
Chapter 8

Internal Contamination in the CTF

As already mentioned in Chapter 6, the main purposes of the Counting 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 that 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, which are grouped by electronics and

reconstruction algorithms into single events. Each such event is presumed to represent the

decay of one radioactive atom in the CTF or the passage of one muon through it. Neutrino-

related events are also in principle observed, but they are impossible to distinguish from the

much more common radioactive background noise. This \background noise," though most

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

The radioisotopes that are most common in CTF are expected tobe the same as those in

Borexino, since the scintillator to be used in both detectors 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 as11C and

7Be produced by muons passing through the detector; common radioactive isotopes of noble

gases (speci�cally39Ar, 85Kr and 222Rn) that may be present in the detector's water tank or

nitrogen blanket; the heavy element decay chains originating with 232Th and 238U; and other
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\miscellaneous" naturally occurring radioactive isotopes such as40K and 87Rb. 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 based on their positions in

the detector. The reconstructed distributions of these positions were discussed earlier, in

Section 5.5. Internal events are those that result from impurities or particulates in the

scintillator itself, from cosmogenic isotopes and neutrons produced by cosmic rays in the

scintillator, and from noble gases di�using into the scinti llator from outside (this cate-

gory also includes the decay products of222Rn). Neutrino events would also be considered

internal events if they were feasible to observe. Except perhaps 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 ofthe uranium and thorium

decay chains will be discussed in this chapter in detail. Other, lighter radioisotopes in the

CTF scintillator will be mentioned brie
y at the end.

Surface events, to be discussed in the following chapter, are a result of impurities in the nylon

�lm of the CTF vessel, as well as impurities and particulates originally in the scintillator

that eventually adhere to the vessel �lm. The distribution o f these events should in principle

be restricted to the vessel surface, idealized as a sphere ofradius 1 m. External events, also

discussed in the next chapter, are those produced by radioactive 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 scintillator

volume. The volume of scintillator in CTF is much smaller than in Borexino, so it has a

much smaller volume to surface ratio. Consequently, surface 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 surface or external events.

For the purposes of this chapter and the next, we will focus mainly 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 discussedad nauseam[42, 44, 67,

92], and it seems unlikely that many novel things can be said about them. (An exception to

this policy is made in the case of the210Po activity, regarding which some new results will

be presented in Section 8.3.) It is the opinion of the author that 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 shutdown of operations provided

an extensive data acquisition period on undisturbed scintillator.

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 provide 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 possibleto determine the concentration

of a speci�c isotope statistically, using the overall observed 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 case, the energy spectrum of the

isotope may be statistically subtracted from the overall energy spectrum, again improving
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the neutrino signal-to-noise ratio. Unfortunately, in this c ase, 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 help with particle identi�cation.

However, it does identify the most likely source of the radioactive contamination. One of

the most interesting uses of the CTF is as a radiopurity testing facility for the materials

intended to be used in Borexino. The component having the most stringent radiopurity

requirement is the scintillator. In this chapter, we therefore focus upon contamination

speci�c 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 setvalue. (In certain special cases,

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

An additional known problem with events near the surface of the vessel is that of light loss.

Surface events are empirically observed to su�er a reduction 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�ects related to the nylon �lm

and the di�erent indices of refraction at the scintillator-� lm-water interface, but it is not

completely understood. The light loss is a fairly strong function of the radial coordinate,

so it may be neglected (simplifying analysis considerably)by using a radial cut.

Two natural radial cuts are those which exclude events with reconstructed radial coordinates

outside 50 cm and 65 cm, respectively. The �rst cut represents a volume of 1=8 of the total

amount of CTF scintillator, and the second cut represents a scintillator mass of 1000 kg. The

�rst is useful in analysis of event samples that may be heavily contaminated from external
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 rays, while the second may be used for samples that are not so sensitive (coincidence

analyses, for instance). A look at Figure 5.4 shows that the resolution error for these

volumes (due to assuming that the number of events reconstructed within these radii is

equal to the true number of events occurring within them) is negligible for a reconstruction

position resolution of 10{15 cm.

We must however be careful, due to the fact that CTF 3 events inthe lower hemisphere

seem to be reconstructed lower along thez axis than their true positions. To review the

relevant results of Section 7.8,214Po events in the radon source in run 2534 (nominally on

the z axis at z = � 53:5 cm) were reconstructed at an average height ofz = � 62:1 cm, and

in run 2535 (nominally at z = � 80:0 cm) they were reconstructed atz = � 91:2 cm. By

linear interpolation, we expect a reconstructed position of z = � 50 cm to correspond to a

true position of z = � 42:5 cm, and � 65 cm to a true position of � 56:1 cm. The physical

volume in the CTF to which the 50-cm cut on reconstructed radial coordinates corresponds

is thus squashed vertically by a scale factor of 1.081. The 65-cm radial cut corresponds to a

physical region squashed by a scale factor of 1.073. All analyses that obtain a total number

of events (or a number of events per unit volume or unit mass) using a radial cut must

be corrected by multiplying the result with one of these scale factors. These factors may

also be calculated using the measured214Bi 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 totalnumber of photoelectrons ob-

served by the PMTs and the actual energy of the radioactive decay. This factor, the \light

yield," is provided by observation of the shape of the14C energy spectrum in CTF, which

will be described later.



Chapter 8. Internal Contamination in the CTF 348

Decay Species Half-life E � E 
 Pred. Equenched [keV] � E [keV]
chain � 1=2 [MeV] [MeV] Q(E) Pred. Obs. Pred.
235U 223Ra 11.4 d 5.717 0.159 12.87 603 - 65

219Rn 3.96 s 6.819 - 11.44 596 - 64
215Po 1.78 ms 7.386 - 10.70 690 - 69
211Bi 2.15 m 6.623 - 11.69 567 - 63

232Th 220Rn 55.6 s 6.288 - 12.12 519 - 60
216Po 145 ms 6.779 - 11.49 590 - 64
212Bi 60.6 m 6.051 0.040 12.43 527 - 61
212Po 299 ns 8.784 - 8.88 989 - 83

238U 222Rn 3.82 d 5.490 - 13.16 417 410� 6 54
218Po 3.05 m 6.002 - 12.50 480 483� 6 58
214Po 164� s 7.687 - 10.31 746 751� 7 72
210Po 138.4 d 5.305 - 13.40 396 395� 10 53

Table 8.1: Energy quenching and Gaussian peak widths predicted in the CTF 3 and Borex-
ino scintillator for the most important � -decay isotopes in the three heavy-element decay
chains. For 222Rn and its daughters, the quenched energies actually observed in the CTF 1
are also listed [128]. For species whose main decay mode includes a 
 ray, the energy of
the 
 is presumed not to be signi�cantly quenched. The� decay listed for 212Bi has a 36%
branching ratio; its main decay channel is� � emission. Notice that all of these species but
212Po have a quenched energy in the neutrino window, 250{800 keV.

As discussed in Section 3.1, the amount of light emitted by the 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]

Q(E) = 20 :3 � (1:3 MeV� 1)E = 20:3 �
E

0:77 MeV
: (8.1)

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

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 spectrum of an � emitter is not

actually monoenergetic. The energy of an event is determined, 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 Poisson statistics. When the

number of photoelectrons is reasonably large, its distribution in an ideal CTF-like detector

would approximate a Gaussian curve whose width is proportional to the square root of the

mean observed energy,� E = k
p

Eobs. (Equivalently, the energy resolution � E =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 observed 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 thereforepredict that, if CTF were

an ideal detector, k = 1 :97 keV1=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 well

by Gaussian functions, as will be seen many times in this chapter. The main e�ect is a

broadening of the observed peak widths in the energy spectrum. If we suppose that � E 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, Run 2539. Selecting only214Po

events using the method of coincidences, we �nd that a histogram of the event photoelectron

yield spectrum (Figure 8.4b) is a Gaussian curve with mean value 126 photoelectrons and

� = 15:0 photoelectrons. Converting these values into energies with the conversion factor

3.90 keV/photoelectron and solving for k yields k = 2 :64 keV1=2. The predicted values of

� E using this value of k are also tabulated in Table 8.1.

In the remainder of this dissertation, the quenched energies Eobs of � decays will generally

be treated as if they were the real energies of the decays, andthe subscript \ obs" 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 neutrinos, �=�

discrimination is an important part of particle identi�cat ion in the CTF as well. Three

main approaches have been taken to identify radioactive decays in the CTF as � or �

decays. The simplest is the tail-to-total ratio. The other two methods, the Gatti �lter and

the DPSA skew, both use the values acquired by the DPSA board [81].

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

is the factor of merit, de�ned as

D �
� S

q
� 2

� + � 2
�

; (8.2)

where � S is the absolute value of the di�erence between the mean values 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, soD is small (� 3).

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

that, for some �=� discrimination parameter � , the mean value of the� distribution is � �

and that of the � distribution is � � (that is, � S = j� � � � � j). Without loss of generality,

assume� � < � � . Now consider a �xed value � 0 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 � 0, respectively. The classi�cation e�ciency � � (� 0) for � 's is the fraction of � events

that are correctly classi�ed at a given � 0, and likewise for � � (� 0).

As � � and � � are both monotonic functions of � 0, we may think of one variable as a function

of the other, � � (� � ). Naturally, they have some negative correlation; if there is 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 can require

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

for � � (a larger 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 � 0 at which � � = � � is given by

� eq
0 =

� � � � + � � � �

� � + � �
: (8.3)

At � 0 = � eq
0 , equal fractions of � and � events will be classi�ed correctly. This fraction,

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

� � (� eq
0 ) = � � (� eq

0 ) = 1=2

"

1 + erf

 
� S

p
2 (� � + � � )

!#

: (8.4)

This measure of the e�ciency of discrimination has a lower bound of 1=2 (for the case of no

separation, where the distributions have the same mean value), and an upper bound of 1

(when the separation is perfect). We will refer to it henceforth simply as the discrimination

e�ciency, � �� .

Finally, we may de�ne a contamination fraction C. For a given value of � 0, 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 � > � 0 is

N � � � (� 0), and the number of � events with � > � 0 is N � [1 � � � (� 0)]. The contamination

fraction is then

C(� 0) =
N � [1 � � � (� 0)]

N � � � (� 0) + N � [1 � � � (� 0)]
: (8.5)

In the simpli�ed case where � � = � � and N � = N � , we haveC(� eq
0 ) = 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 collected charge during a time period

dt beq(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 value

R532 ns
32 ns q(t) dt

R500 ns
0 ns q(t) 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 but in practice

are not as useful. There is an optimum starting time for collecting the \tail" signal that

maximizes the �=� discrimination e�ciency [83].) In the laboratory, the �=� separation

obtained between214Bi and 214Po has a factor of merit D = 4 :60 [81] and a discrimination

e�ciency � �� = 99:956%. The two distributions are seen in Figure 8.1a to be cleanly

separated.

Unfortunately, �=� separation using this parameter works much better in the laboratory

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 both Group 1 and Group 2

events in the 222Rn decay chain. However, the extra quenching that resulted from oxygen

contamination of the source caused� decays other than that of 214Po to appear at energies

lower than 400 keV. In practice, therefore, the sample includes only 214Po � decays and

some of the214Pb and 214Bi � 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 runs1 using the tail-to-total ratio is between 84% and 95%, although

1As 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 800 keV.
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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 compared

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{2349,the

main � -producing species present is210Po (which will be discussed further in Section 8.3).

It has a predicted quenched energy of 396 keV. Using the R32 parameter to perform �=�

separation on a sample of events with apparent energies in the range 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 alsodue to the limited volume

of the radon source compared to the much larger radial cut over which 210Po events were

sampled.) In this region of the energy spectrum, the sum of the two distributions does not

even exhibit a local minimum or shoulder; only a single peak is visible. Unless an event

has a value of R32 less than 0.25 or greater than 0.4, the R32 parameter 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

�lter, a mathematical technique that parametrizes how simi lar a given function is to one of

two reference functions [153]. In the case of the CTF, the given function is the set of values

recorded in the DPSA bu�er of an event. Recall that the value stored in the nth element

of the DPSA bu�er is proportional to the total photoelectron charge yielded by an event

between time zero and timetn = 8 :3 ns � 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 valuesfor the DPSA bu�er.
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We de�ne f n to be the value stored in the nth bin of the DPSA bu�er, minus the average

pedestal value, normalized such that the sum
P

n
f n is one. The pedestal value is determined

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

n that hold a meaningful value: n = 15; : : : ; 60. When n is outside this range we de�ne

f n = 0.

The reference functions in question are the averages of the DPSA bu�er values for events

known to be � and � decays. That is, the value � n is the average (pedestal-subtracted,

normalized) value in the nth bin of the DPSA bu�er for known � events, and likewise for� n .

Obtaining a sample of� events is easy; one takes advantage of the214BiPo coincidences and

uses only the �rst event in each coincidence. Since the DPSA board processes only Group 1

events, though, 214Po cannot be used for the sample of� events. (A second DPSA board

that processes Group 2 events exists, but ensuring that the two boards had compatible

calibrations would be di�cult.) In this case, one uses the � decays produced by222Rn and

218Po in runs with large amounts of radon.

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

G�� =
X

n

� i � � i

� i + � i
f n : (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 n . 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 e�ciency in the lab is � �� =

99:987% (compared to 99.956%). In the Borexino detector sourceruns, the discrimination

e�ciency for 214BiPo coincidences using the Gatti parameter with the Borexino 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 binning of the DPSA board, it
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is hard to consistently analyze sets of data that span a period 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. Skewness 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 skewness.The skewness is independent of

any shift in the position of the function peak.

To de�ne the skewness, the normalized valuesf n of the DPSA bu�er for an event are

considered as a probability distribution. (As before, f n is considered to be zero whenn

is outside the useful range of about 15{60). The expectationvalue of the bin number for

this distribution is given by �n =
P

n
nf n . The second and third central moments of the

distribution are obtained as follows:

� 2 =
X

n

(n � �n)2 f n

� 3 =
X

n

(n � �n)3 f n

Finally, the skewness of the distribution is de�ned as


 1 =
� 3

� 3=2
2

: (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 slight negative 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), 
 �

1, 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 of222Rn and 218Po are at center left. (All � events
in this run appear to be shifted to lower energies;� quenching is increased due to oxygen
contamination in the source vial.) The � decays of214Po are not shown since Group 2
events are analyzed by a di�erent DPSA board.
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Figure 8.3: �=� discrimination with the parameter 
 �
1, the skewness of the DPSA bu�er

with energy correlation removed. The graph shows the distribution of 
 �
1 for CTF 3 runs

2300{2349, for events with apparent energies in the range 250{500 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 (D = 0 :95, � �� = 75:3%).

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

empirically removed:


 �
1 � 
 1 +

E
26:3 MeV

: (8.8)

The distribution of 
 �
1 for � events in the neutrino energy window can then be modeled

(again, determined in a purely empirical way) by a Gaussian with average value
 �
1 = 0 :026

and � 
 = 0 :011.

For events with apparent energies in the range 250{500 keV inCTF 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 (D = 0 :95, � �� = 75:3%). Although the 
 �
1 parameter is probably

more e�ective at higher energies, this is di�cult to test. Th e higher-energy214Po and 212Po

� decays always appear as Group 2 events, which are not analyzed by the same DPSA

board.
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It is a pleasant surprise that the e�ectiveness of�=� discrimination with the 
 �
1 parameter

does not seem to be a�ected by the position of an event. In Run 2539, the radon source was

located at the center of the vessel. In Run 2537, the source was near the top of the vessel,

in contact with the nylon �lm. Yet the distributions of the 
 �
1 parameter for � and � events

in Runs 2537 and 2539 are nearly identical, with the exception that the events in Run 2537

appear to be reduced by about 15% in energy|a well-known phenomenon a�ecting surface

events.

8.1.4 Coincidence events

The use of coincidences for particle identi�cation has already been discussed somewhat in

Chapter 7 in the context of the CTF source runs. The idea is simple: radioactive isotope A

decays into isotope B, which is itself radioactive and has a very short lifetime. The necessary

condition is that the mean life of isotope B must be much shorter than the average time

between unrelated events of similar energies in the detector. A histogram of the time delays

in these coincidences should look like a decaying exponential curve whose characteristic

decay time is the mean life of isotope B. Coincidences in the CTF are particularly noticeable

because the second decay will be observed by the Group 2 electronics 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 2 electronics in the CTF are

summarized in Table 8.2.

If there exist several unrelated such pairs of isotopes AB, A0B0, etc., then either the ratio

between the half-lives of any of the isotopes B, B0, etc., must be large (at least several times

e) so that they fall into a clearly separable hierarchy of decay times, or else the di�erent

types of coincidences must be easily distinguishable for other reasons. The former is the

case with, for instance, the isotopes of polonium in each of the three heavy-element decay

series. The latter is the case for the coincidence85Kr ! 85mRb ! 85Rb, which has a �rst

event energy less than 200 keV, much less than the high-energy� decays of the isotopes
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Coincidence Progenitor � of 2nd event Branching ratio
212Bi

�
! 212Po �! 208Pb 232Th 431 ns 64%

85Kr
�
! 85mRb



! 85Rb 85Kr 1.46 � s 0.43%

214Bi
�
! 214Po �! 210Pb 238U / 222Rn 237� s 100%

219Rn �! 215Po �! 211Pb 235U 2.57 ms 100%
220Rn �! 216Po �! 212Pb 232Th 210 ms 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 probability that each coincidence
will occur in the decay chain of the listed progenitor.

of bismuth. Without this property, this coincidence, with t he metastable 85mRb atom

having a mean life of 1.46� s, would be di�cult to distinguish from a 212BiPo coincidence.

Indeed, when a radial cut is not made, selections of supposed85Kr coincidences tend to be

highly contaminated by 212BiPo coincidences occurring on the vessel surface, for which the

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 merely the 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 85mRb ! 85Rb) a monoenergetic
 ray,

an energy cut can exclude accidental coincidences in the wrong energy range. A histogram

of the distances � j x1 � x2j between reconstructed spatial positionsx1;2 of the two events

should be proportional to s2 e� s2

2� 2 , where � �
p

� 2
1 + � 2

2 and � 1;2 are the resolutions of the

position reconstruction for each event.2 The probability that a coincidence will be observed

with a distance between reconstructed event positions of greater than 60 cm is small, on the

order of a few percent.

2The reason for this is that each of x 1 and x 2 has Gaussian components with respective widths � 1;2 ,
assuming isotropic uncertainties. Hence the di�erence vector s � x 1 � x 2 has components with Gaussian
distribution and width � =

p
� 2

1 + � 2
2 . By assumption, the mean values of corresponding components ofx 1

and x 2 are equal, so the mean of each component ofs is zero. The volume element in radial coordinates

is 4�s 2ds, yielding a distribution for s of 4�s 2=(2�� 2)3=2 e� s 2

2 � 2 . We see that the s2 is therefore a purely
geometric factor.
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Figure 8.4: Histograms of the photoelectron yield for214BiPo coincidences in Run 2539, one
of the CTF 3 source runs. The214Bi energy (part a) is shown at left. The � + 
 spectrum of
214Bi is complex and is not suitable for making energy cuts; hereevents with fewer than 100
photoelectrons have been excluded in order to reduce the probability of accepting accidental
coincidences. On the right (part b) is shown the observed214Po energy spectrum. As a
monoenergetic� emitter, 214Po 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 left, and (part b) the apparent
event separation, at right, for 214BiPo 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

shown at right is to the function As2 e� s2

2� 2 . Fit parameters are given in the main text.
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As an illustration of the method of coincidences, Figures 8.4 and 8.5 show histograms of the

event energies, coincidence time, and apparent position separation for 214BiPo coincidences

in one of the CTF 3 source runs, Run 2539. These events were selected using the same cuts

described in Section 7.8. The coincidence time histogram was �t to the function Ae� t=� + B

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

� A = 323 � 6;

� B = � 4:2 � 0:9;

� � = 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 results 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 As2e� s2

2� 2 with A and � varying

freely. The result is that � = 17:7 � 0:1 cm. Recalling the values of� 1;2 for Run 2539

(Table 7.10), � 1 � 11:9 cm and � 2 � 13:0 cm. (Since the uncertainties are not exactly

isotropic, these values were calculated as the arithmetic mean of the� values for each axis.)

Thus, we would have predicted a� of � 17:6 cm, a nice agreement. The histogram diverges

slightly from the �t function when s > 50 cm or so. This results from the
 ray component

of the 214Bi events, which yields non-Gaussian tails in the position reconstruction; refer

to Section 7.7.5. In any case, the number of coincidences with s > 60 cm is 286, which is

only 3.9% of the total (7302). That is, a cut requiring s < 60 cm on the apparent spatial

separations of coincidences will have an e�ciency of 96.1% for inclusion of 214BiPo events.

This is actually a conservative estimate. Events in the source runs are quenched by the

presence of oxygen, which reduces the number of observed photoelectrons 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 3of isotopes in each of the

three naturally occurring heavy-element decay chains. The238U, 235U, and 232Th decay

chains each include one isotope with a very short half-life (see Table 8.2), so the presence of

each chain can be observed using the method of coincidences.It should be stressed, though,

that these measurements do not necessarily imply a speci�c value for the concentration of

the parent isotope of each chain. When some isotopes have long lifetimes, it is not safe to

assume that secular equilibrium (the condition in which every isotope in a chain produces the

same rate of decay events per unit volume) prevails, especially since puri�cation operations

on the scintillator will invariably favor some elements over others.

8.2.1 Measurement of 222Rn/ 238U using the 214BiPo coincidence

The predominant coincidence seen in the CTF is the214BiPo that occurs in the 238U decay

chain. However, the meaning of the number of these coincidences that are observed is open

to interpretation. The reason is that the decay chain (Figure 2.4a) includes222Rn, 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 � 30 mBq/m 3 [63]) may di�use through the nylon

shroud and vessel �lm to decay inside the CTF vessel. In addition, 226Ra atoms embedded

in the vessel �lm produce radon upon their decay (emanation), which similarly may travel

into the scintillator. These e�ects were discussed earlierin Section 4.4; they guarantee that

secular equilibrium higher in the decay chain than222Rn cannot be assumed. There is no

coincidence to take advantage of higher in the chain, so it isdi�cult to tell how much

238U is present; we may only safely infer the presence of226Ra somewhere in or near the

scintillator. On the other hand, the half-life of each isotope between222Rn and 214Po is less

than half an hour; hence, secular equilibrium between radonand the 214BiPo coincidences

is guaranteed.
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One-ton data sample

In order to measure the rate of214BiPo coincidences, the following cuts are made in software

on the data. (Because of the energy quenching caused by oxygen in the CTF 3 radon source,

the cuts below are not identical to those made for the CTF 3 source runs in Section 8.1.4.)

Each cut is listed together with the e�ciency � with which the cut will accept true 214BiPo

coincidences. The total combined e�ciency of these cuts is 75.5%:

� The coincidence must consist of a Group 1 event and its corresponding Group 2 event.

(� � 100%)

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

� The energy of the candidate214Bi (�rst) event must be greater than 200 keV (to avoid

accidental coincidences triggered by the high rate of14C events) and less than 3.5 MeV.

By integration of this cut over the 214Bi energy spectrum convolved with a Gaussian

resolution function having � E (E ) = (2 :64 keV1=2)
p

E , � may be estimated at 99.4%.

(A graph of the 214Bi theoretical spectrum, albeit convoluted with the CTF 2 energy

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

� The observed energy of the candidate214Po (second) event must be in the range

300{1200 keV. (� � 100%)

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

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

� With 214Po 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 coincidences such as the212BiPo

in the thorium chain (discussed in the next section). The higher cut excludes as many

accidental coincidences as possible without cutting too deeply into the set of 214BiPo

coincidences.
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Runs Dates Live time Tagged Rate 238U conc.
[days] coincidences [ev/day/ton] [10� 16 g/g]

2300{2346 03/04/12{03/10/20 93.86 32 0.48� 0.09 4.5� 0.8
2350{2399 03/10/31{04/04/02 103.07 18 0.25� 0.06 2.3� 0.5
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 6.4� 1.1
2500{2531 04/12/10{05/03/13 55.42 34 0.87� 0.15 8.1� 1.4
2541{2563 05/03/18{05/06/22 40.47 48 1.69� 0.24 15.7� 2.3
2300{2563 03/04/12{05/06/22 474.03 197 0.59� 0.04 5.5� 0.4

Table 8.3: The 214BiPo coincidence rate in several sets of CTF 3 runs. Dates aregiven 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 the 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 238U contamination, only an absolute upper limit.

� The spatial distance jx1 � x2j between the reconstructed positions of the two events

must be less than 60 cm, again in order to exclude accidental coincidences. From the

results of Section 8.1.4,� = 96:1%.

One more cut is made for the data analysis: the radial coordinate of the average position of

the two events, ravg = 1=2 jx1 + x2j, is required to be less than 65 cm. 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.3 This corresponds to one ton of scintillator.

Together with the scale factor calculated for a 65-cm radial cut in Section 8.1.1, the overall

e�ciency of the analysis is 70.3%. The number of 214BiPo 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 previously seen (in Section 7.8)

to be less than 0.05% of the total surface rate, we expect negligible contamination in the

data sample from surface events, particularly because of the 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 1=2 instead appears to make essentially no di�erence.
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Figure 8.6: Energy spectrum of the 197 candidate214BiPo events. At left (part a), the �rst
event energy; at right (part b), the second event energy. The�t shown is to a Gaussian
with mean value 770 keV and� = 67 keV.

Figure 8.7: At left (part a), the coincidence times of the 197 candidate 214BiPo events.
The �t shown is to a decaying exponential plus constant term, which here is negative. The
e-folding time of the �t is �xed to the 214Po 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 s2 in front of the expected
Gaussian distribution. Refer to the discussion in Section 8.1.4.
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In Table 8.3, we present the results of the analysis for several sets of CTF 3 runs, grouped

into periods of 50{100 days live time each. A total of 197 candidate coincidences were

found over 474 days of live time. It can be seen that the event rate (corrected for the

cut e�ciencies and the 65-cm radial cut scale factor) reachesa minimum in the period of

Runs 2350{2399 of 0:25� 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 statistical accident. It appears

to correspond with construction work in Hall C of LNGS that co mmenced on September 1,

2004. The even greater rate observed for Runs 2541{2563 is perhaps due to a bit of radon

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

The lowest event rate observed puts an upper limit on238U contamination of less than

2:3 � 10� 16 grams per gram of scintillator. This rate is consistent with previously reported

238U concentration equivalents of (3:5� 0:7) � 10� 16 g/g [44] and (2:8� 0:2) � 10� 16 g/g [42].

Recall for comparison that the value reported for CTF 1 was (3:5 � 1:3) � 10� 16 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 external tank, and to radon

produced at a constant rate by the decay of radium atoms embedded in the nylon �lm, end

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

results would still only directly give the concentration of 226Ra, not that of 238U itself.

The peak of the energy spectrum of the 197214Po 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� 5 keV,

with � = 67 � 5 keV. This is a slightly higher energy than expected (compare 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 65 cm; the quenching formula (8.1)

was derived from data with no radial cut, some of which therefore exhibited the light loss

seen near the vessel surface.
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The spatial distribution of the 214Po events was observed, but the number of events was too

small to say anything meaningful about the presence or absence 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

214BiPo sample. To estimate it, the numbers of singles events4 that pass the 214Bi and

214Po cuts, separately, were determined. The singles events inthe sample were required to

have a reconstructed radial position of less than 72 cm (thisis the maximum possible radial

position of an event in a 214BiPo coincidence that passes the two cutsjx1 � x2j < 60 cm

and 1=2 jx1 + x2j < 65 cm). The number of possible pairs of them that meet both spatial

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

assumption of a uniform spatial distribution of singles events).

From this sample of singles events, the number that passed all the 214Bi-speci�c cuts in

Runs 2300{2563 was 3:60 � 104, and the number that passed all 214Po-speci�c cuts was

2:08 � 104 (a total of 1:72 � 104 passed both sets of cuts). The live time during which

a singles event passing the214Po cuts would be mistakenly accepted as a214Po event|

occurring between 20 and 500� s after a 214Bi-like singles event|was 17.3 s. The total live

time of these runs was 474.03 days. Therefore, considering also the geometric factor, the

expected number of accidental coincidences in the total data sample is 2:7 � 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 candidate 214BiPo coincidences in Runs

2300{2563 is shown in Figure 8.7a. A �t of this histogram to a decaying exponential plus

constant term, Ae� t=� + B , with � �xed to the mean life of 214Po, yields a constant term

of B = � 0:034� 0:041� s� 1. At the 2 � level, this corresponds to fewer than 23 background

events (12% contamination) in the sample. Because of the calculations above, it is believed
4Recall that singles events are those Group 1 events that have no corresponding 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 pairs which passed all cuts except

the time cut was observed. Instead of the standard214BiPo time cut, the cut used for this

check was that of a coincidence delay time between 3 and 8 ms, where essentially no214BiPo

coincidences should fall. The total number of coincidencesfalling 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 232Th using the 212BiPo coincidence

The decay scheme of232Th is shown in Figure 2.4b. The detection of232Th using the 212BiPo

coincidence is in principle similar to the use of the214BiPo coincidence just described. The

mean life of 212Po (431 ns) is much shorter than that of 214Po, so contamination of the

212BiPo sample by accidental coincidences is even less of a worry. However, we will see

below that the 214BiPo coincidences themselves may contaminate the212BiPo data to some

extent.

For this measurement we use some of the same cuts on the data sample 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 the212Bi

� 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 events to have a radial coordinate

less than 65 cm, is also kept. The cuts that di�er from the caseof the 214BiPo coincidences

are as follows:
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� The �=� discrimination cut on the �rst event is dropped. Because of the very short

delay between the �rst and second event in a212BiPo coincidence, the ADC 3032

and DPSA board electronic channels may still be gathering data when light from the

second event arrives, so the resulting parameters R32 and
 �
1 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 212Bi energy spectrum convolved with a Gaussian resolution

function having � E (E ) = (2 :64 keV1=2)
p

E , is � = 94:1%.

� The energy of the second candidate event is required to be in the range 500{1500 keV

(the expected quenched energy of the212Po � decay is 989 keV). (� � 100%)

� The delay time between the two events is required to be in the range 100 ns{2� s

(� = 78:4%). Below a 100-ns coincidence time, the e�ciency of the Group 2 trigger

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

The total combined e�ciency of all these cuts is 71.6%. In addition, we must take into

account the vertical scaling factor for the 65-cm radial cut of 1.073 (written as an e�ciency,

93.2%) and the fact that the � decay of 212Bi has only a 64% branching ratio (36% of the

time it decays by � emission to 208Tl). As a result, the �nal number of candidate 212BiPo

coincidences observed must be divided by 42.6% to obtain an estimate of the true number

of 212Bi decays.

We now consider the data contamination expected from stray214BiPo coincidences with

these cuts. Statistically, the number of214BiPo 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 3.5 MeV to

2.5 MeV reduces the number of214Bi 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 the extremely short time window, is

negligible.

The result of running the analysis on Runs 2300{2563, 474.03days of live time, was

that a total of nine candidate 212BiPo coincidences were observed. The background-

subtracted number of 212BiPo coincidences is then 7.6. Considering the various cut ef-

�ciencies, scaling factor, and branching ratio, this corresponds to a 212Bi 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 isotopesin the thorium chain before the

212BiPo 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 event, if secular equilibrium is

assumed, the concentration of232Th in the scintillator is then (1 :1 � 0:4) � 10� 16 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 the212Po 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 989 keV. Part of this di�erence is presumably due to the

accidental inclusion of one or two214BiPo coincidences, having lower-energy� particles, in

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

It should be noted that the thorium decay chain also has a second coincidence with a

longer mean delay|the decay of 220Rn followed by that of 216Po, which has a 145-ms half-

life. This coincidence has several advantages over the212BiPo coincidence: both events

are � decays, so may be more easily tagged; unlike the212BiPo, this double-� coincidence

has essentially a 100% branching ratio; and the isotope220Rn itself has a half-life of less

than a minute, suggesting the possibility of looking for 224Ra ! 220Rn ! 216Po triple- �

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

explored in the CTF 3 data [166]. It is even conceivable that the � -decay of the 10.6-hr
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half-life isotope 212Pb, which happens between this triple-� coincidence and the212BiPo

coincidence, may be tagged through likelihood-based techniques 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 235U using the 219Rn ! 215Po coincidence

Although 235U has a much lower natural isotopic abundance than its less radioactive sister

238U, it also has a much greater intrinsic activity due to its shorter half-life. Therefore

it is conceivable that the rate of production of 235U daughter nuclei is high enough to be

observable in the CTF. The possibility arises of observing events in the 235U decay chain via

the coincidence of the� decay of219Rn followed by the rapid � decay of215Po (� = 2 :57 ms).

Indeed, since the mean life of219Rn is itself only 5.7 s, we could even look for a triple-�

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

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

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

� 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{8ms (� = 63:3%). This

cut has a low e�ciency because of the necessity to exclude214BiPo coincidences at

the low end of the range.

� The energies of the two events must each be in the range 300{1000 keV (� � 100%).

� The distance between reconstructed positions of the Group 1/Group 2 coincidence

must be less than 60 cm (� � 98%).

� The radial coordinate of the average of the reconstructed positions must be less than

65 cm.
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Figure 8.8: Pictorial representation of the Uranium-235 decay 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, 227Ac
has a low-probability � -decay branch.) Secular equilibrium is likely to prevail only for 227Ac
and its daughters. Due to the low isotopic abundance of235U, none of these isotopes should
present a problem for Borexino.

Species Decay Q value E � or E � + � E 
 Branching Half-life
mode [MeV] [MeV] [MeV] ratio [%] � 1=2

235U � 4.679 4.397 0.205 57 704 Myr
231Th � � 0.389 0.287 0.102 46 25.5 h
231Pa � 5.148 5.012 0.046 25.4 32.8 kyr
227Ac � � 0.044 0.044 - 54 21.8 yr
227Th � 6.147 6.038 - 24.5 18.7 d
223Ra � 5.979 5.717 0.159 53.7 11.4 d
219Rn � 6.946 6.819 - 81 3.96 s
215Po � 7.527 7.386 - 99.9 1.78 ms
211Pb � � 1.373 1.373 - 92.4 36.1 m
211Bi � 6.751 6.623 - 84 2.15 m
207Tl � � 1.422 1.422 - 99.8 4.77 m
207Pb 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: 214BiPo coincidences

with an unusually long delay time, and accidental coincidences of unrelated events. The

expected number of214BiPo coincidences with a delay time in the range 1{8 ms is 1.8%of

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 214Bi events accepted by the214BiPo �rst energy

cut of 200{3500 keV. Therefore the expected contamination of the data sample by 214BiPo

coincidences is 197� 0:018� 0:049 = 0:17 events.

The number of singles events in Runs 2300{2563 within a 72 cm radius of the origin that

meet all of the cuts for each individual event in the coincidence is 1:9 � 104. The total

live time during which a second singles event would create anaccidental coincidence is

therefore 135 s. Given the total live time of 474.03 days and the geometric factor of 30.9%,

the expected number of accidental coincidences in the data sample is 0.02.

That said, only a single coincidence, in Run 2309, passed allof the cuts listed above in

all of Runs 2300{2563. The coincidence in question hasE1 = 849 keV, E2 = 380 keV, 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 generate the data on which this

higher-level analysis was run) has the capability to skip over uninteresting low-energy and

muon events. In this case, dozens of events between the two inthe supposed coincidence,

events 209,893 and 209,951, had not been reconstructed in order 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 completely 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 day in the Borexino Fiducial Volume.

This is equivalent to a 235U contamination in the scintillator of < 1:2 � 10� 18 g/g.
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In nature, the observed isotopic abundances of238U and 235U, respectively, are 99.28% and

0.71% by mass. If these isotopes occur in the CTF 3 scintillator in the same proportions

as in nature, the expected mass of238U would then be 140 times that of 235U. In this

case, we may estimate (assuming secular equilibrium in the235U decay chain) that the

amount of 238U in the scintillator is < 1:7� 10� 16 g/g (90% CL). Although not inconsistent

with the 238U-equivalent value of (2:3 � 0:5) � 10� 16 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 observed214BiPo 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 210Pb

The greatest danger of radioactive contamination due to theheavy-element decay chains

is presented by the isotope210Pb. This isotope is a decay product of214Po in the radon

(or 238U) decay chain. Since the half-life of210Pb is 22 years, it will typically be out of

equilibrium with radon and radon daughters in the scintilla tor. Atoms of 210Pb deposited

during the construction of the Borexino nylon vessels, as described 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 production via radon emanation

is an ongoing process, or while passing through metal pipes on whose surfaces lead atoms

have been adsorbed.

The isotope 210Pb is not itself a problem. The Q value of its � decay is 63 keV, so de-

cay events are essentially undetectable, masked by the muchgreater rate of 14C decays.

However, with a half-life of 5 days, the product 210Bi 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 is210Po, which � -decays with a predicted quenched energy

of 396 keV, also in the neutrino window. Both of these therefore represent a real threat

to 7Be neutrino observation by Borexino. That of 210Po is mitigated somewhat by the

capability of �=� discrimination, but not eliminated completely.

The half-life of 210Po is 138 days (it decays into stable206Pb), far too long to perform any

sort of event correlation. With an essentially invisible 210Pb decay, and a210Bi decay that

has no characteristics to permit distinguishing it from other neutrino window backgrounds,

the 210Po � decay is, however, the only handle available for study of this trio of isotopes in

the CTF. The presence of210Bi and 210Po, out of equilibrium with the 214BiPo coincidences,

is not only a theoretical worry. Examination of scatter plot s of an �=� discrimination

parameter against observed event energies shows a large concentration of � -like events at

energies in the range 300{400 keV, near the predicted quenched energy of the210Po decay

(396 keV). The known rate of � events due to the 232Th and 235U decay chains and the

isotopes higher up in the238U decay chain is far too low to explain this concentration.

8.3.1 Selection of 210Po 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 keV.Only those with a reconstructed

radial position less than 65 cm are accepted. The histogram of the 
 �
1 parameter of this

samples of events is �t to a sum of two Gaussian curves. The presence of210Po may then be

estimated in several ways. The simplest method (Method I) isto assume that the area under

the Gaussian curve of� -like events is equivalent to the number of210Po events observed

(plus a relatively small contribution from � events higher up in the238U decay chain). The

idea behind Method I is shown in Figure 8.3.

A second method (Method II) 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 events whose reconstructed
radial coordinate is less than 65 cm. At left (part a), the energy spectrum is that of all
events. At right (part b), the energy spectrum is shown only for events having an �=�
discrimination parameter 
 �

1 < 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 210Po 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 Gaussian having a mean at 396 keV

and a � E of 53 keV. Method II is illustrated in Figure 8.9a.

Method III is a hybrid of the �rst two methods. From the set of e vents selected by energy

and radial coordinate, only those having the
 �
1 parameter with a value less than zero are

considered. Again, the number of210Po events is taken to be the area under the� peak.

This \raw" number is then renormalized to the entire range of the 
 �
1 parameter by using

the parameters of the distribution of 
 �
1 for � events already observed via Method I. In

the terminology of Section 8.1.3, the renormalization is accomplished by dividing the raw

value by � � (
 �
1 = 0), the estimated classi�cation e�ciency for � events at 
 �

1 = 0. The

uncertainties in results of this method are, as with Method I, correlated with uncertainties

in the distribution of � events with respect to the 
 �
1 parameter. An energy spectrum �t

using Method III is shown in Figure 8.9b.
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Estimated number of 210Po events 210Po energy [keV]
Runs Method I Method II Method III Method II Method III

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 47

Table 8.5: The estimated number of210Po 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 events (II), and
an energy spectrum �t for only � -like events having 
 �

1 < 0 (III). The \raw" column for
Method III shows the raw number of events derived from the energy spectrum �t, while
the \renorm'ed" column gives this number divided by � � (
 �

1 = 0), the estimated fraction of
the � distribution contained in the region 
 �

1 < 0. In this table the value of � � (
 �
1 = 0) has

been calculated separately for each period. Finally, the parameters of the �t to the � peak
in the energy spectrum are listed for Methods II and III.

To study the behaviors of these three methods of analysis, the estimated number of210Po

events, determined using each of these methods, was calculated for six di�erent time periods.

The results are presented in Table 8.5. There is a noticeableand statistically signi�cant

di�erence between the estimated numbers of210Po 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 
 �
1 param-

eter are not exactly Gaussian curves. Suppose instead that the � 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�cation e�ciency for � events is then

much greater than previous estimates for� � (
 �
1 = 0), which were in the neighborhood of

50%. This implies that, by using the assumption of Gaussian�=� discrimination curves,

Methods I and III produce a higher value for the number of � -like decays than the true

value. The reason for the ordering of the values produced by the three methods is then
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Figure 8.10: A di�erent way of looking at Figure 8.3 that can explain the discrepancy
between the three methods used to detect210Po. The solid lines are the result of a �t of
two Gaussian curves to the histogram. The dashed lines represent 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 I give s the largest values for210Po.
Method III, by �tting to an � peak in the energy spectrum, actually counts the true number
of � events with 
 �

1 < 0, but then divides by the fraction of the Gaussian curve's area that
is to the left of 
 �

1 = 0. This yields a �gure smaller than Method I, but it is still t oo large.
Method II performs a �t to the energy spectrum with no cut on th e �=� discrimination
parameter, so its results should be closest to the true valuewhen the numbers of� and �
events are similar. However, during Runs 2350{2447, the number of � decays is small, so
the most accurate result then probably comes from applying Method III without dividing
by the supposed e�ciency of the 
 �

1 cut.

clear. This hypothesis is further supported by the observation that the number of 210Po

events estimated using Method III 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{2447, in which the number

of � events is so small compared to the number of� events that the energy spectrum �t of

Method II does not work well.

By considering the four other periods in the table, we obtaina weighted average of 91:2 �

5:2% for the ratio between the results of Method II and the raw data obtained with
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Method III. This is an estimate for the true � classi�cation e�ciency � � (
 �
1 = 0) in the

range of the 210Po energy spectrum.

The quenched energy of the210Po � decays may be estimated from the results of Method III

to be about 380 keV, with a � of 47 keV. This energy is lower than the prediction of Table 8.1

by about 4%. A line drawn through the calculated quenching factors of 210Po and 214Po

(770 keV) observed in CTF 3 yields

Q(E) = 22 :8 � (1:67 MeV� 1)E ; (8.9)

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

from a line through only two data points.

8.3.2 E�ects of puri�cation tests on the 210Po activity

In this section, the e�ects of the various 2002 CTF 3 puri�cat ion tests on the 210Po ac-

tivity are discussed. Most prior CTF analyses have not studied the e�ects of puri�cation

methods upon 210Po, instead focusing upon isotopes that can be studied more easily via

the coincidence method. Given the dominance of210Po 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 this 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 livetime) were acquired just

before the second batch of pseudocumene was introduced intothe CTF vessel. At

this point no puri�cation operations had taken place yet, al though the original batch

of scintillator had been allowed to remain in the vessel undisturbed for about 32 days

in order to allow radon to decay away.

2) Runs 2117{2122 (Mar. 9{20, 2002; 6.53 days livetime) wereacquired 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 continuously circulated

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

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

the �rst water extraction test.

Shortly afterward, the third batch of new pseudocumene was added 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 would 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 activity to die o� between

them, making it unfeasible to perform 210Po analyses of the interim periods.

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

135 days after the end of the last puri�cation test. These runs were used as a control

to check that the 210Po activity was decaying away as expected.

The 210Po activity was determined for each of the �ve sets of runs using the Method II

described in Section 8.3.1. Recall that in this method, the energy spectrum of all events,

with no �=� discrimination cut, is �t to a Gaussian (the 210Po energy peak) plus an expo-

nentially decaying background. This method should give good results as long as210Po was

the dominant background during the time periods under study. Table 8.6 summarizes the

results of the study and demonstrates that this assumption holds.

In Table 8.6, the number of 214BiPo coincidences and the number of other (non-210Po)

singles events in the energy range 240{800 keV are shown as well. In every case,210Po is the

dominant background in the neutrino energy window. The numbers of214BiPo coincidences

are comparatively negligible, so we need not worry much about contamination of the 210Po

data by 238U or 222Rn daughters. Nevertheless, the numbers of210Po events seen have �rst
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Data Relative Live time Number of events Activity Backgd.
set dates [days] [days] 210Po Backgd. 214BiPo [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 210Po activity in each of �ve periods; see the text for details. The number of
214BiPo coincidences and the number of \background" events (singles events with energies
in the range 240{800 keV not part of the 210Po peak) are also tabulated. All data have
been subjected to a radial cut at 65 cm. For reasons of space, as they are not central to
the topic, error bars on the 214BiPo 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 NBiPo =75:5% subtracted twice (once for each of the222Rn and 218Po �

decays that might be confused with210Po events) before being converted into activities.

It is worth noting that, if 210Po were in equilibrium with 210Pb in the scintillator, we would

expect to see a rate of210Bi � decays in the neutrino energy window of about 62% the

rate of 210Po. The \background" activity rate of � -like events reported in the �rst row of

Table 8.6 precludes an equilibrium concentration of210Pb in the original scintillator. Most

polonium in CTF 3 has therefore entered the scintillator as itself, perhaps by desorption

from the metal surfaces of the scintillator storage tanks.

The 210Po 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 210Pb 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 is symbolized as t i for the i th

set of runs (i = 1 ; : : : ; 5), then the normalized 210Po activity relative to the �rst set of runs

may be de�ned as

A norm
i = A i e(t i � t1 )=� : (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 activity of 210Po 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 the210Po activity normalized via
Equation (8.10) to remove the e�ect of 210Po 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 210Po radioactive decay into account.

As shown in Figure 8.11, a graph of the normalized210Po activities, the normalized activity

decreased from 331 events/day/ton in period 1 to 195 events/day/ton in period 2. It appears

that the combination of the second batch of scintillator and the �rst silica gel test reduced

the 210Po 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 normalized210Po

activity was decreased from 195 events/day/ton to 37 events/day/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 result. Two hypotheses that have

been suggested include the formation of hydrodynamic circulation stagnant loops in the

scintillator that prevented pseudocumene from leaving thescintillator to pass through the

water extraction column; and the possibility of 210Po ions forming non-polar organic com-

plexes with pseudocumene that shielded them from dissolving into a polar water phase [67].

It also seems likely that particulates enriched in210Po (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 column test. At least one of these

procedures caused the210Po activity to jump by an e�ective factor of 8.5. It is most

unfortunate that these procedures were done in such quick succession that210Po data could

not be analyzed from between them. Again, the source of this contamination is not clearly

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

Finally, between periods 4 and 5, the normalized polonium activity 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 between those times.

8.3.3 Evidence for 210Po-enriched particulates in the scintillator

One hypothesis which perhaps may explain the apparent disappearance of210Po immedi-

ately following the last puri�cation test is that of particu lates in the scintillator. Consider

the possibility that 210Po is present inside the CTF vessel in two populations. One popula-

tion consists of atoms or ions in solution in pseudocumene, with a homogeneous distribution
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t0 t1

t2 t3

Figure 8.12: Sketch of the behavior over time of two hypothetical populations of 210Po 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 by the gray shading, is in solution in
the scintillator. This population decreases only via normal radioactive decay, represented
by the shading disappearing as time passes. The second population consists of210Po inside
of or adsorbed onto particulates. A representative sampling of these particulates is shown
by the small red circles. As time passes, these particles fall to the bottom of the CTF
vessel at some terminal velocityvz dependent upon their densities and radii. (The dotted
curves show the maximumz positions of particulates at each given time.) 210Po atoms
attached to them also decay, illustrated by fading of the redcoloring. Between timest0 and
t1, events observed within the 65-cm radial cut represent the activity of both populations.
Between t1 and t3 (at time t2, for example), only part of the population in particulates i s
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 expected210Po activity observed within a 65-cm radial
cut as a function of time, assuming two populations of210Po atoms: one in solution, and
a second attached to particles that are falling out of the scintillator at a constant uniform
velocity. Suppose the initial activities of the two populat ions areA 1 and A 2. Between times
t0 and t1, the apparent activity observed within the radial cut, calc ulated as the number
of events seen per unit time divided by the cut volume, will beA rad = ( A 1 + A 2) e� t � t 0

� .

After time t3, it will be only A rad = A 1e� t � t 0
� . Between t1 and t3, it will decrease from the

�rst curve to the second curve, causing the observed mean decay time during that period
to be shorter than the 210Po mean life. Assuming a uniform, constant terminal velocity
of particles vz yields the equation t3 � t1 = � z=vz, 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 of210Po 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 vz under the in
uence of gravity.

Immediately after a thorough mixing (for instance, the second 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 in solution and in particulates at

time t0 are A 1 and A 2, respectively. For a while, the observed210Po activity within a 65-cm

radial cut will decay according to the simple exponential law A rad (t) = ( A 1 + A 2) e� t � t 0
� .

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

At some point, however, after a time we labelt1, the suspended particles will fall far enough

that the top of the radial cut volume is clear of them. (At the l ater time t2, the situation

is depicted in the bottom left diagram of Figure 8.12.) At sti ll later times, no suspended

particles remain inside the volume of the radial cut. This situation begins at time t3 (the

bottom right diagram of Figure 8.12). After time t3, only the 210Po in solution remains inside

the radial cut, so the observed activity evolves according to A rad (t) = A 1 e� t � t 0
� . Between

times t1 and t3, the actual observed activity falls from the upper curve (A 1+ A 2) e� t � t 0
� to the

lower curveA 1 e� t � t 0
� , as shown in Figure 8.13. This transition between the two exponential

decay curves must appear as a time period during which the mean decay lifetime is faster

than the true mean life of 210Po.

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 8.13, 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

vz at which the combination of drag and buoyant forces counteract the downward pull

of gravity. The force of drag on such a particle falling without turbulence is given by

F" = 6 �r�v z. On the other hand, the combination of gravitational and buoyant forces is
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given by F# = 4=3�r 3(� p � � )g, with � p being the density of the particle. Equating the two

forces,

vz =
2
9

r 2g(� p � � )
�

; (8.11)

or equivalently,

r = 3
r

vz�
2g(� p � � )

:

The velocity vz in this equation is simply estimated asvz = � z=(t3 � t1), where � z is 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 suggestively similar to the theoretical

expectations of Figure 8.13. (The210Po activities shown in the �gure are estimated by

dividing the raw values seen with from Method III (described earlier in Section 8.3.1) by

the estimated � classi�cation e�ciency � � (
 �
1 = 0) = 91 :2 � 5:2%. No correction has been

made for the 65-cm cut scale factor or for possible222Rn chain contamination.) One may go

so far as to draw exponential decay curves bracketing the data points to tentatively identify

the initial activities: A 1 + A 2 = 125 events/day/ton, A 1 = 43 events/day/ton. That is,

A 2=A 1 = 1 :9; particulates seem to account for almost2=3 of the initial 210Po activity after

the �nal silica gel test!

These decay curves seem to meet the real data at 35 days and 190days after the beginning

of Figure 8.14, or t1 = 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 of the CTF vessel

to the top of the 65-cm radial cut, to the diameter � z = 130 cm 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 yieldvz = 9 :7 � 10� 8 m/s. The

density of pseudocumene is 0.875 g/cm3, and its viscosity is 0.960 cP= 9:6� 10� 4 Pa s [167].
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Figure 8.14: The decay of210Po within the 65-cm (one-ton) radial cut in Runs 2190{2346:
June 24, 2002 to October 20, 2003. The �rst data shown here occur 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 have been bracketed with two
exponential decay curves, each with the mean life of210Po; the coe�cient of the upper curve
is 125 events/day/ton, and that of the lower curve is 43 events/day/ton. The positions of
the two vertical lines at 35 days and 190 days were selected tomark 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 210Po 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 9.9� 3.7

Table 8.7: The estimated rate of 210Po events in the CTF 3 scintillator. The raw counts
shown are estimated by dividing the raw values from Method III (shown in Table 8.5) by
the estimated � classi�cation e�ciency 91 :2 � 5:2%. The estimated contamination of the
data by 238U-chain � events is given for two extreme cases: the assumption that all 214BiPo
coincidences result only from radon di�usion/emanation (\ min"), and the assumption of
complete secular equilibrium (\max"). The 210Po 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 of238U-chain event contamination.

Assume a particulate density of� p = 3 g/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 in t his argument. Figure 8.14

exhibits later deviations of the 210Po activity from the expected exponential decay, even after

all dust should have settled down. In reality one expects a distribution of particles of various

sizes and shapes, not simply a collection of uniformly-sizedspherules. This distribution, as

well as the e�ects of di�usion, will broaden the distance between the timest1 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 particles 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�cations, the value of r = 140 nm

may actually have some meaning.
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8.3.4 Recent behavior of the 210Po activity

We now discuss behavior of the210Po activity during the same time frame which was already

analyzed for the heavy element decay chain coincidences, Runs 2300{2563. Table 8.7 shows

the number of 210Po events in each of six periods, estimated by dividing the raw values

from Method III (from Table 8.5) by the estimated � classi�cation e�ciency � � (
 �
1 = 0) =

91:2 � 5:2% derived earlier. Method II was not used for the data due to the relatively

small fraction of 210Po events in the data for this time range. For each period, also shown

are bounds on the likely data contamination by � decays higher up in the 238U decay

chain. The minimum bound assumes that all214BiPo coincidences in the scintillator are a

result of radon di�usion or emanation. Figures in this column are derived by taking the

number of 214BiPo coincidences seen in each period (tabulated in Table 8.3), dividing by the

214BiPo e�ciency of 75.5%, and multiplying by two for the two � decays of222Rn and 218Po.

(The decay of 214Po occurs in a coincidence and is excluded from the sample of potential

210Po decays with near 100% e�ciency). The maximum bound assumes complete secular

equilibrium in the 238U chain until 210Pb. It is estimated as three times the minimum bound

(assumes that six� decays occur higher up in the238U decay chain for each214BiPo).

The 210Po 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 dividing by the live time. The

error shown for the rate equals the statistical error and a systematic 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 f actor, and

divided by the live time.

The 210Po rate reached its lowest point during Runs 2350{2447. Before this, as shown

in Figure 8.15, 210Po was still decaying away. (A �t to an exponential decay curve plus

constant during the period of October 2002 to June 2004 yields an estimated mean life of

183 days, reasonably close to the true value of 200 days.) Observation of a decay curve
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Figure 8.15: Decay of210Po event rate in Runs 2240{2418 (October 18, 2002 through June
7, 2004). The y-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 III above. They
have not been corrected for the 65-cm radial cut scale factor,nor for the presence of radon
events. Each data point represents a period of 20 runs. Horizontal 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 stars represent a �t to the data using
the �xed value � = 199:65 days for the 210Po 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 was 182:7 � 0:5 days,
while the constant term was 0:94� 0:03 events/day/ton. In reality, this low a level of 210Po
was never attained; the rate began to rise again in September2004.
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Figure 8.16: The rise in the 210Po 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 III above. They have not been corrected for the 65-cm radial cut
scale factor, nor for the presence of radon events. Each datapoint 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 210Po during this period was out of equilibrium with its progeni tor 210Pb,

and therefore must have been introduced into the scintillator directly at some point. This

phenomenon is also studied in reference [42].

The minimum event rate reached during Runs 2350{2447 (October 31, 2003 through Septem-

ber 8, 2004) was about 1:6 � 0:6 events/day/ton of scintillator. Though this �gure may

seem low, it is equivalent to 160 events/day of210Po 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 decay of 210Pb within
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the scintillator, another � 100 events/day of the� -decaying210Bi 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 immense importance of keeping the

Borexino scintillator, once it has been distilled, out of contact with any surfaces that may

have been exposed to210Pb.

After Run 2450, the observed210Po rate increased again, back to a level of 10 events/day/ton.

The increase is shown graphically in Figure 8.16. The growing 210Po rate appears related to

the increase in the number of214BiPo coincidences seen in the same period. However, it is

important to note that the overall increase in the 210Po rate (by about 10 events/day/ton)

is far too large to be a logical consequence of the214BiPo rate increase (of about one

event/day/ton). The two increases are correlated, but do not have a causative relationship.

8.3.5 Spatial distribution of 210Po events

The spatial distribution of 210Po 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 210Po rate has been increasing. Events were selected from

the set of singles events with no muon 
ag by requiring
 �
1 < 0 and 240 keV< E < 550 keV.

In the period of Runs 2200{2350, roughly 92% of such events within the central ton of

scintillator are actually 210Po. In the latter period of Runs 2450{2563, about 83% of the

selected events within the one-ton radial cut are210Po.

During the initial period of radioactive decay towards equilibrium, 210Po was mainly found

at the surface of the vessel. The distribution of events within the central volume of scintilla-

tor was essentially uniform (Figure 8.17). In contrast, during the period in which the 210Po

rate started to grow again, the events are mainly found in a vertical stalactite-like column

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

in rate is due to the presence of this column. The column is also easily visible in �gures
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Figure 8.17: Spatial distribution of 210Po-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-section
through the xy-plane. Bins are 10 cm on a side, and the cross-section \slabs" are 20 cm thick.
Color codes indicate the number of events reconstructed to lie within each bin. The nominal
position of the CTF vessel is indicated by the 1-m radius solidcircles. Dashed circles indicate
the 65-cm radial cut. Events were selected to have
 �

1 < 0 and 240 keV< E < 550 keV.
210Po events within the central volume of scintillator were distributed in a roughly uniform
manner.

similar to Figure 8.18 constructed only for Runs 2450{2531;it is not an artifact caused by

introduction of the CTF source calibration apparatus in Run s 2532{2540. A similar column

was also observed earlier, in the positions of214BiPo coincidences during operation of the

CTF 2; refer to Section 6.4.2.

Two hypotheses may explain the presence of the column of events. One hypothesis is

that convection is occurring in the CTF scintillator 
uid. I 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 descendingin a column along the z-axis.

(Conceivably it could also be circulating in the opposite direction.) Atoms of 210Po are

picked up from the nylon vessel by the passing currents. The downdraft at the axis of the
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Figure 8.18: Spatial distribution of 210Po-like events in Runs 2450{2563, a period in which
the rate of 210Po was growing again. These plots are exactly analogous to those of the
previous �gure, and 210Po-like events were selected in the same way. Note the vertical
column descending from the top of the vessel, a feature that was not present during the
earlier period of high 210Po levels! A large fraction of the event rates listed in Table8.7
result from the presence of this column.

vessel then carries them along thez-axis through the central region of the CTF. The absence

of the thorium-related 212BiPo coincidences in the center of the vessel may be explained by

noting that they occur on the nylon �lm only at the bottom, not anywhere else (this will

be shown in the next chapter). At the bottom of the vessel where the downdraft current

spreads out, the 
uid velocities should be low so the probability of picking up particles from

the surface there is small.

For convection to be possible, a temperature inversion mustbe present|that is, the tem-

perature near the top of the CTF vessel must be lower than the temperature at the bottom.

The 
uid at the top becomes colder and denser, therefore sinking, while 
uid at the bot-

tom is warmed and becomes less dense, therefore rising. Thiscondition can in principle be

tested. Two temperature sensors are located inside the CTF water tank. One is located

at a height of 1.5 m above the bottom of the water tank, and the other is at a height of
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4.5 m, at the same height as the center of the CTF vessel. For the history of the CTF,

the upper sensor has consistently measured a higher temperature than the lower sensor.

Unfortunately, data from the period of interest have been lost 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 demonstrate that temperature inversion

and convective cells in a large spherical detector are possible, and indicate that positive mea-

sures (for instance, active temperature control) must be taken 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 normal (i. e., dT=dz > 0) temperature

gradient seen in other large spherical detectors such as SNOand 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 to210Po 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 the210Pb would survive. This hypothesis therefore

explains the relative scarcity of 214BiPo coincidences compared to the increase in210Po

events. Accordingly, this leak must be much smaller than a leak which would produce the

column of 214BiPo coincidences seen in the CTF 2. Still, due to the long half-life of 210Pb,

the 210Po events seen in the column represent only a small fraction of the total amount of

radon entering through the top of the pipe.

There is a small problem with this hypothesis. A radon leak should yield individual atoms

of 210Pb, not heavier particulates. But unless the 210Pb 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 high210Po 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 2004,and continuing to the

present (September 2005), there has been an unusual amount of work being done in Hall

C. Some of it was related to work on the laboratory's water drainage 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 these 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 210Po, perhaps caused by previous

circulation of 210Po contamination through the end pipes in one of the puri�cation tests or

pseudocumene batch additions, this could explain the recent increase in 210Po events being

greater than the increase in214BiPo coincidences.

8.4 Tagging 222Rn and its daughters

It is noteworthy that the sum of the half-lives of all the radon daughters through 214Po is

less than an hour. 222Rn decays by� emission into218Po, which (with a half-life of 3.05 min)

emits another � particle to become214Pb. This isotope then � -decays (Q = 1.02 MeV) with

a half-life of 26.8 min into 214Bi. From here, after the 214Bi half-life of 19.7 min, the 214BiPo

coincidence follows. This sequence of events raises the possibility of tagging every decay in

the radon decay chain from222Rn through 214Po. (The next isotope is 210Pb, 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 series of radioactive 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 analysis. 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{25 cm [68], is � 30). The � -decaying

isotope 210Po, which could produce false positives, is present in annoyingly 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. Indeed, such a test has already

been done for the triple-� series224Ra ! 220Rn ! 216Po (the half-life of 220Rn is 55.6 s and

that of 216Po is 145 ms) in the thorium decay chain. Results were mixed [166], perhaps due

to the presence of210Po � events.

8.4.1 Selection of candidate events

For each of the 197214BiPo coincidences selected in Section 8.2.1, the goal was totag the

decays of the222Rn, 218Po, and 214Pb progenitor atoms. The most di�cult of these is 214Pb

since �=� discrimination is of no use in separating this isotope out from 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 the214Pb decay may be substantially more successful.

Even for the two � decays, background from210Po is a potential problem. If we consider

all events within a 4-hr time window before each214BiPo coincidence, the probability of

including the 222Rn progenitor in the window is close to 100%. We discard the 20214BiPo

coincidences that occur less than 4 hr after the beginning ofa run. Then the average number

of background210Po events included within a 65-cm radial cut, per BiPo coincidence, is 1.6.

(The estimate was made by breaking down the data into 50-run long periods and using the

rates determined for 210Po and 214BiPo events within each period. If the data are instead

considered as a single set, the number of210Po events per BiPo is erroneously low, only

1.2.) Therefore some method must be used to select for the222Rn/ 218Po pairs and against

random 210Po events; otherwise the signal-to-noise ratio is much too low.
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Before implementing any sort of selection procedure, the pool of events in each 4-hr window

was restricted to those having an apparent energy in the range 200 keV< E < 1200 keV and

a reconstructed position within 60 cm of the average reconstructed position of the 214BiPo

coincidence. The e�ciency of these cuts with respect to acceptance 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 was chosen. For every possible

triplet of events occurring in the 4-hr window before a coincidence, a likelihood functionL

is evaluated; the triplet with the highest value for the like lihood function is presumed to be

the 222Rn/ 218Po/ 214Pb event triplet. The following event characteristics are incorporated

into the value of � logL . Unless otherwise stated, each characteristic is distributed in a

Gaussian manner and therefore contributes a term of the form1=2 [(� � �� )=� � ]2, 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 
 �
1 of the three events contributes one independent term

for each event. In this case�
 �
1 = � 0:008 and� 
 = 0 :022 for � decays, while �
 �

1 = 0 :023 and

� 
 = 0 :011 for � decays; refer to Figure 8.3, for instance. These values wereestimated by

inspecting the � and � distributions of 
 �
1 for events over several di�erent periods of runs.

As an exception to the usual maximum likelihood methods, however, if 
 �
1= �
 �

1 > 1 for a

particular event, the corresponding likelihood term is set to zero. This is a concession to

the reality that an event having j
 �
1 j � 0 is far more likely to be one type of decay than the

other, even though in principle prior densities should not enter 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 E1 should be similar to the quenched energy expected

for 222Rn: �E1 = 410 keV, � E1 = 54 keV. Likewise, the energy of the second candidate event

E2 should be similar to the quenched energy expected for218Po: �E2 = 483 keV, � E2 =

58 keV. Finally, the energy of the third candidate event E3 should be consistent with the
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spectrum of214Pb. In this last case the likelihood term is a constant plus� log [� d(E )=� max ].

Here � d(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 � t1 between the �rst and second candidate events is expected to follow an

exponential distribution, and thus contributes a term of th e form � t1=�1+log � 1, where� 1 is

the mean life of218Po, 4.40 min. The analogous terms for �t2 (between the second and third

candidate events) and � t3 (between the third candidate event and the214BiPo coincidence)

are de�ned similarly; the respective mean lives of214Pb and 214Bi are � 2 = 38:7 min and

� 3 = 28:4 min.

The spatial positions of the three candidate events and the two events in the 214BiPo coin-

cidence should be closely clustered together. We assume that the atom which progressively

decays from radon through 214Po moves by a negligible amount during that time period.

Let the average position of these �ve events be�x . Then, each of the �ve events contributes

a term of the form 1=2 [(x i � �x )=� r (E i )]
2. The function � r (E i ) is the energy dependence

of the spatial position resolution. Its value (in cm) is given by the formula 288=
p

E i with

E i in keV.5 If the 214Bi event has an energy greater than 1.5 MeV, an additional term

(0:1 cm keV� 1=2) �
p

E3 � 1500 keV is added to� r (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 searched for, 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 214 Po events of 126 and a position resolution of � 13 cm, 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 probability that the event

triplet with the maximum likelihood function value really i s the set of events corresponding

to a given 214BiPo coincidence.

For each simulated214BiPo coincidence, a set of three progenitor events is simulated. The

reconstructed energy spectra of the� decays (of 222Rn, 218Po and 214Po) are simulated

with Gaussian random variables having the mean and� values reported in Table 8.1. The

energy spectra of214Pb and 214Bi 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 randomvariable, 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 0:022 (� = 0 :011) for � decays.

The reconstructed event positions are generated assuming that the true position is at the

origin. For each of the independent coordinatesx, y, z, the simulated position of an event

with energy E is given by a Gaussian random variable with mean value zero and � = � r (E ),

calculated as described in the previous section.

Decay times between adjacent isotopes in the decay chain aregenerated 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:

210Po � -decay events, and generic� and 
 events with an energy spectrum represented by

a decaying exponential. Based on observation of the continuous �=
 spectrum in the CTF,

the characteristic e-folding energy of the exponential is set to 235 keV. The number of each

type of background event is generated with Poisson statistics, and the events are distributed
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uniformly and at random throughout both time and space. This is not entirely realistic,

since most210Po and � -like events in the real CTF occur near the nylon vessel �lm. For

214BiPo coincidences occuring within a strict radial cut of 65 cm from the center, however,

this should not make much di�erence. It also neglects the presence of the polonium-enriched

column in the most recent CTF 3 data, which should make the simulated estimates a bit

optimistic for this period.

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

the fraction of simulated progenitors that are tagged correctly by the procedure described

in the previous section is about 90% or higher. Predictably,if the background is tuned to

consist mostly of 210Po � decays, the tagged214Pb events are more likely to be the true

(simulated) 214Pb decay than is the case with the two� -emitting radon chain isotopes. (For

a 30-events/day/ton background of 210Po, 91.3% of222Rn events are correctly identi�ed,

92.2% of218Po, and 92.7% of214Pb. 85.8% of triplets have all three events tagged correctly.)

On the other hand, if the background is mostly � -like in nature, then tagging 214Pb is the

most di�cult. (If 30 events/day/ton of generic � -like events are generated in the energy

range 200{1200 keV, then 96.0% of222Rn events are identi�ed correctly, 96.1% of 218Po,

and only 89.0% of214Pb. 86.8% of triplets have all three events tagged correctly.) When

the two backgrounds are roughly equal, the �gures are still abit worse for 214Pb than for

the two desired � decays. This is undoubtedly a result of the fact that, unlike � decays, the

energy spectrum of214Pb is not very sharply peaked. Hence the energy of an event does

not provide much information about whether or not it is likel y to be a 214Pb 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 Table 8.8. The 210Po rate for

each period comes from Table 8.7. The rate of background events in the continuous �=


spectrum comes from a �t of the energy spectrum to the 210Po peak plus exponentially

decaying background in the 240{800 keV range. The area underthe background curve

is then extrapolated to the range 200{1200 keV (assuming a characteristic decay energy
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Runs BiPo 210Po � % mis-identi�ed Number mis-identi�ed
events rate rate 222Rn 218Po 214Pb �=� 222Rn 218Po 214Pb �=�

2300{2346 28 7.3 32.9 5.4 5.0 12.6 6.4 1.5 1.4 3.5 1.8
2350{2399 17 1.6 28.9 4.2 4.0 10.9 4.9 0.7 0.7 1.9 0.8
2400{2447 29 1.7 33.7 4.4 4.2 12.0 5.2 1.3 1.2 3.5 1.5
2450{2499 31 7.0 33.3 5.6 5.1 12.7 6.4 1.7 1.6 3.9 2.0
2500{2531 30 10.8 46.2 6.9 6.3 15.7 8.1 2.1 1.9 4.7 2.4
2541{2563 42 9.9 41.2 6.5 6.1 14.7 7.6 2.7 2.6 6.2 3.2

Total 177 5.6 5.3 13.4 6.6 10.0 9.4 23.7 11.7

Table 8.8: Expected data contamination for the tagged events corresponding to the214BiPo
coincidences in Runs 2300{2563, estimated by Monte Carlo simulation. 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 ofa run. The rates of the 210Po
and continuous � background (in the range 200{1200 keV) are given in events/day/ton,
including the correction for the 65-cm radial cut scale factor. The \% mis-identi�ed" values
are simulated with the Monte Carlo event generator described in the text. Values in the
�=� columns indicate the fraction or number of 222Rn/ 218Po-tagged event pairs in which
at least one event is mis-identi�ed.

interval of 235 keV) and adjusted by the radial cut scale factor. 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 corresponds to the same phenomenon

causing the increase in the210Po rate.

The results from the Monte Carlo are that for the entire data sample, the expected contam-

ination of the 222Rn and 218Po data sets is about 10 events per set (out of 177). Considered

as pairs, at least one of the two� -decaying events will be mis-identi�ed in about 12 cases.

The 214Pb fares much worse, with an expected contamination of about24 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 for210Po, 1 event/day/ton for

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

dom � events. Recall that the rate of neutrino events themselves is 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 assume 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 identi�cation rate for each of the

three taggable species, simulated by Monte Carlo, is about 96.7%. This reduces the rate of

unidenti�ed 222Rn, 218Po and 214Pb events to less than1=3 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 pool of candidate events has

fewer than three members (because the observed energy of thetrue 214Pb event is below

200 keV, or one of the progenitors has a reconstructed position more than 60 cm from the

average reconstructed position of the BiPo, or for some other reason). That is, nothing can

be tagged, but neither are any events mis-tagged. In only 0.75% 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 214BiPo progenitor. The possibility of excluding

222Rn and the following four isotopes in the decay chain from Borexino 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 analysis on the real CTF data: 177

214BiPo coincidences that each occurred more than 4 hr after thebeginning of a run.

A histogram of the energies of the candidate222Rn events �ts nicely to a Gaussian curve

(Figure 8.19a). The mean value of the Gaussian is 393� 4 keV, with � = 50 � 4 keV. The

expected value (from Table 8.1) is 410 keV with� = 54 keV. The mean value is thus 4.1%

lower than expected, in agreement with the 4% shift of the nearby 210Po peak noted in

Section 8.3.

The candidate 218Po events also have an energy spectrum closely resembling a Gaussian

(Figure 8.19b). In this case, a �t yields a mean energy of 473� 5 keV with � = 66 � 5 keV.

As the expected218Po energy is 483 keV (with� = 58 keV), the observed energy is again a

bit lower than expected, about 2.1%.

One may ask whether the nice Gaussian shapes of the candidate222Rn and 218Po energy

spectra are merely artifacts of the selection method, sincelikelihoods 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 all 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 222Rn and daughter events. If this modi�cation causes

the energy spectra of the candidate events to assume a signi�cantly di�erent shape, then

we would conclude that the Gaussian energy spectra are largely a result of the selection

method. However, if the energy spectra remain mostly Gaussian in nature, it indicates that

the maximum likelihood method does generally select the correct events. In the worst case,

during Runs 2500{2531 (the period of highest210Po 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 candidate222Rn events (part a, left) and candidate
218Po events (part b, right) selected using the maximum likelihood method. Both energy
spectra are neat Gaussian curves having peaks within 3% of the expected values.

Figure 8.20: The energies of the 177 candidate222Rn events (part a, left) and candidate
218Po events (part b, right) selected using the maximum likelihood method, without incor-
porating any energy-dependent terms. The energy spectra arestill near-Gaussian, demon-
strating that the selected events mostly are the true 222Rn and 218Po events with little
accidental inclusion of background.
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Figure 8.21: Energy spectrum of214Pb. 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 candidate214Pb
events. Of these events, roughly 24 are believed to have beenmis-identi�ed.

The resulting energy spectra of the candidate222Rn and 218Po events after this modi�cation

to the analysis are shown in Figure 8.20. The222Rn candidate event spectrum is still sharply

peaked; a Gaussian �t to it yields a mean value of 391 keV, with� = 56 keV. Some low-

energy noise appears toward the low end of the energy window.The 218Po candidates fare

similarly. A �t to 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 range of 470 keV. We conclude

that for the most part, the Gaussian energy spectra of the selected events really are present,

and most selected events are the true222Rn/ 218Po pairs.

The expected energy spectrum of a pure sample of 106 simulated 214Pb events is shown in

Figure 8.21a, while the actual spectrum is shown in Figure 8.21b. This latter sample is

expected to contain about 24 events that are not actually214Pb out of 177 events (13%).

Histograms for the original method of analysis (incorporating the energy terms in the like-

lihood function) were also generated for the elapsed times between the candidate222Rn

and 218Po events, and between the candidate218Po event and the 214BiPo coincidence. As

already mentioned, the �rst of these histograms should looklike an exponential decay with

a mean life of � 1 = 4 :40 min. The second distribution, being the distribution of t he sum of
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Figure 8.22: The time delays between the candidate222Rn and candidate218Po events (part
a, left) and between the candidate218Po events and 214BiPo 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 isotopes in question (218Po:
4.4 min; 214Pb: 39 min; 214Bi: 28 min) were kept �xed for the �ts.

Figure 8.23: The
 �
1 �=� discrimination parameter for the 177 candidate222Rn events (part

a, left) and candidate 218Po events (part b, right) selected using the maximum likelihood
method. Both histograms appear consistent with the expected distribution of 
 �

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

f (t) �
e� t=� 2 � e� t=� 3

� 2 � � 3
: (8.12)

This function increases linearly from zero, peaks at about 33 min, and then decreases roughly

exponentially. This histogram of the combined decay time was considered in preference to

histograms of the individual decay times of214Pb and 214Bi, for the reason that the sample

of 214Pb events is expected to be twice as contaminated as the sample of 218Po 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 useless (e. g., � 1 = 5 :9 � 2:1 min). 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 222Rn and 218Po 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 candidate218Po events and214BiPo 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 histograms 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
 �
1 �=� discrimination parameter of the candi-

date event pairs. These are shown in Figure 8.23. Both are consistent 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 velocity in the z direction near

the z-axis in an attempt to observe convection. Each pair of222Rn/ 218Po events is assumed

to occur in one place, and after roughly an hour, the214BiPo coincidences occur at a

(perhaps) slightly di�erent location. The average velocity in z is given by the � z between

the 222Rn/ 218Po pair average position and the214BiPo coincidence average position, divided

by the time di�erence. That is, labeling the events f 222Rn, 218Po, 214Pb, 214Bi, 214Po g as

f 1; 2; 3; 4; 5g, we estimate

vz =
1=2 (z1 + z2) � 1=2 (z4 + z5)
1=2 (t1 + t2) � 1=2 (t4 + t5)

=
z1 + z2 � z4 � z5

t1 + t2 � t4 � t5
: (8.13)

The CTF 3 runs were analyzed in two periods: Runs 2300{2379, and Runs 2450{2563. The

�rst period is that during which the distribution of 210Po is essentially uniform. (Runs prior

to about 2300 cannot be used; before that, the prevalence of210Po was too high for tagging

of radon and its daughter isotopes to be feasible.) In the second period the column of events

has formed. The214BiPo coincidences are selected in the same manner as in Section 8.2, and

as before, coincidences that happen less than 4 hr after the beginning 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 each 214BiPo, 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 ofvz = � 1:4 � 9:2 cm/hr, with a � for the �t of 30 � 12 cm/hr.

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

In the second period, there were 103 candidate coincidences. In this case the calculated

z velocities were distributed with an obvious peak. (The cause of the sharp spike seen in

Figure 8.24b is unknown.) A Gaussian �t resulted in a mean value ofvz = � 0:4� 2:3 cm/hr,

with a � of 16 � 3 cm/hr. This value of vz may be converted to the upper limit jvz j <

3:8 cm/hr at 90% CL.
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Figure 8.24: Distribution of velocities of the 222Rn 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 Gaussian �t was attempted to
each distribution, but the results were less than satisfactory.

One may ask whether restricting the candidate events only tothose within a certain distance

from the z-axis yields more conclusive results, as perhaps a convection current would be

more pronounced right on the axis. The answer is no. Histograms of vz 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 ofvz versus

the � coordinate of the 214BiPo coincidence average position do not show any correlation

between the two variables, in either period. The data do not allow 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 to�nd 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�setwas added to the reconstructed

z position of each event simulated in the222Rn decay chain. The o�set value was given

by the time of the event (relative to the original 222Rn decay) multiplied by the assumed

current velocity. Then, 100 222Rn events and their daughters, together with an amount

of background noise equivalent to that seen in Runs 2500{2531, were generated at a time.

For each radon chain, the \most likely" radon daughters were tagged with the maximum
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likelihood method. In each set of 100 radon chains plus noise, a histogram was constructed

of the estimated atomic z-velocity, calculated with the tagged radon daughters as above,

and a Gaussian �t was performed on the histogram. The mean andthe 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 farther from zero than the estimated

error is on the order of jvz j � 8 cm/hr. As this is much larger than the previously estimated

upper limit of 3.8 cm/hr, we require much better statistics i n 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 di�usion coe�cie nt D in the scintillator 
uid

will travel an RMS distance in the xy-plane of
p

2=3Dt from its origin in a time t. (The

factor of 2=3 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 2 m 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

vz >
D

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 denominator of Equation (8.14) to

3 cm.) For individual radon atoms in pseudocumene,D � 2� 10� 5 cm2/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 vz > 0:09 cm/day if the contamination in

the column is in the form of individual atoms. (Less conservatively, this lower limit would

be raised to 0.6 cm/day.) So, assuming the presence of convection, the column velocity is

presumably in the range 0.09 cm/day< v z < 8 cm/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,

D =
kB T
��r

(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, judging by the temperature record,

seems likely to be accurate), particulates may be large enough to fall to the bottom of the

CTF vessel under the in
uence of gravity. (The observed214BiPo coincidences may or may

not follow the distribution of 210Po, 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

2
9

r 2g(� p � � )
�

> (19 cm)� 1 kB T
��r

;

or equivalently,

r >
� 9=2

19 cm
kB T

�g (� p � � )

� 1=3

: (8.16)

For the sake of plugging in numbers, let us assume� p = 3 g/cm 3, a typical density for rock

dust. The CTF temperature is about 18� C = 291 K. For pseudocumene,� = 0 :875 g/cm3.

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 20 nm. It is

worth noting that the smallest �lter pore size in any of the CT F puri�cation modules is

0.05� m = 50 nm, explaining how these particles might remain present in the scintillator.

The viscosity of pseudocumene at 20� C is 0.960 cP= 9:6 � 10� 4 Pa s [167]; therefore from

Equation (8.11), a particle of density 3 g/cm3 and radius 11 nm (20 nm) would take 11 yr

(3 yr, respectively) to fall the 2 m height of the CTF vessel. This is inconsistent with the

appearance of the column over a period of a few months; even the less 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 least
p

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 decide whether the particulate

contamination hypothesized in that section is identical to that making up the more recently

observed column of high210Po activity.

8.5 Lighter radioactive isotopes

The bulk of this chapter has focused upon CTF internal contamination due to heavy isotopes

in extensive decay chains. Of course, other radioactive isotopes are also of great concern

in the CTF and Borexino. Limited time and space, however, prevented them from being

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

this section for completeness, as is a new analysis of40K.

It is useful to mention here, for reference, the total internal event rate within the neutrino en-

ergy window (250{800 keV). For Runs 2300{2563, the average value of that rate, determined

using a 65-cm radial cut, is 33 events/day/ton. For Runs 2350{2447, the period of low-

est internal contamination, the average neutrino window rate is \only" 25 events/day/ton.

A quick comparison to the numbers in Tables 8.3 and 8.7 makes it clear that uranium

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

With the exception of the coincidence decay of85Kr (which has a very small branching

ratio, so measuring it is not a very sensitive technique) andthe electron capture photopeak

of 40K, 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 energy spectrum to the superposition

of a large number of theoretical curves with parameterized amplitudes. One of the most

sophisticated such �ts, from reference [168], is shown in Figure 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 �t is
against the set of events in Runs 2316{2481 having a reconstructed radial position (using
the Milan reconstruction code) of r < 60 cm. Some parameters are constrained using the
concentrations of contaminants already known from coincidence and�=� analyses. This �t,
for additional sophistication, is also combined with a spectral �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 spatial and energy distributions

of external 
 rays. This energy spectrum has in the past been modeled by elementary

functions such as exponentials, linear functions, and evenconstants, in addition to various

histograms produced in Monte Carlo simulations.

We here mention the two important carbon isotopes, the cosmogenic 11C and the high-rate

but low-energy scintillator contaminant 14C, only brie
y. The former has, with the spatial
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and time cut technique described in Section 2.2.2, been measured 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 latter

has been measured to have a mass fraction in the CTF scintillator 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 14C 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: 85Kr and 39Ar

A considerable concern for Borexino is the possibility of radioactive 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 nitrogen 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 of39Ar and 85Kr.

The more tractable of these is85Kr. 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. Usually85Kr undergoes the pure � decay 85Kr ! 85Rb. However,

with a branching ratio of 0.43%, it may instead decay to an excited state known as 85mRb

with a half-life of 1.01 � s. The excited state decays to the85Rb nuclear ground state (a

stable nucleus) by emitting a 
 ray of energy 514 keV. 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 analyses. That of A. Pocar (2003),

for instance, �nds a total rate for 85Kr decays of 7� 5 events/day/ton [44]. The study



Chapter 8. Internal Contamination in the CTF 418

covered the period of Runs 2125{2300, a total of 259.5 days oflive time, and was re-

stricted to a radial cut of events with r < 70 cm. (Lifting the radial cut led to a signi�cant

sample contamination from 212BiPo coincidences at the vessel surface.) A later study by

D. Franco (2005) investigated several periods, of which thelongest consisted of Runs 2346{

2434 (165.8 days live time). This investigation, using a radial cut of 80 cm, found a total

85Kr activity of 13 � 4 events/day/ton [42]. Two other periods studied, respectively con-

tained by and overlapping the end of the study of A. Pocar, yielded activities of 5 � 2 and

16 � 7 events/day/ton [42]. A third analysis by Aldo Ianni (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 the212BiPo coincidence. The result obtained was a

total 85Kr activity of 9 :4+3 :2
� 2:4 events/day/ton [169]. The wide scatter between these results

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

The isotope 39Ar has no tagging method available at all. It can be studied only through

spectral �ts to the observed CTF energy spectrum. Because the spectra of39Ar and 85Kr are

quite similar above the 14C end-point, it is not really possible to determine the rate of the

isotopes separately, but only their total rates. Values for this total in the neutrino energy

window have been reported in the ranges of 7{13 events/day/ton. The fractions of the 39Ar

and 85Kr spectra above 250 keV are roughly1=3, giving an estimated total noble gas activity

around 20{40 events/day/ton. From the coincidence analyses, 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, since in normal air, activity from

krypton is nearly 100 times higher than that from argon. In looking through old CTF 3

logbooks, Aldo Ianni has apparently found the answer to the mystery [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 N2 supply was exhausted. It was decided to �nish the in
ation wi th pure

argon gas. With some reasonable assumptions (a 0.1 m3 volume 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 error in judgment was predicted

to result in about 35 events/day/ton from 39Ar in the CTF [170].

8.5.2 Long-lived natural radioisotopes: 87Rb and 40K

Other than the heavy element decay chains, there are two relatively common, naturally

occurring, long-lived radioisotopes. One is87Rb (half-life 47.5 Gyr) and the other is 40K

(half-life 1.277 Gyr). 87Rb, however, is a pure� emitter with a Q-value of 273 keV, near the

low end of the neutrino energy window. In CTF, detection of 87Rb is infeasible due to the

large number of� events caused by39Ar and 85Kr. Nor does it seem like a very problematic

contaminant for Borexino.

40K, on the other hand, has a Q-value of 1311 keV, placing its decays throughout the

neutrino energy window. Of all the natural, long-lived radioisotopes,40K has the highest

activity in rock or dirt, making it a serious concern. For thi s reason it is important to

understand the 40K contamination seen in CTF 3.

It is possible to estimate the rate of40K � -decay events, since the isotope has a second decay

branch with amplitude 10.7% in which it decays via electron capture to 40Ar. The electron

capture produces an excited40Ar nucleus which immediately emits a 1461 keV
 ray. This


 ray, being monoenergetic, can in principle be detected as a \bump," 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 before, some simple analyses

were done on it for this work. Runs 2300{2563 (474 days livetime) 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 kg of scintillator: region Ia,

r < 2� 1=3 � 50 � 40 cm; and region Ib, 2� 1=3 � 50 cm < r < 50 cm. This was done in

order to check for a radial dependence of the40K event activity; if the activity has a strong
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I

II
III

Ia

Ib

Figure 8.26: Division of the CTF scintillator into several r adially symmetric volumes, shown
here in cross-section, for the purpose of40K analysis. The CTF vessel is represented by the
largest (bold) circle. Regions I, II, and III each include 1=8 of the CTF scintillator. Regions
Ia and Ib each have a volume of half that. The volume outside region III is not analyzed in
order to avoid edge e�ects on the perceived spatial distribution of internal 
 rays. See text
for details.

component due to potassium in the vessel �lm or outside the vessel, it should grow rapidly

as a function of distance from the detector's center. Similarly, three larger regions of equal

volume, each containing 458 kg of scintillator, were analyzed (Figure 8.26): region I, with

r < 50 cm (the union of regions Ia and Ib); region II, having 50 cm< r < 21=3 � 50 � 63 cm;

and region III, with 2 1=3 � 50 cm < r < 31=3 � 50 � 72:1 cm.

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

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

� (E ) = A e� (E � 1150 keV)=" +
NK40p
2� � 0

e
� ( E � E 0 ) 2

2� 2
0 +

NBi214p
2� � 1

e
� ( E � E 1 ) 2

2� 2
1 : (8.17)

The additional Gaussian term labeledNBi214 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 214Bi. Internal 214Bi decays are generally seen in coincidence
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40K 
 peak 214Bi 
 peak Background
Volume cut E0 � 0 Events E1 � 1 Events A "
[cm] [keV] [keV] [keV] [keV] [bin� 1] [keV]
Ia 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: Ia + Ib 225 � 48 159� 45
I r < 50 1564 114 222� 68 1947 > 120 159� 46 71� 6 659� 170
II 50 < r < 63 1536 > 120 318� 48 1884 114 223� 86 116� 7 823� 144
III 63 < r < 72 1566 > 120 428� 53 1906 84 215� 58 176� 8 709� 71

Table 8.9: Results for the �t to the 40K and 214Bi photopeaks in the various concentric
volume cuts in CTF 3. All columns except the �rst are the �t par ameters. For reasons of
space, �t uncertainties in the parameters E i and � i (i = 0 ; 1) are not shown, but were in the
range of 15{40 keV. The subtotal for the individual analysesof volumes Ia and Ib (row 3)
is compared with the analysis of all of volume I (row 4) as a consistency check.

with the decay of 214Po 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 usual) modeled by a decaying

exponential. The peak width � 0 was constrained to be in the range 70{120 keV;E0 was

constrained to be near the expected value 1461 keV. For the supposed214Bi peak, the width

� 1 and mean valueE1 were constrained similarly. All other parameters were constrained

only to be non-negative. The energy spectra and the results ofthe �t for four of the de�ned

volumes are shown in Figure 8.27. Results are given in Table 8.9.

The number of 40K events in each volume increases as one travels farther fromthe center

of the CTF vessel. For this reason, it is clear that the data include 
 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 40K, 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 1:0 � 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 40K � emissions in the Borexino Fiducial Volume.
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Figure 8.27: The energy spectra of several small volumes inside the CTF, �t to the presumed
40K photopeak using Equation (8.17). At top, r < 40 cm and 40 cm< r < 50 cm; these
regions have the same volume. At bottom,r < 50 cm and 50 cm< r < 63 cm; these regions
also have the same volume, twice that of each of the regions shown at top. The spectrum
for 63 cm< r < 72 cm is not shown, but is similar in nature (albeit with greater amplitude).


