
CON'F-871 179—VH . 2

T"hrj subrrnnetj manuscript has been
authored bv a contractor of The US
Government urwier contract No OE
AC05 84OR214O0 Accordingly the U S
Government retains a norwxclus.ve
fovd'rv tree itemise to publish or reproduce
the published form nt this contribution or
allow others to da so for U S Gnvernmeni

Research sponsored by the Office of Fusion
Energy, U.S. Department of Energy, under
contract DE-AC05-840R21400 with Martin
Marietta Energy Systems, Incorporated.

Proceedings of

U.S.-Japan

Heliotron-Stellarator

Workshop

Volume II

held at
Oak Ridge National Laboratory
Oak Ridge, Tennessee, U.S.A.

November 9-13, 1987

i
i
I
I
I
¥
I
I
I
I
I
I*-
f.
i

! ^ i j ^

8F TiilS BOCliiSEHT !S IfflUWTEO



This report was prepared on account ot work sponsored by an agency of the United

States Government Neither the United States Government nor any agency thereof

nor any ot thetr employees nor any contractor or subcontractor nor any of their

employees makes any warranty express or implied or assumes any legal hability or

responsibility tor the accuracy completeness or usefulness of any information

apparatus product or process disclosed or represents that us use would not

infringe privately owned rights Reference herein to any specific commercial product

process or service by trade name trademark manufacturer or otherwise does not

necessarily constitute or imply its endorsement recommendation or favoring by the

United States Government or any agency thereof The views and opinions of authors

expressed herein do not necessarily state or reflect those of the United States

Government or any agency thereof



CONF-871179—Vol. 2

AGENDA FOR US-JAPAN STELLARATOR/HELIOTRON WORKSHOP

FUSION ENGINEERING DESIGN CENTER, OAK RIDGE

NOVEMBER 9-13. 1987
CONF-87117 9—Vol.2

r . DE88 004789

Monday. .Vorero&er 9

8:30 A.M. Registration

8:45 A.M. Welcome - M. W. Rosenthal (ORNL)

Opening Remarks - K. Uo (Kyoto PPL)

9:00 A.M. Overviews - K. Uo. Chairman V*\O **€

Overview of the Heliotron E Experiment - O. Motojima (Kyoto PPL)

Overview of CHS Program - K. Malsuoka (Nagoya IPP)

Status >A ATF Project - G. H. Ndlson (ORNL)

Status of W VII-AS - H. Renner (IPP Garching)

TJ-H Program Status - A. P. Navarro (CIEMAT, Madrid)

12:30 P.M. Lunch

2:00 P.M. Tour of ATF and private discussions. Fusion Energy Division

Tuesday. .Vorcmbcr 10

S:30 A.M. Programs. Device Preparation - .1. L. Shohet. Chairman

ATF Experimental Plans - M. Murakami (ORXL)

ATF Diagnostics - R. C. Isler (ORNL) , / / /
Hue!*-**. *l Co*J)*.e-i Hc'i'c*' Syffm*- S- farfvek*. INeyy*
CHS Experimental Program and Diagnostics - S. Okamura (Nagoya IPP)

Transport Studies in IM? - .1. L. Shohet ft*. Wise.)

:I:3D A.M. Lunch



Tuesday. November 10

1:00 P.M. Confinement - 0. Motojima. Chairman \e>ll?**t M—

Ripple Transport at Arbitrary Collision Frequency - W.N.G. Hitchon (U. Wise.)

Transport Scaling in the Coliisionless-Detrapping Regime - E. C. Crume (ORNL)

Transport Analysis for Heliotron E - T. Mutoh (Kyoto PPL)

Transport Analysis for ATF - H. C. Howe (ORNL)

Simulation Analysis of Heating and Transport - T. Amano (Nagoya IPP)

Analysis of W VII-A Data - H. Renner (IPP Garching)

7:00 P.M. Reception - Home of Vv". R. Wing

Wednesday. November 11

8:30 A.M. ECH and NBf - M. Murakami. Chairman

Numerical Study of Fast Ion Confinement - K. Hanatani (Kyoto. PPL)

Benchmarks of NBI Codes for Stellarators - R. H. Fowler (ORNL)

ECH Commissioning and Plans for ATF - T. L. White (ORNL)

ECH and ICH Startup Analysis - M. D. Carter (ORNL)

11:30 A.M. Lunch

1:00 P.M. Ion Cyclotron Heating - T. Amano, Chairman io\ov^f III

Heliotron E ICRF Heating Experiment - T. Mutoh (Kyoto PPL)

CHS Heating Systems (NBI. ECH. ICH) - K. Nishimura (Nagoya IPP)

ICH Program for ATF - F. W. Baity (ORNL)

ICRF Wave Propagation - D. B. Batchelor I ORNL)

The HBQM Heliac Work - B. A. Nelson ( U. Washington)



Thursday, November 12

8:30 A.M. Configuration Studies - G. H. Neilson, Chairman

Configuration Studies - K. Nishimura (Nagoya IPP)

Compact Torsatron Studies - B. A. Carreras (ORNL)

Low Aspect Ratio Torsatron Design - J. Hanson (Auburn)

Optimized Small Stellarator Designs - D. T. Anderson (U. Wise.)

Configuration Studies for ATF - J. H. Harris (ORNL)

11:30 A.M. Lunch

1:00 P.M. Configuration Studies - K. Matsuoka, Chairman

Currents in ATF - B. A. Carreras (ORNL)

Computations of 3-D Equilibria with Islands - A. Reiman (PPPL)

Magnetic Surface Mapping Studies - D. G. Swanson (Auburn)

Magnetic Field Alignment and Mapping on ATF - F.S.B. Anderson (U. Wise.)

Divertor Experiments in IMS - D. T. Anderson (U. Wise.)

Friday. November 13

8:30 A.M. General Experimental - H. Renner, Chairman

PMI Program and Wall Conditioning for ATF - P. K. Mioduszewski (ORNL)

Hard X-ray Suppression on ATF - D. A. Rasmussen (ORNL)

Plasma Rotation and Potential Measurement - 0 . Motojima, (Kyoto PPL)

Status of Heavy Ion Beam Probe for ATF - A. Carnevali (RPI)

11:30 A.M. Lunch

1:00 P.M. Private discussions, Fusion Energy Division

Visit to Large Coil Facility?
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0.0 1.0 2J0 3:0

Toroidal Angle

5.0

Figure 3~5. A typical partitioning of phase sjvaee TfiLatave to t3ae

model magnetic field. The guiding center region is iiatcied; the

bounce—averaged and free-streaming regions li-e feek^r and above,

respectively. The discontinuous definition of k has been

chosen for use in the free—streaming region.



Figure fox figure 3—5 wftaa H3ie <3^miii©!ni of

k chosen for us** in the free-streaining iregkm. In

kgA=0-9 and k£o=l.i:

figures
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TRANSPORT SCALING IN THE
COLLISIONLESS-DETRAPPING REGIME

E. C. Crume
Fusion Energy Division

Oak Ridge National Laboratory

in collaboration with

K. C. Shalng
W. I. van Rij

S. P. Hirshman

U.S.-Japan Steitarator/Heiiotron Workshop
Fusion Engineering Design Center, Oak Ridge, Tennessee

November 9-13,1967
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RECENT TRANSPORT ANALYSIS FOR HELIOTRON E

T. Mutoh
Heliotron group

ECH
° Profile study between Pabs(r) & Te(r)

(H. Zushi, et al)
o Scaling of - ^ d e c a y ^ E

(H. Zushi, et al)
° Energy balance

neo classical (K- Itoh> M> Sato)
canomaly

NBI
° Carbonization effect on energy balance

(Y. Takeiri)
° Off-set linear law scaling

(F. Sano)

ICRF
° Energy balance 4 scaling study

(Y. Takeiri, T. Mutoh)
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X e of ECH plasma

r < 0.3 ap: anomalous (VT e measurement is not
accurate)

T e QccP
0- 4: plateau like

(but wor& than simulation)
se

island effect?
(-O0.5)

r *- 0.5 ap: same order with the neoclassical ripple
transport

r > 0.7 ap: anomalous
X e - 1 ~ 3 m2/S

(Alcator like? 1/3 ~> 1/5)



CONFINEMENT SCALING STUDY F°* N9I

, He. Howe
O Steady-state profile analysis is

performed with the ORNL-deve loped
transport-analysis code, PROCTR.

Input profiles for PROCTR are:
Te(r): Thomson scattering,
ne(r): FIR interferometer,
Ti(r): Ti(r) calculated from

Ticx(NPA).

O Results are analyzed with the PPPL-
developed LOCUS database system for
scaling study.
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power loss (including helical ripple transport)

Electron transport losses (including radiation
loss) substantially exceed neoclassical
predictions at high-power and high-density.

At r=2a/3r electron-loss anomaly factor (including
radiation loss) is reduced with carbonization.
Jtowever. it is almost unchanopd s t* T=,^



10
CO

II

si

10-1

. O

Bt = 1.9 T
i n j i n HI

O i o

O before carb.
0 after carb.

I I l i 1 I l I i 1 t f I I I I I I I i I i I

0 1 2
HEATING POWER, Pheal (MW)

pexp
nneo

loss,! : ExPeJci>nentally-inferred ion power loss.
loss,i : neoclassically-calculated ion power

loss (including helical ripple transport)

Ion heat transport is approximately in the
neoclassical range (including helical ripple
transport).

Ion heat transport is not influenced by the
carbonization.



T

csi
II

H

LJ

: o

_

- o

~ i i

i i i i i i

after carb.
before carb.

*

O

O

i i 1* i i i

i | i

"' • " " '

I 1 !

O

i i i C.

. 1 1 1

o

1 1 1

t 1 1 *

—

—

-

•

• I

1 , I , , :

1 —

0
0 ' 1 2

HEATING POWER, Pheat (MW)

Tge : Electron confinement time
= Celectron energy)/(electron-loss

power including radiation loss)
: I° n confinement time

= (ion energy)/(ion-loss power)

At r=2a/3, electron confinement time seems
to become comparable to ion confinement
time with carbonization.



30
Bt = 1-9 T

o
a»
(A

2 0 -
X

10-

0

1
-
-

—

-

—

1 1

•
o

' 1 1

1 1 1 1 1 1

after carb.
before carb.

*

i 1 i i i i

| i i i

t
1 i i i

i | I i i i

y

o

1 1 1 1 1 1

1 '

*

1

1 1 1 1 1 1 1J''

o

1 1 1 1 1 1 1 1 1

0 10 20
G ,• rv- n -O-6^ =-0.5A .

E .scaling OC Pheat ne (msec)

30

TE = W (plasma internal energy)/Pneat(plasma heating power).

T G/v> t-n \ — 0 . 6 4 . irr~\0.54

G 4T E is improved by about a factor of 1-3 after carbonization,



G?nfw€m€nt Scaiinj P.

Con-tthUOuS

(2) Of?-set /;n**r

T^** fle



O-

(I



0

O

li



II



* BTOS=0.?4
° BT0ft=i.9

0.03 I I I I I t ( ' I 1 t I

C.C2-

I

0.000 O.OCs 0.010 0.015 0.020 0.0S5 0.050

0.01-



a

I

I

f

- a .i—i -1 t i

3«

c

- r

- 2

—o



•4-
01«»»

X I )

S

o
' A .

I

a.
X





&ocdness in Tkrta.

of -Pit *£

<Test>

07 t-test; CH)

of-' '



o

I

0-

m

E
x

II

E

01



TRANSPORT ANALYSIS OF ICRF PLASMA

Measured Parameters ne(r), Te(r), Ti(O)

pin I C R F. Pabs ( r ) E C H. prad.

fH(E)

Assumpsion T P « 7 msec

Ij(r); calculated by Chan-Hinton

Energy Balance
Pal)S(r):

Pe(r)t PH(r), PD(r)

j

Pal)S(r): calculated by Fukuyama code*''*
P P

Relaxation from PH to electron and Deuteron
is calculated by fH(D) distribution

Scaling
from antenna)

(1) Reviced version from Nuc. Fusion 26, C86)
including Landau damping of fast wave,

TTMP, ion cyclotron damping

. PROCTR

.10 CVS C*dt
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Transport Analysis for ATF

presented by H. Howe

Collaborators

• M. Murakami

• W. Houlberg, S. Attenberger - Chord tracker

• D. Lee, J. Harris - Vacuum flux surfaces

• B. Morris, R. Fowler, J. Rome - Neutral heating

• B. Morris, S. Hirshman - Finite-beta equilibrium

• K. Kannan - Data organization
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Transport Analysis Flow

Coil Currents

Flux Surfaces
• Vacuum
e Finite (3

Calculated

Scaling Studies
LOCUS

Point Data
Te(R,Z),ne(R,Z)

Profile Fitter
• Chord tracker
• Coordinate inversion
.f(R,Z)->f(p)

Fit Profiles

Transport Code
• Models (Ti(p),...)
• Power Balance

Database
• Geometry (i?mn, Zmn)
• Chordal At
• Profiles (re(/>),...)
• Derived (rp, P,...)

Model Data

Diagnostic
Analysis



MAGNETIC REPRESENTATION

Flux surfaces are given by the inverse representation

m,n

Z(p, *,0 = E ^»(p) sin(m^ - nfl
m.n

where the normalized radial coordinate /? is specified by the enclosed
toroidal flux $ as

p— \f¥f$l
The ATF geometry is adequately represented by 6-7 sets of (Rmn, Zmn).

Two methods are used to determine the flux surface geometry:

• Field-line following for vacuum surfaces

• Free-boundary equilibrium (VMEC) for finite-beta

More description in talk by J. Harris Thursday morning.

For fast transport analysis, will use either:

• Functional representation Rmn(p) = /(Aw5/3,...) derived from
results of above models.

• Large table lookup which interpolates between Rmn, Zmn sets cal-
culated with magnetics codes.



PROFILE FITTING

• Start with calculated geometry and a set of measurements (either
point or chordal-array)

• Use assumed profile X(p) = -Xo(l - pa)0 or G^ajssian

• Minimize total least-square difference between measured and cal-
culated values to determine XQ, a, (5

• Point measurements XmfM(R, Z)

- Use coordinate-invertor to find p for each (R, Z)

— Minimize
y (XmtM(p) - Xctlc(p)\2

points \ &X J

where AX may be {X) or experimental error

• Chordal measurments I I m e 4 l

- Use chord-tracker to find, for each chord,
A'Ldc = J X(p)ds

— Minimize



ATF TEST CASE

ORM.DWG66 2216 FED

TRACK
HOULBERG & ATTENBERGER. ORNL

INPUT DATA
PLASMA GEOMETRY

MAJOR RADIUS
MINOR RADIUS
SCRAPE-OFF
ELONGATION
TRIANGUARITY
RADIAL NODES

1.720 m
0.163 m
0.000
1.830

: 0.180
• 16

RESULTS
SURFACES HIT
CHORD LENQTH

: 60
: 2.835 m



EXAMPLE OF POINT FIT
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EFFECT OF GEOMETRY MISMATCH

• Simulated data generated with finite-beta surfaces

• Fit performed with vacuum surfaces

• Resulting Te profile (solid line) is a poor fit to starting
profile (dashed line)
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EXAMPLE OF CHORDAL FIT
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POWER BALANCE

Global parameters such as energy confinement time rE and 0 require
an estimate of the total stored energy

TE(P) = W(p)/PHEAT(p)

The volume integral is expressed as

Jxdv =

which is particularly simple using the inverse representation

The electron profiles ne and Te are measured and an estimate of
may be obtained from the ==>



ION-TEMPERATURE EQUATION

2 ' at

• Solve for dTi/dt = 0 => steady-state

• Feedback may be used to determine the Mx for which T^ =
where T?°eM is the experimentally-inferred 3T» along some chord.

• Particle flux THJ balances ionization where total ionization rate
is specified as NEITP'I

 Tp 1S assumed global particle confinement
time.

• Volume-integrals of the terms in the T» (and similar Te) equation
provide the experimental power balance estimate.



THERMAL-NEUTRAL TRANSPORT

• Slab model (SPUDNUT) =• J ^ , gCT!, n0

• Accurate for p > 0.5

• Two hydrogenic species

• Detailed energy/angle-dependent wall reflection

• Molecular dissociation and ionization

10 n NEUTRAL DENSITY (CH««-3)

10

RHO



NEUTRAL-BEAM HEATING

Yp

• Initial deposition H{p) calculated for circularized, ax-
isymmetric flux surfaces and diffuse beam

• Benchmark with Monte-Carlo deposition model (which
uses real 3-D flux-surface geometry) shows good agree-
ment

• Thermalization calculated with analytic moments of
Fokker-Plank equation (Ge,Gt); orbits not included

• Comparison of Gey Gi model with Monte-Carlo slowing-
down code shows good agreement for tangential injec-
tion (ATF)

• Orbits broaden heating profile relative to Ge, Gi model
for perpendicular injection (Heliotron-E)



COMPARISON OF CIRCULAR AND
3-D MONTE-CARLO

FAST-NEUTRAL DEPOSITION

Shinethrough
Monte-Carlo 0.44%

-Circular 0.51%

O.2 O.I O.8



COMPARISON OF MOMENTS AND MONTE-CARLO
THERMALIZATION FOR PARALLEL (ATF)

INJECTION

UJ

<
111
00

ORNL-DWG 85C-3214 FED

20

~ 15

10

D

O
'e

ELECTRONS
IONS

D

0 0.2

TOTALS
ELECTRONS 44.5
JONS
THERM
LOST

44.1
5.6
6.1



COMPARISON OF MOMENTS AND MONTE-CARLO
THERMALIZATION FOR PERPENDICULAR (H-E)

INJECTION

Finite-orbits broaden the energy deposition profile
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COMPARISON OF NEOCLASSICAL AND
EXPERIMENTAL TRANSPORT

The non-ambipolar fluxes of particles F£° and heat q™ of plasma
species a due to the helical ripple are given by Hastings, Houlberg,
and Shaing, Nucl. Fus., 25 (1985):

- -£ 2 favl n f°°dxx*l2e

Wo + g o a' -€tV€hV<Ln*T«J0
 dxX

u>Bm)

1 9*

~ ZaeBprs

• The radial electric field (d$/dp) is specified arbitrarily.

• Helical ripple estimated by Fourier decomposition of magnetic
representation (single-helicity approximation)

• Fluxes calculated using experimental and derived plasma profiles
are compared with corresponding experimental estimates to de-
termine level of agreement with neoclassical transport rates.



Simulation of Neutral Beam Heating and Transport of CHS

T. Amano, K.Matsuoka and T.S. Chen*
Institute of Plasma Physics,
Nagoya University, Nagoya, JAPAN

The CHS (Compact Helical System) is an 1=2,m=8 low aspect ratio
helical device whih will come to operation in April 1988. To evaluate
the efficacy of neutral beam heating in such a low aspect ratio
helical device in which a rather wide velocity space loss cone is
expected, a Monte Carlo orbit code which calculates orbits and
slowing down and pitch angle scattering of the fast ions. The charge
exchange loss and reabsorption are Included in the code. It is shown
aboout 30 to 40 % of the injected beam energy is lost by the orbit
and charge exchange losses. If the reabsorption process is not taken
into account, the loss rate is a little higher.

A series of transport calculations of the CHS plasma has been
carried out in order to predict the range of expected confinement time,
electron and ion temperature etc., in the presence of 2 Mw level
neutral beam injection. As for the neoclassical (ripple) transport
coefficients, Oak Ridge groups' new scaling coefficients have been
used.The multi-helicity helical field effect on the transport
coefficients in the \/o regime has been considerd. A comparison
between the new and old scaling of the neoclassical transpotrt
coefficients is made. Degradation of confinement with the increase
of the beam power, a transition to the electron root ambipolar
potential are discussed.

* on leave of absence from Institute of plasma physics,Hefei.China



SIMULATION OF NEUTRAL BEAM HEATING

AND TRANSPORT OF CHS

T. AMANO, K. MATSUOKA

and T. S. CHEN •

INSTITUTE OF PLASMA PHYSICS

NAGOYA UNIVERSITY

NAGOYA, JAPAN

•INSTITUTE OF PLASMA PHISICS

HEFEI. CHINA



I. MONTE CARLO SIMULATION OF NBH

II. TRANSPORT SIMULATION

NEOCLASSICAL TRANSPORT COEEFICIBHTS

NBH

III. SUMMARY



CHS (Contact Helical System) at IPPJ

1=2 , m=8

R=1m, a=0.2m

a"=0.3, A=-0.05m

£..=0.3, c.=1.
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MONTE CARLO SIMULATION

OF NEUTRAL BEAM HEATING

1. NEUTRAL BEAM INJECTION : FREYA

FAST ION BIRTH

2. ORBIT : BOOZER HAMILTONIAN FORMULATION

3. SLOWING DOWN : MONTE-CARLO

PITCH ANGLE SCATTERING

4. C 4WSE EXCHANGE LOSS OF FAST IONS

5. RE-IONIZATION OF FAST NEUTRALS
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AVERAGED
DEPOSITION

TOTAL PARTICLES
APERTURE LOSS
MISSED CHAMBER
PASSED THROUGH
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OEPOSITEO
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BEAM ENERGY
ABSORBED BY
ABSORBED BY
BEAM COMP.
MISSED
ORBIT LOSS

E
I

FRACTION LOST

40000.00 (
9543.04 (

11159.10 (
3035.60 (
1632.65 (

14532.73 (
0.40

0.998)
0.239)
0.279)
0.076)
0.041)
0.363)
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BEAM ENERGY
ABSORBED BY
ABSORBED BY
BEAM COMP.
HISSED
ORBIT LOSS
CX LOSS
FRACTION LOST

E
I

T

4000p.00 1
12570.17 1
3315.48 <
7553.92 1
1632.65 (
7280.68 (
7581.81 4

? 0.41

[ 0.998)
[ 0.314)
[ 0.083)
[ 0.189)
[ 0.041)
[ 0.182)
[ 0.190)

"Wow /. I



BEAM ENERGY
ABSORBED BY E
ABSORBED BY I
BEAM COMP.
MISSED
ORBIT LOSS
CX LOSS
FRACTION LOST

40000.00 <
13061.92 1
3567.01 1
9174.09 I
816.33 1
9282.34 1
2911.21 <

0.33

[ 0.970)
[ 0.327)
[ 0.089)
[ 0.229)
[ 0.020)
[ 0.232)
[ 0.073)



vrv

BEAH ENERGY
ABSORBED BY E
ABSORBED BY X
BEAH COMP.
MISSED
ORBIT LOSS
CX LOSS
FRACTION LOST

3899.78 (
6311.30 (
3100.66 (

0.00 (
5144.18 (
2549.27 (

0.38

1.050)
0.195)
0.316)
0.155)
0.000)
0.257)
0.127)



BEAM ENERGY
ABSORBED BY E
ABSORBED BY I
BEAM COMP.
MISSED
ORBIT LOSS
CX LOSS
FRACTION LOST

4046.94 <
6328.27 I
3783.02 <
759.49
5718.84
879.31
0.37

C 1.076)
[ 0.202)
[ 0.316)
[ 0.189)
[ 0.038)
[ 0.286)
[ 0.044)

/X/0'



SUMMARY I < NEUTRAL BEAM HEATING)

1. 30 -» 4O X BEAM ENERGY LOSSES OUE TO ORBIT LOSS AND C.X.

2. C.X LOSS DOES NOT SEEM SIMPLY ADO UP TO THE ORBIT LOSS

3. ABOUT ONE HALF OF CHARGE EXCHANGED FAST NEUTRALS

ARE REABSORBEO

4. NEEDS MORE STUDY

a) BETTER STATISTICS LARGER NUMBER OF TEST PARTICLES

b) STEADY ATATE SIMULATION

e) NEUTRAL PARTICLE OXSTRBUTION

d) COMBINE TO TRANSPORT CALCULATION ( LIKE " TRANSP *)



TRANSPORT SIMULATION OF CHS PLASMAS

I. TRANSPORT COEFFICIENTS

1. SHUNS : Phya. Fluids. 27. 1987(1984)

A NEW GEOMETRICAL SCALING ( OKES )

O - •»••• rathar than «*.*•• «• v ~ 0

2. In tha 1/v raaim. Multi hsUeity «ffaets May tim liaportant

1=orm factor S »F«,/F.

3» Anonaloua transport INTOR typa

also to add adga localized z<



II. AMBIPOLAR POTENfriAL

III.NEUTRALS : AURORA

HALO NEUTRALS ARE INCLUDED.

IV. NBH

FREYA • FIFPC

OCLOGS



when

, . 1 da, Z,e 3* / 3 \ 3Ta 1
n, 3p T, dp \ 2 / 3p T,
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SUMMARY XI t TRANSPORT )

1. NEW SCALXNB VS. OLO SCALING ( NEOCLASSICAL >

2. re OEORAOAOES WITH BEAM POWER

3. AMBXPOUM HUlkNIIAL 9FBCTS

4. ELECTRON ROOT FOR LOW DENSITY CASE

9. NEEDS GOOD ESTIMATION OF NEUTRAL BEAM ABSORPTION



US-JAPAN
STELLARATOFWEUOTRON WORKSHOP
Oak Ridge, November 9-13,1987

PLASMA CURRENT DURING ECF-HEATING IN THE WENDELSTEIN
W7A STELLARATOR.

H. RENNER, W 7A-Team, ECRH-Group
MPI-Plasmaphysik, EURATOM-Ass.

8046 GARCHING, W.GERMANY
IPFder Universitat STUTTGART

7000 STUTTGART, W.GERMANY

Plasma current has been observed during the experiments at the stellarator W7A dependent on
the heating method and on plasma parameters. The main contributions to the current are: related
to the plasma pressure and current drive effects by application of heating.

In the almost shearless W7A (major radius 2m, minor radius 0.1m, main field <3.5T; helical
windings 1=2, m=5) the effect of "resonances" at rational values of the rotational transform
£ = rn/n has been demonstrated for the confinement.Optimum confinement was found very close
to rational values of the transform, but at these values the containment became strongly degraded.
The plasma current modifies the magnetic configuration and consequently even small currents
can significantly affect the transform profile dependent on the current distribution.

The confinement properties have been shown strongly influenced by the current and the current
density distribution. An aestimate of current density profiles for experiments with ECF heating is
based on measured density and temperature profiles. Then, the ECF driven currents can be locali-
zed to the pressure gradient region where the maximum bootstrap current is expected.

The absorption of ECF power launched nearly perpendicular to the magnetic field, ECF current
drive and generation of suprathermal electrons is analyzed using a 3-D ray tracing code in
combination with a simplified Fokker-Planck solution for which the ECF energy source function is
aestimated by means of quasilinear theory (1). Results have been found in rather good agreement
with experimental data of W7 A.Some degradation of the local power absorption is explainable by
the deviation of the electron distribution function from the Maxwellian. So far, local current drive
by application of ECF seems to be qualified to modify the current density profile and even to
compensate the bootstrap current.

( 1 ) U. Gasparino, H. MaaBberg, M. Tutter, W7A-Team, ECRH-Group
Studies on electron cyclotron heating at the W7A/AS stellarator.
EPS, 14. Europ. Conf., Madrid (1987)



US-JAPAN
S1ELLARATOFU£LX>TR0N WORKSHOP
Oak Ridge, November 9-13.1987

iRLASMA CURRENT DURING ECF-HEATING IN THE WENDELSTEIN
W7A STELLARATOR.

b^K EUHATOIM-Jtes.

ItEFder WriwerstiaZ STiinTTGAHJ
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STELLARATOR W 7A

a-0,1 m
helical windings: I »2, m - 5
iiansfotm £ - D.£; shgarteBs

1 cmenltessw uperslbrn .TJBI 1980
P|N<500kW

injection angle: 6° (radial injection)

ECF28GHZ
70Ghz 1985

200 kW, 0.1 sec
, o-cnod© and

RESULTS

csnnff rcnnsntt <titî |iî iiki!lcLd <ORB 119ns miiuyjiuetac configuration

natujEs":: dHteficnaticm cffoarttanimraent at rational
-J » m/n.

daTyarwl plasma core)

Frrrfluence of shear

optimal confinement with low shear (A</t< 0.1)
and with transform** m/n

' i '••

observation of plasma current
depending on energy content bootstrap current j ^ _

imdixxd by the heating metod

CONTROL of ctunvsnft ŝ nsi cmmrotr
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investigations on p i n n a current for plasma heated by ECF
70 GHz

experiment 2.5 T
1.25T
variation of ptasma parameters and

: power deposition

supratheircnall electrons

heating efficiency

theory 3-0 ray tracing code in combination
with a simplified Fokker- Planck
solution

absorption
current drive
generation of suprathermal ejectrons

on the basis of experimental density
and temperature profiles



ECF HEATING AT THE W VII-A STELLA It ATOR

• major radius: 2 in; plasma radius: 10 cm

• injected ECF power: PmAX < 200 kW at 70 GHz

• pulse length of ECF maintained discharges: < 100 ins

• ECF waves launched nearly perpendicular to'the magnetic field (ss 92°)

• current drive efficiency expected to be rather small for these conditions
t>

• ECF driven, pressure driven (bootstrap current) and ohmic currents
of the same order of magnitude

NUMERICAL FORMALISM

Hamiltonian 3-D ray tracing calculations based on Mn.xwclli.in electron
distribution function yield Oth order power deposition as a function of
fcg and wce

Estimation of the flux surface averaged quasi-linear tensor clement
Q±±

Solution of flux surface averaged Fokker-Planck equation yields the
deviation of the electron distribution function from the Maxwcllian

Estimation of the electron cyclotron emission (ECE) based on tlvc flux
surface averaged electron distribution function (Fokkcr-Planck equa-
tion) by means of the Hamiltonian 3-D ray tracing code



BASIC FORMULAE

absorption cocfHcicnt

E—OO

i (£,

emission coefficient

"X

5 (£. - iBt) Jn-iW + ^ (S. + iSf) 7n+i(t) + i F.A(6) |2

quasi-linear tensor

I 2 y n~ 2 vx

poynting vector with sloshing particles included



Fokkcr-Planck equation:

quasi-linear ECF energy source function:

collision operator:

\

energy loss term:

Co sattsTy tlxe energy balance for stationary conditions



W VII-A RAY TRACING CALCULATION

16(J 165 ISO LSS zaa z t s 220

G-MCOE
i o = 0 . 4 6 %= SO.00 w

f = 7 0 . 0 GHZ
No= 3.860- 10 t 3

TE5LA
I.HARMONISCHE

To= 985 ev
TEMP.-PROF TH.OICHTE-PR.

5.140 7.000
1.680 2.870
0.000 0.000

* 0.0048 ]J- 0.00036 Po= 124 IcW

AB= 400 GAUSS
f 2 = 0.638



ECF power deposition profile: theory <£> experiment
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ECF fundamental o-mode
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Table 1; OtHti\MiMi of current drive calculations witti ttpmmentM data

Shots

61700-88
61008-96

63402-21
63469-73
03432-60

(T)

2.67
2,64
2,46

1,280
1.266
1:220

Te (0)
(«V) (

796
1670
630

292
791
603

Mo)
10la HtH)

1.66
1.18

1 1.87

2.29
2.06
1.78

(kW)

76
100
70

106
130
130

#«//

3
3
1.6

3
3
2.6

(A)

480
840
680

230
1230
920

(A)

-260
-220
30

-10
120
250

w
(A)

-280
&15
B0&

HO
101l>
10&0

Him!
(V)

-0.10
-0.02
-10.01

-0.03
-0.05
-0,02

u
(vf

O.O7±.O5
•0.0 ±.05
O.O3±.05

O.O3±.O3
•O.O4±.O3
-O.O3±.O3
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Effects of ExB drift nsonanca on fast Ion confinement
In Wendelstein VII-A and Heliotron E

presented by K. Hanatani

Plasma Physics Laboratory, Kyoto University,
Gokasho, Uji, Kyoto, JAPAN

This paper summarizes recent study on beam-Ion confinement In helical
systems. Fast neutral bean Injection (NBI) 1n both Wendelstein VII-A and
Heliotron E showed effective heating of piasaas /1,2/ even by nearly
perpendicular beams. Reasons for the effective heatings In these devices,
however, have been considered to be different. In UVII-A, the reason is
attributed to the enhanced confinement of beam Ions as well ar t>t thermal
Ions due to the effects of large radial electric fielu, E . In
Heiiotron E, by contrast, E field has been considered to have only small
effect on beam Ion orbits. We extend previous work on the fast-Ion
confinement /3.4.S/ and clarify the Influence of E r field.

In order to study the E field effects, we htvt developed an efficient
drift orbit solver which wonts 1n real space coordinates /6/. To speed up
orbit following, we use "field splitting" scheme which decomposes fully 30
filed quantities Into helically symmetric and symmetry-braking parts. The
E filed 1s calculated from electric potential 4 which Is constant on 30
magnetic surfaces. The orbit solver has been Incorporated with Monte Carlo
NBI code (HELIOS) /3,4/.

Extensive benchmark tests of Monte Carlo NBI codes have been carried
out between (1) ODIN code (IPP, Garching) and HELIOS code (PPL, Kyoto) PI
and (2) between HELIOS code and OESORBScode (ORNL, Oak Ridge) /8/. The
objectives of these benchmark tests are (1) to eliminate possible errors In
numerical coding, (11) to Improve physics mod*ling and (111) to establish
cosmon ground among NBI codes for steilarator/heliotron research.

We Interpret NBI experiments on UVII-A and Heliotron E by using the
Monte Carlo code Including E field. We examined how the ExB drift modify
the topology of drift orbit: We confirmed numerically that two kinds of
ExB drift resonance can exist In toroidal helical device. Under the
condition of ExB drift resonances, loss region of fast Ion Is created In
the velocity space because of resonant orbits. It was found that different
branch of ExB drift resonance can explain the confinement properties of
beam Ion In the perpendicular NBI experiments on W7A and Heliotron E 191.

REFERENCES
HI UVII-A Team, NI Group, et al., in Contr. Fusion and Plasma Phys.,

(Proc. 10th Int. Conf. London 1984) Vol.2, IAEA, Vienna (1985) 371.
Ill K.Uo, A.Iiyoshi, T.Obiki, et al., Ibid. 387.
12/ K.Hanntani, M.Wakatani and K.Uo, Nucl. Fusion 21 (1981) 1067.
/4/ K.Hanatani, Y.Nakashima, H.Zushi, et al., Nucl. Fusion 25 (1985) 259.
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vol.9F Parti, 397.
161 K.Uo et al., IAEA-CN-47/0-I-1, (Kyoto, 1986).
PI K.Hanatani, F.P.Penningsfeld, H.Hobig, In Proc. IAEA TCM (Kyoto, 1986).
/8/ R.H.Fowler et al., presentation at this workshop.
191 K.Hanatani, F.Sano, Y.Take1r1 et al., 14th Europ. Conf. (Madrid),
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Neutral Injection m W7/ \

counter
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the OH current by which the target plasma was produced In a toroidal magnetic
field of 3.2 T with a total transform of « - 0.43 (co) and i • 0.44 (counter]
Tht plasma current was lowered until t - 130 ms (Fig. 3a) and three neutral J ;
beams were switched on, one after tht other. Tht total neutral powers were •
760 kU (-co") and 730 kU ("counter") (Fig. 3b). The line density (Fig. 3c) 1 '
developed similarly in the two cases. In the "co"-discharge, gas puffing was1

stronger, and therefore the density rose faster. The total plasma energy t
(Fig. 3d) was already higher In tht "counter"-discharge at the beginning and'
I t stayed higher. Tht radiation (Fig. 3e) developed similarly, becoming stroe •

Counttr" ( » O7SS1

a: PLASMA CUNftEMT • : ^ASMA CNKROV I OAK I« «• 4

»: 0KAJN fOWCJ* OP MJCCTORS

IM
e: L M OCNSITY f: CENTRAL T*. (X-fUT FtTERI

Fig. 3 Comparison of two typical discharges, one with co-injection,
tht other with counttr-injection

4I
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Which sljn ô  po+entiA/ 4 ( + ^ - )

[5 ^ppyo pn'ate -for N I heatfcf

fon t t
>»*«

o+V»*r helic y

peewit a W+y o^ W 7 A ?

How about i« H E ,



Parameter of Yf^A Sttll*r«+tf i ^

ft s 2 Cm]
s O.I Cm]

= 21

Polo? 441 U*rmorj
^ &S«ve o f

»e s s IB

6#CT3

1^3*



FIELD REVERSAL
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Effect of E*B drxjt

1 . INTRODUCTION

2. E x B DRIFT RESONANCE

3. VELOCITY SPACE LOSS REGION WITH Er FIELD

4. POLOIDAL ROTATION MEASUREMENT

5. CHARGE-EXCHANGE ENERGY SPECTRUM

6. MONTE CARLO CALCULATION

7. SUMMARY
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Fig.1 Potential dependence of velocity space loss
region in Heliotron E. Calculated at r/a * 0.5 out
side of the torus. In the calculation, we assumed
parabolic potential profile, t * i> 0(l-*/ * b ) .
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Effect- of E* B drljt resonance -13-
in Heh'otron E

7. SUMMARY

In this paper, we have investigated the role of
ExB drift resonance in the confinement of helically
trapped fast ions in Heliotron E.

(1) Instead of the toroidal resonance, which plays
major role 1n the beam-ion confinement in the
WV1I-A device, the helical resonance becomes
important in the Heliotron E device.

C
(2) Confinement of helically trapped fast ions in

Heliotron E Is Improved by positive E p field
and deteriorated by negative E p field due to
the helical resonance.

(3) The poioidal rotation measurement of NBI
plasmas suggested the presence of small
negative E p field, which can cause the helical
resonance of fast ions in the low energy
regime.

(4) The charge exchange energy spectrum showed a
correlation with the predicted helical
resonance in the Heliotron E configuration.

(5) Monte Carlo calculation showed potential and
magnetic field dependences consistent with the
measurements of V and C.X. energy spectra in
the Heliotron E experiment.
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Benchmarks of Neutral Beam Injection Codes for Stellarators*

R. H. FOWLER, J. A. ROME, R. N. MORRIS,

ORNL

K. HANATANI

Plasma Physics Lab., Kyoto University

The 3-dimensional geometry of stellarators/heliotrons make it more difficult

to calculate beam deposition and thermalization. Extensive comparisons between

the Oak Ridge and Kyoto codes were undertaken, using a simplified model for

the Heliotron-E plasma and magnetic field. The perpendicular injection geometry

causes most of the energetic fast ions to be helically trapped. The high transform

and shear of the heliotron configuration helps to confine these orbits, but energy

losses in the model cases ranged from 20% to 50%. Although the codes use

different coordinate systems and collision operators, when they solve the same

problem, the answers are equivalent. For perpendicular injection, very little, if

any, acceleration of the slowing process can be tolerated.

* Research sponsored by the Office of Fusion Energy, U.S. Department of

Energy, under Contract No. DE-AC05-84OR21400 with Martin Marietta

Energy Systems, Inc.



BENCHMARKS OF NBI
CODES FOR STELLARATORS

I. Introduction - motivation

II. Description of thermalization codes - orbit equations, collision
operators, etc.

III. Sensitivity and/or Numerical Issues

IV. Benchmarks for Heliotron-E perpendicular injection with
model field

V. Heliotron-E results using a filament model

VI. ATF results for perpendicular and tangential injection

VII. Conclusions



Importance of Benchmarking NBI Codes

Beam inputs are a significant part of the power balance but are

seldom directly measured

Calculations serve as a guide to determine optimal injection

angles

Calculations are expensive, so the appropriateness of analytic

moments should be determined



Codes and Cases Considered

HELIOS - Kyoto real space code

MAG COM - ORNL magnetic coordinate code

DESORBS - ORNL real space code

CASES:

Perpendicular and parallel injection into Heliotron-E and ATI



ORNL MAGCOM CODE

• Boozer coordinates, natural for profiles and electric field treatment

• Only mod B = J2 An,m(fp) cos(n<f> — m0) needed

• An,m(if;) are least-squares fitted

• Relatively fast but loss boundary cannot be extended much beyond outer flux

surface

ORNL DESORBS CODE

• Real space cylindrical coordinates

• ij; is interpolated using 3-D splines

• For complex fields vector B is interpolated using 3-D splines

• More difficult to treat electric fields

• Slower than MAGCOM but allows treatment of complete geometry



Guiding Center Equations in Magnetic Coordinates

4> = (Peg - P*I)h, Pc = {-{Peg' - «)Pe + {pJ' + l)P*]h,

0 (sdB I c6*^ °* I e B \9~\bdi, +ed4) dP9
+ m Pc8P9'

dB #£\ jty_ e*£^ dpc

where pc = mv^/eB, B is obtained by FFT,

B = ] P An,mW cos(n<£ - m6)
n.m

The toroidal current within a flux surface is I(ip)/(2 x 10 7)A,
and the poloidal current outside a flux surface is g{tp)/{2 x 10~7)i4.

7 = e[g{pcl' + 1) - I{pcg' ~ *)], ^ = e2p2
cB/m + fi.

1
7'

7 '



Guiding Center Equations in Real Space

I f " ^B X ("VB + m"llf 'V B )

m

m

—



On plasma ions:

Slowing Down of Fast Ions

On plasma electrons:

Of l d

6(v-v0)

d(v) _
d



Pitch Angle Scattering

dt

Sample C = "if &om the Gaussian:

P(C) =

where (r2 = (C2) - (C)2

let / = <5(C - Co)

0~ = - J —



Charge Exchange with Re-absorption

Jo

At
= vAtnocrcx = — > —

The neutral is tracked by transforming from guiding center coordinates to particle

coordinates with a random phase for the gyro-motion



Profile Parameters For Heliotron-E Cases

- r. w = TO(\ -

= JVO(1 -

= 26 keV

High

Density

Ri 0.5
R2 0.86

5i 1

52 1
To 376 eV
Tt 5eV
iV0 1.37xl014cm-3

iV4 1.00x10" cm"3

Medium
Density

2

1

2.575
1

406 eV
10 eV

8.7 x 1013 cm"3

0.3 x 1013 cm-3

Low

Density

1

1
1

1

540 eV
60 eV

4.45 x 1013 cm"3

4.50 xlO11 cm"3
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Sensitivity Questions

• Numerical/Statistical - How many particles are sufficient?
Random numbers, etc.

• Magnetic field - Are simple models accurate?

• Boundary model used to determine orbit losses - Can the outer
flux surface be used?

• Acceleration of slowing down process - Can computer time be
saved without loss of accuracy?

• Frequency of collisions - What is a reasonable number of colli-
sions? Should collisions be "independent" of orbit integration?



Reducing Collisions Saves A Small
Amount of Computer Time —

Is it Worth the Risk?

Model magnetic field (NF 21(1981) 1067).
Heliotron-E low density case NO = 4.45el3, TO = 540 eV,
T5 = 12 ms
100 particles
Boundary at last closed surface

Collisions
(1000's)

2
10
20
30
40
143

Orbit
Loss(%)

39.9
52.7
51.8
51.5
45.4
45.6

GE(

42.6
35.3
35.5
35.7
39.2
39.1

15.7
11.0
12.2
12.4
14.8
14.5

47.8 37.9 13.4

• Collisions should be every time step in order to accurately sam-
ple at turning points where trapping and detrapping occurs



Acceleration Techniques Drastically Reduce
Computational Time But When are They Valid?

Scheme 1

Compute r, for problem. Then choose nc = # of collisions.
The At for the collision operator is given by

A£c, Nc are the same for all acceleration factors; i.e., there is
always Nc collisions with Atc for each collision. The "accelera-
tion" is given by changing the orbit following time £o?bit = TT~ »

Ng — acceleration factor.

Nc collisions during £orbit time.

Ng

Scheme 2

Let AtpE = integration time step of GC eqs. Collision after
each step with NgAtpE = A£c for the collision operator (pitch
angle and slowing down).

Ng = goose factor

^orbit = * i m e f° r ^ particles to

thermalize or be lost.



ACCELERATION of SLOWING DOWN PROCESS

HELIOTRON-E MODEL FIELD LOW DENSITY

IONS

LOSS

10 IS SO Z5 30 35 40
ACCELERATION
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ORBIT LOSS v s NUMBER of PARTICLES
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Model Helical Field Used for Benchmarks

Hanatani, Wakatani, Uo, Nucl. Fusion 9(1981)1067

h

- elPeK'2(2pc)cos2{e -

pc = 2?ra/L, p =

a = minor radius

L = pitch length

toroidal correction factor (1 — r/RcosO)
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Fast Ion Density

20.0-1

17.5-

150 A

12.5 H

.c" 10.0 H

n

5.0-

2.«> A

n

li

O.niL II _JL

E
2868
69.2
5.7
25.1

bhzfoc=
bvtfoc=
bdvghz=
bdvqvt=
angle3=
phirbd=

Gbtal Part.
Prct. Deposit
Prct. Shine
Prct. Blocked
396.0
396.0
1.2
1.2
0.0

-9.5

o.o 0.2 0.4

E Component

0.6 0.8 1.0



Benchmark STEPS

Kyoto and ORNL CODES

• Cases benchmarked - Perpendicular injection into high (I) and

low density (II) Heliotron-E plasmas with a model magnetic field

(Hanatani, et al., Nucl. Fusion 9 (1981) 1067)

• Beam deposition agrees - 92% (I) and 65% (II) beam absorption,

shinethrough agrees

• Collisionless orbit loss (I) agrees - 28.5% with boundary at last

closed flux surface

• Numerically calculated collisionless orbit shift of deeply trapped

particles agrees with analytical prediction

• Collisionless orbits match for Kyoto and ORNL flux coordinate

codes
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Thermalization at birth positions for Case I

HELIOS

MAGCOM

Number
of Fast
Ions

1000

512

Energy
to
Electrons

73.3%

71.8%

Energy

26.7%

23.3%

• Complete thennalization process, no charge exchange, boundary

at last closed flux surface

Code

HELIOS

MAGCOM

DESORBS

HELIOS

MAGCOM

Density

Case

High

High
High

Low

Low

Number

of

Fast Ions

100

100

100

512

500

Energy

Orbit

Loss

40.3%

43.1%

42.8%

47.4%

46.1%

Energy

to

Electrons

46.8%

44.8%

44.1%

39.2%

39.9%

Energy

to

Ions

13.0%

11.0%

11.4%

13.3%

13.6%



o

Neutral Beam Energy Deposition

Heliotron-E Perpendicular Injection

o

Analytic Moments
High Density

MAGCOM

totals
electrons 44.8
ions 11.0
therm 0.5
lost 4.3.1
potential 0.0
charge ex 0.0

si
H

c
a>

Monte Carlo

o.o

solid: electrons
dashed: ions
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ENERGY DEPOSITION vs BOUNDARY

70-

00-

§ SO

8
30

10

IIRI.IOTRON-E TWO FILAMENT LOW DENSITY

O.B

IONS

.Vessel

T
0.9 1.0 I.I 1.2

BOUNDARY
1.3 1.4 1JB



ENERGY DEPOSITION vs BOUNDARY
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Many helical orbits leave and rc-cnlrr the

outer Hux surface.

Charge exchange loss
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Heliotron-E

Two Filament Model

Perpendicular Injection

Vacuum Vessel Geometry

Density Case

High

Medium

Low

Energy
Orbit""
Loss

0.08%

0.06%

7.32%

Charge
Exchange
Loss

10.3%

12.2%

21.8%

Energy
to
Electrons

66.1%

64.5%

49.9%

Energy
to Ions

21.5%

21.2%

19.2%

I



Profile Parameters For ATF Cases

= To{\ -

To = 1000 cV, Tt = 50 eV

No = 4 x 1013cm , Nt = 1 x 1012cm~*

= 0 or 2 kV

Eo = 40 keV
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Monte Carlo and Analytic Moments Results
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ATF Tangential Injection

ORNL-DWG BBC 3214 FED

20

16

° • Analytic Moments
o G(

 J

ELECTRONS M o n t e
IONS Carlo

TOTALS
ELECTRONS 44.6
IONS 44.1
THERM 6.6
LOST 0.1



ATF

Six Filament Model

Vacuum Vessel Geometry

Injection

Perpendicular

Tangential

Energy
Orbit
Loss

64.2%
7.99%

Energy
to
Electrons

26.9%
49.1%

Energy
to Ions

7.53%
36.5%



Conclusions

• Results are very sensitive to:

- Magnetic field model. Also the fields in real space and flux

space must correspond exactly to get agreement.

- Outer boundary model for perpendicular injection where

many helical orbits leave and re-enter.the outer flux sur^

face and sample large regions of the plasma. However, outer

flux surface is adequate for ATF tangential injection.

• The number of collisions should be large enough to accurately

sample at turning points where trapping and detrapping occurs.

• Acceleration of slowing down process should not be used for

perpendicular injection which produces large numbers of helical

orbits. Acceleration can be used for ATF tangential injection

which produces mostly passing particles.

• Perpendicular injection into Heliotron-E for our "best" model

produces a small orbit loss while for ATF the orbit loss is ~65%.

• The analytic moments method can be used for ATF tangential

injection but not for any perpendicular injection cases.
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INTRODUCTION

THE PRIMARY APPLICATION FOR THE ATF ELECTRON CYCLOTRON
HEATING (ECH) SYSTEM IS TO PRODUCE CURRENT FREE TARGET
PLASMAS FOR SUBSEQUENT HEATING WITH HIGH-POWER
NEUTRAL BEAMS.

53.2 GHz WAS CHOSEN TO MATCH THE 1.9 TESLA PEAK FIELDS
PRODUCED BY THE ATF HELICAL FIELD POWER SUPPLY (to - coc.).

MOST OF THE HIGH-POWER NBI EXPERIMENTS WILL BE DONE AT
0.95 TESLA TO INVESTIGATE HIGH 0 OPERATION. THEREFORE. THE
INITIAL OPERATION OF THE ECH SYSTEM WILL BE AT THE
SECOND HARMONIC (co - 2 uCt).

SINCE ATF WILL ULTIMATELY RUN STEADY STATE. THE ENTIRE
ECH SYSTEM (POWER SUPPLY. GYROTRON OSCILLATOR. AND
WAVEGUIDE TRANSMISSION SYSTEM) WILL HAVE STEADY-STATE
CAPABILITY.

TiW: 11/S/I7.2



ECH SYSTEM DESCRIPTION
• ECH POWER SOURCE IS A S3.2 GHz 200 kW cw GYROTRON

OSCILLATOR THAT PRODUCES >90% OF ITS POWER IN THE TE02
MODE.

• SOME UNIQUE FEATURES OF THE SYSTEM ARE

- EVACUATED WAVEGUIDE 2.5 IN. I.D.

• QUASI-OPTICAL TE02 MODE TRANSMISSION WITHOUT
INTERMEDIATE MODE CONVERSIONS.

- SOPHISTICATED POWER MONITORING SYSTEM.

- POWER SUPPLY AND GYROTRON CAN OPERATE SHORT PULSE
TO STEADY STATE.

- WAVEGUIDE SYSTEM ALSO HAS STEADY-STATE CAPABILITY
WITH THE ADDITION OF SOME MODEST COOLING.

• INITIALLY, THE ECH LAUNCH INTO ATF WILL BE FROM THE TOP
USING A SIMPLE OPEN WAVEGUIDE RADIATING THE TE02 MODE.

TLW: 11/S/17.«



ATF GYROTRON POWER SUPPLY



THE ATF ECH WAVEGUIDE TRANSMISSION SYSTEM
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HIGH-POWER TESTS

• ECH POWER IS MEASURED CALORIMETRICALLY BY ACCURATELY
MEASURING THE TEMPERATURE RISE AND WATER FLOW
THROUGH A WATER-COOLED MICROWAVE 'TEST1 LOAD.

• THE GYROTRON POWER IS PULSED ON AND OFF CONTINUOUSLY
AT PEAK POWERS «200 kW.

• NORMALLY, THE AVERAGE POWER IS HELD TO LESS THAN 20 kW
TO PROTECT UNCOOLED BELLOWS AND PUMPOUT SCREENS IN
THE WAVEGUIDE SYSTEM.

• THE CALORIMETRIC POWER IS USED TO CALIBRATE A WAVEGUIDE
MODE ANALYZER THAT CAN MEASURE INSTANTANEOUS POWER.



WAVEGUIDE MODE ANALYZER

ORNL-DWG 83-3447R FED
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Z -
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DETECTOR AND
SURROUNDING
ABSORBER
MATERIAL

FOCAL POINTS FOR
VARIOUS T E M
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RECTANGULAR RADIATING SLOTS
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WAVEGUIDE TRANSMISSION LOSSES (PEAK) vt
TIME FOR A SINGLE BEND SYSTEM

ORNLDWQ 87-3041 FED

9 ms ON
360 ms OFF

WAVEGUIDE PRESSURE: 2X10-7 torr
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WAVEGUIDE MODE ANALYZER
OUTPUT vs TIME

ORNL-OWG 87-3042 FED
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HIGH-POWER TESTS (CONT)

THE WAVEGUIDE MODE ANALYZER WILL BE THE PRIMARY
POWER DIAGNOSTIC DURING ATF OPERATION.

THE OVERALL ECH WAVEGUIDE SYSTEM EFFICIENCY WITH TWO
BENDS IS 87%.

WAVEGUIDE PRESSURE DURING OPERATION IS LOW (10* TORR
SCALE).

TIW: 11/1/17.1



ECH COMMISSIONING TASKS

• INVESTIGATE GYROTRON "TUNE-UP" MODES WITHOUT MAGNETIC
FIELD OR GAS PUFF

- REQUIRED TO SET UP GYROTRON FOR OPTIMUM POWER SHOT
AFTER SHUTDOWN

- REQUIRED TO ASSURE PEAK POWER AVAILABLE BETWEEN 5
MINUTE ATF SHOTS

- 200 kW SHORT PULSE OPERATION *10 ms FOR REPETITION
RATES £2 Hz TO LIMIT AVERAGE POWER INTO ATF VACUUM
VESSEL TO *4-5 kW



ECH COMMISSIONING TASKS (cont.)
• • * • : • *

MICROWAVE RADIATION SURVEY NEEDED TO EVALUATE
POTENTIAL HAZARDS TO EQUIPMENT. PERSONNEL

- MICROWAVE PROTECTION SYSTEM CONSISTS OF AN ARRAY OF
FOUR CALIBRATED DETECTORS PLACED AROUND THE ATF AND
GYROTRON ENCLOSURES (INTERLOCKED WITH ECH OPERATION)

- PORTABLE DETECTOR USED TO SURVEY ECH WAVEGUIDE AND
OTHER AREAS

M-114M



ECH COMMISSIONING TASKS (cent.)

EXPLORE POTENTIAL INTERAaiONS OF THE ECH SYSTEM WITH
THE ATF HELICAL FIELD POWER SUPPLY

- 13.8 kV POWER GRID PERTURBATIONS WERE SIGNIFICANT
WHEN ISX-B AND EBT-S WERE OPERATING SEVERAL YEARS
AGO

- WHILE GYROTRON POWER SUPPLY HAS FAST REGULATION
CONTROL, OTHER SYSTEMS SUCH AS THE GYROTRON
MAGNETS DO NOT

- TIME VARYING BHF MAY CAUSE GROUND LOOP NOISE IN ECH
GROUNDING SYSTEM

- TIMING ECH SHOT FOR CURRENT FLATTOP MAY SOLVE THESE
PROBLEMS



ECH COMMISSIONING TASKS (cont.)

OPTIMIZE ELECTRON DENSITY AND TEMPERATURE AT A FIXED
ECH INPUT POWER BY VARYING GAS PUFF. HELICAL FIELD
CURRENT, AND VERTICAL FIELDS

- INVESTIGATE THE REPEATABILITY OF EACH OF THE ABOVE
EXPERIMENTALLY CONTROLLED PARAMETERS

- THERE IS A NARROW "WINDOW" IN GWCOp FOR PLASMA
PRODUCTION AND HEATING

- MARK CARTER WILL DISCUSS ATF "PRESSURE WINDOW" FOR
ECH BREAKDOWN

TlW: 1M1-I7.I



FUTURE PLANS

NEAR TERM (1 YEAR)

- INSTALL 2ND 200 kW 53.2 GHz ECH WAVEGUIDE SYSTEM

- UPGRADE POWER SUPPLY TO OPERATE TWO GYROTRONS
SIMULTANEOUSLY

- UPGRADE SIMPLE OPEN WAVEGUIDE (TE02) LAUNCH WITH
FOCUSED, POLARIZED BEAM LAUNCH

nw



ORNL- Hb

6.S3 cm
TO GYROTRON

t
VLASOV
LAUNCHER

PARABOLIC
CYLINDER

ROTATABLE
TEFLON GRATING
WITH CURVATURE

T. S. BIGELOW AND T. L WHITE. "ATF ECH WAVEGUIDE COMPONENT DEVELOPMENT AND
TESTING." 12TH INT. CONF. ON INFRARED AND MILLIMETER WAVES. ORLANDO. FLORIDA.
DECEMBER 14-18.1987.
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FUTURE PLANS (cont.)

LONGER TERM (3-4 YEARS) '-.-•v

- SUPPORT STEADY STATE ATF PROGRAM WITH ~2 MW OF ECH 1
POWER I

<
- ECH IS THE PREFERRED HEATING APPROACH BECAUSE: !

• POWER DEPOSITION CAN BE LOCALIZED AND CONTROLLED
BY VARYING FREQENCY (MAGNETIC FIELD) AND BEAMING

• MINIMAL INTERACTION WITH THE WALLS AND THE EDGE
PLASMA

• LESS DEMANDING ACCESS AND LAUNCHING REQUIREMENTS T

• PHYSICS IS WELL UNDERSTOOD ?..]

• HIGHLY SUITABLE FOR NON-HEATING APPLICATIONS
1UMM1-6M



FUTURE PLANS (cont.)

• 53,2 GHz BEST CHOICE FOR STEADY-STATE OPERATION (0.95
TESLA. SECOND HARMONIC X-MODE)

106 GHz BEST FOR HIGH DENSITY OPERATION (1.9 TESLA, ; |
SECOND HARMONIC X-MODE) BUT LIMITED ON ATF TO 3-4 SEC ;j

e CHOICE OF FREQUENCY WILL BE DETERMINED BY ATF PROGRAM
DIRECTION AS WELL AS PROGRESS IN GYROTRON DEVELOPMENT

I

• • • : • . n
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parallel extent = 2.5E+01 cm *
antenna length = 2.5E+01 cm *
antenna voltage = 3.5E+fe4 VolU
rf frequency = 1.0E+G1 MHx - ?

parallel extent = 2.3E-**01 caa
antenna length » 2.5E4-0I em
antenna voltage a 9.fiE-f 04 VolU
rf frequency = 2.5E+01 MHx
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