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ABSTRACT OF THE DISSERTATION

Electrostatic Mode Coupling Of Beat Excited

Electron Plasma Waves

by

Christopher Brian Darrow
Doctor of Philosophy in Physics

University of California, lLos Angeles, 1986

The nature of the spectrum of electrostatic waves which is
excited when two laser beams beat in a plasma containing a density
rippile is investigated theoretically, experimentally and

computationally.

A theoretical model for the beat wave excitation process in a
rippled-density plasma 1is developed. The model predicts the
generation of a rich spectrum of plasma wmodes with frequencies
equal to the beat frequency of the two laser beams and wavenumbers
equal to integer multiples of the ripple wavenumber. For commonly
encountered experimental parameters a new beat wave sgaturation
mechanism has been found which can limit the amplitude of the beat
wave to a value well below that expected for the widely quoted

relativistic detuning process. The effects of stimulated Raman
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scattering, ion wave harmonics, and other coupling mechanisms are

also discussed.

CO, laser experiments designed to study and characterize beat
wave excitation and mode coupling were conducted. The results of
collective ruby laser Thomson scattering and other measurements of
the electrostatic and scattered electromagnetic spectra are
presented. Despite the richness in physics of the experiment, the
simple model is able to predict the observed behavior and
characteristics of the beat wave and coupled modes. Direct
comparisons between the experimental results and theoretical
predictions are made regarding mode saturation amplitudes,
Evidence for electrostatic modes driven by SRS driven plasma waves
and by the lamers when their frequency difference equals twice the

plasma frequency is also presented.

Computer simulations were employed to both model the
experiment and test the theory. The results of the simulations
are in good qualitative agreement with both theory and experiment.
In addition a mechanism for self stabilization of the mode

coupling saturation mechanism 1s demonstrated.




CHAPTER I:_ _INTRODUCTION

Collective particle accelerator schemes rely on the large space
charge fields which arise when electrons are separated from ions to
trap and accelerate charged particles to high energies?:Z In the
case of the Plasma Beat Wave Accelerator (PBWA) the electron plasma
waves are created by the nonlinear force which arises when £two
collinear laser beams of slightly different frequencies beat in a
plasma. This force causes longitudinal bunching of plasma
electrons. The frequency and wavenumber of the bunching force
equal the difference frequency (Aw) and difference wavenumber (Ak)
of the two lasers. If wpg,Keg=Aw,Ak lies somevhere on the Bohm—
Gross dispersion curve, plasma waves are resonantly driven by this
force. The PBWA scheme exploits this resonance condition and the
high fields attainable with present day lasers to drive the
electron plasma waves to extremely large amplitudes for high
gradient particle acceleration. For efficlent operation it is
desirable to excite plasma wave fields which are as large as
possible and which remain coherent over the entire acceleration
length. In this thesis effects which make it difficult to meet
these two conditions will be investigated. In particular a
mechanism which leads to saturation of the beat wave and disruption

of its spatial coherence will be considered.

This mechanism involves the scattering of the plasma beat wave




by density fluctuations present in the plasma. Alternatively this
process can be thoﬁght of as mode coupling of the beat wave to
larger— k electrostatic modes. These larger—k, low phase velocity
modes can, through Landau damping, lead to efficient wave-plasma
coupling of the high phase velocity beat wave. This mechanism is
important to the PBWA bhecause (1) The excitation of large-k modes
leads to a spatially incoherent accelerating field and (2) The beat
wave grows to a smaller amplitude because the driver energy is
distributed among a large number of modes. Experimentally the
density fluctuations of interest are likely to be encountered when
gtimulated Brillouin scatter (SBS) driven ion waves are excited by

either of the two incident laser bheams.

Our theoretical work on mode coupling differs from previous
work by other authors who have studied the eveolution of resonantly
excited plasma waves with the pump but without the ripple3:%.3.6

and with the ripple but without The pump7:8.

In Ch. II we begin the study of this topic by revieuwing the
formulation of the beat wave problem. After reviewing the results
of previous work which has treated beat wave excitation in uniform
plasmas we present a model for beat excitationm in a cold plasma
containing a sinusoidal density ripple. We then go on to congider
corrections for finite plasma temperature in preparation for

interpretation of the experimental results. In Ch's. III and IV




we present the results of our experimental studies of beat wave
excitation and the coupled mode spectrum. In Ch. V we present the
results of computer simulations which have been used to further

corroborate the theoretical and experimental results.




CHAPTER I1: THEORY OF BEAT WAVE EXCITATION

It 1s our purpose here to derive the plasma response to an
excitation resulting from two beating laser beams. We will derive
a simple equation of motion for the electron plasma wave electric
field using the cold plasma fluid equations for a uniform plasma.
We will then build upon this simple model to include beat wave

growth in a density ripple and the effects of finite temperature.

COLD_ PLASMA

We begin with the warm electron fluid equations:

on - >
at ¥ V(o) =0 (1a)
a%
-
mn[ 5% + 43-33) ] = —ne[ g + v X §/c ] + ap {(1b)
3-% = 4ne ( njy - ng !} {1c)

where the ions are assumed fixed and we build sufficient
generality into the density to allow for the presence of density

fluctuations (to be included later) by defining the densities as

1t

Ng = N, + &n + n, no(x) + n, (x,t)

nj = ny, + én ng{x).




Linearizing in the perturbed quantities,

one obtains

ny + ngvy =0 (2a)
ngm vy — YTen; = nyeE, - ngevyBy/c (2b)
E; = —4mnen, (2¢)

where 1t has been assumed that the longitudinal electric field
lites along the x-axis and that all guantities wvary in x only.

Differentiating Eq. Za with respect to t and substituting 2¢ gives
& I'g, - amngev, | = 0
3% " inyev, =

Differentiating Eq. 2c with respect to x gives

E; + Qﬂen; = 0




Using these two results to eliminate all wvariables in Eq. 2b

except E yields a wave equation for the electric field:
E, + 0o Ey + c3 E} = w@oFpni/e (3)

where c¢Z = 7¥yTg/mg and Fpp is the nonlinear bunching force

{ponderomotive force) provided by the beating laser beams:
Fpi = —evyBz/c . (4)

Physically the bunching occurs because, as thé electrons undergo
quiver motion in the transverse electric field of the pump, the
3quiver X gpump force acts in the x-—direction. Since this force
is largest where the field is largest (largest vgyjyer’ electrons
are expelled from those regions and accumulate in the low field
regions, 1l.e. at the nulls of the laser beat pattern. Eg. 3 sghows
that the plasma electric field responds like a simple harmonic
oscillator with a driver force given by Fpj/e. We now derive an
explicit expression for the driver "force".

The two pump magnetic and electric field components, assumed

to vary as

e, = ? ey Sinlkyx = w,t), 32 = § €0 Sin(ky,x =~ w,t) (5a)
B,=2e, B, =2 e, (3b)




give rise to electron quiver motion and its associated quiver

velocity,

Vy = Vg, * Vyz, where vyy = ~(eej,/mwy) cos(kix ~ wyt) (&)

The nonlinear force in Eq. 4 can now be written as

Fpp = —e/cl Vyy + Vyn ) (ey1 + ey, ). (T

Substituting for Vy and explicitly including the temporal and

spatial dependencies 64 = kix - wjt, one finds

Fh1 = e?/mc [e%/Zw1 sin26, + e%/2w, sin20, +

2% [t 4 I lsinco,v0 + 2122 Lo Llginc0,0) | (@
2 Wy Wy 2 Wy Wy

Only those terms in F,3 which do not vanish when time averaged
over the fast oscillation period will contribute to the relatively
low frequency plasma wave driver, Averaging over Lthe fast

oscillation period Eq. 8 reduces to

F = ezelez [ 1.1 ] sin(A8)
nl Wy




where A® = 8,-0, = Akx - Awt, Ak = k, - k,;, and Aw = w; - w,.
For notational purposes we define a, = eeys/mewy = Vogelc
Ecold = mcwpp/e, and invoke the resonance condition Aw % ap,,
where @po is the plasma frequency of the background plasma

excluding any density perturbations (ripples). The driver force

then takes the fornm

%Ecold a; &, sind Akx - Aot )

Fpi/e =
Normalizing the electric field E4 in Eq. 3 to the cold plasma wave

breaking field E.,3q defined above, the equation of wmotion of the

driven plasma wave electric field takes the dimensionless form
E + W§xE + 3 E" = 7 @,%,uBos1n( Akx - Aut ) (9

Eq. 9 is the equation which governs the evolution of the
electric field of the plasma wave driven by the ponderomotive force
of two cellinear laser beams beating in space. We have allowed for
nonuniformities in the plasma density through mpo(x}. In treating
plasmas containing density inhomogeneities we will only require
that these inhomogeneities be such that an average density n, can
be defined so that wping) = why = Awyggers:

Assuming a driver which "turns on" at t=0 and neglecting the
thermal velocity ¢, for now the solution to Eq. 9 can readily be

shown to be




E{x,t) = Eﬁggmm [ sin{ Kk - What ¥+ Zpo gin{w,ticos(kax)
' “"60 p* po wp P p*

- cog(wpt)sin(kpx)] (10

where F = % ®,&, parameterizes the beat wave driver strength and

wve now denote the driver w and k as Ak = kp , Ao = Wpo -

UNIFORM PLASMA

Exactly resonant beat wave excitation in the absence of damping
leads to resonant growth of a plasma wave to an arbitrarily large
amplitude. To study ‘the behavior we therefore consider the
solution of Eg. 10 for 'near-regonant” excitatien by writing
Wp = Wpg + Sw where ém/mpo << 1. With this form for Wp, Eq. 10 can

be written as

F
E(x,t) = “oF $1n(8wt ) cos(kpX = wpyt)
2pgdw

- %ﬁ cos(kpx){ cog(Sut)sinlupat) + sin(éwt)cos(mpot)} (11)

For 8wt << 1 and 6w/wp° << 1, sin{dot) = Swt, cos(dwt) % 1, and

Eq. 11 simplifies to




Ei{x,t) = [ tcos(kpx)cos(mpot) -1 cos(kpx)sin(mpot)].

Wpo
For arbitrarily near-resonant excitation the beatwave field is
seen to grow linearly in time ( for E(t=0) = 0 as the initial
condition) with a growth rate v = &;&wp,/4. The growth continues
to an arbitrarily large field amplitude until the assumption Swt<<1
ig wviolated. Thig behavior is modified when relativistic effects
are included in the electron fluid equation of motion, Eq.  2b,
Rogenbluth and Liu® and others, by using a fully relativistic
equation of motion for the electron fluid, have studied such
effects. In the relativistic case the field grows linearly in time
at early times with the same growth rate as given above. However
the field saturates abruptly upon reaching an amplitude E =
(16«1a2/3)1/3. Saturation occurs because of the relativistic
electron mass increase incwrred by the electrons as they attain
relativistic quiver velocities in the plasma wave field. This mass
increase shifts the electron plasma frequency and detunes the
electrons from the driver. Thig saturation limits the field
amplitude of the beat wave and is therefore of importance in the

PBWA scheme.

INHOMOGENEOUS PLAGMA: DENSITY RIPPLE

Eq. 9 provides a means for the study of the evolution of the

beat wave in inhomogeneous plasmas through mp(x}. It has been

10




shown that in homogeneous plasmas there exists a mechanism whereby
the amplitude of the beat wave is limited®, We now congider the
beat wave process in plasmas containing density inhomogeneities for
the purpose of determining what other processes, if any, can limit
the beat wave amplitude. We consider inhomogeneities or spatial

fluctuations of the form

ni{x) = n, (1 + esinkx) (12>

This form of an inhomogeneity is particularly interesting since
(1) A sinusoidal ripple is eaglly excited under beat wave
experimental conditions due to the cogeneration of low frequency
(ge <X mp) $BS driven ion acoustic waves and (Z2) An arbitrary
inhomogeneity can be decomposed into its spatial Fourier
components. The understanding of how one such component scatters
the beatwave gives ingsight into how the beat wave would be affected
by an arbhitrary inhomogeneity. In the development which follows we
will be particularly interested in characterizing the growth and
maximum amplitude of the beat wave,

Some insight into the problem can be gained prior to any
further mathematical manipulations. We have already observed that
the plasm& responds to a driving force of frequency Wpo much as a
simple harmonie oscillator of natural frequency Wy . The magnitude
of the response depends on how well the frequencies of the

oscillator and driver are matched. In a plasma containing a ripple

i1




n = ng(l + esinkix), where wylng) = wpo, the response at the points
along x where sin(kjx}) = 0 will be large while the response at
points where gin(kyx) = 1 will be weaker. Other points in the
profile will have some intermediate response. At some time t the
waveform E{(x}) will have a variation in ¥x with one component of
spatial periodicity 2m/kj. Since kdriver = Ak is small for waves
with vy 2 ¢, the driver may be considered nearly uniform in space
over many density ripple wavelengths, X\j = Z2II/k;. Although the
driver 1s nearly uniform in X the resulting waveform develops
spatial Fourier components with k 2 ky. Since the response is
nonlinear in Wp = Wpos E{(x) does not simply follow n{x) but instead
has a complex k-spectrum whose components consist of the various
spatial harmonics of kj.

To rigorously treat the evolution of the beat wave excited in

a plasma containing a density ripple we return to the solution of

Egq. 9 given by Eq. 10 and adopt the complex notation

E(x,t) = %E [ vix,t) - complex conjugate ] where 13

mﬁoF f

= ! _ U _ . _ 1
yix,t) = (“’%’“’ﬁo) exp \1(kpx “’pot)f exp \1(kpx wpt )[

- % %o / v f - \
2wp exp \i(kpx + mpt’f exp \i(kpx pt)f (14)

i2




where as before Wy = mp(x), mp(no) = Wpgs F = aia2/2} and

E = E;/Ecp14- We consider small density ripples
n(x) = ”o[ 1 + esinkjx ], e <1 (15

g0 that

/2 e
] = wpo[ 1 + 5 sinkyx } (186>

wp(x) = wpo[ 1 + esinkyx 2

Substitution of this form of Wp inte Egq. 14 and rearranging terms

vields
_YBF T !
y = ‘mﬁ'mﬁo) exp y 1{kpx — wpot) ;X
f EWpot \ € .
1 - exp 1 -1 *‘%““ sink{x )i t oy ginkyx x
€ t
exp {-1—9§9~ sinkix} ~ exp {impot (2 + % sinkix)} (1D
Elnpgt Ellyok
Writing _i_ﬂgg_ sinkyx = i_Egg_ sin(~k;%) and applying the Bessel
tdentity
+0
exp {ixsine} = E: Jp(x) exp{ine}
n=-o

13




Eq. 17 becomes

F 1(kpx=tpot) Yo
v = _9BoF R Zi Jn (E¥pot exp{ {(k -nkj) - wpot]} +
(0%—“%0) n=—ow
Ef In (599——) Sinkq STtk nk 0% - @ t]\ -
n=-

exp{ [ (kp*nkyx) + mpot]} }

From the definition of E in Eq. 13, it follows that the electric

field can be written as

F 12 ewpet
E(x,t) = ““gﬁgmmm [ ginW, - E— Jn(ﬂgggw} sin(¥,-nkix) +

(wﬁ“mgo) o S

W |

Elipat —
Y In(—5>) sinkix [sin(wo~nkix> - sin(w0+nkix>] ]

n=-a

where W, = Kkpx = wpgt and W, = kpx + wpot.  Noting that

mﬁ - mﬁo = Em%osinkix, the electric field E simplifies to

E{x,t) =

F | sin¥, if 5 (empot sin(¥,-nkx)
n

€ | sinkyx sinkix
n=-w

€ o 24Ul Ot —
z E: Jn(*—§~“) [Sin(wo-nkix) - sin(W0+nkix)] (18)

n=—o

14




Eq. 18 shows the complex electrostatic w-k spectrum which
arises when plasma waves are "resonantly" excited in a rippled
density plasma. For the purpose of comparison with experimental

results it is of interest to cast Eq. 18 into the form
E(x,t) = z: am(t) exp(iwm) where Wm = i[(kp+mki) - mpot]. (19
m

In Eq. 19 the coefficients aj describe the slow time behavior of’
the various spatial “harmonics™ W, ( kp + mky = mk; since
kp << ki ) of the plasma wave electric field.
To explicitly project out the various ¥, components we expand
i/sink{x in Eq. 18 in a Fouriler series:
1

-+
B - f \
P Zo 2 sin) (2m+1)kyx (20)

m"'_"

Applying a trigonometric identity and rearranging terms vields

El(x,t) =

[ cos {WO“(2m+1)kix} - cos {¢o+(2m+1)kix } ] -

® pr
7 1s

0

4+

F Zf Ef J EEQQE) cosjw ~[n+(2m+1)k x]\ - CO8 IW —[n—(2m+1)k-x]\

€ 6 n{ 2 1’0 S e it]f
m=0 n=—o

+oo
F Eppt J 1 - 1
Y E Jnt > )[cos\wo-nkixf - cos\wo+nkixf (Z1)

n=—ew

15




The aj(t) coefficients are obtained by combining those terms in

the sumg of Eq. 21 for which n¥(Zm+l) = j and (Zmt+1)

¥, (beat wave) component:

18t term: no contribution.

2 term: Consider m=0,1 and n=t1i, 2, and 3.

m=0 n=+1: [cos(¢0~2kix) - cos(¢o)] Jiy
m=0 n=—-1: [cos(wo) - cos(WO*ZKix)] Joy

=1  n=+3: [cos(wo—SRix) - cos(wo)] Jaq
m=1 n=-3: [cos(wo) - cos(¢o+6k1x)] Jog

3rd ternm: standing wave terms.

Combining the ¥, terms one finds

® Epot
E(Wy) = 3{— v In(—5>)
n=1(odd)

Similarly for the $+1 component :

(22)



¥, (first coupled mode) component:

15C term: m=0: -cos(¥,)

20d term: consider m=0,1,2,3 and n=+2,%4,6,+8:

m=0 n=-2: Jﬂzcos(wl) n=0:" =Jycos{¥,)
m=1 n=-4: J_gcos(wi) n=2: -chos(wl)
m=2 n==6: J_g cos(¥,) n=4: -~Jycos(¥,)
m=3 n=-9: J_Bcostml) n=8: —Jécos<¢1)

Since Jop = J.gp one finds

EWngl
[ Jot=52=) = 1 ] cos(¥,) . (23)

F
EW,) = c
In the same way the temporal coefficients of the higher-k

componentg follow. In the notation of Eg. 19 we can summarize the

results for ¥,, ¥,, V,, and ¥,:

®  Ewpet L Eupet'  Eapet’
Po:  ag = gg Y Jn—o% = gg [ 3ot—5 2 (24a)
n=1{odd) 0
ot
Wy, gy = F g [ 1- Jo<~g§9~> ] (24b)

17




it
+H
‘N
=53]
—
o
(5]
~
i M
N{;
[=]
T
+
[ ™
¥,
(4
N’é
Q
(ad
+
o
}‘5
I
+
—
S
fny]
N
'y

wiz: 8%,

1
H
m i

Euipek £ t
Wpn:  Bag [ 1 - Jo(UROY) L gy, (FTROT, ] (24d)

The results presented in Egs. 24 can be verified by
numerically calculating the exact solution of Eq. 9 given by
Egq. 10 and then examining its Fourier k-—spectrum.

In Fig. 1 we have plotted the numerical solution of Eq. 9 with
{(g=.04) and without (€=0) the density ripple. The beat wave driver
ig incident from the 1left and has just reached the right hand
boundary. For the homogeneous plasma case (e€=0) a coherent beat
wave 1g seen to grow secularly in time (note the linear ramping in
x gince the back edge of the pulse has had longer time to grow) and
the Fourier spectrum shows a single mode at k = kp as expected. In
the rippled plaéma case (€£€=0.04) higher-k components are also
excited and, although the peak amplitude of the waveform still
exhibits secular growth with the same growth rate, the relative
size of the beat wave component (¥,) is reduced.

In Fig. 2 we have plotted the temporal evolution of the first
three K—components (a3,, 34+,, 2and ag,) of the exact solution,
Eq. 10. For the early times shown the exact solutions of Fig. 2
match the small empot/z expreésions (Egs. 24) nearly exactly.

Referring to Fig. 2 it is seen that the two frequency pump

18




E(x}r

9 18 KpX 9 8 kpx
€=0 €=.04
Elke)f |
L
A A A A
K, SE L 2Kt
Fig. 1: Spatial evolution of the electric field with (£ = .04) and

without (¢ = 0} the ripple from the numerical solution of
Eq. 9 with «,&, = 3 x 1074 and ky/ky = 5. The spectra are
taken at the left hand side of the box. (a) No ripple:

€ = 0. (b) With a ripple: & = .04,

19




€ = 8°/o
E (1) |
(1) |
Ol +
kp ﬂprk kpiZki “
0 . 4 e
k=k
p ¢ %0 ]
c (T) - 2 %
K g
Ny 4%
™ 8%
0 ) . , X .
0 57 wpt 114 171

Fig. 2: Temporal evolution of the beat wave and <oupled
modes with &,&,=3 x 107%. (a) Evolution of beat wave and
first two coupled modes W,, m = 0 1, *2 ) for € = 0.08
{b) Temporal evolution of beat wave for several ripple
amplitudes, €.
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excites the beat wave (¥,) component first. However the beat wave
rapidly saturates as wave energy 1s coupled out of the beat wave
and into the first coupled mode (¥4,). The first coupled mode
beging to grow but then saturates as the second coupled mode is
excited, and so on. For the above c¢old plasma treatment the
coupling proceeds indefinitely to higher and higher+~k modes.

One should note the limitations of the above formalism due to
two approximations which were made in its development. First we
neglected higher than first order terms when we expanded mp(x) in
Eq. 16. While it reasonable to assume €<<1, it i1s still possible
that a sgignificant contribution to the exponential phase can be
made in Eq. 17 if wpotezla 2 I/10. Thus the wvalidity of our
results is limited to wpot < 2.5/€2 or, in the worst case in our
work, ot ¢ 250. Secondly the calculation (Eq. 9} has bheen
carried out 1in Eulerian c¢oordinates. This implicitly neglects
electron excursions in the plasma wave electric field. In our
work these excursgions can only be important if the excursions
approach the ripple wavelength (assuming kp < ki) and the electrons
sample regions of appreciably different densityl0, Thus the
results hold rigorously for E = n,/n, ¢ kp/ki.

One of the most significant results of this analysis which is
of particular interest to the PBWA ig the rapid saturation of the
beat wave field amplitude as exhibited in Eq. 242 and in Fig. 2.
This saturation can 1limit the effectiveness of the beat wave

acceleration mechanism. The field amplitude of the beat wave at
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saturation is the subject of the next section.

BEAT WAVE SATURATION BY MODE COUPLING:

From Eqg. Z24a,

@ €t 2 Epot
8, = Zg - Jn(~9§9—) = 2% S where S =) Jp(x), x = —9%9—
n=1(odd) n=1{odd)

To determine the maximum strength to which the beat wave field

grows we maximize S5:

o0 @0
93 ' - 1
5] 20 = ) Jn'txg) =5 ) Cpeg = Jnep )

Xo n=1(odd} n=1{odd)
3 S ST ST SR SN S B S T
=5 otdat. .. PR L =2 Jo X
Thus 5 has its extremum at x, where Xo=2.3937... is the first zero

of J,. Using the identity

%o
o« [ ]
Y Jnxe) = ) J, L (xg) = 115 o
nto on+1 "0 2 o
n=1(odd) n=0 0
and performing the integration nuwerically vyields Sy, = 0.735
and _
2F
E(¥,, saturation) = 0.735 “z (25a)
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with tgae(¥,) = 4.8(cwy)™1. Similarly, it is found that
. 2F
E(Py,, saturation) = 0.701 e (25b)

with Tgag (Wey) = T.7(ewp) 7L,

Before comparing the characterists of beat wave saturation fer
mode coupling and relativistic detuning we consider the effects of
finite electron temperature on the mode coupling beat wave

saturation mechanisn.

THERMAL EFFECTS:

Mode coupling brings about a saturation of the beat wave
because energy which is pumped into the primary (beat wave) mode
couples rapidly to an infinite number of higher-k modes. When the
rate at which energy is coupled to these secondary modes equals
the rate at which driver energy is supplied to the primary mode,
the primary mode saturates; i.e. the beat wave saturates,

The introduction of a finite temperature alters the previous
estimates of the mode coupling saturation times and amplitudes.
Because the frequency difference between the primary mode and the
mth coupled mode increases with m (due to the finite BohmGross
frequency sghift) only a finite number of secondary modes are
excited to appreciable amplitudes since the maximum frequency

difference allowed is equal to the variation of mp(x) within the
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density ripple. The larger the BohmGross shift or the smaller
the ripple depth €, the smaller the number of eligible secondary
modes7+ 8,

The effect of finite temperature on the saturation is due to
the finite number of coupled modes and the coupling efficiency
for the off-resonance modes. Since primary mode energy haz fewer
avenues for depletion, the primary (beat wave) grows to a larger
amplitude before saturating. We c¢an salso expect a longer
gsaturation time.

To analytically take thermal effects into consideration we
recall that the cold plasma solution can be written as

S, !
E(x,t) = E; am(t) exp \1(kp ~mkiIX - Wpot; . (26)

In the case of a warm plasma we have argued that only a finite
number of secondary modes are eligible for coupling. We therefore
approximate E{(x,t) by truncating the summation in Eq. 2Z6. For
gimplicity we allow only the first coupled modes {(n = #1):

iy

iv,
Eyarm = 808" ¢ + aje 71

Wy 4 coc.

+ a-,e
where again, 9, = kpx—mpot and Wy, = (kp t ki)x - Wpot . Upon
substitution of this form of a solution into the wave equation for

E(x,t) (Eq. 9,




E + who(1 + esinkyx)E + cZE" = Fofosin(kpx — wpet)

we obtain three equations fer the three a-coefficients above:

2
. {c RE/EQ)
a, + % (a~, = a4y) - & 21 ag = % =0 (27a)

. 2
a3 | ce(kp+ki)/mp] ag, + =0 (27b)

-3
4]
<

2
a., - %I [ ce(kpﬂki)/wb] a., = (27¢)

-SR]
ofb
H
<

Eqs. 27 govern the slow time behavior of the beat wave and
first two coupled modes in a warm plasma. To determine the
temporal evolution of the beat wave and coupled modes in a finite
temperature plasma containing a density ripple we proceed to
decouple Eqs. 27 and solve for a, and ay,. Differentiating Eq. 27a
with respect to time and substituting Eqs. 27Tb,c we obtain an

equation for a,:

. , c2 , ) FK2 p

a5 = 8,(ki/21)2 + a, g— [1'2(k1/8) (kp/ki) ] + 8 “ 4 §(t) (28a)

where we have used the normalization &,= GL and the k's
o a(wpot)

appearing in Eq. 28 have been normalized to mpolce (i.e. kp is

really kpce/mpo). Similarly one finds for the coupled modes
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: i _z & '
gy = 57 (hp £ K2 ax, = F L oag (28b)

The &—function driver arises when one differentiates the driver
force F which is represented by a step function turning on at t=0.
The effect of this &é-function driver on a, is that a, receives an
impulsive "kick" at t=0 such that 3,(0) = F/4 while maintaining
2,(0)=0. Defining a=(k{/2)2 and keeping only the lowest order

terms in kp/ki Egs. 28a,b become

y 2

3y + 21ad, + == a, = % 8(t) - %? (29a)
. 1 €

ayy = 51 k% agy = F 4 a, (29

Noting that the particular solution of Eq. 29a differs from the
homogeneous solution only by the constant Fa/2i (time independent
driver for arbitrary times), one can first golve for a, subject to
the initial conditions above and then substitute a, into Eq. 23b

and obtain az,. One finds

4iFa [ o+l g2 ] ~ia({l~c)t
- U B » i Svovnll I
¢ 32a2¢

(30a)
2c 32a2¢

- [ c~1 €2 ] Llallrort ]
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_ ¥ 5 - o+l -ia(i-clt
8ty ~ 2c €

_ [ c~1 ] e”ia(i+c)t ] (30b)
2c

where ¢ = (1 + 263/k§)1/2 = (1 + £2/8a2)1/2 and, as before,
a={ky/2)%2. Recalling that the beat wave and first coupled mode

components are given by

Epy = aoeiwo + a;e"

Ex, = at1elwt1 + a;1e_i¢i1

one can write

E, = '13—‘;32 [ sin¥, - C,sin(W,-B,t) = C,sin(¥ -B,t) ] (31a)

¥
Egy = —g [ cos¥y, = A cos(Wy, ~B,t) = A,coa(¥y,~-B,t) ] (31
where Ay = E%% A, = E%% (32a)
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B, = =2 (1-c) B, = %2 (1+o) (32b)
_ 1 1
Cy = Ay * 5007 C, = Ay = 3032 (32¢)

and p 1s a thermal parameter defined by p = 3(kice/mp)2/5 =
3(kjrg)%/e. Eqs. 31 describe the temporal evolution of the beat
wave and first coupled modes in a finite temperature plasma. These
results are presented in Fig. 3 where we have shown the temporal
evolution of the beat wave and first coupled modes for one value of
the thermal parameter p. In the cold plasma 1limit of the warm
plasma model the beat wave and first coupled modes are seen to
oscillate in time as energy is coupled back and forth between the
three plasma modes (¥, and ¥:,) and the pump. As expected beat
wave saturation is observed te occur. For warm plasmas (p>0) the
beat wave saturates at higher amplitudes and at later times due to
weaker coupling induced by the increase with tCewmperature of the
Bohm~Gross frequency mismatch between the fixed fregquency driver at
Wpo and the coupled modes, The coupled modes are observed to
attain lower amplitudes for the same reason.

As in the case of cold plasmas energy supplied by the pump is
distributed among the beat wave and coupled modes ( n = #1 ). This
diversion of pump energy from the beat wave again leads to beat
wave saturation. From Egs. 31 the warm plasma beat wave saturation

amplitude and saturation time are found to be
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En (t,warm)

Fig. 3:

Temporal evolution of the beat wave and first coupled
mode from the warm plasma results of Egq’s. 31,32 for

X, &, = 3 x 1074, € = 0.04, and p = 2. The ¥, component
is plotted on a different scale and at saturation reaches
roughly twice the amplitude of the first coupled mode for
these parameters.
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Epyisat'n.) = Zg x fip), fip) = [ p + (1+p2)(2+p2)“1/2 } (333)

wpotsat(beat wave, warm} £ 12 p/e (for p».05) (33b)
Ej (sat’'n.) = gg (33c)
Wpotsat (Y&, warm) = 12p/e (33d)

One can see that the beat wave saturation amplitude is enhanced by
the factor f(p) » 2 over that expected in cold plasma (Eq. 25a).

A reasonable question at this peint is, to what extent the
saturation amplitude estimate provided by Eq. 33 is wvalid since
the assumption of coupling only to the m = #1 modes seems somewhat
arbitrary. Clearly in an experiment one would expec¢t the
parameters to be such that an exact treatment would lie somevhere
between the two extremes ({(cold and warm) congidered here,. The
warm plasma result of ¥q. 33 can be checked in the limit of p
approaching zero {(cold plasma). It is easily shown that

2F -
= ol - 1
113 Epy(warm, sat.) = 707 ¢ vith ©_ . = (Supy) (34)

p-}

in excellent agreement with the cold plasma estimate of Eq. 25a.
This remarkable agreement is due to the fact that, at the time of

saturation of the beatwave, the higher order coupled modes ( m>1 )
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have had insufficient time to grow to an appreciable ampiitude and
therefore contribute 1little to the total electric fileld as is
evident in Fig. 2. This result justifies the truncation used in
obtaining Eq. 34. since p=0 provides a worst case check of this

approximation.

RELATIVE IMPORTANCE OF SATURATION BY MODE COUPLING:

The relative importance of mode <c¢oupling as a beat wave
saturation mechanism can be assessed by comparing the beatwave
amplitude at saturation for the mode coupling and relativistic
detuning cases. Recalling the bheat wave saturation amplitudes for

these two cases$,

N . 16 /a3
Relativistic Detuning: Epy(sat) = [ 3 %1% ] (35a)
®4%2
Hode Coupling: Epy(sat) = . fi(p) (35b)

it can be seen that saturation by mode coupling dominates over

that due to relativistic detuning whenever
a/z
Ay d, < [ 1.6e£f(p) ] (36)

For example in the case of a modest ripple size of € £ 47 and a

moderately warm plasma of p 2 2, it is seen that saturation by
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mode coupling dominates unless a > .04 (assuming equal laser line
intensities, &, = ;) or I(CO,) > 4 x 1013 W/cm?2. Although the
calculations used to arrive at these thresholds have not included
pump rigetimes it 1is evident that this new saturation mechanism
can be quite important in moderate intensity or short wavelength

laser experiments,

PROPERTIES OF COUPLED MODES:

Until now we have focussed on mode coupling as a beat wave
saturation mechanism. However the higher-k modes which are
generated are of interest in their own right because (1) the higher-
k modes, unlike the high phase velocity beat wave, can interact
strongly with the background electrons and (2) the generation of an
infinite number of higher-k modes can lead to a quasi-turbulent
electrostatic spectrum which 1s highly undesirable for particle
accelerationZ.

Although real-life plasmas would ideally be sgtudied for a
parameter regime lying somewhere between the two extremes of the
warm plasma and cold plasma models, a great deal can be inferred
about the spectrum of the coupled modes from the cold plasma
treatment. Egs. 24 give the temporal evolution of the first few
coupled modes as inferred from the total electric field given in
Eq. 21.

The most distinguishing signature of the electrostatic mode

32




coupling spectrum for cold (and cool) plasmas is the presence of
modes which are fundamental in Wr, but harmonic in the ripple
wavenumber Kkj: w % wng, k = kp £ mky ® #mky (kp << ky).
Although an infinite number of wavenumber  harmonics are
generated only a finite number can be expected to be observed
experimentally, even in c¢ool plasmas, due to the steady increase
of khyq with m for the higher order coupled modes. The relative
amplitudes of the wvarious coupled modes can be calculated from
Eqs. 24. However, since Eaqs. 24 are calculated in the cold plasma
limit, estimates of the relative amplitudes <c¢an only be
approximated for real-life plasmas since these equations do not
take inte consideration the mismatch between the driver frequency
(mpo) and the Bohm-Gross frequency (wBG)'. Qualitatively Eqs. 24
and Fig. 2 show that the coupled modes also underge saturation
with the higher order modes szaturating at later times and slightly
lower amplitudes than the 1lower order modes. In finite
temperature plasmas one can expect these modes to saturate at even
earlier times and at lower amplitudes. This has already been seen
in the case of the beat wéve {c.f. Egms. 25a and 33).

Another important signature of the electrostatic spectrum is
its near symmetry in k. Egs. 21 and 24 show explicitly that modes
with both plus (¥,,) and minus (¥_,) k's are excited. For the mth
order coupling the respective k's are kip = kp + mky * mky and
kep = kp - mky 2 -mkj; in the underdense plasmas considered here

where kp << ky. In this case modes with equal anq opposite k's
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are expected. This feature will be discussed in greater detail in

a later section.

OTHER COUPLING MECHANISMS:

S0 far we have considered the beat excitation of electron
plasma waves by two lager beams whose frequencies differ by the
mean plasma frequency Wp. In the context of the PBWA the two laser
beams are assumed to be incident on the plasma from the same
direction so that the ponderomotive force of the beating lasers,
and therefore the driven plasma wave, have ﬁp = Ki - ﬁz and
consequently Ve N

In a realistic experimental situation both laser beams can be
expected to idependently undergo stimulated Brillouin scattering.
In such a situation the effective driver consists of not only the
beat envelope of the copropagating beams but also the envelope
regulting from the beating of one incident laser line with the SBS
backscatter from the other line. The latter contribution drives
plasma waves with wavenumbers Kopom * kg + k3, ki + k, ® Zk; = 2Kk,
where the subscript c¢pom denotes "counter propagating optical
mixing”t!l and the primes indicate the wavenumbers of the jth pump
component ( ky = Kk since wye << w0z ). The direction of

propagation of these large~k, 1low phase velocity waves can- be

forward or backward: assuming Iﬁzi < E?if,
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The wmodes excited by counter propagating optical mixing are seen
to closely resemble modes generated by mode coupling of the high
phase velocity beatwave. This direct generation mechanism for
waves with w 2% W, and k % ky leads to ambiguities in the
experimentally measured electrostatic spectrum because of the
difficulty of resolving the subtle frequency and wavenumber
differences between the COM and CPOM generated modes.

The previously introduced beat wave excitation model can be
modified to facilitate the study of the CPOM problem by replacing

the driver in Eq. 9 with its CPOM equivalent,

E + wfo0OE + ¢ E" = wfoFopopsint Akx - Aot ) (38}

where (for CPOM) Ak = # [i?cil * AR, ] = Ky, kp = IK;-R,!

as before, and Fgopop = i aia'- [ ak ] is the normalized laser
p 2 3 kp

intensity modified for the larger—-k CPOM beat envelope and to take

into account the fact that one pump component (aj‘) has bheen

fostered by SBS. The analysis following Eqs. 9 and 10 is general

and one can therefore write the CPOM driven plasma wave electric

field in the same form as given in Eqs. 21 and 24. Noting that
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for CPOM ¥Wp(cpom) = Ak #mky = (mtl)ky = Wy, for forward/backward

propagating k = ki modes, the CPOM field is

€
ECPOH = E: ay costye, (39)

m=—e

vhere the a, are as given in Egs. 24. The CPOM field, wunlike
the COM field, iz seen to be asymmetric in its indices; the
(mt1)th coupled mode grows as ay,. The zero—order or beatwvave
component is a k = k; wave; the first coupled modes are the k = 0
and k = Zky modes; the second coupled modes are the k = —k; and
k = 3k modes and so on.

In an attempt to resolve the ambiguity which arises when both
CPOM and COM are possible it is natural to ask to what amplitude
the resulting CPOM fields are driven. Eq. 39 indicates that the
saturation behavior of the (m+1)th coupled mode is governed by the
mth temporal coefficient (c.f. Egs. 24). For example, assume
conditions are such that a forward propagating ( ﬁ = ﬁi ) beabt wave
is excited. The beat excited wave evolves as a,(t) given in Eq.

Z24a and therefore saturates at an amplitude

ZF
E(CPOM, sat) = ,735 -—EEQE . (40)
Comparing the COM (Eq. 25b) and CPOM (Eq. 40) k = ki mode

saturation amplitudes one finds that
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E(CPOM,sat) _

E(COM, sat) (aj/aj) (Ak/kp) (41)

For PBWA experiments, where large Yphage = wolwp is desirable,
we take a typlcal wvalue of mo/mp 2 10 or Ak/kp £ 20. CPOM can in
this example ©provide = a gignificant or possibly dominant
contribution to the experimentally detected levels of k = ky
electrostatic modes when

/2
]1

aj/ay = [Isps/Tincidenc] % 1/20 or Isps/Tincident ® 1/4 7% , (42)

a condition easily met in most high intensity laser experiments.
Finer points of the CPOM excitation mechanism will be addressed in

a later section.

MODE COUPLING OF PLASMA WAVES DRIVEN BY SRS:

In the context of the PBWA the subject of mode coupling has
arisen as an incidental process encountered while attempting to
excite large amplitude, high phase velocity electron plasma waves
for the purpose of particle acceleration. Although the importance
of mode coupling as a beat wave gaturation mechanism has been
demonstrated, we have thus far said little regarding its more
widespread implications and the rele it can play in physical
situations other than the PBWA.

An example of such a physical situation 1s that of stimulated
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Raman scatfered (SRS) of incident laser light. In SRS a single
frequency laser beam is incident on an underdense plasma
(W1ager < wp/2). For sufficient laser intensity tﬁe nonlinear
current from the ponderomotive force of the 1laser acting on
thermal density fluctuations (&,ﬁ) emits radiation which beats
with the incident radiation (laser) and reinforces the 1initial
density fluctuation. This perturbation grows exponentially in
time to form a plasma wave. Note that the frequency of the
resulting plasma wave may or may not equal the plasma wave
frequency obtained under beat excitation. SRS 1is usually
envisioned to occur in plasmas with sufficiently 1long density
gradient scale lengths so that em-es ®w and k matching is
maintained over sufficient distance to generate coherent

electromagnetic backscatter. When quasistatic small scale density

1 2n

-1
n 9xX )

fluctuations are present such that ky < 2n/L,, L = (

mode coupling of the SRS driven plasma waves can occur resulting

in the excitation of modes with k = kK + mky. In underdense

SRS

plasmas, % ki (up << Wiager’ and the driven and coupled modes

KsRs
have wavenumbers given respectively by k; and {(itm)k;  Unlike the
CPOM case the possibility of both the +ky and -ky modes exists
without two frequency laser excitation; i.e. when operating the
laser on a single line the spectral ambiguity encountered in two
frequency operation iz not encountered. Detection of a backward

propagating electrostatic k = ky mode is conclusive evidence for

the mode coupling process.
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The analysis of SRS in the presence of a ripple is far less
straight forward than for beat excitation. One crude approach is
to consider the evolution of the plasma wave from a coherent
oscillation to the coupled spectrum. In this approach the work of
Kaw, Lin, and Dawson® is applicable. However a more realistic
approach is to congider how the SRS and ripple {(SBS)
interdependently evolve together in time, Such a viev has been
taken by Aldrich et al.12 yho have solved a set of coupled fluid
equations for the electromagnetic wvector potential and the
parficle fluctuations at quarter—critical density. When the ion
and plasma waves (SBS and SRS) are decoupled mathematically the
SRS and SBS instabilities grow independently with wavenumbers 2k,
and 3/2k, respectively (k, = pump wavenumber). When the coupling
is included the early time behavior is similar to that in the
uncoupled case. However at later times the plasma wave electric
field phase locks to the 2k, ion fluctuation. This represents the
first coupling: 3/2k, > T/2Zk,, =-1/2k,. As time progresses the
electric field continues to develop spatially. In k-space the
coupling continues as 3/2Zk, 2 1/2k,, ~1/2k, > 11/2k,,~5/2k, ...
The modes evolve gqualitatively much as seen in Fig. 2 and
therefore indicate the possibility of saturation of the SRS much
as the beat wave smaturates due to mode coupling in the presence of
anp SBS induced ripple. Abrupt quenching of Raman excited plasma
waves has been reported by Walsh et al.i4 and Villeneuve et al.l15%

have suggested the possibility of mode coupling playing a role in
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their experiment.

MODE COUPLING IN THE PRESENCE OF SBS HARMONICS:

Thus far we have considered density ripples which we have
envisioned to arise from OGBS driven ilon acoustic waves of
wavenumber k = ki where ki % 2Kkjager. This has been shown to lead
to ambiguities in the electrostatic w,k spectrum when both
collinear optical mixing (COM) and counter-propagating optical
mixing (CPOM) occur because of the degeneracy of the (wp,kj) mode
(and others). Another complication exists if we consider the role
of ion wave harmonicsi3, The CPOM and COM coupled mode spectra now
contain the components (ifm)ky; and kptmki respectively. Assuming
that the ion wave harmonics cannot exist without the fundamental
it can be seen that not only do degenerecies exist between the COM
and the CPOM spectra, but also within each of the spectra

individually. For example, in COM the mode (uwp,2Kj) can arise from

1

[mp,kp+2x(ik1)] ES (mp,ki) or from { wp,kp+1X(2ki>} (wp,Zki).
Similar examples hold for CPOM spectrum.

The amplitudes of the modes resulting from mode coupling of
ion harmonics can also be expected to be larger than those
regulting from coupling from the fundamental because, from Egs.
24, the saturation amplitudes scale as € ® where m is the harmonic

number,

In this context we point out yet another possible process which
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can lead to the broadening of the k-spectrum of the plasma waves
with k ® k; (Raman scatter for wp<wjsger, the ¥, mode in COM or
the ¥, mode in CPOM). This is the parametric decay of the plasma
wave into a backward propagating plasma wave and an ion acoustic
wave: lug, ki) == (@p~04c,~ki) + (wae,ky2%6.  This process can be
gseeded by the second harmonic of the SBS driven ilon wave which has
frequency and wavenumber (2w,.,2Kji). An interesting aspect of all
these coupling processes is that the evolution of the plasma wave
takes place in one spatial dimension. Even here the physics is
extremely rich. If one allows for angular scattering even more

posgibilities exist.
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CHAPTER I1I: EXPERIMENTAL APPARATUS AND PARAMETERS

In this section we describe the experimental apparatus and
diagnostics used in obtaining the data which will be presented.

The goal of the experiments reported on here has been to excite
and characterize the behaviour of beat-excited plasma waves and to
understand other processes which can be influential in the PBWA.
The emphasis has been on gaining a fundamental understanding of the
beat wave mechanism rather than on demonstrating the acceleration
of electrons by the beat excited electron plas@a wave. For this
reason the experiments performed have been performed using laser
parameters which have been scaled down from "optimum" acceleration
parameters and allow us to use proven technology which is both
flexible and well suited for high data rates (number of shots per
day}). The use of proven laser technology allows us to concentrate

on the physics of the experiment.

SYSTEM OVERVIEW:

Before giving a detailed description of the various subsystems
which comprise the experimental system we will give a Dbrief
overview. Fig. 4 shows a diagram of the system and is intended as
a reference for the following sections.

The target plasma is first created by a capacitive discharge

across the gap between two electrodes in about two torr of an air-
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hydrogen gas mixture, At some sgpecified time after the plasma
discharge is initiated, the CO, laser oscillator, amplifiers, and
diagnostic ruby laser flashlamp are triggered. One pulse, selected
from the modelocked CO, oscillator output train, is amplified to
about 10 - 20 J. and is focused onto the plasma by a lens which
gerves a second function as a vacuum window on the vacuum vessel.
Concurrently a small portion of the CO, laser pulse is tapped off
and used to trigger a spark gap, which in turn fires the (Q-switch of
the Thomson scatter diagnostic ruby laser. In this way the timing
of the ruby laser pulse can be adjusted such that it and the CO,
lager pulse arrive simultaneously at the interaction region within
the plasma. As the plasma beat wave is created by the two
frequency CO, laser pulse, ruby laser light is scattered at an
angle which depends on the plasma wavenumber. The light emerging
at this angle 1is collected by output optics and transferred by a
fiber optic to a spectrograph. The spectra are either time
integrated and displayed by a 3500 channel optical multichannel
analyzer (OMA) or time resolved by a streak camera and recorded on
film. Back and forward scattered CO, laser light is also analyzed
for spectral content and temporal character using either an infra-
red grating spectrograph or band pass IR filters in conjunction

with a liquid helium cooled GeCu detector.

€O, LASER SYSTEM:
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The CO, laser system consists of a TEA oscillator cavity
followed by two stages of amplification. This system and its
assoclated optical components are described in detail below.

The oscillator is actively modelocked by a 1 cm2 x 1 cm
germanium Bragg cell which is placed within the cavity at the beam
waist. Standing acoustic waves are excited in the germanium by a
LiNb piezoelectric trangducer which is driven by a pulsed 33 HMHz,
50 W peak RF source. These acoustic waves diffract the CO, laser
beam within the cavity whenever the amplitude of the acoustic wave
is non—-zero and provides a periodically wvarying loss within the
cavity. When the periodicity of this loss equals the optical round
trip time of the cavity the resulting oscillator output ig a train
of 2 2 ng (fwhm) pulses separated in time by one round trip transit
time of the cavity, % 15 ns. To facilitate two frequency operation
{(for the beat wave experiments) an evacuated cell is situated
within the oscillator cavity. For single line operation and for
alignment, when mere beam energy is desirable, the cell is left
evacuated. Two frequency operation is accomplished by introducing
traces of absorbing gases (Freon 115, 152) into the c¢ell. The
output beam , polarized predominantly in the vertical plane by
Brewster windows within the cavity, is passed through a second
polarizer. A sgpark gap driven CdTe Pockels Cell rotates the beam
polarization by 3900 for approximately 15 ng insuring that at least
one pulse within the train r.will have an orthogonal polarization.

An analyzer, oriented 909 with respect to the szecond polarizer,
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pagses only the one rotated pulse and acts as a '"switchout” for
single pulse operation. The system can also be operated in a "full
train” mode by inserting a 1/2-wave plate after the Pockels cell.
This allows all but one pulse to pass providing more oscillator
bheam energy when needed for system alignment.

The switched out pulse is then passed through a 2:1 Keplerian
beam expanding telescope. This teleécope serves several purposes.
It (1) allows more efficient use of the amplifier gain, (2)
provides a wmeans for controlling beam divergence, (3) acts as a
spatial filter when a pinhole is placed at the focus , and (4) acts
as a "plasma shutter" to protect sensitive "upstream”" optics from
large levels of amplified laser light backscatter. The expanded
beam is then double passed through a Lumonics 103 amplifier and
amplified to an energy of about 200 mJ.

At this stage the beam is optically stored for about 100 ns to
allow sufficient time for build~up of the Thomson scatter ruby
laser gain (described below). Following the optical storage leg
the beam is double passed through a pair of Lumonincs 600A
amplifiers where ‘it is amplified to about 16 J. The final beam is
directed by two copper turning mirrors along the vacuum chamber
axis (z— axis) where, after passing through an f/7.5 ZnSe lens, it
is focused to a spot within the interaction region.

Detailed measurements of the CO, laser intensity distrubution
at the focus were made. Fig. 8 shows isointensity contours taken

on three separate occasions. In all three cases a small sample of
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deveioped but unexposed black and white negative film was placed
axlally at the CO, laser focus. Starting with no beam attenuation,
successive burns were taken while increasing the beam attenuation
by a factor of two for each burn., The circumferences of the burns
form isointensity contours corresponding to the burn threshold for
the film and the level of beam attenuation used for a given shot,
The film samples are projected, traced, and superimpesed as shown.
Because care was taken when aligning the CO, laser oscillator to
insure, to the extent possible, that the beam congisted exclusively
of the TEM,, mode, the isointensity contours were fit to a gaussian
distribution. The optical configuration employed in the system
gave a slightly astigmatic focal spot size of about 200x400 pm.

Prior to entering the focussing optics, the beam passes through
a beam splitter which allows us to collect a small portion of both
the incident and backscattered laser light (c.f. Fig. 4). The
incident light was used to monitor pulse height, shape, energy and
spectral content. The backscattered 1light was used to¢ monitor
light which was backscattered by SBS or SRS and, when analyzed for
spectral content, provided information on plasma temperature and
density respectively.

To monitor forward scattered CO, laser light collection optics
were placed along the z—axis at the output vacuum port and used to
direct the light onto a grating which is mounted on a calibrated
rotation stage. The diffracted light was then focused onto a

liquid helium cooled, copper doped germanium IR detector. This
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mono—~ chromator was calibrated using the various orders of a HelNe
test laser and the 10.6 ym line of the CO, laser. By tuning the

rotation stage we can monitor the wavelength of interest,

THOMSON SCATTERING DIAGNOSTIC

Collective Thomson scattering («36)%7 has been used extensively
throughout the work reported on in this thesis. The Thomson
gcattering system consists of the synchronized ruby laser and its
agsociated optics.

The ruby laser flashlamp is first fired by the system master
trigger. Deterministic synchronization with the CO, laser is
achieved by allowing a small portion of the CO, laser beam, Capped
off just after emerging from the swithchout, to fire a spark gap
which drives a Q-switch within the ruby laser cavity. The
resulting ruby laser beam pulse has an energy of about 2 J and is
about 20 ns in duration.

The ruby laser beam is directed along an axis which is nearly
orthogonal to the CO, laser beam (c.f. Fig. 4). After sampling the
interaction region (plasma waves) a portion of the ruby laser beam
ig diffracted at an angle which depends on the spatial periodicity
2n/Rkeg of the electrostatic mode which has been excited in the
plasma by the CO, laser. In our experiments Thomson scattering
measurements have been made in two fegimes of scattering angles and

plasma wavenumbers: large angle scattering at 7 % , 15 and 22 %
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degrees and small angle scattering at 0.4 degrees.

For large angle Thomson scattering the f-number of the input
optics 1is large enough that the scattered and wunscattered
components of the ruby laser beam are well separated in space. In
this case a spherical optics system was used on both the input and
output sections of the Thomson scattering systen. Light focused
onto the interaction region simply emerges at some angle (which is
greater than the 1/f angle of the input optics) and iz imaged by a
spherical collection lens onto the face of a polished fiber optic
for routing to the spectrometer.

If the same optics are used for small angle Thomson scattering
{2 7 mrad) the scattered and unscattered beams overlap almost
completely and cannot be separated. Because the scattered light is
typically down by 8 to 10 orders of magnitude from the unscattered
beam the spherical optics configuration 1is unsuitable for small
angle scattering. A system which overcomes the difficulties
encountered in small angle scattering 1is described in detail in
reference 18. The most important features of this system are
described here.

The input optics consist of a beam reducing telescope and a
¢ylindrical lens as shown in Fig. & The telescope collimates the

light in the horizontal plane while the cylindrical lens focusses

the light in the vertical plane to a horizontal line focus 1ying'

along the z-~axis in the interaction volume. The ocutput cylindrical

optics focus in the horizontal plane and image in the wvertical
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Fig. 6: Optical system used for small angle, collective ruby
laser Thomson scattering. The input optics focus the
collimated ruby laser beam to a line focus. The output
optics separate the scattered and unscattered beams.
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plane bringing the line focus to a spot focus at the fiber optic.
Because the gcattered and unscattered beamg are diverging at a
small scatter angle &6, the separation of the foci <(of the
scattered and unscattered beams) in the detection plane is 46
where f 1is the focal length of the horizontal output focussing
lens. Because the scattered and unscattered beams are separated in
gpace they can be detected independently without the unscattered
light overwhelming the detector. In practice an appreciable amount
of stray 1light (due to specular reflections from the various
optical components in the system) is in fact observed. Ultimately
a satisfactory discrimination ratioc of % 407t! ig achieved through
the use of interference filters which selectively attenuate the
frequency unshifted ruby laser light (stray).

For either small or large angle Thomson scattering the
gcattered light is focused onto a polished fiber optic and routed
to the input slit of a spectrometer. Two types of spectrometers
have been used: A 2 m, high resolution spectrograph for resolving
the freguency shift of SBS generated ion wave Thomson scatter and
a low dispersion, 1/4 m spectrograph for detection of multiples of
Wp shifts arising from scattering from plasma wave modes and
harmonics. The spectrometers image the input slit in the output
plane with the appropriate chromatic dispersion.

At the spectrograph output plane the spectra are recorded by
either a 500 ch optical multichannel analyzer (OMA) or streék

o
camers. With the OMA the resolution attainable iz typically =2 A
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with the low resolution spectrograph and * 0.3 g for the high
resolution spectroéraph. The streak camera gives slightly Ilower
regolution with either spectrograph and has been used with
temporal resolutions as high as 1 ns/cm for a 1 cm streak on the
recording film.

In practice the angle of incidence with respect to z of the
ruby laser probe beam is chosen such that « and k matching between
the incident and scattered probe beams and the electrostatic plasma
mode of interest 1is achieved. The input and output optics are
aligned to this angle for a given experimental run and data are
recorded as Thomson scattered ruby 1laser light frequency spectra
for a given scatter angle. These spectra are then interpreted as
the electrostatic mode frequency spectrum for modes with k = k(8),
That 1is for a given geometry, we record Pgoaelo,k(8)).
Discreteness in k for certain modes has been verified. This will
be discussed in greater detail when experimental results are

presented.
PLASMA PRETONTZATION

As mentioned above the (O, laser excites the plasma beat wave
in a preformed target plasma. This plasma is formed by discharging
a capacitor across the gap between two electrodes which are fixed
within the vacuum vessel. The plasma is taken to full ionization

upon arrival of the CO, laser pulse. Preforming the plasma yields
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more uniform and reproducible plasmas and expends less laser energy
for full ionization than a neutral gas target. The arc discharge
ig typically created in 2 torr hydrogen—air gas mixture. Two types
of electrodes have been successfully used; a rail-gap electrode 3
mn x 20 mm and a ball and point electrode. The rail—-gap
configuration appeared to give a more uniform plasma along Z but
the ball and point electrode was used for most of the experiments
because it vyielded a plasma which was more reliably positioned
along the z-axis. Both types of electrodes suffer from severe
surface eroéion of the cathode due to bombardment by energetic
ions. This problem wazs controlled to some extent by critically
damping the L-C circuit formed by the charged capacitor and lead
inductance. This, however, typically vielded lower density plasmas
and often lead to plasma conditions which were, for undetermined
reasons, less favorable for the excitation of the beat wave and
other modes.

It wags found that the most controlled method of varying the
plasma density (inferred from the frequency shift of the SRS
backscatter) was to vary the relative timing of the initiation of
the arc discharge and arrival of the CO, laser pulse. We
hypothesize that this was due to thermal expansion of the neutral
gag in the partially preionized discharge. By adjusting the arc
timing so that the CO, laser arrives later in the discharge after
appreciable neutral gas expansion has occured, fewer neutrals are

available for ionization by the laser and the r‘esultihg plasma

54




dengity is lower. Similarly early arrival of the CO, laser pulse
ag a3 rule yielded higher plasma densities. The required timing
variation of the arc trigger was typically 1 - 3 us with respect to
the CO, laser trigger. Plasma parameters will be discussed in more

detail when we present results of ©SBS and SRS diagnostic

measurements.
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CHAPTER IV: EXPERIMENTAL RESULTS

In carrying out our studies of beat excited electron plasma
waves several classes of experiments have been performed. We begin

with a review of the experiments performed.

In that beat wave excitation is a resonant process, the success
of which depends on ones ability to create a resonant density
plasma of sufficient length (%10Xgg), our initial experiments
focused primarily on the characterization of the plasma. A most
important diagnostic of plasma conditions (density and scale
length) was provided by collective Thomson scattering from plasma

waves produced by stimulated Raman backscatter.

Having established and adjusted plasma conditions, beat
excitation was achieved, Thomson scattering from the beat—excited
plasma waves was again critical in verifying resonance, interaction
length and spectral content. The forward scattered light was
analyzed as an independent check to verify the excitation of the

high phase velocity beat wave,

Further study of the Thomson scatter spectra at various
scattering angles lead to the discovery of mode coupling in beat
wave experiments. As will be discussed, many mode coupling

mechanisms are possible in an underdense plasma because of the
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gimilarity of the wavenumbers of SBS driven ion waves and SRS

driven plasma waves.

CHARACTERIZATION OF THE PLASHA

The arc plasma production techmique, although wused quite
successfully in 8BS experiments, was the subject of initial
testing. Of particular concern was whether or not a plasma of
sufficient density (10%7 cm™3) and 1ength (10% 2 1 mm) could he

produced.

To answer this question a single pulse of a single frequency
CO, laser beam was focused onto the preformed arc plasma created in
a variety of neutral gases. The backscattered laser 1ight wag
split inte two beams. One was detected directly and used to
monitor SBS backscatter. The other was passed through a gas cell
(SF;, 10.6 pym absorbing) and a series of Interference filters.
Thege filters were low (freguency) pass filters which passed light
above 11.1 and 11.75 um. Selectively attenuating the 410.6 um (SBS)
component provided sufficient signal to noige ratio for detection
of the frequency  downshifted (wavelength  upshifted) SRS
backscatter. Since the frequency shift of the B8RS backscatter
equals the plasma wave freguency (& mp) at the scatter layer, these
two filters cut off at frequencies corresponding to plasma

densities of 3 x 1018 apnd 1.2 = 1017 cm™3 respectively.
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Substitution of filters while observing the SRS backscatter allowed
us to roughly eétimate the plasma density while wvarying arc
parameters since no low density SRS backscatter could pass through
the 11.75 uym filter. A 10.6 pm band pass filter (10.6 * 0.2 uym)
was substituted for the low pass filters. The absence of a signal
when the band pass filter was in place verified that the signals

were indeed frequency shifted and not due to stray light.

SRS measurements were cartried out using several neutral gases
and mixes. The gas mix which produced the most reproducible Raman
backscatter consisted of 1 torr each of hvdrogen and air,
although on various occasions, significant variations of this mix
were successfully used (e.g. 1 torr Hz, 0.1 torr air). The plasma
dengity, inferred from the frequency shift of the backscatter,
could be roughly tuned to resonance by adjusting such parameters
as arc¢ voltage, arc timing, neutral gas pressure, and laser

energy.

Of particular interest early in our experiments was the shot to
shot reproducibility of plasma density for a given set of arc
parameters. Fig. Ta shows a histogram of the number of occurences
versus SRS frequency shift of the Thomson scatter spectrum measured
in OMA channels where 10 OMA channels corresponds to a shift of
about 0.028 Wpo- In Fig. Ta one can see some variations of the SRS

frequency shift from shot to shot. These variations were sensitive
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to laser energy and the condition of the arc electrodes. Typically
we observed larger wvariations early in a given experimental run
when the electrodes, polished prior to each run, underwent a period
of "burn-in". This burn—in period typically reauired about 30 - 40
shots. The irreproducibility also became more pronounced after
geveral hours of continuous operation due to electrode degradation

caused by ion bombardment of the cathode.

Under stable arc and CO, laser conditions it was possible to
tune the plasma density by adjusting the arc timing and voltage.
Fig. b shows Thomson scatter spectra obtained from scattering fronm
SRS driven electron plasma waves at three different densities.
With the gas mix with which we typically operated (1 torr H,, 1

torr Air) densities of 2 x 1016 - 2 x 10%7 em™3 were attainable.

A crude estimate of plasma uniformity was obtained from the
gradient threshold for the SRS instability. Since SRS is observed,
the gradient threshold is assumed to have been exceeded and the
plasma length 1s inferred to be greater than or equal to the scale
length appearing in the gradient threshold formulal® (vggo/c)?2 =
2(Kjagerkn’ ! Using our laser intensity of 1013 W/cmZ2, we

estimate Lplasma > 8 mm.

A sgsecond method of estimating the plasma uniformity is to vary

the position of the CO, laser focal spot with respect to the
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preionizing electrodes while recording the corregponding variation
in the level of B8RS backscatter. This technigque, in effect,
measures the strength of the SRS response as a function of axial
position within the plasma. The strength of the response is
asgsumed to be largest in regions where the plasma is uniform and
small where the plasma contains stronger density gradients. To
accomplish this measurement the CO, laser focusing lens was
scanned axially with respect to the fixed axial position of the
preionizing electrodes. For each lens position the average SRS
gsignal was monitored on the backscatter detector and recorded.
Fig. 8 shows the reg__ults of this measurement which show the SRS
to be detectable over an axial range of about 4 mm. It should be
kept in mind that although the electrode served to preionize the
plasma, the CO, laser beam was ultimately responsible for bringing
the plasma to a fully ionized state. Thug this measured axial
profile of the SRS demonstrates the importance of preionization

for plasma uniformity.

EXCITATION OF THE BEAT WAVE

The ability to control the plasma conditions, as demonstrated
by the SRS measurements, provided us with a well controlled
environment in which to conduct a study of plasma beat wave

excitation.
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Fig. 8: Axial profile of SRS backscatter intensity -measured by

varying the position of the €0, laser focusing lens with
respect to the prionizing elec¥rodes. The solid curve
shown is intended to serve as a visual reference only.
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The most direct evidence for existence of the plasma beat wave
was obtained from small angle Thomson scatter spectra. In these
experiments the diagnostic ruby laser optical system, as described
previously, was aligned for a scatter angle of 0.4° (w and k
matching to the X % 100 uym beatwave). The CO, pump laser was
initially operated on a single laser line (10.5% ym). Arc
parameters were varied until the SRS backscatter frequency shift
measurements indicated that a resonant plasma density had been
attained. The CO, laser was then operated on two frequencies
(10.89 + 9.56 pm) by introducing absorbing gases into the CO, laser

cavity gas cell.

Fig. 9 shows a Thomson scatter frequency spectrum taken at
0,40, Ags expected the frequency shift of the beatwave spectral
peak (left) corresponds exactly to the frequency separation of the
two laser lines. The peak on the right, unlike the SBS spectral
peak appearing in the choz 7 %- ®) Thomson scatter spectra of
Fig. Tb, 1is due to stray ruby laser light (i.e. the ZkCOZ SBS waves

are not w and k matched to the ruby laser at 0.49).

Further evidence for the existence of the plasma beat wave was
obtained by analyzing the transmitted (forward scattered) CO, laser
light. Fig. 10a schematically shows the transmitted CO, laser light
gpectrum. In addition to the two CO, laser lines at 10.6 and 9.6

pym two discrete lines frequency downshifted from the 10.6 ym laser
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line by Wno and one line frequency upshifted from the 9.6 pym laser
line by Wpo Were detected. These "Stokes" (frequency downshifted)
and "anti-Stokes"20:21,22 (frequency upshifted lines are attributed
to scattering of the CO, laser light by the plasma beat wave, Note
also that, in principle, contributions to the first Stokes line and
the first anti-Stokes line can arise from scattering of the 9.6 and
10.6 ym lines from the second harmonic of the beat wave. Similarly
the second Stokes and second anti-Stokes can scatter off of the
beat wave fundamental and make contributions to the first Stokes

and first anti-Stokes lines.

This situation is further complicated by the fact that the
forward scatter measurements integrate along the entire axial
extent of the interaction region where, as one might expect, the
spectral character of the cascaded electromagnetic spectrum varies
along the direction of propagation of the plasma wave. It is
therafore pogsible to draw limited conclusions from the relative
amplitudes of the wvarious spectral features in Fig. 10a. However
the structure of the electromagnetic spectrum (spectral peaks
spaced with Aw = wpo) is unambiguous evidence for the existence of
the high phase velocity beat wave since only the short- k beat wave
can w and kK match to the coz lager lines to produce the observed
electromagnetic spectrum. As expected when the CO, laser was
operated on a single lager line, no Stokes of anti-Stokes lines

were observed. Also when the laser was operated on twe frequencies
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but with wvacuum in place of the plasma {(null test), no Stokes or

anti-Stokes sidebands were observed.

Discreteness of the first Stokes and anti-Stokes lines was
verified by scanning the grating used to analyze the forward
scattered (€O, laser 1light as shown in Figs. 10b,c. The fine
structure of the Stokes line is believed to be due to the frequency
content of the CO, lasing line. Occasionally the laser operates on
two vibrational~rotational transitions in the 10.6 ym band
{separated by approximately 200 GHz) in addition to operating on

the 9.56 um line,

Important to the coherence of the plasma beat wave 1is the
discreteness in w and k of that mode. Discreteness in @ has
already been demonstrated in the Thomson scatter spectrum of Fig.
9. A detailed plasma beat wave k—-spectrum, shown in Fig. 11, was
taken by scanning the fiber optic in the ruby laser Thomson scatter
detection plane. This spectrum was taken over many shots and
statistically found to peak at the expected kp = K,;4 ¢ = Ky g with
a half-power width of about 20 7 (of kp). Note alse that the
discreteness in k of the transmitted CO, laser light (c.f. Figs.
10b,c) supports the conclusion that the plasma beat wave is
discrete, As mentioned above, when the fiber was scanned to a
position ;:or‘responding to the angle for scattering from the plasma

beat wave gecond harmonlic, no signal was observed indicating that
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Fig. 10b: Detailed spectrum of forward scattersd, frequency up-
shifted (Stokes) CO, laser light. The solid curve is
is intended to servé as a visual reference only.

69



SCATTERED POWER

Fig, 10c: Detailed spectrum of forward scattered, frequency
upshifted (Anti-Stokes) 802 laser 1ight., The solid
curve is intended to serve as a visulal reference
only.
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Fig.

BEATWAVE AMPLITUDE
(OMA COUNTS)

11:

Wavenumber spectrum of the high phase velocity, beat-
excited plasma wave obtained by scanning the Thomson
scatter detection fiber coptic in the z-direction. The
horizontal error bar shown is due to the positioning
error and finite size of the light collecting fiber
optic. The solid curve is intended to serve as a
visual reference only.
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the beat wave second harmonic was down in amplitude by a factor of

10 or greater.

Yethods to estimsate the plasma interaction length have been
presented above for the non-resonant (single frequency) excitation.
The cylindrical Thomson scatter optical system afforded us the
opportunity to directly measure the resonant interaction length of
the beat wave. Fig. 12 illustrates the technique used to make this
measurement. The ruby laser input beam was masked by a vertical
glit 460 uym in width. As a result the ruby laser beam was brought
to approximately a line focus of length 460 pym along the z~axis.
By positioning the slit ({(horizontally along Z) to intercept
different partg of the input beam we selectively probed different
axial regions of the beat wave wvolume. The scattered prcbe beam
intensity was recorded for various slit positions for many shots
of the lager system and provided a statistical picture of the beat
wave amplitude as a function of axial position (zZ). Note that
resolution problems which can arise (poor focus quality in the
detection plane) when d1lluminating a finite number of plasma
wavelengths (n®5) with the probe beam have been shown to be of no
concern here because the spot size at the fiber optic detection
plane was nearly equal to the fiber optic arealT?, Most of the
gcattered light (& 80 7) was collected and served as a reliable
diagnostic of the beat wave ampiitude at the selected region of

the beat wave volume.
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The results of this measurement are shown in Fig. 13. The
interaction regilon is found to be about 2Zmm or 20 plasma
wavelengths in length. Because the plasma wave group velocity to
phase wveloclity ratio is so small (vg/v¢ ® vo2/¢2), one can expect
that the wave field will grow to its saturation value long before

convecting out of the regonant interaction region.

This conclusion is supported by the estimated wave field
amplitude as inferred from the plasma beat wave Thomson scatter
measurements. The interaction length and Thomson sScatter

intensity can be substituted into the Bragg scattering formulaZ3

%j—:l—:!i -I—‘EEE[E 3139-%rr (43)
where Lp (L) i3 the plasma wave (ruby focus) length, T (1)
ig the plasma wave (ruby laser) duration, d ig the plasma wave
width (perpendicular to ﬁes)r Ar 1s the ruby laser wavelength, ?1,
Ny, and ne are the perturbation, background plasma, and CO, laser
critical densities respectively. Based on a maximum measured
Igeat/Iipe of & 10710 for the ruby probe beam at 0.4, Eq. 43
vields a plasma beat wave field amplitude of = 4 - 3 7. In
arriving at this figure we have included the statistical variation

of the scattered probe beam. However an important subtlety in this
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beat wave Thomson scatter measurement was pointed out by Martin et
al.24:25 Agsume, as in Fig. 14a, that at the CO, laser focus the
two pump components are coaxial and drive an axially propagating
beat wave with ﬁp = kpﬁ where as before kp = kg ¢ = K44 . Although
w and k matching between the beat wave and the CO, laser pumps is
gatisfied, it iz not possible to w and k match to a Thomson scatter
probe beam which is nearly normally incident as in the experiment.
To see this note that because the Thomson scatter probe beam is
shifted in frequency by Wpys its wave vector necessarily changes in
length by c/mp. Thus for perfect collinear optical mixing (ﬁg_s,
ﬁiO.S’ and ﬁp all exactly along Z) o and k matching with the
Thomson scatter probe beam can only be achieved if it too is
incident along Zz as in Fig. 14b. The resolution of this dilema
lies in the realization that both CO, laser lines have a finite k;
gpectrum. Fig. 14c illustrates how w and k matching between one
such beat wave component and both the CO, laser and the Thomson
scatter probe beams can occur. Two components of the CO, laser
beam (one for each frequency) geparated in angle by about 6©
optically mix to drive a beat wave which propagates at about 459
with respect to the z axis. It is now possible for the Thomson
scatter probe beam, incident nearly normal to %, to o and k match

to the beat wave with a scatter angle very near the naively

estimated scatter angle of 0.49°.

From the above discussion it is clear that our Thomson scatter

76




CO, Laser #]: ki=w/c= 27/10.59 1um
CO, Laser #2: ko= wp/c= 27/ 9.56 uum

Plasma Wave : kp? Ko =Ky,  Wpe= W~ W

Fig. 14a: Diagram of w and K matching of two collinear, axially
propagating CO, laser lines.
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Fig. 14ab: Diagram of @ and k-matching of the beat-excited plasma
wave and the incident and scattered diagnostic Ruby
lager beams. Case shown is for perfect k-matching
of the diagnostic probe beam with the axial beat wave.
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Fig. 14c:
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CO, Laser #i:  k=w/c= 27/10.53 Lm
COp Laser #2:  ky= wp/c= 27/ 9.56 um
Plasma Wave: Kp= Ko =Ky, Wpo= Wp-w,

Ruby Laser (inc): k= w,/c = 27/.6943 um

Ruby Laser(scat): kg= (we+ wpye)/c

Diagram of w and k-matching of the beat-excited plasma
wave and the incident and scattered diagnostic Ruby
laser beams. Case shown is for a nearly normally
incident Ruby laser beam where the probe beam matches
to a component of the beat wave which propagates at
about a 45C angle with respect to the z—axis.
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measurements detected the component of the beat propagating at
about 450 with respect to the z axis. However of greater interest
for the PBWA is the electric field of the axially propagating
component. To estimate this using our measured fields of the
obliquely propagating component consider the bi-gaussian beat wave
k-gpectrum arising when the two gaussian CO, laser beams beat in
gpace as shown in Fig. 15. The width in k, of the distribution can
be estimated as Ak; = 2II/Dyy,,, where Dy, is the beat wave transverse
dimension. Thugs the measured amplitude of the obliquely
propagating component 1is smaller than the axial component by a
factor of approximately exp[-(wa/ioopm)Zl. In light of these
congiderations one is lead to estimate the field of the axial
component of the beat wave to be a few times larger than the 1 to 3
% measured for the oblique component, A detailed discussion of
the plasma beat wave field saturation amplitude will be given in a
iater section. However 1s it worth noting at this point that the
measured field amplitude is consigtent with the theoretical

predictions of Ch. II.

OBSERVATIONS OF COUPLED MODES

To further characterize the electrostatic w-k spectrum, Thomson

scatter measurements were made at several scatter angles other than

1 ©

0.40, These angles, 13 , 15°

40
, and 223 , were chosen so as to

achieve w and k matching between the ruby laser probe beam and the
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Kpo™ Ka.6~ Kio.6

Fig. 15: ky - Ky spectrum of the CO, laser beam at the Focus.
The finite ki (ky) component gives rise to beat wave
components which propagate at obligque angles with
regpect to the Z-axis.
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choz, 4k002, and 5kC02 electrostatic modes respectively. This
allowed us to construct the electrostatic w,k spectrum by obtaining

the w-spectrum at the electrostatic k's of interest.

The results of measurements made at 7%0 using a single CO,
laser line have already been discussed in a previous section. Fig.
16 shows a composite Thomson scatter frequency spectrum taken at
7%0 vith a two frequency CO, laser beam. The central spectral peak
is due to scattering from k = ky = 2kC02 SBS driven ion acoustic
waves, and is present even with a single frequency CO, laser beam.
Note that the SBS spectral peak appears to occur at the ruby laser
freguency because the small acoustic frequency shift (mac/mp = 3.8
x 1073) is not resolvable on this scale. The peak on the left is
blue shifted from the SBS spectral peak by exactly the CO, laser
line frequency difference. The spectral peak on the right is red
shifted by the same amount. The blue and red shifted 1lines
correspond to forward (+Z) and backward (-2) propagating modes in
the plasma with k 2 ki (from now on we use k; to denote the
wvavenumber of electrostatic waves with k = choz)' Note that for
large angle Thomson scattering one does not encounter w and k
matching difficulties to the same extent as in the case of small
angle scattering. Because Kkpg is large w and k matching is easily
achieved for a nearly normally incident Thomson scatter probe beanm
and it is the axially propagating component which is indeed probed.

One is tempted to attribute the blue shifted line to a k ® ki Raman
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driven plasma wave, whereas no such explanation for the red line is
readily obvious. | A more plausible explanation is provided by the
mode coupling model of Ch. II which predicts a symmetry in k of the
resulting electrostatic (Thomson scatter) spectrum as seen in Fig.
16; that is both red and blue shifted lines are expected because
modes with ik’i are excited when the high phase velocity plasma beat
vave scatters from a density ripple with Kkrjpple * kij. Thomson
scatter measurements at 7 _é. ° verify the presence of the ripple

with k = ki driven by SBS from either of the two CO, laser lines.

Further evidence for the mode coupling process has been
obtained while making Thomson scatter measurements at 150 and 22
11;0, the angles corresponding to scatter from k = 2k; and k = 3ky
modes respectively. Fig. 17a shows a Thomson scatter frequency
spectrum taken at 15 degrees. The central peak, due to scatter
from the second harmonic of ©SBS driven ion waves, 1is still
unresolvable and appears unshifted on this frequency scale. The

gpectral peaks which are blue and red shifted by Wne are due to

scatter from forward (“’poa*ﬁi) and backward (wpo!"ﬁi) propagating

coupled modes. These modes are generated when the beat wave
a3
scatters off of the density ripple: (“’pojp) + (“’i:ﬁi) T%e,

(wp0,+2§1) and (‘*’po:ﬁp) + (‘ﬂi’ﬁi) ==z, (mpo,-ﬁi(}i). The spectral
peaks which are blue and red shifted by Zmp are due to Thomson
scatter from the (pro,tzﬁi) modes which are believed to arise when

the beat wave second harmonic scatters from the ion wave ripple:
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17a: Composite Thomson scatter frequency spectrum taken at
a scatter angle of 159, The central spectral peak is
due to scatter from the second harmonic of the SBS
. driven ion acoustic wave. The peaks red and blue
shifted by wpg are due to coupled modes.
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K I m=*2 b4 2 > m==~2
(20pg, 2kp) + (wy,Ky) === (2up,,2ky) and (2wp,,2Kp) + (04,K;) ===

(2w mzﬁi). The experimental manifestations of the degeneracies

por
of the (nmpo,imﬁi) modes mentioned in Ch. II are discussed in
greater detail in a later section when other coupling mechanisms

are considered.

Fig. 1Tb shows a 3k; Thomson scatter spectrum taken on a gingle

shot at 22 % ® (a lower dispersion grating was used in the Thomson
scatter spectrometer and allowed ug to record up to the iBmpo lines
simultaneously thus avoiding the need to assemble composite spectra
as Fig. Tb which were composed of different portions of the Thomson
scatter spectrum recorded on different shots). In Fig. 17b one
again observes an unshifted spectral peak at the ruby laser
frequency (center peak) due to scatter from the third ion wvave
harmonic. The spectral peaks which are red and blue shifted by Wp
are due to scatter from the coupled wmodes (m = 23 coupling to the
ion wave). Similarly the spectral peaks which are red and blue
shifted by pro are due to scatter from coupled modes arising when
the second beat wave harmonic undergoes an m = %3 coupling to the
density rippie, Thus far ne Smpo,iSﬁi modes have been observed.

This is believed to be due to the relative weakness of the beat

wave third harmonic.

The wpy,t2k; and wp,,*3k; modes described above are adequately

explained by the wmode coupling model of Ch. II. However the
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Fig.

1Tb:

OMA COUNTS

Thomson scatter frequency spectrum taken at a scatter
angle of 22.5° for a single shot of the laser system.
The central peak is due to scatter from the third
harmonic of the SBS driven ion acoustic wave. The
modes which are red and blue shifted by wp, and Zwpe
are attriputed to coupled modes.
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Zmpo,t3ki lines do not fit neatly into thig formalism without the
introduction of beat wave harmonics. Although no second beat wave
harmonic was directly observed, given the sensitivity of the 0.4°
Thomson scatter system and the characteristics of the forward
electromagnetic scatter spectrum, the possibility of the existence
of a beat wave second harmonic remains and these lines are
attributed to m = £2 and m = £3 couplings of the beat wave harmonic
through the SBS ion wave w{®0, k;j. Note also that the wpo,:hzki and
Zmpo,tSRi lines could also arise from an m = 1 coupling of the beat
wave through the second and third ion wave harmonics Z2wy,2ky and
3wy,3ky. Fig. 18 summarizes the modes which have thus far been
observed at the wvarious Thomson scatter angles. Other possible
excitation mechanisms for modes observed at kj, 2k;, and 3ky will

be digcussed in a later section.

An important criterion for the existence of coupled modes is
the simultaneity of the ripple (due to 8BS) and the coupled mode.
Fig. 19 shows a time resclved Thomson scatter frequency spectrum
taken at 7%0 . The SBS ripple and mp,ki mode (blue shifted) are
seen to coexist in time. Note however that the SBS ripple turns on
eariier and turns off later than the wp,ki mode. This is believed
to occur because the SBS is a non-resonant process and has a lower
threshold and begins to grow exponentially early in the CO, laser
pulse., Excitation of the beat wave on the other hand is a resonant

process and can proceed only after the plasma is brought to the
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Fig. 18: Summary of the electrostatic modes which have thus far
been observed in our experiments. Shown are the beat
wave and SBS ion wave harmonics (open dots) as well as
those modes exhibiting the signature of coupled modes
{solid dots, fundamental in Wy and harmonic in kj)
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Fig. 19:

2.0

1.0

0.0

TIME (ns.)
2.0

0.0

}
i

0 #|
(SBS)

Aw/wpg

Two typical examples of temporally resolved Thomson
scatter frequency spectra taken at 7.59 (kgg%ky) with two
frequency laser excitation obtained on two separate
occasions. The SBS and coupled mode are seen to coexist
in time as expected.
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fully lonized resonant density by the CO, laser. Once the resonant
plasma density is finally reached the plasma beat wave, and
therefore the coupled mode, are constrained to grow at the growth
rate given in Ch. 1I, v = ﬁuiazwpo . Note also that, due to finite
laser pulse risetime, the growth rate early in the laser pulse is
lower than at the peak of the pulse since the &'s are functions of

time. This effect delays the growth of the beatwave even further.

ESTIMATION OF MODE FIELD SATURATION AMPLITUDES

The theory of Ch. II provides a model with which to predict the
field amplitude at s&turation of the wvarious coupled modes and the
beat wave. Experimental estimates of the mode field amplitudes can
be obtained from Eq. 43 where we assume the same mode spafial
profile (i.e. Lp) as was directly measured for the beat wave.
However some subtleties in the application of this formula to the
two Thomson scatter geometries used 1in our experiments warrent

further conzgideration.

Eq:743 relates the fraction of scattered Thomson scatter probe
beam power to the mode strength measured in ﬁ/no. This formula
takes into consideration both the Spatiqi_and temporal coincidence
of the mode of interest and the probe beam. While temporal

conincidence is fixed for either geometry by the CO, and ruby laser




pulse widthe, the spatial coincidence (i.e. spatial overlap) factor
Lp/Lr depends on the scatter geometry (i.e. large or small angle)
used. Fig. 20 summarizes the situation for three different cases
of probe beam and plasma mode spatial overlap. In Fig. 20a the
ruby laser besam ig seen to have a larger axial extent than the
electrostatic mode as was the case with the cylindrical focus
system used to diagnose the beat wave at 0.4%. The factor Lp/Lr in
Eq. 43 correctly compensates for this gituation when estimating the
mode field amplitude. Fig. 20b shows the situation when the
Thomson scatter probe beam and the electrostatic mode perfectly
overlap in space. This is the case for Thomson scatter of the CO,
laser beam from the beat wave which gave rise to the observed
forward electromagnetic scatter spectrum {(Stokes and anti- Stokes
lines). Fig. 20c¢ shows the situation for the spherical optics
gystem used for large angle Thomson Scatter. Although the Thomson
scatter probe beam samples only a portion of the electrostatic mode
volume the overlap is complete for that portion of the wvolume
probed. Thus in Fig. 20c we must take Ly/L. = 1 That is, Lp/Lp
never exceeds unity for large angle scattering measurements (which
utilize spherical Thomson scatter optics.) Note that the transverse
dimengions of the electrostatic mode volume and the probe beam are
such that we have LpL/Lrl = 1 for beth large angle and small angle
cageg since the ruby transverse focal dimension isg assumed to
always be smaller than the electrostatic mode dimension due to the

relative size of the Ruby and CO, laser wavelengths.
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Fig.

ZQ:

A ruby = Acoz

&§ CO, LASER

VA RUBY LASER

Geometry of the Thomson scatter volume when {a) the Ruby
Laser focal spot is larger than the CO, laser focal spot
as 1s the case for small angle Thomson scattering,

{(b) when the Ruby laser focal spet is the same size as
the CO, laser focal spot, and (c¢) when the Ruby laser
focal spot is smaller than the O, laser focal spot as is
the case for large angle Thomson scatter,
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In light of these considerations we compare in Fig. 21 the
predicted and observed electrostatic field amplitudes. The
theoretically predicted amplitudes follow from the saturation
values calculated above for warm and cold plasmas (Eqs. 25, 33)
where for warm plasmas we have taken p = 2 and * &y = 3 x 1074 as
in the experiment. For reference we also compare the predicted
beat wave saturation amplitude for relativistic detuning. The
measured amplitude of the beat wave 1s 2 9 £ 6 7. From Egs. 35 we
expect a saturation amplitude of # 43 % (8 ¥ including pump
rigetime) for relativistic detuning and 2 3 7 for saturation by
mode coupling. Thus the measured beat wave amplitude is consistent
with both the relativistic detuning and mode coupling saturation
models. However, observations of the coupled modes and the fair
agreement between their theoretically predicted and experimentally
measured amplitudes are strongly suggestive of the significance of
the contribution of the mode coupling saturation mechanism in our

experiment.

OTHER FEATURES OF THE ELECTROSTATIC SPECTRUM

In this section we discuss a number of interesting results
obtained from Thomson scatter studies of the electrostatic mode

spectrum. Although  these results often complicate the

24




E(y,) E(v,)
EXPERIMENT 3-9 % 09 =09 %
RELATIVISTIC 8 %
DETUNING °

COLD PLASMA

MODE COUPLING 0.6 % 0.5 %

WARM PLASMA

MODE COUPLING 3% | 0.8 %

Fig. 21: Summary of the theoretically predicted and
experimentally estimated electrostatic field amplitudes
‘for the beat wave (¥,) and first coupled mode (Wi,5 for
p = 2and € 2 0.04 a5 in the experiment.
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interpretation of the physics of the experiment, they serve to
illustrate the importance of the interrelations of the wvarious

physical processes occuring in the plasma.

Under two frequency excitation the nature of the electrostatic
gspectrum has been investigated for several electrostatic k's as
described above. The spectra presented there are in good agreement
with the mode c¢oupling model of Ch. II. However Fig. 22 shows an
example of a 2kC02 2 ki Thomson scatter frequency spectrum
obtained under two frequency excitation which, although partially
explained by the mode coupling medel, contains additional spectral
features. The central peak is again due to Thomson scatter from
the SBS produced density ripple. The peak on the left is blue
shifted from the zero freguency SBS spectral peak by the resonant
plasma frequency wp, (AWjazgerg = Wpo’ and 1s believed to be an
Wpo, ki coupled mode. Also seen are a large spectral peak blue
shifted from the zero frequency peak by about 0.38mpo and a small
spectral peak blue shifted by 0.68mpo. These modes are believed to
arise due to the non-resonant excitation of low frequency, k = ky
electron plasma waves by SRS at points along the axis within the
CO, depth of focus where the plasma density is different from the

heat wave resonant density.

Fig. 23 shows another case where the low density k = ki mode

occurs with a frequency exactly equal to % Wpg Thizs 1is a
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Fig. 23: Thomson scatter frequency spectrum taken at 7.5% for two
frequency excitation. Clearly seen are spectral
features shifted by exactly @Wpo and O.Swpo.

98



particularly interesting case because, under these conditions, it
is possible to parametrically excite an unstable mode with Awjagers

20eg * 20p and Akyggers = 2Keg Where wp 1s the plasma frequency
of the sub-resonant density plasma (i.e. wy = "% mpo)s. This mode is
similar in character to the resonantly excited beat wave in that it
too has vy = wp/keg * c. While the low frequency (% Wpo! mode in
Fig. 23 could be due to a low density SRS driven plasma wave, it is
interesting to speculate on the possibility of this mode arising
from mode coupling of the parametrically excited %wpo,ﬁi mode .
Note also the presence of its red shifted complement, %“’po"ﬁi-
Unfortunately the Thomson scatter measurements used to obtain the
k-gpectrum of the beat wave (Fig. 11) were not extended to include
observationg at "15 kp vhere one would expect to observe the %mpo,*%kp
mode directly, and we therefore have no conclusive evidence for the

existence of of the %mpo,% kp mode itself.

Assuming the blue shifted %‘*’po mode is the quarter-resonant
density, parametrically excited electron plasma wave it is not
unreasonable to assume that the blue shifted Upo mode can arise
from mode coupling of the second harmonic of the jz"”po’%kp mode .
Note in Fig. 23 that the relatively large amplitude of the %‘”po
spectral peak compared with the Upo spectral peak tends to support
this assumption since one expects the coupled mode amplitudes to
reflect the relative amplitudes of the fundamental and second

harmonic parent mode amplitudes (c.f. Eqgq. 33c). It 1is also
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interesting that a mode identical in character {(same © and k) to
the resonantly excited beatwave can be excited in a non-resonant
density plasma; that is the beat wave fundamental is the same as
the second harmonic of the low frequency, parametrically excited
mode. The absense of the %“’po mode at 2k; and 3ky (i.e. higher
order mode couplings of the low frequency mode) may be due to the
enhanced thermal quenching of the coupling in the quarter-resonant
density plasma where kjhg is twice as large as in the resonant

density case (c¢.f. Ch. II)

Perhaps the experimental evidence most supportive of the
viability of the mode coupling mechanism was obtained under single
freguency laser pumping of the plasma. As discussed in Ch. 1,
under two frequency pumping many ambiguities exist in the Thomson
scatter gpectrum because of the similarity of the SBS, SRS and CPCM
wave numbers (kgrg ¥ kgpg % Kepoy). Under single frequency pumping
the CPOM process 1is not possible and the red shifted mode wp,mﬁi
can only arise from mode coupling. Two Thomson scatter spectx_"a
taken under single frequency pumping which illustrate thig point
are shown in Fig. 24 for Kag = ki and kog = 3kj. It is important to
distinguish between beat wave mode coupling and the mode coupling
of SRS produced electron plasma waves illustrated in Fig. 24,
Since the spectrum in Fig. 18a was obtained for single frequency
pumping the primary waves ére SRS driven plasma waves {(the spectral

peak which is blue shifted by mpo). In Fig. 24a the red shifted
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Aw/wpg

Fig. 24a: Thomson scatter frequency spectrum taken at 7.59 for
single frequency lLaser excitation. Both forward and
backward propagating modes symmetrically shifted from
the central spectral peak (SBS) by wp are clearly
observed and attributed to coupled modes driven by
SRS.
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peak arises vwhen the k = kj primary wave undergoes an m = -2
coupling to the k = -~kj mode. Similarly blue and red shifted peaks
in Fig. 24b arise when the k = gi primary mode undergoes an m = +2

{(to +3ky) and an m = - 4 (to =3ky) coupling respectively.

Due to the complexity and interdependencies of the many modes
and excitation mechanisms it is not possible teo decisively
attribute a given observed mode to one particular mechanism. A
further understanding of the various contributions to the observed
modes could be gained by performing high temporal, frequency, and
wavenumber resolution Thomson scattering experiments. Lacking such
sophisticated diagnostics and the shot to shot reproducibility
necessary to gather meaningful statistics, we attempted to
correlate the various observables in the experiment. The results
of such attempts to correlate observables vere largely
inconclusive. This is due primarily to the difficulty in
isolating the many effects which any one diagnostic probes: SRS
backscatter integrates along z; Thomson scattering is sensitive to
both the interaction Ilength and beat wave intensity which may
have shot to shot variations; SBS can affect both SRS and beat
wave excitation and further complicate the COM-CPOM mode spectrum.
A powerful technique has subsequently been emploved by other
regearchers at UCLA which provides unambiguous frequency
information on the SBS spectrum and has made correlation of some

cbservables possible. However for the work discussed 1in this
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Aw/wpg

Fig. 24b: Thomson scatter frequency spectrum taken at 152 for
single frequency laser excitation. Shown are the
SBS and ~Wp coupled mode spectral features.
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thegis we Thave emploved computer simulations to aid wuws in
addresgsing experimentally unresolved issues. The simulations are

the subject of Ch. V.
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CHAPTER V: COMPUTER SIMULATIONS OF BEAT WAVE MODE COUPLING

Use has been made of computer simulations to further
corroborate the theoretical predictions and ekperimental
observations of the wmode coupling process and the coupled mode
gpectrum. Particular attention has been directed toward the study
of the electrostatic Kk-spectrum and the observation of thermal

effects.

These sgimalations were conducted using the particle code
"WAVE"28, WAVE is a fully-relativistic, electromagnetic, particle
in cell code. The simulations were carried out in essentially one
gspatial dimension on a 2 x 1500 grid of normalized dimensions 1 x
100 {(normalized to c/mpo>. The code calculates and increments the
electrons' positions and velocities for each time step. The
positions and velocities are then used to calculate the new charge
and current densities. The resulting fields and forces on the
particles (electrons)! are then calculated and the process is
continued for the allotted number of time steps for which the
simulation is to be run. In all simulations reported on here a
total of 32,000 electrons was used. To model the density ripple
the electrons and a fixed ion background were initialized at time

t=0 with a sinusoidal rippie.

Before presenting the results of the simulations it is useful
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to establish a workable notation and describe the normalization.
In the simulations, the laser pump is incident from the left along
the x—axis and is polarized along ?. Distances are normalized to
the collisionless skin depth c/wpo, frequencies are normalized to
the background {(excluding the ripple) plasma frequency g - The k's
are normalized to mpo/c and are denoted by "kx" in the figures
{longitudinal wavenumber}. For display purposes the wavenumbers
are given in units of "mode number™, the number of wavelengths of a
given ginusoidal mode that will fit within the simulation box:
kx(m.n.) = KL/2I where k and L are given in units of wp,/c and
c/mpo respectively. Because L was chosen to be 100c/mpo for the

gimulations reported on here, kim.n.) = 15.9 k(mpo/c).

To model beat excitation one wants Awjagerg = Wpo- 1IN our
simulations the laser frequencies were chosen to bhe w;=5, w,=4.
In simuiation units, the dispersion relation for light waves in a

plasma is

(43)

The chosen laser frequencies give a plasma wave number of kp =
(24)1/2 - (45)1/2 = 1,03. We were interested in a ripple of
wavenumber ki > kp. For the simulations presented, the ripple

wavenumber Ky was chosen to be either 2(24)472 or 1.2(24)1/2,
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OBSERVATIONS OF MODE COUPLING

Figs. 25a,b,c show the results of one simulation with £=0.25,
p=0.308, «,;=x,=.03 and k1=2(24)1/2. The gimulation waS set up to
record plasma parameters every A(mpot} = 30 (every 500 time steps).
At Wpot = 0 the system is intialized with the above parameters. At
tpet = 60 the beat wave (¥,) and first (¥4,) coupled modes are seen
to be well established above the noise. The modes are discrete in
k as expected from theory. At Upot = 30 the coupled modes and beat
wave have continued to grow and the electron distrubution function
begins to show evidence of electron heating in the longitudinal
direction as the waves begin to trap background electrons. The
heating is anisotropic in v, because the right propatating coupled
mode (¥,,) has a lower phase velocity and can more efficiently trap
background electrons than the somewhat faster (¥_,) mode which
travels to the left., Note that "heating” also ariges due to the
gquiver motion of the electrons in the beat wave electric field even
though no appreciable fraction of the electrons can be trapped by a
beatwave traveling with Ve & ¢c. At mbot = 120 the second coupled
modes are observed to emerge from the noise at precicely the
predicted, discrete wavenumbers. As time progresses the plasma
continues te heat due to wave particle interactions between the
first and second coupled modes and the plasma electrons.
Eventually (mpot = 210,240) the beatwave saturates and the coupled

modesg begin to decrease in amplitude due to the increase in Landau
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damping and the decrease in the coupling efficiency between the
fixed frequency driver and the now frequency shifted Bohm-Gross Wi,
and ¥;, modes. The supression by damping of the higher-k (short
wavelength) components is ewvident in both the electric field
waveforms and the k-spectra where the amplitudes of the Wi, and Y,

modes have fallen below the noise level.

SELF STABILIZATION OF SATURATION BY MODE COUPLING

In Ch. II it was postulated that saturation of the. beat wave
could be avoided by thermally quenching the coupling process. If
the plasma is heated to a sufficient temperature the Bohm—Gross
frequency shift of the Wi, modes is so large that the frequency
difference between the meodes and the driver canncot be accomodated
by the variation in wp(x) in the density ripple?:8, In this cage
the coupled modes cease to be excited and no longer provide a sink
for beat wave energy. In the absense of those losses the mode
coupling saturation mechanism is defeated and the beatwave

amplitude is limited only by relativistic detuning.

Figs. 26a,b show the results of a sgimulation with €=0.1,
®,=a,=.05, and k;j=1.2(24)1/2. In addition the electrons were
initialized at wp,at=0 with zero thermal motion to effect a "cold
start”". At Wpot = 60 both the electric field wave form and the k-

spectrum show strong mode coupling while the electron distribution
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function indicates that the plasma is still quite cold (kjhg ¢
0.1}, At wpet = 120 the electron distribution shows that
gignificant plasma heating has occured and the electric field k-
gspectrum shows aprreciable supression of the coupled modes while
the beat wave has continued to grow. Spatially the electric field
waveform shows that at the back of the laser pulse, where the
plasma has had longer time to heat, the waveform is devoid of
high~k components. This is because the high-k components have
Landau damped away and are no longer driven by the mode coupling
process due to the thermally enhanced Bohm~Gross frequency shift of
the heated plasma. At Wpet = 180 the plasma temperature has
stabilized and virtually all traces of the coupled mode components
of the wavenumber spectrum have vanished. At this time the
beatwave has resumed its growth unabated by energy channeling to

the coupled modes.

TEMPORAL EVOLUTION OF BEAT WAVE AND COUPLED HODES

Thug far the simulations have been in good agreement with the
theory. In particular discreteness in wavenumber of the coupled
mode spectrum and stabilization of the beat wave mode coupling
gaturation mechanism by thermal quenching have been demonstrated.
To further explore the applicability of the warm plasma mode
coupling theory it is of interest to test the theoretical

predictions of the saturation amplitudes and saturation times of
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the beat wave and coupled modes using the results of computer
simulations. However before deing so it is worthwhile to note an

inherent limitation in the above simulation results.

When attempting to follow the growth in time of the beat wave
and coupled modes one is naturally tempted to use the peak heights
of the wvarious modes obtained from the electrostatic Kk—spectra
{(e.g. Fig. 25, The difficulty lies in the fact that the k-
gspectrum represents an integration over the length of the
simulation box. At later times, after the wave has progressed
further accross the box, the k-spectra naturally reflect the fact
that the box contains more of a given mode. In an absolute sense,
the wave does not really contain more of that mode. Thus as in the
wbot = 120 case of Fig. 25, the amplitudes of the beat wave and
coupled mode spectral rpeaks cannot be straight—- forwvardly
interpreted and one cannot expect to unambiguously determine a

growth curve for the beat wave or coupled modes.

To overcome this difficulty we performed simulations which
sampled the electric field only in the left quarter of the
gimulation box (the first 375 grid points, x = 0 - 25). Thus for
Wpet 2 25, the field sampling region i= completely filled with the
beat wave field. There is still some inherent temporal averaging
within the field sampling region because the leading edge of the

beat wave has had less time to grow than the trailing edge.
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In Fig. 27 we make a direct comparison of the temporal
evolution of the beat wave (¥,) and first and second (¥i,,¥:,)
coupled modes obtained from simulation and the warm plasma mode
coupling theory. Fig. 27a shows the growth curve obtained from the
simulation for €=0.1, p=0.466, and &, =a,=.05, and k;=1.2(24)1/2,
The electrostatic field at the left hand side of the simulation box
was sampled every A(wpot)=10 (every 167 time steps) and the peak
amplitude of the beat wave (¥,) and first (W¥;, ,¥;,) first two
coupled modes were recorded. The peak amplitudes were then plotted
versus wn,t as shown (the points plotted for the Wi, and ¥;, modes
repregent the averages %[E(Wi) + E(W-i)] _and %[ EW,) + E(W-Z)]
respectively)}, Similarly the theoretical curves in Fig. 27b were
generated by sampling the gpectrum of Egs. 31,32 at regular
intervals and plotting the mode amplitudes versus mpot. It is
immediately evident that early in time the warm plasma mode
coupling theory predicts the qualitative behaviour of the
gimalation fields with remarkable accuracy. The beat wave is seen
to grow first in time. A short time later the first coupled mode
begins to grow. After growth of the first coupled mode has
gstabilized, the beat wave growth is curtailed and a temporally
local beat wave maximum is reached as energy is coupled out of the
beat wave and into the first coupled mode. This in turn leads to

diminished growth of the first coupled mode.
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Fig. 27: Comparison of the beatwave (¥,) and first (¥g,) coupled
mode growth curves obtained from (a) Simulation and
(b} Theory. In both cases Ey is normalized to mcup,/e.
Shown also for the simulation is the growth curve for
the ¥4, mode, not included in the theory.
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Several features of the temporal evolution curves are worthy of
comment early in this discussion. It is apparent that the growth
of the modes in the simulation curve lags that of the theory curves
by about 30 - 50 mpot. This behaviour is expected in light of two
considerations. First, the beat wave required about ZSm;é to fill
the region sampled by the field diagnostic in the simulation.
Secondly, the laser rise time (wpalrjge = 50) adds to the delay
gince the growth rates scale as &, for early times (although
rigorously shown only for the cold plasma case 1t isg a reasonable
approximation for early times in the warm plasma case.) Although,
with the theory in its present form, one cannet hope to completely
agsess the effects of pump risetime, it is fruitful to take these
time delays into consideration when comparing the theory and
gimulation growth curves. 1In Fig. 28 we have offset the simulation
curves by Wpot = 40 and separately superimposed the ¥, and Wi,
theory curves for comparison. The qualitative agreement is of
coursge preserved bubt one now can see good agreement between theory
and simulation regarding saturation times of the ¥, and ¥:, modes.
Refering to Fig. 28 one can see that, in some sense, the term
"saturation time" is not well defined. For example in the
simulation curve of Fig. 28a, the beat wave first "saturates" at
wpot = 30 and then again at mpot = 180. This is of course not true
saturation behaviour if the beat wave continues to "step up" every
Wpot £ 140 for mpot » 180. However, based on the theoretical

predictions for mpot ? 180, the two local maxima do represent
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Fig. 28: Direct comparison of the theory and simulation growth
curves for (a) the Beatwave (¥, mode) and (b) the first
(¥y,) coupled mode. The simulation growth curves have
been offset to the left by QOmpot to compensate for the
laser risetime and the "fill time” of the simulation field
diagnostic region. The fields are normalized to mcmpofe.
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global maxima Dbecause the growth curves are periodic with
periodicity wpot Z 250, This point is illustrated in Fig. 29 where
we have plotted the warm plasma mode amplitudes (Egs. 31,32) out
to wpet = 1100, The long time behaviour of the growth curves

regembles a bumpy sine wave as one might expect upon ingpection of

Egqes. 31,32.

It should be kept in mind that for the parameters used in the
gimulation and theory results presented in Figs. 27, 28, and 29
the relativistic detuning saturation mechanism is not important
since the condition a132<[ 1.6€/f(p)] {(¢.f. Ch. III) is c¢learly
satisfied. In addition the time to saturation by relativistic
detuning is about 500wpy, well beyond the wpotgar Of 150 relevant

to the results under study here.

The theory and simulation growth curves are in excellent
agreement for both the W, and ¥;, modes (Fig. 28a,b). In
particular both the theory and simulation curves exhibit the local
field maximum at ot % 50 for the ¥, mode (beat wave). However in
the simulation curves both the beat wave and first coupled mode are
observed to diminish in amplitude significantly while the theory
curves show little decay preceding the second maximum. In addition
the ¥, mode is larger and the Wi, mode is is smaller than for the
theory curve at these later times. There are again at least two

contributing factors. First, at wpot = 100 weak plasma heating has
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Fig. 29: Long time behaviour of the warm plasma theory solution

for the beat wave (¥,) and first (¥g,) coupled mode.

The fields are normalized to mcwps/e. The W, and ¥i,
growth curves are periodic with periodicity % 250 P
The periodic behaviour illustrates the fact that the

local maxima are indicative of true saturation behaviour.
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occured and to some extent enhances Landau damping of the first and

second coupled modes {(and higher order modes).

A second and probably more significant effect not accounted for
by the theory is the excitation of the second coupied mode itszelf.
In Fig. 30 we have reproduced the ¥, and Yy, growth curves on the
offset timescale (offset by 40 Wpot? . One can see that the ¥, mode
behaviour departs most severely from the theoretical prediction at
exactly the time when the W¥., mode has reached its largest
amplitude. Because the warm plasma theory of Ch. II does not take
the higher order modes into consideration, thig behaviour is not
unexpected. The ¥;, mode and higher order modes all act as a sink
of beat wave energy and further reduce its amplitude. The warm
plasma theory of Ch II does not take the higher order modes into
consideration. In their absense, it is not unreasonable to expect
that the beat wave and first coupled mode sustain a higher

amplitude since no higher order modes are present to absorb energy.

ESTIMATION OF BEAT WAVE SATURATION TIME

A simple law for estimating the beat wave saturation time was
emperically derived by determining the beat wave saturation time from
the theoretical growth curves as a function of the thermal
parameter p and the ripple depth «. The results of these

measurements are shown in Fig. 31. It was found that wpotsat S
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" Fig. 30: Growth curves for the ¥,, Wi,, and ¥;, modes obtained
from simulation. These curves show the exchange of
energy between the various modes excited. The time
scale has been offset to the left by QOmPOt and the
fields are normalized to mcwpo/e.
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Fig. 31:

Plots of wpytgar(beatwave) versus p for two different
ripple depths £. These results were obtained from the
warm plasma mode coupling solutions Eq's. 31,32. For
p30.2 the emperically derived law, upstsat £ 17.5p/€,
provides a reasonable estimate of the beat wave
saturation time.
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17.5 p/e. This law provides a reasonable estimate of Wpotsar for p
2 0.2 since, for sufficiently hot plasmas, the ambiguities in
assigning a saturation time discussed above are not encountered
(c.f. Fig. 3). The mpotsat given by the law for the parameters of
the simulation in Figs, 27,28 is in fair agreement with the results
of that cool plasma simulation (wpotsat 2 100). A simple check of
this scaling law's independence of pump amplitude was made. A
gimulation with all parameters identical to those used in the
éimulation presented in Figs. 27,28 was performed with a weaker
lagser pump (& = .02 compared to &« = .05). The saturation time for
the beat wave was found to be about the same as in the strong pump
cage and, if at all, is only very weakly dependent on the laser

pump amplitude.

SATURATION AMPLITUDES

The theoretically predicted beat wave (¥,) and first (Wg,)
coupled mode saturation amplitudes are given by Eq's. 3Sa,b. For
the parameters used in the simulation of Fig. 28 (e=0.1, p=0.466,
&, =&,=.05, and k1=1.2(24)1/2) the expected saturation amplitude for
the ¥, Wi, modés are ,032 and .025 respectively. Refering to Fig.
28, the W, and WYy, saturation amplitudes observed in the
simulations were .028 and .015 respectively. ngle the saturation
amplitude of the ¥, mode is in excellent agreement with the theory,

the satuyration amplitude of the ¥4, mode observed in the simulation
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ig only about 60 7 of its predicted value. This is possibly due to
the fact that, at the time of saturation of the Wi, mode (c.f.
Fig. 30), the ¥;, mode amplitude is at its maximum and presents the
maximum possible energy sink to both the W, and ¥i, modes. in
addition, the higher order modes (not shown) further act to reduce

the amplitude of the ¥, and ¥;, modes in the simulation.

The excitation to finite amplitudes of the higher order modes
iz an obvious point of departure of the experiment from the
idealized theoretical model. Interestingly the experimentally
measured amplitudes of the ¥, and ¥;, modes (c.f. Fig. 18) also
fall below their theoretically perdicted values. In addition the
the Thomson scatter spectra of Ch. III consistently showed that the
W,, modes had higher amplitudes than the ¥., modes (n>0). In Fig.
32 we have plotted the ¥,, and ¥, growth curves obtained from
simulation (the same curves which, when averaged, were presented in
Figs. 27, 28, and 30). The growth curves exhibit the opposite
behaviour as expected from the experimental measurements. One can
imagine in the simulations, because the Wi, mode is significantly
slower (=307) than the smaller-k Y_, mode, that Landau damping has
a stronger impact on the ¥,, mode than on the ¥., mode and yelds a
smaller ¥;, mode amplitude. By contrast in the experiment, the k's
of the ¥;, and ¥., modes are very nearly equal and differential
Landau damping could not explain the difference in amplitudes even

if the ¥;, mode had bheen observed to be smaller (which it wag not).
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Fig. 32: Growth curves for the ¥;, and Y., modes obtained from
simulation. The higher phase velocity ¥., mode
maintaing a slightly higher amplitude than the slower

¥y, mode.
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It is more likely the experiment that CPOM is a more important
congideration in resolving the gquestion of the relative amplitudes

of the ¥_, and Y., coupled modes.
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CHAPTER VI: SUMMARY

A simple theoretical model for beat excitation of electron
plasma waves in a rippled density plasma has been presented. The
model predicts a new beat wave saturation mechanism. In cold
plasmas the beat wave saturates because an infinite number of
longer—k, secondary electrostatic modes are excited. These modes
have frequencies equal to Wpo {the background plasma frequency) but
their wavenumbers are equal to the beat wave wavenumber, kp, plus
multiples of the ripple wavenumber, k;j. The ripple is commonly
encountered in experiments in the form of an ion acoustic wave
driven by the stimulated Brillouin instability. These coupled
modes divert laser pump energy from the beat wave. When the rate
at which pump energy is supplied to the beat wave equals the rate
at which energy is deposited in the coupled modes, the beat wave
saturates. The saturation amplitude (normalized to the cold plasma
wave breaking field mcmpo/e) in cold plasmas 1is given by
Egat(cold)=a,a,/e  where 0.3,=eE/mmjc parameterizes the  laser
intensity and € is a measure of the ripple depth.

In warm plasmas the electrostatic coupled mode spectrum is
limited in the number of excited modes because only those modes whose
Bohm—Gross frequency shifts do not exceed the variation of wpo(x)
in the density ripple are excited. Because the number of coupled
modes is limited, the beat wave saturates at a higher amplitude.

In warm plasmas, the saturation amplitude is given by Eg,y¢(warm)=
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a,a,f(pr/e where f(p)=p+{i+p2)(2+p)~1/2 jig a thermal enhancement
factor and p is a thermal parameter defined by p=3(k;j\g)2%/¢.

The relevance of the mode coupling saturation mechanism can be
assessed by comparing the mode coupling beat wave saturation
amplitude with that expected for relativistic detuning. One finds
that saturation by mode coupling dominates over that due to

relativistic detuning whenever a1a2<[1.6f(p)/e)“3/2.

For example
in the case of a modest ripple size of £=0.04 and Ky =&y
saturation by mode coupling dominates unless a3>0.04 or, in the
case of a (O, laser, unless I(CO,)>4x103i3 W/ cmZ2. Although this
requirment may be altered somewhat when laser rise times are
considered, it is apparent that the mode coupling saturation
mechanism can be quite important in moderate-intensity or shorter-
wavelenght experiments.

The coupled mode spectrum itself is of interest from a basic
plasma physgics standpoint, irrespective of the beatwave.
Experiments which were designed to study and characterize the o
and k spectrum of the coupled modes as well as that of the beat
wave were performed. These epxeriments were performed in an 1017
cm™ 3 density plasma using the 10.6 and 9.6 um lines of 2 ns
pulsewidth CO, laser capable of delivering about 1013 W/cm? at its
focus. Detailed measurements employing ruby laser Thomson
scattering were nade. The measured electrostatic w and K

gpectrum agreed well with the theory. In addition the measured

coupled mode amplitudes were consistent with the mode coupling
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saturation model. Although the coupled modes were conclusively
observed, the experimental parameters were such that the actual
beat wave saturation amplitude measured was consistent with both
the mode coupling and relativistic detuning saturation models.

To further corroborate the theoretical predictions and
experimental measurements, particle simulations were performed
using the PIC code WAVE. Particular attention was directed toward
the obgervation of the Dbeat wave mode coupling saturation
mechanism and the theoretically predicted properties .of the
coupled mode k-spectrum.

Early simulationg verified the excitation of the beat wave and
coupled modes at precicely the theoretically predicted
wavenumbers. In addition by following and recording the temporal
development of the beat wave and coupled modes we were able to
compare theory and simulation directly for the same parameters.
The growth curves for the beat wave and coupled modes are in
excellent agreement at early times with regard to saturation times
and saturation amplitudes. At later times the deviation in
behaviour of the theory and simulation growth c¢urves becomes
evident as the contributions of the higher order coupled modes,
not included in the warm plasma model, become more and more
important.

In cold plasma, long pulse experiments, the mode coupling
satﬁration mechanigm can undergo <gelf stabilization if the plasma

is heated to the point where the Bohm~CGross frequency shift of the
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first coupied mode is sufficiently large to detune them from the
fixed frequency driver. This self stabilization mechanism was
observed in one simulation whose electrons were initialized at t=0
with zero thermal motion. For early times the beat wave grew much
ag predicted by the cold plasma theory and the k-spectrum clearly
indicated the presence of the c¢oupled modes. However at later
times we observed abrupt quenching of the coupling concomitant
with the onset of particle heating observed in the electron

distribution function and in electron phase space.
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