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ABSTRACT

To improve the stability and contairment time of a plasma in a
magnetic field, the r!2sma stabilization for controlled thermonuclear
fusion must be developed. The methods o. principles of magnetic
shear, magnetic well, dynamic, and feedback stabilization are of primary
importance and will be given primary consideration. the objectives of

this research are to:

] review various stabilizing methods,

. compare the effectiveness, ndvantages and disadvantages of
some stabilizing methods, and

° deduce from the results obtainel a new idea or original

method for understanding plasma instability and improving

-

plasma stabilization.




e

o e e ——

1. iNTRODUCTION

Plasma stabilization during Jeveloping controlled fusion is one of
the most difficult achievements in thermonuclear research. To improve
the stability and containment time of a plasma contained in a magnetic
field, various stabilizing methods have been and dre being developed.
Among them, of primary importance, are magnetic field configuration
stabilization, dynamic stabilization and feedback stanilization. For
magnetic field configuration stabilization, the plasma may be made
self-stabilizing in some complex magnetic fields. For dynamic stabili-
zation, the high-frequency (or radiofrequency) field interacts with
the entire plasma to establish a new dynamically stable equilibrium.
For feedback stabilization, the plasma equilibrium remains the same
and the time=~-varying suppression signal interacts only with the unstable
part of the plasma. The reality of developing a controlled fusion reactor
depends mainly on the development of an appropriate magnetic field con-
figuration and the availability of remote control and detection methods
of the dynamic stabilization or feedback stabilization for a rhermonuclear
plasma,

There are many methods proposed for the magnetic field configuration
stabilization, the dynamic stabilization and the feedback stabilization
of a thermonuclear plasma. Only some of the main methods of plasmc stabili-

zation will be discussed, analyzed and compared in this research work.




TR IR TR . 4 IO AT L = TP . B X R i

2. MAGNETIC FIELD CONFIGURATION STABILIZATION

Plasma stabilization by magnetic field configuration consists
mainly of the following methods: (a) internal axial magnetic field;
(b) rotational transform devices; (c) screw pinch: (d) magnetic shear:
(e) magnetic well-minimum B (open-end system), magnetic well-minimum

average B (clcsed-end system); and (f) multipole configuration.

2.1 Internal Axial Magnetic Field

To improve the stahility of a linear or toroidal pinched plasma,
an internal axial magretic field was early introduced.l’2 Experiments
show that the introduction of an axial magnetic field in plasma can delay
instability of the pinched discharge. Certain catios of the axial and
azimuthal magnetic fields, Bz/BS’ and some magnitude of the pinch ratio,
ro/r, (less than 5) must also be met, where Bz and Be are the axial and
azimuthal magnetic fields and LR and r are the radii of the discharge
tube and the pinched plasma, respectively.

Interdiffusion (or intermixing) of axial and azimuthal magnetic
ficlds must be taken into consideration when B ard B, diffuse into each
other in the presence of a finite plasma resistivity, T. The interdiffusion of
the magnetic fields has two important effects: (a) The redistribution of mag-
netic field is in a transient state. A a result, the pinched plasma tends to
become unstable, due to continuous decrease in Bz. (b) The magnetic field

difru: ion energy loss due to resistivity (M) in the current sheath tends to heat

the plasma, i.e., the ohmic heating.




Consider a cylindrical plasma sheath of unit length and radius r,
contained by the axial and azimuthal magnetic fields in a long discharge
tube. To evaluate the field time constant, T, for diffusion of the axial field
flux out of the cylindrical sheath, the energy, W, of magnetic field B
(in MKS units) is given by
2

2 BT
24,

W=nmr (2.1

where My is the permeability in vacuum. By differentiating B with respect

to time, t, the rate of the energy loss is expressed as

_w o mfa? 2.2)
ot Zub ot :

This relation is equal to resistive power, P, in the current sheath to

heat the plasma

P =1%R = 17 —Z-T-g-‘; (2.3)

where I and R are the electrical current and resistance of the plasma
and & is the sheath thickness., Assume that the rate of magnetic energy

loss by Ciffusion is entirely converted into the resistive power of ohmic

heating in the plasma, from Eqs. (2.2) and (2.3), it follows that

2 _ _ _xb ng 4
4ﬂub ot (2.4)

A plasma sheath can be considered as a single-turn solenoid, according

to the Biot-Savart law that current and magnetic field are related by

B = pOI (2.5)




Introduction of Eq. (2.5) into Eq. (2.4) gives

—————
E

1
BZ t 41

Integrating this and using the initial condition B = B0 at t = 0, the

time constant T and the field time constant T related to B2 and B are,

respectively
-t/
2 _ .2 ‘o 3 -t/
B° =B_e , B=B e (2.6)
where
. = M, rd - TR 2.
o 47 ° o2

so that T =27 .

It is obvious that the diffusion of the confining magnetic field (or the
drift of charged particles) from the plasma can be slowed down if T is
small and r is large. Tais result can be generalized for various devices:
(a) it will take a longer time for Bz to diffuse in a large discharge tube
than in a small one, and (b) the containment of a stable discharged plasma

requires rapid initial heating to attain a high temperature for small 7.

2.2 Rotational Transform De: ices

It is well known that the rotational transform was first introduced
in the stellarator machine.3 The stellarator can produce a rotational
transform because of ite '"figure 8'" configuration. In th2 presence of an
axial magnetic field with a rotational transform, the electrostatic fields
and charge separation due to the oprositely directed drifts of positive

ions and negative electrons in thz rtellarator system can be considerably
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suppressed. Magnetic transform and particle transform can also serve
the purpose of the rotational transform.4

To compensate for the ion and electron drifts in the curved region
of z race track type of toroidal device, a corrugated magnetic field can
also produce thz effect of a rotational transform. The corrugated mag-
netic fields can be realized by a suitable spacing of the winding of
a number of solenoidal coils which produce the axial magnetic field when

energized.

2.3 Screw FPinch

Screw pinch is a dynamic pinch wherein an external axial magnetic

field, B_, is trapped outside the plasma. This axial magnetic field and

2°
the azimuthal magnetic field, BB’ combine to form a helical screw-type
magnetic field to confine the plasma.

Early theoretical studies indicated that the sausage instability
(m = 0) of « constricted pinch diacharge and the kink instability (m = ()
of short wavelength could be stabilized by an applied external axial
magnetic field as an alternative to the interaal axial magnetic field.
The possibility of stabilizing a pinched discharge by an external axial
magnetic field led to the development of che screw dynamie pinch.s-7

The partially stabilized screw pinch can be realized by the appii-
cation of the external axial field simultaneously with the azi-wthal
field of the discharge. This i3 achieved in a linear or toroidal dia-
charge tube of the usual type, modified by imparting o slight helical

pinch to the return current outside of the tube. The conductor consists

of a number of copper-braided strips (as in the Tokamak TM-3) insulated
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from one another, arrarged along the length of the tube with a slant
rd9/dz eaual to 0.1-0.2 (i.e., along the z-axis at radius r and angle
9). As a result, an external magnetic field is generated by th:
discharged current, and the total magnetic field (both B9 and Bz) con-
tains and heats the plasma in a helical fashion.

From the facts that the region outside the constricted plasma is a
partial vacuum and has appreciable conductivity, the concept of screw
dynamic pinch evnlved. Tec¢ simplify analysis, a pressureless ionized
gas of infinite conductivity outside the pinch column proper is assumed.
The radial equilibrium equation of magnetic pressura for & screw dynamic

pinch distribution in the plasmz column is given by

__..Z_+-—- = ( (2.7)
X

where x = r/ro and r = radius of the linear piach tube.

Given the properties of adiabatic invariant, the magnetic fluxes,
08 and ¢z,between a given point and the pinch axis in the plasma must
be conserved. Hence, ¢6 has a definite functional dependence on @z.
Then, from the orthogonality principle, the azimuthal and axial magnetic

fields can be expressed in terms of ¢9 and ¢z (similar to the properties

of the stream function and the potential function in fluid mechanics)

- - 2. ,
BU = o@e/roax . BZ = a¢z/roxox {2.8)

which satisfv Eq. (2.7) of the pinched plasma.

Since

. (2.9)
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Introduction of Eqs. (2.8) into Eq. (2.9) yields

Be = Vrosz (2.10)

where V = dgbe/dcbz which is a constant at any point in the plasma. This
equation represents the relationship between Be and Bz at any point x

in the plasma. In a linear screw pinch, the return conductor of the dis-
charged currents is a helix outside the plasma tube. If the radius of
the pinch tube is taken as unity, then the wall condition of the screw

pinch becomes

= W
BG 0Bz (2.1D)
where
Tox =1, and
v, = (d¢e/d¢z) ) = constant.

x=1
Substitution of Eq. (2.10) into Eq. (2.7), and rearrangement, give

the relations

= = 2.12
B, b v rxB ., B, b B, ( )
where
_ 2 2./ 2 22
b= (1+V ro)/(l + Vg X ),
at x =1, b=1, and
B =
z Z0

on the wall of the test tube, For given values of r, and ¥, the radial
i ibuti f at any point x of the screw pinch can
distribution of BG/Bzo and BZ/Bzc t any p P

be determined.




In the above analysis, the conductivity outside the pinch column has
been assumed as infinity. Actually, a finite resistivity is present. Con-
sequently, the interdiffusion between Be and BZo as well as the decay of
Bzo will occur as discussed in the method of internal magnetic field
stabilization,

A theoretical study indicated that a screw or diffuse pinch with axi-
symﬁetric configuration operating above the Kruskal-Shafranov current limit can
be stable if 8 > 0.1 where § = ZuopKBi + Bé) and p = plasma kinetic pressure.
For the purpose of comparison, some computed results of a numerical example
for the stabilized pinch with external current and the screw pinch with
external current are shown in Fig. 1. The pinched vlasma in both cases
of the diffuse pinch is stable. The stabiliLy is possible for case (a)
where B is in the range 0.05 to 0.10, while for case (b), 8 must be greater
than 3.1. The magnitudes of the selected magnetic fields BZ and B8 are
typical values and the pitch is defined as P = rBZ/Be.

Most of the present laboratory devices with high B toroidal plasma
containment exhibit the flute or interchange instability (m = 1). Dynamic
stabilization of the m = 1 instability for high B screw pinch was studied
experimentally.8 In the experimental work, two basic dynamic stabilization
methods were performed: (a) The oscillating, axially uniform high-frequency
component of the BZ field, and (b) the oscillating axial component current
methods. For case (a), special attention is given to the possitility of
working in resonance with natural plasma oscillation (having relatively
low frequency) to save energy input required by a high frequency oscillator.
For case (b) the effects of dynamic shear on the flute instability is
particularly considered., These methods are similar to that of dynamic

stabilization to be discussed later.
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In the oscillating axial magnetir field stabilization method, the
oscillating component of the axial magnetic field ﬁ;o sin msg:can be pro-
duced and superimposed on the base axial magnetic field Bzo in a common

coil to obtain the total axial magnetic field, B_ =B+ ﬁ;o sin a ¢
where E;o is the amplitude of the oscillating axial field, “étis the
stabilizing frequency and t is the time. The ratio %;OIBZO can be

varied between 0.05 and 0.20. The range ol w,, can be adjusted from

1-1.7 MHz. The growth rate of the flute instability is moderately
suppressed after the oscillating axial magne” ic field has beeu applied.

1n addition, the high frequency energy input could be saved and the plasma
column breakdown by wall contact could be avoided if the resonance con-
dition between the oscillated plasma motion and the natural radial plasma

oscillation could, in principle, be achieved. 1In the oscillating axial

current, the total axial current, I_ =1 +T sin +_t, is fed into
z zo Z0 st

the screw pinch using the same electrodes for the high frequency oscillating

I and the quasi-steady current I . I and1 have comparable ampli-
20 20 A 20

tudes from 15-50 kA, The stabilization frequency wstis about 1 MHz., A
reduction of the m = 1 growth rate is observed after T;o is superimposed

on the screw pinch.

The growth rate or instability frequency, fin = win/2ﬂ’ for the m = 1
mode instability in a linear (circles) and a toroidal (dots, aspect ratio
= 5) screw pinch as a function of total axial current Iz is shown ip

Fig. 2. The growth rate and the wavelength of the m - 1 instabihity are

very similar in a linear and a toroidal high 5 screw pinch for adequate,

corresponding plasma parameters. Neither the end effects nor the eftects

of toroidal curvature strongly influence the m = 1 growth rate. The
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observed radial distributions of the magnetic fields Ba, Bz and the plasma
density n in a linear screw pinch at t = 2 usec, p = 45(10-3) Torr and

Ti = 0.20 keV is given in Fig. 3. It is seen that the dynamic effect of
screw pinch can heat the ions of a plasma at very high rates, and the
dynamic shear tends to stabilize the plasma. The above observed data

are in good agreement with the calculated results from the theoretical

analysis.

2.4 Magnetic Shear

Magnetic shear is appreciably effective in controlling the gross,
universal, or drift ingtability of a thermonuclear plasma. It is the
electrical short-circuit principle whereby any separation of charges from
positive ions and negative electrons can be neutralized by short-circuiting
the charges. As a result, the plasma can be appreciably stabilized.u’12

The magnetic shear is produced by the twist of magnetic field lines
in the plasma. The degree of twist of the magnetic lines can be made to
vary with distance from the central axis, the farther from the axis,
the deeper the pitch of the lines, and vice versa.

The magnetic shear of the magnetic field configuration stabilization
can be produced by a number of methods. The two most common methods arc
the reversed maznetic field device and the helical magnetic windings.

The influence of a magnetic shear tends to make the radial pressure
gradient positive so that Suydam's necessary condition of nlasma sta-

13,14 In most case., the magnetic shear is used to

15,16

bility may be satisfied.
stabilize the gross, universal or drift instability. The gross or

universal instability (independent of plasma configuration) due to temperature

and density gradients is synonymous with confinement, and the drift
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instability is the diamagnetic drift caused by the gradients.

The drift instability arises from the Landau damping mechanism
involving particles whose velocities along the magnetic field resonate
with wave velocity. Sometimes, this damping mechanism alsc involves
energy transfer from the resonant particles to the oscillating waves.
The drift instability can occur under certain conditions: (a) a large
density gradient exists in the plasma; (b) a steep ctransvarse particle
temperature gradient exists; (c) the temperature gradient opposes the
density gradient éf the plasma; or (d) a sufficient, local electric
field exists or electron current flows along the magnetic field.

In the introdu~tion of the wave packet model, a local instability

or perturbation of the plasma is assumed to be composed of wave packets

(T, t) of the form

$(F, t) = ¢(Y) exp i(k-T - wt) (2.13)
where
$(Y) = the spatial perturbation as a function of the space
vector T,
K = the spatial wave number,
w = angular frequency of the plasma, and
t = fime.

A general stability criterion of the wave packets is that the wave cnergy
of the wave packetsshould not grow or exponentiate many times as they move
through some region of local instability.

To stabilize the drift instability, the sheared magnetic field in
relation to the wave packet has two main effects: (a) an effective increasc
in the ion Landau damping available for plasma stabilisation s through the

propagation of the wave packet, or the expansion of the potential well.  The
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potential well can expand into the region where thé Landau damping by the
interaction with resonant ions is strong; and (b) the decrease in wave
energy of the wave packet, or the shrinking of the wave packet as it
propagates through some local region and gradually vanishes.

In stability analysis, a plasma with a density gradient dn/dx
(n = plasma density) in the x direction, an unperturbed magnetic field

vector B = Bo[c?z + (x/Ls)?y] and a Maxwellian velocity distribution is

considered, where Bo_e.z = -ﬁz = main axial magnetic field, B

O(X/Ls)ey

= shearing magnetic field, B0 = the scalar magnetic field,é& and gz are

the unit vectors in the y and z directions, and Ls is the characteristic

shear or shearing distance.

With the Boltzmann distribution function fj (;, ;, t) = f

, the Vlasov

b
equation is given (in Mks units) by

of e
N A @i 3 =
5t +v vfj + “‘j (E+ v X B)vaj 0, (2.14)

where v = velocity vector in space, e = unit electric charge, m = particle

mass, and E = self-consistent electric field strength, The vector E

satisfies the Poisson equation of charge (or the Gaussian law)
v-E-= %— Z ejnj
0 j

in which ¢, = permiti‘vity in a vacuum and n, is evaluated from the jth

0 3

species particle distribution function £

j:

- 3
nj J‘fj(t, v t)dv.
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If there is no initial equilibrium electric field, EO = 0, the lineari-
zation of Eq. (2.14) yields the first-order equation for flj {the zero-

order equation for f,. is omitted):

03
-3;1 +v- Vflj + mJ vV X B )V f1 - mi(El + v ¥ Bl) . VVij .

(2.15)
By the method of characzteristics, the solution of Eq. (2.15) can be

written as

e
| " 3 Ry .
J.(E1 + v X BI, vaoj dt, (2.16)

where the integral is performed along the particle orbit in the lowest
order. It is assumed that a time space dependence of the perturbation
is

flj = (flj)oexp i(K «T - ) (2.17)

in which (f‘i 0 is a constant. By combining the solution of the Vliasov

equation and the well-known Maxwell equations, the dispersion relation

for low-frequency modes of the plasma can be given by

€-1/2w T w k2 v2
i -b
(w-we)l-iﬂ'g“w -f*( -f—)—u—;—lo(b)e
” e i 2w
Il ] T "

w(w-m)-—z- k—z- ﬁvif—(l-f),

kl 1 -1 (b)e kl i ’

(2.18)
where
kxTe dn
We = "B ndx electron frequency,

2T \ %
Ve = (;rg) = electron thermal velocity,
e
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kT dn
w, = 42 & - jon frequency,

i eB ndx
2T\
v, = ;ri' = ion thermal velocity,
- i
Te’ Ti = electron and ion temperatures, or kinetic temperatures,
: ky = (k2 4 kz)& = wave number perpendicular to B (=B,2)
3 1 X y z 0z
s ky = k. + 2% k = wave number for shear effects,
: " z Ls y
1,22 _.122
l b = Jka; = oka;,
1 ai = jon gyroradius or gyromagnetic radius,
vy T the Alven velocity,
Io(b) = zero order of the first kind of modified Bessel function,
3 kx’ ky, kz = wave numbers in cthe x, y and z directions.

in deriving the dispersion relation, the following basic assumptions

have been made:

] th: space-time dependence of perturbation varies as the behavior

of the wave packet defined above,

wakl

° the characteristic length of density gradient, r-1 = % gﬁl

<< kx. The amounts of magnetic ghear required to stabilize

drift instability due only to density gradient for the plasma

] me/mi < B << 1 is sought.

. the electron gyromagnetic radius is much smaller than the wave-
length.
. kp >k, v, << |w/kz| << v,

0 kXD < 1 and w << Qi, Qe where XD = the Debye length and

2B
ﬂi = i’, Qe = ﬁﬁ, the jon and electron cyclotron frequencies.
i e
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1f Ti = Te’ 2v§/v: = B (= kinet.: pressure/magnetic pressure of the plasma),

2 2 2
k‘ >> kﬁ , kl = kz, and czki/kﬁ = bv: (¢ = velocicy of light), then the

dispersion relation reduces to

2 2\ -5 -
w kv ) e “lw-w)
2 - (1 - f) 1+ —ll-%)zo(b)e'b -i Zok £
2w i
-% 2 2
B(w - w ) € w ki v
- 2 Ze 1l - 2]-ko "" 1 -11 - _JL'TA Io(b)e-b = 0.
Zbk"vi Ve 2w

(2.19)

Based on the dispersion equations, some limiting cases for long and

short wavelengths of plasma oscillation can be discussed.

2.4a Long Wavelength Oscillation

In this case, b << 1 and Io(b)e"b ~1 - b, then for W, =0, Eq. (2.19)

becomes

1-1 g, - 2w21 [w(w -w) - kﬁvﬁ} bk|2|v§. (2.20)
This equation consists of three modes of plasma oscillation: (a) the elec-
trostatic mode, (b) the slow Alfvén mode, and (c) the fast Alfvén mode.

For the electrostatic mode, it is assumed that wz << kﬁvi and b <~ 1.

The last term in Eq. (2.20) is negligible compared with other terms. An
obvious solution of the resulting expressior is w, = - W, as u, and w,

propagate in opposite directions.

Introduction of w, + bw, for a perturbed frequency w into Eq. (2.20)

1 1
gives
2 2 -y
kv €_ ‘w
. = - W 2b -“1\,1-1 0_e 1, (2.20)
1 €\1 - Zw‘/kzv2 w? 2 ku v
XUV

P oy o v > P v W T T STy
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Hence, the perturbation condition of tne plasma (as w, # 0) is

kv,
2b2 3 2> —u—l , Or
1 - 2w /kyv wz
e “ A e
2.2 s k2.2 2
ZLUO < k"\lA aud 2b k"Vi/we

which shows that the unstable electrostatic modes propagate almost perpen-
dicularly to the axial magnetic field and appreciable magnetic shear effect

k||is required to suppress the drift instability.

For the continuous (or tramsient) Alfven modes, the second term on
. 2.2
the left-hand side of Eq. (2.20) approaches zero, i.e., wlw - w, ~ k\rA = 0.
The roots of this quadratic equation represent the approximate frequencies

of the slow and fast Alfven modes:

w
e 2 2 21%
wy =2~ + [(we/Z) +k“vA] . (2.22)

2’

Introducing w, + 5w2 and w, + 6w3 for w into Eq. (2.20), respectively, the

values of bwz and 6w3 are

2 -

2
bkllv Wy, = W ‘, \
A 2 2 e 0
ow,, bw, = + : S+ 1 +i 5 o |kylv |-
ys Mg 2 22)!5 3 (2+,2)( 2 2 || e
(nelé + k\VA 2\w, +

(2.23)

The perturbation condition for Eqs. (2.22) require wi > Akfri. For a given
value of vy 8 relatively small magnetic shear is needed to inhibit the
drift instability. The respective frequencies of the electrostatic mode
and the slow and fast Alfvén modes of plasma oscillation are representecd

by wl + 6w1(= - we + 6w1), w2 ¢ 6m2 and w3 + me.
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2.4b Short Wavelength Oscillation

In the oscillation of short wavelength b > 1 and Io(b)e-b o~ (2ﬂb)-%.

Then Eq. (2.19) becomes

2 +-2 ) 4+ bE (amb) ™% + B~ —& _ S - 0. (2.24)
w 2l 2b kf\"i 2] L@Te

2 2
For the Alfvén mode, w > 4k2v end the basic assumption v, <<‘|w/k | e« v,

Eq. (2.2%) gives the unstable Alfven mode

2 -% \
iy w €, W P
we-—2—[p+B e D¢ (2.25)
(21b) ¥ 2b kizl"i 21k“ {ve
1

For this case, the effect of magnetic shear k; necomes insensitive to
i

stabiiize the drift instability of the plasma.

2.4c General Shear Stability Criterion for Convective Mcdes

To evaluate the spatial growth of a pertarbation with frequency w pro-

duced by a narrow source, the form of the relevant approximate solution is

exp_[ ikx(x, w)dx

where kx is 1 wave number and can be found from a dispersion relatien.
This form is equivalent to the expression of the wave packet (Eq. 2.13).

Wwhen the amplification reached by the perturbation in a plasma region is

less than nos the general stability criterion can be expressed 3819,20
*max
- Im _[ k (x, w)dx £ n (2.26)
X )
o

in which exp(no) represents a tolerable level of growth of the convective

(or transient) modes.
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To illustrate the use of the general stability criterion, Eq. (2.20)
1
and the first of Egqs. (2.23) for the convective Alfven mode can be taken

to advantage. As before, letting w = w, + bwz in Eq. (2.20), it follows

~% 2

€ Sw ¥

o 0 w, (we +w, + 2)’5 (uue 2 v2>‘ s
X 2 [w, - w] 4 || A 2

2ak “ VeVA

+1:1 Ly || %A %

pto®

T.tegrating this, and considering 6w2 as a parameter, the amplification
of the growth of the propagating wave packet becomes

xa _%
max W W o+ w, + dw.\:
- e 2 2]°.

u)2 - u)el

For simplicity, assigning the value 2w§ = ki vi, taking the value o*

6w2 corresponding to the amplification, and performing the integration, the

1
stability criterion of the convective Alfven mode is
L /r < 6n_(m,/ :
s r n, (m, eome) (2.27)

where

-
i

shearing distance,
1 dn -1
r= - (; E;) = characteristic or scale length of density

gradient (or plasma radius), as defined.
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Recalling the required condition wz > Akﬁvi, the approximation
w, = me(k‘rA/we)z and carrying out the integration, the stability

criterion becomes

Ls 3 r 2 /k \2 m, 5
T E, (:) (f) Bl m) (2.28)
i || o e

It is important that with high B, the magnitude of magnetic shear needed

for stabilizing the convective Alfvén modes is relatively small.

For purposes of comparison, for higher values of magnetic shear and
larger values of the relation exists such that xllw/k“ vi\ « 1, in the region
where the ion Landau damping is strong enough to suppress drift instability.
In this case, w = - W, by a slight modification of Eq. (2.18), the stability

criterion for the electrostatic modes driven by density gradient is

%

Ls/r <8 (r/ai) (2.29)

which is corresponding to the stability criterion obtained by Krall

and Rosenblnth19

For the localized region of the perturbation extending into the region
of the electron Landau damping, Mikhailovskaya and Mikhailovsky obtained,

cqs . .21
however, another stability criterion

%

ler < (r/ai) g« (2.30)

which deals with the oscillations and stability of an inhomogencous plasma

contained in helical magnetic field,
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Recalling the required condition wi > Akﬁvi, the approximation

wy = we(k|rA/we)2 and carrying out the integration, the stability
criterion becomes
L

RTINS AL
T ano(a ] Blem (2.28)
i || oe

It is important that with high B, the magnitude of magnetic shear needed

for stabilizing the convective Alfven modes is relatively small.

For purposes of comparison, for higher values of magnetic shear and
larger values of the celation exists such . hat xl‘w/kn vi! < 1, in the region
where the ion Landau damping is strong enc'igh to s :ppress drift instability.
In this case, W= - W, s by a slight modification of Eq. (2.18), the stability

criterion for the electrostatic medes driven by density gradient is

%

Ls/r <8 (r/ai) (2.29)

which is corresponding to the stability criterion obtained by Krall

and Rosenbluthlg.

For the localized region of the perturbation extending into the region
of the electron Landau damping, Mikhailovskaya and Mikhailovsky obtained,

. 1
however, rnuother stability criter1on2
%%

B

Ls/r < (r/ai) (2.30)

which deals with the oscillations and stability of an inhomogencous plasma

contained in helical magnetic field,
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In the above wave packet analysis, only the density gradient dn/dx,
or dn/ndx of the plasma has been considered. 1f the temperature gradient
dT/dx, or dT/Tdx (where T = '1‘i = Te) is also considered, the parameter,

::5::: = gﬁ::%:: :;, or g%%———)1n the x direction has an important ecffect

on the magnetic shear and plasma stability 5. In general, for a large
ion temperature gradient, no small magnetic shear r/Ls is sufficient to
stabilize the temperature gradient instability where r-1 = -Lldn and
Lb = characteristic shear distance as defined.
From the wave packet analysis for both density gradient and tempera-
ture gradient present in the plasma, the following analytical results
can be obtained.
° For a density gradient with a nonparallel electron temperature
gradient d fn Te/d fn n < 0, or a density gradient with a small
parallel electron temperature gradient, d ‘n Te/d fnn<2, a
magnetic shear required for plasma stabilization is r/LS
"(me/mi)1/3.
® For a density gradient with a large parallel electron tempera-
ture gradient, d in Te/ d ¢n n > 2, the magnetic shear required
for plasma stabilization is r/Ls “‘(mC/mi)%.
1 For a density gradient with a nonparallel ion temperature gra-
dient d #n Ti/d fn n < 0, or a large parallel temperature yra-
dient d gn Ti/d 4n n > 2, there is no magnetic ghear related to

me/mi found for the plasma stabilization.
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2.5 Magnetic Well

It has been experimentally denonstrated that universél or interchange
instability is considerably inhibited in a thermonuclear plasma contained
in a magnetic well, i.e., at a minimum magnetic field — minimum B.22
Theoretical analysis also predicted that interchange instability of the
plasma can be contained in a magnetic well, i.e., at a (on the average)
well-shaped magnetic field — minimum average magnetic field or minimum 3.23’2A
The magnetic well may be conceived as the flux surface of magnetic field
(or magnetic surface). In other words, the plasma may be contained in a
magnetic well where the field strength is increased in every direction

away from the plasma. In general, the magnetic well concerns the shape

of magnetic field lines.

2.5a Minimum B (Open~End System)

The concept of the minimum B is to stabilize a thermonuclear plasma
in a magnetic mirror device of the open-end system. For the iaterest of
a magnetic mirror, if the requirement of gelf-consistent equilibria and

plasma potentials in minimum magnetic ficlds is satisfied, a stability

criterion for moderate curvature of axially-symmetric magnetic surface

. . 25
is given by

>0 (2.31)

where p is the kinetic pressure, B is the magnetic ficld of the plasma,

and the integration is performed along the element df of the magnetic line.
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In an axially symmetric field, it is adequate to take the magnetic

flux ¥ for x as the radial coordinate. Hence Eq. (2.31) becomes

1 3B 3
- ds BA ¥ oY >0 (2.32)

Plasma stability is feasible if the pressure is maximum at the minimum B.
In other words, when 9dp/dx and 9B/3x have opposite signs, Eq. (2.31) or
(2.32) is positive and the stability criterion is satisfied.

From plasma energy consideration, a stability criterion related to
the particle temperatures and the magnetic well dapth for univeral
instability can be obtained. 1If the initial free energy of the plasma

is expressed as the Helmholtz function, A, then A(0) is given by26

A(0) = (nV're)(xz/ar) at t = 0 (2.33)

where

n=n, = electron density,

<
[}

plasma volume,

-3
0
]

electron temperature,
A = wavelength, width of local instability zone, and

-1
r = - (—l Qg) as defined.
n dx

.ot the instability be localized in a zone of width A equal to a typical
wavelength. A large number of charged particles diffuse across the field
lines. 1f the plasma expands within the zone A(dn/dx), the change in
average energy is H(dB/dx) (where j = constant magnetic moment ) ,

s = (T + T ), and the well depth VB = r(dB/dx), then the initial change
i e
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in energy, "W, required for disturbances (in which plasma expands across

the field in every x direction), is

o2, dn dB _
6W = ZVA"u dx dx -

2
2w
2 B nV(Ti + Te) (2.34)
r
As usual, negative OW implies stability. By combining Eqs. (2.33) and
(2.34), the stability criterion for minimum=-B to stabilize universal

instability at the initial state is

9B _ 1
B Z6(1+T./T) (2.35)
i'’e
provided that the oscillation frequency is less than the ion cyclotron
frequency and the wavelength is greater than the ion gyroradius. If
Te :’Ti’ the stability criterion for the depth of the magnetic well

required is reduced to

VB/B > 1/12 (2.35a)

if the particle temperatures are not unifeorm, for simplicity, let

the particle temperatures '1‘i ~1xdTi/dx and I, =~ xdT,/dx at any point

% of the thin plasma column, then the stability criterion becomes

VB 1

B 2 a1 dTS (2.36)
i[e
b<1 * dX/ dx /
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2.55 Minimum Average B {Minimum E, Closed-End System)

In the toroidal system (élosed-end system), it is usvally found that
plasma particles diffuse away rapidly across the magnetic field lines as
in the magnetic mirror system (open-eund system). To prevent the universal
or interchange instability causing plasma particle leakage, the magnetic-well
idea can be utilized by placing toroidal plasma within a deep magnetic well.
This idea, however, cannot be done by conduction coils or rods as in the
magnetic mirror system.

Although a true toroidal magnetic well is impossible for the closed-
end system, the net magnetic well or minimum average B (minimum B) for the

stabilization of a toroidal plasma has been effective.27’28

The trend of
the minimum average B seems toward more sophisticated and more precisely
controlled magnetic field configurations.

A magnetic field ./ith haelical syw.try can provide a mean or average
magnetic well, i.e., provide regions wherein-léz/B decreases away from a
magnetic axis (or equivalently v' = dzv/d‘f2 is negative where V is the
volume and Y is the flux of a magnetic surface enclosing the axis and the

volume). The iategral can be carried out along the element df of a magnetic

field line. In most cases, however, the quantity of the second derivative of

the volume per unit flux, v", is conveniently evaluated in terms of
v" =jd—;= j%i<o (2.37)
in which Bz is the axial magnetic field along the z-axis.
Stabilization by negative v" (i.e., by a favorable gradient of ds/R
or of average B) is posgsible in toroidal system and can bLe more effective

than stabilization by magnetic shear against the vegistive interchanye modes
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Minimum average B derived from negative V" of the toroidal system

against the universal instability is about the same value as minimum

B of the magnetic mirror system.

Magnetic wells with central-rod conductor to carry currents (i.e.,

hard core) may have three types of the stagnation-point (or stationary-point)
p solution: (1) Linear periodic-multipole structure, by using helical coils,

for instance, £ = 2 and 4 for shaping field with normal stagnation points,

and by superimposing £ = 1 and 3 for corrugating field to create favorable

VB regions of magnetic well. The basic principle in designing a negative

V" system is that along any given magnetic field line the favorable curvature

should outweigh the unfavorable curvature; (2, Helical flux equilibrium,

by using gross helical curvature to create favorable VB regions and by

using an axial conductor around which the helical equilibrium flux tube

is wound; and (3) Toroidal flux equilibrium, by using gross toroical

curvature to create favorable VB regions of the magnetic well. For each

solution, a magnetic scalar potential is properly assumed to satisfy the

necessary and sufficient conditions of the problem.29

Magnetic wells of the helical field without central-rod conductor
are also considered. The quantity of the negative v'"' {s evaluated by
27 .
assuming some stream i.nctions for magnetic flux. From a practical

viewpoint, the central rod is inconvenient.

2,6 Multipole Configuration

Multipole counfiguration consists of two major types linear multi-
pole and toroidal multipole. The linear multiple device has been cperated
as a quadrupole, generally in the collisionless regions, with plasma

density n = 1010 - 1012 cm-3 and temperature 1-10 erJO Plasma loss is

o
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mainly across the magnetic field of the quadrupole. Toroidal multipoles

have been studied analytically and experimentally from low § equilibrium

L od

and flute instability to high B, ballooniig stability.3 " The con-
finement of low density (n = 109 cm-3) collisionless plasma with Ti = 40 eV,
Te = 10 eV produced by gun injection or with Te =1 eV, Ti < 1 eV produced
by microwave heating was performed to determine the mechanisms for plasma
loss from a toroidal multipole magnetic field.36 The machine has four
rods carrying current in one direction and the wall ¢f the dcvice carrying
the return current. The plasma loss was attributed to various mechanisms
of the mechanical hoops, guard supports, local walls, plasma fluctuation,
diffusion, and the generation of low frequency electric fields by the
guard obstacles. The chief advantage of the multipole configuration is
to study plasma behavicr in a magnetohydrodynamic (MHD) stable region
or in the-Ihz/B stable region.

To study the plasma confinement, stability, and fluctuations, the

typical magnetic field shape in quadrupole and octapole configurations

is shown in Fig. 4. The magnetic field strength distribution in

the device (along the central vertical line through the median plane and
along the chamber wall) varying with plasma radius is given in Fig. 5.
For the uyuadrupole configuration, the magnetic line of force which forms
a cusp, returns around the current-carrying rods. For the octapole con-
figuration, the four rods (with magnetic lines) carrying currents are all
in the same direction, and the plasma chamber wall carries the return
current. A stabla2 plasma region has its maximum pressure on the lines

v = 0. The last stable or critical line is YC. For stability, the

plasma pressure must decrease from ¥ = 0 to { = YC.
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As pointed out above, two prin-
ciples (or methuds) are considered
important for stabilization: the
principle of magnetic shear and the
principle of magnetic well (minimum
B for the open-end system, and min-
imum B for the closed-end system
with short connection length between
the favorable curvature and the
unfavorable curvature). In the toroi-
dal multiple configurations, the
magnetic shear can be varied by supe:z-
imposing a toroidal magnetic field.
The depth of the magnetic well and
the connection length can be altered
by changing the number of poles, for

instance, from octapole to quadrupcle.

(b) OCTAPOLE The superposition of & toroidal

field produces both magnetic shear

and finite parallel wave numbers.

Yy = 0 STABLE PLASMA
\l‘:= CRITICAL STABLE LINE In case the toroidal field B is mie b
— = MAXIMUM PRESSURE LINE

smaller than the average multipole

Fig. 4. Typical magnetic fiela field Bm, the parallel wave number kH
shape in quadrapole and
octapole configuration, is approximately given by k“ : (Bt/Bm)kl

where kl is the perpendicular wave
number. The effect of the magnetic shear tends to stabilize the plasma in

a multipole configuration.
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oLl 1 |
1815 10 S 0 S 10 1516

PLASMA RADIUS, r, cm from center

MAGNETIC FIELD STRENGTH B, kG

Fig. 5. Magnetic field strength distribution in the device vs plasma
radius.

The magnetic well depth of a toroidal multiple configuraticn can be

-

defined as {(Idﬁ/B)YzYc s dz/B)Mz} / (J—dﬂ,/B)szz vhere ¥ is the

magnetic flux function and YC is the flux at the critical line (see Fig. 4).

The magnetic well of the octapole configuration is usually much deeper
than that of the quadrupole. The flux surfare where the magnetic shear
vanishes is closed to the Y = Yc surface wl'en the aspect rativ of the

device is sufficiently large,

In the toroidal multipole devices, drift cyclotron instability and
interchange (or universal) instability have been 1dentifiedf37 The
corporation of the magnetic shear and the magnetic well with short connec-

tion length between favorable and unfavorable regions into the multipole

configuration may improve the plasma stability.
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3. DYNAMIC STABILIZATION

The purpose of dynamic stabilization is to perturb the equilibrium
parameters of a whole thermonuclear plasma to stabilize it. This can be
accomplished anmalytically or experimentally by assuming (or applying) an
oscillating magnetic field, oscillating electric field, or microwave
heating. The dynamic stabilization is effective, which can stabilize many
modes of one instability and other types of instabilities simultaneously.39’40

The dynamic stabilization of a thermonuciear plasma may consist of
the following proposed methods: (a) Traveling wave and standing wave,
(b) oscillating electromagnetic field, (c) oscillating electric field,
(d) electron .emperatur: modulation, and (e) axial alternating current.
Other methods of dynamic stabilization may be developed for certain

purposes or circumstances once the basic behavior of stabilization

mechanisms is better understood.

3.1 Traveling Wave and Standing Wave

The dynamic stabilization of linear 6 pinch has been previously
proposed.l‘0 In the model under consideration the collisionless plasma
consists of charged particles which can be reflected into it from its
surface. Every perturbation of the plasma gives rise to an excessive
average magnetic pressure which opposes the unstable deformation on the
plasma surface. In addition to the axial magnetic field, the applica~
tion of a periodic constant azimuthal magnetic field along the pinch
axis can produce a significant effect on the m = 1 instability of the

plasma.
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The dynamic stabilization of the § = 1 bumpy or toroidal 6 pinch
has also been st:udied.l’1 In the analytical study, the dynamic stabi~-
lizing currents are applied perpendicular to the axial magnetic field.
(Without the dynamic stabilization, the configuration is basically un-
stable.) The plasma is assumed incompressible because in the analysis
of the static pinch the most unstable modes of the plasma are found
incompressible. The new concept introduced in the analysis is to make
the corrugated magnetic field travel along the pinch axis at the wave
velocity Vi (where v, >V, and vy = Alfvén velocity) because the oucward
drifi{ of the plasma due to the curvature of the torus can be suppressed
by corrugating the plasma surface. In other words, the corrugated mag-
netic field and surface profile are made to propagate along the pinch
axis with a wave velocity vy by suitably alternating part of the current
in the conduction coils. This concept is referred to as "dynamic sta-
bilization of the plasma by traveling wave" (instead of standing or sta-
tionary wave at steady state). It may be assumed that the frequency
of the magnetic field should be greater than vw/x with the traveling
wave and less than vs/X with the standing wave where vy is the sonic velo-
city or the mean ion velccity and A is the wavelength.42 Dynamic stabili-
zation by traveling wave is more effective than that by standing wave, in some
cases, The idea of the dynamic stabilizacion of a thermonuclear plasma
either by the traveling wave or by the standing wave depends basically
on the equilibrium principle that all resultant destabilizing forces at
any point of the plasma (contained in a linear or toroidal system) must

be vanished.
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3.2 Oscillating Electromagnetic Field

The desirability of stabilizing the universal instability of an
inhomogeneous plasma in a magnetic field by dynamic stabilization has
been studied.40-43 The application of an vscillating electromagnetic
field in stabilizing plasma is briefly ardlyzed in this section. Con=-
sider a collisionless plasma confined in the x direction by a uniform
magnetic field Bz’ parallel along the z axis. The scale length of
density gradient is given by r-l = - dn/ndx where n is the plasms density
(n decreasing with increasing x). The temperature gradient of the plasma
is small conpared to the density gradient. An oscillating electromag-
netic field which consists of the electric field E and the magnetic

field B can be expressed in terms of the scalar potential ¢ and the vector

potential A

i

E=-v-2"  F-vxi (3.1)
where
- i6-
A= %ﬁe al(x) + es),
i6 2
Q= %$e wl(x) + ...0) + a°¢°\x),
6=ky+ kzz + {it,
(0 = the frequency of the electromagnetic field,
¢ = the speed of light,
, k= wave numbers along the y and z axes, respectively,
y' 'z

ao(x), wl(x) = given functions, and

a_ = amplitude of the electromagnetic field 4and is assumed
0

to be small, and al(x) are given vectorial functions.
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The stabilizing effect produced by the electromagnetic field is due to
the drift velocity of the guiding center of ions and electrons. The
dynamic stabilization is effective when the drift velocity is of the

order of the diamagnetic ion velocity Vi (= negative diamagnet’c elec~

tron velocity v where v,. = T./m. rw . . =T = jo mperat:
elocity de> Where v, T1 %0 T1 T = ion temperature,

m. = ion mags and W = ion cyclotron frequency).

In the absence of the vscillating electromagnetic field, let P,
be the radius of gyration, v|| the velocity parallel to the z-axis,
and X, the abscissa of the guiding center of a charged particle. The
motion of the particle is not in resonance with the electromagnetic
field.

In the presence of the electromagnetic field, the motion of the

charged particle at a given point x is specified as

vyt + fy(Tl, 72) and vzt + fz(Tl, T2)

where
T o=,
T, =@+ ky;y + kz;z)t,
Vy, VZ and E% = the mean velocities in the y and z directions and the mean
cyclotron frequency of the particle, respectively,
t = time, and
f(TI, Tz) = the periodic function.

For given time t and particle energy W, the mean velocities 1 the mean

cyclotron frequency of the particle as functions of Per Vs X, can be

given by




-‘;(psv’x)""law
ye? 2 Te my_ OX
c ¢
- - l1ow
vz(pc’ MIE xc) Vi - I (3.2)
" = 2 oW
u%(pc, MUK xc) =% T W 2
c apc

qB
where w, = :;53 q = charge, and m = mass of the particle.

For an inhomogeneous plasma with uniform temperature T, the scalar
potential ¢T may be written as
i(k _y+k z+twt)
¢r = b(x, B)e y 2
in which b(x, 8) is a function of x and O, periodic nature in 8 with a
period 211, Comparing the expressions given for Eq. (3.1), b(x, 8) can

be expanded into series as

b(x, 9 = b (x +b (el +b_e 4 Zb (0

where bl(x), b_l(x), «++ are small compared with bo(x) and are of the
order of magnitude corresponding to the small amplitude, a .
ik x

For drift modes of low frequency \w\ << ‘wci‘, bo(x) = h(x)e *

where h(x) is defined by the condition |dh/hdx\ < 1/4x; (where
r, = EZTi/miwiiJ% = mean radius of gvration of ions), the dispersion
relation of the plasma oscillations in the presence of the oscillating

44
electromagnetic field is given by

2
Li + Le + Dao =0 (3.3)

where L(Li and Le for ions and electrons) ic related to the mean value

of the particle
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(w + kyv )7 NOTE ) mf(p v )h (x )dp dv” dx
) k Y
w + yvy + zvz .11];°(p°’vll)h (x)dpcdv“dxc

where

f (p,v ) or £(p.,v., ) = the Maxwellian distribution exp[} m(wzp2 + v2 )/21]
o'e’ i c ePe I

k) =12+l
X y
( 1Pe ) = the Bessel function of zero order of the first

kind, and

<
H

real and bounded in absolute value independent
of the modes.
The plasma is dynamically stabilized if the real parts ReLi > 0 and
2
ReLe > 0 when lDaol << 1, lwl < lkyvdl, and Idh/hdxl < 1/4ri. These

conditions can be satisfied if the valves of function vy(pc, v, ., xc)

I
< 72/m and Ixcl <r, are

T
my r
c

for each set in the domain, p < 2T/mw R v

spread over an interval of the order of |vd| (=

= diarignetic velocity),
There are two cases related to the dynamic stabilization by the

standing wave of the oscillating electromagnetic field:
(a) when the oscillating electromagnetic field is an electromagnetic

standing wave along the x-axis, then

L )
k =k =0, |[w | <> k (T/m)? and 0 >> w_(s_ = (4mnq?/m )?
y z c, X e PP €

= the plasma frequency).

Let ¢l(x) =0, gl(x) = 2b cos kxx, and czki = 02 - wi, for the

electromagnetic field induced by an exterral source, it follows that

b2
¢O(x) = - ——35 cos kxx.

mc
e
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Hence Eqs. (3.2) are reduced to

kx 2;2
Vy(Pca V" s xc) = ;;r‘g—-“i Jo(2kxpc) sin 2kxxc
c ZmeQ

2, . ; . X . .
where E” is the mean square intensity of the electric field of the oscillating
electromegnetic field.

(b) when the osciilat ing electromagnetic field is an electrostatic

standing wave along the x-axis: as before, let kz = al(x)

‘Q/wci‘ << \ky/kx\ << 1, and ¢1(x) = 2b cos kxx

If the electromagnetic field is produced in ihe plasma, then

Eqs. (3.2) become

2q2E2k

— =.——X 2
Vy(Pc, Vl‘, xc) 2 Jo(kxpc) cos 2kxxc.
c

3.3 Oscillating Electric Field

Oscillating high-frequency electric field applied for dynamic sta-
bilization of an inhomogeneous plasma consists of two cases:

(a) Uniform high-frequency electric field, when the skin laver
él of the field is equal or greater than the transverse dimensions of
the plasma Ll’ i.e., when 61 s Ll’ the electric field is assumed
uniform.

(b} Non-uniform high~frequency electric field, when the skin layer
depth 61 < Ll’ the electric field is considered non-unifoem in
the plasma.

In both cases the stabilizing effects depend on the plasma parameters

and the frequency and strength of the electric field.
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A thermonuclear plasma confined by a magnetic field in a closed-end
device is subject to both hydromagnetic and drift instabilities. These
instabilities can result in anomalous diffusion of the plasma across the
magnetic field. High-frequency dynamic stabilization of hydromagnetic
instability has been studied;40-45 dynamic stabilization of drift (gross
or universal) instability by oscillating electric field has also been

considered.46-48

3.3a Uniform High-Frequency Electric Field

The stabilization of collisionless drift instability in an inhomo-
geneous plasma is feasible by the application of a uniform high-frequency
electric field E(t) in the direction parallel to the magnetic field,

which may be called the "E-stabilization":
E(t) = E_ cos Qt (3.4)

where E(0) = Eo’ t is the time and {i is the frequency of the applied
electric field. When a high-frequency electric field of sufficient
amplitude operates in the plasma, the oscillations of electrons in the
field become important. If a drift instability is excited in the plasma,
the plasma electrons are subject to an additional force in the direction
parallel to the magnetic field due to the presence of the high-frequency
electric fierld, E(t) and El(tl, x). This force is equal to the electron
charge times the mean values of the electiic field, e(E + El)’ where E1
is the part of high-frequency induced electric field. The parameter

d («nT)/d(in n)plays a very important role in the determination of sta-
bilizing effect for different frequency regions related to the parameter
of ion speed ratio, Cié(here T = plasma temperature and n = plasma density

as defined).
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When this additional force is in phase with the force due to kinetic
pressure of the plasma, the electric field in the drift wave is increased

5 L
and so is the frequency, w. Under the conditions (Ti/mi)2 << w/ki << (Te/me)2

2

- % . 2
and gi = (kL/wL)(ZTi/mi) of the intermediate-frequency case (kl = kx

+ ki, w o= Larmor frequency), as w is increased, the Landau damping

by the electrons is intensified. Therefore the collisionless drift
instability of the plasma tends to be stabilized. The range of values
of the parameter d(gnT)/d(£n n)in which high-frequency stabilization
occurs is maximal for ;i - 0 and approaches zero when gi -+ o, For the
low-freqeuncy case, w << kz(Ti/mi) the instability region is the

same as in the absence of high-frequency electric field d (4n T)/d(4n n)
~ 21+ 8) where b = (2L - 1,271 (2/2)] and 1 (63/2), 1)(5/2)
are the modified Bessel functions.

%

For the high-frequency case, w >> kz(Te/me) , if the conditions

%

g < kogi(Ti/mi)% and kz << koci(me/mi) are giver and the requirement of the
parameter d({nT)/d(4nn) < (1/§i - 1) is satisfied, the dynamic stabilization
of acollisionless inhomogeneous plasma by an oscillating uniform high-frequency
electric field with modest amPlitude can be achieved. The value of ko ie
defined as k0 = (noT)-ld(noT)/dx, where n and T are the plasma density and
kinetic temperature at equilibrium state.

The electron-ion collisions in a collisional, inhomogeneous plasma
resulting in the excitation of drift instability is known as the drift-
dissipative instability.49 When a dispersion relation is derived on the
basis of the usual hydrodynamic equations, the collision term mVaV
duc to clectron-ion coliisions must be taken into account in the equation
of electron motion parallel to BZ (where m, is the clectiron mass, v, is

the electron velocity and y is the electron-ion collision frequency in

the z direction). It can be shown from solutions of the dispersion
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equation that the drift-dissipative instability can also be stabilized
by a high-frequency electric field. The amplitude of the uniform high-
frequency electric field required, however, is higher than that for

the collisionless drift instability obtained.47

3.3b Non-Uniform High-Frequency Electric Field

As discussed, if the skin layer depth 6l of the high-frequency
electric field is comparable with the transverse dimension Lj or plasma
radius, the high frequency electric field can be considered as uniform
anc¢ the effect of the magnetic field can be neglected47. 1f Ci <~ L]
the high-frequency field skin effect, however, must be taken into account
The high frequency electric field is then non-uniform and the effect
of the magnetic field component becomes important. In such case, the
stabilizing effect of the non-uniform high-frequency electric field
gives rise to two additional independent mechanisms of stabilization48
(a) the gravitational mechanism produced by the averaged high-frequency
field forces in an unperturbed plasma state, (b) the oscillating
magnetic-field mechanism of the time-dependent component of the wave
field vector projected in the axial magnetic field BZ direction,

The gravitational mechanism of stabilization may be called the "f-stabili-

zation,"

and the oscillating magnetic field mechanism of stabilization
may be called the '"B-stabilization.'" Thus, the e¢ffects of the B-stabili-
zation, E-stabilization and g-stabilization of drift waves by a non-uniform

high-frequency electric field can occur concurrently on a weekly inhomo-

geneous plasma confined in a constant, main magnetic field, Bzo'
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Consider a collisionless, inhomogeneous plasma confined in a strong
constant magnetic field Bzo along the z-axis. The applied non-uniform

high-frequency electric field can resolve into two components:

E =E (x) sin Qt, and
z o
oE (x) (3.5)
B =-%—2— cos (it
pA 0 ox

where Eo(x) is the amplitude of the applied electric field E, BZ is the
induced magnetic field component parallel to the main magnetic field
Bzo’ and Q, t and c are as defined before. The plasma density n and
temperature T vary with x radially.

The averaged high-frequency field force Fa which influences the

g~stabilization in an unperturbed plasma state is given by

282 (x)
Fa = maga = - nbyYa = - maV _Z;ESE_- (3.6)
o
where
g = the gravitational acceleration,

€
L}

the high-frequency potential function,

E
zo

Eo(x) in the z direction, and
o = e, i for electrons and ions in the plasma respectively.
: The high-frequency field forces act mainly with the negative clectrons.

In the steady state, however, there is charge separation together with

o gy s mr o 3as

a potential electric field E = - V¢ (see Eqs. 3.1), or EX = - op/ox.
As a result, the positive ions are also contained.

The conditions of a collisionless, inhomogeneous plasma require

. -1 1 d
that the dimensions of particle density gradient, r = - = E%’ and
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particle temperature gradient, (r.l)T = - % %%, and the skin layer depth 61 of
the high-frequency electric field, are large compared to the Larmor radius
of the ioms.

From the oscillating electric and magnetic fields and the field force
produced by the non-uniform high-frequency electric field and the con-
ditions required for a collisionless, inhomogeneous plasma confined in
a constant magnetic field, the dispersion relation can be derived and
solutions of the dispersion equation can be obtained. In the absence of a
] high-frequency electric field, the plasma is stable only against a fast

ion acoustic wave when the parameter d(£nT)/d(fnn) > 0. The plasma is

unstable for d(4nT)/d(gnn) < 0. When the high-frequency electric field

is applied, the stable region broadens toward negative values of

d(4nT)/d(4n n). The effect of stabilization is the increased frequency
} w which accompanies the applied high-frequency electric field. as a
result, the Landau electron damping is intensified. Thus, the stabilizing

effect produced by the high-frequency €ield pressure is associated with the

_ 2

Doppler shift due to drift velocity vy © “h (where ub = qBZ/mOR of the
charged particles, i.e., the mechanism of the g-stabilization.
i In general, the stability of a collisionless, inhomogeneous plasma
stabilized by a non-uniform high-frequency electric field depends on
the plasma parameters and the frequency and strength of the clectric field.
An effective stabilization of the plasma by a non-uniform electric field
may be achieved near the resonance condition.

Analytical work to predict the effects of dynamic stabilization on

drift instability of an inhomogenecous plasma by an oscillating electric

ficld parallel to the magnetic field has been discussed above. Very

anﬁmm;mp
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recently, experimental work to observe the effect of dynamic stabili-
zation of the plasma by the oscillating electric field has also been
reported.so’51 In the experimental work reported, dischage-type helium
plasma and Q-inachine cesium plasma have been used. Plasma diagnostics
are made by means of radially mrvable electrostatic (or Langmuir), and
magnetic probes. Electron density, electron temperature, magnetic field
strength, modulation frequency, wave amplitude, ac voltage, etc., are
measured, The decreases of drift wave amplitude and wave spectrum in
several modes (m = 1, m = 2, ...) prove the stabilizing effect of the
electric field at relatively low and high frequency regions,

A proposed schematic diagram for dynamic stabilization of a dis-
charged plasma by a high-frequency electric field is shown in Fig. 6.
Basically, the system consists of two cathodes (with a tubular anode

between them) in a magnetic field parallel to the axis of the anode

QUARTZ
ANODE TuB
MAGNETIC FIELD . PERFORATED
CATHODE
CYUINDRICAL [SZ] [ ] Iz]
CATHODE
1 v g D2
PLASMA 8 Gas

]l;.vmoa == i

NEUTRAL
PARTICLES L

—

5T g

VISUAL RO
ANALYZER

n.f.
ELECTRIC FIELD

|\
= ié

Fig. 6. Schematic diagram for dynamic stabilization of a discharged plasma

by high-frequency electric field.
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tube. Deuterium gas is discharged through perforated tantalum cathode

at the right, and plasma emerges from a tabular cathode at the left.

Ions produced in the discharge are accelerated back and forth between

the two cathodes, where the ions produce secondary electruns. These

electrons are prevented by the magnetic field from reaching the anode,

and they in turn produce more ions in the plasma. Netral particles are removed
by the divertor. A sinusoidal ac potential with variable amplitude and
frequency is applied near the left end of the plasma column. The average
current. of the plasma is measured by -mmeter A, Fig. 6. Plasma diagnostics

can be made by means of movable electrostatic probe, magnetic probe,

spectroscopic measurement, visual analyzer and microwave techniques.

3.4 Electron Temperature Modulation

The effect of a small, pericdic, time-dependent modulation of the
clectron temperature on the drift waves of a collisionless, inhomogeneous
plasma is considered. The energy source required for electron temperature
modulation can be a periodic, intensity-varying microwave to heat the
plasma. If the transit time of a particle through the plasma device is
short compared to the modulation period of microwave heating, the elec-
tron temperature will follow the modulation of the energy source. Energy
transfer from the electrons to the ions in the plasma will be small if
the electron-ion equipartition time is long compared to the modulation

period. Ohterwise, the energy transfer from the electrons to the ions

will be large.
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If the plasma has a Maxwellian velocity distribution, the modulation

electron temperature, Te(x, t), may be expressed as
Te(x, t) = Teo(l + a cos th) (3.7)

where Teo is the peak electron temperature, a is the parameter a << 1,
and Qm is the modulation frequency of the energy source such as micro-
wave heating. Ry using the Vlasov equation of electron motion and

giving a small perturbation of the equilibrium parameter, a dispersion
relation can be derived.52 For the plasma with weak density gradient,
temperature gradient and/or axial current in the limit of .anishing Larmor

radius, the stability criterion for different modes of drift wave can be

given byS?"53
s 2n@)? [k |ufd on T d in T d 4n T,
a“ e z eo _ o) . co |, . 1 i
*
k2v v " d inn d 4nn 2 dinn
zei e
(3.8)
where
2
w* i kve 1dn
e 2|0 n dx ’
ce
%
Ve © (2 Teo/me) ’
2T,/ );2
v, = ( ;/mO%
(%e = qB/me,
u = macroscopic electron velocity, u << Voo
ky’ kz = the wave numbers in the y and z directions, and

m

X
€0

, Ti’ n0%3= n?, etc., = previously defined.
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Equation (3.8) is valid as long as a << 1 and v, < |KL| <v,. It is
seen that the plasma parameters, d(fn T,)/d (4n n)and d(LnTi)/d(zn n)
remain to play the important role to stabilize the drift waves by electron
temperature modulation.

The theoretical results show that the dynmamic stabilization of
drift waves by electron temperature modulation for a collisionless
inhomogeneous plasma is possible if the stability criterion E;. (3.8)

is satisfied and one of the beat frequency, =+{

%
~ & 1is of the
m e

W,
>
order of |kz|vi where the ion Landau damping becomes intensified.

3,5 Axial Alternating Current

Dynamic stabilization of collision-dominated drift waves by means
of an axial alternating current (or ac current) is studied. With the
collision-dominated region, an inhomogeneous plasma has a uniform mag-
netic field B(= Bz) in the z direction and the density n and the temperature
T varying in the x direction. When an axial electric voltage is applied
to the grid of the plasma tube in the presence of an ac current, the
drift waves of the plasma at low frequencies can be suppressed.sl‘t’s5
Drift waves in a cesium plasma are stabilized experimentally by
applying an external, ac current parallel to magnetic fields through
a meshed grid immersed in the plasma.54 The results of the dynamic
stabilization shown in the experimental data may be interpreted by the
facts: (a) The bias effect due to rectifying characteristics of a
plasma sheath when ac voltage or current is applied to the grid,
causes the electron current to increase because of rectifying charac-

teristics of the electron-rich plasma sheath, and (b) some non-linear




i %

417

Landau damping effect due to couplings between drift waves and external
perturbations of the applied current when the applied current frequency
{1 is closed to drift wave frequency, and strong coupling between them
is observed.

The simple, analytical result for dynamic stabilization of collision-
dominated drift waves in the pr.sence of an ac current is also obtained
when the applied current frequency (I is comparable with drift wave
frequency.55 A macroscopic electron velocity uo(x, t) parallel to the
magnetic fTield Bz can be produced by the ac current flowing in the
plasma. From the equation of electron motion, the linearized equation
of continuity, the energy balance equation of the system, and

simplification, the stability condilion for low-frequency drift waves is

given by
3u2 d 4n T 2 d4nT T, d in(n u)
-} eo | 3by eo __io 00
2d4inn 2 2dginn T d Iinn
v o k™v o] eo 0
eo z eo
d £n Teo Tio d fn Tig
- b l+m 1+’T——'+m)>0 (3.9)
o eo 0
where
1,22 _ 1,2 2,2
b = zklal = z(kx + ky)al,
a., = the ion gyramagnetic radius,

%
v = (2 Te/me) ,

vy = the electron-ion collision frequency, v - and

k
\ 7\Ve()’
o = the initial or unperturbed state ol the plasma.
It is seen from Eq. (3.9) that the combined effects of finite ion
Larmor radius, the temperature gradient and density gradient of ions and

electrons, the currer~ gradient, and the electron incertial influence are

all involved in the stability condition of collision-dominated drift waves,
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4. TFEEDBACK STABILIZATION

Plasma stabilization by feedback methods has been introduced quite
recently.56-68 The selected and proposed feedback methods to stabilize a
thermonuclear plasma are: (a) electrostatic feedback; (b) neutral atom
beam feedback; (c) modulated microwave energy sources, and (d) modulated
uniformly distributed electron sources. Some new concepts of oscillating

or helical magnetic fields for feedback stabilization of a thermonuclear

plasma can be developed similarly.

4.1 Electrostatic Feedback

Feedback stabilization consists of sensing the plasma instability at
any point in the plasma by sensor devices and then feeding back an
accurate signal of proper amplitude and phase in order to suppress the
instability. A number of feedback stabilization experiuments have been
conducted with electrostatic (or Langmuir) probes as sensors as well as
control elements. Such experiments have proved successful in suppressing
collisional drift instability of the plasma. The theory of electrostati-
feedback stabilization of drift waves tq interpret the experimental
results has also been advanced.56-bo

Various electrostatic feedback t chniques have been developed for
plasma stabilization. By modulating =2 parallel-electron-current sink,
for example, (i.e., modulating and drawing electron current from an
electrostatic probe parallel to the axial magnetic field) the collisional
drift wave is stabilized with negative feedback in the unstable region
of the potassium plasma at T = 0.23 ev, n, = (1010)cm"3, dno/nodx = - 1,25 cm-l,
and the critical magnetic field BC = 2.19 kilogauss (kG). The drift

instability is the m = 2 azimuthal mode., The experimental results obtained
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for constant feedback gain varying with phase (angle) shift of the
apolied probe (suppressor) voltage for various magnetic fields are shown
in Fig. 7(a-c). Figure 7(a) shows the rlasma density or instability
amplitude, Fig. 7(b) gives the change of plasma density at the center
of the plasma column, and Fig. 7(c‘ chows the instability frequency as
functions of feedback phase shift in both stable and unstable regions
respectively. The theoretical instability growth rate and frequency
of the plasma are also shown in the curves of Fig. 7(a) and (c). The
feedback gain varying with the plasma density, characteristic length of
the density gradient and instability frequency of the plasma is shown
in Fig. 8(a=c). The radial distribution of equilibrium plasma density
nos plasma density or instability amplitude n, and required minimum
probe (suppressor) voltage V for feedback stabilization is given in
Fig. 9. The plasma density at the center of the plasma column as a
function of magnetic field strength with and without feedback stabilization
of collisional drift waves is shown in T'ig. 10.

With a suitable feedback circuit arrangement, stabilization of the
m = 2 aximuthal mode can be achieved up to B = 1.23c (BC = critical magnetic
field strength). Thus, the electrostatic feedback (negative or positive)
demonstrates that collisional drift instability driven by density gradient
can be controlled from penetration of feedback signals into the plasma

interior with phase shift.

4,2 Neutral Atom Beam Feedback

The application of feedback stabilization by means of electrostatic

probe or material suppressor is limited to plasmas of moderate density

«nd temperature because an electrode cannot resist very hiph temperature
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of the piaswa. For a thermonuclear plasma, the injection of a neutral atom
beam to provide feedback-controlled volume sources of particles and momen-
tum density 1s a basically different approach from the electrostatic feed-
back. Any perturbation imparted to the plasma by a neutral atom beam can
be sensed by optical or microwave techniques.

By using the equations of motion of ions and electrons (i.e., two-fluid
equations for the plasma), and the equation of continuity with source terms
of density and momentum, after linearization and simplification, a quadratic
equation of the dispersion relation for frequency w is given by61

klv \Y

. . X X
w(w - wi - wf) + 1ug(w - we - 1wf + _Er_wf) + {ﬂ% 0] (4.1)

where

Yo = K1Vge
Wy = KpVaso
o = (2) 2
= ’
S kl Mno'ﬂ
- 98
Ye M
T,
Vi = EE% = jon diamagnetic drift velocity,
T
Vde = EE% = electron diamagnetic drift velocity,
we = S/ni = feedback frequency or gain,
v, = neutral atom beam velocity,

M = neutral atom mass,

1 dn
r s . —

n dx’
o
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n = equilibrium plasma density,
n, = neutral atom density,l
S = neutral atom beam source,
TN = plasma resistivity related to w

s

Ti’Te’q’B’k ,kz,etc., have been defined.

For W >> |we| and w_ = 0, Eq. (4.1) reduces to

f
2 . .
w - w(w, ~iw ) - iww = 0.
i S s e
This has the two solutions
w, =W, + 1we(we - wi)/ws, and W = Lpomwy = A (4.2)

The purpose of the analysis is to use the neutral atom beam to stabilize

“ without destabilizing Wy -
There are three basically different stabilization mechanisms which
are characterized by the phase (angle) shift 8 and the relationships between

v, and rwe (or normalized beam momentum vx/rwe) of the neutral atom beam

feedback system:
. Plasma density smoothing, i.e., smoothing density perturbation
with the neutral-beam injected plasma. For this case
\vxl << ‘rwe‘ and 6 = 180°. The marginal stability requirement

in Eqs. (4.1) and (4.2) is wf = ws(w - we)/m. For b >> ‘me\
>> \m l, this becomes w_. = w (W - w,)/w_ = - vy = the instability
£ f e e i" s
growth rate.
e  Equivalent (ot simulaving) minimum B configuration \vxl > s |

and # = 0°. The marginal stability condition is e =" Jo(io - li)r/vw.

The pressure exerted by the momentum of the neutral beam for this




case becomes important and produces an equivalent or simulating
minimum B effect.
° De-energization of resistive drift waves. For this case
|vx| >> |rwe‘, 8 = - 90°. The marginal stability requirement
is the feedback gain we = iywc/klvx. The momentum of the
neutral atom beam exerts pressure which reduces the energy of
the waves in the plasma.
Comparison of the effectiveness of the three mechanisms indicates that
feedback gain required forcstabilization by mechanism (a), density smoothing,
is rather large. Momentum coutrol of the neutral beam, mechanism (b), can be

vy At the same time, mechanism

more effective than density contrc! if A
(b), as equivalent minimum B configuration may have a relatively long
cnergy replacement time of the plasma. The alternmative momentum control,

mechanism (¢), can be better than mechanism (b) for very small instability

growth rate, y/we, but it is less effective than mechanism (a).

In a numerical example, it is assumed that Wy = T >0, b= ]E(klai)2
T
2 1 - -
k2 —L - 201072) or 107, § = arg(w./w ), w /w = 20 or 200, v [r._ = 650
sz fie s e x e
c

- normalize beam momentum. By introducing these valucs into Eqs. (4.1)
and (4.2), the calculated values of instability growth rate¢ and minimum
feedback gain required for stabilization are obtained. Figure 11 shows
the growth rate varying with phase shift for varicus values of the nor-
malized feedback gain wf/we. Figure 12 indicates the minimum feedback gain
lmf/wclmin required for stabilization varying with the normalized neutral
beam momentum vx/rwe. It is seen that the value of ‘mrlaélmin decreasces

as rg/Le increases when the feedback stabilization for resistive drift

wave is concerned.
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4,3 Modulated Microwave Energy Sources

The possibility of feedback stabilization for resistive drift waves
of a thermonuclear plasma by the remote injection of neutral atom beams
has been analyzed above. In this section some experiments to demonstrate
remote feedback control of collisional drift waves by modulated microwave
energy sources is discussed. The experiment is performed in a cesium plasma
of the Q-machine with T, = 0.24 eV, n_ = 5(10'%) cn™> and B = 4.0 kG.
A half-wave dipole antenna (located about 2 cm outside the plasm  »lumn)
is used as a remote suppressor, and a Langmuir probe is usc as . detector,
The amplified and phase-shifted ion-saturation current instability signal
is introduced to modulate the microwave energy source so that the inicro-
wave power output is proportional to the instability amplitude. The
microwave energy heats the plasma by resonance absorption.66

For optimum stabilization, the modulated microwave power must be
applied to the region of maximum instability amplitude and approximately
180" out of phase with the local density oscillation. The measured
results from the plasma for (a) the dependence of instability amplitude
and frequency on feedback phase shift and gain, (b) tle radial distri-
bution of plasma density, and (c) the change of :iagnetic field strength

on plasma stabilization with microwave feedback are similar to those

obtained by the electrostatic feedback (see Figs. 7-10).




58

4.4 Modulated Uniformly-Distributed Electron Sources

An inhomogeneous plasma confined by a main magnetic field Bz in the
axial direction is considered. The particle density n varies in the x-
direction. The feedback stabilization with modulated electron sources uniformly
distributed in the plasma is applied to a very weakly collisional regime
where the electron mean free path is greater than the parallel wavelength.
In this case the motion of electrons can be described by the kinetic equa-
tion in the drift approximation. The kinetic equaticn for perturbed electron

distributions with collision and source terms in the simplest form is

given by
ofie E! afoe qE afoe afie
+ - + = - n +
ot B X m Qv V2 "o ve(fie 1 f1) Se
z z
(4.3)
where
f = £f(f, V, t) = the Boltzmann distribution function (see
section 2.4)
, £. = the zero-order and first-order distribution
oe' “ie .
functions
Ey = electric field in the y~direction
m, q = the electron mass . charge
n ,n_, v,y =the electron densitics, velocity, and collision
oe ie e e
frequency
f =f /n = the Maxwelliam velocity distribution,
M oe oe

The feedback electron source, Se’ is distributed throughout the plasra and

responds linearly to the local electron density perturbation. Based »u
. 9,60,6Y
this assumption, the source term can be given by5 v

S = - {[.()
SD wfnlefM (4.4
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By the Fourier component analysis of Eq. (4.3) with the aid of Eq. (4.4),
solving for fie and integrating, the ratio of the electron density at local
perturbed state to the electron density at initial equilibrium state,

/n_, is obtained
oe

Jie _ g9 Lo lwm - ive)J'[FHde/(w “ kv, t ngﬂ
n. T 1-i,-v) I{f;dvz/(m Tiv, + i”e)] L (4.5)

n,
1e

in which
q¢ = q¢ = work function, ¢ = scalar potential,
3 I = kinetic temperature,

k T

, _ .y _dn

ws = = 3
qu ndx

ky’ kz, w = have been defined previously.

In the case of short mean free path of electrons (for relatively strong

. . . 2
collisions), w << kzv << v, and wy, ~ (ksze) , Eq. (4.5) reduces to

TG

Te
2
* 4+ i
Pie _q¢ " L vyg) Vs 5.6)
n TT . . 2 )
oe w + o+ ik v, ) v,
where Vie © (2 T/m)%, electron thermal velocity, and Voi = electron-ion

collision frequency. In the case of long mean free path of electrons

(for relatively weak collisions), v, << ksze and w << ksze, Eq. (4.5)
becomes
i n 1+ i(17/2)52 w - w* + iv )/ (k v, )
le _ q¢ e z' Te 4.7)
n . T Y . )
oi L+ (n/2)° (o ve)/(lkz|vTe)

LT the ion density is also perturbed by the electron sources, the ratio
of ion density at local perturbed state to ion density at initial equili-

brium state, n . ./n ., is
1i" oi

= A (4 .8)
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where b = % kzai as defined previously.
i For b = wf/kzvTe << 1, from the quasineutrality condition the dis-

persion relation is obtained.

y_0f O Wk my __f
=wt|{l - 26 + 5 + i 2 - &)
v-w n 2 |kz|vTJ 2 |kz|v,re{ G [ Tv..

(4.9)

Feedback stabilization can be achieved with purely imaginary feed-

back frequency w, such that arg(wf/w*) = - 90° (or + 2700), and gain

f

required for

¥

lwgos| > 2b (wt)? (4.10)

Feadback stabilization can also be achieved with phase shift 0° if the

condition
R
w
7% f
) "'—"—' >2b
2 kz vTe

is satisfied. Thereofore, the optimum phase shift for the feedback sta-
bilization will be between - 90o (or + 2700) and Go. The electrostatic
feedback by phase shift of - 90° and the neutral atom beam feedback by
phase shift of 0° are corresponding to the phase shift of the modulated
electron source feedback. Although the apprnaches of the feedback stabili-
zation are different, in general, the feedback stabilization by the mod-
ulated electron sources is in good agrecment theoretically and experi-
mentally with the corresponding stabilizing effects by the electrostatic,

neutral atom beam momentum or moduleted microwave energy source feedback.

R T
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5. MAIN COMPARISONS AND CONCLUSIONS

5.1 Main Comparisons

In the magnetic fieid configuration stabilization, the internal
axial magnetic field, the rotational transform, and the external axial
magnetic field of screw (bumpy or diffuse) pinch togethe. with the
azimuthal magnetic field to form some furdamental elements of magnetic
fields for plasma stabilization. The magnetic shear and the magnetic
well (including minimum B for open-end system and minimum avcrage B for
closed-end system) have shown good results to control the hydromagnetic
(MHD) and drift instabilities. The multipole configuration consists of
the linear and toroidal multipoles. "The linear multipole device has been
operated as a quadrupole in the collisioniess regime. The toroidal mul-
tipoles have been studied from low B equilibrium and flute instability
to high B-ballooning stability. The magnetic shear, the magnetic well,
and the multipoles can be considered as the advanced magnetic field
configuration for plasma stabilization.

The high magnetic power, Pmag’ required per unit length of the confinement

chamber for these configuration is approximately given by
c BRI (5.1)

where
B = the magnetic induction, or magnetic fiecld strength,
* = the coil radius,
A = the cross~=sectional area of the coil,
N = the number of coil turns per unit length of the confinement

chamber,
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U

c

the resistivity of the coils, and

a constant.

Among the dynamic stabilization methods all use oscillating elczc-
tric field or alternating current, except the electron temperature modu-
lation method, to stabilize the drift waves of a thermonuclear plasma.

In the oscillating electromagnetic field method and the oscillating non-
uniform electric field method, both electric and megnetic fields are
considered. In the electroa temperature modulation method,

microwave (or radiofrequency field) and optical energy sources can be
employed to heat the plasma by remote control, The oscillating magnetic
field for use in the dynamic stabilization is usually produced by alter-
nating current or currents.

Of the methods discussed above, *he dynamic stabilization for drift
instability of a collisionless, inhomogeneous plasma is most effective.
The axial alternating current method used for dynamic stabilization, how-
ever, is potentially effective for collision-dominated drift waves of
the plasma.,

Dynamic stabilization has demonstrated the possibility of stahilizing
lew=trequency drift waves (or broad turbulences) and improving crntain-
ment time of a thermonuclear plasma. Apart from electron temperature
modulation by microwave heating, modulated neutral beam or optical energy
source (such as weak laser beam) may be useful for dynanic stabilization
of a fusion reactor by the remote control and detection nethods.

The power required for dynamic stabilizatior, den’ by the high-

. 7
frequency clectric field at frequency (2 is given by

T~
el
[}

~—

P = bn T\, .
n 0.
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vhere

=
[]
[l

equilibrium plasma density,

—
#

» b = as defined previously, and

u

bnoT a fraction of the internal (or thermal) energy of

the plasma.

Electrostatic feedback for which feedback elements immersed in, or
in contact with, plasma have proved effective to stabilize plasma insta-
bilities and improve plasma confirement. Particularly, the collisienal
drift instability in the oscillatory regime has been stabilized by immersing
clectrostatic probes to draw electric current from the plasma. Since
material probes cannot resist high temperature inr a thermonuclear plasma,
the electrostatic feedback method is probably limited to laboratory
plasmas of moderate density and temperature.

The application of feedback control to a nuclear fusion reactor, how-
ever, depends critically on the possibility of remote control and detection
method. Therefore, the remote control of neutral atom beam feedback to
stabilize resistive drift waves and the modulated microwave energy sources
to stabilize collisional drift waves has been proposed. Charged particle
beams and optical beams (includirg laser beam) can also be used for remote
comtrol and detection in the feedback stabilization processces,

The effectiveness of some experimental results on the low-frequency
dritt waves and the good qualitative agreement with theoretical expecta-
tion indicate that the study of feedback stabilization (as well as dynamic
stabilization) may be a fruitful approach to increase the containment

time of a thermonuclear plasma.
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The power required for linear feedback stabilization, be, by the
parallel electron current is given by
P = azbn Tw (5.3)
fb o- £ '

in which we = win = instability frequency, a = q¢/$ :vn/no = normalized
instability amplitude, and bnOT remains a fraction of the internal (or
thermal) enevrgy of the pl#sma.

The ratio of power required for the feedback stabilization to that
required for the dynamic stabilization on the basis of Egqs. (5.2) and

(5.3) is

_ .2
be/den = a wf/Q- (5.4)

which is much smaller than unity when a << 1 and We < {1 in the most

practical cases.

e

The high magnetic power requirement of the advanced magnetic lield
stabilization system is equivalent to the total magnet loss per unit
length of the confinement (or vacuum) chamber due to heating, confinement,
and stabilization of the plasma.

For purposes of comparison and conclusions, the main advantages and

disadvantages of the plasma stabilization systems are given below:

S5.la  Magnetic Field Configuration Stabilization

* Provision for plasma heating, confinement and stabilization

* Self-stabilization in appropriate magnetic field configuration

. Suppression of the hydromagnetic (or wllD) instabilities in
particular

Y f
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] Complex stabilizing magnetic fields required
° Complex winding and high cost of the solenoidal conductor
° High power required for magnetic field generation and operation

5.1b Dynamic Stabilization

. Possibility of stabilizing many modes, different low-frequency
drift instabilities, and broad-based turbulencessimultaneously

. Suppression of low-frequency drift instabilites in particular

° Stabilizing frequency much higher than instability frequency
and no phase shift needed

° Excessive power required to maintain new dynamically stable

equilibrium for high growth-rate instabilities.

5.1c Feedback Stabilization

° Relatively simple magnetic geometries required when appropriate
feedback and phase shift systems are selected.

) Lower power requirement for stabilization because when the
amplitude of instability is reduced, the feedback amplitude
reduces accovdingly.

. Feedback can interact only with one unstable mode near marginal
instability; it is difficult to stabilize many modes simultancously.

. Application of feedback control by means of material probes and
electrodes limited only to plasmas of moderate density and

temperature, Remote control and detection methods are preferred.

° Linear feedback (feedback frequency We = W, instability frequency
with specific phase angle) can stabilize different drift insta-
67-68

bilities and the m = 1 flute instability.
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Nonlinear feedback (repetition rate < instability frequency, with
specific phase angle) effective to suppress perturbations in

the nonlinear feedback constant corrective signal is applied
whenever the instability amplitude grows above a prescribed

level. Higher modes, however, are easily destabilized.

Conclusions

In the magnetic field configurations, the principles of magnetic
shear and magnetic well will continue to play an important role
in plasma stabilization. The trend of the magnetic shear and

the magnetic well is toward more sophisticated and more precisely
controlled economic magnetic field geometry to stabilize hydro-

magnetic and drift instabilities.

Dynamic stabilization (Q >> w, ., DO phase requirement) can
stabilize many modes, different low-frequency drift instabilities,
and broad-band turbulences simultaneously. Eixcessive power, how-
ever, is required to maintain new dynamically stable equilibrium
for high growth-rate instabilities.

Feedback stabilization (selected frequency and specific phase shift
required) can interact only with a part of the plasma and one
unstable mode near marginal instability. Feedback control by

means of material probes and electrodes is limited to plasmas

of moderate density and temperature. Linear feedback (wf = min)

can reduce drift instabilities effectively and suppress the

m = 1 mode of flute instability reasonably. Nonlinear




e

67

feedback (repetition rate < instability frequency win) is
effective to suppress low-frequency drift instabilty at repetition
rates below instability frequency but higher modes are easily
destabilized.

There are more basic differences between dynamic stabilization and
feedback stabilization. In the dynamic stabilization the high
frequency (or radio-frequency) field interacts with the entire
plasma at a new equilibrium density n while in the feedback
stabilization the plasma equilibrium remains unchanged and the
time-varying suppression signal interacts only with the unstable
part of the plasma. Both dynamic stabili..tion and feedback sta-
bilization, however, will prefer to have remote control and
detection methods for use in a controlled fusion reactor, even a
rather advanced and costly technique is required for remote
dynamic or feedback control.

At present, plasma self-stabilization in appropriate economic
magnetic field configurations is still uncertain. If the plasma
self-stabilization can prove to be fully effective in the labora-
tory scale, the actual design of a controlled fusion reactor with
the provision of complex stabilizing magnetic fields wiil re-
quire some reliable scaling laws to determine the reactor size.
The reliable scaling laws for controlled fusion reactor design,
however, have not satisfactorily been found. Since the magnetic
field configucation stabilizationis 'mostly effective in sta-
bilizing the hydromagnetic instability. The dynamic or feed-
back stabilization which can stabilize the drift (gross or
universal) instability of a thermonuclear plasma may contribute

to controlled fusion research,
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° It is expected that the research and development of remote con-
trol and detection method for potential dynamic stabilization
or feedback stabilization of a thermonuclear plasma will pro-
bably become important in developing a controlled fu.sion reactor.
Either the dynamic stabilization or the feedback stabilization
may be combined with the magnetic field configuration to sta-
bilize a thermonuclear plasma so that the minimum requirement
for a controlled fusion reactor may be attained and satisfied.
In the preceding discussion and analysis a number of new ideas which
can be developed into original methods for understanding plasma instability
and improving plasma stabilization have veen introduced. The main fields
of the new ideas may consist of the combination of magnetic shear and

magnetic well, and the combination of magnetic field configuration and

dynamic or feedback stabilization with remote control and detection methods.
In the main fields, some specific ideas such as the combined effect of
rotational transform,magnetic shear and minimum B on a toroidal plasma,
extention of the present magnetic shear analysis, dynamic stabilization

by remote microwave (cr radiofrequency) field control (see Fig. 6), etc.,

can be developed to make contributions for a controlled fusion reactor.
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