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Motivations for TeV Gamma Ray 
Astronomy
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Astroparticle Physics and Gamma Rays

18 June 2020 Brent Mode 3

103 101 10-1 10-3 10-5 10-7 10-9 10-11

radio microwave infrared optical UV X-ray

10-14 10-16 10-18 10-2010-12

Fermi CTA HAWC
0.1 MeV 1 EeV

IceCube
meters

ARA
10-2410-22

Astroparticle 
physics over 13 
orders of 
magnitude

Gamma rays 
over 9 orders 
of magnitude



The Thermal v. Non-Thermal Universe
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• CTA
(1 TeV)

1016 K

1027 Hz

10-19 m
•

• Sun’s surface

• Earth’s surface

• Cosmic microwave background

• Sun’s corona

Newborn neutron star core (?)
§ Black body radiation is 

responsible for much of 
the low energy light in 
the universe

§ Even some gamma rays 
can come from very high 
energy thermal events

§ Most gamma rays will 
come from non-thermal 
processes, as the 
associated black body 
temperature peaked at 1 
TeV is 10 quadrillion K



Possible Gamma Ray Production from Dark Matter
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§ A possible fifth non-thermal source 
of gamma rays is exotic particle 
decay or interaction, like dark matter

§ This gives rise to the indirect 
detection sector of the dark matter 
search

§ It is complementary with the direct 
detection and accelerator 
production approaches

§ This approach has the benefit of 
being potentially sensitive to more 
than one broad class of dark matter 
models
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Multi-Messenger Astronomy

§ Using photons, neutrinos, 
cosmic rays, and 
gravitational waves, we can 
study astrophysical sources 
and transient objects much 
more thoroughly than ever 
before

§ Different astrophysical 
sources emit different 
particles and at different 
energies, allowing for multi-
instrument, coordinated 
observations



Physics with TeV Gamma Ray Telescopes
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Imaging Atmospheric Cherenkov 
Telescopes
A technique for TeV gamma-ray astronomy
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The Atmosphere is Opaque to Gamma Rays
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Atmospheric Cherenkov Radiation
§ Optical frequency 

(blue) light

§ Very short (few ns) 
exposure to limit 
night sky 
background

§ Cherenkov cone 
very narrow, ~1°:

§ 𝜃 = arccos !
"#

§ 1000-1500 hours 
per year (dark, 
good weather)
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~100 m



Two Ways to Detect Gamma Rays
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§ CTA detects the 
Cherenkov light 
produced by the particles 
in the air shower

§ HAWC and SWGO (will) 
detect Cherenkov light 
produced in water tanks 
by particles in the air 
shower

§ IACTs have better
angular resolution but a
much smaller FOV



Hillas Parameters
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§ Parameterization of an ellipse
§ Since air showers form ellipses 

on an IACT camera, this is 
useful for analysis

§ Length and width are 
particularly useful for 
identifying gamma ray showers

§ Alpha is useful for identifying 
showers that originated in the 
direction of the source (if on 
source)



16 Lorenz and Wagner

Fig. 4.3. Photo of the Whipple 10-m telescope at Mount Hopkins. Courtesy Brian Humensky.

Fig. 4.4. The first Whipple telescope camera with 37 PMTs, allowing efficient g/hadron separation. Right figure taken
from [Weekes 1989].

5.3 The 1992 Palaiseau conference: Towards a major imaging Cherenkov telescope

On June 11-12, 1992, Patrick Fleury and Giuseppe Vacanti invited the community to a conference at
Palaiseau with the aim of forming a project of a major imaging Cherenkov telescope [Fleury 1992]. The
Whipple collaboration had already shown the existence of VHE sources and that the imaging Cherenkov
technique was a viable method of detecting them. During the meeting many more small projects were
discussed but it became obvious that:

1. There are VHE sources around that can be detected provided the instruments are as sensitive in the
range as the Whipple telescope

2. Cherenkov telescopes were by far the most promising instruments for VHE g-ray astronomy
3. One needs very large light collectors to achieve a low threshold
4. A high g/hadron separation was the key to success and methods to enhance the separation power had to

be pushed further

The highlights of the conference were not so much the many talks about a number of different detectors
but the many discussions about the fundamentals of the Cherenkov technique, the progress in computing
power and electronics as well as a better understanding of the development of air showers and a better

First IACT: Whipple 10 m Telescope at FLWO 

§ Pioneer imaging atmospheric Cherenkov telescope

§ Discovered the first very-high energy (TeV) astronomical 
sources
o Crab Nebula: 1989 (in UV in 1996)
o Markarian 421 (1992): a nearby blazar
o Markarian 501 (1997): another nearby blazar
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Two Telescopes are Better Than One
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Current Generation of Stereo IACTs
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H.E.S.S. 

MAGIC 

VERITAS
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View from MAGIC

VERITAS

H.E.S.S.



The Cherenkov Telescope Array
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Cherenkov Telescope Array
2 arrays of differently sized 
telescopes looking for gamma 
ray induced air showers

Telescope size Energy range South array North array

23m 20GeV – 1 TeV 4 4

9-12m 100Gev – 10TeV 25 15

3-4m 5 – 300 TeV 70 ---



the sensitivity information provided is insufficient to make a de-
tailed comparison of the performance in the overlapping region
which motivates this study.

As can be seen from the figure, the Fermi-LAT is photon starved
in the overlapping energy range and therefore the mFm (which is
equivalent to E2dN=dE) sensitivity worsens with increasing energy
proportional to E1. The Fermi-LAT 10-year sensitivity is extremely
uneven across the sky, due to the bright diffuse gamma-ray emis-
sion from cosmic-ray interactions in our Galaxy in that energy
range [17]. We show two positions, one labeled ‘‘inner Galaxy’’ at
l ¼ 10"; b ¼ 0" Galactic coordinates and one at high latitudes la-
beled ‘‘extragalactic’’, taking into account only the isotropic diffuse
emission [28]. The Galactic diffuse emission has a steeper spec-
trum than E# 2 and is therefore increasingly less dominant with
higher energies in the Fermi-LAT [17]. For our study we will ignore
the Galactic diffuse background in the following. This has negligi-
ble effect on the energy at which the Fermi-LAT and CTA differen-
tial sensitivity curves overlap as seen in Fig. 1. It should be noted
that in the very inner parts of the Galaxy diffuse emission can be-
come an issue, even for CTA as shown in [16]. Contrary to the Fer-
mi-LAT, CTA is systematic error dominated in the overlapping
energy range. Therefore longer observations do not help the CTA
sensitivity in this range as can be seen from Fig. 1. Unless other-
wise noted, we have assumed that the source counts need to be
at least 5% above the background to be significantly detected (i.e.
we assumed that we can determine our background level to 5%
accuracy). While this is a reasonable assumption, for special obser-
vations, such as for pulsars (where the background can be deter-
mined by the off-phase), this might be overly conservative. Due
to the dominance of systematic errors for CTA in the overlapping
energy range, longer observation times do not significantly shift
the energy at which the Fermi-LAT and CTA sensitivity curves cross
as can be seen in Fig. 1.

Differential sensitivity is clearly not the only relevant factor
when comparing instruments in the overlapping range. The integral
sensitivity is relevant when aiming to detect a new source, and the
angular and energy resolution are clearly critical for imaging and
spectroscopy. Fig. 2 shows the angular resolution and the energy
resolution for the instruments operating (or planned) in the
$ 100 GeV range. As can be seen there are orders of magnitudes

differences between instruments in both quantities. Below
100 GeV the Fermi-LAT outperforms all ground-based instruments
in both angular and energy resolution. This is due to inherent fluctu-
ations in those particles above the Cherenkov threshold high in the
atmosphere for showers initiated by low energy primaries. So even
if the differential sensitivity of the Fermi-LAT and CTA is the same at
a given energy, the Fermi-LAT will be able to do a better measure-
ment of a source. While HAWC’s performance in these quantities
is rather modest, its main goal is to detect new sources and study
variability and find transients. HAWC is not shown in Fig. 1 as differ-
ential sensitivity curves has not been provided by the HAWC collab-
oration and indeed, it is not the relevant quantity for the
aforementioned goals. In the energy range at which this study is
focused, HAWC is not competitive with the Fermi-LAT and CTA
except perhaps for the detection of very short timescale transients
such as GRBs.

2. The sensitivity model

The sensitivity of gamma-ray detectors is determined by three
basic characteristics: the effective collection area, residual back-
ground rate and angular resolution, all of which are typically a
strong function of gamma-ray energy. For Fermi-LAT the relevant
curves are taken from [29] for instrument response function
pass6_v3, and for CTA from [30]. It should be noted that the usage
of the enhanced pass7 response-functions for the Fermi-LAT will
not substantially change the presented results. The difference in
effective area above 1 GeV is $ 10%. We also note that the CTA per-
formance is very likely to improve relative to that shown here, due
to analysis improvements and hardware performance and tele-
scope layout optimization. For a detailed description of the CTA
instrument response function, see [?] in this issue. Detection sen-
sitivity may be limited by statistical fluctuations of the back-
ground, by background systematics or by the number of detected
signal photons. The statistical limit is calculated using a maximum
likelihood approach, background systematics in CTA are assumed
to have a 1% rms [30], and a minimum of 10 photons is always re-
quired for a detection. The instrument point-spread functions
(PSFs) are assumed to be Gaussian for simplicity, with the 68% con-
tainment radius (h68) matched to that of the simulated instrument
response. This study builds on that presented in [34] but is more
precise in that it uses Monte–Carlo estimated background rates
and collection areas for a baseline CTA design (layout ‘‘E’’) [30]
rather than inferred values, derived for an idealized future Cheren-
kov array [35]. Array layout E is used as an example. This particular
configuration uses three telescope types: four 24 m telescopes
with 5" field-of-view, 23 telescopes of 12 m diameter with 8"

field-of-view, and 32 telescopes of 7 m diameter with a 10" field-
of-view. The telescopes are distributed over $ 3 km2 on the
ground. The study presented here uses the curves for an altitude
of 2000 m and a zenith angle of 20". The residual background rate
adopted for Fermi (unless otherwise stated) is taken from [29] and
is representative of the isotropic diffuse emission relevant for high
Galactic latitude sources. As previously stated we ignore the Galac-
tic diffuse emission which is justified, given its diminishing impor-
tance in the Fermi-LAT data above 10 GeV. The likelihood method
adopted is a simplified version of that used for data analysis:
events are binned in energy but counted (rather than fit) within
an energy-dependent aperture. To match the sensitivity achieved
using the standard method a background scaling factor of 0.6 is ap-
plied. This approach is used throughout except for the case of the
source extension studies described in Section 5, where a full treat-
ment is used.

In Fig. 3 we compare the sensitivity model to published curves
for the differential sensitivity of CTA and Fermi, agreement exists
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Fig. 1. ‘‘Differential’’ sensitivity (integral sensitivity in small energy bins) for a
minimum significance of 5r in each bin, minimum 10 events per bin and 4 bins per
decade in energy. For Fermi-LAT, the curve labeled ‘‘inner Galaxy’’ corresponds to
the background estimated at a position of l ¼ 10"; b ¼ 0" , while the curve labeled
‘‘extragalactic’’ is calculated using the isotropic extragalactic diffuse emission only.
For the ground-based instruments a 5% systematic error on the background
estimate has been assumed. All curves have been derived using the sensitivity
model described in Section 2. For the Fermi-LAT, the pass6v3 instrument response
function curves have been used. As comparison, the synchrotron and Inverse
Compton measurements for the brightest persistent TeV source, the Crab Nebula
are shown as dashed grey curves.

S. Funk, J.A. Hinton / Astroparticle Physics 43 (2013) 348–355 349CTA v. Fermi LAT

18 June 2020 Brent Mode 19



Fermi Dwarfs and CTA GC Will Cover Entire Mass Range 
Down to Thermal Cross Section
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CTA Telescopes and Prototype Locations
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Large, Canary Islands
Medium (1 mirror), Germany

SCT (2M)

Small:
2 mirror, Sicily

Medium (2 mirror), Arizona

LST
MST SCT

SST



SST Prototype Detects Crab Nebula
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LST Prototype Detects Crab Nebula
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CTA @ WIPAC: 
Commissioning the pSCT

18 June 2020 Brent Mode 24



18 June 2020 Brent Mode 25

pSCT: Prototype Schwarzschild-Couder Telescope

§ Use two mirrors instead of one:
§ Advantages:

o Telescope can be more compact
o Has wider field of view
o Better resolution

§ Need special technique for a-
spherical mirror shaping: 
o optimized for maximum 

resolution and field of view

§ Need fast, high-resolution camera:
o possible through new 

developments in SiPM and ASIC 
technology



pSCT Camera Organization
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pSCT at WIPAC
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§ UW group has been heavily involved with 
the development of the pSCT camera and 
its commissioning

§ Also involved with the upgrade of the pSCT
camera to full FOV, validation of new 
electronics modules

TARGET C Front-end Electronics Module

FPM

pSCT and VERITAS



TARGET C Module
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T5TEATC

FPGA

Signal Input

To Backplane



pSCT Images of All 18 Tagged Gamma Rays
(after image cleaning)
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pSCT Detection of Crab Nebula
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Backup Slides
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(1) Synchrotron (electromagnetic)

(3) Bremsstrahlung (electromagnetic) (4) Pion decay (hadronic)

g

g

g

g

g

Non-thermal Mechanisms of Gamma Ray 
Production
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(2) Inverse Compton (electromagnetic)

§ Production of gamma 
rays in particle 
physics can occur 
through a variety of 
mechanisms

§ Each of these 
processes can create 
gamma rays in 
astrophysical sources

§ Inverse Compton 
scattering is a 
particularly 
important source of 
astrophysical gamma 
rays



Fermi Large Area Telescope

The Universe in >1 GeV Gamma Rays
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threshold is running. Table 1 lists, as a function of
altitude, the thresholds for electrons and pions and
the Cherenkov emission angle for !"1.

In "rst order the amount of Cherenkov light is
proportional to the energy loss due to ionization,
i.e., the combination of a light detector and the
atmosphere is a fully active calorimeter. The illu-
minated `footprinta from a straight track (!"1),
say a muon, is shown in Fig. 2. A straight track
penetrating to about sea level illuminates a disc of
typically 130 m radius with most of the light con-
centrated in an annulus between 60 and 130 m. In
an electromagnetic shower most particles of !'!

!
are rather close (within a few meters) to the shower
axis. As a consequence a shower illuminates nearly
the same area as a simple straight track with some
additional light beyond 130 m from particles with
large scattering angle. A single light detector, say
a telescope, placed anywhere in the light pool
would be su$cient to detect a cosmic particle up to
about 130 m impact distance. Therefore, typical
single light detectors have a characteristic detection
area slightly above the threshold of about
40 000}50000 m!, which is signi"cantly larger than
a satellite-borne detector.

At 1 TeV an electromagnetic shower produces
about 1000 photons (300}600 nm/m!) on ground
inside a circle of 130 m radius. Most of the light
#ash occurs within 1}3 ns with only very few de-
layed photons.

The e$cient detection, the correlation of the `o!
axisa Cherenkov light with the incident particle
direction and the observation to be carried out
against intense background light from the night
sky, etc., pose a challenge to experimenters. Below
a few TeV large light concentrators in the form of
telescopes with large light collectors (ACT, air
Cherenkov telescopes) proved to be the best instru-
ments.

Fig. 3 shows a typical ACT, the Whipple tele-
scope with a 10 m H mirror [2]. The mirror
concentrates light onto a so-called camera, a matrix
of densely packed, fast photomultipliers. Cameras
nowadays have a "eld of view (FOV) of 3}53
(needed for the detection of the o! axis Cherenkov
photons and possibly extended sources) and a few
hundred pixels. It should be noted that one ob-
serves with an ACT only o! axis light from an

Table 1
Thresholds for electrons and pions and the Cherenkov emission
angle for !"1 as a function of altitude

h ref.index "
!

p
!
(e) p

!
(!)

(km) (n!1) (!"1) (MeV) (GeV)

30 42!10"# 0.17 175 40
20 17!10"$ 0.39 87 24
15 35!10"$ 0.48 61 17
10 71!10"% 0.68 43 12
8 94!10"% 0.78 37 10
6 12!10"& 0.90 32 9
4 17!10"& 1.04 28 8
2 22!10"& 1.20 24 7

Fig. 2. Illuminated radial `footprinta of a straight track (!"1).

extended object, the shower, in, say 8}15 km height.
This requires other optical performances than for
a classical astronomical telescope. The precision of
an ACT can be relaxed compared to optical tele-
scopes but a much larger FOV and very fast signal
recording is needed. The granularity and size of the

26 E. Lorenz / Nuclear Instruments and Methods in Physics Research A 433 (1999) 24}33

Cherenkov Light Pool from 
Vertical Shower

§ At high altitude, density is 
small, index of refraction 
is close to 1, and 
Cherenkov angle is small

§ Towards ground level, 
each of these increases

§ Light pool of radius ~120-
140 m on ground
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Eckart Lorenz,
NIM A 433 (1999) 24-33

𝜃 = arccos
1
𝑛𝛽



Alignment of Optical System

Repositioning of all mirror panels from defocused 
to focused in a few minutes
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Crab Observations

§ The pSCT observed the Crab 
Nebula from 18 January  – 26 
February 2020

§ Data taken in ON source and 
OFF source modes for simple 
background estimation

§ Coincident data taking with 
VERITAS when possible

Startup/Shutdown Checklist
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The pSCT is near VERITAS Telescope 4:
2 telescopes can detect the same showers, with similar viewing angle

pSCT

VERITAS T435m
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Crab    

pSCT

A 3.5 TeV gamma ray detected by both pSCT and VERITAS

T4
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§ pSCT commissioning and Crab observations January–March 2020

§ Simultaneous with VERITAS Crab observations whenever possible

§ VERITAS-pSCT shower matching offline: negligible accidental coincidence (<1 µs 
precision)

§ Three-hour joint Crab dataset for developing pSCT cuts with VERITAS-tagged 
gamma/hadron

Rate of showers detected by both VERITAS and pSCT

>104 coincident events

Crab observations:
simultaneous observing with VERITAS
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Image Cleaning
§ Algorithm used in M. Wood et al. (2015) scans a 

circular aperture over each pixel and identifies 
image pixels compared to background noise 
(shown at right)

§ This was developed to be a more optimal image 
cleaning strategy for SiPM-based cameras

§ Noise events identified previously are used to 
find average “noise signal” in each pixel

§ Signal is compared to noise signal to clean 
shower candidate images since it encapsulates 
pixel-pixel noise differences and is less biased 
than an empirical flat cutoff value 

𝑅 = 0.067°
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Image Cleaning – Aperture Method
Raw data Cleaned image
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