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Abstract

Tn this articie the concept of the heat wave arcelerator is studiec with
emphasis put on the plasma physies. An important effect is the refaricistie
mature of the olectrons oscillating in the ¢loctric field of the heat rrve,
Various instahilitios Aare presented which conld limit the averall ef Ticiency of
the acceleratine Process,

* This work was carried ant as A contrihution to the RAL stwdy greap o1 the
Beat—-Wave Accoloeraror,
Anprgt 1947

In-roduction

The study of generating beat waves in plasmas has been goling on for more
than ten years, with the first experiments being done in 1971 (Stansfield,
Nodwell ard Meyer (1971)), Kaufmann et. al,, (1972) and Rosenbluth et. al.,
(1973) corsidered theoretically the generation of Langmuir waves in Tokomaks by
beating two lagetr beams whose frequency difference matched the plasma frequency,
The aim was to heat the plasma with the resulrant plasma wave, which decayed by
co.lisidnal damping or Landau damping. The problem naturally arese in the study
of Laser fusion with Stimulated Raman and Brillouin scattering. The production
of very high energy electrons was a result, In an article by Lin and Dawson
(.874) describing the generation of fast particles in laser plasma experimentas
the concept of heat wave generation was discussed. Modification experiments 1in
the ionosphere (Wong et. al,, 1978) have also us ! the beat wave concept to
create large amplitude plasma waves with a Full theory being developed for
praduct—on of ion sound waves by Fried et, al., {1979). Recently the idea for
using such a plasma process as an alternative method of high energy acceleration
hzs heem proposed by Tajima and Dawson (1979), Joshi et, al., {I1981) and Ruth and
Crac (1%82) and i3 now commonly called the laser heat wave accelerator (Lawson
(1983)),

The beat wave accelerator depends or the generation of a large amplitude
plasma mode with a phase velocity close to the velocity of light., The generaticn
of such a plasma mode is possible by beating together two laser beams of
frejuencies and wavenumbers (wy, ki) and {w,, k-) such that the beat wave has w =
wy ~wy and k = k; - ky. The process is related to stimulated forward Raman
scattering which can he considered as the single pump treatment. The general
equitions describing the beat wave mechanism and stimulated Raman scattering are
thz-efore the same.

The plasma mode generated by the beat process grows linearly at first
wh2veas it grows exponentially from noise in the Raman process, these two
provesses will therefore compete with each other if the Raman process is
suificiently fast. The saturation level of the plasma mode will, however, be
dezerminad by nonlinear processes which have still to be fully investigated.

Similar nonlinear saturation processes will operate in hoth the beat wave
process and the Raman process. The Raman process, however, can he detrimental to

the operation of the heat wave accelerator since 1in the Raman process different
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modes can be excited resulting in laser light being scattered out of the
interaction region, The beat wave process is intrinsically non-linzar because of
the large amplitude waves involved. There are nonlinear problems associated with
the laser heams as well as the large amplitude plasma wave. A study of the beat
wave accelerator will therefore invelve the development of nonlinear methads in

hoth analytic and computational treatments.

Model and derivation of the nonlinear Equations

The heat wave accelerator concept using laser heams to generate largs
amplitude Langmuir waves Ln a plasma 1{s very similar to the four wave Raman
forward scattering in an under-dense plasma., Stimulated Raman scattering is
noermally considered as a three wave process where the incident transverse (laser
beam) decays Inte another transverse wave and a Langmuir wave, The beat wave
accelerator relies on two laser beams beating together in a plasma, produclng a
heat disturbance at the local plasma frequency. Tn an under—dense plasra where
w v mpu’ w s the laser frequency and mpe 1s the plasma frequency, the forward
Raman scattering becomes important. For phase matching the wavenumber kf -+ the
Langmuir mede is much smaller than the laser wavenumber V[ <r kg, under tnese
conditions we must consider an up-shifted or anti-Stokues Lransverse conponsnt as
well as the down shifted Stokes component, since both can he considered tn be
resonant with the fnitial laser wave and the Langmulr wave, The instability then
hecomes a "four wave" process with the incident laser beam (u , k ) decavirg into
a Stokes wave {uy, kl) and an anti-Stokes wave (my» E,) togetﬁerhglth a dersity
disturbance at (w,, Ee\. To descrihe this effect we will conslder the coupling

process to consgerve momentum exactly and energy only approximately with the

relations

K=k, byt wi

S g woon
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In writing these rvelations we assume there is a frequency mismatch In the system,
this allows oqupling to both the upper and lower sidebands.

The plasma model we use to analyse the problem 1s the relativistic tw fluld
equations together with Maxwell's equatinns and Poisson's equations, The use of
a relativistic treatment s necessary when we come to examine the longitudiral

beat wave which s driven o vory laryge amplitudes sach that the quiver welcelty

in the longitudinal electric field approaches the velocity of light. We will
show later that the relativistic corrections ultimately saturate the growth of
the best wave.

Starting from the equations:
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and § = {,e, we obtain the following equations for a plane polarized
elextroragnetic wave ET and an electrostatic density perturbation d&n.
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where %1 is the electron ion collision frequency. The left hand side of
equation (7) contains the relativistic mass correction term-%mpz E;— én which
results in a frequency shift and the pondermotive force due to the high frequency
transverse fleld and also the nonlinear coupling to the low frequency ion sound
modes which zam give rise to the Langmuir modulational instability {Bingham and
Lashmo-e-Davies {1979)). The relativistic correction term is important whenever
the quirer vzleceity in the longitudinal field approaches ¢, the guiver velocity

tn the transverse flelds is always much less than c for the case considered.
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Beat Wave Cencration

The equarion describing the generation of a longitudinal heat waJse produced
by two high frequency transverse waves is obtained from equation (7). Assumirg
that the wave fields (electromagnetic and electrostatic) are givan by products of
a slowly varying amplitude, (on the time scale of the pump frequency) times tte
plane wave determined hy th linear dispersion relation. The transve-se waves E

Are represented b
Ly = ke 1€ (1) exp HEx s w5 o= 01,2,

and the density perturhation 5n hy: 3n = Re IN{x,t) exp i(bf.g - wft

Using the small amplitude approximation and neglecting damping, relativistic
effects, pump depletlon and other non-linear processes the equation frr the
fongitudinal plasma wave hecomes

o

n e kK,
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Letking N/n” = Al ¢ we find the langitudinal plasma wave grows liwearly in
time with
L!/.E.é‘
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In this approximation the wave amplitude would grow until A(t) = | i.e. when the

clectron quiver veloefty in the longitudinal wave equals ¢, The amp_iznde
however will saturate well hefore veaching this leval by pump depletior and
non-linvar effects such as the relativistic correction to the plasma f-equency
TE we include the relativistic effects the equation for rhe density pe-turbatien

can he written as:
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TF wo include spattal variation as well] as temporal variation the squatinn
becomes a driven non-linear Schrodinger equation, From equation (10) the wave
amplifude saturates when %% = U, thus wave growth stops when:
EE 2
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For the parameters given in the Ruth and Chao design model and also {n the first
RAL study report Lawson (1983} (see Table 1) the wave is found to saturate well

tefore th2 wave breaking limit, at a value given by:

ek .
— = — = (0,15 ...(|2)
m & C 113
e e

tharefore wave breaking as a thermalization process is not a problem in this
moiel, Tais saturation level for the Langmuir feld sets the upper limit for the
effective peak accelerating field to be 1.8GV/m. Although other processes such
as the modfulational instability and filamentation of the Langmuir wave due to the
r2lativisc{c effect must be taken into account. These will produce a broadening
i7 frequercy and the creation of spikes in space and the formation of solitons,

To describe the modulational instability we write the density disturbance in
a3 the sur. of a pump wave and two other components the Stokes and anti-Stokes
wawes g = He {No(x,t) ext L(gn.g - muc) + Nl,2 (3,t) exp 1(51,2.5 - “1,2[)]
where Nj(i,t) is determined by the non-linear interaction. Using a perturbation
precedure on equation (7) and neglecting pondermotive force effects we obtain the

following equations for these waves:

(o + VIR iI‘[lNOI?NO LI NN R ei(‘sz*‘sz)t]

(= +-»{£) N = iI‘[}NOIZN] + INIIZN] + |1\72r21~1l + Nozmz*e_i(al*éz)t] -{13)
G+ VLT iI‘[IN0|2N2 NN, - N2 . NOZNl*e“i(él+62)t]

Yi = veil2,

[
where [ = %E EgE-is the coupling coefficient and 4 2= w = w _yls the
s r

frejquency nismgtch. A fuller derivation of these equations will be presented in
A4 fature publication. Solving these equations for N = a constant and assuming
the amplitades N1e“Slt and Ng é_léztvary as exp (~lwt) results in the following

dissersion velation for N, »> NN,

(m—61+iY£)(w+62+iY£)—(61+62)K=0 -(14)

whaze K = I'fN_|?
o
Solving this equation we obtain the following threshold for instability:
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K= -l rf* + AY) /A

where &4 = 8, + 6, {.e. we have Instability only when A< 0. However, from the
definttions of &) and &, we Find rhar:

= DRt v

w
1

and w0 4 1s negative definite, RMUI) = kU T kl 5 is the modulation wavenumber
f

The growth rate resulring from (14) can be expressed as:

2K AT
f e (?“"‘5)’ -i15)
Lk

)

where K = L M
o e and the threshold can be expressed as
3y ) . ¥
= W,inm o7 - 14
16 [ v 4
%)
whure W, = %»“\F[}”. This thresheld 18 mich less than amplitude levels reached

in most laboratory oiperiments. The Langmuir modulational tngtahtlity (Bingham -
'1!1-" Lashare=Davies (1979)) due to pandermotive effects hecomes important for

\(’ mé'— rl—h which is a much smaller threshold than the relativistic value.
liwirver, the poandermotive effects invelve the fons motlon and so time secales for
this process to occur will be the ion time scales vlfw o, where u  is ion plasma
frequency, which is much Llonger than the time Tor the prlnlativisittci effects to
occur,  For short time scales the relatlvistic term can he the dominant one,
Modulational type instabillties indicate the onset of strong Langmuir turbalence
with the generation of a broad frequency spectrum and cavity formation.
F’qrnmnt.ric three wave decay processes are forhidden when the econdition k 2 g
(m LY )2 ts satisfied (Bingham and Lashmore-Davies (1979)). For the pat‘am::ters
umsl-lured In the Ruth and Chao design this condition is satisfied.

Saturation by pacticle trapping can also contribute ta the Final “evel of

the Lammulr wave field. Coffey {1971) has shown that the amplitudz of the

Langmuir wave saturates at a level piven hy:

/un n| v
e

whare o= ¥ /y

I \zllll' Far the Ruth and Chan model the wave saturates at the level

—-fh~-

fnem = 0,8, for a plasma temperature of 10 eV, which is much higher than that
dezariined by relativistic effects. In determining the saturation due to
par-icle trapping the plasma temperature must be determined. The plasma
temwerature can change due to non-linear heating by the large amplitude Langmuir

wave, this will be discussed in a later report,

Stimulated Raman Scattering

Cne of the drawbacks in the beat wave accelerator scheme is the fact that
the hign powered laser beams can under—go non-linear scattering processes which
regult in some of the laser emergy belng scattered out of the interaction zone.
Stimulated Raman scattering is one such non—-linear process, as mentioned before
the beat wave process is a special case of stimulated Raman forward scattering.
To «escribe stimulated Raman scattering, we can use the same set of equations (6)
and (7), however, instead of dealing with two punmp waves we will conslider only
one pump and two high frequency scattered waves. When the frequency of the
plarma 1s much less than the laser frequency we need to consider coupling te both
upr and lower sidebands, this inherently producee a frequency mismatch in the
system #ith the result that the low frequency density perturbation is a driven
responsz with Zts frequency being determined by the laser parameters. As before
we zgsune that the waves can be described by a linear phase times a slowly
varTing amplitmde in space and time,

E

= RE{EO,I (x,t) exp i(k - mot)}

T0,1,2 *0,1,2°%

Sa = RelN(x,t) exp i(l_cf._)_(}}

whera EI‘O represents the pump wave and ET]’ ETZ are the Stokes and anti-Stokes
waves ragpectively. The density perturbation is assumed to be a driven response,
its frejuency of oscillation will be determined from the dispersion relation.
Expanding the distribution function for the tranaverse waves about their
linear values we obtain the following reduced equations for the Stokes and

ant:—Stokes waves:

3 3 . -idt

Z . = - * 1 -
(at + Y|'3§ - YT)é.l (x,t) ”‘TEON e (16)
i + v i + oy E (x,t) = -ic EN*e_iﬁzt =-(17)
st - =25x 0 YT fby M T )

where v, v, ave the group velocities, ep = K'EEE;T ia the coupling
e o 0
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w v v
202 e osc osc T
coeffictent and 9 7 T wTH o, is thez frequency mismatch with éi=k£.v - ——-gkkf growth rate y = 71;.L ¢ and threshold . pre- For the parameters given in
. , . L o ‘ N x 11,,.-1 =
by _l—([‘!o - CZké/zwo and, v, = E*m—ko 1s the group velocity of the pump wave. th2 Ruth and Chao design v * 2,5 x 10'lgec™!, ILASER QITHRESHOLD'

The equation for the density perturbation is glven by: The above processes are "four wave” modulational type instabilities

resulting when 5{ 1s either parallel or perpendicular to _L&a, for intermediate

. - "

(a,, B . 5 N - gg*e—iéjt +€*€ ei‘szt 08 caszes where -k-['-l-c—o keko cosf, 8 #0,"/2, the process becomes a three wave

I’ Te pe ¢ a3t o1 ov? resorant side—scatter instability with the following resonance condition for
fo-ward side scattering:

where (¢ = %‘é is the coupling coefficlent and YI’ represents dampi wm kf =k cosh - (k% cos?e - 23?%&)*
ool |1'_Sit)'r1dl ot Pandau damping. TIatroducing the new amplitudes al=€;e_;élt ad ° 7 ¢
Yy ét-f'zeuslt and assuming Ay and N vary as exp (1wt Jve obtain tte Zallowing
dispersion relation for 5f<< EO from equations (16), (17) and [18).

[(w - kprig +ivp? - 627 - wp?-e - v kz, + iwye]—N?wpze 1:%'— =90 =(19:
where Viose 18 the quiver velocity in the punp field, § = _;;ké .

This dispersion relation is well known and has been soloved for a ninber of w
different cases (Nishikawa (1968), Bingham and Lashmore-Davies 11976)). For This reaults ln a scattering angle 983 Sin_l(gﬁnﬁ)iwith a growth rate 7= ﬁ%
EE! ‘20 we have forward scatter, with the shore wavelength pump wave Jeimg and threshold }_"2_255 = 'lej} » This corresporgds to a gcattering angle 6,7
modulated by the long wavelength electrostatic wave resulting in the gemeration 5%, growth rate ¥V ¥ 2,5 x Iopesec_] and a threshold level ITHRESHOLD *
of high frequency transverse sidebands and bunching of the plasma particles. I agpp/1000 fer the Ruth and Chac model, This inatability results in the laser
This 1s the single pump analogue of the heat wave process the growth tate and lignt being scattered out of the interaction column and poses a serious threat to
threshold obtained from equation (19) are given by: the laser beat-wave accelerator scheme. Other instabilities assoclated with the

w? oy 2 lasar beams are the filamentatfon and self-focusing instabilities {Bingham and

y o= :Iﬁz EE? -—S—?i -(20) Lagmore-Davies (1976), Max et al (1974)) these cause the Incident plane wave to
o

v w brezk up into a number of filaments of higher laser intensity., The laser

Lj‘i = SYT I("?" -(21) intznsity usec in the Ruth and Chaoc design is 16 times the threshold intensity

¢ e 5 and the growtl: length is of the order of Scm. A summary of the different types

The plasma wave frequency is given by the real part of o {.2. Re. = f(l_ rlg)ic of .netabilities can be found in Table 2, The parameters used to prepare table 2
k["" L.e. the same as in the bear process. 3 correspond to those used in the design study (Lawson (1983)). The three wave

This "four-wave" modulational instability results in the broadenzng f the forward Raman process is the most serious instability seince it has the fastest
laser frequency and generation of broad—band plasma oscillations, growtt rate. For laser pulse lengths greater than about 50 peec the loss of

For the parameters used Ln the Ruth and Chao model y - 5 x l0%gec™-, ILASZR: ene~gy from the laser through this process becomes the dominant loss process,

10 LruRpsnoLy where T aspr 18 the laser intensity. witk the light being acattered at an angle of 5" out of the main beam., The four

For Ee 1k, we have a purely growing instabllity with a standing Waue processes are not quite so serious, however, over a long propagation path
longitudinal wave sat up whose wavenumber ig perpendicular to the laser frecuency broadening due to these processes could become a serious problem, also
propagation direction resulting in the break-up of the beam Into filamen-a with a the possibilite of large radial electric fields being set up by the

8~ -9~



perpendicularily standing Langmuir wave could disrupt the electron beam. The
filamentation process i1s also seen to he important for propagation lengths

#reater than Sem. This process will amplify any spatial nen-uniformities oL the

laser heam,

Conglusion
Tn this report we have discussed some of the plasma physics problems
assoclated with the heat wave accelerator. We have shown that an impor-ant

effect is the frequency shift, due to the relativistic mass correction of the

Langmuir wave. This relativistic term determines the saturation level of
Langmuir wave {én/n = 0,15), this limits the eoffective peak accelorating Field
B, to 1.8CV/m, it alse contributes to frequency broadening and cavity

formation (breaking the beam up Lnto smaller wavepackets). The different type cf
instabilities associated with the larpe amplitude Langmuirv wave and the lascr
heams have heen discussed and are shows te lead to important effects which

require further investigation.

Fffeets such as plasma heating due to either the Langmuir wave ar the laser

bheam will he treated in a future report.

— 1t~

Table 1

List of laser and plasma parameters used Iin Ruth and Chao design and also in

the Laws>n (1983) report.
LASZR ~- Neodymium

WAVELENGTH },
FEEQUENCY o
P(MER, P

PULSE DURATION, 1
SFOT SEZE, o
INTENSITY, I

PLAZMA - HYDROGEN
DENSITY, n,
FREQUENCY, w

ZECTION LENGTH, L
‘LASMA TEMP., T
“OLLISICN FREQUENCY, v,
_ASER DAMPING, v

TNVZRSE BREMSSTRAHLUNG, T,
(TL-E SCALE)

ABS-RPTION LENGTH, 1.
QUITER VELCZITY, Veac
PES= ACCELERATING FIELD E

pe

1.06 um
1.78 x 101° Rad/sec
B.5 x 1017 wATTS
100 psec

0.09 cm

3.3 x 10'% wen®

1.6 x 10 5em
7.2 x 10'? Rad/sec
5m

1-10 eV

1.5 x lUlosec
5.9 x 10 sec

-1
1
16 nsec

5m

4.9 x 107%¢
1.8 GV/m
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