Chapter 8

Internal Contamination in the CTF

As already mentioned in Chapter 6, the main purposes of the Conting Test Facility are
to provide a proof-of-concept for the Borexino experiment, totest materials and cleaning
methods potentially to be used in Borexino, and to ensure tha the radiopurity of the
pseudocumene + PPO scintillator is su cient for Borexino (o r at least, at levels beyond
the sensitivity of the CTF itself). There is one primary source of information for all three
of these goals: the recorded photomultiplier tube hits, wheh are grouped by electronics and
reconstruction algorithms into single events. Each such esnt is presumed to represent the
decay of one radioactive atom in the CTF or the passage of one aon through it. Neutrino-
related events are also in principle observed, but they arempossible to distinguish from the
much more common radioactive background noise. This \backgpund noise," though most

undesirable in Borexino, represents the signal we are intested in studying in the CTF.

The radioisotopes that are most common in CTF are expected tdbe the same as those in
Borexino, since the scintillator to be used in both detectos is the same, and the methods
of construction and puri cation are similar. Speci cally, they fall into the categories of
14C intrinsic to the hydrocarbons of the scintillator; cosmogenic isotopes such as'C and
’Be produced by muons passing through the detector; common dioactive isotopes of noble
gases (speci cally®®Ar, 8Kr and 222Rn) that may be present in the detector's water tank or

nitrogen blanket; the heavy element decay chains originatig with 232Th and 238U; and other
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\miscellaneous" naturally occurring radioactive isotopes such as*°K and 8’Rb. Tables 2.2,

2.3, and 2.4 in Section 2.2 provide more details.

Events in the CTF may also be divided into three categories baed on their positions in
the detector. The reconstructed distributions of these pogtions were discussed earlier, in
Section 5.5. Internal events are those that result from impuities or particulates in the
scintillator itself, from cosmogenic isotopes and neutros produced by cosmic rays in the
scintillator, and from noble gases diusing into the scintillator from outside (this cate-
gory also includes the decay products of?°Rn). Neutrino events would also be considered
internal events if they were feasible to observe. Except péraps for the noble gases, the dis-
tribution of these events would ideally be uniform throughout the CTF scintillator volume.
Due to time and space constraints, only the heavy isotopes othe uranium and thorium
decay chains will be discussed in this chapter in detail. Otler, lighter radioisotopes in the

CTF scintillator will be mentioned brie y at the end.

Surface events, to be discussed in the following chapter, ara result of impurities in the nylon
Im of the CTF vessel, as well as impurities and particulates originally in the scintillator
that eventually adhere to the vessel Im. The distribution o f these events should in principle
be restricted to the vessel surface, idealized as a sphere maidius 1 m. External events, also
discussed in the next chapter, are those produced by radiogiwe decays of isotopes outside
the scintillator, for instance in the water bu er or the PMTs . These events are visible
only because rays produced by them may travel some centimeters, into the eaintillator
volume. The volume of scintillator in CTF is much smaller than in Borexino, so it has a
much smaller volume to surface ratio. Consequently, surfag and external events are much
more prominent in CTF than they will be in Borexino. (This is n ot to say that they will
not be a problem in Borexino, however!) In studying CTF data, we must ensure that our

samples of internal events are not contaminated much by sudce or external events.

For the purposes of this chapter and the next, we will focus manly on the later history of the

CTF 3, after the most recent of the puri cation tests in June 2 002. The largely disappointing
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results of the tests themselves have been re-analyzed and disssedad nauseam[42, 44, 67,
92], and it seems unlikely that many novel things can be said bout them. (An exception to
this policy is made in the case of the?'°Po activity, regarding which some new results will
be presented in Section 8.3.) It is the opinion of the author hat the most interesting part
of the CTF 3 history, or at least the part most amenable to analysis, is that following the
pseudocumene spill of August 2002, after which the virtual Butdown of operations provided

an extensive data acquisition period on undisturbed scintiator.

For all the analyses presented here, an arbitrary cuto dateof June 22, 2005 (Run 2563) was
set. Since CTF data acquisition is ongoing, attempting to keep the present work up-to-date
with the most recent data until the moment of its publication would be a futile attempt at

chasing a moving target.

8.1 Particle identi cation techniques

Particle identi cation, as applicable to radioactive back ground, encompasses a variety of
techniques by which an individual scintillation event may be identi ed with con dence as
being produced by a speci c type of decay. The most importantof these techniques is the use
of coincidence events. Other event parameters may also prale a great deal of information;
for instance, = discrimination, particle energy, and event position. In Borexino, when an
event is positively identi able as a certain radioactive decay, it may be tagged and excluded

from the data set, improving the neutrino signal-to-noise ratio.

Much of the time it may be impossible to say that a particular event is de nitively due to the
decay of a certain isotope. However, it may still be possibléo determine the concentration
of a speci c isotope statistically, using the overall obseved energy spectrum in the CTF, the
= parameters, the spatial distribution of events, and the presence of positively identi able
isotopes in the same radioactive decay chain. In this casehe energy spectrum of the

isotope may be statistically subtracted from the overall erergy spectrum, again improving
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the neutrino signal-to-noise ratio. Unfortunately, in this case, the statistical uncertainties

in the neutrino data set will be greater.

A thorough discussion of particle identication methods in Borexino is available in refer-

ence [68]. This section will focus on particle identi cation in CTF 3.

8.1.1 Event position

The reconstructed position of an event does not directly hgh with particle identi cation.
However, it does identify the most likely source of the radi@ctive contamination. One of
the most interesting uses of the CTF is as a radiopurity testng facility for the materials
intended to be used in Borexino. The component having the mdsstringent radiopurity
requirement is the scintillator. In this chapter, we therefore focus upon contamination
speci ¢ to the scintillator. In order to exclude external and surface events from the data
sample currently of interest, radial cuts can be used|analy sis is only performed on events
whose reconstructed radial coordinate is less than some sealue. (In certain special cases,

other three-dimensional shapes may also be used to de ne cutsn the detector volume.)

An additional known problem with events near the surface of he vessel is that of light loss.
Surface events are empirically observed to su er a reductio in light yield of about 15%
relative to those at the center of the detector; this e ect will be described a bit more in the
next chapter. The cause of this reduction may be optical e et¢s related to the nylon Im
and the di erent indices of refraction at the scintillator- Im-water interface, but it is not
completely understood. The light loss is a fairly strong furction of the radial coordinate,

so it may be neglected (simplifying analysis considerablyby using a radial cut.

Two natural radial cuts are those which exclude events with econstructed radial coordinates
outside 50 cm and 65 cm, respectively. The rst cut represers a volume of % of the total
amount of CTF scintillator, and the second cut represents a sintillator mass of 1000 kg. The

rst is useful in analysis of event samples that may be heaviy contaminated from external
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rays, while the second may be used for samples that are not semssitive (coincidence
analyses, for instance). A look at Figure 5.4 shows that the esolution error for these
volumes (due to assuming that the number of events reconstrcied within these radii is
equal to the true number of events occurring within them) is negligible for a reconstruction

position resolution of 10{15cm.

We must however be careful, due to the fact that CTF 3 events inthe lower hemisphere
seem to be reconstructed lower along the axis than their true positions. To review the
relevant results of Section 7.8,22*Po events in the radon source in run 2534 (nominally on
the z axis at z= 535cm) were reconstructed at an average height of = 621cm, and
in run 2535 (nominally at z = 80:0cm) they were reconstructed atz = 91.2cm. By
linear interpolation, we expect a reconstructed position d z = 50cm to correspond to a
true position of z = 425cm, and 65cm to a true position of 56:1cm. The physical
volume in the CTF to which the 50-cm cut on reconstructed radia coordinates corresponds
is thus squashed vertically by a scale factor of 1.081. The 66m radial cut corresponds to a
physical region squashed by a scale factor of 1.073. All anges that obtain a total number
of events (or a humber of events per unit volume or unit mass) sing a radial cut must
be corrected by multiplying the result with one of these scaé factors. These factors may
also be calculated using the measured'Bi event positions; the results are each smaller by

about 0.5%, a negligible di erence.

8.1.2 Event energy

Many radioactive isotopes have distinctive energy spectra This is especially true for iso-
topes which decay via emission of a monoenergetic particle. But to estimate an event
energy, one rst needs a conversion factor between the totahumber of photoelectrons ob-
served by the PMTs and the actual energy of the radioactive deay. This factor, the \light

yield," is provided by observation of the shape of thel*C energy spectrum in CTF, which

will be described later.
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Decay Species Half-life E E Pred.  Egquenched [keV] e [keV]
chain 1=2 [MeV] [MeV] Q(E) Pred. Obs. Pred.
2%y  %P%Ra  11.4d 5717 0.159 12.87 603 - 65
215Rn  3.96s 6.819 - 11.44 596 - 64
215%pg  1.78ms  7.386 - 10.70 690 - 69
21ipj 2.15m 6.623 - 11.69 567 - 63
232Th  22Rpn  55.6s 6.288 - 12.12 519 - 60
218pg  145ms  6.779 - 11.49 590 - 64
212pj 60.6m 6.051 0.040 12.43 527 - 61
212pg  299ns 8.784 - 8.88 989 - 83
238y  ???Rn  3.82d 5.490 - 13.16 417 410 6 54
218pg  3.05m 6.002 - 1250 480 4836 58
21ipg 164 s 7.687 - 1031 746 751 7 72
210pg  138.4d  5.305 - 13.40 396 395 10 53

Table 8.1: Energy quenching and Gaussian peak widths predied in the CTF 3 and Borex-
ino scintillator for the most important  -decay isotopes in the three heavy-element decay
chains. For?2?Rn and its daughters, the quenched energies actually obseed in the CTF 1
are also listed [128]. For species whose main decay mode indés a ray, the energy of
the is presumed not to be signi cantly quenched. The decay listed for?1?Bi has a 36%
branching ratio; its main decay channel is  emission. Notice that all of these species but
212pg have a quenched energy in the neutrino window, 250{800 keV

As discussed in Section 3.1, the amount of light emitted by tle CTF scintillator following
an decay is \quenched" with respect to an electron or ray interaction of equal energy.
The amount of  particle quenching is a function of the speci c scintillator used and any
impurities in the scintillator (such as oxygen). the original particle energy. The observed
energy of an particle is reduced by the quenching factorQ(E), which is itself a function
of the true energy. An empirical formula for the quenching factor in the Borexino and CTF

scintillators is given by [148, 165]
E .
0:77 MeV'

The observed energy is therEgys = E=Q(E).  quenching factors and observed energies

Q(E) = 20:3 (1:3MeV Y)E = 20:3 (8.1)

for the most important -emitting isotopes in CTF 3 are tabulated in Table 8.1.

Since the CTF has a nite energy resolution, the observed spetrum of an  emitter is not

actually monoenergetic. The energy of an event is determirg as described in Section 6.3.2,
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by the number of photoelectrons that the PMTs of the detector see. For a monoenergetic
event, this value will be a discrete random variable with Posson statistics. When the
number of photoelectrons is reasonably large, its distribtion in an ideal CTF-like detector
would approximate a Gaussian curve whose width is proportinal to the square root of the
mean observed energy, g = kp Eobs. (Equivalently, the energy resolution g=E would be
proportional to 1=p Eobs.) The proportionality constant k would be equal to the square root
of the conversion factor from the number of photoelectrons bserved to the event energy.
For CTF 3, this conversion factor is approximately 3.90 keV/photoelectron in runs with 75
active PMTs (those numbered 2392{2552). We would thereforegpredict that, if CTF were
an ideal detector, k = 1:97 keV*™2,

Of course, CTF is not ideal; for instance, its ADC electronics do not have perfect accu-
racy. Nevertheless, the energy peaks are still empirically observed to be modeled we
by Gaussian functions, as will be seen many times in this chapr. The main e ect is a
broadening of the observed peak widths in the energy spectra. If we suppose that g is
still proportional to P Eobs, an estimate for the real value ofk may be obtained by using the
CTF 3 source run with the source at the center of the vessel, Ra 2539. Selecting only?*Po
events using the method of coincidences, we nd that a histogam of the event photoelectron
yield spectrum (Figure 8.4b) is a Gaussian curve with mean vlue 126 photoelectrons and
= 15:0 photoelectrons. Converting these values into energies th the conversion factor
3.90 keV/photoelectron and solving for k yields k = 2:64 keV}™. The predicted values of

e using this value ofk are also tabulated in Table 8.1.

In the remainder of this dissertation, the quenched energig Eqps of  decays will generally
be treated as if they were the real energies of the decays, arttie subscript \ gps" Will be

dropped.
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8.1.3 = discrimination

It is very useful to be able to tell decays via emission apart from decays, since all
emitters have a quenched energy within the neutrino window,but events due to neutrino
scattering have -like characteristics. Even leaving aside the question of n#rinos, =
discrimination is an important part of particle identi cat ion in the CTF as well. Three
main approaches have been taken to identify radioactive deays in the CTF as or
decays. The simplest is the tail-to-total ratio. The other two methods, the Gatti Iter and

the DPSA skew, both use the values acquired by the DPSA boarddl].

One possible measure of the ability of a parameter to discrinmate between and events

is the factor of merit, de ned as

D q%; (8.2)
where S is the absolute value of the di erence between the mean value of the and
distributions, and . are the standard deviations of the two distributions. When two
distributions are cleanly separated, S is much greater than the width of either, and D is
large. Conversely, if the distributions overlap signi cantly, at least one of them has a width

comparable to the distance between them, s® is small (  3).

One may also think about the problem in terms of the classi cdion e ciency. Suppose

that, for some = discrimination parameter , the mean value of the distribution is
and that of the distribution is (thatis, S= j). Without loss of generality,
assume < . Now consider a xed value o which will be used to classify an event as

either -like or -like depending on whether the event's value for is less than or greater
than g, respectively. The classi cation e ciency ( ) for 'sis the fraction of events

that are correctly classi ed at a given ¢, and likewise for ( o).

As and are both monotonic functions of g, we may think of one variable as a function

of the other, ( ). Naturally, they have some negative correlation; if thereis any overlap
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between the distributions, as  increases, must decrease and vice versa. The better the
= separation is, the greater will be the value of at which = . If one requires a
very pure sample of -like events, for instance neutrino events in Borexino, one @n require

a higher value of (in order to reject more events) at the cost of having a lower value

for (alarger number of -like events are mistakenly rejected).

If we assume that the distributions of for and events are Gaussian with means ;

and standard deviations ; , then the value of g at which = is given by
+
o= — (8.3)

At o= Sq, equal fractions of and events will be classi ed correctly. This fraction,

the value of  (equivalently, ) itself, is given by

14
e — e — S .
(oh= (H=1% 1+erf Py (8.4)

This measure of the e ciency of discrimination has a lower baund of % (for the case of no
separation, where the distributions have the same mean vak), and an upper bound of 1
(when the separation is perfect). We will refer to it hencefath simply as the discrimination

e ciency,

Finally, we may de ne a contamination fraction C. For a given value of g, what is the
fraction of events classi ed as being -like that are really 's? Suppose that the event
sample containsN events andN events. The number of events having > ¢ is
N ( o), and the number of events with > isN [1 ( 0)]- The contamination

fraction is then

N[ (o)
C = : 8.5
COP N o+ N (o) (©5)
In the simpli ed case where = andN = N , we haveC( =1
We now go into more detail in describing the three = discrimination parameters com-

monly used in the CTF: the tail-to-total ratio, Gatti paramete r, and DPSA board skewness

parameter.
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The tail-to-total ratio R32

Recall from Section 3.1.2 that the scintillation light that results from emission of an
particle has a larger slow-decay component. Let the collectk charge during a time period
dt be g(t) dt. Then the tail-to-total ratio R32, de ned as the ratio of the pe destal-subtracted
electronics channels ADC 3032 and ADC 3000, is simply the vake

R
523§Sns q(t) dt .

ons A dt
Because of its larger slow-decay component, an decay will tend to have a greater value of
R32 than a decay. (The parameters R16 and R48 are de ned analogously kun practice
are not as useful. There is an optimum starting time for colleting the \tail* signal that
maximizes the = discrimination e ciency [83].) In the laboratory, the = separation

obtained between?*Bi and 2**Po has a factor of meritD = 4:60 [81] and a discrimination

e ciency = 99:956%. The two distributions are seen in Figure 8.1a to be cledy
separated.
Unfortunately, = separation using this parameter works much better in the laloratory

than in the actual CTF. Consider the events in CTF 3 source run2539 that have an apparent
event energy between 400 and 800 keV. This sample includes thoGroup 1 and Group 2
events in the 222Rn decay chain. However, the extra quenching that resulted fom oxygen
contamination of the source caused decays other than that of 21*Po to appear at energies
lower than 400keV. In practice, therefore, the sample incldes only ?2**Po  decays and
some of the?**Pb and ?1“Bi  decays. For this sample of events, the factor of merit for the
= discrimination using the R32 parameter isD = 1:63. The discrimination e ciency is
= 88:7%. Signi cant overlap between the two distributions is apparent in Figure 8.1b.
As an additional point of comparison, the discrimination e ciency for 214BiPo coincidences

in the Borexino source runs using the tail-to-total ratio is between 84% and 95%, although

! As the Borexino detector was not yet lled with scintillator at the ti  me of these source runs, the source
(consisting of radon gas dissolved in scintillator, enclosed in a small spherical quartz vial) was suspended in
the empty (air- lled) volume of the detector.
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Figure 8.1: = discrimination with the R32 parameter. The top graph (part a) is the
distribution of R32 in the laboratory, and clearly shows the separation between and
events. Taken with slight modi cations from reference [81] The bottom graph (part b) is
the distribution of R32 seen in CTF 3 Run 2539, for events withapparent energies between
400 and 800keV.
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not enough information is provided to determine it precisely [68]. Some reasons for the
poorer performance of= discrimination in the CTF and Borexino detectors as compareal
to the small-scale lab experiments include light scattering lower light collection e ciency,
and the time jitter of multiple PMTs. All of these e ects tend to smear out the pulse
shapes of events, pushing the and pulses closer together withany = discrimination

parameter.

At lower energies, the = separation is poorer. For the events in CTF 3 runs 2300{234%he
main -producing species present i$1°Po (which will be discussed further in Section 8.3).
It has a predicted quenched energy of 396 keV. Using the R32 pameter to perform =
separation on a sample of events with apparent energies in thrange 250{500 keV yields a
factor of merit of only D = 0:95. The discrimination e ciency is only =75:3%. (Some
of this loss of e ciency compared to the Rn source runs is alsadue to the limited volume
of the radon source compared to the much larger radial cut ovewhich %1°Po events were
sampled.) In this region of the energy spectrum, the sum of tie two distributions does not
even exhibit a local minimum or shoulder; only a single peaks visible. Unless an event
has a value of R32 less than 0.25 or greater than 0.4, the R32 pamneter provides little

information in this energy range.

The Gatti parameter

The Gatti parameter is the characteristic value yielded for each event by the Gatti optimum

Iter, a mathematical technique that parametrizes how similar a given function is to one of
two reference functions [153]. In the case of the CTF, the gien function is the set of values
recorded in the DPSA bu er of an event. Recall that the value sored in the n" element
of the DPSA bu er is proportional to the total photoelectron charge yielded by an event
between time zero and timet, =8:3ns n. The DPSA bu er holds 150 values, but as the
width of the charge collection gate is 500 ns, only about 45 ofthese are meaningful. The

remainder may be used as measurements of the pedestal values the DPSA bu er.
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We de ne f, to be the value stored in then" bin of the DPSA bu er, minus the average
P
pedestal value, normalized such that the sum f, is one. The pedestal value is determined

n
from the original contents of the rst 14 bins. The sum is taken only over the bin numbers

fn=0.

The reference functions in question are the averages of the B5A bu er values for events
known to be and decays. That is, the value , is the average (pedestal-subtracted,
normalized) value in the n bin of the DPSA bu er for known  events, and likewise for .
Obtaining a sample of events is easy; one takes advantage of thé*BiPo coincidences and
uses only the rst event in each coincidence. Since the DPSA @iard processes only Group 1
events, though, ?1*Po cannot be used for the sample of events. (A second DPSA board
that processes Group 2 events exists, but ensuring that thewo boards had compatible
calibrations would be di cult.) In this case, one uses the decays produced by?*?’Rn and

218pg in runs with large amounts of radon.

With these quantities de ned, the Gatti parameter G is then

6 = g, (8.6)

It can be shown that the Gatti parameter has the maximum discrimination capability of any
parameter de ned as a linear combination of the valuesf,. Indeed, in the laboratory the
factor of merit for the Gatti parameter is D = 5:08, compared to 4.60 for the tail-to-total
ratio used on the same set of data [81]. The discrimination eciency in the lab is =
99:987% (compared to 99.956%). In the Borexino detector sourceuns, the discrimination
e ciency for 2BiPo coincidences using the Gatti parameter with the Borexno DAQ system

is roughly 95.5% [68].

In the CTF, however, interpreting the Gatti parameter is somewhat di cult. The reason is
that the DPSA electronics seem to exhibit varying time o sets over long time periods. As

the Gatti parameter depends delicately upon the exact time linning of the DPSA board, it
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is hard to consistently analyze sets of data that span a perid of several months. For this

reason, the Gatti parameter was not used in this work.

The DPSA skewness

Fortunately, another = discrimination method is available that uses the DPSA boardbut

is not as sensitive to shifts in the board's time o set. O. Smirnov has suggested the use of the
skewness of the DPSA bu er as a discrimination parameter. Skwness is a measure of the
asymmetry of a peaked function|a function with a larger tail for values less than the mean
has negative skewness, otherwise it has positive skewneskhe skewness is independent of

any shift in the position of the function peak.

To de ne the skewness, the normalized valued, of the DPSA buer for an event are
considered as a probability distribution. (As before, f,, is considered to be zero whem
is outside the useful range of about 15{60). The expectationvalue of the bin number for
this distribution is given by n = P nf,. The second and third central moments of the

n
distribution are obtained as follows:

X
2 = (n n)zfn

X

(n n)’fy,

Finally, the skewness of the distribution is de ned as
L= : (8.7)
When a scatter plot is made of CTF data with event energy on oneaxis and the DPSA

skewness on the other, it can be seen that there exists a sligimegative correlation, ap-

parently linear, between the two parameters for events (Figure 8.2). In order to correct
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Figure 8.2: Scatter plots of the DPSA skewness (top), 1, and the DPSA skewness with
energy correlation removed (bottom), ,, against the apparent event energy for Group 1
events in the CTF 3 source run 2539. The events form a straight line across the tops of

the plots. The lower-energy decays of???Rn and 218Po are at center left. (All
in this run appear to be shifted to lower energies;
contamination in the source vial.) The

events are analyzed by a di erent DPSA board.

events
guenching is increased due to oxygen
decays of?14Po are not shown since Group 2
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Figure 8.3: = discrimination with the parameter ;, the skewness of the DPSA bu er

with energy correlation removed. The graph shows the distiution of ; for CTF 3 runs
2300{2349, for events with apparent energies in the range 28500 keV. The performance
of the = discrimination is not particularly good; here D =1:12 and = 80:3%; but it
is better than that of the R32 parameter in this energy range © = 0:95, = 75:3%).

for it, we de ne a linear combination of the skewness and enagy which has the correlation

empirically removed:

E
+ — -
117 263MeV (8:8)
The distribution of ; for events in the neutrino energy window can then be modeled
(again, determined in a purely empirical way) by a Gaussian vith average value ; = 0:026

and =0:011.

For events with apparent energies in the range 250{500 keV irfCTF 3 runs 2300{2349, the
performance of the = discrimination is not particularly good: D =1:12 and =80:3%
(Figure 8.3). This is, however, still better than the performance of the R32 parameter with
the same set of events@ = 0:95, = 75:3%). Although the , parameter is probably
more e ective at higher energies, this is di cult to test. Th e higher-energy?**Po and ??Po

decays always appear as Group 2 events, which are not analydey the same DPSA

board.
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It is a pleasant surprise that the e ectiveness of = discrimination with the , parameter
does not seem to be a ected by the position of an event. In Run 239, the radon source was
located at the center of the vessel. In Run 2537, the source @anear the top of the vessel,
in contact with the nylon Im. Yet the distributions of the ~ ; parameter for and events
in Runs 2537 and 2539 are nearly identical, with the exceptin that the events in Run 2537
appear to be reduced by about 15% in energy|a well-known phenanenon a ecting surface

events.

8.1.4 Coincidence events

The use of coincidences for particle identi cation has alrady been discussed somewhat in
Chapter 7 in the context of the CTF source runs. The idea is sinple: radioactive isotope A
decays into isotope B, which is itself radioactive and has aery short lifetime. The necessary
condition is that the mean life of isotope B must be much shorer than the average time
between unrelated events of similar energies in the detecto A histogram of the time delays
in these coincidences should look like a decaying exponeati curve whose characteristic
decay time is the mean life of isotope B. Coincidences in the TF are particularly noticeable
because the second decay will be observed by the Group 2 elemtics system if it happens
within 8 ms of the rst event. The principal types of coincide nce of any relevance that are
short enough to have the second event detected by the Group 2extronics in the CTF are

summarized in Table 8.2.

If there exist several unrelated such pairs of isotopes AB, AC etc., then either the ratio
between the half-lives of any of the isotopes B, B etc., must be large (at least several times
e) so that they fall into a clearly separable hierarchy of dec# times, or else the di erent
types of coincidences must be easily distinguishable for ber reasons. The former is the
case with, for instance, the isotopes of polonium in each offte three heavy-element decay
series. The latter is the case for the coincidenc€®Kr ! 85MRp | 85Rb, which has a rst

event energy less than 200keV, much less than the high-energy decays of the isotopes
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Coincidence Progenitor of 2nd event Branching ratio
212gj 1 212pg | 208pp 232Th 431ns 64%
8Kr 1 8MRp ! 85Rb 85Kr 1.46 s 0.43%
214gj 1 2l4pg | 210pp 238y 222Rp 237 s 100%
2Rn 1 2Bpg 1 2llpp 235y 2.57ms 100%
220Rn 1| 216pg | 212pp 232Th 210ms 100%

Table 8.2: The coincidences potentially relevant to the CTF and Borexino, arranged by
increasing mean life . The decay of the rst isotope is immediately followed by the decay
of the second isotope. The branching ratio given is the probhility that each coincidence
will occur in the decay chain of the listed progenitor.

of bismuth. Without this property, this coincidence, with t he metastable 8MRb atom
having a mean life of 1.46 s, would be di cult to distinguish from a 2?BiPo coincidence.
Indeed, when a radial cut is not made, selections of suppose‘-’&Kr coincidences tend to be
highly contaminated by ?1°BiPo coincidences occurring on the vessel surface, for wiidhe

observed energy of the rst event is highly suppressed [44].

By making additional cuts on the energy and relative spatial position of the coincidence
events, one can reduce the odds that a coincidence is not mdyethe result of unrelated
atoms decaying within an accidentally short time frame. If one of the isotopes in the
coincidence emits an particle or (in the case of®™Rb | 8Rb) a monoenergetic ray,
an energy cut can exclude accidental coincidences in the wng energy range. A histogram
of the distances | x1 Xpj between reconstructed spatial positionsx., of the two events
should be proportional to s? e 2%’ where P "2+ Zand 1, are the resolutions of the
position reconstruction for each event? The probability that a coincidence will be observed
with a distance between reconstructed event positions of grater than 60 cm is small, on the

order of a few percent.

2The reason for this is that each of x; and x» has Gaussian components with respective widths 1.2,
assuming isotropic uncertair&ties. Hence the dierence vector s xi1 X2 has components with Gaussian
distribution and width = 2+ 2. By assumption, the mean values of corresponding components ofx;
and x, are equal, so the mean of each component of is zero. The volume element in radial coordinates

52
is 4 s 2ds, yielding a distribution for s of 4s2=(2 ?)%2e 2 Z. We see that the s? is therefore a purely
geometric factor.
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Figure 8.4: Histograms of the photoelectron yield for?1*BiPo coincidences in Run 2539, one
of the CTF 3 source runs. The?Bi energy (part a) is shown at left. The + spectrum of
214Bj is complex and is not suitable for making energy cuts; herevents with fewer than 100
photoelectrons have been excluded in order to reduce the pbability of accepting accidental
coincidences. On the right (part b) is shown the observed*Po energy spectrum. As a
monoenergetic emitter, 21Po has a Gaussian spectrum when observed in a detector with
nite energy resolution. (This spectrum is quenched by the presence of oxygen to a lower
energy than would normally be observed in the detector.)

Figure 8.5: Histograms of (part a) the coincidence time, at &ft, and (part b) the apparent
event separation, at right, for 21“BiPo coincidences in Run 2539. Both graphs are logarith-
mic. The t shown at left is to a decaying exponential plus a constant term, and the t

2

shown at right is to the function As?e 27, Fit parameters are given in the main text.
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As an illustration of the method of coincidences, Figures & and 8.5 show histograms of the
event energies, coincidence time, and apparent position paration for 2**BiPo coincidences
in one of the CTF 3 source runs, Run 2539. These events were seted using the same cuts
described in Section 7.8. The coincidence time histogram veat to the function Ae © + B

with A, B, and varying freely; the results were

A =323 6;
B= 42 009;

=251 6 s (compare to the known value of 237 s).

The negative value obtained forB is a bit surprising (the existence of background should
yield a positive result); it may simply be due to a statistical de cit of events in the last
few bins of the histogram. It does not a ect the general resuls that the observed mean life

matches the expected value, and that the ratioB=A is small.

The position separation histogram was t to the function AsZe zizf with A and varying
freely. The result is that = 17:7 0:1cm. Recalling the values of 1., for Run 2539
(Table 7.10), 1 11.9cm and » 13.0cm. (Since the uncertainties are not exactly
isotropic, these values were calculated as the arithmetic man of the values for each axis.)
Thus, we would have predicted a of 17:6cm, a nice agreement. The histogram diverges
slightly from the t function when s> 50cm or so. This results from the ray component
of the 214Bi events, which yields non-Gaussian tails in the position reonstruction; refer
to Section 7.7.5. In any case, the number of coincidences wits > 60cm is 286, which is
only 3.9% of the total (7302). That is, a cut requiring s < 60cm on the apparent spatial
separations of coincidences will have an e ciency of 96.1%dr inclusion of 21*BiPo events.
This is actually a conservative estimate. Events in the souce runs are quenched by the
presence of oxygen, which reduces the number of observed fhelectrons and increases the

uncertainties in position.
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8.2 Heavy element decay chain coincidences

It is possible to obtain a measurement of the presence in CTF 3f isotopes in each of the
three naturally occurring heavy-element decay chains. The?3®U, 23°U, and 232Th decay
chains each include one isotope with a very short half-life (@e Table 8.2), so the presence of
each chain can be observed using the method of coincidencdsshould be stressed, though,
that these measurements do not necessarily imply a speci calue for the concentration of
the parent isotope of each chain. When some isotopes have Igrifetimes, it is not safe to
assume that secular equilibrium (the condition in which evey isotope in a chain produces the
same rate of decay events per unit volume) prevails, espediy since puri cation operations

on the scintillator will invariably favor some elements over others.

8.2.1 Measurement of 2?°Rn/ 23U using the 2BiPo coincidence

The predominant coincidence seen in the CTF is the?2*BiPo that occurs in the 238U decay
chain. However, the meaning of the number of these coincidees that are observed is open
to interpretation. The reason is that the decay chain (Figure 2.4a) includes???Rn, a noble
gas with a long half-life (3.82 days) and a high mobility. As a result, radon atoms present in
the water of the CTF external tank (A 30mBg/m3 [63]) may di use through the nylon
shroud and vessel Im to decay inside the CTF vessel. In addibn, 22°Ra atoms embedded
in the vessel Im produce radon upon their decay (emanation) which similarly may travel
into the scintillator. These e ects were discussed earlielin Section 4.4; they guarantee that
secular equilibrium higher in the decay chain than???Rn cannot be assumed. There is no
coincidence to take advantage of higher in the chain, so it igdicult to tell how much
238y is present; we may only safely infer the presence d°Ra somewhere in or near the
scintillator. On the other hand, the half-life of each isotope between???Rn and 2**Po is less
than half an hour; hence, secular equilibrium between radorand the 214BjPo coincidences

is guaranteed.
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One-ton data sample

In order to measure the rate of?1*BiPo coincidences, the following cuts are made in software
on the data. (Because of the energy quenching caused by oxygé the CTF 3 radon source,
the cuts below are not identical to those made for the CTF 3 souce runs in Section 8.1.4.)
Each cut is listed together with the e ciency  with which the cut will accept true 2“BiPo

coincidences. The total combined e ciency of these cuts is 3.5%:

The coincidence must consist of a Group 1 event and its corr@®nding Group 2 event.
( 100%)

Neither event may be agged by the muon veto system. ( = 99% [146])

The energy of the candidate?'*Bi ( rst) event must be greater than 200 keV (to avoid

accidental coincidences triggered by the high rate of*C events) and less than 3.5 MeV.
By integration of this cut over the 21*Bi energy spectrum convolved with a Gaussian
resolution function having g (E) = (2 :64 keV}™) P E, may be estimated at 99.4%.
(A graph of the ?1Bi theoretical spectrum, albeit convoluted with the CTF 2 energy

resolution function instead, is shown in Figure 7.18a.)

The observed energy of the candidate?**Po (second) event must be in the range
300{1200 keV. ( 100%)

The = discrimination parameter ; must be greater than 0:01 for the rst event

( 100%). The utility of this cut can be seen in Figure 8.3.

With 21*Po having a mean life of 237 s, only coincidences with a time delay between
the two events in the range 20{500 s are accepted ( = 79:8%). The lower cut is
made in order to avoid accepting events from shorter coincidnces such as thé'?BiPo
in the thorium chain (discussed in the next section). The higher cut excludes as many
accidental coincidences as possible without cutting too deply into the set of 21“BiPo

coincidences.



Chapter 8. Internal Contamination in the CTF 365

Runs Dates Live time Tagged Rate 238 conc.
[days] coincidences [ev/day/ton] [10 © g/g]

2300{2346 03/04/12{03/10/20 93.86 32 0.48 0.09 45 0.8
2350{2399 03/10/31{04/04/02 103.07 18 0.25 0.06 2.3 05
2400{2447 04/04/03{04/09/08 110.36 31 0.40 0.07 3.7 0.7
2450{2499 04/09/08{04/12/09 70.84 34 0.68 0.12 64 1.1
2500{2531 04/12/10{05/03/13 55.42 34 0.87 0.15 81 14
2541{2563 05/03/18{05/06/22 40.47 48 1.69 024 157 2.3
2300{2563 03/04/12{05/06/22 474.03 197 0.59 0.04 55 04

Table 8.3: The 21*BiPo coincidence rate in several sets of CTF 3 runs. Dates argiven in
yy/mm/dd format. The number of coincidences listed is the actual number observed; the
rest of the columns are corrected for the cut e ciencies and he 65-cm radial cut scale factor.
The last column lists the 238U contamination that would be implied by the assumption of
secular equilibrium. Since in fact radon is able to enter thedetector by di usion through
nylon, this is not a real value of the 233U contamination, only an absolute upper limit.

The spatial distance jx1 X3»j between the reconstructed positions of the two events
must be less than 60 cm, again in order to exclude accidentaloincidences. From the

results of Section 8.1.4, =96:1%.

One more cut is made for the data analysis: the radial coordiate of the average position of
the two events, rayg = X1+ Xzj, is required to be less than 65cm. An average position
was used as input for the cut, rather than the position of onlyone of the two events, in order
to improve the coincidence position estimates’ This corresponds to one ton of scintillator.
Together with the scale factor calculated for a 65-cm radial at in Section 8.1.1, the overall
e ciency of the analysis is 70.3%. The number of?“BiPo coincidences observed must be
divided by this value to obtain an estimate of the true number. As the number of surface
events mis-reconstructed to lie within a 60-cm radial cut was peviously seen (in Section 7.8)
to be less than 0.05% of the total surface rate, we expect ndgible contamination in the

data sample from surface events, particularly because of # numerous other cuts.

3statistically speaking, the best position estimate would be a linear c ombination of the two positions,

weighted according to the expected values of the reconstruction for each type of event and energy. In

practice, weighting each event with a factor of % instead appears to make essentially no di erence.
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Figure 8.6: Energy spectrum of the 197 candidaté!*BiPo events. At left (part a), the rst
event energy; at right (part b), the second event energy. Thet shown is to a Gaussian
with mean value 770keV and =67 keV.

Figure 8.7: At left (part a), the coincidence times of the 197 candidate 21*BiPo events.
The t shown is to a decaying exponential plus constant term, which here is negative. The
e-folding time of the tis xed to the 2?%Po mean life. The leftmost bin of the histogram
is empty due to the exclusion of candidate events witht < 20 s. At right (part b) is
shown a histogram of the distances between reconstructed positions of the event pairs.
The histogram goes to zero ats = 0 due to a geometric factor of s? in front of the expected
Gaussian distribution. Refer to the discussion in Section 8L.4.
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In Table 8.3, we present the results of the analysis for sevat sets of CTF 3 runs, grouped
into periods of 50{100 days live time each. A total of 197 candate coincidences were
found over 474 days of live time. It can be seen that the eventate (corrected for the
cut e ciencies and the 65-cm radial cut scale factor) reachesa minimum in the period of
Runs 2350{2399 of @5 0:06 events per day per ton. This minimum may be a statistical
uke (it is consistent within 3  with the surrounding two periods). However, the increase
in event rate seen starting with Run 2450 is clearly not a staistical accident. It appears
to correspond with construction work in Hall C of LNGS that commenced on September 1,
2004. The even greater rate observed for Runs 2541{2563 isn@ps due to a bit of radon

contamination entering the vessel during the CTF 3 source rus, Runs 2532{2540.

The lowest event rate observed puts an upper limit on?38U contamination of less than
2:3 10 16 grams per gram of scintillator. This rate is consistent with previously reported
238 concentration equivalents of (35 0:7) 10 %g/g[44] and (2.8 0:2) 10 g/g[42].
Recall for comparison that the value reported for CTF 1 was (35 1:3) 10 ®g/g [138].
These are most likely all upper limits. It is hard to tell what portion of this rate is due to
uranium in the scintillator in secular equilibrium with its decay products, to radon di using
at a constant rate through the nylon vessel from water in the eternal tank, and to radon

produced at a constant rate by the decay of radium atoms embeded in the nylon Im, end

caps and pipes. And even if the radon production were neglitie, strictly speaking these

results would still only directly give the concentration of 2?°Ra, not that of 238U itself.

The peak of the energy spectrum of the 1971*Po events found in Runs 2300{2563 can be
used as a check on the accuracy with which the quenching function is known. This peak
is shown in Figure 8.6b. Fitting it to a Gaussian curve yieldsa mean value of 770 5keV,
with =67 5keV. This is a slightly higher energy than expected (compag to 751 keV, a
2.5% di erence), and the peak is slightly narrower than the prediction (72 keV). The reason
for these discrepancies may result from the radial cut at 65m; the quenching formula (8.1)
was derived from data with no radial cut, some of which therebre exhibited the light loss

seen near the vessel surface.
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The spatial distribution of the 21*Po events was observed, but the number of events was too
small to say anything meaningful about the presence or absae of non-uniform features

within the central 65-cm radius volume of scintillator.

Expected level of data contamination

This discussion would be incomplete without investigating possible background in the
214BjPo sample. To estimate it, the numbers of singles eventsthat pass the 21*Bi and

214pg cuts, separately, were determined. The singles events ithe sample were required to
have a reconstructed radial position of less than 72 cm (thiss the maximum possible radial
position of an event in a 2*BiPo coincidence that passes the two cut§x; X»j < 60cm
and Bjx1 + X, < 65cm). The number of possible pairs of them that meet both sptal

cuts is 30.9% of the total number of possible pairs (a purely gometric factor based on the

assumption of a uniform spatial distribution of singles events).

From this sample of singles events, the number that passed kthe 24Bi-speci ¢ cuts in
Runs 2300{2563 was $0 10* and the number that passed all?'*Po-specic cuts was
2:08 10" (a total of 1:72 10* passed both sets of cuts). The live time during which
a singles event passing thé'*Po cuts would be mistakenly accepted as &*Po event|
occurring between 20 and 500s after a 21*Bi-like singles eventjwas 17.3s. The total live
time of these runs was 474.03 days. Therefore, consideringsa the geometric factor, the
expected number of accidental coincidences in the total dat sample is 27 10 3. In other

words, the probability that the data sample includes an accidental coincidence is one in 370.

The histogram of coincidence delay times for all 197 candida 2**BiPo coincidences in Runs
2300{2563 is shown in Figure 8.7a. A t of this histogram to a decaying exponential plus
constant term, Ae ¥ + B, with  xed to the mean life of 2**Po, yields a constant term

of B= 0:034 0:041 s ! Atthe 2 level, this corresponds to fewer than 23 background

events (12% contamination) in the sample. Because of the calilations above, it is believed

“Recall that singles events are those Group 1 events that have no correponding Group 2 event.
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that the true background is much lower still; nevertheless,an error of this magnitude is
small compared to the overall statistical uncertainties in Table 8.3 due to the small sample

size.

As an additional check, the number of coincidence event pag which passed all cuts except
the time cut was observed. Instead of the standarc?**BiPo time cut, the cut used for this
check was that of a coincidence delay time between 3 and 8 mshere essentially no***BiPo
coincidences should fall. The total number of coincidence&lling into this \random cut”
time window was only two. The resulting estimated data contamination in the 214BiPo time
window, after multiplying by the ratio of time window sizes ( 0.48 ms/5 ms), was 0.19 events,

again highly consistent with zero.

8.2.2 Measurement of 2*2Th using the 2!?BiPo coincidence

The decay scheme 0f32Th is shown in Figure 2.4b. The detection 0f?32Th using the 2*?BiPo

coincidence is in principle similar to the use of the?!*BiPo coincidence just described. The
mean life of 22?Po (431ns) is much shorter than that of 2'Po, so contamination of the
212BjPo sample by accidental coincidences is even less of a wgrr However, we will see
below that the 22*BiPo coincidences themselves may contaminate thé'?BiPo data to some

extent.

For this measurement we use some of the same cuts on the datarsple as before. In
particular, the coincidence cut (the requirement of a Group 1 + Group 2 coincidence),
the muon veto cut, and the spatial separation cut are kept. Weassume that the spatial
separation cut now has an e ciency of  98% rather than 96.1% as before, since thé'?Bi
decay does not produce rays. These cuts have a combined e ciency of 97%. The radial
cut, requiring the average position of the two coincidence eents to have a radial coordinate
less than 65cm, is also kept. The cuts that di er from the caseof the 214BiPo coincidences

are as follows:



Chapter 8. Internal Contamination in the CTF 370

The = discrimination cut on the rst event is dropped. Because of the very short
delay between the rst and second event in a??BiPo coincidence, the ADC 3032
and DPSA board electronic channels may still be gathering de&a when light from the

second event arrives, so the resulting parameters R32 and, may not have meaningful

values.

The energy of the rst candidate event is required to be in the range 200{2500 keV.
(The Q value of the 212Bi  decay is 2.246 MeV.) The e ciency of this cut, calculated
by integration over the 2?Bi energy spectrum convolved with a Gaussian resolution

function having g (E) = (2 :64 keV}™) P E,is =94:1%.

The energy of the second candidate event is required to be irhe range 500{1500 keV
(the expected quenched energy of thé?Po  decay is 989keV). ( 100%)

The delay time between the two events is required to be in the ange 100ns{2 s
( =78:4%). Below a 100-ns coincidence time, the e ciency of the Grop 2 trigger

becomes signi cantly less than 100%; see, for instance, Fige 9.10.

The total combined e ciency of all these cuts is 71.6%. In addtion, we must take into
account the vertical scaling factor for the 65-cm radial cut d 1.073 (written as an e ciency,
93.2%) and the fact that the decay of?1?Bi has only a 64% branching ratio (36% of the
time it decays by emission t02%TI). As a result, the nal number of candidate 2°BiPo
coincidences observed must be divided by 42.6% to obtain ansémate of the true number

of 212Bj decays.

We now consider the data contamination expected from stray?**BiPo coincidences with
these cuts. Statistically, the number of?*BiPo coincidences with delay times in the 0.1{2 s
window should be 1.0% of the 197 with delay times in the 20{500 s window. Furthermore,
tightening the high-end energy cut on the rst event of the coincidence from 3.5MeV to
2.5MeV reduces the number of?1*Bi events accepted by a factor of 68.7%. The result

is an expected contamination of 1.4 events. The probabilitythat the sample contains an
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accidental coincidence of two unrelated events, due to thex@remely short time window, is

negligible.

The result of running the analysis on Runs 2300{2563, 474.03lays of live time, was
that a total of nine candidate 2'?BiPo coincidences were observed. The background-
subtracted number of 21BiPo coincidences is then 7.6. Considering the various cutfe
ciencies, scaling factor, and branching ratio, this corresponds to a?'?Bi decay rate of
0:037 0:015 events/day/ton. As in the case of 238U, it is not entirely safe to assume
secular equilibrium. There are several long-lived isotope#n the thorium chain before the
212BjPo coincidence, and strictly speaking, the method yieldsonly the activity of the last
of them. (The radon isotope in the chain, \thoron, " does not break secular equilibrium
in this case, as its half-life is less than one minute.) In any eent, if secular equilibrium is
assumed, the concentration of32Th in the scintillator is then (1 :1 0:4) 10 %g/g. This
value is consistent with the upper limits on thorium contamination reported for CTF 1 [138]

and CTF 2 [73].

Of the nine candidate events, the mean value for the??Po candidate energy was 851 keV,
with a standard deviation of 113 keV. This value is signi cantly di erent (14%) from the
expected quenched energy of 989keV. Part of this dierencesi presumably due to the
accidental inclusion of one or two?*BiPo coincidences, having lower-energy particles, in

the data. However, the statistics are too poor to draw any stiong conclusions.

It should be noted that the thorium decay chain also has a seaand coincidence with a
longer mean delay|the decay of 22°Rn followed by that of ?6Po, which has a 145-ms half-
life. This coincidence has several advantages over th&?BiPo coincidence: both events
are decays, so may be more easily tagged; unlike th&"?BiPo, this double- coincidence
has essentially a 100% branching ratio; and the isotop&?°Rn itself has a half-life of less
than a minute, suggesting the possibility of looking for??*Ra ! 22°Rn | 216pg triple-

coincidences. (See Figure 2.4b for the decay scheme.) Indkehis idea is already being

explored in the CTF 3 data [166]. It is even conceivable that he -decay of the 10.6-hr
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half-life isotope 2*?Pb, which happens between this triple- coincidence and the??BiPo
coincidence, may be tagged through likelihood-based techgues similar to those described
in Section 8.4. If so, a signi cant contributor of background in the neutrino energy window

may be neutralized in Borexino.

8.2.3 Measurement of 23U using the 2°Rn ! 2!Po coincidence

Although 235U has a much lower natural isotopic abundance than its less rdioactive sister
238 it also has a much greater intrinsic activity due to its shorter half-life. Therefore

it is conceivable that the rate of production of 23U daughter nuclei is high enough to be
observable in the CTF. The possibility arises of observing eents in the 23°U decay chain via
the coincidence of the decay 0f?'°Rn followed by the rapid decay of?1°Po ( = 2:57ms).
Indeed, since the mean life of1°Rn is itself only 5.7s, we could even look for a triple-

coincidence similar to that described immediately above fo 232Th. The decay scheme of

235 is shown in Figure 8.8, with more information available in Table 8.4.

For this analysis, we make the following cuts on coincidencevents:

The two events must be a Group 1 + Group 2 pair.
Neither of the events may have a muon veto ag (  100%).

The time di erence between the events must be in the range 1{8ns ( = 63:3%). This
cut has a low e ciency because of the necessity to excludé'*BiPo coincidences at

the low end of the range.
The energies of the two events must each be in the range 300{@0keV (  100%).

The distance between reconstructed positions of the Group /Group 2 coincidence

must be less than 60cm ( 98%).

The radial coordinate of the average of the reconstructed psitions must be less than

65cm.
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231
4.40 MeV 1.06d
+ 389 keV
231py 227p¢ (1.4%) 223py
33 kyr 5.01 MeV 22yr 4.95 MeV 22 min
+ 44 keV + o 115Mev
2271 2234 219Rn 215p, 211py
19d 6.04 MeV 11.4d 5.72 MeV 40s 6.82 MeV 18ms|  7.39 MeV 36 min
+ 1.37 MeV
211p; 207
2.2 min 6.62 MeV 4.8 min

207py, 1.42 MeV

stable

Figure 8.8: Pictorial representation of the Uranium-235 deay chain. Energies shown are

Q values for

emitters, and

kinetic energy for

emitters. Times shown are half-lives.
Isotopes shaded blue are emitters with a spectrum endpoint above the 250 keV lower limit
of the neutrino energy window. Isotopes shaded yellow are emitters. (In addition, 2%7Ac
has a low-probability -decay branch.) Secular equilibrium is likely to prevail only for 22’Ac
and its daughters. Due to the low isotopic abundance of3°U, none of these isotopes should
present a problem for Borexino.

Species Decay QuvalueE orE , E Branching Half-life
mode [MeV] [MeV] [MeV] ratio [%] 1=2
235y 4.679 4.397 0.205 57 704 Myr
231Th 0.389 0.287 0.102 46 25.5h
231pa 5.148 5.012 0.046 25.4 32.8kyr
221pc 0.044 0.044 - 54 21.8yr
221Th 6.147 6.038 - 24.5 18.7d
223Ra 5.979 5.717 0.159 53.7 11.4d
219Rn 6.946 6.819 - 81 3.96s
215pg 7.527 7.386 - 99.9 1.78 ms
211pp 1.373 1.373 - 92.4 36.1m
211 6.751 6.623 - 84 2.15m
2077 1.422 1.422 - 99.8 4.77m
207pp  stable

Table 8.4: Summary table of the Uranium-235 decay chain.
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There are two potential sources of data contamination in thesample: 21“BiPo coincidences
with an unusually long delay time, and accidental coincidertes of unrelated events. The
expected number of?**BiPo coincidences with a delay time in the range 1{8 ms is 1.8%f
the number having a 20{500 s delay. Furthermore, the energy cut of 300{1000 keV on the
rst event would accept only 4.9% of the 21“Bi events accepted by the?'*BiPo rst energy
cut of 200{3500 keV. Therefore the expected contamination bthe data sample by ?**BiPo
coincidences is 197 0:018 0:049 = 0:17 events.

The number of singles events in Runs 2300{2563 within a 72 cmadius of the origin that
meet all of the cuts for each individual event in the coincidece is 19 10*. The total
live time during which a second singles event would create araccidental coincidence is
therefore 135s. Given the total live time of 474.03 days andhe geometric factor of 30.9%,

the expected number of accidental coincidences in the dataasnple is 0.02.

That said, only a single coincidence, in Run 2309, passed atif the cuts listed above in
all of Runs 2300{2563. The coincidence in question hak; = 849 keV, E, = 380keV, and
jX1 X2j =53 cm. Upon further investigation, however, it turned out t o be a false positive.
As noted previously, the reconstruction software (used to gnerate the data on which this
higher-level analysis was run) has the capability to skip ove uninteresting low-energy and
muon events. In this case, dozens of events between the two ihe supposed coincidence,
events 209,893 and 209,951, had not been reconstructed indar to save time, including
the true Group 1 event to which the second event in the \pair" corresponded. These two

events are separated by a time of 53 seconds, and are thus coleely unrelated.

With no candidate coincidences, the 90% CL upper limit is thewell-known value log (10%)
2:3 events. Dividing by the combined e ciency of the cuts (62.0%) and multiplying by the
65-cm radial cut scaling factor yields a 90% CL upper limit on the 235U daughter coincidence
rate of 0.008 events/day/ton, or less than one event per dayn the Borexino Fiducial Volume.

This is equivalent to a 23U contamination in the scintillator of < 1:2 10 8g/g.
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In nature, the observed isotopic abundances of38U and 23°U, respectively, are 99.28% and
0.71% by mass. If these isotopes occur in the CTF 3 scintillair in the same proportions
as in nature, the expected mass of%8U would then be 140 times that of 23°U. In this
case, we may estimate (assuming secular equilibrium in thé3°U decay chain) that the
amount of 238U in the scintillator is < 1:7 10 1®g/g (90% CL). Although not inconsistent
with the 238U-equivalent value of (23 0:5) 10 %g/g found above during the period of
least 214BiPo activity, this result does suggest that the true uranium contamination in the
scintillator is signi cantly lower. In this case, much of th e observed?“BiPo coincidence
rate would be due to radon atoms di using through the CTF vessel or emanating from it

(or other nylon parts).

8.3 The decay products of 2%Pb

The greatest danger of radioactive contamination due to theheavy-element decay chains
is presented by the isotope?!®Pb. This isotope is a decay product of?1*Po in the radon
(or 2%8U) decay chain. Since the half-life of?!°Pb is 22 years, it will typically be out of
equilibrium with radon and radon daughters in the scintillator. Atoms of 21°Pb deposited
during the construction of the Borexino nylon vessels, as decribed in Section 4.4.4, may
decay years later. Before being inserted into Borexino, thescintillator may also pick up
lead atoms while stored in a steel container, where their prduction via radon emanation
is an ongoing process, or while passing through metal pipesnowvhose surfaces lead atoms

have been adsorbed.

The isotope %1°Pb is not itself a problem. The Q value of its decay is 63keV, so de-
cay events are essentially undetectable, masked by the muchreater rate of 1*C decays.
However, with a half-life of 5 days, the product 21°Bi itself -decays with an energy of
1.16 MeV. A large portion of the energy spectrum|62% before accounting for nite en-

ergy resolution|falls within the neutrino energy window of 250{800 keV. Additionally, the
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next isotope in the decay chain is?'°Po, which -decays with a predicted quenched energy
of 396 keV, also in the neutrino window. Both of these therefoe represent a real threat
to ’Be neutrino observation by Borexino. That of ?1°Po is mitigated somewhat by the

capability of = discrimination, but not eliminated completely.

The half-life of 21%Po is 138 days (it decays into stable?°®Pb), far too long to perform any
sort of event correlation. With an essentially invisible 21°Pb decay, and a?'°Bi decay that
has no characteristics to permit distinguishing it from other neutrino window backgrounds,
the 21°Po  decay is, however, the only handle available for study of tts trio of isotopes in
the CTF. The presence 0f?1°Bi and 21°Po, out of equilibrium with the 24BiPo coincidences,
is not only a theoretical worry. Examination of scatter plots of an = discrimination
parameter against observed event energies shows a large centration of -like events at
energies in the range 300{400keV, near the predicted quenel energy of the?!°Po decay
(396 keV). The known rate of events due to the?3?Th and 23°U decay chains and the

isotopes higher up in the?38U decay chain is far too low to explain this concentration.

8.3.1 Selection of 2%Po events

The means of study is via the DPSA skewness method of discrimination. Singles events
are selected to lie in the observed energy range 240{550 ke®@nly those with a reconstructed
radial position less than 65cm are accepted. The histogramfothe , parameter of this
samples of events is tto a sum of two Gaussian curves. The pgence of1°Po may then be
estimated in several ways. The simplest method (Method I) ig0 assume that the area under
the Gaussian curve of -like events is equivalent to the number of?°Po events observed
(plus a relatively small contribution from  events higher up in the238U decay chain). The

idea behind Method | is shown in Figure 8.3.

A second method (Method 1) is to t the energy spectrum of the selected events to the

sum of a Gaussian curve (representing the peak) and a decaying exponential (which the
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Figure 8.9: Energy spectrum in Runs 2300{2349 for singles ewnts whose reconstructed
radial coordinate is less than 65cm. At left (part a), the enegy spectrum is that of all
events. At right (part b), the energy spectrum is shown only for events having an =
discrimination parameter ; < 0. In this case the number of events relative to the
background is much higher. Both histograms have been t to the sum of a Gaussian curve
and an exponentially dying curve.

author has found to model the and event background fairly well in the neutrino energy
window). The number of 2'°Po events is then taken to be the area under the peak. This
method has the advantage of giving a visual indication of theenergy spectrum of the

events seen, which may be compared to the expected Gaussiaming a mean at 396 keV

and a g of 53keV. Method Il is illustrated in Figure 8.9a.

Method Il is a hybrid of the rst two methods. From the set of e vents selected by energy
and radial coordinate, only those having the ; parameter with a value less than zero are
considered. Again, the number of?'°Po events is taken to be the area under the peak.
This \raw" number is then renormalized to the entire range of the ; parameter by using
the parameters of the distribution of , for events already observed via Method I. In
the terminology of Section 8.1.3, the renormalization is acomplished by dividing the raw
value by ( ; = 0), the estimated classi cation e ciency for events at ; = 0. The
uncertainties in results of this method are, as with Method |, correlated with uncertainties
in the distribution of  events with respect to the , parameter. An energy spectrum t

using Method Il is shown in Figure 8.9b.
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Estimated number of 21%Po events 210Pg energy [keV]
Runs Method |  Method I Method Il Method Il Method IlI
raw renorm'ed E E E E

2300{2346 1330 135 830 70 735 40 1085 165 392 45 388 48
2350{2399 665 140 95 40 230 30 370 125 401 21 380 45
2400{2447 875 150 215 50 305 40 525 160 364 31 372 48
2450{2499 1085 100 675 70 585 35 875 135 378 44 377 45
2500{2531 1070 100 620 60 670 40 900 110 379 40 376 46
2541{2563 1115 85 665 75 570 40 890 120 373 47 375 a7

Table 8.5: The estimated number of?1°Po events in the central 65-cm-radius volume of the
CTF 3 in six di erent periods. The number of events is estimated with three methods: the
simple use of = separation parameters (I), an energy spectrum t to all everts (ll), and
an energy spectrum t for only -like events having ; < 0 (lll). The \raw" column for
Method 11l shows the raw number of events derived from the enggy spectrum t, while
the \renorm'ed" column gives this number divided by ( ; =0), the estimated fraction of
the distribution contained in the region ; < 0. In this table the value of ( ; =0) has
been calculated separately for each period. Finally, the paameters of the tto the  peak
in the energy spectrum are listed for Methods Il and IlI.

To study the behaviors of these three methods of analysis, t estimated number of?1°Po
events, determined using each of these methods, was calcted for six di erent time periods.
The results are presented in Table 8.5. There is a noticeabland statistically signi cant
di erence between the estimated numbers of1°Po events determined with the three meth-
ods. In every time period, the rst method gives a higher number than the third, which in

turn is higher than the second.

This discrepancy can be explained if the and event distributions over the ; param-
eter are not exactly Gaussian curves. Suppose instead thathe event distribution is
asymmetric, with a longer tail on the negative side than the positive side, as shown by
the dashed lines in Figure 8.10. The estimated classi catia e ciency for  events is then
much greater than previous estimates for ( ; = 0), which were in the neighborhood of
50%. This implies that, by using the assumption of Gaussian=  discrimination curves,
Methods | and Ill produce a higher value for the number of -like decays than the true

value. The reason for the ordering of the values produced byhe three methods is then
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Figure 8.10: A dierent way of looking at Figure 8.3 that can explain the discrepancy
between the three methods used to detect'®Po. The solid lines are the result of a t of
two Gaussian curves to the histogram. The dashed lines repsent another possible pair
of distributions for the and events. Since the total area under the Gaussian curve is
much greater than under the true distribution, Method | give s the largest values for?1°Po.
Method Ill, by tting to an peak in the energy spectrum, actually counts the true number
of events with ; < 0, but then divides by the fraction of the Gaussian curve's aea that
is to the left of ; = 0. This yields a gure smaller than Method I, but it is still t oo large.
Method Il performs a t to the energy spectrum with no cut on th e = discrimination
parameter, so its results should be closest to the true valusvhen the numbers of and
events are similar. However, during Runs 2350{2447, the nuitver of decays is small, so
the most accurate result then probably comes from applying Method 111 without dividing
by the supposed e ciency of the ; cut.

clear. This hypothesis is further supported by the observaion that the number of 21°Po
events estimated using Method 11 without then dividing by the supposed e ciency of the

1 cut (the \raw" column in Table 8.5) is usually similar to or sl ightly less than the number
obtained with Method II. The exceptions happen in Runs 2350{2147, in which the number
of events is so small compared to the number of events that the energy spectrum t of

Method Il does not work well.

By considering the four other periods in the table, we obtaina weighted average of 92

5:2% for the ratio between the results of Method Il and the raw daa obtained with
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Method IIl. This is an estimate for the true  classi cation eciency ( ; = 0) in the

range of the?19Po energy spectrum.

The quenched energy of thé'°Po  decays may be estimated from the results of Method 111
to be about 380 keV, with a of 47 keV. This energy is lower than the prediction of Table 81
by about 4%. A line drawn through the calculated quenching factors of 21°Po and 24Po

(770keV) observed in CTF 3 yields
Q(E)=22:8 (1:67MeV YHE; (8.9)

compare with Equation (8.1). Error on this estimate is di cu It to determine since it results

from a line through only two data points.

8.3.2 E ects of puri cation tests on the 210pg activity

In this section, the e ects of the various 2002 CTF 3 puri cation tests on the ?!°Po ac-
tivity are discussed. Most prior CTF analyses have not studied the e ects of puri cation

methods upon ?1°Po, instead focusing upon isotopes that can be studied moreasily via
the coincidence method. Given the dominance of'°Po in the neutrino window radioactive
background for most of the CTF 3 history, it is important to un derstand how to remove it
from the scintillator. Five sets of runs were selected for ths study. It may be useful to refer

to Table 6.9 to recall their historical contexts.

1) Runs 2069{2073 (Dec. 30, 2001 { Jan. 9, 2002; 8.70 days liume) were acquired just
before the second batch of pseudocumene was introduced inthe CTF vessel. At
this point no puri cation operations had taken place yet, although the original batch
of scintillator had been allowed to remain in the vessel unditurbed for about 32 days

in order to allow radon to decay away.

2) Runs 2117{2122 (Mar. 9{20, 2002; 6.53 days livetime) weracquired 25 days after

the rst silica gel column test and immediately before the r st water extraction test.
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Each of these tests was run in \loop mode"; scintillator was ontinuously circulated

through the CTF vessel and the puri cation system for severd days during the test.

3) Runs 2144{2149 (Apr. 13{24, 2002; 8.35 days livetime) wer acquired 17 days after

the rst water extraction test.

Shortly afterward, the third batch of new pseudocumene was dded to the CTF,
followed by the second water extraction test, the fourth batch of new pseudocumene,
and the second silica gel column test. Ideally, more runs wdd have been selected for
study between each of these activities. Unfortunately, these tests were performed in
such quick succession that there was not time for radon actity to die o between

them, making it unfeasible to perform 21°Po analyses of the interim periods.

4) Runs 2208{2214 (Jul. 28 { Aug. 12, 2002; 10.33 days livetim) were acquired some

time (38 days) after the end of the nal puri cation test.

5) Runs 2247{2253 (Nov. 2{20, 2002; 13.43 days livetime) wer acquired beginning
135 days after the end of the last puri cation test. These runs were used as a control

to check that the ?1°Po activity was decaying away as expected.

The 2'0Po activity was determined for each of the ve sets of runs usig the Method I

described in Section 8.3.1. Recall that in this method, the aergy spectrum of all events,
with no = discrimination cut, is t to a Gaussian (the 2°Po energy peak) plus an expo-
nentially decaying background. This method should give god results as long as?*°Po was
the dominant background during the time periods under study Table 8.6 summarizes the

results of the study and demonstrates that this assumption olds.

In Table 8.6, the number of 21“BiPo coincidences and the number of other (nort°Po)
singles events in the energy range 240{800 keV are shown aslivén every case,?'°Po is the
dominant background in the neutrino energy window. The numbers of?1*BiPo coincidences
are comparatively negligible, so we need not worry much abducontamination of the 21°Po

data by 228U or ?2?Rn daughters. Nevertheless, the numbers of'°Po events seen have rst
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Data Relative Live time Number of events Activity Backgd.
set dates [days] [days] 210pp  Backgd. 2BiPo [ev/day/ton]
1 0{9.9 8.70 2722 60 508 13 331 8 62
2 69.1{79.8 6.53 855 42 435 5 138 7 72
3 104.2{114.8 8.35 187 20 158 5 22 3 20
4 209.9{224.9 10.33 1062 40 224 4 109 4 24
5 307.2{325.2 13.43 459 33 428 2 36 3 34

Table 8.6: The 219Po activity in each of ve periods; see the text for details. The number of

214BjPo coincidences and the number of \background" events (sigles events with energies
in the range 240{800keV not part of the 21°Po peak) are also tabulated. All data have
been subjected to a radial cut at 65cm. For reasons of spacesahey are not central to

the topic, error bars on the 21*BiPo and background activities have been omitted. The
tabulated activities incorporate the 65-cm radial cut scale factor of 1.073, but raw event

numbers do not.

had the quantity Npgijpo =75:5% subtracted twice (once for each of the???Rn and 28Po

decays that might be confused with?1°Po events) before being converted into activities.

It is worth noting that, if 2°Po were in equilibrium with ?1%Pb in the scintillator, we would
expect to see a rate of?1°Bi  decays in the neutrino energy window of about 62% the
rate of 2'°Po. The \background" activity rate of -like events reported in the rst row of
Table 8.6 precludes an equilibrium concentration of?1%Pb in the original scintillator. Most
polonium in CTF 3 has therefore entered the scintillator as tself, perhaps by desorption

from the metal surfaces of the scintillator storage tanks.

The ?1%Po activity A(t) in the scintillator is a moving target. Not only is it change d by
puri cations and contaminations, but left to itself, it dec ays away with a mean lifetime of

= 200 days if little ?19Pb is present. Therefore, a better way to look at the data is to
normalize them to a baseline value. For simplicity, the dateof each set of runs is taken to

be the average of the beginning and end dates. If this date isysbolized ast; for the i

may be de ned as

ATM = Ayl = (8.10)
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Figure 8.11: Activities in the ve data sets during the puri cation tests, shown in bar graph
format. For each data set, the left-hand bar is the real activiy of 21°Po and the right-hand

bar is the real \background" activity in the neutrino energy window, taken from the last
two columns of Table 8.6. The middle, labeled, bar is the?!°Po activity normalized via

Equation (8.10) to remove the e ect of 21°Po decay by dividing out the expected exponential
function of time elapsed since the rst data set.

These normalized activities are plotted in Figure 8.11. Thepercent change from each
normalized activity to the next is a result only of occurrences between the two sets of data,

without any need to take the 219Po radioactive decay into account.

As shown in Figure 8.11, a graph of the normalized'°Po activities, the normalized activity
decreased from 331 events/day/ton in period 1 to 195 eventsday/ton in period 2. It appears
that the combination of the second batch of scintillator and the rst silica gel test reduced
the 21%Po activity by only about 40%, a puri cation factor of 1.7. Th e puri cation factor
predicted from theoretical considerations was about 4 [67]Reasons for the failure to achieve

this expected puri cation level are not well-understood.
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The rst water extraction test, in contrast, was much more e ective. The normalized?1°Po
activity was decreased from 195 events/day/ton to 37 event&ay/ton between periods 2
and 3, a reduction of 81% (puri cation factor of ve). Nevert heless, this puri cation factor
was still much smaller than the theoretically expected resit. Two hypotheses that have
been suggested include the formation of hydrodynamic circlation stagnant loops in the
scintillator that prevented pseudocumene from leaving thescintillator to pass through the
water extraction column; and the possibility of 2!°Po ions forming non-polar organic com-
plexes with pseudocumene that shielded them from dissolvipinto a polar water phase [67].
It also seems likely that particulates enriched in?1%Po (for which evidence will be presented

below) would not be strongly a ected by water extraction.

It is clear that a major problem occurred at some point afterwards, between periods 3 and 4.
Work done during this time interval included the last two add itions of pseudocumene, the
second water extraction test, and the second silica gel cotan test. At least one of these
procedures caused theé?!®Po activity to jump by an e ective factor of 8.5. It is most
unfortunate that these procedures were done in such quick sicession that?'°Po data could
not be analyzed from between them. Again, the source of thisantamination is not clearly

understood, though several possibilities have been consided [67].

Finally, between periods 4 and 5, the normalized polonium afivity decreased from an
activity of 315 events/day/ton to 171 events/day/ton, a red uction of 45%. This decline is

rather surprising, as no major work was done on the detector btween those times.

8.3.3 Evidence for 2°Po-enriched particulates in the scintillator

One hypothesis which perhaps may explain the apparent disgpearance of?!°Po immedi-
ately following the last puri cation test is that of particu lates in the scintillator. Consider
the possibility that 21%Po is present inside the CTF vessel in two populations. One ppula-

tion consists of atoms or ions in solution in pseudocumene, ith a homogeneous distribution
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Figure 8.12: Sketch of the behavior over time of two hypotheical populations of ?1°Po atoms
inside the CTF, relative to the 65-cm radial cut (dashed circles). The CTF vessel is shown
in vertical cross-section. One population, represented byhe gray shading, is in solution in
the scintillator. This population decreases only via normd radioactive decay, represented
by the shading disappearing as time passes. The second poptibn consists 0f?1%Po inside
of or adsorbed onto particulates. A representative samplig of these particulates is shown
by the small red circles. As time passes, these particles fato the bottom of the CTF
vessel at some terminal velocityv, dependent upon their densities and radii. (The dotted
curves show the maximumz positions of particulates at each given time.) 1°Po atoms
attached to them also decay, illustrated by fading of the redcoloring. Between timesty and
t1, events observed within the 65-cm radial cut represent the aivity of both populations.
Betweent; and t3 (at time t,, for example), only part of the population in particulates is
seen inside the radial cut. After time t3, events inside the cut represent solely the activity
of the population in solution.
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Figure 8.13: Logarithmic plot of the expected?1°Po activity observed within a 65-cm radial
cut as a function of time, assuming two populations of?!°Po atoms: one in solution, and
a second attached to particles that are falling out of the saitillator at a constant uniform
velocity. Suppose the initial activities of the two populations areA1 and A,. Between times
to and t1, the apparent activity observed within the radial cut, calculated as the number
of events seen per unit time divided by the cut volume, will beAzg = (A1 + Aj)e 0

After time tsz, it will be only Aaq = A€ ﬂ. Betweent, and ts, it will decrease from the
rst curve to the second curve, causing the observed mean day time during that period
to be shorter than the ?1°Po mean life. Assuming a uniform, constant terminal velociy
of particles v, yields the equationt; t; = z=v, where z is the diameter of the cut
volume, 1.3 m.
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throughout the volume of scintillator. The second population consists of?1°Po attached to
particles suspended in the scintillator uid. Although the se particles may also initially be
uniformly distributed through the CTF vessel, they will slo wly fall to the bottom at a

constant velocity v, under the in uence of gravity.

Immediately after a thorough mixing (for instance, the secad silica gel column test|the
nal puri cation test), both populations will be distribut ed homogeneously in the CTF
vessel. Suppose the initial activities of the populations m solution and in particulates at
time to are A1 and A, respectively. For a while, the observed'®Po activity within a 65-cm
t to

radial cut will decay according to the simple exponential lav A 5q(t) = (A1 + Ao)e

This is shown schematically in the top two diagrams of Figure8.12.

At some point, however, after a time we labelt, the suspended particles will fall far enough
that the top of the radial cut volume is clear of them. (At the | ater time t,, the situation
is depicted in the bottom left diagram of Figure 8.12.) At still later times, no suspended
particles remain inside the volume of the radial cut. This stuation begins at time t3 (the
bottom right diagram of Figure 8.12). After time ts, only the 21°Po in solution remains inside
the radial cut, so the observed activity evolves according & Aaq(t) = Az e —° Between
timest; andts, the actual observed activity falls from the upper curve (A1+A>) e —2 {0 the
lower curve A1 e ﬂ, as shown in Figure 8.13. This transition between the two expnential
decay curves must appear as a time period during which the meadecay lifetime is faster

than the true mean life of 21%Po.

If for simplicity we assume that di usion is negligible and t hat the particles are of uniform
size, then given a graph of activity that looks like Figure 813, we may estimate the size
of the particles. A uniform size implies a uniform terminal velocity. The terminal velocity
of a spherical particle with radius r in a uid of viscosity and density is the velocity
v, at which the combination of drag and buoyant forces counterat the downward pull
of gravity. The force of drag on such a particle falling without turbulence is given by

F- =6 rv ;. On the other hand, the combination of gravitational and buoyant forces is
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given by Fx = %1 3( , )g, with , being the density of the particle. Equating the two

forces,

v, = S_zang(ip); (8.11)

or equivalently,

r

Vz
r=3 —F/——:
29(p )
The velocity v in this equation is simply estimated asv, = z=t3 t1), where zis the

height of the radial cut volume, 1.3 m.

When the actual CTF 3 210Po data from the rst 1.25 years after the puri cation test
are studied, as shown in Figure 8.14, they appear suggestiyesimilar to the theoretical
expectations of Figure 8.13. (The?!%Po activities shown in the gure are estimated by
dividing the raw values seen with from Method Il (described earlier in Section 8.3.1) by
the estimated classication eciency ( ; =0)=91:2 5:2%. No correction has been
made for the 65-cm cut scale factor or for possiblé*’Rn chain contamination.) One may go
so far as to draw exponential decay curves bracketing the dat points to tentatively identify
the initial activities: Aj; + Ao = 125 events/day/ton, A; = 43 events/day/ton. That is,
As=A1 = 1:9; particulates seem to account for almost%s of the initial 21°Po activity after

the nal silica gel test!

These decay curves seem to meet the real data at 35 days and 188ys after the beginning
of Figure 8.14, ort; = 39 days and t3 = 194 days after the end of the silica gel test,
respectively. If this e ect is due to falling particulates, we expect the ratio of 39 days to
t3 t1 =155 days to match the ratio of the 35-cm distance from the top d the CTF vessel
to the top of the 65-cm radial cut, to the diameter z = 130cm of the radial cut. The

former ratio is about 0.25, and the latter ratio is about 0.27]a suggestive result.

Let us plug in some numbers. The tentative values above yield;, = 9:7 10 8m/s. The

density of pseudocumene is 0.875 g/cf) and its viscosity is 0.960cP=96 10 “Pas [167].
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Figure 8.14: The decay of?'°Po within the 65-cm (one-ton) radial cut in Runs 2190{2346:
June 24, 2002 to October 20, 2003. The rst data shown here oce only four days after
the last silica gel column puri cation test. Data are grouped into blocks of ten runs and
shown with a logarithmic scale on the vertical axis. They hae been bracketed with two
exponential decay curves, each with the mean life ot'°Po; the coe cient of the upper curve
is 125 events/day/ton, and that of the lower curve is 43 evens/day/ton. The positions of
the two vertical lines at 35 days and 190 days were selected tmark the (approximate) times

at which the real data depart the upper curve and arrive at the lower curve, respectively.
Compare with Figure 8.13.
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Runs Dates Live time  ?1%Po 238U contam. Rate
[days] events Min Max [ev/day/ton]
2300{2346 03/04/12{03/10/20 93.86 808 62 85 254 7.3 1.2

2350{2399 03/10/31{04/04/02 103.07 250 36 48 143 1.6 0.6
2400{2447 04/04/03{04/09/08 110.36 336 46 82 246 1.7 0.9

2450{2499 04/09/08{04/12/09 70.84 641 54 90 270 7.0 1.6
2500{2531 04/12/10{05/03/13 55.42 737 59 90 270 10.8 2.1
2541{2563 05/03/18{05/06/22 40.47 628 56 127 381 99 3.7

Table 8.7: The estimated rate of?!°Po events in the CTF 3 scintillator. The raw counts
shown are estimated by dividing the raw values from Method Il (shown in Table 8.5) by
the estimated classi cation e ciency 91 :2 5:2%. The estimated contamination of the
data by 2%8U-chain  events is given for two extreme cases: the assumption that kF**BiPo
coincidences result only from radon di usion/emanation (\ min*), and the assumption of
complete secular equilibrium (\max"). The 2°Po decay rate shown is taken from the raw
count rate corrected for the 65-cm radial cut scale factor. The error shown includes a
systematic error calculated from the two extreme cases of*8U-chain event contamination.

Assume a particulate density of , = 3g/cm 3. Then, for spherical particles, Equation (8.11)

implies an estimated particle radius of 140 nm.

It is important to warn that there are many potential aws int his argument. Figure 8.14
exhibits later deviations of the 219Po activity from the expected exponential decay, even after
all dust should have settled down. In reality one expects a ditribution of particles of various
sizes and shapes, not simply a collection of uniformly-sizedpherules. This distribution, as
well as the e ects of di usion, will broaden the distance between the timest; and t3 shown
in Figure 8.13. In fact, if su ciently small particles are pr esent, the observed activity will
never settle down to the lower exponential curve, as the paiitles would remain suspended
in the scintillator practically forever. Still, the resemb lance of Figures 8.14 and 8.13 is
impressive, implying that despite these assorted simpli @ations, the value ofr = 140 nm

may actually have some meaning.



Chapter 8. Internal Contamination in the CTF 391

8.3.4 Recent behavior of the ?%Po activity

We now discuss behavior of theé1°Po activity during the same time frame which was already
analyzed for the heavy element decay chain coincidences, Ra 2300{2563. Table 8.7 shows
the number of 21%Po events in each of six periods, estimated by dividing the rev values
from Method Il (from Table 8.5) by the estimated  classi cation e ciency ( ; =0) =
91:2 5:2% derived earlier. Method Il was not used for the data due to he relatively
small fraction of ?1%Po events in the data for this time range. For each period, ale shown
are bounds on the likely data contamination by decays higher up in the 238U decay
chain. The minimum bound assumes that all>1*BiPo coincidences in the scintillator are a
result of radon di usion or emanation. Figures in this column are derived by taking the
number of 21*BiPo coincidences seen in each period (tabulated in Table 8), dividing by the
214BjPo e ciency of 75.5%, and multiplying by two for the two  decays 0f??°Rn and ?'8Po.
(The decay of 214Po occurs in a coincidence and is excluded from the sample obtential
210pg decays with near 100% e ciency). The maximum bound assume complete secular
equilibrium in the 238U chain until 21°Pb. It is estimated as three times the minimum bound

(assumes that six decays occur higher up in the?38U decay chain for each?'*BiPo).

The 219Po decay rate shown in the table is calculated by subtractingthe average of the
minimum and maximum 238U contamination from the number of candidate events, multi-
plying by the 65-cm radial cut scaling factor of 1.073, and divding by the live time. The

error shown for the rate equals the statistical error and a sgtematic error added in quadra-
ture; the systematic error is estimated to be half of the di erence between the maximum
and minimum 238U contamination, multiplied by the 65-cm radial cut scaling factor, and

divided by the live time.

The 2%%Po rate reached its lowest point during Runs 2350{2447. Bef@ this, as shown
in Figure 8.15, ?19Po was still decaying away. (A t to an exponential decay curve plus
constant during the period of October 2002 to June 2004 yield an estimated mean life of

183 days, reasonably close to the true value of 200 days.) Oéxvation of a decay curve
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Figure 8.15: Decay of?1°Po event rate in Runs 2240{2418 (October 18, 2002 through June
7, 2004). They-axis measures the rate in units of events/day/ton (note the logarithmic
scale). The points shown in red are actual data analyzed usim Method Il above. They
have not been corrected for the 65-cm radial cut scale factomor for the presence of radon
events. Each data point represents a period of 20 runs. Horantal bars show the time
extent of the data set, while vertical bars show statistical errors at 1 . These data were
t to a decaying exponential plus constant term in two independent least- 2 ts, each t
assigning equal weight to every data point. The green starsepresent a t to the data using
the xed value = 199:65 days for the?°Po mean life, while the blue stars show the best
t with the decay constant allowed to vary freely. In the rst case, the constant term was
0:25 0:01 events/day/ton. In the second case, the best-t mean life wa 1827 0:5 days,
while the constant term was Q94 0:03 events/day/ton. In reality, this low a level of ?°Po
was never attained; the rate began to rise again in Septembe2004.
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Figure 8.16: The rise in the 2'°Po event rate in Runs 2400{2559 (April 3, 2004 through
June 13, 2005). Compare with Figure 8.15. They-axis measures the rate in units of
events/day/ton (note the logarithmic scale). The points shown in red are actual data
analyzed using Method Il above. They have not been correcta for the 65-cm radial cut
scale factor, nor for the presence of radon events. Each datpoint represents a period of
20 runs. Horizontal bars show the time extent of the data set,while vertical bars show
statistical errors at 1 .

implies that 21°Po during this period was out of equilibrium with its progenitor 219Pb,
and therefore must have been introduced into the scintillabr directly at some point. This

phenomenon is also studied in reference [42].

The minimum event rate reached during Runs 2350{2447 (Octokr 31, 2003 through Septem-
ber 8, 2004) was about 16 0:6 events/day/ton of scintillator. Though this gure may
seem low, it is equivalent to 160 events/day of1°Po in the Borexino Fiducial Volume. With
an = discrimination e ciency in Borexino on the order of 95%, 8 events/day will appear

to be -like. Furthermore, if most of these events result from the deay of 21°Pb within
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the scintillator, another 100 events/day of the -decaying?'°Bi will occur in the neutrino

energy window within the Fiducial Volume. This gure is wors e than tolerable values by
almost two orders of magnitude. It underscores the immensemportance of keeping the
Borexino scintillator, once it has been distilled, out of catact with any surfaces that may

have been exposed td1Pb.

After Run 2450, the observed?1°Po rate increased again, back to a level of 10 events/day/ton
The increase is shown graphically in Figure 8.16. The growig 2!°Po rate appears related to
the increase in the number of?!*BiPo coincidences seen in the same period. However, it is
important to note that the overall increase in the 21°Po rate (by about 10 events/day/ton)

is far too large to be a logical consequence of thé!“BiPo rate increase (of about one

event/day/ton). The two increases are correlated, but do na have a causative relationship.

8.3.5 Spatial distribution of  21%Po events

The spatial distribution of 21°Po events was studied for two periods: Runs 2200{2350,
the initial period of radioactive decay towards equilibrium; and Runs 2450{2563, the more
recent period during which the 2'°Po rate has been increasing. Events were selected from
the set of singles events with no muon ag by requiring ; < 0 and 240keV< E < 550keV.
In the period of Runs 2200{2350, roughly 92% of such events wiin the central ton of
scintillator are actually 21%Po. In the latter period of Runs 2450{2563, about 83% of the

selected events within the one-ton radial cut are?1°Po.

During the initial period of radioactive decay towards equilibrium, 2°Po was mainly found
at the surface of the vessel. The distribution of events wittin the central volume of scintilla-
tor was essentially uniform (Figure 8.17). In contrast, during the period in which the ?19Po
rate started to grow again, the events are mainly found in a vetical stalactite-like column

descending from the top of the vessel (Figure 8.18). It is clr that most of the increase

in rate is due to the presence of this column. The column is ats easily visible in gures
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Figure 8.17: Spatial distribution of 21°Po-like events in Runs 2200{2350, the period during
which the isotope was decaying away. The left-hand picture isa vertical cross-section
through the CTF vessel yz-plane, while the right-hand picture is a horizontal cross-setion
through the xy-plane. Bins are 10 cm on a side, and the cross-section \slabst@20 cm thick.
Color codes indicate the number of events reconstructed tdé within each bin. The nominal
position of the CTF vessel is indicated by the 1-m radius soliccircles. Dashed circles indicate
the 65-cm radial cut. Events were selected to have ; < 0 and 240ke\k E < 550keV.
210pg events within the central volume of scintillator were distributed in a roughly uniform
manner.

similar to Figure 8.18 constructed only for Runs 2450{2531jt is not an artifact caused by
introduction of the CTF source calibration apparatus in Runs 2532{2540. A similar column
was also observed earlier, in the positions of'*BiPo coincidences during operation of the

CTF 2; refer to Section 6.4.2.

Two hypotheses may explain the presence of the column of even One hypothesis is
that convection is occurring in the CTF scintillator uid. 1 n this hypothesis, beginning
in summer or autumn 2004, the uid began to circulate by traveling upward near the
nylon vessel surface, reaching the top, and then descendirig a column along the z-axis.
(Conceivably it could also be circulating in the opposite drection.) Atoms of 21%Po are

picked up from the nylon vessel by the passing currents. The owndraft at the axis of the
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Figure 8.18: Spatial distribution of 21%Po-like events in Runs 2450{2563, a period in which
the rate of 21°Po was growing again. These plots are exactly analogous to tse of the
previous gure, and %'%Po-like events were selected in the same way. Note the vertita
column descending from the top of the vessel, a feature that &s not present during the

earlier period of high ?1%Po levels! A large fraction of the event rates listed in Table8.7

result from the presence of this column.

vessel then carries them along the-axis through the central region of the CTF. The absence
of the thorium-related 212BiPo coincidences in the center of the vessel may be explaideby
noting that they occur on the nylon Im only at the bottom, not anywhere else (this will
be shown in the next chapter). At the bottom of the vessel whee the downdraft current
spreads out, the uid velocities should be low so the probality of picking up particles from

the surface there is small.

For convection to be possible, a temperature inversion musbe present|that is, the tem-
perature near the top of the CTF vessel must be lower than the emperature at the bottom.
The uid at the top becomes colder and denser, therefore sinikg, while uid at the bot-
tom is warmed and becomes less dense, therefore rising. Thisndition can in principle be
tested. Two temperature sensors are located inside the CTF ater tank. One is located

at a height of 1.5m above the bottom of the water tank, and the dher is at a height of
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4.5m, at the same height as the center of the CTF vessel. For th history of the CTF,
the upper sensor has consistently measured a higher tempdtae than the lower sensor.
Unfortunately, data from the period of interest have been Icst as a side e ect of an upgrade

of the control system software used to acquire them.

If the convection hypothesis was correct, it would demonstate that temperature inversion
and convective cells in a large spherical detector are podse, and indicate that positive mea-
sures (for instance, active temperature control) must be t&en to prevent them in Borexino.
However, the still-existing CTF temperature records provide some evidence against the hy-
pothesis. These records are also in line with the normali( e., dT=dz > 0) temperature
gradient seen in other large spherical detectors such as SNé&nd KamLAND , so it would

be rather surprising for a temperature inversion to developin the CTF.

The second hypothesis is that the column may be due t'°Po falling out of the uid
in the north end pipe of the CTF. If a small leak from the atmosphere was present at
the top of the pipe, then a gradient in concentration of 222Rn and its daughters would
slowly di use downward through the pipe. Most of the radon daughters would decay before
reaching the CTF vessel, but most of the?!®Pb would survive. This hypothesis therefore
explains the relative scarcity of 21*BiPo coincidences compared to the increase if°Po
events. Accordingly, this leak must be much smaller than a lek which would produce the
column of ?“BiPo coincidences seen in the CTF 2. Still, due to the long hdtlife of 2°Pb,
the 21%Po events seen in the column represent only a small fractionfcthe total amount of

radon entering through the top of the pipe.

There is a small problem with this hypothesis. A radon leak slould yield individual atoms
of 219Pp, not heavier particulates. But unless the ?1°Pb is in the form of (or attached to)
heavy particulates rather than individual atoms or ions, it would tend to di use into the
volume of scintillator uid isotropically from the bottom e nd of the pipe. A hemisphere-
shaped region of high?°Po contamination would be produced, rather than the distinct

column that is observed.
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One possible answer to the problem is that there isnot in fact a signi cant radon leak,
and the contamination in the column is in the form of particul ates that are falling out of
the end pipe. What would cause this? During late summer 2004and continuing to the
present (September 2005), there has been an unusual amount work being done in Hall
C. Some of it was related to work on the laboratory's water dranage system and sealing
of the Hall C oors to make them spillproof. Other work, some of it right next to or on
top of the CTF water tank, involved preparations for a test of scintillator distillation in
CTF, which began in February 2006. Vibrations caused by thee activities could very well
be continually jarring dust particles loose from inside the CTF north pipe, letting them
fall into the scintillator. If the dust was enriched in 219Po, perhaps caused by previous
circulation of 21°Po contamination through the end pipes in one of the puri cation tests or
pseudocumene batch additions, this could explain the recdrincrease in?1°Po events being

greater than the increase in?1*BiPo coincidences.

8.4 Tagging 2?°Rn and its daughters

It is noteworthy that the sum of the half-lives of all the radon daughters through 2**Po is
less than an hour. ?22Rn decays by emission into218Po, which (with a half-life of 3.05 min)
emits another particle to become?'*Pb. This isotope then -decays (Q = 1.02 MeV) with
a half-life of 26.8 min into 14Bi. From here, after the 214Bi half-life of 19.7 min, the ?*BiPo
coincidence follows. This sequence of events raises the gislity of tagging every decay in
the radon decay chain from?2?Rn through ?*Po. (The next isotope is 2'°Pb, which was
discussed already. With a half-life of 22 years, it breaks thechain.) If this can be done,
then many events may be identi ed as belonging to the seriesforadioactive decays following
the introduction of a radon atom into the scintillator, and i ndividually excluded from the

search for neutrinos.
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The CTF is not an ideal detector for performing such an analyss. Its diameter in units
of its position resolution is relatively small ( 15; the same ratio for the Fiducial Volume
of Borexino, with a position resolution around 15{25cm [68] is 30). The -decaying
isotope 21°Po, which could produce false positives, is present in annaggly large quantities.
Even so, the CTF may provide a feasibility test for tagging radioactive decay chains over
medium-length time periods on the order of an hour or less. Inded, such a test has already
been done for the triple- series?**Ra! 22°Rn! 26pg (the half-life of 2°Rn is 55.6 s and
that of 215Po is 145ms) in the thorium decay chain. Results were mixed 6], perhaps due

to the presence of°Po  events.

8.4.1 Selection of candidate events

For each of the 19721“BiPo coincidences selected in Section 8.2.1, the goal was tag the
decays of the??’Rn, %18Po, and ?1*Pb progenitor atoms. The most di cult of these is ?1*Pb
since = discrimination is of no use in separating this isotope out fom generic CTF 3
background. Nor are we guaranteed that the decay, whose energy spectrum has a non-
negligible component extending toE = 0, will always be seen. In a detector with lower

background rates, tagging the?*Pb decay may be substantially more successful.

Even for the two  decays, background from?°Po is a potential problem. If we consider
all events within a 4-hr time window before each?*BiPo coincidence, the probability of

including the ?22Rn progenitor in the window is close to 100%. We discard the 26'*BiPo

coincidences that occur less than 4 hr after the beginning cd run. Then the average number
of background?°Po events included within a 65-cm radial cut, per BiPo coincicence, is 1.6.
(The estimate was made by breaking down the data into 50-run leg periods and using the
rates determined for 21°Po and %1*BiPo events within each period. If the data are instead
considered as a single set, the number of'°Po events per BiPo is erroneously low, only
1.2.) Therefore some method must be used to select for th&#?Rn/ 218Po pairs and against

random 2°Po events; otherwise the signal-to-noise ratio is much too low
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Before implementing any sort of selection procedure, the pal of events in each 4-hr window
was restricted to those having an apparent energy in the rang 200 keV< E < 1200 keV and
a reconstructed position within 60 cm of the average reconsticted position of the 21*BiPo

coincidence. The e ciency of these cuts with respect to accptance of the desired Rn chain
events is probably on the order of 95{98%. No explicit radialcut was made on this pool of

events.

For the selection procedure, a maximum likelihood method wa chosen. For every possible
triplet of events occurring in the 4-hr window before a coincdence, a likelihood functionL
is evaluated; the triplet with the highest value for the likelihood function is presumed to be
the 222Rn/ 218pPo/ 214Pp event triplet. The following event characteristics are incorporated
into the value of logL. Unless otherwise stated, each characteristic is distribted in a
Gaussian manner and therefore contributes a term of the form [( )= 1%, with
being the observed value for the event or event pair; being the expected average; and

representing the width of the Gaussian.

The = discrimination parameter ; of the three events contributes one independent term
for each event. In this case ; = 0:008 and =0:022 for decays, while ; =0:023 and
= 0:011 for decays; refer to Figure 8.3, for instance. These values weestimated by
inspecting the and distributions of ; for events over several di erent periods of runs.
As an exception to the usual maximum likelihood methods, howver, if ;= ,; > 1 for a
particular event, the corresponding likelihood term is setto zero. This is a concession to
the reality that an event having j ;j 0 is far more likely to be one type of decay than the
other, even though in principle prior densities should not ater into a likelihood function.

In any event this modi cation does not a ect the results very much.

The energy of the rst candidate event E;1 should be similar to the quenched energy expected
for 222Rn: E; = 410keV, g, = 54keV. Likewise, the energy of the second candidate event
E» should be similar to the quenched energy expected fof'8Po: E, = 483keV, g, =

58keV. Finally, the energy of the third candidate event E3 should be consistent with the
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spectrum of224Pb. In this last case the likelihood term is a constant plus  log[ ¢(E)= max]-
Here 4(E) is the spectrum (obtained using the theoretical spectrum shape, taking rays
into account and incorporating corrections for the nite detector resolution), and max IS

the maximum function value it attains.

The time lapse t; between the rst and second candidate events is expected tooflow an
exponential distribution, and thus contributes a term of th e form ti;= 1+log 1, where ;is
the mean life 0f?18Po, 4.40 min. The analogous terms for t, (between the second and third
candidate events) and ts (between the third candidate event and the?*BiPo coincidence)
are de ned similarly; the respective mean lives of?1*Pb and 21*Bi are » = 38:7min and

3 =28:4min.

The spatial positions of the three candidate events and thewo events in the 21“BiPo coin-
cidence should be closely clustered together. We assume thlae atom which progressively
decays from radon through?“Po moves by a negligible amount during that time period.
Let the average position of these ve events be . Then, each of the ve events contributes
a term of the form S[(x; x )= ((Ei)]> The function [(E;) is the energy dependence
of the spatial position resolution. Its value (in cm) is given by the formula 288:p Ei with
E; in keV.% If the 21Bi event has an energy greater than 1.5MeV, an additional tem
(0:1cmkeV 7?) P Esz 1500keV is added to ,(E3) to model the -ray produced behav-

ior seen in Figure 7.19.

To summarize, the minus log of the likelihood function has an= term, an energy term,
and a timing term for each of the three isotopes being searcliefor, as well as a total of ve

spatial terms, each quadratic in all three coordinates.

5The value 288 is derived from the observed position resolution in the CT F 3 source run 2539, which
had a mean photoelectron yield for 2 Po events of 126 and a position resolution of 13cm, and from the
photoelectron to energy conversion factor of 3.90 keV/photoelectron.
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8.4.2 Monte Carlo simulation of the analysis

A simple Monte Carlo simulation has been used to study the prbability that the event
triplet with the maximum likelihood function value really i s the set of events corresponding

to a given 2BiPo coincidence.

For each simulated2**BiPo coincidence, a set of three progenitor events is simulad. The
reconstructed energy spectra of the decays (0f??°Rn, %18Po and 2*Po) are simulated
with Gaussian random variables having the mean and values reported in Table 8.1. The
energy spectra of?1*Pb and 21*Bi are simulated using sums of ideal spectra shifted to
higher energies by the corresponding ray (if any), weighted by the appropriate branching

ratios, then convoluted with the energy resolution of the CTF 3.

The = discrimination parameter is simulated as a Gaussian randonvariable, with mean
value and dependent upon whether the isotope is an or emitter. As above, the mean

values used are 0:008 ( =0:023) for decays and 0022 ( =0:011) for decays.

The reconstructed event positions are generated assuminghat the true position is at the
origin. For each of the independent coordinates, y, z, the simulated position of an event
with energy E is given by a Gaussian random variable with mean value zeroah = (E),

calculated as described in the previous section.

Decay times between adjacent isotopes in the decay chain agenerated by random variables
with exponential distribution and mean values given by mean lifetimes of the product

isotope.

The simulation incorporates a tunable number of events fromtwo sources of background:
210pp  -decay events, and generic and events with an energy spectrum represented by
a decaying exponential. Based on observation of the contimus = spectrum in the CTF,
the characteristic e-folding energy of the exponential is set to 235 keV. The numbeof each

type of background event is generated with Poisson statistis, and the events are distributed
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uniformly and at random throughout both time and space. This is not entirely realistic,
since most?1%Po and -like events in the real CTF occur near the nylon vessel Im. Fa
214BjPo coincidences occuring within a strict radial cut of 65an from the center, however,
this should not make much di erence. It also neglects the preence of the polonium-enriched
column in the most recent CTF 3 data, which should make the sinulated estimates a bit

optimistic for this period.

When the speci c activity of background events is less than &out 30 events/day/ton (total),

the fraction of simulated progenitors that are tagged correstly by the procedure described
in the previous section is about 90% or higher. Predictably,if the background is tuned to
consist mostly of 21°Po  decays, the tagged?*Pb events are more likely to be the true
(simulated) 2**Pb decay than is the case with the two -emitting radon chain isotopes. (For
a 30-events/day/ton background of 21°Po, 91.3% of222Rn events are correctly identi ed,

92.2% of?18Po, and 92.7% of?'*Pb. 85.8% of triplets have all three events tagged correctly

On the other hand, if the background is mostly -like in nature, then tagging 2*Pb is the
most di cult. (If 30 events/day/ton of generic -like events are generated in the energy
range 200{1200keV, then 96.0% of?’Rn events are identi ed correctly, 96.1% of 218Po,
and only 89.0% of21*Pb. 86.8% of triplets have all three events tagged correctly When
the two backgrounds are roughly equal, the gures are still abit worse for 21*Pb than for
the two desired decays. This is undoubtedly a result of the fact that, unlike decays, the
energy spectrum of?1#Pb is not very sharply peaked. Hence the energy of an event dse

not provide much information about whether or not it is likel y to be a ?*Pb decay.

For the periods of approximately 50 runs in length listed in previous tables, estimates of
the data contamination in the tagged events are given in Tabé 8.8. The ?19Po rate for
each period comes from Table 8.7. The rate of background evenin the continuous =

spectrum comes from a t of the energy spectrum to the?°Po peak plus exponentially
decaying background in the 240{800keV range. The area undethe background curve

is then extrapolated to the range 200{1200keV (assuming a dracteristic decay energy
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Runs BiPo 21%¢ % mis-identi ed Number mis-identi ed
events rate rate 222Rn 218pg2l4pp = 222Rp 218pg 214pp =
2300{2346 28 7.3 32.9 54 50 126 64 15 14 35 1.8
2350{2399 17 1.6 28.9 42 40 109 49 0.7 07 19 0.8
2400{2447 29 1.7 33.7 44 42 120 5.2 1.3 1.2 35 1.5
2450{2499 31 7.0 33.3 56 51 127 6.4 1.7 16 39 20
2500{2531 30 10.8 46.2 6.9 6.3 157 8.1 21 19 47 24
2541{2563 42 99 41.2 6.5 6.1 147 7.6 27 26 6.2 3.2
Total 177 56 53 134 6.6 10.0 9.4 23.7 11.7

Table 8.8: Expected data contamination for the tagged evens corresponding to the?1*BiPo
coincidences in Runs 2300{2563, estimated by Monte Carlo wiulation. The numbers in
the \BiPo events" column are slightly less than those in Table 8.3 because they exclude
coincidences that occur less than 4 hr after the beginning oé run. The rates of the 21°Po
and continuous  background (in the range 200{1200 keV) are given in events/dy/ton,
including the correction for the 65-cm radial cut scale facta. The \% mis-identi ed" values
are simulated with the Monte Carlo event generator describd in the text. Values in the
= columns indicate the fraction or number of 22’Rn/ ?18Po-tagged event pairs in which
at least one event is mis-identi ed.

interval of 235 keV) and adjusted by the radial cut scale facbr. The result is a background
rate which is fairly constant at 30 events/day/ton, except for a large increase in the
most recent periods. Most likely the recent increase corrggonds to the same phenomenon

causing the increase in the?'°Po rate.

The results from the Monte Carlo are that for the entire data sample, the expected contam-
ination of the 222Rn and ?18Po data sets is about 10 events per set (out of 177). Considede
as pairs, at least one of the two -decaying events will be mis-identi ed in about 12 cases.
The 21%Pb fares much worse, with an expected contamination of about?24 events. This
is largely due to the high rate of = events in the continuous background. For all three

species, in fact, a mis-tagged event is most often a generic  event.
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Monte Carlo results for Borexino

In the 100-ton Borexino Fiducial Volume, the rate of background events in the neutrino
window is hoped to be in the single digits per day: at maximum, 0.1 events/day/ton.

To be very pessimistic, assume a rate of 1 event/day/ton for?1°Po, 1 event/day/ton for

222Rn and each of its daughters, and 0.5 events/day/ton in the neitrino window for ran-

dom events. Recall that the rate of neutrino events themselvess predicted to be only
0.35 events/day/ton. These gures imply a total  event rate (including neutrinos) in the
200{1200 keV range of 1.15 events/day/ton. We further assune that a 95% e ciency in

= separation is possible: (0) = (0) = 0:95, with Gaussian distributions of the =

discrimination parameter.

Under these unfavorable circumstances for Borexino, the idnti cation rate for each of the
three taggable species, simulated by Monte Carlo, is about®7%. This reduces the rate of
unidenti ed 22?Rn, 218Po and ?1*Pb events to less than of the neutrino event rate|small
compared to the much more problematic background of generic decays. In the remaining
3.3% of cases, by far the most common situation is that the poloof candidate events has
fewer than three members (because the observed energy of tiieie 2**Pb event is below
200keV, or one of the progenitors has a reconstructed posidn more than 60cm from the
average reconstructed position of the BiPo, or for some othereason). That is, nothing can
be tagged, but neither are any events mis-tagged. In only 0.7 of cases is one of the three
tagged events actually a mis-identi ed random event, meaning that fewer than 1% of
neutrino events will be mis-identi ed as a 21*BiPo progenitor. The possibility of excluding
222Rn and the following four isotopes in the decay chain from Boexino data, individually

rather than statistically, is thus very favorable, even when other backgrounds are high.
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8.4.3 Characteristics of the tagged events

Here we examine the results of running the tagging analysisrothe real CTF data: 177

214BjPo coincidences that each occurred more than 4 hr after théveginning of a run.

A histogram of the energies of the candidate??’Rn events ts nicely to a Gaussian curve
(Figure 8.19a). The mean value of the Gaussian is 393 4keV, with =50 4keV. The
expected value (from Table 8.1) is 410keV with = 54keV. The mean value is thus 4.1%
lower than expected, in agreement with the 4% shift of the negby ?!°Po peak noted in

Section 8.3.

The candidate 2'8Po events also have an energy spectrum closely resembling aa@sian
(Figure 8.19b). In this case, a tyields a mean energy of 473 5keV with =66 5keV.
As the expected?'®Po energy is 483keV (with =58keV), the observed energy is again a

bit lower than expected, about 2.1%.

One may ask whether the nice Gaussian shapes of the candidaté’Rn and ?18Po energy
spectra are merely artifacts of the selection method, sincédikelihoods are assigned to in-
dividual events in proportion to Gaussian functions peakedat the expected energies of
222Rn and 218po. It is possible to check for such an artifact by excluding # energy terms
from the likelihood function during the analysis. Doing so degrades the accuracy of the
likelihood t, but the remaining terms|spatial distributi  on, = discrimination, and time
lapses|still select in favor of the true 2??Rn and daughter events. If this modi cation causes
the energy spectra of the candidate events to assume a sigrantly di erent shape, then
we would conclude that the Gaussian energy spectra are larfjea result of the selection
method. However, if the energy spectra remain mostly Gausan in nature, it indicates that
the maximum likelihood method does generally select the coect events. In the worst case,
during Runs 2500{2531 (the period of highesf'°Po and = background), the Monte Carlo
simulation predicts a data contamination of 13{14% for each -decaying species when the

energy terms of the likelihood function are neglected.
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Figure 8.19: The energies of the 177 candidaté*’Rn events (part a, left) and candidate
218pg events (part b, right) selected using the maximum likelihood method. Both energy
spectra are neat Gaussian curves having peaks within 3% of thexpected values.

Figure 8.20: The energies of the 177 candidaté*’Rn events (part a, left) and candidate
218pg events (part b, right) selected using the maximum likelihood method, without incor-

porating any energy-dependent terms. The energy spectra arstill near-Gaussian, demon-
strating that the selected events mostly are the true ?2Rn and 2'8Po events with little

accidental inclusion of background.
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Figure 8.21: Energy spectrum of?4Pb. At left (part a) is an ideal energy spectrum
convoluted with the energy resolution function of the CTF, in this case simulated by the
Monte Carlo generator. At right (part b) is the actual spectr um of 177 candidate?**Pb
events. Of these events, roughly 24 are believed to have beenis-identi ed.

The resulting energy spectra of the candidate’??Rn and ?'8Po events after this modi cation
to the analysis are shown in Figure 8.20. Th&?2Rn candidate event spectrum is still sharply
peaked; a Gaussian t to it yields a mean value of 391keV, with = 56keV. Some low-
energy noise appears toward the low end of the energy windowlhe 2*8Po candidates fare
similarly. A tto a Gaussian gives a mean value of 457 kev ( = 63 keV). Without the low-
energy spurious events, the peak might even still be in the nage of 470keV. We conclude
that for the most part, the Gaussian energy spectra of the sadcted events really are present,

and most selected events are the trué?’Rn/ ?18Po pairs.

The expected energy spectrum of a pure sample of §Gimulated 214Pb events is shown in
Figure 8.21a, while the actual spectrum is shown in Figure &1b. This latter sample is

expected to contain about 24 events that are not actually?!*Pb out of 177 events (13%).

Histograms for the original method of analysis (incorporaing the energy terms in the like-
lihood function) were also generated for the elapsed times diween the candidate???Rn
and ?18Po events, and between the candidaté'®Po event and the 21*BiPo coincidence. As
already mentioned, the rst of these histograms should looklike an exponential decay with

a mean life of ; = 4:40min. The second distribution, being the distribution of the sum of
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Figure 8.22: The time delays between the candidaté?’Rn and candidate >1®Po events (part
a, left) and between the candidate?'8Po events and?*BiPo coincidences (part b, right)
selected using the maximum likelihood method. The t at left is to a decaying exponential
plus constant term. The t at right is to the distribution of t he sum of two exponential
random variables, plus a constant term. Mean lives of the istopes in question f'8Po:
4.4 min; 21*Pb: 39 min; 21*Bi: 28 min) were kept xed for the ts.

Figure 8.23: The ; = discrimination parameter for the 177 candidate???Rn events (part

a, left) and candidate 218Po events (part b, right) selected using the maximum likelihood

method. Both histograms appear consistent with the expectd distribution of ; for de-

cays; compare with Figure 8.3. The roughly Gaussian, symmeic shapes of the histograms
may be artifacts of the assumed likelihood function, and dos not necessarily contradict the
hypothesis shown in Figure 8.10.
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two exponential random variables (2 = 38:7min, 3= 28:4min), should take the form

t= - =3
fy & ¢ 7 (8.12)
2 3

This function increases linearly from zero, peaks at about 3 min, and then decreases roughly
exponentially. This histogram of the combined decay time wa considered in preference to
histograms of the individual decay times of?14Pb and 21*Bi, for the reason that the sample

of 214Pb events is expected to be twice as contaminated as the sangbf ?18Po events.

Each histogram was t to the appropriate distribution plus a constant term. An attempt
was made to allow the isotope mean lifetimes to oat in the t, but the resulting error bars
were wide enough to be uselese(g, 1=5:9 2:1min). Hence the mean lives were kept
xed to the true values, and only the multiplicative constan ts on the distributions, as well

as the constant terms, were allowed to vary.

For the candidate ??2Rn and ?18Po events, the resulting number of pairs in the exponential
distribution was 149 48, while the number of pairs t in the constant background was

12 36. The time di erence distribution is shown in Figure 8.22a. In the case of the elapsed
times between candidate?'8Po events and?“BiPo coincidences (shown in Figure 8.22b),
the number of pairs in the expected distribution was 137 20, with an estimated 21 17

constant background events. That is, both sets of histograras have a constant background
term that is consistent (within 2 ) with zero. The errors in these values are too large to

observe the expected data contamination of about 10 events.

Finally, histograms were generated for the ; = discrimination parameter of the candi-
date event pairs. These are shown in Figure 8.23. Both are catistent with the expected

distribution of the parameter for  decays.
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8.4.4 Looking for scintillator convection currents with ta gged events

From the tagged events, we may estimate the scintillator vebcity in the z direction near
the z-axis in an attempt to observe convection. Each pair 0???Rn/ ?'8Po events is assumed
to occur in one place, and after roughly an hour, the?“BiPo coincidences occur at a
(perhaps) slightly di erent location. The average velocity in z is given by the z between
the 22°Rn/ 2'8Po pair average position and the’'*BiPo coincidence average position, divided
by the time di erence. That is, labeling the events f 222Rn, 218po, 214pb, 214Bj, ?14Po g as
f1;2; 3;4; 59, we estimate

_b@+2) 5H(zt+z)_n+tz u s

= : 8.13
bttty B(atts) ittty ty ts (8.13)

The CTF 3 runs were analyzed in two periods: Runs 2300{2379,rad Runs 2450{2563. The
rst period is that during which the distribution of ?1%Po is essentially uniform. (Runs prior
to about 2300 cannot be used; before that, the prevalence 6t°Po was too high for tagging
of radon and its daughter isotopes to be feasible.) In the semd period the column of events
has formed. The?'“BiPo coincidences are selected in the same manner as in Sexti8.2, and

as before, coincidences that happen less than 4 hr after thedginning of a run are excluded.

In neither period is a uid velocity observed that is inconsistent with zero. Histograms
of the z velocity, calculated with the tagged progenitor events of @ch 2*BiPo, are shown
in Figure 8.24. During the rst period, only 33 candidate coincidences occurred, and the
histogram does not even appear to have much of a peak. Fittinga Gaussian curve to it
anyway yields a mean value ofv, = 1.4 9:2cm/hr, witha forthe tof 30 12cm/hr.

We may convert this to an upper limit on jv;j, less than 15.3 cm/hr at 90% CL.

In the second period, there were 103 candidate coincidencesn this case the calculated
z velocities were distributed with an obvious peak. (The caug of the sharp spike seen in
Figure 8.24b is unknown.) A Gaussian tresulted in a mean vabe ofv, = 0:4 2:3cm/hr,
with a of 16 3cm/hr. This value of v, may be converted to the upper limit jv,j <

3:8cm/hr at 90% CL.
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Figure 8.24: Distribution of velocities of the ?2?Rn atom and its daughters in the z di-
rection, calculated using event tagging and Equation (8.13 In part a (left) is shown the
distribution for 33 214BiPo coincidences in Runs 2300{2379. On the right (part b) isshown
the distribution for 103 coincidences in Runs 2450{2563. A @ussian t was attempted to
each distribution, but the results were less than satisfacory.

One may ask whether restricting the candidate events only tahose within a certain distance
from the z-axis yields more conclusive results, as perhaps a conveaticcurrent would be
more pronounced right on the axis. The answer is no. Histogram of v, for events with a
cylindrical radial coordinate restricted to be within 20 cm of the z-axis show no additional
signs of a non-zero uid ow. Furthermore, scatter plots of th e calculated values ofv, versus
the coordinate of the 22*BiPo coincidence average position do not show any correlatin
between the two variables, in either period. The data do not dlow us either to con rm or

to rule out convection currents in the CTF scintillator uid

The same Monte Carlo simulation as before was used in order tand out how strong a

convection current would have to be in order to be detectablewith the method of radon

daughter tagging described here. For this purpose, an o setvas added to the reconstructed
z position of each event simulated in the??Rn decay chain. The o set value was given
by the time of the event (relative to the original 2??Rn decay) multiplied by the assumed
current velocity. Then, 100 2??Rn events and their daughters, together with an amount
of background noise equivalent to that seen in Runs 2500{253 were generated at a time.

For each radon chain, the \most likely" radon daughters weretagged with the maximum
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likelihood method. In each set of 100 radon chains plus noise histogram was constructed
of the estimated atomic z-velocity, calculated with the tagged radon daughters as abwe,
and a Gaussian t was performed on the histogram. The mean andhe estimated error in

the mean were reported for each set.

From the simulation, it was concluded that the current velocity required for most samples
of 100 radon chains to yield a mean estimated velocity farthefrom zero than the estimated
error is on the order ofjv;j 8 cm/hr. As this is much larger than the previously estimated
upper limit of 3.8cm/hr, we require much better statistics in order to measure the actual

value of the CTF scintillator velocity, if non-zero.

On the other hand, a lower limit for the velocity in the column may be estimated from
the di usion coe cient. A particle having diusion coecie nt D in the scintillator uid
will travel an RMS distance in the xy-plane ofIO =Dt from its origin in a time t. (The
factor of % is a result of considering di usion in only two dimensions ofa three-dimensional
problem.) If this distance was more than about 50 cm during the period it takes for uid
to travel the 2m from the top to bottom of the CTF vessel, the column of contaminants
shown in Figure 8.18 would spread out and become indistinct.That is, the lower limit is

given by roughly

D
vV, > 19 cm: (8.14)

(This is a very conservative limit; one might claim that the m aximum column spread in the
xy-plane has a radius of only 20 cm, which would set the denominatr of Equation (8.14) to
3cm.) For individual radon atoms in pseudocumeneD 2 10 ®cm?/s, and the di usion
coe cient is known not to depend strongly upon the identity o f the atom in question. We
therefore have a lower limit on the velocity of v, > 0:09 cm/day if the contamination in
the column is in the form of individual atoms. (Less conservévely, this lower limit would
be raised to 0.6 cm/day.) So, assuming the presence of conwemn, the column velocity is

presumably in the range 0.09 cm/day<v, < 8cm/hr.
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If contamination in the column is in the form of particulate, this lower limit becomes smaller

(less stringent). The Stokes-Einstein equation states that for a spherical particle,

kg T
D= BT (8.15)

( being the viscosity of the liquid and r being the particle radius). As a result, the lower

limit on column velocity is inversely proportional to the mean radius of the particles.

Even if we assume no convection (an assumption which, judginby the temperature record,
seems likely to be accurate), particulates may be large enah to fall to the bottom of the

CTF vessel under the in uence of gravity. (The observed?'“BiPo coincidences may or may
not follow the distribution of 2!°Po, depending upon whether or not they are also mainly
attached to particulates.) Using the terminal velocity for mula that was derived earlier,

Equation (8.11), and combining it with Equations (8.14) and (8.15), we therefore have

5 > (19em) P2
or equivalently,
) ke T 1:3,

19cmg(p ) (8.16)
For the sake of plugging in numbers, let us assumep, = 3 g/cm 3, a typical density for rock
dust. The CTF temperature is about 18 C = 291 K. For pseudocumene, = 0:875g/cm®.
These gures yield a minimum particle radius of 11 nm. With th e less conservative gures
for the column spread in the xy-plane, the minimum particle radius becomes 20nm. It is
worth noting that the smallest Iter pore size in any of the CT F puri cation modules is

0.05 m = 50nm, explaining how these particles might remain presenin the scintillator.

The viscosity of pseudocumene at 20C is 0.960cP= 96 10 “Pas [167]; therefore from
Equation (8.11), a particle of density 3g/cm® and radius 11 nm (20 nm) would take 11 yr
(3yr, respectively) to fall the 2m height of the CTF vessel. This is inconsistent with the

appearance of the column over a period of a few months; even ¢hless conservative lower
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limit yields a falling time that is wrong by an order of magnit ude. We must conclude that
the average particle size is at Ieasp 10 3 times larger than a 20 nm radius, implying a
minimum radius of about 60 nm. This is consistent with the value of r = 140 nm derived
in Section 8.3.3; however, there is insu cient evidence to ccide whether the particulate
contamination hypothesized in that section is identical to that making up the more recently

observed column of high?1%Po activity.

8.5 Lighter radioactive isotopes

The bulk of this chapter has focused upon CTF internal contarrination due to heavy isotopes
in extensive decay chains. Of course, other radioactive isopes are also of great concern
in the CTF and Borexino. Limited time and space, however, presented them from being

studied extensively for this work. A review of previous resits is nevertheless provided in

this section for completeness, as is a new analysis K.

It is useful to mention here, for reference, the total intermal event rate within the neutrino en-
ergy window (250{800 keV). For Runs 2300{2563, the averagealue of that rate, determined
using a 65-cm radial cut, is 33 events/day/ton. For Runs 2350447, the period of low-
est internal contamination, the average neutrino window rae is \only" 25 events/day/ton.
A quick comparison to the numbers in Tables 8.3 and 8.7 makesticlear that uranium

daughters can account for only a small fraction of this eventrate.

With the exception of the coincidence decay off°Kr (which has a very small branching
ratio, SO measuring it is not a very sensitive technique) andhe electron capture photopeak
of 49K, the lighter radioactive isotopes do not exhibit any strongly distinguishing features
permitting their concentrations to be easily determined. Analyses of these isotopes are
therefore generally restricted to a t of the observed enery spectrum to the superposition
of a large number of theoretical curves with parameterized mplitudes. One of the most

sophisticated such ts, from reference [168], is shown in Fjure 8.25. It is the opinion of
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Figure 8.25: A sample of a CTF spectral t; this one comes fromreference [168]. The tis
against the set of events in Runs 2316{2481 having a reconstcted radial position (using
the Milan reconstruction code) of r < 60cm. Some parameters are constrained using the
concentrations of contaminants already known from coinciénce and= analyses. This t,
for additional sophistication, is also combined with a spetral t over all radii (not shown)

to get better measurements of the external ray contribution, which was modeled using
Monte Carlo methods.

the author that spectral ts to the continuous smooth curves of -decay spectra must in
general have shallow 2 functions and are not too much to be trusted. The utility of such
ts is made even more questionable by uncertainties in the sptial and energy distributions
of external rays. This energy spectrum has in the past been modeled by efeentary
functions such as exponentials, linear functions, and evegonstants, in addition to various

histograms produced in Monte Carlo simulations.

We here mention the two important carbon isotopes, the cosmgenic'C and the high-rate

but low-energy scintillator contaminant *C, only brie y. The former has, with the spatial
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and time cut technique described in Section 2.2.2, been meased to have a rate in CTF
of 0:135 0:024 (stat:) 0:014 (syst:) events per day per ton [22, 41], compatible with the
prediction of 15 2 events per day in the 100-ton Borexino Fiducial Volume. The étter
has been measured to have a mass fraction in the CTF scintillatr of (5 2) 10 18 [44],
3.5 times higher than the scintillator of the original CTF 1. The large error in this number
is not statistical; it comes from the observation of four di erent batches of pseudocumene
added to the CTF 3 at di erent times, which had measured 4C mass fractions ranging from
(3:7{7:1) 10 18 [44]. It is hoped that the scintillator used in Borexino does not present

still more such surprises.

8.5.1 The noble gases: %°Kr and 3°Ar

A considerable concern for Borexino is the possibility of rdioactive noble gas isotopes
entering the detector via the nitrogen gas supply. For this reason, a special source of
nitrogen low in argon and krypton gases will be used. This nitogen was not available in

time to be tested with the CTF, however. As a result it is thought that a signi cant number

of events in the CTF detector are due to the decays of3°Ar and 85K,

The more tractable of these is®®Kr. The reason for its tractability, as mentioned in Sec-
tion 2.2.2, is a decay path with a small branching ratio that permits use of the method of
delayed coincidences. Usually?°Kr undergoes the pure decay ®Kr ! 8Rb. However,
with a branching ratio of 0.43%, it may instead decay to an exdited state known as&™Rb
with a half-life of 1.01 s. The excited state decays to the®*Rb nuclear ground state (a
stable nucleus) by emitting a ray of energy 514keV. That is, a decay with maximum

energy 173 keV is followed within a few s by a monoenergetic ray.

These coincidences have been sought in several di erent aly@ses. That of A. Pocar (2003),

for instance, nds a total rate for 8Kr decays of 7 5 events/day/ton [44]. The study
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covered the period of Runs 2125{2300, a total of 259.5 days dive time, and was re-
stricted to a radial cut of events with r < 70cm. (Lifting the radial cut led to a signi cant
sample contamination from ?1?BiPo coincidences at the vessel surface.) A later study by
D. Franco (2005) investigated several periods, of which théongest consisted of Runs 2346{
2434 (165.8 days live time). This investigation, using a radhl cut of 80 cm, found a total
85Kr activity of 13 4 events/day/ton [42]. Two other periods studied, respectiely con-
tained by and overlapping the end of the study of A. Pocar, yidded activities of 5 2 and
16 7 events/day/ton [42]. A third analysis by Aldo lanni (2005) u sed Runs 2180{2474
(555 days live time). Although no radial cut was made, this study took care to account for
background on the vessel surface from thé'?BiPo coincidence. The result obtained was a
total 8°Kr activity of 9 :4"32;21 events/day/ton [169]. The wide scatter between these resuf

indicates the low sensitivity of the method of coincidencedor this case.

The isotope 3°Ar has no tagging method available at all. It can be studied ory through
spectral ts to the observed CTF energy spectrum. Because tle spectra of*°Ar and 8°Kr are
quite similar above the 4C end-point, it is not really possible to determine the rate of the
isotopes separately, but only their total rates. Values forthis total in the neutrino energy
window have been reported in the ranges of 7{13 events/day/on. The fractions of the 3°Ar
and 8Kr spectra above 250 keV are roughlyks, giving an estimated total noble gas activity
around 20{40 events/day/ton. From the coincidence analyse, about 10 events/day/ton are

due to krypton, so the remaining 10{30 events/day/ton must come from argon.

This estimated rate of argon decays is surprisingly high, sice in normal air, activity from
krypton is nearly 100 times higher than that from argon. In looking through old CTF 3
logbooks, Aldo lanni has apparently found the answer to the nystery [169]. When the
CTF 3 vessel was originally installed in 2001, it was (like the Borexino vessels) rst in ated
with nitrogen before being lled with uid. However, near th e end of the in ation process,
the underground N, supply was exhausted. It was decided to nish the in ation with pure
argon gas. With some reasonable assumptions (a 0.13wolume of argon added; a reduction

factor of 20 after nitrogen stripping) and the partitioning constants of argon from nitrogen
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to water (31) and nitrogen to pseudocumene (4.1), such an ear in judgment was predicted

to result in about 35 events/day/ton from 3°Ar in the CTF [170].

8.5.2 Long-lived natural radioisotopes: 8Rb and “°K

Other than the heavy element decay chains, there are two rel@vely common, naturally
occurring, long-lived radioisotopes. One is?’Rb (half-life 47.5Gyr) and the other is 4°K
(half-life 1.277 Gyr). 8’Rb, however, is a pure emitter with a Q-value of 273keV, near the
low end of the neutrino energy window. In CTF, detection of 8’Rb is infeasible due to the
large number of events caused by?°Ar and 8°Kr. Nor does it seem like a very problematic

contaminant for Borexino.

40K, on the other hand, has a Q-value of 1311keV, placing its degs throughout the
neutrino energy window. Of all the natural, long-lived radioisotopes, “°K has the highest
activity in rock or dirt, making it a serious concern. For thi s reason it is important to

understand the 4°K contamination seen in CTF 3.

It is possible to estimate the rate of*°K -decay events, since the isotope has a second decay
branch with amplitude 10.7% in which it decays via electron @pture to “°Ar. The electron
capture produces an excited*®Ar nucleus which immediately emits a 1461 keV ray. This
ray, being monoenergetic, can in principle be detected as adump," or photopeak, in the
CTF energy spectrum rising out of the relatively uniform and background. The peak

should be Gaussian in shape with a predicted of 101 keV.

As this photopeak has not been studied in detail in CTF 3 befoe, some simple analyses
were done on it for this work. Runs 2300{2563 (474 days livetne) were taken as the data
set. The CTF scintillator volume was split up by several radial cuts. Two concentric
regions of equal volume were de ned, each containing 229 kgf cscintillator: region lIa,
r< 21 50 40cm; and region Ib, 217 50cm<r < 50cm. This was done in

order to check for a radial dependence of thé°K event activity; if the activity has a strong
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Figure 8.26: Division of the CTF scintillator into several r adially symmetric volumes, shown
here in cross-section, for the purpose of°K analysis. The CTF vessel is represented by the
largest (bold) circle. Regions I, II, and Il each include % of the CTF scintillator. Regions
la and Ib each have a volume of half that. The volume outside rgion Ill is not analyzed in
order to avoid edge e ects on the perceived spatial distribtion of internal  rays. See text
for details.

component due to potassium in the vessel Im or outside the vesel, it should grow rapidly
as a function of distance from the detector's center. Similay, three larger regions of equal
volume, each containing 458 kg of scintillator, were analyed (Figure 8.26): region I, with
r < 50cm (the union of regions la and Ib); region II, having 50cm<r < 2 50 63cm;

and region IlI, with 2%  50cm<r< 3% 50 721cm.

In every case, the analysis was done by observing the energpexctrum for each volume in

the range 1150{2200 keV, and tting these spectra to the fundion

= N ka0 (E*E%Z Ngi214 (E*E%z
(E)= Ae (B 1150keV)=" 4 p=—e 25+ pz_'—e 2% (8.17)
0 1

The additional Gaussian term labeledNgij214 takes into account a second peak seen in the
energy spectrum, which presumably results from the 1.76 MeV ray emitted (with 16%

probability) in the decay of 2“Bi. Internal ?“Bi decays are generally seen in coincidence
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0K peak 214Bj  peak Background
Volume cut Eo o Events E, 1 Events A "
[cm] [keV] [keV] [keV] [keV] bin 1]  [keV]
la r< 40 1576 101 112 38 1953> 120 65 33 30 4 615 270
Ib 40<r< 50 1538 > 120 113 29 1945> 120 94 30 38 4 706 193
Subtotal: la + Ib 225 48 159 45
I r< 50 1564 114 222 68 1947 > 120 159 46 71 6 659 170

I 50<r< 63 1536> 120 318 48 1884 114 223 86 116 7 823 144
63 <r< 72 1566 > 120 428 53 1906 84 215 58 176 8 709 71

Table 8.9: Results for the t to the 4°K and 21“Bi photopeaks in the various concentric
volume cuts in CTF 3. All columns except the rst are the t par ameters. For reasons of
space, tuncertainties in the parametersE; and ; (i = 0;1) are not shown, but were in the

range of 15{40keV. The subtotal for the individual analysesof volumes la and Ib (row 3)

is compared with the analysis of all of volume | (row 4) as a cosistency check.

with the decay of 1*Po immediately following. But when 214Bi decays in the water bu er,
outside the CTF vessel, only rays may penetrate into the scintillator and be recorded by
the PMTs. Other background in the energy spectrum was (as usal) modeled by a decaying
exponential. The peak width o was constrained to be in the range 70{120 keVEo was
constrained to be near the expected value 1461 keV. For the sposed?1“Bi peak, the width
1 and mean valueE; were constrained similarly. All other parameters were congained
only to be non-negative. The energy spectra and the results ahe t for four of the de ned

volumes are shown in Figure 8.27. Results are given in Table.8.

The number of “°K events in each volume increases as one travels farther frorthe center
of the CTF vessel. For this reason, it is clear that the data irclude rays originating in the
nylon vessel, the water bu er, or external portions of the CTF (nylon pipes, collars, and so
forth). To obtain better results for internal 4K, it is necessary to examine the distribution
of scintillation events caused by external rays; this will be done in the following chapter.
For now we will simply quote the value obtained within the central 50-cm volume of the
CTF as an upper limit: 222 68 events in 474 days livetime, or 0  0:3 events/day/ton,

are observed. Taking into account the = branching ratio, this number corresponds to an

upper limit of 850 events/day of 9K emissions in the Borexino Fiducial Volume.
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Figure 8.27: The energy spectra of several small volumes iiake the CTF, t to the presumed
40K photopeak using Equation (8.17). At top, r < 40cm and 40cm< r < 50cm; these
regions have the same volume. At bottomy < 50cm and 50cm<r < 63 cm; these regions
also have the same volume, twice that of each of the regions stvn at top. The spectrum
for63cm<r < 72cm is not shown, but is similar in nature (albeit with greater amplitude).



