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AGENDA FOR US-JAPAN STELLARATOR/HELIOTRON WORKSHOP
FUSION ENGINEERING DESIGN CENTER, OAK RIDGE

NOVEMBER 9-13, 1987

To ble o f Con'/eu?LS,

Monday, November 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. Qverviews - K. Uo, Chairman \/0 /U me L

———— e

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

Overview of CHS Program - K. Matsuoka (Nagoyva IPP)
Status of ATF Project - G. H. Neilson (ORNL)

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

TJ-1I 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, November 10

8:30 A.M. Programs, Device Preparation - J. L. Shohet, Chairman
ATF Experimental Plans - M. Murakami (ORNL)

ATF Dlagnostlcs - R. C. ler RNL
Mach .ne ufq;f e ccq 5 st — K. Matsveoka [A/Q goya ]'PP)

CHS E'{penmenta Program and Dla.gnostlcs - §. Okamura (Nagowa [PP)
Transport Studies in IMS ~ J. L. Shohet (U. Wisc.)
11:30 A.M. Lunch



Tuesday, November 10

1:00 P.M.  Confinement - O. Motojima, Chairman Vo/‘/"f— -ﬂ:

D

Ripple Transport at Arbitrary Collision Frequency - W.N.G. Hitchon (U. Wisc.)
Transport Scaling in the Collisionless-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 W. R. Wing

Wednesday, November 11

8:30 A.M. ECH and NBI - M. Murakami, Chairman

Numerical Study of Fast lon 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. lon Cyclotron Heating - T. Amano, Chairman VD/U me 771
It st st ——
Heliotron E ICRF Heating Experiment — T. Mutoh (Kyoto PPL)
CHS Heating Systems (NBI, ECH, ICH) - K. Nishimura (Nagoya [PP)

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

ICRF Wave Propagation - D. B. Batchelor (ORNL)
The HBQM Heiiac Work - B. A. Nelson (U. Washington)
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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. Wisc.)
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.5.B. Anderson (U. Wisc.)

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

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 - O. Motojima, (Kyoto PPL)
Status of Heavy Ion Beam Probe for ATF - A. Carnevali (RPI)

11:30 A.M. Lun-h

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

Visit to Large Coil Facility?



ICRF HEATING IN HELIGTRON E

T. MUTOH
HELIOTRON GROUP

ICRF SYSTEMS
FAST WAVE HEATING
H & 3He MINORITY HEATING

SECOND HARMONIC HEATING

HIGH ENERGY TAIL FORMATION &
HIGH ENERGY PARTICLE CONFINEMENT



ICRF HEATING OBJECTIVES

TO STUDY THE PHYSICS OF ICRF HEATING IN HELICAL SYSTEM

T0 DEVELOP THE OPTIMUM PROGRAM TO OBTAIN HIGH ION
TEMPERATURE PLASMA

TO STUDY THE CONFINEMENT PROPERTIES OF ICRF HEATED
PLASMA, ESPECIALLY IN RARE COLLIONAL REGIME

TO STUDY THE CONFINEMENT OF HIGH ENERGY PARTICLES
IN HELICAL SYSTEM



HELIOTRON E ICRF ANTENNA CHARACTERISTICS

Four pairs of loop antennas (eight loops) with four feed
through ports were used.

70 Z part of the each antenna loop excited waves from hig
field side, and the residual part excited from the low
field side.

The sizes of an antenna are followings.
Length = 50 cm, Width = 10 cm,
Hight = 4 ~ 7 cm

The antennas were distributed 1n half area of the
toroidal section.

Antenna materials
central conducter: Copper coated SUS 304
Faraday shield: outer Titanium
inner SUS 304

Side protecter: TiC coated SUS 304
(~'87, March)
Carbon ('87 April ~)
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Power source
tube
max. power
pulse length

Frequencies
&

Heating modes

ICRF HARDWARE CHARACTERISTICS

TH518
1.5MW x 2
200 msec
26.7 MHz
28.22 MHz
17.8 MHz
55.4 MHz

58.2 MHz

1.75 T

1.85 T

1.715 T

1.75

1.86

H minority,

D majority

H minority,

D majority

3He minority,
D majority

H 2nd Harmonic

H 2nd Harmonic

ECH (53.2 GHz) frequency resonate with B = 1.9 T
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SUMMARY (HEATING)

O Antenna position was raised 1cm in the '87 experiment.
Loading resistance was improved 20-50%. Heating
efficiency was improved in the low power range(< 500kW),

but not changed in the high pewer range.

O 3He minority heating mode had higher heating efficiency

than the H minority mode.
Power dependence of ion temperature of 3He minority mode

was stronger than that of H minority mode.

O Some part of ICRF power may be divided to the direct IBE
excitation. j

|
O With simultaneous NBI heating, high energy tail enhancement
was obserbed.



MEASUREMENT OF HIGH ENERGY SPECTRA OF MINORITY PROTON

H. ZUSHI
K. KONDO
T. MUTOH
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SUMMARY (HIGH ENERGY PARTICLE MEASUREMENT)

O Up to 100keVY proton particle was observed.

O No signsof loss cone and critical energy of confinement
was recegnized.

O Tail temperature was high when
cyclotron resonance layer locates on center,

high ICRF power,
low plasma density.

O Flux decay time had correlation with the stopping time.

O Flux decay time and bulk ion heating efficiency were
not improved by the inward shift of the magnetic axis
due to the additional vertical field in the experiment

range.



CALCULATIN OF HIGH ENERGY PARTICLE ORBIT

PRELIMINARY

H. OKADA
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CHS Heating Systems
(NBI,ECH, ICH)

Institute of Plasma Physics, Nagoya Univ.

K. Nishimura, CHS group, RF Heating Group
and Plasma Thech. group.

» ECH

* Plasma production and heating.

28GHz/200kW/ TCmsec.

S6GHz,/200kW/100msec.

112GHz/S00kW/ - under consideration
+ X-0 mixed mode. }
* TEgz—=TEy mode conversion.
* High field injection.

» NBIL
* a«w/ﬁcwtsec./z beam lines,
*» Variable injection angle.
= Counter injection/2 beam lines.

- ICH
* High density plasma production by Whistler Wave.
£=40-200 MHz in B=0.5-2 T.
* Jon Bernstein Wave heating.
Effective heating even in a high density plasma (10%cnd),
Installed at low field side and movable.



CHS Heating Systems
(NBI,ECH,ICH)

K. Nishimura, CHS group, RF Heating Group
and Plasma Thech. group.
Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan

ECH is used for the plasma production and heating from the beginning
of the experiment. The capacity of the gyrotron which we have now is as
follows. Its frequency is 28 GHz, output power 200 kW and pulse length
75 msec. Its operation regime is around 1 Tesla and the expected plasma
density is ~ 1x108cm™. With the reinforcement of the power supply in
1988, we will buy a new gyrotron which frequency is 6 GHz, output power
200 kW and pulse length 100 msec. Usually, injection from a high field
side is difficult for the helical coils in a helical system. However,
we chose a specified injecting angle and we made it possible to inject
from the equivalent high field side.

NBI is an effective heating method in any systems. To get a good
deposition profile, a long beam line is desirable. From this point of
view, we will install two tangential injecting NBIs. One has a variable
injecting angle for the research of the loss cone effect. Another has a
fixed injecting angle. Using two NBI ' we can do the beam driven
currentless experiments. Each NBI has & MW injection power at the
injecting port and its beam energy is 40 kV. Expected absorption rate is
about 80 % in <ne>=2x103cm™3.

ICH is a useful method for a plasma production and heating because
it has a wide operating range of a frequency and a magnetic field
strength. We are planning the plasma production by the slow wave and m=0
vhistler mode and the heating by the slow wave and the ion Bernstein
vave. Now we are designing the movable antenna systems and their matching

systems.
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’ Ne B Puce global electrons ions :)]
Cace (=) P x : (beam
ech . v | TS0 | <1 T, T(o) T loms)
2MW 3.0%
13
I Reference 5X10 1.ST 0.2 MW BIms | 24ms |1.9keV |0.8keV ] 4.2ms | 1.9keV 0.6k¢?V (2.0%)
2MW | _- ' 2.7%
13 . .. 4.0 . : Ok
| Lower density ax10 1.ST 0.2 MW 7.3ms | 13ms | 2.0keV | 0.8keV . ms | 1.7keV | 0:5keV (2.2%)
Anomaly only " 2MwW 3.4%
L] [ ] [ ] [ ] o
m No rippla §X10 .57 0.2 MW 15ms 23ms |20keV |1.1keV] 11ms [1.9keV | 1.0keV (1.4%)
Anomaly and " 2MW 2.9%
. - . s . ° e 6
LN Ripple SXIQ .57 0.2 MW 7 lmg 13ms |1.6keV ]|0.7keV | 4.4ms |1.6keV | 0.6 keV (2.0%)

(1) Beam absorbed power is approximately 1MW

(2) Anomaly is set as a hait of INTOR scaling : D=5X10"%, n,~' {cl/s), X=2.5X10'. n,~' (ci/s)

(3) Ripple profile : € ,=0.2 (_g_)z
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Hydrogen Deuterium-
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The ICRF Heating
Program for ATF

F. W. Baity
Nopvember 11, 1987

#ATF rf heating

FWB Tue, Nov 10, 1987



Objectives of the ATF ICRF Program

Near-term

1. Evaluate the effectiveness of different heating modes (e.g., fast
wave, ion Bernstein wave)

2. Evaluate the technological problems (e.g., impurity generation)
3. Provide substantial auxiliary heating power for ATF experiments

ferm
1. Provide cost-effective high power heating for ATF
2. Provide long-pulse or steady-state heating capability

7°F rf heating

FWBWed, Nov 11,1987



ICRF Heating Program Plan Overview

Period Task
Phase IB,lI Evaluate fast wave heating (moderate power)

Phase Il (1989) Evaluate ion Bemstein wave heating

Phase IV (1989) Modify ‘best’ antenna for high power operation
(1-2MW, 1s)

PhaseV (1990) Install water-cooled long-pulse antennas
Phase VI(1991) Install additonal rf power sources

7F rf heating

FWBWed, Nov 11,1987
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The goal of the first phase of the ATF
ICRF heating program is to
determine the feasibility of

low-field-side wcive launch.

« A prototype resonant double loop antenna for fast wave
launch is under construction.

« Low power (< 300 kW), short pulse (< 0.5 s) experiments
will be conducted during Phase Il of ATF operation.

« The prototype antenna will be ccnverted to the ion
Bernstein wave polarization during Phase Il of ATF
operation.

7°F rf heating

FWBTue, Nov 10, 1987



The prototype ICRF antenna draws from
the TFTR and Tore Supra designs.

e RDL designed to cover 10 — 30 MHz
(mockup tunes 9.3 — 32.6 MHz) .

e 2-tier graphite-coated Faraday shield.
o Graphite armor tiles on sides of housing.

o Movable radially over a 15-cm range.

e No water cooling required for short pulse
operation. |

TF rrfheating



_— — Mockup of Prototype ATF Antenna

ATEF rrheating



Measurements of antenna parameters
were made on a full-scale mockup and
compared to circuit models.

« Resonant double loop design developed at ORNL integrates
tuning and matching elements in the antenna structure.

« Uses the same 100-1600 pf vacuum variable capacitors as the
prototype ATF antenna.

« Faraday shield consists of 2 tiers of round tudes (as on DIlI-D,
TFTR, and Tore Supra).

» Total inductance of 384 nh produces atuning range of 9.3 to
32.6 MHz.

* Intemal loss resistance is 114 mQ at 15 MHz (/f ).

7°F rf heating

FWBWed Nov 11,1987



(pF)

capacitance

Tuning capacitance required for a 502 match
as a function of frequency calculated using a
lumped parameter model and compared with
actual measurements

2000

1500

1000

500

frequency (MHz)



capacitance (pf)

1000

800

600

400

| T I I |
f = 15.0 MHz
M
3 (U]
O ~—
g —
C, ...
i c, ﬂ
| | n | ¥
0 0.05 0.1 0.15 0.2 0.25 0.3

resistance (ohms)



maximum coupled power (kW)

Maximum coupled power as a function of fre-
quency and antenna loading

current limit voltage limit
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Current and voltage profiles along ATF
mockup strap calculated using a lossy trans-

mission line model with f = 9.3MHz and
Rp=O.2Q.
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Current and voltage profiles along ATF
mockup strap calculated using a lossy trans-
mission line model with f = 15MHz and

Rp = 1.
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Current and voltage profiles along ATF
mockup strap calculated using a lossy trans-

mission line model with f = 30MH:z and
Rp = 1%2.
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Modification of Prototype ATI Antenna
for JIor Bernstein Wave Launch
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ICRF Heating Summary

 Measurements on the mockup have verified the wide-band
antenna design for the prototype ATF launcher.

* The prototype fast wave antenna is now being fabricated.

+ Initial ICRF heating experiments will begin in the spring of 1988.
* lon Bemstein wave heating will be attempted in 1989.

 Two 1 MW transmitters will be installed in the spring of 1989.

7T°F rf heating
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ICRF WAVE PROPAGATION IN ATF
US-Japan Stellarator /Heliotron Workshop

Nov. 9-13, 1987

D.B Batchelor, M.D. Carter, R.C. Goldfinger, E.F. Jaeger (ORNL)

H. Weitzner, K. Imre (NYU)

e ICRF Heating Scenarios in ATF

e Theoretical ICRF Studies for ATF

e Ongoing Theoretical Work
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_ Mode

Advanta qes

Disadvantages

Fast Wave
f=f, (=144 mhz

D(H) minority

works in tokamaks at high power
No competing linear resonances
calculations for ATF show 80(!1 heahng

produces large T minarity tail

Fast Wave
f=2f,0)=289 mhz

works Iin toKamaks at hugh power
can use "ATF" FMIT

no competing linear resonances

produces large T buik tail

works 0 toKamaKs at h\gh power

3He ** more collisional , faster fail
equilibration

preduces large T, minonity il
H* (impunity) resonance at B= .67

Fast Wave
f= f.... (0)= 9.63mhz
; He
pw

f= % fD(o) = 1083 mhz

most IBW experience on tokamaks
Heats buik, no tail

H' fundamental at b=.75

IBwW
= ‘g‘fb(o)z 18.06 mhz

sorme experience on tokamaks
Heats buik, no tail

several hnear [ZFH, 3fo ,2fp, fal and

non- hnear [% fo '%_ fu ] resonance
at plasma edge.

IBw
f= 2 (=217 mhz

some exnohuence on tokamaks
Heats bu\K no +ail

hnear H resonance (2fH)near antenna
seyeral non.linear D \mpurny resonances

ot plasma odge [ 5o, 2f,]

1Bw
f= 255 (0) = 14.4 mhz

No com e’tm% linear resonances
Fundamental H resonance qwes
additional dampmg

Wo experierce on tokamaks
fundamental H impunty resonance
may tend to produce fail



CONCLUSIONS

o'l'hetemmypo-n'bleheatmgmodu,myo(viwheouﬂh
sucessful om ATF.

e None of the methods is without possible problems. The major
issues are:
(1) Can energetic tails be confined in ATF? If so then mincrity
hydrogen or hydrogen 2nd harmonic should work well.
(2) Can hydrogen concentrations be kept sufficiently low im dew-
terium discharges to avoid parasitic resonances? N se thea
IBW at 3D and fast wave He® minority should work well.

e The presence of a saddle point in mod(B), characteristic of tor-
satrons, makes heasting much diffevent thas in tokamaks.
(1) Resonant surfaces ave bilurcated and can dhaage topology de-
pending om deniily and fequency:
(2) The large magaetic field scale-length nesr the szddie point is
favorable to cycletron damging.
(3) The rapid fall of mod(B) o the outside niakes high barmonic
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Theoretical Calculations of ICRF in Stellarator Geometry

o 2D Pull Wave Calculations
Melically sywetric straight stellarator or tokamak geometry
Nea-circular cross scction boundary
Improved odel for flux surfaces
Cyclotron resonance broadened by ad hoc collisions
Or
Usc of approximate warm plasma conductivity for fast waves. i.e.

cyclotron resonance broadened by Z( ‘-"ﬁ:—fﬂ) rather than collisions

k; which appears in ¢ is determined from fast wave root of warin plasina
dispersion relation

assume Ky = kioroidet = const

cffect of Bemistein wave on fast wave is included although Bernstein wave
docs not appear in inodel

o 1D Full Wave Kinetic Model

Vlasov equation expanded to 2nd order in gyroradins, indudes diamagnetic drift
and Bernstein mode

Ey retained to include Landau damping
all z dependence retained in plasina pressure and B field

o Fokker Planck Modelling of RF Hcated Distribution Functions

2D in velocity space

0D model for radial diffusion and dirft orbit losses
o Ray Tracing Studies )

full 3D toroidal equilibria



2-D Global Waves using Finite Differences .
Assumptions and Limits of Validity

e Wavelength and width of absorptio'n layer must be
large compared to the mesh size (prohibits ion Bern-
stein waves in 2-D for example)

o Equilibrium must have at least one ignorable coordi-
nate to allow Fourier decomposition of fields (e.g. the
axisymmetric tokamak or ¢he helically symmetric stel-
larator)

o m¢/m; = 0 implics Ey = 0 (limits validity to low fre-
quencies; reasonable for w ~ f); and n > 10! em~3)

e Absorption occurs by:
(a) Cold plasma - ad hoc collisions (Fukuyama)
(b) Warm plasma - approximate mode conversion
(C)olestock) (limits validity to k1p; < 1 and &y =
b,



(a) Cold Plasma Absorption - Ad hoc Collisions

e Solve the vector wave equation in 2 dimensions

2 .
-YxVxE+ %Ei-iwﬂoﬂ'E-'-' ~iwpod ext

e Calculate plasma current using cold plasma theory

K=1+—o=|iK, K, 0
weo 0 0 Kl

h
T 5 0o
Ki=1-) i Kes= — v o -
J

o Resolve singularity in K at w = {); by introducing
a collision term in the Lorentz force equatioa

m; — m; = m;(1 + ivfw)



(b) Warm plasma Absorption - Mode Conversion Model

(Colestock, Kay, Cairns, Lashmore-Davics, Francis, and Bers)

e Solve the vector wave cquation in 2 dimensions

2
-~-VxVXxXE+ :—’—.;E + iwnoZJ. = —twpod ext
[ J

e Calculate plasma current from the linearized Vlasov equation ex-
panded to 2™ order in k, p; ; for infinite uniform plasma with B

constaat and ky = k,, this gives
c3 2\
-S(VxVXE)+ (V4.9 493 )E = o dene
e Local dispersion relation: ( VE — ik E)
Det [nn - nPI+ @) 4+ ik (*) - k_’,_c")] =0
For E, = 0 this is 4'* order (bi-quadradic) in &,

e Mode coaversion model: solve for fast wave root only and take V; —
tk1 feus in the warm plasma terms of wave equation:

-é(v xV xE)+ (¢‘°’ + ikyc®) k_{c(')) E= -m-l-.l...
| s - o
) x



Magnetic Field Model

¢ Transform from cylindrical coordinates (r, 0, z) to helical coordinates
"'9 *v z ) ’

rf'=r
é=0-hz (h= helical pitch)
=z
o Introduce fux functions v(r,$) and x(r,é) such that V.B® = 0,
V .J = 0 and B? is independent of 3 (helical symmetry); then

o O _0¢ #-hrk £+ hrd
B(r,¢) == oé r 8rl+h3r3+xl+h’r’

o For an ({,m) helically symmetric stellarator, take & = s, aad

¥(r.¢) = -i'z-‘lhr2 - quI,’ (thr) cos(lg)
4

x(r,é) = Bo = constant

e For an approximate Solov'ev cquilibrium, we take A =0, ¢ = ¢ and

¢(r;0)-""’°[(‘*"“” v+ (14 350

Be
X = R



Helically Symmetric Equilibrium for Heliotron-E

Contours of constant ¥{r. )

Contours of constant | B(r,¢) |
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i e

e Since 2’ is ignorable in these cquilibria, Fourier decompose in -2’/

E(r',é,z') = z: Eg.(r',é) eik.z‘
k, .

e Construct unit vectors

é;=bxé,
és=b=B"|B°|

e Obtain two equations for the r and ¢ components of E by dotting
&; and &; with the wave equation



Quantities Calculated

o Wave fields
51=E°51 and E3=E°‘3

or alternatively left and right hand polarizations
E* = E]it.Ez

e Local energy deposition
Wi(x) = -Rc{!' e-E}
= Re(e!® - 82 ,m)lﬂnl‘ + Re(e!® — k2 ,(z))IEzI

~Im(o!D - B3¢ Im(E; E,)
Pu(x) = ;-Rc{E‘ .0-E}-V-Q
2
= Re(ef3 - ihl"f‘;’)@l- + Re({o () ~ [k l’cﬁi’)"Ez’P

~Im(e) - |k [*0 () Im(E} Ey)

o Total power abserbed

Pase = / Wix) d°

® Ooqle: anteana impedance
o) = g [ Tie B 8%



Power Deposition: Lorentz Collision Model

power deposition contours lvi'(r, ®)

(g) £=28 MHz (&) £=30 MH2 (¢) f=

flux surface average of power absorbed

0.40 | | T

0.08

o] 0.125 0.250 0.375 0.500
y(m)



Power Deposition: Warm Plasma Conductivity

with kipi =0, and k" — k,

ORNL-DWG 86-2799 FED

(o) t=28 MH2z (D) f=30 MH (¢) =31 MH2
; \ ‘
ORNL-DWG 86-2800 FED
010 : . -
008" =
% 006l \yf30 Mz _
2
3z
0.04 -
28 MH2z
002 -
o) il T" ; .\i>-. "k ]
0] 01425 0.250 0.375 0.500

y(m)



Second Harmonic Fast Wave Heating in ATF

Heating Contours Heating Profile

2nd harmonic resonance
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vacuum vessel plasma boundary

e Approximate warm plasma conductivity tensor allows for 2nd harmonic cy-
clotron absorption (not in cold plasma theory) and gives natural (thermal) res-
onance width

e For ATF at T; = lkev we find antenna loading ~ 1Q0. Comparable to value for
minority heating.



Antenna Design for ATF

plasma loading versus antenna angle, a = tan~!(j,/J)
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1-D Global Waves using Finite Differences .
Assumptions and bimits of Validity

o Wavelength and width of absorptidn layer must be
large compared to the mesh size (allows ion Bernstein

waves in 1-D )

e Equilibrium must have at least two ignorable coordi-
nates to allow Fourier decempasition of fields in y and
g (e.g. the perpendicularly stratified plasma slab)

e m./m; # 0 implies E, # 0 (allows Landau dampingof —
the ion Bernstein wave )

e Absorption occurs by cyclotron and Landau damping;
plasma current is calculated from second order expan-
sion of Vlasov equation in k, p; assuming perpeadic-
ular stratifcation (limits validity to k,p; € 1 and
ky = £&,)

oAmml‘ph.naat«lge; warm plasma effects
must be negligible at the warm - cold isterface.



Perpendicularly Stratified 1-D Warm Plasma

e Solve the vector wave equation in 1 dimension

2
~Vx VxE+ = E+iopo ) Ju = —iwpoduns
L

e Calculate plasma current from the linearized Vlasov equa-
tion expanded to 2™¢ order in k p;

e Solve for the equilibrium distribution function to 2"¢ order
in p;/L to ensure self-adjoint system (Romero; Vaclavik)

— M vy OFM ”33_1_‘9FM
F(z,vy,v),9)=F (-"’”J-’”Il)"'g oz +2ﬂaz[ﬂ oz ]

e E is retained to include Landau damping of tae ion Bern-
stein wave (allows vacuum at edge)

e Slab geometry: y and z are ignorable, B = B(z)#
Fourier decompose in y and z:

E(z,y,2) = Z Ec, x. (z)es’(kvv-i-k.z)
kyke




Finite Larmor Radius Expansion of Plasma Current

o Keeping all x dependence in E(z), F(v, z) and (w—nQ;(z) - kyvy) ~'gives
(Martin and Vaclavik)

3o = (00 + o)+ 7) B + (o) + )y - 3
ad ad JE
—{[{(2) (3)], . — (gf3) .22
where
e o9 o 0 o o)
c®@ =140 4O o |, ,M=]0 o p¥
0 0o o9 oY Ay o

{2 43’ 0 p‘,";’ aﬂ))

o[ B o] eween- (o 0 o
0 0 "(z) 9 O 0

cg) cﬂ’,’ 0 ?2 ) 0 0O
0 0 cii) (4 gi’ Ug) 0




Perpendicularly Stratified 1-D Geometry

2-point boundary value problem

) b oext
c L
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plasma profiles and magnetic field for ATF
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Wave Fields: Complete 6th Order Wave Equation

e strongly evancscent Bernstein waves in the low
field regions do not grow exponentially as in shoot-
ing methods
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“TOROIDAL” HELIAC EXPERIMENTS
ON A LINEAR DEVICE

B. A. Nelson, F. L. Ribe, D. C. Barnes
University of Washington, Seattle WA

Previous experiments on the High Beta Q Machine (HBQM) have shown
that a heliac plasma can be created at high beta (<B> ~ 0.2 - 0.3) by
applying fast-rising currents through / = 1 coils (1.2 MA, 350 ns) and an
axial hard core (30 kA, 1us) to a 20 % pre-ionized D, gas. Detailed

.structure of the magnetic fields and the flux function were measured with
internal magnetic field probes.1

Analytical and numerical studies show that the vacuum magnetic
field harmonic structure of a toroidal heliac with large toroidal aspect
ratio is very similar to that of a linear heliac with a “shifted” (linearly
translated) hardcore. Modifications are presently underway to allow the
HBQM hardcore to be shifted with respect to the / = 1 stellarator axis, up
to 25 cm. This approximates a toroidal heliac with a major radius of Ry =

148 cm (Ry/a ~ 14). The hardcore shifting apparatus is being designed to

operate under vacuum, allowing “toroidal” effects to be alternately
“turned on and off” during an experimental run period.

Numerical and analytical studies of the heliac vacuum fields show
the equivalence of toroidal curvature and hardcore shift. These studies
also show the formation of magnetic islands and their suppression by
either an additional helical current about the shifted hardcore ({simulation
of a “flexible” heliac) or even by shifting the hardcore in a true toroidal
heliac.

Future experiments on the HBQM are aimed at observing magnetic
island formatiori and behaviour at high 8, and their possible suppression by
a helical hardcire.

* Science Applications International, Inc., Austin TX
1C. M. Greenfieid, et al., Bull. Am. Phys. Soc., 1987.
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Internal magnetic field probe
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HeELicAL SYMMETRY

- ALL PARAMETERS FUNCTIONS
OF r AND W

viz.,
F=5F(rnuw)
W HERE
W= Qé'ﬂ'h%
J=1

h=2w/_ =0.154 cw

¢ SLIDE PROBE ALONG 2 WHILE

POINTING TOWARD THE HARDCORE

=> MAPPING ouT (r,w) PLANE
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FLux FuncTioNs

B- Y¥=o
ar V = Ba + hr BE
D“V = -Y Br
WHERE
B, = -b T, (hr)sin(w)
Be = - I, (hees(s) + Hotue
& Thr 2T

Bo - bl I‘ (hr) cos(w)

W
v
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Figure 44, Flux contours. Aw H 190 G-cm.
a. pp=0 mtorr, 1.0 ysec; Db. Ppp=7 mtorr, 1.0 ypsec;.
€. Pp=0 mtorr, 1.5 pysec; d. pp=7 mtorr, 1.5 psec;
e. Ppo=0 mtorr, 2.0 usec; f. pp=7 mtorr, 2.0 psec.
Hardcore risetime = 1.3 pysec, Igxc = 17 KA.



Figure 44, Flux contours. Avw s 190 G-cm.
8. PO mtorr, 3 ysec; h. Po=7 mtorr, 3 ypsec;
1. Pp=0 mtorr, 4 ysec; . Po:7 mtorr, 4 ypsec;
K. pp=0 mtorr, 5 psec; 1. Pos7 mtorr, 5 ypsec.
Hardcore risetime : 1.3 psec, Iyc = 17 KA.



Figure 4y, Flux

contours. Aw z 190
m. PppsC mtorr, 6 ysec; n.

0. Pps0 mtorr, 12 wuysec; P. Pp=T mtorr, 12 ysec;
q. Pp0 mtorr, 25 pysec; r. pg:7T mtorr, 25 psec.

G-cm.
Po=7 mtorr, 6 ysec;

Hardcore risetime = 1.3 psec, Iyc = 17 KA.
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SCALAR MAGNETIC PoTENTlA\.

B=V2

B, = Boz - L bT (he)sin(w + ﬂog:rce

% = Eo'i' GTET"" EsEs

ToROIDAL CoRRECTION (Ro. >>1 )

8. 3 f[ 2

I, - _:: (I.‘ +kr1,’):) cos(h%)'

r’f“

I+ Wl L
4 [ ! T. - =— \1 X 164hy
I, _— 2 W ( (Hhar o)] (.06( )

+ —‘%t[_r \og(r/rﬂc) -r] sin(b)

SHiET CoRRECTION

15 = -%'-{Io ces(ha) + 15 c.-os(le*h%)]
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Configuration Studies

K. Nishimura and M. Fujivara
Institute of Plasma Physics, Nagopya University, Nagoya 464, Japan

There are many difficulties to design a helical system. Magnetic
characteristics which are needed in each experimental item are
different. In a lov beta experiment, the configuration which can obtain
a good particle and energy confinements is needed. In a high beta
experiment, magnetic well configuration is needed to ensure the
stability. In a divertor experiment, clean scrape-off layer and a long
pulse system are needed for impurity control.

Large aspect ratio system is desirable for a good helical symmetry,
particle confinement and a control of the neo-classical diffusion. But
it has folloving defects. As the stability is depend on a magnetic shear,
the average beta <f> is restricted to 1~2 %. And a device size becomes
large and, as a result, its cost also becomes large. Lov aspect ratio is
desirable for the high beta and compactness of the device. But its
defects are as follows. Particle confinement and transport become
worse. Divertor layer ergodizes and an outermost surface approaches the
vall of the vacuum chamber for the torus effect. Helical axis is desirable
for the high beta plasma in theory. But it has fewv experimental data
base.

To obtain a good confinement in a low aspect ratio system, ve
modulated a heliczal coil width. As a result, the current densily in an
ianor region of the torus became large and the clearance between the
outermost surface and the chamber's wall was improved and the symmetry of
the magnetic surfaces was improved. '
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Configuration Studies

Institute of Plasma Physics, Nagoya _Univ. , Japan

K. Nishimura and M. Fujiwara

<< Problems >>

Large aspect ratio is desirable for good helical symmetry, particle

confinement and the control of the neo-classical diffusion. But it

has folloving defects.

* As the stability is depend on tl:e magnetic shear, the average beta
<B> is restricted to 1-2 %.

* A device size becomes large aﬁd. as a result, its cost also becomes
large.

Low aspect ratio is desirable for the high beta, compactness of the

device and good accessibility. But its defects are as follows.

* Particle confinement and transport become worse.

* Divertor layer ergodizes.

* Quter most surface approaches the wall of the vacuum chamber for

the torus effect.



€< Coil width modulation >

« standard coil width Cup = 80 cm
height Cho = 45 cm

+ modulation law
Ch = Cho
Cvw = Cuo( 1 + ewarcos(my) )
€we - Width modulation rate
m : toroidal periodicity .
¥ : toroidal angle

-----

Ch = Cho

Cuo

Cw
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-m=10, R=4m, ac=0.S6m

v.m.=0.0 . v.m.=0.3

v.m.=0.5 v.m.=0.9
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OPERATION REGIME OF PLANE AXIS HELICAL SYSTEM

1+2/w=12/Red..Bn/ac=0. 960/ yc=1 .2/B=4T
coil vidth 80cm/thickness 45cm/vidth modulation rate 0.5

1 I ! ! | l

AK,A"‘A"AS"“‘A-- -A

MHLD vell. ' hill,shear stab.

CONF. e""; g effect EADDEL, 0
clean

DIVERTOR divertor




<< CONCLUSION >>

- In spite of the low aspect ratio., coil width modulation improved a

helical symmetry and, as a result, harmonics components ( €1,€3 )

decreased.

+ Clearance between the ‘outermost surface and the wall of the vacuum

chamber was improved.

( This is important for the divertor experiments. )

<< Problems >>

1) Increase of the current density.
2) Increase of the maximum field.

3) Worse accessibility of the measuring and injection port.
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Introduction

» ATF—efTicient analysis and control of configuration
important for:
— Operation—runaways, limiter spacing, etc.
- Diagnostic interpretation—FIR interf., CXA, etc.
— MHD equilibrium/stability: shift, effects of currents, ¢
and V7, self-stabilization

 ...but made difficult by stellarator magnetic
structure
— 3-D character—problems to visualize
— follow field lines (costly) to get flux surfaces, integral
properties, etc.
— time-varying configuration
— efficient representation is the first step toward control.

e This talk:
— representation of vacuum and finite-B configurations
— characteristics of high-B equilibria
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Vacuum Configurations

» Flexibie VF coil system

 Fourier spectral representation of flux surfaces (already being used in
ORNL Heliotron-E modeiling)

R(p.09) = z Rmn(p) cos (mO-~n¢)
Z(p.0.4) =X Z,,,(p) sin(mB-n9)
— 0 chosen to minimize spectral width—“optimal” representation

» Use of 6-7 harmonic components adequate for experimental accuracy

(error < 1 cm); smooth radial dependence; potential for semi-analytic
represcatation.
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Variation of Vacuum Configurations

» Decomposition of vertical field into axisymmetric dipole (Q;) and
quadrupole (Q,) moments.

» Main effects: AQ,—position, magnetic well/ill, AQ,~~elongation
Both vary ¢.

 Systematic variation of flux surface shapes and Fourier harmonic
content with Q; and Q,.

AXISYMMETRIC MOMENTS SCAN $0°
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Dependence of Principal Harmonics
on Dipole Moment Q1
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Dependence of Principal Harmonics
on Dipole Moment Q1
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Dependence of Principal Harmonics

on Dipole Moment Q2 Outermost surface
t=0.98
2.20
2.15° x R(0,0)
z .
£ 210
I e I ey S |
2.05 -
2.00 P -
-4 -2 0 2 4
AQ2(%)
x  R(1,0)
* Z(1,0)
E
N
3
0.20 — '
-4 -2 0 2 4
AQ2(%)
0.10 M
. —a =
] % R(1,12)
0.05 * Z(1,12)
E
N 0.00 1
<
-0.05 1
e e N R
-0.10 - - —
-4 -2 2 4



Dependence of Principal Harmonics

on Dipole Moment Q2 Outermost surface
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Finite-Beta Configurations

Studied with 3-D VMEC code that determines the R,
and Z,,. For these studies, external configuration fixed.

Basic effect: Pfirsch-Schliiter currents — dipole

field —outward shift.
— Acxis shift > edge shift. Flux surface shape changes
reflected in harmonic content.

Check dependence of equilibria on
— pressure profile
-- flux conserving or zero-current evolution

Try to establish relationship of equilibrium parameters to
diagnostic measurements.

— (B): diamagnetic loops, segmented Rogowski coil to
measure changes to dipole field due to P-S currents.

- Bo: Thomson scattering, FIR interf., CX measurements,
etc.

Explore finite-B effects on geometry:simplification
possible for experimental purposes ?



Pressure Profiles Used in Computations

P()

-p(p)

Pressure profiles

0.0
0.0

02 04 06 08 10 12

p’ profiles
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Rotational Transform Profiles

» Both flux-conserving (¢ = t,,.) and zero-net-current equili-
bria calculated. For zero net current, At is significant.

z(p)

« Ultimate goal — use ATF VF coil system to control
transform to maintain t = t,.
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Finite-Beta Shift (1)

« Axisymmetric shift (ARq):
— Axis shift correlates well with B, essentially
independently of pressure profile and equilibrium

constraint.
0.8 a  A(O)ya (FC)
ATF * A(a)a(FC)
—is || ® 4(0Va(=0)
0.6 1 * A(aya(l=0)
s 4 X A(Oya-N
e 0.4 + A(aya-N
§ o & A(O)a-B
<q 0.2 & A(aya-B
o a = 26.8 cm (flux det.)
0. Beg 4 24.5%
60 02 04 06 08 1.0
fopeq
— Edge shift correlates well with {83)
0.8 o A(OVa (FC)
ATF a * A(aya(FC)
axis ®  A(O)a (1=0)
0.6 * A(aya (I=0)
s % A(0Oya-N
) J + A(aya-N
§ 0.4 | s AOya-B
s B
S o2 sdge T
] a = 26.8 cm (flux def.)
0.0

4
(B} (%)

o 4

10



Finite-Beta Shift (2)

« Helical axis shift (ARg;2) varies ~linearly with axisym-

metric component of shift (AR,)
O ARO0,12/a-S
0.00 ¢ ® ARO,12/2-B

X ARO,92/a-N

4
(=
N
o -0.101
o
<
‘0-20 v | v 4 v T Y
0.0 0.2 0.4 0.6 0.8
AROO(OYa
 *]
a AZ20,12a-S
0.15 1 ® A20,12/2-8
- X A20,12/a-N
2 g
~ ] ?
- 0.05
=
9
2
-0.05 v P v
0.0 0.2 0.4 0.6 0.8
AROO(O)a

—>Simple relation for finite-beta axis shift:
AR s = f(Bp)(1 — Scos 12¢)



Radial Profiles of Fourier Harmonics

 Comparison of A(Ryo(p)-Ryy(a)) for I = 0 equilibria with
“broad” and “narrow” profiles at {B)= 1.8% and 4.7%
—profile shape retained as f§ increased.

& spra(aj1en O Aprala)is W Ap)rAle)47n O Alpyaa)4.7b

0.12 2

1
0.09 -\‘\
A(R0O(p) -

Roo(a)) 0.063
{m)
0.03

0

» Similar effects for higher harmonics (AR 12 (p)shown).
Magnitude of profile effects — smail.

& AR(1,12)1.80 O AR(1,12)1.00 & AR(1,124.7n CF AR(1,12M4.7D

4R1,12 (m)

-0.03 &



Conclusions

Fourier representation remains compact as configuration
changes; components vary smoothly and slowly —efficient
for experiments and analysis.

Finite-B shifts not sensitive to details of equilibrium:
— Axis shift & B,

~ Edge shift < (B)

- Useful for immediate experimental analysis

Radial profiles of Fourier harmonics sensitive to pressure

profile, etc., but retain shape as B is raised for fixed p(p).
For higher-order harmonics, absolute magnitudes of diffe-
rences due to profile effects are small. —=Possibilities for
mock-up of equilibrium without full 3-D calculation.

Next tasks:
~ Effects of configuration changes to hold ¢ ~ fixed as 3

increases.
— Effects of plasma current (ohmic, beam-driven,

bootstrap).



Equilibrium Diagnostics

* Bo—~ AR,
— Look for peak or inflection point of profile
— Possiblities: FIR interferometer, soft X-ray array, fit
to Thomson scattering profiles

- B

— Diamagnetic coil (compensate with Rogowski signal
from helical winding current).

— Segmented Rogowski coil-—change in By due to
plasma pressure; model using equilibrium code.



ATF Multichannel FIR Interferometer System

beam xc:
2cmx45cm

15 channels, radial resolution = 3 cm

probe beam

top port —9I

vacuum chamber

cylindrical
beam
expanders

reference beam

o

\

\.

. * segmented
beam combiner  gepottky-diode

|

detector

from
119 um laser



Concept for X-ray configuration array

o Soft X-ray signal e«<n 2T, 2 = peaked emission profile
« Example: T, n, ~ (1-p?)

X-ray emissivity profile

® (1-p*2)"™11/2

0.0 0.2 0.4 0.6 0.8 1.0
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MAGNETIC FIELD ALIGNMENT
MEASUREMENTS ON ATF

PROBLEM |
- COIL MISALIGNMENTS AS SMALL AS 1% OF THE MAJOR
RADIUS CAN CAUSE BREAKUP OF THE OUTER FLUX
SURFACES ON TORSATRONS, THEREBY REDUCING THE
CONFINED PLASMA VOLUME.

SOLUTION
« MAGNETIC FIELD MEASUREMENTS WILL BE USED ON ATF
TO PINPOINT THE CENTRAL (DIPOLE) AXIS OF EACH COIL
SET. (THERE ARE THREE VERTICAL FIELD AND ONE
HELICAL COIL SETS ON ATF.)

+« THE ACCURACY OF THESE MEASUREMENTS MUST BE
~+imm.

» ALL MAGNETIC FIELD MEASUREMENTS ARE TO BE MADE
WITH THE COILS OPERATING STEADY STATE, AT
REDUCED POWER.
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ATF transform profile

1.2

1.0 (—boundary)1 —— .
0.8+ ‘
¢ ]
0.6+
0.4-
0.2-
0.0 S —
0.0 0.2 0.4 0.6 0.8 1.0
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Key resonances: ¢ = 1/2
t =1
e



Defense Against Field Errors

e Overall system design
¢ Choice (gr avoidance) of resonances

¢ Engineering design concept

e Construction and alignment

¢ Tolerances

e Perturbations
¢ Buswork

¢ Magnetic materials

e Measurements
¢ Magnetic fields
¢ Flux surfaces (ultimately)

e Error correction

e Concepts for correction coils



External perturbation fields

=~
W
.

o Magnetic materials

¢ Significant stray field
=Bl 2 1 kG for RS 3 m in plane of device

¢ Iron used in beamlines, diagnostic shielding, etc.
¢ Model as equivalent dipoles using local fields

¢ Field line studies show that perturbations drop
vapidly if iron moved out from outer VF coils !

e Buswork and current feeds
e Model using line segments in field line code

¢ Minimize dipole-like fields by minimizing loop
area and using cancellation, higher-order
multipoles wherever possible




Islands produced by magnetized iron

©
ﬂ (y'
[ 2,
- o
<
- o
Ly
- o
- -
'c ‘o...’. ® a0 -y . u. o
. ¢ g O TN S o.o la
ooo-‘- .out ~* '&'o or
- . S0 4
L] L] ,
.« * ® & L g -
. - . e, : r
4 -- . ® S Py - o
h * ¢ % ¢S -n > %
- aoo [N ao.l -Q 0-
) . W™ o . . o - od
LI o'""l .“uco P ' 4
LY ~=diie et % ¢ ° ‘.
.’l... .c.‘oo .l£
. -y
Y. 00... O AP
o.l' "l..h' -.-l-.nlo‘ e‘.-
®
' -
7- -
[~ o
@
-

| 9 1 1 1] 3 i ] ]
S0 ¥0 €0 2O 0 00 10- 20- £0- ¥0-50-

O
Asymmetric

’




i

Effect of resonant field error
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MAGNETIC FIELD ALIGNMENT
MEASUREMENTS ON ATF

- THE CENTRAL REGION OF ATF HAS BEEN KEPT CLEAR SO
THAT MAGNETIC FIELD MEASUREMENTS MAY BE MADE
AROUND THE MACHINE AXIS.

« THESE TECHNIQUES WERE PIONEERED ON THE URAGAN-3
TORSATRON AT KHARKOV".

*REV. SCI. INSTRUM. §7{(7) JULY 1986, 1233



MAGNETIC FIELD ALIGNMENT PROBE iN ATF
L




OUTER VERTICAL FIELD COILS - B,

PLOT IN THE X-Y PLANE, Z-0, B,(TESLA),COIL CURRENTS OPPOSING
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HELICAL FIELD COILS - B,

PLOT IN THE X-Y PLANE, Z=0, B(TESLA), COIL CURRENTS OPPOSING
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ELECTRON BEAM
MEASUREMENTS ON ATF

» PROVISIONS HAVE BEEN MADE FOR MAPPING FLUX
SURFACES IN ATF BY THE FOLLOWING TECHNIQUES:

» ELECTRON BEAM PICKUP PROBES (TRADITIONAL

» DIODE TECHNIQUE.
» TRIODE TECHNIQUE.
» FLUORESCENT SCREEN/WIRE METHOD.

« ALL MEASUREMENTS WILL BE MADE STEADY STATE, AT
REDUCED FIELDS.



Model problem for error field correction studies

With horizontal error field

Unperturbed
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PICKUP PROBE
TECHNIQUE

PICKUP PROBE

ELECTRON GUN




DIODE TECHNIQUE

FILAMENT -+

CONSTANT .
VOLTAGE POWER o

ISUPPLY —



~ FILAMENT re

TRIODE TECHNIQUE

<

CONSTANT
CURRENT POWER
SUPPLY T —




FLUORESCENT SCREEN
TECHNIQUE

CcCD
CAMERA

b

FLUORESCENT SCREEN

ELECTRON GUN



COMPARISON BETWEEN EMISSIVE DIODE AND FLUORESCENT GRID

TECHNIQUE M MAGNETIC FLUX NAPPING ON AUBURN TORSATRON o

frms s ——re— e - = =

“Iawescmi ,
}rid method
(overiaid)

/ Emissive “diode” method
-12.--8.0 -4.0 .00 4.0 6.9 12, |
T X aNS (ew

Eluocescent_grid.method

(courtesy of R. f. Gandy)
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X-Y PROBE DRIVE
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ELECTRON BEAM
MEASUREMENTS ON ATF

vacuum CCD CAMERA

SCREEN

CAPACITIDE
PROBE -
%}K
PROBE 7S
BRIVE , o
, £
(PICXUP PROBE) /'I /.%
:?(?

1? 9

DRIDE
(ELECTRON G6UN)
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SUMMARY

» THE MAGNETIC FIELD ALIGNMENT PROCEEDURE WILL
INSURE THAT THE AXES OF THE VARIOUS COIL SETS ARE
ALIGNED.

» OTHER FIELD ERRORS WILL BE DISCOVERED BY MAPPING
FLUX SURFACES WITH AN ELECTRON BEAM. HOWEVER,
THIS TECHNIQUE DOES NOT REVEAL THE SOURCES OF FIELD
ERRORS.

« MEASUREMENTS WILL BE CONDUCTED SHORTLY AFTER THE
ATF TORSATRON IS COMMISSIONED.
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SCHEMATIC OF THE BOUNDARY LAYER USED FOR MODULAR
DIVERTOR CALCULATIONS, THE CUTOFF RADIUS 1S THE RADIAL
EXTENT TO VIHICH THE FIELD LINES “WERE FOLLOWED, THE

CUTOFF RADIUS WAS VARIED FrRoM 6,9 cM. To 9.9 cM.
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200 IONS LAUNCHED 6 MM FROM SEPARATRIX
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10 EV INITIAL TOTAL ENERGY

1] L4 LI T ¥ ¥ - L LE L L \ ]
e * O -
= -
> -
o . oy
’
*
- ' L
>
b ‘ -
I . -
o -
- -l
B 1
r -
.
o . < =
L ) .‘.' -
o
L 4
- .' . -
.. ..
- N : 1
1 1 1 ——l I 1 1 1 1 1 Y
o L o} [ ¢ o [ ] o ? Q o o [ ¢ Q
- - - . L] - » . - . .
- o~ o~ Lo ] g} -« -« [ 2] L 1] L -]

FIGURE 3

POLOIDAL ANGLE (RAD)



//‘4

Iy

W

,

oyt ORS

oo SATORATION

|

(a)

(NV) 379NV 10d

= 8.\1

TOROIDAL ANGLE (AU)

1A

V

R

(b)

-
’ -~ ’.
-

(NV) 319NV 10d

- TOROIDAL ANGLE (AU)



sim o pe——— e . -

o TOROIDAL ANGLE (RAD)

._ 21
POLOIDAL ANGLE (RAD

O



S Y mmc.*f\ﬂ S Qwe %\cbﬂ ‘ - "\fPE
PATTERRS To PDweERTEd FLUKES

=D complex + Expusve

"THERE (S A WEED® To uvse A small
SET ofF LOoCALIRED 'pA&T\CLE Co”Ecrlon-
BeucEs s the EBSE /DdDioErTed

P(ASMA REqeL

. Maguenc A Vtecaton

Elgcreic Fiewns  (edge)

\W



A ?? LWCATION of AN EXTERNAL
VERTICAL FI(ELD CAn EFFECT THE
DWERTED FIELD PATTeRN.
- Swet e S WRFACES INWARD
ConcentfaTEy FLUX To
N BeARD DIWERTESRS
- SHETIN SOFFACES OOTWARD

 CONCENTRATES FLUX T
ouOT RoARD DIVERTORY



"9 WB14

TORCALAL -
ANGLE
(RAD)

e« @ e & 2 & € s @& e s 2+« & > L ]
g$s8:583%2s82388¢883382
® e - -
L4 LA A v L g L 3 v

DIVERTOR FOXUTE KINTS

4p =.005m
B, :0.0C1xB (HILL)




v WDl

TORVIDAL
ANGLE
(RAD) .

- e s raber = -, v &

e« ® » e e e s+ & s o @ . . «
a3 ' EEEEE R EEERE K
® e -

o v p—

DIVERTOk FOQOTPRINTS

ap =+, 005m
B, =0.001xB, (WELL)

b . .
- ﬁ . T
i A
3 z.. {:. <
p 3 : <
b A 3 L
b L
b ‘ . g
. L ;
L . ' ]
p i 4
<
I'd 3 J
i { 4
; ; K ‘
P S ‘
. 4
e @ o o @ ; e ® - o : e
- - L «» = L - [ ] [ ]






- S P T A e

20, +B,
Hile
14

Iu‘ de

e
[au] -2

[ Y
w

29 § 7 ¢ GERoe

24
ZOW -B,

WeLL
61
12

2

1 3 S 3 e GER
2-9

24 1 Base
20
/3 ,
12

-’q

1 3 § 79 GERs



R seT of screens (200 mssw)
HAS TWBEEN INSTALLED ovER 21
eF THE ITMS dwertoR sHIadS

To MoNITPR  PARTICLE  CORRENTS.

< ’D\uﬁﬁ'a}. PARTCLE cCulffeanT >/< Ling DermiTy

Bace CuTwad T8 waARd
1IN BeaRd |
bwgml Te . | l.e

S LT BoARD |
DlBERTR 19



-H-RG-84

===
END FLOT ~-- 8000

-- DONZOS DATE

SHM

CLIRRENT

1

START FLOT ---

Pulse Bias of + 50 V to Shields S8 ~ 100°

—————————-— - = & S See ————— —

... \(()\l.,\.).\.n .\f .\). \J P 3—.\.. ...._.I\

v
H

_

| |

_s f

| !

. '
w N |
— . ., . "
‘ ly‘ll'». . ) '

' : j..'ll/

=4

GEA #1 in S #14 v 45°

GEA #3 in ZS #14 ~ 45°

Divertor Shield Current




Ce " G

je3 L
Which Bias Cnanee 1~ Ditraree
Smtus ? "/t-t Foox (“
ALL |9 -so o
g-2 ~ |
0:0° | AL | +50[ | -s5 -S0
‘ | .
ALL -s0/ -40 -$0
S-¢
6-100° | ALL *Y ol 35 +4.0
N
ALL -,oq*.co -90 -89
g2 seie| t99/ .| -0 -30
g$219 S¢I0 4so/¢ -4S -J8
| e-211 02| O jegoO] =60 -10
Vaq seis] +%0/ o <30 -2s

ﬁ“.“' © gs —~40
g ]

TABLE 1I(comt.)



v e p— S ———, PP T BT
pat oo
P e -

diverTor Frux : Diwertor -Prats

SHtu-b ()| Biag

Biassm Vour

! cuance 1~
FLuX

“Bims

Zcu.wcs

1 s PECiOD Avey o FIELD Pruods 4

{ chanes
3Few PYRIONS Ay

"~
1 kR

Geds Geas | Gea's Gra's| Geals Geas
1¢3 Se? 1¢3 Se3 1+ 3 Se 3
S-2 100°|+s0| -to -10| -10 0O 0 +20
2-S LS°|+50| -3¢ 0 0 O O @
S-8 3u0|+sO| +30 +30 | 120 tAS1 O -15
- S-8 20d|+s0| +1s5 +10 | +1§ +15| O @
Z-S 190+50| +10 +15 | 415 +20 —_—
Z-S 290|+50|-30 -35.|-10 -10| -10 o
8-Z2 O°|+50|-15 -10 M +20 +20
82 140l+50| © O |+20 +18§ —
@2 250|+50|-15 251 O o| O 0
ALy Sreiks
'~ +50| -65 -30| O O | +10 O
1 r.®
"Al ,
-50| +2§5 @) +25 +25|-20 -25



-g-z ~250
[a §-Q - \0‘3‘” ,
- %-g..v\é.()o

75 am2-S ~\ED

©
=~ 9O

3

- -

N BN VA

ee® S‘n P4 3"1\—
)
(Y VY 8,'?‘ ~ 2.0 J

ee0S ¢ LoD
Lyp 2 ©270

© N @ v e = "
- - ®~ =~ "

THIS PICTURE REPRESENTS THE LOCATION OF THE ORIGINS OF THE FIELD
LINES WHICH DEVELOP TO FORM THE VARIOUS. DIVERTOR FOOTPRINTS Ll IMS,



“at
"

THIS PICTURE REPRESENTS THE LOCATION OF THE ORIGINS OF THE FIELD
LINES WHICH DEVELOPE TO FORM THE VARIOUS DIVERTOR FOOTPRINTS i1 IMS.,



\ ¢
® \Qumcnca“ﬁ %QNE&ATED on%ww

Have BEEN ExAammed Experimentally -

- A prere placed s the S.0.L.
1€ LSED To EXATE AN oAy ACuShiC
WALE .

- Emcn DIVERTOR SHIELD  WiTWIN

A FEw BERLD WAS Mol IToRED

- Twe SIGNAL  WAS  DETECTED on AT
MosT Two e FoR FacH

LAVMCH Posﬂ'mo

® TuE wiquan APPEAReDd o All sHigDS

I fAvewsd weee wesne the SEPQH.A'VV



.04

.0}

.02

.01

.0

.02

.03

.04

Lt | i
vy
ll a N
- ) A b N
& ; T
&= \ \\\\ s —— b /
2 24 " NINNIVA
= \\\\\\\\ b /f AN V//
- YAAAS TN R RS
- A \\!\ -~ /f/f)r/
= 40,47, - LN YN SR T
. A/ YA/ g L INNCNNSRS
YAY/ X , RN
— AN/ - JRAVR AN \
= XNV Y/ 7 NUALNANIAIAY
A AO Y, AV ATATANNAYY
= / 29, MRAURATRIRL
= AN Y d AVATY \
2 .m / RRAIRRY
= /
= y 1717 .
: f, \
= iy A AT 5
=) \ NN AN 7 N
= - 7 /
- N V) o - i, ._
- N R ANNNTNSS S - Y V771711
NY RNEINSNNS ~L 7 ATV
N VLR NN A N Wy, ey TV .
o I S S ] 1 A VT
™ N iy g N g Y i 1 AL 4]
SOSISRSSSSSSss SeE VoAV,
S A R e B i | )4
- Ny
Pt
- . ) 4
P,
A Bwl




nMmZ=—rc orm=—m "'Zl"'lOJUmZI"'I.\‘

DIVERTOR CONNECTION LENGTH

8P =.C05
1001
. ¢ ? $ ? ?
L ]
° 4 ' x X
b 4 A )
EO' ¢ +o A z A
+
Y X
+ 94
MY
%0 ZQQ o BASE CASE
Zxo x -500A AXIS
401 .go O +kA VF
X A -1kA VF
% + +500A AXIS
20+
] 2 3 4 & ¢

TORCIDAL PASSES

FIGURE 8



@ Lonw - AcousTic. wWAUES ARE Nous BEN
VEED To MEASLRED DivErTeh Flow
VELOCITIES

— WAave 1Is ,Auucntb FRom NEAR
SEPARATRIN ANN  PHALE MDINITORED
AT SHIEW

- WwWave 15 lausched AT sHIEd AND
PHATE MEASURED AY SEPARATNX

[ U“”S EQUATIEN ©F 10N ACOUSTIC WAVE
'Lro?aam-mp IS Presence oF Felow
EUELoPFh BY U«JQ\MA, mo'l"e\' <

B Avgews

V. ~ LS x10¢ cm/g

o D\¢E¢T MEASLVREMEeDT ef FlLow '?tou.\
PRRT\CLE CuCCenTS RAND DIVERTIR
DERITIES QUES

Ve & 12 ¥ “w/s



[ S\M?\E ANA‘\{&\& (§wmah Eﬁ-:p m bwk).
[ Nue. Fys ﬁ)&]

%, - L re a
2 Vo R d
L £ comdwnection \GMQ‘L - eobh €
|« W P‘A&u& CAD WS
Vo = Llow veloetry
Re = cewteal demyy ( MEASURSD
Ney = E®YE DENNY
d = Seobl YWickorss
= ( Paty, 3'/:. B, fevec
] t-‘tm"‘
S"oJces

= ‘PP“‘ZW;S

ne JocA-r (sanlﬂﬂcmr:ﬂ r~ ,Ms



Sommany

L ‘Premcﬂ.b DIVERTOR PATTIRNS HAVE
BEEN EXPIR\MLNTALY VERIFIED

® Diventer PATYIRME CAN RE FocusseEd
Toe THE IN BoARD /o-.n'BoAEb PIVERTORS
T\-liousk A VERTICAL mAqNETR FIEcd

o Povenrins HP?‘r!h to TemcTe DBiverTR
SHIED S CAN EFFecT FEDYE- PMSMA

Clows 1vTe ofler DivepToR S

® Io\-\ RAcousTic WAVE ?fe?h&ﬂ'ﬂow ‘!ﬂs
bEens usEd To show seEPapatnx

or1qiny of dierted Slox bundies

8 Divmtd low uvelxnies have beew
meascred to BE ~ !z e om0
Scupd SPEED.,

o PARTICLE oM FINE MenT Times Saleleren
FRowa Suu.P(E MoPELS , LIy EXpPeRimeT:
Atty MIASURED PARAMETIRS, SHow Yoo d
AYFeewesT WiTH  DRECT  ErPerimental
MeAsuRe mewTs



Fuwas PLANS

@ Houw bdo DueERTid FLURES fedietRiBOTE’
N SHAELD ‘Bmsm5 EXPERIMENTS

o E'v.p ;mmtn‘tﬁs“\r MNEAYLRE CONNECTON
|vhn'(Ls AS A fFuNeTion oF DISTANCE
SUTSIBE  SERARATRAK  LIUMWG ok AcowstC

*“\*“‘305 .

e Menswne AXRT \Twm\avl -S‘u- + rmbA"Y
Pty dlivectecy

e Mgeasons PoOTRTALS 1IN DioERTeR.
THROATS AND BACk To oINS RREAS
NMeaR.  SEPARATRIK = Cowpme it
m-ée\s uNbded Dc\a&'oruw'r b\'

£M\KCI+

@ Eramng FLecTRic FIELDS IN S',QL,
wae  shied BcAsm:‘ Jo ?Powbs
BATA Te ONDERSTAND “mschanrsa, for
RFFICTING DIWWIRTI® PARTICLE Flows,



PLASMA EDGE PHYSICS AND PARTICLE CONTROL

IN ATF

P.K. Mioduszewski
D.L. Hillis
C.C. Klepper
J.E. Simpkins
T. Uckan

Presented By D.L. Hillis

Oak Ridge National Laboratory

U.S.-Japan Workshop, Oak Ridge , November 9 - 13, 1987




TASKS

(. (MPURITY CovTRoL

e Sources

e Release Mechanicms
o Trau:por{-

: Control

&,

2. PARTICLE HANDLING

¢ Parkcle Confinement
) 'Qe.uch(na
Porbkcle Exhoust

3. PLASHA-EDGE CHARACTERIZATION

e Plasma_ "Porametecs
« Ecige Diagnosiics
¢ Confgurakon Studies



|

TARTICLE EXHAUST

Assumphion ;

Mocdest fueling in Steady state :  ~ |0Torrd /5
{NBI ) Pellets | Gas 3

Total plasma efflux ne V,,
23 g

(9
n, = S0 cm
‘C‘, = 0.03 §

2‘_\/& -= 5.3-!0”3" Source
tP
M
In sl-eadh shate ;
”cvﬂ.

€ T, ) = #>.Fud.'m3 - 7‘Oz° S-'

s Exhoust
Ce= i G

’/
[ Tp=00ls —> ¢ =14e)

€ven with short coanecktion Leugtr | 2-&4 parkcele
collectors might be suffcient.



EXPERIMENT ON DIVERTOR CONFIGURATION AND
CONNECTION LENGTH iIN ATF
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EDGE DIAGNOSTICS
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ATF INSTRUMENTED LIMITER SYSTEM
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EVERGY DEPOSITION PROFILE o LIMITER

4AR—— ~ o

20 ORNL-DWG 85-2030A FED
1 | 1 | v '
1 OM 116 kA
2 OM 176 XA
3 N8I 46 kA(ug)
s\ 4 NBI 416 KA (g)
Y 5\ sNBIS3aA

(X WY
LY)
s-.
-
-y~

TILE LOCATION

INSTRUMENTED LIMITER DATA FROM ISX-B
(BERYLLIUM LIMITER)
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LIMITER LOCK FOR PMI STUDIES

¢ FOR MATERIALS STUDIES, THE INSTRUMENTED LIMITER
WAS DESIGNED SO THAT THE CENTRAL TILE CAN BE RE-
MOVED THROUGH A VACUUM LOCK WHILE THE MACHINE

IS UNDER VACUUM.

e THE TILE IS INSTRUMENTED TO MEASURE HEAT AND
PARTICLE FLUX. THIS ALLOWS FOR AN ACCURATE DE-
TERMINATION OF THE EXPOSURE CONDITIONS.

e THE REMOVABLE TILE WILL BE USED FOR

- EROSION/REDEPOSITION MEASUREMENTS (WITH C-13
MARKER OR DIFFERENT MATERIALS)

- MATERIALS TESTS:
GRAPHITES
COATINGS
PyC, ETC.

- CONDITIONING STUDIES

- MATERIALS TRANSPORT BETWEEN LIMITER AND
WALL (AND VICE VERSA) (WITH SURFACE ANALYSIS

STATION)

e THE ATF LIMITER LOCK OFFERS A UNIQUE OPPORTUNITY
FOR MATERIALS STUDIES IN A REALISTIC ENVIRONMENT



IR Camera View of ATF Instrumented Limiter
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DIVERTOR CONFIGURATION
ERXRPERIMENT ON ATF
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Graphite Plate

1.0 squares over whole
plate 1/8" deep
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ATF PLASMA EDGE PROGRAM

PLASMA BOUNDARY VACUUM/WALL
EDGE DIAGNOSTICS: VACUUM
INSTRUMENTED LIMITER PUMPING
DIVERTOR PLATE BAKING
IR/CCD-CAMERAS LEAK CHECK
H-ALPHA ARRAY RGA
LANGMUIR PROBES GAS PUFFING

-
Tr

PARTICLE CONTROL/HEAT REMOVAL:

WAL NDITIONIN

PARTICLE SCOOP DISCHARGE CLEANING
DIVERTOR MODULE GETTERING
COOLING PANEL CARBONISATION
OUTGASSING/IN-VESSEL
COMPONENTS
P MA INTERACTION/RF-COMPONENT SURFACE ANALYSIS
STUDY RF-SHEATH AUGER SPECTROMETER
PARTICLE ENERGY DISTR.
SURFACE ANALYSIS
HILLIS LANGLEY
UCKAN SIMKINS
KLEPPER RAYBURN
GALLOWAY CLAUSING



SUMMARY

® THE PLASMA EDGE CONFIGURATION IN STELLARATORS 1S

MORE COMPLICATED THAN IN TOKAMAKS. ITS STUDY WILL
BE THE FIRST TASK OF THE PARTICLE AND IMPURITY CONTROL
PROGRAM.

PARTICLE CONFINEMENT TIMES HAVE BEEN OBSERVED TO
BE VERY LONG IN STELLARATORS ( 100 ms ia W-VIl A ).
AS A CONSEQUENCE, IMPURITY CONTROL IS A KEY ISSUE

N THE PERFORMANCE OF STELLARATORS.

THE CRITICAL PARAMETER OF THE EDGE PLASHA CONFI-
GURATION 1S THE CONNECTION LENGTH , SINCE IT DETER-
MINES THE NUMBER OF NECESSARY DIVERTOR MODULES.

ONCE A SUFFICIENT DATA BASE ON THE PLASHA EDGE
CONFIGURATION HAS DEEN ESTADLISHED, A PROTO-TYPE
DIVERTOR NMODULE WILL BE DESIGNED AND BUILD.

EXPERIMENTAL STUDIES ON DIVERTOR CONFIGURATIOR AND
PARTICLE CONTROL ARE COMPLEMENTED BY EXTENSIVE
MODELING OF PLASHA TRANSPORT, NEUTRALS TRANSPORT
(DEGAS) AND SHEATR EFFECTS AT THE PLASMA-WALL
INTERFACE.

/4



Suppression of X-rays Generated by
Runaway Electrons in ATF

D.A.Rasmussen, A.C.England, C.C.Eberle, W.R.Devan,
J.H.Harris, T.C.Jernigan, R.R.Kindsfather, R.N.Morris,
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ORBNL

and

O.Motojima, H.Okada, K.Uo
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Introduction

Torsatrons are susceptible to hard X-rays
generated by runaway electrons.

* The x-rays are generated when the runaway
electrons impact solid material such as the vacuum
vessel, limiter, or antenna structures.

 The runaways result from the combined effect of
loop voltages (up to 20 V in ATF) induced during the
ramp-up and ramp-down of the helical field, and good
electron confinement on closed magnetic surfaces.



Summary of Heliotron-E Information

» Hard X-rays are worst during the ramp-down
phase

» Hard X-rays can be suppresed with relatively

mild, time varying outward shift of flux surfaces
by axisymmetric VF and mild gas injection
(typically 0.01 mrem/shot at R=15 m)

 An inward shift is "very dangerous” and enhances
hard X-rays

o Localized error fields are not effective

* Heavy gas puff helps to suppress X-rays in

conjunction with VF programming but probably
ineffective by itself

 Base vacuum pressure important: mid 107 torr
prcduces the minimum hard X-rays.

- Disabling the VF programming and gas puff
results in doses as high as 21 mrem/shot at
R=17 m.



X-rays are succesfully controliled on
Heliotron-E because:

* Few free electrons are available during the
ramp-up

* Free electrons from the experimental portion of
the discharge are available for acceleration
only during the ramp-down

* Qutward orbit shift plus the programmed

outward configuration shift, directs energetic
electrons to the outer wall or limiter during

ramp-down



Runaways in Proto-Cleo

¢ Small torsatron: R =40 cm, gy~ 5 cm
B(maz) = 2.5kG
+(0) ~ 0, ¢(a,) = 0.6

e Typical waveforms:

— |
! t 1.' o 'f X-ray )f’l

i — 2 x 10" cm~3/div. :
I, — 50 A/div.

o Energy of “walkaways” ~ 100 KeV. Ramp-up plasma sensitive: could
be eliminated with control of gas puff, pre-ionization.

[J. H. Harris, et al., Nucl. Fusion, 24, 159 (1984)]




An assessment of this problem for
ATF indicates that:

¢ Hard x-rays pose a potential hazard to personnel
and internal ATF components

* Suppression techniques developed on the
Heliotron-E device may not be sufficient for ATF
(configuration cannot be strongly shifted to the

outside)

* It is desirable to inhibit runaway formation
entirely (ATF has no radiation shielding)

* It is necessary to have a backup system.

* Extensive monitoring is required for initial
operation and following major changes to the
device



There are several aspects to the
problem: |

Prevention/Suppression
* Mechanical Intercept Probe

* Fast Gas Puff
* Spoiling of Magnetic Surfaces

Detection
* Personnel monitoring
* Occupied areas monitoring
e Surveys
* R2al time feedback

Shielding
e Local

e Global

Access Controls
e Personnel restrictions

e Interlocks



The chosen approach to suppress X-
rays is three pronged:

1) The first approach is to fabricate one or more
removable probes that intersect all magnetic flux
surfaces. The probe is inserted across the flux surfaces
as a standard procedure during the ramp-up and ramp-
down of the helical field. The probe intercepts electrons
before they can complete, on average, 100 transits around
the torus. This limits their final energy to less than ~ 2
kev, hence preventing dangerous x-ray emission.

2) The second approach Is to use vertical field
programing in conjuction with gas puffing during the field
ramps. While vertical field programming was found to be
effective on Heliotron-E, it Is not obvious that it will be
successful on ATF; nevertheless, this technique will be

investigated as well.

3) Finally as a backup system, for example In the case of
an abnormal termination of the magnetic fields (ie. power
failure) a fast acting valve will open to release a stored
reservoir of high pressure Argon into the ATF vacuum
vessel. This will result in a rzpid increase in the vessel

pressure to ~ 10-2 torr, thereby suppressing runaway

production. During unanticipated operating conditions
(fault conditions) the gas puif is the only system capable
of responding in the time period required (ie. less than
10-15 ms) to prevent the acceleration of runaways to
energies (greater than 100 kev) where they produce
dangerous x-ray emission.
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X-Ray Suppression System Logic

 Rotary probe

Operation of the rotary probe is never
inhibited during the course of normal
operations. The default position is with
the probe in. Failure of the probe to
withdraw during the shot sequence will
result in the generation of an end of
event (EOE) pulse -
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Vertical Field Programming
The inner VF and trim VF coils and
moderate gas puffing will be
programmed for maximum inhibition of
runaway confinement, however this may
not be as effective as on Heliotron-E
because;

« The arrangement of power supplies
and coils makes large outward shifts
difficult (eg., the trim VF supply
polarity cannot be reversed)

« For realistic values of the coil
currents, it is impossible to
eliminate all of the closed flux
surfaces

« Use of the mid-VF coils to move the
plasma up or down aiso wili not
eliminate all of the closed flux
surfaces



Fast Gas Puff
The fast gas puff will fire if:

« The loop voltage exceeds a predefined
threshold, and

- the vessel is under vacuum, and

« the rotary probe is not in position, or
X-radiation above a predefined

threshold is present

The gas valves require power (24 VDC)
in order to seal. Loss of power will fire
the gas puff.



Fast Gas Puff X-Ray Suppression System

24 VDC

Purge Vent To Vacuum System

Ceramic Break

Vacuum Gate Valve

_@ Fast Gas Valves (10 ms.)~
@
&

-_

Shutoff Valves
Orifice valves

Gas Ballasts, 1-10 cc (3000 psi max)

Fiiter

High Pressure lines

» == Vacuum lines (10 Ton’i‘

% Pressure Reg. (3000 psi max)
0

High pressure electronic gauge

Twr]  Yacuum pressure gauge

. ) D.A.Rasmussen
Pressure Relief 10/6/87



ATF Operations X-Ray Suppression
Interlocks/Controls

. Autonﬁatic Interlocks

The PLC will allow ATF to operate if,
prior to the start of the shot sequence:

« There is sufficient pressure in the fast
gas puff ballasts, and

» The fast gas puff gate valve is open,
and

« No X-rays were seen on the last shot,
and

 The rotary probe is inserted and
remains intact



Administrative Controls

ATF can begin operations each day after
a successful test of:

- Fast gas valve fired into a closed
system (gate valve closed), and

 One cycle of the the rotary
probe.



Alternate Intercept Probe Concepts

. B Field driven half loop
(Rometron) JX B

. Linear Intercept Probes
1) Bellows sealed,
pneumatically driven
2) Linear induction motor
driven
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Summary

° X-ray emission from runaway electrons
on ATF is a serious issue

. Runaway suppression techniques used on
Heliotron-E are not adequate for ATF

. Three approaches have been developed to
suppress runaway production

. Monitoring devices have been installed in
occupied areas

o Personnel access and exposure will be
limited

. Additional shielding will be added as
required

. Systems will be ready for installation and '
testing onn ATF prior to commissioning or
first plasma operation.
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- 0034

POLOIDAL ROTATION MEASUREMENT
MOTIVATION Fridoy Morning,
HO{'Oj:‘N‘
(1) ACCUMULATING DATA BASE IN THE WIDE RANGE OF COLLISIONALITY
Vay=21v/c/2-27R, /mV,;, WHICH CONTAINS THE 1/v REGIME AND
THE PLATEAU REGIME PLASMAS HEATED BY ECRH, NBI AND ICRF.

(2) ANALYSIS BASED ON THE NEOCLASSICAL THEORY ESTIMATING THE
RADIAL ELECTRIC FIELD FROM POLOIDAL ROTATION.
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NUMER ICAL CALCULATION

NEOCLASSICAL FONVIJI.ATIQN WAS APPLIED FOR RIPPLE TRANSPORT.
A(x)

w3(x)

3=-e Vv ehv(’!‘n. f dx x5/2e* 7, (x)
0
SHAING, PHYSICS FLUIDS 27 ((1984) 1567

FOR PLATEAU REGIME el (Qmbipolanity
o= Pi_1Ti Coni‘-"(ion)'

SHAING, ‘HIRSHVAN AND CALLEN, PHYSICS FLUIDS 29 (1986) 521
ION DIAMAGNETIC DRIFT WAS NEGLECTED
Te(r), Ty(r), ng(r) PROFILES-- APPROXIMATED, WITH POLYNOMIAL
ACCORDING TO THE MEASURED PROFILE

(a) ECRH Te(r)/TeO-l-rz
‘I'l(r)/‘l'h:,-l-r4

ne(r)lneo-l-rj
(b) NBI Te(r)/Teg=1-r o—
T (r)/Tyg=1-r% [=0.8 aP

ng(r) /ngg=1-r2
(c) ICRF Te(r)ITeo=i-r2
Ti(r)/Tio=l-r4

ne(r) /ngy=1-r8
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NB81 Piasma
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' Fig. 10a: Electric field corresponding to measured poloidal rotation by means
of Doppler shift at 05, C lines. Comparison to theoretical pre-
dictions: [T = [y (left).

Local ion heat diffusivities and modificatZons by the calculated
electric fields (right).

Er [VIcm] . '0910 x-r, [cmil.] o i
- ] ‘ WViI-A | 8
o ) ™~ B 2.57] N 1
hY ru'\-wSm t
' + 60547-
i 4 \| eo6os [
.100- ‘\ b
L J \\\Ef-o t-
\ 3
.200- N > \\
3 - =
-300 1 _
: o a
-4001 1 : . . .
; Doppler f !
'500‘ E" b
2 "¢ 8 .10 s T 10
© 2 4 % ¢ Oem) ° r [em]

g ‘ into account the orbit
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Fig. le loss of injected particles, the ion flux has to be enlarged for the
fit (left). Locsl ion heat diffusivities and modifications by the

calculated electric fields (right).
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Fig. 11b: Measured temperature and density profiles during ECF heating used
for the calculations.
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SUMARI ZING

(1) THE ELECTRIC FIELD WAS ESTIMATED FROM V,, AND SURVEYED IN A
WIDE RANGE OFCOLLISIONALITY OF 0.01<v$s, v iu<l AT r/a=0.7-
0.9.

(2) OBSERVED DEPENDENCE OF E,. ON PLASMA PARAMETERS OF DIFFERENT
PLASMAS (ECR, NBI, ICRF) WAS WELL EXPLAINED BY THE AMBIPOLAR
ELECTRIC FIELD BASED ON THE NEOCLASSICAL TRANSPORT PROCESS.

(3) THE POWER DEPENDENCE OF Vp WAS NOT OBSERVED (ICRF, AND
NBI).

(4) DIRECT (ORBIT) LOSS EFFECT OF THE HIGH ENERGY PARTICLE DID
NOT APPEAR EXPLICITLY IN THE NUMERICAL ANALYSIS.

(5) THE ANOMALY TRANSPORT IS DOMINANT IN THIS OBSERVED REGION.
(W-VIIA)



Status o.[. the Hc.a.vy Jon Beowm Probe {-or ATF

A. Carnevali
S. Acete

K. Connrer

J. Lew:s
Rensselaer Pa\y'l'c.c‘rm'\c Tnstitule

J. Glowienka
D. Skip‘o_y

Ook Ridge. National Labaru_tory
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MoTivation

Basic Principles of R\RP

HI&P {for ATF

Expected Measurewment Capabilities

Caliberalion I sswes

Schedule.



MOTIVATION

NEOCLASSICAL THEORY PREDICTS THAT RADIAL ELECTRIC FIELDS OF EITHER

POLARITY REDUCE HELICAL RIPPLE LOSS, THEREBY IMPROVE CONFINEMENT
ORNL-DWE 34-2563 FED

.07
LLT2 L PN (1-127e2)
wmo t-1¥7e)
10¢ Tor heV .
ATT AXISYMMETRIC
HINTON- HAZELTINE
CONTRIBUTION
s -
;E 0 Lo
. #$0/Tor-04 +{ o° ,--’2\
- V4 4 ™Y
- & ‘ ('
: i "X to\
- ¢
’ S, wEucaL 20
/ ’/ : RIPPLE
103 A ¢ ¢ CONTRIBUTION
I’ 1’
y / o
U 4
102 : e = -
w-? w0-* 10° . ' “i0? 103"
4

C @ Electric potential measured with HIBP ( w2 R°7)

® Control of potential with:

- Momentum inputs from opposing tangential beams (as In 1SX-B)

-~ Overlapping ECH and NB1 (?) (as in H-E and W7A)

an £7-088



MOTIVATION

THE BETA SELF-STABILIZATION IS PREDICTED TO

REDUCE TURBULENT FLUCTUATIONS
- and T prove aanane.vue\d‘

050
1 T <]>=0
700.63 8 N
0.05 F.C.
0 . | 1

[ B.A.Carreras ot
o s 0 - 19 1AEA ¢/ Kyoto, 198¢

Bo(R

e The nonlinear model for resistive Vp - driven instabllities
(higher m,n) predicts flucuation levels.

E Variations of the turbulent fluctuations can be observed by:}
- Microwave reflectometry (with CIEMAT, Madrid)

— Heavy lon beam probe (with RPI)
- FIR Scattering

- Edge Langmuir Probes

87-159



PHYSICAL PRINCIPLE OF THE
DIAGNOSTIC TECHNIQUE

Primary detector
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Figure 8. Components of a diagnostic system



Hig? FoR STELLARATORS

The wajor factors that influence HBP cystems for sTellacators:

. Separation of impul” and aulpul peric (15° \w ATF)

2, Large magnelic field oulside coil systew

(.. soo gawss at beamline awd detectnr for Bo= | Tesla
in KTF)

3. Vacuuw w;a_a’vs:‘h'c. $ield  wet sig’wi#—?t:avfﬂ\l
alfeced J.ur\'v.g a p\aswa. A(.:r.'aa,rge..

Ma jo¢ Cons«.q wewnces:

L Fully 3-diwmensional trajectory simulations

ore chuimi )

2. Systewm can be calibra¥ed without o Pla:ma..



ATF PLAN VIEW
showing The locaTion of the HI®P
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Hca.vy Jon Beom Probe for the ATF
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Basic Radial Scan. Measurewmen! Points.
B, = | Tesla 160 KeV Cst— CsT*

D.K.Lee , Compuler Services, ORNL



BASIC RADIAL SCAN

a Two-dimensional representation

BIRTH POINTS IN PLASMA

g o - 0.00
; l( 4’,\“@*.-. covstanTz +2,9°)
" 5.0 0.0 0.0

X

8, = 4.¢° probes The plasma Pe.ri‘;\ne.ry (q-.- 1) af a
toroidal lecation ¢= 5.5°



ENTRANCE ANGLES

o.
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2.0 4.0
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T
.0

THETR
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T T ¥ ¥ 4 ¥ ¥ Y
-10.0 -8.0 4.0 -4.0 -2.0 0.0 2.0 4.0 '.0 8.0 10.0
PHI

-10.0 8.0 -6.0 -4.0 -2.0
[ (1 A

Basic Roadial Scan
Kamge_s in enlrance ahglas:

A=~ +5¢
Ad= = 0.3

These ranges are acco_P‘\’alnle. for o standoxd
poxa.\\e.\ - P\a.“'e. snecgy analyzer,



PRINARY AND SECONDARY ORBITS HAVE CLEAR PATHS INSIDE THE ATF WBeSseL
160 KeV, Cs*=s Cs™, hynyy=2.7°, Sruuap = = 48"
(2 prinsry besn detector is located inside the vessel at ¢=14%)
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INTERSECTIONS WITH EXIT PORTS

0.0 -25.0 0.0 5.0 0.0

AW the secomdaries of e basic radial scamw
have o cear path throwgh the autput porl



Estimaled Effects of E, on Radial Scan

o3 25cmn (cirewlac ccoss seclion )

=8 0-r)

BIRTH POINTS IN PLASMA
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“B.0




Estimaled Effects of E, and g on Rodial Scanm (160 Kev)

BIRTH POINTS IN PLASMA

Z(m)

-50.0

v = '-f.3 CA

?‘é ond F Pa.ra\;o\ic. in T
§°=-—7. kV.

Bo= 7 %

O =30 cwa .,

Nole: the \aswm cevfer caw be proka.J Ly
rziuc\ng the beaw eneargy (to ~ 145 kaV)
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SIMULTANEOUS WULTIPLE-POINT MEASUREMENTS OF PLASHA FLUCTUATIONS

fluctuations in § and hy are Typically meaturad
af The sawme Time. The bandwidth is € Soo xMa
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A\Md\,%w with 3 shits, 2 em eposT,
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three locations probed nesr the plasma periphery (E=160 keV, Os=3°).

sdjacent locstions are 2.7 cm apart, 0.3° toroidally



TYPICAL DENSITY
POTENTIAL
CORRELATION (r=24cw)

HIBP on TEXT ToxAMAK

)

klong

Phase
0

Coherence
02 04 055 0.'8

100 200 300 400
Frequency [kHz]

( P.M.Schoch, T.c.ForsTer, R.L.Hickok)



TRANSPORT

HIRP an TEXT TOKAMAK
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Experimentally Measured Parficle Flux

on the TEXT 4okawmak

llo'scnfzs"l

Particle Flux

07 08 09 10
Minor Radius [rid

(HIBP dadm: .M. Schoch , J.C. Forsler, R.L.Hickok )



CARBON FOIL CALIBRATION CONFIGURATION

Carbon Foil

Carbon Foil Holder

Area of Plasma Confinement .
Primary Beam Detector

® The carbon foil is a 100 angstrom thick layer of
carbon capable of stripping electrons from a
sufficiently energetic primary ion beam.

® This layer of carbon is placed on a metal disc
approximately 1.5 cm in diameter with 2 0.5 cm
hole in the center. The foil is supported over the
hole by a nickel screen.

During preliminary tests on 3 high voltage test stand, secondarL ion

% production from 3 carbon foil was observed using a 128 keV Na* beam. Is+
I
~60"ml-andAE2—5.2$- P

was



Ope.ra.'ﬁo\r\ of aw HIBP in la.r-g’e. g fields

A lacge section of e primaary beaw \ine

will be wu.ghgf'?u\\y shielded .

Cowmpuler simulaflons predidt that The sty
ATE field in The analyzer will produce

owly sysfematic errors.

An n-situ calibration of The Sy stew will
be parﬂomeA \ASQV\B' Carbon Joils.

The HBE on The TARA expanwent
operafes i a cowparatively similar

S“"ay feld . SimulaTion prads chions and.

in-sitw  calibralion ate iw good. &6"'&2\4\&0—\'\1’.

(&. Wallock | Aes '27).




SCHEDULE

® MCL\'C.\I\ g8 - be_g;v\ wmslallation of

priwmary baeaw \ine.

® Z\'b\\y 2L begin installation of

Su:oualary beam live ( avm\yi-e_r)

® FeLruwry g9 - inihial weasurewentt.



