
Chapter 7

Writing a Position Reconstruction

Code for the CTF

In principle, writing a position reconstruction code for a spherically symmetric detector

should not be di�cult. Following the methods derived in Chap ter 5, one would �rst deter-

mine the probability distribution function (PDF) of the sci ntillator as a function of time

elapsed since the event,p(t). If we use the same coordinate system as in Chapter 5, with

the center of the detector de�ned as the origin, then the likelihood function, from Equa-

tion (5.12), is

L (x0; t0; f (x i ; t i )g) =
NY

i =1

pn i

�
t i � t0 � � i

f (x0)
�

�
R � x i � x0=jx i j

jx i � x0j3

� n i

: (7.1)

Here, x i and t i are the position of the i th PMT and the time at which it records its �rst

photoelectron; ni is the photoelectron multiplicity at the i th PMT; pn i is the PDF corrected

for the multiplicity as in Equation (5.36); R is the distance of each PMT from the center of

the detector; and x0; t0 are the nominal position and time of the actual event. The function

� i
f (x0) is the time of 
ight for a photon traveling from the nominal e vent position to the i th

PMT. We are summing over PMTs, not photoelectrons; since every photoelectron detected

by a PMT contributes equally to our knowledge of the hit patte rn, the spatial factor is raised

to the power ni . Maximizing L with respect to (x0; t0) gives the \most likely" actual event
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position and time. This equation is a simpli�cation that assumes PMTs of in�nitesimal size

and no photon scattering in the scintillator.

Because the Counting Test Facility, described in Section 6.1, contains 
uids with two dif-

ferent indices of refraction, developing a position reconstruction code for it is not an easy

task. The superstructure holding PMTs in the CTF design (seeFigure 6.1) is open, as

opposed to the case in Borexino. (A proposal to build an analog to Borexino's Stainless

Steel Sphere in the CTF was rejected.) Hence, the entire volume of the cylindrical tank

outside the CTF vessel|950 m 3|must be �lled with a single material. This is roughly the

same volume as the Borexino Inner and Outer Bu�ers. If the 
ui d in question were the

same as the bu�er 
uid to be used in Borexino, it would have to be similarly pure. This

was deemed not cost-e�ective for the CTF, as it is merely a prototype. Instead, ultra-pure

water was used as the bu�er 
uid. Neither pseudocumene (n = 1 :504) nor PXE (n = 1 :565)

has an index of refraction near that of water (n = 1 :333), and we must deal with the index

of refraction mismatch in the CTF as best we can.

In principle, two modi�cations have to be made to Equation (7 .1). The time of 
ight � i
f (x0),

which in Chapter 5 was simply (n=c)jx i � x0j, should be changed to re
ect the true travel

time between an event in the scintillator and a PMT in the water bu�er, taking into account

refraction at the interface. The refraction at the CTF vessel also causes the image of a PMT

seen from a point inside the vessel to subtend a di�erent solid angle d
 than it would in a

detector with a single index of refraction. Hence the factor(R � x i � x0=jx i j)=jx i � x0j3 in the

likelihood function should likewise be adjusted. However,this spatial factor is less sharply

peaked, and therefore provides less information, than the timing component of the likelihood

function. Furthermore, its modi�cation for two indices of r efraction would be truly di�cult.

This latter task was not undertaken in the present work. Nor were corrections considered

for other factors that make the CTF a non-ideal detector|�nit e PMT size, existence of

scattering, etc. Nevertheless, the position reconstruction method developed in this chapter

yields acceptably accurate results.
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7.1 Previous approaches to CTF position reconstruction

7.1.1 An e�ective index of refraction

The most commonly used extant reconstruction software for the CTF [161], a code developed

at the University of Milan, attempts to avoid all these compl ications by subsuming them

into one tunable parameter. The code models the CTF as being �lled with only one liquid,

so this \e�ective index of refraction" averages over the e�ects of having two real indices of

refraction. This seems reasonable in principle. It will be shown later in this chapter that

the CTF may be viewed as a perturbation of a detector with a single index of refraction

(that of the scintillator) and a time o�set. The o�set corres ponds to the di�erence between

times of 
ight from vessel surface radially outward to a PMT i n the cases that the region

between is �lled with scintillator, and that it is �lled with the actual bu�er material used.

However, independently of the reconstruction problems dueto having two indices of refrac-

tion, the speci�c software in question does not deal correctly with the case described in

Section 5.4 that more than one photon is detected at a single photomultiplier tube. (This

is somewhat surprising, as the correct probability densityfunction to use was described in

1993 in [144]. In that paper it was derived for the purpose of�=� discrimination, though,

so perhaps the applicability to position reconstruction was not recognized.) The software

therefore has energy-dependent systematic errors as well. Using Equation (5.31) and assum-

ing a detector light yield of about 4 photoelectrons per MeV per PMT, the photoelectron

multiplicity for a hit PMT in the CTF for an event in the neutri no window (250{800 keV)

ranges between 1.6 and 3.3. In order to correct the statistical bias caused by this e�ect, the

e�ective index of refraction historically used in CTF analy sis has ranged from 1.75 to 1.9.

The need to increase the e�ective index of refraction to makeup for ignoring photoelectron

multiplicity e�ects can be explained using a qualitative ar gument. Consider Figure 7.1. The

true time distribution of photoelectron arrivals, with the time of 
ight subtracted out, would

look like one of the more sharply-peaked functions. By ignoring the correction required to
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Figure 7.1: This �gure shows the actual scintillator response function (blue) used in CTF 2
and 3, and its �rst order statistics: the corrections to the f unction required when more than
one photoelectron is detected by each PMT. The �rst order statistics shown correspond to
n = 2, 3, 5, and 10. The time axis is in nanoseconds.

the scintillator PDF when more than one photon is detected at a PMT, an attempt is

made to �t this time distribution with the broader lowest-ord er (blue) function for single

photoelectron occupancy. Doing so increases the variance in the calculated times of 
ight.

A greater spread in the time of 
ight values means one of two things: either the event will

be reconstructed farther from the origin than it really is, or else (to balance out the e�ect)

photons must be assumed to be slower than they really are|meaning that a value of n

greater than the true value must be used.

7.1.2 Monte Carlo techniques

An experimental code developed at Munich [72] took the approach of running a Monte

Carlo generator for scintillation photons generated at grid points on a 20-cm cubical mesh
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within the scintillator volume. The simulated photons were tracked in their passage through

the scintillator and bu�er 
uids to the PMTs, taking into acc ount the scintillator response

function, Snell's Law at the interface between the two liquids, light scattering, absorption

and re-emission, the number of photons detected at each phototube, and other e�ects. This

Monte Carlo simulation yielded a likelihood function into w hich could be plugged actual

PMT timing and occupancy data for an event, giving a likelihood value at each discrete

grid point.

The maximum value of the likelihood function for an event wasthen found by checking the

values at each grid point. To determine the values of the likelihood function between grid

points, quadratic interpolations were made between nearest neighbors. Although computa-

tionally expensive, this approach in principle should workquite well. However, when tested

against the CTF 2 source runs, it yielded inaccurate positions for events near the surface of

the nylon vessel, as tabulated later in Section 7.7. The reasons for this misbehavior were not

investigated in depth. The Munich software was unfortunately not available to be tested

against the source runs performed in CTF 3.

7.2 Outline of the CTF reconstruction software

Before getting into details, we will describe the general layout of the position reconstruction

software developed at Princeton. The software is written partly in C (mainly for the input

reading functions), partly in C++ (mainly for the reconstru ction and output functions), and

a bit in FORTRAN (one canned routine to calculate cubic spline interpolations, taken from

the CERN Library [162]). It is designed for the GNU/Linux ope rating system, although it

will probably compile and run correctly on most UNIX-like arc hitectures. Since the build

process checks the machine endianness (see Section 6.3.1) at compile time, the reconstruction

software works equally well running on any 32-bit PowerPC or Intel chip. Porting the

software to 64-bit chips has not yet been attempted.
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The reconstruction software has three main tasks:

Input: It must read in a raw data �le of the format described in Section 6.3.2.

Reconstruction: It must use this raw data to estimate the position (and other character-

istics) of each event.

Output: It must output the reconstructed data to a �le in a format that the ROOT analysis

software can read.

7.2.1 Input of raw data

The input portion of the software, before reading in raw event data, �rst reads the headers

and calibration tables at the beginning of a raw data �le. It d ecides whether the data �le

is a CTF 2 or CTF 3 run 1, based on the run number, and chooses the appropriate index

of refraction for the scintillator. It also reads three con� guration �les giving it various

parameters about the CTF. These are searched for in the user's home directory under the

subdirectory .ctf ; if not found, the software tries to look in /etc/ctf instead. The �les

in question are namedpmtmap2.inp, which describes the mapping of PMTs to electronic

channels found in Table 6.1, andscintresponse.inp , which tabulates the scintillator PDF

values reported in Table 7.3. A third �le, eventaccept.inp , gives the user the possibility

to only reconstruct certain events, restricted by energy, muon 
ag, and/or coincidence time.

This is useful when, for instance, only high-energy or coincidence events are of interest; then

reconstruction of the large number of14C events and muons may be skipped to save time.

The software's next task is to determine which PMTs are dead or untrustworthy. This is

accomplished by looping over every Group 1 event in the raw data �le and checking which

ADC channels were triggered in each event. If the fraction ofevents in which a PMT was

1 In CTF 1, the detector geometry, the mapping from PMTs to electronic c hannels, and the format of
raw data �les all di�ered slightly from those in CTF 2 and 3. Hence, rec onstruction of CTF 1 data is not
currently supported by this reconstruction software.



Chapter 7. Writing a Position Reconstruction Code for the CTF 287

triggered is less than 10%, the PMT is assumed to be dead or dying. If the fraction is greater

than 80%, the PMT is assumed to be noisy. In either case, it is 
agged to be ignored by

the reconstruction algorithm.

At this point, the software is ready to read raw events from the data �le. Each event

is read in sequence, with a few checks to make sure that all values are meaningful: the

stored event number must match the software's current eventindex; the group number

must be either one or two; etc. The ADC and TDC raw data are translated into numbers

of photoelectrons and timing in nanoseconds, respectively, as described in Section 6.3.2.

The information about each ADC and TDC is merged into a data structure describing the

corresponding PMT. Finally, several ancillary pieces of data (for instance, status of the

muon veto; coincidence time, where relevant; tail-to-total ratio) are stored together with

an array of the PMT data structures. The event information is now passed into the code

dedicated to position reconstruction.

7.2.2 Reconstruction code

The reconstruction code calculates the negative of the natural logarithm of the likelihood

function ( � logL ) as a function of position x0 and event time t0. This is done numerically.

Each PMT whose corresponding ADC and TDC channels have both triggered contributes

one term to the function value, consisting of minus the logarithm of one factor of Equa-

tion (7.1), with further caveats made later in this chapter. TDCs triggered more than

15 ns after the �rst TDC to be triggered are ignored; any photons arriving after that time

contribute little or no position information. (Since some PMTs share a TDC channel, this

algorithm must be modi�ed somewhat as described in Section 7.3.) The goal is to minimize

� logL over the variablesx0 and t0.

The function � logL (x0; t0) is not calculated everywhere inside the CTF vessel; that would

require a tremendous amount of computing time. It and its gradient are only explicitly
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evaluated at points required by the minimization routine. T he minimization routine used

comes from the MINUIT package [163], a venerable piece of CERN software. Once the

routine has calculated the most likely values ofx0 and t0, these and their statistical errors

are stored in memory along with the other event information, and passed along to the code

for data output.

7.2.3 Output of reconstructed data

Two types of output are produced. The standard output method is to save the reconstructed

event positions and other values as n-tuples in a �le in ROOT format. In addition, if the

reconstruction software is compiled with the 
ag -DDEBUG, it will print copious amounts of

text about the run and about each reconstructed event to the terminal. The information

printed includes the raw and calibrated values of each ADC and TDC channel, the approx-

imate event energy, and the reconstructed position of the event as calculated with several

di�erent time of 
ight functions, to be described in Section 7.6. This debugging output is

very useful for getting immediate feedback about the operation of the software. It is also in

a format su�ciently organized that ROOT scripts may be writt en to extract data directly

from it even while the reconstruction code is still running.

Several auxiliary programs have been developed to complement the main reconstruction

software. One program, plot test , is used to create contour plots of the di�erent time

of 
ight functions under consideration. Example plots may be seen in Figures 7.9, 7.12a,

and 7.14a. A second program, namedevdisp (EVent DISPlay), will print out the same

information generated by the reconstruction software inDEBUGmode, but only for a single

user-speci�ed event of a raw data �le. Such \random access" event reconstruction is very

useful for testing purposes. evdisp also creates contour plots of likelihood values in the

CTF xz-plane, seen for example in Figures 7.10, 7.12b, and 7.14b.
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7.3 Shared electronics channels

Recall that some of the TDC channels are shared by two PMTs. Inaddition, for Group 2

events, the same sets of PMTs also share ADC channels. How should the likelihood function,

Equation (7.1), be modi�ed to handle this? In these cases, the data from the two PMTs

are not independent. The �rst step is to rewrite the likeliho od function as a product of

likelihood functions of individual ADC and TDC channels instead of likelihood functions of

PMTs:

L (x0; t0) =
Y

i 2 f hit TDCs g

L TDC
i (x0; t0)

Y

j 2 f hit ADCs g

L ADC
j (x0): (7.2)

When the i th ADC or TDC channel serves exactly one PMT, labeled A, the individual

likelihood functions have the values taken directly from Equation (7.1),

L TDC
i (x0; t0) = pnADC(A)

�
t i � t0 � � A

f (x0)
�

(7.3)

L ADC
i (x0) =

�
R � xA � x0=jxA j

jxA � x0j3

� n i

(7.4)

(in the �rst equation above, ADC(A) is the number of the ADC ch annel corresponding to

PMT A). We now examine the cases where TDC and/or ADC channelsare shared by two

PMTs.

7.3.1 Shared channels in Group 1 events

Label two PMTs sharing a TDC channel i as PMT A and PMT B. Suppose that in an

event, A observesnA photoelectrons, while B seesnB . For Group 1 events, these values

are separately known to us (with some error) from the ADC channels. The ADC likelihood

factors in Equation (7.2) are independent of the timing information and do not need to be

modi�ed. We also assume that both nA;B � 1; otherwise it is known which PMT triggered

the TDC, and Equation (7.3) applies with no ambiguity.
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We now want to determine the probability that the hit time of t he �rst photon detected by

either PMT A or PMT B, for an event occurring at the test point ( x0; t0), is the observed

value t i . The time distribution of the scintillator emission time fo r the �rst photoelectron

detected at PMT A is given by pnA (t i � t0 � � A
f (x0)), and likewise for PMT B. Since the

�rst detected photon must be at one or the other of the PMTs, th e likelihood function for

this TDC channel has two terms:

L TDC
i (x0; t0) = w pnA (t i � t0 � � A

f ) + (1 � w) pnB (t i � t0 � � B
f ): (7.5)

The weight w is a function of relevant parametersnA ; nB ; � A
f , and � � f � � B

f � � A
f . Let tA

be the time (not necessarily known) at which the �rst photoelectron is detected by PMT A,

and likewise for PMT B. Then w is the probability that tA < t B , given our knowledge that

tA;B � t i .

We know that t j (with j = A, B) is a random variable with distribution pn j (t j � t0 � � j
f ).

Given random variablesTA;B with distributions f A;B (t), the probability that TA < T B when

both random variables are known to be greater than or equal toa speci�c value t i is

P(TA < T B jTA � t i ; TB � t i ) =

R1
t i

dtB
RtB

t i
dtA f A (tA ) f B (tB )

[1 � FA (t i )] [1 � FB (t i )]

=

R1
t i

dt FA (t)f B (t)

[1 � FA (t i )] [1 � FB (t i )]
�

FA (t i )
1 � FA (t i )

(7.6)

where FA;B (t) �
Rt

�1 dt0f A;B (t0).

Recall Equation (5.36):

pn (t) = np(t) [1 � F (t)]n� 1 ;

with F (t) �
Rt

�1 dt0p(t0). Notice that the cumulative distribution function for pn (t) is

given by Fn (t) = 1 � [1 � F (t)]n (this is easily shown by checking that F 0
n (t) � pn (t) and

observing that Fn (1 ) = 1). Using these facts and substituting in the known distri butions
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of tA;B for f A;B in Equation (7.6), we have

w(nA ; nB ; � A
f ; � � f ) =

nB

1R

� A
e � � � f

d� e f 1 � [1 � F (� e + � � f )]nA g [1 � F (� e)]nB � 1 p(� e)

[1 � F (� A
e )]nA [1 � F (� A

e � � � f )]nB

�
1 �

�
1 � F (� A

e )
� nA

[1 � F (� A
e )]nA

; (7.7)

where we have de�ned� A
e � t i � t0 � � A

f , and also changed the variable of integration to

� e � t � t0 � � B
f .

When � � f = 0, this expression can be shown to equalnA =(nA + nB ), as we would expect

intuitively. We wish to �nd the magnitude of the change when � � f is moved away from

zero. Holding � A
f constant, the partial derivative of the expression with respect to � � f ,

evaluated at � � f = 0, is

@w
@� � f

�
�
�
�
0

= nA nB

" R1
� A

e
d� [1 � F (� )]nA + nB � 2 [p(� )]2

[1 � F (� A
e )]nA + nB

�
1

nA + nB

p(� A
e )

1 � F (� A
e )

#

: (7.8)

The integral in this expression cannot be evaluated in closed form. However, since [p(� )]2 �

pmaxp(� ) (where pmax is the maximum value attained by the scintillator PDF), it ha s an

upper bound given by

pmax

Z 1

� A
e

d� [1 � F (� )]nA + nB � 2p(� ) = pmax
[1 � F (� A

e )]nA + nB � 1

nA + nB � 1
:

Note that the value of the integral is positive. Therefore,

@w
@� � f

�
�
�
�
0

> �
nA nB

nA + nB

p(� A
e )

1 � F (� A
e )

(7.9)

@w
@� � f

�
�
�
�
0

<
nA nB

nA + nB

pmax

1 � F (� A
e )

�
1 �

p(� A
e )

pmax
+

1
nA + nB � 1

�
: (7.10)

In all cases, two PMTs that share a TDC channel are adjacent, with the centers of their

photocathodes separated by at most 86 cm. The maximum di�erence in the distances of

adjacent PMTs from a point in the CTF vessel is on the order of 30 cm. Hencej� � f j is at
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most about 1.5 ns. When the likelihood function is near a maximum, � A
e should be near

the value at which p(� A
e ) is a maximum. For the particular PDF of the CTF scintillator ,

the value of p(t) at this point is about 0.12 ns� 1, and that of F (t) is about 0.25. The upper

bound of @w=@� � f in this situation comes out to roughly 0.08 ns� 1 when nA ; nB � 1. The

lower bound comes to about� 0:08(nA + nB ) ns� 1. That is, for an event in which two PMTs

sharing a TDC channel each detect two photoelectrons, the maximum expected changes in

the weight of pnA (� A
e ) in Equation (7.5) from its mean value of nA =(nA + nB ) are � 0:24 or

+0 :12.

7.3.2 Shared channels in Group 2 events

For Group 2 events, some PMTs share both an ADC and TDC channel. It is then unknown

which PMT was hit �rst, as well as the individual numbers of ph otoelectrons seen at each

PMT. In this case, to obtain a factor of the likelihood functi on for this TDC channel, ideally

we would sum Equation (7.5) over all possible values ofnA . The sum nA + nB is �xed to

the observed ADC channel valuenAB , and each term multiplied by the probability that

PMT A saw nA photoelectrons. So we would have

L TDC
i (x0; t0) =

nABX

nA =0

�
nAB

nA

�
�
w(nA ; nAB � nA ; � A

f ; � � f ) pnA (t i � t0 � � A
f ) + : : :

�
: (7.11)

(The ellipses contain the analogous term for PMT B whose weight is 1 � w.) In reality,

an integral should be taken, rather than a discrete sum over possible integer values ofnA ,

since the observed channel valuesnAB are continuous due to 
uctuations in PMT response.

In practice, we approximate by setting nA = nB = nAB =2 and using these values directly in

Equation (7.5). This is not expected to cause signi�cant errors, as the binomial coe�cient

function
� nAB

nA

�
is sharply peaked aboutnA = nAB =2. Similarly, rather than obtaining the

ADC factor of the likelihood function from the ADC channel by summing over all possible

values ofnA given the channel valueni , we instead use

L ADC
i (x0) =

�
R � xA � x0=jxA j

jxA � x0j3
R � xB � x0=jxB j

jxB � x0j3

� n i =2

: (7.12)
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7.3.3 Results using the approximate weight function

From the results at the end of Section 7.3.1, one might think it is not safe to neglect the

change in relative weights of two PMTs sharing a TDC as their relative distances from

a tentative event location vary. This can be tested empirically, using data provided by

the CTF 2 source calibration runs. The source runs will be described in more detail in

Section 7.7; here it is su�cient to mention that they consist of data taken while a radon

source was held inside the CTF vessel at a known position. Themost useful events in the

radon decay chain are the easily recognizable coincidences214Bi ! 214Po ! 210Pb. Since

214Po decays by� emission, it has the added advantage of providing monoenergetic events.

Position reconstruction of 214Po events from a radon source therefore provides feedback

about the performance of reconstruction software at a single point for a single energy. As

214Po events are obtained using the Group 2 electronics system,they also provide a test of

the approximations described in Section 7.3.2.

The di�erence in performance of the reconstruction code using the exact Equation (7.7) and

the approximation w = nA =nAB , in both cases with nA = nB = nAB =2, was tested using

CTF 2 source runs 795 and 798. In Run 795, a radon source was placed at the north pole of

the CTF vessel. The di�erence in the average position of214Po events reconstructed withw

set equal to the full form of Equation (7.7), versus the average position of the same events

reconstructed using the approximation for w, was less than 0.2 cm.2 Furthermore, when

Equation (7.7) was used, the position reconstruction failed to converge for 1.7% of events,

compared with complete success when using the approximation for w. This is probably due

to the method of numerical evaluation used for the integral in the equation.

Similar results were obtained with CTF 2 source run 798, in which the radon source was

located in the equatorial plane of the CTF vessel, 50 cm from the center. Here the di�erence

in average positions was 0.3 cm, and the fraction of events failing to converge when using the

2Note that this comparison of positions is between two methods of reconstruction. Comparisons between
the reconstructed positions and the actual positions of CTF 2 sources wi ll be discussed later, in Section 7.7.
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exact expression for the weight was 0.4%. Additionally, in both runs the position resolution

was marginally better when the approximate weight function was used. (In all cases, the

time of 
ight function used for these analyses was the truncated Taylor series described in

Section 7.6.) For these reasons, only the approximationw = nA =(nA + nB ) is applied in

the present CTF reconstruction software. Finally, skipping the calculation of the value of

Equation (7.7) also increases the speed of the software by almost a factor of ten.

7.4 Performance of spatial pattern recognition alone

It is interesting to ask how accurately CTF events may be reconstructed when only the

spatial pattern of hits is used. That is, we use the likelihood function of Equation (7.2),

but all the functions L TDC
i are set to be identically one. Only the ADC data are used. In

this case, using Equation (5.30), we predict a resolution of� = 286 cm=
p

� , with � being the

total number of photoelectrons detected in an event. Again,data from the CTF 2 source

calibration runs permit testing this prediction.

Two di�erent sources were used in CTF 2; each consisted of a small quartz vial �lled

with PXE scintillator enriched in radon. Because it was not possible to remove oxygen

from the scintillator without also removing radon, the scintillator was quenched, causing

events to produce fewer scintillation photons than would beexpected from the event energy.

Typically a 214Po event occurring in PXE would yield about 300� 25 photoelectrons detected

in CTF 2. The �rst source, used in Runs 791{795, yielded roughly 200� 16 photoelectrons,

while the second source used in the remainder of source runs was more highly quenched

(�� = 100 � 12 photoelectrons). We therefore expect position resolutions on the order of

20 cm for reconstructed214Po events from the �rst source, and 30 cm for the second source.

The actual results are reported in Table 7.1.

The table certainly shows a correlation between the reconstructed positions and the nominal

position of the sources. With the major exception of Run 795,and a few other lesser
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Run Nominal position Reconstructed position Spatial resolution
x [cm] y [cm] z [cm] x [cm] y [cm] z [cm] � x [cm] � y [cm] � z [cm]

791 0 0 32 � 0.3 14.8 22.4 27.6 31.2 24.0
793 0 0 0 � 3.6 4.2 5.8 28.1 33.7 24.3
795 0 0 100 7.5 26.0 � 86.7 34.7 42.4 84.1
797 0 48 0 12.5 94.4 � 22.4 39.3 46.3 39.4
798 � 48 0 0 � 47.4 19.6 � 6.2 40.9 53.8 35.8
799 27 � 40 0 16.6 � 71.4 � 10.8 37.1 53.8 37.8
800 40 � 27 � 30 46.8 � 32.2 � 40.5 41.6 53.9 38.4
801 � 40 27 � 30 � 37.9 61.7 � 43.4 39.5 48.8 34.7
802 0 0 � 78 8.7 8.1 � 82.5 39.8 46.9 49.3
803 0 0 � 83 8.9 � 13.6 � 78.7 44.3 41.4 50.8
804 0 0 � 75 � 8.4 � 15.7 � 60.9 44.7 45.6 51.1
805 0 0 � 62 � 4.7 � 0.9 � 58.2 44.9 45.8 45.4
807 � 40 27 � 56 � 63.0 47.0 � 49.0 42.3 45.7 36.4
809 � 40 � 27 � 56 � 60.5 � 13.6 � 48.8 40.8 48.0 40.4
810 27 � 40 11 24.7 � 70.9 6.8 42.0 52.0 37.4

Table 7.1: Performance of the reconstruction software, using only the ADC data (spatial
pattern recognition), in CTF 2 source runs. These data come from 214Po � decays. Positions
are given in the usual CTF-centered coordinate system.

problems, sources are reconstructed to be within 30 cm of their nominal positions. The

reconstructed positions of214Bi decays, which are usually in the few-hundred photoelectron

range, show similar but slightly more accurate results. Theobserved position resolutions

for 214Po events are about 1.5{1.9 times larger than predicted.

Both the poor position resolutions and the problems in Run 795 (shown in Figure 7.2) may

be due to light re
ection. Scintillation light from an event that is re
ected from the inside

surface of the CTF tank may end up at any PMT with some non-negligible probability.

As a result, part of the PMT hit pattern is invalid data that ne vertheless is considered in

maximizing the likelihood function. This tends to worsen the resolution. In the special case

of Run 795, photons may have been re
ected from the nearby north end-cap of the vessel

and directed mainly downwards, making events appear to haveoccurred near the south pole

of the vessel instead of the north pole. (No such problems areobserved in Runs 802{804

near the south pole, which has a less obtrusive end-cap.) Suchre
ections from objects near
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Figure 7.2: Histogram of the z positions of 214Po events, reconstructed using only ADC
data, in Run 795, which had the source nominally at the north pole (z = +100 cm) of
the CTF vessel. The spatial pattern recognition algorithm fails dismally with these data,
although for most CTF 2 source runs, the algorithm performed decently considering its
limitations.

the event are less of a problem with timing data; the photon times of 
ight would still be

roughly consistent with events at the north pole.

Due to these problems, it was decided to use only timing (TDC)data in the CTF recon-

struction software developed at Princeton; that is, to use Equation (7.2) for the likelihood

function with all the functions L ADC
i set to be identically one. All further results reported

in the present work thus use the following likelihood function:

L (x0; t0) =
Y

i 2 f hit TDCs g

L TDC
i (x0; t0) (7.13)

where

L TDC
i (x0; t0) =

8
>>><

>>>:

pn i (t i � t0 � � i
f (x0) [one PMT per TDC]

w pnA (t i � t0 � � A
f (x0))

+ (1 � w) pnB (t i � t0 � � B
f (x0))

[two PMTs per TDC]
(7.14)
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Scintillator Event � 1 � 2 � 3 � 4 q1 q2 q3 q4

type [ns] [ns] [ns] [ns]
PC � 3.3 13.5 56.0 279.1 0.630 0.178 0.119 0.073
PC � 3.6 17.6 59.5 - 0.895 0.063 0.042 0

PXE � 3.8 15.9 63.7 243.0 0.832 0.114 0.041 0.013
PXE* � 3.1 13.4 56.2 231.6 0.588 0.180 0.157 0.075
PXE* � 3.1 12.4 57.1 185.0 0.788 0.117 0.070 0.025

Table 7.2: Time constants and weights of the components of scintillation events caused by
� and � particles in the pseudocumene (PC) + PPO (1.5 g/̀ ) and the PXE + pTP (2.0 g/ `)
+ bis-MSB (20 mg/ `) mixtures used in the CTF. The mixture denoted PXE* instead h ad
a concentration of pTP of 3.0 g/`. These values were measured in the laboratory on a small
scale. Taken from references [73, 80].

with w = nA =(nA + nB ) for Group 1 events (one PMT per ADC) and w = 1=2, nA = nB =

nAB =2 for Group 2 events (two PMTs per ADC).

7.5 The scintillator PDF

At the heart of any position reconstruction code in a scintillation-based optical detector

is the scintillator response function or PDF, p(t). It is not Gaussian, as was assumed in

Chapter 5 for simplicity. The emission of scintillation lig ht, described in Section 3.1, is a

multi-stage process; hence its time evolution after an eventat t = 0 can be approximated

as a sum of decaying exponentials:

S(t) = �( t)
NX

i =1

qi

� i
e� t=� i : (7.15)

Usually N is only three or four; other components are negligible. The sum of the qi is

arbitrarily set to one so that the time integral
R1

0 S(t) dt is normalized. These components

for the pseudocumene + PPO and PXE-based solutions that have been used in the CTF

have been measured on a small scale in the laboratory; the results are shown in Table 7.2.

Two issues prevent Equation (7.15) from being used as the scintillator PDF in CTF event

reconstruction. First, the PMT array has a non-negligible \j itter" that manifests as a
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Figure 7.3: Scintillator response function observed in CTF1. This histogram was created
from the observed time distribution of scintillation photo ns caused by� particles, and
�t (solid line) to Equation (7.16). The distribution is shif ted slightly toward negative
values (t0 = � 5:22 ns); this is merely a calibration e�ect which does not a�ect the position
reconstruction. The histogram is not normalized. From reference [80]. Compare with the
blue curve in Figure 7.1 obtained from Monte Carlo methods.

Gaussian error in the reported time with � � 1 ns. Second, and more importantly, photons

traveling through a medium will occasionally be scattered,absorbed, and/or re-emitted.

This increases their average travel time and also broadens their time distribution. An

additional point to consider is that a photon arriving at a PM T a long time after the

triggering event (tens or hundreds of ns) may have been re
ected one or more times from

the inner wall of the steel cylindrical tank or other CTF superstructure instead of truly

being emitted in the tail of the scintillator PDF. Such photo ns carry little or no useful

timing information.
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t 105p(t) t 105p(t) t 105p(t) t 105p(t) t 105p(t)
[ns] [ns� 1] [ns] [ns� 1] [ns] [ns� 1] [ns] [ns� 1] [ns] [ns� 1]
0.00 0 15.25 2999 20.75 3528 25.25 1593 37.25 136
9.25 1 16.25 5189 21.25 3234 26.25 1356 42.25 93

10.25 2 17.25 5716 21.75 2995 27.25 1107 47.25 58
11.25 5 18.25 5323 22.25 2785 28.25 863 52.25 52
12.25 8 19.25 4565 22.75 2462 29.25 716 57.25 43
13.25 108 19.75 4199 23.25 2312 30.25 576 62.25 25
14.25 809 20.25 3861 24.25 1966 32.25 371

Table 7.3: Values of the scintillator response function used in CTF 3 data analysis, obtained
via a Monte Carlo simulation that included the e�ects of scattering and absorption. The
values p(t) shown have been multiplied by 105 to make them easier to read. These values
must be normalized, making the function's time integral equal to one, before being used as
a PDF. This is the same function plotted as the blue curve in Figure 7.1. Entries 2{4 did
not come from the simulation; they were included to force thecubic spline interpolation of
the data always to be non-negative.

Fitting the observed photon arrival time distribution for 14C events near the center of the

CTF permits these e�ects to be quanti�ed. The time distribut ion observed in CTF 1, shown

in Figure 7.3, was �t to a convolution of Equation (7.15) with a Gaussian:

p(t) =
Z 1

�1
S(t0) e� ( t � t 0� t 0 ) 2

2� 2 dt0: (7.16)

In this case only two terms in S(t) with weights q1; q2 and time constants � 1; � 2 were con-

sidered. The broadening e�ects were all incorporated into asingle Gaussian factor with

time constant � and o�set t0. The values from the �t were � = 3 :17 ns, t0 = � 5:22 ns,

� 1 = 4 :75 ns, and� 2 = 26:3 ns [80]. The weights of the two decaying exponentials are re-

ported in [80] as 296.4 and 26.3, but there is reason to believe that these numbers are the

respective values ofq1=�1 and q2=�2. After making this correction, the normalized weights

are given by q1 = 0 :712 andq2 = 0 :288.

The increase in the time constants� 1; � 2 from the values in the second row of Table 7.2

are expected results of the absorption and re-emission processes occurring in large-scale

volumes of scintillator. The shift in weights toward the longer time constant| q2 is larger

than the expected sum of the long-term component weights by about a factor of 3|is still
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not well explained. It may be due to light trapping from total internal re
ection or other

geometric e�ects in the detector.

In the past, both observed time distributions such as this one, and functions created by

Monte Carlo methods, have been used as scintillator PDFs foruse in analyzing CTF data.

The PDF currently used was derived from a Monte Carlo model that includes the e�ects

of photon absorption and re-emission. It is shown in blue in Figure 7.1. In the relevant

computer algorithms, it is modeled as a discrete set of points (t; p(t)); values between the

known points are interpolated with a cubic spline. Note that the function in Figure 7.3 is

o�set slightly in the negative direction, while that in Figu re 7.1 is o�set about 17 ns in the

positive direction. These time o�sets are merely calibration e�ects that do not a�ect the

position reconstruction. It should also be noted that the CTF 3 function is signi�cantly

narrower (� 35%) than the CTF 1 function. Perhaps not all e�ects that coul d delay photon

arrival times at the PMTs were taken into account in the Monte Carlo.

No such e�ort in observing or modeling a scintillator PDF was undertaken for the PXE

scintillator of CTF 2. The PDF used in CTF 2 analysis is the same one used for CTF 3,

modeled with a Monte Carlo for a pseudocumene scintillator. It is believed that the sys-

tematic errors thereby introduced in CTF 2 position reconstruction are not large.

7.6 A semi-analytical ray tracing approach

The approach taken in the Princeton Borexino group to the problem of position reconstruc-

tion in the CTF has been the development of an algorithm to calculate the travel time for

light between an arbitrary point in the scintillator 
uid an d an arbitrary PMT, taking into

account refraction at the nylon vessel interface between scintillator 
uid and water.
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7.6.1 The path from event to PMT

Assume for now that the index of refraction mismatch at the boundary between water and

scintillator is the only complication in spatial reconstru ction. We now determine the time

that a photon would take to travel from a particular test poin t A in the scintillator volume

to a speci�c PMT at point B. The radius of the CTF vessel is r = 1 :0 m, and the distance

of each PMT from the vessel center isR = 3 :3 m. Consider a coordinate system in which

the center of the vessel is at the origin O(0; 0; 0), and the PMT under consideration is at

position B(� R; 0; 0). By rotational symmetry, we can always choose a coordinate system

such that the coordinates of the test point are A(x0; y0; 0), with y0 � 0. (This coordinate

system is unique unlessy0 = 0.) As in Chapter 5, denote the vector from O to A as x0, and

the vector from O to B as x i . We know jx i j = R; also de�ne a � j x0j.

Assuming no scattering or absorption and re-emission, the path that would be traversed by

a photon between the test point and the PMT has two parts, eacha straight line segment:

the part from PMT to vessel surface, distance`1, and the part from vessel surface to test

point, distance `2. These distances are bounded bỳ1 2 [R � r;
p

R2 � r 2] and `2 2 [0; 2r ].

The travel time along the path is given by

� f = ( n1`1 + n2`2)=c: (7.17)

n1 is the index of refraction of water, about 1.33, andn2 is that of pseudocumene or PXE.

For these liquids, n2 > n 1, leading to problems with total internal re
ection that wil l be

described in Section 7.6.3.

De�ne a point C where the photon path is refracted at the vessel surface. (The nylon �lm

composing the vessel has a thickness of 0.5 mm, negligible compared to other dimensions

in the detector, and an index of refraction very similar to that of pseudocumene. It can

therefore be treated as a surface of zero thickness.) With anideal spherical vessel, any

normal to the vessel surface is also a radius. This and the fact that refraction is a planar

phenomenon let us conclude that C is in thexy-plane along with A, B, and the origin.
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A
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C
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� 1

� 2

x0 (length a)

`1

`2

rx i (length R)

n1 = 1 :333 n2 = 1 :504

CTF vessel

Figure 7.4: Geometry used to determine the path length of a photon traveling from a given
point in the CTF scintillator to a speci�c PMT. The diagram is drawn in the plane common
to the test point A, PMT B, and center O of the CTF vessel. The point C where the photon
is refracted is also in the same plane if the CTF vessel is perfectly spherical. See text.

As shown in Figure 7.4, let P be the point on line
 !
OC such that PB is a perpendicular to

 !
OC; let Q be the point on

 !
OC such that QA is a perpendicular to

 !
OC. De�ne � = m 6 BOC,

� = m 6 BOA, � 1 = m 6 PCB, and � 2 = m 6 ACO. Since the paths of a refracted light ray on

either side of the refracting interface are on opposite sides of the normal, 6 ACO and 6 PCB

must be on opposite sides of
 !
OC. Therefore � � � , as drawn in the �gure. Equality holds

only when the test point is along the line
 !
OB through PMT and origin. Note that we know

� a priori in a coordinate-independent way. It is the angle between testpoint and PMT

from the origin, so

cos� =
x i � x0

Rjx0j
: (7.18)

We can �nd four equations relating the unknown variables `1; `2; � 1; � 2, and � . The length

BP is a side of the right triangles �BPC and �BPO, with respect ive hypotenuses`1 and
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R, so `1 sin � 1 = R sin � . Length CP is a side of �BPC, and is r less than a side of �BPO,

so `1 cos� 1 = R cos� � r . These and analogous considerations for �AQC and �AQO yield

the system

`1 cos� 1 = R cos� � r (7.19)

`1 sin � 1 = R sin � (7.20)

`2 cos� 2 = r � a cos (� � � ) (7.21)

`2 sin � 2 = a sin (� � � ): (7.22)

This system can be reduced to an equation relating any two unknowns, so we can writè 1

and `2 solely in terms of � . Squaring the sides of Equations (7.19) and (7.20) and adding

gives

`1
2 = R2 + r 2 � 2Rr cos�; (7.23)

while the same for Equations (7.21) and (7.22) yields

`2
2 = a2 + r 2 � 2ar cos (� � � ): (7.24)

We do know that cos� cannot be less thanr=R. When cos� = r=R ) � � 72:4� ,

the path `1 is tangent to the CTF vessel at C. If � were any greater, this segment would

intersect the vessel in two places. Let� c represent the critical value cos� 1(r=R), so that

� 2 [0; min f �; � cg]. Still, the actual value of � (equivalently, the location of point C along

the rim of the CTF vessel) is not yet completely determined.

7.6.2 Enforcing Snell's law

One more equation is required to determine a unique value of� . This equation is provided

by Snell's Law,

n1 sin � 1 = n2 sin � 2; (7.25)
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Figure 7.5: The angle � between PMT and point of refraction, as a function of � (the
angle between PMT and event) anda (the test point radial coordinate) in CTF 3; refer
to Figure 7.4. � is given on the horizontal axis (in degrees) and� on the vertical axis (in
degrees). Values of� greater than � c � 72:4� are not physically meaningful since they
would imply a light path with an angle of refraction � 1 > 90� . Curves are shown for (from
bottom to top) a = 10; 30; 50; 70; 85; 90 and 100 cm. Notice that the top two curves have
values of � for which � is not de�ned in the range [0, 72.4� ]; these \dark zones" are due
to total internal re
ection. These two curves are also multi -valued in part of their range,
indicating that a photon may take one of two possible paths from event to PMT.

which speci�es the relationship between the angle of incidence and angle of refraction at an

interface between substances with di�erent indices of refraction.

Dividing Equation (7.19) by (7.20) and Equation (7.21) by (7.22) gives, respectively,

cot � 1 = cot � �
r
R

csc� (7.26)

cot � 2 =
r
a

csc (� � � ) � cot (� � � ): (7.27)

We square each of Equations (7.26) and (7.27) and add one in order to obtain csc2 � 1;2

on the left-hand sides, using the Pythagorean identity cot2 � 1;2 + 1 � csc2 � 1;2. These

may then be substituted into Equation (7.25) once it has beenmanipulated into the form
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Figure 7.6: The time of 
ight � f of a photon from a test point inside the CTF vessel to
a speci�c PMT. � f is shown as a function of� (the angle between PMT and test point)
and a (the test point radial coordinate) in CTF 3; refer to Figure 7 .4. � is given on the
horizontal axis (in degrees) and� f on the vertical axis (in nanoseconds). From top to
bottom on the left side of the �gure (bottom to top on the right ), the curves are shown
for a = 0 ; 10; 30; 50; 70; 90 and 100 cm. Note the gap in the curves fora = 90 and 100 cm,
centered at about � = 100� , representing the \dark zones." The rectangle shows the area
of the graph covered by the expanded view below.
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Figure 7.7: Times of 
ight for the upper and lower branches of the functions � (�; a ) for
a = 90 cm (bottom curves) and 100 cm (top curves). � is in degrees, and� f in nanoseconds.
The �gure shows that the di�erence in time of 
ight between up per and lower branches is
negligible (< 0:1 ns).
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csc2 � 2 = ( n1=n2)2 csc2 � 1. The result is

1 +
hr

a
csc (� � � ) � cot (� � � )

i 2
=

�
n2

n1

� 2 �
1 +

�
cot � �

r
R

csc�
� 2

�
: (7.28)

This equation may �nally be solved for � . This cannot be done in closed form. In the

practical case of the reconstruction software, the equation is manipulated so that one side

is equal to zero, and then is fed to a custom numerical root-�nding routine for speci�c

values of a and � . The algorithm used combines bisection and linear interpolation with

some additional tricks, for instance, tightening the assumption of function linearity as the

interval containing the root becomes smaller. It typically �nds a value for � to within

10� 8 radians with 10{20 calls to the function being evaluated.

The form of � as a function of � for di�erent values of a is shown in Figure 7.5. The time

of 
ight as a function of � for di�erent values of a is shown in Figure 7.6. For some values

of a, the function � (�; a ) is multi-valued. But this does not notably a�ect reconstruc tion;

the di�erences in times of 
ight between the branches are negligible, as shown in Figure 7.7.

It therefore is not very important which solution is obtaine d by the root �nder. For other

values of a, � is unde�ned. These \dark zones" due to total internal re
ect ion, which are

much more problematic, will be discussed in Section 7.6.3.

We next ask how to de�ne the time of 
ight to a PMT for points out side the CTF vessel. One

option that seems appealing at �rst glance is to avoid the question by forcing all events to be

reconstructed within the vessel volume, for instance by de�ning the likelihood function of an

event to be zero (and� logL ! 1 ) when jx0j > r . This is physically realistic, as of course

scintillation photons can only come from within the scintil lator volume. Unfortunately, this

tactic spoils the statistics of event position reconstruction developed in Section 5.5. It is

intuitively clear that surface events should be reconstructed to have an average position at

about jx0j = r , with roughly equal numbers of events reconstructed with positions inside

and outside the vessel. Forcing all events to be reconstructed within the vessel introduces

a statistical bias shifting the distribution of events in r towards r = 0.
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Figure 7.8: Geometry for determining the time of 
ight from a test point (A) in the water
bu�er to a PMT (B) which is behind the CTF vessel as seen from the test point. The light
traveling between them is refracted twice at C and D.

A seemingly better approach is to use the actual time of 
ight that would be seen if an event

really did occur in the water bu�er. For a test point between t he vessel and PMT, or away

from the lines of sight between the vessel and PMT; that is, one for which the condition

(0 � � � � c and jx0j � r ) or ( � c < � < � c + �= 2 and jx0j � r sec (� � � c)) (7.29)

holds; the time of 
ight is simply � f = ( n1=c)jx i � x0j.

For points behind the vessel as seen from the PMT, from which light must be refracted

twice, consider the geometry shown in Figure 7.8. Here, the total time of 
ight is � f =

n1(`1 + `3)=c+ n2`2=c. From the �gure, we may derive seven equations in the unknowns

`1; `2; `3; � 1; � 2; � 1 and � 2. The �rst four are roughly analogous to Equations (7.19) to (7.22),

the �fth is Snell's Law, and the last two come from the propert ies of �COD:

`1 cos� 1 = R cos� 1 � r n 1 sin � 1 = n2 sin � 2

`1 sin � 1 = R sin � 1 `2 = 2 r cos� 2

`3 cos� 1 = a cos� 2 � r � 1 + � 2 + 2 � 2 = � (� � � )

`3 sin � 1 = a sin � 2

The � sign in the last equation comes from the ambiguity in whetherthe test point A is on
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the same side of line
 !
OB as the points of refraction C and D (as shown in Figure 7.8),or

the opposite side from them (imagine segmentDA being extended until point A is below

the x-axis). As a result, the solution will be multi-valued for some values of � . Just as in

the case of a test point inside the vessel (times of 
ight for the two branches are shown in

Figure 7.7), this is not expected to a�ect the time of 
ight mu ch.

Without going into detail, this system of equations may be reduced to a single equation in

one variable,

cot � 1 �
r
R

csc� 1 = cot [ � 2(� 1)] �
r
a

csc [� 2(� 1)] (7.30)

where

� 2(� 1) = � (� � � ) � � 1 + 2 sin � 1

(
n1

n2

�
1 +

�
cot � 1 �

r
R

csc� 1

� 2
� � 1=2

)

(7.31)

and solved numerically for � 1. The lengths of the path segments are then

`1 =
p

R2 + r 2 � 2Rr cos� 1 (7.32)

`2 = 2 r cos
�

� 1 + � 2 � (� � � )
2

�
(7.33)

`3 =
p

a2 + r 2 � 2ar cos� 2: (7.34)

7.6.3 The problem of dark zones

For each PMT in the CTF, there exists a corresponding region inside and behind the CTF

vessel from which light traveling in a straight line through each 
uid volume cannot reach

that PMT. We refer to these regions as \dark zones." They are illustrated in Figure 7.9,

showing the time of 
ight from a test point to a PMT at ( � R; 0; 0) as a function of the

test point position. Figure 7.9a shows the time of 
ight for a system with a single index of

refraction. Figure 7.9b shows the time of 
ight for the CTF 3 system. The situation is worse

for CTF 2, since the index of refraction of PXE is even greaterthan that of pseudocumene.

For each PMT triggered in an event, the event likelihood function within that PMT's dark
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Figure 7.9: The time of 
ight function from a test point to a PM T located at ( � R; 0; 0),
at the left edge of each diagram. The time of 
ight is shown in the xy-plane as contours of
constant time with colored bands between the contours. (Contours are spaced at intervals
of 0.625 ns.) On the left (part a) is the time of 
ight in a singl e index of refraction system.
Contours are simply circles centered on the PMT. In this particular diagram, n = 1 :504,
but the graph would look similar except for the width of the contours for any n. On the
right (part b), the time of 
ight is shown for the CTF 3. The sma ller circle represents the
CTF vessel, and the large circle on the outer border of each graph is the location of the set
of PMT photocathodes. The dark gray triangular regions in the graph on the right are the
\dark zones." Unless it is scattered, a photon cannot travelfrom a point in the dark zone of
a PMT to the center of that PMT's photocathode. Note also the discontinuity separating
points behind the CTF vessel from those in the rest of the water bu�er.

zone is identically zero. In an ideal world, these dark zoneswould have little e�ect on the

reconstruction, because it would be impossible for an eventto have occurred within the

dark zone of any PMT that triggered.

In reality, though, a photon emitted within the dark zone of a PMT may reach that PMT

in several ways. It may have been absorbed outside of the darkzone, and then re-emitted

in a di�erent direction to end up at the PMT. Because PMTs are � nite in extent, it may

have been refracted into the edge of that PMT and detected. Finally, the CTF vessel is not

a perfect sphere, so a photon may be refracted at the nylon �lmin an unexpected direction.
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Figure 7.10: The logarithms of likelihood functions in thexz-plane of a214Po event occurring
very near the edge of the CTF 2 vessel. This event occurred within a radon source, nominally
located at the very top of the vessel, in Run 795. The maximum values are in blue; very
small values are shown in red and then white. At left (part a) is shown the logarithm of
the likelihood function using a single value ofn = 1 :565, that of PXE, throughout the CTF
tank. The circle is the CTF vessel. Contour intervals are 0.5units. The black area is the
region where logL max � logL < 0:5. At right (part b) is shown the log likelihood function
using the time of 
ight function derived implicitly in Secti on 7.6.2. The union of the dark
zones of each triggered PMT, where the likelihood function is identically zero, is shown in
dark gray. Here, the event position occurs within some of these dark zones! The likelihood
function values outside the vessel are non-zero only in disconnected regions.

Any of these e�ects may lead to an event that occurred in the dark zone of one or more

triggered PMTs. If we na•�vely try to maximize the likelihoo d function (or equivalently,

minimize � logL ) to �nd the position of the event, we will be unable to do so, asshown in

Figure 7.10. Either the minimization routine running over � logL will fail to converge, or

it will �nd a false minimum, most likely at a distance less tha n the minimum distance of

the dark zone from the center of the CTF.

The dark zones are generally not a problem for events whose true position is within about

50{60 cm of the vessel center. For events outside that volume, the fraction of events on which

the minimization fails to converge increases rapidly as a function of radial coordinate. This
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behavior can be tested to some precision using data from the source runs in CTF 2 and

CTF 3, in which a small (few cm diameter) radon source was lowered into place at various

positions inside the CTF vessel. These source runs will be discussed in more detail in

Sections 7.7 and 7.8.

Removal of photoelements

Conceptually, the simplest way to work around the problems caused by the dark zones is to

ignore timing information from the PMTs that probably shoul d not have triggered. Let the

last point reached by the minimization routine before it fai led to converge bex � . For each

PMT, �nd the time of 
ight function from that point, � i
f (x � ). If � i

f is unde�ned, then x � is

in the dark zone of PMT i , so ignore PMT i . Then, try minimizing the likelihood function

again, considering only the PMTs that remain. To be doubly sure that all potentially

problematic PMTs are removed, we modify this procedure by multiplying x � by 0:95r=jx � j

before �nding the times of 
ight, putting the point deep into the region where dark zones

occur.

In practice this method does not work well at all. For CTF 2 source run 805, which

had a nominal position at z = � 62 cm, the fraction of 214Po events for which position

reconstruction failed to converge was 8.5%. This techniqueof removing problematic PMTs

only reduced the reconstruction failure rate to 5.0%. For source run 803, nominally at

z = � 83 cm, removing some PMTs reduced the reconstruction failure rate from 48.5% to

31.0%. That is, only about 40% of events for which reconstruction at �rst fails are �xed

by the PMT removal technique. Furthermore, in each of these runs, the average number of

PMTs that were discarded from events for which PMT removal was necessary was about 25.

This number is much higher than might be expected; it may be a result of the high e�ciency

with which the PMT light cones guide light from within the ves sel into each photocathode.

It seems statistically unwise to discard more than 25% of one's data set for each event. For

all these reasons, a di�erent solution was sought.
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Figure 7.11: Geometry needed for a change of coordinate systems. As before, A is a test
point, B is a PMT, and O is the center of the CTF vessel. `1 and `2 are the path a photon
would take from A to B. We wish to switch from the vessel-centered coordinate system
(a; � ) to the PMT-centered coordinate system (�; � ).

Cubic spline interpolation

By this point, one may be thinking that it would be easier to simply ignore the dark zones

by continuing the time of 
ight function through them someho w. One possible approach to

take is to use a cubic spline interpolation between the timesof 
ight for test points within

the vessel and those in the water bu�er. If the test point is anywhere except a dark zone

or the region behind the dark zone as seen from the PMT under consideration, then the

previously derived implicitly de�ned time of 
ight functio n is used. Otherwise the cubic

spline interpolation is used.

For this task, the vessel-centered coordinate system (a; � ) is not the most natural to use. It

is simpler to convert to a PMT-centered polar coordinate system and consider the variables

� � j x i � x0j (distance from the PMT to an event) and � (angle of the event away from the

axis through the vessel center and PMT). Two equations immediately result from applying
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Figure 7.12: Cubic spline interpolation over dark zones. Atleft (part a) is the time of 
ight
function in CTF 3 with a cubic spline interpolation over the d ark zone for a PMT at the
left edge of the �gure. At right (part b) is the logarithm of th e likelihood function in the
xz-plane obtained by using the interpolated time of 
ight on the same214Po event shown
in Figure 7.10. There are no more dark zones, but some discontinuities still appear in the
upper left of the plot. The CTF vessel is represented by the smaller circle in part a and by
the circle in part b.

the Law of Cosines on �ABO in Figure 7.11:

a(�; � ) =
p

R2 + � 2 � 2R� cos� (7.35)

� (�; � ) = cos� 1
�

R2 + a2(�; � ) � � 2

2Ra(�; � )

�
= cos� 1

�
R � � cos�

a(�; � )

�
: (7.36)

The method chosen for the cubic spline interpolation of the time of 
ight function is as

follows. On any curve of constant� (part of a circle centered at the PMT), � f is a function

only of the angle � . Let the gap over which we wish to interpolate be� 2 [� � ; � + ]. On the

� � side of the gap,� f may be calculated (numerically) as a function of (�; � ) instead of (a; � )

using the change of coordinates, Equations (7.35) and (7.36). Its derivative, ( @�f =@�) � �
,

is determined numerically. On the � + side of the gap (in all cases,� + = sin � 1(r=R) =

�= 2 � � c), � f is constant and equal to n1�=c . Given these parameters, the cubic spline
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interpolation of � f on a curve of constant� in the interval � 2 [� � ; � + ] is de�ned by

� f (�; � ) =
n1�

c
+

 
@�f
@�

�
�
�
�
� �

� 3� � f

! �
� + � �

� �

� 2

�

 
@�f
@�

�
�
�
�
� �

� 2� � f

! �
� + � �

� �

� 3

; (7.37)

where � � � � + � � � and � � f � n1�=c � � f (�; � � ). The cubic spline interpolation matches

both the function value and the �rst derivative with respect to � at the two endpoints of

the gap.

The time of 
ight function with added cubic spline interpola tion is shown for CTF 3 in

Figure 7.12a. At �rst one might expect that the cubic spline i nterpolation solves the problem

of the spatial reconstruction failing to converge. Unfortunately, this may still happen as a

result of the discontinuities shown in Figure 7.12b; they may arise from the multi-valued

nature of the time of 
ight function. It is also possible that the derivative @�f =@�is not

calculated numerically to su�cient accuracy. Roughly 0.2% of the 214Po events in the CTF 2

source run 803 still do not converge when� f is de�ned by Equation (7.37) over the dark

zones.

Analytic continuation

A third approach to consider, which does not su�er from the problem of numerical approxi-

mations where functions are spliced together, is to expand the time of 
ight function inside

the vessel in a Taylor series. This also avoids any problems due to multiple branches in

the time of 
ight function. In this approach, the time of 
igh t function is taken as the �rst

several terms of the series, and it is carried over through the dark zones and water bu�er

(ignoring the true time of 
ight function for the water bu�er ).

In the ( �; � ) coordinate system, the time of 
ight function for a single i ndex of refraction

system is trivial: � f (�; � ) = n�=c . We now consider the time of 
ight function in the two

index of refraction CTF geometry as a perturbation of this function. The function for the

two index of refraction system is plotted as a function of� and � in Figure 7.13a.
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Figure 7.13: On the left in part (a) is shown the time of 
ight � f to a PMT from a point
inside the CTF 3 vessel with coordinates (�; � ) in the PMT-centered coordinate system, as
a function of � for various values of � . � is shown on the horizontal axis in degrees (its
maximum value for a point inside the vessel is sin� 1(r=R) � 17:6� ). From top to bottom,
the curves represent� = 4 :20; 4:05; 3:80; 3:55; 3:30; 3:05; 2:80; 2:55, and 2.40 m. The envelope
of the curves is caused on the top and bottom by the spherical shape of the vessel, and at
upper right by the boundary of the dark zone. On the right in part (b), the di�erence
� � � f � � f (�; � = 0) � � f (�; � ) is shown as a function of� for the same values of� (curves
for greater � are higher up). On both graphs, the longest curve is that for� = 3 :05 m. The
vertical axes are in units of nanoseconds.

It is clear that the time of 
ight function on the axis through the vessel center and PMT

has the form (within the scintillator volume) of

� f (�; � = 0) =
n1

c
(R � r ) +

n2

c
[� � (R � r )] : (7.38)

The �rst term is the time it takes light to reach the PMT from th e closest point on the

vessel, and the second term is the elapsed time from event to vessel surface. Neglecting

scattering, this is an exact result; a photon traveling along this axis is not refracted. Notice

this is equivalent to the time of 
ight in a single index of ref raction system with n = n2 and

a time o�set (which will not a�ect the reconstruction) of ( n1 � n2)(R � r )=c.

In Figure 7.13b is shown the time of 
ight as a function of � for several �xed values of � in
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CTF C00 C01 C20 C21 C22 C40 C41 C60 C80

2 15.45 5.220 � 3.448 � 0.418 � +0.07 � 14.869 � 7.2 � 99.7 � � 950
3 15.25 5.017 � 2.442 � 0.219 � +0.05 � 9.997 � 3.8 � 63.8 � � 600

Table 7.4: Coe�cients of the Taylor expansion of � f (�; � ) about (R; 0) as de�ned in Equa-
tion (7.39): Cij is the coe�cient of � i [(� � R)=r]j . Here, C00 = n1R=c+ ( n2 � n1)r=c, and
C01 = n2r=c; all other C0j are zero, as are allCij with i odd. All Cij are given in units of
nanoseconds. Notice that the absolute values of theCij (i � 2) are greater for CTF 2 than
for CTF 3. This was expected: sincen(PXE) > n (PC) > n (H2O), the CTF 2 is a greater
perturbation from a single index of refraction system than the CTF 3 is.

the range 2.55{4.05 m, with Equation (7.38) subtracted out. This must be an even function

of � since Figure 7.11 can be 
ipped across the horizontal axis with no e�ect on the time of


ight. Therefore we write

� f (�; � ) =
n1 � n2

c
(R � r ) +

n2

c
� +

1X

i =1

1X

j =0

C2i;j

�
� � R

r

� j

� 2i (7.39)

(� is raised only to even powers).

The coe�cients may be determined using numerical methods; the lower-order ones are

tabulated in Table 7.4 for both CTF 2 and CTF 3. (The coe�cient s for CTF 2 and CTF 3

are di�erent, since pseudocumene and PXE have di�erent indices of refraction; an interesting

extension of this work would be to determine the coe�cients as functions of the index of

refraction of the scintillator.) Using these values in the Taylor expansion, Equation (7.39),

and neglecting all higher-order terms, the error in time of 
i ght is at most 0.1 ns (equivalent

to 3 cm, much less than the detector resolution) even at the edges of the scintillator volume.

The time of 
ight function de�ned by the Taylor series expans ion (only including the terms

with coe�cients given in Table 7.4) is shown in Figure 7.14a. Note that the function

value drops o� quickly away from the CTF vessel; this is a desirable feature since most

events should be reconstructed near it or inside it. Becauseof this drop-o�, the likelihood

functions become small outside of the vessel much more quickly than with other time of


ight functions, as seen in Figure 7.14b. More importantly, unlike the exact time of 
ight

function or the cubic spline interpolation, no discontinuities or unde�ned regions appear
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Figure 7.14: The CTF 3 time of 
ight function (part a, at left) and a CTF 2 event likelihood
function (part b, at right) de�ned by the truncated Taylor se ries of Equation (7.39) and
Table 7.4. The CTF vessel is represented by the smaller circle in part a and by the circle in
part b. The event shown in part b is the same as in Figures 7.10 and 7.12b. Note that the
likelihood function becomes small outside of the vessel much more quickly than in previous
�gures.

in the likelihood functions resulting from the Taylor series of the time of 
ight. This is of

course a consequence of the de�nition of the time of 
ight as apolynomial series.

One result of using this Taylor series expansion for the timeof 
ight function in reconstruct-

ing the CTF 2 source runs was surprising. For a small fraction(a few thousandths) of214Po

events in each run, the minimization routine did not converge. However, when these events

were examined individually with the evdisp tool, they were found not to be reconstructed

correctly with any other time of 
ight function either. The m inimization routine reported

convergence, but the position obtained, in all cases, is several meters outside the CTF ves-

sel. The problem common to all of these events appears to be that a single TDC channel

is triggered more than 15 ns before any other channel. This islikely a result of PMT dark

noise. Once recognized, this problem was worked around in software, but it a�ects so few

events that the gains are negligible.
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7.7 Testing algorithms with CTF 2 source runs

The CTF 2 source runs consist of a series of �fteen data acquisition periods with run

numbers in the range 791{810, acquired during September 2000. (A few additional runs

also received an o�cial number in this range but were of too short a duration to provide

statistically useful data.) During each run, a small 222Rn source was held at a constant

position inside the CTF vessel. These runs allow comparisonof the performance of position

and energy reconstruction software with the actual position and energy of events due to

radioactive decays in the radon source. In particular, decays of the radon daughter 214Po

are easy to identify due to its short half-life of 164� s; they appear as the double event

or \coincidence" 214Bi ! 214Po ! 210Pb. The � decay of 214Po is monoenergetic, and

because of� quenching, it appears to have an energy within the neutrino energy window of

250{800 keV. These properties make214Po events ideal for testing reconstruction software.

7.7.1 The source calibration hardware

Since the CTF 2 source runs are described in detail in reference [72], we will only remark

upon factors relevant to tests of the reconstruction software. As has been mentioned already,

two di�erent radon sources were used. Each consisted of a small quartz vial, roughly

cylindrical in shape, �lled with radon-laced PXE scintillat or. Quartz was used since its

index of refraction is near that of the scintillator, and it i s transparent to the near-UV

wavelengths of scintillation light. Both sources were partially quenched by the presence of

oxygen in the scintillator, causing events to produce less scintillation light than expected.

The quenching was unintentional, but the oxygen contamination unfortunately could not

be removed; stripping the PXE would also purge it of radon.

Each source was attached to the end of a set of neutrally buoyant stainless steel rods, each

about 1 m in length. These rods were inserted into the north end pipe at the top of the

CTF tank and lowered until the source was inside the CTF vessel. (A nitrogen blanket was
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Figure 7.15: The CTF 2 source insertion system. A set of stainless steel rods was lowered
into the CTF vessel from above. A thin nylon string was attached to a hinged rod at the
end, allowing the source (hanging from the end of the rod) to be raised into an o�-axis
con�guration by pulling on the upper end of the string. Figur e adapted from reference [72].

used to prevent normal outside air from contaminating the CTF scintillator.) By raising or

lowering the rods, as shown in Figure 7.15, the source could be positioned at the desired

z-coordinate. Rods were added or removed at the top of the assembly as needed to allow

for the low clearance of the ceiling of the clean room atop theCTF tank. The lowest rod

was hinged, with a cord attached near the hinge, permitting it to be pulled up at a right

angle to the rest of the rods so the source could be positionedaway from the CTF vessel

z-axis. In this con�guration, the source was held 48 cm from thevessel axis, and could be

positioned anywhere on a cylinder of this radius by rotatingand raising or lowering the rod

assembly.

Source 1, used in Runs 791{795, had a diameter of 1.7 cm and length of 9.5 cm. The

scintillator in this source was quenched by oxygen such thatthe CTF detected 200� 16

photoelectrons from 214Po � decays in the source, compared to the expected number of

300� 25. Over the period this source was used, its rate of214Po events fell from 50 to



Chapter 7. Writing a Position Reconstruction Code for the CTF 320

30 mBq as the radon decayed away. Source 2, used in Runs 797{810, had a diameter of 1 cm

and length of 5.5 cm. Its scintillator was more strongly quenched, with the 214Po events

having a yield of 100� 12 photoelectrons. Its rate of 214Po decays ranged from 250 to

100 mBq. Only Source 2 could be positioned o�-axis.

The nominal positions of the sources are reported for each run in columns 3{7 of Table 7.5.

These positions have some systematic uncertainty. In thez direction, the position of the top

of the CTF vessel was uncertain to about 8 cm because it is possible that the vessel shifted

in position during the CTF 2 water �lling operation. In the xy-plane, the angle of rotation

of the hinged arm holding the source was di�cult to set accurately. Furthermore, when

the arm is raised to the horizontal, the remainder of the metal rods are tilted slightly away

from the vertical. The positions are therefore recorded in [72] as having possible systematic

errors of

� � x = � y = � 10 cm for o�-axis points

� � x = � y = � 5 cm for on-axis points

� � z = � 5 cm.

7.7.2 Accuracy of reconstruction software with 214Po events

The 214Po events in Runs 791{810 were identi�ed using cuts on the data set. The number

of candidate 214Po events in each run is reported in column 2 of Table 7.5. A candidate

event was required to meet the following criteria:

� it was detected by the Group 2 electronics;

� the photoelectron yield was in the range 140{260 photoelectrons (for Source 1) or

70{140 photoelectrons (for Source 2);
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� the coincidence time after the corresponding Group 1 event was in the range 10{

1000� s;

� the corresponding Group 1 event had a photoelectron yield inthe range 100{1200

photoelectrons (the lower limit was set to avoid accidental coincidences with 14C

events);

� neither event of the coincidence triggered the muon veto system.

For each run, histograms were made of thex, y, and z coordinates of the reconstructed

positions of every candidate event. Each histogram was �t toa Gaussian curve. In Table 7.5,

the results of these �ts for the reconstruction software developed at Milan and Munich are

reported. Both codes were optimized for the scintillator response function of pseudocumene,

but this is not expected to cause large errors.

In the Milan software results, note that the reconstructed positions of runs 802{805, having

a very negative z coordinate, are o�set several cm in the positivex direction. This phe-

nomenon was investigated for the present work; it was found to be a result of TDC channel

15 (attached to PMT 76) often triggering earlier than it shou ld have. In Run 793, in which

the source was nominally at the center of the vessel, this channel triggered �rst in 872 of

over 3000214Po events. (In second place was TDC channel 47, attached to PMTs 52 and

53, which triggered �rst in only 90 events). It is not clear whether this is a calibration table

error or an electronics noise problem, nor why the problem did not appear in the Munich

software results.

Further investigations with Run 793 showed that the probability for each single-PMT TDC

channel to be the �rst triggered in an event, which should have a uniform value over PMTs

of 1% (with a Poissonian error of � 0:2% given the number of events in the run), in fact

ranges between 0 and 2.2%. A histogram of the number of times each single-PMT TDC

channel was the �rst to trigger showed no obvious peak. Moreover, increased probability

for a channel to trigger �rst in an event does not always correlate with an increased average



C
hapter

7.
W

riting
a

P
osition

R
econstruction

C
ode

for
the

C
T

F
322

Run 214Po Nominal position Milan code Munich code
events x y z � r x y z j� x j x y z j� x j

793 3113 0 0 0 0 0 3.7 0.3 � 4.9 6.1 0.3 0.1 � 1.4 1.4
791 2403 0 0 32 0 32 3.4 4.4 28.4 6.6 0.0 3.8 35.7 5.3
797 13377 0 48 0 48 48 4.1 52.2 � 3.4 6.8 � 0.1 54.0 1.9 4.4
798 3452 � 48 0 0 48 48 � 47.2 4.7 0.9 4.9 � 52.3 5.7 4.2 8.3
799 3039 27 � 40 0 48 48 26.7� 41.3 � 2.1 2.5 22.4� 43.8 2.7 6.5
810 6423 27 � 40 11 48 49 31.0� 38.4 10.6 4.3 26.3� 40.7 17.4 6.5
800 11833 40 � 27 � 30 48 57 46.7� 25.5 � 37.1 9.9 40.7� 27.9 � 32.3 2.6
801 5269 � 40 27� 30 48 57 � 41.6 22.8� 33.4 5.6 � 47.1 23.4� 32.1 8.2
805 3337 0 0 � 62 0 62 6.1 � 1.1 � 68.4 8.9 1.4 � 1.7 � 69.1 7.4
807 6682 � 40 27� 56 48 74 � 42.3 28.1� 63.1 7.5 � 47.6 30.0� 65.1 12.2
809 2504 � 40 � 27 � 56 48 74 � 41.5� 18.3 � 62.2 10.8 � 49.6 � 19.3 � 63.6 14.5
804 7544 0 0 � 75 0 75 6.1 2.9� 81.9 9.7 0.0 3.0� 82.6 8.2
802 8939 0 0 � 78 0 78 9.0 � 1.1 � 87.5 13.1 0.4 � 1.7 � 88.2 10.3
803 1133 0 0 � 83 0 83 8.0 � 1.5 � 94.2 13.8 � 1.0 � 2.1 � 95.7 12.9
795 1811 0 0 100 0 100 - - - - - - - -

Table 7.5: CTF 2 source runs, in order of increasing distancer from the center of the CTF vessel. This table gives the
total number of events meeting the 214Po cuts, the nominal position of the source, and the mean positions obtained by
reconstruction with the Milan software (Section 7.1.1) and the Munich software (Section 7.1.2) as reported in reference [72].
The e�ective index of refraction used in the Milan code was unfortunately not recorded. Reconstructed positions for
Run 795, at the north pole of the vessel (z = 100 cm), were not provided. All positions are given in cm, relative to the
nominal center of the CTF vessel. j� x j is the distance between reconstructed position and nominalposition. For both
codes, it tends to increase asr increases. This e�ect appears mainly due to a bias in the reconstruction codes that pushes
apparent source positions farther away from the origin by 10{15%.



Chapter 7. Writing a Position Reconstruction Code for the CTF 323

number of photoelectrons detected on that channel. This indicates that the TDC calibration

tables are not as accurate as one might desire. The present software developed at Princeton

works around the problem of TDC channel 15 by discarding datafrom this channel in the

position reconstruction of CTF 2 runs, but cannot solve the more general issue of ensuring

calibration table accuracy.

Table 7.6 reports the results of these Gaussian �ts of the reconstructed source positions for

the reconstruction software developed at Princeton, usingvarious methods for calculating

the time of 
ight described in Section 7.6. Because the average photoelectron yield of214Po

events was observed to vary signi�cantly between runs 791, 793, and 795, the required

energy range of 140{260 photoelectrons for candidate Group2 events produced in Source 1

was relaxed to 100{300 photoelectrons in these analyses. This changed the number of

candidate 214Po events to 2468 for Run 791, 3136 for Run 793, and 2136 for Run795. The

photoelectron yield of Source 2 events showed no such variations.

The �rst observation to be made about the CTF 2 source run reconstruction using the

Princeton software is that the three time of 
ight functions used in creating Table 7.6

produce very similar results. In comparing the various reconstruction codes, it is su�cient

to consider only the truncated Taylor series approximation to the time of 
ight function.

Comparing the values ofj� x j in Tables 7.5 and 7.6, while interesting, is ultimately not very

informative. The problem is that the nominal x and y coordinates of the source are not

known independently; they were calculated using the 48-cm length of the hinged arm and the

observed angle of the arm in thexy-plane. However, that angle could not be measured with

much precision, and has a signi�cant potential error. It is more telling to note the di�erence

between the horizontal distance� of the reconstructed source from thez-axis and the actual

length of the source arm. This di�erence, which we will denote � � , is reported in Table 7.7.

We also assume there is a constantz o�set due to the uncertainty in the position of the CTF

vessel. If we calculate this o�set by calculating the di�erence � z between reconstructed and

nominal sourcez coordinate, and determining the average� z independently for each of the
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Run Nominal position Single n = n(PXE) Cubic spline interpolation Truncated Taylor series
x y z r x y z j� x j x y z j� x j x y z j� x j

793 0 0 0 0 0.5 � 0.6 � 1.1 1.3 0.5 � 0.6 1.1 1.3 0.5 � 0.6 1.1 1.3
791 0 0 32 32 � 0.1 2.7 32.4 2.7 � 0.1 2.7 32.6 2.8 � 0.1 2.7 32.6 2.8
797 0 48 0 48 � 1.5 49.6 4.7 5.2 � 1.6 49.7 4.8 5.3 � 1.5 49.7 4.8 5.3
798 � 48 0 0 48 � 49.1 4.0 4.8 6.3 � 49.4 4.1 4.9 6.5 � 49.5 4.1 4.9 6.6
799 27� 40 0 48 21.9� 41.7 4.8 7.2 22.0 � 41.7 5.0 7.2 22.0� 41.7 4.9 7.2
810 27� 40 11 49 25.6� 38.0 16.4 5.9 25.7 � 38.0 16.6 6.1 25.7� 38.0 16.6 6.1
800 40� 27 � 30 57 38.3� 26.3 � 25.7 4.7 38.2 � 26.4 � 25.7 4.7 38.2� 26.5 � 25.7 4.7
801 � 40 27� 30 57 � 44.3 21.1� 26.2 8.2 � 44.4 21.1� 26.4 8.2 � 44.5 21.2� 26.4 8.2
805 0 0� 62 62 2.0 � 1.6 � 59.2 3.8 2.0 � 1.5 � 60.0 3.2 2.0 � 1.5 � 60.1 3.1
807 � 40 27� 56 74 � 43.2 26.9� 54.5 3.5 � 43.3 27.0� 55.3 3.4 � 43.5 27.2� 55.4 3.6
809 � 40 � 27 � 56 74 � 43.4 � 18.6 � 54.3 9.2 � 43.6 � 18.6 � 55.3 9.2 � 43.6 � 18.6 � 55.4 9.2
804 0 0� 75 75 0.7 2.9� 71.5 4.6 0.5 3.0� 72.3 4.1 0.5 3.0� 72.5 3.9
802 0 0� 78 78 0.6 � 2.7 � 74.0 4.9 0.5 � 2.6 � 75.1 3.9 0.6 � 2.6 � 75.0 4.0
803 0 0� 83 83 � 0.9 � 1.4 � 79.8 3.6 � 1.0 � 1.5 � 81.2 2.5 � 0.8 � 1.3 � 81.3 2.3
795 0 0 100 100 � 10.6 2.6 101.7 11.0 � 9.6 1.7 101.4 9.8 � 9.7 2.1 99.7 9.9

Table 7.6: CTF 2 source runs, in order of increasing radial coordinate r . For each run, this table gives the mean position of
the 214Po events as reconstructed by the software developed at Princeton. The �rst set of coordinates comes from assuming
the CTF is a single index of refraction system with n equal to that of PXE. The second set comes from the cubic spline
interpolation of the time of 
ight function over dark zones, and the third comes from the truncated Taylor series for the
time of 
ight with coe�cients given in Table 7.4. See Section 7.6.3 for more details. All positions are given in cm, relative
to the nominal center of the CTF vessel. j� x j is the distance between reconstructed position and nominalposition.
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Nominal Milan code Munich code Princeton code
Run position � z = � 5:1 cm � z = � 2:9 cm � z = +2 :7 cm

x y z � j� � j � z j� x jc j� � j � z j� x jc j� � j � z j� x jc
793 0 0 0 0 3.7 � 4.9 3.7 0.3 � 1.4 4.3 0.8 1.1 1.8
791 0 0 32 0 5.6 � 3.6 5.8 3.8 3.7 7.6 2.7 0.6 3.4
797 0 48 0 48 4.4 � 3.4 4.7 6.0 1.9 6.1 1.7 4.8 2.7
798 � 48 0 0 48 0.6 0.9 6.0 4.6 4.2 8.5 1.7 4.9 2.8
799 27� 40 0 48 1.2 � 2.1 3.2 1.2 2.7 5.7 0.9 4.9 2.4
810 27� 40 11 48 1.4 � 0.4 4.9 0.5 6.4 9.3 2.1 5.6 3.6
800 40� 27 � 30 48 5.2 � 7.1 5.6 1.3 � 2.3 1.4 1.5 4.3 2.2
801 � 40 27� 30 48 0.6 � 3.4 1.8 4.6 � 2.1 4.7 1.3 3.6 1.6
805 0 0� 62 0 6.2 � 6.4 6.3 2.2 � 7.1 4.7 2.5 1.9 2.6
807 � 40 27� 56 48 2.8 � 7.1 3.4 8.2 � 9.1 10.3 3.3 0.6 3.9
809 � 40 � 27 � 56 48 2.7 � 6.2 2.9 5.2 � 7.6 7.0 0.6 0.6 2.2
804 0 0� 75 0 6.8 � 6.9 7.0 3.0 � 7.6 5.6 0.6 2.5 0.6
802 0 0� 78 0 9.1 � 9.5 10.1 1.7 � 10.2 7.5 2.7 3.0 2.7
803 0 0� 83 0 8.1 � 11.2 10.1 2.3 � 12.7 10.1 1.5 1.7 1.8
795 0 0 100 0 - - - - - - 9.9 � 0.3 10.3

Table 7.7: \Corrected" distances between nominal and reconstructed CTF 2 source positions
for software developed at Milan, Munich, and Princeton. The Princeton code uses the
truncated Taylor series for a time of 
ight function. In this table, j� � j is the di�erence
between the horizontal distance of the reconstructed position � from the z axis, and the
nominal � of the source (either 0 or 48 cm). � z is the di�erence between the reconstructed
z coordinate and the nominal z coordinate. See the text for the de�nition of j� x jc.

three reconstruction codes, we may de�ne a \corrected" distance between the reconstructed

and true positions of a source withj� x jc =
q

(� � )2 + (� z � � z)2.

When this transformation is performed, the results are given in Table 7.7. The corrected dis-

tances of reconstructed positions from nominal source positions now range from 1.8{10.1 cm

for the Milan software, 1.4{10.3 cm for the Munich software, and (excluding Run 795) 0.6{

3.9 cm for the Princeton software. In other words, the results of the Princeton software

are much more consistent with the assumption of a constantz o�set, and no other bias,

than are the other two codes. Part of the blame for this probably lies with PMT 76 not

being speci�cally ignored in the Milan and Munich codes. Still, the spread in � z is much

greater for the other two codes than for the Princeton software: the standard deviation for
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� z is 1.9 cm for the Princeton code, 3.3 cm for the Milan code, and6.1 cm for the Munich

code. This e�ect appears mainly due to a bias in the other two reconstruction codes that

pushes apparent source positions farther away from the origin by 10{15%. If only the six

source runs having the source closest to the origin are considered, the average �z obtained

with the Munich code is +2:9 cm. This value is reassuringly consistent with thez o�set

� z = +2 :7 cm seen in the Princeton software results.

7.7.3 Precision of reconstruction software with 214Po events

From Equation (5.41), we expect a position resolution at thecenter of the CTF vessel of

�a =
c�
n

r
3
�

� (1 + � )
� + 2 �

(7.40)

where � � (� � N )=N, � is the total photoelectron yield of an event, andN is the number of

triggered TDC channels (not PMTs), calculated with Equatio n (5.31). The total number

of TDC channels having at least one functional PMT was T = 63 or 64 for all CTF 2

source runs. As usual,n is the index of refraction (n(PXE) = 1 :565), � is a representative

time half-width of the scintillator PDF, and c is the speed of light. � was estimated by

sampling the scintillator PDF used in the reconstruction at 1 ns intervals and �tting it to

a pure Gaussian curve; the result was� = 3 :3 ns. For 214Po events in Runs 791{795, with

a photoelectron yield of about 200, the expected position resolution is �a = 9 :0 cm. For

Runs 797{810, with a photoelectron yield near 100, it is�a = 12:1 cm.

The actual resolutions obtained with the Milan, Munich, and Princeton reconstruction

codes are shown in Table 7.8. For both sources, the resolutions obtained with the Princeton

software are 2{4 cm poorer than predicted. There are severalpossible reasons. This may

be due to late-arriving photons from internal re
ection. (Th ough not directly a�ecting

the TDC channel values, they do increase the ADC channel values that control the peak

width and time of the pn scintillator response order statistic functions.) The �ni te extent

of the radon source contributes a bit. It is possible that the scintillator PDF used, with
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a characteristic response time of 3.3 ns, is too narrow. ThisPDF was obtained via Monte

Carlo methods, while the CTF 1 PDF (which had a response time of 5.1 ns) was derived

from real CTF data. Finally, another important factor is the apparent inaccuracy in the

timing calibration tables discussed in the previous section.

Resolutions obtained with the Milan and Munich codes are poorer than those of the Prince-

ton code by an additional 1{2 cm. As expected, all reconstruction codes yield slightly worse

resolutions when the source is farther from the center of theCTF vessel. The e�ect is

not, however, a very strong function of the source radial coordinate. It is interesting to

note that the resolution in y is better than the resolution in x or z for most runs with all

reconstruction codes. The reasons for this are not known.

The Princeton software results in Table 7.8 are reported using the truncated Taylor se-

ries for the time of 
ight function. When other approximatio ns are used, the results are

nearly identical for a source at the center of the vessel (shown in Figure 7.16). However,

the cubic spline interpolation in particular develops serious problems at the edge of the

vessel (Figure 7.17a), while the Taylor series (Figure 7.17b) and e�ective index of refraction

approximations still produce results with a nearly Gaussian spread.

7.7.4 Data contamination by mis-reconstructed surface eve nts

In Figures 7.16 and 7.17, several isolated events are present in each run that lie well outside

the Gaussian curves representing the radon source. These originate in one of two ways. They

may be bona �de 214Po events in the CTF scintillator due to radon contamination , having

no relationship to the source. However, they may also be events that occurred inside the

radon source but whose positions have been badly mis-reconstructed, beyond the expected

Gaussian error, by the reconstruction software. The lattercase is a serious concern because

it would lead to events appearing to contaminate the innermost cubic meter of scintillator,

though they actually originated on the surface of the vessel.
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Figure 7.16: Histograms of the reconstructedz positions of 214Po events in Run 793, with
the radon source nominally at the center of the CTF vessel. Note that the vertical axes of
the graphs are logarithmic. The histogram at left (a) uses the cubic spline interpolation of
the time of 
ight function, and at right (b) is a histogram usi ng the truncated Taylor series.
Gaussian �ts to the histograms are shown in bold.

Figure 7.17: Histograms of the reconstructedz positions of 214Po events in Run 795, with
the radon source nominally at the north pole (z = +100 cm) of the CTF vessel. The
histogram at left (a) uses the cubic spline interpolation, and at right (b) is a histogram
using the truncated Taylor series. The spline interpolation has serious problems at the edge
of the vessel, while the truncated Taylor series still produces almost Gaussian results. Use
of a single index of refraction produces a histogram (not shown) with a more Gaussian tail
on the outside of the vessel, but does not change the size of the non-Gaussian inner tail at
z < 50 cm.
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Run Nominal position Milan code Munich code Princeton code
x y z r � x � y � z � x � y � z � x � y � z

Source 1
793 0 0 0 0 12.6 10.7 13.6 12.2 11.5 13.3 11.3 10.8 12.4
791 0 0 32 32 12.8 10.3 13.0 12.5 11.3 13.4 11.3 10.4 12.0
795 0 0 100 100 - - - - - - 20.5 18.1 15.4
Source 2
797 0 48 0 48 16.9 13.9 17.1 16.1 14.9 16.7 14.5 13.5 15.1
798 � 48 0 0 48 15.3 13.4 16.3 14.9 14.5 17.5 14.1 13.5 15.8
799 27� 40 0 48 17.1 13.4 17.3 16.6 14.6 17.3 15.2 13.1 15.7
810 27� 40 11 49 16.8 13.5 17.4 16.3 14.9 17.2 14.5 13.5 15.8
800 40� 27 � 30 57 17.3 13.3 18.0 16.0 14.4 17.4 14.6 13.2 15.8
801 � 40 27� 30 57 16.0 13.2 16.0 15.6 14.6 17.1 14.3 13.3 15.3
805 0 0� 62 62 16.6 14.1 16.9 15.9 15.8 17.3 14.6 14.4 15.9
807 � 40 27� 56 74 16.5 13.9 16.3 17.0 15.9 18.8 14.8 14.0 16.0
809 � 40 � 27 � 56 74 16.8 13.7 16.6 17.7 15.5 18.5 15.0 14.2 16.0
804 0 0� 75 75 18.4 14.7 17.0 18.0 16.7 17.8 15.6 15.2 15.3
802 0 0� 78 78 18.7 14.5 17.1 17.3 16.4 18.2 15.0 14.4 15.0
803 0 0� 83 83 18.4 14.1 16.1 17.6 15.8 18.7 15.2 13.9 14.2

Table 7.8: Resolutions obtained with di�erent reconstruction software for 214Po events in
the CTF 2 source runs. All values are the� parameter, reported in cm, of Gaussian �ts
to the histograms of reconstructedx, y and z coordinates. Results for Milan and Munich
codes are taken from reference [72]. The Princeton code usedthe truncated Taylor series
for a time of 
ight function. The runs are arranged �rst by sou rce (the �rst three used
Source 1 and the rest used Source 2), and second in order of increasing distancer from the
center of the CTF vessel.

In Run 793, seven events are clearly identi�able as being outside the Gaussian tail of214Po

events occurring within the radon source. (All seven are visible in Figure 7.16a.) If these

events are due to background, they most likely come from the CTF 2 radioactive \column"

described in Section 6.4.2. This is made more likely by the observation that these events

are all within 50 cm of the z-axis. Since the Gaussian peak of the histogram extends from

z = � 50 cm to +50 cm, statistically it should be hiding 7 � 3 more background events.

Runs 793 and 795 each lasted about 20 hours, and so should haveabout the same number

of background radon events due to the \column." Hence we expect to see 7� 3 background

events having r < 50 cm. In fact the number of such events in Run 795 is ten. (Not all of
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the events shown in Figure 7.17b as havingjzj < 50 cm also haver < 50 cm.) As a result

we can report the number of mis-reconstructed events havingr < 50 cm to be 3� 4. This

is out of a total of 2136 events, of which presumably� 14 are background. We conclude

that the fraction of surface events that will be mis-reconstructed into the innermost 50-cm

radius of scintillator is (0:15� 0:20)%. This is equivalent to an upper limit of 0.38% at 90%

con�dence level.

7.7.5 Results with 214Bi events

In selecting candidate214Po � events, one automatically also selects candidate214Bi � de-

cays from Group 1 events. These events have a much greater energy range than 214Po

events, whose energy spectrum would be monoenergetic if notfor variance in the emis-

sion of scintillation photons and photoelectron yields of PMTs. Though 214Bi events are

less representative of energies in the neutrino window, they do give an indication of the

e�ectiveness of the reconstruction software at higher energies.

One problem inherent in testing the reconstruction with � decays is the production of related


 rays. The isotope214Bi decays into 214Po with emission of an electron and antineutrino

having several di�erent total energies. The highest combined e� + �� e energy is 3.26 MeV,

resulting in a 214Po atom with its nucleus in the ground state. However, the branching ratio

for an e �� pair at this energy is only 18%. The production of an electronand antineutrino

at lower energies yields an excited214Po nucleus, which rapidly emits one or more
 rays to

make up the remainder of the 3.26 MeV energy di�erence. Since
 rays have an absorption

length in scintillator of several cm, they are not approximated well by the assumption of a

point-like event. Fortunately, as shown in Figure 7.18, the214Bi events are largely
 ray-free

up to about 1.3 MeV (� 410 photoelectrons).

The results of reconstruction using the Milan and Munich codes have not been reported

for 214Bi events. With the Princeton software, the average reconstructed source positions
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Figure 7.18: The total energy spectrum of the electron and
 rays emitted by a decaying
214Bi nucleus. At top (part a) is the exact spectrum shown convoluted with the energy
resolution of the CTF 2 detector, a Gaussian function having� E (E ) given by 2.0 keV1=2

p
E.

(The proportionality constant was derived from the observed 214Po � peak energy of 201:3�
16:1 photoelectrons in Run 793, combined with the conversion factor from photoelectrons
to keV of about 3.14 keV/pe [72]. In an ideal detector, the proportionality constant would
be given exactly by the square root of this conversion factor, 1.78 keV1=2.) The total energy
spectrum is shown, as well as the component due to the 3.26 MeVpure � decay (18% of
decays) and the component due to thee� plus the pair of 
 lines at 1.73 and 1.77 MeV
(36%). The latter component is a � decay energy spectrum shifted to the right by the
energy of the 
 rays. Up to about 1.3 MeV, most of the energy spectrum resultsfrom the
pure � decay component. Below (part b) is shown the actual energy spectrum observed for
214Bi events in Run 793. The ranges of the two graphs'x-axes are roughly equivalent. In
the second �gure, events with fewer than 100 photoelectronshave been excluded.
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Figure 7.19: Position resolution of the CTF 2 at the center of the vessel as a function of
photoelectron yield. The black curve is the prediction of Equation (7.40). Blue points
represent the reconstructed resolution in thex coordinate of the 214Bi events of Run 793,
grouped in 100-photoelectron-wide bins. The green point at 200 photoelectrons shows
the resolution in x of the 214Po events of Run 793 (Source 1), while the green point at
100 photoelectrons shows the resolution inx of the 214Po events in Run 798 (Source 2).

with these events for each run are not very di�erent (within 1 {2 cm) from the results for

the 214Po events, so they are not tabulated here. The typical position resolution (the � of a

Gaussian �t to histograms of each reconstructed coordinate) is 10.5{12 cm for Source 1, and

11.2{12.9 cm for Source 2. This is signi�cantly less than theposition resolution for 214Po

events because the average214Bi photoelectron yield is much larger, and Equation (7.40)

goes roughly as� � 1=2 for large � .

Figure 7.19 shows the predicted dependence of the resolution upon the photoelectron yield,

Equation (7.40), as well as the observed resolution in thex coordinate for 214Bi events in

Run 793 grouped into bins 100 photoelectrons wide. Points for the 214Po events of Source 1

and Source 2 are also shown. The analogous graphs for they and z coordinates are not

presented, but they are similar. Notice that the real data reach a minimum resolution of
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Figure 7.20: Histograms of the reconstructedz positions of 214Bi events in (a) Run 793 and
(b) Run 795. Both histograms use the truncated Taylor seriesfor the time of 
ight. The 

ray components of these events cause a signi�cant non-Gaussian tail of events in both runs,
even though the Gaussian curves themselves are narrower than for the corresponding214Po
events. Compare with Figures 7.16b and 7.17b.

9.7 cm in the 300{400 photoelectron bin, and beyond that the resolution worsens again.

This is because a signi�cant fraction of the 214Bi spectrum above this energy consists of


ray emissions. Except for a near-constant o�set that worsensthe resolution by about 2 cm,

for which some possible reasons were discussed in the previous section, the data below

400 photoelectrons follow the predicted curve fairly well.

In addition to worsening the position resolution, 
 rays also cause histograms of the recon-

structed positions of 214Bi events to have non-Gaussian tails. Figure 7.20 shows histograms

of the reconstructed z positions of 214Bi events for Runs 793 and 795. Comparison with

Figures 7.16b and 7.17b shows that some events from the source are now reconstructed

farther away from the nominal source position. This is a potential problem since the CTF

experiences a high rate of external
 rays (hundreds per day) which we do not want to con-

fuse with true internal events produced in the scintillator. Curiously, however, the number

of 214Bi events from Run 795 that are reconstructed within 50 cm of the origin is still only

ten, just as with the 214Po events.
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Figure 7.21: The condition of the CTF 3 vessel in February 2005, one month before the
CTF 3 source calibration tests. The bottom half of the vesseldeparts signi�cantly from a
spherical shape. This is suspected to be a signi�cant factorin unexpected results obtained
from the source runs.

7.8 Testing algorithms with CTF 3 source runs

No source calibration runs were speci�cally planned at the time CTF 3 was brought into

operation. Although it was always intended to perform source runs eventually, the acciden-

tal spill of August 2002 caused activities with pseudocumene to cease for 2.5 years. As a

result, a position calibration of CTF 3 could not be performed until March 2005.

At this point, the CTF 3 was in less than optimal condition for a source calibration. The last

operation before the pseudocumene spill was a silica gel column puri�cation test in batch

mode. Some pseudocumene was lost during the test, leaving the vessel underfull. With

pseudocumene having a lower density than the surrounding water bu�er, the result was a

vessel shaped somewhat like an upside-down teardrop or hot-air balloon. The condition of

the vessel in February 2005 is shown in Figure 7.21. Nevertheless, eight source calibration

runs, numbered 2532{2539, were acquired during March 17{18, 2005.
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Figure 7.22: Diagram of the attachment of the CTF 3 source to the hinged metal arm.
The scintillator is contained in the quartz sphere at left, and the assembly|connected via
a spring|is threaded into the end of the arm. Figure courtesy of S. Kidner.

7.8.1 The source calibration hardware

The source insertion system used for CTF 3 was mainly similarto that of CTF 2. Several

metal rods could be inserted into the vessel from the top of the CTF water tank. The

bottom rod was hinged, and the lower arm holding the source could be raised to a horizontal

orientation by pulling upward on a plastic mono�lament line attached below the hinge. The

distance from hinge to source in this case was 54 cm.

Unlike the source system of CTF 2, the CTF 3 source was attached to the hinged arm via

a spring, as shown in Figure 7.22, returning to the design of the original CTF 1 source

insertion system. This feature permitted bringing the source in contact with the nylon

vessel safely. With the hinged arm extended, the source could be slowly raised, at the same

time rotating the arm back and forth about the z axis at a slight angle, and stopping when

the increased force required for the rotation indicated that the source was in contact with
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the nylon �lm. This was in fact done in Run 2537. The nominal position of the source in

that run was (x; y; z) = (52 ; � 13; 98) cm. This position has a radial coordinate of 112 cm,

indicating that the top of the vessel was much too 
at to be a perfect sphere.

The source itself was a radon source with a214Po event rate of 0.6 Bq. The radon-infused

pseudocumene/PPO scintillator was contained in a spherical quartz vessel with a radius of

about 1.5 cm. As in CTF 2, some oxygen contamination was present, quenching the average

photoelectron yield of 214Po events in the source to 126� 15. As a result, if all of the 75

surviving PMTs received independent timing data, we would predict a position resolution

at the vessel center of 11.0 cm. The software cuts used to determine candidate events for

the results of the reconstruction were identical to those used with the CTF 2 tests, except

that only Group 2 events having a photoelectron yield in the range 70{200 were accepted.

7.8.2 The CTF 3 source run results

Tabulated in Table 7.9, the results of the CTF 3 source calibration runs were less than ideal.

The candidate 214Po events were reconstructed using the Milan code (with an e�ective index

of refraction n = 1 :75) and the Princeton code. The code developed at Munich is seemingly

no longer available. The Princeton results are from the truncated Taylor series time of 
ight;

except in Run 2537, other time of 
ight approximations give results that are the same within

a few mm. As with CTF 2 source runs, histograms of the reconstructed coordinates were

�t to Gaussian curves to obtain reconstructed source positions.

In this case, for the sake of completeness, the results of reconstructing 214Bi decays (Group 1

coincidence events) with the Princeton code are also shown.Only small (few-cm) di�erences

are seen from the Princeton code results for214Po events. There is a general trend for the

214Bi reconstructed positions to be 2{3 cm greater inx and about 1 cm smaller in y than

the 214Po reconstructed positions. It is possible that the Group 1 and Group 2 electronics

systems have di�erent systematic biases that cause these di�erences.



C
hapter

7.
W

riting
a

P
osition

R
econstruction

C
ode

for
the

C
T

F
337

Run 214Po Nominal position Milan code (214Po � 's) Princeton code
events x y z � r x y z j� x j x y z j� x j

2532 19718 0 0 82.0 0 82 � 1.8 4.6 80.0 5.3 � : � 1.3 4.7 84.8 5.6
� : 0.7 3.9 84.8 4.8

2533 9647 0 0 49.3 0 49 1.2 4.7 47.6 5.1 � : � 1.1 4.6 49.4 4.7
� : 0.9 4.1 49.6 4.2

2534 4174 0 0 � 53.5 0 54 2.2 4.8 � 57.0 6.3 � : � 2.4 5.0 � 62.1 10.2
� : 0.8 4.3 � 61.5 9.1

2535 4235 0 0 � 80.0 0 80 � 2.1 � 2.8 � 84.7 5.9 � : � 1.9 3.1 � 91.2 11.7
� : 0.9 2.4 � 90.3 10.6

2536 8298 54 0 21.5 54 58 49.0 5.0 18.0 7.9 � : 53.6 4.8 18.0 6.0
� : 55.1 4.9 18.0 6.1

2537 15490 52 � 13 97.8 54 112 48.3 � 3.2 92.0 11.9 � : 51.3 � 3.5 95.4 9.8
� : 53.6 � 4.6 91.9 10.3

2538 4552 � 54 0 21.5 54 58 � 54.0 � 1.0 16.0 5.6 � : � 58.2 � 1.3 15.9 7.1
� : � 54.4 � 2.5 15.4 6.6

2539 7302 0 0 0.0 0 0 � 2.5 6.3 � 1.7 7.0 � : � 2.8 6.5 � 2.0 7.4
� : � 0.1 5.4 � 2.4 5.9

Table 7.9: CTF 3 source runs. This table gives the total number of coincidences meeting the214BiPo cuts, the nominal
position of the source, and the mean positions obtained by reconstruction with the Milan software (Section 7.1.1) and the
Princeton software. The e�ective index of refraction used in the Milan code wasn = 1 :75 [164]. Only 214Po � events were
analyzed with the Milan software. Both 214Po � and 214Bi � events (�rst and second lines for each run, respectively) were
analyzed with the Princeton software. All positions are given in cm, relative to the nominal center of the CTF vessel.j� x j
is the distance between reconstructed position and nominalposition.
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The results of runs 2532, 2533, and 2536{2539, with the source in the upper hemisphere

of the CTF vessel, are not too far from the nominal source positions, aside from an odd

o�set in the positive y direction seen with both reconstruction codes. Perhaps, asin the

CTF 2 source runs, the o�set is due to a mis�ring TDC channel or an error in the TDC

calibration tables. When the raw data were inspected, however, no electronic channel was

obviously misbehaving, the TDC channel 15 (or its calibration table entry) having settled

down since the days of CTF 2. It is also quite possible that this o�set is real. Since the

inner diameter of the north end pipe in CTF 3 is substantially larger than in CTF 2, it

was di�cult to insert the set of rods in an exactly vertical or ientation. In runs 2536{2539,

both reconstruction codes also show a small� 3 cm o�set in the negative z direction, which

could also easily be a real e�ect.

In runs 2534 and 2535, located on thez axis below the center of the CTF, both recon-

struction codes (the Princeton code especially) produce disappointing mismatches with the

nominal source positions. These errors are thought to result from the non-spherical deformi-

ties in the CTF vessel. With the vessel shaped like an upside-down teardrop, light produced

by an event has to travel through less scintillator and more water to reach PMTs in the

bottom half of the PMT superstructure than would be the case for a spherical vessel. Hence

the lower PMTs receive scintillation light earlier than one would expect, making the event

be reconstructed closer to them than it actually was. This error will be most pronounced

when the lower PMTs are the �rst ones hit, i. e., for events in the bottom half of the vessel.

The e�ect can be easily seen in Figure 7.23, a plot of the reconstructed z positions found

by both reconstruction codes as a function of the nominalz positions of the source.

We can estimate the size of the maximum vessel deformity �r by noting that the reconstruc-

tion error � z is 11.2 cm for Run 2535. To �rst order, the relation between these quantities

is given by

� r �
nPC

nPC � nH2O
� z: (7.41)

The result is a 45-cm deformity. Such a large vessel deformation is not supported by
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Figure 7.23: Scatter plot of the reconstructedz positions of214Po events in the CTF 3 source
runs as functions of the nominal source positions inz. The Princeton code results are shown
as the black stars, and the Milan code results as the green stars. The line zrecon = znominal

is also shown for comparison.

Figure 7.21, from which the size of the deformity may be estimated at � 30 cm. However,

changes in the shape of the vessel a�ect the angle of refraction at the vessel surface, which

also has some e�ect on photon times of 
ight. Additionally, t he equation above makes the

simplifying assumption that the PMTs are collinear with the true and reconstructed event

positions (nearly on the z axis) rather than o� at an angle as in reality.

7.8.3 Position resolution for CTF 3 source runs

The position resolutions obtained using the Princeton reconstruction software, using the

truncated Taylor series for the time of 
ight function, are s hown in Table 7.10 for both

214Po and 214Bi events. As with the CTF 2 source runs, the resolutions are acouple of

cm poorer than predicted. Except in Runs 2535 and 2537, they are essentially independent

of the source position, although (similar to the CTF 2 runs) the resolution is anisotropic,

being consistently better in y than in x or z.
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Run Nominal position 214Po events 214Bi events
x y z � r � x � y � z � x � y � z

2532 0 0 82.0 0 82 13.1 11.7 14.3 12.0 11.0 12.8
2533 0 0 49.3 0 49 13.0 11.6 14.2 11.9 11.0 12.3
2534 0 0� 53.5 0 54 13.2 11.7 14.2 12.1 11.3 12.7
2535 0 0� 80.0 0 80 14.4 12.8 13.1 12.1 11.5 12.0
2536 54 0 21.5 54 58 12.9 11.7 13.9 12.2 11.2 12.2
2537 52� 13 97.8 54 112 18.8 17.0 16.4 15.1 14.0 13.4
2538 � 54 0 21.5 54 58 13.2 11.8 14.0 12.3 11.2 11.9
2539 0 0 0.0 0 0 13.0 11.7 14.2 11.8 11.2 12.6

Table 7.10: Resolutions obtained with the Princeton reconstruction software for 214Po and
214Bi events in CTF 3 source runs. All values are the� parameter, reported in cm, of
Gaussian �ts to the histograms of reconstructedx, y, and z coordinates. The time of 
ight
function used was the truncated Taylor series (other time of
ight approximations gave very
similar results).

A study of possibly mis-reconstructed events analogous to that performed with the CTF 2

source runs bene�ts from a much higher source rate and a much lower 214BiPo background

rate in the CTF 3. In Run 2539, nominally located at the center of the vessel, only �ve

214Po events out of 7302 are reconstructed outside the Gaussiancurve surrounding the

radon source (Figure 7.24a). Compare this with the seven outof 3136214Po events recon-

structed outside the Gaussian curve in Run 793 of the CTF 2 source runs. In the 20-hour

long Run 793, most of these events were probably due to background from radon in the

scintillator; in Run 2539, with only 2.1 hours of live time, i t is likely that most of them

really were mis-reconstructed events from the radon source.

Considering Run 2537 (Figure 7.25a), at the surface of the vessel, we �nd that only two 214Po

events are within 50 cm of the nominal vessel center, and onlyeight are within 60 cm of the

center. This is consistent with the apparent rate of event mis-reconstruction in Run 2539.

In the worst case, if all of these events were produced in the source and mis-reconstructed,

the fraction of point-like surface events seen inside a 60 cm radius will be 5� 10� 4, or 0.05%.

When we instead look at 214Bi events (Figures 7.24b and 7.25b), again the non-Gaussian

tails seen in the CTF 2 source runs are present. In Run 2537, there are now 29214Bi events
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Figure 7.24: Histograms of the reconstructedz positions of events in Run 2539, with the
radon source nominally at the center of the CTF 3 vessel. Notethat the vertical axes of the
graphs are logarithmic. The histogram at left (a) is of 214Po events, and that at right (b)
is of 214Bi events. Both histograms used the truncated Taylor seriesfor the time of 
ight.
Gaussian �ts to the histograms are shown in bold.

Figure 7.25: Histograms of the reconstructedz positions of events in Run 2537, with the
radon source touching the CTF vessel near the top. The histogram at left (a) is of 214Po
events, and at right (b) is of 214Bi events. In both runs, the 214Bi event histograms have
narrower Gaussian �ts, but also have non-Gaussian tails due to the partial 
 ray character
of the events.
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reconstructed to be within 50 cm of the origin, and 83 events within 60 cm. The fraction

of 
 -like surface events that are mis-reconstructed to lie withina 60-cm volume is therefore

at least 0.5%; probably greater, since a reasonable fraction of 214Bi events do not emit any


 rays. The Monte Carlo analysis described in Section 9.4.1 suggests a �gure more on the

order of 2%.


