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It is demonstrated by particle simulations and experiments that the

forward Raman instability is capable of producing extremely high energy -

electrons in an underdense plasma. The instability has a high saturation

level for the electrostatic wave component. Its consequences/applications. to

tire izserelsctron fccelerator and the laser—fusion pellet preheat are discussed.

The concept of the two-beam beat laser accelerator is presented,

PACS numbers: 42.65. Cq, 52.35. Mw, 52.25. Ps, 52.60. + h.




Although Raman backscatter has been under active 1nvest1gat10n latelyl;
the Raman forward scatterlng (RFS) 1nstab111ty has hltherto recelved rela—
tively little attentlonz. We‘demonstrate, however, in this Letter that,RFS
can dominate backscatter when the pump is reasonably strong aﬁd/of the elec—
tron temperature is high for underdense plasmes. Furthermore, the forward
scattering process results in extremely relat1v1st1c electron generation.

Thus the Raman forward scattering 1nstablllty warrants a sérious 1nvest1gatlon
since it plays an important role 1n the laser electron accelerator concept3 as

well as belng a 51gn1f1cant source of laser—fusion pellet preheat,. In this

duration laser pulse acts as a photon.bullet in the plasma exciting a wake of

accelerator calls for a very short pulse (Lt = ﬂc/m ), not easily achieved

Letter we present— resultSAOf*relat1v1st1c electromagnetlc partlcle 31mulat10ns

. of the RFS process and results from an experiment whlch ‘looks dlrectly at

forward emltted electrons from a plasma produced by an 1ntense laser beam

,1nc1dent on a thin carbon foil; the calculatlons and experlmental results are

|

-

in good agreement o . : - ' o : ' t »J ' l
In a previous paper on laser electron accelerators,‘the very short':

intense plasma oscillations whose phase veloc1ty equals the group veloc1ty of-

the llght pulse. .In such a case the Raman backscatterlng 1nstab111ty can be\

1gnored since the backscattered wave propagates out of the 1nc1dent laser |

packet befere it experiences significant gain. The original laser electron

with today’s technology. Because of this we now conslder the concept of laser
beat accelerator, . whe*e two parallel laser beams s ko and Wy 5 kl are injected

into an underdense plasma. w1th the condltlon mp ='wo T W where mn_is the
= I 4 .

_,the“pzocesslislanainstabilitym%Ehemferward“RamantinstaHilit&ll”“

electron plasmz wave (epw) frequency. If therlowervfrequency'beam wy is mnoise,.

GsSeade=feso—*~“—“—“ik

nantwexc*tation:oﬁ:the_plasma:waves—haSIbeen~dlscussed—by Cohen et al  and




W= 4 29 w -
o

Rosenbluth and Liu5.

‘Simulations were carried out -on the relativistic electromagnetic particle °

code-6 with the periodlc boundary conditions where similat'wave set-ﬁps were»_'
used as before3 with an initially thermal and'uniform plasma. Flgure 1(a)
shows the phase space of electrons accelerated. by the beat plasma wave mp =

- k = .= — , _b : \ .
w, m1>and 5 wp/c kb kl’ where two parallgl laser beams w s k.0 and Wy 5
kl'are injected from the bottom. Instead of having a stretched phase space

Atongue‘(high energy electrons) just behind the short pulse laser‘packetB; we

now have a high energy tongue in every ridge'of each Wavelength of the reso-—

nantly e exc1tedlplasma wave. —In-this particuluffease the parameterS*are*'A

w = 3 29 o - the electron»thermal veldc1ty v, = l'pr. the.;

speed of light ¢ = 10 wPA the system length 1024A and 10240 partlcles and

.each bean;amplltude v1 is glven by eE, /mwl =.c(v'~ O or l) Wlth A be11u the

grid spacing. The maximum electron energy reached. was 85 mc2, whlch is a

~'1ltt1e hlgher than the theoretical value of . f o - .'. 'Tﬂy

-~

=

| _max 2 2,2 _ 21-1 L 2 2 ¥
»W = 2mc [l-(wof-wfv/e(ko kl),] 2mc (wo/wp) (1),
One reason for this~discrepéncy~may be.that weé have now two intense. -
electromagnetic waves so that mégnetié acceleration~associated with v, X Bl
and v, x B also begins to play a role7. .The dlstrlbutlon function £(p,) or
approx_mately f(yu} is shown in Fig. l(b), exhlbltln0 1ntense main body heat—‘

ing as well as an extremely energetic tall Figures 2(a) and (b) showﬁthe.

“electromagnetic” energy spectra of the system at two different times. At the

earlier time the originally two-peaked structure (at k' and k ) already shows

a downward casgade while some small amount of energy is up—converted . The

spectrum is sha*nly peaked at partlcular d1scx_re_wavanumbers_k____k = ke

P..

w;lwnere_nmls_anm;nteger,h__lThe,spectral_den31ty;S(k,m):{not S ‘ Dot




displayed here) for the electrostatic component shows no significant energy in

any frequency at the bac:kscatter"'l?b'= 1.77 k_ or 1.3 k ._'This strongly sug-

/

gests that all possible backscatterlng processes are suppressed or saturated at
a very low level in our present problem. The electrostatic spectral den31ty
S(k,m) at the resonant plasma wavenumber k = kp'is very intense with some
energy—at the multiple.harmonics k= nkp.; A1l these observatlons conflrm that
the downward photon- cascade 1s due to the multlple forward Raman: scatterlngr
We believe the reason why backscatterlng is suppressed is. the follow1ng.‘

When the backscatterlng electrostatlc plasma wave .is excited, heavy Landau

f—¥se4~essﬂeedamp1ng oL lectron-trapplng by this plasma wave saturates this wave- at a lowAs
 level thus llmltlng the backscatterlng to a small value; The phase velocrty

of the plasma wave 1s VP ?-w /kb which for this case is -~ 1. 31 V- Tnus thlS

wave is heavily Laadau damped to begin with and as it grows in amplltude more-

:and more partlcles W1ll be trapped by it and the,damplng w1ll grow. The trap—-

8 N3 ‘s
ping Wldth is given approx1mately by by, = (2eEepw vp/mwp)}, where Bepw is

the electric field for the plasma wave. The condition that a large number of

electrons are trapped is glven9 by vP - 2v = 2(T /m) | The maximum

electrostatlc wave 1nten3lty 1s obtained for a cold plasma by settlng v,.= 0.
Thls gives for the saturatvon amplitude Eepw for the longitudinal wave as

eEe - :
T " e
P

£
4

: OE"US

For our case, the phase velocity is O(ve) and we expect little growth; in any

case, the intemsity given by (2) is only’ 0.02% of the llght waves. Ih addi-

tion the two plﬂsaon docay 1nstab111ty would also saturate at.a low level

even 1f.@ .WELE ChOben to be Zw because strong. T1ndau_dampang~sets=in*mueu
P ._“._.'-';;._';.._..j—-
i 'l_he__f.'O; .‘Va.rd_...ﬂ__A_.____

,earlier-fqr_zw;:ﬁecaylthan;itldoes;for;the:ﬁdrwatdiRamanﬁprocessf—
3 - p ,




Raman process is the last process to saturate in this underdense plasma. In

fact it can be argued that it w1ll saturate only when the orlglnal electrow-

magnetic wave has completely cascaded to waves near w = mp; in the process

the bulk of the plasma is heated to a temperature of

conversion efficieucy from the electromagnetic waves

mcz.‘ The maximum energy

to electrostatlc waves

and ultlmately to heat may be es_timatred.asnn;ax Eul‘=-(wp/wo) . If two dimen—

sional effects are. taken into consideration, side-sca

ttering can play an impor-

tant role. One must also 1nclude effects of self-focussing so that a detailed

analy31s of real . 31tuat10ns will be gquite 1nvolved

As we shall see below, Raman forward scatterlng

can take place even

Wlth a 31ngle beam (the Raman forward scatterlno 1nstab111ty) ‘however, it

needs a longer tlme/system and/or hlgher den81ty to be

31gn1f1cant

“for growth from noise. Also, in the one beam case forward scatterlno at non—~

zero angles may be 1mportant and more complete mult1d1mensmonal treatment is

called for. It is this effect that may pose a,serious.problem to the beamA

propagation in large-lOW'densityvplasmas in a target chamber for laser.fusionlo,

)

The role of Raman forward scattering'in relativistic energy electron

Ageneration is investigated experimentally and -checked

against particle simu-~ -

lation using the same relevant parameters. 'lBOAK-thick, self-supported carbon:

foils were drradiated at normal incidence by intense,

v /e ~ 0.3, 700 ps FWEM,

'ACOé - laser pulses. 50% of the incident energy was typically. transmitted by the
. Y4 Of th

plasma. Thus it can be assumed that the foil plasma becomes underdense around the

peak of the laser pdlee:"The electron;teﬁperature of the bulk disttibution was

deduced from the slope of the ion spectra recorded absolutely using. Thomson - D

“arabolas==*0“be—w ZO—keV “for~bothf¥ont and the rear.

—ehpanSion-"'iﬁrﬁFlgure‘37“4;”TjW”

we:show:tﬁe¥ab§6lﬁfé:éIectrooigﬁectfaqﬁeaeﬁfed"aglé_;

[

Hn the forward




direction.. If a Maxwellian distribution is assumed, then these distributions
can be characterized by temperatures of 90-100 keV. 'Electrons-with energies
up to 1.4 MeV were observed in.the forward direétion..'For compariscn; iq the
backward direction the electron  spectra had characteristic temperatures of

50 keV with maximum energles of 600-800 keV. ‘In the forward direction the
highest energy {> 1 MeV) electron emission is étrongly ﬁeéked iﬁ ﬁhe direétion

of the laser. Electrons up to 400 keV are observed nearly isotropically,. =

probably attributable to 2mp decay and Raman sidescattering. A simple estimate

shows that RFS is important in our experiment. The growth rate for the four-

‘ B 1 2,
wave~process (I*e., dxrect“forward~scatter}ﬂlS‘gIven by’y = 5‘\V /C) mp/mo

el ,.‘-;... v e e - -

and the f1n1te length llmlt on growth is. YL/(c v ) >> 1, where vg 3 k v /w

DU : 2t P AN T e N BN B . - e

and L is the 1nteract10n reglon length. For the above condltlons w1tn m /w ~
0.46, Y/wo = 0.03 and We.have 1_27 e—foldlngs growth from-the initial noise
,level; For backscatter;the groﬁth rates are'coﬁparable to those for forward
scatter but backscatter suffers much more severe landau aamping. The assuﬁp—
tion of a homogeneous plasma witb.L/A = 50 is reésqnable, since we expe¢t'the
instability to occﬁr in the density plateau region, sepérating the fromt and
the réar expansions.‘ This'region has a~densify séale—lengtﬁ somewhere in °
between the focal spot diameter (150 um) and the ion acouétic:speéd tiﬁes

the FWHM pulse length (2000 um).

Simulations %ére carried out which match thg‘experimental conditions.by

choosiﬁg ne/nc = 0.216 (i.e. W, = 2.16 mp), T, = 20 keV, cfe/A = 61,4and

vo/c = 0.3 where te is the duration of the simﬁiation run, A the waveleﬁgth

of the laser light, and o, the critical density. The distribution function

f(py) as well as the wave spectra are displayed in Fig. 4. The shape of the

s1mulation‘d“strlbut1on*w1thfe“;;“”“i“%*MeV*ls “similar-to-the

—=———onewithTe_ =173 MeVi ‘fne—bac-k‘ﬁard—maxJ.friur'rT—'éﬁ"e‘f'g'y:f'6?;'é"'n'iﬁﬁ'l'éfi’&n——'ﬂ?9:ﬁév:'—'

is compared with that for experiment ~ 0.8 MeV. The electrostatic wave




spectra [Fig. 4(b)] show that the backscattered mode (kb ) whlch grows initially is

qulckly -swamped by other -modes with a smaller wavenumber, the most 1ntense of

which is the forward scatter (kp). " In addition, there are some wavenumbers

which are less than k.p :il; Thus the heated electron distributions obtained

by the experlme 1t and simulation agree well and most of the electron heatlng

is due to the forward Raman scattering process (and its- subsequent process)

but not so much due to the backward process.
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" FIGURE CAPTIONS

Fig. 1 Photon beat acceleration by twb beams (wo5ko) and (ml,kl). (é)'The

Fig. 2

- distribution funetion at £ = 135 mp =,

electron phase space (x, Px) at t = 240 wp—l. The maximum ﬂ{,for _

electrons is 85 in-this ecase. (b) Thé'logarithm of the electron
1

t =100 o -

(a) at t = 250 wpﬁl.as well as the electrostatic mode spectra at

S OR S
P

The electromagnetic energy distribution as a fuﬁction of mode numbers.
Pumps ko and kl one indicated by'érrows. (a) at' t = 142.5 wpkl; o
and (b) at t = 240.%“1,.
- Fig. 3 Experimental electronienergy'distribﬁtioﬁs in the forward and backward
directions. - Shows three different,shots, -
Fig..é ‘Simulation (under the same conditions as in Fig. 3) electron energies :
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