
Application of Artificial Neural Network methods for improving 

the sensitivity of TACTIC Cherenkov telescope 
 

 
 

By 

 

VIR   KRISHEN DHAR 
 

PHYS01200704010 
 
 

Bhabha Atomic Research Centre, Mumbai 
 
 
 
 
 
 
 
 
 
 

 
A thesis submitted to the 

 

Board of Studies in Physical Sciences 
 

 

In partial fulfillment of requirements 
 

For the Degree of   

 DOCTOR OF PHILOSOPHY 

of 

HOMI  BHABHA NATIONAL INSTITUTE 

 

 

 
 

    

                                2013 

 

 





STATEMENT BY AUTHOR 
 
 

 
This  dissertation  has  been  submitted  in partial  fulfillment  of  requirements  

for  an advanced  degree at Homi Bhabha National Institute (HBNI) and is 

deposited in the Library to be made available to borrowers under rules of the 

HBNI. 

 

 
 

Brief quotations from this dissertation are allowable without specia l  

permission, provided that accurate acknowledgement of  source is made. 

Requests for permission for extended quotation from or reproduction of this 

manuscript in whole or in part may be granted by the Competent Authority of 

HBNI when in his or her judgment the proposed use of the material is in the 

interests of scholarship.  In  a l l  o ther  instances , however, permission must 

be obtained from the author. 

 
 
 
 
 
 
 

Vir Krishen Dhar 



DECLARATION 
 
 

 
I, hereby declare that the investigation presented in the thesis has been carried 

out by me. The work is original and has not been submitted earlier as a whole 

or in part for a degree / diploma at this or any other Institution / University. 

 
 
 
 

 
 

 Vir Krishen Dhar 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



���� �� ���	
� �� 
	�	
		� ��
���������	
 �	����
������

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� ��������	 
����	 
����� ����� ������������ ����������� �������	��� ��� ������
��	�������

������	
� �����������  ������	� !����	� "�#�$����� !���!������ ����%���&� #���������
 ��������� ���������	���� ��'�������	�

����� ���	
��� �� ��	�� ��� ��� ������ ���
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� ��' ��������� �����&������ ��  �������� ()* ����� ������ ������ )++,�)+*+�
#� �������� !� �� !������ ����%���&� ����������� ����-����� ���������	����  ���������


��������	� ��.���	� /���.���	� -�����	� 
������� #� ������� ��'�������	� ����"����


�"����� -� "������������� ��"�������� 
��������� ������	
� -�!����	� -������	�
 ������	� !����	� ���� ����� -�-���������� ���  �-������

�������  ! ����� ��
	� ������ �" ������ �#�����
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� -���	����� ������� ��� ������0��� ��� ������� ���������� �������� ��� ��� ������ ��	��
�����

 ������	� ����������� ������	
� ��'�������	� ���������	���� !���!������ ����%���&�
#���������  �������� � !����	

����� ���	
��� �� ��	�� ��� �#� ������ ��#�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� ��' �����&������ ��  �� ()* ��� ��� ������ ����� ��	������ ������ )++1�)++2�

#� �������� ����%���&� !� �� !������ ����-����� �����������  � -������ ��'�������	�

����"���� 
� "����� -� "������������� ���������	����������	
� -�'�.������� /���.���	�
 ��������� -�����	�  ������	� !� ���	 ��� -�-�����������

�������  ! ����� ��
	� ������ �� ������ �������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� ���������&� ����������� �� ���� ����	�� �

 �	�������� �� ��������� ��� ��������
�����3������� ����	���

������	
� ����������� !����	� "�#�$���� �
�
�����$ �%�
��� %& ������ �# ������ ����
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� ��������	 
����	 
����������� ����� ������������ ��������� ��� 	������ ���������
������	
� ����������� -������	� !����	� "�#�$���� �
����� '�(� )����%��� �� ������ �������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� �

������ ������ �������������� ��������� ��� ������ ��������� ��	������ ��� ���
���������� ��� ����� ���&�������	 �������

������	
� �����������  ������	� !���!������ ����%���&� #��������� "�#�$����� !����	
����� ���	
��� �� ��	�� ��� ��� ����"� �"��
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� -����� ��� ��' ����� ���� /*()14()2 ������ )++(�)++5 ��� ������ ��	�������

*



����%���&� !� �� !������ #� �������� ����������� -��������� ��'�������	� 
� "����� -�

"������������� ���������	����������	
� -�'�.������� /���.���	�  ��������� -�����	�
 ������	� !� ���	� -�-�����������  � -������

�������  ! ����� ��
	� ������ �� ����"� �������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� '��� /��� 6����� ����� �����&������ ��  �� 7+* ����� ������ ������� ����� ��	������
������ )++7�+1�

-� '� .������� !� �� !������ #� �������� ����%���&� ����������� ��'�������	� 
� "�����

-� "������������� ���������	���� ������	
� /���.���	� !������	�  ��������� -�����	�
 ������	� !� ���	� -�-�����������  � -������ -���������

�������  ! ����� ��
	� ������ �� ������ �������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ��� ������ ����������� ��������& ������� ��	������
!����	� ����������� -������	� -�!����	� 
������� ����%���&� 
�"����� ��'�������	�

/���.���	�  ��������� #��������� !���!������������	
�  ������	� !������	� -�����	�
���������	���� -��������� 
���������  �-������ -�"������������� -�-������������

����� ���	
��� �� ��	�� ��� ��� ������ �#��
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� '��� /��� 6����� ����� ��� 
��� �������� �����&������ �� *6-)8((47*( ������ )++(�
+7�

-�'�.������� !���!������ ��-�"�	����� ����������� -��������� ������	
� #���������
����%���&� ��'�������	� 
�"����� -�"������������� ���������	���� -�.������ /���.���	�

9���:����� !������	�  ��������� -�����	�  ������	� !����	� -�-������������ ��-���

���  �-������

�������  ! ����� ��
	� ������ �# ������ �����
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ;����&������ �� ��' ������ ����  �� ()* ������ $������� )++7 �� ����	 )++1 ���

��� ������ ��	�������

����%���&� #��������� ����������� !���!������ -�.�������  ������	�������	
� -���������

�"����� -�"������������� ���������	���� /���.���	� !������	�  ��������� -�����	�

!����	� -�-������������  �-����� ��� ��'�������	�

��	
%*�
	� ������ �� ������ ##��
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

)



���� �� ���	
� �� ����	
	��	 �
��		����������	
 �	����
������

���� -������&��� �����&����� �� ��� ������ ����� ��	�������

�� �� ������� -�!����	 ��'�������	� 
��������	� /���.���	� #��������� 
���������

������	
� ����%���&� !���!������ !����	� ����-����� 
������� #� ������� ��������	����
����.����  ��������� ��.���	� ���� ����� "�-�-������������  �-������ ����"���� 
�"�����

-�"������������� ��"��������  ������	�

�
����	� �	 < )�+ ��
	(��� ��	
%*���(�� ���� ,- ���.�(� ��(���������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� !����� ��' �����&������ ��  �� 7+*�  �� ()* ���  25 ��� �������
!���!������ #��������� ����%���&� /�"����� �� �� ������� ����-����� ��.���	� /���.���	�


������� #� ������� 
��������	� ���������	���� ����.����  ��������� 
���������

������	
� -�!����	�  ������	� !����	� ���� ����� -�-������������  �-������ ��'�������	�
����"���� 
�"����� -�"������������ ��"��������

�
����	� �	 < )�+ ��
	(��� ��	
%*���(�� ���� ,- ���.�(� ��(���������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� -���	����� ������� ��� ������0��� ��� ������� ��	� �� &�� �� ��� ������ ��	�������
 ������	� ����������� ������	
� ��'�������	� ���������	���� !���!������ ����%���&�
#���������  �������� � !����	

�
����	� �	 / �"�� �'� ���	(�0,- 1�(*�
 � ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���  ���()* �� � ���� ��' �������� ����� ������ )+*+ = ������ �����&������=
#��������� !���!������ ����%���&� ����������� ���������	����  ��������� ����-�����


��������	� ��.���	� -�����	� 
������� #� ������� ��'�������	� ����"���� 
�"�����

-�"������������� 
���������������	
� -�!����	� -������	�  ������	� !����	� ���� �����
-�-����������� ���  �-������

�
����	� �	 / �"�� �'� ���	(�0,- 1�(*�
 � ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� '/6 ��������� �����&������ ��  ���7+* ��� *6-)8((47*( ��� ������ ������ )++,�
)+*+�

 ��������� #��������� !���!������ ����%���&� ����������� ���������	���� ����-�����

��'�������	� 
��������	� ��.���	� /���.���	� -�����	� 
������� #� �������  �-������

����"���� 
�"����� -�"������������� 
���������������	
� -�!����	� -������	�  ������	�
!����	� ���� ���� ��� -�-������������

�
����	� �	 / �"�� �'� ���	(�0,- 1�(*�
 � ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� >������	��� �� ��������� ������ ��	������ ������ ������	 ����	�� ���������� �
����-����� ����������� ����%���&� !���!������ ������	
 ��� !����	�
�
����	� �	 / ���� ��	(%��� '*��� '�(���� '��*%�(�� � �'''$�����,� 1�23%	� ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� !����� ��' �����&������ ��  ���()* ��� ��� ������ ��������� ��	�������
!���!������ #��������� ����%���&� ����������� ���������	���� ��.���	� /���.���	�  ���������

-�����	� 
������� #� ������� ��'�������	� ����"���� 
�"����� -�"�������������������	
�

8



 ������	� !����	� -�-������������  �-����� ��� ����-�����

�
����	� �	 / ���� ��	(%��� '*��� '�(���� '��*%�(�� � �'''$�����,� 1�23%	� ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� '/6 ��������� �����&������ �� 8�)5, ������ )++2�+, ����� ������ ��	�������
#��������� !���!������ ����%���&� ����������� ��'�������	� ���������	���� ��.���	�

/���.���	�  ��������� -�����	� 
������� #� ������� ����-����� ����"���� 
�"�����

-�"������������� ������	
�  ������	� !����	� -�-����������� ���  �-������
�
����	� �	 / ���� ��	(%��� '*��� '�(���� '��*%�(�� � �'''$�����,� 1�23%	� ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� ��' ��������� �����&������ �� ��� ���� 
���	� ��� ������ ��	�������
����������� !���!������ #��������� ����%���&�������	
�  ������	� -���������  �-������
���� "���� 
�"����� -�"������������� ���������	���� -�'�.������� /���.���	�  ���������

-�����	� !����	� -�-����������� ��� ��'�������	�

�
����	� �	 / ���� �'� ���	(�0,- 4��0��%
�� ��(�� ����"�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ��' ��������� �����&������ ��  �� ()* ������ )++5�+2 ��� ������ ��	�������
����%���&� !���!������ #��������� �����������������	
�  ������	� -��������� -�-�����������
 �-������ ����"���� 
�"����� -�"������������� ���������	���� -�'�.������� /���.���	�

 ��������� -�����	� !����	 ��� ��'�������	�

�
����	� �	 / ���� �'� ���	(�0,- 4��0��%
�� ��(�� ����"�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ��� ������ ����������� ��������& ������� ��	������
!����	� ����������� -������	� -�!����	� 
������� ����%���&� 
�"����� ��'�������	�

/���.���	�  ��������� #��������� !���!������������	
�  ������	� !������	� -�����	�
���������	���� -��������� 
���������  �-������ -�"������������� -�-������������

�
����	� �	 / ��	(%��� '��*%�(�� %�  ����$
�� ��	
%�%��,- 4��0�%
�� ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ;����&������ ��  �� ()* ���  �� 7+* ������ )++7�)++1 ��� ������ ��	�������
����%���&� #��������� ����������� !���!������ -�'�.�������  ������	� ������	
�
-��������� 
�"����� -�"������������� ���������	���� /���.���	� !������	�  ���������

-�����	� !����	� -�-������������  �-����� ��� ��'�������	�

�
����	� �	 / ��	(%��� '��*%�(�� %�  ����$
�� ��	
%�%��,- 4��0�%
�� ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� >������	��� �� ����� �

������ �	�������� ��� �����&��� ��� �������&��� �� ������
����� ��	�������

������	
� �����������  ������	� !����	 ��� "�#�$����
�
����	� �	 / ���� �'� ���	(�0,- 5��
�.�� ��(�� ������
�������� ��
 ��� ���� �����
 	�	
�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

���� ������ �����&������ ��  �� ()* �� ��' �������� ������ $�������� )++7 �� ����	�
)++1�

����%���&� #��������� ����������� !���!������ -�'�.�������  ������	� ������	
�

(



-��������� 
�"����� -�"������������� ���������	���� /���.���	� !������	�  ���������

-�����	� !����	� -�-������������  �-����� ��� ��'�������	�

�
����	� �	 / ���� �'� ���	(�0,- 5��
�.�� ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ��' �����&������ ��  �� 7+* ��� ������ ����� ��	������ ������ )++7�)++1�

-�'�.������� #��������� !���!������ ����%���&� ����������� ��'�������	� 
�"�����

-�"������������� ������	
� /���.���	� !������	�  ��������� -�����	�  ������	� !����	�
-�-������������  �-����� ��� -���������

�
����	� �	 / ���� �'� ���	(�0,- 5��
�.�� ��(�� ������
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

7



 
 
 
 
 
 
 
 
 
 
 
 

DEDICATIONS 
 
 

 
Memories left behind by Late Dr B B Bhan and Vishal Kaul will  
always be cherished. 

 

I dedicate this thesis to the everlasting memory of my father        
Late Dr. P. K. Dhar.   
 

 

I am sure you can feel my heart.



ACKNOWLEDGEMENTS 
 

This thesis marks the end of a journey in acquiring my Ph.D. It would not have been 
possible to see the completion of the thesis without the support and encouragement of 
my friends, colleagues and my worthy institution.   
At this moment of accomplishment, first of all I thank my guide and convener doctoral 
committee, Dr A.K. Tickoo. This work would not have been possible without his guidance, 
support and encouragement. Under his able guidance I successfully overcame many 
obstacles and learned a lot from his knowledge, wisdom and expertise. His unflinching 
conviction will always inspire me and I hope to have the privilege of continuing to work 
with him for many years to come.    
I am extremely indebted to Mr. Ramesh Koul, Head ApSD for allowing me to work in this  
interesting field. I express my sincere gratitude to him for motivating me to pursue my 
Ph.D and also for critically examining the thesis related publications.  I warmly thank him 
for his extensive suggestions related to my work.  
I gratefully acknowledge the support and encouragement provided by my Ph.D doctoral 
committee members,  Prof B.S. Acharya,  Dr N.K. Gupta and  Dr A.K. Mohanty.  Despite 
their hectic schedules they have been kind enough to make themselves available for 
useful discussions.  Their suggestions have vastly helped me  to  improve the quality of 
this work.  
I thank  Dr R.C. Rannot, Kuldeep, H.C.Goyal, Pradeep, Anita, Mahendra, Naveen, Prashant  
Nandan, Mradul, Sunder, Sagar and Dr CK Bhat for discussions on various aspects of the 
work including observations and data analysis.  Help received from Maharaj for providing 
simulation inputs is duly acknowledged.  My sincere thanks are due to Sh. S.R. Kaul, 
Nilesh, Venugopal, Krishna, Kishore, Chinmay and Sandeep for their contributions at 
various stages of this work and also for allowing me to vent out the frustration over 
innumerable cups of tea, especially when things did not happen my way.  Thanks for 
being patient and for tolerating me.  Support of Nilay and Subir is acknowledged for their 
suggestions at various stages of my research.  
Thanks are also due to Dr B.P. Dubey, Dr P.V. Varde, Dr Archana Sharma,  Dr D. Dutta and 
other members of BIKAS team, for elaborate technical discussions on various aspects of 
ANN. Thanks for doing all the explaining.   
Dr A.K. Mitra, Dr A.K. Razdan and Dr D.K. Koul are thanked for numerous scientific, 
political and spiritual discussions which rejuvenated me on various occasions.  
Sh Sunil Ganju and Sh Ramesh Raina deserve a special mention for keeping me spirited 
enough to fight on, during our various encounters. Thanks for all those special moments.  
I am indebted to my mother Savitri, from whom I learnt to fight on. Her fighting spirit that 
has taught me to keep going the when chips are down.  Thanks are also due to my sister 
Smt Veena and my brother Sh B K Dhar for always standing by me wholeheartedly.  
 
Last but not the least, I thank my wife Smriti, and my kids Sarthak and Ojasvi for being 
there for me and thank them wholeheartedly for their love and support.   
 

 

Vir Krishen Dhar. 



  

Homi Bhabha National Institute 
Ph. D. PROGRAMME 

 
1. Name of the Student:                                               V K Dhar      

2. Name of the Constituent Institution:       Bhabha Atomic Research Centre 

3. Enrolment No. :                                                 PHYS01200704010      

4. Title of the Thesis:         Application of ANN methods for improving the 

sensitivity of TACTIC Cherenkov telescope. 

 

5. Board of Studies:                                                Physical Sciences 

SYNOPSIS 

Very High energy (VHE) gamma-rays in the energy range (0.1-50 TeV) are expected to 
come from a wide variety of cosmic objects within and outside our galaxy. Studying this 
radiation yields valuable and unique information about the unusual astrophysical 
environment characterizing these sources, and also the intervening intergalactic space.  
At energies above 0.1 TeV, a typical  gamma-ray source is generally too weak for direct 
detection by satellite based detectors necessitating the use of ground-based atmospheric 
Cerenkov detection technique. In atmospheric Cerenkov imaging telescopes one records 
the spatial   distribution of the   Cerenkov  photons  in the  image plane of   a light 
collector by using   a close-packed array of  photomultipliers.  By  examining  the subtle  
differences  in the  shapes    and  orientation  of the shower images, it  becomes  possible  
to  reject  more than  99.5% of the  cosmic-ray generated   background   Cerenkov events.  
Gamma-ray events give rise to shower images with their major axes preferentially 
oriented towards the source position in the image plane. Apart from being narrow and 
compact in shape, these images have a cometary shape with their light distribution 
skewed towards their source position in the image plane and   become more elongated as 
the impact parameter of the shower increases.  On the other hand, hadronic events give 
rise to images that are, on average, broader and longer and are randomly oriented within 
the field of view of the camera. For each image, which is essentially elliptical in shape, 
Hillas parameters [1] are calculated to characterize its shape and orientation. The 
parameters are obtained  using  moment analysis and are defined as :  LENGTH--The rms 
spread of light along the major axis of the image (a measure of the vertical development 
of the shower);  WIDTH -- The rms spread of light along the minor axis of the image (a 
measure of the lateral development of the shower);  DISTANCE-- The distance from the 
centroid of the image to the centre of the field of view;  α --The angle between the major  

 



axis of the image and a line joining the centroid of the image to the position of the  source 
in the  focal plane; SIZE -- Sum of all  the signals recorded  in the  clean  Cerenkov image; 
FRAC2-- The degree of light concentration as determined from the ratio of the  two 
largest PMT signals to sum of all signals ( also referred to as Conc.). 

Keeping   in view  the  global developments in the field,  the  gamma-ray  telescope  
TACTIC  (TeV Atmospheric Cerenkov Telescope with Imaging Camera) [2]   has been  set 
up at Mt. Abu  ( 24.6 0 N,  72.7 0 E, 1300m asl), India.  The   telescope has been in 
operation since 2001 to study TeV gamma-ray emission from various   celestial sources.   
The telescope uses a tessellated light collector of area ~ 9.5m2, which is capable of 
tracking a celestial source across the sky. The light collector uses 34 front-face aluminum 
coated glass mirrors of 60cm diameter each with a focal length of ~400cm.   The telescope  
deploys a 349-pixel imaging  camera,  with a  uniform  pixel size of ~0.310  and ~ 5.90 x 
5.90  field of view, to record atmospheric  Cerenkov  events  produced  by an incoming 
cosmic-ray particle  or  gamma-ray with an energy  above ~1TeV.  With a 5σ sensitivity of 
detecting the Crab Nebula in ~25 hours of observation time, regular observations were 
taken on a number of potential gamma-ray sources (viz., Mrk 421, Mrk 501, 
1ES2344+514, PSR 0355+54, ON 231, H1426   etc.)   during the last 10 years .                                               
                   The sensitivity of a Cerenkov imaging telescope is strongly dependent on the 
rejection of the cosmic-ray background events. The methods which have been used to 
achieve the segregation between the gamma-rays from the source and the background 
cosmic-rays, include methods like Supercuts/Dynamic Supercuts, Maximum likelihood 
classifier, Kernel methods, Fractals, Wavelets, Random Forest etc.  The conventionally 
used Supercuts/Dynamic Supercuts method, though using several image parameters 
simultaneously, with some of them also being energy dependent, is still a one 
dimensional technique, in the sense that the parameters it uses for classification are 
treated separately and the possible correlations among the parameters are ignored.  
While the segregation potential of the neural network classifier has been investigated in 
the past with modest results, one of the main objectives of the thesis is to study the 
gamma / hadron segregation potential of various ANN algorithms, some of which are 
supposed to be more powerful in terms of better convergence and lower error compared 
to the commonly used Backpropagation algorithm.  Furthermore, apart from detecting 
gamma-ray   sources, one of the main aims of the Cerenkov imaging telescopes is also to 
reconstruct the energy spectra of the sources.  In the thesis work, we have applied 
various artificial Neural Network (ANN) algorithms for improving the sensitivity   of the   
TACTIC telescope.  In addition,  ANN is also used for determining  the energy  of the 
primary  gamma-rays  on  the basis  of  their  image   SIZE,  Distance  and zenith   angle.    
                          A neural network is a parallel distributed information processing structure 
consisting of processing elements interconnected together with unidirectional signal 
channels called connections. Each processing element has a single output connection 
which branches into many collateral connections as desired. Depending upon the 
architecture in which the individual neurons are connected and the error minimization 
scheme adopted, there can be several possible ANN configurations. While algorithms like 
Standard backpropagation and the Resilient backpropation come under the category of 
Local search algorithms, Conjugate Gradient methods, Levenberg-Marquardt algorithm, 
One Step Secant etc. belong to the category of Global search algorithm. Hybrid algorithm 
category constitutes models like Higher Order Neuron and Neuro Fuzzy systems etc. A  
brief  summary  of the  work   related    to   gamma / hadron segregation potential of 



various  ANN algorithms   and  ANN-based  energy   estimation  procedure  for 
determining  the energy  of the primary  gamma-ray  is   given below. 
                The gamma/hadron segregation potential of various ANN algorithms   was 
studied   by applying them to the Monte Carlo simulated and actual    observational   data 
on the Crab Nebula.  The network used in this work comprises 6 nodes in the input layer 
and one neuron in the output layer the value of which is used to categorize the output. 
We used the following six image parameters in the ANN-based gamma/hadron 
segregation methodology:  Zenith angle, SIZE, LENGTH, WIDTH, DISTANCE and FRAC2.   
The results obtained suggest that Levenberg-Marquardt method outperforms all other 
methods in the ANN domain. Applying  this ANN algorithm to ~101.44 h of  Crab Nebula  
data collected  by  the TACTIC telescope,  during  2005 - 2006,  yields an excess  of  ~  
(1141 ± 106)  with a statistical  significance of ~11.07 σ,   as against   an  excess  of   ~(928 
± 100)  with  a statistical significance of ~ 9.40σ  obtained with  Dynamic Supercuts 
selection  methodology.  The main  advantage  accruing  from the  ANN methodology is 
that it is more effective at higher energies and this has allowed us to re-determine the 
Crab Nebula energy spectrum in the energy range  ~1-24 TeV.  The results of this study 
have been   published in   [3].    
              A novel energy reconstruction procedure, based on the utilization of Artificial 
Neural Network (ANN), has also been developed for the TACTIC atmospheric Cerenkov 
imaging telescope. The procedure uses a 3:30:1 ANN configuration with Resilient 
backpropagation algorithm to estimate the energy of a gamma-ray like event on the basis 
of its image SIZE, DISTANCE and zenith angle.  The new ANN-based energy reconstruction 
method, apart from yielding an energy resolution of ~ 26%, which is comparable to that of 
other single element imaging telescopes, has the added advantage that it considers zenith 
angle dependence as well. The results of this study have been published in [4]. The ANN-
based energy  estimation procedure has also been  used  successfully for determining  the 
time-averaged energy spectra of Mrk 501 and Mrk 421 which were found to be in high 
state by  TACTIC   on several   occasions   from   2006 to 2010  [5,6,7]. 
               The   contents of the  thesis are   organized in the   following manner.    In Chapter 
1 of the   thesis,   we provide an introduction   to the field of very high energy gamma-ray 
astronomy and Cerenkov imaging technique. Chapter 2 will cover the details regarding    
the hardware aspects of the TACTIC telescope.   An overview of the ANN   will be 
presented in   Chapter 3.   This   chapter  will  also  include   the  following   aspects of the 
ANN :  Working and  architecture of  Neural network,  Training of  ANN,  Multilayered  
Feed forward  Neural Networks, first and  second   order Learning  algorithms.   The 
comparative  performance  of  the ANN  algorithms  by applying   them to  standard  
benchmarking  problems  like   the IRIS data, XOR/N-bit parity and  two-spiral problems 
will be  presented  in Chapter 4 [8].   In chapter 5 we will study  the gamma/hadron 
segregation potential  of various   ANN algorithms by  applying  them to the Monte Carlo 
simulated  data  and  actual  TACTIC observation  data  on the Crab Nebula.  The details of 
energy reconstruction procedure, based on the utilization of Artificial Neural Network 
(ANN), will be presented in Chapter 6.  Finally in Chapter 7, we present our main 
conclusions.        
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e
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e
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e
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Incident
Primary
Particle

e
+

e
-

e
+ e

- e
-

Electromagnetic 
      or "soft"
    component

      Muonic 
      or "hard"
    component

      Nucleonic 
     component

Particle

N, P  --- High energy nucleons
n, p  --- Disintegration product necleons

   --- Atomic Nuclei of Atmospheric
                constituents

Mean 
 life Decay modes

Rest 
mass(s)

(MeV)

π+ 2.60 x 

      10-8 139.57
 π+  ---> μ+ + νμ 

 π−  ---> μ− + νμ 

π
0 8.40 x 

    10-17 134.98  π0  ---> γ   + γ  

μ
+ 2.20 x

     10-6 105.66
 μ− --> e− + νμ + νe

 μ+ --> e+ + νμ + νe

CR+AN  ----> CR + AN + a π+ + b π0
                                 +other mesons

CR  > Incident cosmic-ray

AN  > Atmoshperic Nuclei

CR   > Fragment of the original cosmic- ray 

AN  > Fragment of the atmospheric Nuclei 
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Gamma-domain events      ~   7345  +   86
 Cosmic-ray          events     ~   6366  +   46
 Gamma  events                    ~  979   +  97
 Significance                       ~        10.30 
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0
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0
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 Observation time                 ~      104.28  hrs.
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 Gamma-domain events        ~   7125  +   84
 Cosmic-ray          events       ~   6258  +   46
 Gamma   events                   ~      867   +  96
 Significance                         ~       9.23 
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Observation  time                 ~        91.50 hrs.
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Crab  ( Spell #1)  -- 2003-2004

Crab (  Spell #4)  -- 2009-2010
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Gamma-domain events      ~   7860  +   89
 Cosmic-ray          events     ~   6932  +   48
 Gamma events                   ~    928   + 101
 Significance                       ~        9.40 
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Background   region

(c) Crab  ( Spell #3 )  -- 2007-2008

Gamma-domain events      ~   6331  +   80
Cosmic-ray          events     ~   5363  +   42
Gamma   events                  ~    968  +    90
Significance                       ~        11.05 

 /dof  (27
0
 < <81

0
)       ~       8.02  / 5

Observation time                 ~      105.16  hrs.
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  where   n= 1,2, .........  97

Relevant   equations   for  generating  the
     spiral   data   are    the   following :
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Number  of nodes
for   Pex ~  99.9% ~  22

(b)
Resilient  Backpropagation One step Secant 
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Levenberg-Marquardt 
(c)
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(d) Conjugate   Gradient  
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ANN output

Test data :
(Gamma : 24603 events)
(Hadrons : 20228 events)

Validation data :
(Gamma   : 16424 events)
(Hadrons : 13374 events)
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N 0  ~  8865 x 0.02  events
         ~ 177  events

N p0  ~  4088  events

?����� %�%! E����
�� �� 	
�
�	
���� 	���0���� 9#�: �	 � ���
�� �� �77 ��
 �����
9 /�.�: ��� 
�� 1�����������*����
 ������
���

�� #� � -�6> �	 ��
���� �
 /�.� �)��.%� 2�� ����� ��
� ��	 ��	� ��� �	�� ���
������
�� 
�� $��������� �� �
��� �77 ������
��	 �� 0��� 
���� �$
���� /�.�
�����	� 2�� ��	��
	 �� 
��	 	
��� ��� 	������=�� � 2���� %�-  ����# � ����
�� 
�
#� �����	 ������� �� ��'���
 ������
��	#  � ��	� ���� 
�� �����	$���� /�.� ����
 �
��  ���� #� 	
��	 ��	
�
� 2�� �� �� ����� �� /�.� ��0�	 
�� 
���
 ��
 ��
������ ����� ��	���
�	 
�� ���	� ��
�

��%



2���� %�-! ��,���� ����� �� 
�� 	
�
�	
���� 	���0���� #� ������� �� ������	 �77
������
��	 ����  �
� �����	$���� /�.� ����  �
� �  ���� #� 	
��	 ��	
�
�
2�� �� �� ����� �� /�.� ��0�	 
�� 
���
 ��
 �� ������ ����� ��0�	 
�� ���	� ��
�

�����
��� ���� ��

+�������������� )$�)� )$-. %$��
+�������������� 	���	��	 )$�)� )$%. %$��

6������� +������� )$��� )$-. %$�%

��� ���E����� )$�)� )$-. �$6)
0�� 
��� 
����� )$��� )$-. %$�%

7�������� ���F����� )$�)� )$-� -$6)
������ 0���� )$�)� )$.) �$6)
#���� 5�==� )$�)� )$-. �$�.

9���	�� 
���� ��� ��� -$)(

2�� ����� �� #� ��������  �
� &����� 8�$����
	 �	 ��	� 	��  � 
�� 
���� ���
���$���	�� 3
 �	 *��
� �����
 ���� 
�� 
���� 
��
 ��
 �� 6 ��'���
 �77 ������
��	
	
����� ����# 1�����������*����
 ������
�� �����	 
�� ��	
 ��	��
	� 2�� ����� ��
#� ��� �
��� ������
��	 �	 ���� 
� ���� ���� � ��%> 9 >����� ����� �
 ���: 
� �
%��> 9����$��$�����
��:� 5����	� �� 
�� 	�$����� $��������� �� 
�� 1��������
���*����
 ������
��#  �  ��� ��� �	� 
��	 ������
�� ��� ����=�� 
�� ��
��� ����
7����� ��
��

�������� ���� 
� ?�� %�%# 	��� 
�� ����� � #� �	 �	���0��
  �� /�.�
�	 ������ ���� �)�� 
� �)�%#  �  ��� �	� � ����� �� /�.� �)�% ��� ����=�� 
��
��
��� ���� 7����� ��
�� ����

����# �	�� /�.� �)�% ��	� �����	�	 
�� ��	��� ���
���������� 2�� ���	� ��� ����	�� 
�� ������ /�.� ����� �	 
� �	��� 
��
  � ��
��
��,���� ����� �� �����	 ���� 
�� 	������ ?�� 	�����	  ���� ���  ����� 
�� 
��
���� 7����� �� �� �	� /�.� �)�� 	� 
��
 ��
����
�� ���� ���� ���������
�� �� �������� 8��� ��� ��� $�������� �	 
� ��	���� ����
����� 	
����� 	�����	
	��� �	 ���=��	 �	�� /�.� �)�% �	 � ������	 ������ ��  �  �
 
� ���	��� 
����
����� 	$��
�� ����� ������	 �� ��)2�E� ?���� �� 
��	 �$$����� �� ����	�� 
��

���
 ��
	 ��� ��
��
��  �����C� 	�����	 �� ���	� ��
	 ��� ��
���� 
�� �����
	$��
���# �	 �  ��� ��  $��������  ���� �	 ���$
�� �� ����	
 ��� 
�� ����$	  ��
 ��� � �������� ������ 
���	��$�	�

��-



��% ��� ���
�� �! 
�� �// ��
���� ��� 
� 
��

���� /��� � ��
� ��  ��
�� 6�
� 
�� )��)*�


� �	����

3 ����� 
� 	
��� 
�� �C����� 	������
�� $�
�
��� �� 
�� �77 ��
��������#
 � ���� �$$���� 
��	 	����
�� ��
��� 
� 
�� ���� 7����� ��
� ������
��  �
�

�� 2��23� 
���	��$�� ?�� 
��	 $��$�	�  � ������=�� 
�� ���� 7����� ��
� ���
��)���� � ������
�� ����� 7��� �)# �))% � R�� �)# �))-� 2�� =��
� ���� �����

�� ��	����
��	  �	 ��%Æ �� 
�� ��
�  �	 ������
��  �
� ��� ��% $�,��	 9� ��%Æ

� ��%Æ: �� 
�� ���� ������ ������  �
� 
�� �����	
 ��� $�,��	 9� ���Æ � ���Æ:
$��
���$�
�� � 
�� 
������� 2�� 	
����� 
 ������� ����� I������I $��������  �
�
$��
��� �� ������� 
���	����	 �� -�%> �� ��)># ��	$��
�����  �	 ��$����� 
�
��
�� 
�� ���� �������� �����	� &�
���	 �� 
��	 ����	�	 $�������� �� 
�� ��
�
������
�� ��
�������� ��� 
��	 $����� �� �� ���� � F%��.G� 2�� $��$�	� �� 
��	
����� ������ $�������� �	 
� 
��� ���� �� 
�� /��
��
��	 � 
�� �����  ���� ���	�
��� 
� ����
���� ��	� �� ���
 	�� ��������� �����
��	� 2��	� ���� ��������
�����	  ��� 
�� ������
���=�� �� �������
�� 
���� 	
����� ����� $�����
��	 ����
1+7�2># J3&2># &382�7�+# "# 83D+ �� ?����� 5����� ���	
���
�� 
��
�C����� 	������
�� $�
�
��� �	�� �77 ��
��������#  �  ��� 0�	
 �$$�� 
��
	
����� &����� 8�$����
	 $�������� F%�%G 
� 
�� ��
� ��� �,
���
�� 
�� �����
	���� ���� 
�� ��������� ��	������� ���
	�

2�� ��
 �����	 �	�� ��� 
�� ����	�	 ��� 
�� ����� �� ! )$��Æ � 7�#��� �
9)$�-) O )$)�-% � �
:Æ# )$)-Æ � :89�� � 9)$��) O )$)��) � �
:Æ# )$%�Æ �
98
�*#�� � �$�.Æ�������&# 
8<� � �%)�$� 9  ���� -�% ����
�� ���
	���) $�
:# " � �6Æ �� 56*�� � )$�%� 3
 �	 ��$��
�
 
� ��$��	�=� ���� 
��
 
�� &��
���� 8�$����
	 ����� 	����
�� ���
���� �	�� � 
�� $��	�
 ����	�	 ��� 
�� 	���
 ����  � ��� �	�� � ��� $������	  ��� F%��-G ��� ������$�� � �77���	�� �����
����	
���
�� $�������� ��� 
�� 2��23� 
���	��$�� 8��� 
�� $��	�
  ��� �	�	

�� 	��� ��
����	� �	  ��� �	 
�� 	��� ����� ����	
���
�� $��������#  �  ���
��	���� 
�� $������	  ��� F%��-G �	 	��� 	��
 �� �������� ��� 
�� $��	�
 	
����
����

����# 
���� ��� �� � 	��$� ��� �$
���=�� 
�� $������	�� �	�� &����� 8��
$����
	 ���
��� 9��� �� �	�� ��
	  ���� ��$�� � ��
� ����� �� =��
� ����:#
��
 
�� ��	��
	 �� 
��	 	
���  ��� �� $��	�
�� ��	� �����

�  ��� �	
����	��� $�������� 
� �,
���
 
�� ����� 	���� ���� 
�� ��	�������
��������� �	�� � 	���� ������ 
���	��$� �	 
� $��
 
�� ���*���� ��	
����
��
�� " $�����
��  ���� �	 �,$��
�� 
� �� /�
 ��� 
�� �	�
��$�� ��������� �� ��	���
���
	 F%�%G� ?�� �����	# ����� ���� � $��
 	�����# 
�� ��	
����
�� �	 �,$��
��

� 	�� � $��� �
 	������ " �����	� &�0�� " � �6Æ �	 
�� ����� ����� ��
�.Æ � " � 6�Æ �	 
�� ��������� �����# 
�� ����� �� ����� ���
	 �	 
��
�������
�� �� 	��
���
�� 
�� �,$��
�� ����� �� ��������� ���
	 9�������
�� �

�� ��	�	 �� ��������� �����: ���� 
�� ����� ����� ���
	� 2�� ����� �� ��

��.



��� ���
	 ��
���� ��
�� �$$���� 
�� ����� ��
	 ��� ���� 
� �� �9(�6��)):  �
�
� 	
�
�	
���� 	���0���� �� �(��)>� 2�� 	���0���� �� 
�� �,��		 ���
	 ��	 ���
�������
�� �� �	�� 
�� ��,���� ���������� ��
�� ��
��� �� 1� S �� F%��(G� 2�� "�
��	
����
�� �	 ���� � ?�� %�-� �� 
�� �����	$���� ��'���
��� ����� 	$��
���
�� 
�� ���� 7����� 	��  � ?�� %�-�� 2�� ��
���	 �� 
�� ����� �	
���
�� ���
��
������ 
�� ����� �� � ������
� ����� 	����� �	 $��	�
�� � ���$
�� - �� 
��	

��	�	� 2�� $�������� ����� �� �	�	 � �77 
� �	
���
� 
�� ����� �� � ����� ����
���
 � 
�� ��	�	 �� �
	 ����� 83D+# &�	
��� �� D��
� ����� 2�� ��'���
���
$��
� /�, $�� ����� �� ��	 ��� ���$�
�� �	�� 
�� �������!

Energy  ( TeV)

1 10

D
if

fe
re

n
ti

al
  F

lu
x 

( 
 c

m
 -

2 
s-

1  
T

eV
 -

1 )

10-15

10-14

10-13

10-12

10-11

10-10 d /dE= f 0 (  E/ TeV) -

f 0  ~ (3.12 + 0.48) x 10 -11  cm-2 s-1 TeV-1

 2.69  +  0.14 

(b)

(deg)

0 9 18 27 36 45 54 63 72 81 90

Y
 A

xi
s 

2

N
u

m
b

er
 o

f 
 e

ve
n

ts
 

3100

3200

3300

3400

3500

3600

3700

3800

3900

4000

4100

4200

4300

4400

Cosmic ray events  ~  6932 +  48 
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Photon Energy ( MeV)
0.01 0.1 1 10 100

Z
 o

f 
ab

so
rb

er

0

10

20

30

40

50

60

70

80

90

100

110

Compton Effect
   dominant

 Pair Production 
   dominant

Photoelectric effect 
   dominant

Adapted from : R.D.Evans, The Atomic nucleus, McGraw-Hill, New York.,1955
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