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MeV Range Gamma-Ray Telescope Imaging Principles

l Compton Telescopes  and Coded-Mask Telescopes

Currently achieved: Sensitivity ~10-5 ph cm-2 s-1   Angular Resolution ³ deg
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The Compton Telescope
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Measurements within a Compton Telescope
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30 C. Kierans et al.

Fig. 18 (a) Schematic diagram of the first two interactions of a Compton event showing the
definition of the CDS angles (χ , ψ, ϕ) for a gamma-ray source located at (χ0,ψ0). The Compton-
scattering angle of the first interaction, ϕ, is calculated from the energy deposits. The polar and
azimuthal angles of the Compton-scattered gamma-ray direction (χ , ψ) are measured relative to
the detector coordinate system. These three parameters define the kinematics and geometry of a
Compton event. (Modified from Kierans 2018). (b) The point spread function in the CDS is an
easily discernible cone with apex at the source location (χ0,ψ0) and a 90◦ opening angle

of the scattered gamma-ray direction from the known source location, as seen in
Fig. 18a. Therefore, the CDS contains redundant information about the Compton-
scattering angle: the ϕ dimension is calculated based on the measured energies
with Equation 4, and the scatter direction (χ ,ψ) is defined relative to the detector
coordinates but is related to the geometric measurement of the Compton-scattering
angle. In contrast to the projected event circles in image space, each Compton event
is a point in the CDS at (χ ,ψ,ϕ), and the accumulation of properly reconstructed
Compton events from point-source emission fills the CDS along the walls of the
three-dimensional cone. The CDS cone is connected to the familiar Compton event
circle in image space: the probability of any region of the sky contributing to one
bin in the CDS (χ ,ψ,ϕ) is represented by the back-projected event circle.

The response density along the cone follows the Klein-Nishina cross section.
For example, the smaller Compton-scattering angles near the cone apex are likely
to be populated by higher energy events. Furthermore, the photon polarization
information is encoded in the CDS cone. The modulation in the Compton azimuthal
scatter angle η, defined in Equation 12 and shown in Fig. 14, can be defined in terms
of the scatter direction (χ ,ψ) in detector coordinates (η ≡ ψ for on-axis sources).
The population of the CDS cone is also impacted by the detector geometry where
some scattering directions can be suppressed.
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Coded-mask imaging: Ge detector camera and mask
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Coded Mask Telescope:
Casting a Shadow

• shadowgram intensity patterns among detectors

• ‘dithering’ 
5x5 pointing
offsets around 
source
for additional
‘coding’
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A Sky Survey with INTEGRAL
¶ “Dither Patterns” Scattered over the Sky

full sky inner Galaxy
F Example from late 2004

Status Rev 930 May 2010

Sky Exposure: 
Our Galaxy, +...
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Discriminating Background and Sky Signals in SPI Data
• Tracking the relative count rate ratios among detectors

Fcharacteristic signatures from celestial sources withcoded mask, and from background events

Coded Mask Telescope:
Casting a Shadow
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typical:       105 spectra
              104 parameters fitted
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INTEGRAL: Dominance of instrumental background 
SPI Ge detector spectra

Modelled/understood at high precision
8
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The Challenge of Finding SN2014J Gamma-Rays
¶ Current Gamma-Ray Telescopes 

Have Large Intrinsic Background
FCosmic Ray Activation of Spacecraft and Instrument

expected signal from SN2014J

typical background intensity

from Churazov et al., 2014
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Prompt, delayed, and built-up backgrounds

linked to
solar activity

normalise with
continuum

à

characteristics
specific per isotope

Instrumental background in space orbits

Diehl+, A&A (2018)
10
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SPI instrumental background lines:
Lines show a characteristic intensity pattern in SPI Ge camera
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MREM (multi-resolution 
expectation maximisation) 

Weidenspointer+2008

Imaging Approaches with SPI
¶ No direct imaging (i.e. locating the original directions of detected photons)

FImaging deconvolutions 
of different types

– Maximum Likelihood, RL, ME, MREM, ...

FModel fitting

Spatial Model Fitting Martin+2012
MaximumLikelihood Img Bouchet+2011

Richardson-Lucy Imaging
Knödlseder+ 2005
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Imaging Galactic 26Al with COMPTEL & SPI

•
Exposure INTEGRAL

Exposure COMPTEL Image COMPTEL

Image INTEGRAL

Bouchet+ 2015

Plüschke+ 2001
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Image Generation with Compton Telescope events
example: point source, 500 keV, 200 events
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Compton Telescopes for Gamma-Ray Astrophysics 41

Fig. 26 (a) The back projection of a 500 keV point-source simulation with a Compton telescope
detecting 200 events. The event circles overlap at the location of the source in the center of the
image, shown with the red hot spot. (b) After five iterations of the LM-ML-EM imaging algorithm
on the image in (a), the original source is reconstructed. (From Kierans 2018)

used to describe the event (energy, time, recoil electron direction, etc.) adds another
dimension to this data space. List-mode methods (Barrett et al., 1997) use a list of
events with all of their measured parameters to define the data space, and the image
response, i.e., the back-projected circles or arcs, is calculated on an event-by-event
basis. The size of the data space is proportional to the number of events.

One of the main advantages of list-mode imaging is its capacity to save all
of the information from photon interactions with full precision. Event parameters
that are not traditionally in the image data space, like the distance between the
first two interactions or the electron recoil direction, can be saved and used to
further select the quality of events. A common list-mode algorithm used in Compton
telescopes is the list-mode maximum-likelihood expectation-maximization (LM-
ML-EM) (Wilderman et al., 1998; Zoglauer et al., 2011). Figure 26b shows the
results of five iterations of the LM-ML-EM algorithm for the 200 simulated events
shown in Fig. 26a; the expected point source is recovered with very little variation in
the field-of-view outside of the source location. Other list-mode imaging algorithms
include filtered back projection (Xu et al., 2004; Haefner et al., 2014) and stochastic

Kierans, Takahashi, Kanbach 2022
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Image Generation with Compton Telescope events
example: COMPTEL analysis of Galactic 26Al

¶comparing different imaging algorithms

15

Knödlseder+ 1999
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Analysis Challenges for Gamma-Ray Telescopes - Summary
¶ Gamma-ray instruments do not produce images: 

photon events are measured within a large field-of-view

¶ Instrumental backgrounds are larger than the celestial signal; 
no 'subtraction' of background possible

¶ Multi-parameter pattern recognition is key to data analysis
(response, and background)

¶ Signals from many sources (& bgd) are superimposed:
all-sky analysis required even for point sources

¶ Forward-folding analysis is required: Estimate event data 
for a parametrised model of the astrophysical result
plus parametrised instrumental response and background

¶ Regularisation can be complex: 
many instrumental (response & background) parameters
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Fig. 18 (a) Schematic diagram of the first two interactions of a Compton event showing the
definition of the CDS angles (χ , ψ, ϕ) for a gamma-ray source located at (χ0,ψ0). The Compton-
scattering angle of the first interaction, ϕ, is calculated from the energy deposits. The polar and
azimuthal angles of the Compton-scattered gamma-ray direction (χ , ψ) are measured relative to
the detector coordinate system. These three parameters define the kinematics and geometry of a
Compton event. (Modified from Kierans 2018). (b) The point spread function in the CDS is an
easily discernible cone with apex at the source location (χ0,ψ0) and a 90◦ opening angle

of the scattered gamma-ray direction from the known source location, as seen in
Fig. 18a. Therefore, the CDS contains redundant information about the Compton-
scattering angle: the ϕ dimension is calculated based on the measured energies
with Equation 4, and the scatter direction (χ ,ψ) is defined relative to the detector
coordinates but is related to the geometric measurement of the Compton-scattering
angle. In contrast to the projected event circles in image space, each Compton event
is a point in the CDS at (χ ,ψ,ϕ), and the accumulation of properly reconstructed
Compton events from point-source emission fills the CDS along the walls of the
three-dimensional cone. The CDS cone is connected to the familiar Compton event
circle in image space: the probability of any region of the sky contributing to one
bin in the CDS (χ ,ψ,ϕ) is represented by the back-projected event circle.

The response density along the cone follows the Klein-Nishina cross section.
For example, the smaller Compton-scattering angles near the cone apex are likely
to be populated by higher energy events. Furthermore, the photon polarization
information is encoded in the CDS cone. The modulation in the Compton azimuthal
scatter angle η, defined in Equation 12 and shown in Fig. 14, can be defined in terms
of the scatter direction (χ ,ψ) in detector coordinates (η ≡ ψ for on-axis sources).
The population of the CDS cone is also impacted by the detector geometry where
some scattering directions can be suppressed.

Compton Telescopes for Gamma-Ray Astrophysics 43

Fig. 27 The 26Al emission measured by COMPTEL over 9 years shows emission along the
galactic disk with two different imaging techniques. (a) The maximum entropy method (MEM)
creates a lumpy, structured image enhancing point-source and noise features. (b) The Multi-
resolution Regularized Expectation Maximization (MREM) algorithm was developed to create the
smoothest distribution consistent with the observed data. Both images have the same underlying
data. (From Plüschke et al. 2001)

Polarization Capabilities

As introduced in section “Basic Operating Principles of Compton Telescopes”,
Compton telescopes are inherently sensitive to polarization. The response of a
polarized source is defined by a sinusoidal modulation in the azimuthal Compton-
scattering angle η from Equation 12.

The standard method for polarization analysis is to fit the histogram of azimuthal
scattering angles η with a cosine function to determine the polarization fraction
and polarization angle of the incident photons (Lei et al., 1997; Tatischeff et al.,
2019). The modulation amplitude of the azimuthal scattering angle distribution
(ASAD), depicted in Fig. 14b, is directly proportional to the polarization fraction of
the incident beam. The level of polarization is quantified by the modulation factor:

µ = A

B
= Cmax − Cmin

Cmax + Cmin
(32)

where A is the amplitude of the sinusoidal response, and B is the offset, and Cmax
and Cmin are the maximum and minimum values in count space as indicated in
Fig. 14b. Since the maximum modulation response Cmax occurs when η = 90◦, and
the minimum at η = 0◦, we can evaluate Equation 12 to find the modulation factor
as a function of the energy and Compton-scattering angle:

µ(E,ϕ) =
dσ
dΩ (η = 90◦) − dσ

dΩ (η = 0◦)
dσ
dΩ (η = 90◦) + dσ

dΩ (η = 0◦)
= sin2 ϕ

Escat
E0

+ E0
Escat

− sin2 ϕ
. (33)

This relation is shown in Fig. 28. The modulation from a polarized source is largest
at lower energies and for Compton-scattering angles ϕ ∼ 90◦. Geometric effects
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