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HOT -ION DISTRIBUTION FUNCTION IN ORMAK, THE OAK RIDGE TOKAMAK 

R. V. Neidigh and D. J. Sigmar 

Abstract--A distortion of the Maxwellian ion-energy distribution function in 

tokamak-produced plasmas may be revealed in the spectral-line radiation. 

We report experimental evid~nce that (1) a change in the value of Zeff' 

(2) delayed gas injection, (3) neutral beam injection, and (4) liner 
0 

cleaning procedures can alter the profile of the Balmer-a (6563 A) line 

of hydrogen. The distortion is analyzed in terms of an effective 

toroidal-drift velocity, ion-temperature relation. 

1. INTRODUCTION 

It has been observed that tokamak plasmas execute poloidal rotation 

early and late, and toroidal rotation during the constant current portion 

of the ohmic heating cycle. Early theories of poloidal rotation were given 

by STRINGER (1970) and toroidal rotation by ROSENBLUTH et aL (1971). The 

theories were later reviewed by HINTON and HAZELTINE (1976). Recently, 

HIRSHMAN (1977) has determined the poloidal and toroidal ion flow velocities 

in all collisionality regimes from a fluid theory point of view. The observed 

toroidal rotational velocity of the plasma was theoretically shown by SIGMAR 

et al. (1974) to be related to the existence of trapped particles. We 

reported, at that time, an experimental observation in the 

ORMAK-produced plasma of an apparent linear relation between ion temperature 

and toroidal-drift velocit_y. A more recent observation (BELL, 1977) of 
0 

toroidal rotation is that of a Doppler shift in the 0 V (2781 A) radiation 

from LT-3, operating in the plateau and collisional regimes. In 1976 we 
0 

reexamined the Balmer-a (6563 A) spectral line profile of many ORMAK shots 
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with a multichannel, time-integrating detection and collection system 

instead of the single channel scanning system previously used. We 

substantiated that there is indeed a systematic distortion of the Balmer-a 

line profile of hydrogen and that it appears to be related to ion temperature 

as we reported in 1974. A discussion of the effective toroidal-drift velocity 

(~ 1 i), ion-temperature (Ti) relation, and the plasma parameters which affect 

dv 11 ;fdTi will be presented in this paper. Poloidal rotation \!'ill not be 

considered. This paper will also describe the components of the improved 

detection system, describe the line-profile unfolding technique; and 5uggest a 

possible spatial distribution of the toroidal-drift vPlocity. 

Our objective in reporting these observations is fourfold: 

( 1 ) Although the source of H radiation is predominantly the cold edge 
CL 

of the plasma, the intensity of radiation in the wings of the line profile 

is sufficiently above the noise level to permit dv 11 ;fdTi analysis in the 

energy range up to ten times thermal. This is a worthwhile complement to 

the ion-temperature determined from charge-exchange analysis of the high 

energy tail of the distribution function. 

(2) It is conjectured that the effective toroidal-drift velocity, 

ion-temperature relation may become a shot-to-shot plasma quality indicator 

since d~1 i/dTi appears to be sensitive to injected hydrogen gas (gas puffing) 

and neutral injection which, in turn, alters Zeff" 

(3) The expected increase in toroidal-drift velocity due to tangential 

neutral injection, as indicated by the charge-exchange analyzers as well as 

by the H radiation, was found to be anomalously small. The dv
11

./dT. relation 
CL 1 1 

may quantify the effects of ripple viscosity as described by TSANG and 

FRIEMAN (1976) .. More recently TSANG (1977) has shown that a 1% drift-wave 
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turbulence level suffices. to provide enough ion viscosity to anomalously 

damp the toroidal rotation produced by parallel neutral-particle injection. 

Anomalous damping may also be caused by microturbulence first suspected 

by RUDAKOV and ZAVOISKY (1967) and later, with more detail by CALLEN et 

al. (1973). 

(4) A spatial distribution of the toroidal-drift velocity is found 

by combining these results, v11 i(Ti), with the ion-temperature distribution, 

Ti(r), from the charge-exchange analyzer. 

2. DATA COLLECTION SYSTEM 

Our method of observation incorporated a 3/4-m Czerny-Turner spectrometer 

with the associated optics for the selection of a band of radiation of ~125 
0 

A width. Detection, timing, integration, and digitization of the radiation 

was accomplished by an optical multichannel analyzer (OMA) system. A 

dedicated computer was used for data storage and analysis. The apparatus is 

schematized in Fig. 1. Simply by positioning the entrance slit of the 

spectrometer, it was possible to collect radiation using either an upstream 

or a downstream view with respect to the direction of conventional current in 

the ohmically heated plasma. Spatial resolution is not directly obtained by 

this technique but may be estimated indirectly through an ion temperature 

distribution, as will be shown. Radiation was collected along a path lying 

tangent to the inside edge of the ORMAK liner in the midplane. A geometrical 

analysis shows that for the ORMAK dimensions (R% 4r), the average angle between 

the path of radiation collection and the toroidal direction of flow is about 

45°. We have corrected for this by increasing all velocities calculated from 

the measured Doppler shift by a factor of 1.4. The reciprocal dispersion of 
0 

the system was of the order of 1/4 A per channel of the vidicon detector, and 
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therefo~e the conversion of channel number to wavelength could be in error by 
0 

as much as l/8 A corresponding to a possible factor-of-two error for the lowest 

values of drift velocity measured or as much as 10 eV at thermal ion temperatures. 

3. OUTLINE OF THEORY 

Tounderstand the observed Doppler shifts (or more precisely, the asym

metric distortions of the H0 line bearing the signature of the proton velocity 

distribution), it is useful to first review the fluid picture of plasma flows 

(HIRSHt'lAN 1977 ). During the constant c:IJrrent phase of the tokamak discharge, 

one expects to observe a steady-state ion flow velocity driven by the pressure 

gradient and the radial electric field. Whereas in a current free cylinder 

these flows would simply occur in the poloidal direction, the helical field 

line structure and the toroidal geometry (producing trapped particle effects) 

lead to surprising deviations from the classical picture, depending also on 

the collisionality parameter v*. Beyond that, to fully understand the 

observed distortions in the superthermal wings of the Ha line it will be 

necessary to briefly review thP. kinetic theory of the distribution furiction 

of the ion (guiding center) velocities given before ( SIG~~R, CLARKE 1974 ). 

3.1 Fluid Description 

HIRSHMAN (1977) has shown that the poloidal, toroidal, and parallel flow, 

velocities of the ions are given by 

Upj = u 'i ( 1/J) B11 
(1) 

UTi = <VliB>/BT + U;(~)BT (2a) 

11
11 i - v

1
. + u.(~)B (2b) 
1 1 

where· 

ui(~)= (Jli21)Jil )<V2iB>/<B 
2 

(3) 
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Here B, Bp, and BT are the total, peloidal, and toroidal magnetic fields 

and ~il, 2 are the neoclassical parallel ion viscosity coefficients whose 

dependence on the collisionality parameter v*i is shown in Fig. 2. v*i is 

defined as the ratio of effective .collision frequency to bounce frequency, i.e., 

2 ( )-3/2 =(1 + n Z /n.) Rq r/R /T··<X· z 1 11 1 

with 

and 

T •• 
11 

a. = 
1 

is the thermal ion speed. 

number .. 

hT./m. 
1 1 

n and Z are the impurity density and charge ·_ z 

(4) 

The angular brackets denote an average over the peloidal magnetic.flux \' 

surface~= constant and the neoclassical diamagnetic velocities v1 , 2; 

are given by 

[
Pi (1/J) e;¢' (w)] 

= (- FT./e.) + T 
1 1 P; i 

(5) 

. [Ti(I/J)l 
V2;B = (- F Ti/ei) . Ti 

Here F = RBT and a'(~)= da/d~ = ival/lv~l = lvai/RBP where "a" stands for 

the pressure P;, the ambipolar potential $,or the temperature T;· While Pi 

and Ti are presumably known, $' is not, usually. 

3.2 Fluid Theory Determination of Ambipular Potential 

Of all the various possibl~ nonambipolar diffusion processes (such as 

classical or anomalous perpendicular ion viscosity, magnetic ripple effects, 

or charge exchange) we have concluded that for the relatively low density 

small minor radius ORMAK experiment charge exchan9e is the dominant effect 

to determine the ambipolar electric field; The same claim has been made for 

the ATC experiment (KOCH and TANG 1977). 

··\ 
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Quite generally, as shown by HINTON and HAZELTINE (1976), the. toroidal 

angular momentum balance is 

a 1 a -;-t <m. n. u.TR> + --;;--- r S. = <_j_ . 'illjJ> 
0 1 1 1 r or 1 

(6a) 

where Si depends on the perpendicular ion viscosity (which in the absence 

of neutral injection seems to be classical-and therefore negligible) and 

_j_ · 'illjJ is the radial electric current due to nonambipolar diffusion. 

Using Ampere's law (6) becomes 

(6b) 

which is the fluid version of conservation of toroidal angular momentum. 

Observing experimentally that initially (i.e., before reaching the flat 

current phase) the toroidal momentum is negligible, the integration constant 

needed to integrate (6b) is zero and there results, using again !VIjJI = RBP .· 

(6c) 

If the toroidal velocity uiT is simply that given in Eqs. (2) and (3) 

(i.e., containing no charge-exchange effects to leading order). (6c) becomes 

the determining equation for Er when uiT is taken from (2) and one obtains 

T. 
1 

Here the toroidal 

coefficient of¢' 

[ 
<rl . > J n ~ T ~ 1 + (?1 = _1 + _1 

2 n. T. <w .> 1 1 
Pl 

(7) 

') ') 

plasma dielectric constant <wL.>/<QL.> >> 1 so that the 
. p1 p1 

is practically unity. ~2 .;~ 1 . varies substantially with 
1 1 . 

v*' but not much with the inverse toroidal aspect ratio r/R (see Fig.?). 

In the banana regime the coefficient of TilT; in (7) is -0. 17, in the 

Pfirsch-Schluter regime 3.44, thus changing sign in the plateau regime. 
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(The same sign change occurs for the poloidal velocity upi [see Eqs. (1) 

and (3)].) When the value (7) is inserted into Eq. (2) for the toroidal 

velocity uTi one obtains zero to leading order. Thus, to this order, the , 
plasma conserves toroidal angular momentum by adjusting E until uT. vanishes. r 1 

3.3 Kinetic Theory of Ambipolar Potential 

Consequently, one is forced to determine the higher order (in ;;;R 

and vcx/vii) contributions to the toroidal flow velocity uTi from kinetic 

theory (SIGMAR and CLARKE 1974). Noting that experimentally the effective 

toroidal flow velocity is solely determined from the wings of the spectral 

line, i.e., the superthermal ions, the banana-plateau theory will suffice 

even when the bulk of the ion distribution is strictly in the plateau 

regime. Then the profile of the H line of charge-exchange atoms observed 
a. 

tangentially to the toroidal magnetic field can be related to the proton 

distribution function of parallel velocities Fi(v
11

) = Jarv1 dv1 f(v1 ,v11 
). 

In the banana-plateau regime, one has Fi = F0 + F1 where F0 is Maxwellian 

(even in v
11

) and the odd piece in v
11 

is given approximately by 

{
vm [(E ) T' F =F _l_l_i _r+u _ _i_ 

1 O. Ti Bp g eiBP ( v~ _ y) (f v*i + /€)] } 
a.2 1 + v*. . 1 

1 

(8) 

Here, 

T. [n~(r) 3 T~(r) l - _,_ + (y - -) 
e

1
.Bp n. 2 T. 

1 . 1 
(9) 

From HAZELTINE and HINTON (1976), the parameter y (measuring the. 

collisional"ity of the ions and directly related to Hirshman•s !Ji 2/)Jil) is 

y = 1.31 (1 + 1.65 /v*.)/(1 + 0.86 /v*.) ·(10') 
1 1 

such that (l,Jg + Er/Bp) and ulli defined in (2b) and (3) are the same. 
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Equation (8) contains the thermal friction due to trapped ion effects 

and yi e 1 ds the first order in lr /R correction to the para 11 e 1 flow ve 1 oci ty, i.e., .,. 

( 11) 

The distortions of O(v /v .. ) of the ion distribution function due to ex 11 

charge-exchange collisions have been neglected since they are not needed to 

calculate the charge~exchange friction for the ions for which we obtained 

!Jrev·i uus ly 

(8/31TI)v0 m.n. [u
111

. ex 1 1 

where u 
1

• is given in (2b). 
I 1 

( 12) 

The electrons do not experience any charge-exchange friction and using. 

the neoclassical flux-friction relation the radial electric.current jr becomes 

i 
Rll /8 ex e 

with R.; given by (12). For times t >> v-l the asymptotic ambipolarity ·11cx ex 

condition <j • V~> = 0 then yields ~~ex= 0, from which there results the 

first-order value for the ambipolar electric field E(l) determined explicitly. 
·r 

by the charge-exchange dynamics · 

( 13a) 

as given before. As we showed in (7) the zeroth order electric field was 

determined by 

(13b) 

When E~ + E~ is substituted into Eq. (8) one recovers the final result 

for the parallel ion distribution function F1 (SIGMAR et al., 1974). Here 

we emphasize an i mpor.tant point, however. The resultant bulk flow 

velocity' of the warm ions becomes 
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u - 1 f d3 F 0 73 ;--/R- T I I B IIi - n-:- v vii 1 = · v r i e i P 
1 

( 14a) 

with the dominating contributions coming from the bulk (~1 /ai < 1) of the 

distribution function (not observable because cold neutrals overwhelm the 

center of the spectral line). Equation (14a) has the opposite sign of the 

.. effective .. flow velocity of the superthermal ions (observed. in t.he wings of 

the spectral line where v~/a~ > 1) which can be gleaned from the last term 

in Eq. (8) to scale as 

( 14b) 

The observed toroidal 11 rotation 11 is in the direction of {14b) (turning around 

when the plasma current is reversed), has the same order of magnitude as (14b), 

and scales with plasma parameters as Eq. (14b). 

For completeness we mention that the effects of the induced tokamak 

field, E¢' on the ion drift velocity is an entirely negligible contribution. 

4. LINE PROFILE UNFOLDING TECHNIQUE 

A spectral line profile may be unfolded by fitting it to the sum of 

·two (or more) Gaussians of different intensity, width, and mean displacement. 

This was the analysic; used originally. A line profile of H radiation was a 

assumed to be the sum, l(AA), of two principal components: ari unshifted, 

bright but narrow Gaussian distribution function due to cold plasma, and 

a shifted, dimmer, but broad distribution function radiated by the hot 

charge-exchanged neutral population. 

I (AA) 
1cold 

= 1T 1 /2AA exp 
0cold 

[ -(~~A )2 J + 
0co1 
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where the Doppler width, is t:,.A. 
0 

== ( Y_)A. c . The unshifted wavelength is A., ~A. 0 
is the wavelength shift, and v is the velocity. Instrumental broadening of the 

profile, mainly from the 50-micr6n wide spectrometer entrahce slit, was 

determined to be less than 20 eV at thermal ion temperature and was not a 

significant factor in the measurements. 

The measured line profile was expanded in two Gaussians by a least 

squares fit as described in SHAVITT (1963). Although the sol~tion is 

not unique, a maximum likelihood solution with known bias after GOSSLEE anJ 

BOWMAN (1958) can be found and consistent· compensations made. At the 

'time of the ur·iginal observation, measurements were made with a time 

dependent scanning device. The subsequent analysis was sufficiently 

crude that the toroidal-drift velocity, ion-temperature relation found 

from the odd and even components of the measured profile on one hand 

and the two-Gaussian fit on the other, gave essentially the same value, 

2.4 + 0.5 x 104 em sec-1 ev-l. 

A more direct approach to the toroidal-drift velocity, ion-temperature 

n:!lat1on has been adopted. It appears to be operating-parameter dependent, 

and therefore useful as a shot-to-shot plasma quality indicator. The 

results are the data given in this paper. To a first approximation, the 

charge-exchanged neutrals which contribute to .a specific level of intensity 

in Lhe Dopp 1 er broadened wings of the H -1 i ne profile have a toroi da 1-dri ft 
a 

velocity and an effective ion-temperature proportion a 1 to the centerl i n.P. 

shift and the square of the width, respectively, of the line profile at 

that level of intensity. Since line profile data is collected and digitized 

for each shot or selected portions of a shot and analysis is by computer, 

the velocity-energy relation may be read out between shots if the signal-

to-noise ratio permits. The possibility of direct observation of beam 
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injected protons increases the attractiveness of the technique. Our 

computer printout contained drift velocity and ion temperature for 

intensity levels at 2, 8, 18, 32, and 50% of maximum as in Fig. 3, but 

did not calculate Zeff or plot dV 11 ;fdTi. 

5. MEASUREMENTS 

Several viii' Ti relations are shown in Figs. 4, 5, and 6 for contrasting 

plasma parameters. Discharge cleaning with oxygen (Fig. 4) usually 

produced a higher Zeff and a lower toroidal-drift velocity, ion-temperature 

gradient, dv 11 ;fdTi, than did discharg~ cleaning with hydrogen. With 

maximum ohmic heating current and maximum toroidal magnetic field,_ dv11 ;fdTi 

was actually negative for some shots. That is, the plasma core appeared 

to be drifting more slowly than the edges. Here the Zeff was about 30% 

lower because hydrogen gas was injected (gas puff) during the shot. 

Zeff as u·sed in this paper is that described by COLCHIN et al. (1976) and 

is obtained empirically from plasma current and electron density at 45 msec 
-3 after turn-on. Assuming Zeff = C I/ne, where I is in amperes and ne in em 

9 we chose C = 1.25 x 10 . This value for C gives a best fit to the Zeff 

obtained from inner plasma resistivity measurements, and should be consistent 

in its relation to absolute Zeff for a y·iven r'adius. 

The data of Figs. 5 and 6 were taken after discharge cleaning with 

hydrogen. The lowest Zeff was 2, and the steepest gradient, d~ 1 i/dTi, 

was 1.7 x 104 em sec- 1 ev-l, as in Fig. 5. These values were obtained 

with modest toroidal magnetic field and ohmic heating current, maximum 

coinjection power, and an optimized gas puff. 

To get maximum density (Fig. 6) the ohmic heating current, toroidal 

magnetic field, and coinjection power were maximized. Without the gas 
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puff, Zeff increased to 9. With the gas puff, a density of 4.8 x 1013 cm- 3 

a Zeff of 4, and an increased dv11 /dTi were obtained. 

A unique opportunity to study the effects of ripple viscosity and 

microturbulence on toroidal-drift velocity is afforded by this technique. 

The spatial distribution of ion temperature, Ti(r), obtained from the 

charge-exchange analyzer data together with the toroidal-drift velocity, 

ion-temperature relation, v"i(Ti), gives a spatial distribution of 

toroidal-drift velocity. A steep gradient at the plasma boundary is 

apparent in the data of Fig. 7. Similarly, we found that with coinjected 

neutral beam power levels exceeding those of ohmic heat~ng power, the 

expected order-of-magnitud~ increase in toroidal drift velocity did not 

occur (Fusion Energy'Division, ORNL, 1977). Rather ~li was reduced as 

Zeff increased. Only with an optimized gas puff could v11 i and dv
11 
/dT i 

be increased. The toroidal-drift velocity gradient, dv /dT., dependence 
. II i 1 

on Zeff is summarized in Fig. 8. Even with the optimized gas puff it does 

not exceed the average value of the original no-injection, ORMAK-produced 

plasma. 

6. CONCLUSIONS 

(1) We found that there ~as sufficient charge-exchange neutral 

hydrogen radiation (through the energy range up to ten times thermal) 

from the ORMAK-produced plasma, to measurably raise the intensity in 

the wings of the H -line profile above the noise. 
a. 

(2) We found drift velocities greater than 107 em sec-l and were 

able to show a consistent relationship to Zeff' neutral density and, 

foremost, ion temperature. Further electronic development will be 

required for dv"i/dTi to be displayed between tokamak shots. 
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(3) Although the injected neutral beam could not be seen spectro

scopically, its effect on the plasma was reflected in lowered toroidaJ

drift velocity·indicating a higher Zeff" Compensation by a delayed gas 

puff was sufficient to lower Zeff and provide maximum dv 11 ;fdTi for the 

ohmic heating and toroidal ~agnetic field used. 

(4) The spatial distribution of toroidal velocity from v11 ;(Ti) and 

Ti(r) indicated a steep velocity gradient at the plasma boundary due, 

perhaps, to ripple viscosity. The less than expected toroidal-drift 

velocity with coinjection may indicate the presence of·microturbulence. 

Further work in these applications is indicated. 
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FIGURE CAPTIONS 

Fig. 1. Data collection system schematized. The insert depicts the 

projection of the ORMAK-produced plasma by the wide angle lens 

system. The spectrometer was positioned so that its entrance 

slit selected the desired portion of the projection. 

F. 2 The dependence of the ratio of pa, rallel ion-viscosity coefficients on 1 g. . 

Fig. 1. 

the collisionality parameter v*i. In the banana regime v*i < 1, 

plateau 1 < v*i < o- 312, and Pfirsch-SchlUter v* > o- 312 • 

0 
Spectral-line profile of H (6563 A). The line width and 

CL 

displacement of its center of gravity are measured at intensity 

levels of 2, 8, 18, 32, and 50% of maximum and are related to ion 

temperature and toroidal-drift velocity, respectively. 

Fig. 4. v
11

;fTi after o2 discharge cleaning. Characteristically, after 

discharge cleaning with oxygen, analysis of_ the Ha profile 

·indicated a low temperature and shallow drift velocity gradient. 

The 11 hollow 11 spatial profile was the result of maximum ohmic 

heating power and no injection. The slowest velocities may 

be in error by a factor of two. However, the relative velocity 

error between curves is much less. See rigs. 5 and 6 and text. 

Fig. 5. v
11
;fTi after H2 discharge cleaning. The effects of neutral gas 

injection can readily be seen in the 11 peaking 11 of toroidal 

velocity. The error bars indicate scatter in the multishot data 

from which the line profile is obtained. Even though straight 

lines have been drawn through the data points, there is usually 

a decrease in d~1 i/dTi at the higher temperature, as indicated 

by the dashed curve. 
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Fig. 6. v11 ;fT i for maximum power input. Maximum ohmic and injected 

Fig. 7. 

power, but without gas injection, results in high Zeff and low 

toroidal velocity. A marked increase in signal level and dv 11 i/dTi 

accompanies gas puffing through the fast gas valve. The dashed 

lines indicate the maximum error in the velocity measurement. 

It is a common positioning error, due to difficulty in 

measuring the upstream and downstream viewing angles accurately. 

v
11

.(r) .from T.(r) and v.(T.). 
1 l 1 1 

Error bars indir.ate scatter in 

drift velocity measur-ernent. Ti(r·) ·is a best f1t of data to 

T. = 513 [1 - (.!':.) 2]1. 16 . 
1 a 

Fig. 8. Gas puff optimization. Neutral beam injection and maximum ohmic 

heating raise the impurity level (Zeff). The optimized hydrogen 

gas puff raises the density and also the toroidal drift velocity, 

indicative of a lower Zeff' The effect is noticeably less if the 

liner has been discharge cleaned with oxygen. The dashed 

horizontal line was the average dv 11 ;fdTi given in the original 

publication. 



OUTER VACU'JM 

VACUUM WALL 

WIDE-ANGLE 
LENS 

'· 

ORNL- DWG 77-6411 

OPTICAL MULTICHANNEL ANALYSER 

PDP-BE DATA STORAGE AND ANALYSIS 

LINER 

DOWNSTREAM 
SLIT POSITION 

Fig. 1. 

( 

PROJECTION 

% m CZERNY-TURNER 
SPECTROMETER 

UPSTREAM 
SLIT POSITION 

LINER-EDGE 

SEAMS 



ORNL/DWG/FED 77-1022 
2.4 

·-- 0.8 
~ 
·-
C\1 --' 

::L 
CP 

0 

-0.8 

Fig. 2. 



• 

ORNL/DWG/FED 77-931 

ORMAK SHOT NO. 15949-97 
100 TOROIDAL FIELD = 15 kG 

OH CURRENT= 70 kA 
ELECTRON DENSITY= 3.3 x 1d3 cm-3 

>- OHMIC HEATING WITH CO-INJEC-
I- 80 TION 
(/) 

z 
w 
I-
z 

60 ION TEMP. DRIFT VEL 
0 ± 100fo ± 10 Ofo w 
N ------ 70eV ---0 em sec-t 1.0 
_J 

<X: 
~ 40 
0:: 
0 

---1.6x 106 z ----130 

20 6 ---3.2 x10 

0 
-6 -4 -2 0 2 4 6 12 

0 

6'A (A} 

Fig. 3. 



7 

U) 

I 
0 ...... 6 ).( 

;or 

I 
u 
Q) 
C/) 

E 5 u 

>-
I-
u 
04 
_.J 
w 
> 
I-
lJ.... - 3 a: 
0 

_J 
<( 
0 - 2 0 
a: 
0 
I-

20 

ORNL/OWG/FED 77-932 

OXYGEN DISCHARGE 
CLEANING f15 kG, ~00 kA 

Zeff = ~0"'1 630 kW CO-INJECTOR 
l NO GAS PUFF 

26 kG, 176 kA 
NO INJECTION 

......_ . Zeff "7 GAS {45 msec DELAY 
~--- PUFF 15 msec DURATION 

~psi 

t5 kG, 100 kA 
· ------ Zett = 11 600 kW CO-l NJECTOR 
~ NO GAS PUFF 

{

15 kG, 100 kA 

----------

Zett = ~0 NO INJECTION 
NO GAS PUFF 

0 L-----~----~-----L----~------~----~--~ 
0 ~00 200 300 400 500 600 700 

ION TEMPERATURE (eV) 

Fig. 4. 

f) 



11 

10 

9 

-CD 

'o 8 
)( -I 
u 
CIJ 7 en 

E 
u 

>- 6 ..... 
u 
g 
ILl 
> 

5 ..... 
·u.. 
a:: 
0 
....J 4 <r:X· 
0 
5 
a:: 
0 
..... 3 

2 

0 

0 

21 

ORNL/DWG/FED 77-933 

HYDROGEN DISCHARGE CLEANING 
· 15 kG, 70 kA, CO-JNJECTION 

PEAK Z8 u= 2 

930 kW INJECTOR {25 msec DELAY 
GAS 20 msec DURATION 

125 psi · 

PEAK DENSITY = 4 x 1013 cm-.3 

PEAK Zeff = 4 

930 kW INJECTOR 

{

15 msec DELAY 
GAS 20 msec DURATION 

PUFF 
85 psi 

PEAK DENSITY = 2 x 1013 cm-:-3 

100 200 300 400 500 600 
ION TEMPERATURE ( eV) 

Fig. 5. 

700 



22 

\.. 

ORNL/DWG/FED 77..:.934 
9 

HYDROGEN DISCHARGE ·CLEANING 
26 kG, 176 kA, CO-INJECTION 

8 

, 
Zeff = 4 / 

(0 
/ 

7 
ne • 4.8 x 1013 em - 3 / 

'o / - / 
X GAS { 25 msec DELAY _ ./"' ... 
'u PUFF 20 msec DURATION , / 

C1> 6 "" en / "" E / / 
u / / 

/ / 

>- / / 
/ / 

I- 5 / / 
u ~'\>-~// / 

g / 
C:>-<...~,.,. / 

w / 

> ~~~ / 

4 \)0// !(.. 
/ 

1- / 

l.J... /"' '\>-G / 
- , X,~ / / 
a:: 
0 ~l rc..tt>-~ / 
.....J 3 C:J-<.._V:."/ 
<l -0<( /'/ 0 
0 // 
a:: / -
~ 

, 
2 \ r·ff·g -

'-- n8 = 4.8 x 1013 cm- 3 

. NO GAS PUFF 

0 
0 100 200 300 400 500 600 700 

ION TEMPERATURE (eV) 

Fig. 6. 



~· 

<D 
10 

X 

>
t-

9 

7 

u 5 
0 
_J 

w 
> 
t- 4 
IJ.. 

a:: 
0 

....J 

~ 3 
0 
0: 
0 
t-

2 

23 

ORNL/DWG/FED 77-935 

V.(T.) FROM Ha LINE PROFILE 
I I 

T. (r) FROM CHG.- EX. ANALYZER 
I 

ORMAK SHOTS 15949-97 

OHMIC HEATING CURRENT= 70kA 

CO-INJECTOR POWER= 930 kW 
ELECTRON DENSITY= 3.3 x 10

13 
cm-

3 

0 L_ ____ L_ ____ ~----~-----L-----L~~~----~ 

0 4 8 12 16 20 24 28 

PLASMA RADIUS (em) 

Fig. 7. 



2 

-·.-
I 1U

4 
> 
Q) 

~ 

I 
U· 
Q) 
(,/) 

E 
u -
~- 5 
"tl 
.......... 

->-
"tl 

2 

10
3 

0 

24 

ORNL/OWG/FED 77-936R 

I 
-t ----- -dV /dT.= 2x104 

&ne=2.1x1013 11
i 1 

em sec-1 ev- 1 - -

: \ 
I 
I 
I 
I 
I 
I 
II --~· 
I 
I 
I 
I 

15 kG/70 kA 

2 3 4 5 

CO-INJECTION, GAS PUFF OPTIMIZED 

&.~ H2 DISCHARGE CLEANING 

• Oc DISCHARGE CLEANING 

26 kG/176 kA 

6 7 8 

zeff 

Fig. 8. 

• n = 13x1013 
e . 

' 15 kG/100 kA 
~ ~ 

··=1·2x1rr~• ne . -

9 10 11 12 13 



• 

.. 

1. c. F. Barnett 
2. L. A. Berry 
3. c. E. Bush 
4. J. D. Callen 
5. R. J. Colchiri 
6. R. A. Dandl 
7 .. R. A. Dory 
8. J. L. Dunlap 
9. P. H. Edmonds 

10. A. C. England 
11. H. H. Haselton 
12. C. L. Hedrick 
13. J. T. Hogan 
14. K. W. Hi 11 
15. R. C. Isler 
16. T. c. Jernigan 
1 7. G. G. Kelley 
18. H. E. Ketterer 
19. P. W. King 
20. J. F. Lyon 
21. H. C . McCurdy 
22. D. H. McNei 11 
23. J. T. Mihalczo 
24. R. Mi ske11 

25 

INTERNAL DISTRIBUTION 

25. · 0. B. Morgan 
26. M. Murakami 

27-36. R. V. Neidigh 
37. G. H. Nei 1 son 
38. V. K. Pare 
39. Y-K. M. Peng 
40. J. A. Rome 
41. M. W. Rosenthal 
42. J. Sheffield 

43-52. D. J. Sigman 
53. J. E. Simpkins 
54 . W . L . S t i r 1 in g 
55. D; W. Swain 
56. K. Tsang 
57. J. B. Wilgen 
58. W . R. Wing 

ORNL/TM-6198 

59-60. Laboratory Records 
61. Laboratory Records, ORNL-RC 
62. Document Reference Section 

63-64. Central Research Library 
65. Fusion Energy Division Library 
66. Fusion Energy Qivision 

Communications Center. 
67. ORNL Patent Office 

EXTERNAL DISTRIBUTION 

68. M. G. Bell, Institute of Advanced Studies, Canberra, A.C.T. 2600, 
Australia 

69. J. F. Clarke, Associate Director, Office of Fusion Energy, Mail 
Code G-234, Department of Energy, Washington, DC 20545 

70. N. A. D~vies, Confinement Systems, Office of Fu5ion Energy, Mail 
Code G-234, Deparment of Energy, Washington, DC 20545 

71. S. 0. Dean, Confinement Systems, Office of Fusion Energy, Mail 
Code G-234, Department of Energy, Washington, DC 20545 

72. H. K. Forsen, Exxon Nuclear Company, 777 106th Avenue, N.E., 
Bellevue, WA 98009 

73. H. P. Furth, Plasma Physics Laboratory, Princeton University, 
P.O. Box 451, Princeton, NJ 08540 

74. A. Gibson, Culham Laboratory, Abingdon, Oxfordshire, England 
75. R. W. Gouldj Professor of Electrical Engineering and Physics, 

Building 116-81, California Institute of Technology, Pasadena, 
CA 91125 

76. R. L. Hirsch, Exxon Research and Engineering Company, P.O. Box 
101, Florham Park, NJ 07932 



26 

77-84. T. S. Hsu, Confinement Systems, Office of Fusion Energy, Mail 
Code G-234, Department of Energy, Washington, DC 20545 

85. D. L. Jassby, Plasma Physics Laboratory, Princeton University, 
P.O. Box 451, Princeton, NJ 08540 

86. E. E. Kintner, Director, Office of Fusion Energy, Mail Code 
G-234, Department of Energy, Washington, DC 20545 

87. D. M. Meade, Plasma Physics Laboratory, Princeton University, 
P.O. Box 451, Princeton, NJ 08540 

88. D. Overski, Francis Bitter National Magnet Laboratory, 
Massachusetts Institute of Technology, 170 Albany Street, 
Cambridge, MA 02139 

89. D. Pfirsch, Max-Planck Institut fur Physik und Astrophysik, 
8 Munich 23, Fahringer Ring 6, Germany 

90. P. J; Reardon, Plasma Physics Laboratory, Princeton University, 
P.O. Box 451, Princeton, NJ 08540 

91. D. J. Rose, Department of Nuclear Engineering, Massachusetts 
InstitiJte or Technoloqy, Cambridge, MA 02139 

92. P. H. Rutherford, Plasma Physics Laboratory, Pr1ncetun 
University, P.O. Box 451, Princeton, NJ 085~0 

93. A. M. Sleeper, Confinement Systems, Office of Fusion Energy, 
Mail Code G-234, Department of Energy, Washington, DC 20545 

94. P; Stott, Culham Laboratory, Abingdon, Oxfordshire, England 
95. J. M. Williams, Assistant Director for Development and 

Technology, Office of Fusion Energy, Mail Code G-234, 
Department of Energy, Washington, DC 20545 

96.· J. W. Willis, Confinement Systems, Office of Fusion Energy, 
Mail Code G-234, Department of Energy, Washington, DC 20545 

97. H. H. Woodson, Chairman, Department of Electrical Engineering, 
The University of Texas at Austin, Austin, TX 78712 

98. Director, Research and Technical Support Division, DOE-ORO, 
P.O. Hox ~. Oak R1dye, TN 37830 

99·125~ Technical Information Center, P.O. Box E, Oak Ridge, TN 37830 




