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1P = ADITYA Upgrade Tokamak

The Aim:
v A small/mid-size tokamak with Divertor Configuration (single & double null)
v" To carry out experiments relevant for Bigger Machines (runaways, disruption etc.)
v Easier access and Smaller duty cycle

Minor radius (a) 0.25m

Plasma Shape Circular /
Shaped
Toroidal Field 15T
- Plasma Current 150 - 250 kA
ADITYA Dismantled ADITYA-U Operation started
—Dec’16
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Transforming ADITYA to ADITYA-U Tokamak

Divertor coil locations

Identified using Plasma

equilibrium reconstruction

with equilibrium code IPREQ
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New Inclusions in ADITYA — U Tokamak

1. New Vessel with circular cross-section

Major Radius: 0.75 m

Minor Radius: 0.3 m

Volume ~ 1.6 m3

Number of Ports: 114

Material: Stainless Steel

- 4

Main Divertor Coll
(Inner)

Aux. Divertor Coil
(Inner)

Outer Divertor Coll
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1R New Inclusions in ADITYA — U Tokamak (Continued)
_ Toroidal belt Limiter
- ) Plasma Facing Components
dale op
Limiter Divertor

Bottom’
Divertor
Plates

04

e High purity graphite 1G-430 tiles

_ High field side toroidal limiter
Limiter with small poloidal extent

8 \N
Safety and poloidal
ring Limiter

~

Two Partial Poloidal Limiters on
low field side

outboard  Djverter Plates: To be installed
Limiter . . .
In the machine in the phase lll
Isometric view of Limiter of the operation.

and Divertor
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{RE  New Inclusions in ADITYA — U Tokamak (Continued)

42 GHz ECRH system for Aditya-U (Operational)
Microwave Source (Gyrotron); Frequency: 42GHz; Power : 500 kW

The system is directly connected to tokamak using a BN window and UHV gate valve

| HCD System for ADITYA-U |ICRH system for ADITYA-U
Passive Active Multijunction (PAM) (to be installed)
launcher (to be installed) P Frequency: 20 -30 MHZ; Power: 500 kW;
—

WR2E4 inputs from Klystron 1 and 2

2 Strap Antenna

e~

PAM Parameters

2130 mm Linear

aper Frequency 3.7 GHz
Mods Comverter Maximum power 250 kW
Tapered Divider 5
L "m Number of modules in the 2/3
step FPhase Shifter . . . c
o] TN e Section toroidal / poloidal directions

Waveguides

e e [Poster by Yogesh Jain et al, FIP/P3-53]
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inla'; New Inclusions in ADITYA — U Tokamak (Continued)

Magnetic Probes ~ 70
Langmuir Probes ~ 60

Diagnostics Installed

o QRRE® & S t .
& 74 pectroscopy:
Nt Visible, VUV, IR, Imaging: 2

Soft X-ray Arrays: 2
Hard X-ray detectors: 3
Microwave:
Interferometer: 6 channel
Reflectometer: 1 Channel

x Bolometer: 2 Arrays

W < 65

FAST CAMERA
v < SPECTROSCOPY

TOP : ECR, MAGNETRON
MID : ECE RADIO METER ——— 2
BOT : ASDEX GAUGE

ECE: 12 channel

[Suman Aich et al, EX/P4-31] .
.4,// Ty ;%v : ,',\7 )

0'7 PASSIVE SPECTROSCOPY
CXRS

PCXR SPECTROSCOPY GDC ANODE
CALIBRATION

\ Y|

RLP — RAKE LANGMUIR PROBE
RMP- RAKE MAGNETIC PROBE

.. | \\-r ‘*r .
Magnetic. probes are'théroug
Calibrates === SR
06 R.L. Tanna et al, 27" IAEA Fusion Energy Conference, 22-27 October, 2018, Gandhinagar, India.



wid,

v 4
(D))=
AR

20

Operatlon Preparatlon before 15t Plasma in ADITYA - U

sﬂ—:‘b)‘ \ B t OmeasuredfromR dallp rtnoS Error Fleld Wall Condltlonln
) ::::-' --q“}“\ - nlr Berr ~E_7 %104 Novel (pulsed) H, GDC far
o 40 ] ‘E.Q\‘/I;I'ER RADIUS | Bt long hours
el | <.+ (nearly % to 1/3 of the error-field Periodic discharges + ECR
o " u‘:':'..‘:xai’ T values prevailing in ADITYA) plasma

R (cm)

Reduced Retention of Hydrogen

[Poster by

in Limiters using Pulsed-GDC

K.A. Jadeja et

al, FIP/P3-64]

1E-5 4 B

1E-6 R

——H,0in C-GDC
——H,0in P-GDC

Significant
reduction in

ﬂ (| """ partial pressure

Pressure (Torr)

1E-7

A WW\

of various mass

CO, N, and O,)

Time (minute)

Removal of water vapour by P-GDC and C-GDC

07

Vessel Baking~130° C

species (H,, H,0,

RESULTS
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Base pressure ~ 9 x 10 Torr

H(_r peak Intensity during Breakdown

5
e - - ~
e
- . 5 _
o - o
= 37
7]
oS -
= - * e
e 1 -
g I & plasma shots # : 30001 - 32100
= 0
=
X -1 No Breakdown Failure
-2
o 300 600 9200 1200 1500 1800 2100

No. of plasma shots

Breakdown obtained in every
discharge without a single failure
22-27 October, 2018, Gandhinagar, India.



vl

1;@; Comparison of Recycling fluxes in ADITYA and ADITYA-U

3D Simulation using EMC3-EIRENE Model Recycling flux
3D Grids for Ring Limiter and Connection length (L) in SOL ADITYA (Poloidal ring limiter)
3 Symmetric Block Limiters . Ring Limitar - - HIGH
[Aditya Ring timitergria | 4 _ ¢ 27 moa  ADITYA-U (Toroidal Belt Limiter)
vt 5% S . LOW
“w° - e
zone—I11 ﬁgg :Ej:
D 100 200 300 %12
e LY== | el
¢=—60" ' : ¥
S zone—I1  os i
ZOne— Block I o _ , _
Limiter 2 E o % a ” = .:.[.-..?1“;1. - = E
Limier 1 o—sr = LOW RECYCLING OBSERVED in
1es03 ADITYA-U DISCHARGES

¢=1180"

Block Limiter 3 & [Poster by B. Sahoo et al, TH/P7-9]

[Sahoo et al, Phys. Plasmas, 24, 082505 (2017)]
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Time (mMms)

4( [ [ ] [ [
R Typical Initial Discharges of ADITYA-U
1(8)3_ ................... #39628 ............ __Zg CerUIar Plasma OPERATION
= sof w " 11s=  with Toroidal belt limiter
20 T =  STARTED in: Dec. 2016
oL
— 4t
= 3 2em Plasma Current ~ 80 — 90 kA
ok = Discharge Duration ~ 70 — 80 ms
a3 )
cDE 2 16 E
2l | l 1s = Chord averaged density ~
= ol 2 L = lo & 19 -3
Ag_ e A R . _g _ 25x10¥ m
S 1 ‘ ey 1172 Electron Temperature ~ 250 eV
e e e 0
Elp 1a x
= o[ . o= = [R.L. Tanna et al, 2018 Plasma
£ 2 virnov Ji— 3 Sci. Technol. 20 074002]
0O 10 20 30 40 50 60 70 8(?
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;‘tla’; Comparison of Discharge initiation in ADITYA and ADITYA-U

~

ADITYA (poloidal ring limiter) Due to increased graphite surface area in ADITYA-U (=5 times)
ADITYA-U (toroidal ring limiter)

R B More (Twice) Volt-sec . [ Tom &
, 2 @ vy - . . £ 025/ ° ADITYAU .o |
5 ameress| required for Burn- £ izt
>, through in ADITYA-U 38 g -
c 80 N . § 015}
o0z Initial current rise S 010) et 2T
@ x40 > )
iE rate reduces by half 005! - _
S in ADITYA-U 0 20 40 60 80 100
Ic‘;i“z Shot label

< Carbon roll over time
=34 increases by factor of .| :%omaw
oL - £ | .
: 2 in ADITYA-U S ol R
; é’.?g High fill-pressure is s
52 required in ADITYA-U 5 oo,
gﬁ: Break-down generated Lo
kN g SR E oty ot ol L bt Runaway electron Shot label
T s 0 5 10 15 o_ 5 3 3 4 4 5 @liminated in ADITYA-U
Time(ms)
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0

r Disc

harg

— |, 32093

e e e

es of ADITYA-U

PLASMA CONTROL
INCLUDES

1. Real Time Plasma
Position Control

Actuators
: VIFPS for
Controller ! BV Coils | Plant Diagnostic
' PLASMA
FPGA FFPS for : ADITYA-U Paction
based FFB coils I TOKAMAK
Sensor
PID
L . :
! 1 1

controller in closed loop

[Poster by R. Kumar
et al, FIP/P3-58]
2. Auto Gas-feed
Control

100 \ \ \ \ \ I \ \ \ i ggu R
2 < ﬁ -
= 0 | | | | | | | 4 %gu
%Azo_—r \ \ \ \ I \ \ \ by g?
2210r -0 .
? 0 | | [ i [ 5 E‘ T ol
,-,4_ \ \ \ \ \ I \ \ \ o) E_ W
Icg Z_J\\L_ﬂr 1 §EZE-—-..___ VV 0 :
0 | [ ——pe—— T & :7 |
e \ \ \ \ \ I \ \ ‘(d)_ ‘o G\D img\ﬂ{ms .Im 1t|m :
0 \ | 1 | To————
=§4_ \ \ \ \ \ I \ \ \(e)_
iy . 1 Toroidal Field 1.35T
0 1= | 1 | — — ‘
?Elgf’\ " | Plasma Current | ~ 100 — 135 kA
8E 5
‘v o~ . | PlasmaDuration ~150-190ms
X321 i .
" — ., N Electron Density = 1-4.0x 101° m-3
o 4r—6r (h)-
;gg |- " F rl " | - Electron Temp 350 eV = 30%
0 ‘0_0 | | \ \ | J | | Jl
X 0 20 40 60 Tin?g(ms) 100 120 140 160 |On Temp 140 eV i 30%
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‘,@1 Experiments in ADITYA Upgrade Tokamak

Runaway Electrons:

v Generation, Transport, Mitigation using SMBI and Gas-puff etc.

MHD studies:

v" Modulation of Frequencies of MHD modes using multiple periodic gas puffs
v Presence and Absence of Harmonics of MHD modes

Radiative Improved Modes using Neon gas puff:

Current Filaments during Disruptions:

Neutral Particle Penetration:

v Radial profiles of Neutrals

R.L. Tanna et al, 27" IAEA Fusion Energy Conference, 22-27 October, 2018, Gandhinagar, India.
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Experiments in ADITYA Upgrade Tokamak

Runaway Electrons:

v Generation, Transport, Mitigation using SMBI and Gas-puff etc.

R.L. Tanna et al, 27" IAEA Fusion Energy Conference, 22-27 October, 2018, Gandhinagar, India.



Plasma Cur. Vloop

density (ne) Soft X-rays Hard X-rays Hard X-rays Ho

=
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(a.u.) Flux (a.u.) (a.u.)
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o
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Discharges with and
| —shot;31099 | (a) | WIthOUt RES

=——shot#32086

| | ' i X'RM; Significant RE flux when
/ .. I\ | thecChord averaged density

I

|

<1.5x10¥ m3 (RED)

Significant reduction in RE
flux when the Chord

Illl/ll

averaged density >

2.0 x 109 m3 (BLACK)

v Limiter hard X-Rays detected

using Nal (3 inch diameter) lead

) e | | , = shielded scintillator detector

0 10 20 30 40 50 60 70 80 90
Time(ms)
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;"la'f; Sawteeth generated REs and their transport
g3 —— 7 F . Correlated HXR bursts with each
mi T R e o = Sawteeth Crash
y % suggests that sawtooth crash
'y ol generates REs
%;‘ E...~20Vm1>E;~16V m™
q li;, N Induced electric field due to sawtooth

FHins; frie) crash > critical electric field required

Outer Boundary of m = 2

....... Comemeren®® 1 for thermal electrons to runway.
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N G
[
\
[
[
[
[
\
/
‘s
&

El

e — ™1 Overlap of m =2 and m = 3 islands
2 R AR OB R BSENY] _ _ Ne Overlap Region facilitates faster RE loss

g Y § “!  Islands with good surfaces in
z 7 ik NNNTIY | | between delay the RE loss.

= %o 50 55 60 65

[Harshita Raj et al 2018 Nucl. Fusion 58 076004]
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v'To enable deep neutral penetration inside the plasma z *°
v'A Laval nozzle of throat diameter 0.25 mm

100

—_ 7S ——— 31137 Wo SMEI
o i 50 — ——— #31143 with SMBI
= 25| rem | === 31143 SMBI Pulse
Il = = = 31137 No SMEBI
o R . =L === =7 = -

Vieop
(au) (V)
3 8
7

(a.u)

Time (ms)

Strong MHD mode rotation frequency
correlation = and RE reduction

=
L between
"*&L‘

(a.u)

L)
[=F=02=]
I

//‘ﬁ%—%\. |

—

L el ---u-n.:—-—"

(an) (@
O = NO=SNW ONBDH O b B0 & GO0 N B O

Bolometer CIl  SXR  HXR-Flux Hard X-rays Ho

d
¥
.

Higher the Reduction ) More RE flux

E o 10 20 30 40 50 60 TO 80 In mOde rOtatlon eXtraCtlon
Time(ms)
Sianifi duction in the RE e Interestingly, very little dependence on
ignificant reduction in the RE population MHD amplitude
~5% decrease in Ip seen following the SMBI pulse [Poster by S. Banerjee et al, EX /P4-4]
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Experiments in ADITYA Upgrade Tokamak

MHD studies:

v" Modulation of Frequencies of MHD modes using multiple periodic gas puffs
v Presence and Absence of Harmonics of MHD modes

R.L. Tanna et al, 27" IAEA Fusion Energy Conference, 22-27 October, 2018, Gandhinagar, India.
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[Talk by Harshita Raj, EX/11-1]
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Q Controlling MHD Mode Rotation frequency by Periodic Gas Puffs

29078

oop(V)

Ip(KA)/VI

Freq(kHz) dBo/dt

ne Freq(kHz)

Decrease in w*

o O
o o

-
o
T

- N
o ©
T |

Amount of Neutral puffed (a.u.)

19

0

20 40 60 80
Time(ms)

Experiment O

r¥

3

L L L " 1 . I 1
4 5 6 7 8

100

40 - 50 %

120

reduction with
~ 1x10'8 nos.

of particles’

Poster by N. Bisai
et al, TH/P6-23]

Decrease in w* (%)

MHD mode rotation frequency
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fury
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Amount of Neutral puffed (a.u.)

6

7

kyTe/e BL,

Application of gas-puff in the edge leads to....

Tl

Decrease in MHD mode rotation frequency

LT o'l

m‘ Application of periodic gas-puffs
lead to periodic reduction in MHD
mode rotation frequency

At x=2.7 cm inside from LCFS

Simulating the w* variation

. with neutral injection in the

edge using BOUT++ code

Confirms the decrease in
w* with neutral gas
Injection
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Experiments in ADITYA Upgrade Tokamak

Radiative Improved Modes using Ne gas puff:

R.L. Tanna et al, 27" IAEA Fusion Energy Conference, 22-27 October, 2018, Gandhinagar, India.



B Radiative Improved Modes in ADITYA-U

Shot # 32137 With Gas Puff
b Ll

Shot # 32093 W/O Gas Puff
100 40 T v T v T v r v 40 S h—
n | —=— W/O Inversion
80 i —— W /Inversion
60 N 20 [~ atT -~ 80-100ms — =9
=40 . z | g
20[ N E e e ] T =
: = | 2
E 100 8-20 |- Limiter - D z0
a 1 8o = S
—_ L 4 s < -40
< I ]60 & s &
2 h —_ S =
= L ] 40 = % 20 - atT -~ 40-60ms = 20
1 4 20 = = S s
L 4 S —
o o S ol — e A= ] --— of--
(<3 o L
= 4 | =20 - e at 35 - 65 ms Limiter
< N L
i _40 A A A _40 A A A A
e oL - o 5 10 g4 25 26 -5 o 5 10 15 '!4 25 26
>< L Minor radius (cm) Minor radius (cm)
0

o 20 4o Tn{g(;:s: “d00 120 Ve W/0 Neon [Poster by G. Vo w/o Neon
. | | | T (Counter) SISENSAZSOIE  (Counter)
| ' APPROPRIATE AMOUNT OF Ne PUFF LEADS TO
Increase In core temperature and density; Signature of

Lyl )RS INIENICUIN [Poster by M.B. Chowdhuri EX /P4-5]

Most Interestingly the direction of toroidal core plasma rotation
reverses from Counter-current to Co-current direction

i - Transition at lower edge radiation (=50 %) in ADITYA-U
= e = w o = » o comparedtoothertokamaks. (Under investigation)

Time (ms)
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Experiments in ADITYA Upgrade Tokamak

Current Filaments during Disruptions:

R.L. Tanna et al, 27" IAEA Fusion Energy Conference, 22-27 October, 2018, Gandhinagar, India.



;@i Thick filaments during plasma disruption in ADITYA-U

[Banerjee et al. POP 24 102513 2017]

Large number of filaments during Disruption
Estimation of Number of Filaments

Interchange turbulence in the edge
region of tokamak

Poloidal wave number k, of the mode
with highest growth rate is given by:

1/4
o
. kyO :( j
Fast camera images of shot #30878 D+v

With reduced o (conductivity) and sharply increased D (diffusivity),
kyo Will be smaller during the quench phase, leading to observation of several filaments

Theory conforms well with experimentally observed number of filaments

[Poster by S. Banerjee et al, EX /P4-4]
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1"|-> < Experiments in ADITYA-U

Neutral Particle Penetration:

v’ Radial profiles of Neutrals
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(RS Neutral particle penetration using DEGAS2 code

ADITYA and ADITYA -U

Measured and Simulated H_ emissivity profiles are matched....

limiter geometry

Set-up for measurements
of H, emission profile

| —— — — — — — o— -
=T :
3

Toroidal Axis 1

—— — — —— —
]

10 19

te

., emission ra

il

DEGAS2
Expt.(shot-29029)

S

Radial Profile of Neutrals

10 16

Neutral H density ~ 250 times
lower at the core than at edge

[Poster by Ritu Dey

et. al. TH/P8-5]

DEGAS2

Emission rate

10 13 .
0 0.2

0.4
p (r/a)

0.6

0.8

1.0

m2 g

~—

o.4a

0.6 Oo.8

o (r/aa)

...to,obtain

Atomic and Molecular
contribution in H, emission

-

o
-t
©

1018 =

10 17

0 0.2 0.4 0.6 0.8 1.0
p (r/a)

Molecules and
molecular ions
contribute only
at the edge
region (~4 cm)
within limiter
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IR SUMMARY

) A

ADITYA-U tokamak:
v The ADITYA-U tokamak is operational from December 2016.
v Upgradation include a new vessel, divertor coils, toroidal limiters etc.

v Improved Error fields facilitates breakdown in more than 2000 discharges without a single
failure. Successful development and implementation of real time position control.

v Achieved wider pressure window and significant reduction in runaway electrons (RESs)

Experiments carried out in ADITYA-U:

v Presence of multiple harmonics of drift tearing mode seems to be related to the presence and
absence of REs.

v A novel technique of controlling MHD rotation frequency by varying w* using periodic gas puffs.

v Significant reduction of REs by application of SMBI. The reduction depends upon the rotation
frequency variation due to SMBI

v Radiative improved modes with Neon gas injection with ~50 % of edge radiated power. The core
toroidal rotation changes sign after the Ne puff.

Shape Plasma Experiments will commence soon
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Thank you!
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