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Integration of PFC

Magnetics
*Cryo-pump
*Thermal couple
*\Water cooling

& <Anodes of DC GD
L84 eInternal coils

74 *RF antenna
*Poloidal limiters
*Divertor probes
eSupport structures
*Heat sink
*Graphite titles




Key elements in-vessel

Internal Cryo-Pump

y

Actively-cooled PFC ICRH antenna

(~9000 tiles)
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CW LHCD system

2MW, 2.45GHz, n=1.8-2.4




|ICRH system

RDL antenna « Maximum output power: 2.5MW.

Current strap

e Maximum pulse duration: CW (1.5MW)
 Frequency range: 25MHz-100MHz.

e Output impedance: 50 Q..

Feeder « Bandwidth with 50 Qload: 2MHz (-3dB).
e Fast shut off time: <10 s.

* Phasing capabillity.

Feed Fluid
line drive

'}
R0 e

A il

I\ —
Tk

t

ky fmi")

In collaboration with CEA, T$ 0,pi phasing 0,pi/2 phasing

Faraday shield Track




), EAST Diagnostics EAST

ASIPP

* Diagnostics in initial two campaigns, total 20
----Machine protection and plasma control, description of the basic
plasma performance with SS wall, H
5 new constructed, 15 moved from HT-7 with minor modification
* Diagnostics in 3rd campaign, total 25
----Same function above with graphite tile wall, D
8 new constructed, 10 modified for DN plasma configuration
* Diagnostics from 4th campaign, total 30
----Evaluation and optimization of the plasma performance

----Focusing on key profile parameters



Measurements for machine

operation, protection and plasma control EAST
Function Measurements Purpose
Machine operation and control | Magnetic diagnostics Ip, Vp, real-time magnetic surface recons. ,
Plasma initiation, shaping position gnd shape feedbac.k control
FIR DCN laser interferomet. Plasma line-averaged density
Vacuum gauge Vacuum pressure
: NP Tangential visible CCD Plasma image, in-vessel comp. insp.
Operation optimization Thermocouples Wall temperature uniformity
Machine protection------- Magnetic diagnostics Forces on in-vessel components
Disruption avoidance MHD modes, Locked mode
SXR array Sawtooth and core MHD
AXUV Radiation power profile
Hard X-ray emission FEB profile
Tangential visible CCD Plasma image, in-vessel comp. inspect.
Damage avoidance IR camera Heat spot
Bolometer Total radiation power and profile
DNB+CXRS, XCS Plasma rotation
Run away avoidance Nal/BGO detector Run away electrons
Operation safety 3He, fission chamber Neutron flux monitor
Impurity species and control OMA, UV-VIS, VB Impurity line radiation, spectrum, Zeff
Divertor optimization Divertor probe, ... Key Divertor parameters (density,
temperature, heat flux)




Measurements for plasma performance
evaluation and optimization

Function

Measurements

Purpose

Te profile

TS, ECE radiometer, XCS (X-ray
crystal system), SX spectrum PHA

Auxillary heating effects and optimization
profile control, transport

line-averaged density

FIR DCN laser interferometer

Fuelling optimization, transport

Ti profile

2-D XCS, DNB+CXRS

Auxillary heating effects and optimization

Radiation profile

SXR array, AXUV

Tangential hard X-ray
Ha/Da array

VB array

Bolometer

Core plasma, radiation power profile

Fast events understanding & control

FEB emission, LHW deposition & coupling
Recycling, edge plasma, Divertor behaviors
Zeff (line-averaged) profile

Radiation loss mechanism

Plasma-wall interact.

Tang. visible CCD, IR camera

Deposition of heat load, filament, ripple...

Impurity line radiation,
spectrum

OMA, UV-VIS, Fibre spectrometer
SXS spectrum PHA

Impurity species and density, dilution
heavy impurity concetration

Runaway behaviors

Nal + BGO detector

Run away electron dynamics

MHD instability

Magnetic diagnostics (Mirnov coil)
SXR array

Plasma performance, Beta, li, W,
Sawtooth and core MHD instability

Divertor param. (Ne/Te
profile, Impurity & influx)

Divertor probe, Mach probe,
thermocouple, Ha/Da, bolometer...

Divertor optimization, plasma flow

Neutron flux, spectrum

3He, BC501, fission chamber

Spectrum and emission profile

Vac. P of vessel diver.

Vacuum gauge

Oper. scenario optimiz., cryo-pump physics

Plasma rotation

DNB+CXRS, XCS

Performance improvement, ML avoidance

q(r) profile

SXR + EFIT reconstruction

EAST
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) ASIPP S

PSI RF Conditionning

ICR conditioning were successfully carried out in EAST,
a divertor SC tokamak with metal/C walls.

ICR cleaning, recycling control, boronization and
oxidation have been carried out and compared with
GDC.

High pressure and RF power are favorable for removal

of hydrogen and impurities.

Wider operation widows (EAST: 5-30kW, 10-4-10Pa
HT-7: 10-60kW, 10-4-10-?Pa) and higher removing rate

were obtained.

RF-Boronization has been routinely used for all

campaions with about 200nm thinkness. 30-60 min. He

RF conditioning was used for control recycling. Very

good plasma performance can been easily obtained.

RF-Li coating has been carried out. Higher plasma

parameters and lower recycling were obtained.



@7 He/O-ICR in EAST EAST

He/O-ICR were successfully carried out in EAST, a divertor
tokamak with metal walls. O-GDC would lead arcing, and it is
difficult to be controlled.

High pressure and conditioning power in He/O-ICR are favorable
for removal of hydrogen and impurities.

O-RF on a SS walls are beneficial for both H and C removal.
Highest removal rate are 7.8 X10%?H-atoms/h,4.2 X 10%?C-atoms/h
(20kW 7 X 10-?Pa), which were higher than that in He-ICR by a
factore of 5 and a few tens respectively.

During oxidation, C was removed by the formation of CO and
CO, and most of hydrogen released in the form of water
molecules.

Both He-ICR or He-GDC are effective way to remove oxygen.
Both O-RF and O-GDC could lead contamination on various
materials (W\Pure Graphite\Deposits\SS\Silicon).
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Physical engineering capability

Evaluation of superconducting magnets and related systems for steady-state

plasma discharges. Key issue=>AC loss
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@ Contol of divertor plasma

DN, SN, Ip=0.5MA,Bt=2-3.5T,t~ 10s, k=1.6-1.96,D0=0.3-0.6

EAST #3743@3200ms, EFIT
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High density plasma

~1.4Neg, EAp]

XU\VSignal ShotMo:4088

0.5
> " . """ EAST2006-2007
- B
¢ = 2006
o 2007
O o] o)
. 0 0.1 0.2 0.3 0.4 0.5
II E.Iec.tn temperature T, (%) | Sh 093 EeRth(‘lOzofsz)
4010# Bt=2T
200 ; i

-
o
o

3P ]

1 ! 1

/ Vloop(v)

I ﬁeL(.1019m£2) Greenwald limit

LI

1 2 3 4 5
time (s

T T

L Il
N I T T

' t Ha (ch.1)(a.u.)

Impurity screen by diverter

o o

N PO N MO W MO W OO
T T —T T
i
=
Y]
& 4
1 o1l i VR

1000 1500

t(ms)

_L_h-

500



&

EAST
T

Realization of Iso-flux control

In collaboration with GA
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Primarily realization of RTEFIT/ISO-flux control algorithm produced well
controlled plasma shapes and provide basis for further experiments




Plasma Ramp-up w/o LHCD

Plasma Ramp-up w/o LHCD assistant
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LHCD applied at plasma start up phase can significantly reduce the current
ramping rate in PF coils or voltage applied at PF coils, which increases the
safety margin of SC magnets and provide larger margin for plasma control



@ Optimization of Start up and Termination

EAST #4654@20ms, Field
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Divertor Physics Experiments

Assessment of basic divertor plasma behavior

Effect of divertor configurations — Comparison
between single null and double null

Divertor asymmetry and drift effects — Comparison
between normal and revered toroidal fields

Effect of gas puff locations on divertor asymmetry and
fuelling efficiency

Divertor screening for intrinsic carbon by CH, puffing
Active control of divertor heat flux by Ar puffing

Effect of divertor cryopump



EAST Divertor Configurations

hg20090508.asipp.1a

EAST has flexible poloidal field controelisystem, allowingieth

single nullland double'null’diverter configuraions:



Divertor Plasma Detachment Was
Clearly Demonstrated on EAST

Pulse No: 11668 (DN, Reversed Bt)
Sheath-Limited
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Plasma detachment reduces peak particle & heat fluxes) asswelllasiassociated

material damage, essential for'steady-state operations:

)




Long Pulse Discharges ASIPP

Shot#8941 & Shot#8933

(ABY) 0)8 1

F{mm) R (m)

Time (s)

Repeatable long pulse discharges up to 23s has been achieved in elongated
plasma. Main limitation...
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First LHCD experiments

Shot #8460

LHCD up to 800kW was injected into plasma at Ip=250KkA in 2008.
The current driving efficiency 0.8*1019 Am-2W-1 at Ip=250kA
Significant electron heating has been observed.



DN

Gap=3.9cm~5 3cm

Gap=8.8cm~-10.1cm

LLH wave coupling
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LHW coupling optimization by regulation of gap between the launcher mouth and the
last closed flux surface and plasma shape according to plasma density

ptal RC: 5~7% has been achieved for routinely LHCD experime



LHCD efficiency
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Full LHCD experiments

300 - EAST Shot# 14290
200 |

Fully non-inductive discharge has been .
achieved both in DN and SN configuration. 08
*Higher injected LHW power results N
lower li, meaning off-axis CD.

*Power deposition peaked at rho~0.5
*The electron temperature profile was not
significantly changed
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Long Pulse Discharges
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Improved LHCD system, particularly control of power supply

* Optimized LHW coupling under reliable plasma shape control based on
EFIT/losflux control algorithm

» Higher fuelling efficiency from Dome (see divertor experiments) reduced the

fuelling gas amount for same line averaged density, e.g. retention of gas

See video



EAST near future Plan

2010--4 2010--11 2011 2012 2013
Ip(MA) 0.5-0.8 0.5-1.0 0.5-1.0 0.5-1.0 0.5-1.0

R(m) 1.85 1.85 1.85 1.85 1.85
a(m) 0.45 0.45 0.45 0.45 0.45
K 1.5-1.9 1.5-1.9 1.5-1.9 1.5-1.9 1.5-1.9
A 0.3-0.6 03-0.5 0305 0306 03-0.0
ICREF(MW)
30-110MHz 1 1 4.5 4.5 4.5
20-70MHz 4 4 4.5 4.5 4.5
LHCD(MW)
2.45GHz 3 4 4 4 4
4.6GHz 4 6
NBI(MW) 4
ECRH(MW) 4 4
Diagnostics 30 30 35 40 40
configuration SD,DN SD,DN SD,DN SD,DN SD,DN
Ptotal(MW) 8 9 13 20 25
t(s) 10-200  10-400  10-400 10-400  10-400
t(H-mode)s 5-20s 30s 40s 60s 100s

EAST



@ CAS-MCF-theory center EAST

Try to Build a Close Coupling
between Theory and Experiments
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EAST

) ASIPP

New wall Conditioning techniques

ICR conditioning has been successfully

carried out in EAST
B recycling control, boronization, Li coating and
oxidation in comparison with GDC.
v' High pressure and RF power are favorable for
removal of hydrogen and impurities.

HF conditioning was tested with very simple
arrangement

Both are promising for ITER



ASIPP

EAST

Providing Experiences for ITER
Main PSI Issues

Full C PFC (-2010): 2 MW/m?, 350
°C

WI/Cu divertor(-2014): 400 °C, 10
MW/m?2, liquid LI divertor

Full W PFC (-2016), > 500 °C

RF wall conditioning techniques ir
divertor devices (cleaning,
Isotopic control, boronization).

Develop Tritium removal
techniques that could be
applicable to ITER.

Steady-state erosion, redepositior
and dust formation.

In-situ control of T-codeposition
and inventory by surface
temperature control.
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EAST
@ ASIPP

Providing Experiences for ITER
AT SSO Issue

« Technologies for SS H&CD (LHCD,
RF, NBl, ECRF)

 Coupling to the AT high performance
plasma.

 Extend pulse length to steady-state
condition with fully non-inductive
current drive (LHCD + Bootstrap).

« SS ELMy control and mitigation
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3 _Tokamaks in university
For education

There are 30 stuff +40 students for
tokamak experiments.

Theory group: 10+10

Material: 10+10

Others:20+20

J-TEXT in Huazhong Univ. SUNIST in Tshinghua



Status of HL-2A

*R: 1.65m
‘a: 0.40 m
*Bt: 1.2~28T
* Configuration:

Limiter, LSN divertor
Ip: 150 ~ 480 kA
! T e NN N S *ne: 1.0~6.0x10¥m3
! | J ¥ _.)‘ o = ?{. %
%" A oTi:  05~15keV

Auxiliary heating: Fueling system (H,/D,):
ECRH/ECCD: (3+2 MW Gas puffing (LFS, HFS, divertor)
(6/68 GHz/500 KW/1 s)
modulation: 10~30 Hz; 10~100 % Pellet injection (LFS, HFS)
NBl(tangential): 1.5 MW SMBI (LFS, HFS)
LHCD: 1 MW LFS: f=1~80 Hz, pulse duration > 0.5 ms

gas pressure < 3 MPa
(2/2.45 GHz/500 kW/1 s)
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ELM H-mode on HL-2A
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¥ </ Physics of energetic particles

Toroidalcity induced Alfvén
eigenmode (TAE) during NBI
E-fishbone on HL-2A during ECRH
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HT-7
Hl-/ e&%@%mems B

-@

Main Mission: Steady-state high performance operation and
related physics and technologies

SS real-time PF
PS& cun‘l‘rﬁl ....................................

R=122m, a=0.27m,
Ip =100~250 kA, By = 1~2.5T




ASIPP

HT-7

.

Repeatable 400s discharges (T,,~1.0keV)
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- @ ASIPP m

CN-ITER HoOme Teams

e Join the negotiation from 2003.2
e [ITER-CN national committee
e Join ITER and ITPA activities

e CN-ITER home team ( Hefei-Chendu
branches) has been established.

« CN-Package: Feeders, Correction colils,
Magnetic supports, PF conductor, Blanket,
Transfer cask, AC-DC converter, Diagnhostics,
GDC and fueling, TBM



ITER-RD

SC magnets

R&D for
ITERrelated
technologies

HTc feeder Plasma y | Cryogenic

control




@ ITER_CondUCtor Multi-Vender activities

i, .\— ,-;-' '*‘l

4100

11 i "4

316LN Tube: Integration:ASIPP

1000m jacketing line
In ASIPP



ASIPP ITER

R&D of TBM

First wall Cover
PSP LiPb header He inlet { He Purge | Plugging mebr +He .

Back plates 7 Detritiation nit Magnetic Trap

LiPb %4
SiC channel s::b-pipe X‘ XT Flow leter $ %
TBM X
inserts - MT draining &
LiPb mainfold > Py —pk Lok > LiPh/He
Bypass
P % —@—Heaﬁng < IE-:Iealt]
pe SP . P xchanger
-+ Pump -4-& + % 2

; o

Attachrments Flow Meter 2{ X“
T type SP2 acimen : o Vi T

Shear Key J Cold Trap . €

Support and .
Measure access He outlet _ {Ph. Tank....._. B He inlet

He header Birrrau =={(9) : L Lo

i CT Heat

pol.

-
rad.

He mainfold Fxchanger

Durmp Tank Fill Drain k1

Dual-cooled He/LiPb (DLL) TBM
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Feeder

TF feeder: 9
STR feeder CC Feeder
’ PF feeder: 6
PF Feeder
CS feeder: 6

CS Feeder

CS/TF joint feeder: 3

CC feeder: 5

Diagnostic feeder: 2

Total: 31 different feeders



Detail design is nearly finished

CTB




Current kA
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HTc current leads
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R&D Is going
(Proto-type HTc feeder testing)

N ER A



Near term CN-MCF Plan (2020)

ITER construction
 ASIPP: Feeders (100%),

Correction Coils (100%),
TF Conductors (7%) , PF
Conductors (69%),
Transfer Cask
System(50%), HV
Substation Materials
(100%), AC-DC Converter
(62%)

SWIP: Blanket FW (10%)
&Shield (40%), Gas
Injection Valve Boxes+
GDC Conditioning System
(88%), Magnetic Supports
(100%),

Diagnostics (3.3%)

Enhance domestic
MCF

Upgrade EAST, HL-2M
ITER technology

TBM

University program
DEMO design

Material



Y. WU et.al, J. of Fusion Engineering and Desizn, 2006, $1(23-24): 2713-2718

m <D ASIPP

FDS Series Fusion Reactors & Blankets
Conceptual Design for Plants

@ FDS-1I: Fusion-driven Subcritical System
tor early applications of fusion (multi-function)

e.g. waste transmutation, fuel breeding etc.

@ FDS-II: Fusion Power Reactor

for highly efficient electricity generation

@ FDS-III: High Temperature Fusion
Reactor

for advanced applications. e.g. hydrogen

production DLL/SLL

@ FDS-ST: Spherical Tokamak-based FDS-III

Reactor

_r ' 1000°C

for exploiting and assessing innovative conceptual
path

HTL




o CFD

ASIPP

Development of LiPb Loop Technology

Operation/Fabrication/Design:

* Thermal convection loop (compatibility)
DRAGONA : 21655, 500°C (in operation)

DRAGONAI : Inconel, TOOC {in operaticn)
DRAGON-II: SiC/SiC, T00-1000°C (in fabrication)

DREAGON-I

¥ Design Objectives:
Thermal conwection loop (S00°C)
Compatibility of CLAM and 316L
steel with LiPb.

+ Main Parameters:

* Forced convection loop (MHD) Loop Size _ 2 0.3m < 0.3m
DRAGON-IV: 480-T00°C {in fabrication) Structural Material : 333151
- Auxiliary system for TBM in EAST e R 1 P
« Auxiliary system for TBM in ITER Flow rate 2~ 0.08mis
DRAGOMN-III DEAGON-IV
--; ¥ Design Objectives: + Design Objectives:

High temperature (T00-10007C)
thermal convection loop

Pursue the manufracture of
SiC/5IC materials for fusion

Compatibility of 5ICHSiC with LiPb

v Key issues:

Fabrication of SiCJSiC Loop
Connection technalogy
Heating method of high
temperature {up to 1000°C)

SiC,/5iC
Loop

Quartz
Loop Baze

MHLO Experiment
(=2T, 1mis); @

Gerenral corresion l

j_
—
in flowing LiFb: - | %
800°C; 1
1 n

1
Stress corrosion: I.F.'

v

max~5S0kHM.

v Key issues:
Structureal Materials
LiPk Purification
Loop construction and measurement technology

DRAGON-II

+" Design Objectives:
High temperature (TO0°C)
thermal convection loop
hat leg: TOOT
cold lag: 480-640°C
Obtain corrosion results
for the TEM-DLL concept

v Key issues:
Material selection (TO0'C)
Fabrication technology
Smelting of Large quantity
LiPk




= CFDS ASIPP =
Design and Analysis Tools Development

1. Multi-functions neutronics calculation code system: VisualBUS

2. Multi-physics (neutronics, thermalhvdraulics, MHD) coupling simulation
codes: NTC/MTC

3. System Engineering (safty/economy) analysis codes: RiskA. SYSCODE
4. Fusion virtual assembly system: FVAS
5. material database and component reliability database management system:

FUMDS. RiskBase

~ 50~100 man-years < r

each program

Key Tools for Fusion/Fission Reactor Design & Analysis




= CEDS ASIPP

Roadmap of Fusion to DEMO

- “‘l-
aste Trun.'gzmuluriun
Fuegl Breede,
*En erey Muj tiplicy tion
. .\r'lurm-ials Test

~15 vr earlier
EAST Concept & Eng. design

Now-2015 2030~2040 2050




ASIPP

Other Activities in ASIPP

Main research Activities

* Magnetic confinement fusion
and high temperature
plasma physics

 Fusion engineering and
technologies Reactor design

e High magnetic field

 lon beam implant biology

* Low temperature plasma
and application

e Superconductor and cryogenic
engineering

* R&D of solar cell

Manpower and Team

e Permanent stuff 450
e Contract 100
e Average age 42

e Senior researchers 46
» Associate professors 80
e Graduated students 416

e Post doctors 6
e Divisions 14
e Centers 2

* R&D Companies 2

&
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@ ASIPP

Summary

With HL-2A, HT-7 and EAST operation, China will
make more efforts for fusion development.

With ITER project, China will work more closely with
other 6 parties for fusion research.

More close cooperation between China and USA will
beneficial fusion research.

ASIPP would like to have close cooperation with
ORNL for the early use of fusion energy.



ASIPP EAST

Thanks
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