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Abstract

This document has three principal purposes. First, it describes the PMTs for the
Pierre-Auger Surface Detector and the requirements for these PMTs as well as the
test results for 153 PMTs from the preproduction run. The test data from Photonis
is presented and compared with test data from the UCLA test stand. We discuss the
properties of the PMTs.

Second, we describe in detail the PMT test stand, software and data handling for
the system. This section is a user’s manual for scientists and engineers who will be
working with the test stand.

Third, this document contains the quality assurance plan to the PMT testing
including detailed procedures for operators of the test stand.
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Chapter 1

PMTs for the Auger SD and Test
Results

1.1 PMT Requirements for Pierre Auger

The water tanks in the Pierre-Auger surface detector form a sampling calorimeter.
The energy deposited in a tank is determined by measuring the amount of Cerenkov
light generated in the tank, which is proportional to energy deposited. The light is
measured with three 9-inch Photonis XP /1805 PMTs that collect the light which has
been randomized by scattering off the reflective liner of the tank.

The tanks must measure a wide range of phenomena. The water tanks must be
able to measure the enormous energy deposited by charged particles near the core of
an ultra-high-energy cosmic-ray shower. At the opposite extreme, the water tanks
must be able to measure accurately the energy deposited by a single vertical muon
(VEM) as it traverses the tank.

This imposes a difficult requirement on the system. The system must be able
to meaure a huge dynamic range: a vertical equivalent muon produces only about
30 photoelectrons per PMT so the system must have approximately 1 pe resolution.
Should Auger detect a shower of energy 10*'eV, we would measure approximately
40000 pe in 25 ns in a tank 500 meters from the core (peak cathode current of
250 nA[1]). Becasue the low-energy muon signal is our only calibration, even for high
energy events, linearity, is a key feature of the system.

The PMT must also survive in the environment for 20 years. Because dark-
pulse rate and dark current (DC) are predictors of PMT lifetime, we must study
these parameters closely to ensure that the PMTs do not show signs that they will
deteriorate quickly in the field. Dark-pulse rate does not have a significant impact on
the quality of the physics measurement as accidental spingle pe are small in charge
compared to cosmic ray signals.

Afterpulsing affects the energy measurement. We calibrate with single muons
whose width is < 100ns. However, afterpulsing occurs on a longer time scale —
1000 to 5000 ns which is the time scale of a cosmic-ray signal. Thus afterpulsing
affects cosmic-ray measurements much more than muon measurements. Also, a high
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afterpulse can be an indicator of a PMT that will not survive long. Thus afterpulsing
must be carefully tracked.

The excess-noise factor (ENF) and single-photoelectron charge resolution (or peak-
to-valley ratio) are related quantities which determine how well energy can be mea-
sured. The definition of ENF for a device is 02 ; = ENF x o? , where oy, is the
RMS resolution of the input signal and oq,t is the resolution out of the device. In
applications in which single photoelectrons are counted, peak-to-valley ratio is a more
natural quantity to characterize charge resolution than ENF. However, in an appli-
cation such as the water tanks for Auger, ENF is the more natural quanity because
it is determined from the width of the charge distribution for many photoelectrons.

Quantum efficiency is important because as quantum efficiency increases the res-
olution of physics signals is improved. However in the Auger water tanks we have
typically 50 PE per PMT per muon which is enough to have an accurate measure of
the response of the tank to a muon.

The electronics reads the PMT signal with a Flash-ADC every 25 ns. Thus the

PMT does not need to have fast timing.

1.2 Specifications and Responsibilities for Testing

Table 1.1 lists the specifications of the PMTs. Testing the PMTs is a joint responsi-
bilty of the collaboration and Photonis. The testing regime was agreed to at a meeting
in Brive between the UCLA group, the IPNO group and Photonis. This agreement
was reported to the collaboration in December 2001 at the surface-detector electronics
meeting at IPNO[4] and at the April 2002 collaoration meeting|5].

All tests of the PMTs requiring DC measurements must be performed at Photonis
because the company mounts the (AC coupled) bases onto the PMT. The DC tests
to be performed on all PMTs are

e Cathode Sensitivity

1. Sk (DC cathode senitivity to red light)
2. Skb (DC cathode sensitivity blue light)
3. Sk (350 nm) (DC cathode sensitivity at A = 350nm)

e Gain, Dark Current and Supply Voltage

1. Standard operation at Gain = 2 x 10°

2. High Voltage and dark current for Gain = 5 x 10%, 2 x 10°, 5 x 10°, 108,
and 2 x 106.

In addition to AC tests, Photonis tests the dark-pulse rate and single-photoelectron
peak-to-valley ratio. Currently Photonis is constructing a test stand for linearity mea-
surements (pulsed mode). This stand was not yet ready for the PMTs discussed here.
Photonis agreed to perform pulse-mode tests on 1 in 5 PMTs in the first 100 and
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PMT Specifications
Cathode senitivity

Sk > 50pA /lm
Skb > TpA/lm-B
(equiv. to QE > 16% at 420nm)
QE (350 nm) > 16%
Gain-Voltage
Operating gain 2 x 10°
AV (Gain = 10°) < 2000V
Dark Behavior, Stability and Afterpulse
I4ar%(10%) < 20nA with no significant fluctuation
Lgark(10°)/ Igark(2 x 10%) <10.0
Dark-pulse rate (threshold = 0.25pe) | < 10 kHz
Afterpulse rate per single pe < 5% within gate of 200 ns to 5000 ns
after main signal

Pulse Linearity

Integral NL (G = 2 x 10°) | within £5% for I, oge < 50mA
Single Photoelectron response

Peak-to-valley ratio (G > 10°) > 1.2 with avg pe/pulse < 0.1

Transit Time Spread (FWHM) < 10.0ns

Rise Time (10% to 90%) < 6.0 ns

Table 1.1: The specifications for the PMTs for the Pierre-Auger Surface Detector.

1 in 50 for the remaining. In fact (except for linearity) the pulse-mode tests were
performed on all PMTs discussed here.

PMT test results from Photonis are provided to the collaboration with PMT
delivery.

1.3 Overview of Test Station

The PMT test station (described in detail in chapter 2) tests 16 PMTs simultaneously
in a darkroom. The system evolved from designs proposed by Jillings et al[2] and
[3]. Figure 1.1 shows the system schematically. We have four light sources: Two are
bright blue sources used for linearity and gain-voltage and afterpulse tests. One is a
dim blue source used for SPE, ENF and QE measurements. One is a dim UV source
used for QE measurements. The blue LEDs have a wavelength distribution peaked at
470 nm with ath a 30 nm FWHM. The UV LED has a peak at 370 nm with a FWHM
of 15 nm. Which source is pulsed is computer controlled (including the possibility of
pusling no source to take pedestal data and pulsing two sources simultaneously for
non-linearity data.) A sample PMT trace is shown in Figure 1.2.
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UCLA Production Test Facility
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Figure 1.1: An overview of the test system showing schematically the light sources,

DAQ, and HV control.
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| Sample Scope Trace (PMT 644) |
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Figure 1.2: A sample oscilloscope trace is shown for PMT 644. One of the non-
linearity light sources was used to generate this signal.

The HV applied to the PMTs is computer controlled by supplying the reference
level to the bases.

The data-acquisition system is a CAMAC system with charge-integrating ADCs
(LeCroy 2249A and 2249W). The electronics is triggered by the same pulse that
triggers the light source. The gate delay and width is controlled with a CAMAC
gate-and-delay generator (LeCroy 2323A).

1.4 Test Overview

The test is run automatically by a program (written in perl) which calls several
data-taking and analysis, HV control, and light-source control programs. The entire
process takes 5 hours for 16 PMTs. The test procedure is the following:

1. Read in gain-voltage data supplied by Photonis and base-calibration informa-
tion supplied by the base/HV testing.

2. First-Last Tests: Set the PMTs at the voltage given by Photonis for a gain
of 10® and shine each light source in turn at a fixed intensity. The data for the
monitor PMTs is used to track the stability of the system. This test is repeated
at the end of all other tests.

3. Cooldown: The PMTs are held at the high voltage suggested by Photonis for
a gain of 10° and are allowed to cool for a period of two hours. During this
time, the ADCs are repeatedly gated in approximately 10-minute segments. A
threshold is imposed on the dynode-charge histograms and the number of counts
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| Cooldown Summary for PMT 822 |
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Figure 1.3: The cooldown curve for PMT 822. The dark-pulse rate is plotted as a
function of time. This PMT quickly cooled from its initial excitation. The y-axis is
in units of counts a second.

above threshold in each histogram is scaled based on the number of gates and
the gatewidth to obtain a dark-pulse rate. The dark-pulse rate is automatically
plotted as a function of time by the cooldown analysis routine. One caution
however — the threshold imposed is not calibrated in photoelectrons because
the gain-voltage characteristics have not yet been measured.

As an example, figure 1.3 shows the cooldown curve for PMT 822.

4. Spe-1: The HV is maintained at the Photonis value for a gain of 10° and data
is taken with the dim, blue SPE light source. Typically 100000 light pulses
are measured. Approximately 5% of the time, the PMT detects a photon and
thus a SPE spectrum is accumulated. See figure 1.4 for the data for PMT 822.
The gain is determined taking into account extrapolation of the SPE spectrum
under the pedestal and the number of double pe events suggested by Poisson
statistics.

In addition we measure the relation between the anode and dynode charge at
this step. While taking data for this step the intensity of the light source is
gradually changed from dim to brighter. This allows that one anode-dynode
profile histogram contain a full range of data. Figure 1.5 shows an example.

5. Gain-Voltage: The HV is scanned over the values 800V, 1000V, 1200V, 1400V,
1400V, 1600V, 1800V and 1900V. At each voltage pedestal data is taken as well
as data from two light sources. The anode charge (84%) histogram is used to
measure the relative gain-voltage relation. Because the voltage range is so wide,
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| Spe Response: PMT 822 |
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Figure 1.4: The first SPE data taken for PMT 822. The HV was set at the value
suggested by Photonis for a gain of 10°. We measured the gain for this voltage to be
1.84 x 106.

| Dynode-Anode Charge Relation: PMT 822 |

pOo =-0.0135+ 0.04495
pl =0.03264+ 0.0006542
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L
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Figure 1.5: The relation between the anode measured charge (ADC units) and dyn-
ode (ADC units) for PMT 822. Note that this is raw data and pedestals are not
subtracted. The slope determines the relationship between the anode and dynode
charges. Recall the the anode is in fact only 82.3% of the total anode signal because
of the signal splitting.
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SET-001-00822-48 Gain Voltage

[ L
=
o L s UCLA Data
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- Fit: -13.053, 6.1369
- |
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- O
5
10
1 1 |
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Figure 1.6: The absolute anode gain as a function of HV. Note the gain measured
at UCLA is higher than that measured at Photonis for any voltage value. This is
typical. The numbers in the legend beside fit refer to the offset and slope of a linear
fit to log(G) = offset + slope x log(HV).

one light source in insufficient for the full scan. We use the brighter light source
at low voltage and a dimmer light source at the higher voltages. The data from
the two light sources are tied together at the intermediate voltages of 1200,
1400, or 1600 V. (The algorithm uses as many points as possible for the tying
together.)

Figure 1.6 is the result of the gain-voltage calibration.

6. Spe-2: We use the data from the gain-voltage data and from the spe-1 data to
obtain an absolute gain-voltage relation. We then use this relation to determine
the HV required for a gain of 2 x 10%. Similarly to spe-2, we take SPE data
(figure 1.7) and anode-dynode relation data (figure 1.8). The absolute scaling
of the gain-voltage curve is recalculated according to the spe-2 data.

7. Dark-Pulse Rate: The high-voltage is not adjusted. The dark-pulse rate is
measured by opening typically 100000 gates for 300 ns each. This corresponds
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| Spe Response: PMT 822 |
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Figure 1.7: The second SPE data taken for PMT 822. The voltage was set according
to the gain-voltage realtionship measured in the spe-1 and gain-voltage tests.

| Dynode-Anode Charge Relation: PMT 822 |

po =-0.004803+ 0.03874
pl =0.03281+ 0.0006271
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Figure 1.8: The relation between the anode measured charge (ADC units) and dyn-
ode (ADC units) for PMT 822. Note that this is raw data and pedestals are not
subtracted. The slope determines the relationship between the anode and dynode
charges. Recall the anode is in fact only 82.3% of the total anode signal because of
the signal splitting.
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| Accidental Dark Pulse Spectrum: PMT 822 |
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Figure 1.9: The accidental dark-count spectrum. There are 100000 gates of 300 ns
each which implies a total integration time of 30ms. The dark-pulse rate is 3930
counts a second. Note that the y-axis is logarithmic.

10.

to an integrated time of 30 ms. If the dark-pulse rate is 10 kHz, there will be 300
random coincidences corresponding to a statistical accuracy of 6%. Figure 1.9
shows the accidental pulse spectrum.

. ENF: We then test ENF at a gain of 2 x 105. ENF, or excess-noise factor,

measures the charge resolution of the PMT. o2 = ENF x o7 is the general
expression for the ENF of a system. For these calcultaions we assume that the
input width, o;,, is Poisson fluctuation in the measured number of photoelec-
trons (Figure 1.10).

Afterpulsing: The afterpulsing is measured by sliding the integration gate
from the prompt peak to 5 us after the prompt peak. The gate widths are
500 ns for this measurement. We obtain a time spectrum (figure 1.11) for the
afterpulsing using this technique.

Alphas: Alpha is our jargon for the dynode-anode charge ratio. It is a function
of high voltage because it depends on the last dynode gain, g as (g —1)/g. We
take data at the same voltages as for the gain voltage curve using a dim light
source that is swept in intensity over the course of the data-taking. The raw
data is therefore several plots such as similar to those in spe-1 and spe-2. The
slope of these plots is corrected for the fact that only 82.3% of the anode charge
is measured. Figure 1.12 shows the dynode-anode charge ratio plotted vs high
voltage. Assuming that the dynode amplifier has a charge gain of 40, last-
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Figure 1.10: The response of the PMT to many photoelectrons. The mean number of
photoelectrons in this signal is 110.2. The Poisson limit on the width of the peak is
9.52%. The pedestal is at 35.69 ADC channels so the mean is therefore 120.74 ADC
counts above pedestal. The resolution of the peak is 11.5% which is 1.21 times worse
than the Poisson limit. It is as if we had measured 1.21%2 = 1.46 times fewer pe than
we in fact did. Thus the ENF of this PMT is 1.46.
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| SET-001-00822-48 |
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Figure 1.11: The afterpulsing spectrum. The main peak is at 100 ns on the time axis.
The first bin is suppressed and is defined to be unity. Each subsequent bin shows the
total charge in that time window relative to the first bin. A small negative afterpulse
is typical and is seen on the scope.

11.

12.

13.

dynode gain, g, can be plotted as a function of voltage between the anode and
last dynode (figure 1.13).

Set HV to Obtain a gain of 2 x 10° At this point the voltage is adjusted for
each PMT to obtain a gain of 2 x 10°

Quantum Efficiency We then use a UV and blue light source to obtain the
quantum efficiency of each PMT. (The intensity of each light source at the PMT
positions is pre-measured.) The efficiency is relative with respect to one of our
standard PMTs.

Linearity We then measure the linearity of the PMTs as a function of pulse
height. In order to measure linearity we use two light sources, A and B. The
integral non-linearity, expressed as a percent, is

(AB — ped) — (A — ped) — (B — ped)

NL =1
00 (A — ped) + (B — ped)

where A refers to the integrated charge when LED A is pulse; B when LED B
is pulsed; AB when LED A and B are pulse together; and ped is the pedestal.

The linearity data is taken at many different light intensities. In order to make
a plot of NL vs anode current, it is necessary to convert anode charge to a peak
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Figure 1.12: The dynode-to-anode charge ratio is plotted as a function of high voltage.

current. This calibration was performed on a single PMT and is applied to all
test PMTs.

Figure 1.14 shows a sample non-linearity curve. There is one feature to notice
in particular. The curve goes positive. That is to say, the PMT is overlinear.

The maximum positive non-linearity is typically in th erange of 40 to 50 mA.
Most PMT show this behavior.

1.5 Systematic Uncertainty and System Reliabil-
ity

Before turning the PMT results for the ensemble of PMTs, we discuss the reliability
of the measurements.

1.5.1 Trendline Data for Standard PMTs

The PMT testing station can test 16 PMTs on a four-by-four grid. For all tests, we
keep common the 4 PMTs at the 4 corner locations. These so-called standard PMT's
allow us to study drifts or shifts in our measurement. The four corner PMTs have
serial numbers 616, 641, 644,and 653. We show a series of trendlines for the data as
a function of date.
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Figure 1.13: The gain of the last dynode is plotted as a funtion of voltage between
the anode and last dynode.
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Figure 1.14: The linearity curve for PMT 822. The non-linearity is plotted as a
function of peak anode current.

Gain-Voltage and Magnetic Sensitivity

Figure 1.15 shows the required high voltage to achive a gain of 2 x 10°.

For three of the PMTS the data show a variation of approximately 50V but for
one PMT (653) the variation is approximately 200V. The magnetic field in our lab
changed from day-to-day based on activities of other groups who use large magnets.
The horizonal and vertical components of the magnetic field are shown in figure 1.16.
The horizontal component was stable in both magnitude and direction.

PMTs are loaded in the darkroom such that the PMT gain is maximized. This is
accomplished by orienting the PMTs (azimuthally) accodring to [6] (This is the same
orientation used on site in the tanks.)

To show the correlation, we plot the HV required for a gain of 2 x 10 against the
vertical component of the magnetic field for the four standard PMTs (figure 1.17).
PMT 653, which is very sensitive to magnetic field, shows opposite behavior to the
other three standard PMTs. Throughout the trendline plots, we see that PMT 653
is rather unstable and was a bad choice as a “standard” PMT. We rely mostly on the
other three standards.

Dark-Pulse Rate

The dark-pulse rate is shown as a function of time in Figure 1.18. There is some
variability that is to be expected by statistics. Because we measure darkrate using
accidental coincidences, the number of counts is low. For these data, we open the
charge gate for a total time of 30 ms. If the dark-pulse rate of a PMT is 10 kHz, the
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Figure 1.15: The required HV for a gain of 2 x 105 is plotted for the standard PMTs.
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Figure 1.16: The magnetic field in the darkroom is plotted as a function of date.
The horizontal component is very stable but the vertical component varies based on
magnet usage of other groups in the building. The vertical component is directed
downwards from the photocathode to the base of the PMT. The PMTs are oriented
such that the horizontal component is directed for optimal performance.
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Figure 1.17: The voltage required to obtain a gain of 2 x 10° as a function of the

vertical magnetic field.
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specified maximum, then the number of accidental coincidences is 300 and the statis-
tical uncertainty is 6%. However, if the dark rate is only 2 kHz then the uncertainty
is 13%.

The Excess-Noise Factor

The excess noise factor trendline for the standard PMTs is shown in figure 1.19. We
see no drifts and small variation.

Afterpulsing

The afterpulsing trendline is shown in figure 1.20. The values are consistently very
low and have small variation.

Quantum efficiency

The quantum efficiency is a relative measurement. All PMTs are referenced to PMT
641. The map of relative light intensity at the different test locations is used in the
analysis.

The trendline data for Quantum efficiency in the blue is shown in figure 1.21.
We see again that PMT 653 was an unfortunate choice as a standard PMT because
variation in its QE is a factor of 5 or 10 greater than the other standards.

The trendline data for quantum efficiency in the UV is shown in figure 1.22.

Linearity

The linearity trendline for the maximum positive non-linearity is shown in figure 1.23
and the non-linearity at 50 mA is shown in figure 1.24.

PMT 653

Standard PMT 653 behaves very differently as a function of magnetic field than the
other three standard PMTs. We do not fully understand this phenomenon.

1.5.2 Uncertainty in Our Measurements

The measurements we make of the PMT are shown to have some influence of the
magnetic field environment of the test. In particular, the gain-voltage measurements
are functions of magnetic field. Thus the voltage setpoints we define for the PMTs
may not be applicable on site. We caution, however, that many of the PMTs were
tested with the magnetic field strength near the earth’s natural field. The tests
performed at Photonis were performed in an environment shielded with mu-metal.
Thus our tests may more closely approximate the field on site. Of course, the testing
facility being set up on site will have the the magnetic envirnment of site and is thus
ideal.
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Figure 1.18: The dark-pulse rate of the standard PMTs vs time.
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Figure 1.19: The excess-noise factor of the standard PMTs vs time.
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Figure 1.20: The aftrepulse ratio of the standard PMTs vs time.
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Figure 1.21: The trendline is shown for quantum efficiency in the blue. PMT 641 is
the reference PMT for all measurements, so ots QE is guaranteed to be unity.
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Figure 1.23: The maximum positive non-linearity of the standard PMTs as a function
of date.
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Figure 1.24: The non-linearity at 50 mA of the standard PMTs as a function of date.
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The dark-pulse rate tests have a statistical uncertainty from using accidental
pulses within the gate. At the specified limit of 10kHz, the statistical uncertainty
in our measurements is 6%.

The excess noise factor is affected somewhat by magnetic fields. This is so because
of the construction of the dynode structure of the PMT. The distance between the
first dynode and the second dynode is several centimeters. This large distance allows
magnetic deflection of electrons between the first and second dynode. This can affect
single photoelectron peak-to-valley ratio and ENF. The RMS of the ENF measure-
ments are 0.07 for PMTs 616 and 641, 0.1 for PMT 644 and 0.13 for PMT 653. The
values of ENF we measure are accurate to approximately 0.1. The ENF requires that
the absolute gain of the PMT be known. Any error in gain linearly affects the ENF
measurement.

The afterpulsing measurements are consistent to approximately 1%. As well the
time structure of the afterpulsing is free of peaks indicating low levels of contaminants
in the vacuum. Most afterpulse measurements are slightly negative. This is visible
on an oscilloscope and is caused by AC coupling.

The data for quantum efficiency shows that our data is accurate to approximately
10%. QE data requires that the gain be known. Thus any error in the gain of the
PMT translates into an equivalent error on quantum efficiency.

The linearity data is quite robust. The trendlines show constant values except for
a small systematic shift of 1% in non-linearity in the testing runs in July 2002. The
trendline data suggests that our results are accurate within +1.5%.

1.6 PMT Test Results

1.6.1 Introduction

The following is a series of summary plots for 153 PMTs from the first half of the
proproduction run. All these PMTs have a base from IPN-Orsay. The range of serial
numbers is shown in figure 1.25.

1.6.2 Gain-Voltage Information

Figure 1.26 compares the voltage required to achieve a gain of 2 x 10°, 10, and 2 x 10°
at UCLA and at Photonis. The plots show consistently that the required voltage as
measured at UCLA is lower by 100 to 200V. The outlier PMT is number 725 which
passed all tests depite having differnt gain-voltage characteristics in the two tests.
One explanation of this is that the UCLA data is based on the spe spectra and the
Photonis values are based on the ratio of anode to photocathode currents measured
with a continuos beam light source. Thus the Photonis data included the effect of
collection efficiency wheeras the UCLA measurements do not. Photonis also supplies
the voltage required to obtain a gain of 10° using the SPE peak. A comparison of
UCLA and Photonis data is shown in figure 1.27. There is little difference. The
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Figure 1.25: The PMTs included in the test sample.

magnetic field environments for the tests are different but we have no convincing
explanation for the difference.

We do a fit to our gain voltage data to obtain the offset and slope of the function
log(G) = offset + slope x log(HV). Figure 1.28 shows a histogram of the slopes.

1.6.3 Dark-Pulse Rate

The dark-pulse rate is measured both by Photonis and at UCLA. A comparison is
shown in figure 1.29. The second plot is a zoom of the first.

These plots deserve some comment. First, most PMTs have a slightly higher
dark-pulse rate at UCLA than at Photonis but there is a second smaller set where the
reverse is true. There is a plausible explantion for this. First, the PMTs at Photonis
are kept in black bags and exposed to very little light during handling whereas during
installation in the darkroom at UCLA the PMTs are exposed to light.

Also, the requirement is that the PMTs cool to a dark-pulse rate less than 10
kHz in less than 2 hours. Thus, according to the agreement, Photonis may stop the
cooldown before the dark-pulse rate has been fully reduced whereas at UCLA every
PMT is cooled for two hours.

1.6.4 SPE P/V and ENF

The SPE peaks give us information of the charge resolution of the PMTs. A histogram
of the excess-noise factor as measured at UCLA is shown in figure 1.30.



