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EFFECTS OF MAGNETIC FIELD ERRORS IN ORMAK

James A. Rome

ABSTRACT

The effect of errors in the magnetic field of
ORMAK arising from the leads of the toroidal field
coils is calculated. It is found that in the first few
milliseconds of a discharge, these errors may open the
flux surfaces if the heating current and toroidal field
are parallel. This opening of flux surfaces may account
for the observed elimination of runaway electrons in
ORMAK. At later times in the discharge the effect of

these field errors is negligible.

I. INTRODUCTION

In recent years much attention has been focused on the deliterious
effects of magnetic field errors which can prevent the closure of lines
of force in "closed-line" devices (such as multipoles) or spoil the
symmetry of axisymmetric devices (such as TOKAMAKs). The closed-line
devices are partiéulérly sensitive to field errors unless a small
"toroidal" component of magnetic field is introduced deliberately.
Error fields of 1% of the main field increase plasma losses by an order
of magnitude.(l) TOKAMAKs were found to be sensitive to field errors
only for collisionless regimes of operation in the experiments reported

(2)

by Stodiek, ét al. Here we wish to point out a different aspect of

TOKAMAK operation in which field errors can play an important role,



namely at the beginning of the discharge when the rotational transform
is still very small. In particular, field errors due to the toroidal
field coils will have their greatest effect at this time since the
plasma heating current is low. In ORMAK these errors can prevent the
formation of runaway electrons (and the resulting x rays) by opening
all of the magnetic flux surfaces at the beginning of the discharge.

When the liner in ORMAK has not been adequately discharge cleaned
and baked, ORMAK operates in the runaway regime. In this regime the
plasma is cola and highly resistive. The applied capacitor voltage
causes a large toroidal electric field which exceeds the Dreicer field<3)
and causes a portion of the electrons to accelerate, break away from the
main distribution function, and "run away" to high energies. Almost all
of the toroildal current is then carried by the runaway electrons.

However, in order to run away, the electrons mﬁst remain confined
(on flux surfaces) long enough to accelerate to these high energies.
In this report the hypothesis is that this process can be stopped by a
magnetic field error which causes all of the flux surfaces to intercept
the limiter at early times in the discharge when the toroidal voltage is
high and the plasma density is low. If runaway electrons are prevented,
the plasma carries the toroidal current which increases rapidly and closes
the flux surfaces. The rapidly increasing density then requires a larger
E field for runaway to occur and by the time the flux surfaces close, con-
ditions for runaway are unfavorable. During the time when the flux
surfaces intercept the limiter, the plasma ions will still be confined
because of their greater inertia and resulting slower acceleration in the

toroidal E field.



In the present ORMAK device the uncompensated current leads to each
toroidal field coil are the primary source of field errors. The purpose
of this paper is to calculate approximate flux surfaces in ORMAK in the
presence of these errors and to show that the surfaces may indeed be
opened at early times as a result of these errors. However, later in the

discharge, the effect of these errors is negligible.
IT. APPROACH TO THE PROBLEM

To simplify the analysis we neglect toroidal effects and consider
a periodic cylinder (period EnRO) with error coils distributed as shown
in Fig. 1. Although these coils are actually distributed over the
lower right-hand quadrant of the cylinder, we will assume that all of
the rectangular current loops‘are located in the x-z plane. In ORMAK
there are 56 such loops per 2mR, of axial length.

To calculate flux surfaces we must assume some plasma current
distribution, here taken to be uniformly distributed over the plasma
cross section which is probably the case for a high resistivity plasma.
Other distribution could be easily used, but in any event the distribution
is not gelf consistent since the plasma current is assumed to be indepen-
dent of the currents in the magnetic field coils.

We adopt the "method of averaging" as expounded by Morozov and

() (5)

Solov'ev and by Bogoliubov and Mitropolsky to obtain an approximate
solution to the magnetic field line equations.
To proceed further we will assume that the field of the toroldal

field coils, B

0’ is purely z-directed and is much larger than any other

magnetic field in the problem. The plasma current and the current in the
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Figure 1. Geometry of the error coils in relation to the plasma.
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error coils, taken together, have a magnetic field b=bi +bi +bi
X" x yy zZ z
that is periodic in z with a period of

2ﬂRO

L=‘T5'6— (1)

since there are 56 error coils per period. 1In this analysis we will

include the average part of b, in with By so that % T bZ(z)dz = 0.
0

The equations for the magnetic field lines are given by

gﬁ _ bx &=E§ ~ bxbz
dz BO+bZ BO B2
0
b b b b
A AR A A (2)
dz BO+b BO Bg

where the approximations are good so long as BO >> bx,by,bz. Equation (2)

is of the general form

ka
EZ— = fk<xi)z> (3)

It fk has a small, rapidly-varying part, we follow Morozov and Solov'ev

and make the change of variables

~

x, =+ ef + O(eg) (&)

where gk is a new variable which differs only slightly from X, but which

does not have the rapid variation of x. Also,

g, _ oty

2
az—:fk+egg—ifi+o(€> (5)



In these equations, ¢ is an ordering parameter and

L

T = % g f(z')az’ (6)
0

f(z) = £(z) - T (7)

£(z) = g £(z")dz’ (8)
0

For the present case we see that E &=§£, and ¢ = O(IEI/BO), so that

'--—'Q"-fT +'—_—f. (9)

ax P b4 X X y X
iz BT T3 vt T/t 5 —
BO BO ox BO oy
- b bvb b 3b b_ db
dy _ ¥y _ vz ¥ _¥ X _ ¥
A -l - Bl i S (10)
0 BO BO Ay BO ox

We will only work with the first of these equations since they are

identical upon interchange of x and y. Since v + B = O,

ob ob ob
X y
ox dy 3z

Using the identities aé/az = a and ab + ab = 0, it follows that

_=__-__._:(:§) (12)



Since the vector potential is related to E% by

_ BAZ
b= > (13)
oy
we obtain
- b b
g.22 7.0 @
0 oy 0]
and similarly,
.12 7 %%
dz =~ - B. .~ Az B (15)
0 3 0)

y(x,y) = KZ - E J = constant (16)
0

This is the equation for the averaged flux surfaces. An even more
accurate representation may be obtained by using Equation (%) to elimi-
nate x and y, but this will not be done here. |

The error field can be obtained from the vector potential of a

rectangular current loop by means of the formula

_ b =
-1 (17)

which is easily derived from the Biot-Savart law. This integral can be
carried out in terms of relatively simple functions for a rectangular
current loop. The geometry of one such loop is shown in Fig. 2. Using

(6)

Equation 17, we find that

b / R a ; a ’
LI ECELLICE (D

r
RN
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Figure 2. Geometry of a single error coil. -The vector potential

due to this coil is calculated at point P.
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i- EQE ; n z-b -‘J(z—b)2+(x+a)2+y2 . z+b -'\/(z+b)2+(x-a)2+y2
b Tz J o > 2 J 2 o 2 |
z+b = v (z4+b) T+ (x+a) T+y z-b - N (z-b)+(x-a)"+y
. uiI ; on| X228 -‘\/(x-a)2+y2+(z-b)2 . x+a —'\/(X+a)2+y2+(z+b)2 (19)

x+a —/\/(x+a)2+y2+(z-b)2 x-a -fJ(x-a)2+y2+(z+b)2 -

We now wish to examine the term bXby in Equation (16). It is at
least IEI/BO smaller than the A term. Furthermore, in the limit that
the loops shrink to point dipoles, it can be shown that the averaging
process yields zero since by is an even function of z and ﬁx is an odd

function of z. TFor finite loops, this term is not identically zero, but

will be small enough to neglect provided that the toroidal field, Bo, is
large compared to !Elo Thus, we shall assume that
¢ =K . | (20)

Z

ITI. CALCULATION OF THE AVERAGED FLUX SURFACES

We will make use of the following theorem to eliminate some infinite

Theorem:
SL/Q £(z-nl)dz = S £(z)dz (21)
m=-c -L/2
Proof: /
ot L/2
z % g £(z-mL)dz —z g dx S dz £(x)s(x=z + mL)
m=- -L./2 M=-g =~ - /2

o 1 -
= % Sw f(x){_ SL/Q Z §(z=x = mL)dzJ ax = -i— g f(x)ax
- L-L/2 m=-o B
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Furthermore, since fm fodd(z)dz = 0, we only need‘to integrate the even
part of f(z) in Equ;:ion (21).

Since the z component of the vector potential which arises from the
plasma heating current is not a function of z, we will not need to
average 1t, and will include it later in the analysis. Because the
rectangular current loops are spaced a distance L apart, AZ due to these

loops is actually given by

(o]
boly, z-Lin-b -‘J(Z-Lm-b)2+(x+a)2+y2
AZ = T on : >
m=-o  z-Lmtb -'J(z—Lm+b)2+(x+a)2+y

_ z-Lmtb -'J(Z-Lm+b)2+(x-a)2+y2

z=-Im-b -'J(Z-Lm—b)2+(x-a)2+y2

(22)

Using Equation (21) we see that Ké is given by

- /2 bot z+b + '/(z+b)2+(x+a)2+y2 z-b +’\/(Z-b)2+(x-a)2+y2
A, = 8mL on :

-L/2 z+b - «/(z+b)2+(;;+a)2+y2 z-b - '\/(Z-b)2+(x—a)2+y2

. z-b -'\/(z-b)2+(x+a)2+y2 . z4b -’/(z+bfﬁ(x-a)2+y2

z-b + J(z-b)2+(x+a)2+y2 z+b +‘J(z+bfa(x-a)2+y2

Using the fact that .
Sﬁm I:z * '\/zg+a2 ]dz =z Q/n[z % \/zg+a2 ‘} ?’\/z2+a2 s (2k)

and the limits as z » o

: (zib)2 + x2 > oz rl +
L

N|o
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&z[(zib) + V(zib)g + X ] > on (22) %

N|o
N
N
[®)
p—

we find that

L“O [<§+z ] . (28)

In the limit that x2 + y2 >> ag, this approaches the point dipole

solution

_ MONLILab

A . =
z dipole QHERO x2+y2

(29)

To obtain the complete K%, we must shift the location of the loop

centers to x = r_, v = O and add the potential due to the heating current.

L}
Thus,
_ (x- T -a) y2 wolp 5 5
w&g>= m[ 5 - =% 5 | (30)
(x -r +a + v uﬂTP

Normalizing to the distance Ty and using a different scale for { we

obtain

N_br I
yoor) = LB Ly, [d-A) ) YE 1- &%) (31)

oL P L (x-144)2

A BN\b}

g
=

where A = a/rL, X = X/rL, ete. For ORMAK,

N, = 56, b

]

.015 m , a

.095 m

r = .23 m, r

L 455 m R, .79 m

1
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so that

NLbr

g o

= .0865 = 2.62 B
r

TR.T L

0

o

Accordingly, it is seen that I. must be much larger than I_ in order

L P

to obtain an appreciable effect. We can make this comparison more precise
by solving for the point at which closed flux surfaces inside the plasma
disappear. To find this point, we look for the separatrix which occurs on
the X axis and is defined by 3y/dX = 3dy/dY = 0. Since at i = 0,

Bw/aY is always zero by symmetry, we solve for aw/ax. If we define
2
e I

ﬂROrLIP

we obtain

2 2
o= omeal 2[(x-1)7 - a7] - oy
o S [(x-1-8)% + ¥7] [(x-14a)° + +°]

)2

] - 2X  (32)

when ¥ = 0, this reduces to

2EBA
X = e (33)

(x-l)2 - A
A graphical solution of this equation reveals that the separatrix occurs
between X = 0 and X = 1-A as shown in Fig. 3. We obtain a second
condition by noting that when the separatrix just disappears, the slopes

of the two sides of Equation (33) must be equal:
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Solving Equations (33) and (34) simultaneously yields

Ol =
1
o
w
o
P

X=§i =~ .313 (35)

E = 10.25 (36)

Therefore, using the definition of E, we find that there are no closed

flux surfaces inside the plasma when

I

> 3.91 (37)
P

Since in normal operation in ORMAK, I. << IP, we see that under

L
these conditions, the effect of the field errors on the shape of the
flux surfaces is negligible.- However, when ORMAK is operating in the
runavay regime, a definite change is noted at short times when the sign
of IL/IP is reversed. When IL/IP < 0, large fluxes of x rays are pro-
duced since the flux surfaces are always closed and the electron con-
tainment time is always long enough to allow runaway to occur. When
IL/IP is positive, the flux surfaces are open for short times and no
large x-ray fluxes are observed.

Computer plots of the averaged flux surfaces are presented in
Fig. 4 for both signs of IL/IP. The opening of the surfaces is con=-
firmed for IEI > 10.25 and IL/IP > 0. It is also seen that even if
such catastrophic effects do not occur, the non-centering effect of

the field errors on the flux surfaces will tend to raise the aspect

ratio of the device.
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represent the magnetic flux surfaces.)
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IV. EFFECT OF A VERTICAL MAGNETIC FIELD

Since we are using a cylindrical approximation, it is consistent to

assume that the vertical field, B, 1s constant.

Y
JA
7
BYZBVZ_S-}-{— (38)
so that
Ay = - BX (39)

With this addition, Equation (31) becomes

o
2 2 4B :
§ = EB &1[(X‘1'A)2 * Y2 1 G ——%—?E X (40)
(X-14A)° + Y Hotp'L
If we define
2
Bymrp
F = T » (brl)
Hop'L
Equation (40) is equivalent to
> 2
y = 58 g [FLmA)_+ ] x-em)? o yP (42)
| )

(X-l-JrA)2 + Y

which merely shifts the center of the plasma by -2F in the X-direction.
When the plasma current is very small, the shift is very large so
that the effect of the vertical field is greatest at short times.
We can easily solve Equation (42) for the separatrix condition as

it stands, but it is more transparent to solve Equation (MQ) in the

dipole approximation, X2+Y2 >> A2. In this case,
V= - AEBA(g-l% (xeom)2 - ¥° (43)

(X-1)%+Y
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and the separatrix disappears at

X=%—%F ()
E = E-lﬁ (-2—) 1+ 2r]° . (45)

For example, there will be no flux surfaces when E = O (no perturbation)

When F=- % . Tor this condition, we require
U _
B = -—2L_ _17.2x 1077 1 wevers/n®
v 2 P
Ean

For a heating current of lO5 amperes, the critical vertical field is
1720 gauss which is far higher than is used in practice.

Herver, it is apparent that the sign and the variation in time of
the vertical magnetic field can be used to reduce or exacerbate the
effect of the errors in the toroidal field coils.

V. CONCLUSIONS AND COMPARISON WITH EXPERIMENT

We see that if the direction of the plasma current is properly
chosen, the magnetic field errors can open the flux surfaces at the
beginning of the discharge until the density has time to build up to a
point where the existing electric field is insufficient for runaway to
occur.

Figures 5 and 6 show the experimental results for ORMAK operation
in the runaway regime. There is essentially no vertical field at the
beginning of the discharge. Figure 5 is for IL/IP < 0. It is seen
that although the plasma is extinguished before 20 milliseconds, the
current remains at a high level and is then completely carried by

runaway electrons. The discharge is accompanied by a copious x-ray
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Figure 5. ORMAK plasma parameters in the runaway regime with
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the toroidal electric field, and I is the plasma

IL/IP < 0. n is the average plasma density, E

current.
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flux. On the other hand, when IL/IP > 0 and the flux surfaces are

opened at early times in the discharge (I < I ), we obtain the

crit
results of Fig. 6. The x rays are eliminated and the plasma current
decays away with the plasma density. Also, the vertical field was
programmed and the quantitative x-ray behavior was consistent with the
model presented in Section IV.

To see if there is numerical agreement between the experiment and

(3)

theory, we refer to Dreicer's work to see how long into the discharge

conditions for runaway exist. If we assume that the plasma temperature
is about 10 eV, and that the toroidal E field is about .07 V/cm, we
see that this will be above the critical field only when the density is

1

below 5 x lOl cm-3. Referring to the experimental data, we see that

this density level occurs when the plasma current is about .5 Icrit SO

that holding the flux surfaces open until Icr is reached will, in fact,

it
eliminate the runaway electrons.

Thus, we see that numerical agreement between the theory and experi-
ment is close enough to make the flux surface spoiling hypothesis tenable.

Furthermore, we see that under normal operating conditions, I, >> IL and

P
the effect of these field errors is negligible.
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