‘Th':u submitted  manuscript  has  been

suthoted by A contractor of the US. Cl

Goverment  under  contract  No.  DE- R
ACOS-840R2 1400, Accordingly, the US. DIS AIME
Governiment  rataéing  a  nonaxchisive,

royalty-free kcense to publish or oduce . :

the pubkshed form of this cmm;:?’.-m, or This report was prepared as an account of work sponsored by an agency of the United States

:g“' athers 10 do 3o, for LS. Govecnment Government. Neither the United States Government nor any agency thereof, nor any of their
) employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thercof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

LOW-ASPECT-RATIO TORSATRON REACTORS
AND ATF-II STUDIES

(ONT-901175--3 = Vugenphs

CONF-861175--3-Vugraphs
DE87 00550€

J. F. LYON
STELLARATOR PROGRAM COORDINATOR
OAK RIDGE NATIONAL LABORATORY

INTERNATIONAL STELLARATOR-
HELIOTRON WORKSHOP
KYOTO, JAPAN NOVEMBER 25-28, 1986

*
Research sponsored by the Office of Fusion

Energy, U.S. Department of Energy, under

con?ract DE-AC05-840R21400 with Martin
Marietta Energy Systems, Incorporated. M AS TE R

%
{ /
e e S T T e T IR TR i N
GiaTaibdhicn e TR 00y 10 wteemi oL



TOPICS

Low R/a Approach
Low R/a Torsatrons
Reactor Configuration
Key Physics Issues
Reactor Performance
D-T Burners

ATF-II Studies



LOW R/a TORSATRON APPROACH

The most developed reactor concepts (Heliotron-H,
ASRA6C) have R = 20 — 20 m, R/a ~ 12.4, and
R/r.=4.4—66.

ORNL studies have looked at reactors 1/2 — 1/3 this
size in order to extent the options available for an

attractive reactor.

The cases considered have R = 8 — 11 m. R/a =
39-178.and R/r, = 2.5 — 4.5.

The potential advantages are
— smaller size, weight, and cost
— smaller size of components

— better access for fabrication, assembly, and

maintenance

— higher power density



REACTOR SIZE REDUCTION MEASURES

LOW PLASMA AND COIL ASPECT RATIOS (R/r)

HIGH DENSITY (W) SHIELDING UNDER HELICAL FIELD
COILS AT PLACES WHERE DISTANCE TO PLASMA
EDGE IS SMALL

EL:MINATION OF TRITIUM BREEDING BLANKET AT
ABGVE LOCATIONS

HELICAL FIELD COIL CROSS SECTION EXTENDED IN
TOROIDAL DIRECTION

HIGHER CURRENT DENSITY IN HELICAL COILS
SHIELDING THICKNESS sk SETS SIZE SCALE
- sh =057 m (W) — 2% cooling for coils,
3 x 10'° rads/30 years, 8 year anneal
— sh =0.67 m (W) — 0.2% cooling for coils,
3 x 10° rads/30 years, no anneal required

SIZE DETERMINED BY VR = 0.5 6 [e + (2 + 42/6)V/?]
WHERE:

- €= [7rB¢,/2,u¢,mj(wc/dc)]l/2
- z = plasma edge to coil edge distance

- 6§ = R/A, A = plasma edge to coil center distance

FOR CASES CONSIDERED, B, = 5T, w./d. = 2,
J=5kkA/ecm? sh=057Tm,z2=092m
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Coil configurations for ATR cases in aspect ratio scaling studies.
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Parameter

Configuration

m
Rojreon
R, a
R,/A

Coil

R,(m)

Teort{m)

no. of HF coils
Igr(MA-turns)
Bo(T)

Plasma

a(m)

Volume(m3)

ATF-1

12

4.49
7.78
9.50

11.02
2.45

23

1.42
440

ATR Reactor Parameters

ATR-2

3.24
4.66
8.64

10.25
3.16

28.5

2.20
980

ATR-3

2.50
3.87

. 6.62

8.01
3.20

33.4

2.07
680



L1 N




X

5V)
705
syaLan| 91 v
1102
WOI3H
a131s
93318 1]
V2
i X

/.__oo m

HOLOV3IY H3MOd 2-HLV 40 NOILDIS SSOND

378VLiViON

-
0704INVI
SVO oH
\\\\\‘\ rlo/
\
/ ao
, \
\
f !
-\ ”
.. H
; !
_ ”
2 ol : 9 ¥ 2
r— — T -~y T Y v L v
' _.
: D ! 1H0ddnNs
\ ; ~—— 013IHS
) [ /109
\ [}
4' ~-
) ; RELT)
T —wN31sONNL
41 \
Q13IHS
¥O01931434
13%Nv8
R
..
MIN0D




PRELIMINARY ENGINEERING PARAMETERS

ATR-1 ATR-2 ATR-3

Major radius (m) 11.02 10.25 8.01
Minor coil radius (m) 2.45 3.16 3.20
Plasma radius (m) 1.42 2.20 2.07
Fusion power (MW) 4000 4000 4000
First wall area (m?) 941 1321 1122
Neutron wall loading (MW /m?) 3.4 2.42 2.85
Helical current (MA) 22.96 28.47 33.35
Coil dimensions (m?) 0.48 x 0.96 | 0.53 < 0.96 0.58 x 1.16 |
Helical coil length (m) 231.4 217.1 151.5
W shielded length (m) 105.9 99 67.8
Fe shielded length (m) 125.5 118 83.7
W shield-

front thickness (m) 0.57 0.55 0.56

side thickness (m) 0.25 0.24 0.25

front width (m) 1.72 1.70 1.92
Fe shield-

front thickness (m) 0.77 0.74 0.75

side thickness (m) 0.34 0.33 0.33

front width (m) 1.90 1.88 2.10
Coil case-

front thickness (m) 0.03 0.03 0.03

side thickness (m) 0.05 0.05 0.05

rear thickness (m) 0.07 0.11 0.17
Dewar thickness (includes vacuum 0.08 0.08 0.08

wall and superinsulation) {m)
Mass of coil (Tonnes) 640 €63 611
Mass of coil case (Tonnes) 278 341 366
Mass of W shield (Tonnes) 1718 1542 1190
Mass of Fe shield (Tonnes) 880 796 619
Area available for breeding

No breeding under coils (%) 55.3 70 73

With breeding under Fe coils (%) 81 87 88

The average mass densities assumed are 13.8 g/cm® (W shield), 4.05 g/cm?® (Fe shield), and 6

g/cm? (coil).




Preliminary Engineering Parameters

Major Radius (m)

Minor Coil Radius (m)
Plasma Radius (m)

Fusion Power (MW)

First Wall Area (ml)
Neutron Wall Load T (MN/mz)
Helical Coil Current_(MA)
Current Density gycm®y;
Coil Cross Section (m x m)
Helical Coil Length (m)

W Shielded Length (m)

Fe Shielded Length (m)

Coil Shield

W - Front Thickness {m'
= 13,8) Side Thickness {m!
Front Width (m)
Fe - Front Thickness (m)
Side Thickness (m)
Front Width (m)

(pavg

Max. Field on Conductor (T)
Max. Radial Body Force (MN/m)

Coil Case - Front Thickness (m)
Side Thickness (m)
Rear Thickness (m)
Vacuum Thickness (m)

Coil Case Design Stress (MPa)

Area Available for Breeding

No Breeding under Coils (%)f
Reguired Breeding Ratio

With Breeding under Coils (%)f
Required Breeding Ratio

Need Breeding under toiils

Blanket Thickness {(cm)

Reflector Thickness {cm)

Shield Thickness {(cm)

ATR - 1

11.02
2.45
1.42

4000
941
3.4
22.96
5000

- 0.48 x 0.96

231.4
105.9
125.5

0.57
7.25
1.72
0.72
0.34
1.90

11.9
30.9

0,03
0.05
0.07
0.08
340

32.0

ATR - 2

10,25
3.16
2.20

4000
1321
2.42
28.43
5000
0.53 x 0,96
217.1
89.0
113.0

ATR - 3

8.01
3.20
2.07
4000
1122
2.85
33.35
5000
0.58 x 1.16
151.5
67.8
83.7

0.56
0.25
1.92
0.75
0,33
2.10

14,10
79.0

0.03
0.05
0.17
0.08
340
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Preliminary En

Masses

Helical Coil (tonnes)
Helical Coil Case {tonnes)
W Coil Shield (tonnes)

fe Coil Shield (tonnes)
BTanket (tonnes)

Reflector (tonnes)

Shield (tonnes)

VF Coils & Coil Cases (tonnes)
Yacuum Chamber (tonnes)
Total Mass {tonnes)

Blanket Energy Mult,

Tota! Thermail Energy (MW,
Net Elect. (m = 0.36) MNe?
Mass Uti1iz.1&ﬂe/tonne

640
278
1478
748
407
1719
674

430
2,070
8,344

1.59
5,393
2,123

251

ineering Parameters
(cont?nueai

ATR ~ 1 ATR - 2

663
341
1310
712
632
2792
1086

353
2,794
10,683

1.57
5,346
2,105

197

ATR - 3

611
366
1033
568
521
2547
995

286
2,233
9,160

1.58
5,856
2,108

230



KEY PHYSICS ISSUES

e BETA LIMITS

- CONVENTIONAL WISDOM STATES EQUILIBRIUM
BETA LIMIT 8. SCALES AS ¢(a)?/A x A SINCE +(a) A

- RECENT CALCULATIONS SHOW 3. HAS WEAKER
DEPENDENCE ON #(a)?/A AND IS ABOVE THIS VALUE
AT LOW A

e TRANSPORT

- IONS IN x x v REGIME WHERE ELECTRIC FIELD
IMPROVES CONFINEMENT

- DOMINANT ENERGY LOSS IS ELECTRONS IN x o 1/v
REGIME WHERE ELECTRIC FIELD INEFFECTIVE

- DENSITY PEAKING INCREASES v AND REDUCES
ELECTRON LOSSES

e NEED DATA BASE AT HIGH g AND LOW » FOR LOW
ASPECT RATIO (A = R/a) TORSATRON: ATF



TRANSPORT MODELING

WHIST 1-D TRANSPORT CODE

ION LOSSES: 20x HINTON-HAZELTINE AXISYMMETRIC
NEOCLASSICAL + SHAING RIPPLE TRANSPORT
MODEL + 2x NEO-ALCATOR ANOMALOUS TRANSPORT

ION LOSSES: 2x HINTON-HAZELTINE AXISYMMETRIC
NEOCLASSICAL + SHAING RIPPLE TRANSPORT MODEL

RADIAL ELECTRIC FIELD WITH e¢' = 2 kT

DENSITY: PINCH TERM CONVERGING TO (PARABOLIC)?
RADIAL PROFILE
. ALTERNATE MODEL D SIMILAR TO x.

POWER DEPOSITION: ICRH WITH e~ ("/2)* PROFILE

APPROACH: VARY ASSUMPTIONS TO DETERMINE SEN-
SITIVITIES AND REQUIREMENTS
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ATR Reactor Parameters

Parameter ATF-1 ATR-2 ATR-3
Plasma

Ro(m) 11.02 10.25 8.01
a(m) 1.42 2.20 2.07
B.(T) 5 5 5
Volume(m?) 440 980 680
Pihermal(GW) 4 4 4
Preutron (MW, m?) 3.4 2.4 2.85
‘ne». 102 m~3 2 2 2
T,.(keV’) 14.4 10.5 11.9
Teo(keV') 144 11.1 12.7

(B), % 9 6.3 12



D-T BURNERS

SAME COIL CONFIGURATIONS AS ATR-1,2,3

SAME TRANSPORT MODEL IN WHIST 1-D CALCULA-
TIONS

ASSUME COPPER COILS TO AVOID THICK SHIELDING OF
HELICAL FIELD COILS

VARY PLASMA RADIUS AND DENSITY PROFILE FOR MIN-
IMUM SIZE D-T BURNER



Parameter
Configuration

rcml(m)

no. of HF coils
Iyr (MA—turns)
B.(T)

coil depth (m)

ATE D-T BURNER PARAMETERS

ATB-1 ATB-32 ATB-3
12 9 6
7.78 4.66 3.87
3 4 3 4 3 4
0.67 0.89 0.93 1.23 1.2 1.6
2 1 2
6.25 8.33 8.33 11.1 12.5 16.7
) 3 5
0.25 0.29 0.29 0.33 0.35 Cc.41
0.39 0.51 G.64 0.86 0.78 1.03
8.81 20.9 24.5 58.2 35.6 84.4
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ATF-1I STUDIES

ATF-II MISSION: DEMONSTRATE CLEAN, HIGH-BETA LONG-
PULSE TO STEADY-STATE OPERATION AT REACTOR-
RELEVANT PLASMA PARAMETERS IN AN OPTIMIZED
TOROIDAL CONFIGURATION
COST CONSTRAINT

- CONSTRUCTION <300 M$

- OPERATING < 50 M$/YEAR
SHOULD COMPLEMENT SIMILAR STUDIES IN JAPAN.
GERMANY, ETC.
TWO MAIN OPTIONS

- HYDROGEN FEASIBILITY EXPERIMENT WITH
SUPERCONDUCTING COILS

- HIGH Q (OR IGNITION) D-T EXPERIMENT WITH COPPER
COILS



ATF-II A: HYDROGEN FEASIBILITY EXPERIMENT WITH
SUPERCONDUCTING COILS

ADVANTAGES

e COIL CAPABLE OF STEADY-STATE OPERATION AT MODEST
COST

e NO SHIELDING, TRITIUM HANDLING, REMOTE
MAINTENANCE, ETC.

¢ PHYSICS GOALS FLEXIBLE (HIGH T,, nrg, (8), etc.)
DISADVANTAGES
e NO D-T OPERATION, RESTRICTED D-D OPERATION

e NO ALPHA HEATING SO HIGHER AUXILIARY HEATING
POWER REQUIRED

e LONGER PULSE TO STEADY-STATE HEATING REQUIRED
e HIGHER INITIAL COST
e SUPERCONDUCTING COIL CONSTRUCTION



ATF-II B: HIGH Q (OR IGNITION) D-T EXPERIMENT
WITH COPPER COILS

ADVANTAGES

e CAN STUDY DOMINANT ALPHA HEATING EFFECTS ON
STELLARATORS

e REQUIRES SHORTER-PULSE, LOWER AUXILIARY HEATING
POWER

e COIL CONSTRUCTION SIMPLE
DISADVANTAGES

e TRITIUM HANDLING, REMOTE MAINTENANCE, PERSONNEL
SHIELDING, ETC.

e HIGH OPERATING COST FOR STEADY-STATE OPERATION

e INFLEXIBLE PHYSICS GOALS - Q@ 2 10



RATIONALE FOR D-T STELLARATOR

e CAN STELLARATOR-SPECIFIC ALPHA-PARTICLE
PHYSICS BE EXTRAPOLATED FROM SHORT PULSE
TOKAMAK EXPERIMENTS?

e NEED STEP BETWEEN “LARGE” (@ ~ 0.4 m)
HYDROGEN EXPERIMENT AND IGNITED D-T
DEMO (@ ~ 2 m)?

e THERE ARE STELLARATOR-SPECIFIC ISSUES WITH
AN IGNITED D-T PLASMA
- CONFINEMENT (P, DETERIORATION?)
- MHD EQUILIBRIUM AND STABILITY (p.)
- ELECTRIC FIELDS (ALPHA LOSSES)
- VELOCITY-SPACE INSTABILITIES (f,)
- TEMPERATURE CONTROL
- ASH REMOVAL



CONCLUSIONS

e LOW-ASPECT-RATIO TORSATRONS COULD LEAD TO
COMPACT REACTORS ONE-HALF TO ONE-THIRD THE

SIZE OF MORE CONVENTIONAL STELLARATOR REAC-
TORS

o ELECTRON RIPPLE-INDUCED TRANSPORT MAIN LOSS
MECHANISM, DENSITY PEAKING HELPS



