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ABSTRACT
Colinear intense laser beams wg ko and wq, k1 shone on a
plasma with frequency separation equal to the electron plasma .

frequency w are capable of creating a cohenentxlargeulpngitud;n&l(

pe
electric field EL = mc wpe/e of the order of 1GeV/cm for a plasma
density of 1618 cm.—8 through the laser beat excitation of plasma
oscillations. Accompqnying favorable and deleterious physical
effects using this process for a high energy beat—wave accelerator

--are -discussed: -the ‘longitudinal- dephasing, pump depletion, the

transverse laser diffraction, plasma turbulence = effects,

1X.._Exotic_Problems.. , : e . . B S




The;. wbasdie equat.ion; the « -

wemidriven nonlinear©Sehrodinger -equation , ~is*derived=tordescribe ‘this- -
syétem. Advanéed accéleratof concepts to overcome some of thesé
problems are proposed, including the plasma fiber accelerator of
various variations. An advanced laser architecture suitable for
the beat—-wave accelerator ;s suggested. Accelerator physics issues
such as the luminosity are discussed. Applications of the.present
brocess to the current drive in a plasma and to_the' excitation of

collective oscillations within nuclei are also discussed. -
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ANTRODUCTEFON -

=becomingelearérthatwéxtrap olativn et tireipresent thigh
éhefgy adcelérator is ndt enough tb meet today’s challenge (Salam,
1983) of wultra-high energies. Apart from cosmical acceleration
(Fermi, 1949; McMillan, 1950; Kolomenskii et al., 1963; Tajima and
Saekai, 1985), we may be able to make some statements with regard to
_terrestrial acceleration of particles to very high energies.
Supposing that we try to achiéve energies of 100 to 1000 TeV within
a reasonable physical size (i.e., for example, within.a state), we
realize ihat the neceﬁsary electric (magnetic) field to accelerate
(contain) partiqles is so large that under the present technology.
no metallic surface would withstand such a huge ‘electric field and.

no cost—effective magnets are available for such an intensei-:

_.magnetic field. __ For exemple, an electric field of 0.1 GeV/cm (rf. . S

or dec) corresponds to 1 éV/X and . thus severely modifies the
electron wavefunction within the atom, léading to héparking, |
breakdown, etc. Besides this‘ diffiCulty,' the surface héating
contributes another cause of breakdown with-high'field. Another -
point in considering an accelerator for .very high- energies...
immediately becomes evident. Since the particles accelerated are
at such a high energy that they travel with a velocity very. close
to the épeed of .light ¢, the phase velocity of the aéce]erating, L
structure (electrostatic or electromagnetic) must also be very'
“close to the speed of light c.
Be;ides ithese fundamental physics requirements, we have to
LA wwdpconsidersavailablestechnologies«-for. .achieving -high..energies. .In

looking at various electromagnetic power generation techniques, we
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: dﬁ%hhm%%heﬁmdsiﬁﬁmmtﬁnﬁeﬁﬁiieﬂdsaﬁﬁnaﬁwdeﬁiwmxedfﬁmya;thé¢Jlaser w~~

i i%@ehnologywﬁ%tﬁﬁpreséntf?i J%ﬁoﬁghfVihiSf@ﬁoes*&ndt¥ﬁprecdudé'other
technologie§ iﬁ the.future. [There havezibeen many ideas wusing
lasers for acceleration, including those of Palmer (1972); Willis
(1975, 1977), Hora et al., (1982) etc.; see also Channel (1982)]
For example, millimeter wavelengths may be provided by the
free—electron laser or gyrofron—type maser. The tendency toward a
much shorter wavelength of accelerating structure than the present |
microwave technology is due to the available high-field.. values: - in .~ i
the shorter electromagnetic wave generation techniques.. Very
roughly speaking, it seems that various available staterof;the—art

technologies of short wavelength electromagnetics’ tend to progress

in line with the boundary characterized that' the  field amplitudéei«:

e S qUAT €4 —time §-— the--wavelength-—squared--(i-er;-—the —-power)--is-—
invariant. Shorter wavelengths may also be favored if we have to
deal with a tiny structure or bunch of fieids and particles,
because the design of finer stru¢tufe design of fields is possible
with shorter wavelengths. This becomes clearer when we consider
the luminosity of the particle beams.. . From . Heisenbergfsgxm
uncertainty principle, AEAt > H, the cross—-section o of particle
reaction at AE » « is proportional to E;i , where E.p 18 the energy
of the particle at the center—of—the—mass. Because of this, the
cross—section becomes smaller and'smaller at higher energy. This .
means that the luminosity has to increase as Eim in order .to
keep the nﬁmber of events in unit time constant. This puts a very

-:‘wwbﬁstr$ngenttﬁeonditdonﬁﬁonm:theuacceien&tdn:éoncept;atﬁhigh:energies.

-——...As the .individual. partaicle enérgy goes up with the -total enérgy
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“packed=inFtIny -beams-whi ch™Haverte-be narrowlyfocused. * This- again

pointé torthé laser technoiogy.

A particle in an electromagnetic field ofvsmall amplitude is
accelerated perpendicular to the direction of this electromagnetic
wave k and executes oscillations along the electric field direction
E. No net acceleration, therefore, is achieved (Kaw et al., 1973;

Kibble, 1966; Schmidt et al., 1973). This holds true even if the

electromagnetic field amplitude is large and. there. is. magnetic ..i.-
acceleration (see Fig. 1). The magnetié acceleration with.the..
electric.acéeleration makes the particle execute .a. figure—gightn-
orbit with no net dcceleratioﬁ:' A spatially or- temporally"

localized packet of electromagnetic waves cannot  cancel all ~ the#:

.oscillatory -motion-and-thus-leaves—a-net—acceleration-(Chan; 19715 - e

Lai, 1980), but the amount of acceleration remains  small. It is-

important to mnote, however that the figure—eight orbit has a

component of longitudinal motion (see Fig. 1b). The case of

ultra-relativistic waves in this connection is discussed in Section”.

IV.

In the present article we review basic principles.of the laser..

driven beat—wave accelerator (Tajima and Dawson, 1979b) only to an

. extent necessary to introduce new and more advanced concepts and.

developments. In this sense the paper does not intend to cover all

the related literatures of plasma collective accelerators,. . but ..

rather focus on or around the author’'s activities that led to the

---accelerator---concept, in-depth ---analysis of it, and new -advanced

keptcconstantaweshavektiorhavers ess:particles
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onceptsns tenmizig fromsthisywvaniows:.considerationso:

: *li;ﬂwthSTbS;%?%aiérﬁ“ﬁﬁyéi@sT”fphasm&ﬂ?phyﬁTcsﬁfandéhigh%énergY“physics

issues that arise in thié concept . Thé weaving theme of the
present paper is the process of collective excitation of eigenmodes
of a nonlinear physical system by a drive such as beat of laser
beams, be it for the excitation of a plasma wave for acceleration,
for-fhe current drive for tokamek plasmas, or for the excitation of
nuclear collective oscillations such as quark-—gluon plasma
oscillations.

There have been many attempts to gain net acceleration by

electromagnetic waves, which may be categorized .into two.

wracecel erator: -

types: the virtual photon approach and the-real. photon: approach..

Most of the conventional accelerators' including (proposed). i

iiiiim—collective _accelerators. .are .in .. the . first_.category..- Consider-

Fig. Ra. In order to obtain an electric field component parallel
to the wave propagation k”, some (metal) reflector is piaced. The

wave has E" component, but unfortunately the phase velocity of the

wave is larger than the speed of light 'w/k” > w/k = c. Thus " no

coupling. One may confine the electromagnetic . field. by. two . ..

conductors in a waveguide (Fig. 2b) instead of the semi—infinite .

case in Fig. 2a. The characteristics of wave phase velocity of a

waveguide are well-known (see Fig. 2c). The phase velocity is—-

always larger than c: Voh = c(1 - (wc/w)g]_l/z where «, is the

cutoff frequency for the waveguide. An accélerator such as SLAC's

alleviates this problem by implementing a periodic structure in the -

e ﬁmwaveguidew{imﬁsesﬁ;ﬁﬁA#@emmodicallyﬁ@nippledéEqueguide:mintroduces

.—the.. ..so-called .Brillouin...effect.. into ..the. .phase velocity

M.




——

reliliowin ordd-agramn |
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sections of phase velocity less than ¢ are realized. There are
other ways to make phase velocity less than ¢, such as dielectric

coating. All these techniques may be collectively called a

technique for slow—wave structure. Particles can now surf on such
field crests and obtain net écceleration. The intensity of the
fields 1is 1limited by materials considerations such as electric
breakdowns. Almost invariably, the localized high electric. field.
results at and near the slow—wave structure, making the breakdown

easier there. We suggest that it may be possible. to create . a

wfrequency

nrwthewri pple *waveguide 1§ vshown i Fig . 2dw+ Here

slow—wave structure in the form of a plasma waveguide:(or plasma - '

"optical fiber"). A narrow waveguide " with' rippled’ surfacesi

(see Fig. 3) provides a slow-wave structure. In this slow—wave
structure the particles may be able to surf on the electrémagnétic

wave.

When we utilize the real photon in- a plasma; there  is: no. -

physical limitation due to . materials considerations.:.. . The - .

characteristics of the phase velocity of the real photon in a
plasma are similar to those in a waveguide (seé_Figi 2e). The
phase velocity of the electromagnetic wave "in a plaéma"'is“
vph = o(l - (wp/w)zj—l/z, always larger than ¢ in an underdense.
plasma, indicating again the difficulty of directly coupling the.
wave to accelerate-;lectrons. Here wp is the plasma frequency. It
oo i 1 8mp possibleyswhowever, ~ato...couple.=~the ...electromagnetic -. waves

nonlinearly to the plasma if the amplitudes of the electromagnetic
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Dawson’< %197 9eiE a9 79by
based 6n exciting a large—ampiitude Langmuir wave created either By
a strong photon.wavepacket with a very short spatial pulse length
as a photon wake or by two beating photons. We concluded (Tajima
and Dawson, 1981) that using two photon beams is much more

effective in acceleration than using a very short photon pulse. We

focus primarily on the two—beam case, although the physics involved

in the case of the short wavepacket has much in: common‘ with this - -

case. This statement, however, may change with the introductién of

idea of the photon wake accelerator [see Sec. II and Fig. 9(b)].

The basic mechanism of particle acceleration.. is as follows:

The two injected laser beams '‘induce plasmons (or a Langmuir‘wavegﬁ?”“'

as .optical mixing. The resultant large—amplitude plasma wave with
phase velocity very close to the speed of 1light grows and is

sustained by the laser lights. It grows until the amplitude

"becomes” relativistic, i.e., the quivering - velocity - of ' the-
_electrostatic field .becomes 'c (or of the order of ¢) so that the.

wave begins trapping electrons in the tail of distributién. When -

the injected electromagnetic waves are nonrelativistic i.e., their

quivering velocities are less than e, the electrostatic wave.

saturates before this mechanism sets in. A detail will. be
discussed in Sec. VI. If the quivering velocity of the
electrostatic wave reaches c, the bulk electrons begin to be

~rotrapped . 3incésthe-splasma-i-siunderdense;:--thewphasesvelocity of . the

electrostatic wave 1is very close to c. Since the energy

iWershewe.siddseus fedi(Tajima-~and -

91981 ) s “laser“électron-accelerat or-scheme -

through the forward Reman.scattering.process.:.-This.may -be-regardedi. .. oo
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‘rdependence ivfithédacseletatedvelects onsveloeity:

wdet Fapping#itime 56 » electrons =i’ #long -
advantage of linear accelerafibn of this type compared with that in
a circular machine. In a circular machine such as a buncher, the
energy dependence of the electron angular velocity is approximately
linear (Vomvoridis et al., 1983). Thus the detrapping time is much

shorter for the latter.

I1. PLASMA BEAT-WAVE ACCELERATOR: .

The plasma beat—wave accelerator concept using. an intense.
laser potentially meeté the afore-mentioned.. challenge.. and.
requirements for acceleration of particles to ultra-high ‘energies:.

Tﬁo laser beams of frequency and wavenumber wO’kO and‘wl,ki{ whosews.~
nmym"_v_,W_Mﬁm,“m“irequencymseparationvwonznwTWLs_equal_to_themplasmawwfpequency_«wﬁy‘_.ﬂwm

are capable of inducing a large—amplitude electrostatic plasma wave-

through the Raman process. This electrostatic plasma wave

amplitude eventually reaches a value of EL = mwpc/e as a result of

the Raman instability if the lasér amplitude Ei'is a noise’ - or . the ' -

pump amplitudeA E1 < mblc/e. The . electrostatic: wave. amplitude....-

sinond:inear.;the .

Thi s iswa significant

quickly reaches a value of EL = mwpc/e when EO and E1 are ~ mwoc/e..

This is because of the ponderomotive force. (see Fig. 4)

z(ezgo . @l/mwowl) = eE| (x) = e(mwpc/e)elkpX (1)

is equivalent to having the longitudinal electric field E; of size

”nm$c/e;in¢theHlatter case.
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a plasma wave (wp,ko - kl) through the beating of two
electromagnetic waves if the ffequency separation of the two

electromagnetic waves is equal to the plasma frequency:

-k, = k_, (3)

where kp is the wavenumber of the plasma wave. The beat of the two

electromagnetic waves gives rise to a nonlinear ponderomotive.,
force, Eq. (1), which sets off the plasma oscillations (Tajima and'.
Dawson, 1979a, 1979b). This process may also be regarded as:au-

mnnmm_mw_Mmﬂww_mnonlinearuopficalumixingw(Krbllwet«alTTnl964)maémweLl_asmamwiopwapdw-~-L-muvw---~~~q

Raman scattering (Joshi et al., 1981; Shen et al., 1985; Tajima et

al., 1979b). It may be possible to achieve the objective through.

the forward Raman instability (Joshi et al., 1981), i.e., the

second electromagnetic wave (wl,kl) grows  from a thermal . noise:

Rosenbluth et al. have discussed plasma heating via the. beat.of..the::

electromagnetic wave (Rosenbluth and Liu, 1972;: Cohen. et al..,.

1972) . It is important that the plasma be sufficiently underdense
so that wy is much larger than Wy (see Fig. 5). This will ensure
that the phase velocity of the plasma wave 5 is very close.to the

speed of light:

.v.‘:;p_ . L e Ty
P

injected=in¥an-underdensesplasmez#which -induce -
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SEqe ()5 i eTdse i

W Wy — WS 1/2
L TR T e C U I )
{p wp/w0->0 ko - kl ) wg

the relation we used previously (Tajima and Dawson, 1979b).
p
phase velbcity of the plasma wave is much 1less than c¢. The
resultant plasma wave can quickly trap electromssand- -saturates:  Imo
the cburse of interaction the nonlingar*effects~may change-"the "
phase velocity of the plasma wave. ' Thus, in the cassﬂof'wp/wo~ not - -
small, the interaction of ;ight waves and plasma is strong, and the

Suppose that wy is not very much larger than «_, then. the
light waves suffer strong feedback.from - the: plasma: .. (The. light®

‘waves may be called "plastic” or "soft” in thfgmééééfjvThé'electfonﬁ';
ring accelerator by Veksler (1956) the.: Cerenkovepiasmonwxut»
accelerator (Budker 1956), and the beam front accelerator (Poukey

and Rostoker, 1971; Tajima and Meako, 1978; Mako and: Tajima,. 1984),

for example, may be classified as using the soft:photon-approach:s .

The present mechanism calls for'a highly underdense~plasmaim
wp/w0 << 1, which guarantees that laser-beams-reinforce rthe ~plasma
wave structure. Such reinforced’ accelerating  structure  is
necessary, because the acceleration to multi-TeV energies should
take a large distance without too many adverse- efféctS“ or
interruption of acceleration. As we shall see later, the-ratiow of~- ~ -
the energy density of the electrostatic plasma wave to that of the

“?electromagnetiémﬁave'is ?(wﬁ/wd)z as a-result  of*~£he uManléy—Rowe ‘

.2(1958) =relation, - ive:;-the~1light-wave -dominated. -Therefore,—the
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pié@mﬁ@ﬁ@ﬁeﬁbémaﬁﬁéMmﬁﬁhﬁOrﬂédﬁbf@ hesstworsbeating: .. o -

‘Jiﬁﬂﬁ-~wdaserkﬁbéﬁmslfwwa?kOEV 4%&27@%f~hk6tfﬂﬁf*wiﬁifkic/gﬂzgé;;%iﬂ'klc
p p

(Thevlight waves may bevcailed "hard"” in oﬁr case.) Since the phase
velocity Vp is wvery close to ¢ for wp/wo << 1, the electron
trapping and, therefore, saturation, occur only when the
electrostatic wave grows up to an amplitude so large that it
becomes relativistic. The other imPortant consequence of
wp/wo << 1 1is that parficles Qill be in phase with the plasma wave
for a long time and achieve a large amount  of acceleration; "
because, again, the phase velocity vp ~ ¢ and the particles would.
not exceed vp easily.

Let us consider the energy gain of ‘an electron trapped: in" the '

electrostatic wave with phase velocity'v_ = wp/kp. We go to the!: -

P
_..r._ez.st_._f_r_'_&mek__of.__,the___‘.pho_ton:..:l.nduc:'ed.v..lvongmi.vtl.uzli.nal...*w'af»r‘e....._w.(plasmal..;...._wzaw.e.).._.,.._..:_...._.,..__.____..___"_.v._.___.ﬁ_._.__i
Since the wave has the appfoXimate'phase velocity given in Eq.'(5),
g = vp/c and y = wo/wp. Note that this frame is aiso-‘the rest |
frame for the photons in the plasma; in this frame the photons have
no momentum and the photon wavenumber: 'is - zero: The * Lorentz -

transformations of the momentum four—vectors: for the .photons. and.. .

the plasmons (the plasma wave) are-




- (8)

(7)

i._—iﬁv

'wﬂere the right-hand sidé’refers £o the restwframénquantities*.withiff
respect to the plasma wave (kpwave = kp/y), ky is the photon

wavenumber in the laboratory framé, and the well-known. dispersion...
relation for the photon in a plasma wg = (wg + kgézjiyzﬁWASfusedfﬂf‘
Equation (6) is reminiscent of the relation between the ' meson- andi: :

_the massless_(vacuum) photon (Yukawa, 1935): Eq.. (6) indicates that. ...

the photon -in the.blasma (dressed photon) has rest - mass wp/g,.
because the v electromaénetic interaction shieldéé kby plasma
electrons can reach onlj the collisionless skin depth c/wp in the
plasma. This is juét as the nuclear force reaches the inverse of
the meson mass, and Yukawa (1935) predicted,hfhe .Imeson ..energy...as. -

w = (cg/a2 —+ k202)1/2’ where a is the nuclear.interaction. radius...

Compare:




RMESOIS w7 - mai i St erinadiaouumiPhot on>:

‘(interaction-length )

2
w = (9— + k202)1/2 w = ke
2
a
<Photon in Plasmas> <Vacuum Photon>
(interaction length c/wp) (interaction length =)
w = [wg + k202)1/2 w = ko

At the same time, the Lorentz transformation gives the longitudinal.
electric field assoclated with the © plasmon as - invariant:

(E}:’ave = EL)‘ We note here that the plasma frequency really® playss.

w-ihe"nQLemoiwthe"nesiwmass“inmihe_sense_that_iheqplasma,inequency“wpﬁv

is invariant under the Lorentz transformation. One way to look at
this is to Lorentz—transform the plasma density n’ = yn and the
electron mass m’ = ym. In doing so, the plasma frequency

\

wp = (4m-32n/m)1/2 = (4ﬂe2n’/m')1/2'remains invariant.

The electrostatic wave amplitude. can.be evaluated.in a.few.. . .:

different (independent) ways yielding the same result. . Previously.
(Tejima and Dawson, 1979b) we used an argument resorting to the.
wave breaking limit. Here let wus discuss it in terms of ‘the.
available electron density. When most of electrons are bunched as
a result of the beat electromagnetic waves, we may estimate the
electrostatic field by assuming that_most of the electrons give

s - rnrisextosthis. field:




2

where n is the electron density. The maximum electrostatic field

is, therefore,

EL = mwpc/e . (9)

We may derive the maximum electrostatic field, Eq. (9), by another

method. As we shallidiscuss in Section..III,. the electrostatic wave.

saturates only when the trapping width of the wave becomes wide -

enough to begin trapping the tail of electrons.  This condition:mayws- -

be written as

where v is the welectron thermal velocity. If we neglect v_ in-

e e

comparison with Vp

‘Eq. (9). Yet another method for obtaining Eq. (9) was discussed‘in *

association with the ponderomotive force, Eq. (1)

The condition (9) is valid even if the trapped electrons are

highly accelerated as long as the bulk. of electrons. remain.

nonrelativistic. However, when the bulk .of electrons obtain
kinetic energy, say perpendicular energy, then the formula needs
corrections (Sullivan et al., 1981; Tang et-al., 1984). When the
effects of relativistic mass change or heating of electroﬁs are
vmtakenfintonaccountyrmismaiching~of‘conditidns~(2)»and (3) arises,

and we need more detailed study on the attainable electric field in

‘EL:'—“TA'ﬁen I ST (8)

A0y

and approximate o by ¢, then Eq: (10) yields
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7"“fe%%alf”(T984)&“ahﬁ”fﬂbrtdn5ﬁnd“TaﬁTmaffT985a?wStu&redﬂihiSﬂprobjem.»'W

The nonlinear saturation due to the relativistic mass and
subsequent detuning gives - the saturated electric field at
Aw = wyw; = W, &s

P

5 - mw_c (lﬁ. eEO eE1 1/3
L= —P _——

(11)
e 3 mwqe mw, ¢
The electric potential due to the plasma wave evaluated in the

laboratory frame is

A
ep = e[o ELdX . -
p

Going to the wave frame, we obtain the potentiaktinxthefwave~ffame S

ep"®Ve = yep = ymc® . (13)

This énergy in the wave frame correspondsto the. l'aboratoryrenergy: s -

by the Lorentz transformation

—ig7) 27°gme

2 (14)

lﬁ im072{1 + 622;

" “~where ~the-right—hand -side -refers to" ‘the vTaboratory _ffame

= e —E [JL] =-mcg . . C(1R)yE
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_q&§  mﬁﬁﬁwwéM<beaﬂnm%ﬁhﬂ@@mﬁﬁhmnmwﬁgmngyﬁﬁfﬂebtnanAQan’,
“ill.gchi€ve by the “pldsma wave”trapping -as - - =
A - ‘
wmex _ maxp 2 _ o 2,02 _ 2("9) el : (15)
w.
p

The time to reach energies of Eq. (15) may be given by

5 o
ta o~ WmaX/ceEL = 2(%‘0‘) /wpp‘ (16)
p

L, = Ewgc/wg . (17)~~

For a glass laser of 1-u wavelength. shones. on. a .- plasma . .of.
density 1018 (1019) cme, it ~would require under the present
mechanism a power of < 1018 (1018) W/cm?'to accelerate electrons: to

energies WX of 10° (108) eV over a distance of-1 (0.03): cm withr a2

longitudinal field EL of 10° (3x109)TV/cmfu-For“a?COé;laserﬁofwloiuﬁ¢~“‘

wavelength, these numbers' scale accordingly. '
To demonstrate the present meéhanism" for electron
accelération, we have carried out computer simulations employing a
1 g — D (one spatial and three velocity and field dimensions)*fully
self—consistent relativistic electromagnetic code" (Lin-etval ;...
1974) . Two parallel electromagnetic waves (wo,ko) and (wl,kl) are
ﬁimposed~on£an*%dnitidlly:funiform~£$hermal;feﬂﬁcfion-;plasma. The

~m.direetion —of=the-photon-propagation- as-well-as—the-allowed ‘spatial




Seiet emnypacket i ofshal f.: sthersmplasma:wavelengthract s=justlike- a hammer to.

Hvariation diswtakensiiasisthe =dinedtion

p
2m x 68/1024A, the number of electrons 10240, end the particle

=’
i

size 1A with a Gaussian shape, and the ions are fixed and uniform,

where A is the grid spacing. The thermal velocity Ve = lpr. The
photon frequencies are taken as wy = 4.29wp and wy = 8.29wp, while
the emplitudes are v, = eE;/mu, =c (i =0 or 1).

Figure 6 shows the phase space of electrons accelerated by the

beat plasma wave kp = wp/c. High energy electronstare seen in

every ridge of each length of the resonantly excited . electron

plasma wave. The horizontally stfetched arms. in.. Fig. 6a are

separated by a length A = Bﬂ/kp. The maximum electron™ energy was'

85mc2

_.reason for this discrepancy may be that we. _now .have. . two _intense. . . ... ... |
electromagnetic waves so that magnetic.acceleration associated with:

vy X B; and vy X By also begins to play a role. ‘The distributiom

function f(p”) or f(7”) is shown in Fig. 6b, exhibiting strong main

body heating as well as a' high energy tail. - The electrostatic:

" field profile in space. at t = 7701

Fig. 7b. The field eamplitude already reached EX =~ EL = mwpc/eA
One can also see its coherent field pattern. The observed
wavelength is 2ﬂ/kp = Zﬂ/(ko - kl).

The second case is that of injection of a wavepacketv of a
vsingle photon (wg.kqg), whose packet length Ly = 2/2 = ﬂo/wp, as

discussed previously (Tajima and Dawson, 1979a, 1979b). The photon

- ~resonantly excite--the-plasma-wave. . The plasma.wave will be excited

Thexzwsystem: slength : is’ .

=41 0R44y wrthesssspeed o« 4 ght =111 00 +0% 7the=photon: wavenumber - -

in this case, higher than-the value given'by‘Eqr’(15)‘ One;t -

(an early time) is..shown.in..
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thesswake 5o héwphation bukle:

-‘tT“%ﬁﬁxnepéﬁkﬁd“atmaﬂrtghﬁ%ﬁntenvar;wéuch@ﬂsaatgmveryizwnwwﬁwtime”Whereﬂ'n

p

is an intégef, the growth of thé plasma wave as a Wake of photon

bullets should be much more effective. To produce such a.

syncopated laser beam, a fast rotating (or other type of) mirror or
shutter/filter may be employed. This idea of 1inducing wake
plasmons by the photon packet is somewhat similar to the idea of

inducing Cherenkov plasma waves by a relativistic electron beam

pulse proposed by Budker (1956). An extension: of this' idea and.

that of Budker's has been considered by Chen et al. (1985) and by

Ruth et al. (1985). Using the same code with parameters. L = 5124, .
c = 5ve, photon wavenumber ko = 2m/15A, number of electrons - 5120
eEO/mwO = eBy/mwy = c, Ly = ﬂc/wp, PG = eEd/wO; and:

wd;?_(wz_imkgcgjlég+*wemsiani_ihewsysiem_withnelectromagneticwpulse;_w“mw__ﬁmvwmﬂm_m

in the plasma with initial conditions Ey = Ej5 sin ko(x‘—_xo) ,‘BZ‘—
By sin ko(x - Xg)- Py = pthermal + pg cos ko(x - XO),. for the

period of x = [50A, 81.4A] and Xy = 50A. With the assignment, the

wavepacket has a spectrum in k with 'a peak around k = kD - and:

w = (w§~+ kgcz)l/z, ‘and propagates in. the . forward’ deirection:;ﬁ”

approximately retaining the original polarization.. Figure 8 shows

an early stage of the system development. The phase—space plot (py

vs. x in Fig. 8b) indicates a strong modulation in ‘the P’

y

distribution within the photon packet location. The kink structure
extends beyond the packet ending. Figure 8a shows P, Vvs. x.. The

intense longitudinal momentum oscillations are clearly appearing,

-+==beginning ‘at#ithe -«photonsipackets-and-rextending ~to -wits. initial

starting point. This is the wake plasma wave set off by the photon

futhesphotonzt’bul lets' .are ..




wphaseZspace e pattern- H{Fdig: “Be)-mappears -~ with¥its momentum-keeping

1ncreasing! Tﬁe.wake plasmbn strﬁcture is also apparént in the
longitudinal fields (Fig. 8c). A  schematic mechanism of charge
separation due to the photon wavepacket is shown in Fig. 9. In
this case the electrostatic field reaches values around EL ~ 0.6
mcwp/e. This value as well as E; ~ O.?mwpc/e for the Fig. 7 case

should be compared with theoretical values of Egqs. (9) and (11).

In Fig. 10 we plot the maximum electron energy observed in -our

simulations as a function of (wo/wp)z. The prediction Eq. (14) is

drawn as a solid line to compare with the simulation. values. -

Agreements are reasonable.

ongissdretching :arm=1like -

oo LT FORWARD. RAMAN. . INSTABLLITY. AND.WAVE. STEEPENING ...

We ~ study the spectral distribution of photons and plasmons in

time during the process of induéing the plasma beat-wave. This
casts light on underlying nonlinear processes of the
electromagnetic waves and the electrostatic 'waves..  From: the"-

simulation run with two photons..(wy.ky). and. (wl,klkm'that-wem

discussed in Section Il we observe in Fig. 11 a clear—cut energy
cascade via multiple Raman forward scattering. Some of the
statistical properties of this cascade are discussed in Section
VIA. The original waves with equal amplitude Ej = mcwi/e (i =0 or
1) cascade toward smaller k as seen in Figs. 11a and 11b. A

smaller amount of energy is up—converted. The spectrum is sharply

: &mﬁpeakedsatma;pantirulﬁr;discwéiewwamenumber1kﬁ:s ko;qggkxwwhere‘n is -

P

an integer. The spectral intensity S(k,w) for the electrostatic
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woomponeéntiishowswan: osrerwhed i tig: peakiiats st 4

0y

strongly suggests that all possible backscattering processes are
suppressed'or saturated at a very low level in our present problem.
An example is shown in Fig. 1% with parameters being

(i) /o = - - - - '
Vos /e = 0.5(i=1,2), ¢ = 9.99, L, = 1024, v, = 0.3,

3
k1 = 27x68/1024A, and k2 = 2nx51/1024A. Ions are immobile. Figure

2
12 shows |EL(k; t=60w;1)] vs. the wavenumber k. Around time

am =1
t = 60
6 wp

this in fn—4%n scales: it seems to fit |E(k)|2 ~ exp(—ﬁnkp), where
n is the harmonic number. This implies that a  simple. explanation..
of higher harmonics of plasma waves by wave . steepening; via 
vcénversion of the siﬁusoidal oscillations "in the 'Lagrangian ‘frame:. -

_"tom_ihen_Eulerian_"iramemmaywbeumesponsible_iorwihe_higherxhanmonic“

generation, because this conversion (Jackson, 1960) produces higher
harmonic contentes whose amplitudé is proportional to (wpéo/c)n in

the regime (wpso/c) << 1, where ¢5 1is the eamplitude of the

displacement ¢g = ELO/(4ﬁne). This is because the finite amplitude -
wave steepens in the Eulerian " frame (in ~.the . laboratory. frame)... ...

According to O'Neill et al. (1971), however,.when the trapping of

electrons begin, the exponential spectrum . .ceases to exist, but
instead a power law dependence begins to manifest itself. In our

simulation certainly a formation of relativistic electron . tongues

is observed but not the O'Neil et al., type nonrelativistic

trapping. The electrostatic spectral density S(k,w) shows peaks at

K =K i = Q~xﬁa5¢wwéllxas§kw=ank:4mw:=mnﬁwﬁﬁn‘<n) More :details

P P P
will be reported later elsewhere (Tajima and Sudan, 1985). All

vand::nowsssignificant

SeriEr gy in. ceanyr fréquency-  at -thesbackseatter swavenumbers:~ This -

the electrostatic energy peaked. In Fig. 12 we plotted :
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iphotondcascade is ‘due- '

“thésiesfnobs etvatiionsweont irmdthaty the: downwar:
TR st the mil t1p] e#forward 'Raman ‘scattering - | '
A siﬁilar downWard photon cascade ié observed in the case with
a photon packet of one laser wave,(wo,ko). Figure 13 shows the
wavenumber spectrum of.. the electromagnetic pulse at successive
times. The original smooth-shaped spectrum evolves into a
multipeak structure with a rqughly equal, but slightly increasing,
separation in wavenumber as k approaches kP. This again indicates
that the photon (wy.kgy) decays into. (0y.k7) 0 (wg, ko) . by
successive or multiple forward Raman instability.

The reason why the Dbackscattering 1is suppressed..but..the.

forward scattering is very prominent is the following:- wheni the - - .

backscattering plasma  wave is .excited,'uenhancednLandaufdampingm;'

e e e ._._(.Daws on .and. Shanny,.-1968; ..._Leboeu.f,,v:_,.and_.,v Tejima:-- 1979 a.‘;~__t_-_‘.1..9749b.)_ e Qe

electron trapping by this plasma wave saturates. .the plasma wave at

a low level, thus limiting the backscéttering‘ to. a small value.

The wavenumber kb of the. plasma-wave.produced. by -the backscattering:

process in the-case of-wp/wo~<<ul is—k5w=—BKOWr-Thesphasespveloeity”;% a

of the backscattering plasma wave is .

W, [
v =2 % P (18)
p 2k 2 wg

Trapping of electrons by this wave begins happening when.the
trapping width Vir becomes -wide enough to reach the tail of the

~-<thermal...electron...di-stribution.

» AN approximate..trapping width may

be written as
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Vip = = (MT VP) , (19)

P
where the  superscripts b refer to the backscattering
electrostatic wave. See Fig. 14. [Sometimes Vi, is defined as Ve

times the value of Eq. (19)]. The formula is nonrelativistic, but
is sufficient for the present purpcse. Also recall the discussion
given after Eq. (11). The condition that. a. large number of

electrons are trapped is given (Dawson and Shanny, 1968) by

p

The maximum electrostatic wave amplitude is obtained for a cold:

. 1/2 )
Vo T Vip S RV = 2(Te/m)5'“‘- (207)3:

plasma by setting Ve = 0:

ek w
L e’ . (21)
mmp 4 wg

In the cases of both Fig. 11 and Fig: .13 we did not-detectav"large:
peak of electrostatic spectrum S(k,w) at k =~2k0 that 1is - a
signature of backscattering plasmons. Thus:« thHe forward <Raman.’
process sappears to be the last parameiric process to saturate in a
hot underdense plasma. In fact it can be argued that it will
sétﬁrate only when the original electromagnetic wave has completely.
ﬂwcaseadedabyﬂmuitiplewiofwand»Raman.process.to; ..... waves...near w ~ .

p

in this case most of the electromagnetic energy may be extracted:




‘ltouukiﬁetic"%eﬁéfgyi*ﬁfThéﬁ?Tdealﬁ?éd#éfficrency,”%hereforei may be- "

~20 keV. In the experiment the laser emits only. one beam so..that.

R
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f.romst

given by ﬁ =1 - (wp/wo)z.

An experimental observation of the forward Raman instability
and associated electron acceleration and heating has recently been
done (Joshi et al., 1981) in conjunction with the present concept
and physical discussion. A COy laser is shone on an underdense

plasma producing electrons of energy up to 1.4 MeV. The laser

power density is such that eEO/mch ~ 0.3 and the-frequencies are:

wp/w0 ~ 0.46. The plasma was created by the laser light shone . on

130-f~thick carbon foil producing the initial plasma.temperature. of

the beat has to grow from the noise. It is, therefore, in generalf’:
_possible to have other competing processes such _as _side  scatter, ... . .

backscatter, and two—plasmon decay simultaneously taking place. In

spite of these competing processes, lower qﬁivering velocity of the
laser, and lower wo/wp, the experiment shows (Joshi et al., 1981)

high energy electrons in the fdrward direction.

Simulations are carried out in order.to see the.wave. spectrum.: ... . .
. . R

and to compare the distribution function of.electrons with the
experiment. Using a similar setup as before, we .set the plasma

parameters the same as in the experiment (Joshi et al., 1981):

Te ~ 20 keV; uniform plasma, wp/wo ~ 0.46; and the propagating .

electromagnetic wave having eEO/mch ~ 0.3. The electron parallel.

distribution function f(p”) along with the electrostatic wave

.?sﬁectﬁ&wﬁaneﬁdisplayed&inwFigﬁ#44J@;mhe:tempeﬁatureﬁand;the:maximum

electron energy observed in the simulation distributions are

Tefkaser:ildighit st okelecbrostatierwayesenergy s and. ..eventual 1y
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siexperimentalsl:

‘mﬁ@ashmeﬁﬁ@maiubﬁﬁ
éﬁﬁﬁTﬁt%@nSWShowﬁthé%ibrwﬁrd“é&e€$ﬁén“mhﬁ@mumﬂenergyﬁa§+TvG$MeVrand
'temperature as 100 kéV in compariﬁon with the ekpefimentallvélues
of 1.4 MeV and 90 ~ 100 keV, respeétively. In the backward
direction, simulations show the electron maximum energy as 0.9 MeV
and temperature as 60 keV compared with the experimental values of
0.8 MeV and 40 ~ 50 keV. The electrostatic wave spectrum,
Fig. 15b, shows that the backscattering mode kb (which grows
initially) is swamped by other modes with a smaller Wavenumbef, the= -
most intense of which is the plasma wave associated with forward.
scattering kp. In addition, there are some wavenumbers.which are:.

less .than kp. Thus the heated electron distributioné . obtained . by

experiment and by simulations agree well with most of the electroni -

...heating due to the forward Raman instability, but_not_ so._much..due. .. ... .. ...

" to the backward proéessi In the present case the phase_velocity'of

the backscattering plasma.wave wp/kb ~ 1.6v,. Tgﬁs this wave is
heavily Landau damped to begin with; and, as it grows in amplitude,

more and more electrons Willvbe'trapped by it, and the damping will"
grow. In view of Eq. (20),‘therefore,.the experimental as well.as.. .-
the simulation results are reasonably well understood.

Recently Joshi (1985)‘reported an experiment done by his group

in which CO2 laser beams of wavelengths 9.6 and 10.6u were shone-.
with intensities such that (VOS/C)lo.G = 0.03 and
(VOS/C)Q.G = 0.015 on a plasma of denéity ~1017em™3. They. have

detected_the creation of beat-wave, its wave frequency, wavenumber

agreement. . with - the

theoretical prediction (Tajima and Dawson, 1979b). The measured

JEPRor—example; . RERIRE
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“1GeV Aicond Ermedé fronithe” Thomson—.

srienifiie dsswaisi

slhongi-tud el elied
o e T Seascatteringimeasurenentiof VeFeEt ron-density s Ffluctuations “for -the-

fast wave.

IV. ULTRARELATIVISTIC WAVES AND RELATIVISTIC GAS DYNAMICS

As the laser beam becomes more intense, the accelerated
electrons become more numerous and they are more energetic. When
the laser beam 1is ultrarelativistic (i.e., eEp/mwge > 1) and the
laser wavepacket is localized, such a wavepacket exerts: a large.
pondeyomgtive force on the plasma and can create a local vacuum
(Ashour—-Abdalla et al., 1981). The intense electromagneticmiwavew
pulse pushes  the plasma forward and. expands. the region. of"~

plasma—plowed area (vacuum or very low density plasma). Since theu

expanding _electromagnetic . _pulse.  _acts.like a_ piston.that_ reflects:
incomjng’particles, we can. evaluate how bmuch momentum. transfer:
takes place during the ,processl Equating the electromagnetic
pressure (piston pressure) to the momentum exchange by electrons

which are pushed by the piston, we obtain

P = — = DV p = nv yme _ (22)

where vg is the velocity of the electromagnetic wave front. From

Eq. (22), the particle ‘énergy ¥87€ is calculated as

_A;Ye.'.w:. (i) (._Cf)_o. 2. .‘EEO- 2 .
Vg wp e Iﬂwoc

o (R3)




15)‘1n*vsea1;i‘ngr,whenr:éEO/nch,*: S Thist

’P”“;Tfﬁﬁi:pndVides?Eﬁbnes;mofeaﬁmé%hoﬂﬁgtéﬁﬁdeniVe“ﬂihéfﬁjgndamental*ﬂscaling
Eq. (15).

Simulations have been .performed to. study this. parametric
dependence. Again the same type of setups as for the pulsed photon
wavepacket in Sec. II and the same code are used. Parameters we
use are LX = 10240, Ve = 1 wpeA, the imnitial photgn wavenﬁmber
ko = 2n/10A, c =5 wpeA, 10247 electrons and ions each, and
eEO/mch is varied from 1 to 20. The packet. lengthris chosen.to:befi
Lt = ﬂc/wp. In these runs we set the ion mass equal  to the
electron maess with the intention of simulating highly,relatiVistic»
plasmas. The obtained energy scaling ‘is displayed  in" Fig!".16,""

showing 7max « u2 = (eEO/mec)z. The  coefficient of theux: -

similar study ‘Sullivan and Godfrey (1981) also investigated the
accelerated electron energy dependence on the laser field strength.
When the laser intensify exceeds'eEO/mwO = 1, there results intense

plasma heating in addition to  the afore-mentioned ‘- acceleration:

Heating 1is 'more intense when the mass.ratio.of.ions:to electrons.;.... ..

becomes larger than unity. Therefore, unless a clever way .to
exploit the wultra-relativistic laser beam is found, too intense
laser beams (eEo/mch > 1) are rather detrimental to our purpose. inm: -
terms of efficiency.

‘When a continuous relativistic wave is imposed upon the plasma....

(Leboeuf et al., 1982), the relativistic wave can generate a wind

s ofwnetap Lasmassafil owsinuthes forwardsidirect ionzuzcAs:.we..disscussed in

Sec. I, this does not happen when the wave amplitude is high but
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17). The Wave is no longer éinusoidai (Kennel and Pellat, 1976);
it resembles a sawtooth in the profile of wave fields. Such a
nonlinear (self-—consistent) wave can carry particles with the wave.
It turns out that the particle flux is as large as E = 2noc in the
ultra-relativistic wave (Leboeuf et al., 1982), where n, is the

average density of plasma electrons in the laboratory frame.

In such a relativistic and nonlinear case we- learn '.that -the:.

group velocity of the sawtooth wave structure is the speed of the

relativistic phonon phase velocity. 1In Fig. 17 we observe that the:

wave  structure has a speed of ¢/V3.  Since  in - the-

swaveampliftudesbecomesyrelativistic, - -

heswavesseverelyrmodifiesithemplasmas(seezsPigs+1c ~vand -

ultra-relativistic plasma the - charge  separation’ effect' is" lessw . .

important., . the. . phonon.__freedom.becomes. more evident..—_Because. .thei . .

energy of a relativistic particle is ¢ = pc (Synge, 1957;. Landau.

and Lifshitz, 1959), the pressure P of the relativistic gas is,

from Eq. (R2),

where U is the internal energy density.. The sound speedv.cS in a

gas governed by Eq. (24) is obtained via a formula (6P/8p)1/2, or

o= (B - <
s 7% ey 3

However, the wind generation by the relativistic wave per se seems

U ,. , (24) .

(25).




anriine Ll crentaprocessifomiligh energy«saaceleratioc

hea:
we do not know an analytic fofm,(Decoster, 1978) of the waves for
the case to start out.

A still speculative concept of the relativistic forward
Brillouip scattering process in place of the forward Raman process
is discussed. In this we use two laser lights with (wo,ko) and

(wy.k;) obeying wy - w; = wo; and @, = (4ﬂne2/M)1/2. According to

pi pi
Eq. (1), the ponderomotive potential will force charge separation.
The two intense laser beams will create electrostatic oscillations.
at the ion plasma frequency, which are . forced . oscillations..
(quasi-mode) in the limit of the “sound” velocity . put.“to - be: the °

speed of 1light ¢ with ~wavelength c/wbi; An advantage of “thist: -

m__mscheme"would“be“thatmihemirequencymseparation.ofmiwomlasers_and_thﬂ-. -

‘THe: - case-~sof - /=

ofFultrasrélativisticiwaves hassndt+beenzexamined-yet , ~since -

“resonant ion plasma frequency are so much smaller than the laser
frequency that the phase velocity of the accelerating structure
becomes very close to c¢. (This objective may be achieved by the

Raman process by reducing wp/wo, but this leads to lower plasma:"

density and ‘lower accelerating. field strength, in .conflict:with.our.~. ..

original desire.) From our simulation. we find that . EL ~ mwpc/e. .
1/2 2 s :

And, therefore, ep ~ (Mm) c”. The amplification of energy by

the Lorentz transformation-zyz may now be given with v = wo/copi as: .

2 1/2 2
whex < 2 (wo/wpi] (M/m) /% me?.

In practice the above energy is hard to obtain. There are

several complications: modes different from k0~k1 are excited and

e weithewvelectrostaticsfield profilesiswnotwasecoherent.as  in the Raman

process. This is perhaps due to the fact that the beat-wave is not
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[ thereféresifisheuil &~ <be iitaken: ~as specul ative ~and * ~“treated “~with

restraint. One of our preliminary studies by computer simulation
is shown in Fig. 18. The parameters in the simulation are:

Ve = lwph, ko =2r x 77/1024A, k; = 2n x 73/1024A, M/m = 25,

V.

; = €B;/mo; = VBc for i =0 and 1, c=9wA, L_= 10247, and

P X

numbers of electrons and ions are 10240 each, and wg — @y is kept

to be w A large amount of high energy electrons in phase space

pi-

are seen in this simulation.

The electrostatic wave spectrum S(k) shows a predominant peak.

at mode 4, which corresponds to the beat mode,wpi

1

early time (t = 60@51; not shown here). At t :.260w;

predominant mode of EL is still at'mode 4 with ~ the magnetic ' wavew -

developments of acceleration and plasma responses are also shown in
Fig. 19. Figure 20 shows the dispersion relations fof the

electrostatic branches obtained in this run. We see three major

branches: the ‘first 1is the relativistic ~electrostatic plasma""
oscillation w = (wge/<7"> + kzce)l/g, the second .. . is..

w ~ min(ke/V3, w_.), and the third is w ~ 0 (or purely imaginary)..

pi
From our measurement, the time—averaged relativistic. factors <Yp> =

p
state for relativistic gases Eq. (24). This leads to the effective

7.2 and <yl> = 7.5 . over a 400w

. 2 3 2 11/2
plasma frequency for k¥ = 0 being o ~ [wpe/<y"> + wpi] / ~ O'3wpe2

The second branch might be related to the w relativistic phonon

pi

‘%ﬁbraﬁchgﬂdmscussed%&ﬁwthismsebi@onﬁ'HTheﬁsﬂopewﬁiwc/V§;is;wnitten,in

- -for-comparison-. -As discussed by Synge (1957) .and Leboeuf et al.

wgrhessystem:s«iPiscussion here: . -

= wg T oWy at an-

[ . the -

é~period. Recall the equation ofr--




-31-

mewave prof&lefu:mhuS‘thenvalﬁe-of ¢/V3=is -only- for comparison. The

third branch corresponds to w ~ 0 and the purely iméginaryv

frequenqy. This is because the ponderomotive potential-forced mode
is not the natural mode and therefore decays with a finite
lifetime, corresponding to a virtual " vparticle.” In our run we
generally find that the third branch contains the largest energy.
In order to provide an eigenmode instead of a virtual mode
(quasi-mode), we may impose a vertical magnetic field. When plasma
electrons are sufficiently magnetized, the plasma eigenmode with
the wavenumber in the direction perpendicular to the magnetic field

assumes eigenfrequency of -the electrostatic lower hybrid wave. The

eigenfrequency is w = Wp where the angle of propagation:

~9-=-tan” 'k;
mass ratio (m/M)l/z. In this mode electrons -are essentially
insulated by the vertical magnetic field. The electrostatié field
will be shorted out before EL = By, where B is the wvertical
magnetic field. In-this case we should have ep € (Qe/wpi)mcg and

Y 2(w/wpi)2(ﬂe/wpi)mce. Such an accelerator concept has =&
benefit of less staging and less pump depletion, while the
accelerating grading is less. This type of acceleration may be

applicable to protons and muons.

V. PLASMA FIBER ACCELERATOR
We have introduced the concept of a laser accelerator using
nm&vmmpanadLel«in&ensemlasenﬁbeamsaand‘aanesuLtantnbeatuplasma"mwave.

. We - -discussed - #arious  ---characteristiecs .. of this scheme and

/k~—-is-—less-than-the square.root. of.t he.electron-to—-ion
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demonsitFated itniviascomputendsimukationssandwtorsasicertain “+degree

LR i eyl gexperiment st BHere «in . thesphésentris et tiomtwe disscussmore “about
the way'to accelerate ﬁarticles to high energies without losing the
regular structure of the field. This is important since in a. very
high energy accelerator it is likely that any material may not be
able to withstand the very strong accelerating field, and the
system has to regulate itself; in the present case the plasma and
the laser beams have to regulate themselves. A large regular
electric field of 109 V/cm range propagating. with phase . velocity
very close to ¢ is certainly attractive for accelerating particles.
One possible way to obtain this is to. preaccelerate. particles .to

moderately to highly relativistic energies and then touihject them

onto this field. See Fig. 21. In order to accelerate to multi=TeV':

__engrgigs,Qne_igmjjkgLympo_nggdwmanywmodulﬁs”pfmsuch;an_acceleratonhmw
since laser focus probiems, andvothers, may arise. See Sec. VII.
In this case it may be a technical chalienge to pfoduce particle
clumps in phase with the positivé electric field in (or electrons)
all those modules. Even if we assume ' that we>can accelerate
particles almost all the time, with a field of ,109,V/émfnit. wopldm
take 105cm to reach an energy of 100 TéV.

It 1is therefore of considerable interest and concern to see

whether intense laser light. can be .propagated over a long distance--

without deteriorating the laser beam quality too much.. If the.
laser light deteriorates too quickly or refracts over a short

distance, we have to reshape the laser light or to inject a fresh

el asertd ight

headache and to much higher power consumption for lasers.
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i %acﬁélerﬁfidn*ﬁbfﬁﬂpéﬁt&éLESv”td?’highiﬁenergiéékﬁwithfﬁihe=*ﬁresent o

concept.v The first problem vis transverse deteriofatioﬁ: ‘the
defocusing of the laser light due to the laser optics as well as to
the plasma nonlinear effects on the laser light. We discuss the
self—trapping effect in Sec. V.A. The second problem 1is the
longitudinal deterioration of acceleration: the dephasing between

the accelerating electrostatic plasma wave and the particles being

accelerated. We introduce the method of density mismatching im - - -

Sec. V.B. This approach is intended to overcome the longitudinal
dephasing. We then introduce a concept of the plasma.fiber:

accelerator to cope with problems of both transverse .. and

longitudinal detuning in Sec V.C. L ' B

A. Self—Trapping‘of the Laser Beam
Let wus consider the self-trapping pfoblemu For general

reference see Akhmanov et al. (1968). The laser light has a focal

length associated with it, the Rayleigh length (see Fig.~22a).:

This length 2z, = ﬂWz A, with A, being the 1aser'wave1engthw,ahd¢<w o
R 0/ g 2 0

the focal waist would have to be of the laser acceleration length
in order to achieve the energy gain of 2(wo/wp)2mczz

2, < 22 (26)

where‘,?_a = Z(wo/wp)zc/wp. Outside this area, the laser power would

- -=go.too-.low-and would diverge.

rucial Tyquestionsayassociated:with -




‘;WM£n' théﬁﬁ%&éérﬁ}_%@Hﬁﬁh§@&uiiici§n¢lyfiniense,
selfztrapping “of #the«: Tight-»beam ~-can ¢»take wplaces=at-a “certain
thfeshold laéer poWer (Felber,v1980). When the laéer power ié at
the threshold, the laser beam propagates without defocusing,
overcoming the mnatural tendency of spreading over the Rayleigh
length. When the laser power exceeds the threshold, the laser beam
propagates with its envelope resembling a sausage, without
divergence of the beam (see Fig. 28b), still satisfactory to our

purpose. Felber gives the self-trapping condition.for a laser beam-

as

where T the electron temperature, ag the light beam cross—section
radius, and ko the laser wavenumber. The .trapping condition

Eq. (27) is not very difficult for an itense laser beam to fulfill.

According to Felber, a seif—consistent'density profile-for uniform -

plasma fiber can be obtained. "~The equations . describing.. the ..

propagation of a circularly polarized wave with planar phase fronts

are

+ S =+ =4

[d2 1 d 1 - “p0 _ w5
arf T AT B B B)/E (2, B)1/2

2 _ _ mc” LRy1/R _
where w w? eXp{'"ZkT[(l + v°) 1]},




= 4ﬂne2/m is the nonrelativistic

and A is the vector potential, wgo

plasma frequency, and a is the constant radius. If wg << cz/ag,

then Eq. (28) reduces to a Bessel equation with solution

A = Agdg(r/a).

Another possibly damaging instability is filamentation

instability (Felber and Chernin, 1981), which .. develops

perpendicular to the beam propagation. ‘direction "and-is‘due-to -

either the photon pressure or the plasma temperature-effect. ™~ This: -
HjnsjabLlitym_makesmtheyoniginallyfuniform"beam_profile”inrowaﬁspikymwwﬂm_;;;_mw”mme

nonuniform one, leading to possible difficulty in accelerating.

uniformly and enhanced emittance. The mechanism of this

instability and the conditions for avoiding it have been studied

(Felber and Chernin, 1981). It is possible to have the:'above -
mentioned self-trapping and to avoid filamentation . .instability. . at..

the same t{ime if we choose a certain domain of -laser: power, beam .

radius, plasma density, plasma temperature, etc. See Fig. 23.

This corresponds to the regime with enough beam intensity-and-

enough beam radius.

To check the self-trapping the Los Alamos group (1984) carried ..

out two—dimensional electromagnetic simulations. The laser beams

"are :shown:to=sel f=focus =vAt~the~same ~-time-=the -relectron .current

generted in the direction of the acceleration created a large
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‘polibidald-magnet:
elécwﬁdn@réiatiVistiﬁ%maséﬁvariamﬁonwhaéﬁbeen*ﬁal@ulﬁtéd?by:Schmidt

and Horton (1985). Their result is

v
Os =
. > V2 c/(aowp) : (29)

which is essentially in agreement with Felber’'s result.

B. Phase.Adjustment Between the Particles and the Plasma Wave

The problem of the deterioration of the matching of.. particles

and wave phases ‘and a possible.cure for it are discussed in.this.

and subsequent subsections. in the original laser beat—wave

accelerator the dephasing between the accelerating=electrostatiC'.‘

-uéiésma wave énd the parficlés Being acéelerated takes place as the

electrons are being trapped in the plasma wave-andsacceleérated:: In

a half cycle of the +trapping oscillation the particle moves,
changing its phase from retarded to advanced relative to the wave:
In the ultra-high energy accelerator wunder consideration; the
particle enters into the electirostatic wave with a'retarded”phaée,
quickly overtaking the wave, because the particle of concern to us
already has a velocity extremely close to.the. speed.of light. The

particle velocity relative to that of the wave is

. 1.%\7 : —
= E[MO) c , A (30)

where Voh = c[1 —-(wo/wp)z]l/zﬂthe'phgse-‘velocity of ~-the--plasma

Jﬁeﬂﬁi;ﬁﬁeliﬁtyﬂppiﬁgzmyﬁmheamehhaﬁismf&of'ﬂihéxn :




7 The!“tdephasing-icani takesuplaseifiove

aH&h&%&manejength.*V

Therefores=the :dephasing itime-isvobtained as’~

A/2 ©Wp,R 1
Tq = =2n(—) —, (31)
Av wp wp :

where A is the wavelength of this plasma wave. This dephasing~time -
is very similar to (and essentially the same as) the acceleration-
. 2 .
time ta = B(wo/wp) /wp according to Eq. (16).
On the other hand, the time for 1ions to be accelerated by

energy Mcsz is given as

A’yMc2 . AyMca Ay . My 1 -
Ta " TeE e _1/2_ 2 _1/2 ) o (32)-
L 7 et v P
where M. is the ion mass. Since the electron- perpendicﬁlar

temperature cannot be extremely - high,. 71/2> is. of order. unity -

(perhaps < 2 ~ 3). The energy: gain- Withinﬁ/theﬁdephasing@tjmewg._..,

- therefore, is

m “0\% 1/2
N (33)

Ay < 2w

This indicates that if one wants to accelerate up to 100 TeV with
(wo/wp)z ~ 10°, one would need 10° rephasing operations between -
accelerating ions and the wave. This requires to have 103 modules

of -tiny - plasma- tubes with- - optics for intense lasers..-When. we

accelerate electrons, we also need rephasing. In this case, we




_detail here.
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orl§zehave stosreplacemionmas s \Mbyeledatrofmasss =my=»in«Eqs . 2(31)

wriieand T(8RY) rerAga i ;A f rwewant Hto ‘actederate Yelectrons upito 1007 TeV, v

we would need 103 fephasingé if (wO/Qp)z ~ 105 is taken.

An elementary method for reduction of the dephasing is to
apply longitudinal spatial modulations of the plasma density either
by segmenting resonant regions [wo -y = wP(X)] and non-resonant
regions [wo - # wp(x)] (see Fig. 24) or by smoothly changing the
density of the plasma. An optimal profile of such a scheme has to

be determined.

In order to cope with the longitudinal dephasing problems, a.
few further ideas have been proposed, including.the.surfatron.:
(Katsouleas et al., 1983) and the plasma fiber accelerator. (Tajima,: .

1983). We discuss the idea of the plasma fiber accelerator in some:

C. The Plasma Fiber Accelerator

The idea of the plasma fiber accelerator (Tajima, 1983; Mima

et al., 1985) 1is te tackle simultaneously two problems: . (i) the"

longitudinal phase mismatch . between. the.- plasma wave. and .the.. .. .

particles; (ii) "the. tendency of. laser. light to.spread.in the

transverse direction. It is crucial to overcome these difficulties

in order to scale the scheme to ultra-high energies. The plasma.

wave excited by the beat of two laser lights has a phase velocity

equal to the group velocity of the electromagnetic waves in the. .

plasma according to Eq. (5). Since the phase velocity of the

saplasma-zwave is::lesssthanythe speed- ofzlight:, zthesplasma wave. . will

be outrun by high energy particles during the dephasing time




—39-

“imw&veﬁfgainﬂﬂenergy“ﬁﬁjﬁﬁz(wo/wg?awmcgp*x@aicuTatea@iby'ﬂusing=3fthe

wave—breaking limit electric field EL = mcwp/e‘

We shall show that +the plasma fiber under appropriate
conditions possesses a property to overcome this difficulty. The
duct structure, in which the plasma density is low inside and the

density is so high outside that the electromagnetic wave is

evanescent, enables it to sustain a beat—wave phase velocity equal

to any prescribed velocity including the speed: .of. light. In

addition to this benefit the plasma fiber confines the light,

overcoming the natural tendency toward transverse spreading. .. Thus

the idea of the plasma fiber plays a central role in improving 'the ’

laser beat—wave accelerator in two of the "most important points:

active and important areas of optiecs in recent years- (Marcuse,

1974; Clarricoats, 1976; Adams, 1981). It is known that the fiber

structure can well sustain the shape and the amplitude of 1light

”ngégﬁ%?@%‘ Thﬁa&pdﬁtiélé§uthdtﬁa®@ﬂ¢@ﬁppéiﬁbyatheeplasmavn

It _is to. be noted that the optical fiber waveguide is one of very _ . . .

pulses over 107 cm; used as an efficient communication method.  The *~

fiber may have favorable properties such..as . sustaining, optical.,.. ...

solitons wunder certain conditions (Hasegawa and .Kodama, 1981;

Hasegawa, 1984). In the usual dielectric optical fiber the index

of refraction is small toward the outside so that the light beam‘is -

trapped in the duct. In the present problem, of course, the plasma

dielectric constant 1is less than unity so that the plasma density

has to rise toward the outside. This cavitated structure of fiber

smmniimtype -« sewiofiden wraisenatureal: ocurrence-of«=plasmas -with-intense light

shone (Amherd et al., 1974; Hoffman et al., 1978).




hesaceeleratin

tofmatehithe: phaseé: ”ﬁiié&ﬂﬂuwrﬁh,uhigh;f

fér%ﬁbﬂeS‘?ﬁsmhtocﬁﬁnj%@thaﬁtiddés*oﬁ%ique“ib*the*electricf'

field direction (Fig.'25). In order to phase—lock, the angle 2

between the particle momentum and the electric field is given by

2
wy 1/2
cos® = (1 - —R) / . (34)
2
“0

Although we match the parallel phases, we- have.now: introduced: an. -
extraneous perpendicular acceleration, which bends .the- particle:.
orbit To correct this situation; it was proposedT(Katsouleas“andF‘fﬁ'
Dawson, 1983) that a static vertical magnetic - field be imposedﬁff

The magnetic field is such that

= W
I

‘ w
= sin¢® = £ | A : ' (35)
wg

for relativistic particles whére‘ B~ is- out of the’boardvin o
Fig. 25(c).
An alternative approach is to conduct the laser lights in a
plasma duct where the plasma density in the middle is low and the
edge density high (see Fig. 25b) (Tajima 1983; Mima et al., 1985):
We choose the outside density so high that the electromagnetic
WavesAare.evanescent~there'and therefore they are trapped within
the duét structure (plasma fiber). By choosing a right width of
T bl af?ﬂMM$he@duct4we»ean@shoug&hata&heﬁbeatmwaveﬁvelQpity;matches:theA“spped B

of light. Let us choose flat densities n inside the duct and




HoutSdd e

i mbpemabehings among-<t hewntwoslasersaand sthe: plasma=wave :

g~ ey = e (36)

Further, we demand that the parallel velocity of the two lasers,

which is equal to the parallel phase velocity of the: plasma:z wave,.

be the speed of 1light (to be precise, this speed should.be the-

particle velocity).

¥p T W

demsnd:cfrequency . .

EM .
v = =y =c , , (37)
erl " kg -k, phl :
PR -2
B S-S ) N R 12— ;
where ky. = [*l e (E] n?] (38)
i o2 2 d j

and j=0 or 1 and we choose ng =ny; +1, where nj are the number of

transverse nodes. In a slab model with the y—direction:parallel to: .
the laser injection direction the electromagnetic fields may take.. .
the  transverse magnetic or the -transverse electric forms: The

transverse electric case, for example, has the E B and B_

z’ b y

fields. If the plasma density - abruptly changes from - the duct -

plasma density to a very large value with the duct width d for

.simplicity, . the. electromagnetic field inside +the - duct  may be.

approximated by the wave—guide modes:

_ w0, cin e 4 |
Eyj = By 51n(kxjx)cos(kyjy th) , (39)




~———where————""~

oA

eosliymsinliy oyt (40)
ck._ . 0 '
ij = —;?l Ezj 51n(kaX)cos(kyjy—wjt) , (41)
where ka = ﬂnj/d with j=0 or 1. The dispersion relation of the-
1/2
. . _ 2 2 2 2 2 ..
electromagnetic waves is wj = [wp + (ka + kyj)c ] , wWhere wp is

determined by the plasma density inside the duct. The condition

Eq. (36) yields the following relation

o~

d™® = {-[AB+4(ED'+E'D)] * J[AB+4(ED'+E'D)]g—(B2f4DD’)(A2—4EE'))'

x (AP—4EE")71 | o (42)”

=(—) -1,
D (wp)
Wy 2
D = (=) -1,
(J.)p X
: TnHC 2
E = 0 )
“p
) Tmyc 2
E = (—)
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L&&ndﬁ%u§r§g&:(wo/wp
3uwhtw*)z*>§:ﬂ%ﬂwé*érrive*a%«thé“%oliowingﬁeonditTon@“ﬁdf “the duct
7p

width

_ wg 1/2
a=yv3 It —9) (43)
R
If the density outside density n’ satisfied the condition-
2
n’ 2n+ Srme , . : _ (44)
4e”d° .

the electromagnetic waves are evanescent outside the plasma fiber.

The plasma wave phase front is straight, i.e., w(z,r) ~

>>1ovand -

_A(r);;;ZQHPZ - wé%)'(seé.Fig. 25by7.

In Fig. 26 we show the condition for the-duet:withiEqs (43) as .

a function of the ratio of the laser frequency to the plasma

frequency: Eq. (43) is a good approximation. An example of

simulation runs with the transverse electric field with'a flat wave -
amplitude within the duct 'is diécussed. The prescribed density

profile of duct structure in the x—direction is shown in Fig.—27..

The original light wavenumbers . are. k03=w2ﬂXX20/128 and
kl = 2nmx15/128, the speed of 1light c¢ = 4.O9wPOA, the quivering
velocities of the light waves Vosj = © (j=1 and 2), d = 354,
vy = O.5prA, where on is the plasmavfreqﬁency iﬁ the duct. The

electrostatic potential of the beat plasma wave 1is shown in

© - Fig;~28:mﬂPhase space'of-elegtronsﬁinathefy—directron.shows trapped.

electrons by the beat plasma wave. The measurement of phase




where = eBZ/mc and  the z—-dependence refers to the ripple
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:%x&k@ﬁ%iféﬂi“” §@89§§Whichﬁ$h@wsgiheﬁpha&emvelbcrty of

?‘*thé?ﬁpiasma%&anEﬁ?iSwﬁkept*aﬁéfY**ctose@wto*QVrﬁ*&b&#D:waVWhereas

P
c = 4.09pr)‘
The above-mentioned role of the plasma fiber leads to a

generalization of the plasma fiber accelerator. The original

beat—wave accelerator was invented to create a slow wave out of the

fast electromagnetic waves in a plasma via the nonlinear beat—wave .

coupling. However, it may be 'possible to impose a slow wave

structure in a more “traditional” way employing.  the: ripple -

structure (irises) on the fiber surface (Tajima, 1983) (see

Fig. 3). The index of refraction of the plasma may be given as

ng(r,z) =1 - wg(r,z)/w[w * wce(r,z)].,“ | (45)ﬂ':

ce

structure. Stated in a -simplistic way, the duct structure makes.
the laser electric field possess the parallel component,.while the .

ripple structure makes the electromagnetic-wave:be: a: slow waves: . Lf -

the relation

w
- - , 46
ktok | C (46)

is satisfied, the slow wave is in phase with high energy particles,

. where. Ak is.the ripple-wavenumber (Mima et al., 1985). Then the .

particles may be accelerated resonantly. A possibility of

woselid=sinduced«trapping is-siddustrated. =in.Fig. 282.:--If:=:the - .laser

power is large enough, the self trapping (Felber, 1980) may produce




can be canceled by an impdsed magnetic field as discussed throﬁgh
Eq. (835). This latter wvariation of the plasma fiber accelerator
utilizes the laser electric field directly as an acceierating
field, and therefore it is not necessary to have a plasma inside
the plasma fiber as a special case. In this last scheme we no

longer rely on the beat—wave.

There exists an experimental evidence-that-the-plasma. fiber:

structure helps the laser driven acceleration process (Mima, 1985).

The experimentalists of the Osaka group.injectedwtwo‘coz laser ..
beams of 10.6u and 9.6u into a preformed plasma fiber structure . of”’
different lengths (lmm and 3mm). They : found - that the energy:

_sp ectrum of accelerated electrons became harder for a longer plasma

fiber.

VI. PLASMA NOISE

It is expected that imperfectionS'in*plasma.density‘profileE“T‘

plasma noise, and plasma .turbulence. tend to .detune . the.. necessary . ...

conditions for laser acceleration. These imperfections may be
present before the laser injection'due to external.reasons such as
noises caused by plasma generation. These imperfect conditions may

also be generated as a result of laser injection caused by, for

..example, parasite plasma instebilities.

ﬁhé&ﬁbﬁME@méﬁﬁmbnéﬁﬁﬁdﬁdrdb&bﬁfﬁbermsfnucﬁuﬂezfiQWwamrplasmau".iThe

-m&we%écﬁﬁfdﬁiiieId@ébmponéntépéfpeﬁﬂicuLaﬁ:fbfthE”partiéde“propagation -
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e enoIneFadd it onieboithese reaus eswof ~nod st sthesrmultiscattering of
photohs can‘give rise to incoherent plasma waves. Céhsider Fig? 5.
Since the phase velocity of the plasma wave determined by Eq. (5)
changes as a function of the photon frequency, there is a
difference between the phase velocities in each stage of the

cascade of photons: wg end w; producing wy, wy; and wg producing

w3, and so on. This difference in phase velocity is

2 2
w: 1/2 W 1/2 w. 3
L e~ I C A I G I (47)
: 2 2 w :
wq w{ 0
It takes a time
1 “g,3 1
ot w5 e (sa):
ph P p

for the plasma waves to become incoherent. This effect maysexplain«-

the simulation result by Kindel and Forslund.. (1983) in- which.. they,f.,

ob;erved that the beat plaéma wave becomes incoherentafter a
sufficiently long period of time. The incoherent wave pattern
begins at a certain distance behind the front of the laser light. ...~
As a model problem to investigate one aspect of variéus
problems of noise and -incoherency, - let us pick ~the - problem of
multiscattering and stochasticity due to many waves by ignoring all
.@parircleﬁdynamhcswand.evenniheyphase;Tvelocityﬁumismatching effect

[Tajima, Schmidt and Pellat (1985b)].  This highly idealized model




wmayihavesSomenredevance S fitheswavenbegifisit ovcascade ~:without too

mismatch is negligibly small. A case close to this situation but

not quite the same may be found in Fig. 11. Once we thus isolate
the photon—plésmon coupling process from the rést of the possible
interactions such as the wave—particle interaction, the system may
be described by mode-mode coupling equations. One example of such

coupling equations is
: aao

ot %1p

. = aoap - agap ,

wﬁirdngﬁhacebmﬁahyingéméiéb¢rmh?«héatTngsmﬁdﬁ Sethessphase” rvelocity

*
3t %i-1%p T %i+1%p

da «
3t “g-1% -
da

(49)

Here ay is the (complex) amplitude of photon 1 and wave i

designates lower frequency photons. ap is the amplitude of the

..plasmon. = The amplitude. of. .the .photon _withf_iowest.upbssible
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frequency heresis

To Eqs. (45) belong two invariants:

q
N o= 3 gl (50)
k=0
2 2 2
H = ) kigl® - Iap] =0 . (51)
k=0

‘Equation (50) corresponds to the quantum number (action) and. its.

congervation; Eﬁ. (51) corresponds to the energy (after multiplying

by Ewp)' and its conservation. As is well known. (Sagdeev and.

Galeev, 1969), a three—wave (twﬁ photons and one plasmon) coupling:

case of Eqs. (48) is completely integrable via ellipticintegralsi:

_and produces a periodic solution. The case with four waves (three .

photons and one plasmon) is still periodic, as seen in Fig. 30. Wer

see aperiodic behaviors when the number of waves is equal to or

greater than 5 (Fig. 31). As we aIIOW'a'larger number of waves,

the behavior becomes more chaotic. There simply are mnot: .enough:

constraints (Egs. 50 and 51) to keep the system integrable for. .. .

these cases (see Fig. 32).

It may become reasonable to treat the problem in a statistical

way when the system behaves completely chaotically. One-plausible

ansatz then would be the assumption of ergodicity in phase space

. spanned ..by . 2(q+2)--dimensional wave-amplitudes (real and imaginary.

as independent dimensions), whose elemental volume is

g qui?dapfxﬁmxmheﬁdynamjcsaof¢EqS.;(49) is

wiWemarssume. theat:-nomwfeeguenty.smup>conversion - -




frorwane *vsample’)

 maH%phas€fspad%3 “Rrom:Eqs. (49 )ithe:phase~volume sconserves

sin. < 2(q+R)D

(52)

surface of'phase spade is cut out by two constraints Egs. (50).

and (51). The ergodicity ansatz

will

wander in any location of this restricted phase space with équal

likelihood.

pfedict‘

The statistical mechanical argument will lead wus..to.

the . possible.. phase.. space.....

configurations. With the aid of Lagrange multipliers a quantity R

is defined

R= 7 smlal® o - Al ] leyl® - n) - ul T kleyl® - P),

(53)..

The most probable state .is obtained by maximizing:.

where P = |a

R with respect to variations of a. Byvlettingg aR/a|ak|? =0, we

The Lagrange multipliers are determined by

(54)

(55)
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U (56)

From Egs. (55) and (56) we find P = (q+1—AN)/uL In order to find
the most probable spate for P, we should maximize R with respect to

P, which yields

g+ 1-2N=20, (67)
thus u =0 . . (58).
Substituting Egs. (57) and (58) into Eqs. (54) and (55); we-find:

la 1?2 =— ., . (59)+.

P=la|®= g N . | (60)

This is simply the law of -equipartition.. The entropy.

q
S = ¥ - lal® mla|? (61)
k=0 '
tends to the value S = —[N/(q + 1)]an[N/(g + 1)] as an asymptotic

value. These theoretical predictions are reasonably satisfied when
the number of waves-is sufficiently large. -The case-in Fig. 32 has
20 waves. Aé»we can see in. Fig. 32, the waves qﬁickly become

“owiiizichaotdc .. .zThesobtaineds average ramplitude. for-each.wave :is .close to




théﬂ%g&ﬁéﬁﬂ@%ﬁ@ﬁQ)% JThemsentropyralSoibiténdsy wtoncaursteady—=state

carglue. e

B. Imperfect Beat—Wave Condition Due to Plasma Inhomogeneity

Once a noise appears in the plasma density, it will contribute
to make the beat-wave condition imperfect. This has been undér
study (Horton and Tajima, 1985a). Consider two laser fields (0 and
1) with  frequency and wavenumber (wg.%q) and (wl,kl):

E sin(kox - wot), E

y0 yi

disﬁlacement (in the x-direction) ¢, is related to the longitudinal

electiric field through Poisson's equation

X

sin(k;x — wyt). The  longitudinal.

E, = 4mg(x)et, . (62): .

The equation of motion for electrons is

=)
+

o |5
« :
lus]

- . _ &
dt m =z

where B, is the laser field.. Equation.(63):.canibe:castwuintozix . ..
a° 4ﬂno(x)e2 e 412 o1
—_— - = g 8
NE €y - £ T g (syBZ,+ gsz),, ( 4)

where superscripts O and 1 refer to lasers 0 and 1. The derivativei: .

of displacements is

(63)
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S Er e el B g T L e S s g Tt R
%yO - cos(kpx — wyt) : . (65)
ek _
éyl SRR 2 cos(kyx — wst) , : (66)
mew
‘where EO’ El are the averages of ko and kl’ and
_ w.g, Bw (%)
Mky = ky — kK, = (-B5) —B—
0 0 0 w ¢
0
Let us write the displacement as

SX(XO;tj = A(t;x)sjn[kpxo - wp(x)t + 9] (87):

The nonlinear term on the right—-hand side (RHS) of Eq. (66) is

rewritten in terms of Eq. (67) as

RHS = (_ i) % {_ _& E (X)|Vei [ko_(‘X)X—th]
me Bmwo 0 ’

+

e_i[ko<x)x_w0t]]BI(X)Sin[kl(X)X - wlt] - gﬁi— E,(x)
1

X

[e[ikl(x)fwlt] + e_i{kl(x)x”w1t]]Bo(x)sin[ko(x)x - wgt]} . (68)




——<[RHS]> =

o (89)
Thus we have
1 e® Eofy
RHS = = — (kl(x)cos[ko(x)x - wot]sin[ko(x)x - wyt]
2 2 whw )
m 0*1
+ ko(x)cos[kl(x)x - wlt]sin[ko(x)x - wot}} . (70)

We write kg(x) = k;(x) + Ak(x). We now time-average Eq. (66) or .

Eq. (70) over 1/wg or longer, but less than 1/Aw, obtaining

Opl

z\)‘mz\:-
g =

1
2 0¥1 4i

g

Here note that the phase factor can be expanded in terms of the

Bessel function

o1 (Bk(x)x—twt) = e—iAwteiAk(XO+$X)“ -

~ ol {Bkxp—twt) 5 Jg(AkA(t))éii[ka(x)xo;wp(x)t}+ilw- (72)
) ,

Going back to the fluid description, the equation of motion of

electrons is expressed as

*'-nm(f‘g—t"-f—+->-v—:zvv) <2 4 n B +ng(Ey + T xB) (73)

& < [e 1[]:(0 (X)_—k 1( X_)—_( wo_-.-w_l,,).t ]__ e ]>__ . _( V1 )
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5 on

—longmv, = —yvm —— + nOeEX

Ix

where only the £=0 term 1is taken.

Poisson's..
continuity equation yield
—inX = —47rn0evX R
on 2. __
—— S — U 1 _a s e e
and —iw —= = *— (n,(x)v_)
0 X
dx 8x2
We have then from Eq. (74)
‘ 7v§m. 82 4ﬂnge?v :
—lwnmv_ = —— |np(x)v +
0 x lw 542 [ 0(x) X] iw
X
2
nne E.E .
+ f? 0" Ak(x) -2 (ilkx—p Jo(bka) .

wWyWo

" “Multiplying-by iw/nom, we get

singﬁ&hempreviﬂus@ﬁésﬁdijﬂﬂqﬁﬁ(ﬁe)&%3W@;have;‘u41:

(74)
equation -and the-

(76)i
S '(76)'
%

(77)
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ARSI

By recalling.novX = Zﬁ% EX , we have
2
2 2 3
(wp(x) - w )EX e T 5 E
Ix
2 E.E,
en .
= 0 (E Ak Lt el(Akxw) JO . (79).
i m Wy
This may be rewritten as
2 2
o 2 2 3
E, + [“’ (X) ALY ]E e
____é_tgx S ___p..______.“.. . 8}(2 X - -
2 ENE,
men . .
- .O (9_) Ak 0”1 el(AkX-—ga) JO . e—lA(dt- ) (80)
i m Wy
Or in short we have
R . 2
[4= B Wf]E, = S(x.t) , (81)
3t? 3x°

where the right-hand side is a source term due to the beat-wave:

effect. This is the main equation we want to consider.




S(X—vgt)cos(Akx—Awﬁ), then we can simplify Eq. (81). Let us also

assume

Aw = ybS _ EM (82)

Ak - 'ph T Ver ¢

which 1is equivalent to Eq. (5) for the uniform case. That is to

assume that the inhomogeneous structure.moves:together with the  EM:

waveﬁacket.

In the frame of laser pulse, we rewrite the:variables ‘from-

(x,t) to (x",t7) as

- x' =x —_yi , o (83)
t=t )
where v = Ver = Vph- Then Eq. (81) becomes
2 .
3 3_\° 2 _3 2, N T ey
— —_ + s
Hat’ Vo ax’] yve N + wp(x vpt ot YIE(x" )"
X
= S(x")cos|Akv_ — Aw)t’ + Akx'] = S(x")cos(Akx") . (85)

' P

An assumption that wg(x'+vp

This means that the density ripple is moving with Vph‘ A limiting

- e-caseis -analyzed. -+Equation-(85)- can be~approximated -as

t’,t’) goes like wg(x') is now  made: ...
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S Eiees (Aka) | e T - 2(86) ¢ e

€ g%, e .-.Za Y B st £
«[Vpaxvgimwp(x")]E(xh),

|
2 and t’.ihdependence are assumed. To check the w

because Vg < ¢
known simple case when the plasma is uniform and the profile of the |
laser pulsé is a square case, let us further take

2

2,
wp(x ) = w5

S(x’) = SO[Q(X) - o(x-L)] ,

Akvp = Wpo - _ . i

An exact solution to Eq. (86) is obtained:.

— 10 Sy Akx sin(Akx ") (0x <L), . . (87a) . w
e 2(nkv_)? | | | |
P |
i
E(x")
mw. .
- —P0 g AkL sin(Akx?): - (x'2L): (87b). -

0
e B(Akvp)

Equation (87) indicates the secular growth of E(x’) due to the beat
resonance, and then E(x’) saturates when the source term is gone :
Let us now discuss a more general case. Here wp(x’), S(x?) do-.

have x’'—dependence. We use x as x ' from now on,

[v22 + wE(x)]E, (x) = S(x)cos(bkx) . (88)



drimeardysindependentifunciions-+ofashomogeneous:differential

wuewequation -

2
, w5 (x)
[82 + —Pz—]f-*EC(x)" -0, (89)
5 1 ,
E_(x)
such that
k 1/2 .
LO X
E_(x) « cos( [ kp(x')dx") . ‘ (90)
c [kL(X)] (é C
k 1/2
- ¥L0 X
E_(x) = [ sin([ k;(x")dx") , (91)
S kL(X)] (é L
} e _i . _2 __w“_mwzggzggj“_m“m_ e, nf_. I _
with  Xkf(x) = —LB— E.(x) and E_(X) are the WKB solution of the
, v o '
homogeneous equatiéﬂ (89). The solution of the inhomogeneous:
' equation now becomes
X,  S(x')cos(Akx’) . ‘ PR
E(x) = [ dx > [E,(x)E (%) = Eg(x)E_(x)] .. (92). .
0 va(Ec(x'),ES(X”))'

where the Wronskian is defined as

dEg dE

W(EC,ES) = E, = Eg .
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V sz(X) (kp(x)/kpg) -

Thus, Eq. (92) is written as

. S(x")cos(Akx")

X

E(x) = E_(x) é dx 2
' vk

p LO

S(x )cos(Akx ")

2
vpkLO

- E_(x) (/)de'

S(x")cos(

R

=1
w

—~

ks
S
O

o]

0.

o]

We have now

E (x) « é?dx's(x')cos[/§'<kL(x")

271

| 1/2
dkL/dx ]

= S(x,.) [ (x,) cos[f

“zWe have  .to:.evaluater .the-:zinteg

Eq. (95).

+ .k (%)
SRLATR

T v =kq -
;(kt(X)/kLo) L0

EC(X')

ES(X’)

’

k 1/2 X
Bex ) [
kL(x

Fax —SG) Cos[/z'(kL(X,,) - ax)dx’] . (94)

- Ak)dx "]

Xp

(p (x7) = Ak)ax” + 7] (95)

0

ral:. in-<vthe--argument +of cos in

o (93)

“‘———7]" cos[f‘kL(x”)dx”]““”
0
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,Iﬁ%ﬁheﬁfimSiﬁcaSeﬁmheﬂdensﬁbyw&s%assumeﬂﬁtcxbe&iinean*near‘xr:

> , A N R Ok
[ (e (x’) = (bk))ax” = = . o (96)

where X, is the resonance point. Equation (95) is evaluated by

replacing [dx’ by L. Then we have

21 )1/2 4n 1/2

EX(X) * (dkL/dX

where AL = 2ﬂ/kL is the wavelength of the plasma waverandeﬁ,is the -
characteristic length over which the plasma frequency =~ rises =

significantly (= the density scale length). vIn.this‘case.finally"'

= (L)% (97)

——-we--have- - : ) e e — e e e
- E_(x) 4mL_ 1/2 - Xr
E (x) = 5, — = cos[f/ (kg - sk)dx + T] . (98)
x _ 2 'k 4
Bkva L 0

As a second case, we consider:a-case:whenvthe. density.varies. . oo

stochastically. The density variation' én affects;kLtaS‘kL =:EL'+=

dkL. We assume Gaussian variation of 6kL or ‘dwp' or- én: i.e.,

vdkL = 6wp/vp varies Gaussian statistics. Under this assumption, we

have <6k;> = 0, <6ki> # 0. Equation (94) is averaged over- random

fluctuations of the demsity:

e e 3E3(X)..X v“.; g : .
TE(x) = S dx’ s(x)cos[[T (kp(x"")-ak)dx” ‘] - (99)
BEng 0 0 :
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andtheraveragesbecomes: | e o f LT A0 T

<EX<X>>'K <cos[éx(kL(X') - Ak)dxf]> . . . (100)

Now let us take an example of a Gaussian average:

. . . . 2
<cos(p + 6¢)> = —;— <elptibp | oig=idp, _ —<b¢ >/2’cos<p' , (101)
2 x P & '
and  <6¢%> = <[ ky(x)dx" [ kp(x")dx"> = x L <6k, (102).
0 0

where Lk is the autocorrelation length for kL‘ " Thus we obtain

E_(x) x’ 2.
<E(x)> = ——— > [dx’ S(x")e” o Ly <Okp> -
I _ e _2_<l_<L?‘_vp_O_ e e N e e e e oo e e o et~ e e e ot e e
E_(x) . X ) :
= ; - [1 - e 5 M<0k>] (103)
<k >VELy <6kE>
Here  Ly<okP> = [ dx<éky (x)6kp (x)> . (104)

We have now learned that the amplitude E;X(X)"origi'nally given
by Eq. (87) is reduced because of the plasma density variations by

the following
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1/2
(ALLn
sReductionitby iaskaetior o o
Case I1 Reduction by a factor of ~ (LLk<6k§>/2)_1

Here Lk<6ki> may also be written as (wg/402)<6n2/n§>. Whether the
nonlinear saturation Eq. (11) comes in first or mnot depends on the
relative importance of the system nonlinearities and of the plasma

noise.

Let us discuss the co-moving plasma noise . effects- on the - -

beat-wave growth (Horton and Tajima, 1985b) in a relativistically.

covariant fashion. The noise in the plasma density is-

characterized by the dimensionless variance o = <6n2>/n2”and“thet

correlation length LC defined by the autocorrelation- function: ofil - -

_LhﬁmmﬂcngltxmﬁlgngwthimEzgiqgtpzxmpi_Lngw19§§znpnl§§;;_Th§mstrengﬁha

of the laser fields is given by the dimensionless quiver velocities
aj = eEj/mecwj. The ideal growth rate of the plasma wave is'given

by A = aoa1/4 in units of the number of plasma wave oscillations.

The relativistic extension of Eq. (64) is given by

3 8¢y _ 3 3% _ = —e ( (0)a(1) . (1)a(0)). N
™ (7é ) = T T m E, + e (viOB31) + v B0 ) (105)

~ where T = (1~$2/02)~1/2. Neglecting the high frequency w;+wy
oscillations and substituting in Eq. (105) for E, from Eq. (62), we

obtain
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78 ate

for the pelativistic plasma oscillations.

Since both the 1laser pulse envelope S(X—vpt) and the plasma
wave travel with the speed Vp’ it is convenient to study the growth
of the plasma wave in the Lorentz frame traveling with the laser
pulse x’ = 7P(x—vpt) and t° = 7p(t—vpx/02). In this frame the time
variation of the plasma wave is sloW'with'w'.=“7pﬁw—kVP) << wéf

Transforming the space—time coordinates in Eq. (105) to the Lorentz

frame with parameters v

5 and Yp = (l—vg/cz)_l/zzthe basic equation

for the slowly evolving plasma wave is

§—§ + wp g zchAs(x—v t)SJn[k (x—v t)+A¢] (1086)

L ﬁ
_— PR By w7 S
—272 : + 72v2 RS S raed 5 _ Ehaock- S(x}sin(k x +Ap)  (107)
PP 3% 9t PP o 2 7? 7? w _ :

where the wavenumber in the wave frame is k., = kgave = kp/yp.

The ideal solution of equation in. the weakly. relativistic..«

limit is given analytically by.Rosenbluth:zandsLiu.(1972)%insterms::

of an envelope approximation. Writing:the:field as--

. k. x .
E(xt’ )el{wk é £ (x't)e ;

o)
Z\JI»—\

making the expansion yES = 1—3/2'&2/02'ahd calculating the secular

part of ;25 leads to the envelope equation for the resonant system

* ry v w (108) ,




“the angle variable ¥ = arg(¢)

. n.'.'

where S(x’) is the envelope of the intensity of the laser beam. We
note that Eq. (109) is a driven nonlinear Schrodinger—type equation
with 6n acting as a potential.

For 6n = const and S(—X;) = 0(-x") Eq. (iDQ) reduces to the

ideal equation

—ziii—g |§|2§+i—n§——2m (110)

with ¢ = wpt = —wpx'/ypvp. The integral of Eq. (110) is given by

the three wave Hamiltonian with the action variable I:= Iglg‘andw

byt S e s L (10s)

H(Iy) = - 28 1 + = 12 _ 2511/ 25iny o (111)
2n 32 v
The equations of motion .are
al _ _ oM = BIl/Excosw
dd oY
dv M _ 6o 3 171/ (112)
dv a1l 2n 16 . :
The maximum amplitude of  the ideal solution folldws from'
H = const = 0 so that 13/2

g = 64 A/3 or




B;Lf)zll/z_‘l(A)l/B i (153

“-Imax = 4l

This 1is a reproduction of formula Eq. (11) and agrees with
Rosenbluth and Liu (1872) and with Tang et al. (1984). The time to

reach the maximum amplitude is

I -
40 = T = [ max 41/1 = 3.89% 2/3 (114)
0
The effect of the scattering  of the  plasma wave by

inhomogeneities in the plésma density 6n(xt) has been. calculated

using renormalized mode coupling . theory. The theory. (Horton and..

Tajima, 1985a) predicts an equation for the evolution of the

ensemble average <¢>  displacement which is  governed by a

renormalized Langmuir wave propagator L(kw) = —wE;;§+Aw§—iwuk. The

frequency shift. Aw, and the effective dampinga.uk'.due-toﬂthe

scattering of the plasma density fluctuations is given in terms of

the fluctuation  spectrum <|6n(kw)|2> through  the . usual

nonlineér—integral propagator equation. The theory © is - toor;

complicated to review here. Instead;  we -describe some of-the”

predictions of the theory.
For weak density fluctuations the: secattering: from dﬁ(kw)
causes a diffusion of the plasma wave phase away Irom the mean

resonant phase <¥> = <w§>1/2x/vp. The most dangerous noise in

terms of reducing the amplitude of the accelerating electric-field-

and in terms of changing the particle orbits by resonant
interaction -with noise is.that.moving with the laser-pulse so that

’

w’ = yp(w kvp) 0 and k 7p(k va/c ) k/yp. The correlation
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sfanction: seforwstwe

wlaser . pulse

pointsrosmoviimgsswwith:

"M€&édn(xitiﬁﬁnfxgtéé>*definésﬁ%ﬁhevyeorréla¢ron'ﬁlengthich'= 1/8k - or

L, = 1/0k’ = 7PL¢' in the wave frame and the laboratory frame
respectively. For x > LC the changes in the wavenumber

o6k = (wp/ZVP)én/n are uncorrelated. The mean phase of the plasmé

wave increases as <¥> = a)pX/Vp and the actual phase ¥(x) diffuses

away from the mean phase as

<(9(x)—<>)> = D x (1-15)'

for [x| >> L, where

The effective length for stochastization of the phase-Leffiis

4v2
Leff =

1
LCU

lwE .

2
“p

- After a distance Leff the phase of the plasma.wave is completely

uncertain. For the maximum ideal amplitude to be reached:  before"

the the phase becomes uncertain, the condition

-1 wz : @ 2/3
L =D=— oL < 0.26 =2 , (118)
ooefd 2 c e
4v7 :

(117) "
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mustibesssatisfied. o0 rern e

"ideTiihdgheTﬁﬂéVélsﬁbfvfint&uﬁiﬁons 0 >0 w&ﬁg/wgbg'the*phase
stochastization length Leff becomes equal to the correlation length
Lc and the plasma wave oscillation is formed in its own local
density fluctuations. In this regime the growth of the plasma wave
occurs over the correlation distance LC and the amplitude of the
plasma wave is limited to

max(§) = AL, - | C ; (119)

We briefly discuss the conditions. for wave growth.as: follows:. .-

The energy density in . the plasmahwaveSEijWTE:mnc?¢g¢2hxrlf¢thisxis:;;,:,'

much - greater than & threshold, the modulational .ﬁinstabilityu;

develops when the plasma wave couples to the ion acoustic waves.

It may be important to limit the downstream turbulence by requiring

growth to the ideal amplitude limit before~anAidn§ﬁlaSma period.

This requirement can be written as A > 8.2(me/me)3/4 = 0.029 or

a; > 5.7(me/mi)3/8 ~ 0.2-0.3. . For- such. strong-. laser fields.the, .

plasma oscillation is strongly nonlinear and has a broad  resonance

in the amplitude versus the,drivinggfrequency,parametenrAw/wﬁ as::
shown in Figure 33. The nonlinear broadening of the resonance has:"

the disadvantage of limiting the increase+of:r the accelerating: field:

to the one—third power of the laser intensity. It has, however,
the advantageous effect of increasing the width of resonant growth

of the plasma wave by dw/wp = AZ/B‘ In the presence of

..sufficiently strong . plasma  f1uctuations moving with the phase

velocity of the piasma wave the diffusion of the phase of the
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Ly o =B/DWhi chiei's v Fes's -than theisd deals growt =Ty th- 4c"/w§>\2/3- for

2/3. In this regime the maximum useful amplitude

'LC = c/wp, o << A
of the plasma wave is given by ¢ = kLeff and decreases inversely
with increésing intensity of the noise.

We note that although the effect of tfénsient noise

propagating through the laser pulse is less effective in limiting

the amplitude of the plasmé wave than the resonant noise considered

here, the transient noise has a frequency w’' = 7P(Q—kVp) which - cans

resonate with the phase locking frequency of the accelerating
particles and cause them to be lost ffom the regions of

accelerating phase in the ponderamotive buckets:

We note that the considerations given here can-be applied to:.-

the conventional beat wave accelerator’'(Tajime and Dawson, 1979b),

the surfatron (Katsouleas and Dawson, 1983) or the above—mentioned

.plasma fiber accelerating system (Tajima, 1983).

The emittance growth of the particle beam due to the
turbulence in the tail of the beat—wave train may be a problem:for -

ultra-high energy accelerators because..of. their . very stringent..:.....

(Richter, 1985) emittance. requirements in “higher energies.. A
possible cure is to inject laser beams in a different qut of a
fresh plasma at a different repetition of particle beam injection
-in order to avoid the interference of the plasma turbulence on ‘the
beat—wave growth.‘proceés we discussed in the above and ' the

enhancement of emittance of the particle beam. Fortunately, the

n.wﬂgroupt:N@Jnciiyiﬁdthhempiésmagwawe&out&ofaiheﬁbeatrwaveaexcitation

region is small, ite., Vor = S(klADe)ve, where k| is the

1W¢heﬂﬁ%#ﬁ@£¢dWekﬂlengﬁhkmoixﬁw&wéivgnowthu*tovff
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plasmasswavenumber:: .+ Therefores; i:the:contaminated

gperpendicular:

not have to be aim very far out of the area shone by laser beams

away from the previous shot spot. In addition there is a tendency
of plasma waves to spatially coalesce and collapse together

(Nishikawa et al., 1975).

VII. LASER STAGING FOR BEAT-WAVE ACCELERATOR

The phase velocity of the beat plasma wave Eg. (5) 1is less: -

than ¢, which introduces a phase slippage between the plasma wave

and high energy particles in a matter of the longitudinal dephasing.
time given by Eq. (31). In addition there remains a question of™

the pump depletion of laser beams. According to Horton'(1985) " the:

pump depletion length L.y is expressed'as -

—) . (120)

where \3 = wpé/c and Ll is the laser pulse length. . The.. . .

p

relativistically detuned saturation level for § is given by

Eq. (113) as 52 = 16(%/3)2/3. This yields the condition

/3 W 2
- 387" ,1/3 (20
pd = T, / (=) Lpp - (121)
P

L

.

- On  the ..other hand, the laser pulse lengthALlp should. be_ taken
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argernthansthesbeatswave sgrowth slength;~uwhich ~isufevaluated . by

L L |
2p 5 o sat 3.9 ,-2/3 . (122)
C (o] w. .

P

Employing Eq. (122) in Eq. (120), we obtain

Loa
pd — .
. C CL)P OJP

T

1f 'the laser pulse length is taken equal to the beat—wave growth'
length for reasons of efficiency, avoiding noisy plasma and others, .

Tpd is equal to the right-hand side in Eq.. (123). In this: case:the’

“pd 5 g2/8 \-1/8 (20F L (123)

 pump depletion time is not much different from the longitudinal

dephasing time Eq. (31) and the acceleration. time Eq. (18)., It is:

thus important to devise a method of supplying fresh laser power

over the pump depletion length Lpd or that of amplifying the-laser

beam while it is used for acceleration (lg‘situ'amplificatiOn): In -

this section we (Tajima, ‘Witte;' and- Singer,—1985)“introduce a -

concept of laser staging for the beat-wave accelerator:
In order to <cope with' the pump depletion. and/or the
longitudinal dephasing, we inject fresh laser beams at a certain

interval of length over L , given by Eq. (123). In order to ease

P

the difficulty +to compensate the consumed laser power used-for® '

acceleration, distributed amplifiers amplify the master laser beam
.at . the .site-.of. .the _.acceleration...- In order "to cope WEih'the

matching the phase in different acceleration modules, all modules
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Shh¥eﬁﬁ@n&&wmasmemm@smbhlatpnﬁ #lmisordersitamadjustitheszoptical path

5ﬁﬂﬁﬁﬁiﬁdi§$5rﬂn@e}¢wezmnﬁnndu@ﬁ%ﬁpﬂthﬁ&adjusterS:wuﬁFigune%m24u;shows-'the
schematic description of our laser staging concept. [We have come
to realize that after we finished this research a similar concept
had been reported by’Pellegrini (198R2) for far field acceleratoré.]
This architecture of the beat—-wave .accelerator consists of the
following features: (i) distributed laser staging - optically
connected by the master oscillator; (ii) optical delay lines
synchronizing the timing and phase- of . each laser-
stage; (iii) appropriate mirror and filter systems; (iv) optical
guides (plasma fiber) as discussed in Sec. V'to*trap'léser‘beam8“

created by acoustic transducers or other mechanisms. If necessaryy=

additional <collector devices may - be added to collect: any. unusedw:.

__portion of laser power and to convert it for reuse..

The individual accelerator module -should stack up in -tandem
until the desired energyiof particles'is reached. Eéch module is
separated by a distance of the laser pump depletion length plus the
mirror focal length. As we ~ have noted'in the'abbveyvunder*theW
circumstance of most typical operations . of the. beat—wave
accelerator the longitudinal dephasing length is close to-the pump"
depletion length. Therefore, 'this concept of laser staging
conveniently satisfies both requirements for the module repetition
length arising from the pump depletion and from the dephasing
simultaneously.

Although more research is due in the future, excimer lasers

e momS€EM.favorablex=lasers-foristaging.zin-asitu...for .zseveral _reasons

(Tejima et al., 1985) including possible high efficiency, possible
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“ﬁhighﬁnepeiﬁmionﬁmamﬁy@ﬂhﬁﬁuhabméﬁgﬁjnﬁﬁﬁ%ﬂ%ﬂ@gﬁhanm%wanelength»etc._

S ’v...4.;,;.:;:1?Onez.zle}éampl'e’"-j-s‘"-:é'”‘XéG&“fl*aS'er.-

VIII. LUMINOSITY

As discussed in the Introduction, an wultra—high energy
accelerator must be able to deliver increasingly larger luminosity
because the cross—section of collision events becomes diminishingly
small (o « Egﬁ). See Fig. 35. In order to meet this demand we
face many difficulties. One obvious difficulty is the total energy.
that needs to be supplied to the accelerator.‘ In short, in‘ order
to inérease the luminosity, more particles are desired and at ﬁhe
‘seme time individual particles now have to' carry more energy,  which®’
contradicts with the upper limit for available'power. ' In'order: to

_avert this dilemma, we have to pose tough conditions- on other-

requirements.
The luminosity for two colliding beams with one interaction.

region may be written as

g N1 R e

where N is the.number of particles in one beam, f the frequeney:- of
the beams, and a, the radius. of the focused beam at collision. In
order to._alleviate. unreasonable .demands. for..laser energy to meet
both the high luminosity and .the high energy requirements, from

cneoB Qs o 124.) «we:.are- forced-to. have..a.high-repetition.rate (large f) or

small beam focal size (small al) or both. The repetition rate of
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grsp Epetistionr gteanidu(iiid thewnuiber o frplasma-wave ridges per laser
pulse. The first is governed’bytthe laéer capability of recovery,
apd let us take the number of pulses per second as 10 for the sake
of the argument here. The second is determined by the laser pulse
length and the wavelength of the plasma wave. For example, if the
laser pulse is 0.5 nsec and wo/wp = 33 (plasma density 9 x 1015/cm3
for a CO; laser), the number f is ~3 x 104/sec. If the same
numbers are used with a KrF laser, f is ~8 x 105/sec. |

With the repetition rate f roughly determined, the . only

parameter we can work with is the focal'sizg of thé.particle.beam

(beam radius al). In particle beam optics:it is . well known that™
the hot beam or high emittance beam is difficult to focus onra~

_small spot. It is detrimental, therefore, to have hot  (in the

theﬁbé&mﬁﬁﬁnbhﬁmisﬂadetepm$n€dﬁwbﬁmm(l)xmtheMQOV£rﬂdlvnlaserg-puLng

perpendicﬁlar temperature) electrons (or ions).

It is known (Hollebeek, 1981; Keil et al., 1979, Rees, 1984)V
that the colliding beam machine will have +two mechanisms of a .
fundamental physical nature that potentially détermineﬁthe maximum -

luminosity attainable. They are the beam .disruption and. the.. .’

beamstrahlung. Both are fundamental arising from  the ﬁlasma
properties at the collision point. The’ physical  phenomenon that
shows up in the highly focused collider beams is the beam-beam
(two—stream) instability. This ié the beam disruption. Thus the
beam . disruptionwmisnﬁrimarily'an-electrostaticwphenomenon. On the
other hand the beamstrehlung is a collective synchrotron radiation
}gpnncessmﬁwhen;ﬁihe%?@oun&ans&meamingwnbeamsfﬁpinch@by»selfemagnetic

fields if two beams have opposite charge. Thus the beamstrahlung




Beair=d ksruption is

sk pitiaE il ysanis.electmo
~nkindié§¥€d”byﬁthéhﬁisﬁUptidnﬁpéi&ﬁétéﬁ?Dﬂexdéedingfa'Lvaiue”WBT'“the
order of wunity. The condition for avoiding disruptién (Hollebeek

1981) is

D=—2 < 1~10 , (125)

where r, is the classical electron radius (ez/mCE)L and &, 1is .the.

particle beam length. Equation (125) can be looked upon a

condition to determine the bunch length. 2y if the upper.maximum for-

D is taken:

(128)

Equation (126) shows that if the beam 1engih~ié-sﬁa11,~the-radiusw

of the beam can be small WIthou£ disruption- The - disruption

parameter D can be rewritten. as

2, 2
Lyw Te 2
Dzlihzl(_s]., _ : (127)
4 C2 4 Th _

where wy = (4Ne2/’yma_2L£b)1/2 the beam plasma frequency, 7, = Qb/c

- the beam streaming (transit) time, and 7 = wgl the beam plasma

time. The particle beam power P is expressed as

P = fNymc® . ' o ' (128)
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TRt g s realizab ity requiremen t fontipowe riPyprwe el dminaties ~the wnumber-- of - >

pértiéles N from Eq. (124) to obtain

2
Trfajz_ = —27—2‘ (129)
& (yme”™)

If the repetition rate f 1is given by the other realizability -

requirement from "laser technology, the. required colliding-

cross—section is given as

2
”ai = . (130}
fg(”/mcz)2

in a bunch as

N = : (131)

For a hadron (or a muon) collider, it 1is 1likely that. the

disruption effect is a more important factor than the beamstrahlung

that delermines the maximum Iuminosity. The ‘disruption—limited

luminosity is expressed by substituting D in Eq. (125) inmnto

Eq. (124):

. 2 2.4, . : . . . .
Coremng er LT .
& = b 2 = ‘i? , ‘ (132)
aj - e ib

With f égééﬁ by 1asér f;aﬁ§;éments we have the number of particleé
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condition Eq. (125), the luminosity, Eq. (132), is expressed as
G g 2. -1
@< 10myr®fyr . (133)

the plasma density,ﬂﬁ?g Tn f2

-1
If we assume ny ~ 10 n P

D’
indicates that the luminosity increases as n, and f increase.  As

is clear from our earlier discussiqn, the. plasma - density np o< Azz

when wo/wp is fixed, where Alvis the laser wavelength. This way

—2

the luminosity goes like Ai . In the hadron:machine.(andv.also:.in..
the muon machine) the synchrotron:radiation:iszdown:by.asfactonofan. ..
(M/m)4 from that for an electron. counterpart,. where. M/m .is . the -

ratio of hadron (or muon) to "electron mass. Thus, even in an

ultra-high energy regime the beamstrahlung is unlikely to limit the

luminosity in a hadron (or muon) collider:

The muon—muon or muon-hadron collider (Neuffer 1983)is unique. .

The nature almost duplicates itself with the . electronic.. construct:..

Fthernbeamsradinssheforerfocus - ~-With.

-1 i .
fyre . This..

being almost identical to the munonic (and tau) comstruct, although .

there exists a significant mass..difference, which makes.:it.possible:- ..
for the muon accelerator to adopt strong mégnetic fields.. In -

addition, according to Glashow, muonic- collision provides much -

larger cross—section for the creation of the hypothetical Higgs’
particle. ’ W;th its long life time, the ‘“heavy” lepton,‘ muon,
collider should play a much more important role in the future
..ultra=high _energy accelerator, possessing two of the best

worlds: (i) collisions of structureless particles as a lepton
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for electron colliders. |

On the other hand, in the electron collider, beamstrahlung

looms as the most troublesome process at the focus. Although the

beamstrahlung enhances the luminosity to a certain degree by its

pinching effect (Hollebeek, 1981) on one hand, it will destroy the-

beam and also loses lepton energy off synchrotron radiation. The
beamstrahlung—-limited luminosity may be derived as follows. The
beémgtrahlung parameter 6 is defined as the ratio of the energy
loss of the beam due to synchrotron radiation to’'the initial:beam

energy

Using the magnetic acceleration dp/dt = eB9 and Ampere'’s ' law

Be = 2eN/af where £ is the focal length, we have

4.2 2 ‘ '
2e°B 8
6= (&) Ty ) )
3m~c ¢ alib

At this point one should check whether 6 is sufficiently less than

unity or not in Eq. (135). If 6 turns out to be unacceptable for

particle physics point of view, one should go back to change-the’

originally given parameters. It is also possible to write the

sluminosity - iniiermS'bf"the-beamsirahlung parameter.s5. Eliminating

2

N® in Eq. (124) by using Eq. (135), we obtain




(136)

Experimentalists might want to limit 6 < 10_2. Thus, given 6, the
luminosity becomes independent of the focal size and the number- of
beam particles. The expression Eq. (138) is also independent of

the laser wavelength. The condition for an acceptable

beamstrahlung parameter for experiments determines: the number of-

beam particles as

“As the energy of the beam goes up; we=hav¢wt0<redﬁce‘theibeamé; .

focal size in order to keep the luminosity Eq. (124) and the total

energy of . acceleration & = NEn constant, where E is the energy of

an individual particle and 7 the acceleration efficiency: It is’

quite a technical challenge to reduce & At the same - time- there ' -

IR
arise a number of physics questions associated with this. Some of

them have already been discussed, mnamely the beamstrahlung and

disruption. Let us first look at syhchrotron radiation power loss.

r mcy2 , (138)

where dp/dt = eBg and w, .eB/mc.. A possible way to reduce the

) (137).
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be either the external field or the enhanced external field by the
. compression of trapped external fields upon pinch. To stabilize

beamstrahlung by Bt’ we need

v, By = vBg . (139)

where v, is the electron velocity perpendicular to the propagation ..

1

due to By and v, the parallel velocity. According to Eq. (135), -

5 - vy _ [322]1/2 (Q}l/g”(JLJ;/Z N (140)-
1 c ¥ v ro '

;Qs§¢bynse%i%pinchﬁt&a¢o;ﬁppiym&gkpngﬂﬁmd@nai¢magnetjc¢

3586 iHerésthe ] ongitudinglamagnetic «field “B, may -

"where we used

dpy o, 61/2(3m203£ " 1/2

From Eq. (139), we obtain the-longitudinal:.field“necessary.as.s.

3

By"r, 1/2

B, = )/t £ S (141)
346 allb :

or in terms of the luminosity

e ( (142)
3461 allb
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EQﬁ&&ypiéﬁiﬁp&n&meﬂeyséwhe&heﬁe&&anyxmagnekrti eld:seems too: high

spin—polarized electron (positron) beam so that the spin
magnetization céntributes to the stabilizing influence against the
pinching (see Fig. 36c). However, with Bohr's dipole moméht
ug = eli/2mec a very strong degeneracy of plasma at focus is required
under typical parameters.

It is important to make suré, of course, that an energy gain
of a particle due to accelerating fields is larger than an energy
loss of the pgrticle due to other effecté. One of the worries may

be that the laser electromagnetic fields may shake electrons (or

hadrons) so that they emit and thus lose energy.. It is ‘convenient -
to compare these in the particle frame (and assume that “is-also-the' .

plasma wave phase freme). First the acceleration gain Ae = cAp, is

present:itechnologies: shirnathough twswoul dzibe @ st o=mase - a-

given by
dp 2 - Ly
W, = TS ceE, = oa’me Wy (143)
where E“ is invariant and E E'a’mwpc/é is-used, where a’ < 1. On
the other hand, the deceleration loss due to  the laser
electromagnetic fields in this frame. is essentially -thrdﬁghv

synchrotron radiation (radiation loss) and is given by

/
J
2.2 ;2
Wd - 2 e’y” (QL] ) (144)
3 m203 dt

where p’ is_the particle momentum .in-this-frame. .The.laser fields




spand sypart belessmomentumsfare svtransformedfromuthesilaboratory. frame

(without -primes). tosthis “frame «(with primes) as

E'=y(E-fB) =+, | (145)
Y .
B =%(B + BE) =0 , (146)
. 3
and p’=v(p -8 Z) : (147)
e” = y(e — Bep) , (148)
where v and f are the same as in Eq. (14). Important . things. to

note here are that the transverse electric field E’ is reduced.by.a.
factor 1/y from the laboratory value E and that the laser magnetid

field B’ vanishes: Thus the loss is calculated as

42
e EO
3

W, = 2 , (149)
3 mZC '

where EO is the laser field in the laboratory frame. ‘The ratio of -

Eq. (148) to Eqg. (143) is

w 2 r_  w
i w ~ (190)
a o AQ wp
where E0 = amwoc/e and is the laser frequency. The . ratio:i. ..

Eq. (150) is typically much less than unity, by many orders of

~magnitude.” -Because-of -the -closeness -of <+the--phase- velocity of
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In addition to the disruption and the beamstrahlung at the
focal spot of the partiéle beams, the following problem may
restrict the luminosity. As we 1inject a high energy beam éf
particles which are accelerated by the plasma electric field, this
beam will emit plasma oscillations due to the beam—plasma
interaction. This process is analogous to the Cerenko§ yadjation
by fast charged particles in a medium: Here the- role of photons. in
the Cerenkov process is replaced by the plasmon emission. Such a

process may be looked upon in terms of Van Kampen’s picture- (Van

Kampen, 19585; Leboeuf and Tajima, "1979a). . The  beam—plasma-

instability tries to trap electrons- in-the induced plasma“wave and: :

to slow down electrons if the beam is unimpeded. It would execute

trapping oscillations (0'Neill, 1965) in phase space.
In order to avoid this beam electron trapping and the

slow—-down of the beam, therefore, the electrostatic field created

- by the beat plasma wave due to the laser”ponderomotive*force“has“to“

exceed the tendency of the trapping effect (Lebdéuf and Tajima, ...

1979b). In other words, the beam has to run away"tﬁe plasma all
the the time by virtue of electrostatic acceleration by the beat
plasma wave. The critical field above which the accelerated
particle beam (density nb) does not emit plasma waves and thus no

drag is given by .Leboeuf and Tajima (1979b) as

E,, = [4ﬂnb7m028(1+8)_5/2]1/2 ' (151)
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ssimesrone wofsboth-of: -theifol owing:  # (i) «FTherhigher:the beam-density
Iy, is, the stronger the tendency for the beam to slow down. We may
have to reduce the ratio of beam to plasma densities nb/np to
mitigate the beamfplaéma interaction, thereby leading to a lower
luminosity. (ii) In order to exceed the "drag force"” due to
plasmon emission, we may need a higher value of electrostatic
field. This may 1lead to a need for more intense lasers or to a

lower value of wo/wp. Detailed studies  are called for here:

IX. EXOTIC PROBLEMS

It is clear that many fundamental: physics:questions. as well®as:

technical questions: néed to be addressed'and solved~in order -to:
to the unique‘ nature-of the present plasma beat—wave accelerator
scheme and some to general problems associatéa bwith véry high
energies. One of tﬁe difficulties arising from very high energy
accelerators is that of luminosity,'as.discussed"in' the  previous::-
section. Since reducing  thevbeam focal size is perhaps .the.only...
approach to ever—higher energies, unique and  exotic physics
questions can be encountered in these regimes.  In this section we
speculate on some of these exotic problems.

One of them is severeness of beamstrahlung. Beamstrahlung has
already . become. .an. .issue. .in present—day lepton collidérs-such as
SLC. Since the beamstrahlung increases very rapidly as the energy

‘ “%gincre&ses;t.thiscwcanvbecome%azpnohibdtﬁweﬁpnoblemqmas discussed in

the previous section. It might be possible, however, to wutilize

realize an ultra-high energy accelerator. Some of them are related
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point the current—unneutralized and charge—neutraliied colliding
beams produce an intense magnetic field By = 2eN/(aL£b) (easily
exceeding MG), which leads to explosive pinching of beams. If this
process, including collective emission of synchrotron radiation as
a result of pinch, can occur in a self-similar fashion so.that the

entire energy of beams is converting into y—rays, hopefully in high

'é&m$%§ﬂa$diﬁh&k&nt&y?fbnvefi?ihgﬁp&riicleﬁenergy»*

¢~ex;intdﬁhighréhbbbnﬁenergifswiﬁﬂturnﬁ?fSéé*Eig;*8%5.3Atfthe' collision "

frequency domains, a possibility of a 9y—y collider arises. ..A.

theoretical exploration of such a self-similar explosive solution

for the collective beamstrahlung would be interesting. If this

does not occur in a collective fashion, we shou1d _use - the’ -

:

Bethe-Heitler formula for the y—ray spectruﬁ:

where the photon cutoff. frequency. is. w =.E/R. instead...of. the:

classical value of Wo = 3730/p with p being the curvature radius of .

leptons in B19 and E = 7m02

point has been well appreciated (Erber, 1966; Noble and Himel,

1985) . According to Schwinger (1954) and Klepikov (1954), the

radiated power loss by a constant magnetic field in the strong

quantum effect limit ‘is

, .
P m 005K 2 ga o BELqR/3 L (1551)
TQM 3 A

and E’ their energies:: Recently.this-- . ..
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* e & whetre - T «y”B/Bcr’mx%.C:H/mC, omey 22vig® Me =:21/187, - and
c
Bcr = mgcs/eﬁ. Such a y—y collider may have its own virtue for

experiments because of certain prohibited ‘processes‘ for
lepton—lepton collisions. Ginzburg et al. (1981, 1984) proposed
colliding y—e beams and +y—y beams using the inverse comp£on
scattering of laser light by an electron beam. The backscattering

of laser light by an electron beam upconverts the frequency,

creating a v beam. They argued that in this way one: is possible to

have more detailed study of W and Z particles as well as gluons.

In the following we present.a speculative idea . whose. central

theme 1is a direct coupling of the macroscopic: beam structure with:

collective modes of the strong interaction' (the® quark—gluont - "

subnuclear system where theﬂcoupliggmgggspaqﬁ_g?/ﬁg_:ul)A

‘o

To " be concrete, let us have two colliding beams of proton and
(anti—)proton or proton and electron. It is importanf to note that

for the incoming proton beam (beam 1) with the relativistic factor

Yy = 105 the struétural length 2 of the counter—streaming protontor:-

electron beam (beam -2) is Lorentz—contracted by the“yl,factornin:““

the frame of the incoming proton beam,

= Lo | (152)

where £’ is the structural length in the incoming proton beam
frame. If the structural length &, such as the length of density

—~modulation ofwbéam-2q iS>i0h8'Cm (= IVR), the- struetural length 2~

in the frame of the incoming beam 1 is 10713 cm (= 1 fermi) and the
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wcollectiPvel yrrexceitesvtherstronglyinteraectivessubnuclear system by-

the modulated (dr syncopated) beam. Thé structural length & of 1
may be obtained by the Raman backscattering of an electromagnetic
wave or the wiggler magnetic fields through the free electron laser
mechanism. When the counterstream beam 2 is protons (72 = 105), we
shine  COg laser light (wavelength 10 w) against the
counterstreaming proton beam; when beam 2 is electrons (72 = 108),
we 1mpose wiggler fields with a periodicity of 1 cm. Because 'of
the Lorentz contraction of the original electromagnetic (or
magnetic) wavelength A, the wavpleﬁgth of the density.modulation.)’.

becomes, in the frame of beam 2,

L =" = Loy _ _ . (183)

The wavelength shouid be ~1 cm for electron beams of Yo =__108 and-
~10 u for proton beams of Yo = 105. In either case the beam
density at focus should be in the neighborhood of solid dénsity.
Bjorken (1983) has stated that the leading—ordef interaétion‘
in this problem is the beamstrahlung, and excitation by the bunch
is a higher—order interaction. Even.if.this is..the. case, if.the
bunch period £°/c is resonant with the collective period of nuclear
matter, such as the gluon plasma period, then collective

oscillations might be able to grow secularly in time. One, of the

problems 1is that - the transverse dimension ofAthe beam is so much

- larger—than the -size-of the target-nucleus.-that the bunched beam or

its photons may be far apart in the transverse dimension. It
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macroécopic'bunches of particles or photons.

X. BEAT-WAVE CURRENT DRIVE
It is also possible to apply the present beat—wave process to
the current drive in a magnetically confined fusion plasma: large

currents can be efficinetly driven by the ponderomotive force

created by the beating of two electromagnetic waves: - The beating -

waves can be cycloiron waves propagating parallel to the magnetic

field or light waves propagating obliquely to the magnetic. field.

The wultimate .feasibility “of tokamak fusion reactors: may:

critically depend on the possibility of - maintaining- the" toroidal:: -

a magnetic fields (Hugrass, 1982),. electrOmhgnetic'uwéves;,(Fisch“ﬂm

i
iz
.

operation. Present devices rely entirely on inductive current:

generation which is not appropriate for steady¥state opération.

Various schemes have been proposed for non—inductive current drive

using injection of neutral particles (OhKawa, 1970);'rotating“

1978), etc. Of particular relevance is the current drive by
radio—frequency waves because the power sources are readily
available, the basic theoretical aspecls are reasonably understood,
and the scheme is attractive from an engineering point of view

(Ehst, 1979).

Here we propose a nonlinear mechanism for current drive by

- electromagnetic »waves-#¥(Galvao wiand ~Tajima,:1985). ~.Two..strong

electromagnetic waves are made to beat at the characteristic

current in the plasme in steady-state or ' quasi steady-state
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‘cause an elbngation of the distribution function, generating

current. - The mechanism is similar to the one we have mentioned in
the application fo accelerators; but there are differences. In the
laser beat—wave accelerator, the electrostatic (plasmon) mode is
produéed by forward scattering and its velocity is meant to be the
speed of 1light. For successful current drive, the phase velocity
of the driven electrostatic mode has to be a few times the. thermal
velocity of the electrons of the plasma. This can be achieved by

backward scatiering or even by forward scattering of fast

electromagnetic waves under proper conditions.. 'In‘'particular; we"

consider two possibilities for * nonlinear--current driver - i) twoer

Particles.strapped -~ in -

. beating to produce an electrostatic magnetized plasma mode and . ii)

two laser beams propagating obliquely to B end backscatterihg at

the upper hybrid resonance layer. These +two processes can be

efficient in high magnetic field'devibeS'such'that'Q">‘wp, where (0~

and w_ are respectively the gyrofrequency and the plasma. frequency

p

of the plasma electrons. In the following we consider-explicitly

the current generation by the beating of cyclotron waves and also

indicate the resultis for current generation:by the laser excitation

of the upper hybrid mode.
... .Consider -two strong -waves (wp, k) and (wl,kl) propagating in

the direction parallel to B. We-assume that the amplitude of the

= “Waves:are-approximately-constant..and:that-the .matching-. conditions

Wymwy = W and koik1 =k are fulfilled- over a certain distance
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low—frequency 'piasma oscillations are described by - equations

similar to Egs. (73)-(76):

g_ltl + Vo (ng¥) = -V . (n(0)3(1) 4 (1) ’7’(0)] ; (154)

2
35‘} e Y ﬁ Ve
— — = Vo + Qv x =] + 9y — Vn
at m ¢ [ B) 7 ng

= 300) L (1) L3 L w3(0) _ e (300) , 3(1) 4 3(1) , 3(0)) (155

&
m

and ng = 4men, ,

where n,v, and ¢ are respectively the perturbed5deﬂéityf‘veloéity[

and electrostatic potential of the low—frequency mode, no,‘is, the

'equilibrium dénsity, Ve is. the thermal. speed:.of theselectrons...and... .

n(i), 3(1), and ﬁ(i), i=0,1, are respectively the perturbed.

density, velocity, and magnetic field: of . the: high—frequency:.

cyclotron modes. Using the appropriate expressions:(Tajima,. 1977)
for n(i), 3(1), and ﬁ(j), i=0,1, it fs  easy -to show nthat
n(i)z(j) = (). v (i) = 0, i#j. Thus, only the ¥ x B term in
Eq. (155) provides a nonlinear force. Calculating this term,
substituting in Eq. (155), and carrying out the phase average over
the high-frequency oscillations,. Eqgs. (154)4(156) canbbe reduced to

a single equation'for the low—-frequency density perturbation

espectively  the

(156)
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Q-nt 7v2 ks + wzn = =nsA§in(kx=wt) , (157)
2 e .2 P 0
at ox :
where
k k
= «(0),(1) 0 1 ‘
A= Vos Vos ( 0 * q )k, (158)
1-— 1--—
w1 ]

. (i) ‘
vé;)= A , 1=0,1, and E(l) is the amplitude of the corresponding

mwi

high—frequency wave. E
oscillator driven at it

given by

n(t) = n

where A= N2w and
generalization of the r
fpr the beating .of

Sec. VI. As the electr

bulk of the distribu

Oxt sin(kx-wt— g) ;

quation (158) is the equation for a harmonic

s resonance frequency..© The solution. is'.

2 _ 2 2_2
) —-wp + 7k Ve

esult obtained by:Rosenbluth.and Liu. (1972) .+

Equation (159). is a

light waves and:thosevequationssdiscussedwinssi:
ostatic .energy increases, particles~ in " the-

tion function Dbegin. to be trapped and the

growth is curbed by strong nonlinear Landau damping and nonlinear

frequency shift not

saturation time can be estimated by requiring that the .oscillationw. .. .

included in this simpleAfluid model. The

velocity in the electrostatic potential, l2e¢/m|1/2, be of the

]




—91-

-w%mng3t{nﬂ,ifs ;k,yéw/Awpa HdFory v = v i d=y g nethisimreduces  to

'~¢§=ﬁ“fvg/V65)2w;1 -

To check the results of our fluid model, we have carried out
computer simulations employing the same particle code. Two
right-hand circularly polarized waves with wave numbers ko and kl
are imposed on an initially uniform thermal plasma. The waves
pfopagate in the x—direction. The plasma parameters are chosen
such that Q/wp = 1.6 and ve/c =2 0.1. The frequencies of the two
electromagnetic waves are given by wo/wp.= 3.5. and- wl/wp.= 2.4,
such that they are in the upper fast branch of the dispersion.curve .
fof cyclotron waves. The system has typicaliy.a length. LX =.512A, .
fhe wave numbers of the electromagnetic waves are” given* by
kg = Bm x 29/512A and k; = 2m X 15/512A.° The number of ~ particles -

__in each species is' 5120, and the particle size is 1A with a

Gaussian shape, where A is the unit spatial grid distance and is
equal to the Debye length. The intensity of the electromagnetic
waves is chosen such that vos/c = 0.01.

The electron distribution function at 't =0 and after  a time -~ .

p

t = 22@ are shown in Figs..38(a) and 38(b),. respectively. .. In:
this case, the matching conditions are such.thét the}phgsg velocitf
of the electrostatic wave is about 8ve. Accordingly, the electron
distribution function develops a positive tail leadihg to current”
generation. The electrostatic .energy density and the driven

current .density. are. shown in Figs. 38(c) and 38(d), respectively.

Thé current density is normalized to nev, . Both the electrostatic

5”,wmﬁwenergyldensiiywﬁndmourrentmdensLty;mténd;mto;knonlineanlym,saturate

after the 1initial growth. At a time Ty ® 24@51, the current
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much shorter time. The value of the saturation time “in the

numerical simulations is somewhat smaller than the one predicted by
. - 2 —-1 _ —1 . D

our rough model, i.e., T, = (Ve/VOS) Wy = IOpr . This indicates

that the nonlinear frequency shift also plays a role in the

saturation mechanism.

After the saturation value of the current density is reaéhéd,
the source can be turned off and the current be left +to
collisionally relax until the .next pulse. For a plasma with
T_ ~ 5keV(v_/c=~0.1) and n = 10M4em™3  and for v /c = 0.01, the

e e oS !
collision and saturation times are about 50usec: "and 5 x IO*Sﬁséc;n

respectively. Thus, steady—state  operation can be obtained by aw:

sequence of very short pulses. The “:.i_,d_ib__ of each pulse cannot

always be made of the order of Tg because‘the minimum Widtﬁ of the:
pulse in gyrétrons is limited by the transit time of ihe. éiectrons
in the resonant cavity. For Vos/c = 0.01, this time is longer than.
the saturation time_TS. Fdr smaller-values - of vos/c, ie., for:
smaller intensities of the beating waves, the.two times can .be made.-
of the same order. |

The ratio Between the current density and the power density
dissipated to drive the current, j/P, is considered to bewan-
important parameter to measure the local efficiency of different
schemes = for .current.drive.---However, -in the beat—wave scheme, the
crucial parameter is the intensity of +the electromagnetic waves
wﬁréquinédﬁrtoaﬁnducewbhe%noni&ne&nmproce85¢:aTheamaximumMintensities

that are achievable with lasers range from approximately 1016W/cm2
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- interisities are kimited = to": approximately- ~10W/em® ~iby “breakdown
problems‘ in the Waveguides. In our éimuiation, we have obtained a
saturated current of j =~ 0.2nev, for vos/c = 0.01 and ve/c =0.1.

3, we obtain j = IOkA/cmz. This is much larger

Taking n = 1014em™
than the average value of the current density in actual devices,
ie., j < 1kA/cm2. The required intensity to obtain such a current
is I = 1.4 x 108(Vos/c)2/kg, where 1 is given in W/cm2 and Ay is

the wavelength of the electromagnetic waves:(xé;) zvxég) = AO) in

microns. In actual applications, the current pulses can be

decreased almost an order of magnitude. This.. can be done: by.

decreasing the intensity of the electromagnetic . waves . which also: .

leads to an increase in the saturation time”TS.

To estimate the average j/P parameter, let us represent the -

current density by j = Ane(w/k), where An is the a&erage density
increase related to the trapped .ﬁartiéles. The power lost by
collisional dissipation is given by P = An!m(w/k)2/2]u, where v 1is

the electron—ion collision frequency. Thus,

i/(ngev,) Ve

~ 2 (160)+

SP/(nOmvgu) w/k

This 1is a number of order one, comparable to the value .of the j/P
parameter for .the scheme of -current drive -by--lower hybrid. waves

(Fisch, 1978; Ehst, 1979).

}QiﬁTﬁlgﬁﬂﬂﬂnﬁNd%¥Hgﬁ%&seré&ﬂ?Earﬁmibﬁbwayesﬁ“iheﬁm&ximum~’
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'HrﬁrrentSAﬁby.»theﬁ&nonline&r1~echtatidnnmofIhﬁthearﬂupper.“;hybrid
electrostatic mode. The upper hybrid waves near the center of a
tokamak plasma cannot be easily excited by linear conversion of
electromagnetic waves propagating inwards because of the evénescent
domain between the cut—off and upper hybrid resonance layers. This
problem can be alleviated by using the beat of two high—frequency
light waves. Consider two laser beams (wy.kp) eand (wl,kl)
propagating at an angle o with the magnetic field, such that
cosx << 1. Because the phase velocity of the light waves 1is

approximately c, the electrostatic mode generated by the beating of

the laser beams has also a phase velocity close to. ¢ for~ forward"
scattering. However, wusing' backscattering; - it is  possible tou=-

_obtain a Doppler—shifted phase velocity (w-Q)/k cosa close to v,

: f@di&cusgvﬁhavp@ssihglmty;of,driying»

in the direction of %0. By properly choosing the matching

conditions wg—wy :‘wuh and ko+k1 =k and the angle «, it is

possible to excite the wupper hybrid electrostatic mode with a-
parallel Doppler—shifted phase velocity of a few times the ~“thermals:
velocity and drive current. Using a fluid model similar to the one. .
described before, wé find that the electrostatic fluctuations '~

increase linearly with time according to Eq. (159), with A replaced

by

2, 2 2 2, 2 -2y

w? ‘ (wh-0*) (5~07)

2
A=l (0, (1)fe
Man = 4 'os Vos

o (181)
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Jﬂwhera%wmandﬁkﬂanearfiateﬁ;byﬁ$he%drspensionﬁmmﬂationgwfar“ﬁ%nearij)’

fanrelectrostETTETUppershybrid waves S(Stix] « 1965 ).~ = -

X1. CONCLUSIONS
We have studied the crucial physical problems associated with

the laser beat—wave accelerétor and its outgrowths. Since the
inception of the idea of the laser electron accelerator (Tajima and
Dawson, 1979a), many studies have been carried out. It seems that
the original idea is still viable, tested and supported by computer
simulations (Tajima and Dawson, 1979b; Sullivan and Godfrey, 1981;
Kindel and Forslund, 1983; Sullivan and Tajimaq,_1984),. by a
preliminary experiment (Joshi et al., 1981)}.énd by.a more- recent: -
experiment (Joshi, 1985). The Concepf”needs‘much“more“study and« -

many more experiments to substantiate, as we pointed ' out wherever . -

the issues were raised throughout the present paper.
A number of afeas of devélopment are called for. The.

development of powerful lasers for accelerator purposes requires

emphasis different from that for fusion research.” Although at*the’
moment the gaseous CO2 laser .technology - is. convenient.:.for . the
present purpose, shorter-wavelength. lasers such as KrF. and XeC%
lasers may be wuseful for shorter machine sizes and higher
luminosities. Since a high repelition rate.and high efficiency for-
the laser is required, the development of gaseous lasers or excimer
lasers. .may prove to.be more -appropriate-than that of glass lasers...
High efficiency for the laser is essential because otherwise the
-~ .obotal ~renergyvmeonsumptionsriofuthe-aceeleratorewill.-be-quite large.

It seems crucial to-have a short pulse for the laser in order to
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mﬁvdidmﬂmanﬂbusﬁu@méﬁmaihinsm&bﬁkﬁties&mandc&moiseﬁﬁffﬁbisﬂ’aInﬁthis

v?pwwegafdﬁﬁbhesuppogreégmwboward““femioSécdﬁdﬁ;puTseS”*oY**COQ:*lasers“““’“

(Corkum, 1983)‘15 important and more efforts should be pursﬁed.
Although many studies have been carried out for intense
laser—plasma interaction, they have been primarily target
experiments appropriate for the fusion study. Experiments with a
uniform axial demnsity have to be carried out to study the intense
laser—plasma interaction in an environment ﬁecessary for the
present purpose. Theoretical developments on . . two-dimensional
effects such as seli-focusing, filamentation, refraction, fiber

stability, fiber wall resonance, laser injection,. ray. dynamics,

emittance, etc. have to be pursued.  'In terms of luminosity, when :
the beams are extremely ﬁarrowly focused, there will be technical"

___questions of whether mechanically we can collide them. In.

addition, the plasma density at the focus will become so high  that
the wusual gaseous treatment of plasmas for beamstrahlung studies

may have to be modified to include high correlation effects in high

densities (Ichimaru, 1982). We hope that research developments out-
of the present concept or a completely different.new.one eventually.. .....

make it possible for physicists to push forward the frontier of our

knowledge of this physical world.
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- Particle “.motion~ inscas propagatlng plane-electromagnetlc wave .

FﬁTheﬁwavenumber ‘ke-isvperpendicular toselectric field E - and ~magnetic

field B. No net acceleration along the k- direction is achieved.
When the EM wave becomes relativistic (c), there can be net plasma
acceleration.

Fig. 2

Virtual photons and photons in a plasma. (a) A plane
electromagnetic wave reflects on the metallic surface. There 1is a
field component E sinv parallel to k;. In the metal the EM field
exponentially decays. (b) If we put two metallic plates together,
we get a waveguide. Again a field component parallel to kj; exists.

(c) The dispersion relation of the EM wave in the waveguide. k is
the parallel wavenumber. (d) The dispersion relation of EM waves in

the uniform and ripple waveguides. (e) The dispersion relation of
the EM wave in a plasma. :

Fig. 3
The surrounding plasma waveguide structure (plasma. fiber
optics) plays a role of a slow—wave structure. If one matches

Vph ~ ¢, the wave field component parallel to.the . laser propagation .

may be employed to accelerate particles.-

Fig. 4
The ponderomotive potential ¢ due to the photon beat:-

Fig:_ék._mum e e e e e e A :
Dispersion relation for the EM waves. Two laser beams beat.

The process can be expressed as a forward. scattering process..of a:

photon by a plasma.

Fig. 6

Photon beat acceleration by two laser beams (wq, k9) and

(wy,kq). ~ (a) The electron phase space (x,pyx) at t = 240wy

maximum y; for electrons is 85 in this case. (b) The logarlthm of’
the electron distribution function at t = 185w§1 (c): The.electron:.. ..

distribution function at t = 135w51.

Fig. 7 :
The electrostatic field Ey vs. x at t = 77wpl. The amplitude
of the field Ej already reached Ej ~ mmpc/e. wo/wp =7.289, ¢ = R0,
Ly = 2048A. Phase space fox electrons at t = 77w51 is also shown
for this case.

Fig. 8
Weke—plasmon excitation by a short laser wavepacket and
trapping of electrons. The head of the photon packet has pro-—
ceeded forward to =310 at t = 25w_-. wg/w, = 4.3. (a) The
longltudlnal momentum (p =p,) vs. position of “electrons. (b)
X phasesspace - (c)_Ihe ~longitudinal-field E; .=.E;:vs. -position.
(d) Particle acceler— ation in tdime -(solid 11ne§ and electric field
intensity in time (dashed line).
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.:S3chematic: -diagram-for.:the .photon:: wavepacket“creatlng a. wake

1p1asmon “behind 1t (a):  The“photon-wake acceleration by a series of

photon bullets (b).

Fig. 10

Maximum electron energy vs. (wo/w )2 in the short wave— packet
case. The dots are from 31mu1at10ns and the solid line is from
Eq. (14).
Fig. 11

The electromagnetic energy distribution (spectrum)... as. a
function of mode numbers. Two laser beam pumps kg and ki are

indicated by arrows. (a) t = 142.5@51, (b) t 240@51

Fig. 12

Plasmon spectrum. The electrostataic. wavenumber - spectrum. is
shown. lnIE(k)I vs. n = k/k_ along with n S(nkp, nwp) vs. &n n.
are shown for vos/c = 0.5 case.

Fig. 13

Electromagnetic spectral intensity.in.. wavenumber:.: . The.. 8rroWi . ...
with O indicates the rough position of the orlglnal laser beam :

wavenumber peak; n indicates k’ =k 2 nkp.

Fig. 14

_ ... Electron velocity. distri=_bution .function.in the _direction . of .. . . .. .
the incoming photon propagation. When the backscattering plasma
wave has phase velocity Vp o the plasma wave. quickly. saturates . by

trapping electrons in the bulk distribution.

Fig. 15 «
Simulation with a single laser beam with wy/wg = 0.46. . (a)

‘Electron momentum distribution function.. at. t.= 250w51 .. (b)..The.

electrostatic mode spectrum at t = 100w51.. (c) The experimental...

energy. 17

Fig. 16

The maximum electron energy vs... laser electric.field.intensity ...
(eEo/mwoc)z in .the case of ultra—relgtivisticﬂlaser”beams.ﬁ The ...

straight line is ™%X = 1/2(c/vg] (wo/wp) Ve

Fig. 17
Phase space (py vs. x) for electrons with the ultrarelativistic

EM wave originally given a sawtooth profile. R7 The group velocity. of .
the wave structure is close to c/V3.

Fig. 18
Relativistic Brillouin forward scattering process. Two beating
lasers wqg,w; with wg — wy = wpj are injected into a plasma from the

et EExtremed y=high senergyielectrons- - are~~seen ~invifour -—bunches

* whose separation is c/wpi, much wider than that of the Raman bunch

--c/w (a) Electron phase space (py vs. x) at t = 0.

(b) Electromagnetlc beat—wave B, as a function of x at t = 0.

+ - et MLt 4l - LSRN -

~T
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"EL&c#@osiatmcacpiasma)ﬁW&VéiEfﬁasnaiiunciinnaoidxwat t'='60w5é.
lectron . w=phase. . _space .. (py . VS. X) at t = 20wpe -

(d)-E
Ge)ﬁDistributionw%unctron?bf“electTOHSﬂf(pf)*at,t-:ZGOwEé.
Fig. 19

The relativistic Brillouin process. (a) Electron phase space
(py vs. x)}) at a later time (t = BBOwEé). (b) Electrostatic wave
spectrum [Ey(k) correlations]. (c) Electromagnetic wave spectrum
[B,(k) correlations]. (d) and (e) The wave forms E; and B, at later
time (t = 260@5%). (f) Ion phase space (py vs. x) at t = 260@5%.
(g) Electron phase space (py vs. x) at t 260@5%. (h) Electron
distribution function f(py) at later time (t 260wy ).

Fig. 20

Electrostatic modes excited in the relativistic Brillouin case.
Ly = 1024A, ¢ = 9wpe, Eg =Ey = ngwpec/e, M/m = 25. Crosses are
forward propagating modes, while circles are  backward: propagating
modes . The strongest modes are around the  number

4 (k = 2mx4/1024A), with the zero frequency quasi—modes being the.

most prominent.

Fig. 21

] Schematic phase space diagram‘with bulk. electrons, accelerated -
tail electrons, and injected preaccelerated ions at the right phase.

Pop 18 the phase momentum of the plasma wave excited by the beating,. - -
p : L . .

two laser beams. Py is the injected ion beam  momentum: The ion -

Fig. 22

(a) The laser. light divergence and the - Rayleigh-length .zr. (b} -

The self—-trapped laser light in a plasma and its density profiles.

Fig. 23
The domain stable for filamentation instaebility and favorable

for self—trapping 1is .indicated by the.sign OPERATIVE (T/F) with- T
for trapping and F for filementation. The UNSTABLE label indicates
the domain for the instabilities of self-trapping and.filamentation...

The STABLE label does the opposite. ‘The figure is redrawn from
Felber et. al.

Fig. 24
Matching the phase velocity of. the plasma.wave and the particle
velocily by insertion of non-resonant plasma layers.

Fig. 25

Matching the plasma wave phase with the particle. (a) Tilting
the plasma wave direction. (b) Plasma fiber. (c) Cancel—- lation of
the perpendicular acceleration by a magnetic field.

Fig. 26 o
e Thexductwidth=d. fer~thewplasma=fibers:acceleratorseondition as
a-~function of- the laser-frequency wy - -(The-numbers -are- for some
particular example.)
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. . The- den51ty proflle of the- duct structure inr:thef"x-direction
"W(y—lntegrated) -insthe vsimulation. ' s ‘

Fig. 28
The electrostatic potential due to the beat wave created in the
fiber structure.

Fig. 29
Measured phase velocity of the beat wave in the fiber.

Fig. 30

Temporal behavior of multicascade with four waves (three
photons and one plasmon). (a) Photon 1 amplitude vs. time. (b)
Photon 2 amplitude vs. time. (c) Plasmon amplitude vs. time. The

initial amplitude was aj;, = 1.0 and the others zero. The time
normalization is according to Eq. (49) and the time: axis is from .0
to 100 in this unit.

Fig. 31
Temporal behavior of multicascade with five waves. (four photons

and one plasmon). (&) Photon 1 amplitude vs. time.. ..(b). . Photon...2 ...

amplitude vs. time. (c) Plasmon amplitude vs. time.. The initial:
amplitude and the normalization of time are the same as in Fig. 30.

Fig. 32
_Chaotic temporal behavior of multlcascade with 20 waves (19
photons and one plasmon). (a) Photon 1 amplitude vs. time. (b)

Photon 4 amplitude vs. time. (c) Photon 18 amplitude vs. time. (d)

Plasmon amplitude vs. time. (e) Entropy (negative) vs.. time:-  The:-

initial amplitude and the renormalization of time are the same as in
Fig. 25.

Fig. 33

The saturated beat-wave amplitude -as a function  of the
beat—wave frequency under the influence of plasma turbulence. The -
turbulence effects are incorporated through the turbulent. damping... .. .. ..
rate v. Various levels of turbulence (with v changed) are compared..

The pump amplitude is characterized by A = 0.1 for this diagram (see.

Horton and Tajima, 1985a).

Fig. 34
A conceptual plasma fiber accelerator with laser staging
amplification in situ. The separalion between the modules 1is

characterized by the sum of the focal length and the pump .depletion
length. An example of XeCQ lasers is taken.

Fig. 35 .
The asymptotic cross—section of lepton—lepton collisions.

- Fig . =36 : :
---Self-pinching- of- coll1d1ng ‘beams--and possible cures.

Fig. 37
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. ewof.carlepton-collider.

Fig. 38

’ Electron distribution function at t=0 (a) end at t = 220!
(b), electrostatic field energy (c), and electronic current densi%y
(d). The scale of the horizontal axis in (a) and (b) is in units of
the thermal speed of vy of the electron. The scale of the
horizontal axis in {(c) and (d) is in units of w-l. The scale of the
vertical axis in (d) is in units of nyev, . The broken line in (c)
corresponds to the increase in electrostatic energy predicted by the

fluids theory.
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