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Abstract

The Use of Photomultiplier Tubes in Gamma-Ray Astronomy

by

Douglas Long

The Hamamatsu H8500 -103 MODS8 multianode photomultiplier was tested for use in the upcoming
telescope arrays for the CTA collaboration. The characteristics of interest are the gain uniformity,
afterpulsing rates and photon detection efficiencies. A 4 channel, 10 gigasample/sec waveform sam-
pler was used to measure the gain and a CAMAC system was used to measure the afterpulsing
rates and photon detection efficiency. The gain uniformity was found to be acceptable; the mean
was found to be 1.8 x 10° at 890V with an RMS of 2.6 x 10*. The afterpulsing rates was also
found to be below the required rate of 1 x 1073 in most pixels. The few pixels that showed higher
afterpulsing rates were pixels on the edge of the tube and the results require further testing to verify
the higher rates are not spurious. The photodetection efficiency was found be a disappointment, but
at this point the H10966 is still the best option. Further modifications and testing is needed before

a decision can be made.
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1 Introduction

This thesis includes a discussion of the history of gamma-ray astronomy and a detailed
discussion of the research on photomultiplier tubes to be use in the AGIS observatory. Background
information on gamma-ray astronomy and the observatory will be presented first, followed by dis-

cussions of the equipment, procedures and results.

1.1 History of Gamma-Ray Astronomy

Our knowledge of the physical universe is almost entirely due to observing electromagnetic
radiation. Prior to WWII, astronomy was limited to observing only the visible spectrum. During
the Second World War, radar technology was produced that would later lay the foundation for radio
astronomy. Later, rocket technology formed the basis for x-ray astronomy[11]. As technology grew
more sophisticated, astronomers were able to study radiation further away from the visible band.
This paper will focus on the highest end of the spectrum, gamma rays. Gamma-rays can be used
to observe the most energetic objects in the universe such as supermassive black holes. Gamma-ray
astronomy also has the unique ability to study dark matter [1].

In 1949, the neutral pion was discovered and three years later Hayakawa predicted that
gamma ray emission from the decay of neutral pions occur when cosmic rays interact with interstellar
matter [2]. Shortly thereafter, Hutchinson theorized that gamma-rays are emitted from cosmic
bremsstrahlung. The concept of gamma-ray astronomy was first introduced in by Phillip Morrison’s

1958 seminal paper, where he made estimates of gamma ray fluxes for several astronomical bodies



Band Low/Medium High Very High Ultra High
Range 0.1-30 MeV | 30 MeV - 100 GeV | 100 GeV - 100 TeV | >100 TeV
Environment Space Space/Ground Ground Ground

Table 1.1: Gamma-ray bands and the detection method [11].

[9]. At this point, gamma ray detectors were already developed, but due to the high energy, detection
proved to be more difficult than initially expected. Unlike radiation in the visible band, the earth’s
atmosphere is not transparent to gamma rays, limiting their direct detection to experiments mounted
on high altitude balloons or satellites. The first balloon experiments in the 1950s failed to detect
gamma rays because they could not fly high enough to filter out the atmospheric gamma-rays that
hampered the detection of the primary radiation. During the Cold War, satellite launches made
satellite-based detectors feasible. Detectors on board the Explorer 11 satellite made the first reliable
gamma ray detections [2]. However, due to weight and volume limitations, only gamma rays with
energy up to 300GeV can be detected. To observe higher energy gamma rays indirect methods of
detection must be used. Table 1.1 shows energy bands of gamma-rays. Gamma-rays with energy
less than about 100 GeV do not have sufficient energy to be detected by indirect methods. however

recent advancements are allowing indirect methods to work at lower energies.

1.2 Ground Based Detection and Particle Showers

Shortly after the publication of Morrisons paper, a high energy theorist at CERN, Giuseppe
Cocconi, predicted that gamma-rays with energies greater than 100GeV could be used to observe
the universe [11]. A telescope with arrays of particle detectors would be used to search for discrete
sources of gamma-rays, but nothing was found. It was later realized that detecting electromagnetic
cascades using Cherenkov radiation would be more sensitive. A telescope consisting of an array
of twelve particle detectors looking at Cherenkov radiation was active from 1960-64 but again, no
sources were detected. Although the previous experiments failed to make any detections of gamma

ray sources, they formed a foundation for further development.



A new method of detecting cosmic gamma rays was developed a few years later at the
Lebedev Institute. Cherenkov light is detected using crude mirrors placed in a large telescope to
reflect the Cherenkov light onto a detector. This method has remained virtually unchanged since
it was first proposed [8]. This technique was first, successfully, applied to gamma-ray astronomy
by the Whipple Collaboration starting in 1968. They used a 10m diameter light collector and an
array of detectors to record images of the angular distribution of Cherenkov light created by air
showers. These distributions would then be used to select out the gamma ray initiated air shower
events from among the overwhelming background of cosmic ray initiated events. Twenty years later,
in 1989, this technique led to the discovery of the Crab Nebula and effectively started the field of
ground-based gamma-ray astronomy [7]. The HEGRA experiment, which followed Whipple, further
increased the sensitivity and resolution by using an array of telescopes. Four experiments, MAGIC,

HESS, CANGAROQO IIT and VERITAS, launched after the detection of the Crab Nebula.

o~

Positron
+ g

nueleus

EI».=~.|::tr-:F\lh

-&

Figure 1.1: Pair Production, electrons.wikidot.com

Atmospheric interactions between gamma rays and atmospheric molecules, such as oxygen
gas, results in gamma rays being extinguished before reaching sea level. The most common inter-
action between the gamma rays and molecules in the atmosphere is pair production [11]. When a
gamma ray interacts with matter, it is annihilated and the energy goes into producing an electron-

positron pair i.e. v — et 4+ e~ . The electron positron pair will have kinetic energy equal to
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Figure 1.2: Bremsstrahlung Radiation, www.dur.ac.uk

hv — 2M.c? (Figure 1.1). As the electron pair travels through the atmosphere, additional gamma-
rays are created through a process called Bremsstrahlung (Figure 1.2), which occurs when an electron
is deflected by the electric field of a nucleus of an air molecule. The new photons may then also
undergo pair-production. This results in a cascade of electromagnetic radiation, known as a gamma
ray shower, directed towards the Earth as shown in Figure 1.3. If the secondary electrons and
positrons in the shower travel faster than the speed of light in the atmosphere, or, in other words,
have energy greater than m.c?/v/1 — n2, where n is the index of refraction, they will emit additional

photons in the UV and optical spectrum through Cherenkov radiation.

1.3 Imaging Atmospheric-Cherenkov Telescope

The central difference between ground-based and satellite-base telescopes is the collection
area. The typical collection area of a ground-based telescope is on the order of 10° m?, roughly 5
orders of magnitude higher than what is achieved with direct detection from satellite based tele-
scopes [12]. Ground based telescopes, however, do not have anti-coincidence shields so a method
of rejecting the large background of hadronic cosmic rays is required. In 1977 the technique At-
mospheric Cherenkov Imaging, was proposed for this purpose. The basis of this technique is to

use telescopes with an array of photomultiplier tubes in the focal plane of large optical reflectors.
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Figure 1.3: Simulations of two Air Cherenkov shower (Left: gamma-ray initiated. Right: Nucleon
intiated). The black tracks shows the trajectory of the showers. The horizontal axis shows the
spread with respect to the shower axis. imagine.gsfc.nasa.gov

This techinque exploits a basic difference between gamma-ray initiated showers and hadron showers
[12]. The gamma-ray showers have smaller transverse momentum which results in the particle track
lengths in gamma-ray showers to be closer to the direction of the primary gamma-ray (Figure 1.3).

The next improvement made was the use to multiple telescopes separated by roughly the
same distance as the lateral spread of the shower. A telescope array was shown to have better
elimination of local muon background, improved energy and angular resolution, and more accurate
measurements of the shower axis location and shower maximum [12]. Muon showers have less radial
spread, therefore by requiring multiple telescopes to record an event, the muon background can be
significantly filtered. This allow trigger thresholds to be lower. Trigger thresholds determines how
low the energy threshold will be. The most important advantage of IACT (Imaging Atmospheric-
Cherenkov Telescope) over other gamma-ray telescopes is the precision with which the properties
of primary gamma-rays can be reconstructed. The yield of Cherenkov light is proportional to the
track length of all particles in the shower. The energy of the particles determines the track length,

therefore, an image of the shower provides a pseudo-calorimetric measurement of the shower [7].



1.4 Purpose of the Research

The research for this paper is aimed at characterizing a potential candidate for a photomul-
tiplier tube to be used in the upcoming CTA (Cherenkov Telescope Array) project. The CTA is a
collaboration between the VERITAS, HESS and MAGIC groups, as well as others, to build the next
generation ground-based very high energy gamma-ray instruments. Initially, the research was done
in preparation for the AGIS (Advance Gamma Ray Imaging System), but has since then merged
with several other European groups (MAGIC, HESS) to form CTA. AGIS was to use a new IACT
design different from that in VERITAS. The observatory will consist of a large array of different
telescopes and the US groups are advocating 36 telescopes with this new IACT design. Construction

for the 36 telescopes is expected to start in 2015.



2 Experimental Set-up and Equipment

2.1 Photomultiplier Tubes

A photomultiplier tube is a device capable to detecting single photons. Photomultiplier
tubes have very fast response times which makes them ideal for detecting Cherenkov radiation for
particle showers. An electric pulse generated by a PMT is typically a few nanoseconds wide and is
produced 20 - 50 ns after illumination[4]. A photomultiplier tube is a vacuum tube with an input
window, a photocathode, a dynode chain, and an anode as can be seen in the cross sectional view
of a PMT in Figure 2.1. When a photon passes through the transparent input window and hits the
photocathode, a photoelectron is sometimes produced through the photoelectric effect and is released
into the vacuum. When an electric field is applied, the electron will be accelerated and guided by the
electrode to the first dynode. When the electron hits the dynode, a cascade of secondary electrons
is produced. This effect continues down the chain of multiple dynodes to create an avalanche of
electrons which is collected by the anode and an electronic signal is produced.

For a photoelectron to be produced, the photocathode must be excited by a photon with
sufficient energy. Most photocathodes are made of a compund of semiconductor consisting of alkali
metals[5]. The semiconductor band theory can be used to describe how the photocathode works.
In the band model, there is a band of forbidden energy states called the band gap, E,. The work
function is the difference in energy between the Fermi level and the vacuum level (Figure 2.2).

When an electron in the valance band of the photocathode absorbs a photon with energy £ > E,
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Figure 2.1: Cross section of a photomultiplier tube, http://micro.magnet.fsu.edu

it will become excited and move up into the conduction band. Here, the electron will begin to
diffuse towards the surface of the photocathode. During this process, the electron will lose energy
to electron-electron interactions and interactions with phonons. If the electron has sufficient energy
to ovecome the vacuum level barrier, it wil be emitted as a photoelectron [5]. Semiconductors with
low work functions are used as photocathode material to insure that photons up to the infared range
with produce a photoelectron.

The dynode chain is typically constructed from more than ten stages of secondary-emissive
electrodes with curved surfaces. Dynodes are typically made of bialkali antimode and are coated
with materials such as nickel, stainless steel or copper-beryllium [5]. If the construction of the
dynode is optimal, the energy deposited by the incident photoelectron can result in reemission of
mulitple electrons from the same surface. Emission from dynodes is similar to the emission from the
photocathode; except for the fact that the energy is provided by an electron. The kinetic energy
of an electron emitted from the photocathode is on the order of a few eVs. Therefore the energy
absorbed by the dynode mainly comes from the acceleration of an electron through a potential
difference of a few hundred volts [4]. The structures of the dynode chain can vary the gain, response
time and linearity depending on the number of dynodes, layout and other factors.

The anode is an electrode that collects the secondary electrons from the dynode chain,
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Figure 2.2: Band model for semiconductors|5].

outputs an electron current to an external circuit and generates an electronic pulse indicating the

detection of photons.

2.1.1 Hamamatsu H8500D-103 MOD 8

Currently we are testing the Hamamatsu H8500D-103 MOD 8 multianode photomultiplier
tube (Figure 2.3). The tube we are testing is a modified version of the H8500D-103. It has been
modified to have 8 dynode stages instead of 12. Hamamatsu Photonics has recently added this
model to its catalogue as the H10966D-103. This particular model has a bialkali photocathode and
UV transparent glass. It has 64 pixels each with its the own, anode and dynode chain consisting of

8 stages. Each pixel operates similarly to a individual single anode PMT.
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Figure 2.3: Hamamatsu H8500D-103 MOD 8. hittp://sales.hamamatsu.com

2.2 Electronics and Data Acquisition

The photomultiplier tubes are tested in a light-tight aluminum box to limit the amount of
light the photomultiplier tubes are exposed to and standard LEDs are used to illuminate the PMT.
Since the signal generated by the PMT is only a few mVs, electronic amplification is used to enhance
the signal. The signal is then collected using a DRS4 evaluation board waveform sampler and digital

CAMAC scalers.

2.2.1 Amplification

Two electronic amplifiers are used to amplify the signal. The first amplifier is a Mini-
Circuits pre-amplifier with an electronic gain of approximately 25 . The second amplifier is an
amplification system developed at UC Davis for the STACEE experiment. This system has a pre-
amplier and a main amplifier. This system also has an electronic gain of approxiamtely 45. The

total amplification is adjusted using electronic attenuators.
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2.2.2 DRS4 Evaluation Board

The DRS4 evaluation board is a four-channel, 10 gigasample/second waveform sampler.
The DRS4 chip was designed at the Paul Scherrer Institute, Switzerland by Stefan Ritt and Roberto
Dinapoli. The chip is a switched capacitor array (SCA) capable of digitizing eight channels at
sampling speeds up to 5 GSPS. The evaluation board has SMA connectors for four input channels,
a USB 2.0 connector and a Lemo trigger input. The board is powered through the USB port and
contains on-board trigger logic[10]. For the purposes of this experiment, only two channels are used.
One channel is used to sample the output signal of the PMT and the other channel is used for a

gate to act as a trigger to align the timing of the PMT signal and the flashes of the LED.

2.2.3 CAMAC

A Computer Automated Measurement and Control (CAMAC) crate is a standard bus for
data acquisition. The crate allows for data transfer between various plug-in modules. A crate
controller is used to interface with a PC using GPIB (General Purpose Interface Bus). The two
primary modules used for this experiment are the LeCroy 2551 12 Channel 100 Mhz Scaler and the
LeCroy 4413 16 Channel Programmable Discriminator.

A discriminator is used to filter out signals below a specified voltage threshold. The dis-
criminator module will output a signal every time it reads a signal larger than the specified voltage.
The output of the LeCroy 4413 is an ECL signal and a LeCroy 616 16-Channel ECL/NIM/ECL
Converter is used to convert the signal to a NIM signal. The 16 channels of the LeCroy 4413 all
share a common threshold which is set using CAMAC commands on the PC.

The LeCroy 2551 scaler reads in a NIM signal and counts the number of input signals at a
rate of up to 100 MHz. The module contains 12 channels, each with 24 binary bits. Up to 1.6 x 107
counts can be read before the scaler needs to be cleared. The output of the scaler is read using

CAMAC commands on the PC.
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3 Experimental Procedure and Software

Programs based in C++ and the ROOT graphical interface are used to aquire and analyze
the data. ROOT is an object-oriented program and library developed by CERN for the purposes of
data acquisition and analysis in high-energy physics. ROOT uses the CINT compiler to allow C++

scripts to be used in ROOT macros and ROOT libraries to be used in stand alone C++ programs.

3.1 Gain Measurement

The gain is the amplification of a signal photoelectron pulse. The total PMT gain is
determined by the applied voltage, and the structure of the dynode chain. Photoelectrons emitted
are multiplied by a factor ranging from 10 to 10%, depending on the applied bias and structure of
the dynode.[5]. The secondary electron yield from the dynode is a sensitive function of the applied
voltage. The overall gain is

gain = a X "

where n is the number of dynodes, « is the fraction of all photoelectrons collected by the
dynode structure, which is determined by the structure and composition of the dynode, and § is the
overall multiplication factor on a single dynode [4].

§=ax EF

where a and k are constants determined by the material and structure of the dynode. E is
the interstage voltage of the dynodes.

Gamma ray telescopes use several hundred PMTs and it is important for all the PMTs to
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have the same behavior, therefore it is important that that the gain is the same for all tubes. Gain
measurements are usually the first measurements to be done for this reason. We normally operate
all PMTs at a gain of 2e5 but not all PMTs operate at the same applied bias. The gain is very
sensitive to the structure of the dynode and each individual tube of the same model will generally
yield slightly different gains for the same applied bias, therefore it is important to characterize the

gain of a PMT in order to calibrate the system so that all PMTs yield consistant results.

3.1.1 Procedure

The gain of a PMT is the amplification of a single photoelectron within the dynode chain.
This is measured by integrating the output signal generated by the anode. The integration will
determine the total charge in the signal and thus the gain can be found be dividing the charge of
an electron. For this method to work, it is necessary to ensure that the signal contains only one
photoelectron; that is, only one photon is detected at a time. To accomplish this, we use a Phillips
PM 5712 pulse generator to flash an LED at a rate of 4kHz. The LED is then attunuated by a
factor of 1000 using an optical filter and focused into an optical fiber. The position of the fiber
is then placed in front of the PMT at a distance such that the amount of light detected by the
PMT is approximately one every twenty flashes. This 5% light level has a 99% confidence that
only one photon will be detected per signal. To ensure that the photons detected only originated
from the LED, a gate signal is used. The gate signal is produced by using the same signal from
Phillips pulse generator to create a 100ns gate using the output of a LeCroy 623B discriminator
module. The gate signal is also used to trigger the oscilloscope and DRS. Each time a gate is
generated, the LED is flashed once. To match the timing of the gate with the PMT signals, the
gate is delayed by 100ns by using a 100ns cable. This gate signal is used as the trigger for the
DRS. In the analysis, the PMT signal must coincide with this 100ns gate to be recognized as a valid
signal. All other signals, from light leaks or thermal fluctuations are ignored. Figure 3.1 shows the

circuit used for this experiment. The signal of the PMT must be amplified using a combination of
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the STACEE amplifier, Mini-Circuits preamplifier and attenuators. The PMT signal must be large
enough to have a good separation between the noise and the single photoelectons. The tail end of
the distribution of single photoelectron amplitudes can extend out to about five to six times the
single photoelectron amplitude. The DRS only has a range of up to 900mV. We found that a single
photoelecton amplitude of approxiamtely 100mV will be sufficiently large for separation of noise and
small enough so that the tail end of the distribution will not be lost. With the right combination of

amplifiers and attenuators, the resulting single photoelectron amplitude is around 100mV.

Light
Phillips PM 5712 _ Diode /_\/ PMT
Pulse Generator o Pulse —{LED Optical
Generator Fiber l
Attenuator and
Mini-Circuits
A Preamplifier
LeCroy 623B
Discriminator
100ns cable
Stacee

Cha""e://///‘ Amplifier
DRS

Channel 1

PC

Figure 3.1: Circuit diagram used in the gain measurements.

3.1.2 Software

Two programs are used to make this measurement. A stand alone C++ program used to
interface with the DRS is used to record the PMT signal. A ROOT macro is used to analyse the

resulting data.
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The program to interface with the DRS is found in the directory, /root/Desktop/DRS.
The source code is found in DRS/src. To run the program, the command ./drs_gui is used. This
command will prompt the graphical user interface as shown in Figure 3.2 to appear if the DRS is

plugged in.

DRS User Interface

Mumber of Events: 100000
. View pode, Data Mode or Afterpulsing MMode
I 100000 EI | Take Data =]

sampling Rate (GHz): 5.00 Lower Region to be examined (ns): 0.0

I 5 2] | o
wange of Amplitude (Wolts): -0.10 to 0.9 Upper Region to be examined (ns): 0.0
I :I | 0
Trigger Source: Channel 2
[ 23]
Trigger Level (Volts): 0.50 Mame of File in Which Data will be Saved

I a0 :I =file_name=.root

Trigger Delay (ns): 115
I
Threshold Level (m'y: 50.0

—

Exen:utel ﬂl

Figure 3.2: Graphical user interface used to control the DRS .

The number of events option is the number of triggers the user wishes to record or analyse.
The sampling rate option defines how fine the data points will be. For each event, the DRS board
can only take 1024 data points. At the maximum sampling rate of 5 GHz, the DRS can record or
analyze a 204 ns window. The DRS has a 1V range, the range of amplitude option will set the

midpoint of this 1V range. The trigger source option determines which channel the DRS will trigger
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on. In this experiment, the trigger source is the gate which is plugged into channel 2. The trigger
level option sets the trigger threshold for the trigger. The trigger delay option is used to adjust the
timing of the trigger. This is used to adjust where in the time window the trigger signal appears. In
the analysis, a peak is found by finding a maximum point defined to be such that the points before
and after the maximum have a lower value. The threshold level option determines what the DRS
will record as a pulse from the PMT and what is just noise; this adds another criteria to filter out
the baseline noise. The DRS currently has three working modes, view, take data, check light level.
The view mode works very much like an oscilloscope. In a seperate window, it will show the signal
from the different channels in real time. This can be used to adjust the timing of the trigger delay
or to look at the signal to find any anomolies. The check light level mode is used to adjust the light
level to 5%. In this mode, the program will analyze the PMT signal on the fly and look for any
maxima with amplitude higher than the threshold level. When finished, it will output the number
of pulses found and give the light level defined to be the number of pulses divided by the number of
LED flashes. In the take data mode, the program will extract the raw traces from the DRS and save
them in a root file named by the user in the “Name of file in which Data will be Saved” window.

Gain measurements are done with the default settings on the DRS GUI. The only inputs
that are changed are the number of events, the threshold level and name of file. The threshold level
is set above the baseline noise determined by looking at the signal on an oscilloscope. The number of
events is typically 100,000 for data taking. When adjusting the light level, we only look at a couple
thousand events. When the program has finsihed taking the data, the root file will be saved in the
directory, DRS/Data.

To analyze the data, the data file is transfered to the vhe2 server. This is done because
each root file containing 100,000 events is approxiamtely 850 MB. We wish to save the data file for
future reference. Doing the analysis on a seperate server also allows us to acquire and analze data at
the same time without slowdown. The data files are saved in the directory, /data_disks/vhe2b/DRS

and the analysis macro, Gainmeasure.C is found the in the directory, /data_disks/vhe2a/DRS. To
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analyze the data, the file name is inputed in the TFile command and the right amplification factor is
inputed in the AmpGain variable. The macro will extract the data and generate a histogram of the
maximum amplitude of each trace. Since the light level is at 5%, most traces will only contain noise.
Therefore the histogram should show two peaks, one peak for the noise and one for the single PE
amplitude as can be seen in Figure 4.2. Two Gaussian functions are then fitted to the histogram data.
The first Gaussian fits the noise distribution and the second Gaussian fits the single photoelectron
distribution. The single photoelectron amplitude is defined to be the mean of the second Gaussian.
For a few measurements, the single PE amplitude distribution is very broad and did not have a well
defined mean. In this case the Gaussian trys to fit the peak position of the Gaussian to be less than
or equal to zero. Since we are only interested in the part of the Gaussian corresponding to pulse
amplitudes greater than zero, the median of the postive values of the second Gaussian is calculated;
this in theory should be equivalent to the single PE amplitude for distributions with well defined
peaks. The macro will then go back through all the traces and extract out the ones with a pulse
with amplitude greater than or equal to the single PE amplitude found in the fit. Every pulse is
different in amplitude and time so each of the pulses are normalized to 1 and the aligned in time.
The average pulse shape is plotted as seen in Figure 4.1. To calculate the gain, the average pulse is
integrated and multiplied by the single PE amplitude. This yields the total charge in the average
pulse. The charge is divided by 50 ohms to find the total amplification and the amplification factor

of the amplifiers to find the gain of the PMT.

3.2 Afterpulsing Measurements

Afterpulses are secondary signals not associated with the detection of photons. These af-
terpulses can be generated by a number of ways. The first way is that stray gas in the vacuum tube
can be ionized through interactions with the moving electrons and be accelerated back towards the
photocathode. These ions will interacted with the photocathode and will typically induce multiple

photoelectrons to be produced since the ions will be more energetic than a photon. The photogen-
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erated electrons can also sometimes elastically scatter off the first dynode and be redirected back
towards the photocathode where more photoelectrons will be produced. Afterpulses can also be
produced by optical flashes within the dynode chain, however this process is not well understood.
Since these methods involve multiple photoelectrons, afterpulses are typically larger in amplitude

than single photoelectron pulses.

3.2.1 Procedure

To exploit the fact that afterpulses are larger than single photoelecton pulses, a rate vs
threshold curve is used to measure the afterpulsing rate of a photomultiplier tube. A rate vs threshold
determines the count rate as a function of pulse amplitude. The signal of the PMT is amplified and
sent to the LeCroy 4413 16 Channel Programmable Discriminator (Figure 3.3). The output of the
discriminator is converted to a NIM signal and read by the LeCroy 2551 scaler. As the discriminator
threshold is increased, smaller pulses will be filtered out, leaving only large amplitude pulses which
corresponds to afterpulses. To measure measure the rate of afterpulsing, we illuminate the PMT
with a 450 nm steady LED. The position and voltage of the LED is not important, just as long as
the count rate of the PMT is approximately 1 x 10% per sec. This base count is found using the
discriminator set at the lowest threshold above the noise. This is the base count rate in which we will
compare the afterpulsing to. Once the base line is established the count rate of the PMT is recorded
using the scaler at several increments of the threshold voltage (Figures 4.4and 4.5). A second rate vs
threshold curve, measurement with all the room lights being turned off is necessary to characterize
the dark count rate of the tube. These counts usually originate from thermal fluctuations. The
signal of the PMT must be amplified using a combination of the STACEE amplifier, Mini-Circuits
preamplifier and attenuators. The LeCroy 4413 discriminator has a minimum threshold of 15mV,

so a single photoelectron amplitude to be around 40 mV is desired.
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3.2.2 Software

The two programs used to make this measurement are RatevsThreshold.c, which is a stand
alone C++ program used to interface with the CAMAC and acquire data, and RateCurve.C which is
a ROOT macro used to analyze the data. The RatevsThreshold program is found in the directory,
/root/Desktop/CAM AC'/Rate_vs_Threshold. The increment and range of the threshold can be
changed if neccesary in the RatevsThreshold.c file and the time over which each data point is taken
can be changed in the file, data_functions. The command “g++ ‘root-config - -cflags - -glibs‘ -
lgpibapi -Wno-deprecated -o RatevsThreshold RatevsThreshold.c” is used to compile the code. The
command is ./ RatevsT hreshold is used to run the program. When the ./ RatevsThreshold command
is given, the computer will search for, initialize and clear the data on the CAMAC controller. It
will then initialize the discriminator and set the threshold to its minimum value, 15mV. The system
will then sleep for the specified time while the scaler is reading in the data. The number of counts
is saved into an array and the count rate is found by dividing the counts by the sleep time and is
saved into a seperate array. The program then increases the threshold and the process loops until
the maximum threshold of 1 V is reached. At each increment, the program will output the current
threshold, the number of counts and the count rate. At the end, a plot of the count rate vs the
threshold is generated. It is necessary to save the plot as a root file and named in such as way as to
distinguish between dark and LED illuminated curves.

Once the two root files are generated, one containing the rate vs threshold curve done in
the dark and one containing the rate vs threshold curve done with LED illumination, are generated,
the file RateCurve.C is used to analyze the data. The name of the root files must be manually input
to the code. The RateCurve.C file is found in the directory,

/root/Desktop/C AM AC/Rate_vs_Threshold/RateV sThresholdCurve.

At the top of the file, there are two commands, TFile LED( file_name) and TFile Dark( file_name)
where the name of the input root files are specified. To run this macro, root must be iniatilzed then

the command is .x RateCurve.C. The macro will extract the data points from each of the curves
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and generate a new rate vs threshold curve with the dark count rate subtracted from the LED
flashed count rate. This new rate curve is fitted to a Gaussian function for the single photoelectron
distribution and an exponentially decaying tail for the afterpulse distribution. It is defined to be,

At

Ex (€567 +1 x (1+ Brf(3£)))

where A, B, C, D, E are fitting parameters.
The final output will be a fitted rate vs threshold curve with a text box showing the single photo-
electron amplitude, parameter C, value along with the afterpulsing rate at 5 PEs or greater, defined

A+B(5C)

tobe e ¢ (Figure 4.6).
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Figure 3.3: Circuit diagram used in the rate vs threshold measurements.

3.3 An Alternate Afterpulsing Method

An alternate method of measuring the afterpulsing involves using the DRS to analyze each
individual trace and count the number of afterpulses. The circuit used to make measurements is
shown in Figure 3.4. The circuit is the same one used in the gain measurements with the addition of
a trigger signal generated by another LeCroy 623B discriminator triggered by the pulse generator.

This trigger is used to create a 1400 ns window to observe the signal of the PMT. Depending
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on the dynode structure, the timing of the afterpulse can range from a few nanoseconds to a few
microseconds. Similiar to the gain measurement, a pulse generator is used to flash the LED and
generate a 100 ns gate. From the default DRS GUI settings (Figure 3.2), the sampling rate is lowered
to 0.7 GHz, the trigger source changed to channel 3, and the delay changed to -110 ns. A sampling
rate of 0.7 GHz will increase the time window per trigger to 1400 ns. Triggering on channel 3, which
is the added trigger signal, and setting the delay to -110 ns will position the gate and PMT signal
at the start of the 1400 ns window. This allows the DRS to identify afterpulses up to approximately
1 ps after the initial signal. The analysis to find the PE signals and afterpulses is done on the fly. A
PE signal is defined as a maximum with amplitude higher than the threshold level that falls within
the 100 ns gate. An afterpulse is defined as a maximum with amplitude higher than the threshold

level that appears at least 5 ns after an identified single PE signal.

Light
LeCroy 623B Phillips PM 5712 Diode PMT
Discriminator |~ | Pulse Generator Pulse Bl Optical
Generator Fiber l
Attenuator and
Mini-Circuits
3 Preamplifier
LeCroy 623B
Discriminator
100ns cable
Stacee

Chamei/// Amplifier
DRS

Channel3 Channel1

PC

Figure 3.4: Circuit diagram used in the DRS afterpulsing measurements.

When the DRS has analyzed the specified number of events, the program outputs the

number of single PE signals and afterpulses found, as well as three histograms. One histogram
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shows the distribution of single PE amplitudes found and the another shows the time between an
afterpulse and the initial PE signal (Figure 3.5). The DRS is limited to a 1400 ns window so the
histogram with the times of the afterpulses is used to check that only a small percent of afterpulses
appear after 1400 ns. Since we are interested in afterpulses with 5 PE or higher, the single PE
amplitude is determined using the distribution. The third histogram output is a 2D histogram,
shown in Figure 3.6, which shows the time and amplitude of all afterpulses found. Using the
OptStat() function in ROOT, the number of counts with amplitude greater than 5 PE can be found.
Using this number, the afterpulsing probability can be found by comparing it to the number of PE

signals found.
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Figure 3.5: Two histograms output by the DRS analysis for afterpulsing. On the left, the time
between the initial signal and the afterpulse is shown and on the right, the distibution of single PE
amplitudes is shown.
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Figure 3.6: A 2D histogram showing the time and amplitude of all afterpulses found.

The figures Figure 3.5 and Figure 3.6 are made using the Hamamatsu H8500D-03. This
model has the same design as the H8500D-103 MODS with the exception of a different photocathode
and a different number of dynodes. The H8500D-03 has a 12 stage dynode chain and the H8500D-
103 has been modified to have 8 stages. This method of afterpulsing measurement was not done
on the H8500D-103 due to efficiency constraints. Due to the low afterpulsing probability and the
requirement of approximately five percent light level, many events must be analyzed to obtain rea-
sonable statistics for the afterpulsing. The histograms shown above (Figure 3.5 and Figure 3.6) were
done over seven million events, which took approximately 15 hours and only yielded 15 afterpulses
with 5 PE or higher. Because of this, it was not reasonable to use this method for all 64 pixels of

the PMT, however we may use this method for a few pixels in the future.

3.4 Photon Detection Efficiency

The photon detection efficiency is the probability that a photon incident on the input
window will generate a signal. This is determined by the quantum efficiency and collection efficiency
of the dynodes, particularly the first dynode.

The quantum efficiency is the probability that an incident photon will induce the photo-
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cathode to produce a photoelectron or the number of photoelectons emiited divided by the number
of incident photoelectons. When a photon stikes the photocathode, an electron in the valance band
will become excited into the conduction band and will begin diffusing towards the photocathode
surface. If this electron has enough energy to overcome the vacuum level barrier, then it is emiited
as a photoelectron[5]. The quantum efficiency is determined by the materials of the input window
and photocathode and can be expressed as [5]

n) = (1= R)5e x b x P

where

R: reflection coefficient of the glass

k: full absorbtion coefficient of photons

P,: probability that light absorbtion may excite electrons to a level greater than then

vaccum level

L: mean escape length of excited electrons

P;: probability that electrons reaching the photocathode surface may be released into the

vacuum

v: frequency of light
The collection efficiency of the first dynode is defined to be the ratio of the number of electrons
landing on the effective area of the dynode to the number of photoelectrons emitted from the
photocathode[5]. The effective area of the first dynode is the area of the dynode where electrons can
be effectively multipled by following dynodes without deviating from the most favorable trajectory.
Photoelectrons and therefore the signal can be lost before the first dynode if the photoelectrons miss

the first dynode.

3.4.1 Procedure

To measure the photodection efficiency, the number of photons incident on the PMT must

be known. To do this, a diffuse reflective cylinder and a silicon based PIN diode are used as shown
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in Figure 3.7.
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Figure 3.7: LED set-up used to measure photodection efficiency

The first step is to determine the conversion factor between the number of photoelectrons
emiited and the amplitude of the output pulse of the PIN diode. A radioactive Americium-241
source is used to calibrate the PIN diode. Americium-241 alpha decays to Neptunium-237 and the
de-excitation of the daughter nucleus produces a 59 keV gamma ray. The silicon in the PIN diode
produces one electron-hole pair per 3.62 eV, at room temperature, so the number of photoelectrons
per decay can be measured[4]. During a calibration run, the PIN diode is isolated with the 2! Am
source. Each time the ?*'Am decays, a signal is produced and the conversion factor between the
average signal amplitude and number of photoelectrons can be determined. When the PIN diode is

exposed to an LED flash, the number of photons incident on the PIN diode can be determined by
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analysing the signal amplitude. The quantum efficiency of the PIN diode has been calibrated by the
manufacturer (Hamamatsu), so the number photons incident on the PIN diode can be calculated if
the number of photoelectrons is known.

The diffuse reflective cylinder has one input for the light source and two arms, one for the
test sensor and one for the PIN diode. The cylinder is calibrated by measuring the photocurrent of
the same PIN diode situated at two different arms. With this calibration process, the percentage
of photons exiting one arm can be calculated relative to the other. The number of counts produced
by the PMT is compared to the number of counts produced by the PIN diode. By analysing the
amplitude of the PIN diode signal, the number of photons incident upon the PMT window can be

calculated.

3.4.2 Software

One stand alone executable is used to interface with the CAMAC and modules and a
root macro is used to analyze the data. These files are found on MGRODATAS5 in the directory,
/root/PDE_Measurement/programming_file. The executable, PDE_ACQ.exe reads in data
from the LeCroy 2249A 12 Chan ADC and saves the data in a file named PIN _.and T ESTSENSOR.root.
This file is to be renamed and copied into the directory /data. This measurement is done two times,
once with the sensors exposed to the LED and once in complete darkness in order to characterize
the thermionic noise.

The root macro, PDE_Analysis_Discriminator is used to analyse the data. The argu-
ments for this macro contain three files: the PMT test data, a calibration file used to determine
the conversion factor between PIN signal amplitude and number of photoelectrons and a pedestal
file which is the measurement done with no exposure to light. Following the three file name are
the wavelength of the LED and a name for the output file. The macro will read in the data from
the three files and generate a histogram for the data. The histogram are used to check the data

for any anomolies such as increase level of noise. Using the calibration file, the macro will calcu-
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late the conversion factor between the signal amplitude and number of photoelectrons. Given the
wavelength and data from the PIN diode, the total number of photons incident on the PMT can
be calculated using the method described in the previous section. Using the PMT test data, the
number of photoelectrons produced by the PMT is measured and the photodetection efficiency is

output along with the histograms.
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4 Analysis and Results

4.1 Results of Gain Measurements

The following measurements were made with the Hamamatsu H8500D-103 MODS at 890V.
The operating voltage was chosen such that the gain of pixel 45 is approxiamtely 2e5. Pixel 45 is
the control pixel which the manufacturer used to compare the gain and photodection efficiency.
Figures 4.1 shows a typical average pulse shape and Figure 4.2 shows a distribution of single photo-
electron amplitudes for pixel 4 of this particular tube. The measurement was repeated for all 64
pixels. Table 4.1 shows the result of the measurements. The gain of each pixel was plotted to show

the distribution of gains as shown in Figure 4.3



29

| Average Pulse | hAveragePulse
Entries 3983360
E — Mean 1.766
E 1 RMS 20.13
s /
E - ft
o 0.8 i
= .
he] 3 LR
@
N — "
E 0.6 i
—
=] E 1
c E 4
3 04 ;
g +
L .
o 0.2
3 Ty A
D;_"'""—-—’m 7 ,_.,.-—-_‘;f' R N S
S S Y N S N N S v ) I S
-50 -40 -30 -20 -10
time [ns]

Figure 4.1: Typical average pulse shape for the Hamamatsu H8500D.(pixel 4)
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Figure 4.2: Single-photoelectron amplitude distribution for the Hamamatsu H8500D. (pixel 4)
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1.44e5 | 1.77e5 | 1.89e5 | 2.19e5 | 1.75e5 | 1.69¢5 | 1.70e5 | 1.91eb
1.42e5 | 1.76e5 | 2.12e5 | 2.06e5 | 2.06e5 | 1.82e5 | 1.45e5 | 1.75e5
1.34e5 | 1.74e5 | 2.19e5 | 2.33e5 | 2.20e5 | 1.76e5 | 1.55e5 | 1.72eb
1.33e5 | 1.62e5 | 2.02e5 | 1.91e5 | 2.08e5 | 1.87e5 | 1.73e5 | 1.79e5
1.38e5 | 1.54eb | 2.14eb | 2.07eb | 2.24e5 | 2.05e5 | 1.86e5 | 1.71ed
1.36e5 | 1.66e5 | 2.04e5 | 2.32e5 | 2.17e5 | 1.98e5 | 1.62e5 | 1.64eb
1.37e5 | 1.68e5 | 2.26e5 | 2.48e5 | 2.37eb | 1.83e5 | 1.42 e5 | 1.62eb
1.51eb5 | 1.81e5 | 1.59e5 | 2.05e5 | 1.59e5 | 2.05e5 | 1.94e5 | 1.80eb

Table 4.1: Uniformity of the gain rate across the 64 channels.
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Figure 4.3: Distribution of gains measured for all 64 pixels.

The spread in gain values appear to be acceptabe. We observed, however, that the gain
of the pixels on the side edges, specifically the left edge, to be significantly lower. We believe
this is due to some boudary effects of both the focusing and accelerating electric field. Another
possibility is that electrons are being lost when they interact with the sides. If needed, we believe

the gain differences can be compensated for by using varying electronic amplification at the cost of

complicating the set-up a bit.
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4.2 Results of Afterpulsing Measurements

The following measurements were made at the same operating voltage as the previous
measurement with an electronic amplification of 90. Figures 4.4 and 4.5 shows the results of two
rate vs threshold measurements. Figure 4.4 was measured in a completely dark environment and
Figure 4.5 was measured by a steady LED. Figure 4.6 shows the rate vs threshold curve with the
thermionic noise subtracted out fitted with a Gaussian and exponential function. The measurement

was repeated for all 64 pixels. Table 4.2 shows the result of the measurements.
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Figure 4.4: Rate vs threshold curve measured in a completely dark environment for pixel 4
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Figure 4.5: Rate vs threshold curve measured with a steady LED for pixel 4
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Figure 4.6: Rate vs threshold curve with the thermionic noise subtracted out for pixel 4
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9.7e-4 | 6.5e-4 | 6.8e-4 | 6.5e-4 | 8.6e-4 | 6.0e-4 | 4.2e-4 | 1.2e-3
6.5e-4 | 1.5e-4 | 2.9e-4 | 5.7e-5 | 5.6e-5 | 5.8¢-5 | 8.9e-5 | 1.4e-3
7.8e-4 | 1.1e-4 | 4.4e-5 | 3.7e-5 | 3.5e-5 | 3.7e-b | 5.7e-5 | 9.1e-4
1.0e-3 | 1.1e-4 | 5.8¢-5 | 2.9e-5 | 2.8¢-5 | 1.3e-4 | 4.8e-5 | 7.3e-4
1.1e-3 | 1.2e-4 | 1.1e-2 | 3.0e-5 | 2.9e-5 | 3.1e-5 | 5.0e-5 | 6.7e-4
1.2e-3 | 1.2e-4 | 4.6e-5 | 3.3e-5 | 3.4e-5 | 5.8e-5 | 6.1e-5 | 4.5e-4
1.3e-3 | 1.be-4 | 6.3e-5 | 1.9e-4 | 9.5e-5 | 1.8e-4 | 1.1e-4 | 4.4e-4
1.2e-3 | 4.9e-3 | 3.5e-4 | 3.4e-4 | 5.5e-4 | 5.6e-4 | 4.5e-4 | 5.0e-4

Table 4.2: Afterpulsing rate of the 64 channels. Pixel one is represented by the top left corner.

For the trigger set-up expected to be used in the telescope arrays using the H10966D-103
(Hamamatsu H8500D-103 MODS), afterpulsing rates of 1 x 1072 or lower is desired. For many of
the pixels, this requirement is satisfied. However, there are a few pixels, specifically the pixels on
the edge and corners of the tube, that showed afterpulsing rates a bit higher than the desired level.
As mentioned in the previous section, pixels on the side edges and corners typically showed lower
gains and behave differently. At this point, it is inconclusive whether or not the high afterpulsing
rates are real. There were issues with the data analysis on some of the pixels on the side edges and
corners because the single PE distribution was much broader. As shown in Figure 4.7 the single
PE distribution is nearly twice as broad as the PE distribution for pixel 4. In Figure 4.7, the single
PE amplitude value was not restricted and the analysis returned a negative amplitude. The signal
itself does not have a negative amplitude. The issue is that the Gaussian no longer fits well to the
data. Similiar to the issue with the broad distribution in the gain measurements, the broad single
PE distribution causes the fit to identify a negative amplitude. This issue was observed in several

other pixels on the sides, edges, and corners of the tube.
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Figure 4.7: Rate vs threshold curve with the thermionic noise subtracted out for pixel 8, a corner
pixel

4.3 Results of Photon Detection Efficiency Measurements

Although presented in this paper, the following measurements were made by another
student[3]. Table 4.3 shows the results of the photon detection efficiency measurements. The mea-
surements were done at an operating voltage of 1000 V with a 450 nm wavelength LED. At this
point, the PDE measurements are still incomplete so some pixels have not yet been measured. A

PDE value of — was assigned to indicate incomplete pixel measurements.
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15.8+0.4 - 16.1£0.4 | 17.1+0.4 | 15.6+£0.4 - 13.4£0.4 -

- - 19.1£0.5 | 19.4+0.5 - - -
17.3£0.4 - 20£0.5 | 20.4+0.5 | 19.1+0.5 - 15+0.4 -
14.9£0.4 | 16.9+£0.4 | 18.5£0.5 | 20.5+0.4 | 20.7£0.5 - 16.5+0.4 | 17.3+£0.4
15.2+0.4 | 19.3+£0.5 | 18.5+£0.5 | 17.9+0.4 | 18.5+0.4 | 17.8+0.4 | 17.0£0.4 | 17.0+£0.4

- - 21.6+0.5 | 22.0£0.5 - - -

18+0.4 - 20.2+0.5 | 20.9£0.5 | 20.0+0.5 - 18.0+0.4 -
- - - 19.1£0.5 | 18.8+£0.4 - - -

Table 4.3: Photon detection efficiency for various pixels of the H8500D-103 MODS8

The values of the photon detection efficiency are within the typical range for photomultiplier
tubes with a bialkali photocathode. The H8500D-103, however, has a super bialkali photocathode so
the photon detection efficiency is a bit of a disappointment. As shown in Figure 4.8, a super bialkali
photocathode has a quantum efficiency of about 28% at 450nm. This indicates that the collection
efficiency is approxiamtely 70%, which is lower than desired. Unfortunately, UBA is not available
for this model. So the only way to increase the photon detection efficiency would be to increase
the collection efficinecy. The collection efficiency is a property of the dynode structure so in order
accomplish this, the dyode structure must be redesigned.
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Figure 4.8: Quantum efficiency of three types of photocathodes|6].
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5 Discussion

5.1 Broad Single Photoelectron Distribution

The Hamamatsu H8500D-103 MAPMT shows a much broader distribution of single photo-
electron amplitudes when compared to the Hamamatsu R10560 and other models. There are several
issues related to this problem. First, it disrupts the measurements of the gain and afterpulsing rates.
As show in Figure 4.7 the single photoelectron distribution extends into the 200 mV range, roughly
five times higher than the expected value of approximately 40-45 mV. This causes complications
in the analysis. The expected fit fails to match the data which causes the analysis to incorrectly
calculate the single PE amplitude. The broad distribution also causes the gain analysis program to
incorrectly estimate the peak, thus the single photoelectron amplitude, of the distribution. More
importantly, the trigger thresholds of the telescope arrays would have to be raised which would
increase the energy threshold of gamma-rays that can be detected by the system. Currenty the
telescope arrays are planned to have a trigger threshold of about five photoelectrons. Therefore,
single photon events from background noise will make spurious contributions to gamma-ray events.

One cause of the spread of single photoelectron amplitudes is the uncertainty in the number
of electrons released from the dynodes. The number of electrons released is governed by Poisson
statistics. Therefore, there will be an uncertainty of y/n if n electrons are released by a dynode. By
reducing the number dynodes and operating the tube at a higher voltage, the number of electrons

released per dynode will increase. This is expected to lower the percentage of uncertainty in the
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number of electrons released and thus should reduce the width of the single photoelectron distribu-
tion. Figure 5.1 shows the width of the distribution, relative to the single photoelectron amplitude,
decreases at higher gains. This measurement was made using the 8 stage H8500-103 MODS at higher
bias voltages, therefore increasing the number electrons release per stage. We hope to see the same

behavior in the same MAPMT with fewer stages.
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Figure 5.1: Width of the distribution, relative to the single photoelectron amplitude vs gain.

5.2 Decrease in Gain at High Light Levels

An issue we encountered during the measurements was that the single photoelectron am-
plitude does not match between the rate vs threshold and gain measurements. After accounting for
the differences in electronic gain, it was found that the single PE amplitude calculated in the rate vs
threshold measurements was significantly lower. The rate vs threshold measurements are done by
illuminating the PMT with an constant background of approximately 10° counts per second. The
LED is not focused on any one pixel, therefore the tube itself was operating under 64 times the light

level of a single pixel. The gain measurements are done with count rates of 10* and an optical fiber
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focused on a single pixel. This led us to believe that the gain sags high light levels. Figure 5.2 shows
this behavior.

When the PMT is running, there is a standing current running through the circuit in the
base. This circuit is connected to the dynodes and the current provide charge for the electron
avalanche. The voltage dropping resistors in the circuit (Figure 2.1) serve two purposes. First,
the resistors set up the potential difference between the intermediate dynodes that provides the
accelerating and focusing electric field. The second puropose is to limit the amount of current the
PMT can draw. If the resistance is too low, then the PMT will draw a lot of power from the power
supply and the excess power is lost as heat. If the resistance is too high, then the dynodes cannot
draw enough current to maintain the gain at high light levels. We believe this is the cause of the
gain sagging. A solution to this problem would be to reduce the resistance. As long as the ratio
of resistance is maintained, then the gain of the tube should not change at lower light levels. This

simple modification should prevent the gain from saturating at high light levels.
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Figure 5.2: Gain of pixel 45 at various background light levels
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5.3 Conclusion

The decision whether or not to use the H10966D-103 in the upcoming CTA telescopes is
still pending on the results of the modification discussed in the previous sections. Hamamatsu is
currently working on modifying this model to have six stages instead of eight to address the issue of
the broad single PE distribution. This modification may also increase the collection efficiency. We
will also want to see what effects changing the resistance in the base will have. One drawback of using
fewer stages, however, is that the maximum overall gain is estimated to be 2 x 10%, ten times lower
than what is currently planned to operate at. Operating the PMT at a lower gain will put higher
demands the electronics since the noise at this gain will be a much more significant contribution to
the signal. If CTA is to use this PMT at 2 x 10* gain, careful considerations must made to ensure
the noise is minimal. However, operating the PMT at a lower gain does have its advantages. Other
telescopes for CTA are currently being planned to operate at 2 x 10* gain. Operating a PMT at
low gain also has the advantage of being able to operate under brighter night sky background. This
means the PMTs do not have to be shut off when facing some particularly bright stars. At this

point, however, the Hamamatsu H10966D-103 (H8500D-103) is still the best option.
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