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A. Theory for Strong Electric Correlations. Ve have

developed a theory for the probability distribution function of
the electric field in a highly turbulent environment. This makes
contact with our previous experiments, in which we found a
characteristic distribution function, exp(—Ez) in a range of
different beam-plasma strengths. The theory, as detailed in
Appendix A, extends previous work which took into account
collective effects in the plasma surrounding the ion. OUur work
takes into account the possibility of strong wave correlations

overlengths exceeding the Debye length, A We find that to

oe
explain the 100kV/cm fields we have observed we must invoke
correlations which are quite strong over dimensions of at least
lOKD. This is a new result with possible powerful

consequences. It makes connection with the general body of
soliton thneory, which envisions the final stage of plasma
turbulence as compressed packets of electric field on the scale
of 10-100 Debye lengths, and containing field strengths
compatrable to the local thermal pressure. The fact that we have
found this distribution in a very general way implies that it may
be a common feature of strong turbulence., Furtier, it cocnfirms
our previous assertion that tiae specific form exp(—Ez) 1nplies a

one dimensional nature of tne clectric field spectrun. If the ]

electric fields were sphericiil,; symmetric, for exanple, the

distribution function wouli .. :‘exp(—Ez). Tnis 1mplies a
picture cof one-dimensicnal . - -»nlisma turodulence W~hicn Ddersists \
for the entire duration of ..: Loxv puls , at leist a

microsecond,

A a4 f'f.-"i\f oo M ~ \f\ o
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B. Optical Study of electric fields less than l0kV/cm. e

have carried out some of the studies we promised in our last
proposal, of the distribution function for relatively weak
electric fields. This is treated in detail in Appendix B and
shows that we have successfully developed the diagnostics for
this sensitive regime. We find that the distribution function
remains the same at lower electric field strengths. We are now
undertaking to measure the electric field distribution as a
function of distance along the propagation axis, radius out fron
that axis, and time durinyg the pulse(z, r and t). This will form
the principal thesis topic of a graduate student, Ami Dovrat.

C. The anisotropic nature of turbulent microwave emission.

We nave carried out preliminary studies of the anisoptropy
of microwave emission. This snows that there is unexpected and
guite possibly meaningful dependence of the polarization of
radiation on the angle of emission. We hope to use this to prove
the nature of the emitting entities deep within the plasma.

Since we suspect these regions are gquite small, on the range of
100 Debye lengths or less, radiation remnains the easiest
diagnostic of such features. e suspect that ccllapseu or
"caviton" entities produce the radiation, and are generally
criented along the magnetic axis, whicn is the sane as the beanm
axlis. However, the polarization pattern does nct correspond to
such a simple one dJdilmensional picture. we shall try to interpret
the data in terms of a statistical distribution of dJdipoles witnin
the plasma. 7This 1s beiny undertaken now botn experimentally and

theoretically.
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D. In the last year we have produced several papers:

1. Scattering of Relativistic Llectron Beams in a Plasma Dby
Beam Induced Waves and Magnetic Field Errors, J. Plasma

Pnys. 35(1), 165 (198%).

2. Electric Field Spectra Beyond the Strony Turbulence
Regime of Relativistic Beam-Plasma Interactions (with D.

Levron and D. Tzach), Phys. Rev. Letts. 58 13 (1987).

3. Collisional Statistical Model for Super-Strong Plasma

Turbulence, Phys. Fluids, 30 pp. 2579-2582 (1987).

4. Spectroscopic Measurements of Electric Field Intensities
and of the Spectrum of CLlectric Field Fluctuations in
Intense Relativistic Electron 3eam-Driven Turdulent
Plasma (D. Levron, W.T. Main, A. Fisher, G. Benford and

K. Kato), p. 420, Beams '86 pProc. of tne oth

International Conference on High-Power Particle Beams

aldindodiacdendiodinds

5. Fundamental Studies of Microwave Emission fror
Relativistic Beam-Plasma Turbulence, (G. Benford, w.

Main, A. Ben-Amar Baranyga and K. Kato) ». 543, Beams

'86, Proc. of the 6fth International Jonference on iligh-

Power Particle Beamxs
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Appendix A

Electric Microfield Distribution In Plasma

With Long-Range Correlation

Gregory Benford and Xiaoling Zhai

October 2, 1987

Collective and individual particle correlations affect the probabahity dist
bution W(E) of the electric microfield in a stationary. turbulent plasima We
extented previous work to include long-range correlations over lengths » \,
the Debye length. The characteristic distribution W(E) ~ E4~ expi - ;7; '
emerges, with d the dimensionality of the electric field. The mean < F7 s

proportional to the square of the correlated particle density. To descerithe arecent

strongly turbulent experiment with < E? >Y2x X5kV /e requures correlation

over scales > 10Ap. Comparison with observed microwave enussion muphes th

more than one percent of the plasma volume experionces strong field regions
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1. Introduction

Many experiments have measured the electric field distribution inside tur-
bulent plasma. (Klein and Kunze 1973 : Gallagher and Lavine 1971 ; Hamada
1970 : Antonov ef al 1970 ; Matt and Scott 1972). A recent measurement (Lev-
ron, Benford and Tzach, 1987) found a probability distribution of the electric

Langmuir field in a strongly driven beam-plasma environment,

2

E Xp(— ——
W(E) o exp( PR

)

where < E? > is about (85kV/cm)?.

Theoretical investigation (Ecker and Spatschek 1973: Hooper 1967: Ecker
1971) of a stationary equilibrium, homogeneous plasma model gave some phys-
ical explanation of the electric field distribution in terms of screening. All yield
an exponential distribution. G. H. Ecker et al (1973) give

el

W(E) x exp(— 3 )
237

where Ej is the Holtsmark field (Holtsmark 1919). It is about 0.16kV /cm in
the experiment of D. Levron et al, about 10=3 times smaller than observed.
Plainly collective eflfects and possibly long-range correlation must come into
play to explain this striking difference. Generaly for turbulent clectric field of
dimensionality d. W(E) x E4~'exp(—E?). The Levronet al experiment implies
d=1. with such strong antisotropy apparently arising from the heam-plasina
istablity.

Here we develop a theory for 1W(E) which decomposes the cloctnie minerolicld
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distribution into three parts: individual particle, collective and long-range corre-
lations. We give each an equal footing, following the strong wave field approach
of Ecker and Spatschek with correlations added.

2. Basic Equations

Let us start from the Maxwell equations, with no net current j = 0. B =1

, and a homogeneous time-independent plasma.
V~E=~1errz:(5(r—r,) UxE=10 (1)
1

VxB=0 v-B=0 (2)

We can define a vector potential A with Fourter components ‘"ik

[4x - .
A=c Tzk::iklkofkr (3)

With ko = lk(— k= |k| . and since ¥ x E = 0. E = V. with

_ ; i E’C ikr
w_ﬁl”TXk:—k_P (-4)

Using equation (4) in equation (1),we can get:

- e (4w ; -
Ey = r TZ e_'k r, (3)

The Hamiltonian of our system in the random phase approximation is

. 1 E*(r) , .
H = Dy + 0 JeA(r; -—+/ i
St feamafgn s [ E05

- 2m N
i 1 J

-

- -
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:': We are free to choose Ay, so we choose Ay = 0 at the second step of equation
o
Q‘Q ~ ~
::' (6). The Hamiltonian has the canonical conjugate variables. ri, pi: Ap. E}. '
;' y The Hamiltonian equations are:
9 . OH - aH ;
'5'1 f-lk = —, Ek = —— (M) o
:I. 6Ek 6Ak -
o Consider the ensemble distribution function: q
L]
S
W i vs(EK N
N Fr = I'[ 5(r' —ri(1)6(p' — pi t))Hé — ABES ~ Ex(t)  (8) N
: j i=1 g
* Where r?, p’, Ak, EX are the coordinates in I’ space, and ry. P, “ik' Ek .
;l L4
Ay the coordinates in u space. We define )
», .. P
k . P
X N .
b ,,_Zér—r, 1)6(p — pi(t)) [J(84% - A)s(EX - Ey) (9) g
' k
> Here the sum is over all particles. Now consider the time derivative of Fj, 3
)
by
| OF, _ (9P _ "
Iy 2 ( ot 'r.p.ak gk, Or; rpp. (ak gk (A Ek T {
OF; .
" Gliu ;
) o 6P5Fr.p,r‘.(,\k,5k),(.ik,ék)p
v K
. -+ o
:: + Z 94 )r.p,l‘..p.,(.-\k.Ek).(Ak,Ek) k
> 8F,
LA + Z( 0[1 )rpr P (4kEk l (10) >
A’ -
::' Replace 4k by 35~ 5" Fk by ——‘j-’-;: r, by :;l—’)’ p: by, —iﬂ I as we define :-
N it in equation (6) then yields 1
::E (.)F‘Ul _ P (?qu . / 1‘Tzk k i kr, ;
- ) = Gy, Ty ke ek ke .
”, k A
7, ::
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1 + 271'6 Z I(ko - lo)AkAl(k +De ik+hr, (aail‘
L} i
A

o _ Z: anu _I_Z[ \/‘:?Z lo - pl)e:kl'.

2‘re ; 0F;
h + ZZ ko - Io) Ap ek+D Ty : (11)

)

Following Ecker et al (1973) we use the collective coordinate

Q

iy 4me? _ik.
b Q=S5 ik
N i

Instead of putting all electron motions into the collective coordinates, we

:-; choose a value k. of k such that the collective modes only enter with wave vector
less than k.. Clearly k. > r(','l, and for hndamped modes we require k > k., with
k. lying between ry' and )‘Bl. Previous calculations took k.Ap = 1, with Ap
- the Debye length. Here we explicitly expand the formula to include correlations
N -1 (g

~ for k < A" (Fig 1). Define

_* 4re? o !
3 S=expl-3 3\ 1ok ekT) (12)

"y lkk>kc

by Make the transformation:

2 - :
g PP Y AL S A (14)

A =, = . dme® ik - -
= for k2k..  Eyp=Ep+ifog et (15) .
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RX v for k <k, Ey = £y (16) N

3. The Distribution Function

We break the Hamiltonian equation (6), into contributions from the two

-,
salient regions of k space: :
L _ P. 25 T k(r,-r,)
L H = 2m Z Z Z e ¢
A i i Jl>Jkk>k
e, + 12 Y (B E_j+ 2 > 41(4 K) (17)
’ kk<k,

The plasma wave dispersion relation is

<
'.f )
O3 k ikr,

2 R S 19
> i Wi (’%)

-
Y 4e? k- p;
* o S S (19)
", mV ; m
':: In what follows we frequently assume a cold plasma, ((kp/mw)?) < 1. Now
XY

v, .

f.'- we approximate the complex terms of equation (17). Since

\ 2(’1’ l k.-t €2 o=kl R
o PN DY ,_r,; (20)
' 7 kok<ke g2

-

j Using this to equation (11), through some algebra we get.

bh

. aF,, pi ,0Fiy o} AFi, aF,.,

L o L

: Jt Or VO oKaE 7.4

s A o koox Tk

":', g e-kelr-ril
= ~e(5= // / dulpqu dEAal_ Ty~ f,-“;fl-“,:u (21)
” We can illuminate this complicated result by using the I' space density /7p.
:: the first order distribution function fi.. and the second order distribution fune-
o
-,’.-‘, tion fij.
>

e
, 6
o

.
o
{

~

v
b
‘: ' N

N ¥ LY ﬁ\\. ) _\. " Tt . .".A_.‘.'\‘-i- . ".'J‘

B ) 2 o ‘ﬂ } RN o s :-.._ AP ORIUIN :_Li':":_:m : FNTAT SRS 2P




&

.”"f -

- NS

Aot 4% hod )

0at

Vu

VI ORI AE Gttt i v i Ak Mt s 20 Pt AR A A A A e e A guec)
Pp = Pp(ri.ra......CN P1L P20 e p_v,:lkl,.-lkz. ........ Ekx'Ekg" ........ t)(22)
J=N
fie :/FiuPD H (II'J ([p]'H(l.-ikdEk(Q.'})
J=1 k
v=N
fijc :/Fpr]uPD H drudpquAkdEk(bkl)
v=1

where N is the number of electrons in the system.
Mulitplying equation (21) by Pp , then integrating over allr,. p,. A). E}.

and using equation (23) and (24), vields

0fic p Ofi. / o .0 emkT=Fl g
- —— ¢ d 1A\dE e
ot + m Or P/\v P/Ak/l; rde( A FA()' r — r| dpzf’

¢ dfzc afxr 9=
- Z ”‘;k Z kd—lk_ (25)

k i<k,

We define R as the probability function of collective electric field. with f,
the probability function for the individual particle electric fields. e, f,. =
LR fi-=fy RR. Since fi- and fy,. are separable, we can separate cquation

(25) into two equations:

af,  p af, / P e=ker-Tl |
e~ A oD Sy =0 (26)
of Tmoar ~ ) TPy Ir— 1 (i[)‘%‘fj )
ar “’E’ IR R
- T - — =) )
ot % 1 ikg)gk + Z ki (27)
ik,

Fquation (27) can be formally solved as

9

[T At g+ Eh o) 28
k k<.

9
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We can get E(r) from equation (5),

_ i ko ikir-r, . .
E(r)_TZZTe (29)
ik
We can separate E(r) into single-particle and collective parts. with the first

term counting individual particles:

o
E(r) = Eina+Econ Y
derm ko ik.(r-r 4w = k

— o il {r-r,) i r d
= lvz Z ke' + % Z Eyxko ¢ (30) d
i kk>k. k. i<k, :
Split the electric field E.o; into two parts: L)

4 -

. T - . %

E.ot = Econ + Ecorr = iy Z Erko e‘k r (31)
y V 0,
k.k<k,

Ec’,,u represents collective screening while E,, . describes correlation over 4

long range, k < k.. Now we define W(E) as a probability distribution function :
of the electric field, with P;,q4 and R..n as distribution functions of E,,4 and g

L

Ecoll / LS

“

W(E) = [ 6B = Euna = Ecot) ReotRinadloc It o (32) ;

y

Let 1V (q) be the Fourier transformtion of 1V (E) N

R

W(q) = /H'(E) 1 Egg
N E...+E :
-: — / PR R RVES cou)R,_.(,”Rmdd[....},,,d(/[ - 1-.“ (33) \
N .
N D
N Since Rypqd(... Jing and F2. " ] by assumption vary independently. we S
l.-. »
2 can write: ..
LY s
~ ; E ) N
N Wiq) :/ el E... Rl ot / PR S Roadl o = Wil g p
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4:." We can take r = 0 without changing the electric field distribution. Now
'y

1, - - . -

g::‘ consider E) in two parts, E} = Ef("" + Ef("”‘ or explicitly,

> P ie /47r —kr. ; ie iz’ ik,

,_‘.) kil Z i o V ikr

"j i=1
":'_‘ Here V. represents the number of correlated particles and N, represents
s
'y

the number of uncorrelated particles. The spatial dependence of correlation is

oy
X y(ri/ L) which we shall choose to yield finite < £2 > in a correlation scale length
. g
i

Y

q V]
E: L. For correlations we require k -r, = 2mnx, where m = 0; £1;£2; £3............ , SO
\: . =N, . R

= te [4m r; dwie [4w ol .
Ecorr - = il LA am . 2d

.:; k VT ;y(L) Vv /Ro n.y(r/L)r*dr

!

v

-§ Here R, = 4—Vl/3. Ry is a very small but finite length, and n, = N‘-,f- is the
A

2 density of correlated particles.
&
P, We can write E{°"" as.
-
o

\,'I corr ie

N Eie = 2\ TneGk)

~

™ Roo ro.
N (k) = 4r /); y(z)r'dr (34)
- Then

o’

- 7 k
e E(r) = ‘%’ncie k° \/ il ST Bk
Cr. k k<k. Kk k<k.

o It is easy to see that E-k = _El-c and

T

. 47

s coll4corr g
> E =\ D Pkko_\/ > 2R.(Ey) (35)
-5 k k<, k k<k,

l Where Ek.k<k, includes E:‘i("“ and f:‘i‘:". now use

-
| ',, Reotigeorr = H fie!l (Ak. i‘k + pkp-ky (36)
! :." k k<k,
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1

o} We have

wat Wcoll+corr (l‘) = / e—iq'Ecoll+corV Rcoll-&-corr d[ ----- ]colld{ ~~~~~ ]corr

e - 2R, E ko ~, '3 ~
e = / VVHF L uar 2Ry I[I AlRA(E)URE?+ f(ReAk)' :
,;Y k.k<k,

by +  (ImAy)d[REy)d[[;m Ed[Re Ay ]d[Im Ay ] (37) 3

. Define Z = R.Ey, g = q-koy/ lf,", and :
o < i (2%) >= / fed{ReA)d[Im Ay )d[Im Ey ] ,

This enables us to write compactly

‘p. Wcoll+corr(q) = H / e_i‘ikz < f/c(ZQ) >dZ y
k k<k,

Weottscorr(@) =[] < fe(d?) > .
k.k<k.

o where < f,c(.(i?) > represents the Fourier transform of < f;(Z?) >, and

X In <fe(§)> <Se(§)>
\': Weott4eorr(qQ) = € nk-“<“c * = ezk-"<"° ,

Changing summation over k into integration

A%

Wcoll+corr (Q) - e;‘:—i fk(kc akia <!k(~«i°]>

Iheren

o
"o
-
l
et

Let us expand In< fe(42) > at §=0.

e
TR 1
2

167 (k° - q)%167 i

1
_ln< fK(q2)>_C00— ok(ko q) _V__Clk—l'__ .......

273
Coo and C,p must be zero, for otherwise the expression diverges! All terms
g bevond the third term vanish as V" — >. Only the third term survives:

» -
"1\- ‘Vﬂr)lH—corr(q) = P— fk»"“‘c (‘klh”ko P <k = (:—q l"_"j ¢ lkdk
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Weoll4core{q) is the Fourier component of W o 4corr (E), s0

VVcolH-corr(E) :/ E-q.EWcolHrcorr(q)dq

3V3 E?

"Vco corr E) = -_——
i+ ( ) 5127!’3(_[ Clkdk)3/2€zp( 6_‘_1311' Clkdk)
Take < E? >=32x C|jdk . then
- ! s
Wco”+corr(E) = QI/SW e 2/3<E*>
—3e3

We can see the distribution of electric field is proportional to ¢2<e?> | where

E includes E.on and Eopr

4r ko 4r ~
E(r) = Ecorr + Econ = _V‘nce Z TG(]() +4\/ Z Ekko (38)
k.k<k. k.k<k.

From equation (38), we can derive

4 -
Ecoii - Ecorr = (VW)S/?nce Z G(k)/kEk
kk<k.

and

- _ie 47ri=M"°
k=T Vv «

1=1

-ikr,

e (39)

Since
i=Nnc J=

Elu= 4T > > Z iker-Ir g 1)

kk<k =1 j=l

l_’V —
Nn. is the number of uncorrelated particles, a large number 5 .2;""° e~*1 %

vanshes, because ik - r; is a random phase. If i=j and k = —1. then we have
eitkratle,) 1. so
1672 €% .
E'Z)ou = v Vne
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G(k)G)

—

1672 2 k
Egorr = _—V_ng Z Z ; :
k.k<k:Lick,

Later we will see that < Efo,,. > is a large number, so we can neglect E.oy -

E.orr and find EEO,H_CO" ~ E2,, + E2,.. Now we have, for a one-dimensional
field,
) OF} ) 0%}
"VcolH-corr(E) = —s'm e 2/3CE3>
1 PR 2
< E? >= m I bk EkE_kdk =< E;o” >+ < Ezorr > +U

Here the residue is
1 4r ek "
U=—-——n, G(k) (e KT 4 KTk 40
212V Jkk<ke Z 1o

i=1
Because of the random phase, both E‘f{"”é’;"{(’ and E'f("" E"_"ﬂ become negligible
compared with < E2; > and < E2,.. >, so U=0 The distribution function of

electric field is generally.

-2 2
El‘ +EC(\?V‘

27 1 - ﬁ_;n.L.lﬁ—
5% corr (B) =/ = T <ET >4<EL >
roll+ee ( ) 8 ”3/2(< E?o“ >+ < Egorr >) ) ’

2

We are interested in the case where (E2 ) > (E2,)). so Woigrorr(E) =
W.orr. If E.ory is much stronger then E.qy, the distribution funtion is nearly
the same as the correlation electric field distribution. This 1s the distribution

function for one dimension. For d dimensions. we should have
2
W o E4-le(T675)

I
) . o ) ; v o —EL
For three dimensions the distribution function becomes 1V x F2e™ <655

a form often seen in weakly turbulent environments {Klein and Kunze. 1973).
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: ‘ Examining < E2 . ... >.
\
iy ‘
0" 2 +
3 " 4w e’ v 1 (|
2 < E:oll > = - T';e / nc _Xdk
33 2
s k<k.
" Are? | 4rw
= ——\,,—k. .
) Ry ne gk (41) :
o+ n'.’ el 1 '
% < E,'.z = 4 — 2 aq° -
_ T /ch 2 Gk) dk (12) ;
;‘!. The spatial dependence of correlations, y(r), allows finite < E? . > only if ht
o
b 2 )
,:" y(r) = (L/r)3/“. This is an artifact of our method; in general, y(r) must be "‘,
k)
.. ]
W rapidly declining. We find %
s rRo /2
N _ 3/2 21-1/2 -1/2 .
g G(k) = 47r/R (L/rPl2r2dr = 6x L322 202y (a3) ‘i
‘ 0
S 22 3 2 . 1/2
47 L3 (4m)° 4 i i "
’ > E2 = nc € _0 — 0 ]
. < EZ,, oy k(1 + 12 - 257 (44)
L 4
e Here V5 = R3; in the limit ' — x ‘
"o 3
N N
AN o 128 , 5 4 - )
: < E,., >= Tn;e’L‘ k. (45) )
[, N Q)
Since < EZ; >= 167%n,.e%. we find
.h 1
- \ 128 , , . . :
i < Elotigiorr >= 5 - L%, + 6 ¢ np k. {(46) >
[ Here n,, = N, /V is the density of particles which are uncorrelated. :
o . . : 5
e, 4. Comparison With Experiment
v, b
v, .
o, To compare with observations we use the the data of the D Levron ef al
-
- (1987). Their density of particles ix about 10'3em ™3, mean electron temperature v
L .
AN is about 10eV, and the Debye lenuth Ap 2 74x 107 Tem. sohkp = S Ix 10dem ™! K
Q) °J
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The interparticle separation rg is about 1.3 x 10~°cm. so kq = =~ 57kp. The

Holtsmark field is Ey = % = 0.16kV/cm. We can write. with k= ,_%’-ru
< E?>= —E,,( £)(n. L3k (47)

Levron et al found < E? >,,~ (85kV/cm)?, about 3 x 10° times greater
than £} . To fit experiment. we need ";‘(ncLa)i: =~ 1.3 x 10*. Let us see what
this implies. Define Np as the number of particles inside the Debye sphere
(Np 2 1.5x10%). N, =2En L3 is the number of particles inside the correlated

sphere. Then

- n.L3% n. L 0.25
k )— = 0.1; — = 48
SRR PR EREE ()
If we use k. = kp, k is about 0.02. Even if we choose 22 z 1. for complete

conhence in the region, L is about Ap, mor possibly taking %< = 0.1. L is about
5Ap. Thus long-range correlations are necessary.

We can use further constraints set by the observed microwave power from
the same experiment. Using the electric field distribution. we can calculate the

power of the microwave radiation of the plasma

dpP
tal = .V, "(EYdE
Pg(g[ //”(ﬁ)dFdQ

Where W(E) = #6 «7 _is the electric fieid distribution (one dimension). with

* =< E? >. N, is the number of cayitons. We take the power emitted by a
single soliton correlated over a scale L. There «r- N, such emitters. which we

represent as simple dipoles oscillators of dipole length L. Then

. 2 3.2
% = .-'),lrr"’(sin0)2E—UT(‘(”"LJ)‘
) T

L.
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Protat = 57672 NyorcEn (n. L*)¥( %— )k

The experimentally observed result (Barauga. Benford. Tzach, and Kato, 1983)
1s about P, = 10%P; Watt. Since [{;",UT{‘ x5 x 107" Watt. we found

1.

(=) (nL*)P Nk =3 x 10°°Ps (49)

n
Take nl? = 5 x l()“’(;{‘;)a. plus the observed u® = (54/3E;",'—:f(ncL3)I} =

(85kV /em)®. so that '—:;‘-(n,La)l} 2 10*. Therefore

(n, 2 104
n’  (nL3k
Using equation (49)
10° ! kP
—(nL%)N,= =3 x 10%P; = 2 x 1014 -2
(nL3y( ) k 5 (f?)s

Define the packing fraction of the turbulence, with the typical volume V3 =
V,,p,/lof’cms of beam-plasma interaction,

L
fe Ny _ A(35)°
AVmaJ: 1015"3

The maxium number of emitting dipoles which could fit in Vi pr. Ny is.

v o Vespe _ 1015
T TRl T ()3

The actual number of emitters is, using equation (19),

LIE RS
L \3 4_\3
4( D ) ( A\ )

\'n = f-\/'m(u‘ = f

The packing fraction is,

f=0R (5
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So our result is free of the details of the emitting geometry and partiularly
of (L/lambdap), as long as the individual volumes scale as L3 Luckily. f is
independent of L. Previous work showed that Ps is in the range 0.1 to 1 (Barauga
et al 1985). Further. we can take k" = 0.1 to 1.0. depending on the cutoff
in k-space of individual particle effects. Most work has taken k. = kp. so
k = 0.1(Ecker and Fisher. 1971). The result agrees with f > 0.05 from Levron et
al (1988). They found their result by detailed consideration of observed optical
lines. Such agreement is gratifying, considering the great difference between the

two methods.

5. Conclusion

We see clearly that long-range correlations induced by large amplitude waves

o,
'
o
Bl
Ll
-
L

can account for the observed (E?) > Ej. Normally. atoms see a Stark shift

P

from interaction within rg. and plasma effects extend the interaction to the scale

L
P4
.

’.

Ap . which for the Levron et al data is about 10ry. But this will vield only an

-,

‘4

increase of 10 to 100 in < E? >'/2 not enough to explain the 10 increase

- o
A

above Ey seen. such enhancement requires a large volume L3 = 10323, of high

amplitude oscillation (% = 1), or even greater interacting volume f *= < |

This result suggests a caviton-like phenomenon. with large density depres-

sims ordered over scales > 10Ap by strong electric fields (£*/47nkT = 1) which
produce ponderomotive pressure. Within our static model, no specific detailed
interactions are required to yield the W(E) and < E? > observed. There may

be statistical considerations which give a exp(— £°) distribution a more general

R S N G N A R AN R AR SRS RS,

A 2
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meaning. however. Benford (1987) suggests that collisions and energy exchang

l(l"f‘

among cavitons can produce an exp(—E?) form as well.

.
We can see from equation (50) that the packing fraction { derived from ::\_
l':- g
the microwave power gives good agreement with the experimentally observed _.'-_
A
it
packing fraction of strong turbulence. Since the microwave power caculation is e
[ )
based on the W(E) distribution, this gives support to our long-range correlation o
i o
model. ol
. '\9‘
Note that we have assumed a correlation existing over a three dimensional -
4
field. even though E may be a one or two dimensional field. MWe picture par- o
o
: . . . )
ticles correlated by a group of waves which can be strongly anisotropic, so the e
'A
o . . . by
correlation integral of equation (34) yields an L3 form. If this were not so. the .M

v,

"'
g

integral would be proportional to A% L for a one dimensional E. and Ap L* for

b

fom J
I.'

a two dimensional one. Which form is appropriate for a given experiment must

s

A

be decided by details of the case. Clearly, if only one dunensional correlations

N '.r(
v

occur, the product /\QDLnC will still be the same and L will necessarily be much

- 'f:'l ',

larger. then we have estimated here.

" .' .l Y,
" .
[}

This work was supported by the Air Force Office of Scicntific Research and

Ly
v

‘>

the Otfice of Naval Research.

»
-

. N %YW
'..:’f 4'.(’ o’
e

. s
oA

‘."S- - .i’({s' ;l.;_‘-"ﬂ;xr

3
o+

PP

¥
P4
'-

o
. By Uy

1

[

x'

N
‘.
Ny
‘v
[
R



}-

oS

5%

&

‘- lk l‘. .& l.. l",

* 0¥

SNAAAN

o’

LRk

ST NANAY

T,

At TR

N

. ..I _" -\

e .

Refrences:

Antonov, A. S Zinover, C. :D Rusanow, A and titov, A. V Sov Phys. JETP
31 838 (1970)

Benford, G. Phys. Fluids 30 2579 (1987)

Barauga, B. A, Benford. G. Tzach and Kato, K. Phys. Rev. Lett 54 1337
(1985)

Ecker, G, Fischer, K. G, Z Naturforsh 26a 1360 (1971}

Ecker, G. Spatschek, K-H, Der Einflufider Electronen-Turbulenz auf
die elektrische Mikrofeldverteulung im Plasma (1973)

Gallagher. C. C and Levine. M. A Phys Rev Lett 27 1693 (1971)

Goldman., M Rev Modern Phys 56 709 (1984)

Hamada. Y. J Phys Soc Japan 29 463 (1970)

Holtsmark, J Ann Physik 58 p577 (1919}

Hooper. C. F. Jr Phys Rev 149 pl177 (1968)

Klein. H and Kunze, H. ] Phys Rev A8 831 (1973)

Levron, D Benford, G Tzach. D Phy Rev Lett V58 nol3 1336 (1987)

Levron, D, Benford, GG. Baranga, A. B., and Means. J 1938 Submitted to
Phys Fluids

Matt. D. R and Scott. F. R Phys Fluids 15 1047 (1972)

P AN
NG T

ot \\\'\\--

AN ol St A

- \‘ \ "y

N

~.*.s-.‘\\\




n
]
S
[
PNy
X
appendix B hoy
'a_s
Fluctuating Electric Fields in an Intense Eﬁ'
3
Relativistic Electron Beam-Driven Turbulent Plasma o
Y
i
[ )
Electrostatic plasma oscillation in plasmas which contain
| atoms should give rise to satellite lines in the atomic
| spectrum. The satellite lines appear near the forbidden . ﬂ
»
transition. (1] :
jg{
If the plasma fields were time independent (or with rather N
low frequency) so that we can use gquasi-static theory, they would lﬁ'
[
produce a forbidden line through the static Stark effect in the R
S
well-known manner, i.e,, the two satellites coalesce into one =
i\:h
. . v . . . ls L)
forbidden line. Using the ratio of the intensity of the N
»
forbidden plus satellite lines, to the allowed line intensity, we Rﬁ
ALK
\»
could derive the R.M.S. field as the combined field of ::
v,
. X LA,
oscillation at various frequencies. \fs
»
The level system in Fig. Bl, according to [l], has usually o
o
different levels for the upper states of both lines. Kawasaki et ﬁf
-~
al., (2] compare forbidden to allowed lines which have the same iﬂ
C [
) initial state. .
The two characteristics shown in Fig. B2 are: :;;
1) We need not make any assumption (or measurement!) of the -i
population density of the forbidden level, since the lines are ta
v r‘-
emitted from the same level. 3:
N
. ’!. \1
2) The population density of the upper level, i, can be u?.
“
enhanced by a resonance absorption from the level & . For making ’
e
™
34 *:
r;
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the resonance absorption effectively, the metastable state of Hel
is suitable for the level &. (Fig., B3)

The application of tunable dye lasers to this experiment
offers several advantages:[3]

1) Spectroscopic observations integrate along the line of
sight, Satellite intensities are always measured relative to the
intensity of the allowed transition. This will cause serious
errors, especially if the allowed transition is emitted from the
total plasma along the line of sight. The plasma satellites,
however, stem from only the turbulent region, i.e., most likely
from the current-carrying part of the plasma. The laser-

fluorescence technique enables us to gain spatial resolution.

l."l: '

o
(See Fig. B4) b
b _,:

‘
2) The laser is focused into the plasma and resonantly \j:
tuned to the allowed transition. This improves the signal-to- %?
f'\-:
noise ratio, as well as the time resolution of the measurement. ﬁﬁ
FAS
. . . . . o
Possible impurity lines as well as lines from molecules can be ?y

]
L
z

discriminated against by pumping the allowed transition with a :?
narrow-band laser beam. o
l.\:‘.
In this way we have succeeded making measurements of the f}‘
2 /2 kv "
electric field and find <E™> ~ 10 por with a resolution of !_
I ;
[
about (mm) 3. (t
l\*
We intend to go on measuring the E-field in different ;:a
--‘
regions in the plasma -- on-axis and off-axis, close to the [_
rod
o
anode, and downstream. Also, we shall measure the fields in s
L4
>
. R . o
different times relative to the electron-beam pulse. This will ;ﬂ
- '-
yield E(r,z,t). We expect to see growth and dispersion of L4

35
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,{ E(r,z,t), which will yield understanding of nonlnear turbulence
Y

SN L

f: characteristics.

e A sensitive probing of this low-E region can make contact
;: with conventional "strong" turbulence theory (0.1 <W <),

L)

.

P: Similarly, beam-induced fluorescence will yleld about 1000 times
.v more photons at high-E Stark shifts, and extend our measurement
A

: of N(E) to = 300 kV/cm, with the same statistical reliability as
A7 our present highest measurement, 120 kV/cm. This will provide

S

check for any break in the exp(—Ez) distribution (Appendices A

[N
12

N and B), and thus for theoretical models of high-E turbulence.

o

NJ

} Rapid switching of beam current and voltage will allow study
\‘_'

) of high-E lifetimes in the plasma. Our preliminary work

ﬁ (described under "Turbulence Lifetime Measurements" in our former
L7

'ﬁ proposal) shows that turbulence persists long after usual theory

predicts its dissipation. We plan extensive experiments

}j switching beam current on to explore how rapidly high-E regions
&Y

b appear, and similar switch-off experiments to measure lifetimes.

\I

® We will develop theoretical models to explain the wide range
N

- of experiments we have already done or will soon perform. This

5

L d
[}

: will 1nclude a careful consideration of microwave emission data,

Ld

and comparison with turbulent electromagnetic emission models.

X

» , . . . :

I: Coupling of the microwave measures with direct N(E) data will

L4

>

oy . .
,*: provide a valuable constraint on theory.
i
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level mixing of i with j due to electric

>

': fields, vhile the allowed line is due

o to the transition from i to 1. An in- !
:‘. crease in population density of i enhances

;: both of the lines. "
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