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Abstract

The project involves numerical simulations with archival images
from GALEX, exploring the effects of various parameters on the
reconstructed image. The input image as wo@ddrorded by

the UVIT is simulated, taking into the effects of optics,
resolution of the detectors, image frame acquisition rate, etc.
Then, by using one or more centroiding algorithms, photon
events in image frames are detected for image reconstruction.
The reconstructed image shows photometistortions in and
around bright sources. An iterative method is used to correct
these distortions.
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Introduction

Ultra-Violet Imaging Telescpe (UVIT) is one of the five payloads
aboard the I ndian Space Research
mission. UVIT records images simultaneously in three channels: Far
Ultra-violet (FUV, 13081800A), Near Ultraviolet (NUV, 18003000
A), and Visible (VIS 32005300A), simultaneously with 0.5 degree
field of view. Like other UV missions (FUSE, GALEX, etc.) the UVIT
Detectors are of photon counting nature based on Micro Channel Plate
(MCP) image intensifiers Technology as shown in the Figure 1.
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Figure 1:Sketch of the Detector System.

The photocathode deposited on the inside of a 40 mm window lies
at the focal plane of the optical system. The photoelectrons released are
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accelerated across a gap (typically -B0® pm) to a stack of two
microchannel plates. The resulting electron shower illuminates a
phosphor with a fast decay time. The light from the phosphor is fed
through a fibefoptic taper that is bonded to the surface of a Cypress
Star250 CMOS detector, with 512 X 512 pixels. Eachlp&xsquare in

size with 25 um a side. Each pixel extends ~ 3sac X 3 aresec on the

sky. This will be referred to as CMOS pixstale in the futureln our
simulations, we will use this value of the pbsglale as the UVIT pixel
scale.A detected phan event produces a splash of light on the CMOS
that covers several pixels. The exact coordinates of the photon event
would later be estimated through some centroid algorithm using the
pixel values of the detector, to much higher resolution than one CMOS
pixel.

The experimental studiedone by Hutchings et al. (2007) shows
that one photon event produces a light splash whish follows roughly a
Gaussian distribution with Full Width at Half Maximum (FWHM) of ~
1.5 pixels. The resolution of the detector is Isgtthe gap between the
photocathode and first MCP (Michel et al. 1997). The UVIT detectors
are designed with the gap of 0.10.15 mm to obtain a resolution of ~
1"



Generating the UVIT Data Frames

Data frames were simulated from input images of elddrsources
from the GALEX data archive. ThEALEX image had an inppixel
scale of 0.5 arsec. This was done by conweng the image from
GALEX to an image equivalent to the same galaxy, but kept at a
distance 3 times farther and a resolution of%l#Bus converting the
pixeks cal e from 1. 5 divenithe tethl integratiod tinkeo / p i
and UVIT parameters (mirror diameter, CMOS pixel scale, frame
acquisition rate, etc.) each input pixel would produce an average number
of photons during the whelintegration time. The actual photons in each
input-pixel are then generated using the Poisson Statistics as the arrival
of photons are a Poisson events. These photons are later randomly
distributed in to total number of data frames. The blurring dugtic
and detectors (i.e. due to spread of photoelectrons between photocathode
and MCP) was approximated by alZnensional Gaussian function with
standard devi astci(omrithef axis) ar fspatial. pdsitican r ¢
of a photon in a data frame wastérmined by this function. The exact
position of the photon in any data frame was recorded with accuracy of
1/8" of an inputpixel.

To simulate UVIT photon countindetector, each of the photons
were converted to a bunch of photoelectrons i.e. a phetent. The
number of photoelectrons in each bunch is obtained from a Gaussian
di stribution having 30000 photoel
photoelectrons. These photoelectrons were then distributed over the face
of the CMOS detector. The footprinf each of photon events (i.e. the
photoelectrons) were distributed over the area of 5 X 5 CMQ&lsp
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following a 2D symmetricGaussi an probability d
0.7 CMOS pixel. Another Poisson distribution was invoked to obtain
actual number ofphotoelectrons in a CMOS pixel. This number of
photoelectrons wathen divided by 20 to convert the photoelectrons in

the unit of counts. Henaephoton event would correspond to a Gaussian
distribution of average 1500 counts with sigma of 300 counts.

To describe a data frame, suppose the frame acquisition rate is 20
frames/ second. So for 1/2@f a second, the detector will be exposed
and the counts stored. Then this information is read out and an image is
formed. This is a single data frame. Afteethntire observation time,
centroids inall such data frames arbund out. These centroids
correspond to the position of the incoming photdiit®e final image is
constructed with all these locations of the photohsdata frame is
basically an array withrray positions corresponding to the pixel and the
number stored there are counts.



Reconstruction of the image

The reconstruction of the image from UVIT data frames involves
two critical steps:
i. Detection of the photon events within a data
frame.
ii. Calculdion of the event centroid for the detected
events.
Three event detection algorithms or windows were used for this purpose
namely, 3Cross, 3Square and%&quare.These algorithms scan the data
frame and compare value of each pixel to its surrounding ixdie
definition of surrounding pixel varies for these algorithms as shown in
the following figures:

Figure 2:3-Cross
algorithm uses the
adjacent single pixels
along rows and columns
from the shaded central
pixel.

Figure 3: 3Square
algorithm uses the
surrounding 8 pixels in thi
shape of a 3X3 matrix




Figure 4: 5Square
algorithm takes
surrounding 24 pixels in
the shape of a 5X5 matrix
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Detection of photon events

To detect photon events in atd frame, each of the previously
mentioned algorithms applies the following three criteria:

1 A pixel may be a candidate of a photon event if its value is
larger than surrounding pixels contained in centroid window
as shown below.

Figure 5: The shaded pixe
would be the candidaié
its value is greater than al
the other 8 pixels in this-3
Cross window.

1 The value of thiscentral pixel must exceed a minimum
energy threshold to discattie fake events due to random
variation in the background.

1 The total energy of the photon event i.e. the sum of all the

pixel values in the respective algorithm shape, should also
exceed somthreshold depending on the window.
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Too low a threshold will find nomn e a | N evendllegnnatadn t h
parts of the detector. On the other hand, too high a threshold will begin

to eliminate legitimate counts that make up the desired image. So we had
to optimize this, and the minimum threshold value of 150 for the central
pixel and 450 for the shayggaimmed value was adopted.

In case if two central pixels of a photon event candidate have equal
values, it would not be considered as a photon event, ieviewere a
genuine footprint. This would lead to a loss of 0.6% of the total events.
Event centroics are later calculated using the centre of gravity method
(Michel et al. 1997) following the various algorithm pixel configuration.
Just as we find the n&re of gravity by the following method:

a mx
am

CG.=

where x; are the positions of theth body with masim; . Similarly we
can define the centroid of the photon event in the following manner:

a GX
ac

where ¢; are the counts in & pixel numberx;. The limits of the
summation will depend on the algorithm shape.

C_

Another important factor that would affect the imaging
performance of the system is the presence of another photon event in the
neighborhood of one event in atd frame.The situation is referred as
fiDouble Photon Events. Il n such cases, the fo
would mix up and this would lead to a miscalculation of the event
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centroid, thus affecting the angular resolution. Moreover, if the second
eventis very nearby to the first one, then one of them might remain
undetected. These multiple overlapping photon events would b a major
source of concern especially in the case of extended sources and it is
highly desirable to keep trace of such events. kisrgurpose, another
threshold is imposed called theejection Threshold It is defined as
follows:

We have the central shaded pixel as the event centre. We would then
create a 5 X 5 square matrix and locate the four corners as shdhe

green shade. Out of these four corner pixels, the difference between the
highest and lowest pixel counts is defined as the Rejection Threshold.
For genuine single photon events, this difference would be expected to
be very low, however the pressnof another photon in the vicinity
would raise this value. Hence the high value of the rejection threshold,
| . €arneriMaximuni Corner Minimun® would be a fair indication of
double photon events.
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Errors in Centroid Determination

In addition to radom errors, associated with the noise and
background variation (Michel et al 1997), this method also put a
systematic bias over the calculated values of the centroids in the form of
fFixed Pattern NoisgFPNY0 ( Di ¢ k ; ®&licheleet al 199Y 9h& 9
FPNis visible in the reconstructed images in the form of a regular grid
structure superimposed on the image with a periodicity of one CMOS
pixel. There are various factors that can cause FPN, however the main
reason of FPN in reconstructed UVIT images isdaRkelusion of wings
of footprint of a photon event by pixel configuration used by various
centroiding algorithms. As the simulated photon event footprints have
FWHM of ~ 1.65 CMOS pixel, the wings of the energy distribution
would be left out by &ross and3-Square algorithms while-Square
algorithm would collect almost all of i herefore FPN is clearly visible
in 3-Cross and 3Bquare images but not inRSguare image.

To remove this error, we used a correction table provided by Mudit

Srivastava fromWCAA for the images reconstructed using8ss and
3-Square algorithms.
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Simulations

For the simulations, we used the image of M51 galaxy from
the GALEX data archive as our input image. The image had a
input-scale of 0.5 arsec per pixel. We took adme acquisition
rate of 30 frames per second with an integration time of 3300
seconds. Hence we had a total of 99000 data frames in which the
photons were randomly distributed. As stated earlier,GNEOS
pixel-scale was takeas 3 aresec and it had a tait of 512 X 512
pixels. The reconstructed images had a psoalle of 0.5 arsec.
To find the centroids, we used a softwarevided to us by Mr.
Joe Postma, University of Calagary, Canada. The input image, the
reconstructed images and tretio images a& shown belowOne
thing should be kept in mind is that before taking the ratio of two
images, both of them was convolved with a Gaussian function of
sigma equals to 1.0 asec. Colored circles are marked in the
images around three ohd bright sourcesot comparewith the
subsequent images and see the effects of photometric distortion, if
there are anyThe following steps are executed to remove the
photometric distortions:

1. The image of the M51 galaxy is taken as shown in Figure 6.
Let it be IG

2. But the actual positions of the photons are found out after
applying the Poisson statistics (Figure 7). Let it be 1GO.
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. From the IGO0, we reconstruct the image | _UVIT using the
centroid finding software. (Figure 8)

. To compare IGO0 and |_UVIT, we convolve both oérinwith
a Gaussian of sigma 1 asec. (Figure 9, 10)

. The ratio of these two convolved images is taken (Figure 11).
In the ratio image, the presence of structures with ratio values
deviating from unity clearly suggests the presence of
photometric distortins. The regions around the circled areas
clearly shows values much greater and less than one showing
the effects of bright sources in their neighborhood. So we
proceed in the following manner to reduce these distortions.

. The reconstructed image in thesti phase, i.e. | _UVIT, is
taken as the input image now and the entire simulation
procedure repeated.

. After applying the Poisson distribution, the actual positions
of the photons are found out (Figure 12). Let it be 10.

. From this 10, using the centroidjn software, I1 s
reconstructed. (Figure 13).

. We now convolve 10 and I1lwith a gaussian of sigma 1 arc
sec and get I0C (Figure 14) and 11C (Figure 15) respectively.
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10. We now take the ratio of I0OC and I1C and call it IR1 (Figure
16). This is the correction aurix.

11. Now to see whether this correction matrix is the real one or
not, we form another image called 12 = IR1 X I1 (Figure 17).

12. We expect this image to be similar to |_UVIT. So we
convolve 12 and |_UVIT and take the ratio (Figure 18). We
observe that # structures which were present in the previous
ratio image, are missing and the values are closer to unity
throughout the image.

13.So we are now confirmed that the ratio IR1 is the right
correction matrix. We now multiply |_UVIT with IR1 to get
13 (Figurel9).

14. To check whether this reconstructed image 13 is similar to
our input image 1G0O, we convolve each of them with a
gaussian of sigma 1 asec and then take the ratio. We see
that the values are more or less unity with very less structures
thus decreang the photometric distortions.
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Figure 6: GALEX image of M51 galaxy which was used as input im
Let this be IG.

)

0,005 0,01 0,015 0,02 0,025 1,03 0,035 0,04 0,045 0,05

Figure 7. After applying Poisson statestto Fig § the actual
position of the photons is this. Litis be IGO.
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0,005 0.01 0.015 0.02 0,025

Figure 8: Using the centroid finding software, we reconstruct the im
Let this be | _UVIT.

I
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0,002 0,004 0,008 0.008 0,01 0.012 0.014 0.016 0,018 0.02

Figure 9: IGO(Fig 7) convolved with the Gaussial
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) 0,002 0,004

Figure 11 This is the ratio of the above two imadésg 9 & 10)
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0,005 0.01 0,015 0.02 0.025 0.03

Figure 12: After applying Poisson statistiosFig § we get this image, 10.

Figure 13: Reconstructed image using centroiding software,
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