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 eventp(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 likdihood function, from Equa-
tion (5.12), is

R Xi Xo3xij .
jXi  Xoj® '

W .
L(xo;to; f(Xi;ti)@) =  pn, & to  {(Xo) (7.1)

i=1
Here, x; and t; are the position of the i PMT and the time at which it records its rst
photoelectron; n; is the photoelectron multiplicity at the i PMT; pn; 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 Xg; tp are the nominal position and time of the actual event. The furction
f‘(xo) is the time of ight for a photon traveling from the nominal e vent position to the i
PMT. We are summing over PMTs, not photoelectrons; since evey photoelectron detected
by a PMT contributes equally to our knowledge of the hit pattern, the spatial factor is raised

to the power n;. Maximizing L with respect to (Xg; tg) gives the \most likely" actual event
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position and time. This equation is a simpli cation that ass umes PMTs of in nitesimal size

and no photon scattering in the scintillator.

Because the Counting Test Facility, described in Section 6L, contains uids with two dif-
ferent indices of refraction, developing a position recortsuction 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 analg to Borexino's Stainless
Steel Sphere in the CTF was rejected.) Hence, the entire volme of the cylindrical tank
outside the CTF vessel|950 m |must be lled with a single material. This is roughly the
same volume as the Borexino Inner and Outer Bu ers. If the uid in question were the
same as the buer 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 probtype. Instead, ultra-pure
water was used as the bu er uid. Neither pseudocumene ( = 1:504) nor PXE (n = 1:565)
has an index of refraction near that of water (» = 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 f' (Xo),
which in Chapter 5 was simply (n=¢)jX; Xgj, 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 vessd also causes the image of a PMT
seen from a point inside the vessel to subtend a di erent sotl angle d than it would in a
detector with a single index of refraction. Hence the factor(R  x; Xo=jxij)5X;i Xoj° in the
likelihood function should likewise be adjusted. Howeverthis spatial factor is less sharply
peaked, and therefore provides less information, than theitning 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 reconstructtn 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 he CTF [161], a code developed
at the University of Milan, attempts to avoid all these complications by subsuming them
into one tunable parameter. The code models the CTF as beinglled 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 Bown later in this chapter that
the CTF may be viewed as a perturbation of a detector with a sirgle 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 in 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 dudo having two indices of refrac-
tion, the speci c software in question does not deal corredy with the case described in
Section 5.4 that more than one photon is detected at a single lpotomultiplier 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.Sthg 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 statistial 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 argument. 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 ignong 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 function 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 ata 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 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 apprach 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 PMTSs, 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 photobe, and other e ects. This
Monte Carlo simulation yielded a likelihood function into which 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 likéhood function between grid
points, quadratic interpolations were made between nearéseighbors. Although computa-
tionally expensive, this approach in principle should workquite well. However, when tested
against the CTF 2 source runs, it yielded inaccurate positims for events near the surface of
the nylon vessel, as tabulated later in Section 7.7. The reams for this misbehavior were not
investigated in depth. The Munich software was unfortunatdy 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 Igout of the position reconstruction
software developed at Princeton. The software is written patly 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 6.3tIgampile time, the reconstruction
software works equally well running on any 32-bit PowerPC or htel 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 formatthat the ROOT analysis

software can read.

7.2.1 Input of raw data

The input portion of the software, before reading in raw even 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?, 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 uses’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 coindience 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 o untrustworthy. This is
accomplished by looping over every Group 1 event in the raw d@a le and checking which

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

YIn CTF 1, the detector geometry, the mapping from PMTs to electronic ¢ 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.
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triggered is less than 10%, the PMT is assumed to be dead or dyg. 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 vaés 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, respectivelyas 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 d& (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 natral logarithm of the likelihood
function ( logL) as a function of position xg and event time tg. This is done numerically.
Each PMT whose corresponding ADC and TDC channels have both iiggered contributes
one term to the function value, consisting of minus the logaithm of one factor of Equa-
tion (7.1), with further caveats made later in this chapter. TDCs triggered more than
15ns 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 B.) The goal is to minimize

logL over the variablesxg and tg.

The function  logL (Xg;to) is not calculated everywhere inside the CTF vessel; that wald

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 CHR software. Once the
routine has calculated the most likely values ofxy and tg, 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 methodis to save the reconstructed
event positions and other values as n-tuples in a le in ROOT famat. In addition, if the
reconstruction software is compiled with the ag -DDEBUGt will print copious amounts of
text about the run and about each reconstructed event to the erminal. The information
printed includes the raw and calibrated values of each ADC ad TDC channel, the approx-
imate event energy, and the reconstructed position of the eent 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 operabn 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 complemethe main reconstruction
software. One program, plot _test , is used to create contour plots of the dierent time
of ight functions under consideration. Example plots may be seen in Figures 7.9, 7.12a,
and 7.14a. A second program, namecevdisp (EVent DISPlay), will print out the same
information generated by the reconstruction software inDEBU@ode, but only for a single
user-speci ed event of a raw data le. Such \random access" egnt 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 giid the likelihood function,
Equation (7.1), be modi ed to handle this? In these cases, tie 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:
Y TDC Y ADC
L (xo;to) = Li~> (Xo; to) L™ (Xo0): (7.2)
i2f hit TDCs g j 2f hit ADCs g

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

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

L{P€ (xo;to) Procy L to {(Xo) (7.3)
R Xa Xodgxaj "

LAPC = — 0 7.4

i (Xo) XA X0 (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 observesnp photoelectrons, while B seeqg. For Group 1 events, these values
are separately known to us (with some error) from the ADC chamels. 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 bothna.g  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 ( Xg;tg), is the observed
value tj. The time distribution of the scintillator emission time fo r the rst photoelectron

detected at PMT A is given by pn, (ti  to  #(Xo0)), and likewise for PMT B. Since the
rst detected photon must be at one or the other of the PMTs, the likelihood function for

this TDC channel has two terms:
L€ (xoito) = Wpn, (i to M +(@Q Wpng(ti to  £): (7.5)

The weight w is a function of relevant parametersna;ng; *,and ¢ 2 A Letta
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 g, given our knowledge that

taB ti.

We know that t; (with j = A, B) is a random variable with distribution pn, (tj to fj).
Given random variablesTa.g with distributions f a.g (t), the probability that Ta < Tg when

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

Ry Re
i dte " dtafa(ta)fe(ts)
Fa(t)I [ Fa(ti)]
y dtFA(fs(t) Fa(t)
[1 Fa(t)I[l Fe(t)] 1 Fa(ti)

P(Ta <TgjTa t;Te tj)

(7.6)

R
where Fag (1) tl dtOf oz (19.

Recall Equation (5.36):

pa(t) = np(t) [ F(OI" %

R
with F(t) tl dt%p(t9. Notice that the cumulative distribution function for p,(t) is
given by Fo(t) =1 [1 F(1)]" (this is easily shown by checking thatF2(t)  pn(t) and

observing that F,(1 ) = 1). Using these facts and substituting in the known distri butions
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of ta.g for fa.g in Equation (7.6), we have

R
e  defl [L F(et O™gll F(el™ 'p(e)
w(na;ng; ¢ f) = :

L F(OI™ L F(& O™
1 1 F(&H™
1 FCO™

(7.7)

where we have dened £ ti to fA, and also changed the variable of integration to

e t to for

When ¢ =0, this expression can be shown to equaha=(na + ng), as we would expect
intuitively. We wish to nd the magnitude of the change when  ; is moved away from
zero. Holding fA constant, the partial derivative of the expression with repect to ¢,

evaluatedat ¢ =0, is

"Rl na+ng 2 2 #
ow _ - ad [l FO™™ ()] 1 (A
@1, ° [1 F( Ay~ na+ng 1 F(2)

(7.8)

The integral in this expression cannot be evaluated in close form. However, since p( )]?
PmaxP( ) (Where pmax is the maximum value attained by the scintillator PDF), it ha s an

upper bound given by
z 1
Praxd [1 F(N™"™ Zp( )= pma

e

[1 F(&marne !
Na + N 1 '

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

@w nang  p( &)
> 7.9
@ na+ng 1 F(2) (7.9)
A
@ ¢, na+ng 1 F(&) Pmax Na+ng 1

In all cases, two PMTs that share a TDC channel are adjacent, vth the centers of their
photocathodes separated by at most 86 cm. The maximum di er@ce in the distances of

adjacent PMTs from a point in the CTF vessel is on the order of Dcm. Hencej ] is at
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most about 1.5ns. When the likelihood function is near a maxinum, £ should be near
the value at which p( £) is a maximum. For the particular PDF of the CTF scintillator ,
the value of p(t) at this point is about 0.12ns 1, and that of F (t) is about 0.25. The upper
bound of @w=@ ; in this situation comes out to roughly 0.08 ns * whenna;ng 1. The
lower bound comes to about 0:08(na + ng)ns L. Thatis, for an event in which two PMTs
sharing a TDC channel each detect two photoelectrons, the m&mum expected changes in
the weight of pn, ( &) in Equation (7.5) from its mean value of na=(na + ng) 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 ofis. The sumnp + ng is xed to
the observed ADC channel valuenag, and each term multiplied by the probability that

PMT A saw np photoelectrons. So we would have

LTPC (xo: to) = X2 nas : . A. tot Ays o (711
nA=0

(The ellipses contain the analogous term for PMT B whose weilgt is 1 w.) In reality,
an integral should be taken, rather than a discrete sum over pssible integer values oha,

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

In practice, we approximate by settingna = ng = nag =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 ”nAf is sharply peaked aboutna = nag =2. Similarly, rather than obtaining the

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

values ofnp given the channel valuen;, we instead use

R Xa Xo3Xaj R Xg Xo5xgj "7

Xa  Xoj® jXxg  Xoj®

LA (x0) = (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 1 is not safe to neglect the
change in relative weights of two PMTs sharing a TDC as their rlative distances from
a tentative event location vary. This can be tested empiricdly, using data provided by
the CTF 2 source calibration runs. The source runs will be desribed 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. Thenost useful events in the
radon decay chain are the easily recognizable coincidencé¥'Bi | 24Po! 219Pp. Since
214po decays by emission, it has the added advantage of providing monoenestgic events.
Position reconstruction of 214Po events from a radon source therefore provides feedback
about the performance of reconstruction software at a sing point for a single energy. As
214pg events are obtained using the Group 2 electronics systenthey also provide a test of

the approximations described in Section 7.3.2.

The di erence in performance of the reconstruction code usig the exact Equation (7.7) and
the approximation w = na=nag, in both cases withny = ng = nag =2, was tested using
CTF 2 source runs 795 and 798. In Run 795, a radon source was pled at the north pole of
the CTF vessel. The di erence in the average position o£*Po events reconstructed withw
set equal to the full form of Equation (7.7), versus the averge position of the same events
reconstructed using the approximation for w, was less than 0.2 cnf. Furthermore, when
Equation (7.7) was used, the position reconstruction failel to converge for 1.7% of events,
compared with complete success when using the approximatiofor w. This is probably due

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

Similar results were obtained with CTF 2 source run 798, in whch the radon source was
located in the equatorial plane of the CTF vessel, 50 cm fromlte center. Here the di erence

in average positions was 0.3 cm, and the fraction of events fiing 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 will be discussed later, in Section 7.7.
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exact expression for the weight was 0.4%. Additionally, in wth 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 truncded Taylor series described in
Section 7.6.) For these reasons, only the approximatioow = na=(na + ng) 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 byrabst a factor of ten.

7.4 Performance of spatial pattern recognition alone

It is interesting to ask how accurately CTF events may be recastructed when only the
spatial pattern of hits is used. That is, we use the likelihoa function of Equation (7.2),
but all the functions LP¢ 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 safl 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 ?#Po event occurring in PXE would yield about 300 25 photoelectrons detected
in CTF 2. The rst source, used in Runs 791{795, yielded roughy 200 16 photoelectrons,
while the second source used in the remainder of source runsag more highly quenched
( =100 12 photoelectrons). We therefore expect position resolutins on the order of
20 cm for reconstructed?*Po 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 reconsticted 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[em] y[em] z[cm] | x[ecm] y[cm] z[cm]| x[cm] y[cm] ;[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 0 125 944 224 39.3 46.3 394
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 61.7 434 39.5 48.8 34.7
802 0 0 78 8.7 8.1 825 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 42.3 457 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, usig only the ADC data (spatial
pattern recognition), in CTF 2 source runs. These data comerom 21Po  decays. Positions
are given in the usual CTF-centered coordinate system.

problems, sources are reconstructed to be within 30cm of the nominal positions. The
reconstructed positions of?1*Bi decays, which are usually in the few-hundred photoelectra
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 7% (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-neglgible 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 ndh end-cap of the vessel
and directed mainly downwards, making events appear to haveccurred near the south pole
of the vessel instead of the north pole. (No such problems arebserved in Runs 802{804

near the south pole, which has a less obtrusive end-cap.) Suak ections from objects near
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Figure 7.2: Histogram of the z positions of ?1*Po events, reconstructed using only ADC
data, in Run 795, which had the source nominally at the north pole (z = +100cm) 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 Ejuation (7.2) for the likelihood
function with all the functions LAPC set to be identically one. All further results reported

in the present work thus use the following likelihood function:

Y
L (Xo;to) = L{P€ (xo;to) (7.13)
i 2f hit TDCs g
where
8 .
E P, (ti to  {(Xo) [one PMT per TDC]
L0 (xo;to) = : wpn, (i to A(Xo)) (7.14)

two PMTs per TDC
A WPt to E(xo) | per TDC]
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Scintillator Event 1 2 3 4 h 07} (03} (o1}
type [ns] [ns] [ns] [ns]

PC 33 135 56.0 279.1 0.630 0.178 0.119 0.073

PC 36 176 595 - 0.895 0.063 0.042 O
PXE 3.8 159 63.7 243.0 0.832 0.114 0.041 0.013
PXE* 3.1 134 56.2 2316 0.588 0.180 0.157 0.075
PXE* 31 124 57.1 185.0 0.788 0.117 0.070 0.025

Table 7.2: Time constants and weights of the components of &dtillation events caused by
and particles in the pseudocumene (PC) + PPO (1.5¢/) and the PXE + pTP (2.0g/ )

+ bis-MSB (20 mg/ ) mixtures used in the CTF. The mixture denoted PXE* instead h ad

a concentration of pTP of 3.0g/". These values were measured in the laboratory on a small

scale. Taken from references [73, 80].

with w = na=(na + ng) for Group 1 events (one PMT per ADC) and w= %, na = ng =

nag =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 evenat t = 0 can be approximated

as a sum of decaying exponentials:

X
s=(1 Jerrn

i=1

(7.15)

Usually N is only three or four; other components are negligible. The sm of the g is
R

arbitrarily set to one so that the time integral 01 S(t) dt is normalized. These components

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

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

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

reconstruction. First, the PMT array has a non-negligible \j itter" that manifests as a
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TDC distribution for a beta particle
COUNTS /0.5 ns
1400

1200 :—
1000 :—
800 :—
60D :—

400 —

200 -

N
100 120 140
TIME (NS)

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 (o = 5:22ns); this is merely a calibration e ect which does not a ect the position
reconstruction. The histogram is not normalized. From refeence [80]. Compare with the
blue curve in Figure 7.1 obtained from Monte Carlo methods.

Gaussian error in the reported time with 1ns. 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 broadensheir 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 eied 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  10Pp(t) t 10°Pp(t) t 10°Pp(t) t 10°p(t) t 10p(t)

[ns] [nsi]| [ns] [ns?']| [ns] [nst]| [ns] [ns?]| [ns] [ns?]
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 usé 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 1§ 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 Fgure 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 1C 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:
Z 1 (t 0 t0)2 0
p(t) = S(tYe 27z dt® (7.16)
1

In this case only two terms in S(t) with weights ¢; ¢ and time constants 1; » were con-
sidered. The broadening e ects were all incorporated into asingle Gaussian factor with
time constant and oset tg. The values from the t were = 3:17ns,tg = 5:22ns,
1 =4:75ns, and , = 26:3ns [80]. The weights of the two decaying exponentials are re
ported in [80] as 296.4 and 26.3, but there is reason to believthat these numbers are the
respective values ofty= 1 and gp= ». After making this correction, the normalized weights

are given byq =0:712 andg = 0:288.

The increase in the time constants 1; > from the values in the second row of Table 7.2
are expected results of the absorption and re-emission prosses occurring in large-scale
volumes of scintillator. The shift in weights toward the longer time constant| o is larger

than the expected sum of the long-term component weights by abut 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 ore, and functions created by
Monte Carlo methods, have been used as scintillator PDFs fouse 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 Fgure 7.1. In the relevant
computer algorithms, it is modeled as a discrete set of poirt (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 prablem of position reconstruc-
tion in the CTF has been the development of an algorithm to catulate 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 satillator 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 baundary 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 = 1:0m, and the distance
of each PMT from the vessel center iR = 3:3m. Consider a coordinate system in which
the center of the vessel is at the origin O(00; 0), and the PMT under consideration is at
position B( R;0;0). By rotational symmetry, we can always choose a coordina system
such that the coordinates of the test point are AXg; Yo; 0), with yo 0. (This coordinate
system is unique unlesg/p = 0.) As in Chapter 5, denote the vector from O to A as xg, and

the vector from O to B as x;. We know jxjj = R; also denea | Xyj.

Assuming no scattering or absorption and re-emission, the pé 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™;, and the part from vessel surface to test

point, distance “,. These distances are bounded by; 2 [R r; P R2 r?]and ", 2 [0; 2r].

The travel time along the path is given by
f =(N1 1+ nz'2)=c (7.17)

N is the index of refraction of water, about 1.33, andn; is that of pseudocumene or PXE.
For these liquids, n» > n 1, leading to problems with total internal re ection that wil | be

described in Section 7.6.3.

De ne a point C where the photon path is refracted at the vessé surface. (The nylon Im
composing the vessel has a thickness of 0.5 mm, negligiblerapared 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 aideal spherical vessel, any
normal to the vessel surface is also a radius. This and the fad¢hat 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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Xo (length a)

Xi (length R)

ny =1:333

CTF vessel

Figure 7.4: Geometry used to determine the path length of a pbton 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 pegttly spherical. See text.

As shown in Figure 7.4, let P be the point on Iine!OC such that PB is a perpendicular to
!OC; let Q be the point on!OC such that QA is a perpendicular to!OC. Dene =mé&BOC,
=m6BOA, ;=m6PCB, and , =m6&ACO. Since the paths of a refracted light ray on
either side of the refracting interface are on opposite sideof the normal, ¢ ACO and 6 PCB
must be on opposite sides o!DC. Therefore , as drawn in the gure. Equality holds
only when the test point is along the Iine!OB through PMT and origin. Note that we know
a priori in a coordinate-independent way. It is the angle between tespoint and PMT

from the origin, so

Xi Xo
cosS = —: 7.18
RjXo] (7.18)

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

P is a side of the right triangles BPC and BPO, with respect ive hypotenuses’; and
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R, so’1sin 1 = Rsin . Length CP is a side of BPC, and is r less than a side of BPO,

so'1c0s 1 = Rcos r. These and analogous considerations for AQC and AQO yield

the system
"1c0s 1 = Rcos r (7.19)
“1s8in 1 = Rsin (7.20)
2c0s 2 = r acos( ) (7.21)
“osin o = asin( ): (7.22)

This system can be reduced to an equation relating any two unkowns, so we can write';
and ", solely in terms of . Squaring the sides of Equations (7.19) and (7.20) and adding

gives
“12= R%2+r?2 2Rrcos; (7.23)
while the same for Equations (7.21) and (7.22) yields

2= a?+r?  2arcos( ): (7.24)

We do know that cos cannot be less thanr=R. When cos = r=R ) 724 ,

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

intersect the vessel in two places. Let . represent the critical value cos 1(r=R), so that
2 [0;minf ; .g]. 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,

nisin 1= nssin 5; (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 . 724 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 100cm. 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 fom event to PMT.

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

interface between substances with di erent indices of refaction.

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

r
cot R csc (7.26)

%csc( ) cot( ): (7.27)

cot 1

cot -

We square each of Equations (7.26) and (7.27) and add one in der to obtain cs& 1.
on the left-hand sides, using the Pythagorean identity cot 1, + 1 cs@ 1. 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 ; of a photon from a test point inside the CTF vessel to
a specic PMT. ¢ 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 ; 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 100cm. Note the gap in the curves foa = 90 and 100cm,
centered at about =100 , representing the \dark zones." The rectangle shows the are
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 ofthe functions (;a) for
a =90cm (bottom curves) and 100 cm (top curves). isin degrees, and in nanoseconds.
The gure shows that the di erence in time of ight between up per and lower branches is
negligible (< 0:1ns).
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cs@ »=(ni=ny)2cs@ 1. The result is

1+h5csc( ) cot( )iz— ny ° 1+ cot  LFesc (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 equatio is manipulated so that one side
is equal to zero, and then is fed to a custom numerical root- ndng routine for specic
values ofa and . The algorithm used combines bisection and linear interpadtion with
some additional tricks, for instance, tightening the assunption 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 negjgible, as shown in Figure 7.7.
It therefore is not very important which solution is obtaine d by the root nder. For other
values ofa, 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 ightto 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 dening the likelihood function of an

event to be zero (and logL!1 ) whenjxgj >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 reconstrucion developed in Section 5.5. It is
intuitively clear that surface events should be reconstruted to have an average position at
about jxoj = r, with roughly equal numbers of events reconstructed with paitions inside
and outside the vessel. Forcing all events to be reconstruetd within the vessel introduces

a statistical bias shifting the distribution of events in r towards r = 0.
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CTF vessel

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, oe for which the condition
(0] candjxgf r)yor( ¢< < ¢+ =2andjXp] rsec( o) (7.29)
holds; the time of ight is simply ; =(n1=0jX; Xoj.

For points behind the vessel as seen from the PMT, from whichight must be refracted
twice, consider the geometry shown in Figure 7.8. Here, thedtal time of ightis ; =
ni("1+ "3)=C+ ny »=Cc. From the gure, we may derive seven equations in the unknows
“1;72; 73 1; 25 1and 2. The rstfour are roughly analogous to Equations (7.19) to (7.22),

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

1c0s 1= Rcos 1 r nisSin 1= nasin »
“18in 1= Rsin 1 2 =2rcos ,
“3C0S 1= acos o I 1+ 242 2= ( )

“3s8in 1= asin »

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 Iine!:OB as the points of refraction C and D (as shown in Figure 7.8),or
the opposite side from them (imagine segmenDA 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 he 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,
r r
cot 1 ﬁcsc 1=cot[ 2 1)] acsc[ 2( 1)] (7.30)
where
( _)
. 1 nl r 2 1=2
20 1)= ( ) 1+2sin — 1+ cot ; —csc 1 (7.31)
no R
and solved numerically for 1. The lengths of the path segments are then
. p
. = R2+ r2 2Rrcos 1 (7.32)
+
, = 2rcos —: 2 > ( ) (7.33)
3 = a2+ r2 2arcos j: (7.34)

7.6.3 The problem of dark zones

For each PMT in the CTF, there exists a corresponding region nside 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 llustrated 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 fundion 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. (Cotours are spaced at intervals
of 0.625ns.) 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 giph 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 wate bu er.

zone is identically zero. In an ideal world, these dark zonesvould have little e ect on the
reconstruction, because it would be impossible for an evento 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 darkone, 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. Fnally, the CTF vessel is not

a perfect sphere, so a photon may be refracted at the nylon Imin an unexpected direction.
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é

Figure 7.10: The logarithms of likelihood functions in the xz-plane of a?'*Po event occurring
very near the edge of the CTF 2 vessel. This event occurred whiin a radon source, nhominally
located at the very top of the vessel, in Run 795. The maximum wlues 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 log. 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 $ identically zero, is shown in
dark gray. Here, the event position occurs within some of thee dark zones! The likelihood
function values outside the vessel are non-zero only in disomected regions.

Any of these e ects may lead to an event that occurred in the dak zone of one or more
triggered PMTs. If we nasely 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 than the minimum distance of

the dark zone from the center of the CTF.

The dark zones are generally not a problem for events whoseue position is within about
50{60 cm of the vessel center. For events outside that volumehe fraction of events on which

the minimization fails to converge increases rapidly as a foction of radial coordinate. This
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behavior can be tested to some precision using data from theosirce runs in CTF 2 and
CTF 3, in which a small (few cm diameter) radon source was lowesd into place at various
positions inside the CTF vessel. These source runs will be scussed in more detail in

Sections 7.7 and 7.8.

Removal of photoelements

Conceptually, the simplest way to work around the problems @used 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 failed to converge bex . For each
PMT, nd the time of ight function from that point, ! (x ). If [ 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 sue that all potentially
problematic PMTs are removed, we modify this procedure by mitiplying 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 = 62cm, the fraction of ?!Po events for which position
reconstruction failed to converge was 8.5%. This techniquef removing problematic PMTs
only reduced the reconstruction failure rate to 5.0%. For sarce run 803, nominally at
z = 83cm, removing some PMTs reduced the reconstruction failug rate from 48.5% to
31.0%. That is, only about 40% of events for which reconstruion at rst fails are xed
by the PMT removal technique. Furthermore, in each of these uns, 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 esult 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 on's data set for each event. For

all these reasons, a di erent solution was sought.
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CTF vessel

Figure 7.11. Geometry needed for a change of coordinate syshs. As before, A is a test
point, B is a PMT, and O is the center of the CTF vessel. "1 and ", are the path a photon
would take from A to B. We wish to switch from the vessel-centeed 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 timeof 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 atsideration, 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 systemal ) is not the most natural to use. It
is simpler to convert to a PMT-centered polar coordinate sysem and consider the variables
j Xi Xgj (distance from the PMT to an event) and (angle of the event away from the

axis through the vessel center and PMT). Two equations immedhtely 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 same?“Po event shown
in Figure 7.10. There are no more dark zones, but some discantiities still appear in the
upper left of the plot. The CTF vessel is represented by the sraller circle in part a and by
the circle in part b.

the Law of Cosines on ABO in Figure 7.11:

a(; ) = IOR2+ 2 2R cos (7.35)
(; ) = cos? R2+2;2a((;, )) i = cos ! Ra(_—C())S : (7.36)

The method chosen for the cubic spline interpolation of the tme of ight function is as
follows. On any curve of constant (part of a circle centered at the PMT), : is a function
only of the angle . Let the gap over which we wish to interpolate be 2 [ ; +]. On the

side of the gap, s may be calculated (numerically) as a function of (; ) instead of (a; )
using the change of coordinates, Equations (7.35) and (7.36 Its derivative, (@ =@) |,
is determined numerically. On the . side of the gap (in all cases, + = sin (r=R) =

=2 c), f IS constant and equal ton; =c. Given these parameters, the cubic spline
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interpolation of ¢ on a curve of constant in the interval 2 [ ; .]is dened by
! !

2 3
ni @f + @f +
C )= — 4+ —/— 3 — 2 ; (7.37
r()= — @ f @ f (7.37)
where + and ¢ ni=c ¢(; ). 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 mg arise from the multi-valued
nature of the time of ight function. It is also possible that the derivative @ =@ 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; 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 expandhe time of ight function inside
the vessel in a Taylor series. This also avoids any problemsug 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 tb 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 index of refraction
system is trivial: (; )= 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 ¢ 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}(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 sphericallsape of the vessel, and at
upper right by the boundary of the dark zone. On the right in part (b), the di erence

f t(; =0 ¢(; )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 =3:05m. 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
n n
(o=0)= SR N+ 20 (RN (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 toegsel surface. Neglecting
scattering, this is an exact result; a photon traveling alorg this axis is not refracted. Notice
this is equivalent to the time of ight in a single index of ref raction system with n = n, and

a time o set (which will not a ect the reconstruction) of ( n; 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 Coo Co1 Coo Co Co Cspo Ca Ceo Cso
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 ¢(; ) about (R;0) as de ned in Equa-
tion (7.39): Cjj is the coe cient of ( R)=r]'. Here, Coo = n1R=c+(n, ni)r=c, and
Co1 = nor=c; all other Cy; are zero, as are allCjj with i odd. All Cj are given in units of
nanoseconds. Notice that the absolute values of th€;; (i  2) are greater for CTF 2 than
for CTF 3. This was expected: sincen(PXE) > n (PC) > n (H,0), 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 wh no e ect on the time of

ight. Therefore we write

R i
R 1+ 2 4 Cay — @ (7.39)
¢ i=1 j=0 ! r

np N2
c

t(; )=

( is raised only to even powers).

The coe cients may be determined using numerical methods; he 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 ight is at most 0.1 ns (equivalent

to 3cm, much less than the detector resolution) even at the edes 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 desiable feature since most
events should be reconstructed near it or inside it. Becausef this drop-o, the likelihood
functions become small outside of the vessel much more quigkthan 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 cirelin part a and by the circle in
part b. The event shown in part b is the same as in Figures 7.10r=d 7.12b. Note that the
likelihood function becomes small outside of the vessel mhicmore 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 seval meters outside the CTF ves-
sel. The problem common to all of these events appears to be #t a single TDC channel
is triggered more than 15ns before any other channel. This isikely a result of PMT dark
noise. Once recognized, this problem was worked around in #ware, 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 acquison periods with run
numbers in the range 791{810, acquired during September 200 (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 ?*?Rn source was held at a constant
position inside the CTF vessel. These runs allow comparisoof the performance of position
and energy reconstruction software with the actual positicm and energy of events due to
radioactive decays in the radon source. In particular, decgs of the radon daughter?*Po
are easy to identify due to its short half-life of 164 s; they appear as the double event
or \coincidence" 21Bi | 2Mpo! 210pp. The decay of2*Po is monoenergetic, and
because of quenching, it appears to have an energy within the neutrino eergy window of

250{800 keV. These properties make&'*Po events ideal for testing reconstruction software.

7.7.1 The source calibration hardware

Since the CTF 2 source runs are described in detail in referaxe [72], we will only remark
upon factors relevant to tests of the reconstruction softwae. As has been mentioned already,
two dierent radon sources were used. Each consisted of a smlaquartz 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 parially quenched by the presence of
oxygen in the scintillator, causing events to produce lessantillation light than expected.
The quenching was unintentional, but the oxygen contaminaion 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 buoy# stainless steel rods, each
about 1 m in length. These rods were inserted into the north ed pipe at the top of the

CTF tank and lowered until the source was inside the CTF vessk (A nitrogen blanket was
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Figure 7.15: The CTF 2 source insertion system. A set of stailess 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 le 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 couldebpositioned at the desired
z-coordinate. Rods were added or removed at the top of the assdity 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 t to be pulled up at a right
angle to the rest of the rods so the source could be positionedway 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 1.7cm and Igih of 9.5cm. The
scintillator in this source was quenched by oxygen such thathe CTF detected 200 16
photoelectrons from ?1*Po  decays in the source, compared to the expected number of

300 25. Over the period this source was used, its rate of**Po events fell from 50 to
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30 mBq as the radon decayed away. Source 2, used in Runs 797{8had a diameter of 1 cm
and length of 5.5cm. Its scintillator was more strongly querched, with the ?*Po events
having a yield of 100 12 photoelectrons. Its rate of 2*Po decays ranged from 250 to

100mBqg. Only Source 2 could be positioned o -axis.

The nominal positions of the sources are reported for each nuin columns 3{7 of Table 7.5.
These positions have some systematic uncertainty. In the direction, the position of the top
of the CTF vessel was uncertain to about 8 cm because it is podse 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 metd rods are tilted slightly away
from the vertical. The positions are therefore recorded in 2] as having possible systematic

errors of

x= y= 10cm for o -axis points
x = y= 5cm for on-axis points

z= b5cm.

7.7.2 Accuracy of reconstruction software with 214pg events

The 2*Po events in Runs 791{810 were identi ed using cuts on the daa set. The number
of candidate >1*Po events in each run is reported in column 2 of Table 7.5. A cadidate

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 photoelecbns (for Source 1) or

70{140 photoelectrons (for Source 2);
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the coincidence time after the corresponding Group 1 event as 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 *4C

events);

neither event of the coincidence triggered the muon veto syem.

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 deweloped 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 foundd be a result of TDC channel
15 (attached to PMT 76) often triggering earlier than it should have. In Run 793, in which
the source was nominally at the center of the vessel, this chanel triggered rst in 872 of
over 300021Po events. (In second place was TDC channel 47, attached to PWs 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 di 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 hawe 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 timesaeh single-PMT TDC
channel was the rst to trigger showed no obvious peak. Morewer, increased probability

for a channel to trigger rstin an event does not always corrdate with an increased average



Run ““Po Nominal position Milan code Munich code

events X y z r X y Z j Xj X y z Xj
793 3113 0O 0 O o 0 3.7 03 49 6.1 03 01 14 14
791 2403 0O 0 32 0 32 34 44 284 6.6 0.0 3.8 357 5.3
797 13377 O 48 0 48 48 41 522 34 6.8 0.1 540 1.9 4.4
798 3452 48 0 0 48 48| 472 4.7 0.9 49 523 57 4.2 8.3
799 3039 27 40 O 48 48| 26.7 413 2.1 2.5 224 438 2.7 6.5
810 6423 27 40 11 48 49| 31.0 384 10.6 43 26.3 40.7 17.4 6.5
800 11833 40 27 30 48 57| 46.7 255 37.1 9.9| 40.7 279 323 2.6
801 5269 40 27 30 48 57| 416 22.8 334 56| 47.1 234 321 8.2
805 3337 0O 0 62 0 62 6.1 11 684 8.9 1.4 1.7 69.1 7.4
807 6682 40 27 56 48 74| 423 28.1 63.1 75| 476 30.0 65.1 122
809 2504 40 27 56 48 74| 415 183 62.2 10.8| 49.6 193 63.6 145
804 7544 0O O 7 0 75 6.1 29 819 9.7 0.0 3.0 826 8.2
802 8939 0O 0 78 0 78 9.0 1.1 875 131 0.4 1.7 88.2 10.3
803 1133 0O O 83 0 83 80 15 942 138 1.0 21 957 129
795 1811 0O 0100 O 100 - - - - - - - -

Table 7.5: CTF 2 source runs, in order of increasing distance from the center of the CTF vessel. This table gives the
total number of events meeting the 2'4Po cuts, the nominal position of the source, and the mean posbns obtained by

reconstruction with the Milan software (Section 7.1.1) andthe Munich software (Section 7.1.2) as reported in referene[72].
The e ective index of refraction used in the Milan code was urortunately not recorded. Reconstructed positions for
Run 795, at the north pole of the vessel £ = 100cm), were not provided. All positions are given in cm, rdative to the

nominal center of the CTF vessel. ] Xj is the distance between reconstructed position and nominaposition. For both

codes, it tends to increase as increases. This e ect appears mainly due to a bias in the reaustruction codes that pushes
apparent source positions farther away from the origin by 1§15%.
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number of photoelectrons detected on that channel. This indcates that the TDC calibration
tables are not as accurate as one might desire. The presentfbpare 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 regnstructed source positions for
the reconstruction software developed at Princeton, usingvarious methods for calculating
the time of ight described in Section 7.6. Because the averge photoelectron yield of>1*Po
events was observed to vary signi cantly between runs 791, 93, and 795, the required
energy range of 140{260 photoelectrons for candidate Group events produced in Source 1
was relaxed to 100{300 photoelectrons in these analyses. T changed the number of
candidate 21*Po events to 2468 for Run 791, 3136 for Run 793, and 2136 for Ru#95. The

photoelectron yield of Source 2 events showed no such varians.

The rst observation to be made about the CTF 2 source run recanstruction 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 recastruction codes, it is su cient

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

Comparing the values ofj xj 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 legth 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 denoe , is reported in Table 7.7.
We also assume there is a constarz 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



Run  Nominal position Singlen = n(PXE) Cubic spline interpolation | Truncated Taylor series
X vy z r X y Z ] Xj X y Z | X X y Z ] Xj

793 0O 0 O 0 05 06 11 13 05 06 11 13 05 06 11 13
791 0O 0 32 32 01 27 324 27 01 27 326 28 01 27 326 28
797 0O 48 0 48 15 496 47 52 16 497 48 53 15 497 48 53
798 48 0 0 48] 491 40 48 6.3 494 41 49 6.5 495 41 49 6.6
799 27 40 O 48| 219 417 48 72| 220 417 50 7.2 220 417 49 72
810 27 40 11 49| 256 380 164 59 257 380 166 6.1 257 380 166 6.1
800 40 27 30 57| 383 26.3 25.7 47| 38.2 26.4 25.7 47| 38.2 26.5 25.7 4.7
801 40 27 30 57| 443 211 262 82| 444 211 264 82| 445 212 264 82
805 0 0 62 62 20 16 59.2 38 20 15 600 32 20 15 601 31
807 40 27 56 74| 432 269 545 35| 433 270 553 34| 435 27.2 554 36
809 40 27 56 74| 434 186 543 9.2| 436 186 553 9.2| 436 186 554 9.2

804 0O 075 75 0.7 29 715 46 05 30 723 41 05 30 725 39
802 0O 078 78 06 27 740 4.9 05 26 751 3.9 06 26 750 4.0
803 0O 0 83 83 09 14 798 36 1.0 15 812 2.5 08 1.3 813 2.3
795 0 0100 100 106 26 101.7 11.0 96 1.7 1014 9.8 9.7 21 99.7 9.9

Table 7.6: CTF 2 source runs, in order of increasing radial cordinate r. For each run, this table gives the mean position of
the 214Po events as reconstructed by the software developed at Prieton. 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 splia

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, relatve

to the nominal center of the CTF vessel.j Xj is the distance between reconstructed position and nominaposition.
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Nominal Milan code Munich code Princeton code

Run position ~z= 5ilcm z= 29cm | z=+2:7cm
X y z I Zj Xje ] ] Zj Xje|] ] Zj Xjc
793 0O 0O O o0 37 49 37| 03 14 43| 08 11 18
791 O O 32 0 56 36 58| 38 37 76| 27 06 34
797 0O 48 0 48 44 34 47| 60 19 6.1 17 48 27

798 48 0 O 48] 06 09 60| 46 42 85 17 49 28
799 27 40 0 48| 12 21 32| 12 27 57| 09 49 24
810 27 40 11 48] 14 04 49| 05 64 93| 21 56 36
800 40 27 30 48| 52 7.1 56| 13 23 14| 15 43 22
801 40 27 30 48| 06 34 18| 46 21 47| 13 36 16
805 0O 062 O 62 64 63| 22 71 47| 25 19 26
807 40 27 56 48| 28 71 34| 82 91 103 33 06 39
809 40 27 56 48| 27 6.2 29| 52 76 70| 06 06 22

804 0O o075 Ol 68 69 70| 30 76 56| 06 25 06
802 0 o07v8 0| 912 95 101 1.7 102 75| 27 3.0 27
803 0O 083 0 81 112 101 23 127 101, 15 17 18
795 0 0100 O - - - - - -1 99 03 10.3

Table 7.7: \Corrected" distances between nominal and recostructed 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 | is the dierence

between the horizontal distance of the reconstructed posibn from the z axis, and the

nominal of the source (either O or 48cm). z is the di erence between the reconstructed
z coordinate and the nominal z coordinate. See the text for the de nition of j Xjc.

three reconstruction codes, we may de ne aq\corrected" disance between the reconstructed

and true positions of a source withj xjc= ( )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 pasdns 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{
3.9cm for the Princeton software. In other words, the resuls 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 probally lies with PMT 76 not

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

greater for the other two codes than for the Princeton softwae: the standard deviation for
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z is 1.9cm for the Princeton code, 3.3 cm for the Milan code, and.1 cm for the Munich
code. This e ect appears mainly due to a bias in the other two econstruction codes that
pushes apparent source positions farther away from the orig by 10{15%. If only the six
source runs having the source closest to the origin are cortred, the average z obtained
with the Munich code is +2:9cm. This value is reassuringly consistent with thez o set

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

7.7.3 Precision of reconstruction software with 214pg events

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

r
c 3 (1+ )

= - - —= 7.40

a - 5 (7.40)

where ( N)=N, is the total photoelectron yield of an event, andN is the number of
triggered TDC channels (not PMTSs), calculated with Equation (5.31). The total number
of TDC channels having at least one functional PMT wasT = 63 or 64 for all CTF 2
source runs. As usualhn 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 = 3:3ns. For ?1#Po events in Runs 791{795, with
a photoelectron yield of about 200, the expected position reolution is a = 9:0cm. For

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

The actual resolutions obtained with the Milan, Munich, and Princeton reconstruction
codes are shown in Table 7.8. For both sources, the resolutis obtained with the Princeton
software are 2{4 cm poorer than predicted. There are severgbossible 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 valas that control the peak
width and time of the py, scintillator response order statistic functions.) The nite 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. Thi®DF was obtained via Monte
Carlo methods, while the CTF 1 PDF (which had a response time 6 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 sectia.

Resolutions obtained with the Milan and Munich codes are pocer than those of the Prince-
ton code by an additional 1{2 cm. As expected, all reconstrution codes yield slightly worse
resolutions when the source is farther from the center of theCTF vessel. The eect is
not, however, a very strong function of the source radial cominate. 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 usig 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 (shwn in Figure 7.16). However,
the cubic spline interpolation in particular develops serbus problems at the edge of the
vessel (Figure 7.17a), while the Taylor series (Figure 7.13) 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 pregan each run that lie well outside
the Gaussian curves representing the radon source. Theseiginate in one of two ways. They
may be bona de ?'*Po events in the CTF scintillator due to radon contamination, having
no relationship to the source. However, they may also be evés that occurred inside the
radon source but whose positions have been badly mis-recomatted, 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 innermat 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 21Po events in Run 793, with
the radon source nominally at the center of the CTF vessel. Nte that the vertical axes of
the graphs are logarithmic. The histogram at left (a) uses tte 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 ?4Po events in Run 795, with
the radon source nominally at the north pole z = +100cm) 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 prodices almost Gaussian results. Use
of a single index of refraction produces a histogram (not shan) with a more Gaussian talil
on the outside of the vessel, but does not change the size ofé@mon-Gaussian inner tail at

z < 50cm.
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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 O 0 O 0| 12.6 10.7 13.6/ 12.2 115 13.3] 11.3 10.8 124
791 O 0 32 32128 10.3 13.0 125 11.3 13.4 113 104 120

795 0O 0 100 109 - - - - - -120.5 18.1 154
Source 2
797 O 48 0 48 169 139 17.1 16.1 149 16.7 145 135 151

798 48 0 0 48|153 134 16.3 149 145 175 141 135 158
799 27 40 0 48|17.1 134 17.3 16.6 146 17.3 152 13.1 15.7
810 27 40 11 49| 16.8 13,5 17.4 16.3 149 17.2/ 145 135 158
800 40 27 30 57|17.3 13.3 18.016.0 144 174 146 132 158
801 40 27 30 57|16.0 13.2 16.0 156 146 17.1 143 13.3 153
805 0 0 62 62|166 141 16.9 159 158 17.3 146 144 159
807 40 27 56 74|16.5 139 16.3 17.0 159 18.8 14.8 14.0 16.0
809 40 27 56 74|16.8 13.7 16.6) 17.7 155 185 150 14.2 16.0
804 0O 0 75 75,184 147 17.0 18.0 16.7 17.8 156 15.2 153
802 0O O0 78 78|18.7 145 17.1 173 164 182 150 144 15.0
803 0O O0 83 83,184 141 16.1 17.6 158 18.7/15.2 139 14.2

Table 7.8: Resolutions obtained with di erent reconstruction software for 2%Po 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 usélde 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 ieasing distancer from the
center of the CTF vessel.

In Run 793, seven events are clearly identi able as being owiide the Gaussian tail of?14Po
events occurring within the radon source. (All seven are vible in Figure 7.16a.) If these
events are due to background, they most likely come from the CF 2 radioactive \column"
described in Section 6.4.2. This is made more likely by the akervation that these events
are all within 50 cm of the z-axis. Since the Gaussian peak of the histogram extends from

z= 50cm 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 haakout the same number
of background radon events due to the \column." Hence we expe to see 7 3 background

events havingr < 50cm. In fact the number of such events in Run 795 is ten. (Not k of
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the events shown in Figure 7.17b as havingzj < 50cm also haver < 50cm.) As a result
we can report the number of mis-reconstructed events having < 50cm 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 2“Bi events

In selecting candidate?!Po  events, one automatically also selects candidaté!*Bi  de-
cays from Group 1 events. These events have a much greater egg range than %1*Po
events, whose energy spectrum would be monoenergetic if ndor variance in the emis-
sion of scintillation photons and photoelectron yields of MTs. Though 2Bi events are
less representative of energies in the neutrino window, the do give an indication of the

e ectiveness of the reconstruction software at higher enggies.

One problem inherent in testing the reconstruction with  decays is the production of related
rays. The isotope?'“Bi decays into 214Po with emission of an electron and antineutrino
having several di erent total energies. The highest combirede + ¢ energy is 3.26 MeV,
resulting in a ?14Po 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 excited'*Po 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, the?1*Bi events are largely ray-free

up to about 1.3MeV ( 410 photoelectrons).

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

for 21Bi events. With the Princeton software, the average reconstucted source positions
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Figure 7.18: The total energy spectrum of the electron and rays emitted by a decaying
214Bj nucleus. At top (part a) is the exact spectrum shown convoluted with the engrgy
resolution of the CTF 2 detector, a Gaussian function having g (E) given by 2.0keV}2" E.
(The proportionality constant was derived from the observed ?4Po  peak energy of 2013
16:1 photoelectrons in Run 793, combined with the conversion fetor from photoelectrons
to keV of about 3.14 keV/pe [72]. In an ideal detector, the prgoortionality constant would
be given exactly by the square root of this conversion factar1.78 ke\A=2.) The total energy
spectrum is shown, as well as the component due to the 3.26 MeYure 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 resultdfrom the
pure decay component. Below (part b) is shown the actual energy spctrum observed for
214Bj events in Run 793. The ranges of the two graphsx-axes are roughly equivalent. In
the second gure, events with fewer than 100 photoelectrondave been excluded.
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Figure 7.19: Position resolution of the CTF 2 at the center ofthe 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 214Bj events of Run 793,

grouped in 100-photoelectron-wide bins. The green point at 20 photoelectrons shows
the resolution in x of the 2*Po events of Run 793 (Source 1), while the green point at
100 photoelectrons shows the resolution irx of the 224Po 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 positdn resolution (the of a
Gaussian t to histograms of each reconstructed coordinatgis 10.5{12 cm for Source 1, and
11.2{12.9cm for Source 2. This is signi cantly less than theposition resolution for 2**Po
events because the averagé“Bi photoelectron yield is much larger, and Equation (7.40)

goes roughly as 172 for large .

Figure 7.19 shows the predicted dependence of the resolutiaupon the photoelectron yield,
Equation (7.40), as well as the observed resolution in thex coordinate for 21“Bi events in
Run 793 grouped into bins 100 photoelectrons wide. Points fothe 224Po events of Source 1
and Source 2 are also shown. The analogous graphs for theand z coordinates are not

presented, but they are similar. Notice that the real data reach a minimum resolution of



Chapter 7. Writing a Position Reconstruction Code for the CTF 333

Figure 7.20: Histograms of the reconstructedz positions of 224Bi 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-Gaussi tail of events in both runs,
even though the Gaussian curves themselves are narrower thgor the corresponding?*Po
events. Compare with Figures 7.16b and 7.17b.

9.7cm in the 300{400 photoelectron bin, and beyond that the esolution worsens again.
This is because a signi cant fraction of the 21Bi spectrum above this energy consists of

ray emissions. Except for a near-constant o set that worsenghe resolution by about 2 cm,
for which some possible reasons were discussed in the prewsosection, 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 21“Bi events to have non-Gaussian tails. Figure 7.20 shows histpams
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 so@are now reconstructed
farther away from the nominal source position. This is a poteatial 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 21“Bi events from Run 795 that are reconstructed within 50 cm of e origin is still only

ten, just as with the ?*Po events.
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Figure 7.21: The condition of the CTF 3 vessel in February 206, 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 factom 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 tme CTF 3 was brought into
operation. Although it was always intended to perform soure runs eventually, the acciden-
tal spill of August 2002 caused activities with pseudocumea 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 cohn puri cation test in batch
mode. Some pseudocumene was lost during the test, leaving ¢hvessel underfull. With
pseudocumene having a lower density than the surrounding war bu er, the result was a
vessel shaped somewhat like an upside-down teardrop or hotfdballoon. The condition of
the vessel in February 2005 is shown in Figure 7.21. Neverthess, eight source calibration

runs, numbered 2532{2539, were acquired during March 17{1,82005.
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Figure 7.22: Diagram of the attachment of the CTF 3 source to tie 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 similato that of CTF 2. Several
metal rods could be inserted into the vessel from the top of tke CTF water tank. The
bottom rod was hinged, and the lower arm holding the source cold 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 attache to the hinged arm via
a spring, as shown in Figure 7.22, returning to the design of e 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 codlbe 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 tha the source was in contact with
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the nylon Im. 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 112cm,

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

The source itself was a radon source with &'4Po event rate of 0.6 Bq. The radon-infused
pseudocumene/PPO scintillator was contained in a spherichquartz vessel with a radius of
about 1.5cm. As in CTF 2, some oxygen contamination was pres#, quenching the average
photoelectron yield of 2#Po 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 11.0cm. The software cuts used to detaine candidate events for
the results of the reconstruction were identical to those usd 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 calibation runs were less than ideal.
The candidate 2**Po events were reconstructed using the Milan code (with an eective index
of refraction n = 1:75) and the Princeton code. The code developed at Munich is seningly
no longer available. The Princeton results are from the trurcated 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 reconsucted coordinates were

t to Gaussian curves to obtain reconstructed source positbns.

In this case, for the sake of completeness, the results of reastructing 21“Bi decays (Group 1
coincidence events) with the Princeton code are also showrOnly small (few-cm) di erences
are seen from the Princeton code results fof'*Po events. There is a general trend for the
214Bj reconstructed positions to be 2{3cm greater inx and about 1cm smaller iny than
the 214Po reconstructed positions. It is possible that the Group 1 ad Group 2 electronics

systems have di erent systematic biases that cause these dirences.



Run ““Po Nominal position Milan code (*}*Po 's) Princeton code
events X y z r X y Z ] Xj X y Z ] Xj
2532 19718 0 0 820 0 82 1.8 4.6 80.0 53 1.3 4.7 84.8 5.6
: 0.7 3.9 84.8 4.8
2533 9647 0 0 493 0 49 1.2 4.7 47.6 51 1.1 4.6 49.4 4.7
X 0.9 4.1 49.6 4.2
2534 4174 0 0 535 0 54 2.2 48 57.0 6.3| : 2.4 50 621 10.2
X 0.8 43 615 9.1
2535 4235 0 0 800 0 80 2.1 2.8 84.7 59| : 1.9 3.1 912 117
: 0.9 2.4 90.3 10.6
2536 8298 54 0 215 54 58 49.0 5.0 18.0 79 53.6 4.8 18.0 6.0
: 55.1 4.9 18.0 6.1
2537 15490, 52 13 978 54 112 483 3.2 92.0 119 513 35 954 9.8
: 536 4.6 91.9 10.3
2538 4552| 54 0 215 54 58 540 1.0 16.0 56| : 58.2 1.3 15.9 7.1
X 544 25 15.4 6.6
2539 7302 0 0 00 O 0 2.5 6.3 1.7 70| 2.8 6.5 2.0 7.4
0.1 54 2.4 5.9

Table 7.9: CTF 3 source runs. This table gives the total numbe of coincidences meeting the’'*BiPo cuts, the nominal
position of the source, and the mean positions obtained by reonstruction with the Milan software (Section 7.1.1) and the
Princeton software. The e ective index of refraction used n the Milan code wasn = 1:75 [164]. Only?*Po  events were
analyzed with the Milan software. Both ?*Po and ?1“Bi  events ( rst and second lines for each run, respectively) wee
analyzed with the Princeton software. All positions are given in cm, relative to the nominal center of the CTF vessel.j Xj
is the distance between reconstructed position and nominaposition.
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The results of runs 2532, 2533, and 2536{2539, with the souecin the upper hemisphere
of the CTF vessel, are not too far from the nominal source posions, aside from an odd
o set in the positive y direction seen with both reconstruction codes. Perhaps, am the
CTF 2 source runs, the o set is due to a misring TDC channel or an error in the TDC
calibration tables. When the raw data were inspected, howeer, 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 ths 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 3cm 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 gdappointing mismatches with the
nominal source positions. These errors are thought to resufrom the non-spherical deformi-
ties in the CTF vessel. With the vessel shaped like an upside-@vn teardrop, light produced
by an event has to travel through less scintillator and more vater 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 eror 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 recatructed z positions found

by both reconstruction codes as a function of the nominak positions of the source.

We can estimate the size of the maximum vessel deformity r by noting that the reconstruc-
tion error zis 11.2cm for Run 2535. To rst order, the relation between these quantities
is given by
n
ro——rC g (7.41)
Npc  NH,0

The result is a 45-cm deformity. Such a large vessel deformatn is not supported by
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Figure 7.23: Scatter plot of the reconstructedz positions of?'#Po events in the CTF 3 source
runs as functions of the nominal source positions irz. The Princeton code results are shown
as the black stars, and the Milan code results as the green sta. The line Zrecon = Znominal
is also shown for comparison.

Figure 7.21, from which the size of the deformity may be estimted at 30cm. However,
changes in the shape of the vessel a ect the angle of refracth 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 recastruction software, using the
truncated Taylor series for the time of ight function, are shown in Table 7.10 for both
214po and 2“Bi events. As with the CTF 2 source runs, the resolutions are acouple of
cm poorer than predicted. Except in Runs 2535 and 2537, theyr@ essentially independent
of the source position, although (similar to the CTF 2 runs) the resolution is anisotropic,

being consistently better iny than in x or z.
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Run Nominal position 214pg events 214Bj events
Xy z r X y z X y z
2532 0O O 820 0 82131 11.7 14.3 120 11.0 128
2533 0O O 493 0 49130 116 142119 11.0 123
0 0
0

2534 0 535 54| 13.2 11.7 1420121 11.3 127
2535 0 800 O 80144 128 13.1 12.1 115 120
2536 54 0 215 54 58129 11.7 13.9 122 112 122
2537 52 13 97.8 54 112 188 17.0 16.4 151 140 134
2538 54 0 215 54 58 13.2 11.8 14.0 123 112 119
2539 0O 0O 00 O 0 13.0 11.7 14.2/ 118 11.2 126

Table 7.10: Resolutions obtained with the Princeton reconsuction software for 2**Po and
214Bj 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 tat performed with the CTF 2

source runs bene ts from a much higher source rate and a muctolver 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 Gaussiaourve surrounding the
radon source (Figure 7.24a). Compare this with the seven oubf 31362“Po events recon-
structed outside the Gaussian curve in Run 793 of the CTF 2 sorce runs. In the 20-hour
long Run 793, most of these events were probably due to backgund from radon in the
scintillator; in Run 2539, with only 2.1 hours of live time, it 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 \&sel, we nd that only two 21*Po
events are within 50 cm of the nominal vessel center, and onlgight are within 60 cm of the
center. This is consistent with the apparent rate of event ms-reconstruction in Run 2539.
In the worst case, if all of these events were produced in theasirce and mis-reconstructed,

the fraction of point-like surface events seen inside a 60 crradius will be 5 10 4 or 0.05%.

When we instead look at?*Bi events (Figures 7.24b and 7.25b), again the non-Gaussian

tails seen in the CTF 2 source runs are present. In Run 2537, #re are now 2%1*Bi 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. Notdhat the vertical axes of the
graphs are logarithmic. The histogram at left (a) is of 2'*Po 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 histogm at left (a) is of 21*Po
events, and at right (b) is of 2'*Bi events. In both runs, the ?1“Bi event histograms have
narrower Gaussian ts, but also have non-Gaussian tails due ¢ the partial ray character

of the events.
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reconstructed to be within 50 cm of the origin, and 83 events \ithin 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 fractivof 21Bi events do not emit any
rays. The Monte Carlo analysis described in Section 9.4.1 gijgests a gure more on the

order of 2%.



