Chapter 6

The Borexino Counting Test

Facility

In planning the design of the Borexino experiment, it was alvays clear that a prototype, or
miniature version of Borexino, must rst be constructed and tested for the experiment to
have any chance of success. This prototype, the \Counting Tst Facility" (CTF), would be

used for a number of purposes: to test design, puri cation, ad data acquisition techniques;
to facilitate research and development of materials to be usd in Borexino; to measure the
radioactive backgrounds caused by these materials in the sttillator; to test the optical

properties of the scintillator on a large scale in three dimasions; and to ensure that the
scintillator used in Borexino would be su ciently low in 4C and U- and Th-chain isotopes.
(The sensitivity of mass spectroscopy is on the order of 1012 g/g, whereas the concentration
of U and Th required for Borexino is around 10 *€g/g.) The CTF was also able, although
it was not originally planned, to perform useful science in is own right, setting new upper
limits on various exotic subatomic processes [145, 146, 14¥48]. Most importantly, however,
the main goal of the CTF was to demonstrate the feasibility of a few-ton scale, ultra-low

background scintillator detector.

The history of the CTF consists of three main phases, which wl be described in more

detail later in this chapter. The CTF originally took data fr om April 1995 { July 1997.
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This campaign rst demonstrated the potential for a Borexin o-like low-energy solar neutrino
detector [80, 138, 149]. The CTF hardware was given a major ugrade, and in its second
phase, the detector (now CTF 2) acquired data with a di erent scintillator during summer

2000. Essentially the same hardware was used in the CTF 3, a tid phase of the detector
(sometimes also called the CTF 2b in older references), whitacted as a test-bed for various
methods of purifying pseudocumene. An unintentional spillof about 50° of pseudocumene
in August 2002 resulted in the partial shutdown of the Gran Saso labs for many months,
which as a side e ect permitted the observation of?1°Po decay in undisturbed scintillator.

The nal operations currently foreseen for the CTF are a test of the scintillator distillation

process to be used for Borexino, and last-minute checks of thediopurity of pseudocumene

just before it is inserted into the Borexino detector.

6.1 CTF physical characteristics

Like Borexino, the CTF design is based on the principle of grded shielding; see Figure 6.1.
The active scintillation liquid in CTF is a 4 ton mass of pseudocumene and uor enclosed
in a transparent nylon sphere, the CTF vessel. Outside that § a volume of ultra-pure water
which is enclosed in a second nylon sphere, the CTF shroud. Aesof inward-facing PMTs is
arrayed outside the shroud. The entire apparatus, surrounéd by another volume of water,
is contained in a cylindrical tank. The bottom surface of the tank holds 16 upward-facing

PMTs used to tag the tracks of muons passing through the detetor.

Many improvements were made to the CTF design in the upgraderom the original version
of the detector. The design described in this section appli®to the second and third versions

of the detector (CTF 2 and CTF 3) except where otherwise noted
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Figure 6.1: Side view of the design of the CTF 2 and CTF 3. The vssel (labeled R100 in
this drawing) and shroud (R200) are shown, as well as the sixings of PMTs, the cylindrical
tank, and the tubes used for lling and draining the vessel. The point PNTO is the nominal
center of the sphere of PMTs and of the CTF vessel. Water- lledvolumes are shaded blue,
while scintillator- lled volumes are shaded yellow. Dimendons are given in cm.
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Figure 6.2: A photograph of the CTF 3 viewed from below. At this point in its history,
the CTF vessel, shroud, and water tank were all lled with water. The vessel, assembled
from 16 discrete panels of Im, is at center. The 16 nylon strihgs holding it down are visible
below it. The CTF shroud and three upper rings of PMTs with att ached light concentrators
are visible in the background.

6.1.1 Details of the CTF design

The scintillator uid used in CTF 1 and CTF 3 is the same materi al that will be used
in Borexino|a solution of 2,5-diphenyloxazole (PPO) in pseu documene at a concentration
of 1.5¢g/°. (For CTF 2, see Section 6.4.2.) The volume of scintillator uid in CTF 3 is
4.2m?, or a mass of 3.7 tons. The scintillator is contained in a trarsparent spherical vessel
1m in radius. The vessel is composed of C38F nylon-6 Im ¢f. Section 4.1.4) with a
thickness of 500 m. It was assembled from 16 lens-shaped panels, joined at thelges with
a resorcinol-based glue similar to that used in constructingthe Borexino vessels. Because
the pseudocumene- lled CTF vessel is suspended in water ( = 0.124 g/cm?®), it must

withstand a buoyant load of 460 kg force. Hence the CTF vessdbs much thicker than the
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Figure 6.3: A closer view of the design of the vessel and shrduin the CTF 3. The
vessel (lled with pseudocumene-based scintillator) is shan in yellow. The shroud (blue),
surrounding it, is shown in cross-section; it is lled with water, as is the volume outside it.
Pipes for uid lling and draining operations leave the vessel at top and bottom. They pass
through the two cover plates of the shroud at the poles. The njon strings holding down
the vessel against buoyant force are not shown.
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125 m Im used in the Borexino vessels, which have pseudocumeneokitions with nearly

identical densities on both sides.

The CTF 3 vessel is also held down against the buoyant load by @ lengths of mono lament
nylon line that cross over the top of the vessel and are xed inplace underneath. Fishing
line was used to minimize mass (and therefore intrinsic radiactivity). The line used was
identical to that in CTF 1. In CTF 2, the hold-down system inste ad comprised a set of
Vectran ropes; Vectran was being tested as a candidate mat&l for the Borexino ropes.
Unfortunately, Vectran (which was otherwise a prime candidate, exhibiting very little creep)
turned out to be unacceptably high in 4°K [150]; see Section 6.4.2. The nylon strings and

the discrete panels making up the CTF 3 vessel may be seen ckbain Figure 6.2.

Outside the vessel, as shown in Figure 6.3, is a region of abb80 tons of ultra-pure water,
contained by a second nylon vessel of radius 2m, made from mym-6 Capran DF400 Im
produced commercially by Allied Signal. This vessel, the CF shroud, is functionally
equivalent to the Borexino Outer Vessel. It prevents radon enanating from the PMTSs,
outer tank, and nitrogen bu er gas from di using into the CTF vessel. Since it separates
two volumes of water, it need have a thickness of only 100m. Unlike the Borexino Outer
Vessel, the shroud was not designed to maintain a sphericahgpe, nor is it leak-tight. Still,
it provided a valuable demonstration that radon in the vessd could be reduced signi cantly
with an additional layer of nylon Im. During the CTF 2 campai gn, the shroud collapsed,
so in the CTF 3 design, ropes were added to hold the shroud awafrom the vessel. The
bottom of the shroud is attached to the rim of a circular nylon cover plate with a diameter

of 103 cm.

The shroud and the PMT support structure surrounding it are completely enclosed within
a cylindrical steel tank, radius 5.5m and height 10 m (total volume 950n%). This tank
is composed of 8 mm thick carbon steel with an interior lining of black Permatex epoxy
resin. The tank is lled with water which has been measured tohave a radon activity of

20{30 mBg/m3; one major source is the Permatex lining, which emanates a csiderable
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amount of radon, 25 mBg/m? [63]. Thin nylon pipes through which the CTF vessel may
be lled or drained are attached to the vessel Im at two small nylon collars. The pipes
connect the vessel top and bottom with the top and bottom of the tank. The north pipe
is 3.0" in inner diameter with %"-thick walls, and 4.5m long. It runs from the top of the
CTF vessel, through the north end-cap of the shroud, to a staitess steel pipe where puri ed
scintillator can be inserted in a clean room atop the water tank. The much thinner south
pipe is 3" in inner diameter (with S5¢" walls) and runs 1.8 m from the bottom of the CTF
vessel through a hole in the cover plate beneath the shroud. &ow the cover plate, it has

three 90 elbows that place its exit route on a horizontal along the botom of the steel tank.

At the top of the cylindrical tank, the north pipe is attached to a bellows in order to give
it some vertical freedom of motion. Since the support ropestsetched by a length that was
unknown in advance, keeping the vessel centered on the origof the CTF coordinate system
requires the ability to adjust its position vertically. Onc e positioned properly, the vessel is

maintained in place with a set of pulleys and a tank of water ugd as a counterbalance.

6.1.2 The CTF photomultiplier tubes

Because most of the set of CTF 1 photomultiplier tubes failed the upgrade from CTF 1
to CTF 2 included installation of a completely new set of PMTs. These PMTs, the same
model which is used in Borexino, are the 8"-diameter ETL 9351 tbes manufactured by
Electron Tubes Limited and already described in Section 3.3 The CTF 2 tubes were saved
and also used in CTF 3. As in Borexino, one cable per PMT suppés the high voltage for
PMT operation, and transmits the PMT signal back to the data acquisition system. The

means of sealing these cables against water is described ietdil in reference [151].

The CTF contains 100 of these PMTs mounted in an approximatey isotropic fashion on
six horizontal rings. The rings are located at latitudes 65 (Rings 3), 40 (Rings 2),
and 12 (Rings 1). They are arrayed with 8 PMTs on each of the polar rings, 18 o each
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Figure 6.4: The layout of the CTF photomultiplier tubes, courtesy of M. Geger-Ne . The
upper hemisphere is shown at top, and the lower hemisphere diottom. Both hemispheres
are seen from above. The CTF coordinate system has increasing toward the right (roughly
true north) and y increasing toward the top (roughly true west) of the gures. Smaller green
numbered circles indicate the PMTSs; the larger blue circledndicate the Group 1 TDC and
all Group 2 electronics channels (channels shown as halfwdyetween two PMTs are shared
by those PMTs). See Sections 6.2.1 through 6.2.3 and Table 6 for details.
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Figure 6.5: A light concentrator mounted on one of the CTF PMTs.

of the middle rings, and 24 on each of the equatorial rings, ashown in Figure 6.4. Each
PMT photocathode is nominally at a distance of 3.3 m from the @nter of the CTF vessel.
Three visible-light digital cameras are also mounted on the PAT sca olding; one looks at
the vessel from slightly above the equator, while the other wo peer up at it from below
(Figure 6.2). The cameras may be used to photograph the CTF vesel while the PMT high

voltage is turned o .

Each PMT, as in Borexino, is surrounded by a so-called \light mwncentrator," a curved
metal surface roughly parabolic in cross-section. Unlike thse in Borexino, the CTF light
concentrators are metal-coated plastic, not solid aluminum One of the CTF light concen-
trators is shown in Figure 6.5. They are designed accordingd principles detailed in [95, 96]
such that almost all light entering the aperture of the light concentrator facing the vessel
will be directed, with at most one re ection, into the PMT pho tocathode. The length of
each light concentrator in the CTF is 57 cm, while the maximum radius (at the aperture
away from the PMT) is 25.3cm. The amount of scintillation lig ht entering each PMT is

therefore increased by a geometric factor ranging from 8.8{1, depending upon the exact
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Figure 6.6: History of the number of surviving PMTs in the CTF 3. Various periods of
puri cation and other CTF operations are represented by vertical lines. During the period

December 2001 { March 2004, the number of working PMTs steady decreased from 96
to 75. Since then, in an attempt to conserve PMTSs, the internd CTF cameras have been
used less often, and the rate of PMT failures is now dramaticlly reduced. Most of the data

analysis in this dissertation covers the period April 2003 {June 2005, for a maximum of 81
and a minimum of 74 working PMTs. See also Table 6.10. Figureaken from reference [42].

event position. The PMT optical coverage for an event at the @nter of the CTF is 21%,
compared to the 2.3% coverage that would be obtained withoutthe light concentrators.
(The cost to implement this level of optical coverage withou light concentrators would
have been around 10 ME [96].) In addition, the light concentrators reject light or iginating

outside the CTF vessel (as seen from each PMT) with high e ciency.

It should be noted that the number of live CTF PMTs has been steadily decreasing over
time (Figure 6.6). At the beginning of CTF 2 data taking in 2000, all 100 PMTs were
functional; as of this writing, 74 are operational. There agpears to be some correlation
between PMT deaths and turning the high voltage on or o, for instance in order to take

a photograph of the vessel.
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6.1.3 The muon veto system

Although muons are not as much of a problem as for Borexino, tk CTF still needs a way
to exclude muon tracks from its data set. During the construdion of CTF 2, the CTF

water tank had 16 photomultiplier tubes installed on its oo r, facing upward into the tank.

They are arrayed in two concentric rings of eight PMTs each, vith radii of 2.4 and 4.8 m.
These also are the ETL model 9351 8"-diameter tubes describeith Section 3.3. The muon
veto PMTs are completely enclosed in a stainless steel housi, lled with mineral oil, with

a window at the top. This design, which is similar to that used in the Borexino Outer
Muon Veto System, is an alternate method of sealing that doest require the PMT to be

in contact with epoxy. These PMTs have no light concentrators.

As in Borexino, these PMTs are used to detect theCerenkov light produced by muons
traveling through the water bu er uid. The trigger thresho Id is 4 photoelectrons. For a
muon which causes the inner detector PMTs to detect an amounbf light corresponding to
an event in the neutrino energy window (250{800 keV), the prdability that the muon veto
system fails to trigger is only 0.8% [72].

Because only transparent uids and nylon Im separate the adive scintillator volume from
the muon veto PMTs (unlike the case of Borexino, where the Staless Steel Sphere comes
between the scintillator and muon veto system), these PMTs & also able to see scintil-
lation light. However, the CTF muon veto system was designedto have only a negligible
probability of registering point-like events in the scintil lator. The probability (E) of the
muon veto system agging such an event atE = 1:9MeV is only 1% [146], and in the
neutrino window it is < 0:5% [72]. Furthermore, since the CTF muon veto system does

nothing more than ag events in software, there is no possitity of data loss.

As with the main set of PMTs, not all muon veto PMTs are still op erational. The number
of functioning muon veto PMTs as of this writing is 12 out of 16, or 75%|about the same

as the current fraction of working PMTs in the main data acquisition system.
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6.2 CTF data acquisition

The beginning of an event in CTF occurs when a number of PMTs meting or exceeding
a programmable threshold (typically six, corresponding toan event of about 20keV) are
triggered within a 30 ns time period. This causes a majority bgic unit to generate an event

trigger. This trigger starts several data acquisition units:

A clock with about 0.1 ns resolution is started on each of the ime-to-digital conversion
(TDC) channels. A TDC clock stops when it receives a digital sgnal on its channel.

(The stop signal is delayed by 150 ns to ensure that it arrivesafter the event trigger.)

A gate on each analog-to-digital conversion (ADC) channel is pened for a period of
500ns. The ADC channels measure the integrated charge cotieed on their respective
photomultiplier tubes during that time. (Again, the charge signal is delayed by 150 ns

to ensure it arrives after the event trigger.)

Several other data acquisition subsystems are fed ADC charei values, as described

in Section 6.2.4.

The CTF electronics and data acquisition system are older ad more primitive than those
of Borexino: data on the ADCs and TDCs are saved to disk by a VAX reading from a
CAMAC data acquisition crate. A full description and schematic of the CTF event trigger
logic, of which the above is only a summary, may be found in refrence [143]. A more up-

to-date schematic (though with less supporting information) is present in reference [151].

6.2.1 Group 1 and Group 2 events

In addition to the above signals, when an event trigger is gearated, a separate TDC clock
with a range of 8 ms is started. If another event occurs withinthe time scale of this clock, it is

passed through a separate, parallel set of TDCs and ADCs, th&Group 2" electronics. This
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system counteracts the dead time during which the rst set of TDCs and ADCs recovers
from the rst event. Borexino, in contrast, does not have suc a dedicated second data
acquisition system; its electronics instead have the capadlity (aftera 10 s dead time) to

acquire a second event while still reporting on the rst even.

Events processed by the rst set of TDCs and ADCs are referredo as \Group 1" events.
The \Group 2" events processed by the second set are generatanainly by decay products
of whatever triggered the rst event: for instance, capture of a neutron ( =214 s [42])
produced by a muon, or the decay of?!*Po ( = 237 s) immediately following that of
214Bj. A Group 1 event not followed by a Group 2 event is called a \sngle." Group 2
events, because they are so useful in tagging various type$ \zoincidence event," are vitally
important in studying radioactive and muon-induced backgrounds in CTF and extrapolating

them to Borexino.

6.2.2 Event energy: the ADC channels

The data acquisition system of the CTF has 100 ADC channels fo Group 1 events, one
for each PMT. For nancial reasons, there are only 64 ADC chamels dedicated to Group 2
events. (Before the upgrade to CTF 2, this was also the case fdGroup 1 ADC channels.)
Thirty-six of the Group 2 ADC channels are therefore shared bytwo PMTs, while 28 are
connected to a single PMT. The shared channels report the tal charge collected at both
PMTs to which they are connected. The two mappings from PMT to ADC channel are

reported in Table 6.1. The 16 muon veto PMTs also each have on&DC channel.

6.2.3 Event timing: the TDC channels

Each of the Group 1 and Group 2 electronics systems contains46TDC channels. As with
the Group 2 ADC system, some PMTs are forced to share a TDC chamel for reasons of

cost. In this case, the time at which a photoelectron is recaded for a shared channel is the



PMT G1 G2 [rad] | PMT Gl G2  [rad] | PMT G1 G2  [rad] | PMT Gl G2  [rad]

Ring 3: = 0.436 rad 26 40 34 5.829 Ring 1. = 1.780 rad 76 15 15 0.070
1 1 1 0.532| Ring 1: = 1.361 rad 51 87 58 0131 77 89 59 0.454
2 2 2 0.253| 27 63 46 0.131]| 52 65 47 0.131 78 90 59 0.733
3 3 3 1.039] 28 41 35 0.131 53 66 47 0.393 79 16 16 1.117
4 4 4 1823 29 42 35 0.393 54 67 48 0.655 80 91 60 1.501
5 5 5 2.609| 30 43 36 0.655 55 68 48 0.916 81 92 60 1.780
6 6 6 3.395| 31 44 36 0.916f 56 69 49 1.178 82 17 17 2.164
7 7 7 4180, 32 45 37 1.178 57 70 49 1.440 83 93 61 2.548
8 8 8 4966/ 33 46 37 1.440 58 72 50 1.702 84 94 61 2.827

Ring 22 = 0.873 rad 34 47 38 1.702 59 71 50 1.964 85 18 18 3.211
9 9 9 0.070| 35 48 38 1.964 60 73 51 2.225 86 95 62 3.595

10 29 29 0.314 36 49 39 2225 61 74 51 2487, 87 9% 62 3.875

11 30 29 0.593 37 50 39 2487 62 75 52 2.749 88 19 19 4.259
12 10 10 0.977 38 51 40 2.749 63 76 52 3.011 89 97 63 4.643
13 31 30 1.3613 39 52 40 3.011 o4 77 53 3.273 90 98 63 4,922

14 32 30 1.641 40 53 41 3.273 65 78 53 3.534 91 20 20 5.306
15 11 11 2025 41 54 41 3.534 66 79 54 3.7960 92 100 64 5.690
16 33 31 2409 42 55 42 3.796 67 80 54 4.058 Ring 3: = 2.705 rad

17 34 31 2.688 43 56 42 4.058 68 81 55 4.320 93 21 21 0.532
18 12 12 3.072 44 57 43 4.320 69 82 55 4.582 94 22 22 0.253
19 35 32 3.456 45 58 43 4582 70 83 56 4.843 95 23 23 1.039
20 36 32 3.735 46 59 44 4843 71 84 56 5.105 96 24 24 1.824
21 13 13 4.119 47 60 44 5.105 72 85 57 5.367, 97 25 25 2.609
22 37 33 4503 48 61 45 5.367 73 86 57 5.629 98 26 26 3.395
23 38 33 4782 49 62 45 5.629 74 88 58 5.891 99 27 27 4.180
24 14 14 5.166 50 64 46 5.891 Ring 2: = 2.269 rad 100 28 28 4.964
25 39 34 5.550 75 99 64 0.314

Table 6.1: Mapping between PMTs and DAQ channels in the CTF 2 and 3. Three numbering systems are used for the 100
PMTs (also illustrated in Figure 6.4), for the 100 Group 1 ADC channels (G1), and for the 64 Group 2 ADC channels and
the TDC channels in both electronics groups (G2). The co-lattude and longitude of each PMT are given in radians.
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rst time at which either PMT attached to the channel records it. In order to ensure good
position resolution for events near the top and bottom of thedetector, the 16 PMTs on the
top and bottom rings (Rings 3) are each connected to single TDC channels. (In CTF 1,
the top and bottom sets of PMTs shared TDC channels in pairs, ad the position resolution
in z was poor.) The mapping from PMT to TDC channel is reported in Table 6.1. The 16

muon veto PMTs each have one corresponding TDC channel.

6.2.4 Other data channels

The tail to total ratio

The analog sum of the charge signals from all PMTs is split o and sent to four ADCs,

with di erent time o sets: 0ns, 16ns, 32ns, and 48ns. On eachof these ADCs, the charge
is integrated for 500 ns. The resulting values are referredd, respectively, as ADC 3000,
ADC 3016, ADC 3032, and ADC 3048. Because scintillation lighproduced by a patrticle

or ray dies o more quickly than that produced by an , the shapes of their respective
pulses as functions of time are dierent. The ratio between he values ADC 3032 and
ADC 3000, called the tail to total ratio, can therefore be usal as a means of particle
identi cation. (Conceivably the ratio between any other pair of these values could also be

used.) These values are available for both Group 1 and Group 2vents.

The Digital Pulse Shape Analyzer board

An alternative approach to particle identi cation is provi ded by the DPSA board [81] in-
stalled in the upgrade to CTF 2. This board acquires the sum ofPMT charges as a function
of time and feeds it to an analog integrator. The output of the integrator is sampled at
120 MHz by an interleaved pair of 10-bit ash ADCs that each run at 60 MHz. Time bins

in the output are therefore 8.3 ns wide; data for 150 bins are tered. Because the PMT
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Figure 6.7: Outputs of the DPSA board in (part a, top) the laboratory and (part b, bottom)

the CTF. One would expect the functional shape to rise monotmically to a plateau, as
shown at top, since it is the time integral of PMT charge. In fact this is not the case in
the CTF; a capacitive connection between the PMT signal and tie front-end board causes
a slow decrease during the tail of the event, as shown at bottm, due to reversed polarity
of the signal at the DPSA input. In both graphs, time in ns is shown on the horizontal axis
and the normalized DPSA output on the vertical. Taken from references [81] and [152].



Chapter 6. The Borexino Counting Test Facility 257

sum gate width is 500 ns, only the rst 60 of these time bins areof interest. Like the main
ADC and TDC signals, the DPSA board receives the PMT charge gjnal with some delay
after the event trigger; thus the rst 10 or so bins provide a pedestal value which may be

subtracted o .

Since the charge signal should always have the same polarjtthe expected output of the
DPSA board, which is the time integral of the charge signal, § a monotonically increasing
function. This was seen in laboratory tests of the board, shan in Figure 6.7a. The output
of the DPSA board in the CTF (Figure 6.7b) does not meet this exectation. This is a
result of a capacitive connection between the PMT output sighal and the front-end board,
which causes an undershoot in the signal at the DPSA board inpt [152]. Once the polarity
is reversed, the integral of the signal slowly decreases. T e ect is thought not to be

harmful, as the descent rate should be di erent for and events.

The stored data from the DPSA board is converted into a singleparameter used for =  dis-
crimination by applying the Gatti optimum Iter [153] durin g reconstruction. This method
will be discussed in more detail in Section 8.1. It should be ated that the DPSA board is
optimized for events in the neutrino window; events that appear to have an energy greater
than about 1.5 MeV will saturate the board. This is not a big handicap since particles in

the CTF appear (due to quenching) to have energies in the range 400{800 keV.

During recent periods of data taking, apparent uctuations in the DPSA electronics have
made the data di cult to interpret for = discrimination of events in CTF 3. In this case

the tail to total ratio is used as a fallback method of particle identi cation.

The Time Transient Recorder

The Time Transient Recorder (TTR) is an ADC that samples the output of the PMT analog
sum at 200 MHz, and therefore produces 100 data points duringhe 500 ns window. A total

of 200 values are saved in 8-bit format. This measure of the pak shape arriving at the
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PMTs was primarily used for detection of muons in CTF 1, before a dedicated muon veto

system was installed.

The ash ADCs

The ash ADCs make up a separate data acquisition subsystem Wwich was installed during
the CTF 2 runs. Their output is not stored into the standard ra w data les, but is separated
out into a dierent le. The purpose of the ash ADCs is to dete rmine accurately the
energies of events of 1 MeV or more, which saturate at least @nof the main set of ADC
channels. This is important in observing, for instance, sugrnova neutrinos. The CTF ash
ADCs, described in detail in references [154] and [155] (bbtin French), are prototypes for

those installed in Borexino.

6.3 File structure of events

It is necessary to save the data from each event in the CTF intoa format easily parsed by
computer. For several reasons, two di erent formats are usd to represent event data: a
\raw" format, and a \reconstructed" format. The raw format i s intended for quick writing

by the data acquisition computer programs, with minimal processing, so it consists of binary
data organized byte-by-byte into simple data structures. The reconstructed format has a
more hierarchical structure that can be browsed easily by usrs of the ROOT data analysis
software [102]. More importantly, the basic data stored in the raw event (charge detected
on ADC channels; time of PMT hits from TDC channels) is converted into information

about the position of the event, whether it was more like an or particle, and so on,
before being stored as a reconstructed event. This permitsery high-level analysis. The
process of converting an event from a raw format to a reconstrcted format is of course

called \reconstruction."
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For practical reasons, CTF data acquisition is run for a few hours to days at a time. All
the events acquired during this time period, or \run," are saved in raw format into a single
le. Each le consisting of raw events also contains some heder information describing the

calibration of the ADC and TDC channels.

6.3.1 Note on di erent numerical formats used

Di erent computers store numerical data in di erent format s. The CTF raw data is acquired
by a VAX, while reconstruction programs are typically run under the GNU/Linux and
Microsoft Windows operating systems on Intel-compatible pocessors, or under the Mac
OS X operating system on IBM's PowerPC processor. Thereforat is important to be

aware of the formats used for numerical data, and how to conuwd between them.

32-bit integers may be broken up into four bytes of eight bits exch. For simplicity, we con-
sider only unsigned integers. These bytes may be stored in mgory in either \little-endian”
format, which has the least signi cant byte (LSB) coming rs t, or \big-endian" format, with
the LSB coming last. (This speci cation of byte order generdizes to 16-bit and 64-bit in-
tegers as well.) The 32-bit integer with hexadecimal represstation 6789ABCD 15 would be
represented in little-endian format as CD;g AB 16896 6716. In big-endian format, it would
instead be represented in memory as 6¢89%sAB 15 CD16. Intel-compatible processors and
the VAX use little-endian format, while PowerPC processors se big-endian. Big-endian is
also the default format used by computers sending data over aetwork. Converting between
the two formats requires reversing the order of all the bytes Formats with the bytes in an
order other than these two are called \middle-endian," and are generally obsolete for use

with integers.

Things become more complicated when considering oating-pimt numbers. A oating-point
number such as 5:3 10 8 can be decomposed into three parts: a sign (), an exponent

( 8), and a mantissa (5.3). In standard form, the mantissa is inthe interval [1;10). Of
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course, computers use binary instead of decimal. For 32-bit oating-point numbers, one
bit is used to represent the sign of the number (0) positive, 1) negative); eight bits for
the exponent; and 23 bits for the mantissa. There are two comlications. First, a binary
mantissa in standard form will always begin with the digit 1 (since it is between 1 and
10, = 2). The computer representation of the mantissa thereforeomits this redundant digit
for 24 bits of precision. Second, to avoid a negative value dhe exponent, it is stored with
some \bias": the computer representation of the exponent isgiven by the bias plus the real

value of the exponent,Egiored = Epias + Etrue -

To summarize all this, let a 32-bit oating point number have sign bit s, stored exponent
E = Epias + Ewue, and mantissaM (where 1 M < 2). Let the bits of E be ejey:::eg
(with e; being the most-signi cant bit and eg the least). Let the binary representation of
the mantissa be Imym.,::: m»3. Then the number may be represented in big-endian format

as

(17 25 M0 peiey fsMy;iiMy Mgie; Mg Mo Mag:

byte 1 byte 2 byte 3 byte 4

In little-endian format, the order of the bytes is reversed. The VAX instead uses a middle-
endian format: big-endian bytes labeled 1,2,3,4 above are eanged in the order 2,1,4,3.
Furthermore, the bias of the exponent on most systems isEi,s = 127, conforming to
the IEEE 754 standard [156], while on the VAX it is 129. Hence b convert a oating-
point number from VAX format to a standard little-endian or bi g-endian format, one must
re-order the bytes appropriately, followed by subtracting one from big-endian byte 1 (little-
endian byte 4) considered as an unsigned 8-bit integer (in orelr to decrease the exponent by
two, since e; is the two's digit of E). Additional complications occur for numbers near the
extremes of the range of 32-bit oating point numbers, but these need not be considered
for the reasonably sized values stored in CTF data les. The mmber zero is stored as a bit

pattern consisting entirely of zeros in all cases.
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6.3.2 Structure of raw data les

As shown in Table 6.2, a CTF 2 or CTF 3 raw data le consists of a Z6-byte header, a
set of three ADC calibration tables, a set of three TDC calibration tables, an unspeci ed
number of raw events, and nally a run footer. Each of these dda structures begins with
a 32-bit magic number which can be used as a consistency checklhe individual data
structures are summarized in tables below. In all of the folbwing tables in the \Type"
columns, 16-bit unsigned integers are abbreviated as \ul6"an array of 15 8-bit unsigned
integers is abbreviated as \u8[15]"; etc. All integer data ae stored in the raw data les in

little-endian format. Floating point data are stored in the V AX 32-bit format.

A breakdown of the contents of each data structure is given inTables 6.3{6.7. Only the
raw event data structure will be described in detail; otherswill be mentioned in passing or
are self-explanatory. A raw event in CTF 2 and 3 consists of a nmber of di erent elds,

listed in Table 6.7. (In CTF 1, a slightly di erent event stru cture was used which will not

be described here.) Those that are important for reconstrution are as follows.

Magic number: a 32-bit unsigned integer, used to make sure that the data le § not
corrupt at this point. For the event data structure, this num ber must be 16776960

(in hexadecimal, FFFFOOg).

TDC raw channel data: 64 16-bit unsigned integers. Each integer is the raw value ac-
qguired by the TDC channel during the event. These values arern units of 0.05ns. To
make the channels comparable, each raw valu& must be converted according to the
formula t = (0:05ns)(T  Tp). Here, t is in nanoseconds andly is an o set specic
to each channel, typically about 700 (corresponding to 35ns Values of Ty are read
from the TDC calibration table for the group appropriate to t he event. (In principle
this is also the case for the conversion factor, but it is alwgs equal to 0.05ns.) A
TDC that receives no signal during the 500 ns-long window afte the beginning of an

event outputs a raw value around 2700 or greater.
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Start Size Type Purpose
[bytes] [bytes]
0 276 Run header Data about the run

276 1640 ADC calibration table Group 1 ADC calibration
1916 1640 ADC calibration table Group 2 ADC calibration
3556 1640 ADC calibration table Muon veto ADC calibration
5196 1032 TDC calibration table Group 1 TDC calibration
6228 1032 TDC calibration table Group 2 TDC calibration
7260 1032 TDC calibration table Muon veto TDC calibration
8292 1002 Event Raw event data

1002 Event Raw event data

28 Run footer

Data about the run elapsed time

Table 6.2: Organization of data within a raw CTF 2 or CTF 3 data le.

Start Size Type Purpose
[bytes] [bytes]
0 4 u32 Magic number for consistency check: 16776961
4 8 u64  Run start time (units in 10 ’s)
12 4 u32 Run number
16 4 u32 Run trigger
20 128 string Run comments
148 128 string Run shifters
Table 6.3: Organization of data within a run header.
Start Size Type Purpose
[bytes] [bytes]
0 4 u32  Magic number for consistency check: 16776962
4 8 u64 Run end time (units in 10 7s)
12 8 u64 Duration of run (units in (1/256) 10 6s)
20 8 u6b4d Live time of run (units in (1/256) 10 ®s)

262

Table 6.4: Organization of data within a run footer. Startin g positions are relative to the
beginning of the data structure, not the le.
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Start Size Type Purpose
[bytes] [bytes]

0 4 u32 Magic number for consistency check: 16776965
4 4 u32 Calibration run number (usually not updated)
8 400 o0at[100] Per-channel ADC o sets from zero, Qg

408 4 oat ADC 3048 o set

412 4 oat ADC 3032 o set

416 4 oat ADC 3016 o set

420 4 oat ADC 3000 o set

424 400 oat[100] Per-channel ADC single photoelectron peakQpe
824 400 o0at[100] Per-channel ADC o set deviations

1224 4 oat ADC 3048 o set deviation
1228 4 oat ADC 3032 o set deviation
1232 4 oat ADC 3016 o set deviation
1236 4 oat ADC 3000 o set deviation

1240 400 o0at[100] Per-channel ADC photoelectron peak widtls

Table 6.5: Organization of data within an ADC calibration ta ble. Starting positions are
relative to the beginning of the data structure, not the le.

Start Size Type Purpose
[bytes] [bytes]

0 4 u32 Magic number for consistency check: 16776966
4 4 u32 Calibration run number (usually not updated)
8 256 oat[64] Per-channel TDC relative time zeros, Tg
264 256 oat[64] Per-channel TDC time zero deviations
520 256 oat[64] Per-channel TDC conversions to nanosecondslways 0.05)

776 256 oat[64] Per-channel TDC o set (unused)

Table 6.6: Organization of data within a TDC calibration tab le. Starting positions are
relative to the beginning of the data structure, not the le.
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Start Size Type Purpose
[bytes] [bytes]
0 4 u32 Magic number for consistency check: 16776960
4 128 ul6[64] TDC raw channel data
132 200 ul16[100] ADC raw channel data

332 16 (unused)

348 2 ulé6 ADC 3048

350 4 (unused)

354 2 ulé6 ADC 3032

356 4 (unused)

360 2 ulé6 ADC 3016

362 4 (unused)

366 2 ulé6 ADC 3000

368 2 (unused)

370 2 ulé ADC noise

372 32 ul6[16] Muon veto TDC raw channel data
404 32 ul6[16] Muon veto ADC raw channel data

436 200 u8[200] TTR buer
636 300 ul6[150] DPSA bu er

936 4 u32 Muon ag

940 4 u32 Mult. ag

944 4 u32 Muon coincidence

948 12 (unused)

960 4 u32 Coincidence time, ns (for Group 2 events)

964 12 (unused)

976 8 u64 Event time (units in 10 ’s)

984 4 u32 Event number

988 4 u32 Event status

992 4 u32 Event words

996 4 u32 Run number (should match that in run header)
1000 2 ule6 Event group

Table 6.7: Organization of data within a raw event. Starting positions are relative to the
beginning of the data structure, not the le.
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ADC raw channel data: 100 16-bit unsigned integers. (As there are only 64 Group 2
ADC channels, only 64 of these integers are lled by Group 2 egnts.) Each integer
is the raw value acquired by the ADC channel during the event. To convert to the
number of photoelectronsq seen by that channel, each raw valu&€) must be converted
according to the formulag=(Q Qo)=Qpe. Qo is a channel-speci c o set, and Qpe is
the channel-speci ¢ value for the position of the single phobelectron peak. Typically
the peak Qpe is at a raw ADC value of about 50, with a width of about 30, and the
o set is in the range 20{70. These parameters are read from tB ADC calibration
table for the group appropriate to the event. The channels hae the capability to
measure charges only up to about 20 photoelectrons, so a rawDIC value greater

than about 1100 means that the channel was saturated.

ADC 3048{3000: Four 16-bit unsigned integers, separated from each other by Bunused
bits. Each value ADC 30xx is the raw value corresponding to an integral of accumu-
lated charge over all ADC channels from the timexx ns after the beginning of an event
to time 500 + xx ns. These values can be used for discrimination, as described
later in Section 8.1. For Group 1 events, they are stored as siwn in Table 6.7. For
Group 2 events, the values are stored immediately after the ed of the 64 ADC data
channels (so ADC 3048 starts at byte 276 instead of byte 348}his repositioning does
not a ect positions of any other values in the data structure. The same is true of the

corresponding o sets stored in the ADC calibration table (cf. Table 6.5).

Muon veto raw channel data: Analogous to the TDC and ADC channel data for the
inward-pointing photomultiplier tubes, but obtained from t he 16 PMTs in the CTF
muon veto system, pointing upward from the bottom of the water tank (Section 6.1.3).
Only the rst 16 elements in any of the per-channel calibration tables are lled for

muon veto data.

DPSA buer: 150 16-bit unsigned integer values obtained from the DPSA boal; refer

to Section 6.2.4. These are used in an alternate approach te= discrimination.
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Muon ag: A 32-bit unsigned integer. It takes the value one if the muon véo system has

been triggered for this event, and zero if not.

Coincidence time: A 32-bit unsigned integer, only relevant to Group 2 events; the time

(in nanoseconds) elapsed since the corresponding Group 1lext.

Event time: A 64-bit unsigned integer value. This is the time at which the event occurred,
relative to the CTF \time zero" at approximately 20 April 200 0. Units are in tenths

of microseconds.

Event number: A 32-bit unsigned integer that takes on consecutive values,tarting at 1,

for each event in the run.

Run number: A 32-bit unsigned integer value that should match the run humbea occur-

ring in the event header for the same run. This is provided as aonsistency check.

Event group: A 16-bit unsigned integer that should only take the values ongfor a Group 1

event) or two (for a Group 2 event).

6.3.3 Reconstructed events

Reconstruction is the black art of using raw event data from the data acquisition system
to draw conclusions about the true position, time, energy, ad nature of each event that
caused scintillation light in the detector. Though these characteristics are important, it is

not always trivial to determine them from the raw data.

The position and time of an event can in principle be found by gplying a likelihood t

to the observed times output by TDC channels, in the manner decribed in Chapter 5.
The CTF detector presents a large humber of complications foany spatial reconstruction
algorithm, which will be described in the following chapter. Energy of an event may be
determined from the total integrated charge over all PMT ADC channels. The calibration,

of course, must be worked out in advance, for instance by usmthe known energy spectrum
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Name Purpose

run Run number

nevent Event number

group Group 1 or Group 2

coinc Coincidence time (ns) for Group 2 events

Muonag Whether this event was associated with a muon

Time Absolute time of the event, in seconds since the CTF timezero
Timedi Elapsed time in seconds since the previous event

X Reconstructed x position of the event (m)

y Reconstructed y position of the event (m)

z Reconstructedz position of the event (m)

t Reconstructed time of the event (ns), relative to the rst P MT hit
npe Number of photoelectrons

ene Estimated energy, keV

r48_tot Ratio of (pedestal-subtracted) ADC3048 to ADC3000

g.ab Gatti = -discrimination parameter

Table 6.8: Some of the more important values stored for recostructed CTF events. These
are all in 32-bit oating-point format. The endianness is irrelevant since the les are in-
tended to be read with ROOT, which determines it automatically. Note that the names are
case-sensitive.

of 14C decays. And although it is seldom that one can determine exatly what caused a
particular radioactive decay in the scintillator (the exceptions usually involving Group 2
coincidences), it is often possible to decide whether the eitted particle was an  instead

ofa ora ray; methods of particle identi cation will be described in Section 8.1.

A le containing reconstructed CTF events is a ROOT le conta ining a tree of histograms
produced by the reconstruction. An additional object in the tree is calledh777. Inside h777
are arrays of stored oating-point values for each event. Sore of the more important values
are summarized in Table 6.8. These are not set in stone; a neveconstruction program could
store reconstructed data in any format desired; however, peserving backwards compatibility

is usually a good idea.
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Figure 6.8: Geometry of the two-arm design with nylon vesselpne of the three CTF designs
proposed to the National Science Foundation in 1992. PMTs we to be located only at
top and bottom, with all light being re ected into them by a cy lindrical mirror. From
reference [158].

6.4 History of the CTF

The original 1991 CTF proposal [157] suggested a volume of istillator (at the time, still
composed mostly of the trimethylborate, B(OCHj3)3, that was to be used in Borexino)
enclosed in a cube-shaped acrylic vessel 2m on a side. The dgsiwas \six-armed," with
a long support structure extending to each side of the cube, dlding PMTs facing into the
cube. The region outside the vessel and arms was to be lled wh water used as shielding.

Even at the time, this CTF design was quite di erent from the p roposed Borexino geometry.
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The 1992 CTF proposal submitted by Princeton University to the National Science Foun-
dation [158] contained three suggested designs. Two of thesvere \two-armed," featuring
a 1 m radius vessel supported only on top and bottom by two supprt structures. The two
designs di ered mainly in that one incorporated a thick-walled acrylic tank to hold the
scintillator, while the other used a thin (500 m) nylon vessel. By this time it was realized
that PMTs would be a large source of radioactive background,so in these designs, they
were moved to the far ends of the arms. An inward-facing cylindgical mirror inside the
arms surrounded the vessel and would re ect all scintillation light upwards or downwards

into the PMTSs; see Figure 6.8.

These designs did not permit spatial reconstruction of evehlocations, which was soon
realized to be an important capability for discriminating b etween events due to radioactivity
on the surface of the vessel, and those due to internal sciriiator contamination. As a result,

a third design called the CTF Upgrade, which surrounded a nybn vessel with PMTs on
all sides, was put forward. To keep the PMTs far from the vesskwhile maintaining good
optical coverage, this design incorporated the light concetrators rst developed in [95].

The new proposed design was very similar to the design evendlly used in CTF 1, and

nally resembled a miniature version of the Borexino detector.

6.4.1 CTF 1: The test of feasibility

Installation of the CTF began in 1993. The original CTF 1 vessl was built with a radius
of 1.05m and therefore had a capacity of 4.8/ The hardware is described in detail in
reference [143]. The cylindrical tank and vessel were lledvith water in January 1995, and
scintillator (pseudocumene/PPO solution) was placed in the vessel between February and
April 1995. The scintillator uid remained pseudocumene with PPO until August 1996,
when it was drained and replaced with water. Unlike later CTF incarnations, the CTF 1
had no muon veto system, no shroud to reduce radon di usion, 0 DPSA board for =

discrimination, and only 64 Group 1 ADC electronics channe$. Since all the PMTs on the
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top and bottom ring shared electronics channels, the spatihresolution in the z direction
was poor. CTF 1 was further handicapped by a rapid loss rate oits PMTs due to poor
sealing between the base and glass. As water leaked in, shortrcuits occurred in most

PMTs over the two-year operational period.

In October 1996, the CTF vessel was re lled with a di erent scintillator, the phenyl- o-
xylylethane (PXE) mixture later used in CTF 2; see the next section. Data taking continued
for nine more months, including tests of silica gel column pu cation and lItration [72].

However, the quality of the PXE data was poor due to the limited number of surviving

PMTs (about 30 remained when PXE data-taking began).

Despite its limitations, CTF 1 had a very successful data-takng campaign. The di erent
data-taking periods of CTF 1 are described in reference [12&nd designated alphabetically
as phases \Alpha" through \Sierra." The periods of most interest are phase \Foxtrot,"
Runs 82{99, a 35-day period immediately following the introduction of unpuri ed scintilla-
tor; phase \Lima," Runs 220{229, a 6.4-day period following intillator puri cation with
water extraction and nitrogen stripping; and phase \Oscar,” Runs 290{296, a 22-day pe-
riod following distillation of the scintillator. The main r esults of the detector are discussed

thoroughly in references [80, 128, 138, 149]. They will onlyrie y be summarized here.

The isotope *4C is by far the most troublesome radioimpurity in an organic cintillator at
energies below 200keV. The actual endpoint of its spectrum is 156 keV, but the nite
energy resolution in a detector causes$*C contributions to the radioactive background well
above the endpoint. \Pile-up," the occurrence of two discrete events during a time frame
short enough that they are detected as a single event, also otributes to higher-energy
backgrounds. In CTF 1, the spectral shape of event energiesdiween 60{250keV was
t to a function consisting of the theoretical #C energy spectrum (leaving some uncertain
parameters free) convoluted with the Gaussian energy resotion of the detector. The result
was a ratio of *C to °C atoms of (1:94 0:09) 10 18[149], or (145 0:07) 10 8 grams

14C per gram scintillator. Lowering the concentration of PPO in the scintillator showed
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that the 4C contamination in the 2g/° PPO solute was not a major contributor to that
in the scintillator. It must be emphasized that at the time, t his was the most sensitive
measurement of'*C isotopic abundance ever performed, and it was the rst measrement

ever made of'4C in a petroleum-derived organic material.

Contamination of the scintillator with the 23?Th decay chain was measured by taking advan-
tage of the short mean life of the isotope?’?Po ( = 431ns). The -decay of?12Bi is followed
immediately by -decay of?1?Po; these so-called'?BiPo coincidences are easy to tag. Dur-
ing the 35-day phase \Foxtrot" after the scintillator was loa ded into the detector, the calcu-
lated 2%2Th contamination, assuming secular equilibrium, was 4445 10 6 grams thorium
per gram of scintillator [138]. During phase \Lima," a 6.4-day period after water extraction
and nitrogen stripping of the scintillator, no candidate ?'°BiPo coincidences were observed,
yielding an upper limit on the 232Th contamination of < 4:1 10 *®g/g at 90% con dence
level [138]. From these data it is not possible to draw conclsions about the e ectiveness of
water extraction as a puri cation method. A third measurement during phase \Oscar," a
22-day period after the scintillator was distilled, yielded 8:0°5$*0 s 10 ®g/g [138]. The
second set of errors in this value are systematics due to a pbtem with the TTR data

acquisition system, used in CTF 1 for muon rejection. Again,not much can be said about

the e ciency of distillation as a puri cation method to remo ve 232Th and daughters.

The radon concentration in the scintillator was measured smilarly by observing 21*BiPo
coincidences; for 214Po is 237 s. For the 35 days of phase \Foxtrot" following introduction
of the scintillator, the detector was left alone so that the newly introduced radon would decay
away. A decaying exponential plus constant term was t to the internal 2!4BiPo coincidence
rate as a function of time. Phase \Foxtrot" was the only period in which the scintillator
was left undisturbed long enough to observe a constant compent of the coincidence rate;
the constant term was found to be 15 0:6 counts/day [138]. (The decay time, if left a
free parameter of the t, was consistent with the 222Rn mean life of 5.516 days.) Provided
that the assumption of secular equilibrium in the 238U decay chain held, this number would

correspond to (35 1:3) 10 16g/g of 238U contamination [138].
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However, let us suppose this constant term of the?X*BiPo event rate is due not to 238U
in the scintillator, but solely to radon di usion from the ex ternal water bu er through the
CTF vessel nylon Im (d =500 m). From Equation (4.30) and the values in Tables 4.12
and 4.13, this supposition implies a radon concentration inthe external water of 25
10 mBg/m?3, consistent with the known value. We conclude from this anaysis that the 238U
contamination in the scintillator of (3:5 1:3) 10 ®g/g given above is only an upper

limit.

On the other hand, suppose that the event rate is due only to rdon emanation from the
nylon Im. Using Equation (4.37) and the di usion length for wet nylon in Table 4.12, we
determine an implied 222Rn production rate in the C38F Im of only 6 :7 2:7mBg/m 3,
signi cantly less than the value of 18.2 mBg/m?3 measured for Sniamid Im. This low a
production rate of radon in C38F is a bit di cult to believe. T he fact that there does not
seem to be room in the extrapolated®*BiPo constant rate for a realistic radon emanation
from the nylon Im (let alone both emanation from Im and diu sion from outside) suggests
that the assumption of complete mixing in the scintillator i s overly pessimistic. The same
conclusion may be drawn from Figure 6.14 of reference [12] iwhich a similar analysis was

performed.

Some interesting results were also obtained from studies dhe CTF 1 singles event spec-
trum. A histogram of the event rate as a function of distance fom the center of the vessel
proved enlightening. This histogram was assumed to be madepuof three components: a
constant internal distribution with an r? dependence convoluted with a Gaussian repre-
senting the detector spatial resolution; a Gaussian aroundhe vessel surface to represent
impurities in the CTF nylon vessel; and a distribution obtai ned by ooding the external

water bu er with radon, yielding mostly external rays. To a rst approximation, these

correspond to the functions f4(r) shown in the respective bottom halves of Figures 5.4,

5.5, and 5.7. After the scintillator was distilled (phase \Oscar")!, tting the actual event

1The results for the earlier phase \Lima" immediately following water —extraction on the scintillator
were roughly consistent with phase \Oscar" [128], but with much poorer s tatistics due to the shorter data
acquisition time, 6.4 days versus 22 days.
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distribution for events in the neutrino window to the sum of t he three components gave

21 47 counts/day (consistent with zero) for internal events;
170 60 counts/day for surface events;

2050 100 counts/day for external events [138].

This result was in one way encouraging, since the internal bekground before the distillation
was 470 90 counts/day [138]. On the other hand, it underscored the inportance of keeping

any possible sources of rays as far from the scintillator volume as possible.

The CTF 1 was decommissioned in July 1997. In terms of demongaiting the feasibility of
Borexino, which requires scintillator contaminations on the order of a few times 106 g/g
of U and Th or less, it was a great success. Furthermore, manyfdhe observed de ciencies
in the CTF 1 design led the way to improvements in future CTF campaigns and in Borex-
ino, of which a dedicated muon veto system and a second nylondsrier (the CTF shroud
and Borexino Outer Vessel) to minimize radon di usion and exernal rays are only two

examples.

6.4.2 CTF 2: Tests with a new scintillator

The upgrade to CTF 2, as mentioned already, was a major improement to much of the
detector hardware and data acquisition electronics. A new glon vessel was installed, as
well as a second thinner vessel, the \shroud," surroundingtito act as a radon barrier.
The CTF 2 campaign started inauspiciously: in December 1999the new vessel, after being
kept in a dry nitrogen atmosphere for several months, cracke in two places. Both cracks
were about 4cm long, and a third leak developed in the south plar cap [151]. The leak
was sealed, and the two cracks were xed by sandwiching them étween nylon plates. As
discussed in Chapter 4, the two cracks most probably develogd due to brittle failure of

nylon Im along creases; the vessel thickness of 500m was signi cantly greater than the
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Figure 6.9: The absorption and emission spectra of PXE (left, pTP and bis-MSB (right).
In part () at left, the absorption spectrum of PXE is curve 1 and the emission spectrum
is curve 2. In part (b) at right, absorption spectra are shown as solid lines and emission
spectra as dashed lines; curves labeled 1 are for pTP and thedabeled 2 are for bis-MSB.
Taken from reference [73]. Compare with the PC/PPO spectra ad the PMT quantum
e ciency as functions of wavelength in Figure 3.2.

critical thickness of about 350 m found for dry C38F nylon in Section 4.3.5. The lesson
was learned, and CTF and Borexino nylon vessels were alwaysgt under moist conditions

afterwards.

CTF 2 scintillator

The scintillator used in the last several months of the CTF 1 @ampaign, and throughout the
CTF 2 tests, was primarily phenyl-o-xylylethane (PXE), a hydrocarbon with two benzene
rings:

CHs;

|
CH CHg

CHs

The bridge carbon between the rings, having four di erent groups attached to it, is chiral;

therefore PXE has two di erent enantiomers|forms which are non-superimposable mirror
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images. The PXE used in CTF, according to the manufacturer (Koch Chemical Company),
was produced using a reaction scheme not favoring either eniomer, so it was presumably
a racemic (50%/50%) mixture of the two [159, 160]. But no test were performed to con rm

this [160].

PXE was under consideration as a candidate for the Borexino a@ntillator uid partially
because its high density of 0.988 g/crh meant that water could conceivably be used as a
bu er uid with little stress on the nylon vessels. (Even so, the density di erence of 1%
might still have been problematic.) However, the mismatch ketween its index of refraction
n = 1:565 and that of water (1.333) would have caused di culties for spatial reconstruction

algorithms in Borexino similar to those seen in CTF and descibed in Chapter 7.

A two- uor system was used to shift the peak wavelength of PXE <intillation light from

290nm to 430nm in order to avoid absorption bands due to optial impurities at 360 and
380nm [73]. At 430nm, the PMT quantum e ciency is still about 80% of its peak value;
cf. Figure 3.2. The primary uor was 1,4-diphenylbenzene, also kown as para-terphenyl
(pTP), in a concentration of 2.0g/°. The secondary uor was 1,4-bis-(2-methylstyryl)-
benzene (bis-MSB), in a concentration of 20mg/. Their respective molecular structures

are as follows:

CHs AN

O" X CHs;

The absorption and emission spectra of PXE, pTP, and bis-MSB & shown in Figure 6.9.
Physical properties of these compounds are tabulated in Tale 3.1. More details about the

scintillation properties of the mixture are available in reference [73].
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Figure 6.10: The CTF 2 \column." At left is a vertical cross-section through the CTF 2,

showing the reconstructed positions of?1*Po decays within 10cm of thexz-plane during
Runs 777{789. The spatial reconstruction method used was th standard reconstruction
code developed at Milan. The CTF 2 vessel is represented by #hcircle at center. The color
of each point represents the number of*Po decays in a 5cm 5 cm bin about that point.

The image at right shows a similar cross-section through the gssel equator (thexy-plane).
A vertical column of radon daughter events shows up in both pbts.

CTF 2 chronology and results

Following the repair of the CTF 2 vessel, May 2000 (Runs 706{16) was a period of data
acquisition during which all parts of the detector were lle d with water, mainly to explore
the behavior of the new muon veto system. The CTF vessel was led with PXE scintillator
in four batches of one ton each during June and July (Runs 717{57). From mid-July to
early September 2000 (Runs 758{789), data were acquired in stable mode (no operations)
of the CTF. Finally, a set of calibration measurements (Runs790{810) was made using a
222Rn point source, in order to check the resolution and accurag with which event positions

could be determined. These calibrations will be describedurther in Section 7.7.

The isotopic abundance oft4C in the CTF 2 scintillator was reported as the ratio 4C/1°C =

(9:1 0:3 0:3) 10 '8[73]. This is equivalent to (6:9 0:2 0:2) 10 ° grams of4C
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per gram of scintillator. For comparison, this is roughly v e times the level of'4C observed

in CTF 1.

During two one-week periods of data taking, a total of two canddate 212BiPo coincidences
were observed, corresponding to &%2Th concentration in the scintillator of (4 :0 3:9 0:4)
10 '®g/g. Since this value is, with the errors, consistent with zeo, it may be reported as
an upper limit on thorium of < 1:7 10 °g/g (90% C.L.) [73]. This value is comparable
to that obtained for the CTF 1.

For radon in the scintillator, a measurement of21*BiPo coincidences during the last one-week
period of data taking was reported as 99 Bg/m 2 [73], equivalent to 36 counts/day over the
whole detector. (The rate during the second-to-last week of d&a taking was 37 counts/day,
so it is assumed that the rate of radon decays had reached a cstant value.) However, as
seen in Figure 6.10, most of these events occurred in a narrovertical column centered on
the z-axis of the detector. The source of this column is unknown; itis hypothesized to be

a result of impurities dripping down from the lling tube on t op of the vessel.

When 21*BiPo coincidences reconstructed to be within 60 cm of thez-axis were excluded,
the result was a?*BiPo activity of 23 5 Bag/m 2 [73], equivalent to 83 1:8 counts/day
over the whole detector. This is almost six times the constah ?**BiPo background rate
seen in CTF 1. It is therefore reasonable to suppose that mosof this event rate is due
to the 238U decay chain in secular equilibrium in the scintillator, rather than to radon
from Im emanation or di usion. The calculated concentrati on of 238U in the PXE is then

(1:9 04) 10 ¥g/.

A high rate in the singles events near an energy of 1.4 MeV did ot seem correlated to any
of the heavy isotope decay chains; this was found through Mae Carlo analysis to be a
result of “°K  rays produced in the Vectran ropes holding down the CTF vesse These
ropes were later analyzed and found to have a potassium comé of 45ppm [150]. This
example underscores the importance of the CTF as a testing fality for materials planned

to be used in Borexino.
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6.4.3 CTF 3: Purication and background tests

With the PXE exhibiting disappointing results for radiopur ity, the Borexino collaboration
decided to perform a third campaign with the CTF based again e the original pseudo-
cumene scintillator. For various reasons, it was not possike to fabricate new materials for
use in the vessel; leftover Im from the original CTF 1 vesselwas used for the CTF 3 vessel,
and the same mono lament shing line used in the CTF 1 hold-down ropes was also used
in CTF 3. Additionally, some of the light concentrators needed to be replaced; the plastic
had come into contact with PXE and been damaged. Other than ttese changes, and minor
modi cations to the pipes used for lling the vessel, the hardware and electronics in CTF 3

were almost identical to that used in CTF 2.

The history of the CTF 3 may be divided into several periods. The new vessel was installed
in February 2001, and the detector was lled with water during May. Some test runs were
performed to check the muon veto performance withCerenkov light. The detector was lled
with scintillator, pseudocumene with added PPO in the usual concentration of 1.5g/, in
late November 2001. Several batches of pure pseudocumenerave@dded at di erent times
in order to determine how the amount of 14C present varied from sample to sample. (Each
batch was added after an equal amount of scintillator was dréned, in order to keep the vessel
from becoming overin ated.) The PPO concentration has of cairse been decreased with
each addition. Since Run 2180 (June 3, 2002), the most recertddition of pseudocumene,
the PPO concentration is 1.03 g/ [42], assuming it was not a ected by any of the scintillator

puri cation tests.

A number of purication tests were performed. The scintillator was passed through a
silica gel column at two separate times; rst, in a continuous loop, then in a batch mode.
Water extraction was a second tested method of puri cation, which was performed both
in a continuous loop, and in a \stop-and-go" mode. None of theseamethods attained the
expected improvement factor in radioactive background, aml some actually worsened it.

Methods and results are detailed in reference [67]. Each pied of no activity between these



Chapter 6. The Borexino Counting Test Facility

279

Date Runs Operation comments

2001 Feb CTF 3 vessel installed

2001 May lling with water

2001 Jul 21 2000 begin data taking (water)

2001 Nov 20{28 2040{2046 lling with scintillator

2002 Jan 10{14 2074{2075 add 2nd batch scintillator

2002 Feb 5{6 2092{2093 blank loop

2002 Feb 6{11 2094{2103 silica gel column test continuous ép mode
2002 Mar 20{28 2123{2130 water extraction test continuous dop mode
2002 Apr 24{26 2150{2152 blank loop

2002 Apr 26{28 2153 add 3rd batch scintillator

2002 May 9{23 2162{2173 water extraction test stop-and-go moe

2002 Jun 3 2180 add 4th batch scintillator

2002 Jun 9{20  2184{2187 silica gel column test batch mode

2002 Aug 16 2216 - pseudocumene spill
2003 May 29 2315 - Hall C under sequestration
2004 Sep 1 2444 - construction in Hall C
2005 Mar 17{18 2532{2540 calibration with Rn source

2005 Jun 22 2563 - last data analyzed here
2005 Dec 9 2596 - last data with old scint.
2005 Dec 15 re Il vessel with water

2006 Feb 23 2598+ tests with distilled scint.

Table 6.9: Timetable of the various CTF 3 operations. Adapted from reference [42].

# Run End date # Run End date # Run End date

96 2048 2001 Nov 29 88 2169 2002 May 17 80 2323 2003 Jul 14
95 2064 2001 Dec 22 87 2219 2002 Aug 26 79 2336 2003 Sep 03
94 2092 2002 Feb 05 86 2231 2002 Sep 30 78 2344 2003 Oct 10
93 2112 2002 Mar 02 85 2254 2002 Nov 24 77 2355 2003 Nov 27
92 2128 2002 Mar 27 84 2273 2003 Jan 04 76 2391 2004 Mar 08
91 2141 2002 Apr 09 83 2277 2003 Jan 17 75 2552 2005 May 23
90 2166 2002 May 14 82 2293 2003 Mar 25

89 2170 2002 May 20 81 2319 2003 Jun 15

Table 6.10: Table of the CTF 3 PMT failures
number of operational PMTSs, as determined
equal to each given number. (The number of

. The table lists th e last run during which the
by the Princeton econstruction software, was
working PMTs was nostrictly a monotonically

decreasing function, because occasionally a PMT would seenot to work due to a broken
electronics channel that could be xed.) See also Figure 6.6
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tests and the additions of new scintillator should be analyzd for radioactive background

independently.

The longest period of data taking in a quiescent mode began irdune 2002. Following
a minor spill ( 50°) of pseudocumene into the environment on August 16, 2002, th
detector and the surrounding Hall C were largely shut down fo about two years. As an

unintended side e ect, this forced halt to operations permited observation of the decay of
210pg (= 200 days) in the scintillator and on the vessel. Construction in Hall C began

in September 2004, in order to make the hall leak-tight againsfurther spills, and may be

blamed for an increase in radon background seen since then.oNmajor detector operations
happened after the spill until a position calibration of the detector with a radon source was
performed in March 2005. After the calibration, normal data taking continued. Results of
the calibration will be discussed in Section 7.8, and the rasbactive backgrounds observed
during normal data taking will be discussed in Chapters 8 and9. The last data analyzed in
this work are in Run 2563 (June 2005), and the most recent avééable data are in Run 2596
(December 2005).

As of this writing, the CTF is being used for a series of nal puri cation tests for distillation

of the pseudocumene, following a procedure very similar tohtat which will be used in lling
Borexino. For that reason, on December 16, 2005, the scintitor was drained from the CTF
and replaced with water. Final results of the tests are not curently available. Once the
Borexino detector is lled, the future of the CTF is not clear |it may be used as a facility

to measure impurities in new pseudocumene to be introducedat Borexino, or it may be
reworked into, for instance, a detector for neutrinoless dable beta decay (see Section 1.4.3)

or for dark matter.



