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Abstract

This experiment intends to test fibers for use in the CLAS12 PCAL detector. This detector
uses a series of plastic scintillators along with wavelength-shifting fibers in order to
detect electron/positron pairs produced by the decay of neutral pions. In setting up the
testing conditions for the experiment, a custom connection between these fibers and a
photomultiplier tube was created, and absolute light yield was improved by cutting the
fiber tips with a heated razor. This has given us a consistent set of control fiber
measurements that can be used to verify the quality of additional fibers for use in the
detector as they become available to test.



Overview

The CLAS detector, short for CEBAF Large Acceptance Spectrometer, is an apparatus used in
experiments in Hall B in the Thomas Jefferson National Accelerator Facility (JLAB). This is a fixed-target
experiment, in that an electron beam is fired at stationary target nuclei. When the electrons hit these
nuclei, various particles come out, and the original electrons energy is shifted. The goal of CLAS is to
determine what sorts of particles come out of the detector; there are multiple components which are
designed to detect some of the produced particles.

One such detector is the pre-shower calorimeter (PCAL), used to detect neutral pion (1t°) decay.
The m° is unstable and decays quickly into a pair of photons (y), with energy E/2 compared to the r°.
These y then can decay into an electron-positron pair (e/e’), each with E/2 compared to the y (E/4
overall). The e*/e” then may interact with a nucleus, and as long as they are above a certain energy, they
will cause stimulated emission of another y as well as the original particle, again with each getting E/2
compared to the original e*/e". This reaction can continue until the electron or positron is below a
critical energy, at which point it is simply absorbed and not re-emitted. [Longair] The goal of PCAL is to
detect the first pair of charged particles produced by this interaction.

PCAL detects particles through the use of plastic scintillators and fiber-optics. The scintillator is a
length of polystyrene that has a reflective coat. It allows high-energy particles in and then traps them.
Interactions with the nuclei in the scintillator produce e’/e” pairs, as mentioned above. The plastic is
doped with two organic molecules, PPO and POPOP, which emit photons when hit by ionizing radiation
such as these charged particles. These photons are carried along an optical fiber, which leads to a
photomultiplier tube, producing an electrical signal proportional to the number of photons produced by
the scintillator and thus the number of e*/e interactions.
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Figure 1 Example of scintillator with green fibers [Kantner]

The PPO and POPOP molecules are the primary and secondary scintillator; they are wavelength-
shifting, in that they absorb higher-energy photons and emit at a lower-energy. The behavior of these
two molecules is seen below. Note that PPO, as seen on the leftmost curve on the rightmost graph,
produces a signal that peaks close to about 350 nm and POPOP peaks at a bit higher, closer to 425 nm.
Absorption occurs at frequencies above that; note that above 450 nm (in the middle graph) is where



most of the absorption in POPOP begins; the absorption length is the distance where the proportion of
electrons not absorbed by the scintillator is 1/e.
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Figure 2 Graph of PPO and POPOP absorption and emission levels. [Pahlka]

Once the photon signal has been produced by one of the scintillators, it needs to be carried to a
photomultiplier tube; again, this is done using an optical fiber. An optical fiber transmits photons along
its length by total internal reflection. This occurs when the outer surface of a material has a lower
refraction index than the rest of the material; if the angle of the light entering the fiber is past a critical
angle with the normal, the light becomes effectively trapped in the scintillator, reflecting off the inside
of the surface of the fiber, carried toward a counter. In the case of the fibers used in this experiment,
the outer cladding has an index of 1.4 and the inner surface has an index of 1.6 [Nelson], and the critical
angle is calculated as follows:

6, = sin (2 ~ 61°
. = sin (1.6)~

These fibers have a wavelength-shifting effect as well, as seen in the following graphics. The first
(fig. 3) shows the attenuation lengths for such a fiber (the dashed line below). The fiber absorbs the
lower-wavelength light, around 500-550 nm, sooner, and higher-frequency light takes longer to fully
absorb. The second (fig. 4) shows the light frequencies carried most over a certain length of fiber. Note
that the peak around 520 nm falls off more quickly than the one around 550 nm. This difference in
attenuation can be used to determine where a particle was detected along the scintillator. Note also
that since the carried light is around the 500-550 nm range, it gives the fiber a green tint.
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Figure 3 WLS fiber absorption lengths [Pahlka]
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Figure 4 This graph gives attenuation of signal over a range of wavelengths at various distances for a sample fiber [Pahlka]

CLAS is about to be upgraded from a 6 GeV detector to a 12 GeV detector, dubbed CLAS12. As
part of these upgrades, subcomponents such as PCAL are being rebuilt. The detector is designed to have
a hexagonal structure, with multiple fibers inside each individual scintillator piece. There are 15 layers of
73 strips, with 4 fibers per piece, in each of the 6 sectors. [Nelson] This means that there are 26,280
fibers being used in this detector. A computer-generated picture of the detector structure follows.



Figure 5 Structure of PCAL detector (CLAS12 TDR)

Experiment

Our goal for this project, then, is to evaluate these fiber-optic lines for use in the PCAL detector.
In doing this, there are smaller tasks which need to be accomplished: choose a set of control fibers that
will be used throughout testing to verify results from day to day, verify the performance of the testing
apparatus used, and then as they become available test as many of the fibers as possible (as there are
thousands of fibers this will be done with batch testing).

The apparatus used for testing is a light-tight wooden box which has a chain and mounting for a
radioactive source, used to carry it along the length of the box safely. The chain is controlled by a crank
with a corresponding dial that marks the position of the bracket. Uncertain if this was linear, this was
tested; one full (360-degree) turn of the crank seems to correspond to 14 cm in linear distance of the
bracket. Thus we can easily convert between dial readings and position of the bracket relative to the
length of the box.

The source is a sample of Na-22, estimated at about 40 uCi. Though it is both an emitter of
gamma and beta radiation, the container has a 3mm lead shielding that blocks most of the beta. It is still
strong and should be handled with care; transporting it is always done with a wand, so most of the beta
emission dissipates in the air. The gamma particles emitted have an energy of about 1200-1300 kEv
[Kantner].



Figure 6 Picture of source used in experiment [Kantner]

Inside the box is a length of scintillator of about 3.5m, where the fibers are inserted for testing.
The fibers then run from the scintillator into a photomultiplier tube (PMT), converting the optical signal
from the fibers to an electrical signal, also inside the box. Wires from the PMT connect to a high-voltage
source and a picoammeter (to detect the signal produced by the PMT).
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Figure 7 Diagram of detector setup [Kantner]

Coupling to the PMT uses a connector that is designed for fibers of a different thickness.
Although this produces a reading, the difference in radius fits the fibers poorly and can lead to poor
coupling, affecting measurements negatively. In order to secure fibers, they are taped to this connector.

In making a single measurement, the following procedure is used: the fiber to be tested is
placed inside the scintillator, and taped to the PMT connection. The PMT high voltage and picoammeter
are turned on. After waiting for the PMT to stabilize, a dark count reading (that is, the reading produced
by the PMT when no source is used) is taken. The high voltage is turned off, so that the source can be
added (as the box must be opened, this is done to prevent damage to the PMT when it is exposed to too
much light). Again the high voltage is applied and the PMT allowed to stabilize. Once this occurs, the
source is run along the length of the scintillator, checking the picoammeter at every dial rotation — one



dial rotation corresponds to about 14 cm. Once this is done another dark count reading is taken, again
keeping in mind that when the box is open the high voltage must be turned off.

When first using the apparatus, there was a large amount of noise taken in some measurements.
The first goal of this experiment, then, was to attempt to keep the noise both as low and consistent as
possible. The high signal to noise ratio was due to two factors. First of all, the box was not completely
light tight; secondly, the first source used was relatively weak.

Checking light-tightness was done with the box closed, running a shop-light in and around
various parts of the box in order to find light leaks. It was discovered that most of the light leaks came
from the side where the PMT was. There are a few factors that led to this: there were multiple seams
along the box where light was able to get in, as well as multiple holes that were never covered on that
side of the box. Both of these effects were amplified by the fact that there was also exposed fiber
between the scintillator and the PMT that picked up this leaked light easily. Furthermore, the act of
moving closer to the box to read measurements or move the dial also decreased the PMT readings,
presumably because the cast shadow allowed less light to reach the detector.

In order to make sure that performance across multiple days was comparable, and not fluctuate
due to experimenter position or daylight conditions, this needed to be repaired. This was fixed by first
patching up the larger holes with electrical tape, and by cutting out and doubling-up a garbage bag to
cover any leaking seams. Another larger piece of plastic was cut to cover the entirety of the box, but
since most of the light leaks come from the single side, the trash bag is used most of the time. As more
holes were found and patched, the plastic became less essential but was still used to minimize light
entry during testing.

Another way in which signal-to-noise ratio was improved was by lowering the distance closer
between the source and the scintillator, which was initially about 4 cm. In order to do so, the scintillator
was brought closer to the bracket by placing two additional (longer) strips underneath of it. Since each
strip is very close to 1 cm in height, this means the scintillator is now 2 cm closer to the source; this
makes the distance 2 cm between source and scintillator, improving readings significantly.

Another property of the apparatus that was measured was the dark reading behavior of the
PMT over time. When the high voltage is applied, the PMT needs time in order to zero-out properly. A
graph of this behavior over 2 hours was taken and is given here. Note that after the first 10 minutes, the
reading mostly flattens out. Thus the amount of time needed to wait in between turning on the high
voltage and taking a measurement is about 10 minutes.
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Figure 8 Graph of dark count readings for the PMT over time.

Once this was all done it was possible to take good data, although the poor coupling remains a
confounder of some readings. From here on, though, a set of reproducibility tests were done. A very
small set of sample fibers were used for this, in order to minimize the amount of potential damage to
the whole batch. In fact, during some of this testing some of the fibers were damaged in the course of
trying to find ways of increasing light output. One fiber had one of its ends coated with a reflective
paint; though this led to higher-magnitude readings, it seems that it was damaged in the process (some
paint got on other parts of the fiber, for example). Here is a sample curve of this fiber, called “P2”,
before this was done (note that the distance 0 cm corresponds from the end of the box farther away
from the PMT):



P2 Fiber reading (11/11)
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Figure 9 Chart of behavior of P2 fiber before damage.

A sample reading of optimal fiber behavior to compare this with is given below, using a fiber
identified as “G2”:

G2 sample attenuation (11/11)
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Figure 10 Sample attenuation curve of G2 fiber

Note that the fiber curve is slightly smoother in the second graph; this is probably an issue with the
coupling rather than an issue with the performance of the fiber itself.



Another chart is given below, showing the performance of both fibers on multiple dates. Note
that although on 11/23 the fiber G2’s attenuation curve is much shallower while P2’s curves, although
no longer the shape that we hope for them to be, are both about the same on both dates. Thus is it
unlikely that this is due to a problem with the PMT or box. This appears to have been an error in the way
that the fibers were coupled. In addition it gives a good example of what a damaged fiber’s curve can
look like, which does not improve over multiple tests.
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Figure 11 Tests of 2 fibers taken over multiple days. Demonstrates both fiber damage and poor coupling.

The best solution found to improve the coupling between PMT and fiber was to take a second
coupling cable, made of clear fibers and cut it in half. Taking one half, the intact end would still connect
to the PMT, but the raw end, which consisted of several clear fibers, was polished and placed into a
piece of plastic, which itself was custom cut to have holes designed to be thick enough for these larger
connecting fibers on one end and thinner for the testing fibers. This plastic was milled by William
Henninger, of the department’s machine shop.

After cutting, the fibers on this connector needed to be polished. The most effective way of
doing this (producing a higher level of light transmission clear from even simple visual inspection) was to
heat a razor and slice the fiber with it. This produced a smooth cut. The main issue faced in using this
method was that the fibers tend to bulb out, making them difficult to feed into the plastic piece. As a
result they were cut while placed in the block, and pulled out quickly so they would maintain their shape.

The actual testing of the fibers was done in two sets. Two fibers were set aside to act as control
fibers and tested 5 times. An additional 7 fibers were tested twice each. In order to compensate for the



PMT’s behavior over time during the taking of a single data set, one run was done moving down the
apparatus (toward the PMT) and the other was done moving in the opposite direction.

As before, each set of data has had the dark counts measured before the sample was made
subtracted in order to get a measurement of only the light yield from the fiber via the source itself. In
addition, each plot has been fit to a curve of the form I = Ae ~*/L1 4+ Be~*/Lz, where I is the output
current and x is the distance of the source along the box that the current was measured at. The source
code for the fit analysis is shown in Appendix 1. It was coded by Josh Devan.

The following graph gives the results of testing on the first of the control fibers, labelled “RP1”.

“RP1” Control Fiber: Source Location vs. Current Output
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Figure 12 This figure gives a set of curve samples for the first of the control fibers. Each color corresponds to a fit curve for a different
sample. The corresponding table for each set of data is Table 5.



The similar set of data for the five runs of the second control fiber, “RP2”, follows.

“RP2” Control Fiber: Source Location vs. Current Output
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Figure 13 This graph shows the fit curves for each test of the second control fiber, RP2. A table plots found in this graph come
from the data in Table 6.

A table of data listing the equations of fit for all the curves of each of these graphs can be found
in Table 4.



The graph of the set of data for the larger set of fibers tested follows.
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Figure 14 Testing of additional set of fibers. Note that the fits are color-coded to each fiber's data and shaded according to
which of the two runs each curve applies to. The raw data for this graph can be found in Tables 7A and 7B.

The data here remains mostly consistent in terms of its maximum and minimum values, and
because all the attenuation curves have maxima and minima in the same order of magnitude, including
the control fibers, it is likely that the errors in taking this data are the result of minor damage in the clear
transmission fiber, rather than evidence that the batch is bad. This should be fixable by re-cutting the
clear fibers with the hot razor.

Additional analysis is possible by fixing the starting point of each fiber run (at 0) and checking to
see how the curve produced by each test varies. Following are the data for each test of the R1 and R2
fibers, to show the spread of the curves.



Fixed Initial Start for R1 Fiber Test Runs
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Figure 15: Graph of relative ampmeter readings where the measurement at the end of the box farthest from the PMT is fixed

at 0, for the R1 fiber.

Fixed Initial Start for R2 Fiber Runs
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Figure 16: Graph of relative ampmeter readings where the measurement at the end of the box farthest from the PMT is fixed

at 0, for the R2 fiber.




Additionally, by measuring the proportions of each fiber to that of a single test, an estimation of
the fractional error as well as the variance in measurements at each point can be made. Following are
graphs for the R1 and R2 fibers where this has been done; each graph shows the proportion taken as
(current test)/(test #1). (Thus, for test #1, the graph will be a straight line with value 1.)

Proportional Error for R1 Fiber Tests
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Figure 17: This graph shows the result variance of each measurement compared to the first test for the R1 fiber. Y-axis values
are arbitrary units.

Note that the R1 test fiber result for this analysis does not show a strong relationship between
each test value, as there is a large variance. However, taking the fractional error of each point as the
value (maximum — minimum) /(2 * average) generates significantly smaller values for the error for
R1 than for R2 at each point. The results of this calculation as well as the raw values of these graphs can
be seen in Table 8.



Proportional Error for R2 Fiber Tests
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Figure 18: This graph shows the variance for each measurement of the R2 value. Y-axis values are arbitrary units.

Unfortunately, as no other batches were available at the time of testing, it is difficult to compare
this one to others in order to verify whether or not they would be of a high-enough light yield to be used
in the Minerva experiment. However, should additional batches be available for testing, a suitable
method for measuring and finding the light yield of such fibers has been made and can be used for any
such future experiments.
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Table 1: Dark Count Readings

time (min) Picoampmeter reading (nA)

0 -1.17
1 -1
2 -0.99
3 -0.98
4 -0.97
5 -0.97
6 -0.96
7 -0.96
8 -0.95
9 -0.94
10 -0.95
15 -0.94
20 -0.95
25 -0.95
30 -0.96
35 -0.97
40 -0.97
45 -0.97
50 -0.97
55 -0.98
60 -0.98
65 -0.98
70 -0.98
75 -0.97
80 -0.97
85 -0.97
90 -0.96
95 -0.97
100 -0.98
110 -0.96

120 -0.95
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Table 2: P2 Fiber test 11/11 data

-1.05 nA

Source distance from

end of box(cm)

14

28

42

56

70

84

98
112
126
140
154
168
182
196
210
224
238
252
266
280
294
308
322
336
350
364
378

Ammeter reading Adjusted (reading minus dark counts)

(nA)

-2.04
-2.08

-2.2
-2.19

-2.2
-2.24
-2.27

-2.3
-2.34
-2.38
-2.45
-2.47
-2.51
-2.48
-2.59
-2.63

-2.7
-2.77
-2.87
-2.96
-3.04
-3.12
-3.15
-3.23
-3.37
-3.42
-3.51
-3.64

(nA)

-0.99
-1.03
-1.15
-1.14
-1.15
-1.19
-1.22
-1.25
-1.29
-1.33

-1.4
-1.42
-1.46
-1.43
-1.54
-1.58
-1.65
-1.72
-1.82
-1.91
-1.99
-2.07

-2.1
-2.18
-2.32
-2.37
-2.46
-2.59



Source

distance from

end (cm)

14

28

42

56

70

84

98
112
126
140
154
168
182
196
210
224
238
252
266
280
294
308
322
336
350
364
378

Table 3: Data in “Additional reproducibility testing” graph

G2,11/23
adjusted

(nA)

0.05
0.02
0.02
0.01
0.02
0.01

-0.01
-0.03
-0.04
-0.06
-0.06
-0.09
-0.15
-0.19
-0.23
-0.26

-0.3
-0.36
-0.39
-0.44
-0.51
-0.56
-0.64

-0.8
-0.85
-0.91

G2, 11/18
adjusted

(nA)

-0.04
-0.08
-0.13
-0.16

-0.2
-0.22
-0.24
-0.22
-0.23
-0.28
-0.35
-0.38
-0.44
-0.47
-0.52
-0.56
-0.61
-0.69
-0.76

-0.8
-0.91
-0.97

-1.12
-1.25
-1.38
-1.47

G2, 11/11
adjusted

(nA)

-0.02
-0.03
-0.06

-0.1
-0.13
-0.14
-0.18

-0.2
-0.23
-0.27
-0.29
-0.34
-0.39
-0.44
-0.49
-0.55
-0.62
-0.68
-0.73
-0.85
-0.88
-0.97
-1.05

-1.2
-1.26
-1.42
-1.47

P2,11/18
adjusted

(nA)

-0.02

-0.1
-0.09
-0.11
-0.14
-0.16

-0.2
-0.22
-0.25
-0.27
-0.33
-0.39
-0.47
-0.63
-1.09
-1.27
-1.39
-1.43
-1.52
-1.62
-1.69
-1.73
-1.84
-1.98
-2.06
-2.17
-2.24

P2,11/23
adjusted

(nA)

-0.04
-0.07

-0.1
-0.13
-0.13
-0.18
-0.21
-0.23
-0.27
-0.26
-0.32
-0.35
-0.41
-0.49

-0.9
-1.13
-1.26
-1.32
-1.39
-1.42
-1.49
-1.61
-1.67

-1.8

-1.9
-2.03

-2.1



Fiber,
test #
RP1, testl
RP1, test2
RP1, test3
RP1, test4

RP1, test5
RP2, testl
RP2, test2
RP2, test3
RP2, test4
RP2, test5
RG1, testl
RG1, test2
RG2, testl
RG2, test2
RG3, testl
RG3, test2
RG4, testl
RG4, test2
RG5, testl
RG5, test2

A

-0.0005853 + 0.0002998
-5.485E-5 + 1.076E-5
-0.0005461 + 0.002165
-0.0007091 + 0.0003928

-0.0008562 + 0.0003524
-3.604E-5 + 2.198E-7
-0.00586 + 4.934E-5
-5.485E-5 + 1.076E-5
-0.001606 + 0.0004533
-0.0009109 + 5.842E-6
-0.3731 + 1.79E+5
-0.2688 + 8.255E+4
-0.248 £ 0.0771
-0.2319+£0.1149
-0.3467 + 1.466E+5
-0.0003884 + 0.0001492
-9.54E-5 + 8.006E-7
-0.1253 £ 1.125E+5
-0.3039 £ 0.1462
-0.1432 £ 0.0773

Table 4: Fit Data for fibers

B
-805.4+412.1
-9430 + 1849
-853 £337.9
-630 + 348.4

-550 + 226
-1.577E4 + 0.0427
-97.26 £ 0.05367
-9430 + 1.076E-5
-380.7 £ 107.2
-690.8 + 0.04849
-1.478 £ 1.79E+5
-1.867 + 8.255E+4
-2.094 + 0.3407
-2.262 £ 0.6264
-1.883 + 1.466E+5
-1033 +396.6
-1337 £0.02218
-2.972 + 1.125E+5
-2.204 £ 0.58
-3.712 £ 1.465

L1

396.9 £ 2141
382.8 +£4039
389.1 £ 2022
388 £1991

410.9+1728
2835+0.0427
1.007E4 + 0.05367
382.8 £ 4039
442.5 £ 1299
1093 +0.04849
7092 £ 0.6115
2494 +1.015
315.8+54

349.3 £88.93
5426 £0.7311
385.5+2194
3.37E+4 £ 0.02218
2023 £1.096
378.6+101.3
451.7 £ 200.7

L2
400.5+17.5
406.2 £6.351
391+12.93
390 £19.35

411.4 £15.15
436.5+0.0427
415.8 £ 0.05367
406.2 £ 6.351
442 +10.84
455.8 £ 0.04849
537.7 + 1.79E+5
536.9 + 8.255E+4
315.8 + 26.51
349.3+41.43
536.4 + 1.466E+5
384.1+12.86
234.7 +£0.02218
5372 £ 1.125E+5
378.6 +47.93
451.6 £59.18

This table gives the fits of each attenuation curve to the equation I = Ae */!1 4 Be™*/L2,

X2
(24 DOF)
0.05303
0.2363
0.03199
0.06575

0.03437
0.02187
0.03456
0.008273
0.02003
0.02822
0.02491
0.02441
0.01334
0.03446
0.03312
0.02581
0.005903
0.02145
0.04056
0.0468



Table 5: Raw Data for RP1 Attenuation Curves (5 tests)

dark
counts
(nA): -1.11 -1.05 -1.07 -1.15 -1.09
dial distance rawl adjl raw2 adj2 raw3 adj3 rawd adj4 raw5 adj5
reading (cm) (nA) (nA)  (nA) (nA)  (nA)  (nA)  (nA) (nA) (nA) (nA)
0 0 -16 -049 -157 -052 -158 -051 -166 -0.51 -1.62 -0.53
1 14 -1.64 -0.53 -1.58 -053 -161 -054 -166 -0.51 -1.63 -0.54
2 28 -1.67 -0.56 -1.6  -0.55 -1.6 -053 -1.69 -0.54 -1.65 -0.56
3 42 -1.7  -0.59 -1.1 -005 -1.61 -0.54 -1.7 -0.55 -1.65 -0.56
4 56 -1.72 -061 -162 -0.57 -164 -057 -1.71 -056 -1.67 -0.58
5 70 -169 -0.58 -1.63 -0.58 -1.66 -0.59 -1.7 -0.55 -1.68 -0.59
6 84 -1.73 -062 -166 -0.61 -1.67 -0.6 -1.72 -0.57 -1.68 -0.59
7 98 -1.76 -0.65 -1.67 -0.62 -169 -0.62 -1.76 -0.61 -1.68 -0.59
8 112 -1.71 -0.6 -1.67 -0.62 -1.7 -0.63 -1.74 -0.59 -1.69 -0.6
9 126  -1.73 -0.62 -1.69 -0.64 -1.7 -063 -1.79 -064 -1.71 -0.62
10 140 -1.75 -0.64 -1.7 -0.65 -1.7 -0.63 -1.77 -0.62 -1.71 -0.62
11 154 -1.79 -0.68 -1.72 -0.67 -1.72 -0.65 -1.79 -0.64 -1.73 -0.64
12 168 -1.78 -0.67 -1.75 -0.7 -1.72 -0.65 -1.83 -0.68 -1.75 -0.66
13 182 -1.83 -0.72 -1.78 -0.73 -1.77 -0.7 -181 -0.66 -1.79 -0.7
14 196 -183 -0.72 -1.79 -0.74 -1.8 -0.73 -1.8 -065 -1.81 -0.72
15 210 -1.85 -0.74 -1.81 -0.76 -1.83 -0.76 -1.84 -0.69 -1.82 -0.73
16 224 -1.89 -0.78 -1.83 -0.78 -1.84 -0.77 -1.87 -0.72 -1.8 -0.77
17 238 -1.92 -0.81 -1.86 -0.81 -19 -083 -189 -0.74 -191 -0.82
18 252 -195 -0.84 -193 -0.88 -195 -0.88 -1.92 -0.77 -194 -0.85
19 266 -197 -0.86 -1.97 -0.92 -196 -0.89 -2.01 -0.86 -198 -0.89
20 280 -2.01 -09 -198 -0.93 -2.02 -095 -2.06 -0.91 -2.03 -0.94
21 294 -2.09 -098 -2.03 -0.98 -2.09 -1.02 -2.12 -0.97 -2.04 -0.95
22 308 -2.12 -1.01 -2.04 -099 -211 -1.04 -2.15 -1 -2.08 -0.99
23 322 -2.15 -1.04 -2.09 -1.04 -2.17 -1.1 -219 -1.04 -2.13 -1.04
24 336 -2.21 -1.1 -2.15 -11 -216 -1.09 -2.21 -1.06 -2.14 -1.05
25 350 -2.26 -1.15 -2.25 -1.2 -2.2 -1.13 -2.25 -1.1 22 -1.11
26 364 -2.33 -1.22 -2.26 -1.21 -2.27 -1.2 -231 -1.16 -2.27 -1.18
27 378 -2.42 -1.31 -2.35 -1.3 -234 -1.27 -243 -1.28 -2.33 -1.24

The data in this table gives the ammeter readings and corresponding corrected values after taking the
dark counts of each of the 5 data sets for the RP1 control fiber. The column “raw[n]” gives the
uncorrected value for trial n, with the next column the corrected data associated with it. The dark count
for each trial is given in the column above its corresponding raw data column.



Table 6: Raw Data for RP2 Attenuation Curves

dark cts.

(nA) -1.08 -1.1 -1.09 -1.1 -1.02
rawl adjl raw2 adj2 raw3 adj3 raw4  adj4 raw5s

dial dist. (cm) (nA) (nA) (nA) (nA) (nA) (nA) (nA) (nA) (nA)
0 0O -168 -06 -1.67 -057 -163 -054 -1.73 -0.63 -1.69
1 14 -1.7  -0.62 -1.7 -0.6 -1.64 -0.55 -1.77 -0.67 -1.71
2 28 -1.71 -0.63 -1.74 -064 -166 -057 -1.78 -0.68 -1.77
3 42 -1.74 -0.66 -1.78 -0.68 -1.69 -0.6 -1.83 -0.73 -1.73
4 56 -1.75 -0.67 -182 -072 -171 -062 -181 -0.71 -1.77
5 70 -1.76 -0.68 -1.81 -0.71 -1.7 -0.61 -1.83 -0.73 -1.76
6 84 -178 -0.7 -183 -073 -1.73 -064 -1.84 -0.74 -1.76
7 98 -1.81 -0.73 -1.82 -0.72 -1.75 -0.66 -1.86 -0.76  -1.79
8 112 -1.82 -0.74 -1.83 -0.73 -1.79 -0.7 -1.88 -0.78 -1.82
9 126 -1.84 -0.76 -1.85 -0.75 -1.79 -0.7 -1.89 -0.79 -1.84
10 140 -1.8 -0.78 -1.88 -0.78 -1.81 -0.72 -1.93 -0.83 -1.87
11 154 -1.86 -0.78 -1.9 -0.8 -1.84 -0.75 -1.95 -0.85 -1.85
12 168 -188 -08 -191 -0.81 -1.84 -0.75 -197 -0.87 -1.88
13 182 -1.86 -0.78 -193 -0.83 -1.88 -0.79 -2.02 -0.92 -1.92
14 196 -194 -086 -195 -0.85 -191 -0.82 -2.01 -091 -1.96
15 210 -196 -0.88 -197 -0.87 -1.93 -0.84 -2.06 -0.96 -1.97
16 224 -199 -091 -2.01 -091 -197 -0.88 21 -1 -2.03
17 238 -2.04 -096 -2.08 -098 -2.02 -0.93 -2.12 -1.02  -2.06
18 252 -21 -102 -2.12 -1.02 -2.05 -096 -2.14 -1.04 -211
19 266 -2.13 -1.05 -2.17 -1.07 -2.08 -0.99 -2.18 -1.08 -2.14
20 280 -2.15 -1.07 -2.2 -11 -2.09 -1 -223  -1.13 -2.18
21 294 -219 -1.11 -2.25 -1.15 -2.15 -1.06 -2.27 -1.17  -2.19
22 308 -2.23 -1.15 -231 -1.21 -218 -1.09 -2.31 -1.21 -2.28
23 322 -23 -1.22 -234 -1.24 -2.25 -1.16 -2.37 -1.27  -2.29
24 336 -2.34 -1.26 -2.41 -131 -2.29 1.2 242 -132 -232
25 350 -2.38 -13 -245 -135 -233 -124 245 -135 -24
26 364 -24 -132 -249 -139 -237 -1.28 -252 -142 -2.46
27 378 -243 -135 -252 -142 -242 -1.33 -2.6 -1.5 -2.5

adj5
(nA)
-0.67
-0.69
-0.75
-0.71
-0.75
-0.74
-0.74
-0.77
-0.8
-0.82
-0.85
-0.83
-0.86
-0.9
-0.94
-0.95
-1.01
-1.04
-1.09
-1.12
-1.16
-1.17
-1.26
-1.27
-1.3
-1.38
-1.44
-1.48

The conventions for this data follow that of the previous one. The data here corresponds to the RP2

control fiber.
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Table 7A: Raw Data for Additional Fiber Attenuation Curves RG1, RG2, and RG3

RG1 RG2 RG3
Dark
Cts.
(nA) -1.08 -1.08 -1.07 -1.08 -1.07 -1.05
distance | rawl fixedl raw2 fixed2 | rawl fixedl raw2 fixed2 | rawl fixedl raw2 fixed2
(cm) (nA)  (nA)  (nA) (nA) |(m) (cm)  (cm)  (cm) | (cm) (cm)  (cm) (cm)
0| -1.32 -0.24 -135 -0.27 | -1.37 -0.3 -1.41 -033 | -1.42 -035 -146 -041
14| -131 -0.23 -135 -0.27|-139 -032 -144 -036| -142 -035 -1.49 -0.44
28 | -1.33 -0.25 -1.37 -0.29|-1.39 -0.32 -1.43 -0.35| -1.43 -0.36 -1.5 -0.45
42 | -1.34 -0.26 -1.38 -03|-141 -034 -144 -036]| -1.46 -0.39 -1.53 -0.48
56 | -1.33 -0.25 -1.4  -0.32|-1.42 -0.35 -1.45 -0.37 | -1.45 -0.38 -1.54 -0.49
70| -1.31 -0.23 -1.38 -0.3|-1.41 -034 -147 -0.39| -1.47 -0.4 -1.55 -0.5
84 | -1.32 -0.24 -1.4  -0.32|-1.42 -0.35 -1.46 -0.38| -1.49 -042 -158 -0.53
98| -1.35 -0.27 -1.41 -033|-146 -0.39 -1.48 -04| -151 -044 -16 -0.55
112 | -1.38 -0.3 -1.42 -0.34|-1.45 -0.38 -1.52 -044 | -152 -045 -1.59 -0.54
126 | -1.39 -0.31 -1.41 -0.33|-1.47 -04 -151 -043| -155 -048 -1.62 -0.57
140 | -1.41 -0.33 -143 -0.35]-1.48 -0.41 -1.52 -044 | -156 -049 -163 -0.58
154 | -143 -035 -143 -035| -15 -043 -152 -044| -1.58 -051 -1.63 -0.58
168 | -1.41 -0.33 -144 -0.36|-1.51 -0.44 -1.53 -045 -1.6 -0.53 -1.65 -0.6
182 | -143 -035 -1.47 -039|-153 -046 -153 -045| -1.59 -052 -1.67 -0.62
196 | -1.45 -0.37 -1.47 -0.39 | -1.56 -0.49 -1.55 -047 -1.6 -0.53 -1.69 -0.64
210 | -1.48 -04 -151 -043(-159 -052 -157 -049| -163 -056 -1.72 -0.67
224 -15 -042 -152 -044|-162 -055 -159 -051| -165 -0.58 -1.73 -0.68
238 | -1.52 -0.44 -154 -046|-163 -056 -162 -054| -169 -0.62 -1.79 -0.74
252 | -1.57 -0.49 -155 -047)|-166 -059 -163 -0.55| -1.73 -0.66 -1.8 -0.75
266 | -159 -051 -16 -052|-1.68 -0.61 -1.68 -06| -1.76 -0.69 -1.82 -0.77
280 -16 -052 -161 -053|-1.71 -064 -1.71 -063| -1.78 -0.71 -1.84 -0.79
294 | -1.64 -056 -162 -054|-1.73 -066 -1.73 -0.65| -1.83 -0.76 -1.88 -0.83
308 | -1.66 -0.58 -1.64 -056|-1.79 -0.72 -1.79 -0.71| -1.84 -0.77 -19 -0.85
322 | -169 -061 -169 -061|-1.82 -0.75 -1.82 -0.74| -1.88 -0.81 -1.95 -0.9
336 | -1.73 -0.65 -1.72 -064|-183 -0.76 -1.83 -0.75| -193 -0.86 -2.01 -0.96
350 | -1.79 -0.71 -1.78 -0.7| -19 -0.83 -19 -0.82| -195 -0.88 -2.09 -1.04
364 | -1.81 -0.73 -181 -0.73|-195 -088 -195 -0.87| -2.03 -0.96 -2.15 -1.1
378 | -1.85 -0.77 -1.84 -0.76 |-2.03 -096 -2.03 -095| -2.14 -1.07 -2.18 -1.13

This continues the conventions of the previous tables. The data here corresponds to the tested fiber
RG1, RG2, and RG3. RG4 and RG5 are given in Table 7B.




dial

Table 7B: Raw Data for Additional Fiber Attenuation Curves RG4 and RG5

RG4 RG5
| Darks (nA) -1.07 -1.03 -1.1 -1.12
distance rawl fixed1 raw2 fixed2 rawl fixedl raw2 fixed2
(cm) (nA) (nA) (nA) (nA) (nA) (nA) (nA) (nA)
0 0 -1.23 -0.16 -1.33 -0.3 -1.49 -0.39 -1.52 -0.4
1 14 -1.23 -0.16 -1.31 -0.28 -1.54 -0.44 -1.56 -0.44
2 28 -1.22 -0.15 -1.31 -0.28 -1.53 -0.43 -1.58 -0.46
3 42 -1.23 -0.16 -1.34 -0.31 -1.59 -0.49 -1.59 -0.47
4 56 -1.23 -0.16 -1.33 -0.3 -1.58 -0.48 -1.6 -0.48
5 70 -1.22 -0.15 -1.36 -0.33 -1.61 -0.51 -1.62 -0.5
6 84 -1.26 -0.19 -1.37 -0.34 -1.53 -0.43 -1.67 -0.55
7 98 -1.27 -0.2 -1.33 -0.3 -1.55 -0.45 -1.61 -0.49
8 112 -1.28 -0.21 -1.34 -0.31 -1.58 -0.48 -1.61 -0.49
9 126 -1.29 -0.22 -1.34 -0.31 -1.59 -0.49 -1.62 -0.5
10 140 -1.3 -0.23 -1.34 -0.31 -1.61 -0.51 -1.63 -0.51
11 154 -1.32 -0.25 -1.36 -0.33 -1.63 -0.53 -1.63 -0.51
12 168 -1.33 -0.26 -1.36 -0.33 -1.64 -0.54 -1.64 -0.52
13 182 -1.34 -0.27 -1.38 -0.35 -1.66 -0.56 -1.68 -0.56
14 196 -1.36 -0.29 -1.4 -0.37 -1.66 -0.56 -1.69 -0.57
15 210 -1.37 -0.3 -1.42 -0.39 -1.69 -0.59 -1.68 -0.56
16 224 -1.39 -0.32 -1.43 -0.4 -1.73 -0.63 -1.71 -0.59
17 238 -1.42 -0.35 -1.45 -0.42 -1.77 -0.67 -1.72 -0.6
18 252 -1.44 -0.37 -1.48 -0.45 -1.79 -0.69 -1.75 -0.63
19 266 -1.48 -0.41 -1.5 -0.47 -1.81 -0.71 -1.77 -0.65
20 280 -1.47 -0.4 -1.49 -0.46 -1.84 -0.74 -1.81 -0.69
21 294 -1.5 -0.43 -1.52 -0.49 -1.88 -0.78 -1.85 -0.73
22 308 -1.54 -0.47 -1.55 -0.52 -1.91 -0.81 -1.87 -0.75
23 322 -1.57 -0.5 -1.56 -0.53 -1.97 -0.87 -1.93 -0.81
24 336 -1.59 -0.52 -1.6 -0.57 -2 -0.9 -1.96 -0.84
25 350 -1.62 -0.55 -1.62 -0.59 -2.04 -0.94 -2 -0.88
26 364 -1.68 -0.61 -1.64 -0.61 -2.08 -0.98 -2.05 -0.93
27 378 -1.75 -0.68 -1.68 -0.65 -2.17 -1.07 -2.08 -0.96

This table uses the same conventions as the previous table and has the same conventions as the
previous ones. It gives the data associated with the tests for RG4 and RG5.




Table 8A: Raw data for R1 Proportionality Measurements and Fractional Error

Distance Test1 Fractional
(cm) Proportion Test 2 Test 3 Test 4 Test 5 Error
0 1 1.061224 1.040816 1.040816 1.081633 0.039063
-14 1 1 1.018868 0.962264 1.018868 0.028302
-28 1 0.982143 0.946429 0.964286 1 0.027372
-42 1 0.932203 0.915254 0.932203 0.949153 0.044803
-56 1 0.934426 0.934426 0.918033 0.95082 0.043253
-70 1 1 1.017241 0.948276 1.017241 0.034602
-84 1 0.983871 0.967742 0.919355 0.951613 0.041806
-98 1 0.953846 0.953846 0.938462 0.907692 0.048544
-112 1 1.033333 1.05 0.983333 1 0.032895
-126 1 1.032258 1.016129 1.032258 1 0.015873
-140 1 1.015625 0.984375 0.96875 0.96875 0.023734
-154 1 0.985294 0.955882 0.941176 0.941176 0.030488
-168 1 1.044776 0.970149 1.014925 0.985075 0.037202
-182 1 1.013889 0.972222 0.916667 0.972222 0.049858
-196 1 1.027778 1.013889 0.902778 1 0.063202
-210 1 1.027027 1.027027 0.932432 0.986486 0.047554
-224 1 1 0.987179 0.923077 0.987179 0.039267
-238 1 1 1.024691 0.91358 1.012346 0.05611
-252 1 1.047619 1.047619 0.916667 1.011905 0.065166
-266 1 1.069767 1.034884 1 1.034884 0.033937
-280 1 1.033333 1.055556 1.011111 1.044444 0.026998
-294 1 1 1.040816 0.989796 0.969388 0.035714
-308 1 0.980198 1.029703 0.990099 0.980198 0.024851
-322 1 1 1.057692 1 1 0.028517
-336 1 1 0.990909 0.963636 0.954545 0.023148
-350 1 1.043478 0.982609 0.956522 0.965217 0.043937
-364 1 0.991803 0.983607 0.95082 0.967213 0.025126
-378 1 0.992366 0.969466 0.977099 0.946565 0.027344



Table 8B: Raw Data for R2 Proportionality Measurements and Fractional Error

Distance Test1 Fractional
(cm) Proportion Test 2 Test 3 Test 4 Test 5 Error
0 1 0.95 0.9 1.05 1.116667 0.107973
-14 1 0.967742 0.887097 1.080645 1.112903 0.111821
-28 1 1.015873 0.904762 1.079365 1.190476 0.137615
-42 1 1.030303 0.909091 1.106061 1.075758 0.096154
-56 1 1.074627 0.925373 1.059701 1.119403 0.09366
-70 1 1.044118 0.897059 1.073529 1.088235 0.09366
-84 1 1.042857 0.914286 1.057143 1.057143 0.070423
-98 1 0.986301 0.90411 1.041096 1.054795 0.075549
-112 1 0.986486 0.945946 1.054054 1.081081 0.066667
-126 1 0.986842 0.921053 1.039474 1.078947 0.078534
-140 1 1 0.923077 1.064103 1.089744 0.082071
-154 1 1.025641 0.961538 1.089744 1.064103 0.062344
-168 1 1.0125 0.9375 1.0875 1.075 0.07335
-182 1 1.064103 1.012821 1.179487 1.153846 0.082938
-196 1 0.988372 0.953488 1.05814 1.093023 0.068493
-210 1 0.988636 0.954545 1.090909 1.079545 0.066667
-224 1 1 0.967033 1.098901 1.10989 0.069002
-238 1 1.020833 0.96875 1.0625 1.083333 0.055781
-252 1 1 0.941176 1.019608 1.068627 0.063353
-266 1 1.019048 0.942857 1.028571 1.066667 0.061205
-280 1 1.028037 0.934579 1.056075 1.084112 0.07326
-294 1 1.036036 0.954955 1.054054 1.054054 0.048587
-308 1 1.052174 0.947826 1.052174 1.095652 0.071791
-322 1 1.016393 0.95082 1.040984 1.040984 0.044643
-336 1 1.039683 0.952381 1.047619 1.031746 0.046948
-350 1 1.038462 0.953846 1.038462 1.061538  0.05287
-364 1 1.05303 0.969697 1.075758 1.090909 0.058394
-378 1 1.051852 0.985185 1.111111 1.096296 0.060028



Appendix 1: C Source for Exponential Fit Data

// global variables
TCanvas *canvas;
TGraph *graph;

TF1 *func;

void fit_expo(char *file, int color = kPink)
{

// open file

ifstream f(file);

if(f.failQ))

{

cerr << "error: unable to open file \"" << file << "\"" << endl;
return;

}

// ignore first Tine
string s;
getline(f, s);

double dial, x, Iraw, I;
vector <double> xs;
vector <double> Is;

// read file
for(;;)
{

f >> dial >> x >> Iraw >> I;
if(f.eof ) || f.fail()) break;

xs.push_back(-x);
Is.push_back(-1I);
}

// close file
f.close();

// style
gROOT->SetStyle("Plain");
gStyle->SetPalette(l);
gStyle->SetMarkerStyle(kPlus);
gStyle->SetMarkerSize(1.5);
gROOT->ForceStyle(Q);

// create canvas
bool canvas_exists = gROOT->FindObject("canvas");
if(!canvas_exists) canvas = new TCanvas("canvas", "canvas");

// create TGraph

doubTle *xs_c = new double[xs.size()]; for(int i
double *Is_c = new double[Is.size()]; for(int i
graph = new TGraph(xs.size(), xs_c, Is_c);
graph->SetTitle(";x (cm);I (nA)");
graph->Draw((canvas_exists)? "P" : "AP");
delete[] xs_c;

delete[] Is_c;

xs[i];
Is[i];

0; i < xs.size(); i++) xs_c[i]
0; i < Is.size(Q); i++) Is_c[i]

// fit exponentials

func = new TF1("func", "[0]*(exp(-x/[2])+[1]*exp(-x/[31D)");
func->SetParNames("A", "B", "L1", "L2");
func->SetParameter(0, 2.0); // nA

func->SetParameter(l, 1.0); // nA

func->SetParameter(2, 50.0); // cm

func->SetParameter(3, 400.0); // cm
func->SetLineColor(color);

graph->Fit("func");



The previous is the source code used to create the exponential fits used in the graphs of the data for the
R1, R2, and RG* fibers. It is designed to be used within ROOT. ROOT can be downloaded at
http://root.cern.ch/drupal/content/downloading-root. Version 5.28/00 was used.

Appendix 2: Graphs of Individual Fiber Tests, with Fit Parameters
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Figure 19 Graph of the first test of the R1 fiber. These graphs show the corrected output current as a function of the distance
from the end of the box away from the photomultiplier tube.
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Figure 20 Graph of the second test of the R1 fiber.
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Figure 21 Graph of the third test of the R1 fiber.
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Figure 22 Graph of the fourth test of the R1 fiber.
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Figure 23 Graph of the fifth test of the R1 fiber.
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Figure 24 Graph of the first test of the R2 fiber.
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Figure 25 Graph of the second test of the R2 fiber.
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Figure 26 Graph of the third test of the R2 fiber.
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Figure 27 Graph of the fourth test of the R2 fiber.
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Figure 28 Graph of the fifth test of the R2 fiber.
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Figure 29 Graph of the first test of the RG1 fiber.
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Figure 30 Graph of the second test of the RG1 fiber.
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Figure 31 Graph of the first test of the RG2 fiber.
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the RG2 fiber.
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Figure 33 Graph of the first test of the RG3 fiber
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Figure 34 Graph of the second test of the RG3 fiber.
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Figure 35 Graph of the first test of the RG4 fiber.
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Figure 36 Graph of the second test of the RG4 fiber.
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Figure 37 Graph of the first test of the RG5 fiber
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Figure 38 Graph of the second test of the RG5 fiber.




