP 2014 and at NuTel 2015

conferences*®. Figure 2.21 shows this strangeness detected by all three experiments.

Since the NuLat detector is designed as a movable compact short baseline reactor neutrino

detector, it should be useful to verify or disprove this spectral feature.



Chapter 3

Introduction to NuLat Detector

As briefly mentioned in chapter 1, the design of the NuLat detector is based on the
Raghavan Optical Lattice (ROL) concept to make it an effective short baseline reactor
neutrino detector. In this chapter, we first introduce the Inverse Beta Decay reaction
(IBD) which is the key detection reaction. Then we move on to introduce the ROL concept
and explain how this concept can help improve the detector. After these introductions, we
show an estimation we made related to the sensitivity of the NuLat detector to the regime

where we may observe active to sterile oscillations explained in the previous chapter.

After this introduction to the physics ideas and predictions, we introduce the current
version of the NuLat detector which is the first active one. Also the data acquisition

system (DAQ) used by current NuLat detector are introduced.

3.1 Introduction to NuLat

3.1.1 Neutrino Detection With IBD Reaction
The basic neutrino detection idea of NuLat is based on the inverse beta decay (IBD)

reaction of electron antineutrino with a proton as introduced earlier. The reaction can

be expressed as :

ve+p—et4n. (3.1)

32
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The energy threshold of this reaction is 1.8 MeV arising from the mass difference between
original proton and produced electron and neutron, so only the 7, with energy larger than

this value can be detected. The IBD cross section can be estimated as!?

OrBp ~ 1.0 x 10_43Ee+pe+ Cm2 , (32)

where E, and p. are energy and momentum of the generated positron measured in MeV
and the neutron lifetime of 880 s is assumed. The antineutrino flux decreases with in-
creasing energy, but the cross section in Eq (3.2) increase with increasing energy. The
convolution of these two effect gives us a relatively fixed range where detection with this
reaction is effective. Figure 3.1 shows the example from these two effects. The threshold

of 1.8 MeV is also contained in this figure.

100

a) v, interactions in detector [1/(day MeV)]
b) v, flux at detector [108/(5 MeV c1112)]
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F1GURE 3.1: Assuming a 12-ton fiducial mass detector located 0.8 km from 12-GWth
power reactor, 7, interaction spectrum in the detector (curve (a)) and reactor 7. flux
at the detector (curve (b)) are shown as a function of energy. Inverse -decay cross
section (curve (c)) is also shown. ! .

The e™ will carry most of the energy from 7, due to the small mass of it relative to the
neutron. The signal and energy of et can be directly measured by the scintillator as a
prompt signal. The neutron produced from this process can also be detected by a neutron
capture process. For the NuLat detector specifically, we use scintillator from Eljen which

is already pre-doped with 6Li. So the neutron capture process is:

Li4+n —"Li* — a+>H+48 MeV . (3.3)
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This process is delayed by the capture time of the neutron. How long between prompt
and delayed signal depends on the doping level. These two signals with known delay
between them offer a unique property for requiring time coincidence events during the

detection. This property can help to reduce random background substantially.

3.1.2 Light Transmission Property Of ROL Based Detector

As introduced before, NuLat is based on the ROL concept. In this section, we discuss how
this concept can help us make a detector with geometrical reconstruction ability. The
key part of the ROL concept is the total internal reflection of light through the interface
between mediums with different indices of refraction. The critical angle of total internal

reflection can be calculated by Snell’s law:

0. = arcsin(gg@) , (3.4)

where 6, is the critical angle, ngq, and nge, are refractive index of scintillator and the
gap between them. As long as the angle of incident light is greater or equal to the critical
angle 0., the light will go through this total internal reflection process. If we define a cubic
shape as our scintillator cell, the photons created by the energy deposition of different
particles will go through this kind of reflection. The cubic shape helps to make sure that
the photons reflected by a surface can be guided to go through the other surfaces that are
perpendicular to the original surface. Once the photons transmit through a surface, it will
go along the same direction through different cubes since every total internal reflection
after this will be the same as the first reflection. Figure 3.2 shows what this process looks

in 2D and 3D version.

Based on these ideas, a ROL detector has a structure that a series of scintillators having
cubic shape are separated by a small gap that has a lower index of refraction than the
scintillator. We call each cubic scintillator a cell. Good arrangement of these cells and
gaps will make sure that the light can be guided along with three Cartesian axes by total
internal reflection as figure 3.2 shows. Since each cell faces one specific PMT, we can
easily track back from these PMTs to locate the specific cell where the photos come from.

This give us a good ability to reconstruct the geometric information of each event.

To have a good understanding of what kind of critical angles we need for a ROL based

detector, we started the calculation from a 2D version first. Figure 3.3 (a) shows how
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(a) A cartoon drziwing of light path in a 2D ROL.  (b) A 3D demostration of ROL light channeling ability.

FIGURE 3.2: 2D and 3D light channeling demonstration of ROL. 2]

(a) Demonstration of light being transmitted through
a fixed Cartesian axes. (b) Demonstration of light being trapped in one cell.

F1GURE 3.3: Demonstration about light transmission in 2D case.

it looks when light being transmitted through fixed Cartesian axes in a 2D case. Light
incident to the left edge with angle of a goes through the interface of the two cell boundary
and keeps traveling until it hits the top edge of the second cell with incident angle f3.
Since each cell is a square on a plane, the angles between top and side edges are 90° and
the relation of angle a and S is easily found to be § = 90° — a. To make sure that all the
light should be guided along fixed Cartesian axes as designed, the critical angle 6. should

between angles of a and S such that,

Since we already know that

B=90°—a, (3.6)
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this makes

a<0.<90°—«. (3.7)

To get the critical angle which will guide all the light by total internal reflection, it should
satisfy relation (3.7) for any angle ar. To meet this requirement, the minimum of critical

angle can be is 6. = a. So we can use this extreme condition to get

90 S 900 - (90 9 (38)

which gives

0, < 45° . (3.9)

It shows directly that when 6 < 45° all the light will be guided along the fixed Cartesian
axes as designed. Besides this, figure 3.3 (b) also shows another condition which we called
light trapping. It means light being reflected once from one edge cannot transmit through
the second edge it hits, but is reflected again. After that all the angles of incidence during
the travel of light will be the same as the first two, so this condition will happen infinitely
until the light is absorbed by the material. The mathematical discussion will be similar
to what we just gave. As figure 3.3 (b) shows, as long as both #; and 0, are larger than
0., the light will be trapped. We know that 5 = 90° — #,. With these relation we can
easily draw the conclusion that when . < 45°, there will be certain amount of light being
trapped in one cell. Specifically say, light which incident angle 6; between 6. and 45° will
be trapped.

Now that we have discussed a simple 2D version of this ROL concept, we will discuss
the 3D version which has slightly different requirements. The requirement that all light
being transmitted through fixed Cartesian axes is the same as the 2D version which is
0. < 45°. The reason will be clear after we discuss another issue, which is the condition

when light is trapped in one cube.

Figure 3.4 (c) shows an example of light being trapped in one cube. If the light is
transmitted without scattering, then as long as it is reflected from one surface, it should
be able to be transmitted through the second surface it hits which is perpendicular to the

surface it was just reflected from as in the 2D discussion. If not, then the light will be
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FIGURE 3.4: 3D geometry about light trapping demonstration. Figure (a) is the top
view of the cube shown in (c). Angle between the plane which light travel on and the
surface of the cube is labeled as «. Figure (b) shows the plane light travels on, the
angle of incidence of light to the bottom plane is labeled as . Figure (c) is a fully
demonstration about all the information we need to understand this geometry.

trapped until it is absorbed by the material. In the 2D version, we get a conclusion that
light with incident angle 8; between 6. and 45° will be trapped. This relation is because
the plane in which incident light and reflected light travel is the same as the square cell
we defined. However in a 3D version, this relation is no longer valid. As figure 3.4 (c)
shows, incident light along AO and reflected light along OB together define a plane noted
as plane 1. Figure 3.4 (b) shows that how this plane looks from the top view. There is a

angle o between the edge of this plane and the direction of the side plane.

To define the relation between the angle of incidence 3 , the angle between the plane the
light is traveling on and the direction of the side plane a and the angle of incidence of the
reflected light on the side plane 7, we add two dashed lines OK and BK to help define
the mathematical relation. The point K is picked so that line OK is perpendicular to the
line B2-B3. Then the angle between line OK and OB is the same to the angle ~.
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First, we express line OK and BK as function of the angles (o« and ) we concern and

line OB. It can be easily obtained from the triangle relation as:

OK = OB x sin(f) * cos(a) , (3.10)

BK = /(OB x cos($3))2 + (OB x sin(B) * sin(a))? , (3.11)

also we know that

_ OK? +OB? - BK*

= 1
cos(7) 208« OK ' (3.12)
combine relation (3.10), (3.11) and equation (3.12), we will get
cos(y) = sin(B) * cos(a) . (3.13)

It is easily to tell that when o = 0°, this relation comes to exactly the same condition as
we discussed in the 2D version. Based on the figure 3.3 (c), we know that 0° < o < 45°.
It shows that in the 3D condition, because of the angle «, v can be larger then 90° — .
With a fixed value of angle (3, the increasing of angle o will increase the value of angle
~. It will cause the light which can be transmitted through in a 2D case being trapped
because the angle v becomes larger. To get the specific angle where no light will be
trapped, we will examine the extreme condition. We assume that o = 45° which is the
extreme condition to increase the incident angle of the light reflected once and hits on
the second surface mostly. With a fixed angle «, the increasing of the angle § will cause
the decreasing of angle . The smallest value of angle 5 which will cause the light being
reflected is 6., so if the value of angle ~ is also 6. under this condition, then no light
trapping will happen. Because the value of angle 5 can only increase to make the light
being reflected once which will decrease the value of angle v, it will make the angle ~
smaller than 6. and make sure the light will be transmitted during the second hit. So

mathematically we will have the extreme condition as :

cos(0.) = sin(0.) * cos(45°) . (3.14)
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Material Refractive Index
Teflon FEP 1.34
PVT Scintillator 1.52
Water 1.33
Air 1.00
Ultima Gold AB 1.5611)

TABLE 3.1: Different material that have been considered for making ROLs.

It gives us that the extreme condition: 6. = 54.7°. So when 6. > 54.7°, there will be
no light trapping in general. Although there are always some light trapping happen
because of the more complicated geometry relation around corner of each cube which
we have to live with. Now that we understood the difference between 2D and 3D case
for light trapping, we can go back to check the requirement for all light to be channeled
along the right axes. By watching the equation (3.13), we can easily find that the only
difference between the 2D and 3D version is the extra term cos(a) in the formula. Because
cos(a) <=1, so it either keeps angle 7 as the same in the 2D case which is when a = 45°,
or it increases the value of . That’s why it causes some extra light trapping which does
not exist in the 2D geometry. On the other hand, since it can only increase the value
of the ~, it should have no effect on the requirement we got with the 2D version which
keeps all the light channeling along the fixed axes because it cannot narrow the angle ~

and cause extra transmission.

These computation shows that when we consider the material for ROL in 3D, it is more
meaningful to have 6. be a value between 45° and 54.7°. 6. < 45° will just cause more
light being trapped and 6. > 54.7° will just have more light leakage during the light
transportation without any other benefits. Although in reality, we have to live with the

proper materials we can find with consideration of other aspects.

When we just consider the light channeling properties, too much light leakage will affect
our 3D reconstruction of the event, however too much light being trapped will influence
our energy resolution. The Current NuLat detector version has 125 solid scintillator
cubes (ngen = 1.52) separated by air (ng;, = 1). These two materials make 6. = 41°; so
there should be almost no light leakage under this condition. For the future of NuLat,
we may also adopt another liquid version. This liquid version will use liquid scintillator
(Ultima Gold AB) (nn = 1.56*)) and use Teflon FEP films to form barrier and create
the cells structure we need for ROL. With this condition, 6. = 61°, so there will be no

light trapped under this condition but a lot more light leakage then the current version.
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FicURE 3.5: Demonstration of results from Geant4 simulation related to the light
transportation property of current solid version and potential liquid version. Figure
(a) and figure (b) are the graphs of Geant4 simulation of 3D light transmission with

current solid and potential liquid version. Figure (c)-(f) are the graphs of PMT
response to these two version with linear and log scale.
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Figure 3.5 shows the Geant4 simulation result of the light transportation under these
two conditions. This simulation has the geometry with the current 5 x 5 x 5 version.
It simulated the case when a positron deposited its energy at the center cube. The
number of photoelectrons collected by 25 PMT on one face are mapped on linear and log
scales. It shows clearly the difference in light transportation under these two conditions.
Our current solid version shows very good light transmission along the axes as we think
it should be. As expected, the liquid version might have 10% more cross talk on the
neighboring cubes as this simulation shows. However with this amount of cross talk, our

3D geometrical reconstruction should still be valid.

Another factor we need to consider for the process of the light transportation is Fresnel

reflection. Eq (3.15)-(3.17) are the Fresnel equations for polarized light.

nicost; — ny \/1 — (Esmé’i)z
n
R, = n2 , (3.15)
nycost; + ng\/l — (—lsinﬁi)z

no

-2

1 — (—sinb;)? — nycosb);

R, = \/ , (3.16)
|

1— (—lsinei)2 -+ nycosb;
o

R= ["1 _”2]2 . (3.17)

n1+n2

These equations Eq (3.15)-(3.16) are the Fresnel reflection coefficient for s-polarized and
p-polarized light. Equation (3.17) shows the Fresnel reflection rate for perpendicularly
incident light. These equations show that there will be more Fresnel reflection when the
index of refraction of the gaps decreases. More Fresnel reflection in the process means
more pulse time dispersion and worse timing resolution of the signal. There will be a
potential benefit if we can get good timing resolution from signals. For example, if we
have good timing resolution, we may be able to define the signal not just by which cell
it comes from, but by geometrically which part of the cell it comes from. The simulation
result in figure 3.5 shows that although liquid version has more cross talk, the position
resolution is still adequate. With consideration of Fresnel reflection, it should also provide

better timing information than the solid version.
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3.1.3 NuLat Sensitivity to Light Sterile Neutrino Oscillation

In the last section, we introduced what kind of features a ROL based detector has. In
this section, we introduce some prediction about the sensitivity of the NuLat detector to
search regime for active to sterile neutrino oscillation signals. This summary draws on
work by Dr. Zachary W. Yokley with the sensitivity code provided by Professor Patrick
Huber and the explanation of the simulation works and results are quoted from Zach’s
dissertation (Ref??: pp 124-131).

Recall that the formula to explain the 3+1 model of active to sterile neutrino oscillation

introduced in previous chapter is:

Am? L

PSBL — 1 ed 220 c 2
gt sin“2601 45107 ( 1B

). (3.18)
There are two parameters, mixing angle 614 and squared mass splitting Am? needed to
well determine this oscillation phenomenon. Recall the discussion we have in chapter 2,
where better determination of the mixing angle parameter requires better statistics. This
means that any factors can affect the reactor to generate neutrinos, any factors affect
the detector’s detection efficiency and also the distance between detector and reactor are
all the factors important to the sensitivity to this value. In specific, the power and duty
cycle of the reactor, the mass of the reactor, the signal-background ration and total live

time of the detector are all important.

The squared mass splitting parameter, as we discussed before, requires a good under-
standing of the /L parameters. Since the energy spectrum of neutrino is set already by
the fuel composition of the reactor, so the E value is already preset and we just take the
value as given. Then the major factor we need to take care of is the understanding of
the baseline value L. As we just discussed above, larger reactor can offer more neutrinos,
in another word, can offer better statistics. Also, larger reactor core size can increase
the ranges of baselines being sampled. However, there is also negative side of large core
size reactor which is the increasing of the spectral uncertainty. Since it is difficult to
determine where the neutrinos are exactly generated in the detector, large core size of the
reactor can easily washout the spectral distortions. So we actually want to find a small

research reactor for our sterile neutrino oscillation search.

One of the reactors we find appropriate for our purpose is the National Bureau of Stan-
dards Reactor (NBSR) at the National Institute of Standard and Technologies (NIST)
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FIGURE 3.6: A CAD drawing of the 10 x 10 NuLat in the miniTimeCube (mTC)
Shielding cave deployed beside the NBSR.

in Gaithersburg, MD. Figure 3.6 shows a CAD drawing of the potential location NuLat
might take besides the NBSR. Figure 3.7 is a simulation result of what a 10 x 10 x 10
NuLat detector can get besides NBSR based on the current best fit of sin?20 and Am?.
It clear shows that if such oscillations exist, the NuLat detector should have a convincing
detection outside NBSR.

1.2

Survival Probability E—
Data —e—
5 11
L ——
<
5
2
o 10
o
<
Y J
© o9 Y
sin26 = 0.09
Am? = 1.78 eV?
0.8
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Baseline/Energy (m/MeV)

FIGURE 3.7: A possible result of an idealized NuLat detector (10 x 10 x 10) with the
existence of a sterile neutrino with oscillation parameters of sin?26 = 0.09 and

Am? = 1.78 eV2. Blue line is from formula (3.18) with these parameters and dashed
black line give the null hypothesis-no oscillation.

To determine the sensitivity of NuLat besides NBSR, we use a likelihood function which
in our case is actually a x? statistic analysis with a raster scan process mainly discussed
in RefP". The y? is from the comparison of the simulated result in which there are no

active-to-sterile oscillations and backgrounds to the expected spectrum given by some
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value in the parameter space (also including backgrounds). To be specific, x? is defined

as

(0 + alp)Nyj + ap By — My;)? Qp A
— — 3.19
ZJ Nz]+Bz] +(O_b>+;(O_ZE)7 ( )

where NN;; is the number of neutrino events without oscillation in energy bin i and spatial
bin j. B;; is the expected number of background events, and M;; is the expected number
of events with oscillations and backgrounds. The nuisance parameters «, «a; and the
at, allow the normalization of the signal, background and the spectral bins to fluctuate.
For a; and the ot the fluctuations are limited by the value of o, and o respectively.
There is no corresponding limit on «, which indicates a free-floating normalization on the

expected signal. This definition is similar to the x? used in Ref®!,

With this definition of 2, we first find the best fit value of sin?20 at a set Am?. With the
value of x?2 . determined, we can calculated the the value of Ax? = x?(sin?20, Am?) —
X2, for all values of sin?20. The value of Ax? helps us to define the allowed region and
excluded region in the parameter space. It is done with the help of Ayx? which in two

degrees of freedom is defined as

Ax? = =2In(1 - acy) , (3.20)
where a¢y, is the confidence level. In the parameter space, the region where Ay? < Ay?
is the region accepted in this confidence level. On the other hand, the region where
Ax? > Ax? is the region excluded by this confidence level. In our analysis, we present

the result of 30 exclusion curves. In this case, oy, = 0.9973 and Ay? = 11.82967.

A quote from Zach’s thesis???: “For the specific calculation, we approx-
imated the fission distribution of the NBSR with a uniform cylinder 1m in
height and diameter. We also assumed a detection efficiency of 0.7 and a
signal-to-background ratio of 5. The background shape was assumed to have
a spectral shape that goes as 1/E? with a relative uncertainty of 1%. The
running plan was set that 10 x 10 x 10 detector placed at two distances, 4.7
m and 6.7 m from the NBSR. Data taking should last for 1.5 and 2.0 years of
live time at each distance respectively. The neutrino spectrum for 2*°U was

taken from Ref(®3. The IBD cross section was taken from Ref[®*
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FIGURE 3.8: The sensitivity curves for NuLat’s deployment at NIST. The shaded
regions are the areas of the parameter space that are allowed at the 95% CL[2!. The
best fit oscillation parameters is denoted with the black star. Note that NuLat can
exclude this point at > 3¢ by using the data at the two deployment distances. The
upgrade to the 15 x 15 x 15 NulLat detector significantly increases the sensitivity to
small mixing angles. 22

Figure 3.8 shows the expected sensitivity of NuLat assuming a 3% shape uncertainty in
the input neutrino spectrum. From this figure, we can see that NuLat has good reach into
the allowed regions indicated by the electron antineutrino disappearance measurements
and excludes the current best fit (denoted by the black star) at greater then 30 when the
results from 4.7 m and 6.7 m are combined. Result from 15 x 15 x 15 detector is also

shown in this figure.

Figure 3.9 shows another calculation with the spectral uncertainty as 7%. This figure
shows that although the sensitivity curves at two different distances become worse than
the result from 3% uncertainty, the combined sensitivity curve is relatively unaffected.
It actually shows the benefit of NuLat detector as a compact movable detector because
the ability of taking data at various baseline can help to cancel the effect of the spectral

uncertainty from the source.

3.1.4 Current version of NuLat detector

In the previous section, we discussed a potential plan to detect antineutrinos from the
NBSR with different baselines. In this section, we introduce the current version of the

NuLat detector. This is a smaller version compared to what we just introduced in the
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FIGURE 3.9: The sensitivity curves for the 10 x 10 x 10 NuLat detector with a
spectral uncertainty of 7%. All other parameters are the same as Fig. 3.8. Note that
while the curves for the individual distances are worse than the ones shown in Fig.
3.8, the combined results is largely unaffected by the change.?? The allowed regions
were taken from Ref[2!],

F1GURE 3.10: This picture was taken after all thes cube are assembled properly,
sealed in a acrylic box made from six pre-cut acrylic plates. This version of the NuLat
detector includes 125 solid cubic scintillators. 27 °Li loaded cubes are mounted in the
center of the detector, surrounded by unloaded cubes to form a 5 x 5 x 5 geometry.
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previous section which only has 125 cubes to form a 5 x 5 x 5 structure. This version is
mainly for verifying the important design properties of ROL-based detectors. Figure 3.10
shows the major scintillator part of it. All the cubes are 2.5 inch plastic scintillator cubes.
Twenty seven °Li loaded cubes with a 3 x 3 x 3 structure surrounded by unloaded cubes
forms a 5 x 5 x 5 geometry. There is a thin air gap between cubes created by a spacer we
made deliberately. The details of the spacer will be explained in the next chapter. With
this configuration, we have the cubic cells and an air gap we need to make a ROL based

detector as explained before.

As mentioned in the previous section, the common way to detect anti-electron neutrinos
created during the fission process is the Inverse Beta Decay (IBD) process. Positrons
created by IBD reactions carry most of the kinetic energy of the incoming neutrino and
neutrons created simultaneously receive most of the momentum. Most of the time, the
positron should deposit all of its kinetic energy into one cube. After that, the positron
rapidly annihilates with an electron at rest, forming two back-to-back 511 keV gamma
rays. In large volume detector such as KamLAND or Borexino, the energy of these
two gamma rays will fully deposit to the detector, so it is not difficult to subtract it
from the measured energy to accurately deduce the energy of the positron. However
for small volume detectors, only a fraction of energy from these gamma rays will be
deposited, which will add extra uncertainties to the deduced neutrino energy. At this
point, the segmentation ability of NuLat becomes valuable. Since NuLat can reconstruct
the geometry information, the energy deposition of these 2 gamma rays into other cubes
that are not the cube catching the positron deposition can be rejected directly. This
means NuLat can successfully separate the positron and annihilation radiation and avoid

this problem.

After a positron deposits energy to the detector, a neutron created by the IBD reaction

is detected by capture on 6Li.

Li+n —" Li* — a+*> H +4.8 MeV . (3.21)

The 4.8 MeV Q-value will end up appearing around 346 KeV (electron equivalent) due
to the quenching processes. Current °Li loading (0.5% by weight) offers ~ 7 us neutron
capture time, which give the detector a good ability to reject backgrounds compared to
other IBD based detectors. Also, the neutron capture distance based on this loading ratio

is ~ 6 cm, making the neutron capture process happen either in the same cube where IBD
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reaction happens or its neighboring cell. It offers another way to reject the background

by this geometric structure.

~ 800 1000
Energy (keV)

FIGURE 3.11: Test of pulse shape discrimination (PSD) with small scintillator sample,
it clearly shows the separation of signals between neutron capture and gammas.

Besides the temporal and spatial coincidence, the scintillator in NuLat also has an inher-
ent pulse shape discrimination (PSD) ability to distinguish signals from heavy particles
like neutron to light particles like gamma. Figure 3.11 shows a PSD test we did with a
small scintillator sample from the Eljen company. It clearly shows the separation of the
neutron capture signal to the gamma signal. So this ability offers another aspect to reject

the background.

The PMT the NulLat detector currently is the R10533 by Hamamatsu. The radius of
photo cathode of this kind PMTs is 1.811” (4.6 cm)®. To maximize the light collection
during the detection process, light guides are coupled to the PMTs to collect most of
the photons from the square shape of each cell to the circular photo cathode surface. A
similar simulation process as explained before was done to understand the relationship
between the length of the light guide and the ability of collecting photons. The simulation
is set to be under the condition of a 15 x 15 x 15 NuLat detector and 100 MeV is deposited
into the center cell. Different lengths of light guides were tested with the same simulation
condition. The result is shown in figure 3.12. It shows that when the length of light guide

is longer than 5 cm, there is very little increase in light collection.

The design of the light guides is also a balancing act. To keep the detector as compact as

possible, it is better if we can have shorter light guides. However better light collecting is
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Ficure 3.12: The guide length simulation results. Note that once a light guide
reaches a length of ~ 5¢m there is little to no gain in increasing the length. 22

crucial to better energy resolution. Figure 3.13 and 3.14 show two versions of light guides
we designed with these concerns. We are currently using the version of the light guide

with longer length to get better light collection.

3.2 mTC DAQ

The DAQ system that the NuLat detector is using currently is inherited from the miniTime-
Cube (mTC) detector and some introductory material in this section is quoted from
Refl?3,

The mTC detector is also designed as a compact neutrino detector to do measurements

of reactor antineutrinos and it is as figure 3.15 shows.

A quote from mTC invited paper?: “The core detection volume of the
mTC is a (13 cm)? cube of plastic scintillator (EJ-254), doped with 1% natural
boron %, A total of 24 PLANACON MCP-PMTs (PHOTONIS XP85012) are
used to detect photons from the scintillator. The anode plane of each MCP

is segmented into 64 pixels, leading to a total of 1536 readout channels.”
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FIGURE 3.15: Figure (a) is the picture of 2.2 liter EJ-254 scintillator with laser
pointer. Figure (b) is the CAD drawing of the mTC scintillator cube with one face
populated with four MCPs and two electronics board stacks connected. 2]

All these readout channels are instrumented with custom electronics developed at the
University of Hawaii which is exactly what currently being used by the NuLat detector.
As figure 3.15 shows, the major difference between mTC and NuLat is that the core of
mTC detector is one cubic scintillator, so the photons are spread isotropically everywhere
and detected by 1536 PMTs around the detector. On the other hand, NuLat has a small
barrier between each small cubic scintillator and the light channeling ability means the

signal can be detected only by PMTs geometrically related to one specific cube.

The core of the electronics functionality is provided by the IRSP7, a family of application
specific integrated circuits (ASICs) developed at the University of Hawaii. The IRS has
been used in a variety of projects that require fast sampling and deep buffering. % 6!
The IRS ASIC architecture is shown schematically in figure 3.16. The core part of IRS is
the 12-bit Wilkinson ADCs it included which offers high resolution transformation ability

from analogy signals to digital signals which is also crucial to mTC and NuLat.

The IRS chips are mounted on the electronics board shown in figure 3.17 (a). The
original mTC electronics module is as figure 3.17 (b) shows which includes 4 layers of
carrier and one SCROD (Standard Control Readout and Data). Each SCROD contains a
single FPGA (Xilinx SC6SLX150T). It works as the interface between electronics board
and other control and data acquisition system. It mainly deals with the trigger control
and clock signal sent from the CAJIPCI which will be discussed soon and makes all the
boards connected to it responded properly to these signals. It also communicates with

the back-end data acquisition system for register control and data transmission via fiber
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F1GURE 3.16: Block diagram of the IRS ASIC architecture. Eight channels of analog
input are received by a set of eight sampling arrays, with sampling timing based on a
common timing generator, driven by an external clock. This timing generator also
determines timing of transfers from the sampling arrays to intermediate and storage
arrays. The target location for the transfer from the intermediate to storage array is
controlled by the user with a 9-bit parallel bus. A separate pin is used to start an
internal voltage ramp, used to digitize 64-samples of the storage array for all eight
channels in parallel. Selection of the storage address to digitize is controlled through a
serial interface. A clock for the Wilkinson digitization process is generated internally
(IRS3B) or provided externally (IRS3D). Once data is digitized, the channel and
sample to readout are controlled by a second independent serial interface. Digitized
data is available on a parallel 12-bit bus. A number of DACs and internal timing
parameters are controlled by a third serial register interface. %!

(b)

FIGURE 3.17: Figure (a) is a picture of one board of mTC electronics. Figure (b) is a
picture of four boards mounted together with a SCROD.
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optic cable. Currently, NuLat detector is running with 3 SCRODs and each SCROD has

2 layers of this kind of carrier. The detailed reasons will be discussed in a future chapter.

FIGURE 3.18: Figure (a) is a picture of one board of CAJIPCI. Figure (b) is a picture
of CAJIPCI with 3 ARJ45 connected to different SCRODs.

All board stacks communicate with a custom PCB, designated Clock and JTAG in PCI
(CAJIPCI), over differential pairs of CAT7a cable. The CAJIPCI board is shown in figure
3.18.

A quote from mTC invited paper %

“It provides a low jitter (o; < 2 ps)
clock to the front-end modules. Front-end board stacks provide a module-level
trigger to the CAJIPCI over another differential pair on the same cable, and
the CAJIPCI responds with a system level trigger over a third pair. The final
differential pair can be used to perform flow control and limit trigger rates to

the front-end electronics.”

Current parameters set on front-end and back-end are listed as figure 3.19 shows.

Figure 3.20 shows a current version of trigger mode set on firmware that works on SCROD
and CAJIPCI to make them working together issuing the trigger we need. First, there
is level zero (LO0) threshold set on each channel in a SCROD, using a DAC which is then
fed into a comparator as figure 3.16 shows. This threshold will be compared to the actual
signal directly from PMTs. Only when a signal from a PMT crosses this threshold with
proper polarity will it fire a trigger bit. The SCROD will then add the total number
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Channels 8
Sampling cells 128
Storage depth 32,768
Analog bandwidth >300 MHz
Digitization On-chip Wilkinson
Quantization 12(9) bits logged(effective)
Dynamic range ~2V
Typical noise ~1 mVgys
Sampling rate 1-4 GSa/s 2.73 GSa/s
Master clock 8-31 MHz 21.3MHz
Buffer time 8-32 us 12 us
Conversion time > 2us 6.2 us

F1cURE 3.19: Operating parameters for the IRS family of ASICs, and normal ASIC
operating conditions for the mTC and NuLat.

of channels on itself and send this sum to the CAJIPCI. The CAJIPCI will get these
numbers from all the SCRODs running with it and add them together again to get a
number that shows how many channels are actually fire the L0 trigger during this clock
cycle. Another level of threshold which relates to this number is set on the CAJIPCI.
It will define whether this number falls into the range we require it to. If it fits the

requirement, a new trigger will be fired.

If we set the trigger mode to be a simple trigger, then as long as the sum is between these
levels, a true data acquisition trigger will be sent to the SCRODs to start digitizing data
and send it to the computer. If we choose an AB trigger mode (neutrino trigger), then
it will go through a different process. AB trigger requires both prompt signal (A) and
delayed signal (B) pass these two thresholds discussed before, but there will be a temporal
threshold to ensure that the time difference between A and B event falls into the range set
on the CAJIPCI. Once the AB trigger is fired, the data acquisition process will digitize
both A and B signals and send them to the computer. This trigger mode is crucial to IBD
detection because IBD events are basically time coincidence events between a prompt and
delayed signal. Figure 3.21 shows the diagram about how a simple and AB trigger works
logically.

Figure 3.22 shows the screen shot of the software used to control the running of mTC
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FIGURE 3.20: Current version of triggering system diagram between SCRODs and
CAJIPCI.
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FIGURE 3.21: Figure (a) is diagram of the simple trigger mode. Figure (b) is diagram
of the AB trigger mode.

electronics. The window at the right-top corner is the readout software running for
monitoring the status of mTC electronics. It shows the active front-end modules, current
trigger rate, the process of data taking and the current file recording the data. The right-
bottom corner terminal shows the Python script running for adjusting the different level
thresholds and doing other setting on the mTC electronics. The left-top corner shows a
Gui-system which incorporates simplified functions run by the Python script mentioned

previously. It helps the user to do simple adjustment of different threshold levels directly.

Each mTC front-end module needs 2 power supplies to offer 3.3 V with 4~5 A and 4 V
with ~1 A. Figure 3.23 shows the power supply hardware the NuLat detector uses for

these electronics.
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FIGURE 3.22: Screenshot of the software used to control mTC electronics.

FIGURE 3.23: Figure (a) is a picture of Ux4 4 slots powerPacs. Figure (b) is a picture
of UltiMod Series Power Supply board.



Chapter 4

NuLat Detector Construction

FIGURE 4.1: This picture was taken after all 125 cubes were mounted into the acrylic
box.

In previous chapters, we discussed the physics behind neutrino oscillation and the NuLat
detector. In this chapter, we introduce how to assemble the current NuLat detector with
solid scintillator from Eljen. We need to make sure there are short gaps between each
cubic scintillator so that there would be effective total internal reflection. Also PMTs and
light guides need to be mounted at accurate positions. The coupling between PMT and
light guide should be robust so there is no light reflection at that surface. They also need
to be coupled strongly so they will stay in good condition during the assembly, testing

and running.

58
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4.1 NulLat Detector construction

The current NuLat Detector uses an acrylic box as the container to maintain cubic scin-
tillators at the right place and protect them from damage. Also the acrylic box needs
to have basic ability to hold gas without leaks, this requirement coming from our radon
calibration test which will be explained later. The acrylic plates used to form a box are
1/16 inch thick. The edge of these plates were pre-cut to a stepped shape, as figure 4.2
(a) shows. These stepped edged are designed so that when we assemble two plates at
90°, they fit perfectly together. After all 6 plates are assembled nicely with the help of
these steps, each edge is sealed by transparent plastic tape to avoid any potential gas leak
from the edge. In practice, the assembly has to include an additional step so cubes can

be properly mounted. The details will be explained later.

(a)

FIGURE 4.2: Figure (a) is the picture of pre-cut acrylic plate. Figure (b) is the acrylic
box assembled by 6 pre-cut plates.

There is an extra step before all the scintillator cubes from Eljen can be mounted into the
acrylic box. Some tiny dots made from vm-2000 reflective film have to be put carefully
on the four corners of certain face of these cubes. This step is to make sure that when
these cubes attach to each other, there will always be some of these dots between them
so a thin layer of air gap can be created without changing the dimension of the design
too much. This is exactly the gap to help our detector have a light channeling ability
from total internal reflection between two different media. Figure 4.3 shows how these

dots finally appear on the cubes.

We choose vin-2000 thin reflective film as the material of our spacer between cubes with
the hope that photons which hit the dots can still be reflected and reach another PMT
finally. To make these tiny dots efficiently, we first cut a big square sheet of vm-2000, put

double sided tape on one side of it, then attached this side on a plastic working plate.
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FIGURE 4.3: Picture of cubes with dots at four corners.

After this work, we used a razor blade with a ruler to cut a thin strip out of it. Figure 4.4
shows how this works in reality. We peel off this strip carefully to make sure the double
sided tape is still attach to this thin film. This strip can be used to cut dots later on our

preset frame.

FI1GURE 4.4: VM-2000 cutting exhibition. A VM-2000 sheet put on a flat working
board, we use razor blade to cut thin layer out of it.

Next we cut strips of vin-2000 to small dots and put them on the cube. To make sure that
the process is safe, so that there will be no damage to the (expensive) cubes and also to
ensure that they are placed at roughly the right positions, we made a thin stainless steel
shim as a safety mask. This shim is solid enough that sharp tools such as razor blades
cannot go through easily and will not mark anything on the other side of the shim. We
punched four holes at the right position of this shim so when it covered the cube, these

four holes were just at the right position around the 4 corners of the cube. To make sure
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when this mask cover the cube, everything is stable and will not move easily, we made an
alignment equipment from PVC and tape the mask to it as figure 4.5 shows. This frame
has a small concave shape just to fit a cube, so as long as the cube is pushed into this

place, it should be at same position relative to the mask all the time.

(a) Frame with cube and uncovered mask. (b) Frame with cube and covered mask.

FIGURE 4.5: Picture of spacer mounting system.

With the help of the frame and mask we made, we worked on putting dots on the cubes
properly. We first aligned the cube to our PVC frame and then cover it by the mask,
then we attach one end of the strip through the hole we punched through the shim earlier
to the cube. We used a razor blade to push back the end slightly so a small part of it
attached to the cube relatively tighter than other part. Then we cut this small part off
of the strip with the razor blade. During this time, the razor blade needs to be held
vertically so that we can check the exact place it will cut. During these processes, with
the help of the razor blade, we make sure the two ends of the razor blade are on the

stainless steel shim to avoid leaving any scratches on the cube.

There is an easy way to check that these dots keep good space between different cubes.
We can align several cubes vertically as figure 4.6 shows. Then we try to see from the
top cube, if there is some sign of Newton rings, that would indicate little to no air gap
between two faces of different cubes. As long as there are no Newton rings the space

between different cubes is good enough for our total internal reflection requirement.

The number of dots needed on each cube are actually different. Most cubes just need 3
faces to have dots. However some cubes along sides, edges or corners need dots on 4, 5
or 6 faces. These requirements are easy to figure out by just thinking how to make sure

the interface between two faces needs one layer of dots to separate them.

After all scintillator cubes have dots on the proper face, we started to mount the cubes
into the acrylic box. At this point, there is some mixture of the order related to assembling

the box, sealing the edges and mounting the cubes to make all these work easily.
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FIGURE 4.6: Five cubes with dots being mounted vertically to check whether there is
Newton rings when people looks from top.

FIGURE 4.7: A prefixed acrylic box was put on the bottom grid for PMT, two sides of
it were loosen and leaned against the bars fixed at proper place, a good opening was
made for cube mounting purpose.
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The first step is to assemble 5 pieces of acrylic plate together and leave the top side open.
All the connected edges between two plates should be sealed with tape roughly, as there
is no need to seal the edges perfectly at this step, they will have to be peeled off and
resealed later. The reason will be explained soon. After assembly, this box will be placed
on the frame of the NuLat detector. The frame is actually several aluminum bars will be
used later to have side plate with PMTs on, the bottom of this frame already have the
stainless steel grid for PMTs mouting in the future. The acrylic box should sit on this
grid directly with a roughly centered position. The assembly of box here is just offer a

relatively good reference for cubes mounting task.

Once we have the box on the right position, we peel off some tapes to loose two sides of
the box from the side, so they just lean out with the bottom edge still attached to the
box. We have bars across the frame of the detector to hold them at a proper position
so there will not be too much pressure on the bottom edges of these two plates which
are still taped to the bottom plate. It gives us a good opening for mounting the cubes.

Figure 4.7 shows how it looks.

After this, we have a good reference and opening for mounting the cubes. We then mount
cubes with the order from the deep corner of the opening, then layer by layer. We need
to be careful to not leave any scratches on the cubes and also to make sure no dots fall
down during assembly. That’s why during the process, we try our best to put the cubes
at the right position without sliding anything. The partial finished version of this task
should looks like figure 4.1, shown at the beginning of this chapter.

After 5 layers of cubes were mounted properly, we then resealed the acrylic box with
tape. We first put the two sides we has loosened before back to the right place. We also
assembled the top plate which had not been touched since the beginning. At this step,

we just taped all the edges to make sure they were relatively tightly connected.

Then we lifted this acrylic box so that it did not sit on the bottom grid, but instead
has a small freedom to move. Also, it opened room for us to re-tape the bottom edge
of the box. To do this lifting work, we made a support frame shown in figure 4.8. It
was basically 25 PVC tubes glued to a PVC plate. 25 PVC tubes can go through the
grid initially prepared for PMT mounting. This frame was put on a longer and wider
wooden plate which then held by four big C clamps. These clamps caught the bottom of
the wooden plate and aluminum framework of the detector. By adjusting the C clamps,
we adjusted the distance between wooden plate and bottom of the NuLat detector. As

long as the distance was short enough, 25 PVC tubes would hit against the bottom of
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FIGURE 4.8: Homemade bottom support frame for acrylic box.

the acrylic box. From that position, when we reduced the distance more, this frame work

would start lifting the acrylic box. Figure 4.9 shows how this lifting was done.

FIGURE 4.9: Acrylic box with fully mounted cube was lifted by support frame from
bottom. One of colleagues was working on retape one of the bottom edge.

With the cube raised, we then peeled off the tape on one edge and re-taped it carefully.
We used isopropanol to clean the surface before applying new tape. This was the final

seal, so we needed to be careful to make sure the sealing was perfect to avoid potential
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gas leakage from the edge of the box. It was difficult to prevent small leak channels at
the edges with tape, even with careful overlaps. So when we cut tapes to do the sealing,
we tried to cut them just the right length to reach the edge of the box. Thus each edge
could be sealed by one tape, without overlaps at the corner. Also when the tape was
pushed down, we used some flat and relatively rigid material (like a credit card) to press
the edge, so there was no gas channel from the edge of the box to the edge of the tape.
We kept doing this edge by edge until all the edges were finished. Figure 4.10 shows the

process when we used a credit card to press the edges.

FIGURE 4.10: Picture of colleagues are working on retape the edge of acrylic box.

After all the edges have been sealed, we needed to add one extra layer at corners. This
was an experience we obtained from a test we did with a small acrylic box as figure 4.11
shows. A small hole was drilled on one short square side of this acrylic box. Gas tubes
blocked this hole with the other end connected to a hand vacuum pump. By pumping
down the box, we checked how long this box would hold a relatively good vacuum. This
test showed that corners were the major position for gas leaking. As long as we had an
extra layer of the tape on the corners, the sample box had a lot better ability to maintain
vacuum for a long time. So we cut a square shape of tape and added it to each corner to
provide extra protection. The extra square shape tape on the corner is shown in figure
4.12. One thing to keep in mind during the process was that there were two corners which
need openings for the nitrogen gas to go through. Details about the nitrogen gas and

radon source filling process will be discussed in chapter 5.

Once all 8 corners had this extra layer of tape, we needed to test whether the box had

the ability to hold gas. The test was similar to what we have done before on the small
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FIGURE 4.11: Picture of the process when we were testing gas leak condition on small
acrylic box sample with hand vacuum pump.

sample box. Since there were holes on the top and bottom plate which were drilled for
future radon filling purposes, we blocked one hole on the top with a gas tube connected
to the hand pump, the other end of this tube was then blocked, the hold on the bottom
was blocked just by finger. Since this was a larger box compared to the sample box, the
vacuum status was not as good. However we were still be able to check the communication
between these two holes using the phenomenon of Newton rings. As pumped, the lower
pressure inside the box resulted in the acrylic plate being pushed by atmosphere and
started to touch the surface of the cubes. The surface connecting between these two
things created Newton rings. However, once we unblocked the bottom hole, the Newton
rings disappeared immediately. This kind of quick disappearance showed that these two

hole on top and bottom have very good gas communication.

FIGURE 4.12: A square shape extra taped being tape on the corner of the acrylic box.



67

After the sealing and check works were done. we started to re-align the position of
detector relative to the PMT grid at the bottom. We started this process by lowering
the detector with the help of adjusting the C-clamps until there was only very small gap
between the box and the PMT grid below. Each C-clamp needed to be kept at a relativity
same extension during the process of lifting so the box was kept level. This adjustment
was done several times patiently. The space between a bottom of the box and grid was as
small as possible so it provided freedom to move the box but also gave us a good reference
of the position between the box and the PMT grid. We then aligned the position of the
acrylic box by slightly moving the wooden plate holding the support frame. As mentioned
before, this process also needed extra patience. We verified the alignment of the acrylic
box with the PMT grid by checking each edge while carefully watching and also with a
finger touching as a secondary check. After these two checks showed all four edges have
good alignment, we convinced ourselves that this box had been aligned good enough for

our purpose.

S|

i | -3
(b) Reflective sheet taped to the acrylic box with side
mounted.

(a) Reflective sheet with holes cut for PMTs.

FIGURE 4.13: (a) shows the reflective sheet we made from vm-2000 film. It was cut
to square shape with exactly same size as the side of the acrylic box. Holes were
pre-cut for the PMT mounted later. (b) shows how it looks when the sheet was taped
to the box and with several sides on.

During the actual test, we assembled the detector twice with different configuration.
Since we only had 14 Li loaded cubes on hand during the first test, we had to use all of
them and then put unloaded cubes to fill a 5 x 5 x 5 geometry. After around one month
of preliminary test, we received many more cubes from Eljen, so we disassembled the
detector and repeated the assembly steps again with the current configuration which was

3 x 3 x 3 Li loaded cubes in the center surrounded by unloaded cubes.

There was another item being changed between these two configurations: the reflective
sheet setting. During the first assembly, we actually taped reflective sheets on the acrylic

box after it was sealed. As figure 4.13 shows, there were holes pre-cut so PMTs can still
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FIGURE 4.14: Picture of mirror we made to plug into the grid without PMT. It is
made from a plastic square plate covered by a layer of vm-2000 sheet.

get the light signal it needs. For the places where there were no PMT, we made a square
shape mirror plug as figure 4.14 shows. This plug can be pushed into the grid design for
PMTs, the position is fixed by the two spring legs to create friction. The preliminary test
after first assembly showed some signals which were geometrically not related, so during

the second assembly, we decided to get rid of this kind reflective sheets.

(b)

FIGURE 4.15: These two graph shows how the mirror sheet can cause geometrically
unrelated cross talk which confused us for our event reconstruction. The cube marked
blue in figure (a) is the cube we set as the exact light source from the real signal. The
PMT facing this cube should receive the majority of the photons from this cube.
However, there are some photons reflected by the sheet received by the PMT one layer
below this PMT. The side view of this process is also shown in figure (b). Since this
process is random, any PMTs at this side can receive such kind of signal confusing us
when we try to do event reconstruction of the geometry.

There are several issues to be thought about related to this kind of mirror configuration.
One of the potential reasons about why we got some events that are not geometrically

related on three sides is that the photons reflected by the reflective sheets shown in figure
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4.13 might not reflect back to the cube it initially come from. It perhaps was reflected by
the output face of that cube and then hit the reflecting sheet again. The tricky part of
the travel of this kind of photon is that during its travels, there are a lot of blank holes
on the reflective sheet which have a PMT just right there, so during its travel, this kind
of photons can be caught by any PMTs randomly which might be the real source of those

events that confused us. This random process is explained by the figure 4.15.

Another thing about the mirror of concern is the comparison of the positive side of
it to help more light collection and the negative side, where more cross talk might be
introduced. A detailed test will be introduced in chapter 5, but a brief summary is
that we get rid of the reflective sheet for the current version of the NuLat detector, but
actually uses mirror plugs on the opposite side, where we have PMTs mounted, to help

light collection. The result seems promising.

4.2 NuLat Detector PMT Mounting Method

FIGURE 4.16: Picture of 6 PMTs being mounted on one side, square mirrors made by
vm-2000 filled other empty places without PMTs.

In this section, we introduce several preparation steps for PMT mounting work. Figure
4.16 shows how it finally looks when PMTs were mounted into the grid. It also shows
how the mirror plug looks when it is pushed into the square channel prepared for PMT

and stays there stably.
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In the current configuration we made a PMT mounting grid on each side, bolted to the
side plate first. The benefit of this design is that PMTs on each side can be independent
of the other sides. Once we need to do some modification on one side, we just need to
unscrew that side and PMTs on this side can go along with this side plate without extra
work. The major requirement of PMT mounting is fixing the PMTs at their right depth
in the PMT grid, and coupling PMT to light guides tightly without air bubble.

4.2.1 Introduction Of 90° Angles And J-hooks Help PMTs
Mounting

FIGURE 4.17: Holes on PMT grid used for fixing the position of PMT.

To meet the first requirement, we relied on the holes at the stainless steel plate of each
PMT grid. The hole is shown in figure 4.17. We made 90° aluminum angles as an extra
frame for our PMTs by taping them to the PMTs tightly. There was proper size of the
gap pre-cut on these angles so that the stainless steel plate of the PMT grid and these
angles can be connected by J-shape hooks we made specifically for this purpose. All these

small parts are shown in figure 4.18 (a).

Figure 4.19 shows how all these parts are connected together and lock the position of
PMTs. J-shape hooks go through the slot on the angles and holes on the PMT grid
simultaneously to lock them together. Since the angles are already taped to the PMT
tightly, the PMT then has a fixed position within the PMT grid. There are foam plugs
we press into the gap between this J-hooks and the PMTs to make sure they will not fall
out easily. This kind foam can be seen in figure 4.16 which is how everything looks when

assembled.
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FIGURE 4.18: Details of angles and PMT assembly. Figure (a) shows different parts
used for PMT mounting. Figure (b) shows angles with slot mounting framework.

F1GURE 4.19: Idea of mounting PMT with 90° aluminum angles and J-shape hook on
the PMT grid through holes.

Aligning the guide rails to the PMT housing needed to be very accurate. Since where the
angles and slots relative to the PMT defines the position of PMTs within our detector,
we needed to make sure all the angles were put on the PMTs at exactly correct place.
Figure 4.20 shows an alignment platform we made to do quality control of the assembly

of aluminum angles and PMTs.

Figure 4.18 (b) shows details of how this framework helped the assembly. A PMT is
placed vertically by plugging in BNC and HV connectors into holes we pre-drilled into a
PVC block, so when the PMT is put there, it has the same height relative to the base
plate every time. As figure 4.18 (b) shows, slots on the 90° angles are plugged by a
small aluminum alignment plate, the rest of this plate leans against the frame. With this
design, every time the 90° angles align like this, the height of this angle would only be
defined by the frame. As long as we adjust the height of frame properly, angles would
have the right position relative to the PMTs. The height of the frame can be adjusted

easily by the nuts on the threaded rods at four corners of the frame. These four threaded
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FIGURE 4.20: Picture of frame we made for accurate assembly of angles and PMTs.

rods were treated as four legs for this frame.The J-shape hook is made by cutting 1/8 ”
rod to around 1 3/4” long, then 1/2” of it is bent 90°.

Since we currently only have 25 light guides, there are two different structures of PMT
and angle assembly. One was made for 50 PMTs which would be mounted without light
guides. The height of the frame was measured to make sure that when PMTs mounted
into the grid with a J-hook, the front end of PMT would be flush with the front end of the
grid. The other structure was made for 25 PMTs with light guides, it was measured to
make sure that once one end of the light guide coupled to a PMT nicely, the other end is
flush with the PMT grid when it is mounted there. After several tries and measurements,

these two dimensions were measured and PMTs were being mounted accurately.

4.2.2 Assembly of PMTs and Light Guide

Figure 4.21 shows a nice example of assembly of a PMT with a light guide. This assembly
has two requirements. One is to make sure the PMT and light guide are aligned perfectly,
a slight off-center can be a big problem when they are finally plugged into the PMT grid.
The other is that the optical coupling between light guides and PMTs should be good so

there will be no light reflection at the connection.
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FI1GURE 4.21: Picture of one PMT pre-taped with 90° angles coupled with light guide
tightly.

FIGURE 4.22: Frame made to align PMT with light guide during the coupling of
these two parts.

Figure 4.22 shows a frame we made for the alignment requirement. PMTs with angles
should slide in from the top, the square tube from top was made so angles pre-mounted
onto the PMT fit snugly. When a PMT slides down, it can thus be straight. Light guides
should be put on the bottom with one edge fit into the concave gap made by two angles.
The dimension of this gap was also designed to fix the position of the light guide. With
these two features, light guides and PMTs can be assembled with good alignment.

The PMT manufacturer suggested that we use silicone grease to maintain good optical

coupling for the connection. So we used silicone grease, as shown in figure 4.23. There
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F1GURE 4.23: These two pictures show the optical interface pads and the silicone
crease we use for the connection between the PMTs and the light guides.

were also optical interface pads between PMTs and light guides. We first put a small
drop of silicone grease on the light guide, spread it uniformly and then put an interface
pad on it. We did same thing on the PMT, first spread grease and then assembled the
PMT and light guide together using the frame just explained.

FIGURE 4.24: Vacuum-chamber used to get rid of air bubble at the junction of PMT
and light guide.

After assembly work was done, we put the whole piece into a vacuum chamber shown in
figure 4.24. We pumped down the chamber using a scroll pump to 1 torr and then left
the whole piece under this vacuum condition overnight. It helped to get rid of the air

bubbles which might still be in the connection.

These steps helped to get rid of the air bubbles and maintain good optical connection

between PMTs and light guides. However there were still some imperfection for the
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connection, as some small air bubbles were difficult to get rid of. So the assembly work

still needs some improvement in the future.

FIGURE 4.25: Exhibition of fully mounted PMTs. (a) is picture of 25 PMTs fully
mounted on one face. (b) is picture of PMT on one side with rubber sheet covered
and cable connected.

After all the PMTs went through the preparation steps introduced above, they were
mounted properly to the detector frame with J-shape hooker. To keep the light sealed
out of the detector, we used a rubber sheet to cover all the PMTs which is shown in figure
4.25. There are holes pre-cut in the rubber sheet so the BNC and HV connectors can
pass through. These sheets were taped to the frame by black tape. To check the light
leak condition of the detector, we slightly turned on a PMT and check the signal coming
out from this PMT. By comparing the signals with room light turned on or not, if there
is no difference between these two conditions, this means the light seal is good enough for

our purpose. Once we verify there is no light leak, the assembly of the NulLat detector is
finished.

The connection between PMTs on the detector and MTC Dags is shown in figure 4.26.
Three sides of PMTs are connected to 3 different SCRODs. Cables are labeled by three
different colors to avoid confusion of the connectors. The side noted as the blue side is
where PMTs on this side have light guides connected. One of the benefit of connecting
PMTs from different sides to different SCROD independently is that it included the first
order geometry information directly by different SCRODs, so for the firmware design
in the future to reconstruct geometry information on hardware, the design can be a lot

easier.
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Blue Side RN Orange Side

FIGURE 4.26: Current connection between 3 PMTs and 3 SCRODs.



Chapter 5
Preliminary Hardware test

In this chapter, we describe several hardware tests we performed before taking data with
the NuLat detector. There are two aspects to try and understand via these tests. The first
is light transmission properties of scintillator cubes, such as loss per cube and potential
signal cross talk. The second is a test of the mTC DAQ system. It gives us a basic
understanding of limitation of the mTC DAQ.

5.1 Light Transmission Test

FI1GURE 5.1: Exhibition of light channeling hardware into configuration. A laser
beam is fed underneath the PVC plate at a 90° angle. There is a 45° mirror
underneath the middle cube. This mirror reflects the laser beam vertically up ,
making it go through the middle cube. This configuration make the middle cube our
light source. Figure (b) shows how the light channeling looks with this configuration.

The light transmission properties of our scintillator are very important for the NuLat

detector. As a ROL based detector, good light channeling ability and energy resolution are
77



78

the advantages of this design. To get results similar to those of theoretical computations,
we must ensure that light loss during transmission and cross talk between neighboring

cubes is low.

Since we only have 75 PMTs fully running now, only three diagonal faces have PMTs
mounted taking 3D information. This means some signals at certain cubes has to go
through four extra cubes to reach the PMTs. Also for one of the potential version in the
future, NuLat will have 15 x 15 x 15 cubes with PMTs fully mounted on all six sides.
The signal from the center cube would then have to go through 6 extra cubes to reach
the PMTs. So we clearly need to understand how much light loss there will be when it

go through several extra cubes.

A major advantage of the NuLat detector is the ROL structure which gives us full 3D
information of each event because of total internal reflection. So each cube needs to have
low cross talk with its neighbors, otherwise the result will have confusing geometrical

information and will be difficult to analyze.

5.1.0.1 Light Transmission Test with °Li Loaded And Unloaded Cubes

FIGURE 5.2: The cube surrounded by vm-2000 taped on the 90° angles, laser pen is
put along with this angles so the laser path can be pre-defined.

The first step of our light transmission test is to make a diffusive light source which can
mimic the realistic condition when particles deposit energy into one cube. Figure 5.2
shows how one of the diffusive light sources we made looks. Four sides of one unloaded

cube are warped by vim-2000 reflective film and tightly taped. The bottom side film has
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a hole which leaves a space for laser light go through. A 45° diffusive reflective film is
underneath this hole. These parts are taped tightly on a 90° angle for alignment. Then we
feed a laser pointer along the support angle iron. The laser beam should be automatically
aligned. When the light feeds in, the reflection from the mirror surrounding it makes it

a diffusive light source with two sides open for light to come out.

FIGURE 5.3: Example of the light transmission test. It has five cubes aligned together
with 3 Li-Loaded cubes in the middle, our homemade light source is located after that.

To understand the light transmission information, we used a camera as our preliminary
test detector. The camera we use is a Sony-Nex-5R. We disabled all the automatic
adjustments this camera has which might confuse us later. The general geometry is shown
in figure 5.3. We put different numbers of cubes in front of our light source, with the
camera focused on the face of the last cube from the light source along the same direction.
As previous sections already explained, we currently have a 3 x 3 x 3 ®Li loaded cube in
the center of the detector, surrounded by unloaded cubes to form a 5 x 5 x 5 geometry, so
when we do this light transmission test, we also adopt this geometry structure as shown
in figure 5.4. Yellowish cubes represent cubes having ®Li loaded and the solid blue cube
represents the light source. The experiment was done in a dark environment, so camera

should only receive light information from the cube.

After collecting picture data, we analyzed the results by counting the RGB value from
the RAW format file of the pictures we took. The general idea is shown in figure 5.5.
The center of the graph has a blue square, where light generated by the light source
which passed through cubes was centered and caught by the camera. We choose a very
small square—300 x 300 pixels to avoid edge effects, then we added the RGB values
independently of this area. As example of figure 5.5, R and G values were around 0 since

the light source is from a blue laser. So the B value was the major concern. We used blue
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F1GURE 5.4: Sketch of the camera, cubes and light source for the light transmission
test.

laser for this test is mainly because the wavelength of the emission from the scintillator
we adopted is from 400-500 nm %/, which is the wavelength of the violet and blue light.

FIGURE 5.5: Example of the data analysis from RAW format picture.The camera was
setted for f/4, ISO 800 for 1/50 sec.

Figure 5.6 shows the result of tests we did with unloaded cubes. The picture was taken
from the light source directly, then one cube in front of the light source, the one more
and finally we had 3 cubes in front of the light source. Different total B values from these
4 different configurations are histogramed in figure 5.6 and their values are labeled on
top of each histogram. These value shows that there is around 13% light loss when light

passes through one unloaded cube.

Figure 5.7 shows the result of the test we did with just Li loaded cubes. The process is
the same as we did for unloaded cubes. The result from figure 5.7 shows that there is

around 17%-23% light loss when light passes through one Li loaded cube.

Figure 5.8 shows the result of the test we did with the same configuration of current
detector, 3 Li loaded cubes were at the center and one unloaded cube at each side. The
process of data taking was the same as explained before. The result is consistent with the
other two tests with purely unloaded and loaded cubes. All three tests generally showed
that the signal we may get will be around 10%-20% weaker when it goes through one

more cube.
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Unloaded cube light loss test
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FIGURE 5.6: Data analysis result from light transmission test for unloaded
scintillator.
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FIGURE 5.7: Data analysis result from light transmission test for loaded scintillator.
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Current detector configuration
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FIGURE 5.8: Data analysis result from light transmission test for current geometry.
Three Li loaded cubes aligned together with two unloaded cubes at both ends.

5.1.0.2 Cross Talk test

FIGURE 5.9: Sketch of structure about camera, cubes and light source for the cross
talk analysis.

To have a basic understanding of the cross talk property of our Li loaded cube, we used a
similar method as for the light loss test but with a different geometry as figure 5.9 shows.
We put a light source at the right side of the Li loaded cube to be tested, then we took
pictures from side as figure shows. The real picture is shown in figure 5.10. We compare
the B value from the side to the B value from the front of the light source, it shows that
around 1.5% of light was being detected from this face compared to the value we got from

the light source.
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F1GURE 5.10: The picture from cross talk test. Light source was put on the left side
of the test. Light went through one cube and out to the right side of the cube.

To understand the cross talk actually happens in the detector, we performed a test with
the current assembled NuLat detector. We used the same light source, tried to hold it at
a position where it just fit exactly to side of one cube, then we took the picture of the
whole detector. This geometry is similar to the condition that one cube has a particle
deposition and real signal being transmitted through our detector. The picture of the
whole detector from one face should mimic how all 25 PMTs on this side would respond

to such a signal.

We did this test two times with different configurations and settings. For the first time,
the test was taken for the configuration that the whole detector was covered with mirrors.
On the side where the PMTs were mounted, there were holes previously cut so PMTs
could go through there. The test was taken when the whole detector and PMTs were
already assembled. We only took off one side with PMT's, so the picture was taken with

the camera and light source at the same side. The geometry is shown in figure 5.11 (a).

Another test was performed when we reassembled the detector with the current Li loaded
cube configuration. A picture was taken with all the side plates off. So we used better
geometry. We put the light source at one side and camera on the opposite side. This
setting gives the picture of the signal from both the light source directly and also the

cross talk between it and the other cubes. The geometry is shown in figure 5.9 (b).

Since these two tests have totally different configurations and the first version has only
15 Li loaded cubes mounted along the center axes, it is difficult to quantify the data to

do comparison. However the picture taken from these two test already showed a huge
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(a) (b)

FIGURE 5.11: Figure (a) is the configuration of the cross talk test when the detector
was covered by mirrors. Camera and light source are at same side. Figure (b) is the
configuration of the cross talk test with just cubes and acrylic box. Light source at
one side of the box and camera at the opposite side of the detector.

difference. Figure 5.12 shows the example of the pictures from these two tests. The first
picture has a 10 sec exposure time and the second picture has a 25 sec exposure time,
with all the other settings exactly the same on the camera. With a lot shorter exposure
time, the first picture taken from the configuration with mirrors still shows a clear sign of
the cross talk into a lot of different channels. However the second picture taken with the
configuration with no mirror only shows slight cross talk from the channels neighbor to
the main cube align with the light source. The dramatic difference of these two pictures
shows that our mirror introduce a large cross talk compared to the configuration without

mirror.

(a)
(b)

FIGURE 5.12: Figure (a) is the picture taken from the cross talk test with whole
detector covered by mirror. The camera was set for £/4.5, ISO 800, 10 sec exposure.
Figure (b) is the picture taken from the cross talk test with just cubes and acrylic
box. The camera was setted for £/4.5, ISO 800 and exposure of 25 sec.

To understand better how much cross talk would be introduced by the mirror which seems

more than expected, we tried another 2D version to mimic our 3D condition. Figure 5.13
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shows how this experiment was setup. 25 cubes were assembled to form a 5 x 5 2D
geometry. There are 9 Li loaded cubes in the middle with a 3 x 3 geometry to mimic
the 3 x 3 x 3 geometry we currently have in our NuLat detector. A cardboard frame was
made with vim-2000 sheet attached inside to mimic the mirror we might put surrounding

the cubes.

FIGURE 5.13: Cross talk experiment with a 2D version which kind mimic our current
NuLat configuration. Cardboard on three sides have vm-2000 attached inside.

Two different light sources were used for this test. Figure 5.14 shows how these two light
source were setup. Figure 5.14 (a) shows that the diffusive light source we used for other
tests discussed before was put on top of the center cube. The light source is very weak
with this configuration. So we also tried another configuration which was to put a laser
beam underneath the cubes. A 45° reflective film was put underneath the center cube,
there was also a hole pre-drilled there, so the laser beam could be reflected by the film

and pass through the hole and the center cube.

FIGURE 5.14: Cross talk test with different light source. Figure (a) shows a picture
that diffusive light source was put on top of the center cube. Figure (b) is the picture
that laser beam was reflected from bottom to go through the center cube.
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A camera on the side can take a picture of the front face of 5 cubes. Two different pictures
were taken with all the other conditions kept constant, including light source and camera
setting, one with the cardboard frame surrounding to mimic the mirror existence and the
other without the cardboard frame as the condition without mirrors. The actual picture

taken by the camera from different light source is shown in figure 5.15.

(a) Cross talk picture with diffusive light source. (b) Cross talk picture with laser beam source.

FIGURE 5.15: Pictures of cross talk test with different light source.

The analysis of the result was similar to what we did for the light transmission test. We
counted the B value from a small square range we picked from different cubes and then
compared them. Since the light source for this 2D version test was actually the center
cube, the B value of the center face should be the major channel received, the signal from
4 faces on the two sides should be the cross talk. We normalized the result to the center

face to understand how much cross talk actually shows up on different sides.

The results from different tests are shown in figure 5.16. The diffusive light source was
really weak, so we have to use longer exposure time like 15 s and 25 s. On the other hand,
the laser beam light source is very strong, so the exposure time for this test was set to
only 0.25 s. These tests did show the difference of cross talk with and without mirrors.
Although different conditions show different ratios of cross talk with and without mirror,
by comparing the result from the same conditions with and without mirrors, we can
tell that the crosstalk will potentially increase by 40% ~ 100% with mirrors. Since the

absolute value of cross talk is not big, these amounts of increase should still be acceptable.

5.2 mTC DAQ Calibration

5.2.1 Electronics Modification

Another preliminary test we did was the calibration of the mTC DAQ system. Since this
DAQ was not designed for the NuLat project, there were some hardware modification

involved in the calibration.

As figure 5.17 shows, the original design make the input signal go through a 40 x amplifier.
Because of the light channeling ability of NulLat detector, the PMTs actually receive a
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FIGURE 5.16: Different results of cross talk test with different source and exposure
time.
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FIGURE 5.17: The partial related to the input end of the circuit on the mTC DAQ.
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lot more photons than mTC detectors. So this kind of amplifier is not suitable for the
requirements of NuLat. Fortunately there is a bypass switch on the board, we can solder

two points on the board to close this switch and bypass the amplifier directly.

FIGURE 5.18: Figure (a) shows what the mTC board looks like originally. In figure
(b), the white circle shows the position for the soldering work. A half circle golden
color pin being soldered to the pin just besides it. Figure (c) shows the soldering iron
we adopted to do this soldering work. It has a tiny pin which was suitable for this
work.

Figure 5.18 shows how to bypass this amplifier on the real board. A half circle gold plated
tip needs to be soldered to the pin just beside it. We used a special soldering iron for this

work. This special tool helped to make precision soldering possible.

Another electronic modification was in the signal cable. The original ribbon cable had
a different impedance than that of most RF cables used in particle physics experiments
(specifically 50 €2). However, the DAQ board shown in figure 5.17 has active 50 Q. So,
the ribbon cable was not proper for our purpose. The solution was to make a board with
32 RF cable by ourselves. We bought and cut in half some RG 58 BNC cables. The
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FIGURE 5.19: Figure (a) shows the original ribbon cable and connector. The
impedance of this is unmatched to the common 50 €. Figure (b) shows the homemade
connector with common RG-58 cable.

cut end was stripped a little to separate the ground shell and the wire connected to the
pin. Thirty-two holes were pre-drilled on the copper clad board we bought. The wire
connected to pins went through this hole and to the plastic side of the board. The ground
shell was left on the other side of the board which already covered by a sheet of copper
to offer common ground. After this work was done, we added a 220 nF capacitor from
the wire to the pin which would plug into the DAQ board finally. This capacitor helps
to block any DC offset from the signal end. The finished version is shown in figure 5.19
(b). With this design, modifications for other purpose is possible. Like figure 5.19 (b)
shows, we can actually add extra resistors for signal attenuation purposes. Also we can

add pull-up resistors which can give use larger dynamic range in the future if necessary.

One more modification is related to the design of our PMT (R10533). Some unexpected
damage happened to the DAQ during our test. It took a while for us to realize that
the PMT was actually the cause of the damage. As figure 5.20 shows, the PMT has no
resistor to ground at its output end, so any charge on the anode could directly transfer
to the DAQ which is not good for this kind of board. To add extra protection for this, we
add a Y-shape splitter at the output end of each PMT as figure 5.21 shows. One end is
connected to the signal cable as normal. We added 50 {2 terminator to the other end so
the output of the PMT will have a resistor constantly connected to ground. Besides the
protection this design added to our system, one more benefit is that any reflection due to
the unmatched impedance will be terminated at this end. It helps us get a cleaner signal.
The negative side of this kind of protection is it attenuates the signal to half, which is a

big fraction of the signal.
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FIGURE 5.20: PMT configuration diagram. >

FIGURE 5.21: Picture of a Y-Shape Splitter with a PMT.
5.2.2 Test Signal Calibration

There are two things we want to understand before real data taking. First is the dynamic

range of the DAQ board. The other is the effectiveness of our analysis program related
to the mTC DAQ data file.

To get a brief idea of the dynamic range of the DAQ, we used a pulse generator as our
source shown in figure 5.22. It has 2 channels and 4 outputs (two for complimentary
pulses). This generator has ability to adjust pulse height, polarity of pulse, pulse shape
(like the width of rising and falling edge) and the time difference of pulses between two

channels. These functions can be set for various purposes.
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FIGURE 5.22: Picture of pulse generator used for calibration purpose.
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FIGURE 5.23: Example of the pulse shape from the mTC DAQ data taking process.

We used this pulse generator in a test by having it output pulses of different heights
and reading output on the DAQ. It helped us to understand what kind of pulse would
saturated the mTC DAQ. The sample of the calibration pulse read by mTC DAQ is
shown in figure 5.23. The mTC DAQ board has a 12 bit Wilkinson ADC from 0-2.5 V.
The counts for the whole range should be around 4096. With the base line around 1.25
V, at the middle of this range, the maximum a negative pulse can reach should be around
2000 counts. Because of the current firmware setting, the pulse will saturate the DAQ
when it reach around 1500 counts for the ADC.

As figure 5.24 shows, we make a mapping by comparing the different pulse height from
pulse generator and the recorded pulse from the mTC DAQ. The pulse from the pulse
generator started at 200 mV. We adjusted its height by 50 mV each step. By comparing
the original pulse and the recorded pulse from the mTC board, the figure 5.24 (b) his-
togram shows mTC DAQ has good linearity up to 600 mV. After that, the linearity is
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FIGURE 5.24: Data analysis of the mTC DAQ responded to the pulse from pulse
generator.

not so good. Also, input signals larger than 750 mV are very close to saturate the ADC.

F1cURE 5.25: Nal detector used for mTC DAQ calibration.

The original data structure from the mTC DAQ is just the digitization of the original
pulse. During our pre-analysis process, we read all the digitized information to recreate
the original pulse and then we take the integral of this pulse to find the value which
directly related to the energy deposited by the particle into the scintillator. To verify
that our code works effectively to regenerated the pulse and compute the integral related
to the energy right, we employed a Nal detector and used a ®®Co source as our calibration
source. Figure 5.25 shows the Nal detector looks. The °Co source is a common source
used for calibration. The decay process of ®°Co emits two gammas with different energies,
one is around 1.732 MeV and the other around 1.332 MeV. So theoretically we should see
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two peaks in the spectrum of this source, showing these two different energies. Also there
should be a small bump which comes from the sum of these two energies. The signal from
Nal detector was transferred directly from the Nal detector to the mTC DAQ system.

°9Co Energy Spectrum
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FIGURE 5.26: Spectrum from Nal detector with % Co source.

Figure 5.26 shows the energy spectrum we got after the analysis of the raw data from this
data taking process. The x-axis is the integral of the pulse and the y-axis is the number
of events falling into the range of the histogram defined on the x-axis. As this figure
shows, there are two clear two peaks as expected. Also there is a small bump around
the position doubled where the two peaks are located. This test verifies that our analysis

code is compatible with the mTC DAQ to get a good energy spectrum.



Chapter 6

Radon Calibration

In this chapter, we discuss how we use radon as our calibration source to calibrate the
NuLat detector. The reason to choose radon is that within its decay chain, there is a
Bi-Po coincidence which is a great mimic of the IBD signal. As figure 6.1 shows, the
Bi-Po coincidence begins with the 3 decay of 2'*Bi and followed by an « decay of 2'4Po
with a mean lifetime of 164 pus. The maximum energy of the electron from the decay of
214Bj is around 3.27 MeV. Because of the quenching effect, the light production of the
alpha signal will be around 750 keV. This coincidence provides a spatially, temporally,

and energetically similar structure to the IBD signal of aa anti-neutrino capture in NuLat.

Prompt (B-) Delayed (o)  time
EEE £

Astine

(b)

uuuuuuu

FIGURE 6.1: Figure (a) shows the related decay we take advange of from the decay
chain of radon. Figure (b) shows how the temporal coincidence appears on a time axis.
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6.1 Radon Source

In chapter 3, we explained that when we assembled the acrylic box, we carefully sealed
all the edges with tapes and checked whether it had a relatively good ability to hold gas
without leakage. All these steps were for our radon calibration. In this section, we will
explain how we fill radon into our detector with an adjustable system. We also describe
how we use a series of NIM electronics modules to check our radon density in the detector

without a too complicated analysis.

6.1.1 Radon filling method

The radon source we use for calibration was produced by our collaborators at Princeton
University for testing a radon filter in the clean-room in which the Borexino vessels
were constructed. ) The source is made by Pylon Electronics and is model Rn-1025
with an equilibrium activity of 21.4 kBq and provides a continuous activity of 2692
mBgq/minute %2, The source contains powdered radium salts between two fine glass filters
encased in a sealed aluminum housing with two needle valves and can be operated under

vacuum or at flow rates of up to 10 LPM at 3 bar pressure. [0’

FIGURE 6.2: Picture of radon source mounted on the leg of the cart holding the
current NuLat detector.
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As figure 6.2 shows, the radon source is mounted on one of the legs of the cart holding
the detector. Nitrogen gas is injected from the bottom. There are two paths controlled
by valves. Figure 6.3 shows the gas flow diagram of our radon source filling system. To
fill the radon, we need to turn on valves B and C for the nitrogen gas go through the
radon source and drive radon into the detector. Valve A and D need to be closed during
the filling process. With valve E and F open, radon should flow from the bottom of the
detector and out from the top, then flow through the gas tube to reach the fume hood,
which has slightly negative pressure to accumulate waste gas. If we want to stop radon
flow and purge the detector, we need to close valve B, C and open valve A, which will
let pure nitrogen gas go through the detector. If we just need to purge the gas line, we
should turn off valve B, C, E and F, leave valve A and D open which will let nitrogen

just flow through our gas line.

Fume hood

Nitrogen Gas
bubbler|

FIGURE 6.3: Radon source and gas flow diagram.

As figure 6.4 shows, the nitrogren gas flow rate is controlled by a flow-meter, and then go
through a homemade bubbler. One end of the bubbler is connected to the nitrogen tube
out of the gas bottle. The other end is connected to the tube directly through the input
end of gas flow system. The bubbler is filled with mineral oil. The vapor pressure of
mineral oil is around 1000 times lower than water. This is the reason we chose mineral oil
instead of water for our bubbler. The flow rate is controlled at 1 bubble every 5 seconds.
The flow rate cannot be too fast because we have to give radon enough time to build
up its decay product. However, although we have tried our best to seal the acrylic box,
there might still be some leakage existing somewhere around the connection. Also, the

tiny negative pressure generated by fume hood keeps pulling gas out, so we also need
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to maintain the speed of radon flow above certain threshold to have a steady build up.
The system should finally reach a balance to maintain the radon in the detector at some
stable density. It is difficult to quantify proper flow rate of nitrogen gas for our radon
filling purpose because we have no clear idea about the leak rate of our detector and what
kind of effect is caused by the negative pressure from the fume hood. So we tried several
different flow rates and tested the radon density by checking the Bi-Po coincidence signal
with the NIM-Logic electronics. We will explain how this check goes later. After several
different tests, we believe the current speed of 1 bubble every 5 seconds is the proper rate

for our purpose.

FIGURE 6.4: Nitrogen gas flow rate control system. Figure (a) shows the connection
between nitrogen gas bottle, low meter and the homemade bubbler. Figure (b) shows
the detail of the homemade bubbler.

6.1.2 Method to Check the Existence of Radon

To distinguish that signals are actually from a radon decay process instead of some
background noise, we use the Bi-Po coincidence in the radon decay chain as a signature.
A series of electronics modules are used to check this temporal coincidence event. They
connected to each other with a lot of cables shown in figure 6.5. The temporal relation
of Bi-Po coincidence has been explained at the beginning of this chapter. Briefly the
process is the prompt signal being the beta emission from ?'“Bi and the delayed signals
the alpha emission from 2YPo with lifetime of 164 ps. So if we actually catch such
temporal coincidence events, we should be able to find a relation between event rate and
the time difference between prompt and delayed signals of each event. The relation should

be able to fit to a decay curve consistent with the 164 ps lifetime of 2*4Po.



98

FIGURE 6.5: NIM-Trigger-Electronics.

To design a way to check whether we have such a relation in our detector, we choose
to use the coincidence of 3 PMTs as our trigger source. These 3 PMTs are picked to
specifically make sure they are on three different sides of detector, and diagonally they
can be related to the same specific cube. A coincidence of these 3 PMTs will represent
this specific cube generated some photons because of some energy deposition. We will set
two trigger requirements. The first just requires the coincidence of signals from these 3
PMTs. This trigger is our prompt trigger. The other trigger is called the delayed trigger.
Besides these 3 PMTs, it also requires the coincidence with a time guard signal we create
deliberately. This time guard signal should be created with an adjustable delay from the
prompt signal and have a fixed time window so any coincidence of three PMTs which
falls into this range can fire the trigger. Within a certain amount of time of running of
this system with this kind of setting, we should be able to get information about the rate
of the delayed signals that fall into this fixed range of time guard with different delay
from the prompt signals. This can help us verify whether this relation is consistent to

the decay curve we should have.

Figure 6.7 shows the logic diagram of the electronic modules connection to providing
this trigger. A LeCroy 465 is used to generate the trigger based on the coincidence of
inputs. We use two ports of one LeCroy 465. One is used to generate the prompt, the
input of this port is the three PMTs we picked up to select a single cube. Besides the
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FIGURE 6.6: Three PMTs triggering structure.

same 3 PMTSs, the other port has one more input from the signal generated intentionally
to catch the delayed signals within a controllable range. On one side, the 25 PMTs are
added together by a Phillip 744 fan in/fan out. One of the non-negligible backgrounds is
from muons created by cosmic rays. The sum of 25 PMTs from a whole face can be used
to veto such signals. Most muons are produced high in the atmosphere (typically 15 km)
and lose about 2 GeV to ionization before reaching the ground.®* Muons deposit around
2 MeV/cm when they pass through PVT plastic scintillator.l%! So if there are muons
passing through the NuLat detector, the sum of the whole face should show a huge signal
(around 12 MeV from one cube) compared to the signal from radon decay. We are using
Phillip 715 constant fraction discriminator modules to set a high threshold (0.5 V) for
this summed signal and feed the output into the veto port of the LeCroy 465 modules to
detect the coincidence. If the summed signal crosses the threshold, then the event will

be vetoed because of this connection.

A Lecroy 222 is used to create the two time guards we need to verify the temporal
coincidence. In practice, one Lecroy 222 will create a delayed signal immediately after
the prompt signal is fed in. Simultaneously a NIM square signal representing how long
the delay has been set would be fed into a veto to make sure no more signals would be
accepted as a prompt signal within this time range. This delayed signal will be fed into
another port of the Lecroy 222, a 10 pus NIM square signal will then be generated and
fed into another port of LeCroy 465 for the delayed coincidence trigger.
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FIGURE 6.8: Timing diagram of the triggering for coincidence.
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As figure 6.8 shows, by adjusting how long the delayed signal will be generated after
the prompt signal, we can actually adjust the time difference between the 10 us guard
signal and the prompt signal. If a real Bi-Po coincidence is being caught by this guard
effectively, the event rate should be reduced just like the decay curve of 2'*Po as we adjust

the delay of the 10 us guard signal away from the prompt signal.

As explained before, since the lifetime of 2'* Po is 164 us, if the temporal coincidence
being caught is far away from that, like 1000 ps, the event being caught should not be
related to the 2'4Po decay, and we can treat that rate as our background. Although we
mostly did counting within a certain time range (typically a 200 s run), the coincidence
events being counted cannot be used directly. We also need to include the effect that
each run has different number of prompt events. Especially when we adjust the time
difference between the 10 us guard signal and the prompt signal, it introduces different
dead time for each counting which affect the number of prompt signals being caught by
each run dramatically. So during the actual measurement, we counted both the number
of coincidence event and prompt event and treat the ratio between these two numbers as

the true coincidence rate.

In practical work, there are some electronics we employed to simplify the counting job.
We used ORTEC model 719 timer to create a 200 s time window. This time window
was an input gate into a ORTEC 775 counter and ORTEC model 430 scaler so these
two devices would doing counting in this 200 s. Model 775 was connected to the prompt
trigger signal to count the prompt evens within 200 s. Model 430 was connected to the

delayed coincidence event to count how many coincidences we got in this time window.

PMT(V)  windows(us) guard(us) run(s) N (stop) N (start) 1ksstop/start background-cut
1750 10 10 200 1878 83842 2240 74
1750 10 50 200 1764 81114 2175 6.7
1750 10 100 200 1573 77841 2021 52
1750 10 150 200 1453 74999 19.37 44
1750 10 174 200 1417 73967 19.16 42
1750 10 200 200 1331 72652 18.32 33
1750 10 300 200 1186 68955 17.20 22
1750 10 400 200 1056 65824 16.04 10
1750 10 500 200 1004 63019 1593 08
1750 10 600 200 914 61272 1492 -01
1750 10 700 200 936 59066 1585 08
1750 10 800 200 870 57740 1507 01
1750 10 900 200 827 55852 1481 -0.2
1750 10 1000 200 1637 108896 15.03 00

FIGURE 6.9: Event counting result from different time delay setting.

Figure 6.9 shows the example of one counting we did for Bi-Po coincidence check. We
started with a time difference between the prompt event and delayed square signal of 10
pus. Then we kept pushing the delayed 10 ps time window away from the prompt event
until reaching 1000 ps. We compute the effective rate by dividing the number of stop
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signals to the number of start signals. Stop signal should be related to the coincidence
and starts related to the prompt events. The rate we got at 1000 pus delay was treated

as the background rate, so the true rate for all the other event should be the

Rateyye = Rateyq, — Ratey, (6.1)

12 Radon rate check by lifetime of 2'*Po decay
® real Bi-Po coincidence rate counting
# decay curve with 164 ps lifetime

i Expon. (decay curve with 164 ps lifetime)

real Bi-Po coincidence rate counting

200 400 EEO 80O 1000 1200

Time(ps)

-2

FIGURE 6.10: Comparison of the coincidence rate from experiment and the
theoretical curve from the lifetime of 2*Po decay.

Figure 6.10 shows the decay curve checking we did from this data set. Blue dots are the
data we got from actual data taking, and orange dots and curve show a curve with decay
time of 164 ps. From this figure, we can tell that they matched to each other pretty well.
It was a good proof that we actually have radon in our detector and our trigger method
is able to pick up the true events effectively. Using this system, we can check the Bi-Po

coincidence caught by a specific cube easily.

6.2 Radon Calibration with Muon Trigger Mode

6.2.1 Three PMTs Triggering Mode

In the last section, we discussed how we verified radon existence in our detector with logic

electronics. There is a direct way to adopt the same schematic, feed the signal into mTC
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DAQ system and get the energy spectrum of the alpha signal. In this section we explain

how this goes and what the spectrum looks like.
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FIGURE 6.11: Sample of signal from simple trigger with NIM Electronics. The huge
green square signal is the signal of the NIM trigger. All the pulses in front of this
square signal are actual pulses being recorded by each channel.

As explained in chapter 3, there is a simple trigger mode which can be set on the mTC
DAQ. We can adopt this trigger mode with the NIM-Logic signal we explained before to
trigger the data acquisition process. The NIM-Logic signal will be fed into one channel
of the DAQ. Except for this channel, LO for all the other channels will set to their
maximum. This setting make all these channels unable to be triggered by any signal. L0
for the channel with the NIM-Logic signal input should be set around 500 counts lower
than the baseline. This threshold is low enough so only the NIM-Logic signal can cross
this threshold. Besides the LO trigger, we also set the range of number of hits which
will fire the simple trigger to be from 1-2; this requires that if one channel crosses the
LO threshold, it will start the digitizer and data acquisition process. Figure 6.11 shows
how the data looks from a simple trigger mode. The green square pulse is the pulse from

NIM-logic, the pulses in front of it are all the pulses which need to be analyzed.

We can work on two different geometric settings for this kind of trigger. The first structure
is exactly the same as explained before, three PMTs orthogonal to each other on three
sides being picked up by the geometry that they all align with the same cube. We just
need to use the same trigger logic with the pulse being digitized by mTC DAQ to analysis
the Bi-Po coincidence being caught by this specific cube.

To get the background spectrum from this setting, we directly adopt the signal from the
prompt event as our trigger. Since there is no temporal coincidence requirement in the

trigger, all sorts of energy deposition to this cube from all different kind of sources being



104

Energy Spectrum of Background Energy Spectrum of Alpha particle from 21*Po decay

8 & & &

NN
g B
WL L L L A L R L

Counts per bin
8

Counts per bin

5

TTTT[TT T [TIT T[T TT[TTTT[TT7T]

o

o

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Integral value of pulse Integral value of pulse

(a) (b)

5000 10000 15000 20000 25000 30000 35000 40000

FIGURE 6.12: Figure (a) is the spectrum from the background data and figure (b) is
the spectrum from the alpha particle deposition.

fed into the DAQ are triggered. So the analysis of the result from this setting shows
how the spectrum of background looks like. Figure 6.12 (a) shows an example of this
analysis. For the real alpha particle spectrum analysis, the trigger is from the delayed
events, which requires there should be a temporal coincidence realtion between prompt
and delayed signal. It is triggered by the delayed signal, so only pulses from delayed
signals are recorded. As we already explained, the delayed signal is from alpha particles
with effective quenching energy around 750 keV. Figure 6.13 (b) shows a Gaussian like

spectrum which should directly relate to this energy.

6.2.2 One PMT Triggering Mode

Another trigger mode is to use only one PMT as our trigger source instead of coincidence
from 3 PMTs. Figure 6.13 shows how this setting geometrically looks. The negative side
of this is there will be more background noise than the geometry we discussed before.
3 PMTs give us a better defined geometrical requirement which can reject most of the
noise. However, it gives the benefit that within same time of data taking, all the Bi-Po
coincidence being caught by 5 cubes aligned with this PMT are triggered. So by analyzing

the data taken from this geometry, we can calibrate all 5 cubes simultaneously.

The extra noise from this geometry can be rejected by requiring that the largest signals
on each of 3 sides correspond to a single cube. Figure 6.14 shows this requirement being
used during the analysis process. We do an energy mapping as figure 6.14 (b) and (c)
shows. All the energy for different PMTs are mapped geometrically to where they belong.
Based on our configuration, if the analysis shows that the specific PMT we trigger from

has a large energy deposition but all the other PMT's on the same side have low signal, it
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F1GURE 6.13: Sketch of the geometry for triggering by one PMT.

FIGURE 6.14: Example of energy mapping from data analysis. Figure (a) shows a 2D
energy mapping on three side of the detector. The pixel with yellow color means it
received real signals and the pixel with blue color means there are really low or no
signal has been received. Figure (b) shows an example of the 2D mapping from one
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side of the detector, it also contain the bar shows the meaning of color mapping.
Figure (c) shows a 3D example of the same energy mapping from one side of the

detector.
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means only cubes aligned with this PMT have energy deposited. As figure 6.14 (a) shows,
if all three sides have PMTs meeting this requirement and these three PMT diagonally
converge to the same cube, it shows that the signal is exactly from one specific cube. With
this setting, although we only trigger from one PMT, all the information related to each
cube aligned with this PMT can be deliberately picked out and analyzed individually.
Since we can locate which cube has the alpha particle deposition, we can then analyze
the pulse and get the spectrum from 3 PMTs geometrically aligned with this cube. Then
the spectrum should looks similar to what we got when we intentionally triggered from

only one cube.

With the first geometry, we can only understand how the alpha energy spectrum looks
from 3 PMTs. However with this geometry, a lot more information can be understood
which is extremely useful. Firstly, since one PMT is our trigger source, it is aligned
with all 5 cubes being analyzed. So we can check how the energy spectrum looks like
on this PMT from these 5 different cubes. The major source of the energy spectrum
should comes from 750 keV alpha deposition. However, since the photons generated
by the scintillator have to go through different number of cubes to reach this PMT, by
comparing the 5 spectrum from 5 different cubes, we can understand light loss during
the travel of photons through each cube. Another analysis which is useful is PMT gain
match test. Since there are also 5 PMTs on another side that related to these 5 cubes
independently, but the distance between the cubes we are analyzing and these PMTs are
the same, so the alpha spectrum from these 5 PMTs actually shows the different gain of

these 5 PMTs responding to the similar number of photons they received.

Figure 6.15 shows how these two analyses looks. Figure 6.15 (¢) is a 2D graph to show
how PMTs and cubes are related. The orange PMT labeled number 2 is the PMT of
our trigger source, we just name it PMT-O2 in this section. There are 3 x 3 cubes in
the middle marked as brown color to show that they are Li loaded and all the others are
ordinary scintillator cubes. In figure 6.15 (a), cubes are labeled 1-5 depending on the
distance between them and the PMT-O2. The first cube which directly attached to the
PMT-02 is labeled 1. Figure 6.15 (a) shows a relative linear drop for each cube further
from the PMT-0O2 and the drop is around 14% after each cube. This amount of drop is
consistent with the light loss check we did with the camera explained in chapter 5. Figure
6.15 (b) shows the result of PMT gain matching test. The result is from 5 PMTs labeled
1-5 with blue color. This graph shows that there is actually big difference between the
gain of these 5 PMTs.
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FIGURE 6.15: Calibration analysis done by one PMT trigger mode. Figure (a) shows
the calibration of same PMT with signals from different cubes aligned with it. Figure
(b) shows the calibration about different cubes and different PMTs with same number
of cubes between them. Figure (c) shows the 2D sketch showing calibration triggering
by one PMT.

6.3 Radon Calibration with AB Trigger Mode

This simple trigger model can be used for calibration purpose, but for IBD event data ac-
quisition in the future, it is not good enough because this trigger mechanism loses all the
information from the prompt event. The AB trigger model controlled by the CAJIPCI
should be the major trigger mode when the NuLat detector does an effective antineutrino
detection. The mechanism of AB trigger has already being discussed in chapter 3. Cur-
rently, the time difference between prompt signal and delayed signal current is limited to
a range from 0-10 pus. We can use this time window as time coincidence to catch prompt
signal and delayed signal. For our radon test, prompt signals should from beta capture
and delayed signal should from alpha capture. For the future antineutrino detection, the
prompt signal would be positron capture and delayed signals would be neutron capture.

A more effective AB trigger mode will be a mode also contains geometrical coincidence,
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which should effectively reduce the background rate. But it needs more work on firmware

programming and should be done in the near future.
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FIGURE 6.16: Sample of signal from AB trigger mode. It shows that both prompt
and delayed signals are being digitized and recorded.

To avoid the large background rate with currently basic AB trigger mode, we adopted
the same geometry explained before which is triggering from only one PMT. Since the
AB trigger has the temporal coincidence requirement already, we can trigger the system
just from the DAQ without the help from NIM-Logic we introduced before. Although by
doing this, we lose the other features such as the muon veto ability from hardware, but

it is easy to fix this by analyzing the data afterwards.

To set this trigger, we set the L0 trigger similar to the way we do for a muon trigger.
In practice, we set the threshold for this channel just around 30 counts lower then the
baseline. This should be low enough to avoid any trigger caused by electric noise from the
hardware without rejecting real events. The threshold of all the other channels are set to
be maximum to avoid any trigger from these non-relevant channels. The minimum and
maximum number of hits are set to be 1 and 2 as we did for the simple trigger explained

before. Also we need to set the range of the time difference between A and B events. We
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normally set it to be 20-200 time windows which means 1-10 pus. This setting means as
long as B event happens within this range after A event, the data acquisition process will

be triggered. Figure 6.16 shows how the pulses looks from the AB trigger mode.

6.3.1 Beta and Alpha Spectrum Analysis with AB Trigger

(a) 3D geometry of one PMT trigger. (b) 2D energy mapping on three side of the detector.
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(¢) 2D energy mapping of one side of detector. (d) 3D example of the same energy mapping from one
side of the detector.

FIGURE 6.17: Example of one cube analysis from AB trigger result.

Since the trigger source is one PMT, the analysis of the result will be similar to what we
explained in the last section. Figure 6.17 shows an example of a one cube analysis we
did with this AB trigger mode. The PMT marked orange is the source of trigger. The
cube marked blue is the cube we picked by geometry to analyze. As explained before,
to make sure only this cube gets energy deposition during the data acquisition of this
event, we do a energy mapping of three sides of the detector and check whether only the
PMTs geometrically aligned with this cube have large signals. Figure 6.17 (b) shows a
2D energy mapping of three sides of this detector. We can tell from figure 6.17 (¢) and
(d) that if the color of the pixel close to blue, it means the signal from PMT at this pixel
is really low. On the other hand, yellow color means the PMT at this pixel actually has

real signal output.
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The major benefit of this AB trigger mode compared to the simple mode we explained
before is that we are able to recreate the pulse from prompt signal the same as the delayed
signal. With this ability, there are several useful analysis approaches we can use to have

a better understanding about the coincidence event we are interested in.

Energy Spectrum of A and B Events

Energy spectrum of B event
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FIGURE 6.18: Spectrum analysis about Bi-Po coincidence. Figure (a) shows a
combined version with both beta and alpha spectrum being presented. Figure (b)
shows a separate alpha spectrum from same data set.

The direct analysis we can do is to get the spectrum from both prompt and delayed signals.
Figure 6.18 shows how the spectrum looks. Figure 6.18 (a) shows both of the spectrum
from prompt and delayed signal. These two spectrum are actually analyzed from the
same PMT and we search for the events geometrically well defined so both prompt and
delayed signals came from the same cube. It shows clearly that delayed signals look like
a unique energy spectrum from alpha particle deposition and the spectrum of prompt
events has a wider energy range which is consistent with a beta spectrum. Also as we
already know from the Bi-Po coincidence, the maximum energy of beta particles is close
to 3.27 MeV and the energy of alpha particles is around 750 keV with the quenching effect
of the scintillator. So the edge of the beta spectrum should be around 4 times higher
than the mean value of the alpha spectrum. When we check this ratio with figure 6.18
(a), this figure is actually consistent with our prediction. This analysis is a good mimic
of IBD event analysis NuLat detector should deal with in the future. IBD events have
similar temporal coincidence like Bi-Po coincidence. The delayed signal in an IBD event
is from neutron capture by ®Li and also have a unique energy like the alpha particle from
the decay of Po. This analysis helps us to get an energy spectrum of the positron created
by the IBD reaction which carries most of the energy from the antineutrino we want to
detect.
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FIGURE 6.19: Analysis where signals of A and B are from different cubes. Figure (a)
and (b) shows different definition of the geometry when we pick up real events. Figure
(a) shows that the events are defined intentionally to the plane between the second
and third cube from the PMT1, on the other hand, figure (b) shows another geometry
that events are required to happen at the plane between the first and second cube.
The Alpha spectrum from these two case received by PMT 1 and 3 are summarized in

figure (c)-(d).
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6.3.2 Well Defined Geometry Analysis with AB Trigger

Another analysis which is a little different to what we just explained is that we can
also require A and B signals come from two different cubes neighboring each other, thus
deliberately picking up events where the Bi-Po coincidence happens in the thin air gap
between these two cubes. Figure 6.19 shows this analysis. Figure 6.19 (a) and (b) show
two different geometrical structures, the delayed signal comes from the same cube, but
prompt signal comes from different cubes. In case 1, Bi-Po coincidence is in the air gap
between two cubes away from PMT1, however in case 2, Bi-Po coincidence is in the air gap
only one cube away from PMT1. Figure 6.19 (c)-(d) shows four different energy spectra
related to PMT1 and PMT3 from case 1 and 2 separately. These 4 energy spectrum are
all alpha spectra detected by these 2 PMTs in these 2 cases. By comparing the mean
value of these spectra, we can tell that the mean value of the spectrum from PMT1 has
a clear rise of around 14% when the air gap where the Bi-Po happens one cube earlier
related to the PMT1. This shows that when photons travel through 2 cubes instead of
one cube, there is an extra 14% loss. This loss rate is actually consistent with what we
got from our camera analysis and also from the result of analysis we did with the simple
trigger explained before. When we check the response of PMT3 with these two different
geometric structures, the mean value becomes a lot closer. This is also consistent with
our prediction because the distances photons have to travel to reach PMT3 in these two

cases are actually very similar.

6.3.3 PMT Gain Matching Analysis with AB Trigger

Besides these two analysis which depend highly on the geometrically defined A and B
signal, we can also do the PMT gain matching which is similar to what we did with
the simple trigger. Figure 6.20 shows an example of how we are doing this analysis
and understanding the difference of gain of 9 different PMTs on one side. Three PMT's
marked orange are the source of trigger from three different data acquisition process.
Each time when we set one PMT as our source of trigger, the signal generated by 5 cubes
aligned with this PMT can be well understood. So when we organize the analysis of
the result from the data with these 3 different PMTs as our trigger source, we can fully
understand the 15 cubes align with them. However, because we currently have 3 x 3 x 3
Li loaded cubes in the center surrounded by unloaded cubes, and these two kind cubes
have different light yield, we only pick up the result from 9 Li-loaded cubes as our major
calibration cubes. Figure 6.20 (b) shows how these 9 cubes relate to the PMTs with light
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FIGURE 6.20: Example of analysis for PMT gain match. It shows the result from the
analysis of the different gain on the side with PMT and light guide. All 9 PMTs
facing the Li Loaded cubes are compared by their response to the alpha signal from
the third cube from these PMTs. Figure (a)-(c) explaine the geometric structure of
this analysis, PMTs marked as orange are the PMTs working as trigger source for
each data taking run. Figure (d) shows a summary of the result from this gain
matching analysis.

guides. There are two cubes between the cubes we analyzed and PMTs with light guides.
The mean value of the alpha spectrum from these PMTs are mapped by a 3D histogram
shown in figure 6.20 (d).



Chapter 7

Summary Of Calibration Result
Related To The Solid Scintillator

In chapters 5 and 6, we described many tests we performed. Some of them were directly
on the scintillator and electronics, others were from actual data taking from the assembled
NuLat detector. In this chapter, we summarize all the information we got from these tests
related to the current solid scintillator we are using. It also gives us hints about what

kind of improvement we need for the next generation NuLat detector.

7.1 Light Transmission Property of Current NuLat

Detector

Unloaded cube light loss test
8000000 Li Loaded light loss test
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7000000 6750305 4072565
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FIGURE 7.1: (a) Data analysis result from light transmission test for unloaded
scintillator (b) Data analysis result from light transmission test for unloaded
scintillator.
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In chapter 5, we introduced the light transmission test through a different number of
cubes with a diffusive source. The result from unloaded cubes and Li loaded cubes are as
figure 7.1 shows. The comparison shows that the light loss through each unloaded cube is
around 11%-14%, however, this ratio increase to around 20% or higher when a Li loaded
cube replaces the unloaded one. There might still be some misinterpretation of the result
from the camera, but we are convinced by the comparison that there is more light loss

during the light transportation due to the Li loaded cubes.

(a) A and B signal defined to different cube with A (b)

A and B signal defined to different cube with A
signal at the cube further from PMT1. an sienal detmed 1o diierent cube wi
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(c) Alpha spectrum by PMT1 from case 1. (d) Alpha spectrum by PMT1 from case 2.

FIGURE 7.2: Analysis about signal of A an B on different cube.

The value of how much light is lost through one Li loaded cube is also measured by
radon calibration introduced in chapter 6. Figure 7.2 shows how this test works and the
result of it. Two sets of data were pick specifically as figure 7.2 (a) and (b) shows. By
requiring prompt and delayed signals caught by different cubes, the position of the Bi-Po
coincidence is well defined at a plane between these two cubes. Figure 7.2 (a) shows that
the alpha signal defined by this geometry needs to go through 2 cubes to reach PMT1,
however in the geometry in figure 7.2 (b), it only needs to go through one cube. The
spectrum of signals from these two planes received by PMT 1 is shown in figure 7.2 (c)
and (d). The mean value of the spectrum which signal need to go through two cubes is

3005, however in the case in which signal only needs to go through one cube the value is
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3457. So this analysis shows that there is around a 14% light loss through one Li loaded

cube.

This number is lower than what we got from the camera test, but not too far from it. The
major concern about the light loss through each cube is because this property actually
set a limitation to the volume NuLat detector can be. As explained in chapter 3, when
we estimate the sensitivity of the detector, the volume of the detector is directly related
to how good statistics we would reach. That’s why in the estimation, we put a large scale
like 10 x 10 x 10 model or even 15 x 15 x 15 model into the simulation. However, an
actual detector with such big volume cannot have good energy resolution from each cube
with this kind of light loss ratio. So at this point, this version of scintillator from Eljen
has been shown to be not quite suitable for the NuLat detector. The similar conclusion

has been drawn also by the light yield test we will explain in the next section.

7.2 Light Yield Difference between Li Loaded Cubes
and Unloaded Cubes

We knew there was a different light yield from Li loaded and unloaded cubes. However,
because of the two spectra shown in figure 7.3, we figure out that the difference is actually

a serious issue for our neutrino detection.
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FIGURE 7.3: Figure (a) shows alpha spectrum from a analysis process that requires
both prompt and delayed signals caught by the unloaded cubes, figure (b) shows
alpha spectrum from a analysis process that only require delayed signal caught by the
unloaded cubes.

Two spectra shown in figure 7.3 are from the same data set with different analysis pro-
cesses. The geometry information about the data set used in figure 7.3 is shown in figure

7.4. This is just a regular Bi-Po test as we explained in chapter 6. As figure 7.4 shows,



117

the alpha spectrum we try to analysis is selected from a unloaded cube. The spectrum
shown in figure 7.3 (a) comes from the analysis process that both prompt and delayed
signals are required to be caught by the same cube. The spectrum shown in figure 7.3
(b) comes from the similar process, the difference is that only delayed signals are well
defined in this cube. So the events picked up by the spectrum in 7.3 (a) have a better
defined geometry than those picked by the spectrum in 7.3 (b).

FIGURE 7.4: Geometry structure related to the data sets of figure 7.3.

There is clearly a big difference between these two spectra. There are two peaks shown
in spectrum 7.3 (b), however, only the higher integral value position shown in spectrum
7.3(a) dominates. The other peak in 7.3 (b) becomes a small bump in spectrum 7.3 (a).
A reasonable guess about this is that the peak located at higher integral value appeared
in both spectrum is the actual alpha peak from the Bi-Po coincidence. The other peak
shown in 7.3 (b) (corresponding to the bump in 7.3 (a)) is actually from other alphas
created in the radon decay chain. Actually, within the radon decay chain, before the
Bi-Po coincidence, there are three alphas emitted and the quenching effective energy of
all these three alphas are around 400 keV. As we explained before, the effective energy of
the alpha from Bi-Po coincidence is around 800 keV. Because these lower energy signals
are from events with no temporal and spatial coincidence, that’s why the peak becomes

a lot smaller in 7.3 (a) when we have a better geometry requirement.

This guess is actually verified by a result we got earlier from a PSD test with radon source
shown in figure (7.5). The hot spot located around 1000 on horizontal axis and 0.1 on the
vertical axis is the spot related to alphas from Bi-Po coincidences. However, there is also
a smaller spot besides it shown in the area which has similar vertical position. This is
the signal from the other alphas in the radon decay chain just as explained. So these two

different test actually are consistent with each other at this point. This test also shows
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FIGURE 7.5: PSD result from Bi-Po coincidence test. The horizontal axis is the
integral value of the pulse. The vertical value is the ration between the integral of the
tail of the pulse to the integral of the entire pulse.

that the ROL concept and the geometry reconstruction ability NuLat has can actually

reject a lot of background using its well defined geometry.

However, a problem revealed itself when we did a similar analysis on Li loaded cubes. We
only get one peak as some results presented in chapter 6. The explanation of this finally
goes to the different light yield between Li loaded cubes and unloaded cubes. The guess
is that the light yield of Li loaded cube is so low that the alphas with effective energy
around 400 keV cannot be detected. This guess may not be far from the truth. The
pulse height responding to the alpha signal from Bi-Po sometimes can be as low as 50
which is already very close to the base line. Recall that when we introduce the process of
neutron capture by ¢Li, the effective energy which can be detected is around 400 keV. So
the phenomenon that the current version of the detector has trouble to detecting these
background alphas from radon decay shows it could have a similar problem dealing with

the neutron capture signal.

The analysis of the actual light yield difference between these two kind of cubes is shown
in figure 7.6. The same PMT is picked to avoid any gain matching confusion between
different PMTs. A Li loaded cube and an unloaded cube are picked to be neighbors to
each other and align with this PMT. The peak position of the alpha spectrum from the

Li loaded cube is around 2000, however in the spectrum from unloaded cube, the peak
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FiGure 7.6: Light yield comparison between Li loaded and unloaded cubes. The
spectrum are from PMT marked as yellow in the graph. (a) has the geometry that
alpha signal being detected is from Li loaded cube located three cubes away from this
PMT. (b) has the geometry that alpha signal being detected is from unloaded cube
located four cubes away from this PMT.

position is actually around 5000, even though there is one more cube that photons need
to pass through from this cube compared to the Li loaded one. This analysis shows that

there is at least 60% difference of light yield between these two kind of cubes.

So similar to the conclusion we obtained from the last section, there is a necessary im-

provement we should make for the scintillator used by the next version of NuLat detector.

One option we have is using liquid scintillator like Ultima Gold AB instead of solid version
we currently have. The liquid scintillator can be filled into a cubic shape acrylic box which
sealed perfect so liquid will not be able to leak out. Teflon films can be used to create
barriers we need for the ROL requirement. A proper arrangement of Teflon films can
form the small cell so that the structure of the liquid version NuLat detector have each
cell with Ultima Gold AB and the barriers between them are Teflon films. The refractive
index of Ultima Gold AB and Teflon films are 1.56 and 1.34, based on the simulation we
introduced in chapter 3, we should still be able to do effective geometry reconstruction
with these kind properties. One of the benefits of liquid scintillator is that we can control
the Li loading ratio based on our requirement. Lower the loading ratio can increase the
light yield and transparency of each cell. Although there is also negative side of lower the
Li loading ratio, it means the average time of the neutron capture will be longer compared
to the current version which will reduce the signal to background ratio, that’s why some

actual tests need to be done to verify what kind of ratio is best for our purpose.
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Besides the improvement of scintillators, there is another simple improvement we can
make for the current version of the NuLat detector. As shown before, we have only 25
light guides mounted in the current detector. Our collaborators are currently working
hard making another 50 for this detector. With all the PMTs mounted with light guides, a
better light collection might help the low light yield issue from Li loaded cubes. Although

in the long run, a better scintillator material need to be defined for sure.



Chapter 8

Conclusion

Significant assembly and calibration work has been done with the current version of the
NuLat detector. The advantage of ROL based detector to reject background is verified by
the radon calibration result as discussed in chapter 7. The energy mapping we showed in
chapter 6 also shows low cross talk of the current NuLat detector, so the light channeling
ability and geometric reconstruction ability are all verified by these tests. With the AB
trigger mode on mTC DAQ, both prompt and delayed spectrum from Bi-Po coincidence
have been analyzed and the values are consistent with the prediction, so that the basic

trigger mode can be used for IBD is verified at this point.

On the other hand, low light yield from the current version °Li loaded plastic scintillator
and the high light loss rate shown in the measurement are crucial issues which need to
be fixed for next version of the NuLat detector. The potential solutions are having light
guide fully mounted to increase the light collection ability and searching for the new type
of scintillator and with lower ratio of 6Li doping. The liquid scintillator like Ultima Gold
AB with Teflon films work as the barriers may be a good candidate for the next version
of the NuLat detector.

Another topic is the improvement of the firmware currently running on the mTC DAQ.
As introduced in Chapter 6, the current firmware cannot define the geometry of the signal
by itself. So we have to deal with the issue by some advanced triggering methods coupled
with some software analysis. These problems can potentially be solved by a re-design
of the firmware in the near future. The background rate can be greatly reduced if the
DAQ can do a preliminary check for spatial coincidence of prompt and delayed signals,

so only the events having these two signals happen in the same or neighboring cube can
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be triggered. Also by requiring a range that only the number of PMTs get signals fall

into this range can fire a trigger, it can help reject background signals effectively.
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Appendix A

Guide Coating for UltraCold

Neutrons Experiment

In this chapter, we introduce a new topic. Although it is unrelated to the NuLat detec-
tor, a lot of work was done over the last six years on this topic, resulting in numerous
publications with Xinjian Ding as co-author[9 7 This topic is mainly about the guide
coating development for ultracold neutrons (UCN) transportation. UCN have energies
below 300 neV which give it the name “ultracold” neutron. Many experiments to use
these unique UCNs to do different measurements for various physics motivations. Our
work at Virginia Tech (VT) was to develop a reliable method to manufacture effective
guide system so ultracold neutrons can be transported from source to the detection area
without too much loss and with stable physics status like the spin state of the neutrons.
Since its an unrelated topic to NuLat, we just briefly introduce some important content
related to this topic. We start with the actual UCN experiments our guides and source
part are being used for. Then we introduce the physics idea behind the guide coating

and how we make it happen in real life.

A.1 Introduction About UCN Related Experiment
At Los Alamos National Lab (LANL)

The UCN experiment area is located at LANL TA-53, Neutron Science Center. Figure
A.1 shows the diagram of how the research area looks like at LANL. Spallation neutrons

from the 800 MeV proton accelerate impinging on a tungsten target are fed into the solid
130
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deuterium UCN source!™ and produce UCN via down-scattering. This part is shown at
the left part of figure A.1. The solid deuterium needs to be made by a cooling process
until it reach 4K temperature. After that, UCN will be guided by the guides we made
to different research areas. The major benefit of this kind of UCN source is that UCN
can be 100% polarized. This makes it really useful for different measurements needing a
controllable spin state of the neutrons. In the area, there are several apparatus related
to this spin control work, like the PPM (pre-polarized magnets) and the AFP (Adiabatic
Fast Passage). These apparatus all contain super conduct material which also needs to

be run at 4K temperature.

UCN Source

FicUre A.1: Diagram of UCN research area at LANL.

The expression of beta decay rate is deduced by Jackson et al.[™ as shown in equation
A.l.

dW < GEV2(g2 + 392)F(E.)dE.dQ.dQy

- L Lo (A1)
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G is the Fermi constant. V4 is first component from the CKM matrix. g; and g, are
respectively the vector and axial-vector factor that corresponds to one possibility for a
Lorentz invariant coupling. Flp, is the Fermi function which gives the allowd shape of

the energy spectrum. E. and Ej are related to the energy of electron and anti-neutrino.
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E. and Ej; are related to the mass of electron and anti-neutrino. o;, is the neutron spin.
Beta decay observables a, A, b, B and D are called correlation coefficients. Different
detectors are designed for measuring these observables with the UCN source. These
experiments are named after what coefficient they designed to measure like UCNA, UCNB
and UCNb. Also there is an experiment designed for measuring the life time of neutorn
named UCN-tau. Since it is just a brief introduction, I will not discuss too much about

these experiments. More detail can be found from Ref[66-69],

Concrete shield wall
o

F1GURE A.2: Picture about part of guide system at UCN research area.

Figure A.2 shows part of the guide system mounted at the UCN research area at LANL.
These guides are named by different purposes they serve. All these guides can be cate-
gorized into three groups. Stainless Steel coated with ®Ni by EBeam (electron beam)
evaporation are mostly used for UCN source. Copper and Quartz coated with diamond
like carbon (DLC) are mostly used for UCN transportation and decay. Quartz tube is
specifically picked to be used in the region where radiation needs to penetrate to act on

the neutron’s spin.

F1GURE A.3: The coating chamber located at Virginia tech.
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Most of these guides were made in the chamber at VT shown in figure A.3. In the next 3
section, I will briefly introduce the physics idea about guide development and what kind

of method we used to do actual coating in this chamber.

A.2 Theory of Neutron Interaction With Materials

As shown in the previous section, there are long journeys from where the UCN were cre-
ated to the detection area. Except for the complicated geometry, there are also designated
special areas for fully polarizing UCN and picking neutrons with right spin status. All
these make it extremely important that we have proper equipment to guide UCNs from
source area to the detection area with high efficiency. The way to achieve this relies on
the physics of interaction between UCN and the surface it hits. The detailed logic behind
the physics will be omitted here, but the idea can be simplified as figure A.4 shows.

For E, <V,

V,\¥

R*e—lkx

Ve

Aeikx

FIGURE A.4: Wave function of a particle reflected from a material surface
represented by a step in potential energy.

This is just a simple quantum mechanics model about a wave function hitting a potential
step which has higher energy than the wave function itself. The probability of refection
and transmission is determined by the height of this potential step. This model and
related computations can be found in any quantum mechanics book. The potential energy

Vr here is what we call the Fermi potential, which is defined as follows

B 2 h?
om

v

Na, (A.2)

where a is the scattering length which depends on what atoms interacts with UCNs, and

N is the number density in the material. In addition to the effective Fermi potential,
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there are also other factors which might cause the loss of UCNs during the interaction.
It might be that the UCNs are absorbed by the material, or it could be that there is
inelastic up-scattering which results in greater energy of UCNs than the Fermi potential.
The simple way to fix this in our calculation is to make a replacement of Fermi potential
Vr to a complex form U = Vg —¢W. The new imaginary part W represents the loss
factors of interaction between UCN and the material of surface. With this simple quantum
model and defined materials, we can easily have a pretty accurate prediction about the
probability of reflection and transmission related to the surface with a specific structure

and different energy of UCNSs.
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F1GURE A.5: An example of multilayer films which were designed to have a resonance
like effect on transmission of certain energies of UCNs.

Figure A.5 is an example showing different transmission probabilities of UCN of various
energies when they hit the surface with same structure. This complicated structure is
composed of 3 layer Cu with 170 A and 2 layer Al with 600 A thickness. This specific
multilayer film was designed intentionally to let neutrons with energy around 76 neV and
86 neV all being transmitted, but neutrons with all the other energies below 100 neV
being reflected.
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Material ‘ Vi (neV) ‘ Prob.loss/bounce (1079) ‘ Prob.spin flip/bounce (1079) ‘
BN 346 5 5 x 10°
316L Stainless Steel 183 < 100 4000
Cu 170 15 1
Quartz 90 59 14
Be 250 7.1 7.2
PLD DLC 220-270 <1 2

TABLE A.1: Materials suitable for UCNs transportation with different purpose.

The design of coating systems and the material we should use is predicted by the same
computation. Potential materials suitable for our UCNs transportation requirement are
listed as Table A.1.

Some materials like ¥ Ni have really good Fermi potentials which seems pretty good for
our transportation purpose. However, since it is a magnetic material and most of the
UCN related experiments require stable polarization status during transportation, so we
only use this material around the source area. The most common surface we used for the
transportation is diamond like carbon (DLC) coated by pulsed laser deposition (PLD)
inside Cu or Quartz tubes. The reason to choose this material is because the high Fermi

potential and low spin flip probability it has as listed in the table A.1.

A.3 Pulse Laser Deposition System For Diamond Like
Carbon (DLC)

As explained before, the reflection probability of neutrons is highly depends on the Fermi
potential of the surface it hits. We designed our system to work with carbon deposition
to form a suitable surface for high reflection probability, since the scattering length, a,
is predefined by carbon atoms, so the only way we can increase the Fermi potential is
to raise the density of the carbon films. That is the major reason we try to form more
sp® hybridization structures instead of sp? during our deposition process and call the
structure diamond like carbon (DLC).

Besides higher ratio of sp® hybridization structure in our carbon films, we also wanted
to estimate how thick our film should be. So we did a computation as explained in the

last section with basic quantum mechanics. The result shown in figure A.6 shows clearly
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FIGURE A.6: A computation to estimate the effect of thickness of film to the
reflection probability of UCN.

that when the film has a thickness above 150 nm, as long as energy of neutrons are
below the Fermi potential of the film, the probability of reflection are all close to 100%.
So during our coating process, we always target 150 nm as our thickness. Although in
reality, there are some compromises we have to contend with about thickness and ratio of
sp? hybridization structure. More dense carbon atoms and thicker films actually directly
relate to more stress within the carbon films and higher potential risk of delamination.
So we have to keep a balance between good quality coatings and stability of films for long

term usage.
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FIGURE A.7: Cleaning system for guide coating!?°! .

There are several different cleaning processes before actual deposition work. Figure A.7
shows a picture of our cleaning apparatus. All the guides to be coated should go through
different chemical baths first with an ultra-sonic cleaning system. The regular cleaning

time in each chemical liquid is around 10 minutes. After these processes, guides would be
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placed into a chamber to be baked in a high temperature vacuum environment. Typically
this baking process is set to be 200 °C' for 24 hours and then 350 °C for 24 hours. After
these processes, guides are ready to be mounted into the coating chamber and go through

the actual deposition process.
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FIGURE A.8: Diagram of the laser, Gas Cage, optics and deposition chamber in the
coating area. (25]

Figure A.8 shows a bird’s eye view of the room having the apparatus for pulsed laser de-
position (PLD) coating work. There are different gas bottles for laser filling and chamber
venting in the room. One chiller should be kept running for cooling the laser. The laser
beam should be guided by the optics from the output port until it is focused and hits the

exact position of the target we want it to be.

The mechanism of sp® bond formation can be summarized as a subplantation process. ™!
During the deposition of carbon film, the initial film will contain high ratio of sp? struc-
ture. As the deposition keeps going, high energy carbon ions will penetrate into the
surface layer and enter a subsurface interstitial site, where the resulting increased density
causes it to take on the metastable sp® configuration. Detailed modeling and simulation
can be found in Ref(™!. Currently we use the LPX-300 as our laser to create high energy
carbon ions (~ 100 eV). It can create laser pulses at wavelength 248 nm with intensity
from 300 mJ to 1 J. The laser is shown in figure A.9.

Figure A.10 shows a diagram explaining how the apparatus is related to actual DLC
deposition are organized. The laser beam focused by a lens goes through the port from
the left and hits the carbon target located around the middle of the chamber. The energy

of carbon ions is estimated by an ion probe located on the middle top of the chamber with
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FiGURE A.9: Laser used for DLC deposition.
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F1GURE A.10: Structure of all the apparatus related to actual deposition process.

a time of flight (TOF) measurement. There are two drive systems running independently
during the coating. One drive system controls the movement of the carbon target. It
drives the carbon target to move in a small elliptical shape which can avoid the condition
that the focused laser beam keep hitting the same point of the target. The other drive
system controls the movement of the guide cage. It can drive the cage to move forward or
backward with a fixed rotation speed. This allows stable movement of the guide during

the coating to form a uniform film.

Figure A.11 shows a CAD diagram of the coating chamber with target and guide being

mounted properly. There is a copper tube with around 1 —3/4"” diameter pre-mounted in
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FIGURE A.11: A CAD sketch of the DLC coating system. (a) is the view of the
chamber from the top window on the chamber. A carbon target can be seen located
in the opening of the center tube. (b) is a side view of this structure. The angle of the
surface of carbon target is tilted around 30° and can be seen from this view. (c) shows
a general view of this coating system. A tube needing to be coated is mounted in a
frame which we called the guide cage. It can drive this tube forward or backward with
a fixed rotation speed.

the chamber from the input end of the laser beam to the center of the chamber. This thin
tube serves different purposes like keeping the carbon dust during the coating process and
holding the quartz lamp for EBeam evaporation deposition which will be discussed in the
next section. The carbon target should be held inside this tube at the proper position so
it faces an opening on the top. When a guide needs to be coated, move it though this
area and the carbon ion ablated by the laser beam will be deposited into the inside wall

of the guide.

Some examples of the finished guide DLC coating are shown in figure A.12. These figures
are picked to show different materials and shapes of guides passing through this DLC
deposition process. Figure A.12 (a) shows the coating on the inside wall of a 5 inch
diameter copper tube. Figure A.12 (b) shows the coating on a copper plate. Four coated
plates will be assembled into a square shaped guide finally. Figure A.12 (¢) shows the
coating on the inside wall of a 2 —3/4” quartz tube. These figures also show the structure

of the guide cage actually running during the coating.
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FIGURE A.12: Some picture of coated guides are presented in this figure. Figure (a)
is a 5 inch diameter decay trap guide mounted in the SCS region as figure A.2 shows.
It is the major detection area for UCNA and UCNB detector. Figure (b) is a piece of
plate coated by DLC. There are four pieces of plate coated and assembled to form a
rectangular shaped guide. This rectangular guide connects the input port of decay
trap to down stream of the AFP as figure A.2 shows. Figure (c) is a 2-3/4” inch
quartz guide coated by DLC for the UCN-tau Experiment.

(b)

FIGURE A.13: Figure (a) is the picture of witness strip wrapped with aluminum foil.
Figure (b) is the picture of witness strip after deposition process. There is a clear
edge separate the surface coated and uncoated.
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To understand the films being coated on these guides, we also put some witness strips
with the guide when it is mounted to the guide cage. The example of the witness strip
is shown in figure A.13. It is made from a silicon wafer covered by a piece of aluminum
foil. As figure A.13 (a) shows, only part of the silicon wafer will be coated during the
deposition process. There will be a clear edge because of this to separate the area of

coated and uncoated clearly as figure A.13 (b) shows.
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FIGURE A.14: Several different surface analysis work are included in this figure.
Figure (a) is the result from an AFM test to define the level of smoothness of the film.
Figure (b) is the result from the Profilometry test to identify the thickness of the
coating film. Figure (c) is the spectrum analysis from an XPS test to give a roughly
estimation of the sp3 ratio in the carbon film.

Different measurement can be done on these witness strips after the deposition and help
us understand the property of the film. Figure A.14 shows some results from surface
analysis. Figure A.14 (a) is the AFM analysis we did to check how smooth our DLC film
is. As this graph shows, there are some small bumps, but most of the surface is smooth at
nm scale. Figure A.14 (b) shows the result of a profilometry test. This is used to measure
the thickness of the film. The step shown in this graph is actually the step shown in figure
A.13 (b). Because only part of the witness strip has been coated, so as long as we check
the region contain the step, we can get the thickness of the coated film directly. Figure
A.14 (c) shows an XPS analysis result. This test should tell us how much sp® structure
is in the carbon film compared to the sp? structure. The spectrum has been re-analyzed

and fit with two Gaussian curves centered around 285 eV and 284 eV. The Gaussian
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curve centered around 285 eV represents the sp® bond, the other Gaussian curve centered
at 284 eV represents the sp? bond. By comparing the area of these two curves, we can
extract the sp®/sp® ratio from this PLD run. The figure A.14 (c¢) specifically shows that

around 56% of sp® has been generated during the coating.

A.4 Electron Beam Feposition For **Ni Coating

As explained before, 3 Ni is also a good candidate as the material for UCN transportation.
The only reason we are not using it for most areas of our experiment is the depolarization
property it has. But we actually don’t care about the polarization status at the source

region. So use guides coated by *®Ni in our source region.
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FIGURE A.15: Diagram of EBeam coating structure 2.

The 58Ni coating is mostly done in the same chamber as introduced before. But during
this coating, we use electron beam instead of laser to evaporate the *®Ni and have it
condense onto the surface we need it to be. Figure A.15 shows the structure of EBeam

coating system.

FIGURE A.16: Photograph of the quartz lamp installed during EBeam coating[?°).

A quartz lamp takes the place where the carbon target was located. Figure A.16 shows

the how the quartz lamp looks. This quartz lamp emits wavelengths from the ultraviolet
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(UV) range to the near-infrared (NIR) (~ 240 nm to ~ 2700 nm) with the majority of
the light in the visible to NIR range. It is specifically used to heat the surface during the
coating to pre-evaporate any contamination of water molecules. The head of the EBeam
gun is actually in front of the center tube pre-installed in the chamber. A Crystal Monitor
is mounted around top of the head of the EBeam gun. It is used to estimate the current

evaporation rate from the crucible containing **Ni.

FIGURE A.17: Picture (a) is taken to show how the EBeam gun is mounted in the
center of the coating chamber. Picture (b) shows the exact shape of the head of
EBeam gun with crucible and Ni pills.

Figure A.17 shows how the EBeam gun is mounted in the chamber and how the head of

EBeam gun looks with its crucible and *®Ni pills.

FiGURE A.18: Photograph of the ebeam head, during use, of the tube coating
chamber ebeam. The faint blue arc is the magnetically guided electron beam emitted
by the filament. Here the vapor density of the evaporating nickel is so high that one
can see the photo emission of the nickel atoms via electron recombination or
excitation.

Figure A.18 shows a picture from an actual deposition process. The electron beam is
generated from the filament in the head and guided by the magnets pre-installed on the

head so it can hit and evaporate ®*Ni in the crucible.
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F1GURE A.19: These two pictures were taken 2016. These are components coated
with 58Ni and used for the new generation UCN source.

Figure A.19 is some examples of the guide component we coated during 2016 for the new

generation of UCN source.

A.5 Summary of Guide Coating at Virginia Tech

In previous sections, we already introduce the importance of guide in UCNs related
research and the apparatus at Virginia Tech which can be used for effectively coating
the guide good for UCNs transportation. In this section, we summarize all the work we
have done in past 6 years and briefly discuss possible improvement of this project in the

future.

In the past 6 years, a new set of decay trap guides coated by DLC were made and installed
in 2014. Decay trap guides are mainly used by UCNA and UCNB projection in the final
detection area. A new set of squared guide was also made around same time. It was
constructed by four copper plate with DLC coated and it was mainly used to transport
UCNs from AFP to the decay trap. It was also implemented around 2014. Several quartz
guides coated by DLC were made around 2014 and 2015. They were backup guides for
the AFP running by UCNA, UCNB and UCN-tau. In 2016, the EBeam system was
assembled again for 8Ni coating purposes. All the parts need to be assembled as the new
version UCN source were coated during this time and the source were installed during
the fall of 2016. Although there were many unexpected issues we had to deal with, most

guides needed to be done were delivered fortunately.

DLC and *®Ni coated guides have been used for UCNs transportation for many years.
However, some new materials start showing better performance and relative coating sys-

tem might be worth developing. NiP is one of these new materials and already tested by
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UCNSs group works at LANL. It has high Fermi potential (~213 neV)!™ and low spin-flip
probability (3.3718 x 107% per bounce)["™. Since this material is more stable than DLC
films, it should be a good replacement for the DLC guide in the future.



