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(&) Mission & Objectives of CFETR

Nission: Bridge gaps between ITER and DEMO, \

realization of fusion energy application in China

e A good complementarities with ITER

e Rely on the existing ITER physical ( k~1.8, g>3, H~1) and technical
(SC magnets, diagnostic, H&CD) bases

e Demonstration of the burning plasma with P, = 200MW~1000MW

e Demonstration Long pulse or steady-state operation of burning with
duty cycle = 0.3 ~ 0.5

e Demonstration of full cycle of T self-sustained with TBR over 1.0

e Exploring options for DEMO blanket & divertor with an easy
changeable core by RH

e Exploring the technical solution for licensing DEMO
Qith power plant potential step-by-step approach. J
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9) The advanced design and 3D
b simulation platform has been set up




i@ Advanced features of the design platform

¢ Advanced data compression
technology
« Complete data sharing

* Remote design on any terminal

on the internet

s Centralized data Storage
® High correlation and
traceability

= Safe and data tolerant

= Frequent 3D stereo review
= No need of physical mockups

# [naccessible positions in

reality become examinable




First Design version of CFETR (2011.11-2015.5)

Phase I

- I,=7-10 MA
B, =4.5-5.0T
« Ry=57m;

« a=16m;

« k=1.8~2.0

* Qo523

* By ~2-3
Psusion - 200MW

Phase II

Possible upgrade
to R~5.9m, a~2.0
m, B,=4.8 T,
I,~15MA

P sion : 1000MW
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Key parameter investigation (180VS)

-SS |de
8 9 15

P..x«(MW) 65 65 65 65 59 65

I, (MA)

Pay(MW)

Y 3o 3.9 3.9 49 52 39
171~174 193  270~278 255 287 540
197~230 209 468~553 [187~210 | 409 356 1000
M 3035 32 7.2-85 6.3 6.0 15
IV 178~185 29 19.8~20.820.6~21 |21 19 25
0.75 0.52 1.06 0.94 1
0.6 0.42 0.85 095 0.82 0.85
' 159-1.62 1.S8 2.51~2.59 297 30 27
~2.0 23 3.1~3.25 297 28 42

/3.9 48 47
1.29 194 1.88
0./73 05 1.38
2.76 3.0

f, (%) 31.7-32.3 358 50~51.5

PO 1.82~1.74 155 1.57~1.47

NXIWB) 0.35~0.41 0.37 0.98

l.p(MA) 3.0~31 7.0 2.45

1 1.3 1.2 1.5 157 1.2
: 292() 120
Tourming(S) 1250 SS 2200 .SS S 1200
B=4.5T; R=5.7 m; a=1.6 m; k=1.8 ~2.0 e 4T




'/ The first design version has been summarized
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&) Key issues for CFETR mission

/ Obtained

Burning Plasma
for fusion power

Steady-state operation
for fusion energy

Breeding Tritium
for T self-sustained

N

N

1. Lager device (B, R, a K)
2. Standard H mode

3. Advanced operation scenario

4. Increasing flux to sustain

longer Ip
5. CW Ext H&CD (NB,EC,LH,IC)

6. Higher f,
7. Higher energetic a heating
8. Divertor physics and tech.

9. T-breeding by blanket

10. T-plant: extract & reprocessing

11. Materials
12. RH

13. licensing

=,

/

- 12 -



() New design version (2015.8-2016.8)

/ Easy transfer from Phase I to Phase II \
T

he key points changed:

o Larger size:
R=6.7m, a=1.95m
o Higher B;: 5.0-7.0 T
o Advanced CS magnet:> 480 VS
o Lower Ip: 6-12MA
o 12 TF coils for easy RH, H&CD

o More reliable Plasma targets

o Higher confidence for STE

&oals




(&) CFETR Physics design

ﬂ) system code + 1.5D integrated modeling \
(OMFIT, EFT, ONETWO, GATO, TGYRO/TGLF, NEO,

ELITE)

o Off-aix NBI + ECCD, LHCD are major H&CD tools
together with bootstrap current for SSO

o Using 800 kV NBI( 1.1MA/10MW) +190GHz ECCD
for phase I operation.

&
2.4 220 6 800

— MNBEC — MEBEC — HMBEC

— MNBECLH ; - NBECLH = — NBECLH
1.8 5 ECLH 600 — ECLH
N
. 5 3y
1.2 o 40 @. 400
(=8

'\.l"-
.-'; —~ .I".l."-, A —
06 § o / - 3 I"."-. —m 200
a | N
'g.t}ﬁ 0.25 0.50 0.75 1.00 S.I'_'IU- 025 0.50 0.75 1.00 g.ﬂl'.'l 0.25 0.50 0.75 1.00
rho rho rho

14 -




ii@f} More effective current drive -HFS LHCD+Top ECCD

HFS LHCD
TOP ECCD
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W with Larger Size Have Been Evaluated

Two New Fully Non-Inductive CFETR Scenarios

® Computed with self-consistent core-pedetal-equilibrium model under OMFIT

Previous Phase I 0D Phase I Phase II 0D Phase II
Ry, a (m) 5.70 / 1.60 6.60/180 | 6.62/1.79 | 6.60/1.80 6.63 / 1.79
NBI Input Power (MW) 10, 58.5 13,22.8 132 20.0,14.3 62
NBI Voltages (keV) 100, 400 100, 500 / 100, 500 /
NBI Absorbed Power (MW) 59.3 32.2 / 33.9 /
EC Power (MW), Freq (GHz) 8,170 20,230 / 20,230 /
EC Absorbed Power (MW) 8 19.8 / 20 /
Fusion Gain Qgys 2.0 3.0 1.5 14.9 16.4
Fusion Power Pgys (MW) 149.5 169 200.4 811.0 1019.2
B (T), I, (MA) 5.0,10.0 6.0, 7.6 5.8,7.5 6.0,10.0 5.9,10.0
NBI CD Iygi (MA) 5.5 2.0 / 0.9 /
RF CD Izr(MA) 0.3 0.8 / 0.6 /
Bootstrap Igs (MA), Fraction fgs 4.3 (43%) 4.8 (64%) 3.8 (50.%) 8.4 (84%) 7.5 (75%)
Central Tig, Teo (keV) 23.5,24.9 18.8, 25.3 12.7,12.7 25.6,33.5 21.7,21.7
Central Density n. (10%°/m3) 0.80 0.80 1.2 1.4 1.6
Greenwald Density Ratio 49% 51% 82% 87% 81%
LEFr 2.1 2.0 2.0 2.0 2.4
Bn, Hosy2 1.90, 1.02 1.89,1.32 1.60, 1.0 3.15,1.34 2.81,1.5
Neutron Wall Loading I'yw (MW/m?) 0.22 0.19 0.21 0.92 1.03
Diverter heat loading Ppry/Ro (MW /m) 15.7 10.4 / 25.8 /

by GA-CFETR team

- 16-
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v #  Requirements, and Lower Divertor and Wall Power Loading

AN

2

a3

Y New Larger CFETR Reduces Heating and Current Drive

Previous New Phase I | New Phase Il
Ro, a (m) 57,16 6.6,1.8 6.6, 1.8 CFETR
Pngi, Pecu (MW) 68.5, 8.0 35.8,20.0 33.9,20.1
Fusion Gain Qgys 2.0 3.0 14.9
Fusion Power Py,s (MW) 150 169 811
Br (T), I, (MA) 5.0,10.0 6.0,7.6 6.0,10.0
Bootstrap Fraction fgs 43.3% 63.6% 84.4%
Normalized beta 8 1.90 1.89 3.15
Hogy2 1.0 1.3 1.3
Neutron Wall Loading I'nw (MW /m?) 0.22 0.19 0.92 Previous
Diverter Loading Ppiv/Ro (MW /m) 15.7 10.4 25.8

*Fully non-inductive CFETR scenarios have been developed with a
self-consistent core-pedestal-equilibrium model

*New larger CFETR reduces heating and current drive requirements,
lower divertor heat flux and neutron wall loading, higher bootstrap

current fraction and H98y2 at similar 8

*Higher B\ ~3.2 Phase II configuration requires a close conducting wall
for n = 1,2 ideal stability but for Phase I dont need the conducting wall

by GA-CFETR team
- 17 -
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i conductor for coil 1 conductor for coil 2
e .
| i b 7N cable '
| | 2 e
| “H—coil case Lo jacket - 5
L NS
; - I N/ |
| insulation
Y w - -
| - 45
| Parameters for TF magnet

~ Parameters Coil 1 Coil 2
high J,(3000A/mm?) Nb;Sn
strand @ 1.0mm strand
No. of SC strand 1350 270
2200 R . Turns 66 154
2637 _ 10595 .
oo s gpieYrastlTng current for 64.3KA
3105 - 10910 t
3175 1131 Bmax in coil 14.3T 11.4T
11383 Max Force 643MPa
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()  Advanced plasma equilibrium shape

Z[m]

Ip= 11MA g160226.01110 Ip=11MA g160226.02110 Ip=14MA g160226.01210 Ip=14MA g160226.02210
‘ PFIU 1 b M P ] b &pplu A PP
51.2 53.5 0.4 .
% PF2U &PFZU 1 8 & PF2U-
csau 125 csau 21 -7.7
159 5.8 6 .
csau
7 o { f PF3U
Xz os2u X, ) 31.1
. 18.2 i
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£ E H E o
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| - Niks
' ] csaL \F PF3L
@;;F csaL @{ D 1‘\:\\:\ -34.7 4
Y38, 0.3 ‘\ ] vg\.\\
cssL % _i 0 \
s
csat \ R PF2L
% PF2L - X PFL | ‘;‘ 512
6 22 54
o
% PF1% bCH @ DC2 0F 4o ’ \ &%m IX4%%2
L T 2 4 6 8 10 12 14

Ip[MA] | Type R[m] | a[m] Py L P A K q9s
11 Snowflake | 6.72 1.76 1.59 1.02 0.025 0.33/0.63 | 1.99 3.9
14 Snowflake | 6.72 1.75 1.1 0.95 0.024 0.33/0.63 | 1.99 33
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i‘&;@_} Helium cooled ceramic breeder blanket design

Material section Main features

> LiSIO, as tritium lbreleder » Modularized breeding unit
» Be as neutron multiplier. . :
. > Multi-layer back plates manifold
> RAFM steel as structural material. utti-iay P S !
» Tungsten as armor material of the FW Coolant : s MPa, 300 °C inlet/500 °C outlet

AN

For Phase-ll 6 (Tor.)X5 (Pol.) breeding unit, each has two U-shape breeder unit. TBR: 1.15

4T R -
m-n
¥

== = ]

Ferstwadl

—

Breeder (Y] Neutron multiplier

4Mmm

Typical module structure Modularized breeding unit Temp. distribution

- 20 -



@ Water cooled ceramic breeder blanket design

Material section Main features

: - . » Coolant: 15.5MPa, 285 °C inlet/325 °C outlet
> Mixed breeder of Li,TiO; and Be,,Ti : ’
> A bit of Be to improi/e n?autrons ?rzmltiplying »> The cooling plates and the breeder zone parallel to the FW
5> RAEM steel as structural material ' » The compact coolant enlarges the breeder zone.
> Tungsten as armor material of thé EW » Purge gas is directed in the toroidal direction to reduce its
pressure drop.
For Phase-| 4 (Rad.)X 4 (Tor.) mixed breeder %opes and 2 (Rad.)X4 (Tor.) thin Be layers TBR: 1.21

Tritiussy bieedey  THACTING platcs

s
i ] T

o
ugfemis
Pt
gt

Ukl ]

Uo7
e S0

Neutron flux Tritium production rate
. . . 6] i
- Module structure L ______disibution _________ (PFO6, Lo case) _ _
For Phase-Il 8(Rad.)X4 (Tor.) mixed breeder zones and 2 (Rad.) X4 (Tor.) thin Be layers TBR: 1.1
12k Shielding capability for TFC

B Temperature C Item Limits value
E aso
= TB3.5
So.sl- 737 “Fastneutron (>0.IMeV) fluence  1X 10 3.67X 1016
Eﬂ B2a in TFC conductor (n/cm?)
.uﬂ.E- - S67.5
K 4545
S0-4F asa Fast neutron (>0.1MeV) fluence 5X10%7 1.10X 10%7
. 285 inTFC insulator (n/cm2)

& AN Cu=iAE W - ] 4

- |
HE I IS =N = e [ o . - : : - "
— I S — Nuclear heating rate in TFC 2X103 2.19X 105
liglier & ¥
" ! e © %ﬂdlal?:lfr-cligi-ﬁm} o8 ! case(W/cm?)

Module radial building Temp. distribution along radial Nuclear heating rate in TFC 1X103 1.88X10°5
direction conductor (W/cm?3) - 21 -



iﬁﬂ Tritium cycling systems (T-plant )

e 3 main loops for tritium recovery:

» Inner cycling:
- Tritium recovery, isotopic separation from plasma
exhaust gases and re-fueling to torus.

» Outer cycling:
- Tritium extraction and measurement from in the
full breeding blanket.

» Tritium confinement and effluent detritiation.
® Main parameters for tritium process flow
(4500s of time span for cycling):
» Inner cycling: ~357g T/shot, 2m3 ( D,,T,)/h
for TEP and SDS, >4m?3/h for ISS .
> QOuter cycling: tritium extraction every two
weeks to get more than 2009 of pure tritium
from the breeders.
> Tritium confinement: 3g/a of enviromental
tritium release at current stage, to be
minimized as 0.6 g/a for the future.
® Key technologies development for each
sub-system are in progress

— FR— & Safery
leasdkescscscscscsassa=s== |

Simple block diagram of CFETR tritium plant

The makeup of startup tritium for CFETR.

nami In-vessel Retention
LR Burnup Oy

(%) (g) C retention in FCS

Backup Total
(g) (a

(a) (g (9)

Totally, CFETR may need around 2 kg of tritium for startup.

- 22 -



@’i} RH strateqy of CFETR

RH strategy plays the key role for the CFETR’s high efficiency and reliability maintenance.
The vertical port maintenance scheme with multi-module segment blanket and divertor
was preferred for in-vessel components maintenance. It will make the RH simpler and more

efficient.

Top corridor and crane

L]

I I Maintenance CASK

alntenance RH -
- Transfer cask system

Assembly hall
i 1

P et - P ca—

RH system cell Hot cell

5 Sl Tokamak Building

Hot cell RH

Toroidal remove RH

The vertical port maintenance scheme for in vessel components
- 23.
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Il

DC1 DC2
Dimensions of CFETR
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@i} R&D strategy of CFETR

Advanced Diverter

II B T

wd ey i e L L Ll =T e
i— B e g s Sw Lesw S e e RO S

B e

First wall and blanket materials

Tritium loop system
and radiation protectiog

Other physical research: talent
Diagnostics etc. 2 e

- 26 -
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7, Other important R&D for CFETR

o Auxiliary Heating & CD:
v Off-aix NBI (0.8MeV) + ECRH (top , 190, 230GHz)
v LHCD ( HF , 4.6GHz ) +ECRH (top , 230GHz)

o Advanced Superconducting Magnet
TF (Nb3Sn, 7.0 T); CS ( Bi 2212 CICC)

o Advanced Divertor (X-Divertor, >20MW/m?)
o Blanket ( He gas, water cooled )
o T-Plant (99.9% T recovery )

o Materials ( First wall, structure )

N /

27 -




(&) R&D for RF Sources

LHW:

EAST: 2.45GHz, 200kW, CW
4.6 GHz, 0.3MW,CW

CFETR: 4.6 GHz, 0.3-0.5MW,CW £_ -

7.5GHz. O.5MW. CW 2.45GH.\ 200kW 4.6 GHz, 0.3MW  140GHz, 1MW, CW
[ ] L) I

EAST: 140GHz, 1MW, CW

5x8 hours testing for Klystrons;

170GHz, 1MW, CW

CFETR: 170GHz, IMW,CW "\~ —
230GHz, 1MW, CW Gyrotron: Start commissioning @ 2016.12

- 28 -



Tes (K)

b gL

NbTi S _2 -

NETIERE 2 .
weTi A L . I 5 | =W

Fid A n g

CS Model Coil -Nb;Sn (baseline)

Coil Parameters

Design Parameters of CFETR CS Model Coil

Max. field 12T
Max. field rate 1.5T/s
Inner radius 750 mm

Coil structure

Hybrid magnet
Inner: Nb,Sn coil

6.9 3
6.8 3
6.7 3
6.6 3
6.5 3
6.4 3
6.3 3
6.2 3
613
6.0 3
59 3
5.8 3
57 3
56 3
55 3
54 3
5.3 3

"Ill. =
L
<4
L)
z
i

|CFETRCSMCI

L

R

L #3850+-WUCD1
R #3850+WUCD1
LWucDz2
RWUCD2

A s d ¢ B

L & L#3850+WUCD1 + LwWwucD2
R » R&3ES0+WUCD1T <« RWUCDZ |

PITY PTTY FRTTY (AT FTTTU PRTTY PRAT PTUTS FETTY [TUTY (TYTLTTI0 (EATY PTAW] PTTR SORTY FTOR1 [T

Conductor type

Nb,Sn CICC

523

5.1 3
5.0 -

i “ITER acceptance criterion for the CS conductor at 10.85T SULTAN field 3

R I AL L LYy

Cycle

- 20



@ CS Model Coil (1/3 size) — 2212 CICC (Target)

1600

1500
1400
1300
1200
1100 4

= 1000 I.

9001

good | *

700 4 \

600 4

500 4

4004 |

Je (Afmm

200

Bi2212-High temperature Superconducting Central solenoid

CS coils include eight Bi2212 coils. Each coil

T2l T

TR

—a— TER Nb3Sn (WST)
—e— Bi2212-1atm
—&— Bi2212-50atm

i
¥ S|

Eaaianls

0123 456 7 8 9 1011 12 13 14 15 16
Field (T)

consists of 14 double pancake

E%%ssss

1Conservative: enhanced Nb,Sn: 360VS 4-6h
:Ideal: 2212CICC, 480VS, ~8h (for Ip=10MA)

1 @%
(x>
P
Gl

i Batch production for 200-m long © 1.0mm wires
| 4.2K, 14T:  Jce > 750A/mm?2, ITER~ 320A/mm2,

' 4.2K, 20T: Jce > 660A/mm?2, ITER ~200A/mm2,

1 Jc-B property may be increased for 3 times.

T
0

conductor




Z[m]

New Divertor validation

56603@3.0s

Ip= T0MA g 221801120

i'ﬁr”CFETijj

AST-SF s
- 250 - - : : : e
<150
(L] = . . . . . Plasma Current
T T
; | t Loop Voltage
PRIB | 4g00 P 1 i
E 500
05 1% LHW (2.45G)
0 ] 1 1 1 ) I
0 | | | . LHW (4.6G) -
s 1500 ' ' '
1000 |-
0.5 12 5ol NBI 1
0F T 1 ] - f f
; PFIR | NBI 2
o 2 Y s 5 T S Ve TR T
1.5 F & PF12 Time [s]
Joint Exp.with ENEA
0.5 1 1.5 é 25 3
R [m]

Physics: field expansion + radiation; Reduce the heat detail
simulations ( 5y ) + experimental validation (5-8y )
Engineering : design & manufacture of key components

W mono-block: >20MW/m?
W-Cu mono-block : > 20MW/m? ( 5-10y)

Inner+external coils optimization is underway up 15MA ( 12MA

- 31-



R&D for Divertor Target

Monoblock W/Cu Efforts for 30MW/m?

5000 cycles at 10MW/m?2
300 cycles at 20MW/m?.

Flat tile
W/ODS-Cu
Tw = 1650C

5000 cycles 1000 cycles Tcu = 520C
at 10MW/m? at 20MW/m?




&) CFETR T-plant technologies

EE—— ]
},giﬁ;lﬂzlil;“g technologies 2 Tritium Analysis and Monitoring
P v Tritium on line detection by gas chromatograph

v'Hydrogen isotope separation
v Tritium removal/recovery in tritiated gases

v'Radiometric analysis

Integrated hydrogen permeation Cryogenic Distillation Solids contained tritinum desorption and mllectmn

3 Tritium safety techniques 4 ITER TBM tritium systems
:%ﬁ:ﬁ‘;:;ﬁ::{::ﬂmm v'Tritium Extraction System (TES)
" : v'Coolant purification system (CPS)

v'Tritium permeation barrier
P v Tritium measurement system (TMS)

D.S. for inert gas Metallic getter approach



@ In-Pile Tritium Release and Extraction Test

Maximum load 400 g

Tritium productionl Ci/day

Online thermal conductivity test
Irradiation temperature 400 ~ 850 °C
Neutron flux ~5%10%3n cm-2s-1

Maximum load 500 g

Tritium productionl Ci/day
Online refueling, irradiation
Irradiation temperature 300-750 C
Neutron flux ~5x1013n cm-2s-1

China Advanced Research Reactor . 5,



@ Materials Research Activities

(Simulation, manufacture, validation)

O Low Activation Martesitic steel

= 5 ton smelting with good control of main compositions
O Irradiation properties and TBM Fabrication

= High-dose neutron irradiation experiments
( Spallation source ~20dpa )

( High Fluence Engineering Test Reactor ~2dpa )

= Fabrication of test blanket module (TBM)
( 1/3 scale P91 TBM, 1/3 scale CLAM first wall )

W material study scope: W alloy; W coating; W/Cu component

Conventional Powder Metallurgy Samples: High Purity W, W-TiC (Chemical vapor deposition) CVD-W

W-TiC
Deposition rate: 0.2-1mm/h

| —
A W/FGM-W/Cu
== .

W/RAFM Steel

Pure W ® 80X 10mm

High heat-flux ¢
test facility - 35-



&) R&D on VV 1/8 mock-up

NG-TIG system

17.4m

Test bench for installation ,
replacement of
VV components by RH

D of Narrow Gap 116 watdingon v [l Assemoly or v pororse sectors IR




&) CFETR 5 years Plan

ﬁSelf-consistent, reliable physical design (V.Chan) \

o Detailed engineering design (main machine and auxiliary

systems)

o R & D for some key technologies and systems
(I): Blanket related to nuclear, thermal hydraulic processes
(I): magnets, T- factories, NBI, ECRH, RH
(IlI): Experimental verification, diagnosis, control, divertor,

cryogenic, ICRF, radiation protection, assembly and so on.

\ )
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&) Further working Plan of CFETR

(Re-organize the design team by Drs. LI, Liu and W@

J.Li

Y.Liu X.L.Wang

@ Promote both domestic and international
collaboration more wide on design, R&D, and
construction of CFETR

J.Li

“CIC” Director -DIVISIOH head of.
fusion plasma physics




N nternational cooperation

> PPPL -CFETR team, H. Nielson, T.Bown, P.Titus, \
C.Kessel, A. Khodak.

> GA-CFETR team, L. Lao, R. Boivin, J. Candy, X. Chen,
R. Prater, M.Christopher, A. Garofalo, O. Meneghini,
M. Vanzeeland, P.B. Snyder, S.P.Smith, G.M. Staebler,
E.J. Strait, and D. Zhao

> Useful discussion and suggestion from CFETR -IAC,
CFETR Physics group IAC

> EU-DEMO team : ( CCFE : SYScode, ENEA: Blanket,
Julich: Diagnostic&Control, CCFE: RH, EPFL: H&CD,

QNEA: Divertor, Julich: FM materials) J

39 -




&) Summary

ﬂtegrated Design and R&D of CFETR are in \

progress

@ CFETR is moving to Phase II design of the new
version with emphasis for high B; option

@ There are gaps to CFETR readiness, especially for
phase II , need new solution and technologies.

@ Detail engineering design and large scale R&D wiill
continue in next 5 years.

@ It is hoped that the proposal for CFETR construction
can be approved by government within next 5 years

N )
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