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Report

Introduction/Theory

The purpose of these experiments is to determine whether applying a wavelength shifting (WLS) paint
to the surface of PMTs that will be used to observe Cherenkov light in the Gas Ring ImagiNg CHerenkov
(GRINCH) detector can increase the number of photoelectrons seen by the PMTs. The paint tested was
produced by Eljen Technologies and is designated EJ-299-31E. It was developed specifically for our needs
in consultation with Bogdan Wojtsekhowski. The PMTs are ET Enterprise’s 9125B 29 mm PMTs that
were previously used in the BaBar experiment and have had glass disks glued to their faces which helps
mitigate any previous damage to the faces. The quantum efficiency of these PMTs can be see in Figure
1. An increase in photoelectrons will be seen by observing the signal peak detected by the PMTs move
to higher ADC channels (more energy) when the paint is applied. This report will examine whether an
increase in photoelectrons is seen with the paint, how best to paint the PMTs, what thickness of paint is
best and if the cosmic ray tests can be replace by LED tests.

Figure 1. Quantum Efficiency of ET9125B PMT.

The WLS paint is composed of a polyvinyltoluene (PVT) binder and fluorescent dopants dissolved in
a xylene solvent. The fluorescents in the WLS paint absorb a given range of incident light (in our case in
the UV) and re-emit that light at a higher wavelength. This process shifts UV light that would be below
our PMTs’ sensitive range into their detectable range. The Cherenkov spectrum which our detector will
observe can be seen in Figure 2. Note that the PMT quantum efficiencies shown in this figure are not
the PMTs that will be used in the GRINCH detector, but the ET9390KB tube has an almost identical
QE curve. The WLS paint has a decay time of approximately 2 ns and a quatum efficiency of greater
than 90%.
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Figure 2. Plot of Cherenkov Spectrum along with Several PMT QE Curves. Note these
tubes will not be used in the GRINCH but the ET9390KB tube has a QE curve almost identical to the
ET9125B that will be used in the GRINCH.

As can be seen in Figure 2 the Cherenkov spectrum is more intense below the detection range of our
PMTs. Thus if we can use the WLS paint to absorb light at say 250 nm and fluoresce it at 350 nm
our PMTs will detect more photoelectrons overall. We do not have beam time to create this Cherenkov
spectrum for these tests so instead we use a quartz silica crystal and cosmic rays. The cosmic rays strike
the quartz crystal and produce Cherenkov radiation of a similar spectrum to the one shown in Figure 2 in
the crystal. This spectrum is then observed by our PMTs with and without the WLS paint applied. This
process can be seen in Figure 3. Figure 4 shows how the absorption and re-emission of the Cherenkov
light by the paint works.

This report will detail the development of the techniques used for reliable data collection from early
tests to useful data. The first section of this report entitled ”Development of Experimental Techniques”
is based on old progress reports and illustrates the process by which the current methods were created.
The first section is included mostly for completeness and should be skipped by those only interested in
the final results. To read only about the final methods developed and production results of this work
please skip to the section entitled ”Final Experimental Setup and Results” on page 16.

Developement of Experimental Techniques

The data was collected by observing the Cherenkov spectrum produced by cosmic rays striking a fused
silica crystal (Figure 5). Attached to this crystal was one PMT which was glued to the crystal and
continuously monitored the Cherenkov spectrum and is designated the Cherenkov PMT. Another PMT,
called the test PMT, was placed flush against the crystal opposite the Cherenkov PMT. This Test PMT
observed the Cherenkov spectrum with the wavelength shifting paint applied to its surface and without
it to see if there was an increase in photoelectrons observed. Above the crystal was placed a scintillator
to trigger the data acquisition.
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Figure 3. Cosmic Ray Striking Quartz Silica Crystal. A cosmic ray strikes the crystal and
produces Cherenkov radiation inside of the crystal which then is observed by the PMT.

Figure 4. Diagrammatic Representation of WLS Paint’s Operation on a PMT’s Face. The
WLS paint absorbs a lower wavelength of light and then fluoresces it at a higher wavelength that the
PMT can then detect.

Detector with Two Finger Counters and Cylindrical Crystal

The Cherenkov light detector was configured with a double coincidence between two finger counters
(above and below the crystal) as well as the Cherenkov PMT and test PMT (Figure 6). Further data
is now being taken by the Cherenkov PMT as well as the test PMT allowing for 2D comparisons of the
spectra. The double coincidence detector was run over a weekend and collected about 5500 events. These
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produced a fairly distinct signal peak that can be seen in Figure 7 (run 3352). This data is good but
took a fairly large amount of time to collect.

Figure 5. Cosmic Ray Striking Crystal. The ray strikes the crystal and then Cherenkov light is
produced and can be seen by the PMTs.

Figure 6. Double Finger Counter Configuration. A double coincidence is formed by two finger
counters.
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Figure 7. Finger Counter Double Coincidence. A good spectrum was obtained, but significant
run time was used.

Detector with Large Scintillator Trigger, No Coincidence and Cylindrical
Crystal

To collect data more efficiently the detector was reconfigured to trigger off of the single large scintillator
without any coincidence (Figure 8). Data is still being taken on the ADC spectra of the Cherenkov PMT
and the test PMT. This redesigned detector collects data much faster than the double coincidence style
but the data it collects is much dirtier. After about one hour of data collection reasonable statistics are
obtained.

Figure 8. Single Large Scintillator Configuration. This configuration now triggers off of a single
large scintillator.

When plotted without any refinement there is a great amount of noise and a large pedestal (Figure 9
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run 3354). However, a plot of the adc channels from both the Cherenkov PMT (adc[1]) and the test PMT
(adc[0]) can be produced (Figure 10). This plot allows us to make cuts to the adc channels removing
excess noise and the pedestal leaving the signal. After testing several cuts a plot of the test PMT’s adc
can be produced that shows a clear signal peak (Figure 11). This peak can be fit and then used to
compare the tubes with and without the wavelength shifting paint applied.

Figure 9. Unrefined Spectrum. The single large scintillator gives a very dirty spectrum if not given
proper cuts.

Figure 10. ADC spectra for both the Cherenkov tube and test tube. This plot is useful as it
allows one to see where the data needs to be cut to obtain a clear signal. The data inside the red oval
are the data being selected for analysis.

A freshly painted tube (1347) was then placed in the dark box and tested for about an hour. Note
that the high voltages on the PMTs were adjusted slightly to avoid saturation on this run. This tube
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Figure 11. Refined Spectrum. After cuts have been applied a cleaner plot is obtained with a clear
signal.

was then tested for another hour after having the paint scraped off. The results of these two runs can be
seen in Figure 12 and the parameters of the fit are given in Table 1. The fit used is given in Equation 1.
Note that even while these tests only ran for about an hour the errors are relatively low.
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(a) Tube 1347 no paint (b) Tube 1347 paint

Figure 12. Comparison of cleaned adc spectra for tube 1347 with and without paint applied to the
surface of the PMT.

The tests on tube 1347 indicate that the wavelength shifting paint is causing a loss in photoelectrons
overall. We can see this by comparing the ratios of parameter 5 which gives the relative position of the
signal peak we are interested in studying. The ratio of the painted tube’s parameter 5 to the non-painted
run is 0.75 indicating that light was lost when the paint was applied.
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Table 1. Tube 1347 Fit Given in Equation 1

Tube/Run P1 P2 P3 P4 P5

Tube 1347/Run 3357 np 38.2 158 54.3 18.4 204
Errors 3.17 5.03 6.39 1.07 7.69
Tube 1347/Run 3356 p 45.6 164 33.8 28.8 153
Errors 3.78 3.01 2.56 1.50 4.84

Longer tests were also run on tube 1341. The results of these runs can be seen in Figure 13 and Table
2. The fit for the peaks was switched to Equation 2 to better accommodate the signal. In this tube the
ratio of the painted parameter 5 to the unpainted one is 1.074 indicating that some photons were gained
with the paint.
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(a) Tube 1341 no paint (b) Tube 1341 paint

Figure 13. Comparison of cleaned adc spectra for tube 1341 with and without paint applied to the
surface of the PMT.

Table 2. Tube 1341 Fit Given in Equation 2

Tube/Run P1 P2 P3 P4 P5

Tube 1341/Run 3359 np 220 129 54.4 4.98 51.3
Errors 6.46 4.57 4.32 0.115 0.489
Tube 1341/Run 3358 p 447 142 56.4 11.1 55.1
Errors 9.34 2.07 2.48 0.161 0.307

As we have seen both gains and losses from the paint so far I have tested an older paint (EJ-299-31E)
that is supposedly identical to the one we are using on a never before painted tube. The results for these
old but identical paint runs can be seen in Figure 14 and Table 3. The fit used is given by Equation 2.
Comparing the fifth parameters as before we find a ratio of 0.724 again showing that light was lost when
the paint was applied. Note that this older paint had a more milky appearance than the one we’ve been
testing. I suspect this is due to age.

After testing the old identical paint another old but different type of paint (EJ-298) was tested on a
never before painted tube. The results for these old but identical paint runs can be seen in Figure 15 and
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(a) Tube 1676 no paint (b) Tube 1676 paint

Figure 14. Comparison of cleaned adc spectra for tube 1676 with and without paint applied to the
surface of the PMT. The paint (EJ-299-31E) used was an older but supposedly identical paint to the
one we have been using.

Table 3. Tube 1676 Fit Given in Equation 2

Tube/Run P1 P2 P3 P4 P5

Tube 1676/Run 3361 np 265 141 113 3.62 96.7
Errors 5.20 8.30 7.49 0.0877 1.54
Tube 1676/Run 3360 p 309 128 93.2 6.79 70.0
Errors 6.89 7.28 5.74 0.132 0.553

Table 4. The fit used is given in Equation 3. Comparing the fifth parameters of the painted run to the
nonpainted run we find a ratio of 1.08 showing a small gain of about 8 percent.
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Table 4. Tube 1677 Fit Given in Equation 3

Tube/Run P1 P2 P3 P4 P5

Tube 1677/Run 3363 np 150 146 33.4 3.49 46.4
Errors 7.66 1.26 2.17 0.0875 0.499
Tube 1677/Run 3362 p 426 146 25.8 8.98 50.3
Errors 13.9 0.598 0.896 0.129 0.314

Next another tube that had never been painted was tested. This tube was tested without ever having
had paint, then tested with paint, and finally was tested a third time with the paint scraped off. This was
done to see if painting the tube once permanently altered its characteristics. The plots of these results
can be seen in Figure 16 and their fit parameters are given in Table 5. The fit used was the one given by
Equation 2.

The ratio of the fifth parameters for when the tube was painted vs. never having been painted is
0.828, and the ratio for when the tube had been painted vs. when it had had the paint scraped off once
was 0.804. In both cases photons were lost when the paint was applied. Also the tube behaved the same
before and after it had been painted and then scraped. This indicates that the paint is not leaving any
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(a) Tube 1677 no paint (b) Tube 1677 paint

Figure 15. Comparison of cleaned adc spectra for tube 1677 with and without paint applied to the
surface of the PMT. The paint used was an older different paint (EJ-298) from that previously tested.

significant residue on the tube that influences future tests and rules out the possibility that light loss is
being observed due to painting, scraping, and then repainting the tubes.

Table 5. Tube 1678 Fit Given in Equation 2

Tube/Run P1 P2 P3 P4 P5

Tube 1678/Run 3364 np 407 154 102 10.5 101
Errors 9.21 4.62 5.60 0.151 0.595
Tube 1678/Run 3365 p 484 159 70.4 12.1 83.6
Errors 12.0 2.00 3.01 0.163 0.464
Tube 1678/Run 3366 np 264 151 95.9 6.82 104
Errors 7.85 5.99 7.17 0.116 0.739

The previous tests have not shown the consistent increase in photoelectrons expected from the ap-
plication of the wavelength shifting paint. It was expected that there would be a gain of 40-50 percent
in the number of photoelectrons, but instead a significant loss of photoelectrons was often observed and
when gains were achieved they were less than 10 percent. This has made us suspect that we are not
seeing a good Cherenkov spectrum possibly due to the composition of the cylindrical crystal. It is also
possible that the cylindrical geometry is more problematic than anticipated as it leads to differing path
lengths for the cosmic rays (Figure 17). This would lead to different energy photons being observed.

Detector with Large Scintillator Trigger, No Coincidence and Rectangular
Crystal

Either of the formerly mentioned issues could produce misleading results. To account for this possibility
a new rectangular fused silica crystal (12cm X 6cm X 2.5cm) which we are certain has the proper
composition will be used. Unfortunately this crystal has two sides which are unpolished. To address
this issue I have been polishing the crystal for several days using increasingly fine sandpaper and then a
liquid polish. This has succeeded in the previously unpolished sides of the crystal having a transparency
between 58 and 76 percent with an average of 65 to 70 percent. Due to the uneven nature of the polishing
the transparency is not consistent over the surface.

Also during polishing a crack was created at one of the corners of the crystal. It is relatively small
and should not greatly impact the results. A PMT is glued to the surface of the crystal on the end with
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(a) Tube 1678 no paint, never painted (b) Tube 1678 paint

(c) Tube 1678 no paint, painted once

Figure 16. Comparison of cleaned adc spectra for tube 1678 without paint ever having been applied to
the surface, then with paint, then with the paint scraped off after being painted once.

the small crack, but not covering the crack, to observe the Cherenkov spectrum. A test PMT will then
be placed against the other side of the crystal. On top of this crystal will be placed the same scintillator
as before which will trigger our data taking (Figure 18). The setup is identical to that for the cylindrical
crystal.

The PMTs observing the spectra are placed against the crystal on the sides with the smallest surface
area opposite one another. The crystal is stood ’vertically’ meaning that it rests on the side with the
second smallest surface area such that the largest side is perpendicular to the ground. The results from
the wavelength shifting paint for tube 1678 can be found in Figure 19 and Table 6. Equation 2 was used
for this fit. The ratio of their fifth parameters is 1.14 indicating a gain in photoelectrons of 14 percent.
These results for tube 1678 indicate that the new experimental setup is operating as desired.

Table 6. Tube 1678 Rectangular Crystal Fit Given in Equation 2

Tube/Run P1 P2 P3 P4 P5

Tube 1678/Run 3515 np 173 248 196 2.20 288
Errors 5.75 11.5 11.6 0.0558 3.52
Tube 1678/Run 3516 p 274 265 230 3.53 329
Errors 6.83 10.2 10.6 0.0665 3.46

The next tube examined was tube 1347 whose results can be seen in Figure 20 and Table 7. The
ratio of the painted tube over the unpainted tube’s fifth parameters is 1.495, indicating a gain of 49.5
percent. Tube 1343’s results can be seen in Figure 21 and Table 8. The ratio of the painted tube over the
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Figure 17. Differing Path Lengths in Cylindrical Crystal. Based on where the cosmic rays
strike the crystal they will have different path lengths giving a distorted spectrum.

Figure 18. Single Large Scintillator with Rectangular Crystal Configuration. The cylindrical
crystal was replaced by a rectangular crystal otherwise this is identical to figure 4.

unpainted tube’s fifth parameters is 1.221, indicating a gain of 22.1 percent. Tube 1334’s results can be
seen in Figure 22 and Table 9. The ratio of the painted tube over the unpainted tube’s fifth parameters
is 0.755, indicating a loss of 24.5 percent. Tube 1349’s results can be seen in Figure 23 and Table 10.
The ratio of the painted tube over the unpainted tube’s fifth parameters is 1.054, indicating a gain of 5.4
percent. Tube 1341’s results can be seen in Figure 24 and Table 11. The ratio of the painted tube over
the unpainted tube’s fifth parameters is 1.185, indicating a gain of 18.5 percent.

Tube 1334, which had previously observed a loss of light, was retested to confirm the previous result.
The results of this retesting can be found in Figure 25 and Table 12. This time the ratio of the tubes
fifth parameters was 1.246 showing a 24.6 percent increase in light seen. This new result is in line with
the other tubes tested. The previous loss of light may have been due to a methodological error such as
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(a) Tube 1678 no paint (b) Tube 1678 paint

Figure 19. Comparison of cleaned adc spectra for tube 1678 with and without paint applied to the
surface of the PMT. This test was performed with the new rectangular crystal.

(a) Tube 1347 no paint (b) Tube 1347 paint

Figure 20. Comparison of cleaned adc spectra for tube 1347 with and without paint applied to the
surface of the PMT. This test was performed with the new rectangular crystal.

Table 7. Tube 1347 Rectangular Crystal Fit Given in Equation 2

Tube/Run P1 P2 P3 P4 P5

Tube 1347/Run 3519 np 144 299 188 2.07 275
Errors 5.42 7.70 9.82 0.0580 3.95
Tube 1347/Run 3518 p 204 225 289 2.46 411
Errors 5.32 21.7 17.9 0.0486 5.91

Table 8. Tube 1343 Rectangular Crystal Fit Given in Equation 2

Tube/Run P1 P2 P3 P4 P5

Tube 1343/Run 3522 np 242 366 178 3.05 339
Errors 7.84 4.31 5.73 0.0625 3.90
Tube 1343/Run 3521 p 234 359 201 2.80 414
Errors 7.12 4.66 6.80 0.0521 5.05

not having the face of the PMT in close enough contact with the crystal or the dark box shifting during
testing. There may also have been too thick or perhaps uneven a layer of paint on the tube before. As
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(a) Tube 1343 no paint (b) Tube 1343 paint

Figure 21. Comparison of cleaned adc spectra for tube 1343 with and without paint applied to the
surface of the PMT. This test was performed with the new rectangular crystal.

(a) Tube 1334 no paint (b) Tube 1334 paint

Figure 22. Comparison of cleaned adc spectra for tube 1334 with and without paint applied to the
surface of the PMT. This test was performed with the new rectangular crystal.

Table 9. Tube 1334 Rectangular Crystal Fit Given in Equation 2

Tube/Run P1 P2 P3 P4 P5

Tube 1334/Run 3524 np 179 398 250 2.28 420
Errors 5.25 6.69 9.01 0.0463 6.59
Tube 1334/Run 3523 p 184 295 309 2.58 317
Errors 4.79 17.1 17.9 0.0707 4.85

Table 10. Tube 1349 Rectangular Crystal Fit Given in Equation 3

Tube/Run P1 P2 P3 P4 P5

Tube 1349/Run 3526 np 295 222 76.7 16.9 186
Errors 9.53 2.03 2.43 0.374 2.03
Tube 1349/Run 3525 p 250 202 93.9 16.6 196
Errors 1.00 3.35 5.39 0.371 2.25

this result is in agreement with the other results it will be used in place of the former one.
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(a) Tube 1349 no paint (b) Tube 1349 paint

Figure 23. Comparison of cleaned adc spectra for tube 1349 with and without paint applied to the
surface of the PMT. This test was performed with the new rectangular crystal.

(a) Tube 1341 no paint (b) Tube 1349 paint

Figure 24. Comparison of cleaned adc spectra for tube 1341 with and without paint applied to the
surface of the PMT. This test was performed with the new rectangular crystal.

Table 11. Tube 1341 Rectangular Crystal Fit Given in Equation 1

Tube/Run P1 P2 P3 P4 P5

Tube 1341/Run 3530 np 488 210 67.3 283 276
Errors 15.4 2.04 1.96 5.79 2.82
Tube 1341/Run 3527 p 430 221 73.1 198 327
Errors 13.8 2.17 2.10 4.59 4.17

Table 12. Retest of Tube 1334 Rectangular Crystal Fit Given in Equation 2

Tube/Run P1 P2 P3 P4 P5

Tube 1334/Run 3540 np 110 455 203 1.71 402
Errors 4.18 6.55 6.73 0.0418 5.69
Tube 1334/Run 3539 p 126 469 244 1.55 501
Errors 4.82 6.88 9.26 0.0371 10.4

Conclusion One

We have determined that the wavelength shifting paint increases the amount of light seen. However, this
change in light is highly variable for each tube ranging from a gain of 5 percent to a gain in light of 50
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(a) Tube 1334 no paint (b) Tube 1334 paint

Figure 25. Comparison of cleaned adc spectra for the retest of tube 1334 with and without paint
applied to the surface of the PMT. This test was performed with the new rectangular crystal.

percent. Due to the strong dependence on the specific PMT each tube will have to be tested individually
to see the effect of the paint. Unfortunately testing the PMTs with the Cherenkov spectrum takes about
24 hours so it is not a realistic method to test about 500 tubes. Thus we propose a study to correlate
the Cherenkov spectrum seen by a tube to an LED spectrum seen by that tube as LED tests take only
a matter of minutes.

Final Experimental Arrangement and Results

Experimental Procedure and Arrangement

The final setup for testing the WLS paint can be seen in Figure 26. A reference PMT was glued to one
side of a rectangular quartz crystal (12cm X 6cm X 2.5cm) and a test PMT was placed flush against the
opposite end during testing. Incoming cosmic rays strike the crystal and produce Cherenkov radiation
which is then observed by the two PMTs. A large scintillator is place above the crystal to trigger the
data collection. Having two PMTs observe the Cherenkov spectrum makes it possible to place cuts on
the ADC data to acquire a cleaner spectrum. By observing the difference in the ADC spectra when the
test tube has the WLS paint applied and when it does not the change in the number of photoelectrons
observed can be determined. If the signal peak on the ADC shifts to the right when the tube is painted
versus when it is not then more energy was collected and thus more photoelectrons were observed by the
PMT due to the paint.

Tests were performed by placing a painted test PMT flush against the crystal in the dark box (Figure
28). The painted PMT and the reference PMT then observed the Cherenkov spectrum for approximately
21 hours. The test tube was then removed from the dark box and placed in a separate dark box to observe
an LED whose spectrum is given in Figure 27. The LED was observed at three different distances and
the change in photoelectrons detected with and without the WLS paint at each distance was averaged to
ensure our results were reliable. The purpose of observing the LED spectrum was to attempt to correlate
the LED results with the cosmic results. If a correlation was found the UV LED could be used to test
tubes in about 15 minutes instead of 21 hours for the cosmic tests.

Next the thickness of the tube’s paint layer was measured. This measurement is done by scraping
the paint off of the PMT face in four small areas using a razor blade as seen in Figure 29. A coordinate
measuring machine (CMM) in the EEL building machine shop is then used to determine the thickness.
The CMM has a probe which can very precisely determine coordinates. By touching that probe to the
exposed glass a plane for the surface of the glass is determined by the machine. Then another plane can
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Figure 26. Final Experimental Arrangement. The ray strikes the crystal and then Cherenkov
light is produced and can be seen by the PMTs.

Figure 27. UV LED Spectrum The peak of the LED signal is at approximately 315 nm.

be determined by touching the probe a number of times to the surface of the paint. The machine then
calculates the distance between the two planes giving the paint’s thickness. These measurements were
done numerous times and averaged to get more accurate results. Fortunately the glass discs glued to the
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PMT faces were found to be fairly flat.
Once an average paint thickness is determined the remainder of the paint is scraped off of the tube

and the tube’s face is then cleaned. The tube then observes the LED spectrum again without paint.
Then the tube is placed back in the dark box to observe the Cherenkov cosmic spectrum for another 21
hours without paint. Once this second test is completed the two ADC spectra for the cosmic tests with
and without paint are fit using a Gaussian for the single photoelectron peak and an exponential for the
signal peak. Equation 4 gives the equation used for the fit where N is given by either 3, 4 or 5 depending
on which gave the most reasonable fit, usually N = 5. By comparing the parameters of the two fits
which give the location of the signal peak the change in photoelectrons detected due to the paint can be
calculated. The shift in the LED ADC spectra with and without paint can be determined by directly
calculating the number of photoelectrons observed using the equation given in Equation 5.

Figure 28. Image of Experimental Setup. Two PMTs can be seen flush against the rectangular
quartz crystal. A scintillator is place above the crystal to trigger data taking.

Figure 29. PMT Ready for Paint Thickness Measurements. Four small regions of paint have
been scraped off of the PMT face exposing the glass underneath.
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Tubes were painted by placing a hollow plastic cylinder over the tops of the PMTs. Stretched over
the opening of this cylinder are two parallel wires with a known diameter. A drop of paint is then placed
on the PMT face between the two wires using a syringe. The flat edge of a razor is then dragged over the
two wires along their length to spread the paint over the face of the tubes. The two wires thus determine
the thickness of paint deposited as paint thicker than the diameter of the wires will be scraped off of the
PMT face. By repositioning the cylinder the whole surface of the tube can be covered. This procedure
is shown in Figure 30.

Figure 30. Painting Procedure. By scraping a flat edge along the lengths of the two parallel wires
the paint thickness can be controlled.

Results/Discussion

Let us first verify that the painting method which utilizes the diameters of two lengths of wire to set
the paint thickness is reliable. To do this five different wire thicknesses were tested over several months.
More promising wire diameters were tested more frequently than those exhibiting less positive results for
increasing the number of photoelectrons detected. Tables 13, 14, 15, 16, and 17 list the thicknesses of
paint layers resulting from the five different wire diameters along with the average thickness for the wire
diameter and the standard deviation. A plot of wire diameter versus the average thicknesses of the dried
paint can be seen in Figure 31.
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Figure 31. Wire Diameter vs. Average Dried Paint Thickness. Wire diameter is convincingly
correlated to the thickness of the dried paint layer left behind.

Table 13. Paint Thicknesses Resulting from 0.02 mm Diameter Wire

Tube # Wire Diameter (mm) Dried Paint Thickness (mm)
1679 0.02 0.0112
1343 0.02 0.0207
1449 0.02 0.001
1677 0.02 0.0014
1334 0.02 0.0049
1445 0.02 0.0049
1341 0.02 0.0083

Average Thickness: 0.0084
Standard Deviation: 0.0069

It is clear from Figure 31 that the diameter of the wire is strongly correlated to the thickness of the
dried paint left behind. The standard deviation of this thickness tends to be about 5-10 microns which
will be shown to be acceptable later on. It is important to note that these wires become kinked, bent
or have paint remnants left on them over time so it is possible that results will change if wires are not
changed regularly. This can be seen in the data for the 80 micron wire which are listed chronologically. I
suspect the standard deviation can be brought down to perhaps five microns if the wire is switched out
regularly, perhaps every 10 - 15 tubes or at least once a day. This also implies that the average paint
thickness achieved for the 80 micron wire is probably slightly thinner then listed in the table.

Figure 32 shows an example of the fit of the ADC data from the cosmic tests for tube 1341. You can
clearly see that the signal peak has shifted up in ADC channels when the WLS paint is applied indicating
a gain in photoelectrons detected. Table 18 gives the parameters of this fit. By comparing the ratio of
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Table 14. Paint Thicknesses Resulting from 0.08 mm Diameter Wire

Tube # Wire Diameter (mm) Dried Paint Thickness (mm)
1341 0.08 0.0216
1343 0.08 0.0163
1349 0.08 0.0251
1347 0.08 0.0221
1349 0.08 0.0286
1343 0.08 0.0288
1677 0.08 0.0265
1679 0.08 0.0282
1441 0.08 0.0226
1341 0.08 0.0329
1341 0.08 0.0305
1343 0.08 0.0246
1334 0.08 0.0365
1341 0.08 0.0309
1343 0.08 0.0370
1445 0.08 0.0477
1449 0.08 0.0239
1450 0.08 0.0525
1679 0.08 0.0374

Average Thickness: 0.0302
Standard Deviation: 0.009

Table 15. Paint Thicknesses Resulting from 0.13 mm Diameter Wire

Tube # Wire Diameter (mm) Dried Paint Thickness (mm)
1443 0.13 0.0503
1442 0.13 0.0433
1347 0.13 0.0385
1349 0.13 0.0431

Average Thickness: 0.0438
Standard Deviation: 0.0042

Table 16. Paint Thicknesses Resulting from 0.18 mm Diameter Wire

Tube # Wire Diameter (mm) Dried Paint Thickness (mm)
1341 0.18 0.0383
1334 0.18 0.0481
1444 0.18 0.0733
1449 0.18 0.0559

Average Thickness: 0.0539
Standard Deviation: 0.0128

the fifth parameters, the parameters giving the position of the signal peak, of the painted tube to the
unpainted tube the change in photoelectrons can be calculated. In the case of this trial the ratio of 193

150 is
equal to 1.287, which in other words indicates that the WLS paint caused a 28.7% gain in photoelectrons
detected. Table 19 gives a full list of results for these tests. Note that some tests did not have LED tests
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Table 17. Paint Thicknesses Resulting from 0.24 mm Diameter Wire

Tube # Wire Diameter (mm) Dried Paint Thickness (mm)
1446 0.24 0.0636
1445 0.24 0.0585
1450 0.24 0.0623

Average Thickness: 0.0615
Standard Deviation: 0.0027

with them and several tubes were tested multiple times with different coats of paint.

(a) Tube 1341 no paint (b) Tube 1341 paint

Figure 32. Comparison of cleaned ADC spectra for tube 1341 with and without paint applied to the
surface of the PMT.

Table 18. Tube 1341 Fit with N = 5

Tube/Run P1 P2 P3 P4 P5

Tube 1341/Run 3786 np 424 208 87.1 6.10 150
Errors (%) 14.2 2.20 3.01 0.131 1.41
Tube 1341/Run 3778 p 271 219 91.9 3.35 193
Errors (%) 12.5 2.85 4.44 0.0849 2.14

Figure 33 shows a plot of the thickness of the paint versus the percent change in photoelectrons
detected when the paint was applied. Some of the error bars are large due to some saturation on the
ADC. The general pattern appears to be roughly quadratic which can be seen in the red fit. However,
there appears to be a relatively stable region between 10 and 40 microns. Thus if we choose a wire
diameter that will give us a dried paint thickness in this region our increase in photoelectrons should be
maximized. 80 micron wire led to a thickness of 0.0302 mm so if 80 micron diameter wire is used to paint
the PMTs the resulting paint thickness should fall in the region of maximum photoelectron gains.

The overall average increase in photoelectrons detected for all diameters of wire used to paint the
PMTs is 18.9%. The average increase in photoelectrons detected by tubes painted with the 80 micron
diameter wire is 23.7%. Note that the most important factor that determines the change in photoelectrons
is not the paint thickness but the innate properties of the tubes themselves. Most tubes saw gains with
the WLS paint but some saw gains as high as 41% and a handful saw losses. It appears that the quantum
efficiency of each tube individually is the most vital factor in determining the WLS paint effect. It may
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Table 19. Full Results of WLS Paint Tests

Tube # Paint Thickness (mm) % Gain Cosmics % Error Cosmics % Gain LED
1341 0.0216 40.5 5.915 NA
1343 0.0163 40.9 26.218 NA
1347 0.0221 16.8 8.441 NA
1349 0.0286 29.7 3.261 NA
1349 0.0251 34.0 3.437 NA
1341 0.0383 23.6 17.331 NA
1334 0.0481 23.1 17.331 42.5
1343 0.0288 7.2 8.798 55.3
1441 0.0226 3.9 4.926 13.7
1443 0.0503 -2.4 6.27 -23.1
1442 0.0433 0.8 19.521 49.2
1341 0.0329 28.7 3.298 176.3
1446 0.0636 -7.7 19.272 -0.001
1334 0.0365 11.6 19.291 50.9
1679 0.0112 26.9 5.755 32.2
1343 0.0207 25.2 11.217 62.4
1449 0.001 15.0 4.619 45.6
1677 0.00167 16.1 3.376 43.1
1334 0.0112 24.2 3.93 53.3
1445 0.00493 -8.86 3.391 6.8
1341 0.00833 47.1 4.528 154.3

be useful to get QE spectra for several tested tubes and see if this is a good predictor of the WLS paint’s
impact on photoelectron detection.

The paper by K. Allada et. al. which had previously explored these WLS paints found that the increase
in photoelectrons detected changed dramatically when switched from a normal atmosphere environment
to a CO2 environment [1]. In their experiments paint EJ-299-31E, which is the paint selected for these
tests, saw a gain of 34% in atmosphere but saw gains of 64% in the CO2 environment. This may have
been due to CO2 being more transparent to the UV Cherenkov photons. In the tests performed in this
report a complete seal between the PMT’s glass face and the crystal was not quite possible thus the
Cherenkov photons traversed a small amount of atmosphere before entering the PMT. This increases
the absorption of photons before they reach the PMT as well as causing them to pass through multiple
indices of refraction. Due to this complication it is very possible that we could see significantly different
(likely greater) gains in photoelectrons from the WLS paint in the actual detector based on the gas used.
This gas has yet to be determined but when it is I believe that testing the WLS paint in a container
of this gas would be greatly beneficial to obtain a better estimate of the gains expected during actual
experimentation. I believe William and Mary may have a prototype box that could be re-purposed for
these tests.

Cosmic tests take two days to complete so it is desirable to replace them with a more efficient method.
A UV LED has been observed by the PMTs being tested as previously described to hopefully replace
the cosmic runs. For the LED to replace the cosmics we must be able to show that the LED tests are
meaningfully correlated to the cosmic tests. First let’s examine the gain in photoelectrons from the LED
seen by the PMTs with paint versus the thickness of the paint (Figure 34). The first thing that stands out
are four points with very high gain. All four of these points were derived from tube 1341 and as such are
products of the tube’s high gain and not actual peaks to be expected at certain thicknesses. Excluding
these four points (Figure 35) we can see that the LED gain is loosely quadratic like the cosmics gain but
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Figure 33. Change in Photoelectrons Detected from Cosmics with WLS Paint Applied vs.
Thickness. The fit is quadratic.

the correlation is poor. However, the peak of the LED gain does appear to be in approximately the same
place as the peak of the cosmics gain at around 22 to 25 microns.

We can also make a plot of the LED gain versus the cosmics gain (Figure 36). The two values are
clearly correlated and the relationship appears to be linear with R2 = 0.5915. To try to make better
sense of this correlation we can plot the ratio of the LED Gains from the WLS paint to the gain from the
cosmics i.e. LED Gain

Cosmics Gain (Figure 37). Once again tube 1341’s large gain accounts for the two outlier data
points. This plot shows us that the LED generally sees a greater gain in photoelectrons than the cosmics
see. Ignoring tube 1341’s data points (the highest two) the ratio looks relatively flat ranging between 1.1
to 1.5.

These plots make it clear that the LED results are correlated to the cosmic results, however I am
unsure if the correlation is strong enough to replace the cosmic runs with LED runs. More tests will
likely be needed before any determination could be made with confidence. I would suggest that for the
purposes of further testing that some LEDs of different UV wavelengths be acquired to try to find a better
correlation to the cosmics. An even better solution would be to have the tubes observe a UV spectrum
more like the Cherenkov spectrum given off by the cosmics as opposed to strongly peaked LEDs. In this
manner we would be making a more apples to apples comparison with the cosmic tests.

Conclusions and Future Work

We have demonstrated that cosmic rays striking a quartz silica crystal produce a Cherenkov spectrum
similar to the one we expect to see in the GRINCH detector. This spectrum can be observed by PMTs
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Figure 34. Gain in Photoelectrons Detected Observing LED with WLS Paint Applied vs.
Thickness.

with and without a WLS paint to determine the change in photoelectrons detected due to the application
of the WLS paint. It was found that the thickness of the paint does influence the gain in photoelectrons
detected. With too thin of a layer of paint the gain from the WLS paint will decrease likely due to there
not being enough fluorors to re-emit the incident photons. When the paint is too thick the gain also
decreases due to the paint simply blocking too much light. This produces a vaguely quadratic relation
shown in Figure 33 which peaks around 25 microns and is fairly stable in the region of 10 to 40 microns.
Fortunately this stable region is at an easily attainable thickness. Painting as described previously using
an 80 micron thick wire produces a 30 micron thick paint layer on average. This 30 micron thick layer
is well in the stable region of maximum gain and previous results indicate an average gain of 23.7%
photoelectrons for this diameter wire.

It is clear that there is a correlation between the cosmic runs and the LED runs. However, it is not
clear that the correlation is strong enough that the faster LED tests could replace the slow cosmic tests,
which observe a true Cherenkov spectrum. More tests will likely be required before this question can
be answered with certainty. Using several other UV LEDs of different wavelength than the one tested
may yield results more closely correlated to the cosmic runs. Another method would be to produce a
UV spectrum that more closely imitates the cosmic spectrum given off by the cosmic tests. This would
allow us to perform tests looking at a similar spectrum to the one that will be produced in the GRINCH
detector much more quickly as we would not be limited by the rate of cosmic rays striking our crystal.

20 PMTs have been selected to be painted with the 80 micron wire and then be sent to JMU for
further testing of the WLS paint’s effects. These will hopefully be ready for testing sometime soon. We
still do not know the exact absorption and emission spectra of our WLS paint. Carl Zorn was good
enough to find an old colleague, Anna Pla-Dalmau, at Fermilab who has the equipment needed for these
measurements and she has generously offered to do these tests for us. Currently we are in the process of
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Figure 35. Gain in Photoelectrons Detected Observing LED with WLS Paint Applied vs.
Thickness. Tube 1341 with very high gain is excluded.

sending a sample of the WLS paint to her for testing. Testing of the WLS paint in the actual detector
gas, perhaps in a prototype box, would offer a clearer picture of the photoelectron gains expected during
actual experiments. Measuring PMT’s QE spectra and comparing this to the increase in photoelectrons
detected with the WLS paint added may yield a more reliable way to predict the paint’s effects on a
given tube. Ultimately all 500 tubes for the GRINCH will need to be painted and then tested so that
they can be grouped with tubes of similar gain before being placed in the detector.
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Figure 36. Gain in Photoelectrons Detected Observing LED with WLS Paint Applied vs.
Gain in Cosmics. The correlation appears approximately linear.
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Figure 37. Ratio of LED Gain in photoelectrons detected from WLS paint to Cosmics
Gain vs. Thickness.


