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Abstract

Neutrino physics has seen exciting developments over the past five years, following the
experimental evidence of their oscillations in the atmospheric and solar sectors; precise
measurements of neutrino properties play a crucial role in understanding fundamental in-
teractions and physics at the cosmological scale.

Borexino is an experiment for low energy (< 1 MeV) solar neutrino spectroscopy ap-
proaching completion at the underground Gran Sasso laboratories in Italy. It is specifically
designed to measure in real time the flux of mono-energetic “Be neutrinos produced by fu-
sion reactions in the Sun. Its 300-ton liquid scintillator target is contained in an 8.5 meter
diameter nylon inner vessel (IV) and is surrounded by 1000 tons of buffer fluid. A second,
11.5 meter diameter concentric nylon outer vessel (OV) around the IV serves as a barrier
for radon emanated at the periphery of the detector.

Borexino requires unprecedented low levels of radioactive impurities to be a success
(~ 1 background event/day in the central 100-tons of scintillator). The IV, which is in
direct contact with the scintillator, also has to meet extremely stringent radioactive and
cleanliness requirements. Intrinsic levels ~ 10712 g/g for U and Th and ~ 1078 g/g for K
are needed. A maximum ~ 5 mg of “dust” and ~ 5 x 107° Bq 2'°Pb activity deposited
(from radon in the air) on its surface can be tolerated.

The vessels, assembled in a clean room in Princeton, made of a 125 micron-thick mem-
brane, need to be leak tight at the 1072 cc/s and 1 cc/s level for the IV and OV respectively,
and have to withstand mechanical stresses due to density differences and temperature gradi-
ents between the fluids they contain. Their requirements and assembly process are presented
in detail. An upper limit on the inner vessel leak rate of 1072 cc/s was measured. The per-
formance of a matrix of light sources, placed on both vessels for monitoring its shape with
digital cameras, is demonstrated. A measurement of the relative densities of the scintillator
and buffer solutions to better than 1 part in 10* is also discussed.

The problem of surface contamination by radon in the air is extensively addressed,
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strategies for minimizing it are analysed, and the effectiveness of their application evalu-
ated. In particular, an original radon filter based on vacuum swing adsorption on activated
charcoal has been developed for use in connection with the clean room. Such a technique
yielded radon abatement factors in excess of 10* in a small-scale prototype, and ~ 100 in
the final system. The device ran continuously for one year and contributed significantly in
controlling the radon contamination of the IV during its assembly. Similar filters could be
valuable for other low-background experiments.

Finally, trace scintillator radioactivity data are reported from CTF3, a counting test
facility for Borexino now in its third data-taking phase. An intrinsic C isotopic contam-
ination of the scintillator ~ 5 x 107 has been measured. Upper limits of ~ 3.5 x 10716
g/g on 23U contamination and of ~ 1074 Bq/ton for the ®*Kr residual activity have also

been set.
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Foreword

This thesis reports on work carried out in Princeton in the past five years for developing,

designing, and assembling the nylon vessel system for Borexino.

In chapter 1, the current situation of neutrino oscillations and solar neutrino physics is
presented, along with an outline of how the so-called “solar neutrino problems” arose and
were recently solved. The importance of performing precision measurements of low energy
solar neutrinos with experiments such as Borexino is also discussed.

Chapter 2 summarizes Borexino’s physics goals, its design, detection principle, and
requirements. The unprecedented low background requirements of the detector are empha-
sized. The CTF test facility is briefly described.

The stringent cleanliness, radioactivity, and mechanical requirements of the nylon vessel
system are summarized in chapter 3. A measurement of the relative densities of the scintil-
lator and buffer solutions is presented. A thorough description of the radon contamination
problem during vessel assembly in the clean room is given.

The following two chapters are dedicated to the description of an original vacuum swing
adsorption radon filter. Chapter 4 reports on the results obtained with a small-scale proto-
type, after providing an extensive overview of the basic operational principles. Results from
tests of radon adsorption on activated charcoal, essential for designing the system, are also
shown. Chapter 5 describes the full-scale radon filter and its performance. Conclusions on
the radon contamination of the Borexino inner vessel are drawn. A discussion of the filter
performance along with suggestions based upon our experience are given.

The vessel assembly process and leak checking are detailed in chapter 6 with the aid of
sketches and pictures. The original assembly technique of the light sources on the vessels’
surfaces is described in chapter 7, together with pictures that demonstrate their perfor-
mance.

Chapter 8 presents data from the counting test facility (CTF) for Borexino. Results
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from measurements of the contamination levels of trace impurities are shown. The analysis
of the krypton residual levels were measured using statistical tools specifically developed

for very low counting rates.
Every effort was made to write each chapter so that it could be read (and understood)

individually. Cross-references to sections from different chapters are given for better com-

prehension of specific topics.

viii



“The life of the spirit may be fairly represented in diagram form as a
large acute-angle triangle divided horizontally into equal parts with the
narrowest segment uppermost. The lower the segment the greater it is
in breadth, depth, and area.

The whole triangle is moving slowly, almost invisibly forwards and
upwards. Where the apex was today the second segment is tomorrow;
what today can be understood only by the apex and to the rest of the tri-
angle is an uncomprehensible gibberish, forms tomorrow the true thought
and feeling of the second segment.”

W. Kandinski, 1910 [1]
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Chapter 1

The Physics of Low Energy Solar

Neutrinos

“Today neutrinos have a larger and larger place in
the study of elementary particles and astrophysical
phenomena; they might become the most important
elementary particles in physics.”

(G. Gamow, 1966 [2])

The last few years have witnessed enormous successes in the field of experimental neu-
trino physics. In 1998, the results from the Japan-based experiment Super-Kamiokande
gave the first uncontroversial evidence that neutrinos oscillate [3]. In other words, they
transform from one type to another, changing their so-called leptonic flavour. The neutri-
nos under investigation were those commonly known as atmospheric neutrinos, produced
as decay products of particles generated in the upper layers of the atmosphere by high
energy cosmic rays (energetic charged particles coming from all directions in space). Just
a few years later, the results from the Sudbury Neutrino Observatory in Canada provided
beautiful experimental evidence of neutrino oscillations using solar neutrinos [4, 5] emitted
in the nuclear fusion reactions by which the Sun burns.

Neutrinos were widely believed to be massless since postulated by Pauli in 1930 [6];
they were not believed to oscillate since they must have mass in order for the phenomenon

to occur. From the particle physics point of view neutrino oscillations could naively be
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accommodated simply by adding a few more parameters (namely the masses of the three
known types of neutrinos) to the Standard Model (SM), the current successful theory of
particles and interactions. Nonetheless, the details of neutrino masses and interactions have
a very significant impact on the development of both grand unified theories of fundamental
interactions and cosmological models of the origin of the universe: only theories that are
able to precisely account for them will survive. It is fair to say that particle physics and
cosmology have never been so closely linked.

Solar (and atmospheric) neutrino physics is a good example of how particle physics can
still be on the cutting edge even when accelerators seem to be reaching technological and
budgetary limits. The newly recognized subfield of astroparticle physics uses celestial bodies
as accelerators. They can be near and familiar like the Sun, or far away and little known
such as Active Galactic Nuclei and Gamma Ray Bursts. The objects under study range
from neutrinos, y-rays and other known particles to more exotic ones, such as those that
could make up the sought-for dark matter. Detector technologies developed in the past
70 years for physics at accelerators are now used to build particle “telescopes” placed on
satellites, in the ocean, in the desert, at the South Pole, or deep underground.

While the potential for discovery in this field is very high, there is no control on the
initial state of the phenomena being observed as there is for accelerator-generated events.
The increased understanding of fundamental particles and interactions has to go hand in
hand with that of the objects and phenomena which generate them. In this respect, the
study of solar neutrinos has been an alternate succession of advances in the comprehension
of neutrinos and of the Sun. Almost four decades after Ray Davis’ pioneering experiment in
1967 [7], solar neutrinos provide now a unique tool with which to perform precision neutrino

and solar physics.

1.1 Neutrinos

Introduced to explain the missing energy and the continuous electron energy spectrum in

[-decays, neutrinos (“little neutral ones”, as Enrico Fermi dubbed them in 1934 [8]) were
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first directly detected more than two decades later in 1953. Reines and Cowan’s organic
liquid scintillator apparatus [9] detected electron antineutrinos from a nuclear reactor via
the inverse (-decay reaction

p+ve—n+e (1.1)

and the subsequent detection of positron annihilation and delayed neutron capture. It is
interesting to note that the clear signature of this reaction made it possible to move away
from the initial idea of using a nuclear explosion as neutrino source and use the weaker
neutrino flux from a reactor instead. A very nice review of this and related experiments is
given in Reines’ Nobel lecture [10].

In the Standard Model there are three types of neutrinos, associated with the three
charged leptons e, u, and 7, with which they form weak doublets. Massless and chargeless
(according to the SM), neutrinos are subject to the weak force alone and the model allows for
the existence of left-handed ones only. For this reason, they are in principle the ideal tool to
study the weak force. In practice though, they present a big challenge for experimentalists
because their cross section with matter is very small. Their interactions are mediated by
the carriers of the weak interaction, the massive bosons Zg and W=*. It is only at interaction
energies comparable to these bosons’ masses (80-90 GeV) that the neutrino cross section
becomes comparable to that of electrons.

In order to appreciate how invisible neutrinos are and how hard it is to detect them
at low energy, it’s worth estimating the neutrino-electron elastic scattering cross section
0ve, where the reaction is schematically shown in fig. 1.2. The cross section has dimensions
(energy)~2 (natural units) and is proportional to Fermi’s constant squared, G% (dimensions
of (energy)~*). The only invariant quantity with dimensions (energy)? is the center of mass
energy squared s = (k + p)? (k and p are the momenta of the incoming particles) which
can be written as s = 2m.E, + mg in the rest frame of the electron and with a massless

neutrino. For a 1 MeV neutrino,
Ope ~ Ghs ~ 1.7-10722 MeV2 — 7-107* cm? (1.2)

Otherwise stated, its mean path in water would be approximately 100 light years!
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1.2 Neutrino oscillations

Neutrino oscillations are the first sign of physics beyond the Standard Model (SM). Since
its formulation in the 70’s, the SM has been thoroughly tested. Not only had it never
been contradicted, measurements have often agreed with the theoretical expectations with
unprecedented accuracy. All the predicted fundamental particles have been detected [11]
with the exception of the Higgs boson, whose discovery is the main objective of the Large
Hadron Collider (LHC) under construction at CERN in Geneva.

In 1958 Bruno Pontecorvo discussed possible neutrino-antineutrino oscillations [12].
Maki (1962) [13] and Pontecorvo (1967) [14] proposed oscillations between weak (flavour)
eigenstates: neutrino oscillations can be thought of as the analog for leptons of quark mix-
ing. If at least one neutrino has mass, there is no fundamental reason why energy (mass)
eigenstates should coincide with the weak ones and mixing could occur in the the lepton
sector as well (if all the neutrinos are massless, the mass eigenstates would be degener-
ate and the weak eigenstates alone would define the three neutrino types). Without loss
of generality it is possible to think of lepton mixing as being carried out entirely by the
neutrinos.

In general, neutrinos produced as weak eigenstates are linear combinations of energy
eigenstates, thereby evolving differently while they propagate in free space. They can then
be detected as neutrinos of a different flavour (weak eigenstate) away from the source.
Oscillations could be enhanced when neutrinos travel through a region with a non-zero
electron density (such as regular matter) according to the so-called MSW effect [15, 16].
In matter, electron neutrinos will have a larger forward scattering amplitude. In this case,
the phase of the time-evolved neutrino wave function contains a flavour dependent index
of refraction, as explained below. Alberico and Bilenky give a clear historic overview of

neutrino oscillations [17].
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1.2.1 Vacuum oscillations

For three flavour mixing, every weak eigenstate |vy) (A = e,pu,7) is a superposition of
energy eigenstates, |vy) = > ;(vjlva) [v5) (j = 1,2,3). The simplest possible oscillation
pattern among neutrinos is one which involves mixing of two lepton flavours. In this case
the parameters of the problem are the mixing angle 6 and the difference of the square of
neutrino masses dm?2. Defining the two neutrino weak flavours as |v.) and |v;) and the two

mass states as |vq) and |v2), their mixing is expressed by

|Ve) = cos@|v1) +sinf |v)
(1.3)
|vg) = —sin@ |v1) + cos O |va)

An electron neutrino |v,) produced at time ¢ = 0 with momentum p will propagate as the

superposition of the two mass (energy) eigenstates,
Ve(Z,1)) = cos|vy) e FHPD) L gin  |1y) e 1 (FtPT) (1.4)

Under the assumption that their masses are small, neutrinos can be assumed relativistic
2

m B
and the energy of the mass states can then be rewritten as E; = /p? + m? ~ p+ T]g

(7] = p) for mass states with momentum p ~ E (h = ¢ = 1). Defining §m? = m? —m3 and

using the above approximation, eq. 1.4 becomes

|ve(Z, 1)) = {cos@]uﬁ + sin@\w)e_i‘sm%mE} e UELt—PT) (1.5)

The probabilities to observe a transformed or an electron neutrino at time ¢ are given by

2
P(ve — vg; B, t) = [{vg|ve(t))]? = sin?20 sin? (%)
P(ve — ve; E,t) = [{(ve|ve(t))|* = 1 — sin?20 sin® (TE)
In the relativistic limit, ¢ ~ |#| and an oscillation length can be defined as

ArE E [GeV]
A p— pu— k 1.7
Y om? 1.27 6m?[eV?] o .7

By varying the energy of the neutrinos and the distance L of the detector (so that L = Aysc),
the mass-squared difference parameter space can be tested. Figure 1.1 shows the value
of L/E for neutrino experiments around the world. An interesting quantum-mechanical

treatment of neutrino oscillations that supports the derivation above is found in [18].
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Figure 1.1: The ratio of the source-to-detector distance and the neutrino energy (L/E) and
neutrino event rate for many experiments around the world. Solar neutrino experiments,
on the far right, combine very long baselines with relatively low neutrino energies and can
probe regions with very small dm?.

1.2.2 Matter-enhanced oscillations

The interaction of v,’s with matter (non-zero electron density Ne), is stronger than that of
v,’s or v.’s. All neutrinos scatter off electrons through neutral current weak interactions,
but electron neutrinos also interact via charged current exchanges (see fig. 1.2).

An effective way to describe the phenomenon is to introduce in the neutrino propagated
wave function an index of refraction ny (A = e, u, 7), which depends on the electron density

N, and the forward scattering amplitude f)(0) as follows:

) = S (wilua) [vy) B mAPE (j=1,2.3)
i (1.8)
ny =1+ 2§éVefA<0>

The contribution to n) from neutral current components is diagonal (i.e. the same for
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Vepr  Veun Ve ©

e e e V.

Figure 1.2: First order Feynman diagrams for v — e elastic scattering. All neutrino flavours
interact via neutral current exchange, while only v, undergoes charged current exchange
reactions. For 0.5 MeV neutrinos, the cross section for v, elastic scattering off electrons is
~ 4.5 times bigger than for v, ;.

all neutrino flavours) and is just a global phase factor. What’s important is the non-
diagonal contribution (in the energy eigenstate basis) of the charged current interaction
of the electron neutrino. In other words, the energy eigenstates propagating in matter
are different from those propagating in vacuum and they are very strongly dependent on
N.. The basic quantity of the problem is the phase difference A¢ that appears in the

propagation of v, only, that depends on the different forward scattering amplitude [19]

Grp

Af(0) = fe(0) = fu,r(0) = ~or (1.9)

’Ve> x ed¢ — efi\/iNeGF:p

The periodicity of the the phase A¢ defines the v — e interaction length in matter as

2 1.7 x 107 [m]

hv = ANGr ~ ple/n (Z)4)

(1.10)

This length only depends on the electron density N, and corresponds to roughly 200 km in
the Sun’s core and to ~ 10* km in the Earth. A mixing angle in matter 6,,, also affected

by the non-diagonal contribution, can be defined as the angle associated with the rotation
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matrix that diagonalizes the hamiltonian and is related to the mixing angle in vacuum 6 by

the following relation:
sin® 26
(cos 20 — Ay /Ae,)* + sin® 26

sin® 26,, = (1.11)

It is worthwhile pointing out that because of the resonant nature of equation (1.11), if
Ay
A

ev

= cos 26 there is maximal mixing (sin?26,, = 1) for any non-zero mixing angle in

vacuum. In practical terms, even if 6 is very small, neutrinos which cross a dense enough
region can have a very high probability of converting into other flavours. On the other
hand, non-zero mixing in vacuum is needed for oscillations in matter to occur. The resonant

condition depends on the neutrino mixing parameters according to the relation
om? cos20 = 2v/2Gp N, E, (1.12)

where E, is the energy of the neutrino.

1.3 Solar neutrinos

We owe the idea that the Sun’s energy is produced by nuclear fusion reactions to Hans
Bethe [20], who in 1939 laid out the foundations of the theory of how stars burn. In his
work he points out that the basic reaction that occurs in the Sun’s core is the combination
of four protons and two electrons to produce an « particle and excess energy. In detail this
can be written as

dp +2e~ — o+ 2v, + 26.TMeV (1.13)

Worthy of notice is the emission of two neutrinos as a product of the reaction. An elaborate
model of the Sun has been developed since, known as the Standard Solar Model (SSM).
Nice (and personal) overviews of the subject have been given on more than one occasion by

John Bahcall [21].

1.3.1 The Standard Solar Model

The basic, although simple assumption of the model is that gravitational contraction and

radiative pressure from the thermonuclear reaction exactly counterbalance each other in
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Reaction Termination (%) Q E,, (qv.)
[MeV] [MeV]  [MeV]
la) p+p—=2H+et +u, (pp) 99.77 1.442 <0420 0.265
or
1b) pre +p—2H+v. (pep) 0.23 1.442 1.442  1.442
2) H+p—3He+r 100 5.494
3a) 3He+?He— a + 2p 84.92 12.860
or
3b) 3He+*He— "Betvy 15.08 1.586
Be+ e —7 Li+ v, ("Be) 15.07 0.862 (90%)  0.862  0.862
0.383 (10%)  0.383  0.383
Li+p— 2a 15.07 17.347
or
"Be+p—° B+~ 0.01 0.137
8B— ®Be* + et + v, (®B) 0.01 17.980 <15 6.71
or
3c) 3He+ p — ‘He+et + v,  (hep) 1075 19.795 <188  9.27

Table 1.1: The pp thermonuclear cycle which produces in excess of 98% of the Sun’s energy,
as predicted by the SSM. The third column lists the percentage of terminations that include
the reaction in question. There are five v-emitting reactions in this cycle: the names of
neutrinos from each source are listed in the second column.

the Sun. The boundary conditions are the luminosity, radius, age, and mass of the Sun.
Input is also provided by the cross sections and energies of the nuclear reactions involved,
the opacity of the Sun, and its isotopic abundances. The evolution equation then outputs
(among other quantities) the energy spectrum and fluxes of the emitted neutrinos. The most
recent revision of such a model is the one suggested by Bahcall, Basu and Pinsonneault in
2000 (BP00, [22]).

The details of the nuclear reactions believed to power the Sun are summarized in ta-
bles 1.1 and 1.2. They describe two cycles by which the SSM allows the reaction (1.13) to
occur. The first one is known as the pp chain while the second is the CNO cycle, where

carbon, nitrogen and oxygen are catalysts of the fusion processes. It is believed that only
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Reaction Q Ev. (qve)
[MeV]  [MeV]  [MeV]
204 p 5B N4~y 1.943
BN =B C+et + 1, (1BN)  2.221 < 1.199 0.7067
BC4+p M N4~y 7.551
UN +p =15 044 7.297
150 SN tet + 1, (*P0) 2.754 < 1.732 0.9965
BN+p—2C+a 4.966
or
BN 4+p 1604~ 12.128
160 +p 1T F 4+ 0.600

UF 70 4et+v. (FF) 2762 < 1.740 0.9994

Table 1.2: The CNO cycle. The SSM predicts that only 1.5% of the energy comes from this
source. There are three r-emitting reactions in this cycle.

1.5% of the energy comes from the CNO cycle, although experimentally only an upper limit
of about 7% can be set [23].

Most of the energy produced by the Sun is released as photons, while approximately 3%
is believed to be carried out by neutrinos, all with energies < 20 MeV [22] (see table 1.3 and
fig. 1.3). Neutrinos, given their tiny cross section, emerge from the Sun mostly unperturbed
and give us a “snapshot” of the Sun’s interior. Photons, on the other hand, interact very
strongly with solar matter and are essentially in equilibrium with Sun’s surface once we are
able to detect them. Neutrinos are hence one of the best ways to study what goes on in the

star’s core.

1.3.2 Solar Neutrino Experiments

To date, only six experiments have detected solar neutrinos. This section will briefly review
these experiments and try to give a taste of how the field has developed and questions that
have risen over time.

With the goal of directly detecting solar neutrinos and thus proving that the Sun burns
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Figure 1.3: A pictorial view of the solar neutrino fluxes predicted by the SSM (BP2000, [22]).
The plot shows the neutrinos from the pp chain only 1.1.

by thermonuclear reactions, in 1967 a 390 m? tank full of liquid tetrachloroethylene (C2Cly)
was placed underground in the Homestake gold mine in South Dakota to look for the

reaction [7]

0+ ve — 3TAr+ e (1.14)

where the net reaction is n + v, — p+ e~. Until recently, 37 Ar atoms were extracted every
couple of months and were counted with proportional counters which look for the 2-3 keV
Auger electrons that follow the conversion of 37 Ar back into 37Cl by electron capture (it is
interesting to notice how the detected reaction is in fact the inverse of the reaction under
study!). This radiochemical detection technique is sensitive only to v, with energy above
the 814 keV threshold of the charged current reaction (1.14). The experiment successfully

detected solar neutrinos (mainly "Be, 8B and CNO ones, see tables 1.1 and 1.2); the average
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Source Flux Cl Ga Li
(10 cm~2s~!]  [SNU] [SNU] [SNU]
pp 5.95 0.0 69.6 0.0
pep 1.40 x 1072 0.22 2.8 9.2
hep 9.3x 1077 0.04 0.1 0.1
"Be 4.77 x 1071 1.15 34.2 9.1
8B 5.05 x 10~* 5.76 12.1  19.7
BN 5.48 x 1072 0.09 3.4 2.3
150 4.80 x 1072 0.33 5.5 11.8
g 5.63 x 1072 0.0 0.1 0.1
Total 7.6713 120%8  52tT

Table 1.3: Solar neutrino fluxes predicted by the SSM (BP2000) with corresponding pre-
dicted capture rates for the Chlorine (Cl), Gallium (Ga) and Lithium (Li) experiments [22].
One SNU is defined as 10735 captures per target atom per second.

neutrino capture rate after 25 years of data taking is [25]
R Homestake = 2.56 = 0.16 (stat.) & 0.16 (syst.) SNU (1.15)

where 1 SNU (Standard Neutrino Unit) is defined as 1073¢ captures per target atom per
second (i.e. one argon atom every few days!). Solar neutrino fluxes predicted by the
SSM are presented in table 1.3. According to this table, the Homestake result (a Chlorine
experiment) is only one-third of the predicted value. This discrepancy was noted (with much
bigger uncertainties) from the early days of the Homestake experiment and represented the
so-called solar neutrino problem [26].

In 1983 the Kamioka Nucleon Decay Experiment (Kamiokande) was built in a mine in
Japan to look for proton instability. It was soon clear that it made a wonderful neutrino
detector (the acronym could also be interpreted as Kamioka Neutrino Detector!). With one
kton of ultra pure water (fiducial volume) in a 16 m diameter cylindrical tank instrumented
with approximately 11000 photomultiplier tubes, the experiment could detect Cerenkov

radiation from the electrons elastically scattered off of solar neutrinos at the higher end of
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the energy spectrum, via the reaction [27]
Veyur +€ — Veyr+e (1.16)

With this technique all neutrino flavours are detected (with different sensitivities for charged
and neutral current reactions respectively, see fig. 1.2) on an event-by-event basis with direc-
tional information (crucial for studying atmospheric neutrinos). Short time dependencies of
the neutrino flux and its energy spectrum can be measured (only integrated above-threshold
information was accessible to the chlorine experiment). In almost a decade of data taking

(1985-1994), Kamiokande observed a solar neutrino flux [28]
® Kamiokande = 2.80 + 0.16 (stat.) & 0.16 (syst.) x 10® cm™2 57! (1.17)

above a 7.5 MeV threshold (only ®B and hep neutrinos). This value, approximately half that
predicted by the SSM, not only confirmed the solar neutrino deficit observed by the Home-
stake experiment, but added a second element to the puzzle. The capture rate observed
by the chlorine experiment (which also detects “Be and CNO neutrinos) didn’t account for
all the neutrinos observed by Kamiokande. This neutrino deficit, completely independent
of the solar model, became known as the second solar neutrino problem [26] and has been
a strong argument for non-standard properties of neutrinos. A new and improved version
of the detector, Super-Kamiokande or SuperK, was built in 1996. In 4 years and with a

neutrino threshold lowered to 5 MeV it measured a ®B neutrino flux equal to [29]
D guperi = 2.32 £ 0.03 (stat.) T05 (syst.) x 10 cm ™2 7+ (1.18)

and is 45% of the BP2000 expectation. Incredibly massive (22.5 ktons of ultra pure water in
a 39 m diameter cylindrical tank and ~11,000 photomultipliers), it successfully increased the
statistics and the precision of solar neutrino observations (more than 100 events/day, 20-36
degrees angular resolution). Measurements of the solar neutrino energy spectrum and of the
day-to-night neutrino scattering event rate asymmetry were performed with unprecedented
precision. SuperK also made ground breaking discoveries measuring atmospheric neutrino

fluxes [3].
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Two other radiochemical experiments, the Soviet American Gallium Experiment (SAGE)
and the Gallium Experiment (GALLEX), had gone online in the meantime (1990 in the
Caucasus mountains in Russia and 1991 at the Gran Sasso underground laboratory in Italy,
respectively). Each used a gallium target (50 tons of solid gallium for SAGE, 30 tons of
gallium in liquid GaCls solution for GALLEX) to look for solar neutrino interactions with
the reaction

"Ga+rv, — "Ge+e” (1.19)

where the net reaction is n+v, — p+e~ as for the chlorine experiment. The radioactive Ge
atoms were then counted in very low background proportional counters by looking at the
electron capture process of "'Ge into "'Ga. The unique characteristic of these experiments
is that they can detect solar neutrinos down to 233 keV: they are the first and only ones
to have detected pp neutrinos to date, which make up most of the solar neutrino flux (see
table 1.3). GALLEX underwent an upgrade in 1998 and is currently running as the Gallium
Neutrino Observatory (GNO). The measured capture rates after approximately 10 years of
running are [30, 31]

Rearrex+ano = 70.8 £ 4.5 (stat.) £ 3.0 (syst.) SNU

{ Rsace = 70.8 723 (stat.) 737 (syst.) SNU (1.20)
significantly below the BP2000 predictions (see table 1.3). It is notable that the pp neutrino
flux predicted by the SSM alone would account for the capture rate observed in the gallium
detectors. No room seems to be left for the “Be neutrinos. Hence, the third solar neutrino
problem.

In 1999 the Sudbury Neutrino Observatory (SNO) started taking data, deep under-
ground in a nickel mine in Sudbury, Canada. SNO has an active 1 kton heavy water
(D20) target contained in a 12 m diameter spherical acrylic vessel. It detects the following
neutrino-induced interactions:

Vet+d— p+p+e” (CC)
Vepr+d— p+n+veur (NC) (1.21)
Veur T € — Veyr+e~ (ES)
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The neutral current reaction’s threshold is 2.2 MeV, and is tagged by detecting v rays
from neutron capture on deuterium. Cerenkov light generated by electrons and v rays
is detected by almost 9600 photomultiplier tubes. To enhance sensitivity to the neutral
current reaction, MgCly (8.6 MeV + rays follow neutron capture on this salt) has been
added to the deuterium and data are currently being collected. The latest results from

SNO, for neutrinos above 5 MeV are [5]

®¢G, = 1.76 + 0.06 (stat.) & 0.09 (syst.) x 10® em=2 57!

ONC) =5.00 7042 (stat.) 1045 (syst.) x 106 cm=2 571 (1.22)

PEY ) =2.39 7022 (stat.) £ 0.12 (syst.) x 105 cm=2 571
The charged current result is a measurement of the v, component of the 8B solar neutrino
flux. The neutral current result is a measurement of the total 8B solar neutrino flux,
independent of leptonic flavour (the cross section for deuterium disintegration is the same
for all flavours). The electron scattering result is sensitive to all flavours, but with reduced
sensitivity for g and 7 neutrinos. Electron-neutrino scattering can be used to measure
the total solar neutrino flux, taking into account the difference in cross section for various
neutrino types, but only if the flavour composition is known. Above 5 MeV, the cross
section is ~ 6.5 times smaller for v, ; than for v,..

It appears clear from (1.22) that only one third of the solar neutrino flux above 5 MeV
has electronic flavour. Recall that in the case of no neutrino oscillations, the non-electronic
neutrino flux from the Sun should be zero. The electron scattering result, in agreement
with SuperK even if with poorer statistics, is also compatible with having approximately
two thirds of the detected solar neutrino flux is made up of non-electronic, active neutrinos.
The measured v, and v, components of the flux, assuming that the 8B neutrino spectrum
is undistorted compared to the SSM prediction, are illustrated in fig. 1.4. SNO’s total

total 0.67

8 : : _ + 6 -2
measured solar °B neutrino flux is @, = 5.17 g5 x 10° cm

s~!, which agrees very

well with the SSM prediction ®ggpr = 5.0570% x 106 cm™2s~! (compare with table 1.3).
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Figure 1.4: The solar ®B v, and v, fluxes as measured by SNO, combined with results from
SuperK [5]. The best fit results are ®%y, = 1.7640.05 (stat.)£0.09 (syst.) x 106 cm=2 s7*
and PGl , = 3.41 £ 0.45 (stat.) 7035 (syst.) x 106 em™2 s7'. The results are compatible
with conversion of v, into other active neutrinos and agree very well with the prediction of
the SSM of ®ggp = 5.05759 x 105 cm™2s71 [22].

1.4 A 30-year-long pursuit

SNO’s milestone result gives evidence of neutrino flavour transformation without having
to rely on any solar model-dependent assumptions. Systematic effects arising from com-
paring results of separate experiments are greatly reduced through measurement of various
neutrino interaction channels within a single detector. Direct evidence of solar neutrino
oscillations didn’t come as a big surprise. Since the discovery of the solar neutrino problem,
neutrino oscillations has been considered to be one of the most compelling solutions. This
is supported by the fact that many experiments have explicitly mentioned the search for
neutrino oscillations in their initial proposals (e.g. [32]).

Meanwhile, solar models have become more detailed and precise. They have had inde-
pendent experimental confirmation, in particular from helioseismological studies that helped

trim down uncertainties to the point where the inconsistencies between solar models and
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Figure 1.5: One of the most convincing tests of the validity of the SSM is the measurement
of the sound speed as a function of distance from the Sun’s core. The agreement with the
theoretical expectations is astonishingly good and seems to leave no room for an explanation
of the solar neutrino problem that relies on poor understanding of the Sun [22].

solar neutrino experiments have become increasingly reduced. One such study is a compar-
ison of the measured and calculated sound speeds in the Sun as a function of the distance
from the center and is represented in fig. 1.5.

A graphical summary of the neutrino fluxes measured to date by all solar neutrino
experiments against the SSM theoretical expectations is shown in fig. 1.6. Overall neutrino
fluxes are not the only measured quantities. SuperK, for example, has performed an accurate
analysis of the ®B solar neutrino energy spectrum. The measured spectral shape is, by the
way, compatible with that predicted by BP2000 [29] (see fig. 1.7).

SuperK and SNO have also published results for the so-called day-night effect by mea-
suring the difference in neutrino rate during the day and at night, when they have to cross

the Earth’s dense core to reach the detectors. This effect can be expressed in terms of a
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Figure 1.6: A pictorial view of the solar neutrino problem after the announcement of the
SNO results [33]. The theoretical predictions are those of BP2000 [22]. The experimental
results are compared against a normalized expected theoretical value with no neutrino oscil-
lations. The bar on the right shows the excellent agreement between the total ®B neutrino
flux measured by SNO (including all neutrino flavours) and the theoretical expectations.
For a detailed account of the problem, refer to paragraphs 1.3, and 1.4

dimensionless constant A defined as [29, 34]
A = Snight — Pday (1.23)
®ave1”age
The measured values are

(1.24)
ASGH = 7.0% 4+ 4.9% (stat.) T13% (syst.)

It is interesting to note how the v, flux is greater at night; this is due to the regeneration
effect in which some v, ; convert back to v, while passing through the Earth. The measured

effect is bigger when observing a pure v, flux, possible for SNO.
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Figure 1.7: Energy spectrum of recoil electrons produced by ®B and hep neutrinos in the
Super-Kamiokande detector [29]. The solid line is the prediction of BP2000 [22], with which
there’s an excellent agreement.

Combining all experimental solar neutrino results allows computing with good accuracy
the most likely set of mixing parameters among neutrinos (refer to sections 1.2.1 and 1.2.2).
Assuming a two mixing scenario (i.e. v, transforms into either v, or v;), Bahcall et al. [35]
have computed the best fit values (at 3o level) for the mixing angle 6 and the mass squared

difference dm? as

solar

om2,, = 5.0 320 % 1075 eV?
(1.25)

2 _ +0.18
tan esolar - 0.42 —0.47

It must be noted that other authors have carried out similar analyses and obtained compa-
rable results (see for example Fogli et al. [36]). This value corresponds to a solution known
in literature as the Large Mixing Angle (LMA) solution. It can be seen from fig. 1.8 that
the allowed regions in parameter space were already very limited before SNO published
its results. Solutions such as vacuum oscillations, LOW (large mixing angle at small mass

differences) and Small Mixing Angle (SMA), along with the likelihood of sterile neutrinos
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existing have been essentially eliminated by the SNO data.

A strong confirmation of SNQO’s solar neutrino data came at the beginning of this year
from the Kamioka Liquid scintillator Anti-Neutrino Detector (KamLAND) experiment, lo-
cated at the former Kamiokande site. By looking at reactor electron anti-neutrinos produced
some 180 km away via inverse -decay (see eq.(1.1)), it was able to probe the LMA parame-
ter space. For 7,’s with energy greater than 3.4 MeV, KamLAND detected an antineutrino
flux smaller than expected if there were no neutrino oscillations. The measured disappear-
ance factor is 0.611 £ 0.085 (stat.) & 0.041 (syst.) [38]. As shown in fig. 1.8, the results
are in basic agreement with the values in (1.25) if CPT symmetry is assumed and the al-
lowed values of m? are further reduced (an interesting paper on experimental sensitivity
to CPT symmetry using neutrinos is found in [39]). KamLAND will aim at measuring solar
neutrinos too, the "Be in particular.

So far, only the neutrino mixing parameters deduced from solar neutrino data have been
discussed. As mentioned at the beginning of the chapter, the first evidence of neutrino os-
cillation was found with atmospheric neutrinos. SuperK observed a deficit of v,’s compared
to ve’s (see fig. 1.9). The expected ratio is around 2, since pions produced in the upper

=y, +pt — v, +et + v+, (and their charged conjugates), and

atmosphere decay as m
the branching ratio for 7° — vv is negligible [11]. This result has been confirmed by the
KEK-to-Kamioka (K2K) experiment that observed a ~ 30% disappearance of accelerator-
generated 1.3 GeV v,’s after they traveled 250 km to Kamioka [41]. These results are

compatible with v, < v, oscillation with the following parameters [42, 43]:

(1.26)
$in?20,44m = 1.00 7008

{ om2,,, = (2.6 + 0.4) x 1073 V2
Summarizing, the picture that arises by combining atmospheric and solar neutrino data is:
1) almost maximal v, < v, mixing with dm? ~ 5 - 10~%eV?
2

2) maximal v, < v, mixing with dm? ~ 3-107%eV

3) very small or zero mixing between v, and v,
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Figure 1.8: Evolution of the allowed regions in neutrino oscillation mixing parameter space
with solar and reactor neutrino data. 2-v mixing is assumed. The top left sub-plots show
the situation before the SNO results: LMA, LOW and SMA are all equivalently possible
solutions, with room for vacuum oscillations and sterile neutrinos. The top right plot repre-
sents the allowed area in parameter space after the charged current SNO results: the sterile
neutrinos are practically excluded and the likelihood of the SMA solution has significantly
dropped. The two bottom left sub-plots refer to before and after the neutral current results
from SNO, that essentially rule out the SMA solution. The bottom right plot is the situa-
tion after the results from KamLAND, where CPT symmetry is assumed. Only the LMA
region in parameter space survives at 3o confidence level. The plots are taken from [37]
and [40].
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Figure 1.9: Ratio of observed versus predicted events in SuperK, as a function of the
distance traveled through the atmosphere and the neutrino energy. v, don’t show any sign
of oscillation, while the v, deficit is quite evident [3].

In addition, the KamLAND data support excellent (if not exact) CPT symmetry in v, < v,
mixing.

Further published evidence for neutrino oscillations comes from the Liquid Scintillator
Neutrino Detector (LSND) at Los Alamos, New Mexico [44]. The experiment looked for
v, — U, oscillations of antineutrinos produced with a proton beam. The data are consistent

with neutrino oscillations with the following characteristics (see fig. 1.10):

(1.27)
sin®20;snp ~ 3 x 1073

This result, partially contradicted by the Karlsruhe-Rutherford Medium Energy Neutrino
experiment (KARMEN) [45], awaits direct confirmation by the MiniBooNE experiment at
Fermilab [46].
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Figure 1.10: The region of (6m?, sin?26) identified by the LSND data for possible neutrino
oscillations together with exclusion regions to date. The plot is taken from [46].

1.5 What next?

While the solar neutrino problem appears resolved, there remain many interesting questions

to address, such as:
a. what is the absolute mass scale of neutrinos?
b. are neutrinos Dirac or Majorana particles?
¢. why are neutrino masses so small?
d. are there heavy neutrinos in addition to the three light ones already known?

e. how much do neutrinos contribute to the dark matter in the universe and what is

their role in cosmological structure formation?
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f. what can neutrinos contribute towards the theory of fundamental interactions and do

they have a role in the dominance of matter over antimatter in the Universe?
g. is there CP or CPT violation in the lepton sector?
h. is there something more to learn from solar neutrinos about the Sun?

The answers to all these questions are intertwined at a very fundamental level. For example,
whether neutrinos have a role in the dominance of matter over antimatter is connected to
whether they violate CP symmetry and to the magnitude of such a phenomenon, if it exists.
Moreover, the small masses of neutrinos are often explained by postulating the existence of
heavy partner particles within the frame of supersymmetric theories [47].

Numerous efforts are taking place to address these questions, from studying supernovae
neutrinos to searching for neutrinoless double beta decays and Weakly Interacting Massive
Particles (WIMPs). Stringent limits on neutrino properties are also set by cosmological
measurements and arguments. Recent results from the Wilkinson Microwave Anisotropy
Probe (WMAP) satellite experiment [48], combined with data from other experiments [49],
set a limit on the contribution of relativistic neutrinos to the critical density of the universe.

This translates into an upper bound on the sum of the neutrino masses [50],

3
> my, < 0.71eV, (1.28)

v=1
in contradiction with the LSND result. The current direct experimental upper limits for

neutrino masses are [11]

m(ve) < 3 eV
m(v,) < 0.19 MeV
m(v;) < 18.2 MeV (1.29)

The current status of neutrino masses and the open questions related to them are elegantly
summarized by Bilenky and Giunti [51].
Regarding the last three questions in the list, the answer will come with precision mea-

surements of the neutrino mixing parameters. The Sun has proven to be a powerful natural
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neutrino source, but most of what we have understood from solar neutrinos has been ob-
tained from only the neutrinos at the high end of the energy spectrum, which make up
about 1 part in 10* of the total solar neutrino flux. The goal then is to design experiments
which are able to observe the low energy spectrum ("Be and pp) of the neutrinos emitted by
the Sun [52]. John Bahcall and Carlos Pena-Garay clearly review the physics importance of
performing such experiments [53]. The experimental difficulties to overcome in the design
of the detectors are vast. One of the biggest problems is that the naturally occurring ra-
dioactive backgrounds one has to face are many orders of magnitude higher than the signals
to detect. This is why cleanliness and radiopurity are among the greatest challenges the
Borexino experiment has to face in its quest to directly measure in real-time the "Be solar

neutrino flux for the first time.



Chapter 2

The Borexino Detector and its

Counting Test Facility

“From an observational point of view the ideal object
is the sun. If the oscillation length is smaller than the
radius of the sun region effectively producing neutri-
nos, [...] direct oscillations will be smeared out and
unobservable. The only effect on the earth’s surface
would be that the flur of observable sun neutrinos
must be two times smaller than the total (active and
sterile) neutrino flux.”

(B. Pontecorvo, 1967 [14])

First proposed more than ten years ago [54], Borexino is a real time, low energy solar
neutrino detector [55]. Its assembly in Hall C of the Laboratori Nazionali del Gran Sasso
(LNGS) in central Italy is close to completion. Borexino specifically aims at measuring and
characterizing the flux of “Be neutrinos from the Sun which are an important ingredient in
understanding how neutrinos oscillate and how the Sun burns, as reviewed in chapter 1. A
liquid scintillator target will emit flashes of light as a consequence of the incoming neutrinos
scattering off electrons of its constituent molecules. The light is detected and measured by
an array of more than 2000 photomultiplier tubes (PMTs) allowing to record energy and

position of each event in real time.

26
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Additionally, Borexino has the potential to detect neutrinos and antineutrinos from su-
parnove explosions in our galaxy [56], antineutrinos emitted by naturally decaying elements
in the Earth’s crust and mantle [57], and those produced in nuclear reactors in nearby coun-
tries [58]. Borexino could also investigate non-standard neutrino interactions using strong
sources [59].

In order to succeed in observing neutrinos, the detector has to be essentially free of other
sources of scintillation. Natural radioactivity, present in trace levels in every material that
surrounds us, emits charged particles that produce light signals in the detector which are
essentially identical to those produced by neutrino-electron interactions. For this reason, the
main overall challenge for the experiment is that of being intrinsically extremely radiopure
in all its innermost components and sufficiently screened off from surrounding radioactivity

(v rays, muons, radon gas, etc.).

2.1 Detection mechanism and physics potential

2.1.1 Solar neutrinos

Borexino relies on neutrino-electron scattering for detecting solar neutrinos. The target
electrons are those in the liquid scintillator molecules. The interaction energy of the in-
coming solar neutrinos (see the solar neutrino spectrum in fig. 1.3) is much higher than the
typical electronic molecular binding energies (of the order of a few keV). In the scattering
reaction the electron can then be considered free. The first order Feynman diagrams for
v —e scattering are shown in fig. 1.2. All three neutrino flavours interact via neutral current
reaction; electron neutrinos also interact via charged current exchange. Because of the extra
term in the scattering amplitude the cross section for v, — e scattering is larger than that
for v,— and v, — e scattering. Using kinematic arguments (see, for example [60]), one can
see that the charged current reactions v, ;) +e — u(7) + ve have an energy threshold Ey,

for the incoming neutrino

m2
By = 0 7€+ 11(3115) GeV, (2.1)
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far above the energy of solar neutrinos. In addition, for neutrino-electron elastic scattering
the kinetic energy T of the scattered electron can range between zero and a maximum value

Tnaz (Compton edge) defined as

E,

1
* 2F,

where F, is the energy of the neutrino. The differential scattering cross section for v — e

scattering is
do 2GEm,
dT

T\?
2 2
+ 1-— > — 2.3
9L T 9r < E, gL 9Rr Eg ( )

Me T}

where gr = sin?fy and g = sin?@y & 1/2 for v, and v,,r neutrinos respectively, and the

total cross section is

Tmas ( do 2GEme Traw
7 /0 (dT) -

E, 3E2
(2.4)

2 2
g m T
(g% + g%{) - (R + gL 9R2E,62> Trnaz + 912% max‘|

According to equations (2.2) and (2.3), the signal from the 862 keV "Be solar neutrinos
will show a distinctive Compton edge of the scattered electron at 667 keV, as can be seen
in fig. 2.1. Naturally, the signal that Borexino will record will not be as simple as what
shown in the plot. The signal will be mixed with all the signals from radioactive background
intrinsically present in the detector. The strategy is then to have as radiopure a detector as
possible to begin with and to characterise the residual background in the best possible way
in order to be able to identify the “shoulder” from “Be neutrinos in the data. The total

cross section for “Be neutrinos is computed from eq. (2.4) to be
o("Be, 862keV) = 1.5 x 1070 GeV 2 — 6- 10~ * cm? (2.5)

which is in perfect agreement with the estimate presented in chapter 1 (see eq. (1.2)).
The signature to confirm that a neutrino signal actually comes from the Sun is a seasonal
variation of the total measured rate as a function of the Earth’s distance from the Sun along

its orbit, expressed by

L(t) = Ly [1 — € cos (Q;tﬂ + O(e?) (2.6)
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Figure 2.1: Differential cross section of electron-neutrino scattering for monochromatic, 862
keV "Be solar neutrinos (from eq. 2.3), shown versus the scattered electron recoil kinetic
energy 1. The maximum recoil kinetic energy Tj,q4, of the electron is 667 keV. The cross
section for muon and tau neutrinos of the same energy is also shown. The smearing effect for
both cases is demonstrated for a detector resolution of 30 keV. For reference, the differential
cross section for antineutrino-electron elastic scattering for antineutrinos of the same energy
is shown in fig. 2.3.

where € = 0.0167 is the eccentricity and terms of order €2 may be neglected in the following
calculations. Lg = 1.496 x 10% km is the semimajor axis and ¢ = 0 corresponds to the
perihelion. The solid angle the Sun covers as seen from Earth differs by approximately 7%
between aphelion and perihelion. In the case of no neutrino oscillations, the neutrino signal

S(t) would be (neglecting factors of order €?)

S(t) = So <Ii(t)))2 ~ Sp {1 + 2ecos <2Tmﬂ (2.7)

where

So = N. ®, / dE, \(E,) 0.(E,) (2.8)
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Figure 2.2: Simulated data showing the seasonal variation of the neutrino signal between
250 and 800 keV after three years of data taking in the no-oscillation scenario and with the
neutrino fluxes predicted by the SSM [22]. Plot taken from [61].

in which N, is the electron density in the target material (3.4 x 10?” electrons/ton), ®q the
average solar neutrino flux on Earth, o.(F,) the e — v, cross-section (eq. 2.4) and A(E,)
the solar neutrino spectrum (fig. 1.3). This effect as it would be seen after three years by
Borexino under the assumption of no oscillations and with the neutrino fluxes predicted
by the SSM ([22]) is shown in fig. 2.2. An average of approximately 70 events per day is
expected under these assumptions in the neutrino energy window 250-800 keV.

For the current best fit oscillation parameters (LMA solution) listed in eq. (1.25) and
assuming conversion of electron neutrinos into other active flavours, the rate in the same
energy window is reduced by ~ 40%. In this scenario, no more than 40 events/day are
expected, approximately 25 of which are from “Be neutrinos. Borexino also has the potential
to further test (and possibly rule out) unfavoured solutions. If the SMA solution were the
correct one, an even lower event rate would be expected in Borexino. Partial conversion
into sterile neutrinos would also yield lower total rates in the detector (sterile neutrinos

would not interact at all via the weak interaction). Seasonal distortions other than the
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orbital geometrical effect illustrated above would involve oscillation distances on the order
of the Earth-to-Sun distance difference at perihelion and aphelion (5 x 107% km) and would
probe the vacuum oscillations parameter space. Day /night rate fluctuations would indicate
oscillations in the LOW solution; in this case the combination of oscillation parameters and
neutrino energy is such that a detectable fraction of the neutrinos that had oscillated from
electron to another flavour after being generated in the Sun convert back to electron type
while crossing the Earth. Refer to section 1.4 and fig. 1.8 for the definition of the above

mentioned neutrino oscillation solutions.

2.1.2 Antineutrinos

Electron antineutrinos can be detected via capture on protons in the scintillator:
Vet+p—mn+et (Q =18 MeV) (2.9)

This is the reaction used in Reines and Cowans’ experiment that first directly detected
neutrinos. The neutron capture on protons induces a 2.2 MeV v emission with a 250 us
delay. The energies E; and E, of the incoming antineutrino and the outgoing positron are

related by (see for example [47])

B E. — pe cost 1 9 9 9\ Mme<my m2 — m]%
Ee = Ef, <1 + my — 2mp (mn — mp — me> ~ Ef, — W (210)

where p is the positron momentum, 6 is the scattering angle in the laboratory frame and
my and m, are the proton and neutron masses. The e™ — v delayed coincidence provides a
clear signal for v, capture. Possible sources of 7, are the Earth, nuclear reactors, the Sun
and supernove.

A measurement of the electron antineutrino flux from natural radioactivity (e.g. 233U
and 232Th) in the Earth’s crust and mantle would provide important information on heat
generation within our planet. According to the current knowledge of the radiochemical
composition of Earth, several tens of v, events per year with energies up to 3 MeV are

expected in Borexino [57].
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Figure 2.3: Differential cross section of electron-antineutrino scattering for monochromatic,
862 keV antineutrinos, shown versus the scattered electron recoil kinetic energy T'. The dif-
ferent cross section for electron and muon (tau) antineutrinos are apparent. The maximum
recoil kinetic energy T;,4. of the electron is 667 keV. The differences with electron-neutrino
scattering can be appreciated by comparing with fig. 2.1

With no active reactor present in Italy, Borexino would be sensitive to antineutrinos in
France, Switzerland and Germany. Possible v, disappearance could probe neutrino oscilla-
tion parameters with a longer baseline (~ 1000 km) than that for KamLAND [58]. Several
tens of U, events per year with energies up to 8 MeV are expected in Borexino from these
sources.

No antineutrino emission is expected from the Sun. Possible detection of solar vs would
be a smoking gun for new physics. The current upper limit on the v, flux from the Sun
(5 x 10* em=2s~! [62], corresponding to approximately 100 77, events per year) could be

significantly improved by Borexino.
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Intense neutrino and antineutrino fluxes of all flavours are emitted in supernovee col-
lapses, with average energies 10-30 MeV. The main detection channel in Borexino is via
antineutrino capture on protons (eq. (2.9)). Approximately 80 events are expected from
a supernova collapse in the center of our galaxy from this source. Detection channels for
neutrinos and antineutrinos in Borexino are offered by charged- and neutral-current in-
teractions on 2C [63]. Such studies could put stringent limits on the absolute masses of
neutrinos [56].

Antineutrinos of all flavours also elastically scatter off electrons. The cross section for
this reaction is obtained from eqgs. (2.3) and (2.4) by the substitution g7, <> gr and is shown

in fig. 2.3 for hypothetical monoenergetic 862 keV antineutrinos.

2.1.3 Neutrino physics with sources

Sources of neutrinos (°!Cr) or antineutrinos (°Sr) are an excellent tool to probe non-
standard neutrino properties with Borexino. In particular, if neutrinos carry a magnetic
moment, the electron recoil pattern in low energy v — e scattering would deviate from the
Standard Model predictions. Sensitivities to neutrino magnetic moments s, ~ 10~ pup

would be in the reach of Borexino using MCi sources [59, 64].

2.2 Design of the Borexino detector

The design of Borexino has to satisfy two main requirements. On one hand the detector
has to be massive enough to allow the interaction of a statistically significant number of
elusive neutrinos inside its active volume. On the other, all its central constituents must be
extremely radiopure. The first requirement is satisfied by a hundred-ton-scale unsegmented
liquid volume that is expected to “capture” a few tens of "Be solar neutrinos every day.
The second is pursued via a number of different paths: careful selection and screening
of the constitutive materials (scintillator liquid, mechanical structures and light-detection
devices) that need to satisfy very strict radiopurity standards, minimization of the mass of

the structural materials in close contact with the active core of the detector, and layered
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Borexino Design 2200 8" Thorn EMI PMTs

(1800 with light collectors
400 without light cones)

Stainless Steel
Sphere 13.7m

Nylon Sphere
8.5m &

Muon veto:
200 outward-

pointing PMTs

100 ton
fiducial volume

Nylon film
Rn barrier

Seintillator

\ Holding Strings :
Stainless Steel Water Tank Steel Shielding Plates

18m & 8m x 8m x 10cm and 4m x 4m x 4cm

Figure 2.4: A simplified sketch of the Borexino detector.

radial screening of the target volume from the surroundings. Further purification of the
scintillator and buffer fluids is also implemented. A sketch of the apparatus is shown in
fig. 2.4.

The core of the detector is a spherical 300 ton volume of liquid scintillator; this is a
1.5 g/ solution of 2,5-diphenyl oxazole (PPO, Ci5H11NO) in 1,2 4-trimethylbenzene or
pseudocumene (PC) solvent (C¢Hsz(CHgz)s3). The scintillator is mechanically confined by a
thin transparent, nylon spherical “balloon”, referred to as the Inner Vessel (IV). With a

8.5 m diameter, the IV is placed at the center of a bigger 13.5 m diameter Stainless Steel
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Figure 2.5: A look inside the Borexino Stainless Steel Sphere (SSS), in the final commis-
sioning phase. Most of the 2200 photomultiplier tubes (PMTs) are visible: the bottom ones
await the spherical nylon vessels to be deployed before being installed. The sphere is 13 m is
diameter, the two concentric nylon “balloons” (not installed) 8.5 m and 11.5 m respectively;
the diameter of the flange through which the picture has been taken is 3 meters.

Sphere (SSS) on which 2200 photomultiplier tubes (PMTs) are mounted (see fig. 2.5). The
volume between the SSS and the IV is filled with a quenched pseudocumene solution, 5 g/¢
dimethylphthalate (DMP) in PC and is used as a buffer volume. This design is meant to
keep the IV+scintillator almost neutrally buoyant, reducing the mass of the IV envelope and
its supports to a minimum. A second spherical nylon membrane, called the Outer Vessel
(OV), is placed between the IV and the PMTs as a barrier for radon emanated mainly by the
PMTs and the SSS. The vessels are connected at the two poles to the SSS with cylindrical

pipes that allow fluids to fill the different volumes and provide basic mechanical support.
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Figure 2.6: The spectral sensitivity and quantum efficiency of the Borexino ETL 9351 8”
photomultiplier tubes.

The nylon film out of which the vessels made is thin (125 pm) and flexible and since absolute
buoyancy cannot be relied upon, a web of strings attached to the pipes embrace the two
vessels holding them in position. The vessels will be maintained in a spherical shape by
keeping them at a slight overpressure.

The choice of PC for the scintillation solution is dictated by many reasons, among which
are high scintillation light yield (~ 10* photons/MeV), high transparency (5-10 m mean free
path [65]), and fast decay time of the scintillation light (~ 5 ns) essential for good spatial
resolution of the detector. In addition, conventional petrochemical purification techniques
can be applied to purify the hundreds of tons of fluid needed for Borexino. The PPO
additive to the scintillator works as a wavelength shifter to fine tune the scintillation light
to the spectral response of the PMTs (fig. 2.6). The scintillation spectrum of the PC+PPO
scintillator versus that of pure PC is shown in fig. 2.7 [66].

The addition of the DMP quencher to the buffer fluid is meant to drastically reduce
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Figure 2.7: The scintillation spectrum of pure PC (dashed line) and of a 1.5 g/¢ PPO+PC
solution (solid line) [66].

scintillation light in proximity of the PMTs which are intrinsically much less radiopure than
the scintillator. An excessive amount of light on the external region would unacceptably
increase the overall trigger rate and swamp the signal of events inside the IV. The light
yield of PC is reduced 10 times with the addition of DMP at the design concentration [67].

The SSS is enclosed inside a bigger stainless steel Water Tank (WT). The water sur-
rounding the sphere provides a buffer to screen the inner volume of the detector against
radiation (mainly neutrons and ~y rays) emitted by the rock of the underground cave walls.
Instrumented with ~ 200 PMTs mounted outwards on the SSS and on the WT floor, it also
works as a Cerenkov muon detector. Muons that cross through the scintillator are easily
identified by the large amount of light released, but those which pass almost tangentially
to it can produce short-lived light radioactive isotopes (e.g. "Be, ''C, etc) that would be a

background [68]. It is thus very important to accurately veto a time window associated to
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Figure 2.8: The different decay time of the scintillation light produced by a and (3 particles.
A pulse shape analysis of the PMT charge (light) collected in the “tail” compared to the
total amount of charge (light) released allows efficient discrimination between the two types
of events. The plot is taken from [73].

the passage of a muon [69].

The PMTs and read out electronics are appropriately chosen to be able to detect very
small amounts of light, typical of recoil electrons below 1 MeV. The PMTs are suitable for
single photoelectron count [70] and the dynamic range of the electronics is optimized for low
energy counting [71]. Precise timing of the PMTs is crucial for the spatial reconstruction
of each event inside the detector. The read out electronics will also provide discrimination
between events with different decay times of the scintillation light. It has been verified
that the time profiles of the scintillation light for « particles and electrons are different,
the latter typically decaying faster (fig. 2.8). A careful calibration of the properties of the
scintillator, the PMTs, and the read out electronic chain will allow an «/( separation in
excess of 90% [72, 73].

The photomultipliers are 8” ETL model 9351 and have been developed together with the
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Figure 2.9: A closeup view of the Borexino photomultiplier tubes (PMTs). 80% of them
are equipped with aluminum light concentrators designed to focus the field of view to
the scintillator inside the IV. The others can detect light generated in the whole SSS, in
particuler Cerenkov radiation emitted by muons.

manufacturer to contain very low amounts of residual radioactivity in the glass. Approxi-
mately 1800 of them are equipped with aluminum light concentrators designed to capture
the light of events inside the IV. The PMTs without concentrators will also capture the
light from the buffer region. In addition to residual scintillation, they will detect Cerenkov
light associated with the passage of a muon, and are therefore a complementary component
of the Borexino muon detector. A close view of the Borexino PMTs, with and without
concentrators is displayed in fig. 2.9.

The Borexino detector is equipped with numerous auxiliary plants, mainly devoted
to the overall fluid handling and circulation, and the purification of scintillator, buffer
solution, and water. The fluid handling plants are needed to regulate and maintain gas
and liquid flows, pressures and levels during all initial filling operations as well as during

the long term steady-state period of data taking; they are made up of various modules
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and interconnect virtually all parts of the detector. The purification plants are needed to
purify the pseudocumene and scintillator before it enters the detector. It is also possible
that further online purification of the scintillator will be needed during the lifetime of
the experiment. Water is purified by reverse osmosis deionization and nitrogen stripping
to eliminate gaseous radioactive species and oxygen [74]. The purification processes for
pseudocumene include nitrogen stripping, counter current water extraction, filtration on a
silica gel adsorbing bed, and vacuum distillation. Nitrogen stripping has proven effective in
removing radioactive gaseous species as well as oxygen. Water extraction and adsorption
onto silica gel are designed to eliminate metallic impurities. Distillation should separate
anything less volatile than PC.

An extensive description of the Borexino detector and its auxiliary plants is found in [55].

2.3 Radioactivity requirements and background rejection

The radioactivity specifications for Borexino are such that unambiguous identification and
measurement of the "Be solar neutrinos can be assumed. The primary concern is that of
having an intrinsically ultra low radioactivity liquid scintillator solution. The second is to
keep the radioactivity in the structural materials that are close to or in contact with the
scintillator (nylon, pipes, PMTs, etc.) low enough not to “drown” the neutrino signal in the
central target volume. In practical terms, based on the final radioactivity levels achieved,
a central “fiducial” volume will be selected from the data for performing physics analysis.
The size of this region will depend on the residual radioactivity (e.g. ~ rays, radon, ...)
leaking into the center of the detector from surrounding elements. A larger fiducial target
mass implies an increased physics potential of the experiment.

Borexino has a 100-ton fiducial target mass design specification (which corresponds to
the 2.9 m radius central volume). Just a few tens of solar neutrino events are expected per
day in this volume (this figure will of course depend on the exact solar neutrino oscillation
parameters). The residual, irreducible background events need to be at most comparable

with this number in the fiducial volume in the neutrino energy window, yielding an overall
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total acceptable background on the order of ~ 107? Bq/kg or better in the scintillator.

The fundamental radioactivity requirement is set on the amount of 14C in the scintillator.
The *C abundancy will determine the overall trigger rate of the experiment (the exact
value will also depend on the hardware energy threshold that will be chosen). '“C is a 3
emitter with a 156 keV endpoint energy, as shown in fig. 8.1. Because of finite detector
energy resolution, events from this source could be observed at higher energy inside the
detector. This carbon isotope is present in the pseudocumene molecule (C9Hj2) and cannot
be eliminated by purification. Borexino aims at setting an operating threshold for physics
at 250 keV. To limit these 3’s to on the order of one event per day above threshold, the *C
isotopic abundance in the scintillator should be E—g ~ 10718 or better [75].

Many radioactive impurities are of concern for Borexino, including most daughters of
the 238U and 232Th natural decay chains (see figures 3.7 and 4.1 respectively). For these
elements, levels on the order of 10716 guTh/gPpc or better in the scintillator are required.
The presence of these species can be efficiently tagged by looking for short delayed con-
secutive decays within their radioactive chains. In the 2*®*U chain, there is the 2*Bi-2!4Po
3 — a sequence with a mean lifetime of 235 us (see section 8.3.1). Analogously, in the 2*2Th
chain it is possible to search for 2'?2Bi-?'?Po 3 — a sequence with a 432 ns mean lifetime.
Knowing the rate of these decays (allowing for the appropriate branching ratios) specifies
the amounts of ??°Ra and 28Th respectively (along with all the daughters in the series).
Their o and 3 decays can then be accounted for and subtracted from the collected data set.
A cross-check of these event rates may be possible using longer-lived delayed coincidences
(seconds or even minutes apart), imposing a spatial constraint to their search (e.g. the
222Rn-218Po o — a sequence in the 238U series). Assuming secular equilibrium in the decay
chain, it is possible to extrapolate the amounts of 23U and 23?Th present in the scintillator.

Other dangerous background elements are 4K, 8Kr, and 3?Ar, all # emitters. The
limit required on the total potassium abundancy is K,q; ~ 10714 g/g (Knqt indicates the
overall potassium content including all isotopes with their natural abundancy). 8Kr can be
tagged by looking for its secondary decay mode to the metastable state 3Rb, generating

a (8 — v delayed coincidence with a 1.46 us mean life (see fig. 8.7); a corresponding number
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of 3 events can then be subtracted. Some decays without time coincidence patterns can
be identified in different ways: « decays can be spotted via pulse shape discrimination (as
explained in the previous section), while a careful energy spectrum analysis can identify
and separate individual, known sources which may then be statistically subtracted from the
total energy spectrum.

Separate specifications are set by the so-called external background, originating from
the periphery of the detector. The concern is for v rays emitted by radioactive impurities in
the detector’s materials which can penetrate into the fiducial volume.  rays may originate
from impurities in the nylon film of the vessels, on the surface of the materials of their
mechanical support structures and hold-down ropes, and from every component inside the
SSS. The ~ activity is dominated by that coming from the PMTs. In fact, the thickness of
the buffer region was determined by the need to absorb the highest energy (several MeV) ~y
rays from this source (the attenuation length in PC of photons of this energy is many tens of
cm!). The radioactivity of the PMTs and the detector geometry should yield ~ 1 event/day
from this source in the fiducial volume. A thorough discussion of these backgrounds is found
in [76].

Having met the design radioacticity specifications and using all the above-mentioned
background identification techniques, the final goal is to be able to distinguish a clear
signature of solar neutrino interactions. In particular, the aim is to observe the Compton-like
edge from the 862 keV "Be neutrinos in the recorded electron scattering energy spectrum.

The low radioactivity levels needed can be achieved only with thoroughly clean construc-
tion and purification techniques and by very carefully selecting and screening all construc-
tion materials, including the scintillator. A collection of milestone results from extremely
low level radioactivity measurements performed within the Borexino collaboration can be

found in [77].
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2.4 The Counting Test Facility (CTF)

Built to test the feasibility of ton-scale purification of organic liquid scintillators at the levels
required by Borexino, the Counting Test Facility (CTF) is now in its third data taking
campaign since 1995. The detector, located in the same underground hall as Borexino, also
shares with it most of the design concepts.

Approximately 4 tons of scintillator (1.5 g/¢ PPO in PC solution) are contained in
a transparent nylon spherical vessel (500 pm-thick membrane, 1 m radius, see fig. 2.11)
immersed in ultra pure water used as screening material. Because water is denser than PC,
a set of strings wrap around the vessel anchoring it to the bottom. 100 PMTs mounted on
an open stainless steel structure measure the scintillation light inside the vessel. The open
structure and nylon vessel can be seen in figures 2.10 and 2.11.

The first campaign (CTF1) was carried out in 1995. It supplied the proof of practice

for Borexino-like detectors, and, after purification, allowed measurement of [75, 78]:

1) =C 2 x 10718 (lowest 4C isotopic abundance ever measured)
20 p

2) ~4x107% g/g for 238U and 232Th equivalent contamination (assuming secular equi-

librium in their respective decay chains)

The purification techniques adopted were water extraction, nitrogen stripping and vacuum
distillation. For a more detailed description of the data analysis for CTF1, refer to [79].

A second data-taking campaign (CTF2) was performed in 2000, this time with a different
scintillator: Phenyl-ortho-xylylethane (PXE) as a solvent with para-Terphenyl (2 g/¢) and
bis-MSB (20 mg/¢) as wavelength shifters. There were two major upgrades of the detector:
20 PMTs were placed on the bottom of the water tank to detect Cerenkov light produced
by muons so they could be vetoed. In addition, a second nylon membrane was interposed
between the inner vessel and the PMTs, much like the Borexino design. This membrane,
maintained during the third run (CTF3) and visible in fig. 2.12, functions as a radon barrier.
The radiopurity results were somewhat worse than those found in CTF1 [80]. Nonetheless,

CTF2 put new lower limits on the lifetime of some interesting non-standard processes [81]
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Figure 2.10: The 1 meter diameter CTF nylon vessel surrounded by 100 PMTs mounted
on a stainless steel open structure. Clearly visible are the light concentrators mounted on
the PMTs.
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Figure 2.11: A closeup of the CTF nylon vessel. The nylon pipes at the two poles of the
vessel, the nylon strings holding it in place against the upward buoyant force and the glue
seams of the panels out of which it is constructed can be appreciated.

Figure 2.12: A view of the CTF3 detector, with its double nylon vessel, following its filling
with ultra pure water.
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and an upper limit on the neutrino magnetic moment [82].

The main goals of the third campaign (CTF3) which has been ongoing since mid-2001
are to measure the C abundance of the scintillator delivery for Borexino and to test
purification methods, sequences and efficiency of the Borexino plants. During these tests,
the leak tightness and overall cleanliness of many interconnecting plant sections are also
tested. The outcome of the tests will be crucial to define the filling and purification strategies

for Borexino. Some represetative results from this run are reported in chapter 8.



Chapter 3

The Borexino Nylon Vessels

The Borexino liquid scintillator is contained in a nylon spherical vessel (8.5 m diameter)
called the Inner Vessel (IV) which separates it from surrounding buffer fluid. A second,
concentric nylon vessel (Outer Vessel, OV, 11.5 m diameter) is placed around it as a barrier
for radon emanated by the PMTs and other structural elements. Both vessels must satisfy

the following requirements:

a. Transparency in the blue and near UV range (350-450 nm). This is the wavelength
of the scintillation light of the PC+PPO solution that has to reach the PMTs (see
spectrum in fig. 2.7).

b. Chemical compatibility with aromatic compounds (pseudocumene) and water. These
two liquids coexist in CTF. For Borexino, the filling strategy is to fill the detector (i.e.
the SSS + vessel system) first with water and then with pseudocumene. In addition,
the membrane has to present very low permeability towards pseudocumene and radon

gas.

¢. Mechanical robustness. The vessels have to withstand the stresses and buoyant forces

occurring during filling and steady-state operations (see section 3.2).

d. Extremely low radioactivity. The radioactivity requirements of the IV are second
only to those of the scintillator itself. These requirements set limits on film surface

cleanliness and tolerable film intrinsic radioactivity contamination. ~’s from 238U,

47
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232Th, and °K emitted at the IV radius can penetrate into the central volume of the
detector. In addition, if ??Ra (238U) is present in the membrane, radon can emanate
from the nylon film and diffuse into the scintillator. These issues are addressed more

in detail in sections 3.1 and 3.2.

3.1 Why nylon for the scintillator containment vessel?

After initially considering a rigid acrylic scintillator containment vessel for Borexino [54]
similar to the heavy water containment vessel of SNO [83], a thin nylon membrane was
chosen instead [84]. This approach offers numerous advantages.

Nylon presents a very high compatibility with pseudocumene. Tests have shown that its
mechanical properties (e.g. yield point, Young’s modulus, creep) are essentially unchanged
after immersion in dry PC, PC+PPO, and PC+DMP for many months [76]. Nylon is
weakened at high humidities (immersion in water lowers the yield point by a factor of ~ 3),
but the effect has been shown to be reversible [76]. Water can indeed cause hydrolysis
in nylon compromising its molecular structure, but the time scale for this process is long
compared to the expected lifetime of Borexino (10 years) [85]. Thorough mechanical tests
of nylon films have been performed on nylon exposed to air and PC at different relative
humidities [86]. The typical behaviour of the stress as a function of strain (i.e. fractional
elongation) is shown in fig. 3.1. Relevant results of these tests are reported in section 3.2.

Nylon films can be produced with excellent light transmittance and low haze properties.
Such characteristics allow to minimize scattering and loss of photons along their path to
the PMTs. These conditions are essential for accurate energy measurement, good energy
resolution and precise position reconstruction of the events. The nylons films selected for
Borexino all show good transmittance (> 90% in PC) above 300 nm (compare with fig. 2.7)
and less than 1% scattering at angles greater than 7° with 366 nm light [76].

A useful property of nylon is that of having an index of refraction which almost perfectly
matches that of pseudocumene (~ 1.5 for both). This simplifies the optical reconstruction of

the events for Borexino, where the vessels are immersed in pseudocumene. In comparison,
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Figure 3.1: Typical stress vs strain behaviour of thin nylon film (from [76]). A reversible
elastic elongation (stretch) is followed by an irreversible, plastic deformation (creep) at a
particular value of the applied stress. Eventually, the film breaks.

the event reconstruction in CTF is more complicated since photons cross a pseudocumene-
nylon-water interface before they reach the photomultiplier tubes.

By using a sub-millimeter thick film, one can minimize the total mass of the vessel. This
implies a corresponding reduction of its intrinsic radiopurity requirements. Nonetheless,
strict material selection and screening was undertaken in order to identify the cleanest
possible nylon. The biggest problems are posed by v rays emitted by “°K and by isotopes
along the 233U and ?32Th chains that could penetrate into the fiducial volume of the detector.
The amount of ?>?Rn emanated by ??Ra in the material and possible wash-off of 2!°Po
present on the nylon surface following 2?2Rn exposure must also be minimized. It has been
found that plastics produced by extrusion can be made more radiopure than cast ones, most
likely due to releasing agents (typically high in potassium) [76]. Details of the purity of
nylons for Borexino are reported in section 3.2.

The radon diffusion rate through nylon films has also been carefully addressed and
weighed in selecting the appropriate material for Borexino. The double nylon vessel design
is specifically meant to minimize the amount of radon reaching the center of the detector.

2

It was found that the diffusion coefficient for dry nylon is ~ 10712 cm?s™!, while the value
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for wet nylon is two orders of magnitude higher [76, 87]. The increased diffusivity with
humidity poses some constraints on the operating humidity conditions for Borexino when
the 2?°Ra contamination is at the limit of specifications, as discussed in section 3.2.

The use of a thin membrane also allowed construction of the nylon vessels in a clean
room environment, instead of in situ inside the SSS. Assembly in a clean room guarantees
very low particulate contamination. In addition, a newly designed radon filter has been
inserted along the makeup air line that feeds the vessel construction clean room, reducing
the radon exposure of the vessel surfaces (see chapters 4 and 5). Finally, the vessels enter
the sphere as deflated balloons, already nested into one another. Nesting makes vessel
fabrication harder but the presence of the OV as a sealed bag around the IV combined with
the use of very clean gas for inflating them further controls contamination of the surfaces
of the IV during production, shipping, and installation.

For reference, a very detailed review of nylon properties and applications is found in [85].

3.2 Design and specifications of the nylon vessel system

The Borexino IV and OV are made, respectively, of 36 and 40 separate panels cut out
and glued to one another to form a sphere (once inflated). The gluing technique uses a
resorcinol solution sprayed onto the joint surfaces, followed by tight clamping for several

hours (discussed further in chapter 6). The thickness of the nylon film is 125 pum.

3.2.1 Film strength and handling

The typical tensile strength for dry nylon of this thickness is 70 MPa, which drops to about
20 MPa at 50% RH (room temperature) [86]. When the viscoelastic behaviour of the mem-
brane (or “creep”, the plastic region in fig 3.1) is considered, the maximum stresses on the
nylon vessels foreseen during Borexino are approximately 3 MPa (for maximum temperature
differences between the scintillator and buffer regions of 5 °C [88]). The thickness not only
plays a role for mechanical tensile strength, but also for brittleness (fragility under folding).

As everyone has probably experienced with shopping bags, thin films do not crack easily.
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The Borexino vessels are below the so-called critical thickness [86], above which a polymer
film tends to crack when folded with a radius of curvature comparable to its thickness. A
third parameter considered for the design and assembly of the vessels is the glass transition
temperature of nylon, at which a second order phase transition occurs in polymers [89].
the transition temperature is highly dependent on relative humidity; it separates polymer
phases characterized by glassy/brittle and rubbery/supple state properties. The assembly
and handling of the vessels is performed at high humidities (> 50% RH), such that the
glass transition temperature is lower than ambient temperature. Radon diffusion through
nylon increases with humidity. To limit contamination, the vessels’ humidity will be reduced
(< 10%) once installed and inflated inside the detector. Full-scale inflated prototypes are

shown in fig. 3.2.

3.2.2 Cleanliness and radioactivity

The limit on tolerable radioactivity contamination on the IV is determined by the number
of extraneous, irreducible events in the neutrino energy window (250-800 keV) considered
acceptable (~ 10 events per day in the scintillator, see section 2.3). The fact that a 23%U
and ?*Th concentration of 1077 g/g in the scintillator contributes 1 decay/day for each
element in the radioactive chains in the central 100 tons of the detector (the so-called
“fiducial volume”) is taken as a reference for determining the clealiness and radioactivity

requirements for Borexino.

Cleanliness levels: Constraints on uranium and thorium levels in the scintillator can be
directly translated into a cleanliness requirement for the inside surface of the IV, since all
particles on the IV can potentially wash off into the liquid volume. If one assumes that all
vessel contamination is from “dust” (typically 1 ppm U, Th), a limit of 3 mg of particles
distributed over the nylon can be tolerated. Under conservative assumptions described
in [90] a surface cleanliness specification of Level 25 Mil. Std. 1246C [91] or better must be

maintained over the entire inside vessel surface.
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Figure 3.2: Full scale prototypes of the Borexino Inner Vessel (top) and Inner+QOuter Vessels
nested set (bottom). The two vessels are respectively 8.5 and 11 m in diameter, and
were inflated inside Princeton’s indoor gymnasium, the only building on campus able to
accommodate their size when inflated. The diameter of the final Borexino OV is 11.5 m.
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Intrinsic nylon radioactivity: Gamma activity from impurities embedded in the nylon
membrane must be limited. « rays from “°K and from the 238U and ?*?Th decay chains
(among which are those emitted by 2!4Bi, 2%T1, and 228Ac) can release some or all of their
energy inside the scintillator and be a background for Borexino (the attenuation length for
a 1 MeV ~ ray in PC is 25 cm). Assuming intrinsic uranium and thorium concentrations
in the nylon on the order of 107!2 g/g and a total potassium concentration K, ~ 1078
g/g, ~ 150 v events/day above 250 keV are expected in the IV. This number drops to 0.05
events/day in the central 100 tons of scintillator, which represents a completely acceptable
value for Borexino [76]. a and (8 decays at the IV radius do not pose the same problem
since they do not reach the core of the detector (a 1 MeV electron travels ~ 1 cm) and can
be eliminated from the data by a volume cut. The inrinsic concentrations required for the

nylon film of the IV are:

e 107!2 g/g or lower for 238U and #*?Th

e 1078 g/g or lower for potassium.

Radon emanation: 2?2Rn produced in the 2**U decay chain can emanate from the nylon
surface and diffuse into the scintillator. Its decay and those of its daughters represent a
background for detecting solar neutrino interactions. A 1 ppt (10~!2) 238U contamination in
nylon will give ~ 13 events/day in the central 100 tons of scintillator from emanated ?*2Rn
(when secular equilibrium in the chain is assumed)) [76]. The 10~!2 limit on uranium stated
above thus meets radon emanation requirements as well. A 238U content up to 10 ppt could
probably be tolerated for Borexino (this relies on > 90% efficiency in identifying « events

and 2Bi-214Po a — (3 delayed coincidence events) [76].

Radon contamination: A separate source of contamination for the vessel surface is from
radon daughters. When 2??2Rn decays in proximity of the vessel, its daughters can deposit
on the nylon film and eventually wash off into the scintillator they come in contact with. It
is important to minimize direct exposure of the vessel surface to air (that naturally contains

significant amounts of radon) during construction, shipping, installation, and fluid operation
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inside the SSS. The maximum allowed radon exposure and related issues are discussed in
section 3.4.

Stringent limits on intrinsic radioactivity and radon emanation also apply to all com-
ponents of the vessel system close to the scintillator. These include the mechanical support

structure and the ropes for the hold down system.

3.2.3 The mechanical support structure

At each pole of the vessels is a set of concentric pipes for connection to the SSS, WT,
and to the fluid handling plants. These pipes carry the scintillator and buffer fluid into
the IV and OV, as well as functioning as the main mechanical support for the vessels (see
fig. 3.3). Designing the transition between the vessels and the pipes has been an intense
R&D effort. The problem was to have a low-mass, mechanically resistant structure that
would meet the IV leak tightness specifications under design load. The basic philosophy
that drove the design is to have the polar assemblies (also referred to as the “end regions”
in the following chapters) stronger than the nylon membrane (i.e. the film would fail first,
preserving the mechanical integrity of the supporting structure). Considering a nylon film’s
Young modulus of 50 MPa, the end regions have to withstand a 300 kg (3000 N) load.
The nylon membrane of the IV is glued onto a bulk nylon ring (the so-called “end caps”).
A nylon corona-shaped “bridge” film connects the ring to the bulk nylon internal pipe. An
IV end region can be seen in fig. 7.8. The OV end caps have a similar design, but they have
a solid nylon disk instead of the nylon bridge film (see fig. 6.11). From the OV outwards the
two pipes are coaxial. The final section of such pipe is made of stainless steel, appropriately
pickled and passivated to avoid long-term corrosion. The roughness of its surface was
carefully minimized to avoid particulation. Metal struts connect the nylon rings of both
vessels to the coaxial pipes for mechanical strength (copper for the IV, stainless steel for
the OV). The particular design of the tube assemblies was driven by minimization of the
total mass and utilizing the most radiopure materials (nylon and copper) close to the IV.
All materials used in the “tube assemblies” (end caps + pipes) underwent strict radiopurity

screening. All IV pipe sections were precision cleaned by AstroPak [92] and their surfaces
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Figure 3.3: Drawing of the north pole tube assembly, with the coaxial pipe section and the
two end caps connecting to the IV and OV nylon envelopes. The final OV vessel has a solid
nylon disk instead of a nylon “bridge” film. The diagonal struts connecting the nylon rings
and the coaxial pipes are not shown.

certified to Level 25 (Mil. Std. 1246C [91]). The radiopurity of all the components of the
vessel system are analyzed in depth in [76]. Details of the design and construction of the

end regions are presented in chapter 6.

3.2.4 Leak tightness requirements

The IV as a whole (including the end caps) must also satisfy certain leak tightness spec-
ifications. If scintillator (with PPO) leaks into the quenched buffer region, it will cause

undesired scintillation outside the IV. The light yield of a PC+DMP+PPO solution as a



Chapter 3: The Borexino Nylon Vessels 56

function of PPO concentration is what dictates the tolerable leak rate [67]. A limit of 10
ppm of PPO in the buffer has been considered acceptable in terms of event reconstruction
and total event rate of the experiment. Conservatively speaking, if the detector remained
in a steady-state condition for 10 years without fluid purification, a leak tightness limit on

the IV can be set [96]:
tolerable IV leak rate ~ 1072 cc/s (liquid) (3.1)

The specification set for the OV is based on the philosophy that its leak rate should not be

more than two orders of magnitude above that of the IV, i.e:
tolerable OV leak rate ~ 1 cc/s (liquid) (3.2)

Results from bench top leak checking of the IV and its end regions are reported in chapter 6.
A final and possibly more definitive leak checking is planned after the vessels are installed

inside the SSS.

3.2.5 The hold-down ropes

Due to the density difference between the scintillator and buffer solutions, the IV will
experience an upward buoyancy force of approximately 2750 N (see section 3.3). Other
deviations from the neutrally buoyant conditions are due to temperature-driven density

fluctuations (see section 3.3.2), on the order of

1 dp -1
- — ~ 0.1% (° .
S~ 01% () (3.3)

Temperature differences between the liquid volumes will determine a buoyancy and stress
the vessels. The direction of such force can be in either direction and it applies to both
vessels (given the bigger size, the OV is subject to higher stresses). The Borexino vessels are
designed to withstand an averaged temperature difference between fluid volumes separated
by the nylon vessels of 5 °C. Applied to the IV it translates into a 12500 N buoyant force;
for the OV it could be as high as 24000 N. Realistically, during fluid operations, it is hard

to imagine a sudden and abrupt temperature difference between the scintillator and the
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buffer or between the two buffer regions of this magnitude; the design specifications should
be considered very conservative.

In order to maintain their position, each vessel is wrapped by two sets of low radioactivity
ropes that limit their upward and downward movements respectively [93]. The ropes are
made of Tensylon, an ultra-high molecular weight polyethylene polymer [94]. Each rope
(two sets of 18 and 20 for the IV and OV respectively) is attached at both ends to the
stainless steel vessel support pipes. A set of 6 (8) strain gauges at each pole of the IV (OV)
measures their tension; summing the tension for all ropes of a vessel and dividing it by
cosf, (x =1V, OV) gives the value of the buoyancy force acting on it. The nominal angle

of incidence of the ropes on the support pipes is
Ory = 58°% oy = 53° (3.4)

The readings from the gauges (or load cells) are logged by the online monitoring system.
The ropes are designed to be stronger than the nylon membrane. In the 5 °C design
limit described above the IV (OV) ropes have to withstand a 650 (1000) N tension. The
effect of creep, always present with any load, no matter how small, is acceptable for the
expected lifetime of the experiment (~ 10 years). A detailed discussion of the mechanical
and radiopurity properties of the rope system and its compatibility with pseudocumene is
given in [95]. A sketch of the rope system is shown in fig. 3.4; a picture of an installed IV

load cell assembly is found in fig. 6.8.

3.2.6 Monitoring instrumentation

Completing the vessel system are various monitoring devices. Four load cells at each pole
(in addition to those connected to the ropes) will measure elongations along the pipes (one
is shown in fig. 6.8). Temperature sensors are deployed in various positions to measure
the temperature of the fluids inside the SSS. The sensors will be installed on the vessel
system at LNGS, before it is installed in the detector. Three sensors will be placed along
the stainless steel pipe close to the OV end cap, just inside the SSS and in an intermediate

position between these two. Placing a sensor just inside the OV is still under consideration.
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Figure 3.4: Schematic representation of the Borexino hold-down rope system. There are
two sets of 18 (20) ropes on the IV (OV). The ropes attached to the north pole hold the
vessels against downward buoyancy, and viceversa. Each rope wraps around the vessel and
is attached at both ends to a load cell that measures its tension. Six (five) rope ends are
connected to each load cell for the IV (OV). The sum of the readings from all load cells
from a vessel, divided by the cosine of the angle the ropes make with the pipes (nominally
58 © and 53 © for the IV and OV), gives its total buoyancy force. The south pole load cells

are not shown for simplicity. An IV load cell assembly is shown in fig. 6.8.
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The sensors are Pt 100 (Pt resistance of 100 €2) in a stainless steel enclosure complemented
with a welded stainless steel conduit with 4 copper wires in MgO insulation [97].

A set of light sources is placed on the surface of both vessels for scintillator and vessel
monitoring purposes. They are meant to monitor the position of the vessels using red light
from LEDs and the Borexino digital cameras. A subset of such light sources will be used
to monitor the scintillation properties of the scintillator close to the IV. This system is

extensively described in chapter 7.

3.2.7 The CTF inner vessel

A separate discussion applies to the CTF inner vessels. These are meant to withstand a
much higher upward buoyancy force due to the density difference between PC and water (~
500 kg for 4 m? of PC). They are made of a Durethan C38F nylon 6 copolymer by BASF [98],
500 pm thick. This film is significantly stiffer than the film of the Borexino vessels. The
CTF vessels were built in a spherical shape inside the clean room, since they could not be
folded flat. Only one set of hold-down strings is needed, given the unidirectionality of the

buoyancy force (see fig. 2.11).

3.3 Scintillator solution density

Knowing the densities of the scintillator and buffer fluids is extremely important for the
design and the operation of the nylon vessels. Every part in ten thousand density differ-
ence between the inside and the outside of the IV corresponds to a net buoyancy force of
approximately 300 N.

The density of PC4+PPO and PC+DMP solutions relative to pure PC has been measured
at room temperature for a variety of concentrations, including the ones foreseen for operating
Borexino (1.5 g/¢ for PPO, 5 g/¢ for DMP). This measurement allows one to know precisely
the contribution of the density differences to the overall buoyancy forces acting on the vessel.
An accurate knowledge of the solution densities also allows defining, if needed, operating

scenarios where a definite buoyancy is maintained between the various fluid volumes through
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a careful control of the concentration of the solutions in different regions of the Borexino

detector.

3.3.1 Experimental apparatus and procedure

The measurements have been carried out via hydrostatic methods, using a 1-liter glass
jar connected to a long, removable glass graded neck with a resolution of 0.01 ml. The
exact, absolute volume of the jar was not known: it was not needed for measuring relative
density differences between the various solutions. The net weight of equal volumes of the
different solutions were measured using a scale with 0.01 g accuracy that guarantees a 1:10*
sensitivity on a 1 liter sample (a density differences of 1 part in 10* between the scintillator
and the buffer fluids corresponds to 300 N of buoyancy force on the IV). The ratio of these
values yields their relative densities. The measurements took place in a room with very good
temperature stability for a period of weeks (~ 22 °C). The temperature variations were on
the order of 0.1 °C or less. To minimize the systematic error due to these fluctuations,
each solution was weighed at different times during the day and the measurements were

averaged.

3.3.2 Measurement and results

The densities of pure PC (Pseudocumene or 1,2,4-Trimethylbenzene), DMP (Dimethylph-
thalate) + PC solutions at 5, 10 and 20 g/¢ and PPO (2,5-Diphenyloxazole) at 1.5 and 3
g/l were measured at 22 °C relative to each other. Table 3.1 shows the raw data and the
errors considered for all the data points; the densities of the various solutions relative to
the pure PC density are shown in fig. 3.5.

The data show that the densities of both the PC+DMP and PC+PPO solutions behave
linearly as a function of solute concentration. Performing a linear fit for the relative density

and constraining the point for pure PC to be strictly 1 gives:

PDMP+PC _ 4 + (2.75 £ 0.05) x 10~* npup (35)
PPC
PPPO+PC 4 (3.16 £0.01) x 10~* ppo (3.6)

PPC
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Error on Error
Solute Concentration concentration Net weight net weight Temperature

(g/0) (g/0) (2) (2) (°C)

none 0.000 0.000 919.16 0.081 22.1
DMP 5.000 0.250 920.44 0.081 22.1
DMP 5.116 0.009 920.51 0.081 22.1
DMP 10.109 0.013 921.88 0.081 22.1
DMP 20.269 0.021 924.19 0.081 22.1
PPO 1.500 0.075 919.60 0.081 22.1
PPO 3.006 0.076 920.03 0.081 22.2

Table 3.1: Data for the density measurements of PC+DMP (top five rows) and PC+PPO
(bottom two rows) solutions. The error on the net weight is dominated by the 0.1 °C
uncertainty on the temperature, which directly translates into an uncertainty in the volume

by using the coefficient of thermal expansion of the solutions (assumed to be the same for
all, ~ 8 x 1074 g/cm?/K).

where 7; (j = PPO, DMP) is the solute concentration in g/¢. It is possible to estimate the
density of a mixture of liquids from their individual densities and concentrations, neglecting
any new interaction between the molecules of the two species. Taking 0.88 g/cm® and
1.19 g/cm? for the densities of PC and DMP at room temperature respectively (see for
example [99]) one obtains

PP+ pc = 143%x107* npwmp (3.7)
pPPC

which is within 9% of the measured value (eq. (3.5)). With this information one can

compute the relative density between any two solutions. An important number is the

relative density between the 1.5 g/¢ PPO+PC and 5 g/¢ DMP+PC solutions, since these

are the foreseen scintillator and buffer concentrations for Borexino. Equations (3.5) and

(3.6) with nppo = 1,5 g/¢ and npmp = 5 g/ yield

Pscintillator _ 1 _ (9,01 +0.25) x 104 (3.8)
Pbuffer

The coefficient of thermal expansion of pure PC, of the scintillator solution (1.5 g/¢ PPO),
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Figure 3.5: Density of PC+DMP (red, downward triangles, data points from 5 g/¢ and
above) and PC+PPO (blue, upward triangles) solutions at various concentrations relative
to the density of pure PC taken at 22.1 °C.

and of the buffer solution (5 g/¢ DMP), measured by J. Benziger, is ~ 8x 1074 g/cm?/K for
all three fluids [100]. The data do not allow to differentiate this parameter for the different
solutions (see fig. 3.6). The density difference between the scintillator and the buffer fluids
in eq. (3.8) corresponds to a temperature difference of approximately 1 °C.

The error bars shown in fig. 3.5 are almost completely due to the effects of the uncertainty
on the temperature; they reflect a conservative error on the temperature of 0.1 °C with the
reported coefficient of thermal expansion for PC (assumed essentially the same for all the
solutions). The data suggest that the uncertainty on the temperature might be smaller
than that assumed. The errors on the solution concentrations, on the weight and on the

volume differences of the samples have a typically smaller effect.
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Figure 3.6: Density variations versus temperature for DMP and PPO solutions in PC [100].
The slope defines the coefficient of thermal expansion (~ 8 x 1074 g/cm?3/K). The errors

on each data point do not allow to distinguish between pure PC, the scintillator, and the
buffer solutions.

Another potentially uncontrolled source of error could have been presented by the den-
sity variations of the PC samples used in the measurement: specifically, the PC used for
the PPO solutions and for one of the 5 g/¢ DMP solutions came from one bottle, while that
used for all the other solutions came from a different bottle of the same distillation batch.
The pure PC and the DMP+PC solutions data points are the result of adding an increasing
amount of DMP to the same PC sample in order to minimize errors due to possible non-
uniformities in the density of pure PC. The data clearly show that the different ”history”
of the PC used is not an appreciable source of error (see for example the two data points

for 5 g/¢ PC+DMP solutions).
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Another factor that has been considered and checked for is the possible difference in wa-
ter content of the samples, which could alter the density value. Several measurements were
made with a moisture analyzer [101] and all the values were between 42 and 84 ppm, thus
consistent with equilibrium with air at 20-25% RH measured in the lab (for a measurement
of the moisture content in PC refer to [86]). As a reference, assuming a simple two-liquid
mixing each with its density, without further interactions, a 50 ppm water content in PC
would cause a density difference ~ 6 x 1076 relative to dry PC and therefore is not an
appreciable source of error for these measurements. Furthermore, in the worst possible case
in which no knowledge of the water content of the samples is possible, the maximum density
variation to be expected between water-saturated PC (~ 400 ppm by weight) and dry PC

is ~5x 107°.

Buoyancy force on the Inner Vessel from density differences

From equation 3.8 the buoyant force on the Inner Vessel due to the density difference of
the scintillator and buffer solutions can be computed. The nominal volume of the IV is 321
m?. At room temperature, the density of PC is 0.875 g/cm? (see fig. 3.6), which yields an
upwards buoyant force of approximately 2750 N.

Density differences and leak rates

Leak paths can change the buoyancy force on the Inner Vessel by allowing mixing of the
scintillator and buffer solutions. The maximum tolerable liquid leak rate for the Borexino
Inner Vessel is 1072 cc/s. This leak rate is set by the upper limit on the PPO concentration
considered acceptable in the Inner Buffer Region without threatening the performance of
the detector. PPO in the buffer would cause unwanted scintillation, while DMP inside the
IV would quench the neutrino signal [67]. A simple model is used to estimate the effect of
such a leak on the density differences between the Inner Vessel and the buffer region. The
first assumption is to consider leaks from the scintillator volume into the buffer only; this
means that the Inner Vessel is always filled with the nominal 1.5 g/¢ PC+PPO solution. The

second condition is to assume that the PC+PPO volume replaces an equivalent PC+DMP
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volume in the Inner Buffer region (contained between the two nylon vessels); no leaks are
considered between the Inner and Outer Buffers, so that the Outer Buffer is constantly filled
with the initial 5 g/¢ PC+DMP solution. Supposing that the 1072 cc/s leak rate condition
is allowed to evolve for 10 years with no fluid operation, 3.2 m® of PC4+PPO solution will
have leaked out into the Inner Buffer. The Inner Buffer volume is 285 m?, so the density

change in this region after 10 years would then be [102]
Api ~ 107° g/cm? (3.9)

This has the effect of reducing the buoyant load by approximately 1% and corresponds to
negligible temperature fluctuations of about 0.01 °C. If one considers more realistic two-way
leaks (i.e. PC+DMP solution leaking into the Inner Vessel as well), this effect is amplified
by roughly a factor of two, and remains negligible. The effect of these variations is at
least 10 times smaller than any controllable temperature fluctuation and is therefore not a
concern in terms of the mechanical stability of the Borexino nylon scintillator containment

vessels.

3.4 Radon contamination and requirements for the nylon

vessels

Extensively described in section 3.5, the clean room for vessel assembly was designed with
the radon problem in mind. It is worth briefly and specifically examining how the presence
of radon during vessel construction can be dangerous for Borexino.

The vessel construction process involves joining long, flat nylon panels together on an
assembly table in the clean room (fig. 3.10). The contamination from radon exposure of
the nylon surfaces is as follows: ??2Rn atoms in the air column above the assembly table
a-decay; the resulting ?'®Po ions plate out on the surface and eventually decay into long-
lived 21°Pb (1 /2 ~ 20 years). The plate out mechanism could clearly involve the other
intermediate daughters, 2'4Pb, 24Bi and 2!4Po as well (the complete 238U radioactive chain

is shown in fig. 3.7). Once the detector is filled, 2!°Pb or its daughters on the inner surface
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of the Inner Vessel could then wash off into the scintillator. 2!°Bi and 2'°Po nuclides could
also recoli into the scintillator at the time of the decay that produces them. Once in
the liquid medium, they could freely reach the “fiducial volume” where it would produce
background events, some of truly irreducible nature. Of particular concern are the 3-decays
of 219Bi: with an end-point energy of 1.14 MeV, electrons from this source would easily be
mistaken for v — e scattering events in the energy region of interest for Borexino. Hopes of
tagging these events by associating them with the subsequent a particle emitted by 21°Po
are shattered by the long half-life of this decay (> 100 days, during which any spatial and
time correlation of the two events would be lost).

Borexino is expected to detect up to ~ 50 v — e scattering events generated by solar
"Be neutrinos per day in the 100-ton scintillator central fiducial volume. A reasonable
working platform is to require < 1 count/day from radon contamination of the Inner Vessel
in the same volume. The rest of the section is dedicated to estimating how much radon
contamination can be tolerated to meet this requirement.

An estimate for the amount of radon allowed in the clean room air can be obtained
with a simple calculation, as follows. All the inner surface S of the Inner Vessel will on
the average be exposed to the clean room atmosphere for a time ¢. Suppose that a fraction
p of the radon decay daughters present in the air column of height h above the vessel
during this time will stick to the surface (plate out) and that a fraction w of them will later
transfer from the inner surface of the IV into the scintillator (wash off). Assume that the
average radon concentration in the clean room is Agj. It follows that [p (Sh)(Aait)] 2°Pb
atoms will deposit on the IV surface and that [pw (Sh)(Aairt) | will eventually end up in the
scintillator. Substituting in the values for the IV and the clean room, (S = 227 m?, h =3
m) we get

2.5 x 10% (wp Aairt)  2*°Pb  atoms on IV surface, (3.10)

where A, is expressed in Bq/m? and ¢ in hours. This translates into
215 (wp Aairt)  2'Bi, 2'%Po decays/day (3.11)

in the scintillator, where the mean lifetime of 2!°Pb (32.2 y) has been used (¢ expressed in
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Figure 3.7: The 233U natural radioactive chain. The presence of the long-lived isotopes
210Ph and ?'9Po near the end of the chain makes radon contamination of low background
detectors an enormous concern.

hours, Ag- in Bq/m?).

The most conservative approach, without any knowledge of the plate out and wash off
processes, is to assume p = w = 1. Considering 30 Bq/m? to be a typical value for indoor
air (see for example [103]), ~ 6500 219Bi 3 events/day (as well as ?1°Po « events) could
occur in the scintillator, per hour of exposure of the entire IV surface (with 100% plateout
and 100% wash off)!

Tests have been performed in Princeton to measure plate out and wash off fractions.

Plate out rates measured using a mock clean room (essentially a box with a HEPA filter
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for laminar flow) yielded a plate out fraction p ~ 1% (deduced from the 21°Po « activ-
ity alone) [104]. These measurements do not study with what efficiency individual radon
daughters stick to the nylon surface. Wash off tests were also performed on nylon samples
exposed to high radon levels. Only ~ 1% of ?'°Po on the surface washes off in PC, which

yields w ~ 0.01 [105]. Using these values for p and w, eq. (3.11) becomes
0.02 (Aant)  2'Bi(*'°Po) decays/day in the scintillator, (3.12)

where, as before, t is expressed in hours and A, in Bq/m3. From this estimate, for air at
30 Bq/m?, the number of 3 decays (from 2'9Bi) and « decays (from 21°Po) expected in the
scintillator per hour of exposure of the whole vessel surface is ~ 0.7 events/day. The wash
off data do not take the possiblity of 219Bi or 2'°Po nuclides leaving the surface because of
their nuclear recoil in the decay that produces them.

If one hour average exposure time is assumed for the IV during assembly, this value
meets the Borexino specifications of less than 1 count/day from ?'°Bi and ?'°Po decay is
the 100-ton fiducial volume.

Some care must be taken in evaluating the possible vessel contamination. The values
for plate out and wash off should be taken as good indication rather than definitive mea-
surements. For wash off in particular, there is still no unambiguous indication on long term
effects in PC. Also, the effect of nuclides recoiling off the surface has not been quantified.
From geometrical arguments alone, approximately half of the daughters could leave the
surface at every step in the decay chain; the effect presumably also depends on the energy
of the decay. This effect should be considered in quntifying the number of 2!°Bi and ?'°Po
nuclides that end up in the scintillator. A conservative scenario is to assume that half of
the 219Bi nuclides leave the surface in 2'9Pb decays and half of the 2'°Po nuclides leave the
surface in 2!Bi decays. In this case, w = 75%. This would yield one 2!°Bi and 1.5 2!°Po
decays/day in the scintillator.

Another unknown is the exposure time of the vessel. Assuming one hour as the av-
erage exposure time for the entire surface seems reasonable, but it must be confirmed by

experience and relies on vessel handling and construction details. For these reasons, other
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steps were taken to reduce radon exposure of the nylon film during vessel construction. One
is to keep the surface covered as much as possible with thin sheets of clean nylon during
most of the construction phase (see section 6). This is clearly a very effective technique,
although it is difficult to quantify its efficiency. Another is to supply the clean room with
radon-suppressed air, reducing the contamination source in the first place. Eliminating
radon from the air around the nylon film is conceptually the most direct way to reduce
the contamination. It is also the one that depends the least on operational procedures
and possible human errors. The difficulty is represented by developing a device that can
radon-filter the amount of air needed to operate the clean room (see chapters 4 and 5).

Finally, there is a tentative plan to spray wash the inner surface of the IV with high
purity water after it is installed inside the SSS and inflated. It has been shown in laboratory
tests that 219Po contamination can be reduced by approximately a factor of two by thorough
rinsing with water [105].

A summary of the overall radon exposure of the IV surface after vessel construction is

provided at the end of chapter 6; implications for Borexino are also discussed.

3.5 The Princeton clean room

The Princeton clean room for nylon vessel fabrication, manufactured by Control Solu-
tions [106], is approximately 22 x 6.5 x 4.5 meters in dimension and was completed in
1999. It was built according to three main requirements which define it as a non-standard

facility:

1. the recirculation blowers and ducts, as well as the air conditioning, humidification and

water treatment equipment, are enclosed,
2. the room is as leak tight as possible,

3. the room is provided with an air lock vestibule along the entry path to be connected

to a radon-suppressed air shower if needed.

A side view cross section is shown in fig. 3.8.
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Figure 3.9: Paths (black arrows) through which ambient, radon-rich air could enter the
clean room and reduce the effectiveness of radon suppression in the make up air stream.
The sketch is a top view of the clean room but is not to scale; the exhaust check valves
and the lines that were put in place for hook up to a radon-filtered air supply are shown.
The air lock and the gowning room of the plenum have a volume of ~ 4.5 m3, while the
pass-through is only ~ 200 £.

All the conditions listed above were required in view of connecting the clean room input
to a radon air filter. The filter would supply radon-suppressed make up air. The filter
would be effective only if all sources of back-diffusion of radon from outside were very low.
Enclosing the air handling equipment minimizes the amount of air to be radon-scrubbed,
thus the size (and cost) of the filter. If the room is sufficiently leak tight, a relatively low
make up air flow can pressurize it enough to essentially eliminate inward viscous air leaks.

The third condition in the list was put forward foreseeing a radon-free air shower for
personnel entering the room. This looked like a potentially big radon contamination path,

especially because people would each enter and exit the clean room many times per day.
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Figure 3.10: Two views of the Princeton clean room where the Borexino Nylon Vessels have
been assembled. The two tables, one per vessel, where the nylon panels of the appropriate
size were glued together into spherical “balloons” are shown during the preparation phase
(top). The size of the room and that of the tables can be appreciated; the air column height
above the tables is approximately 3 meters. A set of Inner Vessel nylon panels laid out for
humidification and the completed Outer Vessel envelope (covered, end caps not installed)
is shown below (refer to chapter 6 for details).
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Other ways radon-rich air could enter the room are by accessing the plenum area and via
the pass-through, as shown in fig. 3.9. It was realized later that personnel access to the
clean room didn’t significantly affect the radon levels (see chapter 5), and so the radon-free
shower was never fully implemented. Since it would have been a non-negligible effort to
put it in place [107], no radon-free air shower was added. Two views of the clean room are

shown in fig. 3.10. Details of the radon filter are discussed in chapters 4 and 5.

3.5.1 Clean room specifications

The clean room is certified to class 100 with 4-5 people working in it, and was measured to
be around class 10 when unperturbed (the class of a clean room is the number of particles
with diameter > 5 um per cubic foot). This class in a big clean room is achieved by a
very high recirculation flow rate (~ 28 m?/s) and very good laminarity of the air flow. Six
blowers push the air through 84 HEPA filters uniformly distributed across the ceiling. The
longer sides are built with double walls with 12 grids each that function as the return air
path to the blowers. The volume of the clean room is ~ 770 m?®/s and the turnover time of
the air is then about 30 seconds.

The pressure of the clean room as a function of the make up air flow rate is shown in
fig. 3.11. The plots suggest that when the recirculation blowers are running, the pressure of
the plenum could drop negative with respect to the outside when the make up air flow rate
is low. It is important that every part of the clean room be at a higher pressure than the
outside to prevent radon backstreaming via viscous inward leaks. During vessel assembly,
the make up air flow has constantly been above 85 m3/h (50 cfm), as discussed in chapter 5.

The temperature and humidity are regulated by an air conditioning unit that treats
~ 4.5 m3/s of the recirculated air (approximately 1/6 of the total recirculated air flow).
It takes three minutes to process a volume of air equal to the volume of the clean room.
During this time, less than 10 m? of fresh make up air have entered the room. The clean
room can operate up to 50% RH at room temperature; normally, it runs at 17 °C. The
humidity control system first dries the air it processes. The water is filtered and passed

under UV light to kill bacteria and reintroduced in the air flow with a vaporizer. Some
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Figure 3.11: The pressure of the clean room for vessel assembly as a function of make up air
flow rate. When the recirculation blowers are off, both the main room and the plenum sit
at the same pressure; the recirculation blowers set a significant pressure differential between
the main room and the plenum. To be safe against viscous inwards leaks it is necessary
that the plenum be at a higher pressure than the outside when the clean room is running.
As a reminder, 100 cfm equal 47.2 £/s or 170 m®/h. The plots are taken from [108].

water is lost in the process and has to be replaced. Depending on the humidity of the make
up air that supplies the clean room, water is either eliminated or needs to be further added
to meet the set value. During vessel assembly the make up air was very dry after passing
through the charcoal filter for radon reduction (see chapter 5). In this case, water had to

be continuaously added, as explained in the next section.

3.5.2 The clean room water supply

High relative humidity (50-70%) is required for the air of the clean room in order to safely
handle the nylon film during construction of the Borexino scintillator containment vessels
(see section 3.2). The water needed to obtain this humidity level has to be added to the
make up air, which will be fed to the room essentially dry; all the radon that is present in

such water will be directly input into the clean room (this applies to any other contaminant,
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such as radium, lead, etc.). It is then important to use low radon water for this purpose.
Figure 3.12 schematically shows the water supply system and the air flow patterns of the
Princeton clean room.

The temperature in the clean room is ~ 17 °C (62 °F); at this temperature, 50% RH
corresponds to 6000 ppm concentration by weight, which translates to ~ 1% by volume or
~ 7 g/m>. The volume V, of the clean room is approximately 770 m3, so that at any given
time there are ~ 6 kg of water in its air. For a make up air flow rate of 50 ¢/s (100 cfm),
the average time spent in the clean room by every gas molecule is 4-5 hours. Since the
mean lifetime of 2?2Rn is 5.5 days, the radon activity in the water in the clean room is that
of the water as it is supplied (i.e. there is no significant aging of the air inside the clean
room). The amount of water V,o needed to humidify 50 ¢/s make up air is 0.36 ml/s, or
~ 30 ¢/day (this number scales linearly with relative humidity).

It is useful to estimate the expected radon contribution from the humidification water.
Let Ap,0 be its radon activity. The total radon activity Aer 1,0 in the clean room air from

this source is
Awn,0 Vi,0

3.13
v (3.13)

14c1"7 HO —

where no significant aging is assumed, as explained above. We do not have a direct mea-
surement of the radon content in the water supplied to the clean room. Information on the
average and the seasonal variability of the radon concentration in drinking water released by
the local water company is enough to set a very conservative upper limit of ~ 1000 pCi/¢ (37
Bq/¢) [109]. For air at 50% RH and 17 °C, this would corresponds to Ae; 1,0 ~ 0.3 Bq/m3.
The water supplied to the system comes from the cooling water loop of the decommissioned
Princeton cyclotron; in the loop there is a 1500 gallon (5700 ¢) tank that actively works
as an aging tank for radon. Water sits on the average more than 100 days, or ~ 20 radon
mean lives, in the tank. Considering the flow through a big reservoir, this implies that the
radon concentration delivered to the clean room is 20 times lower than what initially enters
the tank, which yields Ac m,0 ~ 15 mBg/m? [110], under our conservative assumptions.

This is an acceptable value for the Borexino vessels.
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Figure 3.12: The water supply system and the air recirculation pattern of the Princeton
clean room used for nylon vessel fabrication.
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Details of the operating parameters and radon levels of the clean room during vessel assem-

bly are presented in chapter 5.



Chapter 4

A Prototype Radon Filter for Air

A typical, recurring problem in low-background physics is the contamination of sensitive
surfaces of experimental apparata with the radioactive decay products of 222Rn . What
makes radon particularly treacherous is its gaseous nature. Produced in the 233U natural
chain (shown in fig. 3.7) and present in air in variable concentrations [103], it has a long
enough lifetime to travel long distances and diffuse into practically any gap before it de-
cays, leaving its long-lived daughters behind. For this reason in such experiments not only
must the innermost materials be intrinsically extremely radiopure, but their manufactur-
ing, storage and deployment must be carried out as much as possible in a radon-suppressed
atmosphere. For comparison, thoron (22°Rn) doesn’t pose the same problem since all its
daughters are short-lived and decay away in a few days (see the 2*2Th radioactive chain in
fig. 4.1).

Various techniques are commonly adopted to solve this problem. Highly pure inert gases
(e.g. nitrogen or argon) can be used to flush specific volumes of the detctors that must be
kept radon-free. When air is specifically required, synthetic air (compressed or liquid) can
be used. Each solution is viable, both technically and economically, given particular well-
defined experimental conditions. Needless to say, nothing other than air can be used in
places where people are supposed to work.

In this chapter the reasons for not adopting such techniques for the assembly of the
Borexino Nylon Vessels are summarized, and the basic ideas behind the development of a

prototype radon filter specifically designed for the purpose are explained. The features of the
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Figure 4.1: The ?32Th natural radioactive chain. Diffusion of thoron (??°Rn) and plate out
of its daughters doesn’t represent a long term problem because ??Rn has a short half life
(~ 1 minute) and the daughters decay away completely in a couple of days.

radon filter relevant for the design of a scaled up version to meet the flow rate requirements

imposed by the Princeton clean room are also illustrated.

4.1 Air filtering technique

As described in chapter 3, the Princeton clean room required a flow rate of 85-170 m?/h
(50-100 cfm) of fresh radon-"free” make up air, delivered continuously for many months
(one year, as it turned out; see chapters 5 and 6).

Possible methods for obtaining low radon make-up air that were initially evaluated for

use in the clean room are listed in table 4.1. The use of bottled or liquid synthetic air
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technique requirements performance
synthetic air 250-500 bottles/day radon-free
(compressed) or 1 big pressure tank (except for emanation)
synthetic air 1 truck/week radon-free
(liquid) need: cryogenic system (except for emanation)
evaporator
mixer
“Aged” air need: compressor %100 reduction
(buffer tank) big pressure vessel (10° std m? tank)
“aged” air need: compressor x10* reduction
(with charcoal, big charcoal tank(s) (8 m®) (15 std m?/h)
“a la SuperK” [111]) and/or cryogenic system
pressure swing need: compressor ~ x100 reduction
(1 atm « > atm) two pressure tanks (small-scale, inefficient [119])

(on charcoal)

temperature swing need: heater or unknown
(on charcoal) cryogenic system

Table 4.1: Possible techniques that have been evaluated to reduce the radon content in the
Princeton clean room for use during the assembly of the Borexino nylon vessels.

was immediately discarded because it would have been very impractical and extremely
expensive (~ 25,000 m?/week. The cost for bottled synthetic air would, for example, be ~
40k $/week!). With the air flow we needed, a simple “aging” buffer tank was also unfeasible,
since an unreasonably large pressure vessel would be needed in order to achieve a sufficient
radon reduction. An “aging” system similar to that adopted by the Super-Kamiokande
collaboration [111] was interesting (they report a 10* reduction at 15 m3/h). In this setup,
the input air flow is passed through a charcoal bed which is big enough to retain the radon
front for a time equal to many radon half-lives: the radon decays before it can emerge from
the column. Scaling their results up to the flow we needed, ~ 80 m? of charcoal at room

temperature or several m?® of charcoal at -40 °C would have been required. Neither of these
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options was economically feasible.

A filter large enough to allow radon to decay inside it did not seem like a viable route.
Instead, a choice was made to research and develop a charcoal filter with active regeneration
that could handle high air flows within a manageable budget. Such a design seemed to offer
a filter with a relatively compact size. A regenerating filter is one in which the adsorbing
material is periodically “purged” before it reaches saturation of the species to be filtered
out. To allow continuous air supply, these filters are typically composed of more than
one filtering element (bed), so that one of them can be active along the input flow line
at all times. The purging step can be carried out in a variety of ways, depending on
the specific process. It is well known that the adsorption properties of an adsorbing bed
vary significantly with pressure and temperature; higher pressure and lower temperature
result in higher adsorptive capacities of surfaces (i.e. more atoms can be adsorbed per unit
surface area). For regeneration filters, the purging step is performed at low pressures or
high temperatures.

Our filtering system relies on adsorption of radon molecules on an activated carbon
bed. The bed is charcoal, specially treated to produce an extremely porous material with
an enormous surface to volume ratio (typical values are 50 m?/g, but it could be as high
as 1000 m?/g or more [112] with pore diameters of a couple of molecular diameters). As
explained below in section 4.1, the charcoal bed preferably adsorbs radon rather than other
components of air (Ng, Og, Ar, etc.), separating it, to a certain degree, from the carrier flow
. Every filter of finite dimensions eventually saturates if it does not undergo regeneration
(consider, for example, home water filters; however, this argument is valid for radioactive
species only if their decay mean life is large compared with the filter’s saturation time
constant). For this reason, the filtering system will have to undergo a purification (purge)
stage, which has to be done using much cleaner air than the input air. This can be achieved
using filters based on swing cycles; these devices have two or more filtration units placed
in parallel. For a given time cycle, one set of units is used as the actual filter while the
other set is purged using purified product from the first filter. At the end of each cycle, the

filtration units swap roles. As mentioned above, swing systems exploit the pressure and/or
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temperature dependent adsorption properties of activated charcoal.

To avoid the costs and complications associated with a “cold” system we focused our
research on pressure swing adsorption at room temperature. Furthermore, as will be detailed
in the following section, a pressure swing system on large scales seemed to be a better choice
than a temperature swing device. Particularly, the time scales involved in temperature-
cycling an appropriate size system would limit its efficiency towards radon removal. Pressure

variations can on the other hand be obtained in much shorter times.

4.1.1 Adsorption principles

Adsorption is the phenomenon by which particles in a fluid experience a drop in potential
energy associated with their interactions with a solid surface [113]. This allows them to
concentrate and ”stick” to the surface. Leaving the gas phase, the adsorbed atoms form a
new denser phase, called the adsorbed phase or sorbate. Depending on the chemical and
physical structure of the atoms adsorbed and of the adsorbant material, different interac-
tions can take place; adsorption may or may not involve chemical reactions between the
sorbate and the surface. When only "weak” forces, such as dispersion (van der Waals) or
dipole and quadrupolar electrostatic interactions play a role in the adsorption, the process
is called physical adsorption. This phenomenon is analogous to the condensation of gases
into liquids: a gas tends to be adsorbed on a solid if the temperature is sufficiently low
(adsorption is an exothermic process) or the gas’ partial pressure is sufficiently high. The
strength of the interaction and the number of active sites (sites where the interaction be-
tween the sorbate molecules and the adsorbent can occur) per unit area on the adsorbent
surface determine the efficiency with which filtration is carried out.

A general rule of thumb is that polar molecules should be adsorbed using polar ad-
sorbents, and non-polar molecules with non-polar adsorbents. What this means is that in
the presence of a dipole-dipole interaction, the van der Waals interaction energy is negli-
gible, even if always present. Contrary, non-polar molecules are adsorbed to surfaces via
van der Waals interactions. In the case of radon on activated carbon, the adsorption is

driven by residual van der Waals forces, since radon is a non-polar atom and charcoal is a
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non-polar surface. Selectivity of radon with respect to the main components of air works as
follows: Ng, Oy and Ar have similar polarizabilities (ratio of the average induced molecular
dipole moment and the applied electric field, o ~ 1.6 A3 [114]), so their van der Waals
interactions with the charcoal are comparable and very little separation among them by
adsorption occurs. On the contrary, radon has a higher polarizability (a ~ 5 A3 [114]); its
interactions with the charcoal will therefore be stronger and it will more easily be trapped
in the micropores of the adsorbent. Activated charcoal has been chosen instead of other
materials because of its high porosity, its mechanical properties and its cost-effectiveness.
It is extensively used in commercial filters and is optimal for removing trace components

from air, for example in gas masks.

4.1.2 Adsorption constant

The adsorption constant is a physical quantity that expresses the capability of a surface to
retain particles by adsorption. To illustrate the phenomenon, imagine a container of volume
V filled with gas at temperature 7. The gas will be at pressure P = (RT/V)n (n is the
number of moles of gas). If a given amount of adsorptive material (e.g. charcoal) is inserted
in the container, keeping T' constant, some atoms (molecules) of gas will leave the gas phase
to be adsorbed on the adsorber surface. The pressure of the gas will drop since fewer atoms
(molecules) are left in the gas phase (assume the intrinsic volume of the adsorber is < V
so that it may be neglected). The pressure drop AP is given by AP = (RT/V) An, where
An is the amount of adsorbed gas. It is found that the amount of gas adsorbed per unit
mass of adsorber generally depends on pressure (An = An(P)) [113].

The functional dependence between the adsorbed amount (number of moles n) per unit
mass of adsorber m and the gas pressure P (at a given temperature and for a specific gas-
adsorber system) is called adsorption isotherm. The simplest case is a linear dependence,
n/mo = C P. C is called the adsorption constant, and it has units of mol/mass/pressure
(often in the literature the adsorbed amount is expressed in units of mass and the adsorp-
tion constant has units of pressure!). Over small pressure ranges, all isotherms can be

considered linear.
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For a sytem of two or more gases, the partial pressure of each species is considered
instead of the total pressure of the mixture. In the particular case of a dilute solution of
a trace gas in a carrier gas (e.g. radon in nitrogen), the isotherm for the trace species can
be thought of as linear. The equilibrium condition between gas and adsorbed phase can be

expressed in terms of a partition factor K,

K= amount in adsorbed phase

4.1
amount in gas phase (4.1)

independent of pressure (this quantity is rigorously defined in eq. (4.8)).

4.1.3 Dynamic adsorption

When gas is flowing through an adsorbing bed (column), it is easier to think of adsorption
in a formally different way. In our case the goal is to filter out a trace gas (radon) from an
carrier gas stream (nitrogen or air) using a charcoal bed. Because charcoal preferentially
adsorbes radon than nitrogen (air), the radon-to-nitrogen (air) ratio along the column will
depend on time. The trace gas will on the average travel along the bed slower than the
carrier gas. The trace gas will define a concentration front that moves along the bed.

For a given mass m of adsorbent in the bed, the average time 7 that the concentration
front of the species being filtered out takes to emerge from the output is, to first order,
proportional to the partition factor K. This is strictly true when the concentration front
inside the column propagates as a step function, that is, neglecting the spreading of the
profile as it moves along with the gas flow (see section 4.2 for a rigorous mathematical

treatment). An important equation, derived later (eq. (see 4.12)), is:

(4.2)

where @ is the volume flow rate. k, is called the dynamic adsorption constant (the relation
between K and k, is shown in eq. (4.10)). The average position of the concentration front

thus moves with a velocity vy defined as

L
Ufront = ;) (43)
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proprtional to ® and inversely proportional to k, (L is the length of the column). If vgqs
is the (average) velocity of the gas along the direction of flow in column of cross section S,
then

O = vges S (4.4)

and the concentration front’s velocity vy ons is also on the average proportional to vgqs. So,
in principle, neither the pressure nor the mass flow rate F' should affect 7 (note that for a
given F, since F' oc P ®, if the pressure increases, vgyqs decreases).

There are of course other effects that need to be taken into account. If the trace
gas to be separated out is mixed with another gas which is also adsorbed on the bed,
there will be competition between the different species for the adsorption sites and the
effective adsorption constant of each gas will be reduced. For example, if air (or any
of its components, each one present in concentrations much higher than that of radon) is
significantly adsorbed on charcoal, the quantity of interest is the relative adsorption constant
between air and radon. In general, every gas mixture has its own specific behaviour on an
adsorbing surface.

The parameter that should more appropriately be used for adsorption (instead of vgqs)
is the superficial velocity vs of the gas on the adsorbing bed (i.e. the velocity at which the
gas “samples” the adsorbing surface). The gas actually flows around the particles in the

bed so that
Vgas = Pus  (0< B <) (4.5)

The superficial velocity vs is useful to parametrize (together with 7) the dynamic ad-
sorption along a packed bed. It is worth mentioning at this point that such adsorption
processes can be accurately modeled by imagining the column as divided in n separate
equilibrium stages in the direction of the flow, and by assuming adsorption equilibrium in
each stage (see section 4.2 for a formal presentation of such model). Each stage will have
a certain length (or depth), referred to as height equivalent to a theoretical stage (HETS).
The HETS is related to vs by the van Deemter equation (see, for example, [113]),

B
HETS = A + — + Cou,, (4.6)

Us
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Figure 4.2: HETS as a function of superficial velocity, according to the van Deemter equation
(see eq. (4.6)) using the parameters for radon on charcoal reported in [115]. At very low
superficial velocities the diffusive spread of the adsorbed species prevails over flow-driven
mass transfer.

where A is a measure of eddy diffusivity of the adsorbed phase (independent of v,), B of
logitudinal diffusivity, and C' of resistance to mass transfer. An example of such curve is
shown in fig. 4.2 with an arbitrary choice of parameters. The efficiency (i.e. degree of
separation of different species in the gas) of the column increases with the number of stages

n (or with decreasing HETS).

4.1.4 Pressure Swing Adsorption (PSA)

The Pressure Swing Adsorption (PSA) technique relies on the pressure-dependent adsorp-
tion properties of the adsorbent, namely its bigger adsorption capacity at higher pressures.
This behaviour can be put to use in a two-filter system which undergoes a periodic and

symmetric feed/purge cycle (see for example [116] for a detailed analysis of such processes).
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Figure 4.3: Simplified representation of a PSA system, where open (closed) valves are shown
in green (red). The feed stage is carried out at higher pressure than that of the purge
stage. Thanks to the pressure-dependent adsorption properties of charcoal beds, the latter
is performed with just a fraction f of the total amount of air (mass flow ®) introduced into

the filter. What is left, (1-f)- @, is clean product. The level of filtration achieved depends
on the operating parameters.

A conceptual view of a PSA system is given in fig. 4.3.

During the feed cycle, air is sent into one of the two charcoal-filled columns and emerges,
for some time (~ 7), essentially radon-depleted. The duration of the feed cycle is chosen
to be much smaller than the time it takes for the radon to break through from the column
output. During this time, a fraction f of the total flow ® is extracted, expanded to a
lower pressure and pushed back into a second column, which had been contaminated during
the previous feed cycle. Due to the expansion, the purge air has a lower radon (volume)

concentration than the output air from the feed column, by an amount equivalent to the ratio
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of the pressures. In addition, part of the radon adsorbed during the feed will be desorbed
after the depressurization and will move in the direction of the purge flow, i.e. back toward
the column input. In order to be effective in “pushing back” the radon concentration front
during the purge step, it is necessary to have a higher superficial velocity than during the

feed. This is achieved by an appropriate choice of f and Ppyrge/Pfecd as follows:

P,
o > pfeed oy ZDUIE (4.7)
feed

If this condition is not satisfied, the front would advance more during the feed than it
retreats during the purge. However, this alone is not a sufficient condition for an efficient
device. The purge must also be gauged against the complete dynamics of the concentration
front. In particular, it must be effective against the spreading of the advancing radon profile.

If the filter is initially radon-free, radon remains confined near the input of both columns
(the amount of charcoal, pressure ratio, purge fraction and cycle times being appropriately
chosen). If the filter is initially contaminated with high levels of radon, the pressure swing
cycle will, after some time, deliver air with very low amounts of radon if the purging
capability overpowers the advance of the radon front during the feed cycle. Eventually a
steady-state regime is reached, at which point the movement of the radon profiles inside
the columns will repeat itself at every cycle (see section 4.2 for a mathematical derivation

of the steady state solution within the frame of the plate model).

4.1.5 Early attempts

Swing systems are used extensively in industrial air separation processes. The low radon
levels we were pursuing, though, are many orders of magnitude lower than any limit set by
health requirements and are of no wide-scale commercial interest. The behaviour of radon
on charcoal beds has only sporadically been investigated and reported in literature (see, for
example, [115, 117]).

Initial tests at Princeton involving the use of a modified commercial PSA system failed
to reduce radon concentrations significantly as expected, so a study of radon suppression

by charcoal columns was performed [118]. Notably, the adsorption properties of radon
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Figure 4.4: Results from early attempts to use a PSA device for radon suppression. The
plot on the left shows the data from a run that achieved 100-fold radon reduction with a
75% purge fraction. The radon reduction as a function of purge fraction is shown on the
right. The input air flow rate was 0.3 m3/h. The plots are taken from [119].

in nitrogen carrier gas at high pressures (100 psig) were lower than expected. While no
definitive explanation was given, this could have been due to competition between radon
and nitrogen for adsorption sites (see section 4.4). This effect succeeds in explaining the
observed PSA inefficiency. A second, small-scale (® = 0.3 m®/h) PSA prototype was run
and a 100-fold radon reduction was achieved, but only by using ~ 75% of the filtered air

for the purging step [119] (see fig. 4.4).

4.1.6 Vacuum Swing Adsorption (VSA)

The failure in efficiently operating a PSA device for radon removal was due to the fact
that the adsorption constant for radon in nitrogen (and presumably in air) was found to
be dependent on pressure (see section 4.3). An elegant way to overcome such a problem
was to use sub-atmospheric pressures for the purge phase, in a Vacuum Swing Adsorption

(VSA) device.
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Conceptually identical to the PSA, the VSA exploits the expansion of gases at low pres-
sures. The rationale behind it is explained as follows. The radon front moves proportionally
to the average gas velocity vs in the column (see eq. (4.2) and following discussion). vs
is proportional to the volume flow rate in the column and, consequently, inversely pro-
portional to the pressure (for a given mass flow rate). An efficient filter will need large
values of vP¥9¢ /ufeed. The pressures and throughputs necessary to have large (10 or more)
vPurge /yfeed vatios are readily obtainable with standard vacuum techniques. In the PSA
system previously reported, this ratio was only ~ 8. With the use of vacuum, the feed can
be carried out at atmospheric pressure.

Radon adsorption tests under vacuum were performed and are discussed in section 4.3.

Section 4.2 focuses on modeling the behaviour of adsorption columns and PSA devices.

4.2 The chromatographic plate model

Adsorption columns can be treated mathematically in various ways. One commonly used
is the chromatographic plate model. Following a concept used to describe distillation pro-
cesses, the plate model assumes that the length L of the column is longitudinally divided
into n equivalent stages (plates), each of finite length h = L/n, in which equilibrium is
reached between the gas and the adsorbed phases. This characteristic length expresses the
typical mass-transfer distance along the column for the gas under investigation. It is worth
noticing that the condition h < L is not necessarily applicable to all real systems, which
prevets from taking the limit n — oo in the mathematical treatment that follows.
Focusing the analysis on the case of a trace gas (e.g. radon) in a carrier gas (e.g.: air,
in which the behaviours of its various components, mainly No and O, are assumed to be

the same), the equilibrium condition is expressed by (j refers to each plate zone):
sj =K -y Vi=1,..,n (4.8)

where s; and y; are the concentrations of the trace gas in the adsorbed phase (number

of molecules per unit area) and in the gas phase (number of molecules per unit volume),
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respectively; the proportionality constant K thus has units of length. The trace gas profile

evolves in time according to (conservation of mass):

D (y; —yj—1) = —as; (4.9)

where a is the surface area of the adsorbent in each stage and ® is the volume flow rate
in the column (volume/time). Equation (4.9) simply states that the molecules leaving the
gas phase moving from one stage to the next have to be adsorbed in the latter stage. For
the purpose of the discussion, ® will be considered time-independent (steady flow). It is
convenient to define o as the surface area per unit mass of adsorbent and to introduce a

new proportionality constant called dynamic adsorption constant:

kq

oK (4.10)

with units of volume/mass (inverse density). Substituting eq. (4.8) into eq. (4.9) and using

the above definitions gives:
n

9 = =~ —yi-1) (4.11)

where the dot denotes the derivative with respect to ¢t and

d:ef kom
)

(4.12)

is the characteristic timescale of the system (compare with eq. (4.2)). As a further step, a

dimensionless constant { = ¢/7 can be defined and eq. (4.11) turns into:

d .
d—yg — —n(y —y1) (4.13)

An effective way of solving this set of equations is in Laplace space; with the definition

gy = Lap(y), eqn. (4.13) then becomes:

(s+n)y; —y;(0) = nyj (4.14)

The general solution for the concentration in the j-th stage is readily found to be:

N n i 1 J n i=k SR e
Yj = ( > Yo + Z( > ye(0) = y; put 4 Y; (4.15)

s+n s+nk:1 s+n
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The initial conditions term can be expressed in time space using Lap(£Me™%) = m!/(a +

5)™H to give: '
Y€ = i (ngy e " y1,(0) (4.16)
/ k=1 (] - k)'

The solution of the input term requires the knowledge of the concentration profile entering

the column (stage zero); a few important examples are analyzed in the following para-

graphs, where use is made of the convolution theorem for Laplace transforms stating that
- 3

Lap™ (3) = | def(§ — w)g(a) .

4.2.1 Special cases

An analytical solution to the profile of the trace gas concentration that emerges from the
output of the column can be obtained when the input profile yo(¢) is a ”spike” (d-function)
or a step (©-function). For both cases the initial concentrations in the n stages of the

column are asssumed to be zero:

y;(0) =0 Vi=1,..n (4.17)

”Spike” input - In this case, yo(§) = ad(&) so that gy = a and the general solution is

~ delta « nj
¢ - " 4.18
Y (s +n)’ (4.18)
which yields 4
delta(e) = O i1 e g (4.19)
Ui G-1) '

called an elution curve. It is worthwhile pointing out that for n — oo, the curve tends to a
gaussian peaked at 7 and with standard deviation o = 7/4/n. Examples of elution curves

are shown in fig. 4.6.

Step input - For this second example, yo(£) = aO(§) and go = «/s; the general solution
becomes

_ ‘ (4.20)
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which in time-space is written as

Y = a {1 — e kz: E’;g_)]k;] (4.21)
Notice that because of the linearity of eqns. (4.13) and of the Laplace transform operator,
the superposition principle applies for the solutions; hence, the step response (4.21) can be
obtained by integration of the ”spike” response (4.19), since ©(§) = /+£ dz ().
—o0

4.2.2 PSA system modeling

Using the results obtained above it is possible, with some assumptions, to give a good

description of the PSA system. In the case of a step-profile input, we have:

J
t ; _
yi =y L+ Yyt =« [1 — et chk
k=1

+ Y ¢k yk(0) (4.22)
k=1

(n&)—*

with the definition ¢;, = G Rl It is useful to express the above equation in matrix form.

For this purpose, define
1 j>k
0 j<k

and rewrite eq. (4.22) as
y/ = o/ (1-M) 3/ + My’ (0) (4.23)

The above expression holds for the propagation of radon from stage 1 to stage n (notice
the added superscript f (feed)). In order to describe the purge cycle, a similar expression
is needed for the propagation of radon from stage n to stage 1. This is achieved with the

substitution k& — n — j + 1. Introducing the matrix R;; = 0;,—k41 it can be seen that

yierr —Ry*erl  yier —RMRy?(0) =M y?(0) (4.24)
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Assuming the radon concentration in the purge flow to be constant (which, strictly speaking,

is not), we can express the evolution of the profile during the purge as
yP = o’R(1-M) 3 + RM R y?(0) (4.25)

It should be stressed that the number of stages for the feed and purge is generally different.
This implies that eqns. (4.23) and (4.25) "live” in n/- and nP-dimensional spaces respec-
tively. To be able to use this formalism for a complete feed/purge cycle, there has to be
a re-binning of the concentration profiles between the feed and purge vector spaces. This
is carried out by some n? x nf matrix S (or vice versa). A further simplification is made
by assuming that pressurization and depressurization do not move the profile; the change
in pressure is taken into account by using the appropriate vapor-adsorbate equilibrium
constant (refer to eq. (4.8)). It’s convenient to define the quantity x = Ky/K,.

Analysis of the cycle may proceed by assuming some concentration yg at the beginning

of a feed cycle. This is essentially the concentration obtained at the end of the previous

purge cycle, more precisely,

vl = k8Ty? (4.26)
Using eq. (4.25) we have
y? = &’ R(1P-MP) ¥ + RMP Ry} (4.27)
with
yh = k1Sy/ (4.28)

Finally, the loop is closed with eq. (4.23) to give
v/ = of(f-M) 37 + MY (y]) (4.29)
f

If the system is operating in a steady-state mode, by definition (yo)l = yg . Concatenating

the above equations we obtain
y/* = (I -M/STRMPRS) ' [of (1/-M/) 5/ + ka? M/STR(1P-MP) §7 ] (4.30)

which, even if somewhat cumbersome, is a very quick way to solve the equilibrium operation

of the system.
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4.3 Single column tests

The radon-adsorption properties of charcoal under vacuum had to be explored in order to
test the validity of the concept and to obtain data that would allow us to engineer a working
device. This was carried out with a single-column setup and a radon source. This apparatus

was also useful to test many other aspects of the behaviour of radon on charcoal beds.

4.3.1 Charcoal selection

The activated charcoal selected for the tests is Calgon PCB 4x8LS [120], a coconut-based
variety that comes in flakes 3-4 mm in size. According to the limited literature available,
coconut-based charcoals seem to have among the best radon adsorption properties [115, 121].
The adsorption constant is not the only parameter to consider. Of equivalent importance
are the desorption properties which must allow effective and efficient purging. On the
practical side, it is very important that the charcoal be mechanically robust in order to
withstand frequent pressure cycling for many months [122]. Also, the charcoal should be
low in ?26Ra that emanates 2??Rn (see the results of a radioactivity screening on such

charcoal in section 5.6).

4.3.2 Experimental setup

The setup for single-column measurements consists of a stainless-steel cylinder, 4 ¢m in
diameter and 90 cm in length, filled with 500 g of activated charcoal. The charcoal has been
initially washed with water to rid it of dust, and then put in an oven to dry. Subsequently,
it was put inside the column and flushed with a gentle flow of warm nitrogen for several
hours until the dew point of the outcoming gas was -40 °C. The column has openings at
both ends, and ports at 1/8, 1/4, and 1/2 of its length for measurements with effectively
shorter columns. At both ends and at every port felt filters were used to prevent residual
dust from clogging downstream valves.

Measurements at above-atmospheric pressures are performed regulating compressed ni-

trogen down to the desired pressure and sending it into the column. The flow emerges via
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Figure 4.5: A schematic view of the single-column setup for the study of radon adsorp-
tion on activated carbon at above- (top) and below- (bottom) atmospheric pressures. The
RADT is a commercial electrostatic a counter for measuring radon concentrations [123].
Two flow-through radon sources were used, of 20 kBq and 2 MBq equilibrium activity
respectively [125].

one of the ports or the opening at the opposite end where it expands to atmospheric pres-
sure; a fraction of it (20 cc/s) is diverted through the active cell of a commercial electrostatic
radon detector [123] (see below).

An additional key component of the setup is a set of two flow-through radon sources [125]
(with equilibrium activity of 20 kBq and 2 MBq respectively), from which ”spikes” of radon
can be extracted to give easily detectable and measurable radon concentrations well above
ambient values. To extract radon from the source most of its content is transferred to an

evacuated chamber many times bigger than the source itself in volume. We then divert
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the flow through this chamber to collect the radon. Both the radon trap and most of the
tubing are made of plastic Polyflo with Swagelok fittings. The flow is then funnelled into a
chemical hood approved for the purpose. Operation for subatmospheric pressures is similar,
with the addition of two vacuum pumps at the output end of the column. The bigger of
the two pumps sets the pressure of the column and removes most of the throughput, while
the second, an oil-free diaphragm pump, extracts a small amount to be sent to the radon
detector. The fine-tuning af the column pressure is obtained through two needle valves
acting as variable impedances, one at each end of the reactor. A schematic view of the
experimental setup is shown in fig. 4.5. Both configurations for operation above and below

atmospheric pressures are sketched.

The radon sources

The radon sources used are manufactured by Pylon Electronics [125]. They are flow-through,
hollow cylinders (~ 100 cc volume) with fittings at both ends so that they can be inserted
in a gas manifold. A ?26Ra salt coats the inside lateral surface of the cylinders and is
mechanically kept in place by a radon-permeable membrane. The sources can be evacuated

and pressurized up to 3 atmospheres, making them very manageable and easy to use.

The radon detector

The RAD7 detector [123] is a solid-state silicon « counter placed in a chamber (with a
volume of approximately 500 cc) where a several kilovolt electric field is applied so that
218Pg positive nuclides, resulting from ??2Rn a decay, are attracted to its surface with high
efficiency. The subsequent decays of the ”captured” ions can then be detected (namely
the a decays of 218Po and 2!4Po, see fig 3.7). Using the short-lived 2'®Po 6.02 MeV «
decay alone decreases the sensitivity of the detector by approximately a factor of two but
keeps background levels low even after exposures to high concentrations of radon, allowing

repeated and almost continuous use of the apparatus.
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4.3.3 Measurement procedure

A spike of radon (d-function) is sent into the column at the desired flow and operating
pressure and the time profile of the radon concentration is monitored at the output as an
elution curve. A few examples are given in figure 4.6, where both the data and the fit with
the appropriate analytical function obtained in the frame of the plate model are shown (see
section 4.2). The average breakthrough time 7 and the number of equivalent theoretical

stages n are obtained as fit parameters to the data, according to eq. (4.19):

(5) - ma—nw (i)n_le_”i (4.31)

where « is the amplitude of the input d-function. The maximum of the curve is at

n—1

T (4.32)

tmaz =
n

The higher n is, the more symmetric and narrow the curve becomes (it approaches a gaus-
sian). This condition is met only for low volume flow rates compared to the column size
(as is the case, for example, for chromatographic analyses). For the flow rates we are inter-
ested in, the elution curves are somewhat asymmetric: this means that the adsorption and

desorption edges have different properties which need to be taken into account in the filter

design.
Once 7 is known, the adsorption constant is evaluated from eq. (4.12) as k, = % T.
The fit parameter n is used to compute the quantity
L
h = — 4.33
=3 (433)

where L is the length of the column. h is the height of each equilibrium stage (often referred
to as height equivalent of a theoretical stage or HETS) and defines the characteristic size
of the equilibrium plates (see sections 4.1.3 and 4.2). The higher the number of theoretical
stages (i.e. the smaller the HETS), the more efficient the column is. This description is

analogous to that used for distillation columns.
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Figure 4.6: Examples of elution curves measured at various pressures and flow rates. The
radon concentration of the output is plotted against time. The average time for the radon
concentration to emerge from the column depends on the actual superficial velocity vs of
the air in the column (recall that vs oc ®, eqns. (4.4) and (4.5)). This would be strictly
true for runs performed at different pressures only if k, were pressure-independent.



Chapter 4: A Prototype Radon Filter for Air 100

4.3.4 Measurements and results

Elution curves have been measured over a wide range of pressures and flow rates. Pressures
spanned between 15 and 8000 mbar, volume flow rates from 30 to 625 cc/s. The correspond-
ing mass flow rates were between 2 and 260 scc/s. The radon sampling was performed at
one of the three ports along the column or from the output end.

Adsoprtion constants for all the runs are shown in fig. 4.7, and the pressure dependency
can be appreciated. An important point to remember is that while the adsorption “con-
stant” in the plot drops with pressure, it does not mean that less radon is adsorbed at
higher pressures. If such were the case, it would make no sense to have PSA devices with
the feed at higher pressure than the purge. The adsorption constant k, is calculated using
the volume flow rate, not the mass flow rate. The actual amount of radon adsorbed on the
charcoal per unit mass of nitrogen (air) at high pressures is larger than at low pressures (to
understand the effect of pressure, recall the similarity between adsorption and condensation
suggested in section 4.1). Note that the radon adsorption capacity of the column does not
have a linear behaviour with pressure, but shows a saturation effect. Specifically, the radon
capacity at 8 bar is just ~ 3 times that at 1 bar (see fig. 4.11). If such capacity increased
linearly with pressure, it’s value at 8 atm would be 8 times that at 1 atm (the effective
radon capacity at 8 atm is less than half of what expected). These values are in very good
agreement with the tests mentioned in section 4.1.5, performed with a different type of
charcoal [118]. The adsorption of air as a function of pressure showing saturation at high
pressures is reported in [126], and is most likely due to overall adsorptive capacity for any
gas, not just air in particular. We have experimentally measured the adsorption of Ny as a
function of pressure, and the results are reported in section 4.4.

To investigate possible differences in using air instead of nitrogen as carrier gas (due,
for example, to the presence of CO3), two runs were performed at 1 and 4 bar using bottled
synthetic air. Some air components have been could compete with radon for adsorption sites
on the carbon [124]. No significant difference in radon adsorption properties was observed

at 1 bar, while a possible 10-15% decrease in adsorption capabilities at 4 bar could be
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Figure 4.7: The value of the adsorption constant k, = % 7 (in ¢/g) for radon in nitrogen

carrier gas. The saturation effect observed at high pressures seems to fade away at sub-
atmospheric pressures (see text).

suggested by the (limited) data. This study was not pursued further, since it didn’t offer
any new particular insight.

The increase of k, with decreasing pressures appears to plateau approximately below
300 mbar. A wide spread in the results for the data around 100 mbar was recorded (some
runs yielded values of k, as large as 23 (/g, affected by big error bars). This was due to
many factors, among which are:

e ports are only nominally at definite fractions of the column length and are orthogonal

to the air flow direction in the column. Radon could possibly “overshoot” the port
and remain in the column for a longer time, apparently increasing the value of the

adsorption constant;
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Figure 4.8: An elution curve at sub-atmospheric pressure that shows an extremely long
“tail” caused by radon trapped in dead ends in the tubing. The fit with eq. (4.31) is not
good. The value of 7 is not strongly affected by such effect. n, however is completely
unreliable since it strongly depends on the shape of the elution profile.

e handling of radon injection for runs at low pressures presented at first some experi-
mental difficulties connected to dead ends in the plumbing where radon would tend
to be trapped for long times, thus shifting the elution curve. In fact, for certain runs,

very long “tails” have been observed (see the example in fig. 4.8);

e the measurement of the flow rate was initially affected by large uncertainties because

the pressure at which the flowmeters were operating was not carefully set.

The last three runs performed at ~ 100 mbar using the full column, with the radon injection
step well controlled, and the flowmeters carefully kept at atmospheric pressure yielded values
for k, between 11.8 and 13.3 ¢/g, which thus are the most reliable ones (the values obtained
in the initial runs at 100 mbar are not shown in fig. 4.7). It looks then as if k, actually is a

constant below ~ 300 mbar, where the saturation effect disappears. Otherwise stated, the
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dynamic adsorptive capacity k,P of the charcoal increases linearly with pressure. Using
vacuum not only allows very high volume flow ratios between purge and feed with a modest
use of purge gas, but also seems to remove the saturation effect!

The results obtained with the single column setup show that the original idea of a VSA
filter for radon separation from air via adsorption on activated carbon is well founded and
preferable over a PSA system given the behaviour of the dynamic adsorption constant k.
The measured radon adsorption constant at 1 bar (feed pressure for a VSA) is approximately
8 ¢/g (see fig. 4.7), which is in good agreement with values reported in literature for the

chosen charcoal [115, 121].

4.4 Nitrogen adsorption

A test was performed to measure the adsorption of pure nitrogen on Calgon PCB 4x8LS
activated carbon. This test involved the use of two identical steel cylindrical containers
of volume V' ~ 3.5/, as shown in fig. 4.9 (the same two columns used for our prototype
VSA filter described in section 4.5.1). One column was filled with nitrogen at pressure
Py, while the other was filled with charcoal (~ 1.35 kg) and evacuated (P, < 1 mbar). A
valve connecting the two volumes is then opened and the equilibrium pressure P, observed.
Sufficient time is allowed for equilibrium to be reached to account for temperature changes
induced by the exothermal adsorption process. In the absence of charcoal, the pressure
would reach the value Ejl (we can assume P» ~ 0). If the specific volume a V' occupied by
the charcoal and inaccessible to the nitrogen is taken into account, the equilibrium pressure

in the absence of adsorption would be

P1 small o P1 o
Py = ~ — (14 = 4.34
b= 5o *(1+3). (434)

where the small « is justified by the extremely high porosity of sctivated carbon. Since
a significant amount of the nitrogen is adsorbed on the charcoal surface, the equilibrium

pressure P, is lower than Fy. The amount of adsorbed nitrogen is proportional to the
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Figure 4.9: The setup for measuring static nitrogen adsorption on activated charcoal.

“missing” pressure, namely
adsorbed Ny o< P45 = Py — Peg. (4.35)

The behaviour of F,4s as a function of adsorption pressure P, is shown in figure 4.10
using assumed values for a of 0 and 0.2. Although the absolute estimation of the charcoal
volume might be inaccurate, the saturation trend of pure nitrogen adsorption at high pres-
sures is evident. Fitting with a growing exponential P,45(P) = a(1 — exp(—kPeq)), we get

(with P., expressed in mbar)
Pas = 3342 (1= ¢ 09107 P} mbar (= 0) (4.36)
P = 4022 (1 - ¢ 00107 0} mbar (0 =0.2) (4.37)

In these two cases, the nitrogen adsorptive capacity of charcoal at 8 bar deduced from

the fits is, respectively, 2 and 2.1 times that at 1 bar (this ratio expresses the degree of

saturation).



Chapter 4: A Prototype Radon Filter for Air 105

3200
2800 e
| a=4022 = 159 mbar
2400 4 k= (6.6 +0.3) 10" mbar"
—~ 2000+
g ]
2
= 1600
s ] a=0
:\ 1200 - a=3342+128 mbar
] k=(6.9+0.3) 10" mbar”
800
400 fit function: y = a(l-e™)
0 T T J T T T I T Y T
0 400 800 1200 1600 2000
P eq (mbar)

Figure 4.10: Adsoprtion of pure nitrogen on Calgon PCB 4x8LS activated carbon. The
two curves are obatained from the same data assuming charcoal volume fractions a = 0, 0.2
respectively. P, is the pressure of the gas phase after adsorption, while P, 4 is the pressure
drop due to adsorption (see eq. (4.35))and is therefore a measure of the amount of adsorbed
gas.
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Figure 4.11: Radon adsorption capacity in nitrogen carrier gas on activated charcoal. The
quantity plotted is the adsorption constant k, of fig. 4.7 multiplied by the pressure. The
saturation effect is clearly visible and it can be qualitatively attributed to the saturation of
the nitrogen adsortion capacity of the charcoal, as shown in fig. 4.10.



Chapter 4: A Prototype Radon Filter for Air 106

The radon adsorption capacity in nitrogen carrier gas is shown in figure 4.11 in units of
mbarx{/g to better highlight the saturation effect; the plot uses the same data used in the
plot in fig. 4.7, where P x k, instead of k, is plotted versus pressure. The data points are

fitted with a growing exponential y(P) = a(1 — exp(—P/b)) and the best fit is:

bar ¢
P x kg =19245 (1 — "m0 ) 220 (4.38)
g

where P is expressed in mbar. The ratio of the radon adsorption capacity of charcoal
between 8 and 1 bar deduced from the fit is 2.3. The degree of saturation observed for radon
is very similar to that observed in static adsorption of pure nitrogen. The loss of adsorption
for radon in nitrogen at high pressures is thus completely compatible, within experimental
errors, with the saturation of the overall nitrogen capacity of the charcoal. In other words,
although the adsorption constant for radon is much higher than that of nitrogen at these
pressures and temperatures, the overwhelmingly dominant nitrogen carrier gas occupies and
saturates the available adsorption sites. This behaviour is dictated by the ultimate nitrogen
adsorptive capacity of the charcoal being used. We could expect a very different result if
radon were a considerable fraction of the gas mixture being adsorbed.

For completeness, it is interesting to compare the saturation of nitrogen adsorption with
results of a calculation presented by Underhill et al. [126] for static adsorption of air on
activated charcoal. In this calculation v ~ 0.15 and the ratio between the air adsorbed at
8 atm and 1 atm is ~ 5.2, and the saturation effect results only half as pronounced as what
shown in eq. (4.37). Radon adsorption using air or nitrogen was proven quantitatively very
similar by the elution tests (see section 4.3.4). The discrepancy on the degree of adsorption
might then be attributed by different properties (adsorption capacity) of the charcoal. This
argument is strengthened by noticing how the overall air capacity (at 1 atm) computed
in [126] is more than twice that measured above.

The next step was then to build a small-scale VSA device to directly apply what was

learned with the single column setup.
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4.5 The VSA prototype

The knowledge of radon adsorption properties on activated carbon presented in the previous
sections was used for the realization of a charcoal-based Vacuum Swing Adsorption filter.
The system was sized to provide approximatly one hundredth of the flow rate of the one
needed for the nylon vessel assembly clean room; the feed flow was set to be around 1.5

m?/h. A significant step towards the final system was to use air instead of bottled nitrogen.

4.5.1 Experimental setup

The VSA prototype system is shown in figures 4.12 and 4.13. It consists of two identical
stainless steel cylinders, 85 c¢m in length and 8 cm in diameter. Each contains 1.35 kg of
activated charcoal, the same type as that used in the single-column system (Calgon PCB
4x8LS [120]); for the final run, the amount of charcoal was increased to 1.52 kg. Assuming
kq ~ 8 g/l at 1 atmosphere as measured with the single-column setup, each column of the
prototype VSA has a breakthrough time of approximately 6 hours at the design flow of 1.5
m?/h. The same washing and drying procedure for the charcoal was adopted. Again, felt
filters were added to prevent dust from going into the tubing and valves, and a system of
plates and springs was inserted at both ends to improve the column packing and to prevent
the charcoal from being crushed during the pressure swings.

Compressed air was dried with a membrane dryer [127], regulated to just-above at-
mospheric pressure and sent into the system. The air was taken from the department’s
compressed air supply. For this test setup, the air was not required to be breathable-grade;
no particular filtration for oil (from compressors) or particulate was provided.Most of the
tubing is high density polyethylene flexible Polyflo with Swagelock fittings. Eight solenoid
valves of the normally closed type driven by three timers (Omron H3CR-F) divert the flows
according to the cycle’s feed/purge pattern; six of them are 1/8” in diameter, enough not
to cause significant pressure drops in the system. The two through which the columns are
evacuated (numbers 3 and 4 in fig. 4.12) are 17, for a smaller opening would have been

an intolerable impedance along the crucial low pressure side of the device and would have
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Figure 4.12: Schematic representation of the small-scale prototype VSA system used for
testing. The valve configuration shown is that needed to feed the column A while purging
column B (circle = open valve, square = closed valve). The details of radon insertion from
the source and of radon measurement at the output with a solid state « detector are also
shown.
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Figure 4.13: The prototype VSA columns (top) and valves (bottom). Other elements such
as flowmeters, pressure gauges and the 1”7 valves and hose of the vacuum line can be seen.
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limited the pump speed at the columns. Likewise, a 1”7 rubber hose has been chosen for the
connections between the pump and the columns so as to not defeat the device’s purging
efficiency. This keeps the pressure drop to a small fraction of a mbar and the flow through it
is laminar (see [128] and [129] for flow classification and the calculation of the conductance
of a length of pipe). The vacuum pump is a Welch Duo-Seal model 1397B. A needle valve
is used to control the amount of air used in the purge phase. A 2 MBq source connected to
a nitrogen bottle supplies a constant radon concentration at the input, well above ambient

values [125](see section 4.3.2).

4.5.2 The VSA cycle

Particular care has been taken in calibrating the cycle phase time. The simplest configura-
tion is to have a two-step pattern in which half of the solenoid valves open at any given time,
and then periodically switch their roles in a symmetric fashion, allowing the two columns
to exchange their feed/purge condition. This would work well if the pressurization and de-
pressurization steps were instantaneous, but this is not the case. What really happens when
the valves are interchanged is that the low pressure column fills with air coming from both
the input and the output of the system. This backflush causes an unacceptable interruption
of the air supply for approximately 20 seconds, which could be dangerous when used for
air delivery to a clean room. The solution to this problem was to divide the cycle into 4
parts consisting of two, two-step symmetric subcycles. Every feed cycle (~10 minutes, much
less than the characteristic radon breakthrough time 7 of each column of approximately 6
hours at 1.7 m?/h feed flow rate) is followed by a short re-pressurization step during which
the input air enters both columns in parallel. When both columns are at "high” pressure,
the next feed cycle can start. This particular opening sequence of the valves ensures a
continuous, positive air delivery and is schematically shown in figure 4.14.

A drop of the output flow rate was noticed during the re-pressurization stages. This is
because some of the input air would be diverted into the other column at lower pressure.
The flow drop was about 30% for several seconds. While acceptable for the prototype

device, this problem must clearly be addressed for a filter connected to the clean room (see
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Feed cyde 1 Repressurization 1
input input

output output
Feed cycle 2 Repressurization 2
input input

output output

Figure 4.14: Opening sequence of the valves in the VSA prototype system. Red squares
indicate a closed valve, green circles an open one. Every column is fed for ~10 minutes, while

a re-pressurization time (about half a minute) is allowed for re-pressurizing the evacuated
column before switching the cycle.
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section 5.3.2).

4.5.3 Measurements and results

The runs were performed flowing radon-enriched air through the system until a stable, con-
stant radon concentration at the output was achieved; this was set as the reference starting
point, after which the swing system was turned on and the output radon concentration
time evolution was recorded until the steady-state level was reached. Examples of typical
runs are shown in fig. 4.15; the initial radon plateau and the time when the swing system
is turned on are easily identifiable.

The input flow rate for all runs Fy..q was between 1.6 and 1.85 standard m? /h(~ 0.5
std /s or 1 std cfm) and the feed pressure Pf..q was between 1280 and 1720 mbar (1.3 - 1.7
atm). Other quantities need to be defined before discussing the results. The low pressure
(purged) column is identified by the purge flow rate, Fjurge, and by the purge pressure,
Ppyrge- Because of pressure drops, the pressures at the two ends of the evacuated column
are different. It is useful to measure the pressure at both ends. The pressure at the column
end closest to the vacuum pump will be identified with P;; the one at the other end with
P,. The relation P; < Pyyrge < P> always applies. The volume flow rate ® (at any given

pressure P) is defined as

F
o, = ?OFZ- (i = feed,purge,1,2), (4.39)

i
where Py indicates atmospheric pressure. Another important quantity is the ratio G between
the purge and feed volume flow rates (referred to as volume flow rate gain in the following).
Explicitly, such gain at the two ends of the low pressure column is given by

Do _ Preca Fi2
CI)feed P1,2 Ffeed

G12 =

)

(4.40)

The average volume flow rate gain GG can then be defined as

Gi1+G o1+ P P F
G = 1+G2 P11 +P  Feed <1 2> (4.41)
2 2(I)feed 2Ffeed Py Py
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Figure 4.15: First results obtained with the small-scale VSA system. The two runs (300
and 303 in table 4.2) differ by having just one of the columns (top) or both (bottom)
contaminated with radon before starting the swing system, while the running conditions are
essentially the same. The final radon reduction achieved is the same, within experimental
errors. These runs show that whatever the initial condition, a unique steady state operation
is reached for a given set of operating parameters. The continuous radon level delivered
by the source is represented by the plateau around 6000 Bq/m? in both plots, and sets the
initial reference level with which to compare the concentrations achieved after the filter is

turned on.
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The two successful runs shown in fig. 4.15 (runs 300 and 303 in table 4.2) were performed
using the full speed of the vacuum pump and a purge fraction of ~ 10%, i.e ~ 0.17 std
m?/h. A radon reduction of 2 x 10* was observed for both. The feed flow was F reed = 1.7
standard m3/h and the feed pressure Pfecq = 1280 mbar, corresponding to a feed volume
flow rate ®feeq = 1.35 m?/h. The pressure at the end of the purged column close to the
pump was P; = 2025 mbar and the pressure drop across the columns AP = P, — P; < 10
mbar (this pressure was measured only occasionally during these initial runs, so that a more
precise value cannot be stated). A pressure range is given for P, because its value actually
slowly decreases during the purge cycle. The purge volume flow rates at the two ends of the
column were thus ®; ~ 8 m3/h and ®; > 5 m?/h respectively. The corresponding volume
flow rate gains were G1 ~ 6 and Gy > 4. The average volume flow rate gain is G > 5 (the
values of these quantities reported in table 4.2 are the best estimates obtainable by careful
evaluation of all information available for these initial runs).

The two runs mainly differed for their initial condition: in one case, the VSA was turned
on after only one colulmn had been contaminated with radon, while in the second, both
columns were saturated before starting the filter. Important considerations can be drawn
from the data. First of all, the radon reduction achieved, in excess of 10* in both cases,
supplies experimental confirmation that the principle on which the filter rests is conceptually
valid and applicable (compare this reduction factor with the 100-fold reduction obtained
with a comparable PSA filter using a 75% purge fraction, see section 4.1.5). Secondly, the
theoretically expected result that the steady-state behaviour of such devices only depends
on the operating parameters and not on the initial conditions at which the system is started
is demonstrated by the fact that the final radon concentration is the same for the two runs,
within experimental errors. The only difference is the time it takes for the columns to ”clean
up”; in other words, the nature of the initial conditions determines the time it takes for the
device to converge to its final state (see section 4.2.2).

The radon reduction mentioned previously is given considering every radon event recorded
in the RAD7 detector as due to radon emerging from the filter, and does not include an

estimate of the detector’s background. In fact, the RAD7 background was measured by
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flowing bottled nitrogen through the detector and recording the radon activity. No radon
concentration below A gap7 ~ 0.1 Bq/m? has been observed during these tests. This ac-
tivity corresponds to 0.8 counts/day in the RAD7 detector and should be taken as the
detector’s intrinsic background activity.

Subsequent tests were made to investigate various combinations of purge fraction and
purge pressures. The goal was to determine a region of parameter space that could be
realistically scaled up to the size required by the vessel assembly clean room flow rates. In
particular, since the cost of the final system is mainly driven by the size of its vacuum pump,
effort was put into measuring the smallest volume flow rate gain needed for the purge to
achieve a satisfactory radon reduction at the output. Runs were made with reduced purge
flow rates and artificially limiting the pumping speed of the pump at the columns by means
of a throttle valve inserted between the pump and the columns.

The results of all the runs are summarized in fig. 4.16 and table 4.2. For every run, the
radon activity at the output is measured before (A;,) and after (Ayy) turning the swing

filter on. The reduction factor R, reported in logarithmic scale on the y-axis, is defined as

Aout

(4.42)

The following operating parameters were carefully recorded: the feed flow rate and pressure,
Feeq (std £/min) and Pgeeq (mbar); the output flow rate F,y; (std ¢/min); the purge
flow rate Fjpyurge; the purge pressure at both ends of the evacuated column, P; and P
(mbar). Care was put into keeping the flowmeters close to atmospheric pressure to minimize

calibration errors. Consistency checks were performed to confirm that the relation
Ffeed = Fout + Fpurge (443)

was maintained and a direct calibration of the flowmeters was performed with a soap bubble
meter.

The volume flow rates ® fecq, P1, and ®o were computed using eq. (4.39). The volume
flow rate gains G; and G2 at the two ends of the column undergoing the purge were also
computed via eq. (4.40). Finally the average volume flow rate gain G was calculated using

eq. (4.41).
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Figure 4.16: Summary of the results from the prototype VSA radon filter. The volume flow
rate gain G is defined in equations (4.40) and (4.41). The data are summarized in table 4.2,
where R is referred to as the normalized output Rn concentration.

Even if with considerable experimental uncertainty, the plot shows that the radon-
filtering properties of the device improve exponentially with the average volume flow rate

gain G between the purge and the feed. In particular, a fit to the data yields
logigR = —0.82G +0.35 = R = 2.24 ¢ 189C (4.44)

The fit does not include the 4 points with the highest volume flow rate gain since the
radon concentration recorded for these runs was very low and deduced with just a few
events. One of the points is actually just an upper limit since no counts were seen during
the observation time. In addition, the data point with G ~ 4 and R ~ 0.01 should be
considered more appropriately as an upper limit, given that a quick look at the radon

profile of the corresponding run reveals that the ultimate, steady-state radon level had not
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Figure 4.17: Radon profile for run 501. The arrow shows the point of the curve for which
a clear plateau was not reached. The radon concentration for such data point can safely be
considered as an upper limit.

been reached (see fig. 4.17). The data points for which the error on the gain is bigger reflect
the uncertainty in the value of the purge flow rate before a thorough calibration of the
flowmeters was performed.

The error bars on the radon reduction factor R are purely statistical and do not include
a background evaluation of the RAD7 radon detector. As mentioned earlier, all recorded
counts are thus recorded as radon signal from the ouput of the filter. Since the ultimate
radon sensitivity Agapr of the RAD7 was mesured at ~ 0.1 Bq/m?, this has undoubtedly
very little effect for runs where the ultimate radon concentration is above ~ 1 Bq/m3. It
does affect the runs in which the output radon concentration satisfies is comparable to
ARADT-

The measured output radon concentration A,,; does not account for the radon that

decays inside the filter that could artificially increase the filter efficiency; this is a negligible
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effect, given that the characteristic time constant of the column is approximately 6 hours

while the radon mean life is 5.5 days (only about 4% of the radon decays in 6 hours).

4.5.4 Comments on the prototype VSA results

The results presented in fig. 4.16 and eq. (4.44) summarize the effective behaviour of our
prototype VSA radon filter. They do not provide a detailed analysis of all the effects that
take place in the cyclical adsorptive process.

For example, the same average volume flow rate ®p,,4c in the purge stage can be ob-
tained with infinite different combinations of purge flow rate Fj,,4 and purge pressure
Purge (see eq. (4.39)). A corresponding infinite ways of obtaining the same volume flow
rate gain G follows from eq. (4.40). Each of these combinations will, on the other hand,
be characterized by a specific pressure drop AP across the evacuated column that is frac-
tionally more significant the lower the absolute purge pressure is (formally one can say that
AP/P, gy 00) In turn, this will widen the gap between the efficiency of the filtration
at the two opposite ends of the column. When the difference in performance widely varies
along the column, it is possible that simply taking the average value of G might not be suffi-
cient to correctly describe the system. The air velocity v, of the purge will also significantly
vary according to the pressure differential. The height equivalent to a theoretical stage
(HETS) would continuously vary along the column, and no single value for this quantity
could be used to describe the whole purged charcoal bed. All these effects should be taken
into account for an exact modeling of the device, although they seem not to contribute, to
first order, in describing the prototype system under study.

The results of the previous section hide the role of the column size in the result. Specif-
ically, with longer columns (more charcoal) and the same operating flow pattern, we would
have bigger pressure drops AP along the purged bed. Since the vacuum pump has a fixed
ultimate pumping speed (independent of the size of the columns), with a larger amount of
charcoal we would have the same value of Py, but a larger P (for a given flow rate Fi). This
would result in a smaller average volume flow rate gain G and hence a smaller radon reduc-

tion factor. This is clearly in contrast with the intuitive notion that a bigger filter should
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be more efficient. The apparent paradox is solved by realizing that eq. (4.44) only applies
to this specific filter, with its combination of vacuum pumping speed and charcoal column
size. The charcoal mass was chosen so that the breakthrough time at the design flow rate
was much bigger than the operating cycle, as mentioned previously. A further complication
to the problem arises when the spreading of the radon front is taken into account. As shown
with the elution tests (section 4.3), the front is sharper the higher the number of equivalent
theretical plates is. Under given conditions (pumping speed, size of the column, volume
flow rate gain), the size of the column (proportional to the number of theoretical plates
for a given HETS) is what determines how much of the radon front tails actually manages
to escape. Under this point of view, charcoal columns which are deep enough to contain
the tail of the radon front are necessary. The charcoal required could in principle be much
more than that necessary to contain the average position of the radon front. A quantitative
prediction of the behaviour of filters of different sizes is thus a complex problem to solve

exactly.

4.5.5 Implications for the full-scale VSA

In determining the scale-up parameters for the VSA radon filter to connect to the clean
room the considerations listed in the previous section are taken into account. The final
filter will need to supply between 85 and 170 m?/h of filtered air to the clean room (50 to
100 times more than the prototype).

The first quantity to consider is the amount of charcoal needed for each column. A
100-fold increase from the amount used in the prototype indicates that at least 135 kg
of charcoal per column are required. A considerable safety factor should be included to

account for the factors listed below:

1. The feed pressure in the final system will be at atmospheric pressure, instead of ~ 1300
mbar as in the prototype. A 30% increase in the amount of charcoal needed for the

feed cycle should be included.

2. The input air in the final system will not be as dry as for the prototype. The first
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fraction of the charcoal bed will adsorb the remaining humidity on the feed air stream
and will be highly ineffective for radon adsorption. Extra charcoal should be added

to the column to counterbalance this effect.

3. Scaling up a system almost always results in some inefficiencies. Some could arise,
for example, because of non ideal column packing and channeling inside the packed
bed. A safety factor in the amount of charcoal should be included to limit such

inefficiancies.

On the other hand, one should try to keep the size of the filter as small as possible for
different reasons. In addition to increasing cost, bigger columns imply longer evacuation
times and larger pressure drops that can deteriorate the efficiency of the filter (see previous
section). The amount of charcoal for the final VSA should be in the 200250 kg range.

Once the feed conditions are defined (feed flow rate Ffeeq, column size, ...), the purge
parameters need to be defined according to need. If a 100-fold radon reduction is aimed for,
figure 4.16 shows that an average volume flow rate gain G > 3 should be adequate. For a
maximum design feed flow rate F' feed = 170 m?/h of the full-size system, a vacuum pump
with a pumping speed Spump > 500 m?/h is required. The throughput Qpump the pump
needs to handle is also considerable: practical operating purge pressures FPp,,4e are between
5 and 20 mbar, and the corresponding throughput is

3
d m° - mbar

Efficiency in removing radon is not the sole parameter one must consider when designing
a filter for use in connection with a clean room environment. One concern of such a system
is potential oxygen depletion in the output air, posing a safety hazard to cleanroon work-
ers [130]. While the partitioning of nitrogen versus oxygen on a charcoal bed optimized for
radon removal should not be significant, a measurement was taken as a precaution. A stan-
dard oxygen meter [131] was used to monitor both the input and output air of the prototype
VSA filter. No measurable variation was observed, even with extremely short cycle times

(tens of seconds) for which potential oxygen/nitrogen separation should be greater (this
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last statement reflects the fact that the filter works in saturation for oxygen and nitrogen

and that for these elements the break through time constant is extremely small).

Particle generation is another concern in the design of such a system. A make-up air
supply that is exceedingly high in particle counts could compromise the clean room HEPA
units, posing a risk both in terms of cost and contamination. A check was performed on the
prototype VSA to understand the basic trends of particulation from a charcoal bed filter.
A laser particle counter [132] was used to monitor particle counts from the output air of the
filter. Particle levels were highly dependent on whether the charcoal inside the column was
well-packed, and how long the system was running in a steady-state mode. Loosely packed
columns gave particle counts compatible with worse than Class 10,000 while well-packed
columns could be rated better than Class 100 (note that a given Class specifies the number of
0.5 micron and greater particles per cubic foot of air). Starting the system from a full shut-
down produced high particle counts initially, but these rapidly fell as a function of running
time. Class 100 levels were achieved with well-packed columns after running for at least 2
hours. These levels could be maintained with the addition of simple particle filters on the
overall system output. Note that compressed air was the input source for this system and is
presumably significantly cleaner than standard room air. These measurements support the
idea that this filter is not a particle generator. Typical measured values of room air (which
is the source of make-up air for standard clean rooms) are on the order of Class 10° — 106,

so particles generated by the VSA filter are negligible.



Chapter 5

The Full-Scale Radon Filter

The successful radon reduction obtained with the prototype radon filter described in chap-
ter 4 provided the basic experimental information needed to engineer a full-scale system for
the vessel construction clean room. A detailed account of the basic principles of operation
of vacuum swing adsorption towards radon removal is given in said chapter. The main goals
were to engineer a system within a reasonable budget that would give an acceptable radon
suppression inside the room. The filter was designed to work without interruptions for the

whole period of vessel construction.

5.1 Radon mitigation requirements

The basic radioactivity requirements for Borexino were summarized in section 2.3. Among
them, the most critical requirement other than the intrinsic purity of the scintillator itself
was the cleanliness and radioactivity on the Inner Vessel. The requirements and various
aspects of vessel radioactivity contamination were addressed in sections 3.2 and 3.4. In the
latter, the contamination of the nylon surfaces following radon exposure was analysed in
detail. It was estimated (eq. (3.11)) that ~ 6500pw 2'19Bi and 2!°Po decays/day would
be generated inside the Borexino scintillator (because of radon exposure) for every hour of
exposure of the entire IV surface to average air (30 Bq/m3 radon activity). The coefficients
p and w are the plate out and wash off fraction and in general range from 0 to 1. One third

(~ 2200 pw) of such decays would be in the fiducial volume.
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As explained in chapter 6, many precautions were taken to minimize the exposure time of
the nylon film during vessel assembly, and an average of one hours seems realistic. Assuming

such exposure time, a reduction factor
R = 2200 pw (5.1)

is required from the full-scale VSA radon filter to meet the requireements (< 1 event/day in
the fiducila volume). Using the plate out and wash off values (p ~ w ~ 0.01, measured after
the prototype VSA radon filter was operated successfully) discussed in chapter 3, no radon
suppression in the clean room air would be needed. On the other hand, long term wash
off effects could result in a greater scintillator contamination than these numbers suggest.
Also, a longer than expected exposure time of the vessels during construction is always

possible and being able to supply ample safety margins is auspicable.

5.2 Scale-up parameters and requirements

The difficulties met while scaling up the prototype radon filter were of both technical and
non-technical nature. The choice of most components, such as the quality of the charcoal-
packed tanks, the valves, and the tubing has been dictated by the need to optimize perfor-
mance within a limited budget. On the other hand, choosing the most adequate vacuum
pump system posed technical problems as well.

Ideally, one would want a vacuum pump with the highest possible pumping speed to
obtain the best gain factor G during the purging stage (see section 4.5.3 for a definition of
(7). As explained in chapter 4, the ratio between the purge and feed flows is what basically
determines the radon filtering efficiency of the filter. Based on what was learnt with the
prototype, the pump has to handle a very high throughput at a relatively moderate vacuum
(~ 15 mbar) in steady-state conditions. The radon filter is designed to supply up to 170
m3/h (100 cfm) of filtered air to the clean room (100 times more than the prototype).
Based on the results of the prototype filter, an average volume flow rate gain G > 3 is

needed for a 100-fold radon reduction or better (see fig. 4.16) (G > 4 is required to obtain
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a 1000-fold reduction). Since for the Borexino vessel a radon suppression by a factor of 100
is recommended, a pumping speed S > 500 m?/h is required for the vacuum pump if the
filter is operated at the maximum design flow rate.

The amount of charcoal used per column is ~ 250 kg. We do not have a more accurate
measurement of the weight of the charcoal since the it was put in the columns still wet
after it was washed; it was dried after loading inside the tanks with a flow of dry air.
The prototype used 1.35 kg of charcoal per column: it was decided to multiply this value
by more than 100 to account for inefficiencies (see section 4.5.5). Four main factors were
considered. The feed pressure for the final filter is just ~ 10 mbar above 1 atm. The feed
pressure in the prototype was 1.25 atm or above (see table 4.2). 25% more charcoal is
thus needed for the full-scale device. secondly, the air entering the final filter would not
be as dry as the one fed to the prototype, so that effectively some fraction of the charcoal
would separate out the water from the air stream and become very inefficient for radon
adsorption. Also, it is not a trivial task to have uniform, well-distributed flow patterns
inside big packed beds. Scaling up the small-scale prototype most likely means having some
“dead” charcoal volumes, especially close to the input and output of the columns. Finally,
a deeper bed allows for longer cycle times; this is crucial for minimizing the frequency at
which the columns are evacuated and re-pressurized, period during which the filter is in a
transient, inefficient condition.

The shape of the columns was changed from that of the prototype. A shorter and
wider geometry was chosen over a long, thin column to reduce the pressure drops across the
charcoal bed and have a corresponding uniformity of radon adsorption capability throughout
the filter. It also made it possible to limit the overall physical size of the device.

A problem that had to be specifically addressed was how to dry the input air. Ambient
relative humidities in Princeton can be very high, especially during the summer. As de-
scribed in the next section, a compromise had to be reached in order to keep expenses low.
The air fed to the final radon filter was kept below ~ 10% RH. A further difference was that
we needed a blower to push air through the filter. The prototype was run with compressed

air regulated down to almost atmospheric pressure. The use of a blower at essentially full
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speed meant that there was no flow capacity margin during the re-pressurization step of

the VSA cycle (see below).

Leak tightness requirements of the system

An important consideration for the design of the radon filter is leak tightness. In other
words, what is the maximum leak one can tolerate given the radon levels one plans to
achieve? The answer to this question determines the specifications required for the com-
ponenents (tanks, valves, fittings, ...) and possibly help limit the cost of the system.

Leaks can occur at any point along the lines, and have two main effects on the system.
Because of leaks, the purified air stream emerging from the filter could be contaminated.
This is true oly if the leak occurs at the output; if there’s a leak before the charcoal bed,
it will mix with the input air and be radon-filtered as well. In addition, leaks can add
an unnecessary load to the vacuum pump and limit the purging efficiency of the filter by
reducing thegain factor G (see chapter 4). The latter is a problem only if the leak is very
significant. For example, a 1 std cc/s leak corresponds to 50 cc/s (180 ¢/h) at a purge
pressure of 20 mbar, which is just a small fraction of the expected purge volume flow rate
(> 400 m3/h). The acceptable contamination coming from leaks into the purified air stream
depends on the radon concentration one expects to emerge from the filter. The rule of thumb
is that radon from leaks should contribute a radon concentration smaller than that delivered
by the filter. For a quantitative estimate suppose a leak rate Qe mixes with the output
flow Qgecq. The radon concentration of the air leaking in is A and, for simplicity, let
the output flow be perfectly radon-free (conservative assumption). If the requirement is to
deliver air where radon is suppressed by a factor f or more, the following trivial relation
has to be satisfied:
Qicak 1

Qfeed < ? (52)

For Qfeeq = 85 m3/h (minimum design specification), a leak rate of 20 cc/s would still give

a 1000-fold radon reduction, thus meeting the requirements for vessel construction. These

specifications can easily be met using components not meant for high vacuum applications.
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5.3 Experimental setup

The full-scale radon VSA filter was assembled in Princeton in the Summer of 2001. It came
on-line before vessel (IV and OV) panels were glued together and any IV nylon film panels
for the Borexino vessels were exposed to the clean room air.

The conceptual design of the device is very similar to the prototype, described in detail
in chapter 4. Minor improvements in the layout and a slight change in the VSA cycle
sequence during the re-pressurization phase had to be implemented. A schematic drawing
of the filter is shown in fig. 5.1.

The charcoal is held in two carbon steel tanks (~ 0.9 m? in volume) [133]. The body
of each tank is 91 cm in diameter, 140 cm tall, and is self-standing. The tanks have lids
that can be lifted to insert the charcoal supporting frame and to load the charcoal. The
seal between the lid and the tank is done with a 1/4”-thick neoprene gasket. There is one
4” and one 3” opening for air input and output: the bigger is also used for connecting the
vacuum pump. They are equipped with slip-on flanges. Two smaller 1” flanged ports are
provided for monitoring of the gas parameters (pressure, temperature, humidity) at both
ends of the charcoal bed. All counter flanges are of aluminum, custom made with grooves
for viton o-rings. Each tank also has a drain plug at the bottom. Inside each tank is a cast
iron support structure for holding the activated carbon in place during the pressure swings.
A drawing of a tank is shown in fig. 5.2.

The charcoal is coconut-based Calgon PCB4x8LS [120], the same as that employed in
the small-scale prototype VSA device. As with the prototype filter, the charcoal was washed
with water to eliminate most of the dust. The rinsing proceeded until the drain water was
visibly clear (see fig. 5.3). Before being loaded with the charcoal, the inner surfaces of each
tank were thoroughly cleaned and coated with an acrylic paint to prevent rusting. The
loading of the charcoal proceded as follows: a botton iron grid with a metal mesh finer
than the charcoal flake size was put in place for the charcoal to rest on. The charcoal was
subsequently loaded wet into the tanks, where it was dried for a few days with a continuous

flow of dry air. The charcoal bed was covered by an iron grid with metal sheet mesh.
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Figure 5.1: Diagram of the full-scale VSA radon filter. Valves 9 and 10 were added from
the layout of the small-scale prototype (fig. 4.12) to allow for a quicker re-pressurization of

the evacuated charcoal columns and guarantee a smooth, constant output air flow. Along
the air input line, “AC” stands for air conditioner.
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Figure 5.2: A schematic drawing of a radon filter tank (left [133]); an internal lip is provided
to hold the internal charcoal support structure. Details of the support structure inserted in
the tank are shown on the right. The tank shown in the foreground doesn’t have the top
grid, visible in the one in the background. The actual charcoal volume is ~ 500 liters.

Threaded rods were inserted through the bed to clamp the two iron grid plates together,
keeping the bed compact. Stiff metal springs were also inserted to keep the charcoal bed
tightly clamped during the prssure swings.

After considering various vacuum pumping systems (among which are water-ring pumps
and steam ejectors), a conventional roughing pump + roots blower combination was cho-
sen. The roots blower is an Edwards EH1200 [134], while the roughing pump is a Becker
U4.400F [135]. The latter is specifically manufactered for moderate vacuum, high through-
put industrial applications. Such a sturdy pump was required by the significant amount of
gas to be evacuated, by the frequency of evacuation and by the presence of water vapour in
the evacuated air stream. In addition, the system had to rely on just minimal maintenance
for the whole nylon vessel construction period (interruptions in the filter operation would

lead to higher radon exposure of the nylon surfaces). A water chiller was also required for
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Figure 5.3: Washing the activated charcoal for the radon filter (left). The rinse water was
monitored until the visible level of dust was negligible (right).

cooling the roots blower. The nominal pumping speed for such a combination is ~ 650 m?/h
at the inlet. The installed vacuum pump system is shown in fig. 5.4.

The air feed to the input of the system was required to have low humidity. The residual
water would be adsorbed in the first fraction of charcoal, reducing the volume useful for
radon removal. A commercial silica gel air drier was chosen to handle the entire input air
flow [136]. For an enhanced drying efficiency and for reducing the temperature of the air
sent to the VSA filter, two air conditioning units were placed before and after the drier
(5000 and 15000 BTU /h respectively), as shown in the sketch in fig. 5.1. The input air was
at 21 °C and 5-10% RH. Air was pushed into the system and through the charcoal columns
by a 5 HP pressure blower [137]. The silica gel drier and the pressure blower can be seen
in the bottom left corner of fig. 5.5. The connections between the drying units and the air
blower were made with flexible 6” and 8” plastic hose.

Pneumatically controlled solenoid angle valves with aluminum body were chosen as
process control valves for most of the system [138]. Six (valves 1, 2, 5, 6, 7, and 8 in
fig. 5.1) are 2” diameter with KF fittings (NW 50); two (valves 3 and 4 in fig. 5.1) are
3”7 diameter with LF fittings (NW 75). Throughout the system (except where specifically

mentioned), wire reinforced PVC vacuum tubing is employed. The connection to the valves
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Figure 5.4: Side view of the radon filter. The vacuum pump is visible in the foreground
with the 3”7 PVC inlet connection. The roots blower (“a”) is placed on top of the more
massive roughing pump (“b”). The two blue charcoal tanks are visible in the background
(tank 2 is labelled “c”). Between the tanks and the pump is the frame housing, all the
pneumatic valves, and the output HEPA filter (“d”). The orange 10” hose (“¢”) at the
output of the HEPA filter housing on the left connects the VSA to the input of the clean
room. The other hose visible on the top right corner of the picture (“f”) is the “muffled”
inlet for the air used for re-pressurizing the columns at the end of a purge stage.
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Figure 5.5: Top view of the charcoal-based VSA radon filter for the Borexino vessel con-
struction clean room. On the left, from the bottom, are the silica gel drier, the input air
blower, the control computer, and the chiller for the roots blower. The big hose at the top
of the picture serves as a muffler for the re-pressurization air intake, otherwise very noisy.
The connection to the clean room is via the hose on the right.
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Figure 5.6: Closeup of the VSA system. From the top left corner, valves 3, 4, 9, 10, 1, and

2 can be seen. The 3” line to the vacuum pump can be seen in the front. Most fitting are
KF 2” and LF 3”.

is performed with KF and LF half-nipples and fittings; the connection to the tanks is
made with custom-made half nipple aluminum flanges. The PVC tubing is hose-clamped
onto the half-nipple stubs. All atmospheric pressure lines are 2” diameter, while the low
pressure ones are 3” diameter. A closeup of valves and lines is shown in fig. 5.6. The sizing
of these lines followed a specific study of flows through the system and was designed to
optimize performance by maximizing conductances while maintaining the system within a
manageable budget. In particular, the tubing was sized to achieve laminar flow through it
in the low pressure (purge) lines, where pressure drops would limit the pumping speed of
the system deteriorating the filter’s efficiency [129]. The two valves for re-pressurization air

intake (9 and 10 in fig. 5.1) were not foreseen in the original design and were added at a



Chapter 5: The Full-Scale Radon Filter 134

L0000 OO OO

Figure 5.7: Closeup of the purge regulating line.

second stage of assembly. They are 1”7 pneumatically controlled valves, previously employed
in the low-pressure lines of the prototype VSA radon filter (valves 3 and 4 in fig. 4.12). The
need for these valves is explained in section 5.3.2. Two 1/8” solenoid valves (11 and 12 in
fig. 5.1) separate the tanks from a pressure gauge. The line for regulating the amount of
purge gas is made with a manual butterfly valve and a visual rotameter. The pressure at
the input of the rotameter and the pressure drop across it are measured with Magnehelic
gauges. The purge flow is an important parameter of the system and its accurate reading
relies on it being operated at atmospheric pressure. A detail of this part of the system is
shown in fig. 5.7.

Although the tests performed on the prototype VSA had shown a particulate level at
its output lower than that of standard indoor air (see section 4.5.4), a particle filter was

placed at the output of the full-scale system. This consists of a layer of coarse prefiltering
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material followed by a clean room grade HEPA unit [139]. The particle filter was placed in
a stand-alone housing, as shown in fig. 5.4. The addition of the HEPA filter to the radon
filter followed the general philosophy to build different plants of a system so that they are,
if possible, completely independent, without having to rely on the optimal performance of
other plants they are connected to.

The opening and closing sequence of the valves (1 to 12 in fig. 5.1) is automated by
a LabVIEW program that controls 12 relay switches along the power supply lines of the
solenoid of the valves [140]. A graphical interface to easily set opening and closing patterns
for all valves independently, as well as setting feed and purge times, was programmed. A

view of this interface is shown in fig. 5.8.

5.3.1 Cost of the VSA filter

The cost of full-sclae VSA radon filter was aprroximately 50k US$. A break down of the
cost for the main components is presented in table 5.1. Approximately half of the expense
was for the vacuum pump (22k US$, ~ 16k US$ for the roughing pump). The tanks, the

charcoal, and the solenoid valves also significantly contribute to the total cost of the device.

5.3.2 The filter cycle

The basic VSA cycle for the full-scale system is very similar to that used in the proto-
type setup (see section 4.5.2). The only addition is the additional air intake path for
re-pressurizing the columns at the end of the purge cycle. In detail, the cycle is divided in

six stages as follows (see fig 5.8):

1. feed through column 1, purge column 2
Valves 1, 4, 6, 7, and 12 are open. The air travels through valve 1, column 1, and
valve 7 to the output. A fraction of it is sent back through valve 6 to column 2, which
is being evacuated through valve 4. This stage lasts for a time ranging from 10 to

30 minutes. Valve 12 connects column 2 to a pressure gauge to monitor the purge
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item cost (US$)
tanks 8k
charcoal (0.5 t) 6k
vacuum pumps 22k
valves 4k
dryer 3.5k
blower 1.5k
HEPA filter 4+ housing 1.5k
computer and valve control boards 1.5k
other (fittings, tubing, ...) 5k
total 53k

Table 5.1: Cost of the main components of the VSA radon filter for the Princeton clean
room. The main fraction (~ 70%) of the vacuum pump cost was that for the roughing
pump; the roots blower was a refurbushed one.

pressure.

2. feed through column 1, re-pressurize column 2
Valves 1, 7, 10, and 12 are open. The feed path through column 1 is unchanged. The
purge is interrupted by closing valve 6. The evacuation of column 2 is interrupted by
closing valve 4. Air is let into column 2 through valve 10 to re-pressurize it. This

stage lasts for approximately one minute.

3. feed through column 1, bring column 2 to the feed pressure
Valves 1, 2, and 7 are open. The feed path through column 1 is unchanged. Valve 10
is closed, while valve 2 is opened. This allows a small fraction of the incoming air to
equilibrate the pressure of column 2 to that of the input. This stage lasts for a few

seconds only.

4. feed through column 2, purge column 1
Symmetric to stage 1. Valves 2, 3, 5, 8, and 11 are open. The air travels through
valve 2, column 2, and valve 8 to the output. A fraction of it is sent back through

valve 5 to column 1, which is being evacuated through valve 3. This stage lasts for a
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11:11:32 PM [FA18401). Running cycle number 1, stage & [duration: 0.10 minutes]

Current valve configuration: 1 0K, 20W, 2 0FF, 4 OFF, 5 OFF, & OFF, 7 OFF, & OM, 9 0FF, 10 OFF, 11 OFF, 12 OFF.
11:11:38 PM [F#18/01). Running cpcle number 2, stage 1 [duration: 0.10 minutes)

Current valve configuration: 1 0N, 2 OFF, 3 OFF, 4 OM, 5 0FF, E0ON, 7 ON, 8 OFF, 9 OFF, 10 0FF, 17 OFF, 12 OM.
11:11:44 PM [FA18/01). Running cpcle number 2, stage 2 [duration: 0.10 minutes]

Current valve configuration: 1 0N, 2 0FF, 3 OFF, 4 OFF, 5 OFF, 6 OFF, 7 OM, 8 OFF, 9 OFF, 100N, 17 OFF, 12 0M.

Figure 5.8: Screen shot of the control system for the VSA radon filter. By clicking on the
corresponding box, a valve can be opened or closed. The time of each cycle phase is set
typing in the value in the boxes on the left. The status of each valve at any time is given by
its colour on the display on the right (red=closed, green=open). The view is taken during
re-pressurization of column 2; the times shown are for a test run of the system.

time ranging from 10 to 30 minutes. Valve 11 connects column 1 to a pressure gauge

to monitor the purge pressure.

5. feed through column 2, re-pressurize column 1
Symmetric to stage 2. Valves 2, 8, 9, and 11 are open. The purge is interrupted by
closing valve 5. The evacuation of column 1 is interrupted by closing valve 3. Air is let
into column 1 through valve 9 to re-pressurize it. This stage lasts for approximately

one minute.

6. feed through column 2, bring column 1 to the feed pressure

Symmetric to stage 3. Valves 1, 2, and 8 are open. Valve 9 is closed, while valve 1 is
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opened. This allows a small fraction of the incoming air to equilibrate the pressure of

column 1 to that of the input. This stage lasts for a few seconds only.

5.4 Preliminary tests

Preliminary tests were performed to measure the leak rate of the two charcoal tanks, the
speed of the pumping system, and the purge pressures achievable as a function of purge

flow.

Leak tightness

The leak tightness of the tanks was tested by pumping them down to vacuum and observing
the rate of the pressure rise. During the test all ports were sealed with blank caps with viton
o-rings and leak tested using snoop after slightly pressurizing the tanks. A flat neoprene
1/4” thick gasket was used on the big 1-meter lid flange. For both tanks, the measured
pressure increase rate was ~ 5 —7 x 1073 mbar/s. For an assumed tank volume of 1 m?, the
corresponding leak rate is 5-7 cc/s. The leak is then < 0.05% of the output flow rate of the
filter (25-50 1/s or 85-170 m®/h). If the entire leak mixes with the “radon-free” output, it
would limit the possible efficiency of the device to a maximum 5000-fold radon reduction.
After a leak check using snoop, the leak was determined to be at the 1-meter neoprene
gasket; in this case the air leaking in mixes with the input flow and is radon-filtered by the
charcoal bed. Thus the measured leak rate does not represent a problem for the device’s

performance.

Evacuation time and pumping speed

The evacuation speed of the pump was measured next. The pump system was connected
to the 4”7 port of one of the tanks with a 5-meter 3”7 PVC reinforced tube. An 37, angle
solenoid valve was inserted in the line to simulate the final operating conditions. Tests were
performed with both empty and charcoal-packed columns. The results are shown in fig. 5.9,

where the pressure time profiles during evacuation are plotted. The pumping speed S at
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T Prin S
column/pump configuration (s) (mbar)  (m?/h)
empty tank, backing pump only 14.3+0.4 ~4 252
empty tank, backing pump and roots blower 6.7+0.1 ~ 0.4 537

charcoal-packed tank, backing pump and roots blower 19.04+0.3 ~ 1.5 -

Table 5.2: Evacuation time 7 and corresponding pumping speed S for various pump/tank
combinations. The pumping speed is calculated using S = V/7 and assuming V = 1 m?. No
value for S is given in the presence of charcoal since the volume V' in this case is unknown
(certainly significantly larger than V).

the tank is extracted by fitting the exponentially decaying part of the curve with
P=Pye " r=V/S (5.3)

where V' is the volume of the tank and Py is the initial pressure (1 atm in this case). This
formula is valid in the regions where S is constant as a function of pressure [128]. S and
the pumping speed at the pump S, are related by 1/S = 1/S, + 1/C, where C is the
conductance of the line that connects the pump and the tank. Regardless of S,, what
determines the radon filtering efficiency of the VSA is S.

The fits to the pumpdown data yield the characteristic evacution times for different
configurations and are summarized in table 5.2. The ultimate pressures P,,;, are also
reported and can be read from the plots in fig. 5.9. The pumping speed at the tank with
the backing pump + roots blower combination is 537 m®/h (150 ¢/s). This value needs to
be compared with the maximum required input flowrate to the filter, ®,,4, ~ 180 m?/h.

The maximum achievable volume flowrate gain G,z (see chapter 4) is given by

Graz = i ~ 3 (5.4)

<I>max
A value for the pumping speed for the charcol-packed column cannot be stated in the
absence of an accurate estimate of its effective volume and in the presence of adsorptive

processes. A look at fig. 5.9 suggests that the effect of adsorption is non-negligible below 10
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Figure 5.9: Pumpdown time for the columns of the VSA system with the final vacuum
pump. The top plot refers to the evacuation of an empty column. The pumpdown time
significantly increses in the presence of the charcoal bed (bottom). Refer to the text for the

details of the fits and the extrapolated pumping speeds.
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Figure 5.10: Pressure in the charcoal column (tank 1) as a function of purge flow (sz o in
the text). The pressure was measured at the end opposite to that the vacuum pump. @, is
expressed in standard ¢/s. The result is reported in mbar in eq. 5.5

Torr (15 mbar), where the pressure profile of the charcoal-loaded columns during evacuation

deviates from an exponential decay and levels out.

Purge pressure vs purge flow

The pressure of the charcoal column as a function of the purge flow rate ®, was also
measured in the final configuration. A feed cycle was set up through tank 2, with valves
2, 8 open and valves 1, 4, 6, 7, 9, 10 closed (refer to fig. 5.1). Tank 1 was evacuated and
the purge flow was bled through it, with valves 3, 5 open. The throttle valve was used to
regulate ®,,, which was read on the rotameter, kept at atmospheric pressure. The pressure
Py of tank 1 was recorded (valve 11 open). The pressure as a function of purge flow is

shown in fig. 5.10. Above ~ 4 Torr (6 mbar and ®, ~ 0.5 £/s) the behaviour is linear, and
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a fit to the data yields:
Pl" = A®, + B = (52+0.1)®, + (3.9 +0.2) mbar, (5.5)

where @), is expressed in £/s in the last equality. From eq. (5.5) one can deduce the effective
pumping speed Sg” at the end of the charcoal column away from the vacuum pump via

the relation
PO P[) large @, PO

gfar — P, — -9
p Pgar p A—G-B/CI)I, e A ;

(5.6)

where Py is atmospheric pressure and eq. (5.5) has been used. The data in fig. 5.10 show
that larger purge pumping speeds (i.e. larger volume flow rate gains) are achieved at larger
purge flow rates. The pumping speed S5;°*" at the end of the charcoal column closest to
the pump is larger because of the pressure drop AP across the charcoal, and is given by

PO P() large @, P()

5= ® = A-AP/C)+BJS,  A—APIC,

- near
PP

(5.7)

where the assumption is made that AP = &,/C,, with C, being the conductance of the
charcoal bed. AP was measured to be extremely small (~ 1 mbar)during these and the
evacuation tests discussed in the previous paragraph. The pumping speed is thus essentially
constant along the charcoal bed.

As reported in section 5.7, the VSA was run with ®, ~ 3.5¢/s for most of its operation
during vessel assembly. From eq. (5.6) and table 5.3, this value yields Sg‘“" ~ 1500/s ~
510m3/h. This value almost coincides with the pumping speed measured during the evac-
uation of the empty tanks (see table 5.2) and confirms that AP across the charcoal bed is
small. For the maximum design feed flow rate Fyeeq = 170 m3 /h, this value of SIJ: ar gives
a gain factor G ~ 3 which, according to eq. (4.44) and fig. 4.16, should give a reduction
factor R of the filter R ~ 150. For the minimum design flow rate Ffeeq = 85 m?/h, G ~ 6
and R could be as high as 20000, according to the results obtained with the prototype. The

results from the VSA are reported is section 5.7.
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feed cycle time Dout @, PJ ar Aout test duration
(min) (std £/s) (std £/s)  (mbar) (Bq/m?) (h)
15 31 1.2 12+1 ~1 38
15 31 2.0 1441 ~1 13
15 31 2.5 17+ 1.5 ~1 9
10 31 3.5 22.5 — 26 ~1 34
20 31 3.4 22 — 25 0.5+0.3 70
20 25 3.4 22—-25 0.15+0.15 24

Table 5.3: Initial tests of radon reduction with the VSA filter. The re-pressurization time
was set at 30 seconds for all runs. The total input air flow being filtered is ®, + ®gys.
The uncertainty on sz %" is due to the fact that the pressure in the evacuated tank slowly
decreases during the cycle.

5.5 Stand-alone radon tests

Radon reduction tests were performed before connecting the VSA to the clean room. The
re-pressurization time was set at 30 seconds. The feed cycle was varied between 10 and 20
minutes and the purge flow rate between 1.2 and 3.5 ¢/s. The results are summarized in
table 5.3. The radon concentration at the input averaged ~ 15 Bq/m? during the tests.

The data are not systematic enough to give an exact, quantitative description of the
radon reduction properties of the device. Nonetheless, they give indications on how to
preferably operate the VSA. Cycle times should not be too short, possibly 20 minutes or
maybe even longer. At shorter cycle times, the transient time for re-pressurization is a
bigger fraction of cycle: the filter’s efficiency is thus reduced. The radon concentration
decrease observed between the last two data points could just be a low-count fluctuation
and a longer measurement time in order to be confirmed.

The tests were unexpectedly interrupted because of a manufacturing defect of the back-
ing pump. As soon as the pump came back after repair, vessel construction had begun and
the VSA was connected to the clean room. The discussion of these results and of those

achieved during this second, operational phase are discussed together in section 5.7.
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measurement 222Rn 222Rn
technique 40K 137Cs 228Th 26Ra (150 °C) (20 °C)

Ge v spectroscopy
(Bq/kg) 402+12 0564+0.06 1.2+0.1 1.8+0.2

Rn emanation
(mBq/kg) 17090 9.44+0.7

Table 5.4: Intrinsic radioactivity and radon emanation rate for the Calgon PCB 4x8LS
charcoal used in the VSA system. The measurement was performed by our collaborators in
Heidelberg.

5.6 Charcoal radioactivity and radon emanation

The radioactivity content of Calgon PCB 4x8LS charcoal used in the VSA was measured by
our Heidelberg collaborators. The charcoal was measured before being washed with water to
remove dust (evidence has been seen that washing charcoal with water significantly reduces
the 4°K contamination [141]). The results are summarized in table 5.4. It is interesting
to notice how only ~ 10% and ~ 0.5% of the radon is extracted at 150 °C and 20 °C,
respectively. An interesting quantity to know is how much of the radon emanated by the
charcoal escapes the charcoal itself and contaminates the output air stream. Implications

of these results are discussed in section 5.8.

5.7 Performance and results

The VSA radon filter was connected to the clean room on August 23, 2001. For a year,
during nylon vessel construction, it filtered all the make up air fed to the clean room. The
filter was shut down only once, for an hour, to perform an oil change in the vacuum pumps.

Initially, the feed cycle time was set at 22 minutes (increased to 25 minutes after 1.5
months of running); the re-pressurization (stages 2, 5, refer to section 5.3.2) was set at 1
minute and the pressure equalization step lasted 6 seconds (stages 3, 6). The output flow

rate was initially set at Fyy; ~ 70 std m3/h (~ 20 std ¢/s), and was measured with the make
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up air flowmeter of the clean room. The flow was changed a few times during the following
year. A time profile of the make up air flow to the clean room is shown in fig. 5.13. The
feed pressure Pj..q was approximately 10 mbar throughout the run. The purge flow rate
was initially set at Fpyrge = 2.5 std £/s, with Ppyrge ~ 9 mbar. After 3 weeks it was raised
to Fpurge = 3.9 std £/s (with Ppyrge = 23 <+ 25 mbar) and finally stabilized at Fjypge = 3.5
std ¢/s after 1.5 months from the beginning of the run. The corresponding purge pressure
was Ppyrge = 21 + 23 mbar. The purge fraction f (ratio of purge to feed flow rates) was
kept between 8% and 14%. The observed purge flows vs purge pressures agree well with
what was measured before connecting the VSA to the clean room (see fig. 5.10).

Radon reduction was immediately observed in the clean room air. The radon concen-
tration profile during the first days of operation of the filter is shown in fig. 5.11. The initial
exponential decay of radon is clearly noticeable. After 2-3 days, the radon concentration
reaches a plateau. The data are fit with a decaying exponential plus a constant term,

Aer = Ag + Arexp(—t/7). The best fit values are
7 = (18.2+ 1.0) hours, Ay = (1.7 0.2) Bq/m?. (5.8)

The plot demonstrates that the clean room is supplied with significantly radon-reduced
air (radon decreases), but it also shows that the radon concentration stabilizes at a value
higher than what expected to be delivered by the filter. The VSA was run with operating
parameters similar to those used in the last preliminary test, so radon activities on the
order of 0.5 Bq/m? or less were expected in the clean room (see table 5.3). Ag is 3-10
times higher than the radon concentration measured at the output of the VSA duirng the
preliminary test. As explained above, during the following several weeks the purge flow was
varied between 2.5 and 3.9 ¢/s, but no significant change in the radon concentration was
observeded. The profile was essentially stable at ~ 1.5 Bq/m?3.

The radon concentration profile during the year the VSA filter was running is shown in
fig. 5.12. The plot also shows the radon concentration of the air at the output of the filter
(in boxes). The radon concentrations inside the clean room and directly at the output of

the VSA could not be measured simultaneously since only one radon detector was available.
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Figure 5.11: Radon concentration profile inside the clean room during the first days of
operation of the VSA filter. The radon concentration in the clean room before the filter
was connected varied between 7 and 30 Bq/m? (average over two days ~ 15 Bq/m?).

The make up air flow rate ®., of the clean room (i.e. the output flow rate of the filter, @)
during the same period is shown in fig. 5.13 (top plot). The pressure of the clean room
with respect to the outside, the humidity of the air, and its temperature are also shown in
figure 5.13.

It is immediately clear from fig. 5.12 that the radon concentration emerging from the
VSA is lower (by a factor of 4 to 10) than that measured in the clean room. The radon

activity A, inside the clean room is (data points outside the boxes in fig 5.12)

Ag ~ 1.5 — 2 Bq/m?, (5.9)
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Figure 5.13: Clean room parameters during vessel construction. The time axis starts on
August 21, 2001 when the radon concentration began being measured (see fig. 5.11 and 5.12).
For reference, 1 c¢fm ~ 0.5 /s ~ 1.7 m3/h. The data are recorded by the clean room control
system [106]. The temperature rose sharply around day 167 because of a failure of the
air conditioning system, readily fixed. The clean room was opened at day 345 to ship the
vessel.
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while that of the air delivered by the VSA filter (Ayy) is (data points inside the boxes in
fig 5.12)
Agut ~ 0.3 — 0.4 Bq/m?, (5.10)

The reason for this is not completely understood. Some hypotheses are brought forward in
section 5.8.

Further details of the data shown in fig. 5.12 are worth discussiing. For example, the
very noticeable step-like decrease in radon activity just after day 100 is in fact fictitious,
and has an explanation. Until that time, a column of dessicant was placed at the input of
the radon detector to dry the sampled air. Suspecting that the dessicant could be a source
of radon itself and explain the apparently high radon concentration in the clean room, it
was taken out of the sampling line. Since then the radon detector sampled humid clean
room air. The efficiency of the detector with humid air is reduced. The exact efficiency

drop has not been measured, but it should be approximately a factor of two [142].

The filter’s performance needs to be compared against the predictions obtained from
the prototype (section 4.5.3) and the preliminary testing reported at the end section 5.4.
Assuming an ambient radon concentration Ag;- = 30 Bq/m? at the input of the filter, eq.
(5.10) yields an observed reduction factor R ~ 100. For most of its operation (from day
70 onwards, fig 5.13) the make up flow rate ®.. was between 90 m®/h and 130 m?/h (at
latm). The purge flow rate was Fpyrge = 3.5£/s (12 m3/h). The feed flow rate of the filter
was then Fjeeq = 112 + 142 m3/h. The purge volume flow rate (with Ppyrge ~ 23 mbar)
was ® ~ 510 m3/h (this value is more precisely an average value, since the purge pressure
would range between a maximum and a minimum value, slowly decresing during each purge
cycle because of slow residual desorption from the charcoal). The volume flow rate gain
is thus G ~ 3.6 + 4.6; note that ®t..q = Ffeeq, since feed occurs at atmospheric pressure.
A comparison with eq. (4.44) and fig. 4.16 suggests that the observed reduction R factor
should be between 400 and 2900, corresponding to a radon activity Ay ~ 10 = 75 mBq.

The observed radon concentration emerging from the VSA is radon-reduced by a factor of
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100 yielding A,y ~ 0.3 Bq/m? (see eq. (5.10). This value runs somewhat short from the

expectatios. A discussion is provided in section 5.9.

5.8 Comments on the radon levels achieved in the clean room

Various hypothesis have been considered to explain the discrepancy between the radon
concentration in the clean room and that delivered by the VSA filter (see equations (5.9)
and (5.10)). The average radon concentration difference AA = A, — Aoyt is approximately

1 Bq/m3. An analysis of some possible scenarios follows:

1. Radon emantion from the dessicant at the input of the radon detector: ruled out by

removing it and not observing a significant radon decrease, as explined above.

2. Radon in the water used for humidifying the clean room air: as shown in section 3.5,
a 1 Bq/m? radon concentration would require an activity in the supply water of 120
Bq/¥¢, which seems unrealistically high. If the aging of such water is taken into account,

this value must be 20 times higher.

3. Inward leaks into the clean room: let A, be the radon concentration of the leak and
®.r the make up air flow rate of the clean room. Then the leak required to explain
the phenonmenon is

AA
P = — ®,,. 11
leak Aair [ (5 )

For Agir = 30 Bq/m? and ®.. = 30¢/s, ®jeqr = 1£/s. This source cannot be com-
pletely ruled out, especially if some areas of the plenum volume of the clean room are

not at above-atmospheric pressure when the clean room blowers are running.

4. Radon emanation from clean room surfaces: this seems to be a realistic source. The
clean room, its HEPA filters in particular, have a very large surface area. It is likely
that the emanation rate is humidity-dependent. Values for Rn emanation from the
filtering material in use in the clean room nor from the dirt accumulated in the filters

are currently not available.
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It is interesting to estimate what the emanation rate ¥ from the clean room surfaces
would have to be to completely account for the constant “excess” radon activity in
the clean room AA. For a given make up air flow rate ®.., the emanation rate is

(ingoing activity must be equal to the outgoing activity)
E = &, AA (5.12)
If the make up air flow rate is ®.. = 85 m3/h (AA = 1 Bq/m?),

E =50 Bq/h ~ 14 uBq/s (***Rn activity). (5.13)

The emanation rate quoted in eq. (5.13) corresponds to a 2?Ra activity of ~ 7 Bq. Assum-
ing secular equilibrium in the uranium chain, the amount of typical “dirt” (e.g. trapped in
the HEPA filters) with 1 ppm 238U content needed to account for such emanation rate is

about 0.5 kg, yielding an expected emanation of 2 mBq/g from this source.

5.8.1 Implications for vessels exposure

The clean room air was kept at an average radon concentration of A.. ~ 1.5+ 2 Bq/m?
throughout vessel construction. This value is 15-20 times smaller than the radon concen-

tration considered in section 3.4. From eq. 3.11, one obtains (A — Aer)
~ 400 wpt *1°Bi, ?'%Po decays/day, (5.14)

where t is expressed in hours. Approximately 130 pw of these events are in the fiducial
volume.

For p ~ w ~ 0.01 (see section 3.4), the radon reduction achieved with the VSA filter
gives an ample margin on the allowed exposure time of the nylon film of the IV (up to 75
hours to meet the specification of 1 event/day in the fiducial volume). On the other hand,
setting a more realistic value of t = 1 hour, the product pw needs to be ~ 8 x 1073 in order
to meet the Borexino specification.

In conclusion, the radon reduction in the clean room air supplied by the VSA filter
contributed a significant safety factor to meet the radon contamination requirements for

the Borexino inner vessel.
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5.9 Comments on the VSA filter performance

The radon reduction observed at the VSA output is ~ 100, while estimates based on the
gain factor G suggested a reduction > 400. Many possible explanations can be provided
and it is not possible at this time to give a definitive explanation.

The radon concentrations observed at the output are not significantly above the sen-
sitivity of the RAD7 detector used to measure them. The radon reduction of 100 should
be taken assuming this figure has a non-negligible error since it is based on an event rate
of a few counts/day. Also, 100 is an average reduction factor. The data in fig. 5.12 show
that the radon activity A,y varies by approximately +0.3 Bq/m3. This can be due to
variations in ambient radon concentration, varying efficiency of the VSA (due, for example,
to varying humidity levels in the input air), or just to statistical fluctuations of the recorded
radon activity. What is worth of notice is that ~ 0.3 Bq/m?® is the lower radon activity
observed with both the prototype and full-scale VSA systems (compare fig, 5.12, fig. 4.15,
table 5.3 and table 4.2). This suggests the important possibility that this represents the
true ultimate sensitivity of the RAD7 (the value of 0.1 Bq/m? for the RAD7 sensitivity was
obtained with measurements that lasted a few days at most, see section 4.5.3).

Another possible explanation could be radon emanation from the charcoal (this would
justify the same lower radon activity achieved with the two VSA devices, since they em-
ployed the same charcoal). The radon emanation value at room temperature reported in
section 5.6 is ~ 10 mBq/kg. An upper limit to the activity that such radon emanation can
contribute in the output air stream from the VSA filter can be estimated as follows. The
mass of charcoal in each column is 250 kg, which gives a total radon emanation rate of each
charcoal of 2.5 Bq. The feed flowrate during operation was about 100 m?3/h. There will
be at most (i.e. neglecting adsorption dynamics inside the column) 90 222Rn atoms/m? in
the output air. This gives a radon activity of sin2 x 10™* Bq/m?, and is thus too small to

account for the observed inefficiency of the full-scale VSA.
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5.10 Ideas for VSA improvement

The experience gathered with developing and running VSA radon filters for breatheable air
allows some conclusions on such devices to be drawn and ideas for improvement to be put
forward.

The original use of a vacuum swing process on activated charcoal for radon removal
proved feasible and, on the long run, inexpensive. Most of the cost is for building the
device, not for operating it. The charcoal-based VSA filters have proven to be mechanically
very reliable. During one whole year of operation, for example, the backing pump of the
full-scale filter required one oil replacement only, although significant quantities of dust and
humidity were pumped through it. The oil was changed in a few hours, while air, at reduced
flow, was still being pushed through the filter and used to feed the clean room (obviously
the swing system was interrupted). The resulting air contamination was minor (see the
radon data point at approximately day 75 in fig. 5.12).

The level of charcoal crushing observed after such a long period of uninterrupted opera-
tion was also very limited. The charcoal presented no problem with dust that could not be
easily handled with standard HEPA filtering units and proved completely compatible with
the use in connection to a clean room.

The radon suppression achieved in the clean room air thanks to the VSA filter reduced
the radon contamination of the Borexino inner vessel by at least one order of magnitude.
However, the reduction was less than expected and lower than what supplied by the VSA
filter itself. If the reason is radon emanation from the clean room surfaces, the solution
would be to supply a larger, radon-filtered make-up air flow (see section 5.8). The prac-
ticality and feasibility of an even bigger VSA filter is questionable, given the size of the
vacuum pump that would be needed. Nonetheless, the Borexino clean room is large, and

VSA filters like ours could be used more effectively in smaller environments.

The importance of radon suppression in clean rooms or other environments where

breatheable air connot be substituted with other, cleaner gases goes beyond the need for
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Borexino. As stated at the beginning of chapter 4, radon contamination of detector surfaces
is a widespread problem of most low background experiments. It is worth then listing ideas
for potential improvements of the current VSA design for future applications. The following
items are listed without any particular order and are meant as starting points for discussion

and, possibly, development.

1. Before designing a radon reduction device for clean room air, it would be advisable to
estimate or, better, measure the radon emanation from the constituent materials, with
particular emphasis on the filtering material of the HEPA units. The ducts that carry
the air to the clean room should be cleaned and the feed air pre-filtered, especially
when the clean room is first operated, to minimize the amount of dust trapped in the
filters. Such dust could emanate radon at the level of ~ 2 Bq/g (assuming 1 ppm

uranium content for dust).

2. Should radon emanation from the charcoal become a problem for certain applications,
very low radon-emanating synthetic charcoal is available. Due to its high cost (~ 1000
US$/kg [143]), it is conceivable to use it only for the final bed thickness at the output

of each column.

3. The pressure drops across the feed column for the full-scale VSA were small. A design
with thinner and longer columns, as conventionally done for many applications, might
improve the flow pattern in side each bed, minimizing “dead” charcoal volumes and

channeling phenomena.

4. A very interesting possibilty is to design a VSA device with chilled columns. If
liquid nitrogen temperature might not be appropriate for air filtering, since it could
enhance oxygen and nitrogen separation, liquid methanol or dry ice could be valid
alternatives. The adsorption properties of a material exponentially increase with
decreasing temperature. The adsorption constant k,;s depends on the temperature T

according to [113]:

kogas < ¢ KT | (5.15)
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where k is Boltzmann’s constant and F,gs the adsorption binding energy. Small
temperature changes greatly affect the adsorption process. A colder filter could have
significantly smaller columns for a given design flow rate. This reduces the cost of
the columns and the charcoal. It also reduces the transient times between feed and
pressure stages (evacuation and re-pressurization). Such a design would require some

development, but it could, in principle, be very promising.

5. Since the VSA worked as a radon filter, it should also work as a radon concentrator at
the opposite end (output of the pump) [144]. A VSA system could be used, together

with standard radon counters, as a radon concentrator for low-level radon sampling.



Chapter 6

Aspects of Vessel Assembly

The assembly of the Borexino nylon vessels took place in Princeton between July 2001
and August 2002. The nylon vessel package comprises of the two nested “balloons” with
all the connecting hardware for their fluid filling and operation, mechanical robustness and
connection to the surrounding structures and plants of Borexino. It also includes monitoring

instrumentation. In detail, it consists of:
a. nylon film spherical envelopes for Inner Vessel (IV) and Outer Vessel (OV)
b. bulk nylon “end cap” rings and pipe sections at both poles of each vessel
c. 6 copper struts at each IV polar region
d. 8 stainless steel struts at each OV polar region
e. stainless steel coaxial pipe sections for IV and OV fluids

f. double set of ropes for each vessel to hold them in place against positive and negative
buoyancy; they are connected in groups of 6 (IV) and 5 (OV) to load cells for buoyancy

measurement

g. load cells: 8 at each IV pole (6 connected to the ropes and 2 in parallel with the

stainless steel pipe), 10 at each OV pole (8 for the ropes and 2 on the pipe)

h. flexible nylon sampling and pressure measurement lines for each vessels

156
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i. light sources at specific locations on each vessels to be connected to lasers and LEDs
via optical fibers for monitoring scintillator stability, vessel shape, and position (see

chapter 7)
j. 8 temperature sensors: 2 at each pole in IB and 2 at each pole in OB
k. break-out connections for routing electrical signals from instrumentation

The OV struts, the electrical break out hardware and the OV load cells were prepared in
Princeton but will be mounted on the vessel at LNGS. The assembled vessels were shipped

from Princeton on August 6 and arrived at LNGS on August 14, 2002.

6.1 Preliminary operations

Numerous preconditions had to be satisfied before actual vessel assembly could begin. These
are in addition to all the R&D carried out to characterize the nylon film, measure residual
radiopurity of the materials and test the basic joint making technique.

All of the nylon film was precision cleaned by CleanFilm [145] to Level 25 Mil. Std.
1246C [91] using a non-contact ultrasonic technique (fig. 6.1). Cleaning the bulk nylon pieces
for the end caps and pipes was a joint effort by technicians at Princeton and AstroPak [92];
these parts were also precision cleaned to Level 25.

Several clean room operations took place prior to envelope construction. Two tables of
the appropriate length for IV and OV and racks for nylon acclimatization were built (see
fig. 3.10). The radon “scrubber” (see chapter 5) was completed and functional before any
nylon film for the vessels was handled. Inside the clean room, the ropes were pre-tensioned
(500 N for 30 minutes, fig. 6.2) to eliminate their inter-thread slack, carefully cleaned with
alcohol using clean room wipes, precision cut, and labelled. Loops were made at the ends
of each rope to allow connection to the load cells. This operation was delicate, since the
final ropes needed to be equal in length to within 1 cm. The light sources were individually
assembled, their optical fibers were cleaned with alcohol (as were the ropes), spooled, and

labelled (this system is described in chapter 7).
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Figure 6.1: “Web cleaning” apparatus similar to the one used to precision clean the nylon
film for the Borexino vessels [146]. Particulate is ultrasonically removed from the film and
vacuumed away. Deionizing bars placed in close proximity to the ultrasonic heads enhance
particulate removal by reducing static charge adhesion forces.

6.2 Chronology and details of vessel construction

The first step in vessel construction was preparing the film for assembly of the OV and
IV. As the cleanliness and leak tightness requirements of the OV were less stringent, this
envelope was constructed first. There were two film candidates for the envelopes, re-
ferred to as Capron and Sniamid. These films were selected based on their mechanical
strength, optical clarity, and radiopurity. Capron, extruded in Pennsylvania, USA, by
Allied-Signal/Honeywell using Capron B732P pellets [147, 148] was selected as the prime
candidate based on its superior mechanical properties [76, 86]. Sniamid (a mixture of Sni-
amid ADS40T and Bayer PA6 pellets), extruded in Germany, had mechanical and optical
characteristics well within the vessel design specifications and was chosen as the “backup”
film. Prior to construction the only means of predicting film radiopurity was through mea-

surements of the pellets before extrusion. From this point of view, both film candidates
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Figure 6.2: The apparatus used to stretch the ropes for the hold-down system of the Borex-
ino nylon vessels.

were acceptable. By the time construction was ready to proceed, a break-through method
for measuring the radon emanation rate of the final film product had been developed by
our Heidelberg colleagues. The prime film candidate (Capron) was measured and radon
emanation levels were higher than expected (two batches yielded 18 and 45 ppt Ra equiva-
lent [150]); this is almost one order of magnitude higher than the original pellets [76, 149].
Counting the film is a time-consuming process, and to keep on schedule preparations were
made to construct the envelope using Capron, and in the meantime perform a measurement
of the Sniamid film. In the end, the Sniamid presented an extremely low radon emanation
rate (1.3 = 0.4 ppt Ra equivalent [150]) and the decision was taken to use it for the IV.
Since the OV was already constructed out of Capron (which met the OV specifications), no
actions were taken to redo it. Thus the final set of vessels has a Capron OV and a Sniamid

IV.
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Figure 6.3: Cutting the panels for the Borexino nylon vessels into the right shape [153].
The remotely-controlled cart on magnetic tracks guides the circular blade along the edge of
the panel, delivering a clean, smooth cut.

The nylon film first had to be equilibrated with the clean room humidity, set to ~ 50
%. Nylon is extremely dry as initially extruded, and it stays dry for a very long time
when tightly spooled and packaged. The moisture intake causes it to expand by a few
percent [151], much larger than the tolerable error on the shape and dimension of every
single panel. The problem with exposing the nylon film to the clean room air to reach
humidity equilibrium is radon and particulate contamination. The humidification of the
nylon film was carried out by sandwiching the nylon film between two thinner layers of
commercially available nylon film (25 gm thick) certified at Level 25 surface cleanliness [145].
The covered nylon panels were placed on racks (see fig. 3.10) for at least 3 days, time that
tests had shown to be appropriate for complete humidity equilibration with the clean room
air, even in the presence of such cover film [152]. Several deionising bars were used while
unspooling the film to minimize static charge build up that acts as a particle magnet.

Once humidified, each panel was cut to its final, almond-like shape. A circular blade
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Figure 6.4: The accordion-style stack technique used for constructing the nylon vessels
envelopes. The process continues until all panels of each vessel are in the stack. The last
glue joint is conceptually identical but requires unfolding some panels in the stack to align
the top and bottom panels for gluing.

mounted on a remote-controlled cart follows a template laid on the table (fig. 6.3). Magnets
serve as tracks for the cart and hold the nylon film on the table. This operation is performed
with the cover film in place to minimize any vessel membrane exposure. The positions of
the light sources were then marked with tape, and nylon hoops (“tabs”) for routing the
ropes were glued at predefined locations on each panel. Such tabs were specifically designed
to have a lower yield point than the vessel membrane so that the unnatural pull from a
potentially misguided rope would not compromise vessel integrity.

The panels were then glued along one edge into an accordion-style stack that would
define a sphere once inflated [154]. The technique is schematically sketched in fig. 6.4.
The glue for joining the panels is a Resorcinol-based solution [155] (in water and ethanol,
with the addition of sodium meta bisulphite [156]). Plenty of experience in gluing panels
was accumulated within the group during the construction of the CTF and the Borexino

prototype vessels. The glue amount, tacking time and spray mist characteristics were
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Figure 6.5: Making a glue joint for the Borexino IV. A first cart carries the spray gun
with which the resorcinol solution is applied and a second cart follows folding the edge of
the panel beneath onto the one above. The clamps are then closed to apply the necessary
pressure (top). Close ups of the spray and folding carts are shown too (bottom) [153].
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Figure 6.6: Closing the clamps on a vessel glue joint for mechanical strength and leak
tightness of the seal.

optimized to obtain reliable, long-lasting joints [156]. For every joint, a region of two
edges (one per panel) to be glued together were masked with low-residue clean room tape.
A spray gun mounted on a remote-controlled cart sprays glue on the exposed surface. A
second remote-controlled cart follows (one minute behind or so to allow for the right tack
time) and fold the lip of one panel onto the one above, both glue-covered, and make the
joint. The curvature of such fold was kept big enough to avoid creasing the nylon film.
Before the passage of the folding cart, the masking tape would be removed. The making of
a joint and close ups of the carts are shown in fig. 6.5. The joint would be tightly clamped for
12-24 (fig 6.6) hours to assure mechanical strength and avoid leaky “channels” through the
glue. The glue for the tabs used to route the ropes and the light sources was hand-sprayed
using a hand-held masking frame.

Precautions were taken to minimize film exposure to ambient air. The cover film was
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lifted to uncover just the very edge of the panels being glued together. The stack geometry
also self-covers the underlying layers very effectively (see fig. 6.4). The whole stack was
always covered overnight with a couple of layers of clean nylon film and one layer of metal-
lized film (that also prevented discoloration of the glue-joint areas). The OV was assembled
first, leaving the last seam open to allow the nesting of the IV inside. Once each envelope
was completed, it was moistened with generous amounts of deionized water and covered
with clean, thick polyethylene film to hold the moisture and provide an extra barrier for
radon.

The OV was assembled first with the last seam left unglued to allow the subsequent
nesting of the IV. The IV envelope was constructed and completed with all polar region
hardware in place. This part of the vessel makes the transition between the nylon film
and the piping that carries fluids (fig. 6.7) in the different volumes inside the SSS. It also
provides the mechanical structure that supports the vessel in place, as described in chapter 3.
A description of the gluing technique and the R&D for this delicate step is presented in
section 6.3.

The assembly of the end region proceeds as follows (a sketch of the completed assembly is
shown in fig. 6.13): a bulk nylon 60 cm diameter ring is glued as a collar on the inside of the
vessel (fig. 6.7, top). As explained in the following, this is a Resorcinol glue joint. The central
nylon pipe assembly with the “bridge” nylon film and two flexible nylon sampling tubes,
prepared and leak checked separately (see section 6.3), is then added (fig. 6.7, bottom).
Finally, a second bulk nylon ring, the so-called “L-ring” from its cross-sectional shape, is
placed onto the “collar” ring, clamping both the nylon vessel and the bridge film membranes
between them. This last step only adds mechanical strength to the structure. The leak
tightness relies upon the previous two glue joints.

Next, the ropes are threaded through the tabs along the corresponding panels and across
the end cap. A given rope is attached at both ends to one pole, with the rope following a
great circle through the opposite end cap, which has holes in the “L-ring” to accomodate the
passing of ropes. The ropes anchored to the south pole oppose upward buoyancy movements

of the vessel, while those anchored to the north oppose downward movement. The load cells
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Figure 6.7: Gluing the “collar” nylon ring (top) and the “bridge” film + nylon pipe assembly
(bottom) on the south pole of the Borexino IV.
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load cells

Figure 6.8: TV load cell assemblies. One of the load cells for measuring the stresses on the
stainless steel pipe is also shown.

are mounted on a stainless steel pipe section connected to the centermost nylon section. The
transition to stainless steel for the pipe guarantees mechanical strength for the assembly;
the choice of nylon for the pipe section closest to the IV aims at minimizing radioactivity
near the center of the detector. To further strengthen the end regions of the IV, eight
copper struts are inserted between the “L-ring” and the steel pipe section. Finally, the IV
surface light sources are positioned and glued onto the vessel and their optical fibers routed
along the panels through the tabs and bundled at the north pole (see fig. 7.8).

A load cell assembly is shown in fig. 6.8. There are six such assemblies at each pole of

the IV, and 8 per pole on the OV. Each IV (OV) load cell reads the tension of 6 (5) ropes,
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Figure 6.9: The optical fibers, the two fluid nylon sampling lines and the bellows conduits
containing the electrical wires for the load cells and the temperature sensors for the IV
are routed through the north polar flange. They will be routed through several meters of
conduit out of the SSS and WT during the vessel installation operations.

as mentioned in section 3.2. The sum of the tension of each rope, corrected by the cosine of
the angle of incidence with the support pipe, gives the total buoyancy force on the vessel.
An additional four load cells are mounted along the stainless steel pipe at each pole (two
in the IB and two in the OB) to measure its elongation and stress (fig. 6.8).

The light sources were subsequently put on both vessels and their optical fibers routed
along the panels, conveniently bundled, and routed through appropriate conduits in the
polar stainless steel pipes. These, along with the leak tight bellows that contain the electrical

readouts for the load cells and the temperature sensors, will be routed out of the SSS and



Chapter 6: Aspects of Vessel Assembly 168

L ecize =

Figure 6.10: A complete IV end region assembly during nesting operations into the OV.
The copper struts, nylon and stainless steel pipe sections, the ropes attached to the load
cells and the end ring and nylon bridge film are visible. The bellows coming out of the
flange on the right are the leak tight conduits for the electrical connections of the load cells.

WT as part of the vessel installation operations. The optical fibers, bellows and nylon fluid
sampling lines routed out of the IV north polar flange are shown in fig 6.9.

The complete IV was then ready for leak checking (see section 6.4) and subsequent
nesting inside the OV. A completed IV end region assembly is shown in figure 6.10.

The OV was also prepared for nesting. Its last seam was only partially glued, a two
meter section at each end, in order to allow the end cap hardware to be put in place. This
is similar to the IV one, but simpler. The OV end caps have no nylon bridge film because
optical coverage and radioactivity requirements are not as stringent as they are at the IV
radius. The OV envelope is clamped between a specifically prepared (see section 6.3) bulk
nylon clamp ring, similar to the IV one, and an L-shaped ring. A bulk nylon plate extends

inwards from the L-ring and connects it to the stainless steel section of the pipe mounted on
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the IV. The connection is via an o-ringed flange and is performed during the vessel nesting
step (fig. 6.11). A collection of pictures of all the phases of vessel construction can be found
in [157].

The next step was to complete the final OV glue joint, thus definitively sealing off the
IV. The ropes and the light sources were then put on the OV; the optical fibers were neatly
spooled for transportation. The connection of the OV ropes to their load cells is part of the
installation inside the SSS at LNGS, since their attachment point is not part of the vessel
assembly shipped to Italy from Princeton. The nested vessels were capped off, abundantly
moistened with deionized water and wrapped. Two layers of half millimeter thick, precision
cleaned polyethylene film and one of aluminized nylon film were applied and heat sealed to
prevent humidity loss and radon contamination. The vessels were then folded into a frame
(see fig. 6.12) and shipped to LNGS. A collection of pictures of all the phases of vessel

construction can be found in [157].

6.3 End region design

A very significant effort has been put into designing the end regions of the nylon vessels,
shown in fig. 6.13. The parts include the end rings (collar and L-rings), the bridge film,
the nylon pipe, and the flexible nylon sampling lines. The main technical difficulty is how
to transition from nylon film to bulk nylon. Initially, attempts were made to use a paste
produced by dissolving nylon pellets in pure formic acid. Mechanically strong structures
were produced with this technique, but the paste would stiffen the film on the edge of the
application area producing small cracks that could potentially leak [158].

The final design is shown in fig. 6.13. The assembly proceeded as follows: a layer of
thick (0.5 mm) nylon film (C38F, the same film used for the CTF inner vessel) is glued onto
the bulk nylon surface using pure formic acid. Such thickness of the film is required to avoid
ripples and brittleness when treated with formic acid. For this step, the bulk nylon surface
would first be pre-treated with pure formic acid to enhance the level of “fusion” between

film and bulk. The joint would also be secured by applying pressure. Thin nylon film
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Figure 6.11: Nesting the IV inside the OV. The north pole IV assembly is bolted to the
OV end region. The load cell bellow conduits and the two spools for the IV and OV optical
fibers can be seen in the foreground (bottom).



Chapter 6: Aspects of Vessel Assembly 171

o .
\\\,

- AR

\ 2 "

W\

4

’ o\

e
e

Figure 6.12: The packaged Borexino nylon vessels in their shipping frame.

could then be resorcinol bonded, with a “standard” film-to-film glue joint [159] (fig. 6.14
shows the gluing technique for the IV membrane and bridge film assembly). After the vessel
membrane was glued onto the collar ring, the surface of the glue joint was cured with small
amounts of raw formic acid that fuses the film together eliminating leaks, but preserving
their flexibility at the same time. This step is particularly important because the vessels’
surface is by construction not smooth, having glue joints that come in orthogonally to the
collar ring. These joints are natural channels for leaks, as shown in fig. 6.15. The formic
acid treatment fuses the nylon film and plugs the open paths.

The design philosophy of the end regions is such that under stress nothing fails before the
film itself. Assuming 30-50 MPa yield point for the vessel nylon film (which corresponds to

a b °C temperature difference between the scintillator and the buffer region) and neglecting
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Figure 6.13: Sketch of the IV end region (i.e. polar) assembly in cross-section. The gluing
technique for transitioning from nylon film to bulk nylon is shown in fig. 6.14. A photograph
of an assembled end region is shown in fig. 6.10.
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Figure 6.14: Gluing scheme for the end region transition between the vessel nylon membrane
and the polar assemblies. A layer of half millimeter-thick nylon film is placed on the bulk
nylon surfaces with pure formic acid. The vessel membrane can then be glued to the
assembly relying only on well-tested resorcinol bonding. The drawing refers to the IV collar
ring region, but this technique is applied to all the film-to-bulk nylon transitions. The
L-ring is simply bolted in placed (nylon bolts not shown for simplicity).

creep of the film, the end region has to withstand a 3000 N load; a value 3 to 10 times smaller
should be expected if creep is considered [88]. The overall leak tightness specification for the
IV is 1 cc/s in the gas phase at 1 mbar pressure differential (see section 6.4). Mechanical
and leak checking tests were performed on prototype end region assemblies under stress

(fig. 6.16). The measured leak rate at full load, scaled to AP = 1 mbar, was:
test TV end region gas leak rate = 1.5 x 1075 cc/s (6.1)

Such leak rate is many orders of magnitude better than the specifications.

Construction of the nylon pipe + bridge film assembly also employed the above men-
tioned technique to bond nylon bulk and film. Bulk pieces constituting the nylon pipe
section of the assembly were glued together with nylon + formic acid paste, preceded by

formic acid treatment of the surfaces. The two 3/8” flexible nylon lines at each pole for
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Figure 6.15: The channels along the glue joints are natural leak paths on the vessel (as
shown by the arrow in the picture on the right). Pure formic acid treatment following the
vessel gluing onto the collar ring slightly fuses the film together plugging the gaps.

fluid sampling and pressure measurement were connected via a nylon Swagelok fitting after
attempts to glue them failed. Each end pipe was leak checked several times during assembly
(fig. 6.17) using SFg gas to pressurize the assembly, while the outside was sampled in sniff

mode with a mass spectrometer [160]. No signal was observed from either of the two end

pipes.

6.4 Vessel leak checking

The leak tightness specification for the IV is set by the following argument. A limit of
10 ppm PPO (1075 g/g for PPO in PC) is allowed before scintillation in the quenched
buffer region would give an intolerable trigger rate in Borexino (see section 3.2 and [67]).
Assuming no fluid purification over ten years, this limit corresponds to transferring 2.1 m3
of TV scintillator solution (1.5 g/¢ PPO in PC) into the inner buffer volume (284 m?). The

equivalent leak rate is then [96].
IV tolerable leak rate = 1072 cc/s (PC). (6.2)

One can assume that leaks are characterized by viscous behaviour through small apertures,
where the throughput for a fluid is obtained from that of another by multiplying by the

ratio of their viscosities (throughput is inversely proportional to the viscosity for viscous
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Figure 6.16: Leak checking and mechanical testing of a prototype IV end region assembly.
The region below the bridge film was filled with pure SFg and kept at a slight overpressure
(few inches of water). The bag around the assembly is an accumulation volume for SFg
tracer gas sampling. A fan is also used to mix the gas and prevent the denser SFg component
from stagnating (top). The results of the measurement at full load are shown, and the leak
rate, 1.5 x 1076 cc/s, is given by the slope of the curve betwee 20000 and 30000 seconds
(i.e. the change in SFg concentration as a function of time).
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Figure 6.17: One IV nylon pipe + bridge film assembly assembled and prepared before
being glued into the vessel. The assembly is mounted on a device that allows leak checking
with SFg gas. The two 3/8” flexible nylon sampling lines are also mounted at this stage.
The capillary tube from the mass spectrometer used to sniff for SFg is also visible.

flow according to Poiseuille’s equation). The ratio of viscosity coefficients 1 between PC

and air is
npc 1.5¢cp
= ~ 100 6.3
Nair 0.018 cp ’ ( )
giving
IV tolerable leak rate ~ 1 cc/s (air). (6.4)

Since it is impractical to leak check the vessels with liquids, SFg gas is used as a tracer in
air. For small setups, such as that for the nylon pipe assemblies (fig. 6.17), pure SF¢ can
be used to enhance sensitivity. The operating overpressure foreseen for the IV is 1 mbar;

the leak rate specifications have to be met at this pressure differential.
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Figure 6.18: The sealed Borexino IV is filled with SF¢ for leak checking. A bag is placed
around it to collect SF¢ leaking out. After an adequate accumulation time is allowed to
pass, the accumulation bag is opened up and the SFg concentration inside the clean room
is measured, giving the integrated leak rate.

6.4.1 Leak checking procedure

Once the IV was sealed (with both polar end regions glued into the envelope, but prior to
nesting) it was prepared for leak checking (fig. 6.18). The vessel was completely covered
with clean polyethylene film and the cover film was meticulously taped to the table, serving
as an accumulation bag for SFg.

The vessel was filled with 500 liters of pure SFg, humidified by allowing bubbling through
deionized water. Enough gas was inserted to “puff up” the vessel to fill every fold, yet
maintaining it in a neat, folded stack. A few layers of thick polyethylene film were added
as weight to increase the pressure of the gas inside the IV and improve the sensitivity of

the measurement. After a certain build up time, the cover layer was lifted, every fold
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of the vessel opened up to allow even the deepest folds to be flushed, and the step-like
increase in SFg concentration inside the clean room (of known volume) recorded with a
mass spectrometer [160], giving the total amount of SFg released from the vessel. Knowing
the accumulation time and the gas pressure, this number is converted into a leak rate.

An important reason for using the clean room as accumulation volume is that the mixing
of its air is essentially instantaneous. The smaller bag that wraps the vessel during accu-
mulation would ideally give a higher sensitivity because of its significantly smaller volume;
on the other hand, it is very hard to achieve a good SFg mixing, especially given the folded
stack geometry of the vessel. It is also hard to determine the volume of such bag accurately.

The SFg mixing was directly tested. An SFg spike was released in the clean room and the
tracer concentration monitored as a function of time. The concentration profile is reported
in fig. 6.19. The plot proves that SFg mixing occurs in a short time compared to the decay
time of the SFg concentration due to leakage of air from the room and dilution with “fresh”
make up air. The exact amount of SFg introduced in the clean room was estimated to be
approximately 15 liters. For an approximate clean room volume Vg ~ 750 m? [161], the
peak should be at around 20 ppm, confirmed by the data. The measured time constant 7
of the clean room (i.e. one e-folding of its air) is 9.4 hours, corresponding to a make up
air flow rate of ~ 80 m®/h (recall that V.. ~ 750 m3). Opening up every fold of the IV to
release the SFg into the clean room takes only about half an hour (the operation needs to
be carried out carefully to avoid damaging the vessel; in particular, the nylon membrane
needs to be constantly kept very moist by spraying deionized water on it). This procedure
is thus reliable and the total amount of accumulated SFg can then be observed as a step in
the SFg concentration in the clean room air.

Figure 6.19 shows that the SFg concentration at any given time is known up to about
+0.5 ppm (width of the data band). Assuming this to be the size of the lowest detectable
concentration step Apmin, and knowing the total enclosed volume of the clean room, the

minimum detectable leak rate Ry is:

Ver Apmin 375

Rpyin = . e cc/s (air), (6.5)
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Figure 6.19: SFg concentration profile inside the Princeton clean room after a 15 liter spike
of the tracer were released. The plot shows that full gas mixing is achieved in a much
smaller time scale than that needed for the SFg to decay away by dilution with “fresh”
make up air. The initial concentration peak above the exponential decay curve is due to
local fluctuations in the SFg amount in proximity of the mass spectrometer during the vessel
uncovering and handling.

where ¢ is the SFg accumulation time for the measurement. An accumulation time of
less than 10 minutes is enough to reach the needed sensitivity for testing the IV leak
tightness specifications. In other words, the achievable sensitivity is 5 x 1072 (cc/s)/(day
of accumulation) at 1 mbar.

A subtle issue related to the accuracy of this leak checking procedure is related to the
uncertainty in the knowledge of the pressure of the SFg inside the vessel. SFg is very dense,
so that a 0.5 cm column corresponds to approximately 0.1 mbar. The IV stack is about 10

cm high, and the bottom panels are under higher pressure. Also, the deeper layer would
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Figure 6.20: SFg profile during the leak checking test of the IV. The concentration step
corresponds to an IV total leak rate of ~ 0.1 cc/s (air) at 1 mbar, an order of magnitude
better than required by the design specifications. This measurement represents an upper

limit due to some systematic uncertainties on the pressure of the SFg and because of the
assumption of purely viscous, pressure-dependent leaks (see text).

feel the weight of the nylon panels above them. The weight applied on top of the stack was
gauged to compress the gas at the top of the stack to about 0.1 mbar. The bottom feels a
pressure up to two or three times as high. The results that follow are reported under the
conservative assumption of 0.1 mbar pressure differential and scaled to an equivalent leak

rate at 1 mbar assuming viscous leaks varying linearly as a function of pressure differential.

6.4.2 Leak checking results

Figure 6.20 shows the results of a leak test of the IV. The accumulation time was ~ 10
hours. The observed step is ~ 0.5 ppm, which translates into a leak rate of 0.01 cc/s, at

the actual pressure. Scaling the result to 1 mbar gives

Rry ~ 0.1 cc/s (1 mbar), (6.6)
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Figure 6.21: Results from the second IV leak rate meausurement. The observed leak rate is
50 times smaller than that seen in the previous test (fig 6.20). The SFg concentration step
(when the bag around the vessel is opened up) is after 15000 seconds. The slow rise before
then could be a leak out of the accumulation bag or a big pressure change of the clean room
(unlikely). It is unclear whether there was a leak in the accumulation bag for the previous
test or if the first one was contaminated.

which is 10 times better than the specifications require.

This value represents an upper limit in that a lower limit on the SFg pressure inside the
IV is assumed (the result could be better by a factor of two or three, as explained above).
An assumption is also made on the viscous nature of the leaks (as opposed to molecular
flow). In the case of viscous leaks, the leak rate (the throughput in Poiseuille’s equation)
varies linearly with the pressure differential that drives it. Should some of the signal be
caused by leaks that do not depend on pressure, the total leak rate would be a factor of ten
smaller (a specific measurement of the diffusivity of SFg through thin nylon membranes is
not available).

A second test was performed allowing SF¢ to build up for two weeks. The configuration

of the cover layers had been left untouched. A much smaller signal was seen, as shown in
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fig. 6.21, leading to a significantly reduced measurement of the IV total leak rate (~ 50 times
smaller). It is unclear whether the accumulation bag was leaky, or if the first measurement
was somehow contaminated. In either event the IV was considered to have met the leak

rate specification.

6.5 Inner Vessel contamination from air exposure and han-

dling

A general expression was given in chapter 3 for radon contamination of the IV surface (eq.
(3.11)):
215 (wp Aair t) 210Bj, 210p, decays/day

where p and w are the plate out and wash off fractions, respectively, and t is expressed in
hours. The equation assumes a uniform contamination of the entire surface of the IV. This
is clearly not true, given the precautions in covering the nylon film during all construction
stages. The exposed surface during glue joint making is ~ 3% of the total IV surface.
Such surface is exposed for one day at most. Assuming ¢t = 1 hour is thus realistic. From
section 5.8.1, during fabrication A ~ 2 Bq/m3. Finally, assuming p ~ w ~ 0.01 as

measured in laboratory tests (see section 3.4), yields
4 %1072 OB, 29py decays/day  (**2Rnexposure to clean room air), (6.7)

in the Borexino fiducial volume from radon contamination of the IV during vessel construc-
tion. This figure is well within the original design specification. Some caution should be
put in analysing this number. Recoil of nuclides away from the nylon surface and into the
scintillator during radioactive decays could significantly increase w, as explained at the end
of section 3.4.

Another potential radon contamination source is the SFg used for leak checking. 500 /¢
were used (see section 6.4.1) and an upper limit of ~ 0.2 Bq/m? radon activity was measured

using the RAD7 detector [123]. Assuming that all the ???Rn in the SFg plates out on the
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vessel’s surface (realistic because it was never flushed), but assuming w ~ 0.01 as before,
yields
< 4x1072 210Bi, 219Pg decays/day  (***Rn exposure to SF), (6.8)

which meets the Borexino requirements as well.
Summarizing, it must be noticed how radon-filtering the clean room air and covering
the nylon panels during vessel construction were necessary for Borexino. Without these

precautions, the value stated in eq. (6.7) would presumably be at least 1000 times higher:
>40 29Bi, 2'%Po decays/day  (nopanel covering, no clean room air filtering),  (6.9)

which would seriously endanger the success, or even be fatal, for the experiment. For com-
parison, the KamLAND collaboration has recently reported [162] a 2!°Pb activity in their
scintillator of 100 mBq/m?®. This corresponds to ~ 10 events/s in 100 tons of scintillator,
many orders of magnitude higher than what we expect in Borexino from radon contam-
ination of the vessel. No particularly stringent precautions were taken to minimize the
222Rn  exposure of the surface of their vessel, although it is not clear that the measured
contamination is entirely due to such exposure.

Finally, the particulate contamination could not be tested after assembly, and is assumed
to meet Level 25 Mil. Std. 1246C, which corresponds to ~ 3 mg of particulate mass. This

meets the Borexino requirements of < 1 count/day in the 100-ton fiducial volume.



Chapter 7

Light Sources on the Nylon

Vessels’ Surfaces

The nylon vessels are justifiably the most delicate component of the Borexino detector.
Handling them properly during installation and fluid filling of the SSS as well as maintaining
them in a safe condition during steady-state operations is extremely important. During
operations, both vessels will be subject to significant mechanical stress and it is highly
advantageous to monitor their deformations in real time, to correct for possible problems.
This is not an easy task in a dark environment (the SSS) and given the limitations on the
materials that can be used.

Apart from the need to preserve the mechanical integrity of the vessels, their actual
shape and exact position inside the detector are extremely important. The IV defines the
boundary of the active region of the detector since it contains the liquid scintillator solution.
Its shape and position therefore define the background-suppressed central spherical fiducial
volume Borexino relies upon to look for solar neutrino events (see chapter 2). Distortions
or displacements of the IV could affect the physics of the experiment and complicate data
analysis. The shape of the OV is also important. Pronounced deformations that locally
reduce the buffer thickness between the vessels could enhance v-ray background in the
corresponding region inside the I'V.

A set of light diffusers has been placed on pre-defined points of both vessels. These are
attached to the tip of an optical fiber that carries light from a source outside the WT (LED

184
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or laser). The illuminated spots can be seen by inward-looking digital cameras placed on
the surface of the SSS, much like the PMTs, and their position reconstructed with good
accuracy. The position of one or more light points together with the knowledge of their
position on the vessel (carefully logged!) gives important information about the vessels. The
specific features looked for are the overall position of the vessels, their sphericity (which is
lost whenever they are in an under-inflated state, for example) and, possibly, local folds of
the vessels’ envelopes.

A second set of light sources is present on the IV. Eight optical fibers which are not
terminated with the light diffusers have their tips carefully cleaved and glued onto a mechan-
ical support that holds them at an angle (approximately 45°) with respect to the surface of
the IV. This allows the light emerging from the fiber’s end to penetrate through the vessel
membrane into the scintillator volume. A laser of a specific wavelength (355 nm) is used
to directly excite the PPO molecule in the scintillator and emulate particle interactions
in the scintillator [163]. The attenuation length of this light in the scintillator solution is
of the order of a couple of centimeters [164], smaller than the expected resolution of the
detector. The light from such spots of PPO scintillation light is then detected with the
PMTs and spatially reconstructed. This provides a means for monitoring the stability of
the scintillator’s response close to the IV’s surface, a possible calibration tool for the re-
construction code complementary to the use of radioactive or laser sources and, possibly, a

way to monitor the position of the IV’s surface using the PMTs instead of the cameras.

7.1 The Borexino CCD cameras

Borexino has 7 CCD cameras that look inside of the SSS. They are reasonable quality
commercial-grade digital cameras [165] mounted with a fish-eye lens and placed inside a
leak tight can with a transparent dome for underwater photography. The resolution in air
has been proven to be 1.36 cm [166] with red LEDs. Six cameras are positioned in three
diametrically opposite pairs at the intersection of the SSS with three mutually orthogonal

diameters tilted by 45° with respect to the north-south axis of the sphere. The seventh
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camera is placed in proximity of the SSS’s north pole and has the primary function of
monitoring the north pole region of the vessels, particularly critical during liquid filling of

the detector.

7.2 The light diffusers

The original idea for having light points on the vessel involved putting LEDs directly on the
nylon surface [167]. This design required having electric cables routed inside the SSS and
finding an effective gluing technique to adhere the LEDs to the nylon membrane. The main
difficulties with this method dealt with overall compatibility of materials with PC and the
material budget for acceptable radioactivity load on the vessel system.

A design that solves both these problems is using optical fibers to carry light into the
SSS from outside the WT. The overall mass added to the vessel can be kept low, and the
fiber (both its quartz core and Teflon jacket) is PC-compatible. The difficult part is to find
a way to diffuse almost isotropically the well-collimated light emerging from the fiber. The
optical fibers adopted are the same as those used throughout the Borexino calibration system
(timing fibers for the PMTs and fibers for laser calibration of the detector, an extensive
description of which is found in [164]). They are multimode, 110 pum diameter fibers. The
quartz core (100/ pm diameter) is covered by a 10 pum thick quartz clad, a 15 pm polyamide
jacket and a Tefzel jacket for mechanical robustness [168, 169]. The total diameter with the
jacket is Imm. For most of the preliminary tests fibers with a thinner Tefzel jacket (500
pum total diameter), otherwise identical to the final ones, were used instead. The results
presented in the following do not depend in any significant way on this small difference.

Initially, Capron or Sniamid pellets from the very same nylon used to produce the OV
and IV nylon film were suggested as possible diffusers (since they had the advantage of
being already screened for radioactivity with good results) [170]; these were glued onto the
fiber tip and their ability to scatter light away from the forward direction was tested. The
diffusive properties of these cylindrical nylon pellets were investigated and the result was

unsatisfactory: most of the light would not be scattered away from the forward direction.
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Figure 7.1: Optical fiber tip etched in hydrofluoric acid in ambient light (left) and illu-
minated with a green laser light (right). Significant amounts of light could be scattered
away from the forward direction by removing the polyamide coating wrapping around the
quartz core. Because of the low reproducibility of the results, fragility of such fibers and
the complications related to using aggressive chemicals in the clean room environment, the
design was abandoned.

An attempt was then made to eliminate the polyamide jacket to allow the light channeled
in the fiber to escape from its sides (without being totally internally reflected). The fiber
tip was dipped in hydrofluoric acid to dissolve the jacket. The acid also attacked the quartz
surface creating irregularities that would scatter light away from the forward direction. An
example of an etched fiber tip illuminated with a green laser is shown in figure 7.1 [171]. This
technique gave interesting results. Forward scattering was still non-negligible, but it could
be reduced by carefully trimming the tip into a “conical” shape, using, for example, very
fine sand paper (this was a very delicate step requiring a trained hand to be done properly!).
Nonetheless, the technique was abandoned because it involved the use of aggressive acids
that were difficult to work with in a clean room environment in proximity of the nylon
vessels. In addition, it would be hard to reproduce the same result numerous times with
tolerable precision. The etching is strongly time-dependent and fibers would often break
during manufacturing and handling because of the fragile unjacketed extremity. Also, the
amount of diffused light would be dependent on the index of refraction of the medium that

surrounds the fiber and the results would be different in water, PC, and air. Finally, the
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integrity of the nylon film could be put at risk in presence of sharp fiber tips.

7.2.1 The Teflon diffusers

A material with excellent diffusive properties is Teflon. An example of such use is reported
in [172]. Teflon spheres of different diameters (1/16”, 3/32”, and 1/8”) were therefore placed
at the tips of optical fibers and tested for light diffusion. The best results were obtained
with the 3/32”-diameter beads. They had a good total light output (limited absorption in
the Teflon) and a small forward scattering component (the 1/16”-diameter beads had very

pronounced forward scattering).

Gluing technique

Gluing the Teflon balls to the fiber was a challenging task. Teflon is chemically very inert
and the standard gluing techniques developed by the group for joining nylon parts alone
were not sufficient. A specific gluing procedure was developed and successfully tested. The

steps of such procedure, shown in fig. 7.2, can be outlined as follows:

1. The Teflon ball is punctured approximately one third of the way along its diameter
with a thin needle to accommodate the quartz core of the fiber. Such a pinhole should
not be too shallow or the light emerging from the fiber would be mainly absorbed and
confined to just a fraction of the ball. If the pinhole is too deep there could mostly

forward light transmittance and limited diffusion.

2. One end of the optical fiber is stripped of its protective Tefzel jacket a little more
(approximately 0.5-1 mm) than the depth of the hole in the Teflon ball. It is then
carefully cleaved. Good cleaving is important because it determines the amount of
light that emerges from the fiber, but polishing the tip after the cut is not required
since the ultimate goal is to diffuse light. All the diffusers built for testing, as well as

the final ones, were cut with a standard manual cleaving tool.

3. The cleaved fiber tip is wetted with nylon + formic acid paste (8.5% solution) and

inserted into the hole in the Teflon ball. The paste guarantees a modest adhesion
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Figure 7.2: Gluing sequence for the diffuser assembly and test with lasers and LEDs of
different colours. The stripped and cleaved fiber (110 gm, multimode) is inserted into the
Teflon ball (3/32” diameter) and weakly secured in place with a drop of nylon + formic
acid paste. A first coating of Nafion polymer is applied on the surface of the ball and of
the terminal section of the optical fiber (top left). A thicker Nafion coating mechanically
couples the diffuser and the fiber, creating a smooth transition (top right). The end product
is obtained dipping the assembly in nylon + formic acid paste that leaves a nylon coating
upon drying (center left). This layer gives good mechanical robustness to the device. The
diffuser performance is demonstrated with laser or LEDs of different colours: green, blue,
and red (center right, bottom left and right respectively).
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Figure 7.3: Tests of Teflon diffusers. A single prototype is glued onto a nylon sheet the
same way all the diffusers have been placed onto the vessels (see fig 7.4). It is then lit up
using green laser light: the diffuser is easily visible even when the lights are kept on in the
room (top). Ten diffusers are glued onto a nylon sheet and fed with a red laser light: the
pattern is easily visible (bottom). Both pictures were taken with a commercial-style digital
camera, similar to those installed in Borexino.
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that allows the assembly to stay together during the following steps (gentle handling

is still required!).

4. The assembly is coated with several layers of polymeric Nafion solution (in water and
alcohol) [173] that has the ability to adhere to Teflon, Tefzel, and nylon [174]. If prop-
erly performed, allowing the coating to dry thoroughly after every immersion in the
solution (i.e. keeping the diffuser vertical and upwards, see fig. 7.6), the Nafion pro-

vides a good mechanical connection between the Teflon diffuser and the fiber (fig. 7.2).

5. The final step is to dip the assembly in nylon + formic acid paste (8.5 % solution)
several times. This provides a nylon coating that gives mechanical strength to the
device. As with the Nafion, every layer has to dry keeping the assembly vertical with
the diffuser on top, so that a smooth and gradual adherence at the junction between

the Teflon ball and the fiber is assured (fig. 7.2).

A sense of the realistic performance of prototype diffusers for Borexino and a demon-

stration of the patterns in which they can be arranged is shown in fig. 7.3.

Anchoring technique to the nylon film

A safe way to attach the diffuser tips to the nylon vessels’ surface has also been developed.
The fiber is “sandwiched” between two rectangular nylon tabs (approximately 2.5 x 5 cm)
to form a “winglet” which can then be glued onto the vessel surface (fig. 7.4). The gluing
technique is Resorcinol-based like that developed for the rope tabs (see chapter 6). Two of
these “winglets” are used for each fiber: one is placed in close proximity of the diffusing tip,
the other is kept 10-20 cm behind. This design prevents the rotation of the tip which would
tend to tear the tab apart and, more importantly, it prevents the fiber from sliding out of
place breaking the diffuser. The corners of the winglets are trimmed so as to avoid sharp,
rigid edges on the nylon vessels that could initiate a dangerous crease. The remaining part

of the fiber, each many meters long, is routed through the same tabs used for the ropes.
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Figure 7.4: A schematic view of the light diffusers and their anchoring technique to the
nylon vessels’ envelope. The optical fiber is first “sandwiched” between two nylon tabs, as
shown in the cross section at the top. The resulting “winglets” are then glued onto the
vessels at predefined positions using the same technique adopted for the nylon tabs used to
route the ropes (described in chapter 6). The fibers are secured in two points to prevent
them from sliding causing the diffusive tip to come apart.

7.3 Light sources for scintillator stability monitoring

As mentioned previously, there is a second type of light source on the surface of the IV.
Optical fibers carrying light from a laser source outside the WT are mounted on the vessel’s
surface so that the tip points into the scintillator region. The angle of incidence is approx-
imately 45°. Photons from a 355 nm wavelength laser light are barely energetic enough
to excite PC (see fig. 2.7), but can directly excite the PPO molecule. Although the decay
time of this excitation is slightly faster (~ 2 ns [163]) than for the PC+PPO scintillator
solution, it provides a useful calibration and monitoring tools for the scintillator close to

the IV. Stability monitorig of the scintillator response over time is one of the goals at which
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these light sources aim.

The attenuation length of such light in the scintillator is 1.5 cm [164]. A short pulse of
light emerging from the fiber will generate a scintillation spot just inside the IV, a couple
of centimeters across, that will be detected by the PMTs and spatially reconstructed. The
length of the pulses emitted by the laser is < 1 ns, shorter than the jitter time of the PMTs.
Since the light points are at fixed positions on the IV surface, they could be used, like the
diffusers, to detect movements of the nylon membrane. Alternatively, if their position is
assumed stable, they could be used to test the accuracy of the Borexino detector’s spatial
reconstruction algorithm. The sensitivity of this method depends on the actual physical
size of the scintillation spot. Important information on the behaviour of events very close
to the IV’s surface can also be extracted via these light sources. In particular, it could be
possible to study light trapping by total internal reflection. When this occurs, events of a
given energy are reconstructed as having a lower energy because of photon loss. This effect
is not expected to be very significant in Borexino where nylon and PC have almost matching
indices of refraction. The phenomenon is enhanced in the presence of local deformations
and asymmetries of the vessel (scallops from the ropes, bubbles from air entrapment and

fluid degassing, ...).

Fiber tip holding structure
The main problems in designing a support to hold the optical fiber at a fixed angle with
respect to the vessel’s surface include mechanical robustness to protect the fiber against
breaking, minimization of the mass (and therefore of radioactive background), and develop-
ing a reliable gluing technique onto the nylon membrane. The natural candidate material
was nylon, for which the expertise gained during vessel R&D and fabrication could be used.
A sketch of the assembly is shown in fig. 7.5. A 5 mm thick nylon “button” is cut from a
rod of extruded nylon (1 cm diameter) and a groove is cut out along a diameter on one side.
Extruded rather than cast nylon stock is used since it has been found to have significantly
lower radioactive contaminants due to a different fabrication process. The groove is a couple

of millimeters wide and deep. The upper edge of the button that is in direct contact with
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Figure 7.5: A schematic view of the light sources placed on the surface of the IV for
scintillator calibration. The front, side and top views are shown. A hole is drilled in the
bulk nylon “button” that holds the tip of the optical fiber at the desired angle. The fiber is
purposely not orthogonal to the vessel’s surface. Firstly a shallower angle forces a smaller
bend on the fiber and is mechanically more stable. Secondly the fiber’s inclination prevents
the light spot produced in the scintillator (shaded in the figure) from being directly under
the opaque nylon button and hence more visible by the PMTs.

the adjacent panel of the IV during shipment and installation is smoothed. A diagonal hole,
just wide enough for the jacketed fiber to be inserted in it is drilled at a 45° angle. The
hole is drilled so that the fiber’s tip is fully contained within the button. The button is
then glued onto a rectangular nylon tab that will in turn be glued to the vessel. The tip is
carefully cleaved before it is threaded through the button. Once inserted, the fiber should

have a snug fit inside the button for mechanical strength.
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In addition to the nylon tab under the button, the assembly is attached to the ves-
sel’s surface with a nylon “winglet” identical to those used for the light diffusers (see sec-
tion 7.2.1). This holds the fiber in place avoiding stress at the fiber-button interface that
could break the fiber. It also sets a gentle curvature to the section of the fiber that is raised
from the nylon surface.

An earlier design had no groove carved in the nylon button. Only later it was noticed
that in air, light would be partially reflected off the nylon film tab and be diffused by
the bulk nylon button. The groove ensures that the fiber tip is immersed in PC (these
light sources are not used with air or water). The almost perfect matching of the index of
refraction of nylon and PC is thus exploited to minimize any backscattering of light off the

vessel’s surface.

7.4 Placing the light sources on the vessels

The entire assembly process of the light points (diffusers and calibration sources) and their
placement on the vessel took place in the clean room. The chemicals employed were exposed
to the clean room environment only.

The fibers were first cut to length according to their position on the vessels. All fibers
are routed along the vessels to the north pole of the SSS and out of the WT. An extra 6
meters outside of the WT were allowed for each fiber to comfortably connect them to the
LEDs and laser systems. Each fiber was cleaned by hand with alcohol-soaked fresh clean
room wipes. They were then individually spooled and one tip of each fiber was assembled
into either a diffuser or calibration light source (fig. 7.6). The positions of each light source
are summarized in table 7.1.

Once the vessels were complete (but before nesting), the light sources were glued on and
the optical fibers were routed through the nylon rope tabs placed on each panel. The loose
ends of the fibers of each vessel were individually labeled and spooled together. Figures 7.6
and 7.7 show some phases of the production and deployment of the light sources in the

clean room. Figure 7.8 shows the collection of optical fibers at the north end cap of the I'V.
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light source type

co-latitude () longitude (¢)

panel number

calibration 45°, 135° 30°, 120°, V-4, TV-13,
210°, 300° 1V-22, 1V-31
IV diffuser 30°, 90°, 150° 20°, 50°, 60°, V-3, IV-6, IV-7,
110°, 140°, 220°,  IV-11, IV-15, IV-23,
260°, 300°, 340° Iv-27, 1v-31, 1V-35
IV diffuser 15°, 30°, 45° 180° IV-19
60°, 75°, 90°
105°, 120°, 135°
150°, 165°
OV diffuser 30°, 90° 54° OV-6
OV diffuser 30°, 60°, 90° 18°, 54°, 90°, OV-3, OV-7, OV-11,
126°, 162°, 198°, OV-15, OV-19, OV-23,
270°, 306°, 342° OV-31, OV-35, OV-39
OV diffuser 15°, 30°, 45° 234° OoVv-27
60°, 75°, 90°
105°, 120°, 135°
150°, 165°

Table 7.1: The position of the light sources on the Borexino vessels. Both vessels have
diffusers to monitor their shape and position using the CCD cameras. There are also 8
light sources on the IV used to monitor the scintillator by exciting its molecules with laser
light. The co-latitude angle 6 goes from 0° (north pole) to 180°. The origin of the longitude
angle ¢ is arbitrarily set at the center of panel number 1 for each vessel. A single panel
corresponds to 10° longitude for the IV and 9° for the OV.
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Figure 7.6: Two details of the light diffuser assembly for the Borexino vessels. The 3/32”-
diameter Teflon diffuser is placed on a cleaved optical fiber tip (100 gum core, 1 mm Teflon
jacket), coated with several layer of Nafion polymeric solution and a few layers of nylon +
formic acid paste. For each coat, the assembly is dipped in the solution and allowed to dry
diffuser-up to allow a smooth, mechanically strong transition between the diffuser and the
fiber (top). The fiber is sandwiched between two nylon film tabs in a “winglet” for adhering
to the vessel’s surface via Resorcinol gluing and clamping (bottom).
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Figure 7.7: A diffuser before being glued on the OV (top) and a calibration light source
placed onto the IV (bottom). Reflections of the clean room lights on the nylon surfaces make
the pictures hard to decipher. A bend was introduced to the section of fiber between the
two attachment points of the latter: such configuration offers protection from compression
from the panels above it in the vessel stack.
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Figure 7.8: Optical fibers routed past the IV north endcap. The 3/8” flexible nylon sampling
ports, the tensylon ropes, the nylon “bridge” film, and the nylon “bumpers” that sustain
the nylon L-shaped nylon ring are also visible.
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component mass 2%U  232Th K,, fraction of contribution
(g)  (ppt) (ppt) (ppb) fron the PMTs (in IV)!

Resorcinol <1 26 100 51 <2x1074
formic acid <l <2 <2 14 <1077
Nafion-coated 1 18 29 13000 1.2 x 1072

Teflon beads
optical fiber> ~500 <50 <30 135 0.18
nylon film? 0.6 1.1 1.6 1.6 3x 1077

! The values in this column refer to the « activity inside the entire IV (300 tons), for events above 250 keV.
The activity is significantly lower (~ 3000 times) in the central 100 tons fiducial volume. The simulated
values are taken from [76].

2 Fiber from a different batch than the one used on the vessel, with a 0.5 mm instead of a 1 mm jacket, was
measured. The numbers refer to the whole fiber (i.e. quartz core + jacket): they are scaled to the mass of
the thicker fiber. This is a conservative approach, since it is likely that the potassium comes mainly from
the quartz core, identical for both batches, rather than from the jacket.

3 The values for the nylon are taken from measurements on the pellets used to extrude the Sniamid film for
the IV [76].

Table 7.2: 238U, 282Th, and “°K radioactivity present in the materials used for the light
sources on the Borexino nylon vessels. The isotopic abundance of “°K in K,,4; assumed in
this estimate is 10~* [175]. The measurements were performed by ChemTrace [176]. The
data for the PMTs radioactivity are taken from [76].

The number of diffusers was dictated by two factors. First, some degree of redundancy
is desired since it is possible that the fibers can break during vessel shipping and installa-
tion which involves aggressive film handling. Second, a particular geometry needed to be
respected to define certain patterns on the vessels’ surfaces in mind. The equator and other
parallel circles are highlighted as well as a complete meridian so as to allow monitoring of

the sphericity of the vessels.
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7.5 Radiopurity screening

The components and materials employed for the fabrication of the vessel light sources have
been measured for residual radioactivity. The requirement for 238U, 232Th and “°K is that
of adding a negligible amount of radioactivity to the vessel system. Table 7.2 summarizes
the radioactivity budget. It shows that the main contribution is from ~’s from 4°K, likely
coming from the quartz of the optical fibers and the Nafion solution. The contribution of
the light source system is approximately 1/5 of that from the PMTs in the whole scintillator
volume for events above 250 keV, but it drops to about 10™% of it in the 100-ton expected

fiducial volume. The radioactivity of the sytem is thus acceptable.

7.6 External connection to LEDs and lasers

The IV and OV fibers are routed as two separate bundles from the vessels out the north
pole of the SSS and the WT into a small class 10 clean room where most of the calibration
equipment is installed. The design of the leak tight break out for the optical fibers is under
way [177] at LNGS.

The optical fibers were not terminated at the time the vessel was shipped to Italy. An
SMA connector will be mounted on each one; this is the same type of connector used for the
optical fibers of the Borexino calibration system. The inward-pointing fibers for scintillator
calibration will be connected to a 355 nm laser.

The original idea for the light diffusers was to connect them to LEDs. Laboratory tests
have shown that light from standard, commercial red LEDs is safe to shine even if the
PMTs are on [178]. If confirmed it would be possible to check the position of the vessels
relatively often while the detector (i.e. the PMTSs) is running. Such a system would be
completely manual as far as controlling which diffusers to light up and in what sequence.
The operation would require a two-man crew in CR4 connecting the fibers to the LED and
taking pictures.

An alternative and possibly more powerful way of using the light diffusers is to connect

them to the fast, low emission LED system used for calibrating the outer muon Cerenkov
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Figure 7.9: Sketch of how the light sources are deployed on the Borexino vessels and routed
out the north pole of the SSS and WT into the CR4 class 10 clean room where the calibration
lasers are installed. The optical fibers and the light diffusers are not to scale.

detector [179]. The light output of these LEDs is set by a VME-based system and can be
controlled to very low levels. The wavelength of the light from such LEDs is one to which
the PMTs are sensitive. The position of the light diffusers could then be reconstructed using
the PMTs and the standard reconstruction algorithm. The light diffusers therefore provide
a way to cross-check the position reconstruction technique for events at the surface of the
vessels. In this configuration, it is conceivable to shine particular sequences of diffusers in a
completely automatic way [180]. It would also be possible to have a set of diffusers lit at the
beginning of every run and their position recorded. This would locate the IV at every run,
potentially helping to identify instabilities in the definition of the fiducial volume where

neutrino events will be looked for. The outer muon detector calibration system (electronics,
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LEDs and optical fibers) is currently installed at LNGS, and some ten spare LEDs would
be available. To use this system, the optical fibers must first be extennded from CR4 down

to the control room where the electronics for Borexino are placed.



Chapter 8

Results from CTF3

The Counting Test Facility (CTF) started its third data-taking phase in May 2001. The
detector, a prototype of Borexino, is described in chapter 2 together with a summary of the

results from past CTF runs. The current CTF3 campaign has the following main goals:
1) test the *C content of the Borexino scintillator delivery

2) test the initial contamination of the scintillator from trace radioactive isotopes, such

as 238U, 232Th, 40K, ®Kr, etc.

3) test the performance of the scintillator purification techniques and plants for Borexino

8.1 CTF3 operations

The CTF3 nylon vessel was installed in February 2001; the detector was water-filled that
May (see fig. 2.12). Its electronics calibration took place in the following months, until
the first pseudocumene batch for the Borexino scintillator was delivered. CTF3 was filled
with scintillator at the end of November. For the following seven months, tests proceded
steadily. 4C from all the pseudocumene deliveries was measured (see section 8.2) and
scintillator purification tests using the Borexino plants were carried out. These included
counter current water extraction, nitrogen stripping and impurity removal on a silicagel
adsorption bed. Table 8.1 summarizes the main CTF3 operations and tests in chronological

order.

204
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date operation run(s) comments

Feb. 2001 nylon vessel installed

May 2001 water filling

July 21 2001 beginning of data taking 2000 water runs

Nov. 22-28 2001 scintillator loading 2042-2047

Jan. 10-11 2002 1C test 2074-2075

Feb. 6-11 2002 silicagel colulmn test 2094-2103 continuous loop mode

March 20-28 2002 water extraction test 2123-2130 continuous loop mode

April 26 2002 1 test 2153

May 9-23 2002 water extraction test 2162-2173 stop-and-go mode,
acidic water

June 3 2002 1C test 2180

June 9-20 2002 silicagel column test 2184-2188 batch mode

June 21 2002 - date data taking 2189-date

Table 8.1: Chronology of operations and tests carried out with the CTF3 detector. Mi-
nor operations, such as nitrogen stripping of the water, shroud refillings and closed loop
scintillator recirculation without any purification, are not listed.

A complete analysis of the results of such tests is beyond the scope of this work. The
measurement of the ®*Kr contamination of the scintillator and of the efficiency of its removal
by nitrogen stripping is found in section 8.5. A sudden and unexpected shutdown of all
operations involving pseudocumene came in August 2002. Since then, the detector has been

essentially unperturbed, although still taking data.

8.2 M(C contamination of the scintillator

14C is a long-lived radioactive isotope of carbon. It S-decays (Q = 156 keV) with a mean
life of more than 5000 years, as shown in fig. 8.1. Since it is present in the pseudocumene

molecule, it is impossible to eliminate with any purification technique. The lower energy
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Figure 8.1: The *C —!'4 N 3 decay scheme [182]. The log ft value for the decay is 9.04 [175]

threshold as well as the overall event rate of Borexino depend on the *C abundance inside
the scintillator. It is essential then that its amount be as low as possible.

The ¥C amount in several samples taken during the scintillator delivery campaign
has been measured with CTF3. The first batch used to initially fill the CTF3 vessel was
measured in December 2001. For the subsequent three pseudocumene deliveries (January,
April, and June 2002), ~ 500 ¢ of scintillator were displaced with the introduction of an
equivalent amount of new PC. The “C content is computed keeping the relative amounts
of old and new PC in the vessel into account.

The 4C activity Ac14 (total number of events divided by the data-taking time) is
measured by fitting the energy spectrum with a simulated one where the amplitude is used
as the fit parameter [181]. Let Ng14 and 714 be the total number of 14C atoms in the

CTF3 scintillator and its lifetime respectively. The '4C-to-1?C mass ratio R is given by

14
C N, Acia T 40 T
R< ) _ Neuw _ Acuutcun _ (014) Acia (8.1)

2¢ ) 7 New Nciz 3 \mrv Ny
where N4 is Avogadro’s number and my is the mass of PC in the CTF3 inner vessel. The
measurements and results are summarized in table 8.2, and the *C content for the various
pseudocumene batches are reported in fig. 8.2 together with the average of the whole PC
delivery.
From the amounts of PC delivered with each batch and using the measured values of

R(*C/™2Q) from each, the average 1*C content in the scintillator for Borexino is

14

C

R <12> = 50+20 x 10718, (8.2)
C Borexino
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Figure 8.2: C content in the pseudocumene for the Borexino scintillator, as summarized
in table 8.2. The average value for the mass ratio R(*C/2C) is 5.0 £ 2.0 x 10718 [183].

date amount operation R(1C/12C)
delivered (kg) (10718)

4 Dec 2001 17560 Fill IV with 3.76 t  3.27 £ 0.06
(initial batch)

10 Jan 2002 18440 +0.47 t (new) 37419
-0.39 t (old)

26 Apr 2002 18500 +0.44 t (new) 71+£1.9
-0.32 t (old)

3 Jun 2002 217340 +0.41 t (new) 50£1.8
-0.35 t (old)

Table 8.2: Chronology of *C tests in C

TF3. The “C content is computed using eq. 8.2,

where R is the mass ratio between the mass of 1*C and the mass of scintillator in the TV.
The rate R in the column to the right gives the *C contamination of the “new” (added)

PC.
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Thus the '*C amount in the scintillator for Borexino is ~ 2.5 times higher than what
was measured with CTF1, where (1.94 £ 0.09) x 10718 was measured [75]). The achieved

result is still within the Borexino specifications.

8.3 Detector monitoring using radon

Radon (??2Rn ) from the 238U natural radioactive chain is a difficult source of background
to eliminate, that leaves the long-lived 2!°Pb isotope behind (see fig. 3.7). Radon can enter
the detector through many paths. Air leaks may be present in the containers and pipes
carrying the scintillator. Radon is also emanated by ??°Ra in the walls of the pipes and
tanks and in the nylon vessel. Finally, radon present in the water in which the inner vessel
is immersed can permeate through the nylon membrane and end up inside the scintillator.

Although one would ultimately make all possible efforts to eliminate it, radon also
represents a very powerful monitoring tool. Its presence can be easily tagged by looking
for the mass 214 (214Bi-2!4Po) delayed coincidence decays (“BiPo-214” coincidences in the
following). This event sequence effectively selects radon events because all isotopes in the
2387 chain between ?2?Rn and 2!“Bi have a mean life of less than half an hour. Practically,
if the time profile of such coincidence events follows the 222Rn mean life (5.518 days), their
origin can unmistakably be attributed to radon out of equilibrium with isotopes higher in
the 238U chain (this is a very common scenario, since radon can travel far from its production
site during its lifetime). If on the other hand the BiPo-214 coincidence rate is constant in
time (or, more precisely, roughly constant during a time window which is long compared to
the radon lifetime), and all possible radon leaks are eliminated, it has to originate from the
presence of 226Ra (2340 years mean life) from which it emanates; in this case, measuring
the number of BiPo-214 coincidence events actually represents a direct measurement of the
226Ra contamination. If one further assumes secular equilibrium in the higher part of the
decay chain, the 23U contamination can be deduced.

A spike of radon inside the CTF scintillator is a very effective way of calibrating the

detector. It represents a completely internal contamination, that can in principle be used to
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understand how to discriminate between intrinsic contamination of the scintillator and that
coming from the nylon vessel and the surrounding water. On the other hand, as long as
artificially introduced radon is present, the 22Ra (and, consequently, **U) contamination
of the detector cannot be measured. Furthermore, the presence of radon (i.e. of the BiPo-
214 coincidence events) significantly interferes with the search for BiPo-212 coincidences;
this sequence is found in the 232Th natural radioactive chain. The time and energy cuts that
can be applied to isolate the BiPo-212 coincidences can’t completely prevent the leakage
into the data set of BiPo-214 events, particularly when large amounts of radon are present.

Even without being deliberately introduced, radon enters the detector after practically
any fluid operation. This can be due to some air contamination during major fluid trans-
ferring, such as during the initial loading of the detector, or because of emanation from the
walls of the storage tanks and of the lines used to transfer it. Figure 8.3 shows the radon
profile in CTF3 since the initial loading with scintillator. The major operations are also
shown.

The plot in fig. 8.3 clearly shows how radon rises, in variable amounts, after every major
scintillator handling. Large radon activity was present after the initial scintillator loading
of the detector, after every “C test, and following each scintillator purification test. It is
present in “new” pseudocumene or collected through tiny leaks in the system. The radon
emanated from the walls of the transfer and purification plants lines is also collected when
recirculating the scintillator. There is one instance in which a very significant increase in the
radon counts (thousands of counts per day) was not related to fluid operations. It is the peak
after almost 60 days of data taking (labelled “1” on the plot). It turned out that it was due
to a valve that developed a leak towards the outside along one of the pseudocumene lines.
The problem was readily fixed and the radon counts decreased according to its lifetime, as

expected.
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8.3.1 ?2MBij-?“Po coincidence sequence

The mass 214 Bi-Po delayed coincidence sequence used to tag radon is:

21 P, 2p, o, 200pp. 935 s, (8.3)

The Q-value of the 21*Bi 3 decay is 3.27 MeV; the energy of the o particle is 7.69 MeV.

8.3.2 2MBi-21“Po event selection

The cuts used to select the BiPo-214 delayed coincidence events and the corresponding

efficiencies ¢; are:
1. energy of the first event (§): 300 keV < E; <4 MeV (1 = 97%)
2. energy of the second event (a): 500 keV < E5 < 900 keV (€2 ~ 100%)
3. delay time: 20 us <t <500 us (e3 = 80%)
4. muon flag off

The total efficiency € = €1 €5 €3 of the cuts is 78%.

The definition of the cut on the energy of the second event (cut #2) requires the knowl-
edge of the quenching factor for 7.7 MeV « particles in CTF3 (it was 10.2 in CTF1, in which
the gaussian peak from these a decays was observed at 751 keV [79]). In the absence of a
direct measurement of this quantity, the following method was followed to optimize such
cut. A preliminary, first guess for cut #2 was made to identify runs with large amounts of
radon (600 keV < F5 < 900 keV), imposing the other cuts as listed above. The o peak was
then identified, its position located precisely, and the cut fine tuned.

The efficiency €; of the first energy cut (cut #1) is based on a simulated spectrum
of 2Bi decay. Figure 8.4 shows the energy histograms of the first and second event of
BiPo-214 coicidences during the initial phase of CTF3 (runs 2056-2093).

The lower cut on the delay time is imposed in order to discard potential contamination

of the data by faster delayed coincidences, such as the 2'2Bi-?'2Po 8 — o sequence in the
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Figure 8.4: Energy spectra of the 5 (top) and a (bottom) BiPo-214 delayed coincidence
events for the first, unpurified scintillator batch (runs 2056-2093). The cuts applied are
those listed in the text. The shape of the 21“Bi 3 decay spectrum (top) displays the de-
excitation - peak characteristic of the decay. The gaussian peak from the 7.69 MeV « decay
of 214Po (bottom) is observed at 767 + 58 keV (quenching factor: 10). A 60 cm radial cut
was applied for selecting the 2'4Po « events.
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Figure 8.5: Coincidence time profile for 2'*Po a decays for the first, unpurified scintillator
batch (runs 2056-2093). The two energy cuts and the muon flag cut are imposed; the
coincidence time is only required to be larger than 20 us. A 60 cm radial cut was applied
for selecting the 2'*Po « events. The data fit a decaying exponential with the expected 235
us lifetime. The fit value of the constant background from random coincidences that pass
the energy cuts is (9.2 4+ 6.5) x 1072 ev/us.

232Th radioactive decay chain. Fig. 8.5 shows the profile of the coincidence time when only
cuts #1, #2, and #4 are imposed. The data are fit (between 50 us and 5 ms) with the sum

of a constant and a decaying exponential,
N(t) = Noe /" + Ny, 7 = 235pus (8.4)

where Ny and N; are the number of counts in the first bin, and the constant background
(counts/bin), respectively; the bin size is 50 us. It can be seen that the profile fits very well
with a decaying exponential with the 2'4Po mean life (7 = 235 us). When 7 is left as a free
parameter of the fit, one obtains 7 = 229 £ 6 us, fully compatible wit the 2'*Po mean life.
The value of the constant term, which indicates the number of random coincidences that
pass the energy cuts, is N1 = 0.46 + 0.32 ev/bin; scaling this number by the size of the bin
(50 ps) and the data taking livetime of the sample (40.06 days) yields (2.2 4+ 1.6) x 1073
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Figure 8.6: Reconstructed distance between the positions of the selected BiPo-214 delayed
coincidence events. Data are from runs 2056-2093. Cuts #1—#4 were applied; a 60 cm
radial cut was also imposed for the position of the second (*'*Po a decay) event. The data
are fit with the function d(r) = Ar?exp(—r?/202), obtained by transforming a 3D gaussian
distribution in each cartesian coordinate centered in the origin into spherical coordinates
and integrating over the solid angle. The fit doesn’t account well for the tail at large
distances, which appears significantly higher than for a perfectly gaussian distribution. o
is a measure of the resolution of the detector.

ev/us/d. It scales to ~ 1 ev/d in the time window defined by cut #3 and is therefore
essentially negligible if the radon levels are high enough. It is significant only when just a
few BiPo-214 events/day are selected with the cuts above. An independent measure of the
number of random coincidences that contaminate the data sample was also carried out. The
events selected with cuts #1, #2, and #4 (energy + muon flag) in the 2-5 ms coincidence
time window were counted and scaled to the BiPo-214 time coincidence time window (cut
#2). Less than 0.1 ev/day were selected for all runs 2047-2300.

Events associated with the passage of a muon, identifiable by the appropriate muon flag,

are discarded. When possible contaminations of the data sample coming from activity on
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the surface of the nylon vessel, from the surrounding water or from residual muons that
don’t trigger the muon flag need to be suppressed, radial cuts to select events in the center
for the detector are also implemented. This obviously comes at the cost of shrinking the
size of the data sample and its statistical significance.

A further check can be made on the quality of the selected data sample. The two events
in the sequence are essentially point-like and occur at the same position inside the detector
(the coincidence time is small enough to neglect any diffusive or convective drift of the
decaying isotopes). The reconstructed distance between the two events in each BiPo-214

coincidence for runs 2056-2093 is shown in fig. 8.6. The data are fit with with the function
d(r) = Ar?exp(—r?/207). (8.5)

It represents the 3D distribution, centered on the origin, of events with independent gaus-
sian distribution in each cartesian coordinate, transformed into spherical coordinates and
integrated over the solid angle. The fit fails to reproduce the tail at large distances, which
appears significantly higher than for a perfectly gaussian distribution. ¢ is a measure of the
resolution of the detector, assumed gaussian and the same along each axis (o that appears
in equation 8.5 is v/2x the detector resolution, o4, since it originates from the difference
of two idependent gaussians with width og4.¢). The fact that the spatial resolution of the

CTF detector is not perfectly gaussian is not yet completely understood.

8.4 Radium (Uranium) contamination

Information on the 22°Ra (and 238U, if secular equilibrium is assumed) can be obtained from
the radon data. Figure 8.3 shows the radon decay profile during most the CTF3 campaign
(runs 2047-2300, from November 2001 to April 2003). A fit to the decay of the BiPo-214
count rate R in four phases of the run is performed with a decaying exponential with the

radon mean life (5.52 days) plus a constant:

R(t) = Roe ™™+ Ry, 7 =552d. (8.6)
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Ry represents the residual BiPo-214 count rate which comes from the decay of radon de-
caying inside the scintillator at a constant rate. There are three machanisms by which this

can happen:

1. 226Ra (possibly in secular equilibrium with 238U) in the scintillator that decays pro-

ducing ???Rn;

2. 22Rn  produced by ?*Ra (or 238U) embedded in the nylon vessel and the other

materials in contact with the scintillator;

3. 22Rn present in the water surrounding the vessel that permeates through the nylon

membrane into the scintillator.

The four different radon decay fits to the data shown in fig. 8.3 are listed below. The results

of the fit and the equivalent 23¥U and 2?Ra contaminations are reported in table 8.3.

Period a - Initial scintillator batch before any purification. It includes the first C

test (runs 2051-2073, from December 4 2001 to January 9 2002);

Period b - After the test of the silica gel column in loop mode (runs 2105-2120, from
February 13 to March 17 2002);

Period c - After the first water extraction test (runs 2132-2149, from March 29 to
April 24 2002);

Period d - After the test of the silica gel column in batch mode (runs 2188-2217,
from June 20 to August 19 2002).

A first glance at the fits in fig. 8.3 shows that a constant plateau of constant BiPo-214
decays was reached only during period “d”. The constant fit parameter for the other three
periods is then presumably affected by a bigger error than the purely statistical one. The
factor of two decrease in equivalent 23¥U contamination after both silica gel purification tests
(see table 8.3) should be taken with caution and might just be an artifact of the fit. The

ultimate plateau of 1.5 BiPo-214 events/day in the entire CTF3 inner vessel corresponds
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data set CTF3 phase Ry 287 226Ra
(runs) (ev/day/IV) (107'% g/g) (107 g/g)
a: 2051-2073 initial batch 5.0+ 1.0 11.7+ 2.3 4.3+0.9
b: 2105-2120 after silicagel loop test 3.0£0.8 7.0£1.9 2.6 £0.7
c: 2132-2149  after first WE test 2.8+ 0.7 6.6 £1.6 24+0.6

d: 2188-2217 after silicagel batch test 1.5+0.3 3.56£0.7 1.3+0.3

Table 8.3: The equivalent 22*U and ??Ra contamination of the CTF3 scintillator deduced
from the BiPo-214 delayed coincidences, once radon has decayed away. No radial cuts were
applied selecting the events. R is the constant term from eq. 8.6. Secular equilibrium of
the BiPo-214 events with 238U and ??6Ra are assumed in computing the values in the last
two columns. The amount of scintillator in the CTF3 inner vessel is 3.75 tons, and its
density 0.88 g/cm3. 1 decay/day/ton corresponds to 8.8 x 10716 g(?3¥U) /g and 3.2 x 10722
g(**°Ra) /g equivalent contamination.

to an equivalent 238U contamination of (3.5 & 0.7) x 10716 g/g. For reference, the same
238U contamination would yield ~ 120 counts/day from every isotope in the chain in the
Borexino IV.

The increase in BiPo-214 counts observable after almost 400 days (fig. 8.3) is still not
completely understood. There is speculation that this could possibly be related to shroud
refilling operations using unstripped water taken from the CTF water tank.

It is interesting to recall the CTF1 results regarding radon permeating through the
nylon vessel and emanating from the the nylon membrane itself into the scintillator. The

estimated uranium equivalent amounts in the CTF scintillator from these sources are [79]:
radon permeated (from water) : *®Upemm = 3 x 10717 g/g, (8.7)

where 238Uperm is calculated assuming a radon concentration in the CTF3 water of 5

mBq/m? [184], and

radon emanated (from nylon) : ?*Ugpan = 8 x 10716 g/g (8.8)
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where the assumed 233U content in the CTF3 nylon film was assumed to be 2 ppt by weight
(2 x 107" g/g).

This last estimate assumes secular equilibrium between 233U and 2?6Ra, since it is based
on the intrinsic uranium content of the nylon film. The BiPo-214 rate is in fact a measure-
ment of the ??Ra content of the nylon membrane. A comparison with the CTF3 data (see
table 8.3) keeping this in mind shows that radon emanation can completely account for the
observed BiPo-214 event rate. Permeation of radon through the film seems to contribute

for only a fraction of the signal at most.

8.5 Krypton contamination

Krypton is a noble gas and one of its radioactive isotopes, 8°Kr , is present in the atmosphere
mainly because of its release from nuclear reactors, nuclear fuel reprocessing plants and
nuclear bomb testing. Its concentration has been increasing with time in the past decades
and averages now around 1 Bq/m®. Through contact with air, krypton is then present in

all fluids used in Borexino, including the scintillator.

8.5.1 %Kr decay channels

85Kr [-decays into ®*Rb with a 99.56% branching ratio; the mean life of the decay is 15.52
years and the @)-value is 687 keV. Since the energy of the emitted electron is within the
Borexino neutrino window (250-800 keV), 8°Kr contamination represents an irreducible
background for the experiment (i.e. indistinguishable from v — e scattering events). 8°Kr

also decays via the delayed coincidence reaction
85Ky O, 85mRL T, SRL. = 1.46 s (8.9)

with a 0.43% branching ratio. The [ decay has a Q-value of 173 keV. The mean life of the
85mRb metastable state is 1.46 us and the emitted de-excitation ~ ray has an energy of 514
keV. By tagging the 3 — v coincidence with appropriate time and energy cuts, it is possible

to measure the 8°Kr contamination of the CTF scintillator. For every identified coincidence
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Figure 8.7: The 8 Kr —8 Rb decay. The half-life is 10.76 years. The decay occurs mainly
(99.56% branching ratio) via (-decay with a 687 keV @Q-value. A delayed coincidence decay
channel occurs with a 0.43% branching ratio and can be readily identified: 3Kr $-decays

into 8°™Rb (Q-value = 173 keV), which de-excites with a 1.46 us mean life emitting a 514
keV v ray [182].

event there will be another 231.5 krypton 8 decay events from the dominant decay channel.
The 8°Kr decay channels are schematically shown in fig. 8.7.
8.5.2 ®Kr event selection
The cuts used to select the krypton events and the corresponding efficiencies ¢; are:
1. energy of the first event (3): Fj < 241 keV (1 = 61%)
2. energy of the second event (y): 300 keV < Fy < 600 keV  (e2 = 83%)
3. delay time: 100ns <t <6 us (e3 = 93%)
4. muon flag off

The total efficiency € = €1 €3 €3 of the cuts is 47%.

The efficiency €; of the first event is limited by the trigger efficiency of the detector.
For low energy events, it is possible that the amount of light released is not sufficient to
produce a trigger (six simultaneous hit PMTs are needed). The effect of the trigger efficiency
is illustrated in fig. 8.8.
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Figure 8.8: Simulated energy spectra of the [ (top) and v (bottom) particles emitted in
the 8°Kr —8™ Rb —8 Rb delayed coincidence decay as seen in CTF3 [185]. In each plot,
the two lines refer to the reconstructed spectra with and without the trigger efficiency for
low energy events taken into account. For the 173 keV ( decay the difference is remarkable.
The peak of the 514 keV « ray is set at 459 keV by direct comparison with the data. The
~ 50 keV shiftof the v peak is is due to a quenching effect of very low energy (few tens of
keV) electrons produced in the shower following v interactions. Actual data samples of the
same spectra are shown in fig. 8.10.
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Figure 8.9: The time distribution of the coincidence time for all group 2 events from runs
2125-2300. Events with an associated muon flag were rejected. It can be noticed how the
trigger is blind or inefficient below 60 ns, which justifies imposing a lower time cut of the
coincidence delay time of 100 ns.

The definition of the cut on the energy of the second event would require the knowledge
of the position of the 514 keV ~ peak. Such peak is shifted from its nominal energy because
of quenching due to very low energy (few tens of keV) electrons produced in the ionization
shower following v interactions. In the absence of a direct measurement of this quantity,
the following recipe was followed. The shape of the reconstructed = events was obtained
simulating events using a “guessed” quenching factor. The position of the peak of the ~
events was then measured from the data by selecting events with cuts #1 and #3 above,
with relaxed constraints on FEs. The simulated spectrum was then scaled to best fit the
position of the peak observed in the data. The data show that the peak shifts by ~ 10%.
Cut #2, centered on the v peak, is wide enough to include most of the events while excluding
low energy events for which the background from spurious coincidences is higher and the

reconstruction of their spatial position loses reliability (see fig. 8.8).
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The lower cut on the delay time is needed because of trigger inefficiencies for fast coin-
cidence events. In fact, no coincidence faster than 50 ns is recorded and a loss of efficiency
is observed for coincidence times up to approximately 75 ns, as shown in fig. 8.9.

Events associated with the passage of a muon, identifiable by the appropriate muon flag,
are discarded. In order to reduce possible contaminations of the data sample coming from
activity on the surface of the nylon vessel, from the surrounding water or from residual

muons that don’t trigger the muon flag, radial cuts are also implemented.

Contamination of the data sample from radon events
An important quantity to compute is what leakage of BiPo-214 (radon) events to expect
in the krypton data sample. Comparing the selection cuts applied for the two decays, one

can evaluate their overlap as follows;

i. approximately 2% of the 214Bi events are below 241 keV (cut applied for the krypton’s

first event);

ii. the upper cut on the energy of the krypton’s second event is about 2 standard devia-
tions lower than the peak of the BiPo-214 second event, yielding an overlap of a few

percent;

iii. approximately 2.5% of the BiPo-214 events occur within the delay time window used

for selecting krypton events.

The total overlap is on the order of 107°. It represents a problem only if the radon con-

tamination is very significant.

8.5.3 ®Kr analysis method

The krypton contamination in CTF3 was measured in different periods listed in the following
paragraph. The analysis method adopted uses a maximum likelihood technique (see the

statistics section in [11]) as outlined in reference [186]. For every period the distribution of
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the coincidence time ¢ of the selected events was fitted with the function:

f(t; A,B) = 4 e "+ B (8.10)
T

The mean life 7 = 1.46 ps is that of the 39™Rb state, A is the initial number of 8°Kr atoms
that have decayed via the delayed coincidence, and B is a constant background.
Under the assumption that the entries in each time bin follow a Poisson distribution,

the likelihood function to maximize is

n Yi
L(A,B;n) =]] :7’; ' e~ i (8.11)
i=1 Ji°

where n is the number of bins, y; the measured number of entries in the i-th bin and
fi = ttf_l fdt the number of entries in the i-th bin expected by the fit model. In case of
extremely low counting rates, it is possible to find a binning of the events such that the
number of entries per bin is either zero or one (y; = 0,1).
Alternatively, following reference [187], the likelihood function associated with observing
n events at times ¢; (i = 1,...,n) within an observation time window t, < t < t;, is
L(AB;n) =e fi.”fdtﬁ f(ts A, B). (8.12)
i=1
This approach has the advantage of being independent of binning. Equivalently and more

conveniently, one can maximize the logarithm of the likelihood function:

t n
InL(A, B; n) = —/bf(t; A,B)ydt + S Inf(t; A, B) (8.13)
ta i=1
The equations to solve are then
d(InL)
el o/ .14
o4 B) " (519

The best fit value for A, divided by the efficiency of the selection cuts € and multiplied
by 232.6 gives the number of ¥Kr— Rb 3 decays in the selected scintillator volume
(defined by the radial selection cut 7). 99.56% of these come from the dominant channel
8 decay. Whenever radial cuts were used, the number is scaled up to the whole IV volume

to obtain the total krypton activity in the CTF. The best fit value for B is a measure of



Chapter 8: Results from CTF3 224

the background events leaking into the krypton data sample (coming, for example, from
subsequent single events that are recorded as group 2 events).

The errors and confidence levels for each fit parameter are computed following the
standard recipe reported in ref. [11]. To evaluate the uncertainties of a fit parameter, the
contour of the maximum of the (log)likelihood function is computed keeping the parameter
in question fixed. Different confidence levels are defined around the maximum of such a

contour as solutions of the following equation:

InC = InLoaz —

St

(8.15)

where L4, corresponds to the best fit. () depends on the confidence level required and the
number of fit parameters of the problem [188]. When a confidence level region falls inside
an unphysical region (e.g. a negative background activity), an upper limit is given with a
defined confidence level by integrating the (normalized) likelihood function in the physical
region of existence.

The Smirnov-Cramer-von Mises statistic nw? goodness-of-fit (g.0.f.) test is finally per-
formed [189]. With the likelihood function used in our analysis (no binning), it reduces to

the form

nor1 2 — 172
! ] (8.16)

1 ti
nw? = m—f-; [n . fdt — o7
Appropriate tables [190] convert the value of nw? into the corresponding significance of the
fit. As for the familiar x2, smaller values represent better fits.

Another independent method is used to evaluate the background. The number N of
events selected using the energy cuts #1 and #2 listed in section 8.5.2 within the 6-100 us

time window are counted. The number of events per us B=N 5/94 is then computed and

compared with B for a cross check.

8.5.4 Results

The krypton analysis was performed for three periods, corresponding to the following dif-

ferent testing phases, and the results are summarized in table 8.4:
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tiwe Teuwt Nsea Np A B g.o.f. B 85Kr /3 decays
(d)  (m) (ev)  (ev/ps) (nw?)  (ev/ps) (ev/d/ton)
1 4006 2 32 11 30.871% <138 0.07 0.12+0.04 103138
T 07 12 3 111732 <094 006 0.034+0.02 108749
17 06 9 3 61775 05807 007 0.03+0.02 95183
2 2903 2 36 11 - - - 0.12+0.04 -
2 7 07 14 1 - - - 0.01+0.01 -

3 2595 2 65 67 765  nmegative 3.8  0.7140.09 -
3 7 0.7 6 12 4873 <079 003 0.13+0.04 7.2153
37 06 5 6 <54 0417552 0.06 0.0740.03 <129

Table 8.4: Krypton contamination in CTF3. All uncertainties are reported at 1o and the
upper limits are at 68% C.L. The missing values correspond to data sets for which the fitting
routine would not converge or for which the extrapolated values would not be meaningful.
Errors have been neglected whenever the quality of the fit was bad. The details of the
analysis and the results are discussed in the text.

Period 1 - Initial scintillator batch before any purification. It includes the first 1C

test (runs 2056-2093, from December 10 2001 to February 6 2002).

Period 2 - After the test of the silica gel column in loop mode, but before the water

extraction test (runs 2094-2122, from February 6 to March 20 2002).

Period 3 - After the water extraction + nitrogen stripping test (runs 2125-2300, from
March 23 2002 to April 17 2003).

The °Kr content in the initial scintillator batch (period 1) gives ~ 100 3 decays per day per
ton (equivalent to one (3 — ~ coincidence/ton every 2 days); this value, although measured
with a non-negligible statistical error, seems independent of the applied radial cut. This
activity scaled to the whole CTF inner vessel corresponds to the activity of 5 liters of air (~
1 Bq/m?). Figure 8.10 shows the energies of the 3 and v selected events, with no applied

radial cuts. The shapes of these spectra are in good agreement with the simulated ones
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(fig. 8.8). Fig. 8.11 shows the coincidence time distribution (simple and cumulative) for the
same dataset. The best fit is superimposed to the the cumulative plot.

In the data following the loop purification with the silica gel column (period 2), a rea-
sonable fit with a decaying exponential with the 8°Kr mean life and a constant background
is not possible. Applying a radial cut to the data does not improve the fit. A contamination
of the data set from mass 212 § — « coincidence events in the 232Th chain explains the
phenomenon, as clarified below.

The data from the period after the water extraction + nitrogen stripping purification
in loop mode (period 3) show a significant decrease in krypton activity. Most likely, this is
due to the nitrogen stripping step. No acceptable fit was obtained when no radial cut was
applied. From the best fits obtained when a radial cut (re,; = 0.6 and 0.7 m) is imposed it
is impossible to discriminate whether there is a non-zero ®Kr signal or not. It is possible
to state that the nitrogen stripping has been very effective in eliminating krypton. What is
certain is that nitrogen stripping can eliminate krypton in the scintillator only as much as
the purity of the nitrogen used allows. If krypton is present in the nitrogen, it will partition
with the fluids with which it interacts, possibly until equilibrium is reached. An estimate
of the amount of krypton to be expected in CTF from the krypton contamination of the

nitrogen employed in stripping is given in the next section.

8.5.5 Possible krypton contamination paths

Krypton can reach the CTF3 scintillator in a variety of ways. On one hand, some was
presumably present in the pseudocumene as delivered. On the other hand, krypton could
be transferred to the PC from all the fluids it comes in contact with during purification,

handling, and inside the CTF. The following paths for krypton are analysed:

a. krypton present in the nitrogen is transferred to the scintillator during stripping op-

erations;

b. krypton present in the water of CTF3 diffuses through the nylon vessel membrane

into the scintillator;
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Figure 8.10: Energy spectra of the § (top) and ~ (bottom) krypton selected events for
the first, unpurified scintillator batch (period 1, runs 2056-2093). Their shape are in good
agreement with the simulated ones (fig. 8.8). No radial cut was applied for selecting the
events.
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Figure 8.11: The simple (top) and cumulative (bottom) time distribution of the selected
krypton events for the first, unpurified scintillator batch (period 1, runs 2056-2093). The
best fit curve is superimposed to the cumulative plot, with which it shows very good agree-
ment. No radial cut was applied for selecting the events.
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temperature  benzene toluene water

(K) (x107%) (x107%) (x1079)
273 - - 4.28 (Ar)
- - 8.84 (Kr)

283 8.53 (Ar) 10.85 (Ar) -

288 28.1 (Kr) 35.0 (Kr) -
300 8.84 (Ar) 10.98 (Ar) 2.44 (Ar)
27.2 (Kr) 33.3 (Kr) 4.24 (Kr)

318 9.17 (Ar) 11.26 (Ar) -

26.1 (Kr) - -

328 - 29.1 (Kr) -
348 - - 1.56 (Ar)
353 - - 2.35 (Kr)

Table 8.5: Values for argon and krypton solubilities in aromatics and water [191]. All units
are mol/mol. Note the high solubility of Ar and Kr in aromatics compared to water (~ 100
times higher).

c. krypton present in the water at the time of the CTF3 water filling transfers to the

scintillator during the volumetric exchange of the fluids.

Values for the solubilities of krypton in PC and water are needed for estimating the krypton
partition between gas (nitrogen) and liquid (PC, water) phases. Table 8.5 reports values for
krypton solubilities in benzene, toluene and water [191]. No specific data for pseudocumene
were found. Note the high solubility of Ar and Kr in aromatics compared to water (~ 100
times higher).

From the solubility values one can compute the partition fraction of krypton in benzene,
toluene and water at atmospheric pressure and 288 K. There are 4.3 x 10~ mol/ml in an
ideal gas at 288 K and 1 atm. The molecular weights of benzene, toluene and water are 78,
92, and 18 and their densities are 0.877, 0.866, and 1 g/ml respectively. Hence there are

1.1 x 1072 mol/ml in benzene, 9.4 x 10~3 mol/ml in toluene, and 5.6 x 10~2 mol/ml in water
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at 288 K. In the (realistic) approximation of an infinitely large gas supply in contact with a
finite liquid phase, the liquid-to-gas partition fractions for krypton in benzene, toluene and

water at 288 K are then as follows:

Rbenzene/N2 =0.73
Rtoluene/Ng =0.77
Riyo)x, = 0.065 (8.17)

The values for benzene and toluene are essentially the same. In the following, their average

will be assumed for the pseudocumene/Kr liquid-to-gas partition at 1 atm and 288 K,

yielding
Rpc/n, = 0.75 (8.18)
The water/PC partition fraction is
Ru,o/N
Ru,o/pc = 1%;(;//N2 — 0.087 (8.19)
2

Path a: N, — PC

In this case, equilibrium is assumed between the nitrogen and the PC during stripping.

This is a good assumption whenever the PC volume of the IV is circulated many times.
The ®°Kr content in the nitrogen used for stripping the CTF3 scintillator is An, ~

40 uBq/m?® [192]. Tt is not possible to give a definitive value for the variability of this

number for different nitrogen deliveries, although the few measurements performed showed

fluctuations on the order of 10 uBq/m®. The *Kr content in the CTF3 scintillator is then

B decays decays (IV
Apca = A, Rpeyn, ~ 30 20 = 26 20 11 decays (IV) (8.20)

m m°d d

where the volume of the CTF3 inner vessel (IV) was assumed to be 4.3 m3. This activity

is consistent with the 8°Kr activity measured in CTF3 (compare with table 8.4).

Path b: HO — PC (gas, through vessel)

Another possible contamination path is krypton diffusion from the water to the scintillator
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through the nylon vessel film. The ®Kr activity in the water is that obtained assuming its
equilibrium with nitrogen with which it is stripped, namely

B
Ao = An, Riyopn, ~ 2.6 % (8.21)

This activity corresponds to a 89Kr concentration p kg5 ~ 1275 atoms/m? in the CTF water,
where the 85Kr mean life (15.5 years) has been used (for 8Kr, 1 Bq « 5 x 10% atoms). The
activity that will enter the CTF scintillator is governed by the diffusion constant Dy, for
krypton through the nylon membrane. In the absence of a measurement of Dg;, a good
estimate is obtained by scaling the diffusion constant for radon Dgry with the square root of
the ratios of the radon and krypton atomic masses, (Mgy/Mg;)'/2. The diffusion coefficient

for Rn through nylon was measured in CTF1 [79, 76],
DRy = 6.5 x 1071% cm?/s. (8.22)

The expected value for krypton in the same condition (i.e. same nylon and humidity

conditions) is

M N 1/2
Dy = (MR ) Dpn ~ 1079 em?/s. (8.23)
Kr

The rate ¢ krg5 at which krypton atoms diffuse into the CTF scintillator is

SD
PKiss = dKr pPKrss ~ 3 x 107% atoms/s ~ 100 atoms/y, (8.24)

where S is the vessel surface (12.5 m?) and d its thickness (0.5 mm). Using the equivalence
mentioned above, the rate Rpc 1, at which the 85Kr activity increases in the CTF scintillator

by diffusion through the vessel is

B
Rpc,p, = 0.2 224 (8.25)

y
and the activity accumulated during the CTF3 lifetime is thus negligible compared with

APC,a'

Path c¢: H,O — PC (filling)

The amount of krypton transferred from the water to the PC during scintillator filling
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of the detectors generally depends on the time during which such operation takes place
(transfer time). The most conservative scenario is to assume equilibrium between water

and PC. The krypton activity in the PC in this case is:

AH,0
Ru,o0/pc

where eqns. (8.21) and (8.19) have been used

Apc.a = = An, Rpoyn, = Apcaa (8.26)

decgays ~ Hdeca}és(l\/) once equilibrium is reached

From eq. 8.20 one would expect ~ 3
between PC and nitrogen. This number is compatible with the CTF data after nitrogen
stripping reported in table 8.4. Since from the data it is impossible to determine with
sufficient accuracy whether there is a residual krypton signal or not (after almost one year
of data taking), it is clear that CTF is not sensitive enough to measure a potentially cleaner
nitrogen used for stripping the scintillator. In particular, CTF will not be able to directly
characterize the krypton content in the scintillator at the levels required by Borexino (~ 0.2
ppt [193]). According to the measurements performed on the nitrogen we currently employ,
we need a further reduction of 2 to 3 orders of magnitude for Borexino. Our Heidelberg
colleagues are currently trying to address the problem by seeking nitrogen supplies with a
lower krypton content and by developing adsorption techniques for reducing the krypton

content in nitrogen to the required level.

8.5.6 Spurious krypton activity from surface contamination

The cumulative time distribution of the events after nitrogen stripping of the scintillator
selected using the krypton cuts (section 8.5.2) with no imposed radial cut is shown in
fig. 8.12. The plot highlights how the fit with the ®®™Rb lifetime is very poor; the events
seem to follow a much faster decay time. A fit carried out with the lifetime as a free
parameter gives a best fit value of 387 ns (nw? = 0.05, significance = 88%). This observation
led to the search for a possible contamination of the krypton data sample by mass 212 §—«
delayed coincidence events, with a 431 ns lifetime (see the 232Th radioactive decay chain
in fig. 4.1). A first confirmation of this is that a fit performed allowing both krypton and

mass 212 delayed coincidences prefers a negative krypton contribution but a statistically
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significant positive mass 212 contribution. The significance of the fit to the data with
mass 212 coincidence events only (i.e. 7 = 431 ns) is 54% (nw? = 0.11). The analysis of
the coincidence time alone would not be enough to unmistakenly prove a 232Th surface

contamination, but it represents a very covincing indication for such possibility.
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Figure 8.12: Cumulative time distribution of events following nitrogen stripping (runs 2125-
2300) selected using the krypton cuts (listed in section 8.5.2) with no radial cut. The dataset
clearly does not represent ®Kr contamination. A fit with mass 212 delayed coincidences
(7 = 431 ns) fits reasonably well. If the coincidence lifetime is left as a free parameter the

fit gives a preferred value of 387 ns.
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Afterword

More than a year after their arrival in Hall C at the Gran Sasso laboratories, the Borexino
nylon vessels are still packaged awaiting installation inside the stainless steel sphere. This
was scheduled to happen in the Fall of 2002, after all pre-requisites had been satisfied.
An unexpected, partial shutdown of operations in the underground experimental hall, still
effective at the time of writing of this thesis, has prevented vessel installation and hence
completion of the detector. While confident that the vessels are constructed and packaged
such that they can withstand the current unexpected events, it is difficult to foresee the
consequences of such a delayed installation on their overall integrity and cleanliness.

An enormous amount of work has been invested in developing and constructing the
vessels along with the rest of the Borexino detector. Every effort is being made to find a
timely solution to this problem. I personally want to express the hope that these issues
may be resolved soon and that Borexino, with the vessel performing as predicted, will

successfully detect solar neutrinos in the near future.
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