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ABSTRACT
If two laser beams have a.dlfferenCe frequency
" nearly equel to the plasma frequency; nonlinear inter-
action resonantly excites longitudinal plasme oscilla-
tions.. Tﬁese then induce fransitione to othervtransverse
modes. Nonlinear damping of the longituﬁinal mode heats
the .plasma. The process isrdptimized by having parallel
beaﬁs, equal laeer intensities, and damping equal to the

frequency mismatch.

- We propose a new method of heating a plasma, utilizing the

“excitation of longitudinal plasma waves by resonance with the difference

frequenc1es of a set of: transverse waves. The energy is prov1ded by

two. (nearly) parallel laser beams, with. frequenc1es ) .dlf-_,

(“’Lf“’L-.l
ferlng by approx1mate1y the plasma freguency: wL —_wL—l = mp + AL’
wé),-gnd, wp >> Wy The non-

linear interaction of transverse and longitudinal waves [see Eg.. (2)

and the insets of Fig. 1] excites a longitudinal wave, with wéve—vector

=k -k l; which is nonlinearly damped, if its amplitude is suffi-

_ciently large. (There is no Landau damplng, since /k ~ ¢j collisional

demping is too weak for our purposes ) This wave in turn interacts

with each of the two transverse‘waves (L, L -1) to produce two more,

D

S do ki K md K

ke + %ﬁ.v Wnen k , EL-l are nearly

parallel the new mlsmatches AZ = wz wé_l - mp, determined by the
dispersion relation w 2 =k 2c2 + W 2, are also small; otherwise they

Y )/ P
are not. '

In quantum 1éngﬁage;,§ coherent set of photons 1L undergo
induced.(by L - 1) decay into photons L - 1 -and plasmons. The

damping of the plasmons deposits energy irreversibly into the plasma.

Some of the plasmons,'before they are absorbed, engage in further three-

wave interactions, inducing the-decay'bf the photons. L -1 into

photons‘ L - 27 #nd so. on, coherently cascading the photon frequency
downward. Others induce transitions upward in frequency, by converting
L 1nto L + 1, and so on. Because energy is conserved in these inter-

actions, and also the number of photons is conserved, the process must

be preferentially downward, to allow for the plgsma_heating. - (See

curve 5. of Fig. la for an example.) For meximum efficiency, the

downward rate should be maximized relative to'the upwérd spreading.

ThlS~lS accompllshed if the two laser intensities are roughly - equal,

and if the damping rate approximates the mlsmatch [see Eq. (5)1.

The resonant 1nteraetlonvbetween_ﬁwo transyerse yaves and one
lohgitu&inal ﬁode.has been studied by Kroll et al,,l Tsytevlch,e and
WOlff,5 aﬁoﬁg,ethers. The fundamental equations for the interaction of
the scalar petential ¢(z,t) of the loﬁéitudinal wave and the vector

potential Av(z t) of a éet ofpérallel,1inearly'x-p61arized transverse

waves is :
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where wé treat the unperturbed’electron plasma as cbld, uniform, and
statlonary, and ignore dlsslpatlon for the time being.
equations, we use the invariance of -the canonical x-momentum3 to

- obtain v _ = -eAx/mc. The Lorentz force along z 1is thus (e/g)vay =
-(e /2mc )BA /Bz, whence hmnoev = -(b/az)w 2[¢~+ (e/2mc2)Ax2]. This
is ‘then inserted into the last term of (82/8t )(8 ¢/B ) =

(3% /ot Y hntie = lxe(d° 'ataz)nv = (3/32)hnnge¥ 5 ve have used the
Poisson‘and'continuity_equations,‘and have dropped ha.rmonic—producing3
_ terms. Integration with respect to 2z then yields.Eq. (1a). For
DAX = <bnj,/c =

(hne/c)(n + 5n)(eA /mc), and replace &n by~v-(hne)-l

Eq. (1b), we use the wave equation
\2¢/az2.

The coupled equations -for the wave amplitudes are obtalned from
‘ (1) by setting Ax(z,t) = ng
;idl(z,t) exp i(kﬁz'— wpt)‘+hc;c; ~Assuming that théiamplitudes vary

slowly, we obtain

(’3? + 7>¢1 = & ‘; AZA;_l exp(~ingt) , - (28)

‘.(n/z)[AE*lQl exp(-lA%f;t)_

N
o
&

NN

- A, 0 exb(‘iAlt)] , : _(é_b)

-where 'k = ewp/?mcef c kece/wi ~c is the group velocity. of mode

£, we have set w, ~ pr in the coefficient of (2b), and we have

£
introduced a phenomenological damping coefficient Y in (2a). - The
v s
corresponding wave-energy densities are W = [w ae/aw]k |¢l| Jhr =
0, 3P e)/aw1<w2/c> |8,1%/4x =

dl¢lj fenct vand wz

where e(m)

‘2 2 2’
W, IAﬂl /2nc”,
1- (w /w . We note that Eq. (2b) conserves transverse
(B/Bt).zzwz/we,= -(8/32)z,c,

set (2a), (2b) conserves energy (with dissipation):

action,(photon number) s wl/wz; while the

To derive thesev

g(z;t)exp i(k,z - wzt) +c.c., and @(z,t) =

'possible.

_ below. In dimensionless variébles [t!
7 =7/ P = #./8° Ay

“same form [denoted (2)' below],but with 'k deleted.

k-

-(a/at)(Wb + 3z, WE) = -(d/az)zzczwe,- 2yW_. (Note that the longitu-

P
dinal mode has zero group velocity.)

We study here (a) the boundary-value problem; in which two
laser beams with steady intensities ch° and oW, _ 1

on a semi-infinite (z'> 0) plasma, and we look for quasi-steady state

are incident

solutiqns és funqtions of zj and (b) the initial-value problem,.in
which two laser modes are present at. 't ; O; uniform in space, with
energy densities WLO
function only of time.

and WL l , and we look for the evolution as a
The full space-time pfoblem will be studied in
a later publication, together with the important effect of plasma non-
uniformity. ‘ | .
In the steady-stafe problém, the dissipation rate is

Q = 27W§ = —(d/dz)ZﬂchE , f;ombthe energy conservation law. Dividing
both sides by the constant action flux deﬁsity chzwe/u% =J , we find
that Q/J = -y, a(£)/dz, where  (£)(z) 1is the'actioh-weighted.meah
mode number. Thus if is desired to have (£) decrease as rapidly as
Its derivative is given‘by qu (5), Similar_considerations
apply to the initial-value problem, where "~d{£/at is»to.be;maximized.
0

The set (2) has ‘l:he''c'hzé;ratcterist'1cAratel‘L Ty = kA=

[WLO/(Snmcz)Jg(wp/L),but this is not the actual rate, which is found

Tot, z' =T z/c, A = A/PO,
A /AL ], the equations (2) retain the

The boundary (or
iniﬁial)conditions are Ai(O) =1, (o positive).

A 1(0) = e®®

An explicit solution for the boundary-value problem may Be-

found, if all the mismatches are set equal (Aﬁ -+ A); this is equivalent

to ignoring dispersion, which is not too bad if £ >> 1. To be consist-

ent, we then set ¢, > ¢, and 4 =+ L in the coefficient of (2b). For -

)
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‘We use (3) to show that dB/dz'

‘:"mode aumber‘ (Z)(z),_E 'z, KIA l (Z)/E l_(Z)-

-
?
the steady-state solution of (2a)
! ' 1 ¥ '
A, (z )Ag_l(z ).

Thus $(z,t) is driven at the (common) beat frequency W, =@y q =

time-independent Ag,

¢l'(z',t') = (7" - iA’)-lB eXp(-iA't'), where B

ub + A, not at its patural ffequency a$5 _Substituting ¢l' into

_(Zb)', we obtain

1

ot A Ao v s ary=l % _ -
L da, /dz' = (y' +ia') T B An (y int)” 1y Az 10

(3)
B(z') = B(o)

+ A ) -2 z' =

vanishes, i.e.,

Introducing: p = tan-l(é/7) and ¢ = 2o L-l(7'

' -1, 2 2,-% 2
(r" +27) % 1,

. , " i a [

we can write (3) as 2 dA,/df = A, . - Ag -1t

relation for Bessel functions, except_for.31gn. 'Hence the solution of

oLt e z , and setting - A" = Az' exp iZ(e -0),

This is the recursion

-(3) satisfying the boundary conditions yields:

v 42 2 2 2
'JAL+n, = J St o, - 2a(cos p)J Jn+l ,
2 2 2 2 (h)
= _ = . .
;AL 1ol =0 3T+ J_n+l’ + 2a(cos p)Jn T4l 2

where { is the argument of the Bessel functlons
From Eq (3), we may dlrectly calculate the evolutlon of mean”
’ In'dlmen51ona1 var-
isbles, we find the cascade rate . .
‘ ' : 2 2 o
W,
1 7% o W

o s (:_))
72 + A (1 + a2)2 nmc?

wiere W° = W% + w°_ ‘is the total input energy density. We recall

© that I represents the iate of plasma heating, and is to be maximized.

l(Note that in contrast to. DO,’it varies linearly with_‘wo.) For

s cr s 2 . R . )
given WQ, it vanishes as @ -+ 0 or «, and is maximized at « = 1.

-6- -

This is illustrated in Fig. 1, which presents |4, |° versus £, at

y; '"
several {, for the two cases o =1 (wg_l = W,°) and
a = 10 (Wg_l

= 100 WLO). The latter case evolves almost eymmetrically'

about I - 1, and little heating results. ‘The former cagse: is quite
asymmetrie, which is desired. The dependence of T oﬁ the damping
rate 7y is similar, T being makimized when 7 = Al This is evident
from. Eqs. (h), where the asymmetry between higher and lower modes is
7/ (F + N )2 |

Formula (5) leads to an estimate of required laser intensity,

seen to be proportional to cos o=

‘for & criterion that (£) change by unity in one centimeter, say.

2 -1

Teking L ~ 10, 7 ~A ~ 107 Wy ~2 % 1ol5lsec , a~1,
n ~ 10%7 cm-B, Qe obtain Wc ~ 10lh_ watt cm 2. Tﬁe'longitudinal
field produced is then sufficient to produce damping by parametric
instabilify,6 with » ef the order assumed.”

To study ﬁhe effects of'variaele mismateh' AI

dispersion), we have numerically integrated Egs. (2) for the uniform

(caused by

case (3/3z = 0). Of the several cases studied, we report only the

following: w ~was chosen to be 1.8 x lOlhjs '1-(002 laeer), ard

1 = 10.  The iniﬁialvpover density P .(expressed iﬁ »W/cmz).ﬁas in modes

lO'andv9, with a2 = 0.1. The damping‘coefficient»was chosen to be

y = 10“ P% sec-l, corresponding to '

= 0.3, and.lyﬁmp = 0.005 at
10 o

_W/cme,
The mlsmatch AL was adJusted for optlmum energy transfer.

Because the mismatch 2 decreases algebralcally w1th £ ., due to the

ﬂ

Aplasma dispersion, it is desirable to choose ﬁl pos1t1ve.-—Then for

higher modes, the mismatch increases, and thué coupling to those modes
is inhibited; while for lower modes, the coupling is enhanced as b,

decreases and passes through zero to negative values. The best choice )
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of o wes in the range 0.0l < AL/ab < 0.03. With this choice, energy
transferred to higher modes was blocked, and e#entually made to cascade
back dqwn, with little energy rehaining in those modes. Figure 2 shows
the fractional energ& transfer after a time interval t =5 7'1. (For

~ later times, the transfer rate becomés relatively slow.) We note that

. the effective,threshold power density‘is»'lolh W/cqeg for weaker power,
2the mismatéh prevenfs éppreciable energy transfer. . »

When the calculation was repeated with 4, held constant (i.e.,
neglecting dispérsion), tybically»O.B to O.4 of the energy remained in
the highef modes £ > 1L, and did not cascade down. In this and other
respects, there was agreement between the timé-dependent‘unifqrm case
and the space~dependent steady-state case.

 When the initial laser beams are not (nearly) parallel, sfonta-

neous frequency éonversion to other transverse modes will not occur
bec;usé of the large mismatchés. The longitudinal mode then catalyzes
the éomplete transfer of actionifrom L to L -:l. For the anti-
parallel case,vfor example,‘the longitudinal mode has Ep = EL,_ EL-l
-as before; but pow .{Epl ~ QkL > 2 wL/p, whereas in the pgréllel case

T K i: wp/g'<< 2 wL/c. AS’é result, the wava»couping on' the right.side gf-
Eq. (1v), prbpoftional fo kpz, is greatiy'enhaﬁéed.‘ To balance the
advantage of enhanced coupling are tﬁo disadvéntages and one further
advantage. First, the dampiqg rgte may be gréatly enhanced by Landau
damping (singe now 4b/kp << c), beyond the optimum 7y ~ A. Secondly,
the further transitioﬁ to L -2 cannof be induced by the longi-

~p
ZEL-l - EL , or kL-2 ;'5kL ,-v1olat;ng the dispersion relation. This

.tgdinal mode Ep, since -this would rqulre .EL-Q = §L-l -k =

meahs that the furtheér decay must be induced instead by a third laéer

beam L -2 1in any desired direction, and the corresponding longitudinal

-8-

wave excited 5p' = EL-l - §#_2 is not the same as Ep. Thirdly, no
energy is lost on up-coﬁvefsion, since each transition must be seeded
by its own laser beam. »

VThe idea of uéing'laser beats to heat a plasma was suggested to
us by M. Rosénbluﬁh agd N;.Kroll. Diécussions with Y.-R. Sﬁen and

C. Towties were helpful for orientation. S. Bodner, W. Kunkel,

-
D. Nicholson, and R. Riddell_?rovided us with good advice and encour- _ )f
agement. »
[T
.
.
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