
Commissioning a facility to evaluate potential
light sensors for the Cherenkov Telescope Array

TOMAS KOPP

Master’s Thesis at KTH
Supervisors: Jan Conrad and Hugh Dickinson

Examiner: Felix Ryde

TRITA-FYS 2012:37
ISSN 0280-316X

ISRN KTH/FYS/ - -12:37-SE





Abstract
The Cherenkov Telescope Array (CTA) will be the next generation of
imaging atmospheric Cherenkov telescope, with the ability to detect
very high energy gamma-rays that interacts with molecules in the at-
mosphere and produce Cherenkov radiation. This Cherenkov radiation
is very faint, demanding special properties for the light sensors that are
to be used to detect this radiation.

The high sensitivity and fast response time of the photomultiplier
makes it a well suited detector for CTA. An evaluation facility with the
purpose of measuring the most critical characteristics of a photomulti-
plier; gain, afterpulsing, transit time spread, pulse width and quantum
efficiency was commissioned at Stockholm University.

The facility included a setup using a monochromator to test the
quantum efficiency of a photomultiplier by comparing it with a reference
detector with a calibrated quantum efficiency. Another setup using a
pulsed laser was used to evaluate the gain, afterpulsing, transit time
spread and pulse width.

To determine whether the results obtained at the facility are valid,
the measurements setups were tested using a photomultiplier model with
previously characterized properties. Similar results to those measured
at other facilities and those provided by the manufacturer of the photo-
multiplier were obtained using the constructed facility.

Stockholm University now have a facility with the ability to evaluate
if a photomultiplier is suitable for CTA. The facility is however in need
of some modification to improve the measurements.



Referat
Upprättande av en utvärderingsanläggning för

potentiella ljussensorer för CTA

Cherenkov Telescope Array (CTA) är nästa generations atmosfäris-
ka cherenkovteleskop med förmågan att detektera högenergetisk gam-
mastrålning när de interagerar med molekylerna i atmosfären och pro-
ducerar cherenkovstrålning. Denna cherenkovstrålning är mycket svag
vilket ställer höga krav på de ljussensorer som ska användas för att
detektera denna strålning.

Fotomultiplikatorns snabba svarstid och höga känslighet gör den
till en lämplig ljussensor för CTA. En utvärderingsanläggning med syftet
att undersöka fotomultiplikatorns viktigaste egenskaper, förstärkningen,
efterpulser, spridningen i överföringstid, pulsbredd och kvanteffektivitet
upprättades vid Stockholms universitet.

Anläggningen består dels utav monokromator som används för att
mäta kvanteffektiviteten genom att jämföra den med en referensdetek-
tor vars kvanteffektivitet är kalibrerad. Anläggningen består även utav
en pulsad laser för att mäta förstärkningen, efterpulser, spridningen i
överföringstid och pulsbredd.

För att undersöka ifall de uppmätta värdena vid anläggningen är
korrekta så testades de olika mätningarna med en fotomultiplikator vars
egenskaper blivit utvärderade vid andra liknande anläggningar. Mät-
ningar utförda hos anläggningen visade liknande resultat som de upp-
mätta vid andra liknande anläggningar samt tillverkarnas typvärden.

Stockholms universitet har nu möjligheten att utvärdera en fotomuli-
pikators lämplighet som ljussensor för CTA. Vissa delar utav anlägg-
ningen bör dock modifieras för att förbättra mätningarna.
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Chapter 1

Introduction and Background

1.1 Aim of thesis
The Cherenkov Telescope Array (CTA) is a planned telescope involving a large
collaboration of groups from 27 different countries. CTA is intended to be the
next generation Cherenkov telescope with the purpose of studying very high energy
gamma-rays. CTA is presently1 in the planning and testing phase.

CTA will consist of over one hundred imaging atmospheric Cherenkov telescopes
(IACTs) employing a technique already proven by telescopes such as the High En-
ergy Stereoscopic System (H.E.S.S.), the Major Atmospheric Gamma-ray Imaging
Cherenkov telescopes (MAGIC) and Very Energetic Radiation Imaging Telescope
Array System (VERITAS) to be a powerful tool in ground based gamma-ray as-
tronomy. Ground-based gamma-ray telescopes have an advantage over satellite ex-
periments such as Fermi-Large Area Telescope (Fermi-LAT) due to the lower cost
and much larger detection area.

CTA aims to increase the sensitivity and energy resolution by at least one order
of magnitude compared to the present generation Cherenkov telescopes. This will
be achieved with a larger detection area due to the larger array (H.E.S.S. consists of
five IACTs as a comparison) and the use of newer and more sensitive light detectors.
Approximately 105 light detectors will be used by the telescope.

The aim of this thesis is to commission a facility at Stockholm University for
the evaluation of light sensors that are to be used by CTA.

1November 2012
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CHAPTER 1. INTRODUCTION AND BACKGROUND

1.2 Gamma-Ray Astronomy
The purpose of CTA is to study gamma-rays in the ∼10 GeV to ∼10 TeV energy
range, also known as the very high energy (VHE) region. The study of VHE gamma-
rays has its roots in the discovery of cosmic rays nearly one hundred years ago.
During a balloon-borne experiment in 1912 Victor Hess discovered that the detected
radiation flux increased with higher altitude. This lead to the conclusion that the
Earth is bombarded by charged particles of an extra-terrestrial origin [1].

The main component of these cosmic rays was later found to be hadronic par-
ticles, mostly protons and alpha-particles with a small contribution by heavier el-
ements. Around 2% of the cosmic rays that are detected are leptonic, of which
electrons are the main component.

The cosmic ray spectrum can be described by a power law in energy E; dN(E)/dE ∼
E−2.8 as shown in Figure 1.1. From the figure one can observe that the Earth is
bombarded at a high rate by relatively low energy particles while the really high
energy ones, such as the famous “oh-my-god”- particle [16] are much less frequent.

The spectrum also displays two characteristic features where the slope suddenly
changes, these abrupt changes are known as “the knee” and “the ankle”. The knee
at 1016 eV is interpreted as the energy of those particles whose gyroradius [2] is
too large to be confined by the galactic magnetic field.

The other change in the spectrum; the ankle at 1018 eV is thought to indicate
cosmic rays of an extragalactic origin. The mechanisms capable of accelerating these
energetic particles to these tremendous energies we not fully understood.

4



1.2. GAMMA-RAY ASTRONOMY

Figure 1.1. Cosmic Ray spectrum, from [6]
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CHAPTER 1. INTRODUCTION AND BACKGROUND

Charged particles may be the main part of the cosmic ray flux but since they are
charged they are deflected by magnetic fields that are present in our own galaxy as
well as those close to the source. Calculating the gyroradius of a relativistic particle
in the magnetic field of our galaxy, one finds that only the most energetic particles
will have an almost unaltered trajectory from their origin. However, as displayed
in Figure 1.1 the flux of these energetic particles is too low to conclusively identify
the acceleration processes capable of producing these energies.

As electrically neutral particles, neutrinos would be a good candidate to study.
However, neutrinos are difficult to detect since they only interact via the weak
force. Photons are also neutral and moreover, VHE gamma-rays are believed to
be produced in the same environments and perhaps by the same particles that are
accelerated to tremendous energies surpassing the 1020 eV region [16]. Therefore
the very high energy gamma-rays produced are a more reliable source if one wants
to study some of the most energetic events and environments in the Universe.

1.2.1 Gamma-ray production processes
Thermal processes take place in stars and galaxies as well as other astrophysical
objects such as supernova remnants. These thermal processes not only produce
the electromagnetic radiation in the observed optical spectra, but also at wave-
lengths extending from the radio up to the X-ray band (. 100 keV). However high
energy photons with more energy than X-rays can not be produced by thermal pro-
cesses. Instead, other non-thermal acceleration processes associated with some of
the most extreme astrophysical environments, such as active galactic nuclei, pul-
sars or gamma-ray bursts are required. These processes produce highly energetic
charged cosmic rays, neutrinos and also very high energy photons with energies &
10 TeV.

There are different processes that are able to accelerate cosmic rays and produce
VHE gamma-rays. One non-thermal particle acceleration mechanism that is able to
produce cosmic rays is Fermi acceleration [5] in shock fronts. Essentially, charged
particles that are accelerated in a shock front will gain energy as they repeatedly
cross the shock front. The energy gain is proportional to the velocity of the shock.

The maximum energy that a particle can gain is proportional to its charge, the
magnetic field strength and the size of the source. When these accelerated charged
particles interact with ambient matter, photons, electric fields or magnetic fields
gamma-rays are produced. These emission processes will be briefly discussed in the
following sections. The emission processes are discussed further in more detail in
[2].
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1.2. GAMMA-RAY ASTRONOMY

Synchrotron Radiation

A relativistic charged particle propagating in a magnetic field will emit photons.
This process is called synchrotron radiation and occurs when the particle is spi-
ralling in a magnetic field. The astrophysical emission of synchrotron radiation
is dominated by electrons gyrating the in magnetic field lines of an astrophysical
object.

Compton and Inverse Compton scattering

Compton scattering is the process in which an incoming photon interacts with a
electron and transfers some of its energy to the electron. Inverse-Compton (IC)
scattering, as the name suggests, is the inverse case when a relativistic electron
scatters a photon, depositing part of its energy to the photon.

In regions with strong magnetic fields and large densities of both photons and
relativistic electrons the photons can be synchrotron photons and can therefore be
IC scattered of the very same electrons that produced them. This phenomenon is
called synchrotron-self-Compton radiation since the photons emitted by synchrotron
radiation are scattered by the relativistic electrons that created them as they travel
through the magnetic field. Inverse-Compton radiation is believed to be a major
mechanism behind VHE gamma-rays in some astrophysical sources [21].

Hadronic production of gamma-rays

As previously discussed, the main bulk of the cosmic ray flux consists of protons.
When protons collide with other hadrons the most common decay product are
pions. The pions are unstable mesons with a rather short life time and can be both
charged and neutral. The charged pions are likely to decay into muons and muon
neutrinos [3]. However, in the case of the neutral pion the most likely decay is into
two gamma-rays [3]. Indeed, pion decay is the main source for gamma-rays of a
hadronic origin.

Bremsstrahlung

Radiation that is emitted when a charged particle is accelerated in the electric
field of a nucleus is called bremsstrahlung. The energy of the emitted photon is
proportional to the energy of the charged particle and atomic number of the nu-
cleus and bremsstrahlung can be a source of VHE gamma radiation. This radiation
process is common when electrons interact with gas in the interstellar medium.
Bremsstrahlung also occurs when charged particles interact with nuclei in the at-
mosphere and is therefore an important part in extensive air shower development.

1.2.2 Relevant physical mechanisms during an extensive air shower
The relevant processes during an extensive air shower are besides bremsstrahlung,
pair production and particle-antiparticle annihilation. The physical processes rele-
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CHAPTER 1. INTRODUCTION AND BACKGROUND

vant during an extensive air shower are discussed in the following paragraphs.

Pair production

When a high energy photon interacts with an atomic nucleus it can produce a
electron-positron pair. This process is possible as long as the energy and momentum
of the photon is conserved. Therefore the lowest energy for pair production from
a single photon is the total rest mass energy of the two particles that are created
(1.022 MeV for the electron-positron pair).

Particle-antiparticle annihilation

The annihilation that follows a collision of a particle and its antiparticle results in
an emission of photons in order to conserve energy and momentum. The minimum
energy released is the rest energy of the two particles. This process is common when
positrons are created in environments with high electron densities. For example
when a positron is created during a pair production process in air during an extensive
air shower, which will be further discussed in section 1.2.3.

1.2.3 Extensive Air Showers
Very high energy gamma-rays that hit the atmosphere will initiate charged particle
cascades due to interactions with the molecules in the atmosphere. These cascades
are induced due to pair production, the created electron-positron pair receives the
energy of the energetic gamma-ray and as they travel through the atmosphere ad-
ditional energetic photons will be emitted through bremsstrahlung. If its energy
exceeds the energy threshold for pair production the emitted photon can in turn
produce another electron-positron pair. This process proceeds as long as the domi-
nant energy loss process for the electrons and positrons is through bremsstrahlung.
When the energy of the of the particles is less than ∼ 84 MeV the dominant energy
loss will be through ionization. These cascades of particles and photons are called
extensive air showers (EAS). The cascade of charged particles induced by a VHE
gamma-ray interacting with the molecules in the atmosphere occurs at altitudes of
10-20 km above sea level.

Extensive air showers are not only produced by VHE gamma-rays. Highly en-
ergetic charged particles also cause EAS when they collide with the molecules in
the air. As mentioned in §1.2 the atmosphere is subjected to a large flux of cosmic
rays. The cascades induced by cosmic rays are different to the ones created by a
VHE gamma-ray since the cascade will contain hadronic particles. The particles
produced by hadronic interactions typically have a higher transverse momentum
which adds an element of irregularity to the showers as seen in Figure 1.2.
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1.2. GAMMA-RAY ASTRONOMY

Figure 1.2. The shower to the left is induced by a gamma-ray. The one to
the right is an example an EAS produced by a cosmic ray. Notice that it is
possible that the created particles are able to start an electromagnetic cascade
in the same fashion as the one in the left image. Image taken from [8].

1.2.4 Cherenkov radiation
When a charged particle propagates through a dielectric medium, a faint radiation
is produced. The charged particle excites the molecules in the medium, which then
return to their normal state by emitting radiation. The speed of light in a medium
depends on the refractive index of that medium and if a particle is moving faster
than the speed of light in a medium, it can trigger a cascade of photons that are
in phase with each other and can interfere constructively, emitting light. The light
propagates in a cone with a small angle θ along the particle’s trajectory. This
light is called Cherenkov light or Cherenkov radiation after the discoverer of this
phenomena [19].
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Figure 1.3. The left image displays a charged particle that travels with a
velocity v1 that in a medium with refractive index n. v1 is lower than the speed
of light in that medium. The right image shows the case where the velocity
v2 of charged particle exceeds the speed of light in the ambient medium. The
radiation will be emitted in a cone shape where θ is the opening angle.

Figure 1.3 illustrates the emission of Cherenkov light when a relativistic particle
travels through a medium with a speed faster than the speed of light in that medium.
A common analogy to this effect is the sonic boom that occurs when an aircraft is
travelling faster than the speed of sound in air.

The particles created during an EAS are relativistic and as such can have a speed
higher than the speed of light in the atmosphere and therefore Cherenkov light is
emitted. The spectrum of the emitted Cherenkov light peaks at the near-ultraviolet
and blue wavelengths and falls of as a power law, approximately as λ−1 where λ is
the wavelength.

1.3 Ground based gamma-ray telescopes
Ground based gamma-ray telescopes operate on the principle that the atmosphere
is used as a calorimeter to study very high gamma rays. The gamma-rays’ interac-
tion with the electric field of the atoms in the atmosphere will result in a extensive
air shower and a product of that EAS is Cherenkov radiation. The analysis of
Cherenkov light from very high energy gamma-rays is a technique that has been
successfully used in several Imaging Atmospheric Cherenkov Telescopes (IACT).
Two of the most modern IACTs in service today are the MAGIC telescope at La
Palma and H.E.S.S. in Namibia (displayed in Figure 1.4). CTA will be able to in-
crease the energy range, energy resolution, sensitivity, spatial and angular resolution
for gamma-ray detection even further.
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1.3. GROUND BASED GAMMA-RAY TELESCOPES

Figure 1.4. The upper image displays H.E.S.S. with newest addition to the
H.E.S.S. array [17]. The image at the bottom shows the MAGIC telescope
calibrating its mirrors [18].

1.3.1 Imaging Atmospheric Cherenkov Telescopes

Imaging atmospheric Cherenkov telescopes operate by sampling Cherenkov radia-
tion from the relativistic particles produced during an EAS. A single telescope in
an IACT array consists of a large dish of tessellated mirrors with the purpose of
reflecting the light from a Cherenkov flash onto a camera that records the image of
the air shower. The camera consists of an array of densely packed light sensors. The
light sensors are equipped with light concentrators called “Winston cones” in order
to decrease the amount of photons from the NSB. The Winston cones are designed
so that only light reflected by the mirrors are detected by the light sensors.

The effective area of an IACTs is large since the total illuminated area on the
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CHAPTER 1. INTRODUCTION AND BACKGROUND

ground from a flash corresponds to several hundreds square meters. A large detec-
tion area is important to detect more events. In order to detect the short Cherenkov
flashes, which typically have a duration in the order of ∼10 ns the camera of the
IACT needs to contain light sensors with a fast response time.

The Earth is constantly bombarded by charged hadronic particles that also cre-
ate extensive air showers. In fact, the Cherenkov photons from gamma-rays are
only a small partition of the total Cherenkov light flux. The different appearance
between a hadronic shower an electromagnetic shower is used to distinguish the
signal from a gamma-ray from the background. This can be done since the electro-
magnetic showers induce a much narrower and collimated cone of Cherenkov light
that results in a elliptical and well defined image of the light pool. The image of the
light pool from a hadronic cosmic ray is more irregular and dispersed due the differ-
ent subshowers created by the different hadronic decays. Figure 1.5 illustrates the
difference between images of a shower from a gamma-ray compared to one produced
by a cosmic ray.

Figure 1.5. An image of the detection in the camera of Cherenkov light from
a gamma-ray (to the left) in comparision with an image of a detected hadronic
shower. Image taken from [23]

The image analysis can distinguish between hadronic and gamma-ray initiated
showers, but the some of the particles created by a hadronic shower may produce an
EAS similar in shape to the pure gamma one. The common example is local muons
produced by a cosmic ray which produce cone of Cherenkov light with a diameter
about ∼70 m.

An array of several telescopes can reduce this problem if the telescopes are

12



1.3. GROUND BASED GAMMA-RAY TELESCOPES

placed so that only one single telescope will detect the narrow muon induced air-
shower and adopting the condition that at least two telescopes in the array should
detect a shower within a small time window. A distance of about one hundred
metres between the telescopes will allow several telescopes to detect an EAS from a
gamma-ray while only one telescope will detect the Cherenkov light from a muon.

An array of IACTs can also determine the point of origin of the gamma-ray
that induced the shower to a greater extent than a single IACT by using a tech-
nique called stereoscopy. An IACT does not directly observe the gamma-ray but
rather a cross-section of the Cherenkov cone produced by the EAS. The long axis
of the elliptical footprint should be approximately aligned with the direction of the
EAS axis. With an array IACTs, the intersection between the long axes projected
onto the sky will represent the point of origin for the incident gamma-ray. Figure
1.6 illustrates the working principle of an array of IACTs where the stereoscopic
technique is displayed in the upper right corner.

Figure 1.6. An image illustrating the working principle of an array of IACTs
and the circle in the upper right corner is an example of the use of multiple
telescopes to deduce the trajectory of an EAS. Having multiple telescopes also
improves the sophisticated triggering mechanism for gamma-ray events.
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1.3.2 Cherenkov Telescope Array

Figure 1.7. An artists impression of one of the arrays. Image taken from the
CTA homepage [7].

The Cherenkov Telescope Array is the name for a next generation IACT to
be used for ground-based gamma-ray astronomy. Figure 1.7 displays an artists
impression of planned telescope array. CTA is planned to consist of two arrays,
one in the northern hemisphere and one in the southern hemisphere. The CTA
collaboration contains researchers from 27 different countries and is intended to
work as an open observatory [7].

The arrays are planned to include IACTs of three different sizes. Large-Size
telescopes (LST) with a diameter in the 24 m class with the capability of detecting
faint light from gamma-rays with low energies in the order of few tens of GeV [7, 9].
Medium-Size telescopes (MST) with a diameter of 10-12 m with the objective to
detect gamma-rays from ∼100 GeV to around 10 TeV. The array will also comprise
larger number of small-size telescopes (SSTs) with a mirror diameter of 4-6 m to
detect the gamma-rays with higher energies above 10 TeV.

Figure 1.8 shows the concept of the planned array site. The southern site will
consists of around 100 telescopes while the northern site will have around 50 tele-
scopes. The largest mirror of the LST is ∼400 m2, however the entire effective
collection area for CTA is planned to be in the ∼150000 m2 in comparison with the
detection area of around 1 m2 for satellite experiments such as Fermi-LAT.

To ensure optimal conditions for the arrays, they need to be located at a rela-
tively high altitudes around 2000 m above sea level. As the EAS is initiated at an
altitude of 10-20 km the energy of the particles in the shower will have decreased
and the EAS died out making all but the most energetic showers almost impossible
to detect at sea level [21]. The sites need a large flat area with stable environmental
conditions such as a lack of extreme weather (snow, strong winds and hail) and
low seismic activity. Other criteria that need to be fulfilled in order to achieve
good observational conditions are a clear sky with dry air and low light pollution
from nearby populated areas. Possible candidates for the location for the northern

14



1.3. GROUND BASED GAMMA-RAY TELESCOPES

Figure 1.8. The principle for the placement of the different telescopes, with
the LST in the center of the array, the MST in the middle shell and the SST
covering the main area around the center [7].

site are, the Canary Islands, the Western Himalayas and northern Mexico. For the
larger southern site, possible candidates are Argentina, Chile and southern Africa
[7, 9].

1.3.3 Potential targets for CTA
CTA will be able to study astrophysical sources that produce VHE photons. Some
of these sources are present in our own galaxy while some are extragalactic. Some
of the sources will be further discussed in the following sections.

Supernova remnants

The structure which remains after a supernova explosion is called a supernova rem-
nant (SNR). After the supernova explosion the expelled stellar material is ejected
with high velocities, creating a shock wave through interaction with the interstellar
medium. The gamma-ray emission from SNRs is believed to happen in the region
where the shock front interacts with matter in the surrounding interstellar medium.
SNRs probably contribute to a large part of the cosmic ray flux up to 1015 eV[12],
which is comparable to the energy of particles around the “knee” in Figure 1.1.

Over time, the supernova remnant will cool down as the shock wave expands and
after some 10 000 years the shock wave has dissipated in the surrounding interstellar
medium. CTA is predicted to discover more fainter, less energetic SNRs due to its
better sensitivity [12].
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Figure 1.9. The crab neubula as seen with the Hubble Space Telescope [4].

Pulsars

Neutron stars are compact stellar remnants which remain after a supernova explo-
sion. To preserve the angular momentum of the exploded star after the supernova,
the neutron star often rotates very rapidly. If these rotating neutron stars have a
strong magnetic field, pulsed electromagnetic radiation will be emitted and there-
fore these type of stars are called pulsars. The emission mechanism is not fully
understood and is a strong science driver for CTA. VHE gamma-ray emission from
pulsars has been detected by both MAGIC [11] and Fermi-LAT [10].

Pulsars steadily dissipate their rotational energy via relativistic winds [13]. The
outflow or wind, contains charged particles that can interact with the surrounding
interstellar medium of the SNR. This interaction can result in an emission of radi-
ation. An optical image of the one of most famous pulsar wind nebulae, the Crab
Nebula is displayed in Figure 1.9.

The Galactic Centre

The centre of our galaxy contains the nearest super-massive black hole and will
be one of the primary targets for CTA [7]. In addition to the super-massive black
hole the galactic centre also hosts various other interesting sources of very high
gamma radiation such as supernova remnants and may be a site of dark matter
self-annihilation [15].
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Figure 1.10. An artist impression of an AGN. Image taken from [14]

Active Galactic Nuclei

Some galaxies have a super massive black hole at their centre. Matter that falls into
the massive black hole due to the strong gravitational force will form an accretion
disk to conserve angular momentum. The matter in the disk will emit radiation
due to frictional heating. The accretion disk is not a source of VHE photons as the
emitted photons have energies corresponding to wavelengths of the optical and the
X-ray region. Figure 1.10 illustrates an artist interpretation of an AGN.

However approximately 10% of the AGNs produce relativistic jets as a result of
accretion. These jets can be sites of VHE gamma-ray emission. One subgroup of
a AGNs are called blazars and have one of the jets pointed towards the Earth. As
a result, the VHE flux is enhanced by Doppler boosting [2] and very high energy
photons can be observed.
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Gamma-Ray Bursts

A gamma-ray burst (GRB) is the most luminous event known in the Universe with
energies in the order of 1044−1046 J emitted during a few seconds. The GRBs that
have been detected so far have an extragalactic origin and the particle acceleration
mechanisms that power these energetic events are still unknown. The origin of GRBs
is still under investigation, however some theories suggests that a GRB follows the
collapse of a massive star or the merger of two neutron stars and some GRBs have
been linked to supernovae in distant galaxies [22]. The short duration of these
bursts (at most up to one minute) make them especially hard to study for ground
based telescopes due to the requirement for fast repositioning of the telescopes.

CTA is being designed to be able to quickly reposition allow it to observe a larger
portion of the burst. Being able to detect VHE photons from GRBs will hopefully
shed some light on the emission processes operating during these powerful events
[9].

Dark Matter

Around 25% of the total energy density in the Universe is believed be in the form of
dark matter. The existence of dark matter is inferred from its gravitational impact
on the rotation velocities of stars in galaxies and other structure formation in the
Universe [20].

Theories suggest that dark matter can self-annihilate into gamma-rays. Regions
with a high dark matter density are believed to emit gamma rays with energies
corresponding to the rest mass energy for the dark matter particle and could be
seen as a strong emission line in the gamma-ray spectrum. Examples of likely high
dark matter density regions are the galactic centre and dwarf spheroidal galaxies.
The improved energy resolution and lower energy threshold of CTA will be able to
probe the energy region in which the emission line for dark matter annihilation is
thought likely to exist [9].
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Photomultiplier tubes

A Photomultiplier tube (PMT) is a widely used type of photon detector. Photomul-
tiplier tubes are based on vacuum tube technology and the first PMT was invented
in the 1930’s as a sensitive photon detector. Although most vacuum tubes have be-
come obsolete, the PMT is still an important instrumental component in the fields
of nuclear physics, particle physics, astronomy, biology and medicine among others.

The ability to amplify incident light in the ultraviolet, visible and near-infrared
range by factors of up to 108, together with low noise and fast response time makes
the PMT one of the most commonly used light detectors in modern times. Solid
state detectors are becoming a good candidate as a replacement for the PMT but at
the moment, photomultipliers remain the preferred candidate for Cherenkov tele-
scopes.
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2.1 The operational principle and basic design of
photomultiplier tubes

A photomultiplier tube is a detector designed to convert and amplify the energy
of a photon into a measurable electrical current. The basic operational principle,
displayed Figure 2.1, involves an incident photon, which interacts with the pho-
tocathode, whereupon electrons are emitted into the vacuum of the tube via the
photoelectric effect [24]. The emitted photoelectrons (p.e.) are then accelerated by
an electric field to the first dynode where the electrons are multiplied. The dynodes
are connected to a voltage divider circuit to create a potential difference between
the dynodes. The electric field induced by the difference in voltage accelerates the
electrons through the dynode system. Every time the electrons interact with a dyn-
ode they are multiplied until an avalanche of electrons reaches the last dynode (the
anode), as a measurable electrical current.

Figure 2.1. Schematic of the working princple of a photomultiplier tube. Image
taken from [25].
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2.1.1 General PMT design

As indicated above, the working principle of the photomultiplier depends on numer-
ous different design features and physical principles. The more important of these
are described in more detail in the following paragraphs.

Photoelectric effect

The mechanism that enables photomultipliers to convert photons into an electrical
current is the photoelectric effect. The photoelectric effect occurs when electrons
in a material absorb relatively low energy electromagnetic radiation, such as ultra-
violet or visible photons. When an electron in an atom absorbs the energy from a
photon and that energy surpasses the electron’s binding energy (work function) that
electron is emitted. This absorption only happens if all of the energy is absorbed.
No emission will occur if photon energy is smaller than the work function.

The intensity of a beam that illuminates a photoelectric material is not related
to the energy of the photons but rather to the number of photons in that beam. A
higher intensity increase the number of photons that are absorbed which leads to
a proportional increase in ejected photoelectrons. The energy of each one of those
ejected photoelectrons will be similar if the energies of the photons in the beam are
also similar.

Photocathode

In a PMT the photoelectric effect occurs initially in the photocathode, therefore
the material and the shape of the photocathode will have a significant impact on
the photomultiplier’s photon detection capabilities. The photocathode’s ability to
convert incoming photons is characterized by its quantum efficiency. The quantum
efficiency is defined as the probability that an incoming photon will trigger the
photoelectric effect so that a photoelectron is emitted. Depending on the material
properties of the photocathode, its spectral response will vary as a function of wave-
length (λ) resulting in a different quantum efficiency QE(λ) for different incoming
photon energies. QE is defined as:

QE(λ) = Nphotoelectrons(λ)
Nphotons(λ) (2.1)

where Nphotons(λ) is the number of incoming photons and Nphotoelectrons is the
number of photoelectrons emitted.

A high quantum efficiency for a photomultiplier greatly increases its overall abil-
ity to detect photons. Therefore the material of the cathode is varied depending on
the application for the photomultiplier to achieve an optimal performance. Typical
QE values for modern PMTs are in the order of 30-40%.

The material of the photocathode for a photomultiplier must have a low work
function in order to detect photons with wavelengths in the UV and visible range.
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Accordingly most photocathodes are made of a compound semiconductor contain-
ing alkali metals that have the low work function needed to be sensitive in the
wavelength range of interest. Common materials for photocathodes are solar blind
(Cs-I, Cs-Te), Sb-Cs, bialkali (Sb-Rb-Cs, Sb-K-Cs) and multialkali (Sb-Na-K-Cs).
Bialkali cathodes have a high sensitivity in the UV and visible region.

Collection efficiency

The collection efficiency is the parameter that specifies the probability that a emit-
ted photoelectron from the photocathode reaches the first dynode. The photoelec-
tron is accelerated from the photocathode towards the small area of first dynode.
To achieve maximum collection efficiency, complex simulations of the electrons’ tra-
jectories are done so that the arrangement and the voltages of focusing electrodes
are optimized.

Due to the optimized geometry of the photomultiplier, the collection efficiency
is quite high. Modern PMTs achieve a collection efficiency larger than 90%. When
the PMT’s total photon detection efficiency is calculated the collection efficiency
for dynodes other than the first can be neglected.

Dynodes

The PMT is designed to amplify a small signal from a low energy photon into a
readable current. This amplification takes place in the dynode system where the
primary emitted photoelectron is multiplied. Each dynode is an electrode coated
with a secondary emissive surface in order to obtain the desired multiplication. The
materials often used for the surface coating include alkali antimonide, beryllium
oxide (BeO), magnesium oxide (MgO), gallium phosphide (GaP) or gallium arsenide
phosphide (GaAsP). The base of electrode is made of either nickel, stainless steel
or a copper-beryllium alloy.

When a primary electron with some initial energy is accelerated towards the
dynodes by an applied voltage and strikes the secondary emissive surface, several
secondary electrons are emitted. The number of secondary electrons emitted for
each incident electron is called the secondary emission ratio δ, and depends on the
different dynode materials as well as the applied inter-dynode voltage.

The total current amplification, the gain G, of the PMT depends on the sec-
ondary emission ratio for each dynode in the PMT as G ∼ δ1 · δ2 · ...δn where n is
the number of dynodes. Since δ depends on the supply voltage V, the gain increases
as the power law [25] displayed in equation 2.2.

G ∼ V n (2.2)

PMTs usually have between 6 and 10 dynodes depending on the application for
the PMT. A high gain can reduce the lifetime of the PMT.
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Transit time spread

The time it takes for the signal from an incoming photon that is detected by a
PMT to propagate through the photomultiplier and be amplified into a measurable
current is called the transit time.

If the entire area of the photocathode is illuminated there will be a minor time
difference in the transit time for each detected photon. One reason for this is the
fact that the emitted electrons will have different trajectories from the photocathode
to the anode. The reason for the various trajectories is related to the position on
the photocathode in relation to the first dynode and depends on the location on the
photocathode from which the initial electron is emitted. For example, an electron
emitted from the centre of a circular photocathode will have a shorter path to the
first dynode than an electron emitted from the periphery of that photocathode.

Variations in transit time can also occur when a electron collides with a atom
in the one of the dynodes and gets reflected. This elastic scattering process is
called backscattering and the time it takes for the backscattered electron to be
accelerated back to the dynode adds to the transit time. The total transit time
spread is typically in the order of ∼1 ns.

These fluctuations in transit time are sometimes referred to as time jitter. In
this work however the term transit time spread (TTS) will be used.

2.1.2 PMT noise sources

In general, photomultipliers have a low noise contaminating the detected signal
compared to other detectors, however there remain some noise sources that must be
controlled in order to achieve the high sensitivity required for Cherenkov telescopes.
The most common noise sources are: the PMT detecting “unwanted” photons; dark
noise in the photomultiplier tube, and afterpulsing.

Light leakage

One of the key features of the PMT, the high detection sensitivity is also a source to
some problems since even “unwanted” signals are detected and amplified. The noise
in the signal can be divided into two categories. The first is related to the fact that
the PMT will indiscriminately detect photons in its spectral range from light sources
other than the ones of interest. Cosmic rays and electromagnetic interference can
also distort the measurements. Therefore, it is important to optimize the type of
photomultiplier and the measurement environment according to the specific use of
the PMT.

Dark noise

The second noise category is called “dark noise”. Dark noise sometimes appears
as a result of photon emission in the photomultiplier that can occur even if the
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photomultiplier is not exposed for any incoming light [37]. There are also several
other sources of dark noise, one of the more common is that the material in the PMT
emits electrons with a rate that increases with the temperature, this effect is called
thermionic emission and will result in a “fake” signal. Radioactive decay can also
be a source to dark noise, especially if the photocathode material is contaminated
with some radioactive isotope [25].

Deviation in the readout current due to ohmic leakage is also a source of dark
noise that can effect the performance of the PMT. This ohmic leakage can occur
because of small imperfections in the insulation of the electronics. A higher voltage
will lead to a higher electric field and increase the effect of the imperfections in the
insulation.

Afterpulsing

Afterpulsing is a source of noise that occurs when one detected photon yields more
than one signal pulse. There are two different types of afterpulses that affect the
performance of the photomultiplier. They depend on the mechanism that generated
them and can be distinguished depending on the time after the initial pulse that
they occur. Afterpulses that appear approximately 10-20 ns after the initial pulse
are called fast afterpulses or photon afterpulses, this delay can be compared with
the typical 1-2 ns deviation due to the TTS. Afterpulses that occur after 300-2000
ns from the initial detected pulse are called slow afterpulses or ion afterpulses.

When the secondary electrons travel through the dynode structure they emit
light. If one of these emitted photons interacts with the cathode it can induce a
new pulse, since the photon propagates with the speed c, this explains the short
time after the primary pulse. This event is called a fast afterpulse.

Slow afterpulsing results when electrons ionize residual gas atoms that persist
in the evacuated photomultiplier. The positively charged ions are then accelerated
to the cathode by the electric field. When the ionized gas atom strikes the cathode
several electrons can be released and induce an afterpulse. One other source for
slow afterpulsing in a photomultiplier the electrons that ionize a atom in the dynode
material. Like the ionized gas atoms, this positive ion will travel back to the cathode
and can cause an afterpulse.

An afterpulse induced by an ion is often larger than the initial pulse since the
ion will have a high energy due to its mass and numerous electrons can be released
during the interaction with the cathode.
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2.2 PMT requirements for CTA

Cherenkov flashes induced by extensive air showers are often both short and faint.
This puts some high demands on the PMTs that are to be used in the CTA tele-
scopes. Table 2.1 summarises the requirements for the detectors that the CTA
project needs in order to achieve the desired performance characteristics.

Parameters CTA requirements
Spectral Sensitivity Range 290-600 nm
Peak Quantum Efficiency >35%
Average QE over Cherenkov Spectrum (300-600 nm range) >21%
Afterpulsing at 4 p.e. Threshold <0.02 %
Collection Efficiency at 1st Dynode >96 %
Transit Time Spread <1.3 ns
Cathode Super Bialkali
Anode Pulse Width, FWHM 3.0 ns

Table 2.1. The CTA project’s minimum requirements for the PMTs used in
the telescope.

The parameters in table 2.1 can be divided in two different subsets. Those
that are important for the photon detection efficiency of the telescope and those
parameters that are important for the design of the trigger system of the telescope.

Characteristics that affect the photon detection efficiency

Since the Cherenkov spectrum from EASs peaks in the UV region and falls of as λ−1

the detectors to be used for CTA need to be sensitive to ultraviolet photons, a good
photocathode material for this purpose is super bialkali. In addition to sensitivity
in the region of interest, a high QE and collection efficiency will ensure that more
photons are detected which will enable CTA to detect fainter events. The QE for
the PMT folded with a typical Cherenkov spectrum in the sensitive spectral range
is a good indicator of whether the PMT is a suitable candidate as a light sensor for
CTA.

Characteristics that effect the trigger system

PMTs in the telescope cameras on the telescope will trigger due to photons from
the night sky background light (NSB) much more frequently than from Cherenkov
light induced by cosmic ray or gamma-rays. Therefore the camera needs to have a
fine-tuned trigger system in order to filter out the background from the events of
interest.

The signal measured by an individual PMT in a telescope camera will only be
considered genuine and registered if the integrated output charge within a special
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time window exceeds a specific threshold level. This threshold is chosen to reduce
the number of registered signals due to NSB photons and afterpulsing.

A low transit time spread will allow the trigger system of the camera to have
a narrower gate for the time-window when it comes to triggering an event. This
minimizes the number of background photons contaminating the signal [33].

The pulse width and the pulse shape also affect the trigger system since over-
lapping pulses may exceed the trigger threshold. If the pulse width is too large, one
triggered pulse could coincide with a noise pulse and be registered as a new signal.
The pulse width is also related to the duration of the gate for the trigger [35].

Afterpulsing in the PMTs will have a large impact on the performance and
energy threshold of a Cherenkov telescope. Most of the photons detected by the
PMTs are due to the NSB and may be accounted for by various trigger systems.
Afterpulsing however can occur from any detected photon and due to the constant
exposure by the NSB afterpulses will be detected in the tubes at a very high rate.
Therefore the photomultipliers used for Cherenkov telescopes need to have a low
probability that the afterpulses exceed a certain threshold (4 p.e. for CTA).
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Commissioning evaluation tests for
photomultiplier tubes

To evaluate the important characteristics of different light sensors, two different
setups were assembled. One setup was designed for the purpose of measuring the
quantum efficiency. The other setup was implemented to measure the gain, after-
pulsing, transit time spread and pulse width of photomultiplier tubes.
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3.1 Quantum Efficiency

3.1.1 Theory
One of the more important properties for a photomultiplier is the quantum efficiency.
The QE for a PMT is measured by comparing the readout current from the PMT
with the readout current for a reference detector with a known quantum efficiency.
If the two detectors are exposed to a light flux (I) with the same intensity their
readout currents can be used to derive an expression for the quantum efficiency of
the photomultiplier.

To determine the quantum efficiency of the photomultiplier the same photon
flux illuminating both the detectors must be assumed. Using that relation

IPhoton flux,reference detector(λ) = IPhoton flux,PMT(λ) (3.1)

This would yield a number of photoelectrons depending on the detector’s quan-
tum efficiency QEdetector,

Nphotoelectrons(λ) = IPhoton flux,detector(λ) ·QEdetector(λ) (3.2)

Combining 3.1 and 3.2 one gets the expression for the quantum efficiency of the
PMT as;

QEPMT = QEreference detector ·
IPMT

Ireference detector
(3.3)

To measure the flux we measure the average charge output per unit time (i.e
the current (J)) at the detectors , where

J =
〈
dQ

dt

〉
= e ·

〈
Nphotoelectrons

dt

〉
(3.4)

Combining equation 3.3 with equation 3.4 gives the expression that is used to
calculate the measured quantum efficiency as,

QEPMT = QEreference detector ·
JPMT

Jreference detector
(3.5)
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To measure the QE as a function of wavelength, a monochromator is used to
isolate a narrow range of wavelengths from a incident polychromatic beam. There
are different designs of monochromator, but the one used in this work uses the
Czerny-Turner design illustrated in Figure 3.1.

Figure 3.1. The image to the left displays the monochromator used together
with an illustration of the working principle of a Czerny-Turner monochroma-
tor.

In a Czerny-Turner monochromator, broad spectrum light (A) illuminates the
entrance slit (B) which is placed so that the incident light is reflected from a mirror
placed at the effective focus of a curved mirror (C) were the light is collimated. The
collimated light is diffracted from the gratings (D) according the grating equation
3.6,

d · (sin θm + sin θi) = m · λ (3.6)
where the d is the separation of the rulings of the grating, θi is the angle for

the incident light, λ is the wavelength, the integer m is the order of diffraction and
θm is the angle at which the intensity of light of wavelength λ is maximized. The
diffracted image of the entrance slit is refocused by another curved mirror (E) onto
a smaller mirror where the images of the entrance slit are reflected on to the plane
of the exit slit (F). The image that is focused onto the exit slit (F) will emerge
as nearly monochromatic light. The narrow range of wavelengths that the output
image contains depends on the rotation of the grating element and the width of the
slits determine the wavelength resolution.

Using input light with a large range of wavelengths can result in contamination
of long wavelength outputs by diffracted higher order (m > 1) harmonics from the
lower wavelengths. To determine if the higher order harmonics will influence the
measurement the grating equation 3.6 is used. With a desired spectral response up
to 600 nm (see §2.2), second and even third order diffractions will interfere with
the measurements if the light source which was used is capable of emitting light in
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the 150-300 nm region. The intensity of higher order diffractions is approximately
proportional to m−2 of the initial intensity so diffractions of higher order than three
can be neglected.

3.1.2 Measurement setup

The quantum efficiency for the photomultiplier is measured using the apparatus
illustrated in Figure 3.2. Using this setup, the detector is illuminated with light
of different wavelengths in order to determine the QE characteristics as a function
of wavelength. A deuterium and tungsten-halogen hybrid lamp (“Spectral Products
ASBN-D1-W050M” [29]) was used as light source. The hybrid light source has
a stable light spectrum in the wavelength range 180-2600 nm which includes the
wavelengths at which the Cherenkov spectrum is peaked.

Figure 3.2. Schematic for the setup used to measure the quantum efficiency.

The light source is connected to a monochromator (“Spectral Products CM110”
[30]) capable of producing separate wavelengths with a precision of 0.2 nm and a
bandwidth of ± 0.6 nm. A slit with a width of 0.3 mm was used for the entrance
and exit slit. The monochromator is attached to a filter wheel [31], this is done since
the light transmitted by the monochromator is often contaminated by higher order
diffraction. The filter wheel had the possibility to switch between six different filters
in order to prevent contaminating light from reaching the detector. The filters were
used in specific wavelength regions and the transmission characteristics for each
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Measurement region Filter Transmission > 30 %
200-220 nm no filter full transmission
230-260 nm FGUV5 230-400 nm + 680-1180 nm
270-350 nm FGUV11 270-370 nm
360-420 nm FGS900+B370 320-430 nm
430-550 nm FGB18 380-590 nm
560-750 nm FGL550 > 550 nm

Table 3.1. The filters used were bought from Thorlabs with the exception of
B370 which is from Hoya Corporation. The filter changes are further discussed
in chapter 4.2

filter are displayed in table 3.1. The motivation for the choice of filters is discussed
in §4.2.
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As the light source, monochromator and the filter wheel are placed outside the
dark box, an opaque plastic cylinder is attached to the filter wheel and used as
a conduit to transport the light to the detectors placed inside the dark box. In
addition, the cylinder also works as a mask to ensure that the illuminated areas of
the detectors are equal.

The detector, either the PMT (with unknown QE) or a reference detector (with
calibrated QE) is mounted on a stand inside the dark box and connected to a pi-
coammeter (“6485 picoammeter from Keithley” [28]) that measures the current. The
readout values from the picoammeter are read into a LabView Virtual Instrument
(VI).

Since quantum efficiency is a property of the photocathode the photomultiplier
dynodes are short-circuited to avoid amplification of the current. The first dynode
(now acting as the anode) is connected to the picoammeter. During the measure-
ment of the PMT, a potential difference corresponding to breakdown voltage (zener
voltage) between the photocathode and the first dynode under normal operation is
applied.

A solid state PIN-diode (“S3204-08 from Hamamatsu” [26]) is used as the ref-
erence detector. The area of the PIN-diode is 18 × 18 mm and the detector has a
gain of unity. The QE for the PIN-diode is independently calibrated and displayed
in Figure 3.3.

Figure 3.3. Quantum efficiency as a function of wavelength for the calibration
PIN-diode.

Several issues arose during the commissioning of the experimental setup. They
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and their solutions will be discussed in chapter 4.

3.1.3 Experimental procedure and analysis
The standard operational procedure for the QE measurement is that the detector
is connected to the picoammeter and placed in the dark box aligned with the beam
from the source. The lens tube used as a mask is arranged between the filter wheel
and the detector. The detectors are placed at the same distance from light source
to ensure that the light flux is same for both detectors.

With the detector in place, the dark box is closed and if the QE for the PMT
is to be measured voltage supply is set to -300V. The light source has to run for
approximately one minute before use in order to stabilize. With the light source
stable, the PMT current, JPMT is measured for different wavelengths in the range
of 200 nm to 750 nm. This is done using the monochromator in steps of 10 nm and
is controlled by a LabView VI. The filter wheel used is automated and controlled
by the same LabView VI built for the QE measurement to change the filters at the
correct wavelengths.

Then the output current for the PIN-diode, JPIN is obtained for calibration. The
PIN-diode is arranged in the same plane as the PMT photocathode. The measured
currents are used to calculate the QE for the PMT using equation 3.5. The analyses
are done using a custom made script, operating on the readout currents stored by
the LabView VI.

In the context of its intended use for CTA, a critical property of the pho-
tomultiplier tube is its mean quantum efficiency folded with a Cherenkov spec-
trum (using equation 3.7) over the range of 300-600 nm. The Cherenkov spectrum
(ΩCherenkov(λ)) used is a typical spectrum for a 100 GeV gamma ray at ∼2200 m
above sea level with a zero degree angle of incidence. The obtained value is more
relevant than the peak value since it defines how well suited the photomultiplier
tube is for Cherenkov telescopes.

QEmean =
∫ 600nm

300nm QEPMT(λ) · ΩCherenkov(λ) dλ∫ 600nm
300nm ΩCherenkov(λ) dλ

(3.7)
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3.2 Single Photoelectron Response

3.2.1 Theory

To determine the photomultiplier’s gain characteristics as a function of applied
voltage and to provide calibration for the subsequent afterpulsing measurement
(see §3.3), the single photoelectron (SPe) distribution must be measured.

To measure the single photoelectron distribution, one can use a pulsed laser
set to a low intensity so that only one photoelectron is emitted during the trig-
ger window. The probability of a photon detection obeys Poisson statistics, with
probability density function

f(k, λ) = λk · e−λ

k! (3.8)

The intensity λ should be such that around 10% of the triggered pulses should
detect a photon. This will add a significant noise pedestal in the measurements but
ensure that the detected pulses only contain one photoelectron.

Due to a number of systematic effects, there will some variance in the signal
produced when a single photoelectron is emitted by the photocathode. Every elec-
tron striking a particular dynode will produce between 4 to 6 secondary electrons.
Electrons can also be backscattered which will result in a reduction in the measured
charge. These combined fluctuations can be quantified by the excess noise factor F
or just the F-factor, which varies with the different photomultipliers and gives an
indication on the PMT’s suitability for a given purpose.

3.2.2 Measurement setup

Figure 3.4. The measurement setup used for the pulsed laser measurements.

The setup for the single photoelectron measurement is illustrated in Figure 3.4.
Since a high voltage was applied to the photomultiplier during the measurement the
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setup was enclosed in a dark light-tight box. This was done in order to minimize
the detection of background photons. A laser driver pulser unit (“Picosecond Light
Pulser C8898 from Hamamatsu” [32]) was connected to a laser with a wavelength of
406 nm that was placed so that the laser beam was aligned with the photomultiplier
inside the dark box. The trigger signal synchronized to the pulsed laser, was directly
connected to a digitizer, which converts the signal into digital data, in order to fix
the delay between when the laser is fired and the response from the detector.

The photomultiplier was attached to a voltage divider circuit provided by Hama-
matsu. The positive terminal of the voltage divider was connected to a high voltage
supply and the output signal was connected to a 40 dB amplifier that enhances the
measured signal 100 times.

The output signal from the amplifier was connected to a 2 GS/s digitizer and the
signal was studied using a software called “Acqiris Live” to determine the typical
pulse delay following the trigger as well as the typical duration of the pulses. The
final measurement was controlled using a LabView VI using the appropriate values
for the, delay, amplification and waveform length. The LabView VI also stores the
raw waveform data for further analysis.

35



CHAPTER 3. COMMISSIONING EVALUATION TESTS FOR PHOTOMULTIPLIER
TUBES

3.2.3 Experimental procedure and analysis
To measure the SPe response the laser’s pulse frequency was set to 1 MHz and the
intensity was set so low that at most one single photoelectron could be emitted
per measured waveform. Eliminating pulses corresponding to > 1 p.e. also means
that most triggered events that are stored contain no pulse but only electronic
noise. Such events form the Gaussian pedestal peak in the single photoelectron
distribution shown in Figure 3.6. If the laser intensity is set too high a second
peak corresponding to pulses which begin with 2 p.e. would be seen in the single
photoelectron distribution.

Using the software “Acqiris Live”, the typical delay from the measured signal
compared to the trigger signal was found to be ∼45 ns and the typical duration
of the pulse was ∼5 ns. To avoid truncating early or late pulses in the waveform
the delay used in the measurement was set to 38 ns and the duration of the stored
waveform was set to 20 ns. Figure 3.5 shows a waveform from a detected pulse and
one waveform without a pulse.
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Figure 3.5. The figure shows a waveform without a pulse (to the left) and one
with a pulse (to the right).

For the single photoelectron measurement, 107 waveforms were accumulated.
The area of a waveform represents the integrated input signal Q =

∫ t
0(vgain · U −

voffset)dt. Where vgain is the internal gain for the digitizer, voffset is the signal offset
applied by the digitizer and t is the duration of the waveform.

To determine the output charge for a SPe, QSpe the integrated signals have to be
divided by the amplification of the signal and the internal impedance of the system,
which is 50 Ω. The charge of the measured waveforms is calculated as:

QSpe =
∫ 20ns

0ns (vgain · U − voffset)dt
100 · 50 (3.9)
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QSpe is calculated for all the acquired waveforms and histogrammed in order
to obtain the single photoelectron distribution. Figure 3.6 illustrates a typical SPe
distribution, note also the pedestal peak and the small peak corresponding to pulses
containing two photoelectrons.

Figure 3.6. The figure shows a typical SPe distribution.

To estimate the mean readout charge due to a single photoelectron QMean,Spe,
the mean charge of the electronic noise QMean,noise is removed from the measured
charge QSpe. This is achieved by fitting a Gaussian function to the pedestal peak.
The mean value of the Gaussian fitted to the pedestal is then subtracted from the
mean value of the entire measured single photoelectron histogram. The residual
value, QMean,Spe = QSpe − QMean,noise will represent the mean value of the charge
for a SPe. This analysis is done with a custom script.

Knowing average the SPe response, QMean,Spe one can calculate the gain (G) by
the PMT since the charge of one electron is e. The gain is calculated as

G = Qmean,Spe
e

(3.10)

The F-factor is calculated using the measured values for the mean SPe charge
QMean,Spe using the following equation [34]
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FFactor =

√√√√1 +
(RMS 2

Spe)− (RMS 2
noise)

Q 2
mean,Spe

(3.11)

Measurements of the mean charge for the SPe were obtained for different applied
voltages in the range from 500 V up to 1100 V in order to examine how the gain and
F-factor properties of the photomultiplier varied with the applied voltage. As pre-
viously discussed the main bulk of the measured waveforms will not contain a pulse
and therefore sufficient waveforms need to be measured. At least 106 waveforms
need to be measured to ensure a well sampled single photoelectron distribution.
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3.3 Afterpulsing

3.3.1 Theory

The origin of afterpulses in photomultipliers is discussed in §2.1.2. Afterpulsing
properties are calibrated with reference to the previously measured SPe response
(see §3.2). Where as in the SPe measurement, the duration of the waveform was
minimized to only contain one pulse it is essential for the afterpulsing measurement
that the duration of the measurement is sufficient to detect eventual afterpulses.

3.3.2 Measurement setup

To study afterpulsing events in the photomultipliers one uses the same experimental
apparatus as for measuring the single photoelectron distribution (see §3.4). The
difference is that the LabView VI controlling the measurement used a peak finder
function to only store waveforms with a initial pulse, as afterpulsing is an effect
that is induced by a detection of an initial pulse, only waveforms containing a pulse
are of interest during the measurement. Waveforms without an initial pulse are
discarded to save data storage space.

3.3.3 Experimental procedure and analysis

The afterpulsing measurement is similar to the single photoelectron measurement
in the setup and experimental procedure. The main difference is that for the SPe
measurement the pulsed laser is set to a low intensity while for the afterpulsing
measurement “Acqiris Live” is used to set the laser intensity such that the initial
pulse is in the order of ∼5 photoelectrons. To ensure that the slow afterpulses are
included in the measurement the waveform duration is set to 2000 ns. Due to the
longer sampling duration, the laser pulse frequency has to be lowered to 0.1 MHz,
otherwise the pulses from the laser could be detected as a false afterpulse in the
obtained waveform. In Figure 3.7 a waveform containing the initial pulse as well as
a larger slow afterpulse event is shown.

The measurement is controlled by a LabView VI that only saves waveforms
containing a first pulse with the first 20 ns. To determine the amplitude of the
afterpulses in p.e. the obtained value from the SPe response for the charge of one
photoelectron is used as a normalization factor. It is essential that the same applied
voltage was used for both measurements since a different applied voltage would give
a different response for one photoelectron.

The cumulative afterpulse probabilities PCAP are calculated for different thresh-
old levels corresponding to the number of p.e. in the afterpulse using equation
3.12
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Figure 3.7. One waveform containing a pulse followed by an slow afterpulse.

PCAP(QAP ≤ QAP threshold | QInitialPulse) = 100·N(QAP ≤ QAP threshold | QInitialPulse)
Ntot

(3.12)
Where QAP is the integrated charge of an afterpulse in a waveform QAP threshold

is the threshold level, QInitialPulse is the integrated charge of the initial pulse that
is used to normalize the afterpulses and Ntot is the total number of waveforms con-
taining an initial pulse. This is done for all the measured waveforms and multiplied
with a factor 100 to transform the cumulative afterpulse rate to a percent value.

The waveforms are analysed and afterpulses are detected with a script that
uses a peak finder algorithm which finds peaks above a predetermined threshold.
Since afterpulses above 4 p.e. are rare a large number of waveforms containing an
initial pulse need to be analysed in order to get sufficient statistics for the largest
afterpulses. During this measurement, 106 waveforms were measured and analysed.
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3.4 Pulse Shape and Transit Time Spread

3.4.1 Theory

Transit time spread is discussed in Chapter 2.1.2. Using a parametrization of the
pulse shape, the transit time spread can be calculated. To find the pulse shape, the
pulse can be approximated as a capacitor charging, V (t) ∝ e−t/τc and discharging
V (t) ∝ e−t/τd . τc,d is the time constant, where τc ∝ −τd. Having this ansatz the
expression for the pulse shape can be estimated as

V = A

B · eD·t + C · eE·−t + V0 (3.13)

where V (t) is the voltage as a function of time while A,B,C,D,E and V0 are
parameters to be fitted a measured pulse waveform. Examining the pulse shape
(see Figure 3.5 and Figure 3.8) one see that the pulse “discharges” faster than it
“charges”. Taking this feature into account as well as the possible deviation in time,
t0 depending on the minimum size of the increments during the measurement (this
is explained in further detail in §4.3) the following expression for the pulse shape is
obtained;

V = A

B · et−t0 + e−2·(t−t0) + V0 (3.14)

Equation 3.14 is used to calculate the transit time spread by finding the peak
position of a pulse. The peak position is found by calculating the root of the
derivative of equation 3.14

dV

dt
= 0→ tpeak =

ln 2
B

3 + t0 (3.15)

The transit time spread is determined by calculating the deviation between peak
positions for different pulses.

The pulse width is defined as the “full width at half maximum” (FWHM) of the
pulse. The width of the pulse is estimated by using equation 3.14 to derive the two
times corresponding to the half maximum pulse height.

To find the maximum equation 3.14 is evaluated at tpeak resulting in the following
expression

Vmax = V (tpeak) = A

B · e
ln 2

B
3 − e−2·(

ln 2
B

3 )
+ V0 =⇒

Vmax = A

B2/3 · 21/3 + 1
2 ·B2/3 · 21/3 + V0 =⇒

Vmax = 2A
3(B2/3 · 21/3)

+ V0 (3.16)
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Examining the equation for the pulse shape one can see that the B · et−t0 will
be the dominant factor after the peak while e−2·(t−t0) will dominate during the fall
of the pulse. Therefore one can divide the expression for the pulse shape into two
parts when solving for t in V (t) = Vmax/2. Thus,

Vmax
2 = A

B · et1−t0 + V0 → t1 = t0 + ln( 2A
B · (Vmax − 2V0)) (3.17)

Vmax
2 = A

e−2·(t2−t0) + V0 → t2 = t0 −
1
2 · ln( 2A

Vmax − 2V0
) (3.18)

The difference between the times t1− t2 is the pulse width expressed in equation
3.19

FWHM→ t1 − t2 = 3
2 ln 2A

Vmax − 2V0
− lnB (3.19)

3.4.2 Measurement setup
To determine the pulse shape and the transit time spread almost the same setup
as for the afterpulsing (see §3.4) was used. The addition was the use of a diffuser
in front of the pulsed laser to ensure uniform illumination of the whole PMT pho-
tocathode. This is essential for the measurement of the transit time spread since it
is largely the different trajectories from where the photoelectrons are emitted that
produces the deviations that are to be measured.
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3.4.3 Experimental procedure
For the purpose of obtaining data to determine the pulse shape and TTS the after-
pulse setup and LabView VI is used with the exception that the waveform duration
is changed to 20 ns in order to avoid detecting afterpulses.

Figure 3.8 shows equation 3.14 fitted to a waveform. The overshoot after the
pulse is due to “ringing” and was not taken into account when the pulse shape was
estimated. The problem with ringing will be further discussed in §4.3.
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Figure 3.8. Equation 3.14 fitted to a waveform.

Each waveform was fitted with equation 3.14 obtaining the parameters A,B and
V0 while t0 was obtained directly from the measurement. Thereafter the peak posi-
tions for 105 waveforms were found using equation 3.15 and histogrammed yielding
a distribution of peak positions. A Gaussian is fitted to the histogram and the
FWHM of that Gaussian will be the transit time spread. The FWHM for the Gaus-
sian is calculated as FWHM = 2.35 · σ, where σ is the standard deviation of the
Gaussian.

The pulse width is derived by fitting the pulse shape expression to each waveform
and calculating t1 − t2 using equation 3.19. The obtained pulse width is stored in
a histogram and the procedure is repeated for 105 waveforms.

43





Chapter 4

Challenges encountered

This chapter describes the challenges that were encountered during the commis-
sioning of the different measurement setups. Unexpected problems arose, and had
to be overcome in order to properly measure the light sensors’ capabilities.

The problems that occurred can be divided into three categories, general prob-
lems, the ones that were affiliated to the quantum efficiency measurement and the
problems detected during the measurements with the pulsed laser.

4.1 General problems

PMTs are a well favoured choice of detector due to their high sensitivity. This
forces one to take certain precautions when commissioning a evaluation facility for
precision measurements of photomultipliers characteristics.

A general problem for all measurements of PMTs is that the measurements have
to be conducted in an environment with a minimum of contaminating light sources.
To counter this problem the different setups were placed in a light-tight “dark box”.
The interior of the box was painted black and the exterior of the box was covered
with black fabric. During the measurements the unnecessary light sources in the
lab were extinguished.

Electromagnetic signals were found to be a source of some noise in the mea-
surements. This problem was usually negligible but was more problematic for the
measurements involving the pulsed laser since the photomultiplier during those mea-
surements uses all its dynodes to amplify the signal. The most common source of
electromagnetic signals was cellular telephones in the lab. This problem was easily
solved by turning off the phones during measurements. As illustrated in Figure A.2
these electromagnetic disturbances have a huge effect on the measurements when
the photomultiplier operates at high gains.

Another general problem had which a more significant impact on the laser setup
was the fact that the high voltage supply used was somewhat unstable. This was
manifested as fluctuations of approximately one percent of the applied voltage. The
relation between applied voltage and gain displayed in equation 2.2 and discussed
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in §2.1.1, made the QE measurements relatively unaffected by the unstable voltage
supply due the short-circuited dynodes during the measurement. However mea-
surements using the full dynode array could be affected. This problem could not
be solved during this work and one has to recognize the variation in voltage as a
source of errors in the measurements.

4.2 Quantum Efficiency problems

Since Cherenkov flashes from EASs peak at the ultra-violet and blue wavelengths
it is important to make sure that the light source emits photons between 200-300
nm. Initial experiments using a tungsten-halogen lamp found that this criteria was
not fulfilled and a deuterium-tungsten hybrid light source had to be obtained. The
spectral contribution from the compound light sources is displayed in figure A.3 in
Appendix A.

Naively, Equation 3.5 suggests that the higher order harmonics would not affect
the measurement since the detectors are illuminated by light with identical proper-
ties. In fact the detectors have different spectral response for different wavelengths
and one must consider the fact that the detectors cannot inherently distinguish the
wavelengths of the light illuminating them. Comparing the calibrated quantum ef-
ficiency for the PIN-diode displayed in Figure 3.3 with the subsequently measured
quantum efficiency for the PMT in Figure 5.2 shows that the PMT is more sensitive
in the UV region while light of wavelengths in the visible and near IR region will
preferentially be detected by the PIN-diode. The difference in spectral response re-
sults in different results depending on which wavelength gave rise to the diffraction
maximum. For example a higher order harmonic from the UV region contaminating
measurements in the optical would result in more detected photons for the PMT
than for the PIN-diode.

Figure A.3 in Appendix A displays the impact of higher order diffraction, es-
pecially visible in the 400-600 nm region which corresponds to PMT detecting the
second order harmonics in the 200-300 nm region. This issue was solved using or-
der sorting filters. The filters that were selected to solve this problem are listed in
table 3.1 and their transmission characteristics at different wavelengths are plotted
in Figure 4.1.

The final choice of filter is designed to address a combination of the contam-
ination by higher order harmonics and an unexpected problem that some of the
emitted radiation from the light sources leaks through the monochromator. As
with the higher order diffraction this became a problem due to the different sensi-
tivity regions of the different detectors. Specifically, the tungsten lamp radiates as a
black body with an emission peak at ∼1000 nm that coincides with the PIN-diode’s
spectral response peak (also at ∼1000 nm) while the PMT’s sensitivity is much lower
in that region. The problem that unwanted long wavelength photons from the light
source seem to pass through the monochromator is still under investigation.

The solution was to use filters with low transmission in the near IR region to
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Figure 4.1. The transmissions for different filters considered in the setup. All
filters were bought from Thorlabs Inc [39], except the blue filter; B370 from
Hoya Corporation.

block light with higher wavelengths from interacting with the detectors during the
measurement. Unfortunately, most of the filters with transmission in the UV region
also had transmission in the higher wavelengths. Using a filter with transmission in
the region 270-370 nm (FGUV11) and a combination of a blue filter (B370) and a
bandpass filter (FGS900) successfully removed unwanted light flux from the PMT’s
sensitivity range. However the region between 200 nm and 270 nm was difficult to
isolate since no filters that transmit in that waveband whilst blocking wavelengths
in the near IR region was easily obtainable.

As the PIN has a very low sensitivity in the UV region, the measured QE values
in that region were initially affected by the fluctuations in the photon detection
for the PIN. To improve the signal to noise ratio for the PIN the slit size of the
monochromator were increased from 0.3 mm to 0.6 mm. This trading of wavelength
resolution for a more intense illumination which proved to be a huge improvement
when measuring the quantum efficiency for the lowest wavelengths.

Another problem related to the light flux was the alignment of the light source.
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Since the light source comprises of two separate lamps aligned in a rather large box
with some distance between each other, it is important that both of the lamps in
the light source are properly aligned with the detectors so that light emitted from
the lamp farthest away from the detectors is not lost as illustrated in Figure 4.2.
Proper alignment of the light source was achieved using a optical bench with a
stand rigidly attached to it. The light source was pressed to the stand to fix the
alignment.

Figure 4.2. A somewhat exaggerated and simplified image illustrating the
fact that the lamps placement in the light source can affect the content of the
light flux reaching the monochromator. The light source is properly aligned in
A resulting in an equal flux from the two lamps. In B however the flux will
reaching the monochromator will be dominated by the tungsten lamp (W).

The problems with higher order harmonics and the light leakage from the light
source distorted the measured shape of the QE spectrum. Initially values of the
measured QE showed some fluctuations and often deviated substantially from the
specifications provided by the manufacturer listed in Table 5.1, as well as measure-
ments in previous tests [37, 38, 36]. This behaviour was eliminated by ensuring that
both detectors used in the measurement were illuminated with the exact same light
flux. The absolute value of the measured QE is now stable and mostly agrees with
[37, 38, 36].

The light flux falling on the detectors is mainly depending on two factors: the
distance from the light source and the illuminated detector area. The distance to
the light source is now ensured with the help of the holes in the optical bench used
as the floor of the dark box. At this moment1 however the stands that the detectors
are attached to are improvised, this setup feature is about to be improved with
proper stands were the distance can be fully fine-tuned.

Since the detector area of the photomultiplier is larger than the PIN-diode a
device to collimate the light beam had to be used. In this setup a system of lens
tubes with exit diameter of 12.8 mm were used as a mask to make the area of the

1November 2012
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light beam smaller than the effective areas of both detectors. This solution had the
advantage that it could be attached to the filter wheel that was placed outside the
dark box and the monochromatic light beam could be transmitted directly to the
detector, unpolluted by other light sources. Figure 4.3 displays the setup with the
use of lens tubes as a mask. In addition, the fixed length of the lens tube was used
to check that the two detectors were placed at the same distance from the light
source.

Figure 4.3. The left image shows the lens tubes working as a mask. The right
image shows the setup with the light source, monochromator, filter wheel and
the lens tubes.

4.3 Pulsed Laser problems

As previously discussed, the high gain of the PMTs during the measurements which
used the pulsed laser amplified some problems that were not significant during the
QE measurements. The fact that the “dark box” was not perfectly light-tight was a
much more visible issue during these measurements. Other problems were countered
by removing as many additional noise sources as possible, such as switching off any
cellular telephones and all other light sources not used during the measurement,
such as monitors and desk lamps.

Initially an additional source of noise could be seen during the measurements of
the PMTs that was strong enough to be manifested as a substantial broadening of
the noise peak, as shown in figure A.1. Determining the source of this additional
noise component the noise in the PMT was somewhat problematicand required
some experimentation, primarily involving measurements of the PMT in different
positions relative to other components of the apparatus. Figure 4.4 illustrates how
the source of the noise was ultimately identified where measurements of the pedestal
with the PMT in position A displayed a more “noisy” pedestal than when the PMT
was in position B.
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As the additional noise was found to be stronger when the electric pedestal of
the PMT was measured with the PMT above the plane of the optical bench which
formed the floor of the dark box than when the PMT was outside the dark box, it
was concluded that the bench was generating a weak electrical field. The electrical
field strength above a plane would decrease ∝ 1/r while the field strength would
decrease more rapidly far from the plane. The electrical field seemed to be created
due to a direct electrical connection between the bench and one of the devices in
the box generating a current in the bench.

Figure 4.4. A simple sketch of the experiment that deduced that the floor of
the dark box was acting as a weak electric field.

The origin of the current was determined to be that the stand upon which the fil-
ter wheel was mounted. Insulating the stand eliminated the noise and subsequently
the filter wheel was moved outside the box for the quantum efficiency measurements.

When examining the pulses in the signal from the PMT one can see an overshoot
after the actual pulse decay. An example of this is shown in Figure 3.8. This
phenomena is called “ringing”; oscillations due to signal reflection. This problem
occurs since the impedance in the PMT is much larger than the impedance for the
rest of the system. This ringing mainly affected the waveform analyses since the
area of the overshoot has a different sign compared to the pulse and would therefore
effect the calculated area of the pulse if included in the analysis. This problem was
not solved in hardware and instead the analysis was designed to handle the problems
due to this effect.

The measurement setup for the tests with the pulsed laser was not as dependent
on perfect alignment as the QE measurements. As only one light source was used
a misalignment would only result in a slight decrease in illuminated area of the
PMT photocathode which would not interfere with the result, but could result in
a loss in efficiency when conducting the experiments. Nevertheless, for the sake of
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precision and repeatability the alignment should be improved. Perhaps the stand
for the PMT should be engineered to minimize reflections inside the dark box and
to ensure that the transit time spread measurements are performed with the entire
photocathode illuminated.

The stored waveforms containing the pulses had a bin size of 0.5 ns, which
resulted in a resolution of 0.5 ns when determining a pulse’s horizontal positions.
To compensate for this when calculating the arrival times, the TTS and the pulse
width, the offset relative to the bin boundaries was subtracted from the waveform.
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Chapter 5

Measurements of Photomultiplier tubes

The different measurement setups were tested with the help of two previously char-
acterised PMTs to determine if the setups could reproduce the known characteris-
tics. The quantum efficiency, the single photoelectron distribution, afterpulsing in
the PMTs, the transit time spread and the pulse width were measured. The results
from the measurements presented in §5.2 are the results obtained after the problems
outlined in §4 had been corrected.

5.1 Tested PMT: R11920-100
The type of PMT that is examined in this thesis is a Hamamatsu R11920-100 as
shown in figure 5.1. The R11920-100 is a PMT based on a combination of two of
Hamamatsu’s earlier models the R9420 and the R8619 model. The photocathode
from R9420 was selected due to its high quantum efficiency and the dynode system
from R8619 was selected because of its low afterpulsing qualities. Table 5.1 shows
the typical values for the tested PMTs provided by the manufacturers.
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Figure 5.1. One of the tested photomultipler tubes.

Parameters Ratings Units
Spectral Response 300 to 650 nm
Window Material Borosilicate glass, matte -
Window Shape Concave-Convex -
Window Size (diameter) 1.5 ”
Dynode Structure 8 Linear Focused -
Quantum Efficiency Min. 32 at Peak, Typ. 35 %
Collection Efficiency 92 %
Gain 4 · 104 -
Afterpulsing (threshold 4 p.e. Gain 5 · 104 ) 0.05 %
Anode Pulse Width (FWHM) Max. 3.0 ns
Transit Time Spread (FWHM, with SPe) Max. 1.3 ns

Table 5.1. The properties of the tested PMT according to the manufacturer.
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5.2 Results

5.2.1 Results from the QE measurements

The measured quantum efficiency curves for the examined PMTs are plotted in
Figure 5.2. An averaged curve for the QE is shown Figure 5.2. The dashed line
in the figure represents the spectrum from a Cherenkov air shower from a 100 GeV
gamma-ray observed at 2200 m above sea level.

Equation 5.1 is used to calculate the errors in the QE measurement

σabsolute =
√
σ2

IPIN
+ σ2

QE calibration · 〈QEPMT〉+ σmeasurement (5.1)

where σabsolute is the absolute error, σIPIN is the error included in the currents
measured by the PIN-diode, σ2

QE calibration is the error in the calibrated QE for the
PIN-diode, 〈QEPMT 〉 is the average measured QE for the PMT and σmeasurement is
the standard deviation in the measurement.

The currents measured by the PIN-diode include an error of 2% and the error
in the calibrated QE is estimated to be 1%. The measured currents also include
an ±5pA error due to the sensitivity of the picoammeter, this error however would
have an insignificant effect on the absolute error and is therefore neglected.
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Figure 5.2. The quantum efficency for the two tubes plotted as a function of
wavelength.

The results from the quantum efficiency measurements are presented in table
5.2 below. The results are consistent with the values provided by Hamamatsu. The
tested photomultiplier tubes fulfil the requirements that the CTA project has in
terms of the quantum efficiency. One should also notice a quite large spread in QE
between the two tubes.
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PMT QEpeak QEmean

XA7020 34± 1 % 23.4± 0.4 %
XA7026 40± 1 % 29.9± 0.9 %
Average 37± 1 % 26.7± 0.7%

Table 5.2. The measured QE for the PMTs and thier QE folded with the
spectrum of Cherenkov light for a gamma-ray air shower.

Summary

• A setup to measure and analyse the quantum efficiency was constructed.

• The average quantum efficiency for the tested PMT, model R8619-100 is '
37± 1% which fulfils the requirement for the CTA.

• The average quantum efficiency for PMT folded with a representative Cherenkov
spectrum is ' 26.7± 0.7 % which fulfils the requirement for the CTA.

• The results are consistent with the other results from similar measurements
[37, 38, 36].

5.2.2 Results from the Single Photoelectron measurements
Figure 5.3 plots single photoelectron distributions for different voltages. The red
plot corresponds to an applied voltage of 700V, the blue plot to 800V, the green to
900V and the black plot corresponds to an applied voltage of 1000V.
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Figure 5.3. Single photoelectron spectra for different applied voltages.
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The gain for the two PMTs were measured using equation 3.10 and the relation
between the gain and the operating voltage is plotted in 5.4.

The errors in the gain measurements depend on the fluctuations in the operating
voltage discussed in §4.3. The fluctuations was approximately one percent of the
applied voltage and are represented as the error in the x-axis in Figure 5.4. To
calculate the error in the measured gain the F-factor is used since it represents the
deviation in integrated charge from one single photoelectron. The F-factors as a
function of voltage is plotted in Figure 5.5.
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Figure 5.4. The gain for the two tested PMTs as a function of applied voltage.
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F-factors for the two photomultipliers are calculated with equation 3.11 and are
plotted in the Figure 5.5.
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Figure 5.5. The F-factors as a function of voltage for the two PMTs.

Summary

• A setup to measure and analyse the single photoelectron spectrum were con-
structed, allowing calculation of the gain and the F-factor for the photomul-
tiplier tubes.

• The gain was measured as a function of voltage.

• The F-factor was measured as a function of applied voltage.

5.2.3 Results from the Afterpulsing measurement
Figure 5.6 displays two plots for the afterpulsing probabilities as a function of thresh-
old in photoelectrons. The applied operating voltage corresponds to a gain of 5 ·104

for the two PMTs. The arrival times are shown as a function of time.

Summary

• A setup to measure and analyse the afterpulsing in photomultipliers were
constructed, allowing calculation of the cumulative afterpulse rate and the
arrival times for the afterpulses.

• The cumulative afterpulse rate for the tested PMTs are 0.028 ± 0.004 % for
XA7120 and 0.031± 0.002 % for XA7126 .
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Figure 5.6. The plots to the left display the cumulative afterpulsing probability
as a function of threshold and the plots to the right show the afterpulse arrival
times as a function of time since the initial trigger. The upper plot shows
XA7120 and the lower plot shows XA7126.
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5.2. RESULTS

5.2.4 Results from the TTS and Pulse Width measurements
The transit time spread and pulse width for the PMTs was obtained and the results
are presented in figure 5.7. The obtained values are displayed in Table 5.3. The error
in the measurement is quite small due to the large numbers of obtained waveforms.
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Figure 5.7. The plots to the left show the transit time spread for a tested
PMT. The plots to the right show the pulse width distributions.
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PMT Transit time spread Pulse width
XA7020 1.149± 0.003ns 2.58± 0.06ns
XA7026 1.197± 0.003ns 2.60± 0.04ns
Average 1.173± 0.003ns 2.59± 0.05ns

Table 5.3. The obtained transit time spreads and pulse widths for the tested
PMTs.

Summary

• A setup to measure and analyse the transit time spread and pulse width was
constructed.

• The average transit time spread was found to be 1.173± 0.003ns which fulfils
the requirements for CTA.

• The average pulse width was found to be ' 2.59 ± 0.05ns and fulfils the
requirements for CTA.

• The results are consistent with the other results from similar measurements
[37, 38].
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Chapter 6

Discussion and conclusion

An evaluation facility for light sensors for CTA was commissioned. At the moment,
the main candidate to be used as a light sensor is the photomultiplier tube, which
influenced the tests that the facility was designed to perform. Stockholm University
now has the ability to perform measurements of photomultipliers independently
from other groups in the CTA collaboration.

Although the main focus of the test facility is measuring the characteristics of
PMTs, many of the measured characteristics are also relevant to other types of light
sensors, such as solid state detectors. The measurement setup for the QE is au-
tomated in the sense that it is possible to perform several repeated measurements
without having to alter any of the conditions in the setup between the measure-
ments. This ensures reliable, efficient measurements allowing large data sets to be
easily accumulated.

The facility is also capable of measuring and analysing the single photoelectron
response. The SPe response is obtained in order to determine the gain of each PMT
and for calibration during the afterpulsing measurements. Since the light sensors
in a Cherenkov telescope are exposed to a high level of background light evaluating
the afterpulsing characteristics of a PMT is essential to decide if that PMT is a
suitable candidate to be used in CTA.

In addition to measuring the afterpulsing characteristics and SPe response, the
facility is able to measure and analyse the transit time spread and the pulse width
for a photomultiplier. The measurements are obtained using the same experimental
setup as used for measuring the afterpulses.

Even though the facility operates well for its intended purpose, some alterations
would further improve the results and ensure repeatability in the measurements.
Some of the suggested improvements have already mentioned been in Chapter 4
since they could solve problems which arose during the setup. These improvements
are the most necessary ones to attend to. Some of the suggested improvements are
less critical but may lead to a better and more versatile facility.
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Necessary improvements

One of the problems encountered and discussed in Chapter 2.1.2 is that the stands
which hold the detectors are somewhat improvised. This is an improvement that
could easily be solved by obtaining or constructing proper stands for the detectors.
Proper solid stands would increase the stability to the detectors. This would help
to avoid accidents that could damage any fragile components. Repeatability during
the measurements would also improve since the distance between the light source
and the detectors would be the same for every measurement. This is especially
important for the QE measurements since only a slight deviation in distance between
the detector and the reference detector could change the final result.

The QE setup, because it involves two different detectors is the one that suf-
fers the most from poor stability in the experimental apparatus. The light source
used for the QE is placed outside the dark box in a rather improvised fashion and
even though the stability was improved during the commissioning it could still be
dislocated during the measurements, which could change the final result. As with
the stands, this problem could easily be solved by obtaining or constructing a rigid
stand or a jack for the light source.

Suppression of the ringing in the pulse signal was attempted. Different impedance
matching networks were unsuccessfully applied. The problem still remains and the
large afterpulses due to ions can cause significant ringing in the pulse. These ringing
overshoots may be detected as false afterpulses during the analysis and solving the
problem with the ringing would lead to a more accurate afterpulse measurement.

The high voltage supply used during the measurements was somewhat unstable
and the fluctuations in the voltage (U) was estimated to be in the order of ±0.01 ·U .
This problem mostly effected the gain measurement as a high uncertainty when
measuring the gain for high voltages. Acquiring a stable voltage supply would
ensure more accurate measurements for tests where the PMT is operating on a high
gain.

Suggestions

As a result of this work it was noticed that some components of the facility could
usefully be improved. The improvements discussed in this section are not as neces-
sary as the ones mentioned previously, however they might prove useful.

The PIN-diode used during the QE measurement had a low sensitivity in the
UV region. Using a reference detector with higher sensitivity would enable the
use of a smaller slit in the monochromator and increase the resolution of the QE
measurement. There are different detectors with high sensitivity in the UV to IR
region such as silicon photodiodes that would be suitable for this particular setup
such as the Hamamatsu S1337-series [27].

The problem with the light leakage in the monochromator was solved with filters
rather than by modifying the actual monochromator. The monochromator was
investigated during this work but the reason why light seemed to leak through
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the system was not found. Modifying the monochromator to fix the problem with
the light leakage would result in a higher reliability when measuring the currents
corresponding to a certain wavelength.

Photomultipliers are a proven category light sensor. However new light sen-
sors based on different technologies are under development. One final suggested
improvement is to adapt the facility to evaluate different detectors such as silicon
photomultipliers or other solid state detectors. Adapting the facility for solid state
detectors could be a task for some other light-shy undergraduate student.
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Appendix A

Measurement problems

The figures in this appendix illustrate some of the problems that were encountered
during this work.

Figure A.1. The single photoelectron spectrum before the noise source was
located and removed.
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APPENDIX A. MEASUREMENT PROBLEMS

Figure A.2. The left image show a single photoelectron spectrum measurement
during a phone call. The image to the right shows a normal SPe-spectrum as
comparison.

Figure A.3. The effects of higher order harmonics during the quantum effi-
ciency measurement.
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