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Abstract 

The Compton Spectro-Imager (COSI), formerly known as Nuclear Compton Telescope is a 

stratospheric balloon borne telescope which aims to produce images and spectra of the gamma 

ray emissions of the astrophysical sources in the range of 0.2-5 MeV. The aim of this thesis was 

to calculate or determine the performance of COSI by detection efficiency depending on the 

energy and the direction of arrival of photons and to participate in the calibrations and use the 

data obtained from the calibrations for imaging.  

After getting familiarized with the operating principle of COSI and learning to use the simulation 

tools from the MEGAlib (Medium Energy Gamma-ray Astronomy library), simulations were 

performed to determine the detection efficiency for 511 keV and 1809 keV.  

After simulations, real or raw data from the 12 detectors of COSI was used to do the energy 

calibrations using the MEGAlib tool called Melinator and further analysis was done using the 

tool called Nuclearizer. In the end, an image was achieved for the 662 keV (Cs-137) line.   
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Résumé 

Le Compton Spectro-Imager (COSI), auparavant connu sous le nom 'Nuclear Compton 

Telescope', est un télescope gamma embarqué en ballon stratosphérique qui vise à produire des 

images et des spectres des émissions de rayons gamma, dans le domaine 0,2-5 MeV, en 

provenance de sources astrophysiques. L'objectif de ce stage était de calculer et de déterminer les 

performances de COSI (e.g. efficacité de détection en fonction de l'énergie et la direction 

d'arrivée de photons) par des simulations numériques, de participer à la campagne de calibration 

(au SSL, Berkeley) et d'utiliser les données de calibration pour évaluer les performances réelles, 

notamment en imagerie. 

Après s'être familiarisé avec le principe de fonctionnement de COSI et les outils de simulation de 

la MEGAlib (Medium Energy Gamma-ray Astronomy library), des simulations ont été réalisées 

pour déterminer l'efficacité de détection pour des photons à 511 keV et 1809 keV. 

Après ces travaux de simulations, les données de calibration des 12 détecteurs de COSI ont été 

utilisées pour faire l'étalonnage en énergie et réaliser une image d'une source de photons gamma à 

662 keV (137Cs). 
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1. Introduction 

Gamma radiation is produced in the universe by non-thermal processes in astronomical entities 

like neutron stars, X-ray binaries, active galactic nuclei, decays of many radioactive nuclei in 

high energy states that are released by supernova explosions. The observation of gamma rays is 

much more difficult than that of X-rays or visible light, because they are relatively rare, with 

even a ‘bright’ source needing observation time of several minutes before it is even detected and 

they are difficult to focus which results in quite low resolution. 

 A large fraction of astronomical gamma radiation is screened by Earth’s atmosphere and must be 

detected by spacecraft in order to facilitate a proper study. This has been achieved for decades 

through generations of various kinds of gamma ray telescopes with dedicated missions to 

improve detection efficiency, sensitivity, spectral resolution along with developing newer 

technologies to achieve the same. One prominent technology is the Compton Telescope, which 

uses the Compton Effect to perform direct imaging of gamma ray photons. The Compton Effect 

occurs when a gamma ray photon incoherently scatters with an electron and gets deflected by an 

angle. The basic principle used in Compton Imaging is to measure the energies deposited by at 

least one Compton scatter and employ the Compton Scatter formula to reconstruct the direction 

of the incoming photon.  

 

COMPTON SPECTRO-IMAGER (COSI): 

The COmpton Spectro-Imager (COSI), formerly known as the Nuclear Compton Telescope 

(NCT), is a balloon borne Compton telescope which is designed for the study of astrophysical 

sources in the soft gamma ray regime which lies between 200 keV – 20 MeV. It is one of the 

Compact Compton Telescopes with a novel design using arrays of 12 cross-strip Germanium 

Detectors (GeDs) stacked in 4 columns and in 3 layers having the ability to track the location of 

events in three dimensions. COSI aims for a very high spectral resolution, moderate angular 

resolution and high sensitivity. The expected performance of COSI is presented in the Table 1 

below: 

Table 1. Expected performance of COSI 

Parameters Values 

Energy Range 0.2- several MeV 

Energy Resolution 1.5 - 3.0 keV FWHM 

Depth Resolution ~0.5 mm FWHM 

Angular Resolution Up to ~4° FWHM 

Field of View Almost 1/4  Of sky 
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Figure 1. The heart of NCT is an array of 12 

cross-strip GeDs (Ref [1]) 

 

 
 

Figure 2 Photo of the Flight Detector (Ref. [1]) 

 

The 12 cross-strip GeDs are developed using LBNL’s amorphous Ge contact technology [1]. 

Each of these GeDs is a 37 × 37 cross-strip planar detector with a 15 mm thickness. The pitch of 

the strips is 2 mm with a 0.2 mm gap chosen to minimize the effects of charge sharing between 

strips. The active area of the strips is 51 cm². A 2 mm wide guard ring surrounds this active area 

on both faces of the detector, with a 1 mm gap between the ring and the edge of the crystal. The 

GeDs are operated at -1000 V and are cryogenically cooled by a cryocooler. 

 

                                        Figure 3. The COSI instrument 
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The Compton imaging with COSI is achieved through accurately determining the energy 

deposited in the detector at each interaction and by successfully tracking in all three dimensions, 

the gamma ray interactions within the detector. When a photon interacts in a GeD, either by 

photo-absorption or Compton Scattering, a fast recoil electron is produced which knocks more 

electrons from the valence band to the conduction band, leaving holes behind. With a bias 

voltage, the electron-hole pairs will separate and drift in opposite directions with electrons 

moving towards the anode and holes towards the cathode. The anode and cathode are segmented 

into orthogonal strips, which give direct 2-D positioning through identification of the active 

anode and cathode strips. Measuring the ‘depth’ or ‘z-position’ is achieved by measuring the 

difference between electron and hole collection times on opposite faces of the detector. The 

Collection Time Difference (CTD) for an event is well defined and has been shown to be linear 

with depth to first order [2]. The drift time across a 15-mm thick GeD is of the order of 150 ns.  

COSI uses conventional GeD quality signal processing electronics with each strip having a 

compact, low power signal processing chain made predominantly of conventional surface mount 

components. Detector signal is extracted with a unique charge sensitive preamplifier, in which 

excellent spectroscopic performance is achieved in a small footprint and at modest cost and low 

power, without sacrificing signal bandwidth [3].  

Now, COSI is designed such that when a gamma ray undergoes at least one Compton scatter and 

is fully absorbed inside the detectors, the individual scatter positions and energy deposits can be 

measured. Compton kinematic discrimination algorithms are used to find the most likely 

scattering order after which the total gamma ray energy is reconstructed and the initial direction 

traced to a ring or a circle in the sky.  Thus COSI works as both a spectrometer and an imager 

and is intrinsically sensitive to polarization of gamma ray emissions because it exploits Compton 

scattering.  The entire set of detectors and their cryostat are enclosed inside a well of 

anticoincidence Cesium Iodide (CsI) shields provided by IRAP to reduce the Earth albedo and 

atmospheric backgrounds. This instrument and the readout electronics are mounted in a pointed, 

autonomous balloon gondola. The event information is processed on-board and telemetered to the 

ground.  

The software analysis tools for COSI are developed using the Medium Energy Gamma-ray 

Astronomy library (MEGAlib) which will be discussed in details in the next section.  
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2. MEGAlib 

The Medium Energy Gamma-ray Astronomy library (MEGAlib) software package consists of 

complete data analysis chain with four basic steps:  

 Data acquisition, either by measurements with a real detector or by simulations. 

 Calibration of real data or the introduction of measurement uncertainties to the 

simulations, respectively. 

 Event reconstruction 

 High-level data analysis including image reconstruction, polarization analysis, sensitivity 

calculation etc. 

MEGAlib is a completely object-oriented software library written in C++ which utilizes the 

ROOT software library for its graphical user interface and its data display. It can be installed on 

any updated Linux or Mac operating system with compatible versions of ROOT and Geant4 

packages.  It is adaptable to different Compton telescopes, consisting of 2D/3D strip detectors, 

scintillators or drift chambers. The software can be applied to different telescopes by just defining 

a new geometry and the required detector description.  
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The basic functioning of MEGAlib can be explained by the layout below [4]: 

 

             Figure 4 MEGAlib functional layout (Reference for this layout is ([4]) Zoglauer et al., 2006) 
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The main tools of MEGAlib [4] : 

A. GEOMEGA: 

The Geomega library is a tool for geometry and detector description, which provides volume, 

material, detector and trigger information for various other MEGAlib programs. It also offers 

visualizations of the detector as well as detected and reconstructed events and contains an 

instrumental effects engine for simulated data (ex. energy resolution, angular resolution etc.) and 

serves as the geometry foundation for all other tools of MEGAlib. The central input to Geomega 

is its geometry setup file with a characteristic suffix “ *.geo.setup “ .  

Geomega’s user interface contains several tools to verify the geometry during its construction 

phase, such as a zoomable geometry display with axes (inherited from ROOT), a display of the 

entire geometry or a subset in a common mother volume, total mass calculations for main volume 

or a subset (including sum of different materials), overlap detection (based on Geant4’s detection 

capability) and conversion to Geant4 (via Cosima, the tool which will be discussed next) and 

MGGPOD, as well as a limited import from MGGPOD and Geant4.  

In Geomega, a set of typical gamma ray detectors is defined such as scintillators (single detector 

volume, Anger camera, MEGA-type calorimeters) and strip/pixel detectors (with and without 

depth resolution). For all the detectors energy resolutions, position resolutions, trigger thresholds, 

noise threshold, overflows, defective pixels, guard-ring size, number of strips/pixels etc. can be 

defined. Besides this, complex trigger and veto criteria can be defined and the user can decide if a 

hit above the trigger threshold results in a trigger event or a veto even, how many hits in the same 

detector type are required to raise a trigger and if a coincidence between several detectors is 

required to raise a trigger 
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                                        Figure 5. Geometry of COSI 2014 as viewed with GEOMEGA 

B. COSIMA: 

Cosima is the ‘COsmic Simulator for MegAlib’ based on Geant4 which is intended to be a 

universal simulator for low-to-medium energy gamma ray telescopes, detecting gamma rays via 

photo-effect, Compton scattering and pair creation. One of the key tools to understand the 

complex interactions of gamma rays and high energy particles in gamma ray telescopes are 

Monte-Carlo simulations. They aim to accurately predict the response of the detector to external 

stimuli such as cosmic sources or lab measurements and to predict & verify the performance of 

the detector both on ground and in space and so the Geant Monte-Carlo software packages are the 

most suited and widely available tools for simulations. Cosima is MEGAlib’s Geant4 simulation 

tool which is controlled by a keyword based input file. The simulation is steered by a parameter 

file ‘ *.source ’, also called the source file. A sample source file is shown in the figure below: 
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                        Figure 6. A sample source file for COSI simulations for Co57 (122.1keV) 

In the source file of Figure 6 it can be seen that the simulation is for COSI using the geometry 

specified in the COSI.Detectorhead.geo.setup file (and which is shown in Figure 5) and the 

“Run” or simulation parameters are defined for Co57 (122.1 keV) with a disk source in Cartesian 

coordinates which can be a ring/disk or a segment of the ring/disk. The disk is defined by an 

inner and outer radius as well as a height. Assuming a normal vector pointing along the Z-axis, 

the opening angle count starts at the X-axis and goes counter clock-wise. The flux is in particle/s 

and in this case, it is 410000 particles/s. The storing option ‘storecalibrated’, set as ‘true’ stores 

the content of the HT-section in positions and energies instead of strips/bars and ADC counts. 

The ‘Discretize Hits’ if set to ‘true’ does the discretization of energy deposits during the Geant4 

‘steps’ into the voxel/strip size of the detector.   

With Cosima, the user can select between different output modes, choose between various 

physics lists (ex. Livermore, Penelope etc for hadron interactions), define geometry regions with 

different simulation accuracy, choose from a set of typical beam geometries, select from different 

spectral options, various stop criteria for simulations, define a single source or multiple sources 

during the same run, set the geometry, output file name, polarization of the source, particle type 

etc. and so on.  

Cosima utilizes the Geomega library to internally convert the Geomega geometry into Geant4 

logical and physical volumes as well as materials and sensitive detectors, so it has the knowledge 

of all the different detector types (scintillators, strip detectors) and their characteristics. It, 

however, does not apply any detector noise, depth resolutions, thresholds etc. and only discretizes 

the deposited energies into the voxels (volume-pixels) of the detector (if set by the user). 



14 
 

The standard output of Cosima is a ‘ *.sim –file ‘ which contains either only the individual 

detector hits or also the information about all the ideal interactions in the detector. For the 

purpose of illustration, a part of the .sim file is provided in the appendix along with a short 

explanation [A].  The .sim file is used as an input to Revan, the MEGAlib tool which we discuss 

next. 

C. REVAN: 

Revan is the event reconstruction tool of MEGAlib. Event reconstruction is the process of 

interpreting the electronic signals produced by the detector to determine the original particles that 

passed through, their momenta, their directions etc. Revan identifies the original interaction 

process such as photo effect (single hit), Compton scattering, pair creation, (high energy) charged 

particle interaction, radioactive decay, etc. utilizing only the detector characteristics and 

individual hits consisting only of energy and position information (and for some special 

detectors, also of time).  

The event reconstruction in Revan happens in four phases. The first phase is clusterizing. In this 

phase, a single passing particle may (ex. a Compton recoil electron) interact in two or more 

adjacent voxels in strip and pixel detectors, which have to be combined into one hit. 

Clusterization is either performed by distance or just for adjacent voxels. The second is charged 

particle tracking. After this, is the Compton sequence reconstruction where the following 

different algorithms are implemented: (a) A ‘classic’ event reconstruction algorithm only 

utilizing the redundant Compton scatter angle as well as the redundant total scatter angle if an 

electron track is present. (b) A ‘classic’ event reconstruction algorithm with energy recovery. (c) 

A ‘classic’ event reconstruction algorithm utilizing the timing information. (d) A Bayesian event 

reconstruction algorithm capable of directly calculating the probability that a given sequence 

originated from a completely absorbed and correctly sequenced photon. The fourth phase is the 

Decay Detection. Certain beta-decay structures (ex. One 511 keV hit plus an additional deposit) 

can be searched and rejected for some detectors with excellent energy and position resolution.  

At the end of the event reconstruction step, the events no longer consist of individual hits but of 

the parameters like positions, directions, energies of the primary interactions such as photo effect, 

Compton scattering and pair creation. Besides this, a quality factor describing the probability of 

the measured data to originate from a good event has also been generated. All this information is 

written into a ‘ *.tra ‘ –file (where ‘tra’  stands for “tracked”) which is  a keyword based ASCII 

file, which comes as an output of Revan. A part of the .tra file is provided as an example in the 

appendix [B] with a short explanation. 

The final step in data processing is the high-level data analysis where measurement process (ex. 

Compton Scattering) is inverted and the properties of the sources of the measured gamma rays 

are determined. The library which accomplishes this task is called Mimrec, which we discuss 

next. 
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D. MIMREC: 

Mimrec stands for Megalib IMage REConstruction and it is MEGAlib’s main tool for advanced 

data analysis. It enables event selections on various parameters of single-site, Compton and pair 

events. It allows coded mask, Compton and pair image reconstruction using list-mode maximum-

likelihood expectation maximization using different accuracy levels for the response presentation. 

It also provides functions to look at energy spectra, ARM distribution and many other parameters 

of the Compton telescopes. 

Mimrec allows event selections on all performance-relevant parameters for both Compton and 

pair events. These include event type, initial detector, energies, scatter angles (Compton scatter 

angle, total scatter angle), distance between interactions, event quality factors, earth horizon cut, 

number of interactions, opening angle and initial energy deposit of the pair events and many 

more. It also contains various diagnostic tools to visualize angular resolution for Compton and 

pair telescopes, energy dispersion, Compton scatter angle distributions, etc which can be helpful 

in assessing the performance of the detector as well as that of the event reconstruction algorithms 

and the quality of the chosen event selections. Moreover, automated tools are provided to 

determine the set of event selection parameters that optimize an instrument’s sensitivity given 

raw source and background data by calculating achievable sensitivities on a grid of performance 

parameter values or to assess the background-corrected polarization sensitivity of a detector. The 

most challenging task for Mimrec is that of reconstructing images as the origin of Compton 

scattered photons can only be restricted to a cone, or a circle/ring on this cone, if the direction of 

the electron is roughly known. With Mimrec it is possible to reconstruct sources in spherical, 

galactic and Cartesian coordinates (2D and 3D) from data consisting of a combination of tracked 

and not tracked Compton as well as pair events. It can handle point and extended sources as well 

as measurements during high background conditions as expected from space-borne telescopes.  

During simulations of COSI, for selection of events, Photo and Compton events were selected for 

analysis with events allowed in all detectors, except for the cases where the first interaction 

happened in the scintillators or shields. The energy window on total energy of the incident 

gamma rays was set to be between 0 keV to 2000 keV (it was modified with different ranges for 

different energy lines used during the simulations). The spherical coordinate system was used for 

the reconstruction of sources. The energy range of scattered gamma ray and that of the recoil 

electron was set between 0 keV to 10000 keV and the range of Compton scatter angles between 

0˚ to 180˚. The length of the Compton sequence was set between 2 to 10 as for incident photon 

energies above 0.5 MeV, 3-7 interaction site Compton scatter events dominate the photopeak 

while events with 8 or more interaction sites can be immediately rejected as probable pair 

production events. For the imaging configurations (using the spherical coordinate system), the 

theta (on the Y axis) was set between 0˚ to 180˚ whereas the phi (on the X-axis) was set between 

-180˚ to 180˚ with number of bins set to 40.  
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3. PERFORMANCE OF COSI CALCULATED BY 

SIMULATIONS 

Performance of Compton telescopes is not easy to determine, normally because of the unknown 

direction of Compton recoil electrons, providing an annulus in the sky instead a point for the 

direction of the incoming photon. Since our purpose is to estimate the performance of COSI, we 

use simple methods to achieve this. A plot of ‘Effective Area’ of the detectors for simulations 

with polar angles 0˚, 10˚, 20˚, 30˚, 40˚, 50˚, 60˚, 70˚, 80˚ & 90˚ was plotted to determine the 

detector efficiency.  A short explanation for the calculations is as follows:   

The Effective Area can be defined as the product of the geometrical area and the detector 

efficiency. It depends on the energy of photons, polar angle of the instrument etc. The detector 

efficiency is given by the fraction of the number of events registered on the detector with respect 

to the number of events emitted by a radiation source. Thus, the effective area ‘Aeff’ can be 

calculated as: 

 

             
           

        
  

 

Here, Astart is the area from which the photons are started (In case of the COSI 2014 latest Mass 

Model Geometry, this area was 11309.7 cm² as found from the .sim file from COSIMA which 

was used in calculations),              is the number of events (photons) detected and recognized 

while           is the number of photons originated from the source at the start of the simulation 

for the given angle. The values of both           and            have also been obtained from the 

.sim files produced by COSIMA during the simulations for the given polar angles. A plain sketch 

of the angles and the detectors for these simulations would look like this: 
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                       Figure 7.  A plain sketch diagram of angular positions and the detectors. 

 

Thus, readings from the simulations were taken for the above mentioned 10 different angles for 

starting- and detected- events and appropriate energy cuts were chosen from the energy spectra 

that were generated for the simulation for each angle and finalized with a final Gaussian fit 

(which can be chosen as a fit function among the other options in Revan). An example of what 

the energy spectrum looks like can be seen in a sample picture in Figure 7.  Once the energy 

spectrum was set, ARM (Angular Resolution Measure) of the scattered gamma-ray will be 

automatically fit. An example of what the ARM distribution with a fit looks like can be seen in 

the sample picture of Figure 8.  

Thus collecting the readings for 511 keV and 1809 keV, a plot of effective areas Vs the polar 

angles for these two energy lines was plotted. This plot is shown in the Figure 9. It can be seen 

that the effective area of the detectors is quite significant up till 50˚ (especially for the 511 keV 

line) and that there is a decrease later on. These results show that COSI has a very large field of 

view which is consistent with the expected large field of view (of about 1/4
th

 of the sky).  
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Figure 8 An example energy spectrum for the 1332 keV (Co-60) line with Gaussian fit obtained by 

the Chi-square method. 

 

Figure 9. An example ARM Distribution with a fit obtained for the 1332 keV (Co-60) line with a                           

radius of 5˚. 



19 
 

 

 Figure 10.  Plot of Effective Area Vs Polar Angles for 511 keV & 1809 keV (plotted using ROOT) 

proves that COSI has a large field of view (as expected).  
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4. CALIBRATIONS OF COSI 

The calibrations of COSI were conducted at the Space Sciences Laboratory (SSL) in UC 

Berkeley, USA ,over the entire spring and summer of 2014 as a part of the preparation for the 

Winter 2014 Antarctica balloon flight campaign. I participated in these calibrations for 2 weeks at 

the SSL, in May 2014 as a part of my internship. Though the complete range of tests and analysis 

that followed is difficult to contain within the scope of this report, a comprehensive calibration 

plan is still stated here to give a better idea of the direction in which the COSI campaign has 

shaped up and the analysis of the raw calibration data from the detectors that has been done so far 

which will follow in the coming sections.  

 

A.  CALIBRATION PLAN OF COSI  

An overview of the objectives of the calibration plan (These objectives are still being worked 

upon) is as follows: 

 To reduce the noise in each channel 

 To ensure that each strip is connected to the right channel  

 To check the spectrum of each channel for spurious peaks  

 To do the coincidence timing tests between the detectors 

 Verify Deadtime 

 Determine the ADC-energy calibration model for each strip 

 Determine energy resolution as a function of energy for each strip 

 Measure LLD (Ladder Logic Diagram) and FLD (Flow Logic Diagram) thresholds for 

each strip  

 Find appropriate charge-loss and cross-talk corrections 

 Fit  the CTD to depth for each voxel 

 Understand the role of temperature on energy calibration 

 Verify shield veto 

 Find ARM as a function of energy, event cuts and field of view 

 Find effective area as a function of energy, event cuts and field of view 

 Compton reconstructed energy resolution 

 Determine polarization response 

 Final aspect reconstruction test 

The calibration sources that are being used are given in the table below: 
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Table 2. Calibration Sources 

Nuclide  Energy (in keV) Half-Life 

Na-22 511 (90%) 

1274.54 (100%) 

2.6 yrs 

Co-57 122.06 (86%) 

136.47 (12%) 

271 days 

Co-60 1173.23 (99%) 

1332.49 (99%) 

5.3 yrs 

Y-88 898.04 (94%) 

1836.05 (99%) 

107 days 

 

 

Ba-133 

81.00 (33%)  

276.40 (7%) 

302.85 (18%) 

356.01 (62%) 

383.85 (9%) 

 

 

10.7 yrs 

Cs-137 661.66 (85%) 30.2 yrs 

Am-241 59.54 (36%) 432 yrs 

 

The best data which is usable and has been obtained uniformly for all 12 detectors of COSI is that 

of the Cs-137 (at 662keV) isotope. Due to time crunch and some other practical problems, the 

calibration data for the other above mentioned isotopes is not yet available for uniformly all the 

detectors at the same time. 
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B. ENERGY CALIBRATIONS WITH MELINATOR 

The tentative plan for analysis was to determine ADC-energy calibration for each strip 

(37×2×12=888 strips). This was done using ‘Melinator’, the new calibration tool of MEGAlib.  

Measurements are done for several energy lines to have several energies. Here, only photopeak 

interactions are used, the empirical model for the energy calibration is found by fitting ≈ 10 

gamma-ray lines in each strip. The lines are fitted with a Gaussian and the best-fitting centroid is 

used to determine the ADC-energy relation. The fitted width is used to determine the energy 

resolution.  

In other words, the width of the photopeak in the spectrum can be determined for each energy 

line, usually by fitting a Gaussian & determining the 1-σ width as a function of energy. Then you 

try to fit a formula through those points. This can give the energy resolution as a function of 

energy. 

The empirical model used for energy calibration was 3
rd

 order polynomial and first order 

polynomial + Gaussian (from COSI ’09) which looks like this: 

                                        E(x) = E₀ + E₁x + E₂exp   
 

 
  

 

  
 
 

  

The raw data of events from the detectors of COSI when calibrated with Melinator give the E₀, 

E₁, E₂, & E₃ values for each strip.  

The measurement of LLD & FLD thresholds for each strip and finding the appropriate charge 

sharing, charge-loss and cross-talk corrections and the CTD to depth calibrations for each voxel 

(37²×12 = 16428 voxels) for Cs-137 are currently being conducted in Berkeley. The energy 

resolution and its comparison with the expected energy resolution of COSI can be obtained after 

the charge sharing correction, charge loss correction, and cross-talk correction are done. 

However, a sample from the energy calibrations with Melinator is presented here and we take a 

random strip from a random detector for example. The following Figure 11 shows a counts/read-

out unit Vs read-out unit spectrum for all 4 listed isotopes for Detector 1, strip 6. It also shows the 

fit for the energy Vs read-out units plot for Ba-133 line at 81.0 keV which is a bit non-linear. The 

calibration file gives the energy values as E₀ = 43.87 keV, E₁ = 0.1276 keV, E₂                 ⁻⁵ keV , 

E₃ = -1.818 × 10  ⁻⁸ keV. 
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Figure 11.  A counts/read-out unit Vs read-out unit spectrum for all 4 listed isotopes for Detector 1, 

strip 6 showing the fit for the energy Vs read-out units plot for Ba-133 line at 81.0 keV. 
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C. The Cs-137 Image 

The ongoing calibration of COSI for the 2014 Antarctica campaign has completed only 

preliminary energy and depth calibrations and the cross talk and charge loss corrections are not 

available yet. But we do have some early images from the response of COSI during the ground 

calibrations based on the data analysis work that has been done so far. We will have a look now 

at the various plots and images for Cs-137 (662keV) that have been obtained so far. 

An image was reconstructed using Mimrec in the spherical coordinate system with the same file 

for the values of θ = 0˚ to 180˚ on the Y-axis and Ф = -180 to +180 on the X-axis showing the 

position of the Cs-137 source which was at a distance of ≈ 56cm with respect to the instrument. 

The event reconstruction method is the Compton sequence reconstruction. Compton sequence 

reconstruction searches for the true path of the initial gamma ray by analyzing all possible 

permutations of the recorded interactions and assigning a Compton quality factor to each 

permutation, which is based on the probability that an event actually occurred in this way. The 

permutation with the best quality factor is chosen as the correct sequence of interactions. If the 

best quality factor is not better than a certain value, the event can of course be rejected. This last 

decision, however, is not made during event reconstruction, but - as a cut on the Compton quality 

factor — in the later high-level data analysis [5].  

The imaging method used is: List-mode maximum-likelihood expectation maximization [5]. The 

List-mode maximum-likelihood expectation maximization is an iterative algorithm, which uses 

Poisson statistics (since the occurrence of any event has no effect on the occurrence of any other 

event). The iterative algorithm maximizes the expectation in two steps. First, given the current 

estimate of the image (emissions) and the (event) response, the ‘expectation’ that this event is 

measured, is calculated. This step is basically a forward projection from image into data space. 

The second step maximizes the expectation (expectation from the Poisson Distribution) and 

corrects the old image. This step is basically a back-projection from data into image space.  

 The yellowish spot in the image below is the source. According to the Figure 15, the angular 

resolution can be said to be around 7˚ FWHM which is quite close to the expected 4˚ FWHM of 

COSI (as presented in Table 1).  
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Figure 12.  An image showing, in spherical coordinates, the Cs-137 source (the yellow spot in the top 

left)  with respect to the instrument . An angular resolution of  ≈ 7˚ FWHM can be estimated for this 

image. 

  

A similar (and better) image was reconstructed by the COSI team in Berkeley giving the position 

of the source in cm from the instrument. The image is as follows and it shows the Cs-137 source 

around 56 cm above the detector: 
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 Figure 13. An Image showing, in Cartesian coordinates,  the Cs-137 source about 56 cm above the 

detector. Compton sequence method has been used for the event reconstruction and the List-mode 

maximum-likelihood expectation maximization method for imaging. 
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5. CONCLUSIONS 

The objective of this thesis was to study the performance of the COSI instrument with the 

help of numerical simulations and calibration data. An in-depth understanding of the functioning 

of MEGAlib and its usage was essential to achieve this. Starting off with the installation of 

MEGAlib, enough time was given to get familiar and fluent in working with it and use its 

different simulation tools for different kinds of tasks described in the thesis.   

Next in the line of tasks was to determine the performance of COSI. This was done through 

the calculation of detector efficiency (for 511 keV & 1809 keV) using the latest geometry of the 

COSI Mass Model obtained from Berkeley. The detector efficiency plot that was obtained was 

found to be quite much as per expectations. It clearly shows that COSI indeed has a very large 

field of view, as per its specifications. These results should ideally have been compared with the 

calibrations of the ground instrument, which however has not yet been achieved, even by the SSL 

team from Berkeley because of the unexpected delays and time crunch. However, the conclusion 

of this thesis comes close to this goal, even though an actual plot of detector efficiency versus the 

polar angles for the actual data is not done. However, quite a lot of calibration data analysis was 

completed during the course of this thesis, with which some very interesting images were 

reconstructed for the 662 keV energy line which showed the position of the source with respect to 

the instrument detector. The images show that the angular resolution of COSI from ground 

calibrations is, as of now, around 6˚- 7˚ FWHM which is quite comparable with the expected 4˚ 

FWHM of COSI presented in Table 1. The estimated angular resolution of  6˚- 7˚ FWHM as of 

now is worse than the expected 4˚ FWHM of COSI, probably because we have not yet used or 

calibrated the CTD that allows to determine more accurately the Z-position of the events. 

An overview of the complete calibration plan for the Antarctica 2014 COSI campaign has 

also been described in the thesis which gives a fair idea of how the preparations for the campaign 

will shape up and the various tests and analysis tasks that are still to be completed by the time 

COSI is flight-ready. Factors like temperature dependence of Energy Calibrations, background 

measurements, Compton reconstructed angular resolution and effective area, polarization 

performance etc. need to be worked upon, and are being worked upon so as to have a successful 

flight campaign in the fall of 2014. 
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7. Appendix  

[A] .sim File from COSIMA 

 

                   Figure 14. An example excerpt from the .sim file which is an output of COSIMA 

The example above is a part of the .sim file produced by the simulations from the .source file 

discussed in Figure 6. The entire file is very large in size (several MBs) hence a part of it is used 

for explanation here. The terminology in this file can be explained as follows: 

TB is the time in seconds when the observation begins. SE is ‘Start Event’ which marks the 

beginning of a new event. ID is the unique ID of the event with the first number (“1”) giving the 

ID of the triggered event while the second number (“69”) giving the ID of simulated event 

causing the triggered event. TI is the observation time of the event in seconds. IA INIT are the 

initial parameters of the particle. HT is the hit information (detector ID, x, y, z positions in cm, 

energy deposit in keV, time since the start of event in seconds & vector of IDs of the interactions 

which contributed to this hit.) in the active detector material. GR (x, y, z positions in cm and 

energy in keV) is the energy deposited in the guard ring of strip detectors.  
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[B] .tra File from REVAN 

 

               Figure 15.  An example excerpt from the .tra file which is an output of REVAN 

The example above is a part of the .tra file produced by REVAN with simulations. The entire file 

is, again, very large in size (several MBs) hence a part of it is used for explanation here. The 

terminology in this file can be explained as follows: 

SE indicates the start of an event description. In ET PH, ET stands for event and PH indicates the 

type of event, which in this case is, photo effect event, or single hit event. If its CO in front of 

ET, i.e. ET CO, then, it’s a Compton event. ID, again, is the numerical event ID in integers. TI 

denotes the event time in seconds. PE is energy of the electron in keV. PP is the energy (in keV) 

and direction (x, y, z positions) of the positron.    

 

 

  

 

 


