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ABSTRACT
We show, for q-profiles which lead to a 'disruption, that the control
of the amplitude of the 2/1 tearing mode avoids the disruption.

We have

studied q-profiles measured in T-4 and PLT before a major disruption.

Two

methods of controlling the 2/1 mode amplitude have been considered:
1) Feedback stabilization with the feedback signal locked in phase with
the 2/1 mode.

The major disruption is suppressed if the feedback param-

eters (time delay and gain) are properly chosen.
only a delay in the disruption.
surface.

Otherwise, we observe

2) Heating slightly outside the q = 2

Modifying the current density profile can decrease, and even

eliminate, the 2/1-3/2 interaction.

In this way the disruption is avoided.

In both cases it is only necessary to decrease the 2/1 mode amplitude
to suppress the disruption.
unstable modes fully.

It is not always necessary to stabilize the

2
1.

INTRODUCTION

During the past several years it has been suggested that the stabilization of resistive tearing modes in tokamaks would have desirable
consequences.

Recent nonlinear theoretical results indicate that the

stabilization of the m/n - 2/1 tearing mode will improve plasma confinement [1-4] and possibly prevent major disruptions [5,6].

Specifically,

it was established (Ref. [1]) that th.- amplitude of the m = 2, n = 1
poloidal magnetic fluctuations (Mirnov oscillations), as measured at the
limiter, can be explained by the elementary nonlinear theory of the 2/1
tearing mode.

Also, the confinement time has been empirically correlated

with the amplitude of the m = 2 Mirnov oscillation [3,7] (as the amplitude
increases, the confinement deteriorates).
the 2/1 mode should be pursued.

Thus, the stabilization of

Furthermore, it has been shown that,

for q-profiles observed prior to some major disruptions [8,9], the 2/1
and 3/2 modes are both linearly unstable.

A nonlinear, three-dimensional

analysis shows that the 2/1 mode further destabilizes, through mode
coupling, the 3/2 mode, as well as other modes, on a rapid time scale.
This results in overlapping islands of different helicities, with
stochastization of field lines presumably producing a disruption [5].
This suggests that the stabilization of the 2/1 mode could provide a way
of avoiding the major disruption.
In this paper the three-dimensional, nonlinear resistive magnetohydrodynamic (MHD) code RSF [10] has been used to study numerically two
methods of stabilization of the 2/1 mode:
1) Feedback stabilization [11].

A feedback mechanism can be used to

stabilize the 2/1 tearing mode if the mode and the feedback signal
are locked in phase at the limiter.

However, the feedback parameters

(time delay and gain) must be properly chosen for the method to work.
2) Heating outside the q = 2 surface.
is the result of a linear analysis.

This method, suggested in Ref. [12],
Our analysis shows that the

growth rates and single helicity saturation amplitudes of the 2/1 and
3/2 modes decrease when the temperature (current density) increases

3
outside the q = 2 surface.

By modifying the current density in this

manner, we can decrease, and even eliminate, the 2/1-3/2 interaction.
In this way a major disruption could be avoided.
Because the computer code RSF [10] can deal with mixed helicity
problems, we can follow the effects of the stabilization of the 2/1 on
its nonlinear interaction with other modes.

This allows us to see its

effect on the disruption.
There are some experimental results [13,14] which show agreement
v/ith our numerical studies, giving further encouragement to this line of
research.
The general method of feedback stabilization, together with linear
results, is presented in Section 2.

The nonlinear results for profiles

likely to produce a major disruption are discussed in Section 3.

In

Section A we present the method of profile modification, and our conclusions are summarized in Section 5.

A
2.

FEEDBACK STABILIZATION:

LINEAR THEORY

We have studied the stabilization of the 2/1 tea.-ing mode using the
reduced set of resistive MHD equations introduced in Ref. [15].

They

were derived for low & plasmas having large ratios of toroidal to poloidal
magnetic fields.

Drjj/Dt = TiJ

In cylindrical geometry they are (see appendix):

(i)

- E* - 3+/BC

DU/Dt = -S2[c;'(VtJ/ x VJ^) + DJ /3c]
-

(2)

?

In the single helicity approximation, these equations reduce to those
used in previous work [16,17].

They do not contain diamagnetic drifts

or other finite gyroradius effects [18], but recent results indicate
that the nonlinear development of the 2/1 tearing mode is not substantially affected by diamagnetic drifts [19].

Thus, this set of equations

is appropriate for a preliminary investigation of feedback stabilization.
Most of the results presented in this paper correspond to locking the
phase between the mode and the feedback signal.

In some cases we have

simulated a variable phase shift between the mode and the feedback
signal by a rigid rotation of the whole plasma.
negative results.

This process leads to

The necessity of locking the feedback signal and the

2/1 mode in phase for the single helicity approximation is pointed out
in Ref. [20].
To gain insight into the problem, we found it useful to begin with
a linear analysis.
delay t^ of zero.

This corresponds to an ideal feedback having a time
The singular (mode rational) surface is defined by

the radius r
at which q(r ) = m/n.
mn
mn

For values of r such that 1|r - r 1I
mn

is larger than the tearing layer width, the inertial term is unimportant.
In this case Eq. (2) yields [21]

(3)

5

where the o subscript denotes unperturbed quantities and J

rnn

the perturbed current (flux).

regular at r = 0, and \p
continuous at r .
mn
mn
mn
at r , the quantity

d^

ran

dip

mn
dr

mn
dr

6-+0

ran

mn

In the absence of a feedback signal, this

singular equation is solved with these boundary conditions:

lim

(\|> ) is
^n^3)

=

Due to the singularity

u

(A)

* (r )
r i / mn mn
mn

+

± 6 . The tearing mode is stable if A' < 0.
Here r
= r
mn
mn
mn
Inclusion of a feedback signal alters the above boundary conditions

is nonzero.

to allow nonzero values of

The condition for marginal stability

remains A' = 0, so that feedback stabilization consists of controlling
mn
the value of Af through the boundary condition \(J (a). The value of
mn
mn
<p (a) which results in A' = 0 can be used to calculate the magnetic
mn
mn
field which must be applied by the feedback system to stabilize the mode
in this ideal case.
As an example, using flat current profiles [21] for which

q =

2

4 /

1 +

( r /

V

l+(r21/ro)<

we have evaluated the relative amplitude of the feedback signal, i.e.,
the value of

= 1^21 (a)/^21 ( r 21) »

are presented in Fig. 1, where
fixed values of r^.

which A^j vanishes.

The results

versus r2i has been plotted for three

The q-profile obtained from fitting the electron

temperature profile measured in the Princeton Large Torus (PLT) [8] (see
appendix) prior to a major disruption has S Q = -6.9 for marginal stability, and simulation of this case has been carefully studied in
Refs [5,6,15].

Figure 2 shows the time evolution of the 2/1 mode for

this profile using different values of
between the value of B

o

There is good agreement

obtained from the condition A?'i = 0 and the one

which gives zero growth rate for this mode.

6

3.

FEEDBACK STABILIZATION:

NONLINEAR RESULTS

The effect of the feedback stabilization of the 2/1 tearing mode on
a major disruption has been studied using RSF [10], a three-dimensional,
nonlinear resistive MHD code.

The interaction of modes of different

helicities is considered in RSF, making it an appropriate tool for the
study of the major disruption.
Two equilibrium q-profiles, one characterizing PLT [8] and the
other T-4 [22] prior to a major disruption, were considered.
values for S were used, namely S = 4 x 10

5

for T-4 and S = 10

Realistic
6

for PLT

(see appendix for details).
As described in Section 2, the relative phases of the 2/1 mode and
the feedback signal were locked.

A time delay t^ between the 2/1 signal

and the feedback response was assumed.

The effect of the feedback

signal was incorporated as a boundary condition upon the poloidal magnetic
flux ^21:

4/2l(r = a, t ) = 3 ( t ) t|»21 (r = r 2 i, t - t D )

(5)

where g(t) performs the role of 3 Q as described in Section 2.
In both T-4 and PLT, stabilization of the 2/1 mode with finite t Q
could not be achieved unless the feedback signal was periodically switched
on and off.

Otherwise, feedback caused the relative phases of tjj21 at the

present and the delayed times to flip, leading the feedback signal to
drive, rather than stabilize, the mode.

To surmount this problem, the

feedback signal was periodically switched on and off, thus allowing the
2/1 mode to resume an eigenmode shape during the "off" period before
modifying its shape through feedback during the "on" period.
scheme, we took the expression for g(t) to be

3(t) = e Q f(t) g(t)

Using this

7

where

f

Y

21

(t

D+ton-t)

,

t
< t
on

»

'on

t
+ tn
D
on

f(t) = <
+

S

<

C

and

r

-(t-t )/T
on
on
1 - e

t
< t < t £C
on
off

g(t) = <
-(t-t )/T
on
on
1 - e

-^"'off^Vf

•

We have plotted this function 3(t) in Fig. 3.

fc

off

<

t

The function f(t) enhances

the feedback signal by a factor equal to the linear growth of the 2/1
mode between the time at which the signal is taken (t - t Q ) and the time
at which the feedback is initialized (t ). In this formulation, Yoi
on
represents the linear growth rate of the 2/1 eigenmode, and t
is the
time at which the feedback signal is switched on.

The function g(t)

represents the switching on and off of the feedback signal.

The signal

is turned on at time ton with a characteristic rise time xon and turned
off at t __ with a decay time x ..... The "on time" is Jjust t __ - t
=
off
off
off
on
At
and is taken to be a fixed constant. The "off time" At c c between
on
off
t
and the next switch on at a new t
is also taken to be a fixed
off
on
constant. We have taken At
= At
> x , x
in this work.
on
off
on
off
The feedback parameters to which the 2/1 mode is sensitive are the
amplitude BQ> the time delay t^, and the switching period At = At Q n +
At

a
off" W e ^ a v e f°unc*
variety of cases that the best choice of
switching period is At = 2 x t.
This means the 2/1 tearing mode
r
21
is used to generate a feedback signal only at times when it is not sub-

jected to such a signal.

Initial estimates for

can be obtained from

linear theory (see Section 2).
Figure 4 shows the variation of the 2/1 island width with time for
the T-4 q-profile for several values of g at a time delay t^ = 160 x„
o
D
Hp
1.2 Y2J ( a H times will be expressed in poloidal MHD units). Linear

8
theory predicts

= -2.2 for marginal stabilization in this case.

We

see that for no feedback stabilization the island width grows and a
disruption eventually occurs.

(The disruption is indicated in the

figure by the vertical line).

For 0

= -3.4, the island width oscillates

with growing amplitude until a disruption occurs.

For the intermediate

values of 8 = -1.6 and 0 = -2.5, the 2/1 mode is stabilized as the
o
o
island width oscillates within a finite range. In the best case B q = -2.5,
which is close to the marginal stability value given by linear theory.
Figure 5 shows the analogous results for the PLT q-profile using a value
of t D = 200
is -7.

= 0.9 Y21-

In this case the linear theory estimate of B q

Again the nonstabilized 2/1 mode grows until disruption occurs.

For the linear theory value of fj = -7, the 2/1 mode grows.
value of

The largest

= -15. considered in Fig. 5, does not lead to a disruption,

but the oscillations of the 'sland width have larger peak values than
for the best case

= -12).

The results suggest that there is an

optimal range for the gain of the feedback signal.

Too intense a feed-

back signal can have destabilizing effects on the 2/1 node while too
weak a feedback signal is insufficient for stabilization of the mode,
i.e., 1.5 < -B

o

3.2 for T-4 case,

Let us consider a feedback system, similiar to the Adiabatic Toroidal
Compressor (ATC) feedback system [14] , consisting of two Z = 2 helical
coils inside the vacuum vessel.

The current intensity needed in the

coils to stabilize the 2/1 mode is given by

3
o

where b is the radial position of the helical coils.

For PLT parameters

our calculations indicate that the current I should be between 1.7 kA
and 3.7 kA and for T-4 between 0.8 kA and 3 kA.

These values are only

estimations, and more accurate values depend on the specific design of
the feedback system.
Figure 6 shows the effect of the delay time t Q on the stability of
the 2/1 mode.

The 2/1 magnetic island width is plotted as a function of

9
time for several runs having S

q

= -2.5 in T-4.

For t

island width quickly goes to zero and stays zero.

= 0, the 2/1

For t = 160 T„ =
D
Hp

1-2 Y21> the 2/1 is again stabilized in the sense that the island width
remains small.

However, for t^ = 280 T h

back stabilization), a disruption occurs.

= 2.1 Y21

ancl

tp

= 00

( n 0 feed-

If the time delay of the

feedback signal is not kept small enough, we observe only a delay in the
disruption.

As a general result, we can say that the time delay should

be

t D < Y21

where Y?I is the linear growth rate of the 2/1 tearing mode.
It is informative to compare the island widths of the 2/1 and 3/2
modes for runs with feedback and without feedback.

Figure 7 shows the

2/1 and 3/2 magnetic island widths as functions of time for both runs
with feedback (3 = -2.5, t^ = 160 T„ ) and runs without feedback for the
D
Hp
o
T-4 equilibrium q-profile.
the PLT q-profile.

Figure 8 shows a very similar behavior for

For both the T-4 and PLT profiles, the 3/2 island

width saturates at its single helicity saturation value as long as the
amplitude of the 2/1 tearing mode is kept sufficiently small.

That is,

when we control the island width of the 2/1 mode in such a way that the
2/1 island does not touch the 3/2 island, the coupling between these two
modes is negligible.

There is, in this case, no further destabilization

of the 3/2 mode which would lead to the disruption.
We have simulated the effect of a nonzero phase shift between the
feedback signal and the 2/1 mode by a rigid body rotation of the whole
plasma.

In this case we have not succeeded in stabilizing the 2/1 mode,

and, of course, the disruption has not been avoided.
We can underline the effect of feedback by showing the magnetic
field lines when the 2/1 tearing mode is controlled by the feedback
signal.

In Fig. 9, we show the field lines at the end of the two runs

presented in Fig. 7.

When the feedback signal is off (Fig. 9a), there

is a stochastic region covering about half of the plasma.

But with the
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feedback system on, practically no magnetic surfaces are destroyed.
anticipated improvement in confinement is qjite apparent.

The

In Fig. 10

similar results are shown for the runs presented in Fig. 8 (PLT case).
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4.

CONTROLLING THE CURRENT PROFILE NEAR THE q = 2 SURFACE

Another way to control the amplitude of the 2/1 tearing mode Is to
modify the current profile near the q = 2 singular surface by raising
the temperature outside the q = 2 surface.
From Eq. (3) it is clear that the tearing instability in the linear
regime is driven by the gradient of the equilibrium current near the
singular surface.

We have investigated the possibility of controlling

the 2/1 tearing mode by decreasing the gradient of the current density
at the q = 2 surface.

This method, suggested in Ref. [12], is a result

of a linear analysis, and we have pursued it in the nonlinear regime.
We assume that this modification of the current profile can be produced
by increasing the electron temperature outside the q = 2 surface.

We

have made this modification in the current profile in an ad hoc way
without generating the profiles self-conaistently.

This introduces a

limitation in our study, and it does not allow us to investigate the
sensitivity of the method to the parameters relevant to its implementation,
as we did for the feedback method.
The nonlinear results show that the suppression of the major disruption does not require, in general, a careful tailoring of the current
profile.

It is sufficient to modify the current profile in such a way

that the magnetic islands of the 2/1 and 3/2 tearing modes do not touch.
This can be achieved by increasing the current outside the q = 2 surface.
When the profile under consideration is very unstable to the 2/1 tearing
mode, as in the case of the PLT current profile, we have to practically
flatten the current profile at the q = 2 surface.
In Fig. 11 we have plotted the current profiles we have considered,
which correspond to different modifications of the PLT current profile
(profile 1).

For these profiles we present in Fig. 12 the time evolution

of the 3/2 magnetic island width.

Although a simple increase in the

temperature outside the q = 2 surface (case 2) can delay the disruption,
it does not avoid it.

To suppress the disruption, it is necessary to

practically flatten the current profile at the q = 2 surface.

12
To understand better the effect of the profile modification on the
2/1-3/2 interaction, we have used a simple parameterization of the
q-profile

q = q(0) [1 + <r/r o ) 2 A ] l / X

where X = Xq + l/2A"r 2 .

(6)

We held q(0) and q(l) fixed at 1.08 and 4.0

respectively and used X Q and X '' as free parameters.

We. can modify the.

gradient of the current profile in different ways and study its effect
on the nonlinear interaction of the 2/1 and 3/2 tearing modes.

As a

measure of this interaction, we use the peak value of the growth rate of
the 3/2 mode [5,23].

Another interesting parameter to calculate is

d

where W 2 i and W32 are the single helicity saturated widths for the 2/1
and 3/2 tearing modes respectively.

For the cases we have considered,

we found that there is a strong nonlinear interaction when d < 0.
The results of our analysis are summarized in Figs 13 and 14.
1

Fig. 13 we present the results for X'

In

held fixed to 0 and 0 < Xq < 4.

As Xq increases, the current profile flattens near the magnetic axis
while near the singular surface it becomes steeper.

For Xq > 2.2, d is

negative and the nonlinear evolution leads to a disruption.

When we hold

fixed to 2 and vary A " , we obtain similar results, as shown in Fig. 14.
As a general result of this analysis, we conclude that the modification of the current profile should give

r 2 i - r 3 2 > 7 (W2i + W 3 2 )

to suppress the disruption.
If the modification of the current profile is in the wrong place,
that is, if we increase the current density inside the q = 2 surface,

13

the 2/1 mode is more strongly destabilized.
to study how to modify the profiles.

Therefore, it is important

Some recent experimental results

from the JIPP T-II tokamak [13], using this technique to control the
disruption, show positive results.

14
5.

CONCLUSION

The nonlinear interaction of the 2/1 and 3/2 tearing modes, which
is a possible cause of major disruptions in tokamaks, can be suppressed
by controlling the amplitude of the 2/1 mode either by feedback stabilization or by heating the plasma edge.
If a feedback mechanism is used to stabilize the 2/1 mode, the
feedback signal should be locked in phase with this mode.
delay of the system should be smaller than

1•

a

The 8 l

n

The time
tbe feed-

back system should be near the value given by the linear theory for
marginal stability.

For the PLT and T-4 tokamaks, this implies currents

in the feedback coil of the order of 2 kA and 1 kA respectively.
Unless the parameters lie in this range, the disruption will not be
suppressed, but only delayed.
An alternative technique is controlling the current profiles near
the q = 2 surface in such a way that

1*2 1 " r 32I

" \ <W2 1 + W 3 2 )

But to fully establish the feasibility of this technique, it is necessary
to investigate the transport effects on the generation of these current
profiles.
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APPENDIX
In three-dimensional cylindrical geometry, the resistive MHD
equations are (in dimensionless form) [15],

Dij/ _ 3 d;

Dt " .

DU _ 3U
Dt = 3t

-S 2

I-(V^ x ^ J

) +

where the subscript 1 denotes quantities taken perpendicular to the
toroidal direction C, ty is the poloidal flux function, <J> is the velocity
stream function, J^ =
is the vorticity.

is the toroidal current density, and U = V ^

The parameter S is the ratio of the resistive diffusion

2

time t r [H y o a /n(0), where n(0) is the resistivity at the plasma center]
to the poloidal MHD time T^

(=

where R q is the major radius and

V^ is the Alfven velocity).

The resistivity n(r) is assumed to be
w
constant in time and is given by E /J (r), where the o subscript denotes
w

equilibrium quantities and E

is the electric field at the wall (limiter) .

The magnetic field is given by

B

= _

v ty x I + B^C

R
o

and the fluid velocity is given by

v. = V<p x C

Details on the numerical scheme and time advancement of these
equations can be found in Ref. [10].

The parameterization for the

q-profile for T-A is obtained from the parameterization of the electron
temperature profile given in Ref. [22], and it is

1.25

q(r) =
1 - t

h

+ 0.6r8 - 0.1428r12

16

For the PLT equilibrium q-profile, ve have fitted the electron temperature
profile given in Ref. [8] with the expression for. q:

q(r) = q(0) [1 +

(T/rQyzWX

The values of the parameters are q(0) = 1.34, r

= 0.56, and X = 3.24.
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FIGURE CAPTIONS
FIG. 1.

Relative amplitude of the feedback signal [(Bq = i j > 2 1 U ) ( * 2 l ) 1

required by linear theory for marginal stability versus the radius of the
2/1 singular surface for three flat profiles
1 + (r/r ) 8

lh

o

q = 2
1 +

(r 2 l/r o ) (

given by r Q = 0.4, 0.5, and 0.6.

FIG. 2.

The 2/1 growth rate versus time for three values of

for an

equilibrium q-profile characterizing PLT prior to a disruption.

FIG. 3. The function 3(t), characteristic feedback signal, versus time
for PLT parameters.
(3 = 12, At
= At ,, = t^ = 200 T„ ). This function
r
o
on
off
D
Hp
is compared to the evolution of the 2/1 magnetic island width when the
feedback signal is on.

FIG. 4. Magnetic 2/1 island widths are plotted versus time for several
values of S Q and an equilibrium q-profile characterizing T-4 prior to
a disruption. All curves are for delay time t^ = 160 t
and -3.4, disruptions terminate the runs.

.

For

= 0

FIG. 5. This figure is analogous to Fig. 4 except that the q-profile
characterizes PLT and the delay time in t^ = 200 T^ . A disruption
terminates the (S = 0 run.

FIG. 6. Magnetic 2/1 island widths are plotted versus time for several
values of t^ for the T-4 equilibrium q-profile. All curves are for
feedback amplitude
terminate the runs.

= -2.5.

For t^ = 280 t„

and t^ =

ro

, disruptions

p

FIG. 7. Magnetic island widths of the 2/1 and 3/2 modes are plotted as
functions of time for unstabilized and stabilized runs using the T-4
equilibrium q-profile. For the stabilized run, 3 = -2.5, and t D = 160 t.
The unstabilized run terminates in a disruption.
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FIG. 8. This figure is analogous to Fig. 7 except that the PLT
equilibrium q-profile is used. For the stabilized run,
= -12 and
t n = 200 T u . As in the T-4 case, the unstabilized run disrupts.

FIG. 9. Magnetic field line configurations at the end of the two T-4
q-profile runs presented in Fig. 7.

FIG. 10. Magnetic field line configurations at the end of the two PLT
q-profile runs presented in Fig. 8.

FIG. 11. Current profiles obtained by modifying the PLT q-profile
outside the q = 2 surface.

FIG. 12. The 3/2 magnetic island width versus time for the three
profiles considered in Fig. 11.

FIG. 13. (a) The maximum of the 3/2 growth rate as a measure of the
strength of the nonlinear coupling versus
For the profile given
by Eq. (6), we held q(0) = 1.08, q(l) = 4 , and A'' = 0 fixed.
parameter d versus X for the same runs.

(b) The

FIG. 14. (a) The maximum of the 3/2 growth rate and (b) the parameter
d versus A " . We held fixed q(0) = 1.08, q(l) = 4, and A = 2.

22

ORNL/DWG/FED 78-1002

r_. (RADIUS OF 2 / 1 SINGULAR SURFACE)

Fig.

1.

23

ORNL/DWG/FED

Fig. 2.

78-995

24

ORNL/DWG/FED 7 8 - 1 1 9 0

6200

6600

7000
»/THp

Fig. 3.

7400

25

ORNL/DWG/FED

Fig. 4.

78-989

26

ORNL/DWG/FED 78-1000

T
/3 0 = 0(no feedback)
0 O = -12
0 0 = "15

A

\ l

a / V "

1«

8

0
3

10" x t / r

Hp

Fig. 5.

27

ORNL/DWG/FED

78-990

t 0 «160r H p
tD = 2 8 0 r H p
t D = oo(no feedback)!

3000

Fig. 6.

28

O R N L / D W G / FED 7 8 - 9 9 1

Fig. 7.

29

O R N L / D W G / F E D 78-1001

Fig. 8.

30

ORNL/DWG/FED 7 8 - 9 8 8

r/a

Fig. 10.

31

O R N L / D W G / F ED 7 8 - 9 8 5

1.0

0.8
0.6
0.4

0.2
0
0.2
0.4

0.6
-0.8

1.0
1.0
J

u-l.

I

I

I

\

\

0.8
0.6

/ /

0.4

/ /

0.2
0
0.2
—

\

\

\

0.4
0.6

0.8

\ J *
•,•• • \

»

\

-

w

^

—

/ /

J
-

(b)

•1.0
-1.0 -0.8 -0.6 - 0 . 4 - 0 . 2

"i

T

0

0.2

r/a

Fig. 10.

I

I

L

0.4 0.6 0.8 1.0

32

ORNL / DWG/ F E D - 7 8 - 1 1 51

0

0.5

r/o
Fig. 11.

1.0

MODE

ISLAND WIDTH / a

77777fT^777T

7777777^7777

> >>
u> tn (/>
m m m

OI N

34

ORNL/DWG/FED 78-1265

-0.2

Fig. 10.

35

ORNL/DWG/FED

X"

Fig. 14.

78-1266

1118

ClRNL/TM-6707
Dist. Category UC-20 g

INTERNAL DISTRIBUTION
1.
2.
3.
4--11.
12.
13.
14.
15--22.
23--32.
33--40.
41.
42.

L.
A.
J.
B.
R.
H.
P.
H.
J.
S.
M.
0.

A. Berry
L. Boch
D. Callen
Cr.-•reras
A. Dory
H. Haselton
N. Haubenreich
R. Hicks
A. Holmes
J. Lynch
S. Lubell
B. Morgan

43.
44.
45.
46.
47--48.
49.
50.
51--52.
53.
54.
55.

H. Postma
M. W. Rosenthal
J. Sheffield
D. Steiner
Laboratory Records Department
Laboratory Records, ORNL-RC
Document Reference Section
Central Research Library
Fusion Energy Division Library
Fusion Energy Division
Communications Center
ORNL Patent Office

EXTERNAL DISTRIBUTION
56.

57.
58.
59.

60.
61.
62.
63.
64.
65.

66.
67.
68.

D. J. Anthony, Energy Systems and Technology Division, General
Electric Company, 1 River Road, Bldg. 23, Room 290, Schenectady,
NY
12345
Bibliothek, Max-Planck-Institut fur Plasmaphysik, 8046
Garching bei MUnchen, Federal Republic of Cermany
Biblioth&que, Service du Confinement des Plasmas, C.E.A.,
B.P. No. 6, 92, Fontenay-aux Roses (Seine), France
Lung Cheung, Department of Electronics, University Science
Center, The Chinese University of Hong Kong, Shatin, N.T.,
Hong Kong
J. F. Clarke, Office of Fusion Energy, G-234, Department
of Energy, Washington, DC
20545
R. W. Conn, Fusion Technology Program, Nuclear Engineering
Department, University of Wisconsin, Madison, WI
53706
CTR Library, c/o Alan F. Haught, United Technologies Research
Laboratory, East Hartford, CT 06108
CTR Reading Room, c/o Allan N. Kaufman, Physics Department,
University of California, Berkeley, CA 94720
J. Narl Davidson, School of Nuclear Engineering, Georgia
Institute of Technology, Atlanta, GA
30332
Documentation S.I.G.N., Department de la Physique du Plasma
et de la Fusion C o n t r o l s , Association EURATOM-CEA sur la
Fusion, Centre d'Etudes Nucl£aires, B.P. 85, Centre du Tri, 38041
Cedex, Grenoble, France
W. R. Ellis, Office of Fusion Energy, G-234, Department
of Energy, Washington, DC
20545
Harold K. Forsen, Exxon Nuclear Co., Inc., 777 106th Avenue,
N.E., C-000777, Bellevue, WA
98009
Harold P. Furth, Princeton Plasma Physics Laboratory, Princeton
University, Forrestal Campus, P.O. Box 451, Princeton, NJ
08540

BLANK PAGE

38
69.
70.
73,

72.
73.
74.
75.

76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

86.

87.
88.
89.
90.

91.

Roy W. Gould, California Institute of Technology, Mail Stop
116-81, Pasadena, CA
91125
Robert L. Hirsch, Exxon Research and Engineering, P.O. Box 101,
Florham Park, NJ
07932
Raymond A. Huse, Manager, Research and Development, Public
Service Gas and Electric Company, 80 Park Place, Newark, NJ
07101
T. Hsu, Office of Fusion Energy, G-234, Department of Energy,
Washington, DC
20545
V. E. Ivanov, Physical-Technical Institute of the Ukranian
Academy of Sciences, Sukhumi, U.S.S.R.
A. Kadish, Office of Fusion Energy, G-234, Department of Energy,
Washington, DC
20545
L. M. Kovrizhnikh, Lebedev Institute of Physics, Academy
of Sciences of the U.S.S.R., Leninsky Prospect 53, Moscow,
U.S.S.R.
Guy Laval, Groupe de Physique Th£orique, Ecole Polytechnique,
91 Palaiseau, Paris, France
Library, Centre de Recherches en Physique des Plasma, 21 Avenue
des Bains, 1007, Lausanne, Switzerland
Library, Culham Laboratory, United Kingdom Atomic Energy
Authority, Abingdon, Oxon, 0X14 3DB, United Kingdom
Library, FOM-Institut voor Plasma-Fysica, Rijnhuizen,
Jutphaas, Netherlands
Library, Institute for Plasma Physics, Nagoya University,
Nagoya, Japan 464
Library, International Centre for Theoretical Physics, Trieste,
Italy
Library, Laboratorio Gas Ionizzati, Frascati, Italy
Jumber G. Lominadze, Academy of Sciences of the Georgian
S.S.R., 8 Dzerzhinski St., 38004, Tbilisi, U.S.S.R.
Oscar P. Manley, Office of Fusion Energy, G-234, Department
of Energy, Washington, DC 20545
D. G. McAlees, Exxon Nuclear Co., Inc., Research and Technology
Laser Enrichment Department, 2955 George Washington Way,
Richland, WA
99352
J. E. McCune, School of Engineering, Department of Aeronautics
and Astronautics, Bldg. 37-391, Massachusetts Institute of
Technology, Cambridge, MA
02139
Claude Mercier, Service du Theorie des Plasmas, Centre d'Etudes
Nucl£aires, Fontenay-aux-Roses (Seine), France
R. E. Papsco, Grunrman Aerospace Corp., 101 College Road,
Princeton, NJ
08540
D. Pfirsch, Institute for Plasma Physics, 8046 Garching
bei Mtinchen, Federal Republic of Germany
Plasma Physics Library, c/o Dr. Philip Rosenau, Department of
Mechanical Engineering, Technion-Israel, Institute of Technology,
Haifa, Israel
Plasma Physics Group, Department of Engineering Physics,
Australian National University, P.O. Box 4, Canberra A.C.T.
2600, Australia

39

92.
93
94.
95.
96.
97.
98.
99.
100.

101-286.

A. Rog
Institute for Plasma Physics, KFA, Postfach 1913,
D-517
h 1, Federal Republic of Germany
W. Sf.
, Office of Fusion Energy, G-234, Department
cf Eivji,,y, Washington, DC 20545
V. D-. SLafranov, I. V. Kurchatov Institute of Atomic Energy,
46 Ulitsa Kurchatova, P.O. Box 3402, Moscow, U.S.S.R.
Yu. S. Sigov, Institute of Applied Mathematics of the U.S.S.R.
Academy of Sciences, Miuskaya, Sq. 4, Moscow A-47, U.S.S.R.
W. M. Stacey, Jr., School of Nuclear Engineering, Georgia
Institute of Technology, Atlanta, GA
30332
J. B. Taylor, Culham Laboratory, United Kingdom Atomic Energy
Authority, Abingdon, Oxon, 0X14 3DB, United Kingdom
Thermonuclear Library, Japan Atomic Energy Research Institute,
Tokai, Naka, Ibaraki, Japan
Francisco Verdaguer, Director, Division of Fusion, Junta de
Energia Nuclear, Madrid 3, Spain
Office of Assistant Manager, Energy Research and Development,
Department of Energy, Oak Ridge Operations Office, Oak Ridge,
TN
37830
Given distribution as shown in TID-4500, Magnetic Fusion Energy
(Distribution Category UC-20 g, Theoretical Plasma Physics)

