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S U M M A R Y 

A recently developed neoclassical theory has been used to model the poloidal 

rotation and density asymmetries in ASDEX, D i l i , ISX-B, JET, and T F T R . Using 

measured plasma parameters and a first-principles model, the poloidal rotation ve

locity, the in-out density asymmetries, and the up-down density asymmetries were 

predicted for the hydrogenic and dominant impuri ty species in these plasmas. Ade

quate experimental data does not exist to allow a direct confirmation of the predic

tions. Thus the validity of the theory was confirmed indirectly by using the predicted 

asymmetries to calculate theoretical momentum confinement times which were then 

compared wi th the experimental momentum confinement times. 

The experimental momentum confinement times ranged from 17 ms in ISX-B to 

204 ms in JET H-mode plasmas. The theoretical momentum confinement times rea

sonably predicted the experimental momentum confinement times for each machine. 

Since the theoretical momentum confinement times depend directly on the poloidal 

velocities and density asymmetries, it can be inferred that the theory predicts the 

poloidal velocity and density asymmetries of the two ion species reasonably well. 

Numerical analysis of the theory showed that the main ion and impuri ty ion 

poloidal velocities VQ were in the direction opposite the poloidal magnetic field and 

depended on the plasma viscosity and the inertial effects of the toroidal rotation. 

For more collisional impurities, the poloidal velocity was also affected by fr ict ion. 

The up-down density asymmetries for both ion species were affected mainly by a 

x 



combination of the viscosity and the up-down potential asymmetries, while the in-

out density asymmetries depended on the toroidal velocity for both ion species. 

In general, the in-out density asymmetries increased wi th increasing toroidal 

velocity for both ion species. On the other hand, the poloidal velocities and the up-

down density asymmetries showed no clear dependences on any one of the dominant 

driving forces, indicating that some combination of forces was more important than 

any single force. 
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C H A P T E R I 

I N T R O D U C T I O N 

SINCE THE INTRODUCTION OF NEUTRAL BEAM INJECTION ( N B I ) HEATING IN TOKAMAK 

PLASMAS, NEW THEORIES REGARDING PARTICLE, ENERGY, AND M O M E N T U M TRANSPORT HAVE BEEN 

DEVELOPED TO EXPLAIN THE OBSERVED DEGRADATION OF PLASMA CONFINEMENT PROPERTIES. 

EARLY TRANSPORT THEORIES WERE APPLICABLE TO OHMICALLY HEATED PLASMAS WHICH EXHIBITED 

PARTICLE VELOCITIES MUCH SMALLER THAN THE ION THERMAL VELOCITY, AND THEREFORE WERE NOT 

CAPABLE OF PREDICTING CONFINEMENT OF N B I HEATED PLASMAS HAVING ~ vth-

POLOIDAL ROTATION AND DENSITY ASYMMETRIES HAVE BECOME A TOPIC OF INCREASING IN

TEREST SINCE THEY APPEAR TO AFFECT THE CONFINEMENT PROPERTIES OF TOKAMAK PLASMAS. FOR 

EXAMPLE, CHANGES I N POLOIDAL ROTATION HAVE BEEN OBSERVED 1" 3 I N THE L TO H TRANSITION, 

AND DENSITY ASYMMETRIES HAVE BEEN OBSERVED 4" 8 I N M A N Y ELM-FREE DISCHARGES. 

RECENTLY, A NEOCLASSICAL THEORY9 WAS DEVELOPED TO PREDICT POLOIDAL ROTATION AND 

POLOIDAL DENSITY ASYMMETRIES. T H E THEORY, DERIVED FROM THE FLUID PARTICLE AND MO

M E N T U M BALANCE EQUATIONS, CONSISTS OF THREE NONLINEAR EQUATIONS PER ION SPECIES FOR 

A PLASMA WHICH CAN BE REPRESENTED BY ONE M A I N ION SPECIES AND ONE IMPURITY ION 

SPECIES. FOR ANY GIVEN TOKAMAK, THE EQUATIONS CONSIST OF SEVERAL KNOWN PARAMETERS 

AND SIX UNKNOWNS. T H E SIX UNKNOWNS ARE THE POLOIDAL VELOCITIES, THE IN-OUT DEN

SITY ASYMMETRIES, AND THE UP-DOWN DENSITY ASYMMETRIES FOR EACH ION SPECIES. T H E 

EQUATIONS CAN BE SOLVED USING A NONLINEAR EQUATION SOLVER. 
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The purposes of this thesis were to calculate the predicted density asymmetries 

and poloidal velocities in the tokamak experiments ASDEX, D i l i , ISX-B, JET, PLT, 

and T F T R and to indirectly confirm these predictions by comparison wi th experi

ment. This was accomplished by first calculating the theoretical poloidal velocity and 

density asymmetries from the set of six nonlinear equations. Next a poloidal asym

metry factor which depends on the asymmetries was calculated. Then the theoretical 

momentum confinement times, which depend on the poloidal asymmetry factors and 

thus on the density asymmetries, were calculated. Finally the theoretical momen

tum confinement times were compared wi th experimental momentum confinement 

times. Since the density asymmetries and poloidal rotation velocities have not been 

measured in the core of any of these plasmas, this indirect comparison was the only 

method of determining the validity of the predicted asymmetries. 

The organization of this thesis is as follows: in Chapter I I , the poloidal rotation 

and density asymmetry theory and the computational model are presented. A dis

cussion of the experimental plasma parameters, theoretical momentum confinement 

results, and asymmetry results follows in Chapter I I I . The theoretical results are then 

compared wi th the predictions of earlier theories in Chapter IV. Finally, the closing 

chapter includes conclusions and recommendations for future work. 

2 



C H A P T E R I I 

T H E O R Y O F P O L O I D A L R O T A T I O N A N D 

D E N S I T Y A S Y M M E T R I E S 

2 . 1 Theory 

A NEOCLASSICAL THEORY WAS DERIVED 9 TO PREDICT POLOIDAL ROTATION VELOCITIES AND 

POLOIDAL DENSITY ASYMMETRIES IN TOKAMAK PLASMAS. T H E THEORY MODELS N B I HEATED 

PLASMAS FOR WHICH ~ vth AND E/BQ ~ 0 ( 1 ) . KINETIC THEORY EFFECTS WERE ACCOUNTED 

FOR BY INCLUDING VISCOSITY AND FRICTION TERMS 1 0 IN THE DERIVATION OF THE THEORY. 

I N DERIVING THE NEW THEORY, THE FLUID PARTICLE EQUATION 

WERE SOLVED SELF-CONSISTENTLY I N THE LARGE-ASPECT-RATIO APPROXIMATION TO DETERMINE THE 

POLOIDAL VELOCITY VQ AND DENSITY ASYMMETRIES hc AND hs IN TOKAMAK PLASMAS. 

T H E SOLUTION FOR THE (NORMALIZED) POLOIDAL VELOCITY WITH J REPRESENTING EITHER 

THE M A I N ION SPECIES OR THE IMPURITY ION SPECIES, MAY BE EXPRESSED I N THE FORM 

V • (njVj) = 0 (2.1) 

AND THE M O M E N T U M BALANCE EQUATION 

(2.2) 

driving driving 
(2.3) 

damping viscosity + friction — inertia 
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I N THE ABOVE EQUATION, driving (THE DRIVING FORCE) IS GIVEN BY 

AND THE THREE damping TERMS ARE GIVEN BY 

2«S L 

<P n3 §c / 
^ + — 5 + ^ 

E E E V 6 

2 I 5 N - 1 
viscosity = 9 F , - U + 7 — + - — + t 6 E 

+ 

3 e 
a + 

E E 

friction — v*k 

inertia = q v^ I — H I . 

B Y TAKING THE SIN0 AND COS<9 PROJECTIONS OF THE PARALLEL COMPONENT OF EQ. 

EQUATIONS (FOR EACH ION SPECIES) COUPLING n3 AND WERE OBTAINED: 

( 2 . 4 ) 

( 2 . 5 ) 

( 2 . 6 ) 

( 2 . 7 ) 

( 2 . 2 ) , TWO 

( 2 . 8 ) 

( 2 . 9 ) 

EQUATIONS ( 2 . 3 - 2 . 9 ) , WITH j REPRESENTING THE IMPURITY ION AND k REPRESENTING THE M A I N 

ION, CONSTITUTE SIX EQUATIONS WITH SIX UNKNOWNS: THE POLOIDAL VELOCITIES ( ^ # , THE 

UP-DOWN DENSITY ASYMMETRIES (h^nl), AND THE IN-OUT DENSITY ASYMMETRIES ( N J , N £ ) . 

T H E SIX UNKNOWNS HAVE BEEN EXPANDED IN THE FORM 

x(r, 6) = x(r)[l + x3 S IN0 + xc COS0]. ( 2 . 1 0 ) 

SOME IMPORTANT DIMENSIONLESS QUANTITIES WHICH ENTER THE EQUATIONS ARE DEFINED 

AS FOLLOWS: 
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where vthj is the thermal speed, Vjq, vJJ, and ?) J r are the poloidal, experimental 

toroidal, and radial velocities of ion species j , respectively, Mjq is the poloidal mo

mentum input, and l>; is the electrostatic potential. 

The poloidal velocity and density asymmetries, which are the main focus of this 

thesis, were used to determine theoretical momentum confinement times based on the 

neoclassical (gyroviscous) momentum transport theory and defined as 1 1 

Tth = 2R2eB hnTv fn 
* (GG/Z)eff KvmD

 1 * } 

In Eq. (2.12), 

nc i $>s ns &s hs , <F>C nc <F>C 

G = ( 4 + + -L) + ] + -̂ [6,.,(fiJJ)-1(2-\ 1 - ) — ( 2 . 1 3 ) 

G 2(r/a) 2(o; n + Q^ + a T ) 
1 - (r/a) 2 1 ' j 

where density, temperature, and velocity profiles are represented as parabolic to some 

power, [1 — (r/a)2]ax. The experimental momentum confinement time is defined11 as 



where h~l = 1 + an + av, is the torque input from NBI , Rtan is the tangency 

radius, Eb is the neutral beam energy, neo is the central electron density, Qe^0 is the 

central angular frequency, and fh is an effective mass 1 1 which reduces to mo for 

deuterium plasmas. The theoretical and experimental confinement times determined 

from Eqs. (2.12) and (2.15) can be compared in order to determine the validity of the 

asymmetry predictions. 

2 . 2 C o m p u t a t i o n a l M o d e l 

As mentioned earlier, the set of six nonlinear equations was solved using a non

linear equation solver. In this analysis, the equations were solved using H Y B R I D . 1 2 

H Y B R I D is a general nonlinear equation solver which finds the zeros of a system of n 

nonlinear equations in n unknowns. The system of equations is provided by the user 

in the form of a subroutine to HYBRID . Solution of the equations is calculated by 

the forward-difference approximation. This section first describes the calculation of 

the input data, then the numerical computation of the asymmetries and confinement 

time. 

2 . 2 . 1 I n p u t P a r a m e t e r s 

Prior to solving the system of equations, a few plasma parameters were calcu

lated. First, for those cases in which the central electron density was not known, 

it was calculated from the line-average density ne and the density profile factor an 

using numerical integration. Density, temperature, and velocity were then calculated 

at r/a = 0.5, where a is the minor radius. Radial profiles were assumed to be of the 
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f o r m 

x = x0{l - (r/a)2)a* ( 2 . 1 7 ) 

w h e r e x = n , T , o r v . H o w e v e r , i n t h e c a s e o f D i l i , t h e d e n s i t y 1 3 p r o f i l e w a s g i v e n b y 

( 2 . 1 8 ) ne = ne0(l-^)(l-(r/a)2y» + n 6 . 

N e x t , t h e r a t i o s o f i o n d e n s i t y ( j = m a i n i o n , / c = i m p u r i t y i o n ) t o e l e c t r o n d e n s i t y 

w e r e c a l c u l a t e d f r o m t h e e f f e c t i v e c h a r g e 9 

n, Z-Z, eff 
ne Z - 1 

nk _ Zeff — 1 
ne Z(Z-l) 

( 2 . 1 9 ) 

( 2 . 2 0 ) 

s o t h a t 

a 
(nk/ne)Z: 

( n 7 / n e ) 

T h e d i m e n s i o n l e s s i m p u r i t y i o n s p e c i e s s e l f - c o l l i s i o n f r e q u e n c y 9 P^k w a s 

PL = VkkqR/vth,k 

w h e r e t h e s e l f - c o l l i s i o n f r e q u e n c y 1 4 i s d e f i n e d a s 

( 2 . 2 1 ) 

( 2 . 2 2 ) 

1 . 3 6 x lO-77ijaZ2A 
( 2 . 2 3 ) 

Coulomb logarithm = A = 2 3 — l o g 

a n d t h e i m p u r i t y i o n s p e c i e s t h e r m a l v e l o c i t y 1 5 i s 

2Zzy/2cm3 

Tt5 

vthk = 1 . 3 8 x 1 0 
T , 

6 l±k_ 
mk 

( 2 . 2 4 ) 

( 2 . 2 5 ) 

D i m e n s i o n l e s s t o r o i d a l v e l o c i t i e s w e r e c a l c u l a t e d f o r e a c h i o n s p e c i e s 5 

v<f,j = ^- and 
Vth Vthk 

( 2 . 2 6 ) 
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using the ion thermal velocities of Eq. (2.25). 

Finally, the above calculations were used to compute the dimensionless main 

ion self-collision frequency and the dimensionless interspecies collision frequencies9 

2 . 2 . 2 A s y m m e t r i e s a n d T h e o r e t i c a l C o n f i n e m e n t T i m e 

Appendix A includes a copy of the user subroutine, SUBROUTINE FCN, con

taining the system of six equations. The main computations were of the poloidal 

velocity and density asymmetries. Each of the six equations obtained from Eqs. (2.3-

2.9) were rewritten with all terms on the left-hand-side of the equation such that the 

value of the right-hand-side was zero. The first execution of the subroutine resulted 

in an estimate of the roots of the system of nonlinear equations (using an initial guess 

of zero for each root). Subsequent calls to the subroutine yielded estimates of the 

roots until successive estimates varied by 10~5 or less for each root. 

After solving the equations, SUBROUTINE FCN was called one final time. At 

this time, the predicted asymmetries were used to calculate the normalized poloidal 

and radial profile factors. Using these normalized profile factors, the theoretical 

momentum confinement time was calculated according to Eq. (2.12). 

(2.27) 

(2.28) 

(2.29) 

8 



C H A P T E R I I I 

A N A L Y S I S O F E X P E R I M E N T 

3 . 1 E x p e r i m e n t a l P a r a m e t e r s 

The rotation velocities and density asymmetries of each tokamak were calculated 

by providing the nonlinear equation solver with values of the plasma parameters at 

r/a=0.5. Since the density, temperature, and velocity were calculated at a point 

halfway across the plasma minor radius, they were considered average values of the 

plasma characteristics, as were the other quantities determined from these parameters. 

Most of the data available for each tokamak covered a range of values and a 

range of discharge types. The discharges selected for analysis had known experimental 

momentum confinement times and sufficient experimental data for the evaluation of 

the input parameters. However, information concerning some input parameters was 

unavailable and a few basic assumptions were made and applied to all tokamaks: 

• Safety factor g(r/a=0.5)=2 since <z(0)~ 1 and #(a)~ 3 

• = = 0.1 

• Radial velocities Vjr and vkr were zero 

9 



• Beam momentum inputs Mqj and Mgk w e r e z e r 0 

• Radial profile has the form x(r) = x0(l — (r/a)2)ax 

The value of e$/T 4 = 1 was obtained for ISX-B 1 6 at a potential of 0.5 V and an 

average ion temperature of 500 eV. Since measurements of electrostatic potential 

were not available for the other machines, the value of e$/T, obtained for ISX-B was 

assumed to be a reasonable estimate for all machines. 

Several other parameters which were different for each machine were necessary 

in solving for the density asymmetries and poloidal velocities. Some of the parame

ters were known, and others were calculated from the known quantities as discussed 

in Chapter II. Parameters such as plasma current and neutral beam power were 

not essential to the analysis of the data, but are included to illustrate the operat

ing regime of each tokamak. The known parameters were central toroidal velocity, 

effective charge zeff, ion-to-electron temperature ratio, profile factors ax, major and 

minor radii, magnetic field, central ion temperature, and line-average density. In some 

cases the central electron density was known. The calculated parameters included ion 

and impurity densities, collision frequencies, thermal velocities, and in some cases, 

central electron density. Methods of determining these machine-dependent parame

ters are presented in the following subsections. The parameters that characterize the 

discharges analyzed in this thesis are given in Table 1. For perspective, the range of 

relevant experimental parameters achieved in these machines is given in Table 2. 

3 . 1 . 1 A x i a l l y S y m m e t r i c D i v e r t o r E x p e r i m e n t 

Two complete sets of data 1 7 , 1 8 were available for the analysis of deuterium 

discharges with a dominant carbon impurity in ASDEX. One set with 0=9.1 xlO 4 

rad/s was suitable for analysis. The other with 0=2.3 xlO 4 rad/s did not satisfy the 

requirement that ve£~ vth and was not analyzed. Both data sets were part of a larger 

10 



set of data that covered a range of parametric values. In Table 2, zeff: v^, T i 0, and Pi 

describe the two subsets of data; the remaining ranges of input parameters pertain 

to the larger data set. 

By using the peaking factors Qx, defined as the ratio of the central parameter XQ 

to the volume-averaged parameter < x >, the profile factors a x were easily obtained. 

The peaking factors for density, angular velocity, and electron temperature were given 

by17 

Qn = 1.6 x (V0 .38) - 0 3 5 x (£,/2.2f 3 5 (3.1) 

Qn = 2.3 x ( y 0.38)-0-45 x (Bt/2.2)0-95 (3.2) 

QTe = 2.3 x (/ p/0.38)-°- 7 x (Bt/2.2fJ (3.3) 

where current has units of MA and magnetic field has units of T. Introducing a spatial 

integral11 of the form 

( M _ 1 = 4 f l 1 - {r/a)2]a*rdr = - | f hx(r)rdr = (1 + a,)'1 (3.4) 
az Jo aA Jo 

such that x(r) = Xohx(r), and defining an average quantity < x > 

fn x(r)rdr , . i . 
< X > = SSrdr = X o { 1 + a x ) ' ( 3 ' 5 ) 

it is easily seen that the peaking factor Qx is 

Qx = X° = 1 + ax. (3.6) 

< x > 

Due to the relatively high density in the case chosen for analysis, T% and Te were 

roughly equal.18 Thus the ion temperature profile factor aiT was assumed to be ap

proximated by the electron temperature profile factor calculated from QTe. 

3 .1 .2 Doub le t I I I 

The data for Dili were obtained for deuterium plasmas with a dominant oxygen 

impurity. Data covering a wide range of parameters were available; however, central 

11 



t o r o i d a l v e l o c i t i e s w e r e a v a i l a b l e o n l y f o r s p e c i f i c s e t s o f d a t a . 1 3 F u r t h e r m o r e , p l o t s 

o f e x p e r i m e n t a l m o m e n t u m c o n f i n e m e n t t i m e s w e r e o n l y a v a i l a b l e f o r p l a s m a s w i t h 

c h a r a c t e r i s t i c s d i f f e r e n t f r o m t h e t a b u l a t e d d a t a . 1 9 T h u s a l l o f t h e t a b u l a t e d d a t a 

d e s c r i b i n g t w o d i f f e r e n t t y p e s o f d i s c h a r g e s w a s a v e r a g e d a n d s c a l e d , a s d e s c r i b e d 

b e l o w , t o o b t a i n t w o c a s e s f o r a n a l y s i s . 

T h e first c a s e 1 3 w a s a n a v e r a g e o f t h e d a t a f r o m t w o s i m i l a r s h o t s a t a c u r r e n t 

o f a b o u t 0 . 7 M A a n d 3 . 9 M W N B I . T h e o t h e r c a s e 1 3 w a s a n a v e r a g e o f t h e d a t a f r o m 

t w o s i m i l a r s h o t s a t 0 . 7 1 M A a n d 6 . 1 M W N B I . A v e r a g e p a r a m e t e r s f o r b o t h c a s e s 

w e r e c a l c u l a t e d b y a v e r a g i n g a l l o f t h e d a t a ( i n c l u d i n g p r o f i l e f a c t o r s ) f o r b o t h p a i r s 

o f s h o t s . T h e i o n t e m p e r a t u r e s w e r e s c a l e d u s i n g t h e r e l a t i o n 

w h e r e t h e s u b s c r i p t 1 i n d i c a t e s v a l u e s a t ne= 8 x l 0 1 3 c m - 3 . T h e s c a l i n g w a s n e c 

e s s a r y s i n c e t h e p l o t s o f e x p e r i m e n t a l c o n f i n e m e n t t i m e s 1 9 w e r e a v a i l a b l e o n l y f o r 

ne= 8 x l 0 1 3 c m - 3 w h e r e a s ne f o r t h e t a b u l a t e d d a t a w a s l o w e r . S t r a i g h t - l i n e fits t o 

t h e p l o t s o f e x p e r i m e n t a l c o n f i n e m e n t t i m e v e r s u s b e a m p o w e r w e r e n o t j u s t i f i a b l e ; 

r^x v a r i e d s l i g h t l y a n d i n c o n s i s t e n t l y w i t h Pb. S i n c e v a r i e d l i t t l e f o r s m a l l c h a n g e s 

i n Pb, t h e r a t i o o f PhT$ t o P & i t ^ i w a s s e t t o u n i t y i n E q . ( 3 . 7 ) . 

A s m e n t i o n e d e a r l i e r , t h e c e n t r a l v e l o c i t i e s 1 9 w e r e a v a i l a b l e f o r o n l y s p e c i f i c 

s e t s o f d a t a , n a m e l y P 6 = 3 . 7 , 5 . 0 , a n d 5 . 9 M W , a l l a t m a j o r r a d i i o f R = 1 . 5 2 , 1 . 6 7 , 

a n d 1 . 7 4 m . T h e v e l o c i t i e s a t P & = 3 . 7 a n d 5 . 9 M W a n d a m a j o r r a d i u s o f 1 . 5 2 m w e r e 

c h o s e n t o d e s c r i b e t h e t w o c a s e s a t 3 . 9 a n d 6 . 1 M W ( R ~ 1 . 4 3 m ) . 

F i n a l l y , p r o f i l e f a c t o r s ax o f t h e d e n s i t y , t e m p e r a t u r e , a n d v e l o c i t y w e r e d e t e r 

m i n e d f r o m t h e c e n t r a l x0 a n d m i d w a y £ r / a = o . 5 v a l u e s u s i n g t h e r e l a t i o n 

T h e t e m p e r a t u r e a n d v e l o c i t y p r o f i l e s w e r e a s s u m e d t o b e p a r a b o l i c t o s o m e p o w e r , 

T = T i 
PbT<f,nei 

( 3 . 7 ) 

( 3 . 8 ) 
l n [ l - ( r / a = 0 . 5 ) 2 ] " 

1 2 



BUT THE ELECTRON DENSITY WAS GIVEN BY EQ. ( 2 . 1 8 ) . 

3 . 1 . 3 I M P U R I T Y S T U D I E S E X P E R I M E N T - B 

ANALYSIS OF I S X - B 1 6 BEGAN WITH DETERMINING THE EXPERIMENTAL TOROIDAL VELOCITY 

AS A FUNCTION OF THE NEUTRAL BEAM POWER. A STRAIGHT-LINE FIT TO THE D A T A 1 6 YIELDED 

V+ = ( 8 . 4 9 9 5 + 2 . 3 6 5 P 6 ) ( 1 0 6 ) ( 3 . 9 ) 

WITH Pb I N M W AND v<p I N C M / S . 

I N I S X - B , THE STUDY FOCUSED ON HYDROGEN NEUTRAL B E A M CO-INJECTION IN DEUTERIUM 

PLASMAS WITH A DOMINANT CARBON IMPURITY. T H E CENTRAL ION TEMPERATURE FOR SUCH A 

PLASMA IS GIVEN B Y 1 6 

R<(0) = T O I R ( 0 ) + ( 3 . 1 0 ) 
ne 

WHERE C = 2 . 2 X L 0 ~ 1 9 K E V • M W ' 1 - M ~ 3 FOR H° -> D+
 N B I AND TOH(0)=0.3 KEV. 

T H E EXPERIMENTAL M O M E N T U M CONFINEMENT TIME WAS 1 7 M S AT P 6 = 0 . 8 5 M W 

AND N E = 4 . 5 X L 0 1 3 C M - 3 . 1 6 USING THESE PARAMETERS IN EQS. ( 3 . 9 ) AND ( 3 . 1 0 ) YIELDS 

vf = l.lXLO7 C M / S AND Xl0=716 EV . 

3 . 1 . 4 J O I N T E U R O P E A N T O R U S 

DATA FOR J E T 1 1 ' 2 0 COVERED BOTH H - M O D E AND L - M O D E DEUTERIUM PLASMAS WITH 

A DOMINANT CARBON IMPURITY. FOR MOST H-MODE DISCHARGES t | X = 2 0 0 - 5 0 0 MS, AND FOR 

MOST L - M O D E DISCHARGES 7 ^ = 1 0 0 - 2 0 0 M S . 1 1 HOWEVER, RANGES OF EXPERIMENTAL CONFINE

MENT TIMES DO NOT SUFFICIENTLY INDICATE THE ACCURACY OF THE THEORETICAL MODEL. FOR THIS 

REASON, AN EXPERIMENTAL CONFINEMENT TIME WAS CONSTRUCTED FOR ONE H - M O D E AND ONE 

L - M O D E SHOT USING THE AVAILABLE D A T A 2 0 AND EQS. ( 2 . 1 5 ) AND ( 2 . 1 6 ) . USING AN AVERAGE 

I ? T A « = 1 - 5 1 5 M (EIGHT ION SOURCES WITH Rtan=l.Sb M AND EIGHT WITH Rtan=1.18 M ) , 1 1 

1 3 



the experimental momentum confinement time was 204 ms for the H-mode shot and 

70 ms for the L-mode shot. 

Temperature profiles in L-mode discharges varied up to slightly more peaked 

than parabolic to the fourth power.11 For this reason two values of (3.5 and 4.0) 

were chosen to illustrate a range of predicted confinement times. 

3.1.5 PRINCETON LARGE TORUS 

In PLT, 1 6 deuterium neutral beams were injected in a hydrogen plasma with 

a dominant carbon impurity. The analysis of PLT began similarly to that of ISX-B. 

The experimental toroidal velocity was plotted as a function of the neutral beam 

power over the square root of the beam energy. Since all of the PLT cases were for a 

beam energy of 40 keV, a curve was fit to versus A/40 A with in cm/s and Pb in 

MW, 1 6 yielding 

= -2.143 x 105 + 7.8683 x 106Pb. (3.11) 

The beam power1 6 ranged up to 1.2 MW, thus the largest toroidal velocity in PLT 

did not satisfy v^x~ vth and no further analysis was performed. It should be noted, 

however, that the theory may be generalized to model cases in which does not 

approach vth-

3.1.6 TOKAMAK FUSION TEST REACTOR 

Although several sets of TFTR data2 1 were available for deuterium plasmas 

with a carbon impurity, only one included temperature, velocity, and density profiles. 

This case, a hot ion-mode discharge, was chosen for the analysis. 

Determination of experimental momentum confinement time proceeded as for 

JET with R^=18.25 N-m in Eq. (2.16), yielding an experimental momentum confine

ment time of 44 ms. Profile factors were determined using the same method as for 

14 



Dili (Eq. (3.8)). 

3 . 2 M o m e n t u m C o n f i n e m e n t R e s u l t s 

Recent research has shown that the neoclassical (gyroviscous) theory11 predicts 

momentum confinement times reasonably well. Until now, however, the application 

of this theory has involved the theoretical determination of the poloidal rotation and 

density asymmetries based on certain assumptions11'21 about the normalized poloidal, 

0, and radial, G, profile factors. Such assumptions were that the product 0G=1, or as 

in a recent study of TFTR, 0=1.5. In the present analysis, these profile factors were 

calculated from first principles using the predictions of the poloidal rotation velocity 

and density asymmetries of Eqs. (2.3-2.9) to evaluate Eqs. (2.13) and (2.14). As 

shown in Table 3 and Figure 1, the theoretical momentum confinement times closely 

predicted the experimental momentum confinement times. The term (QG/Z)EFF in 

Eq. (2.12) ranged from 0.18 to 0.29 for Group 1 tokamaks and from 0.048 to 0.12 

for Group 2 tokamaks. Thus (QG/Z)EFF ~ O(0.1), with the main ions contributing 

slightly more than the impurity ion species to this parameter. 

The division of the tokamaks into two distinct groups is illustrated in Figure 2 

which shows the variation of the viscosity with the self-collision frequency v*. Two 

entries are shown for each experiment in Figure 2: the leftmost one for the plasma ions 

and the rightmost one for the impurity ions. The value of the impurity ion self-collision 

frequency (PKK) is greater than the value of the main ion self-collision frequency (P*3) 

for both groups, thus the main ions are less collisional than the impurity ions and 

£JGROUP2 <FJGROUPI <^KGROUV2 < HGROUPI- We also note that since the predictions of T$ 

are based entirely on neoclassical theory, the results shown in Table 3 and Figure 1 

demonstrate agreement between a first-principles calculation of and experiment. 

The close agreement of the confinement times provides some measure of con-
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Table 1: Summary of Machine Parameters and Plasma Characteristics. 

Machine Ref. 
Parameters 

Machine Ref. R 
(m) 

a 
(m) 

h 
(MA) 

Pb 
(MW) (T) 

v?(0) 
(10 7^f) 

W ) 

(keV) 

J-i 
Te 

ne 

v ™ , 3 ; 

Zeff an av CtT 

ASDEX [17,18] 1.65 0.40 0.42 1.8 2.17 1.5 1.23 1.0 4.6 3.2 0.54 1.2 1.1 
Dili [ 13,19] 

[ 13,19] 
1.43 
1.44 

0.385 
0.38 

0.7 
0.71 

3.85 
6.1 

2.53 
2.53 

1.2 
1.6 

1.89 
2.23 

1.0 
0.97 

8.0 
8.0 

1.85 
2.0 

0.97 
0.96 

0.99 
1.1 

2.0 
1.9 

ISX-B '. i 6 ; 0.93 0.25 0.155 0.85 1.4 1.1 7.16 1.0 4.5 2.5 1.0 1.0 1.0 
JET (H) 
JET (L) 

[11,20] 
[11,20] 

3.00 
3.00 

1.10 
1.10 

3.1 
3.22 

7.7 
14.25 

2.2 
3.47 

2.0 
3.5 

5.5 
15.5 

1.25 
1.5 

3.0 
1.33 

2.3 
3.5 

0.0 
2.0 

1.5 
3.0 

1.5 
3.5-4.0 

TFTR 2 i ; 2.45 0.79 1.1 11.6 4.75 6.2 26.0 2.2 2.0 3.1 1.0 3.9 4.3 

Table 2: Ranges of Experimental Parameters. 

Machine Ref. 
Parameters 

Machine Ref. 
(MA) 

A 
(MW) 

P4, 
(T) 

vf(0) 
(107cm/s) 

Ti(0) 
(keV) 

Tie 

(10 1 3 cm- 3 ) 
Zeff 

ASDEX ; 1 7 , 1 8 0.25-0.45 0.3-1.8 1.87-2.8 2.3-9.If 1.05-1.23 1.6-7.6 2.6-3.2 
Dili 13,19 0.35-0.89 3.7-6.1 2.53 1.2-1.6 1.72-3.79 3.3-8.0 1.8-3.2 

ISX-B 16 0.155 0.2-2.0 1.4 0.9-1.3 0.4-1.3 4.5 2.5 
JET ; 1 1 , 2 0 >3 4-15 2.2-3.5 2-13J 3.5-17.5 2.5-8.2f 2-4 

TFTR L 1.1-1.8 4.4-13.6 4.75 2.4-5.5 9.6-21.7 1.4-2.8 3-4 
| ft(xl04rad/s) \ ne0 



Table 3: Comparison of Momentum Confinement Times. 

Machine h Pb B<f> vf(0) W) ne T<t> 
th 

T4> 
(MA) (MW) (T) {I07£f) (keV) l 1 0 1 3 \ 

v r . m 3 / 
ms ms 

ASDEX 0.42 1.8 2.17 1.5 1.23 4.6 42 59 
Dili 0.7 3.85 2.53 1.2 1.89 8.0 59 53 
Dili 0.71 6.1 2.53 1.6 2.23 8.0 42 26 

ISX-B 0.155 0.85 1.4 1.1 7.16 4.5 17 16 
JET (H-mode) 3.1 7.7 2.2 2.0 5.5 3.0 204 240 
JET (L-mode) 3.22 14.25 3.47 3.5 15.5 1.33 70 58-89 

TFTR 1.1 11.6 4.75 6.2 26.0 2.0 44 50 

-

J E T ( h ) • / 

/ 
/ 

/ 
ASDFX . „•• . JE1 ( I ) 

- T F T R * / " DIN (1 ) 

A . D i l l (2) 
> ISX -S 

S i i 
^ OO 1 50 200 250 

r | x ( m s ) 

Figure 1: Comparison of Theoretical and Experimental Momentum Confinement 
Times. 
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0 . 2 

ASDEX 
Dill (1 ) 
Dill ( 2 ) 
I S X - B 
JET f-H) 
J F - f : 

1 o - + , 0 - 1 

Figure 2: Viscosity as a Function of Self-collision Frequency. 

fidence that the predicted asymmetries reasonably approximate the actual plasma 

asymmetries. The results of the poloidal rotation and density asymmetry analysis 

are therefore presented in the following sections. 

3 . 3 P o l o i d a l R o t a t i o n a n d D e n s i t y A s y m m e t r y R e s u l t s 

Before proceeding with the analysis of the asymmetries, it is interesting to note 

that Tio^v^o, Pt, and Ip were higher for discharges in the large machines (TFTR and 

JET), while ne0 was higher in the smaller machines (ASDEX, Dili, and ISX-B). This 

grouping of machines—ASDEX/DIII/ISX-B (Group 1) and TFTR/JET (Group 2 ) -

occurs frequently throughout the tables and figures. The values of the asymmetries 

are shown in Table 4 and their dominant driving forces are summarized in Table 5. 
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Table 4: Poloidal Rotation and Density Asymmetries. 

Machine Vj9 Vk9 
ASDEX -0.15 -0.35 0.064 0.38 0.0087 0.061 
Dili (1) -0.063 -0.17 0.057 0.45 0.011 0.040 
Dili (2) -0.11 -0.27 0.073 0.57 0.0073 0.12 
ISX-B -0.13 -0.32 0.075 0.46 0.030 0.037 

JET (H) -0.047 -0.073 0.035 0.21 -0.0049 0.045 
JET (L) -0.11 -0.075 0.028 0.17 -0.0056 0.024 
TFTR -0.12 -0.079 0.047 0.28 -0.0031 0.023 

Table 5: Summary of Asymmetries and Driving Forces. 

Asymmetry Group 1 Group 2 
V*-

ii 
Vk6 Vkki Vkji vk4> Kk 
fit: — * 

"a 
Kk 

tin till titi 
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3 . 3 . 1 I n - o u t a n d U p - d o w n D e n s i t y A s y m m e t r i e s 

THE DENSITY ASYMMETRIES, DEFINED9 AS 

»(R) = [n(r, 0) - N(R)] / [N(R)] , (3 .12) 

ARE LESS THAN THE INVERSE ASPECT RATIO E IN ALL CASES. WHILE nk RANGES FROM 0.176 TO 0.57E, 

nCj AND na

k ARE MUCH SMALLER AND RANGE FROM 0.0236 TO 0.126. THE SMALLEST DENSITY 

ASYMMETRY RELATIVE TO e IS FT?, THE MAGNITUDE OF WHICH IS IN THE RANGE 0.0031E-0.03E. 

THE ANALYSIS BEGINS WITH THE EFFECT OF THE PLASMAS'S INERTIA DUE TO THE TOROIDAL 

VELOCITY, OR THE CENTRIFUGAL FORCE. AS THE MAIN ION AND IMPURITY ION SPECIES ROTATE 

IN THE TOROIDAL DIRECTION (I.E., ALONG THE MINOR AXIS), INERTIAL EFFECTS ARE EXPECTED TO 

INCREASE THE DENSITY OF THE IONS ON THE OUTBOARD SIDE OF THE TOKAMAK. THIS OUTWARD 

SHIFT CORRESPONDS TO hc > 0. EVALUATION OF EACH TERM COUPLING THE DENSITY ASYMMETRIES 

SHOWED THAT THE LARGEST TERM CONTRIBUTING TO BOTH AND nc

k WAS INDEED THE INERTIA 

v^, WITH j REPRESENTING EITHER THE MAIN ION OR IMPURITY ION. FURTHERMORE, THE IN-OUT 

DENSITY ASYMMETRIES ARE POSITIVE AND INCREASE WITH INCREASING VALUES OF THE TOROIDAL 

VELOCITY, AS WOULD BE EXPECTED. THE INERTIAL TERM ALSO CONTRIBUTED TO THE UP-DOWN 

IMPURITY DENSITY ASYMMETRY FOR GROUP 1, AGAIN WITH hs

k INCREASING WITH INCREASING 

v<t>-
THE VISCOSITY (F J 5 F*), WHICH IS A FUNCTION OF THE SELF-COLLISION FREQUENCY (P*-, f?lk), 

CONTRIBUTED TO THE IMPURITY ION ns FOR BOTH GROUPS. ALTHOUGH hk REMAINED CONSTANT 

FOR INCREASING / , hs- INCREASED FOR GROUP 1. THE LARGEST CONTRIBUTOR TO GROUP 2 ns- WAS 

THE POTENTIAL ASYMMETRY 

A N INCREASE IN THE ION DENSITY NEAR THE TOP OF A TOKAMAK CORRESPONDS TO ns > 0. 

THUS THE UP-DOWN DENSITY ASYMMETRIES FOR THE GROUP 1 MAIN ION SPECIES AND ALL 

OF THE IMPURITY ION SPECIES SHOW AN UPWARD SHIFT. HOWEVER, THE UP-DOWN DENSITY 

ASYMMETRIES FOR THE MAIN ION SPECIES ARE NEGATIVE FOR GROUP 2 TOKAMAKS, INDICATING 

A DOWNWARD SHIFT OF IONS. 
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As a whole, the magnitudes of the in-out and the up-down asymmetries for both 

species were smallest for Group 2 tokamaks. 

3 . 3 . 2 P o l o i d a l V e l o c i t y 

Analysis of Eq. (2.3) showed that the viscosity terms contributed to the poloidal 

velocity in all cases. The dependence of the poloidal velocities on the viscosity was 

non-monotonic; a result easily explained by the additional dependence of Vko on v* 

and for Group 1 and of v3e on for Group 2. In general, the poloidal velocities 

were smallest for Group 2. Furthermore, all values oiv$ were less than zero, indicating 

r o t a t i o n o p p o s i t e to t h e d i r e c t i o n of Be f o r both s p e c i e s . 
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C H A P T E R I V 

D I S C U S S I O N O F R E L A T E D T H E O R I E S 

In the case of a non-rotating plasma wi th the main ion and the high z impuri ty 

ion in the collisional regime, Chang and Hazelt ine 2 2 used the momentum balance 

equation (neglecting inertia, source, and viscous terms) to show that the density and 

potential asymmetries were related to the friction term 9*k. However, the numerical 

analysis in Chapter I I I showed that the density asymmetries depended mainly on the 

ion self-collision frequencies. 

Neglecting the viscous and source term in the momentum balance equation, 

Burrell et a l . 2 3 derived expressions for the density asymmetries wi th the following 

assumptions: 

• large aspect ratio 

• mk/m,j < 1 (vthk ~ vj, < vthj) 

• nkz2/rij < 1 

W i t h the above assumptions, 

m]q

2Rz2D*3 qR^z2 mkv2 

n% = e 3J S9j and n% - e — ^ . (4.1) 
erf^Ln vthj lk 
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Therefore ns

k and nc

k were driven by viscosity fji&jj) and inertia, respectively, as was 

shown in Chapter III. 

Hsu and Sigmar 2 4 derived density asymmetries in a strongly rotating plasma 

wi th two ion species in the Pfirsch-Schliiter regime. They found that 

2euz2 

»,C ~ • A N D = YVW? (4-2) 

where fi = / i ( T e , T n D,p). Thus inertia drives nc

3 and parallel fr iction (u*k) drives 

hk. While nc

3- was found to depend on inertia in Chapter III, the ion self-collision 

frequency, not the interspecies collision-frequency, contributed to nk. 
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C H A P T E R V 

C O N C L U S I O N S A N D R E C O M M E N D A T I O N S 

Based on the agreement between predicted and experimental momentum con

finement times, the theory appears to adequately describe the poloidal rotation and 

density asymmetries of the main ion and impurity ion species present in tokamak 

plasmas. Thus the physical mechanisms identified as the dominant driving forces of 

plasma asymmetries must also be reasonably correct. 

The dominant mechanism contributing to the in-out density asymmetries was 

the inertia, while the viscosity was the main driving force in the up-down asymmetries, 

with additional contributions arising from potential asymmetries. Viscosity, inertia, 

and friction all contributed in varying degrees to the poloidal rotation velocities. 

In general, the dependence of the asymmetries on individual forces was not readily 

identifiable, except for the in-out density asymmetries which increased with increasing 

toroidal velocity. 

The poloidal velocities were O(10 - 1 ) , except for the Group 2 impurity ion 

species velocities which were O(10~2). The in-out density asymmetries for the main 

ion species and the up-down density asymmetries for the impurity ion species were 

also O(10~ 2). The impurity ion in-out density asymmetries were larger than those 

for the main ion species and were about O(10 - 1 ) . The up-down density asymmetries 

of the main ion species were about O(10~3). 
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Future investigations of the poloidal asymmetry theory would be enhanced by 

the increasing availability of complete plasma databases. As radial measurements of 

density, temperature, and velocity improve, the parabolic profile assumption should 

be replaced wi th actual fits to the data. Safety factor profiles should also be considered 

in future analyses. In addition, the electrostatic potential of a given tokamak should 

be measured and used in evaluating e $ / T for that machine. 

In conclusion, the theory predicts the asymmetries reasonably well, based on 

the results of the confinement analysis. However, comparison of the predicted asym

metries w i th actual measurements wi l l give the best indication of the validity of the 

theory. 
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A P P E N D I X A 

S U B R O U T I N E F C N 

subroutine f e n (n ,x , fvec , i f lag, i s t a r ,v the ta j ,v the tak) 

integer n , i f l a g , i s t a r , s t y l e 

d o u b l e p r e c i s i o n x ( n ) , f v e c ( n ) , q , b e t a , r n u k j , a l p h a , z j , r m k , 

* rmj, ririjtheta,rmktheta, vjrad,vkrad,vphiex0,q2,vphiexk2, 
* beta2,vphiexj2,ep,f j , fk,rnujk,phij ,phik,cl ,c2,c3,c4,c5, 
* c6,phic,phis,thetaz,thetai,alphan,alphav,zk, 
* vthetaj,vthetak,rnuj j,rnukk,alphat,zef f,G,thetagz,rneO, 
* ephit i,rmaj or,rminor,tempO,bphi,hntv,hnv,rmd,rmdbar,rne, 
* tauphi,rovera2,vphiexj,vphiexk,titote,rnebar,densrat, 
* rnztone,rnitone 

character tok*40, inform*60 

c read in d a t a on i n i t i a l run 
i f ( i s t a r . e q . 1 ) t h e n 

open(uni t=l , f i le= 'xsecin ; ) 
istar=2 
r e a d ( l , , ( a 4 0 ) , ) t o k 
read( l , ' (a60) ; ) inform 
r e a d ( l , , ( i 3 ) , ) s t y l e 
read (1,*) rnukk, vjrad, vkrad, vphiexO, vphiexj, vphiexk 
wr i t e (2 , , ( " nuzzstar vzrad virad vphiex0")O 
wr i t e (2 , ' ( d l0 .3 ,3x , f6 .3 ,6x , f6 .3 ,6x ,d l0 .3 ) ' ) 

* rnukk,vjrad,vkrad,vphiexO 
if(s tyle .eq.3)then 

read (1,*) alpha, q, zeff, t i to te , densrat 
else 

read (1 ,*) alpha, q, zeff, t i tote 
endif 
write(2,*) 
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write(2, '("alpha q zeff T i /Te" ) ; ) 
write (2,5) alpha, q, ze f f , t i to te 
read (1,*) zk, rmk, z j , rmj, beta 
write(2,*) 
write(2, ' ("zimp massz zion massion") ,) 
write (2,5) zk, rmk, z j , rmj 
read (1 ,*) ephiti , rmjtheta, rmktheta, rnztone, rnitone 
write(2,*) 
write(2, ' ("e*phi/Ti Mitheta Mztheta")') 
write (2,5) ephiti , rmjtheta, rmktheta 

5 format (4( f6 .3 ,7x)) 
read (1,*) alphan, alphav, alphat, rneO 
write(2,*) 
write(2, ;("alphan alphav alphat neO")') 
write (2,15) alphan, alphav, alphat, rneO 

15 format(3(f6.3,7x),dl0.3) 
read (1,*) rovera2, rmajor, bphi, tempO, rnebar 
write(2,*) 
wr i t e (2 , ; ( " ( r / a ) "2 major radius bphi Tion(O) 

*nebar") ;) 
write (2,12) rovera2, rmajor, bphi, tempO, rnebar 

12 format ( f6 .3 ,7x, f6 .3 ,8x, f6 .3 ,4x, f10.3 ,4x,dlO.3) 
read (1,*) rmd, rmdbar, rne, rminor 
write(2,*) 
write(2, J ("m sub D m sub d bar minor radius " ) ; ) 
write (2,9) rmd, rmdbar, rminor 

9 format ( f6 .3 ,8x , f6 .3 ,7x , f6 .3) 
read(l ,*) rnujj, ep, fk, f j , rnujk, rnukj 
read(l ,*) phi j , phik 
read(l ,*) c l , c2, c3, c4, c5, c6 
write(2,*) 
write(2, ' ("nuii. star=" ,dl0.3) O r n u j j 
write(2,> ("epsi lon=",dl0.3) ' )ep 
wr i t e (2 , J ( " f ion and f impurity: " ,2 (d lO .3 ) ) ' ) f j , fk 

write(2, '("ion-impurity and impurity-ion co l l i s ion freq: ", 
* dlO.3,3x,dlO.3)Ornujk, rnukj 
wri te(2 , ' ( "phi i hat and phiz ha t : " ,d l0 .3 ,3x ,d l0 .3) ' ) 

* phij,phik 
close (1) 
beta2=beta*beta 
q2=q*q 
vphiexj 2=vphiexj *vphiexj 
vphiexk2=vphiexk*vphiexk 
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e n d i i 
c begin calculation of roots 

i f ( i s ta r .eq .1 .or. istar.eq.2)then 
c potential asymmetries 

phic=(x(5) /c2+x(6) /c l ) / (ephi t i* t i to te) 
phis=(x(3) /c2+x(4) /c l ) / (ephi t i* t i to te) 

c user-supplied system of equations 
fvec(l)=x(l)*(q2*fj*(1.0d0 + 5.0d0*x(5)/6.OdO 

* + 2.0d0*x(3)/3.0d0 + 1.0d0*x(3)*x(3)/3.0d0 
* + 1.0d0*x(5)*x(5)/3.0d0 + phis*x(3)/2.OdO 
* + 0.5d0*phic*(5.0d0+x(5))) + rnujk 
* - q2*vphiexj*(x(3)+phis)) 
* - rmjtheta - vjrad - c5*x(2) + q2*vphiexj2 
* * phis + 0.5d0*q2*fj*vphiexj*(phis*x(3) 
* + phic*(5.0d0 + x (5 ) ) ) 

fvec(2)=x(2)*(q2*fk*(1.0d0 + 5.0d0*x(6)/6.OdO 
* + 2.0d0*x(4)/3.0d0 + 1.0d0*x(4)*x(4)/3.OdO 
* + 1.0d0*x(6)*x(6)/3.0d0 + phis*x(4)/2.OdO 
* + 0.5d0*phic*(5.0d0+x(6))) + rnukj 
* - q2*vphiexk*(x(4)+phis)) 
* - rmktheta - vkrad - c6*x(l) + q2*vphiexk2 
* * phis + 0.5d0*q2*fk*vphiexk*(phis*x(4) 
* + phic*(5.0d0 + x (6 ) ) ) 

fvec(3)=c3*x(l)*x(3) + vphiexj2 - 0.5d0*x(5) 
* - 0.5d0*phij*phic + beta2*rnujk*x(l)*x(4) 

fvec(4)=c4*x(2)*x(4) + vphiexk2 - 0.5d0*x(6) 
* - 0.5d0*phik*phic + beta2*rnukj*x(2)*x(3) 

fvec(5)=x(l)*c3*x(5) + x ( l )* f j + 0.5d0*x(3) + 0.5d0*phij*phis 
* - beta2*rnujk*x(l) + beta2*c5*x(2) 
* + beta2*rnujk*x(l)*x(6) + beta2*vjrad 

fvec(6)=x(2)*c4*x(6) + x(2)*fk + 0.5d0*x(4) + 0.5d0*phik*phis 
* - beta2*rnukj*x(2) + beta2*c6*x(l) 
* + beta2*rnukj*x(2)*x(5) + beta2*vkrad 

endif 
c after solving equations, calculate confinement time 

if( is tar .eq.3)then 
phic=(x(5) /c2+x(6) /c l ) / (ephi t i* t i to te) 
phis=(x(3) /c2+x(4) /c l ) / (ephi t i* t i to te) 
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wri te(2 , ; ("phic and phis: " ,d l0 .3 ,3x ,d l0 .3 ) ' ) phic, phis 
c poloidal prof i le factors 

thetaz=(4.0d0+x(6))*((-x(2)*(phis+x(4))/vphiexk) 
* + phis) + x(4)*((x(2)*(2.0d0+phic 
* + x(6))/vphiexk) - phic) 

thetai=(4.0d0+x(5))*((-x(l)*(phis+x(3))/vphiexj) 
* + phis) + x(3)*((x(l)*(2.0d0+phic 
* + x(5))/vphiexj) - phic) 

wri te(2, ' (" theta z and theta ion: 11 , d l0 .3 ,3x ,d l0 .3 ) ' ) 
* thetaz, thetai 

c radial prof i le factor for Dili 
i f (s tyle .eq.3)then 

G=2.0d0*rovera2*(alphan+alphav+alphat)*(1.OdO+densrat* 
* ((alphat+alphav)*((1.0d0-rovera2)**(-alphan))/ 
* (alphan+alphat+alphav) - l.OdO))/ 
* ((1.0d0-rovera2)*(1.0d0 + densrat*(((1.0d0-rovera2)** 
* (-alphan)) - l.OdO))) 

c radial profi le factor for other tokamaks 
else 

G=2.0d0*rovera2*(alphan+alphav+alphat)/ 
* (1.0d0-rovera2) 

endif 
wri te(2, ' ("G: " , d l 0 . 3 ) ' ) G 
thetagz=(rnztone*thetaz + rnitone*thetai)*G 
write(2,10)thetagz 

10 formats (theta*G/z)eff = \ d l 0 . 3 ) 
hntv=l.OdO+alphan+alphat+alphav 
hnv=l.OdO+alphan+alphav 
rmaj or2=rmaj or*rmaj or 

c theoretical momentum confinement time (msec): 
c major radius (rmajor) in meters, toroidal magnetic f ie ld 
c (bphi) in Tesla, central ion temperature (tempO) in electron 
volts 
c Dili 

i f (s tyle.eq.3)then 
tauphi=2.0d3*rmaj or2*bphi*(1.OdO+alphat/(1.0d0+ 

* alphan+alphav))*(1.0d0+densrat*alphan/(1.0d0+ 
* alphav))*rmdbar/ 
* (tempO*(1.OdO +densrat*alphan/(1.0d0+alphav+ 
* alphat))*rmd*thetagz) 

c other tokamaks 
else 

tauphi=2.0d3*rmajor2*bphi*hntv*rmdbar/ 
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* (tempO*hnv*rmd*thetagz) 
endif 
write(6, ' (a40, "tauphi = , f 7 . 0 ) ' )tok,tauphi 
write(2,20)tauphi 

20 format('theoretical momentum confinement time (msec) = ; , 
f9.2) 

write(2,*) 
write(2,*) 

endif 

return 
end 
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