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Abstract

This memo describes the tests performed on three Milagro PMTs in UMD. Initially, pulse-height

distributions of the PMT signals were made for different conditions. The dependence of the pulse heights

with respect to the supply voltage, the photocathode illumination position and the PMT orientation

was examined. Next, the dependence of the detection efficiency on the incidence angle and illumination

position was examined. The main finding of this series of tests was that the PMT gain and detection

efficiency depends strongly on the photocathode illumination position. Both parameters decrease as

points far away from the top of the PMT and near the equator are illuminated.
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1 Experimental setup

Three outrigger PMTs were tested (PMT details shown in Table 1). From these, just one of them PMT
#1024 was extensively tested.

PMT# S/N Optimum HV (Volts)

1024 SA2979 1650
394 SA1073 1825
992 SA1483 1730

Table 1: Details of the PMTs tested

The PMTs are used in Milagro in a way that the signal and the supply voltage are carried in the same
cable. A signal pick-off circuit is used to extract the signal from the cable that carries the supply voltage to
the PMT. The circuits of the PMT base and signal pick-off circuit are shown in Appendix 4.1 on page 10.

For making the pulse height distributions, the PMT pulses were analysed by a Tektronix TDS2024
oscilloscope. The oscilloscope would measure their amplitude and send the results to a PC through the serial
port. For the detection efficiency measurements a Philips Scientific Model 706 discriminator and a 20ns
dead-time scaler were used. The system was gated with a LeCroy 222 Dual Gate Generator. All the modules
were mounted on a LeCroy Model 1002A NIM Crate.

The light source is composed of parts from Thorlabs and Nichia corp. Two black threaded tubes of
1’ diameter and 2’ and 3’ length were the main body of the light source. Between the two tubes a neutral
density filter with 1/100 (ND2) absorption factor was used. The light was produced by LEDs from the Nichia
corporation. Their biggest advantage is that their spectral response is pretty narrow (∼30nm FWHM) and
that they are relatively stable under changes in temperature. At the ends of the tubes two end-caps were
attached. The end-caps had a hole of ∼4.8mm diameter. One of the end-caps was used to firmly hold the
LED and the other as a collimator. The resulting light beam had a very low opening angle of about 1deg.

The experimental tests required the light source to be positioned in predefined known locations and
orientations with respect to the PMT face. A wooden structure was built for that reason. With the help of
clamps the PMT and the light source could be mounted steadily on the structure. A photo of the structure
with the light source and a broken PMT mounted on it, is shown in Figure 1.

Figure 1: PMT and light source support structure
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2 The tests

2.1 Pulse height spectra

For all the tests except the dark noise spectrum, the light source was operated in pulsed mode. In the pulsed
mode, a BNC BL-2 Pulse Generator was used for driving the light source and for triggering the oscilloscope.
The light level was so low that the light source would emit at most two distinct photons after each pulse.
The oscilloscope would digitize pulses occuring in a window, of width ∼100ns, starting ∼110ns after the
pulses. The dark rate of the PMT was about 2KHz, so on average there was just one dark noise hit digitized
by the oscilloscope every ∼ 2 · 105triggers. For the dark noise spectrum test, the light source was connected
to a low voltage power supply and was operated in DC mode. The oscilloscope was then self triggering on
the PMT pulses.

In all the following pulse height spectra, the pedestal is suppressed and the curves are normalised to have
integral equal to 1.

2.1.1 Dark noise spectrum

The PMT (#1024) was in an optically shielded black box and the room lights were off. The PMT was in
the vertical position (like in Milagro). The count rate was about ∼1.8KHz. The oscilloscope had an internal
limit on the minimum pulse amplitude it could be triggered by related to the volts/div scale of its display.
For this measurement, the effective triggering threshold was at about 10mV. The supply voltage was 1800V.
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Figure 2: Dark noise pulse height distribution

2.1.2 Dependence on the supply voltage and PMT orientation.

PMT #1024 was tested. Pulse height distributions were made for different supply voltages(1600V, 1800V and
2000V), illumination positions (top and near the equator) and PMT orientations (horizontal and vertical).
While in the horizontal orientation, a vector perpendicular to the top of the photocathode and pointing
outwards, would point to the south.
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Figure 3: Pulse height distribution for illumination of the top of the photocathode
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Figure 4: Pulse height distribution for illumination of a point near the equator

2.1.3 Dependence on the illumination position

Pulse height distributions were made for different illumination positions on the photocathode. The supply
voltage used was 1800V and the PMT orientation was vertical. Only one of the PMTs was extensively tested
(PMT #1024). For the other two PMTs, only the side and top illumination positions were examined. Notice
the sharp transition between 63oand 71o in table 2. It is worth noting that the width of the pulses stays
almost the same independently on their height.
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Figure 5: Pulse height distribution for illumination at different positions on the photocathode
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Figure 6: Pulse height distributions for illumination at the top of three different PMTs
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Distance from top Distance from PMT axis Angle Most probable pulse height
measured on the PMT surface (cm) (cm) (deg) (mV)

0 0 0 46.98
3.9 3.85 29 52.64
7.0 6.7 52 51.85
8.6 7.9 63 40.55
9.6 8.4 71 18.88
10.1 8.6 75 11.68
12.2 9.6 90 4.6

Table 2: Most probable pulse height
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Figure 7: Pulse height distributions for illumination at the side of three different PMTs

2.2 Detection efficiency

2.2.1 Dependence on the photocathode position

The light source was operated at DC mode. There were seven different sets of measurements, each one
corresponding to one of the illumination positions described above. Each set was composed of two background
measurements followed by two signal measurements and then followed by two background measurements.
The duration of each measurement was 10sec and in each, the number of pulses with amplitudes over 10mV1

were counted. Only one of the PMTs was extensively tested (#1024). For the other two PMTs only the the
ratio of side/top efficiency was measured.

Since the counting system couldn’t measure the pulses over the pedestal (∼5mV) and under 10mV, the
signal counts had to be multiplied by an appropriate factor. This factor, calculated from the pulse height
distribution for each position, was equal to the ratio of the number of pulses with amplitudes higher than
5mV over the number of pulses with amplitudes higher than 10mV.

1the lowest discrimination level of the discriminator
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Angle of illumination position (deg) Relative efficiency (%)

PMT #1024 PMT #394 PMT #992
0 100±0.52 100±0.49 100±0.84
29 92.38±0.48
52 88.52±0.33
63 62.74±0.32
65 65.45±0.60
66 65.88±0.26
90 44.13±0.16 30.78±0.12 33.41±0.13

Table 3: Relative detection efficiency vs illumination position

Figure 8: Relative detection efficiency as a function of the illumination position

2.2.2 Dependence on the incidence angle

The top of the photocathode (of PMT #1024) was illuminated under different incidence angles. The PMT
was in the vertical position and the supply voltage was 1800V. The ratio of pulses measured for each incidence
angle over the pulses at perpendicular incidence are shown as the pink dots in Figure 9. The blue dots are
simulation results using the PMT model found in the Milagro Geant4 simulation code (g4sim). For incidence
angles under about 55othe photons that pass through the glass and photocathode are incident on the internal
structure of the PMT (dynodes or silvered part of the glass). The reflectivity of these surfaces is very high so
most of the light after one or two reflections reaches the inside part of the photocathode for a second chance
of being absorbed. Over 40deg the reflectivity of glass slowly starts to increase and as result the detection
efficiency of the PMT decreases. The simulation was made with the PMT in air.
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Figure 9: Relative detection efficiency as a function of the incidence angle
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3 Discussion - Conclusion

The main reason for this series of tests was to better understand the behaviour of our PMTs and thus be
able to simulate them more accurately. One of the biggest discrepancies between MC and data was the muon
peak 2. The muon peak for data would be around 100 pes while for the G4 MC it would be at least 180pes
(depending on the simulated experimental conditions). There were thoughts that the actual PMT quantum
efficiency was lower than the one used in the MC and a measurement of the detection efficiency was the
initial motivation for this experiment.

After performing some tests on the photocathode uniformity, it was discovered that the PMT gain and
the detection efficiency are strongly dependent on the position of the pe production on the photocathode.
This could easily solve the muon peak problem without any further global corrections in the PMT efficiency.
In this experimental work, there were some measurements made on the absolute detection efficiency of our
PMTs. However, due to the bad stability of the available electronic instruments (the low voltage source
was drifting) and to the low accuracy in the knowledge of the parameters involved in the analysis of the
measurements, the final experimental results can’t be trusted. For that reason, I chose to report them in the
Appendix instead of in Chapter 2 along with the other tests. For the record, after correspondence of mine
with a Hamamatsu representative, I was told that the detection efficiency of the Milagro PMTs3 shouldn’t
be considerably lower than the one reported in the spec sheets (a couple of percent at most in absolute
values). Also I was told that we should expect a spread of at most 5-10% in the relative quantum efficiency
from PMT to PMT.

Special code was written in Milinda to account for these effects. The pulse height spectra for different
illumination positions and for the dark noise were saved in a data file (milinda/config milagro/pecurves.dat).
The new routine milinda/code/GetPEAmp.c initially rejects some of the detected pes from the MC depending
on their detection position and later assigns random pulse heights to the rest of the pes using the saved pulse
height spectra as the Probability Distribution Functions (PDF). The routine milinda/code/AddNoise.c adds
cosmic and dark noise hits to the MC data. The pulse heights of the dark noise hits are produced using the
dark noise pulse height spectrum as a PDF. The new code is used by default and can be found in Milinda
v1.1 and newer.

I would like to thank the NIST group (A. Migdall and S. Polyakov) for performing the calibration of the
light source and B. Ellsworth, A. Smith and M. Coplan for helping me with all the problems I encountered
in this experiment. I would also like to thank Nichia corp. for providing the LEDs.

2number of PEs in the muon layer caused by a muon
3R5912 PMTs of the age and previous usage similar to Milagro PMTs
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4 Appendix

4.1 PMT Base and Signal pick-off circuit
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4.2 Hamamatsu R5912 PMT Specifications
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4.3 Absolute measurement of the detection efficiency of the PMT

Finally, an absolute measurement of the PMT detection efficiency was made for two different wavelength
ranges. The Nichia Blue NSPB518S and Green NSPG518S LEDs were used. Initially, the spectrum of the
LEDs was taken using a spectrometer at NIST. The measurement results, corrected for the wavelength-
dependent efficiency of the spectrometer, are shown in Figure 10. These spectra were fitted and two spectral
weight functions were produced. By folding these functions with the wavelength dependent properties4, the
effective value of these properties for each LED could be found.

Figure 10: Spectra of the LEDs used in the light source

Afterwards, the light source was calibrated using a calibrated photodiode at NIST5. Because a photodiode
likes to detect higher light levels than a PMT, the light source was calibrated without the ND2 filter. The
effective area of the photodiode was a 5.8mm square and the beam had a circular aperture of ˜5mm in
diameter, so no light was spilling in the non-effective area of the photodiode. The photodiode’s voltage,
which was proportional to the light intensity detected by it, was recorded for each supply voltage of the
LED (Figure 11). The LED was operated at the voltage levels where it would produce the low light levels
suitable for use with the PMT. Using the photodiode’s responsivity data , its voltage could be converted
to detected light intensity. The photodiode voltage was converted to a current, using a resistance value
which was equal to the gain in Ohms (109Ω). Afterwards, using the photodiode’s responsivity (Figure 12),
this current was converted to the light power detected. Using the spectra of the LEDs, an average photon
energy was calculated for each LED and using this number the light intensity detected by the photodiode
was derived.

The neutral density filter absorptivity is almost flat with wavelength. The actual absorption factor for
the two spectra was calculated by folding the filter absorption spectrum ((Figure14) with the LED spectra.
The results were very close to 100. The dark and signal counts from the PMT were measured for a period
of 10sec. The scaler had a dead time of about 20nsec. So the dead time of the system was the number
of triggers times 20nsec. The signal detection rate was calculated by dividing the signal minus background
counts, corrected for the reduced counting efficiency 6, with the live time. By multiplying this rate with the
calculated filter absorption factor , the light intensity that would be detected from a light source without a
filter was found. This last rate is the appropriate number to be compared with the calibration measurements
performed at NIST. The ratio of the the light intensity detected from a source without a filter (PMT

4Photodiode responsivity, filter absorption factor, PMT quantum efficiency
5by Alan Migdall and Sergey Polyakov
6see discussion in Chapter ?? on page ??
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(a) Blue LED (b) Green LED

Figure 11: Photodiode voltage vs LED supply voltage

Figure 12: Photodiode spectral response

measurements) over the light intensity produced (NIST calibration) is equal to the PMT detection efficiency.
The measurements were repeated for the various light levels calibrated at NIST. The detection efficiency
measured versus different counting rates can be found in Figure 13 . The final result along the expected
PMT detection efficiency from the PMT specs can be found in Table 4.

LED QE from the specifications (%) Measured detection efficiency (%)
Blue 16.35 15.69±0.53
Green 5.84 6.61±0.31

Table 4: Measured detection efficiency
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(a) Blue LED (b) Green LED

Figure 13: Detection efficiency measured for various trigger rates

Figure 14: Thorlabs ND2 Typical Transmission Plot
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