
PHASE OFTHE PLASN EROSION OPENING S TITCH(U) NAVAL

RESEARCH LAB HASHINGTON DC R KULSRUD ET AL. 62 FEB S9
UNCLASSIFIE RL-MR-6149 F/O 9/1 N L

lill'



r.,~~~~~~ 
*.I1 

1 1Il II

liii.- im J 4f~L.

13.2

1136 1. W
2.0

-IJI 2 III 'iiA

MICROCOPY RESOLUTION TEST CHART

p. .11

4b

e. e...

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..



FILE '

Naval Research Laboratory
Washington, DC 20375-5000

II

NRL Memorandum Report 6149

'V

Analysis of Anomalous Resistivity During the Conduction
Phase of the Plasma Erosion Opening Switch

If R. KULSRUD,* P. F. OTTINGER, AND J. M. GROSSMANN

Plasma Technology Branch
Plasma Physics Division

JA YCOR, Inc.
Vienna, VA 22180-2270< DTIC'

OEECTE.

D February 2, 1988

As

,.

',

w ./ ,Approved f°r public release; distribution unimite 8 3 0 3 " I



SECURITY CLASSIFICATION CT THIS PACEl

REPOT DCUMNTATON AGEform Approved
REPOT DCUMETATON PGE0MB Nlo 0104 0188

a REPORT SECURITY CIASSIFI(ATiON I RES'Pl(~ VE IMA5 NlS

UNCLASSIFIED ______________________

2a 77C7RI7 C ASSEICATON AlL HO
1
? Ty 3 2)51 4.5., (-,1 aA AB R 1 RE POS)T

2b D(LASI~(A"I)NOVVCRADN(,SCH)WEApproved for public release;
lb DCLASIUCTO '2UWNIRADNC, C~fI),distribution unlimited.

4 PERFORM 1'JO COR6ATIZATION RE PORT NUMBE 'W,! S 1ONTOWNU, OR(UANZA' ON RE PORT NuIZ BRt V1
NPM, Mcmcrandum Report 6149

6a IJNM 01 Pv'RFIPM'NG ORGANIZATION 6hE OFfICE SYMBOL 7a NAME OF MON
1
CAOORANZA ON

N; 11 R~serehLabratry (if appliable)
P( sf~arc La 4770

6c ACORESS (Cty, State, and ZIP Code) 'UAO)RFSS 'Cly State and lIP CodeJ

Washington, ). C. 20375-5000

EdB NAME Or1 TAJDlkN O 05055 9b (, OFF SYMBOL 4 1PCPEET .STR dN[%T IDENTFiCA' ON %NuMBFR
ORGANI.'A'. ",(if arpicable)

N8c ADDRESS (City, State, and ZIP Code) io SORC(E OF FUND)ING NUMBERS

PROGRAV DBC ECT I TAS I~ UNIT

Washington, D.C. 20545 EVMNTN N -AICESONN
________________________ 1_47-0879-0- ]None 4-79DP ID60-

11 TITLE (include Security Cassification) INA92 *N~g-g

Analysis of Anomalous Resistivity During the Conduction Phase of the Plasma Erosion s1
opening Switch

12 PERSONAL AUTHOR(S)

N Kulsrud*. R.. Ottiner P_ p., and Grossmann. J. M,
1 3a TYPE OF REPORT 13b TIME COVERED 4 DATE OF REPORT (Year. Month. Day) 15 PACE CO JN'

InterimFROM _____TO ___ 1988 February 2 31

*16 SUPLEMENTARY NOTATION
* *.JAYCOR, Vienna, VA 22180-2270

17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP IVacuum Ope .ing Switch,^ Ion Acoustic Instability,'

Anomalous Resistivity,

19 ABSTRACTI (Continue on reverse if necessary and identify by block number)

During the conduction phase of the plasma erosion opening switch, the current channel width in the body oft the O

plasma awa> from the electrodes has been observed to be many times wider than the collisionless skin depth.

0I Anomalous collisions have been invoked to explain this decrepancy. Here the problem is analyzed using an electrostatic
d Vlasov approach and an unstable ion acoustic mode is identified. The derived growth rate is fast enough and the non-

linear saturation level is high enough to explain the observed magnetic field penetration. *

(2 2 N0- 24 7

DD Form 1473, JUN 86 Ar,',,'o, A

% R7 Rr'R7 .I
z< %% .,.



CONTENTS

1. INTRODUCTION...................................................................... I

-II. THE ION ACOUSTIC INSTABILITY (LINEAR) ...................................... 6

Ill. THE WAVE PARTICLE INTERACTION .............................................. 9

IV. NONLINEAR THEORY ............................................................... 13

V. CONCLUSIONS ....................................................................... 19

VI. ACKNOWLEDGEMENTS ............................................................ 21

VII. REFERENCES ........................................................................ 22

Copy .

For

... .....

%.

'.1-~ -~&!X



ANALYSIS OF ANOMALOUS RESISTIVITY DURING THE CONDUCTION
PHASE OF THE PLASMA EROSION OPENING SWITCH

I. INTRODUCTION

The plasma erosion opening switch (PEOS) is a fast opening

vacuum switch which has been used to compress the output pulse

from conventional pulsed power generators. I - 8 It is also being

used in research for developing high power inductive storage

pulsed power generators. 9 The PEOS consists of a low density

(ni - 1013 cm- 3 ) C++ plasma injected (VD - 10 cm/ps) between the

electrodes of a coaxial transmission line as shown schematically

in Fig. 1. The plasma is classically collisionless on the

timescale of interest (- 100 ns). However, the plasma has been

found to conduct current (- 1 MA) across a strong (- 10-50 kG)

self-generated magnetic field until a current threshold is

reached and then to open (i.e. cease to conduct) quickly V

- 10 ns). 7 The current threshold is determined by the injected

plasma properties and the geometry. A theory which describes the -

mechanisms involved in setting this threshold current and which

describes the opening mechanisms is found elsewhere.1 0 Here

field penetration and current conduction in the body of the ,

plasma during the conduction phase of the PEOS will be addressed.

This is important for understanding PEOS scaling. %

While the PEOS is conducting, electrons are emitted from the

cathode and enter the plasma after being accelerated across a T"
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cathode sheath. Theoretical analysis shows that the potential

drop across the sheath can be large (- MV).11  In fact, the

floating potential of the plasma can be much larger than the

induced voltage across the plasma. These energetic electrons are

the current carriers and are also capable of driving

instabilities in the plasma. Magnetic field probe data 1 2 shows

that the current channel in a PEOS is many times wider than the

collisionless skin depth of the plasma (- 0.1 cm). In the

absence of anomalous resistivity radial current flow can only be

accomplished by Ez x Be drift, where Ez results from charge

separation. Under these conditions PIC code simulations1 3 ,1 4 ,

fluid code simulations1 5 ,1 6 ,1 7 and analytic fluid work11 have all

predicted current channel widths that are narrower than observed

in experiments. PIC code 1 8 and fluid code 1 9 simulations with

anomalous collisions modeled by introducing a collision term in

the electron equations of motion have compared well with

experimental data with an anomalous collision frequency, va, on

the order of wce-

Because the switch carries a large current, the magnetic

field is large and the electron gyration radius is small compared

with the anode-cathode separation. The ions are essentially %.

unmagnetized. As stated above, without anomalous collisions due

to instabilities electrons must move with E x B velocities, and

actually are tied to the magnetic field lines.

Such a motion can be shown to lead to a relation between ne

and B that must be satisfied along electron trajectories. This

constraint relating ne and B can be combined with other plausible d-

assumptions to show that the electrons cannot cross the plasma

from the cathode to the anode but must flow essentially on lines

2
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of constant r in contradiction to the direct observation of

current flow across the PEOS plasma. This contradiction then

provides the reducioadabsurdum argument that motivates the

belief that there must be a mechanism in the plasma to disturb

the pure E x B motion of the electrons. In this paper it is

suggested that the mechanism involves a collection of unstable

ion acoustic waves that interacts with the electrons by wave

particle interactions to provide such anomalous collisions. The

collisions produce the penetration of current and magnetic field

into the plasma at an anomalously large rate. They explain the

ability of the plasma to carry the large currents across the

strong magnetic field as observed.

The ,eductioadabsrdum argument is now presented. Assume

that:

(1) There are no electron collisions and that the electrons

move with the E x B velocity. This is the primary assumption

whose absurdity will be shown. On the basis of this assumption

it can be stated that the magnetic field is frozen into the

electron fluid. By a standard proof it can also be shown that

the flux in a magnetic tube remains constant in time as the tube

moves with the E x B velocity. That is, for cylindrical geometry

n er
e const. (la)

on the electron trajectory even for a nonsteady state.

31
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(2) The plasma is charge neutral. Usually the density is

high enough for this to be a good assumption. On the basis of

this, Eq. (la) becomes

Zn.r
1 = const. (ib)

B

on the electron trajectory, where Z is the ion charge state.

(3) The ions move very little during the switch conduction

time. This can be shown to be the case for many short conduction

time switches since the J x B force on the ions moves them only a

short distance. Also their motion of injection in the original

plasma is too slow to move them far. As a consequence, ni in

Eq. (lb) can be taken to be that of the plasma before the power

pulse arrives at the switch.

(4) The plasma is in a quasi-steady state so that the

electron current lines are coincident with the electron

trajectories. From assumption (3) the ion current is negligible,

so that the electron trajectories are the total current lines.

Now from cylindrical geometry together with Ampere's law one can

conclude that B must vary as 1/r along current lines and thus

along electron trajectories. Hence, Eq.(lb) becomes

2
Zn.r = const. (1c)1

along electron trajectories, where ni is the initial ion density.

The argument can now be completed as follows. If Zn i is a

function of r alone and zn i does not vary as 1/r2 , then the

electrons must move keeping r a constant. It is more plausible

experimentally that Zn i is independent of r than varying as 1/r2,

4i
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so that the electrons are constrained from changing radius and

prevented from moving from cathode to anode in contradiction with

experiment. Even if Zn i is not a function of r alone, it is

difficult to envision a reasonable profile that will allow

electrons to cross the plasma in light of the constraint

expressed in Eq. (1c).

This argument requires certain comments. First, the

argument depends heavily on the cylindrical geometry.

Theoretical analysis involving planar geometry will not encounter

constraint (1c). Second, assumption (2) concerning charge

neutrality is not rigorous. At lower densities it is possible to

violate charge neutrality over narrow channels (a few skin

depths) through which current can pass. In this case Eq. (la)

must still be satisfied but Eqs. (1b) and (1c) need not be

satisfied. This appears to be what is happening in the PIC code

simulations of the PEOS. However, for larger densities the

channel is very narrow in contrast to the broad channels observed

in experiments. Narrow current channels with high current

density would enhance the development of the plasma instabilities

described in this paper and produce collisions to broaden the

channel. These instabilities could be three dimensional (as is

the one described herein) and would not occur naturally in two V1

dimensional simulations.

The conclusion is that the electrons cannot carry out a pure

E x B motion. There needs to be an anomalous collision rate, va,

that disturbs their motion so that they are governed by

-eeE + - m v v 0 (2)
c e a

-- C



For va to make a large enough difference, we see that va must be

of order Wce ' eB/mec, the electron cyclotron frequency. The

necessary size of va has been confirmed by including va in

numerical calculations of E, B and the fluid velocity field, v,

which showed that va must be > .2 wce to get current patterns

similar to those observed. For typical PEOS parameters.,o.
pe= (4e 2ne/me)1/ 2 - 2 x 1011 s- 1 and wce 1-5 x 1011 s- 1 at

the end of the conduction phase.

II. THE ION ACOUSTIC INSTABILITY (LINEAR)

A possible mechanism to produce anomalous collisions is ion

acoustic waves driven unstable by the E x B velocity of the

electrons, vE = cE x B/B2 , if yE exceeds several times

(ZTe/mi)I/2, the ion acoustic speed. Here Te is the

azimuthal electron temperature along the magnetic field lines.

Such waves are unstable for all wave lengths down to the Debye

length. Since the wave lengths are in general small, a local

theory can be applied neglecting any inhomogeniety in the plasma.

First the linearized theory of this instability will be

considered.

The local E field can be eliminated by transforming to a

frame moving with the velocity vE in the E x B direction. In

this frame the ions have a mean drift velocity vO W -vE . The

ions are treated as cold and the plasma is treated as

homogeneous. A coordinate system is chosen with x axis in the

direction of vE and z axis in the direction of B as shown in

Fig. 2. (Note that the z direction differs from the conventional

6
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one along coaxial geometry.) The electrostatic wave dispersion

relation for a wave varying as expi(k-r-wt)] is

2 2 2-bl(b
c(k,w) k 2  , 2 + k 2e

(w kv0) Wce b

2 -

(0Op - .V- 2 2e b

+ 2e(l + keZ(ke)e 10 (b)) 0 (3)
V

e

S2 22 2where k± k x x + k yy, b = kTm c /e B = e ,

v 2 T /M and Z(x) is the plasma dispersion function. T1 and

Tz ( Te) are the electron temperatures perpendicular and

parallel to B respectively. Taking b << 1 and k << 1, yields

2 2 _ /2
1 e + 2 +i e / 0 (4)

a'k v

w'- k'vo0 e '-

Dropping the imaginary term, it is found that

Pi(A = k.v + (5a)0 22
I + i/k D

If kX << 1, thenD

kv + kc s  (5b)
k'v 0

where XD Ve/wpe is the Debye length and cs  A piXD" (ZTz/mi)l/2 '

is the ion acoustic speed. Since k z < 0 and k z > 0 are i

7
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equivalent, kz > 0 is chosen for simplicity. Keeping the

imaginary term in next order, the growth rate, y, is found to be

k' 3 ' '2 "
n ---

Y - k2  0 exp LkVJ(6)%
z s e z e

If !vol >> cs, the sign of w' depends on the sign of k-v o . It

is seen that y > 0 for the plus sign in Eq. (5) when k'v° < 0 and

for the minus sign when k-v O > 0. Thus for unstable waves

S= kC exp(- 2/2) (7a)
9

where now

Ik.v I - kc '-

k v s < (7b)k v e

In the lab frame the unstable wave always propagates in that

direction along k making an angle less than 900 with the E x B 1W

velocity vE (i.e. -v,). Since waves with k and minus k are

equivalent, we discuss only those with k vo < 0, w' - kv o = kc s.

In general vol >> cs so that the kcs term is negligible

unless cos << cs/1vo, where is the angle which k makes with

vE. Neglecting the c5 term, the condition - kxvo/kzve < 1

becomes cos /cose < IVel/Ivol, where e is the angle between k and

B. The relation & = 1 determines a plane through the vector E %"

and making an angle tan-l(Ivel/Ivol) with the E,B plane. The "'

maximum growth rate ym = (n/8)i/ 2 kcs is near this plane. If the

condition kXD << 1 is relaxed, the maximum growth is found to be

of order O.15pi, corresponding to a typical growth time of

8"'S-ft
e2 ' r -e_



2.7 ns for ni = 1013 cm
- 3 and C+ + . Although y is considerably

smaller than the anomalous collision frequency va that was

discussed in the introduction, it will be shown that the

nonlinear saturation of the wave is relatively weak, so that the S

waves can produce an anomalous collision rate which is faster

than their growth rate.

III. THE WAVE PARTICLE INTERACTION

The interaction of these ion acoustic waves will now be

considered and it will be demonstrated that this interaction NO

leads to an effective collision frequency. In the laboratory P.
p.'

frame

= W + k.v E= w- v= kc

so that the wave appears as an ordinary ion-acoustic wave. "-'

However, in the E x B frame it is a negative energy wave driven 0

- unstable by resonant interaction with electrons moving in the s

.. negative direction parallel to B. In the laboratory frame it

extracts energy by removing energy from the E x B motion. This .

removal is the origin of the anomalous collision term in Eq. (2).

In addition, the electrons are heated in the parallel direction.

To see this, consider the energy, W, , and the momentum, P ,

of a wave of amplitude E in the moving E x B frame: .

@ E

%0 %26 - e



2 w2 22 "(k-v -2
22  pi P ' 0o E

(3 8n 3 3 8t n ,9 )
w - k-v0) k bs

22 -

w w = 3 3 8- k (10)
' = o' w c s ,

Thus, in the moving frame the unstable waves are negative

energy waves, propagating in the negative k direction, with

momentum parallel to k. In the lab frame

W WW W - P

w w E'w  w 0 w

3 3 Sn '(1k c

Thus, in the lab frame the waves are positive energy waves, %

propagating in the plus k direction with momentum in the positive

k direction.

Consider now the interchange of momentum and energy of a

wave with the electrons and the ions in E x B frame. Now kz > 0

and the wave propagation velocity along z is k-vo/k z < 0. This

wave interacts with electrons moving at this same velocity in the

z direction in the moving frame. The electrons are accelerated

by this wave, gaining momentum and energy at rates

22 ".€
dW W2  (k v) 2 2 jv1e-2yW' = i ) (13
dt w 2c2 kv 8n (k c s z e

S'



A

1k

dPek j~y2 j ~22
d -2yP -27 p (14)

dwk 2c2k v (14
skz e -6"e.

The resonant electrons gain a positive amount of energy in

amplifying the wave. They gain momentum in the negative k

direction. (These resonant electrons move in this direction.)

The ions are unaffected except through their nonresonant 'a...

interaction with the wave. ,

In the lab frame the electrons lose energy to the wave.

This arises by their E x B velocity being slowed down, giving up

energy both to the wave and also to the parallel part of the

electron energy. There is consequently a force on the electrons.

The part of this force perpendicular to B is

F1  = - - k v (15) "
2 2 k v 8nk c z e

In general, the waves are symmetrical with respect to the VE,B

plane so that any component of F1 perpendicular to vE cancels

out. The component of F along vE is in the opposite direction

to the E x B motion. Denoting this component by -vanemevE, and

setting E = -ikt yields ..

= k v -) ..(1,)
a 2 k z  T

The heating in the parallel direction, Eq. (13) can be reduced to

the form

dw dW'
e e 2 (17)

dt dt FIVE vanemevE

.. a

% % V
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where Eq. (15) has been employed. This corresponds to the

frictional heat>.g of the electrons by the anomalous collisions

with the ions.

The wave-particle interaction in the laboratory frame is

illustrated in Fig. 3. The wavevector k is chosen so that

kz > 0. The ion acoustic wave propagates along k with velocity

cs. The condition for an electron with guiding center velocity

u = VE + v z to be in resonance with the wave is
zt

k+*v +kv = = kc (18)
E zzs

Neglecting cs compared to vEl we have

-k *vE

v = k < 0 (19)z k'
z

so that the resonant electron moves in the negative z direction.

The vector u makes an angle of nearly 900 with k (if k is in the

VEB plane).

Because of the slope of the electron distribution function

in the parallel direction, the resonant electrons extract

negative momentum from the wave (see Fig. 3). Since the momentum

of the wave is in the positive z direction this means that the

wave must amplify, the energy coming from the vE motion of the

electrons. (Figure 3 has been drawn for k in the vE,B plane but

k can be in a general direction and amplification will occur

provided that k'vE > 0.)

From Eq. (16) it can be seen that if kx  k z  l/XD and r
e$/T z = 1, then va Wpe, a value typically of order of the

'A
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electron cyclotron frequency as required by the discussion in the

introductory section. The magnitude of e /T z  is estimated in

the next section.

IV. NONLINEAR THEORY

In this section the nonlinear amplitudes of the unstable ion

acoustic waves are estimated in order to determine the actual

magnitude of va from Eq. (16). Because of the negative energy

character of the waves they do not saturate by quasilinear

saturation. Instead the resonant particles are accelerated and

heated in the direction parallel to B as the waves are amplified.

When the waves reach a certain amplitude, they are saturated by

induced scattering off of ions. The equation for the evolution

of the wave amplitudes is given by Kadomtsev 2 0 for the limit

Ti << Te = Tz and can be written as

2k piw.kk k k ,

2t k = 2 2 3 k' d k
n m k J "k'

where Ikd3k is the mean contribution to <%2) from waves with k in

d3k, k" dk - k', w" wk - k , wk is the frequency cf the wave

with wave vector k and 6' is the derivative of the delta

function. The right hand side represents the rate of transfer of

intensity from the k' mode to the k mode by induced scattering.

In a steady state, when modes are saturated, energy should be

scattered predominantly from unstable modes to damped modes,

although there should be some scatter among the unstable m c; as

well as among the damped modes. The unstatle modes cue sea:at ,

%S1



from the damped modes by the plane in k space through the origin

and perpendicular to vE.

Making use of the result that wk = kcs and from the delta

function factor which shows that k k', we may reduce Eq. (20)
-. 4

to the form "

kt ="2(1 S (21) z
at kk - _ Ti de k - k' k?

lk ' =lkI

where " = k-k'/kk' and where we have introduced

2 3,
e k I (22)k - 2  k
e

In terms of Ok, which is dimensionless, the expression for va may

be written as

.%7.

k2 k 3k ",7 -

= x d  k (23)
a 2 e k k

Equation (21) is an integro-differential equation for tk,

which must be solved numerically. However, its interpretation _

is clear. Waves with positive kx are unstable with Yk > 0, so

that their amplitude grows due to the Yk term in Eq. (21).

Similiarly, Yk < 0 for the damped modes with kx < 0, and their

amplitude decreases due to the Yk term. The nonlinear scattering

term on the righthand side of Eq. (21) transfers energy between

all the modes with k' = k. In equilibrium the transfer of energy

from unstable to stable modes must balance the growth of the

V .
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unstable modes, and the damping of the stable modes. The sign of

the right hand side must be such as to give this balance. The

transfer of energy among the unstable modes can be regarded as a

rearrangement of the energy of the unstable modes, but does not

contribute to the equilibrium balance.

To get an idea as to the magnitude of the energy in the

unstable modes, consider the assumption that tk is independent of

ancle for the unstable modes (kx < 0) and a function of k alone,

say dLU{k). Similiarly, assume that *k is a different function of

k alone, say S(k), for the stable modes. This assumption for 4 k

w.ll not solve the full Eq. (21) of course, but it can be chosen

to make two moments of this equation vanish. We average Eq. (21)

for this choice for tk over all unstable directions kx > 0, and

again over all stable directions kx < 0, to obtain two

differential equations for 0U and 4 S [This corresponds to the

Eddington approximation in the theory of radiative transfer. It

can be generalized by expanding t in a series of Legendre%

functions and taking Legendre moments of Eq. (21).]

These assumptions can be written as

t = t U(k) k > 0 (24a)
xt I k) k- 0(2 b

:n takinq the angular averages we must neglect the coupling of

tw: unstable modes, or two damped modes, since physically this

- upling does not lead to a change in either the stable or

:r'statle energy. This fact is net represented by our

approximation.

%'.. % % *..e0oOM 
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Substituting Eqs. (24a) and (24b) into Eq. (21) and

integrating first over the hemisphere kx > 0 with the angular

integral over k' restricted to kx ' < 0 yields

4yik~c T. SU U 4-k s i 1 )U a ( 5a

- =<k>U - 15 Z T (25a
e

Carrying out the two integrals over the opposite hemispheres

yields
S

S S 4nk2C2 c5 sT. *iU 25b)St k =<kS 15 Z Te  --k (5

Here <'Yk>U and <Yk>S are the growth rates given by Eq. (7)

angularly averaged over the unstable and stable hemispheres. %

Their averages are given by

/exp(2/2) E1 (a 2 /2) kc (26a)
k>U <[p 2) Us 1 s

= 0.184 f(a) kc ,

<Y = - 0.184 f(a) kc , (26b) '.k>S s

where a VE/Ve, E1 (x) is the exponential integral 2 1 and f(a) is

normalized to unity at a 1. For small , f(a) - 2 .17aln(1/a) ,

while for large a, f(a) - 2 .17/a.

Assuming a steady state in Eqs. (25) yields

S'
Y.'.%

k , (27a)

16
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dfU
-f = k d2 7bdk ' (2 b.

where = 0.22(ZTe/Ti)f(vE/Ve) The solutions of these equations

*are

f= ln(k/k mi n  (28a)

It 1 ln(kb/k) (28b)

Boundary conditions have been chosen so that tS is zero at

some minimum value of k denoted by kmin. That kmin is not zero

is a reflection of the fact that for small k the growth rate is

too slow to build up the waves instantaneously to the steady

state value. (kmin should decrease in time as 1/t.) Also the

condition that &U 0 at k= kD = i/XD has been employed since at

shorter wavelengths, the waves are damped by ion Landau damping.

However, a finite amplitude for the unstable waves can be

sustained by nonlinear coupling.

One may now substitute the expressions for §k, Eqs. (24),

into Eq. (23) to evaluate va" There results

= l i + 4)jdk , 29)2 k
Smin

where <kx 2/Ikzlk> represents the angular average of kx2,'( lkzJk .

This average is logarithmically divergent for small k2. Hweve:,-

because the growth rate, given in Ed. C7), is exponentially small

k '%



* a . .F .F- .- .w -. A4" 8t* . '2 , ' .' -

-7H

for small k z, we may reasonably cut this average off, say at

k z = 0.1. This yields <kx2iIkzlk> = 0.9. Substituting

Eqs. (28a) and (28b) into Eq. (29), we find

1.56 e vi ln ' pe (30)T. v k m n e

As noted above kmin decreases with time, so va should slowly
increase with time.

Although the procedure employed to solve Eq. (21) is

admittedly very approximate, it does bring out the physics. The

resulting value for the anomalous collision frequency, va, is

correspondingly approximate, but it should be correct in order of

m&gnitude. Equation (30) indicates that the ion acoustic mode

driven unstable by the large E x B drift can reach an amplitude

that is sufficiently large to produce a va as large as the

electron plasma frequency, "pe, even though the growth rate of

the mode is of order wpi" The reason that this is possible is

that the mode coupling that saturates the waves is so weak that

the waves grow to a very large amplitude independent of its

linear growth rate. Further, because the waves propagate at the

ion acoustic speed, they can achieve this large amplitude withz.ut

leaving the plasma. -'

It should be noted that it was assumed that the mode is

strongly unstable, so that vE > cs and so that the 7s rerm 7an

be neglected in Eq. (7b). If va is too large, vE will be

reduced, and cs will increase through heating of the electrn.

temperature parallel to B. Eventually the unstable angular

I e
"a.
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region in the kx > 0 hemisphere will be reduced and va will be

correspondingly reduced.

Finally, it should be noted that the equations employed in .-

the derivation of the saturated mode amplitude and of va are

based on the small amplitude limit e /Te << 1. If e /Te ~,

many more nonlinear effects must be included. Hence, the

coefficient of wpe is not accurate. At most it can be said that

e;b - Te and that Nia ~ pe"

e

V. CONCLUSIONS

It has been shown that an anomalously large electron-ion

collision frequency is needed to allow the flow of current across

the large magnetic field in the PEOS. From general

considerations this collision frequency is shown to be of order

of a few tenths of the electron cyclotron frequency.

It is proposed here that one mechanism for producing this

anomalous collision frequency is a large amplitude ion acoustic

waves. These waves, when propagating in a direction which makes

an anale of less than 90 degrees with respect to the E x B

direction, are driven unstable by the large E x B velocity of the

electrons through the ions. The growth rates of these waves is

comparable with the ion plasma frequency. In most cases this

frequency is very large compared with the time scales for switch

cperation, so that there is time for many exponentiations of the

c,,ve amplitude. Since the waves propagate at the ion acoustic

reed, they do not propagate very far during their growth times

%,



so that they are absolutely rather than convectively unstable.

Examination of the quasilinear wave-particle interactions of

these waves has shown that they remove momentum and energy from

the directed motion of the electrons perpendicular to the

magnetic field at a rate that can be represented by the anomalous

collision frequency va- The resulting frictional energy goes to

heat the thermal motion of the electrons parallel to the magnetic

field. The thermal motion perpendicular to the field is

uncrincged because of the adiabatic invariance of the magnetic

moment of the electrons. When the modes damp, they transfer the

momentum to the ions.

To determine the magnitude of va it is necessary to

determine the saturated amplitude of the waves. There is no

saturation of the waves by quasilinear wave-particle interactions

because the energy of the waves is effectively negative. The

only quasilinear saturation effect is to heat the parallel motion

of the electrons so as to raise the acoustic speed cs. This

speed is usually much smaller than the driving E x B velocity vE.

The saturation mechanism is consequently the much weaker one of

nonlinear scattering of the unstable ion waves into stably

prcpagating directions. The nonlinear inte~rodifferential

equation which determines the saturation was approximated by a

simple Eddington type assumption, in order to derive an
a.[

arprcximate value for the saturated amplitudes.

The result is that because the saturation process is weak,

the ion acoustic waves grow to large amplitudes (e ,Te ~ 1', and,

*he resulting anomalous collision frequency is of order of the

%| %P
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electron plasma frequency. In most cases of PEOS operation this

is of the same order of magnitude as the electron cyclotron

frequency and is large enough to explain the cross field current. S

It is thus concluded that the unstable ion acoustic waves

are strong enough to produce the collisions necessary to explain

the cross field currents and the magnetic field penetration into

the PEOS plasma.

V.. ACKNOWLEDGEMENTS

The authors wish to acknowledge the many insightful

discussions of PEOS physics during the course of this work with

other members of the Plasma Technology Branch at NRL and the

encouragement these coworkers provided for performing this work.

This work was supported by the U.S. DOE.

211

%.,

a.2'.

.8

a.'.

a.N

N-



REFERENCES

1. C. W. Mendel, Jr., D. M. Zaqar, G. S. Mills, S. Humphries, Jr.
and S. A. Goldstein, Rev. Sci. Instrun. 51, pp. 1641-4, 1980.

2R. A. Meger, R. J. Commisso, G. Cooperstein and Shyke A.
Goldstein, Appl. Phys. Lett. 412, pp. 943-5, 1983.

R. Stringfield, R. Schneider, R. D. Genuaric, I. Roth, K.
7h-'lders, C. Stallings and D. Dakin, D., J. Appl. Phys 52,
pn. 1278-84, 1981.

4S. Miyarnoto, N. Yugami, H. Fujita, T. Ozaki, K. Imasaki, S.
Nakal and C. Yamanaka, Jpn. j. iAppl. Phys. 25, pp. T108_10, 96

5J. M. Neri, J. R. Boiler, P. F. Ottinger, B. V. Weber and F.
Young, Appl. Phys. Lett. 50, pp. 1331-3, 1987.

6. 2. H. McDaniel, R. W. Stinnett, G. E. Rochau, W. B. Moore, E.
W. G.-ay, T. J. Renk, H. N. Woodall, T. W. Hussey, S. S. Payne,
R. J. Cornmmissc, J. M. Grossmann, D. D. Hinshelwood, R. A. Meoer,
j. M. Neri, W. F. Oliphant, P. F. Ottinger, and B. V. Weber, IEEE

Transactions on Plasma Science (1987).

7. B. V. Weber, J. R. Boller, D. G. Colombant, R. J. Commisso, G. '

Cooperstein, J. M. Grossmann, D. D. Hinshelwood, R. A. Meger, D.
Mosher, J. M. Neri, W. F. Oliphant, P. F. Ottinger, V. E.
Scherrer, S. J. Stephanakis, and F. C. Younq, Proc. Sixth Int.
Conf. on High-Power Particle Beams (Kobe, Japan, 1986),
p.851- 4.

8. S. P. Bugaev, B. M. Koval'chuk, and G. A. Mesyats, Proc. Sixth
Int. Conf. on High-Power Particle Beams (Kobe, Japan, 1966)
pp. 878-81.

-~ 9. D. D. Hinsheiwood, J. R. Boller, R. J. Commisso, G.
Cooperstein, R. A. Meger, J. M. Neri, P. F. Ottinger, and B. V.

-~ Weber, Appl. Phys. Lett. 49, pp. 1635-7, 1986.

10. P. F. Ottinoer, S. A. Goldstein and R. A. Meger, J. App..

Phys. 56, pp. 7714-84, 1984. F

11. D. Mosher, F. F. Ottinger and J. M. Grossman, Bull. Am. Phys.
Soc. 30, 1447 (1985).

2.B.V. Weber, R.J. Commisso, R.A. Meger, J.M. Neri, K.F.

Oliphant and P.F. Ottinger, Appi. Phys. Lett. 45, pp. 1013-5,

* 13.E. M. Waisman, P. G. Steen, D. E. Parks, and A. Wilson, Apr)!.

- Phys. Lett. 46, pp. 1045-7, 19R5.

22S

r, P-,.



14. J. M. Grossmann, P. F. Ottinger, J. M. Neri, and A. T.
Drobot, Phys. Fluids 29, pp. 2724-35, 1986.

15. R. Mason, J. M. Wallace, K. Lee, Proc. 2nd Int. Topical Symp.
on ICF by High-Power Particle Beams, (Nagaoka, Japan, 1986), pp.

16. J. M. Grossmann, D. Mosher and P. F. Ottinger, 1987 IEEE

International Conf. on Plasma Sdi. (Arlington, VA, June 1987)
p. 50. !A

1.S. S. Payne, T. W. Hussey, R. W. Stinnett and N. F. Roderick,

Bull. AM. Phys. Soc. 31, 1399 (1986).

le. J. M. Grossmann, P. F. Ottinaer, D. Mosher, D. G. Colombant,
J. J. M. Neri, B. V. Weber, D. D. Hinshelwood, and R. J.
Comr~tisso, Bull. APS 31, p. 1444, 1986.

i9. R. J. Mason, 1987 IEEE International Conf. on Plasma Sdi.
(Arlington, Va, June 1987) p. 51.

20. B. B. Kadomtsev, Plasma Turbulence, (Academic Press, Loridcn,
19 6 5 p. 70, Eq. IV-14.

-'1. M. Abramowitz and I. A. Stegun, Handbook of Mathematical
Functions, (Dover Publications, New York, 1965), Chapter 5.

.

10

2.1.



N STOAG

S.E

INUTO

55~.. ..... . .

F4c :*.1..'.. The ge me ry of th....Th.dre ti ns of. h

-lc4i field<.* an the*. re u t n E.. ..it at a p in r

indicated~~.. . . . . .. . . . . . . . . . . . . . . . . . . . . . ..n ecs TI V s a ,

s- av e d

G ..2.

Z ' % %,



.00 ., -,

k z

E v

- I V

2 _

•I

I - Z
I--

*61

%J.-

.1c . 2- The oi' (.nt~itiorn of the coordinate system relative to E, "' .
Band yE is shown. Also for a general wavevector k, the various l

cmponents are given. k is chosen in the unstable direction.

25 .'. '

b

~~~~~~~~~. .. . ... . . .......-................ .... .....-.... ::



Wp.

reoac

AA

Fig 3- heresonan lc rn aeaprle eoiyi h
oppsit diecionto he av prpagtio aongB. ow hi
hapensisshon i te lwe fiure Bcaue v i laqe

VE +vz lie ontheconsantphae sufac oft e aveeve
thuhv <0

9%

%
20A

.0 . -. P-J* .e 'f -. I . . . .

% % % %



DISTRIBUTION FOR DOE SPONSORED WORK
4 AUGUST 1987

U.S. Department of Energy Lawrence Livermore National Laboratory

Office of Inertial Fusion P.O. Box 808

Washington, DC 20545 Livermore, CA 94550VhntnAttn: S. L. Kahalas 1 copy Attn: R. Batzel/J. Kahn, L-I I copy -

R. L. Schriever 1 copy J. Emmett, 1-488 1 copy

W. Krupke, L-488 I copy

U.S. Department of Energy E. Storm, L-481 1 copy

Office of Classification J. Lindl, L-477 I copy

Washington, DC 20545
Attn: Robert T. Duff 1 copy Los Alamos Scientific Laboratory

P.O. Box 1663

U.S. Department of Energy Los Alamos, NM 87545

Nevp~a Operations Office Attn: S. D. Rockwood, ICF Frog. Mgr.

P.O. Box 14100 DAD/IF M/S 527 1 copy

Las Vegas, NV 89114 2 copies
Naval Research Laboratory

U.S. Department of Energy Attn: Code/Name

P.O. Box 62 2628 TID Dist 22 copies

C-k Ridge, TN 37830 1 copy 1000 T. Coffey 1 copy
4000 W. Ellis I copy Il

Cornell University 4040 J. Boris 1 copy

Ithaca, NY 14850 4700 S. L. Ossakow 26 copies

Attn: D. A. Hammer 1 copy 4701 I. Vitkovitsky 1 copy

R. N. Sudan 1 copy 4710 C. Kapetanakos 1 copy
4720 J. Davis 1 copy

Defense Technical Information 4730 S. Bodner 1 copy

Center Station 4740 V. Manheimer 1 copy

Duke Street 4760 B. Robson I copy

Alexandria, VA 22314 4770 G. Cooperstein 10 copies •

Attn: T. C. 2 copies 4770.1 F. Young 1 copy '
4771 P. Ottinger 1 copy

JAYCOR, Inc. 4771 J. Neri 1 copy

Spring Hill Rd. 4771 J. Grossmann 1 copy

Vienna, VA 22180-2270 4770.1 D. Mosher 1 copy %

Attn: B. V. Veber 1 copy 4773 S. Stephanakis I copy

D. D. Hinshelwood 1 copy 4790 D. Colombant 1 copy
4790 H. Haber I copy

Fusion, Inc. 4790 M. Lampe 1 copy

Research Park Drive 6682 D. Nagel 1 copy

P.O. Box 1567
Arbor, NI 48106 Sandia National Laboratories

Attn: A. A. Glass 1 copy P.O. Box 5800
Albuquerque, NM 87185

Berkeley Laboratory Attn: J. Vandevender/1200 1 copy

Berkely, CA 94720 D. L. Cook/1250 5 copy

Attn: D. Keefe 1 copy
University of Rochester
250 East River Road
Rochester, NY 14623
Attn: J. Eastman 1 copy

DIRECTOR OF RESEARCH

U.S. NAVAL ACADEMY

ANNAPOLIS, MD 21402
2 COPIES

CODE 1220
1 COPY

Codt. C')i (op\ 1,

27 0

%* % % %
. . . . . .

t..... . 4 . ,........... . .. . , .



Ie

1DF1F
'#

.: 

.. ;. 

... -,r.

J, -- *- q.,,*'..r. 4-r,

c %%aL%
% % %


