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India’s Energy needs

Per Capita energy consumption 500KWH -
1/2 of China  -1/4th of World average -
1/13th of developed nations



ENERGY  MIX

Projections are that we shall need over 1300 GW electricity 
production by the middle of the century.

Of the ~ 130 GW Capacity today  80 percent is THERMAL

Rest HYDRO, RENEWABLES ( ~ 17 % )  and NUCLEAR (~ 
3% )

Following conventional paths to reach over 1000 GW , 
potential for environment damage by pollutants and waste 
products is immense .  Advanced Technologies for power 
production thus of great interest!

GOVERNMENT OF INDIA IS GIVING EXCELLENT 
SUPPORT TO R&D IN NEW TECHNOLOGIES INCLUDING 
RELATIVELY LONG TERM TECHNOLOGIES LIKE FUSION.



NUCLEAR ENERGY 
PROGRAM

India has an ambitious indigenous Nuclear Energy Program

The present nuclear energy contribution of ~ 3 % is 
projected to rise to 10 % ( ~ 20 GW) by 2020 .

Current Power reactors are based on PHWR technology

A 500 MWe Prototype Fast Breeder Reactor is  under 
construction at Kalpakkam

Design work on a 300 MWe thorium based reactor is in an 
advanced stage

FUSION IS VIEWED AS A NATURAL ADVANCED 
SUCCESSOR TECHNOLOGY TO FISSION
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Institute for Plasma Research  ( IPR )

• IPR is the cradle of the Indian Fusion Program

• Started out as Plasma Physics Program nucleated at 
the Physical Research Laboratory, Ahmedabad in 1982 
by Dept. of  Sc. & Tech. (DST) 

• Became an Independent and autonomous grant-in-aid 
Institute of DST in 1986 and moved to the present 
campus

• Transferred to  Dept. of Atomic Energy  in 1996 under 
an MOU between the two departments



Chief Objective

R & D in Plasma Science and Associated Technologies 
with special emphasis on Thermonuclear fusion

Staff Strength

Staff ~ 450:      50      Ph .Ds,
250 Engs, Tech, MS, 
50     Other Tech Staff
30 Grad. Students
70     Administrative
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Programs at  IPR

• Fusion  Research
– Science and Technology of Fusion aimed at 

Fusion Reactor Development 

• Industrial Applications
– Development of Plasma Based Processes for 

Industry

• Fundamental  Plasma Science
– Training and HRD
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FUSION  RESEARCH

• Main emphasis on tokamak experiments

• First tokamak – ADITYA –operating since 1989
• Presently a state-of-the-art superconducting

tokamak SST-1 ready for commissioning
• Participation in ITER as a full partner

• Development of  diagnostics, heating, advanced
tokamak technologies

• Theory and simulation activities
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ADITYA AS A WORKHORSE

• Diagnostic Developments :                             
MW Interferometer , Laser Thomson 
Scattering, Soft X-Ray imaging,  ECE 
Radiometer , Probes,  Visible and UV 
Spectroscopy ,  Charge Exchange ,   .....

• ICRF Heating Experiment    200 Kwatts
• LHCD Experiment
• ECRH  Preionization Experiment  80 KW



Typical Plasma Shot



Soft X-ray imaging Diagnostics



Magnetic Probe     
Garland



Normal Incident Monochromator
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ADITYA   SCIENTIFIC  
RESULTS

• In tokamaks edge and core plasma are 
integrated and phenomena in edge influence 
core transport profoundly .  ADITYA has 
been dedicated to edge/SOL turbulence 
studies

• Discovered intermittency in tokamak edge 
turbulence  ( Phys Rev Letters  69 , 1375          
1992)





ADITYA  RESULTS ( Contd .)

• Followed it up with first evidence of 
coherent structures with conditional 
statistics measurements ;  transport is not a 
steady ooze but comes out in bursts !                           
(IAEA Seville Conf 1994 ,   Phys Plasmas  
4 ,4292, 1997  ;  4, 2982, 1997 )





ADITYA EXPTS.  ( Contd.)
• Scale dependence of fluctuation driven 

particle transport ( Nuclear Fusion  33, 1201 
1993)

• Levy Statistics in Edge turbulence ( Phys 
Plasmas 2002 )

• Density Limit Studies with Molecular Bean 
Injection (2006)
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Expected parameters

• n~2x1019 m-3 (nGreenwald ~ 1.8x1020 @ 220kA)

• Te~1.5-3 keV
• Ti~1 keV

• t E~10-20 ms
• t p~30-60 ms

• t cd~1-10 sec (current diffusion time)
• t wall~100-1000 sec





Magnetic probes & Mirnov coils Diamagnetic loops

Rogowski coils One of the toroidal voltage loops



Comparison of basic plasma parameters with global tokamak data-base.
Overlapped yellow circles represent SST-1 parameters.
Source:  ITER 1D Modeling Working Group, Nuclear Fusion 40 (2000) p.1967 

SST-1 will explore new parameter regimes and therefore
contribute to widening of the world fusion database

Basic parameters Dimensionless parameters



C. Gormezano et al., Plasma Phys. Control. Fusion, 46 (2004) B435 - B447

Scan in r *
(SST-1)

Ti/Te ~ 0.5, <Ti> ~ 280 eV,   
for a = 0.2 m, r * ~ 8 x 10-3

for a = 0.4 m, r * ~ 4 x 10-3

n* ~ 0.08 for <n> =1.6 x1019m-3



Phase II...
Plasma-Wall interactions in steady-state

• How does the exhaust efficiency and neutral 
backflow change for different strike point locations ?

• How does the wall saturation affect overall density 
profile evolution, Zeff ?

• What is its impact on impurity flows in SOL in the 
steady-state ?

• Fuel retention and release from wall
• Modeling:

– Film growth Monte Carlo Simulation  for co-deposited films
– HCParCas (collaborative)
– DiG
– B2-Eirene (collaborative)



Erosion, migration, re-deposition of wall 
material

• What are the dominant sputtering mechanisms 
(chemical/physical)?

• How much erosion is taking place, where ?
• Where are co-deposits of amorphous hydrocarbon 

films on the first wall, and what is their structure, how 
much H do they retain ?

• What is the effect of different coatings (viz. SiC) ?
• Develop understanding of low frequency/secular 

trends in heat loads on different targets.



Advanced Configurations: Issues needing 
attention

• Configurations like H-mode, ITB, hybrid to be sustained 
for several resistive times (~ wall saturation time)

• Sustainment of ITB mode over 1000 s against resistive 
MHD modes needs to be demonstrated.

• Profile modification due to neutrals from saturated wall: 
unstable edge MHD configuration, effect on ELMs ?

•Suppression of H-mode due to the slow accumulation of  
neutrals at the edge

• Sustainment of hybrid configurations in presence of  
MHD activities in steady state (1000 s)



Fusion Technology Development



Technology Development
Both R & D and manufacture has involved Indian industry .e.g.

Large Volume UHV systems

Winding normal and superconducting magnets

AC/DC converters

Substations, power distribution systems

RF Heating systems with plumbing, power systems etc

Cryopanels, Heat transfer elements, regulated high voltage power 
supplies , neutralizer box etc for the NBI system

Data Acquisition and Control systems
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LARGE VOLUME VACUUM CHAMBERS DESIGNED, FABRICATED A ND INSTALLED AT IPR

R = 0.75 m, 0.6 x 0.6 m, V = 2.0 m 3, A = 20 m 2

Mfg. by  L & T,  1985

R = 2 m, L = 3 m, V = 9 m 3, A = 40 m 2

Double wall, Water cooled, Mfg. by  HHV, 2000

Vessel : R = 1.285 m, D – shaped, H = 1.62 m, W max = 1.06 m, V = 16 m 3, A = 75 m 2, 

Cryostat : R = 1.285 m, Rectangular, 2.6 m (H), 4.4 46 m (Wmax), BHEL 2004

2.4 m (l) x 2.2 m (w) x  3.3 m (h), V = 20 m 3, 

A = 50 m 2, Mfg. by Godrej, 2002

ADITYA LVPD

NBI Injector Box

SST-1 Vacuum Vessel 
and cryostat



Assembly and testing of SST-1 vacuum vessel / cryos tat

LN2 panel for vertical port Fixing of LN 2 panels on vessel sector Ground assembly of vessel module with 
LN2 panels

Moving assembled vessel module with TF coils

On machine support structure

Leak testing of baking 
channels inside 
assembled vessel

Assembled vacuum vessel with TF coils on 
machine support structure



$���79?�$�3�3�9	3

��##!""!�3$�

���
�
�	�	��	��


���������
�
�
����


4�
1
.005

��##!""!�3$�

'3�$&

�&�6&$""

#�6�&.��:����

��)��*������E+�F��)���

$� ��$��(� ������6���*E��

!��(���) �>�(�� ��*

##��.��6�5����)��*������

<�(��
�3(��>�$�
%������

��7���
�	8"��	�(��������
�	����

������9����

��
:15
;

"�9
�������	���
������9����

��

21<
;�

"'�$&��3�'�%
!36

#=63$%"

�&>�

��3�$3"=%!�3

�'#�

�!"%&! '%!�3

">"%$#

3���A33
9$�!�$����?3�3�9	

09+�A	�$���79?�$3 +�GA���?����79?�
	�?�79	9?��3�3�9	

� "�����	
��
?�
 �2@
��

25
� 2 ��
.15
9��
-���

01:A
3$&
-���
�	����	
�
�
������
��������
�

� ������9����

����	�

�200
�
��
��

������8#�!

�
�����	��
���
��	�

��
	��

� "�9����	� 8
����	

�	�	�����


� �����
������	

�	-��

� ��
�����
����8�=��



�9GA��9	9?�3=� #5��.���)��*�������B�#��&;�����*,�
��
�/� ��-�#��� E1�)����$������� ����

� !�  ,�����
�������)��*������E �F��)�����

� :���.�)����3$	3�H�����.�)���$� ��$��(� ������

�
%

� ���� E1�+�F��)�(�����)���$������� ����

� ����� �(�%�(��,�	������$����� ���>���>��1��1����
�@(1��*���

� ��)�  �) �>��� ����*���%���)���

� $� ��$��(� ������
�
%�>��1�0�����@(1��*����

�6���*E��) �>���)�30����1���*1�3$	3=

� :�����:���2�������� ������3$	3

� $�����  ���(�� ���>������>��
��%��)��3$	3�
2��>����6�������:���B�

0� ��
�$�,�*���(�0� ��
�$�,�*���(� SystemSystem



�?��79?�A3��9<9+�
	9?�3

� $���79?�$����?3!9��+�?93

� ��7���
�	

� "��	���������
�	

� ��7���
3�����	


� �93��!�$�+���93

� ����	
��B	
��������

�)�����
����9	�
-���
�3 .
���	���

� $A��9?��!99�9��3�3�9	

� ����	
��������

� )�����
����

� ����	
�
�	��

� 09+�A	�!99��0�A�E�
9+9$���$�+��3�+�����

� ,000

��9	��
��9�����	��

�	��	�
�
�
�
�����	�



� ����
��-	�
&+
6	
	������

�.0(,00#�B�
��(��
,15#*

� ����
��-	�
%C(��
	

�����
	
��
�#�B(6�B�
D

�����
����� �6�B�
���

��
��	��
��
?���-���
��

�	��-���

� '�)
�������9�	
%C(��
	

�����
	
��
�#�B(6�B�

� )�����
-�
��-�
�#�B(
6�B�


� ����
��-	�
���
��	��
��(
��
,15#*
��
���	

�!�3�3�9	3

�!�3>��(1

33���
.B��� WWWW

��

,�+���B��� WWWWB
#��	.B�#����<3.�

33���.B��� WWWWB:��"

�������
�
%��

#6��"

�� WWWW
�&.��&.

������� �
%�����	.

������� �
%��#���	.

.�����(�
%���2 ��������(����(����;������
����������+���I ������"�.�����
��������I �2���



$�'�D��+��D'+�?9�$�	
�?9?�3��?��09�!�9GA9?$����?79� �!����'#��	0J

4K��CK�-�6K�����(�������?'�,%�B�
<3.��I #��������������+���I ���#�"�

+�F����3��2�������)���
�
%����(��
��(1��*B�
����������+���I
�����"B�
�>��I
#��	.B��	��(1���
�))�(���(,'�':�LB�
���%�������
�'���
3�

4K�����(����� �$��% ����
����������+���I ���#�"�
<3.�I #�����$��% ��*�I
���"������(��/��,�I �C�"

Vacuum compatible 
Gas Barrier

7���"������B�<3.��I #��5�
����������+���I �����"

4�° 	�����"���B��������������
<3.��I #��C������������

����������+���I ���#��"

CK�$�'�@�� ���$�"���&�
)����$�0��,���
����
��� �����1��/���� �
*�����������) *�����B�
<3.��I #��������������
+���I ���#�"��$�
��� ������I �&<



0�70�
�.9��$.�
�33�<9��$�	
�?9?�3��?�70J���?79�

High power test bed at 3.7 GHz 
power 10- 250 kW ,            

50mS-1000S

	��(1����
�*�(�
���B�<3.�'#�#���

�E '�����"��
��� �����'6��"��

1����2� ��(�'

��� °°°°

.����� ����B�
�>��' ���&.�<3.�'#�����
.�����) �>'#5�� %
 M�:��"��


�����)�
�>�����/�������(�����>��1�

�*�(������2������>E*� -�>�����

 ����B�
�>��' �%'�����&.��#���3��
<3.�'#�#������������� ���'�����"

3����)�>E*�) ��*���>��1�(����(���*�
�� �(�����22������ �B�
�>������&.��
<3.�'#������E+'����#�"������������

N#���"(������
��������:��"��

C:�(1���� ������>�>E*�%1���������,��
J�'$�B�A0<�(�
%���2 �B�<3.�'#�#�����

�E+'����"��$����'�� &'N#���"(�

3-Step 
Wave-guide 
Transformer 
(WR-284 to 

Narrow 
wave-guide)



A0<�$�	
���"+9�$�	
�?9?�3�!����3�+����?��!�����
�93 3A��J9���D�'+�?9�
!��	�A0<�	�$0�?9�9?<���?	9?���?�	0J�-�70J���?79

Brazed joint 
Feed-through

Demountable 
Torque Ring

RF Bellow with 
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SPECIAL COMPONENTS

High Current Filament 
Feed-through

(99.8% Purity Alumina 
Ceramic, ceramic to metal 
brazed joints, vacuum leak 
rate 10-9 mbar-l/S).

Load bearing Ceramic 
Post Insulators with 
Titanium flanges. HV 
standoff upto 60kV (in air 
for the longest one), 
cantilever loading upto 
300kg (all).  
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80 kV system assembly



Data Acquisition System for SST-1

Platform 
Windows2000

Development 
ToolLabWindows/CVI

Data Socket based 
Client/Server 
Architecture

On board memory, 
Multiple segments

Standalone CAMAC system

Direct Data 
Streaming  to 
Hard Disk

1.2GB/s Fiber Optic Link



MHD, EMHD & Gyro-kinetic simulations



TSC modeling of ADITYA Discharges
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•Tokamak Simulation Code (TSC) can 
simulate experimental ADITYA 
discharges to very good accuracy. 

• Gives important insight into parameters 
not measured experimentally, e.g. 
profiles, transport coeffs.

(Plasma. Phys. Control. Fusion, 46 (2004) 1443) 



SST-1 shape control modeling using TSC

Plasma vertical position Zp

Regression fit Reconstruction

(Fusion Engg. & Design 70 (2004) 209)

•TSC simulations were used to generate a large 
database of possible shapes and corresponding coil 
currents.

• Function parameterization techniques was used on 
this database to create a map between shape 
parameters and actuator signals.



Sheared Flow effects on NTMs

• Numerical studies with a fully toroidal
resistive MHD code – NEAR

• Differential flow has a strong stabilizing
effect

• Effect of flow shear depends on the sign
- neg shear destabilizes

• Analytic model based on generalized
Rutherford model explains salient
features of numerical results

Chandra et al, Nucl. Fus. 45 (2005) 524



Island evolution equation with sheared flow

Pressure/curvature Neoclassical current

polarization current
flow sheardifferential flow

flow shear,;

= average value of equilibrium parallel flow

• For toroidal flow both       and        are finite, the last term has the required structure to
be in accord with our numerical findings on flow shear effects



2d and 3d MCDRT Simulations2d and 3d MCDRT Simulations
(a minimal model for the depiction of edge region of (a minimal model for the depiction of edge region of tokamaktokamak))

•• Long scale pattern formation with Long scale pattern formation with 
zonal and streamer symmetries in 2d zonal and streamer symmetries in 2d 
and 3d electrostatic cases: parameter and 3d electrostatic cases: parameter 
domain delineated.  domain delineated.  

•• Short scale structures in the presence Short scale structures in the presence 
of electromagnetic effects. of electromagnetic effects. 

•• Generalization for  SOL region and Generalization for  SOL region and 
consolidated depiction of EDGE and consolidated depiction of EDGE and 
SOL regions.SOL regions.

•• Importance of SOL transport on Importance of SOL transport on 
EDGE region. Blob formation and EDGE region. Blob formation and 
ejection resulting in  transport events.  ejection resulting in  transport events.  
Statistical properties of transport Statistical properties of transport 
events were compared with the events were compared with the 
experimental data on ADITYAexperimental data on ADITYA

Important findingsImportant findings

1.1. A. Das. S. A. Das. S. MahajanMahajan, P. , P. KawKaw, A. Sen, S. , A. Sen, S. 
BenkaddaBenkadda and A. and A. VergaVerga Phys. Plasmas 4 Phys. Plasmas 4 
1018 (1997). 1018 (1997). 

2.2. A. Das. A. Sen, S. A. Das. A. Sen, S. MahajanMahajan and P. and P. KawKaw, , 
Phys. Plasmas 12 032302 (2005). Phys. Plasmas 12 032302 (2005). 

3.3. A. Das. A. Sen, P. A. Das. A. Sen, P. KawKaw, S , S BenkaddaBenkadda and and 
P. Beyer Phys. Plasmas 8 5014 (2001). P. Beyer Phys. Plasmas 8 5014 (2001). 

4.4. N. N. BisaiBisai, A. Das, S. , A. Das, S. DeshpandeDeshpande, R. , R. JhaJha, P. , P. 
KawKaw, A. Sen and R. Singh; Phys Plasmas , A. Sen and R. Singh; Phys Plasmas 
11, 4018 (2004);  12 072520 (2005), 12 11, 4018 (2004);  12 072520 (2005), 12 
102515 (2005).102515 (2005).



Gyrokinetic Studies

• Low m global kinetic modes +
fast particles

• Both in reverse shear and weak
central shear cases

• Code: EMGLOGYSTO

ElectroMagneticGlobal Gyrokinetic
Stability in a Torus

R. Ganesh and J. Vaclavik, PRL,  94 (2005) 145002



2d and 3d EMHD Fluid Simulations2d and 3d EMHD Fluid Simulations

•• Influence of waves on spectral Influence of waves on spectral 
cascade.cascade.

•• Stability and interaction of Stability and interaction of 
nonlinear solutions nonlinear solutions –– dipoles, dipoles, 
monopoles etcmonopoles etc. . 

•• Nonlinear studies of generalized Nonlinear studies of generalized 
shear driven Kelvin shear driven Kelvin HelmholtzHelmholtz
instability:  instability:  (a) self organization in (a) self organization in 
2d (b) Electromagnetic turbulence 2d (b) Electromagnetic turbulence 
generation and  (c)  turbulence generation and  (c)  turbulence 
spreading from the shear interface spreading from the shear interface 
in 3d. in 3d. 

•• Shear driven electromagnetic Shear driven electromagnetic 
turbulence  turbulence  –– Application to Fast Application to Fast 
Ignition Ignition -- a  source of anomalous a  source of anomalous 
electron stopping.electron stopping.

Important findingsImportant findings

1.1. A. Das and P. A. Das and P. KawKaw Phys. Plasmas Phys. Plasmas 88 4518 4518 
(2001). (2001). 

2.2. N. Jain, A. Das, P. N. Jain, A. Das, P. KawKaw et al et al Phys. Plasmas Phys. Plasmas 
1010 29 (2003); 29 (2003); 1111 4390 (2004).4390 (2004).

3.3. S. S. DastgeerDastgeer, A. Das, P. , A. Das, P. Kaw   Kaw   et al.et al. Phys. Phys. 
Plasmas Plasmas 77, 577(2000); , 577(2000); 7 7 1366 (2000).1366 (2000).

4.4. A. Das, N. Jain, P. A. Das, N. Jain, P. KawKaw and S. and S. SenguptaSengupta
NucNuc. Fusion. Fusion 4444 98 (2004).98 (2004).



Human Resource Development
• Trained about 250 young scientists and engineers in fusion 
research and development in the past decade.  Have also worked 
closely with manufacturing industries and stretched their 
capabilities .

• Ph.D. Program

• Technical Training Programme

• Summer Schools for M.Sc. Students

• Projects for B.E. and M.E. Students of various engineering 
colleges in and around Ahmedabad.

•Key concept is to develop leaders thinking independently by 
involving them in creative fundamental plasma science activities



BASIC PLASMA STUDIES

• Exotic Plasmas
(non-neutral plasmas, dusty plasmas , quark 
-gluon plasmas )

• Experimental Devices
( BETA , LVPD, FEL )

• Nonlinear Phenomena



Non-neutral plasmas



In contrast to magnetic induction charging, our exp eriments utilize 
toroidal drift and radial electric field to charge the trap

Toroidal drift near the inner wall 
induces radial electric field, slows 
down the drift and traps electrons

amplitude difference and time delay 
between the signals from wall 
probes indicate changes in the 
cloud capacitance due to evolution 
of the cloud



Potential mapping with high impedance probes show e quipotential 
contours depicting toroidally symmetric equilibrium

two dimensional 
axisymmetric equilibrium

Radial shift



The low frequency instability, may be due to the ex citation of the 
diocotron instability seen in early toroidal electr on plasma 
experiments

Deviations from the rigid rotor 
circular fiow provide free energy for 
driving high frequency oblique 
plasma waves unstable

External radial electric field can 
enhance trapping and stability 



Dusty Plasmas



Theoretical Studies on Dusty Plasmas

•Novel Dust equilibria – planetary ring fine structure

•Effect of Dust charge fluctuations on collective modes

•Strongly coupled dusty plasmas – new modes

• Nonlinear wave propagation in strongly coupled regime

Phys. Letts. A 163 (1992) 82; Phys. Rev. A 45 (1992) 5929;
Phys. Fluids B4 (1992) 1441; Phys. Rev. E 48 (1993) 3993;
Phys. Lett. A 194 (1994) 241; Phys. Scrp 51 (1995) 385;
Phys. Scrp T63 (1996) 106; Phys. Scrp T63 (1996) 275;
Phys. Plasmas 5 (1998) 3552; Phys. Plasmas 7 (2000) 3188



EXPERIMENTAL DEVICE FOR DUSTY PLASMA



Typical Shear Oscillations
at 0.1 mbar

TRANSVERSE SHEAR WAVES

l z ~ 3.7 mm,  Vphz ~ 4.2mm/s, 
f ~  1 Hz O Experimental

*  Visco-elastic theory

wwww = k Csh = k a wwww pd exp(-
a/2lll l p)

(Phys. Rev. Lett. 88 (2002) 175001)



Quark Gluon Plasmas



THERMALIZATION OF QUARK-GLUON PLASMA - I
( COLLECTIVE MODES )

Quark-Gluon Plasma is produced in a non-equilibrium 
state during violent collisions between heavy ions.

Subject of investigation: What is / are the mechanism / 
mechanisms through which the plasma attains 
thermodynamic equilibrium?

Our line of investigation: In the relativistic regime, collective dynamics is found to be dominant 
over collisional processes. Thermalization being related to chaotic dynamics, we have looked at 
processes and parameter regimes where collective non-abelian modes become chaotic, using an 
in-house developed relativistic PIC simulation code ( QGP1)

S. Sengupta et. al. Pramana Jnl. Of Phys 48, 655. (1997)
J. R. Bhatt et. al. Phys. Rev. D 39,646 (1989). S. Sengupta et. al. Phys. Lett. B, 498, 223 (2001).

For small values of non-abelian strength parameter coherent collective modes are seen

Au + Au Collision at 200 GeV per nucleon

Longitudinal mode Transverse mode



THERMALIZATION OF QUARK-GLUON PLASMA - II
( CHAOTIC DYNAMICS )

For large values of non-abelian strength parameter 
coherent collective modes become chaotic, through a phase 
– mixing type of process.

S. Sengupta and P. K. Kaw, Phys Rev. Let. 82,1867(1999)

S. Sengupta et. al.  Phys. Lett. B, 446, 104(1999)
S. Sengupta et. al.  Phys. Lett. B, 569, 168(2003)

Phase mixing process as seen in an ordinary plasma

Chaotic colour oscillations Colour relaxation is a diffusive process

Relaxed particle momenta
( Jüttner distribution)

Important Findings
We have identified parameter 
regimes where coherent colour
modes exist and regimes as well 
as the process through which 
these modes become chaotic. 

We have further shown that 
momentum relaxes to a Jüttner 
form in a time scale ~ few 
(lyapunov exponent)-1 and that
colour relaxation is a diffusive 
process. For our simulation 
parameters colour relaxes 
faster than momentum.



BETA

Steady state toroidal device - low density, low temperature
plasma studies - test bed for tokamak expts & diagnostics



Important experiments

1. Study of low frequency fluctuations in a toroidal plasma. 

2. Formation of a relativistic electron ring and a tokamak like 
configuration using a relativistic electron beam. 

3. Plasma biasing experiments in a pure toroidal plasma. 

4. Formation of reverse magnetic shear using biased electrodes. 

5. Current drive using radio frequency.

6. Study of ECR produced toroidal plasma.

Phys.Rev.Lett., 70,No.6,p.806, (1993)
Plasma Phys. Control Fusion, 42, p.229-236 (2000)
Fus.Engg.Design.,  34-35, p.729-32, (1997)
Plasma Phys. Control Fusion, 37, p.1003-14 (1995)



Observation of improved behavior by electrode biasing of a
toroidal plasma having no poloidal magnetic field

• Increase in density and significant reduction in fluctuations 
with bias electrode is observed.

• The improved toroidal plasma behavior is found to depend 
upon radial currents driven by +ve biasing of ring electrode.

• Although biasing establishes a radial electric field at the edge, 
suppression of fluctuations and density rise in central core 
region is observed.

Phys. Rev. Lett., 70(6),  (1993) 806-809.



The Large Volume Plasma Device



Different properties of the waves launched, confirming 
excitation of whistler waves.



Experiments in extremely large Beta (~102) 

(ELB) plasma(Phys. Plasmas 13, 092503 (2006)).
• An extended volume of ELB plasma is produced to 

understand the role of null / ELB regime in modifying 
the characteristics of EMHD structures.

Linear waves in ELB plasma show:  ELB plasma

Different 
dispersion

Finite
Bo

ELB

Reversed 
polarization

Analysis under way to investigate boundary effects.



Radiation in the E-band (60- 90 GHz) detected with an 
estimated output power of ~ 200W  with a 20-period wiggler. 

Beam current

* IEEE Trans.Plasma Sci.,vol. 26, No.3, 
pp.556-560, (1998).
# IEEE Trans.Plasma Sci.,vol. 28, No.3, 
pp.621-625, (2000)

The 20 and 50 period EM wigglers

FEL Experiment



Nonlinear phenomena in laser plasma interactions



Nonlinear 1D Laser Pulse Solitons in Plasmas

• A new class of exact 1D nonlinear solns – relevant to laser matter 
interactions, particle & photon acceleration, pulsar radiations etc.

• Analytic/numerical studies – group velo., spectral properties

Phys. Rev. Lett. 68 (1992) 3172; Phys. Rev. Lett. 70 (1993) 786; Phys. Scrp T50 (1994) 47;  
Jnl. Plasma Phys. 56 (1996) 209; Pramana 48 (1997) 675;  Phys. Plasmas 7 (2000) 1056; 
Phys. Plasmas 9 (2002) 1820 



Collision of two single peak solitons
994.0,05.0 == lb

R

X

Crossing

R

X

92.0,05.0 == lb

Reflection



PHYSICS OF ULTRAINTENSE ULTRASHORT LASER PULSE-PLASMA INTERACTION - I
Generation of Multimegagauss Magnetic fields

( Collaborative work with Tata Institute of Fundamental Research, Mumbai )

100fs, 806 nm
10 mJ pulses
P-polarized

~20 mm
X-rays

e-

2nd Harmonic

Ultrastrong 
magnetic fields

Physics of ultraintense ultrashort laser pulse-plasma interaction is 
rich in nonlinear phenomenon, like generation of   ultrastrong 
Magnetic fields, higher harmonics of incident light, hard X-rays, 
energetic electrons  etc.

Ultrashort ( ~ 6 ps ), giant magnetic fields ( ~ 30 MG ) 
have been detected and their temporal evolution with a 
very high resolution was measured for the first time.

1-dim. EMHD modelling of the temporal 
evolution of  magnetic fields obtained with a 
solid aluminum target and a glass target, 
has for the first time given a clear 
indication of turbulence enhanced 
anomalous resistivity:A result which is of 
direct relevance to the fast ignition concept 
in laser fusion.

These magnetic fields are generated as a result of 
combination of direct hot electron current and the cold 
return shielding current determined by the resistivity of 
the background plasma.

Experimental schematic

A. S. Sandhu et. al. Phys. Rev. Lett.89, 225002 (2002) 
A. S. Sandhu et. al. Phys. Rev. E 73, 036409 (2006)

Temporal evolution of Laser-induced magnetic field



India and ITER

• India has sought participation in ITER 
so as to leapfrog and cut short the 
learning phase and development time of 
reactor size systems by about two 
decades. 

• It has been inducted as a partner 
because of the indigenous fusion 
technology development of past two 
decades.



1. Cryostat  ( 28m dia, 25m ht ~ 10-5 torr Vacuum envelope for 
ITER Machine Core )

2. Vacuum Vessel : Shielding

3. IC H&CD  ( Eight ~ 60-90 MHz 2.5 MW CW systems) : 
Sources , Transmission lines, RHVPS(Regulated High 
Voltage Power Supplies with Controls)

4. Start up EC (~120 GHz) Preionization Source + RHVPS

5.   100-150 kV Diagnostic Neutral Beam +  RHVPS

6.    Diagnostics

7.   Water  Cooling System ( ~500 MW fusion power):  
Components

8.  Cryodistribution and Cryolines

ITER-INDIA SUBSYSTEMS
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Vacuum vessel is double wall construction.  

Space between outer shell and inner shell is used 
for water flow and for placing shield structures.

Stop energetic neutron within vessel boundary 

Reduce ripple in TF

Shield structures made of

SS 304 B7 plates (SS 304 with 2 % boron) 
(in- board side of vessel).

SS 304 B4 plates (SS 304 with 1 % boron) 
(out board side of vessel) .

Ferrite steel SS 430 plates ,  (out-board side 
12 o’clock to 5 o’clock position except equatorial 
port location).

Support structure of SS 316 LN (IG)

Weight of fabricated components is 2500 tonnes
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CRYOPUMP ACB

STR ACB CCB
PF ACB
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TANK

Cr.VB
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CS ACB
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Beyond  ITER….
Work on ITER Procurement Systems is already 
in full swing !  What lies beyond ??

First we must prepare for SST1 and ITER expts

• Test Blanket Module experiment 

•Improved modeling, analysis simulation 
capabilities

• Improved plasma diagnostics capabilities e.g 
participation in/ proposals for new diagnostics

• Particpation in living/growing subsystems like 
CODAC



Indian TBM program in ITER is one of the  major steps in its 
fusion reactor program towards DEMO and power plant vision

India has wide experience in liquid metal technologies (Na, Pb-Bi, 
NaK, Hg)  accumulated over the past 30 years because of fast 
breeder work

Being one of the global leaders in liquid metal technologies, India 
wants to design, develop and test its own TBM concept based on 
liquid breeder systems

ITER-TBM Program



TBM Concepts

� Lead-Lithium cooled Ceramic Breeder (LLCB) 

Beryllium-free blanket and Pb-Li coolant and multiplier  
(added advantage as a tritium breeder)

(The uniqueness of the LLCB concept lies in using solid breeder to 
increase the tritium production and combining it with the high-grade heat 
extraction capability of the liquid metal systems) 

Solid Type : He cooled ceramic breeder (Lithium Titanate 
pebbles), Be pebbles as multiplier with LAFMS 
(Sub-module type)



Lead-L ithium cooled Ceramic Breeder (LLCB 
TBM)

EXPLODED VIEW

Lithium CeramicsPb-Li

Schematic of LLCB showing CATIA drawings of assembl y and flow-paths 

First Wall

LLC
B



NEXT  NOTE …….

• We are only building 10% of ITER.  Technology for  
other 90 % also accessible right now. Should be absorbed 

• IPR has evolved a program of prototype component 
development in XIth/XIIth plan periods. 

• Key new technologies on a reactor scale will be 
attempted in the form of  prototypes.  Examples are large 
NbTi and Nb3Sn magnets, breeding and shielding blanket 
technologies, remote handling systems, large vessel 
sector and divertor systems, MeV neutral beam heating 
systems, novel diagnostics etc



Prototype Activity

• Divertor
– Full size cassette (Joining Tech)
– Remote Handling
– Liquid divertor concepts

• Magnets
– Solenoid (3m dia, 2.2m height, 13T on conductor)
– D-shaped (4m height, 8T on conductor)
– Experience with Nb3Sn (indigenous material development, strands and 

CICC, as milestones) 
– Relevant Test Facilities

• Vacuum Vessel Sector and Cryopump
– Full size sector
– Fabrication tech
– Cryopump similar to ITER

• Power Engg. Technologies
– 1 MV power supply (for NBI)



SST 2 Development

Prototypes will form preparatory work for SST 2 
experiment to be attempted on 2015-25 time scale.

SST 2 is likely to be a ~ 10 MA  DT experiment with 
remote handling capabilities. 

Will have a Q ~ few.



SST-2 Goals

• Experience with steady state D-T operation
– Tritium fuel-cycle operation

• Experience with large, reactor-like system
– Test-bed for prototyped subsystems and indigenously made reactor 

materials
– Additional breeding blanket experiments

• Integrated test of fusion nuclear technologies
– Remote Handling Tech
– Post-irradiation experiments and Hot Cell development



Parameters (preliminary)

• SST-2
– R/a ~ 4.4/1.4

– B0~6 T
– Ip ~ 14 MA 

– Pin ~30 MW

– Q~4

• DEMO
– R/a ~ 7/1.8 
– B0~8 T

– Ip ~17 MA 

– Pin ~60-100 MW
– Q� 25

• Constraints
– Bcoil ~ 13 T

– Inboard-blanket thickness 
between 60-100 cm

– Div heat load <10 MW/m2

– HH ~ 1.2



DEMO

• DEMO is a demonstration reactor which will 
deliver electricity based on fusion energy to the 
grid.

• Will either be an international or a national 
project.

• Time frame is 2035 -2045.

• Beyond that lies commercial exploitation of 
fusion power.



DEMO
• Physics & Engg design challenge

– Good confinement absolutely crucial
– Control over various profiles in steady-state
– Smaller unit size desirable
– Fraction of the surface area can be covered for breeding blanket

• Challenges for development of structural/ other materials
– Structural materials for high temperature operation
– Change in properties (mechanical, etc.) after desired exposure to fusion neutrons 

& gammas should be minimal
– Advanced joining techniques, coatings

• Fuel-Cycle
– Isotopic separation from exhaust and other delays warrant a reserve inventory of 

tritium
– How to build this inventory is an issue; it must be minimized

• Plant availability: Needs to maximized
– Component failure rate
– Time to replace/repair the component



Fusion Materials Development
Development, fabrication technologies and testing of new 
materials of relevance to demonstration fusion reactors like 
DEMO is a major enterprise to be carried out in parallel.

This will involve structural materials like low activation steels, 
vanadium alloys, SiC- SiC composites, first wall materials like 
beryllium, tungsten, Carbon composites etc, breeding materials 
like lithium titinates/silicates, superconducting materials including 
HTSC for current leads, coil insulating materials which can  
withstand high neutron fluxes  . 

A national program involving many academic institutes and 
participation in international facilities like IFMIF, CTF is in a 
planning stage



Concluding Remarks

• Prospects of exploitation of fusion energy 
using the magnetic confinement concepts 
are very good.

• India has nearly one fifth of the world’s  
population and has needs which will force it 
to use fusion energy as soon as it becomes 
available. Fusion is thus an important 
element of India’s strategy for developing 
future energy options.



•By working together with the ITER 
nations and evolving a broad national 
program we can get faster towards the 
goal of exploitation of pure fusion 
systems. 

•If our programmes are successful, we 
may have demonstration fusion reactors 
by 2035-2040 and commercial systems 
by 2045-2050.



Thank you


