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Abstract

future progress ar elementacy pacticls Physics depends on new genwrations of
dcceleralars v the multi-Tev range it |5 genecally reed that leplans
( electrons ) should be the rignt projectiies in linesr colliders An efficient way of
dccelerating electrons IS in  longitudingl plasmp waves The correspondiog
relativistic dynamics are rewiewed High power lasers are well suited ror resting
Such waves thanks to nonlinear interaction rocesses ( deat waves } Gradients over
! Bevem can oe foreseen Preltminary resuits from theory, numerical simuistion
nd experiment, are SNCOWaQINg An 2iternative solution Is the wake el ae Lo »

relativistic cnarge traveling hrough 8 plasma Both methods may provioe focusing
of the acceldrated particle pesm
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1. Large accelerators in the future.

Since the days of Ampere who was the first to accelerate objects, thanka to the
tlectromagnetic Interaction{1}, many methads, based on that same force, were Invented to Impart
large energies to microacoplc badles. Thus, the fundamental taws of aur Universe are inveatigated
In detalis: he larger the energy, the deeper and the mare accurate are the resulla. The evolution
of acceleralors |3 best seen on the Livingston chart 2] recently updated [3) It shows that
optimal performances of accelerating processes follow an exponential growth ( figure | ).

tlementary particle physicists are still demanding higher energles Gigantic machines are
belag bullt In Europe, at CERN, the LEP. ( Large Eleciron Positron Collider } is under
conatruction This circular ring whose circumference 1= 27 km will operate In 1989 at the 2x80
Ge.V. level. In the Unitec States, at SLAC the S.LL. { Stanford Linear Collldar ) is in the testing
stage with energy 2x50 G.e V. while the 5.5.C. ( Superconducting Super Callider ) project s to be
approved. However, the location of this 96 km circular proton-antiproton collider { 2x20 T.aV. ) 18
not decided yet.
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In the next generations of acceterators, energies up to a few tens of T.e.V. are needed. In tha:
range, a number af Intereating physical problems are worth being investigated experimentally
14151 It #3 generally agreed that in the future, electron-pasitron colliders should be tullt. Indeed,
these particies are, 30 far, ¢lementary: therefore, the whate accelerat fon energy 13 avatlable for a
given process between elementary objects. On the contrary, protons and antipratons are Eum up
of three quarks each: consequently about 1/6th of the scceleration energy 1s left for g
fundamental process. Electrona in linear colliders are the best cholce in order to avaid losses
through synchrotron radiation [6) Now, no more than sbout 20 Me.V./m can be reached sing
fonventional AF. techniques applied to electron acceleration with the consequence of
tremendously large sizea Much higher acceleraling gradients are then mandatory.

Another requirement 13 of importance. Indeed cross sections between tlementary objects
such a3 quarks and leptons vary as the reciprocat energy squared: figure 2 [7] In order to ohasrve
areasonable number of events per unit Lime, one has to Increase accordingly the luminosity :

L= Nht/A (-1

In this definition, N s the number of accelerated particlea in a bunch,  the repetition rate of
bunches passing through the experimental area, A the beam cross section, and b a reduction factor
tue ta the pinching af encountering bunches of particles with opposite charges The number o°
expected events i3 the product of the tross section times the luminoaity. The largest Juminosity

ever, lolzun”s", wa3 achleved at CERN with protan-antipeoton intersecting atorage ringa.

The challenge accelerator bullders are faced to, can be stated a2 follows:

accelerate alang atralght lnes
- slectrona
- up toenergles over | Tev.
- In a machine the size of which compares with that of
present day devices

- witha luminosity 10™cm23"",

To reach that goal, new concepts were davised in the past few years, some of which make use of
piasmas and iaser plasma interaction.

The reason for plasmas 1a the following: In every accelerating device, particle travel " in
vacua *, actually rarefled gas inside pipes whose walls are made of either conducting or dielectric
materlal. Larger gradents Imply hgher electric Helds which may cause electrical treakdown in
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the res dual gas or along the walls, Thus, the necessary fine tuning of the cavities is destroyed
This Is the mair 1imitation to Increasing gradients. Inside a plasma, there I8 no such imitation
Since matter s already lonised. Furthermore plasmas are ahle to propagate large electric Hlelds In
electron plasma waves.

Mow, breakaawn thresholds 1n HF. eleciromagnetic systems increase with frequency. Optical
frequencles are spectally attractive. When focusing a laser beam with a lens o a mirror, high
intensities, |, are readily obtained. The corresponding electric fialds are given Independantly of
wavelergthby:

E= e v (1-2)

with the result: 1.8 Gigavelt/m for 10 wen™® ( 2 1967 achievement ), 1.8 Teravolt/m for
10" wemn 2 ( to day's performance with the most advanced high power lmsers ). Laser plasima
interactisn provides a way to take advantage of the laser capability for producing high Helds.

When 3 high intensity laser beam is focused onto a soMd surface, matter 1s strongly heated
The temperature I8 30 large that a plasma 18 formed and set Into motion, It was observed fong ago
in such experiments that energetic charged particles { lons or electrons ) are emitted Their
velocities are Inconsistent with the measured temperatures in the plasma plume. This phenomenon
was never satisfactorily explained. Many mechanlisms were peoposed for particle acceleration in
the lase~ driven plasma: gastynamical rarefaction, influence of self generated magnetic fizlds,
electrostatic MHelds assoclated with charge separation, wave particle interaction.. None of these
tould be identified as the single origin of the observed results. In 1979, It was shown by Ta)ima
and Dawson [8], with the help of particle simulation thst a particular process, the
reasnant beating of two laser waves  whose freguency diference is equal Lo the plasma
frecuency, ia able to drive a high amplttude longttudinal plasma wave tn which electrons can be
accelerated to very high e'nergles This was the starting point for many theoretical, numerical
md expe~imental investigations which show that iaser plasma Interaction f3 Indeed 2 promising
way to reach the large accelerating gradients required in future devices

An alternat've way of creating high amplitude plasma waves was recently propsed [9]
Thepassage of ultrarelativistic charged objects { usually bunches of particles ) through lonized
matter Induces electrostatic oscillations which form a wake following the driving charge. Thus, a
traveling wakefield Is obtained In which secondary particles can be efficiently accelerated up to
energles which exceed the individual energies of the particies in the driving bunch



2. Electron acceleration in a iongitudinal plasma wave.

Assume a longitudinal #lectron wave propagates wih a well defined ampillude and phase
through 2 cold plasma In the z direction, Oenoting by € the fiels amplitude, byw, the frequency, by
ky the wavenumber and by o, an inltlal phase, the relativiatic equation of mat on for anelectron Is

O/t = -tesmM 1~ 16"V g sinthyz-u t om), 2-1)
where m, I3 the rest mass. The equation is better rewritten in terms of the Lorentz factor
¥ )\ 22
and with the almilarity variable

Lolpz-ut -9
One then gets the different ial system
dy/dt = - (ef /myek 1+ 1/y) sin(gee,)
(2-4)
E/dL = chg(1-11g9 - )

from which is derived the (E,3) phase space representation displayed InFig 3.

Fig. 3. v.X phase plot. a) sccelerstion of Urapped electrons, b) ascceleralion of passing sisctrons.

The (igure shows that the foliowing can be accelerated to high energies: 1) elestrons with
trapped trajectories and initial low energy, 11} electrons with shacply defined initial phase on
passing trajectories associated with velocities greater than the phase velochy of the wave
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B "h - u'jkn_ (2-9)

Then are can imagine an accelerating device with several Stages. In the rirst one, an electron
beas with a uniform longitudinal denaity and velocity 1y, 13 bunched wilhin a quarter period and
half wavelength in§ space ( tigure 4b ). After energy [itering, high energy bunches are injected
With proper phasing into successive stages ¢ figure 4c ). Note that a0 Inlttally spatialy uniform
moncenergetic electron beam with an energy welt shove trapping Is slightly bunched with a global
energy loax free efectron laser regime ¢ iguredd ),
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Fig. 4. Ectron behaviour in Y.L phase space. o) inilial state of & complelaly trapped slectron besm;
b} buching of the Lrapped eisctrons of fig. a; &) sccotaration of » bunch of passing sleclrons; d) behavieur of a
high snergy sleciron beam: slight bunching wnd gicbal snergy loss. free slsctron loser regima.



3. Acceleration energy and length. )

The Hrst order ordinary differential equation in dy/d&,  resulting from (2-1) is readfly
Integrated to glve

oot =171 - chg¥g+ w,1g™ 1" = (eEy/mycKcost-costy) 3-n

The maximum value of the second factar in the right hand aide 1s 2. It corresponds to the largest
A7 along 2 passing trajectory which assuming that both Tp Bnd 7 are much greater than 1, {3

BT = 43 = (2eEg/mycw Xo/ U183, By = (11302 = w gy 3-2)
The maximum energy Lhat an electron may acquire in the process 19 then

Wy = My A o (deEpmycta ey, ? = ey, 3-3

Now, there exists an shsolute maximum for the plaama wave amplitude: density perturbation eqm)
to the background density, the so catled wavebreaking condition. An equivalent statement fa: il
electrons in the plasma are trapped In the wave. In a reference frame moving with the phase
velocity ( henceforth called * moving frame * ), most of the plasma electrons are traveling with a
velocity - W, /Cky. They will be trapped pravided the potent ial energy In the wave I3 at least eqml
to their energy xarrbcz. Integrating the Polason equation over half a wavelength and noting that tae
particle number in 2 wavelength 12 a relativistic invarlant as well as the lang!tudinal fleld, one
tinds the conditton:

20637011 = mo"acz te. Eg=mgruw fe. (3-4)

Sutrstituting in {3-31, the upper Hmit for the etectron energy turns out to be: .

Wama = 2M,? (3-5)

In the moving frame, electrons are accelerated over at meat half a wavelength, Since there 1s ro
phase Incking, electrons In the wave are to be decelerated whenever they propagate beyond that
distance. The corresponding acceleration length 1, in the laboratory frame is givenby

W, = eE), hence o= 2%, (3-6)

The length of the accelerating plasma column should ot exceed Iy #nd the extensfon of the
bunches alang the z axis has to be leas than a small fraction { e.g 1/10th ) of the wavelength
21i/ky. After (3-3) and (3-6) the accelerating gradient 19 in general

Wally = 25 = emgw (n/ng) (3-7)

where 1 I3 the amaplitude of the density perturbation. The upper limit is
(Wa? L)y = Mg, (3-8)

In a0l casrs, (W /1,) 13 proportions] to the square root of the background plasma
deasity

The rain | mitation in the process comes from the acceleration length which results from
wave particle dephiasing. For given plasma and laser conditiona, it puts an upper boundary on the
energy a partitie may acquire in a single pass. Such an effect can be overcome by superimposing on
the plpama wave a uniform magnetic field whose direction 1s perpendicular to the wave-vector,
Tiwa the particle velocity has a transverse component ( Fig 5 ). This slightly reduces the
Tengitudinal component which can be kept equal to the phase velocity Ug. An obvlous analogy with
surfing, Inapired the word * surfatron * colned for this pracess [10]. Let x be the coordinate
paralie? ta the transverse component of the velocily. ‘When phase lncking occurs, the
accelerated particle velocity tendsto

v, (r.‘?-u,,z)'n, v, =up, (3-9)
while its energy hcreases Indefinitely according to
dy/dz ~ {eB/m ciy, (3-10)

where B i3 the appifed magretic field. The particle travela at an angle 6 with respect to the wave
vecsor,

Fig. 5. Perticle and weve propagstion in the surfalron



4. Growth and saturation of a resonant beat wave.

When two electromagnelic wavea act on an electron, the vi force has long! budiaal componenta
with the frequency L=, When this difference is equal to the plasma lremyu’ 28 tlectrom
plasma wave is resonantly driven. It I then shown [11] that the Tongitudinal electric tield obeys the
torced oscitator equation

PR/ o E < - AesmA A cost 4-n

where At and A2 are the vectar potentials of the laser waves The solution af this equation
has an amplitude unphysically growing to Inflnity, with a phase locking at w/2. The actual amplitude
13 expected to saturate, thanks to various passible proceases: pump depletion, wave-breaking,
relativistic oscillatory motion of the electrons In the wave, caacading ewaros lower frequencies
by Raman scattering, collisiona) or Landay damping... Let T be same phenomenological damplng
coefficlent. Accounting for relativistic eiectron asclilations resulls In a negalive nonlinear cuble
term added to the left hand side of (4-1) whereas Cascading results In 2 positive aubic tarm. Both
proceases may be included in a singie term with a phenomenological coefficient o, F inally ane gets
a Duffing equattan

FErE? + FoE/eE + (10t - - AL/ kA A, cosE (4-2

whase solutians are tnvestigated anzlytieally or numerically{12} An £xample 13 given in Fig & it
shaws, In the absence of damping, that the amplitude varies perodicaily on 8 slow time acaie
nonlinear period . Thers Is no phase locking and numerical simulations have evidenced some
turbulence creeping in after the first maximum [13] This leads to the wse of shart Isser pulsea
whose duration does not excerd the nonlinear period, ’

Time
e

Fig. 6. Longiludinal plasms wave smplitude: growth snd saturstion by relatrvistic deiuring
{ cubic lerm in (4-2) ).

However, this conclusion might be modifled after remarking that the satwration is due to
detuning induced by the growth of the cublc term. The detuning can be compensated by 3 spatially or
temporally variable plasma density, or by a variable pump frequency ( * chirped * laser pulses ),
Provided the compensation 1s not tog large, the maximum amplitude |s substantiaily Increased  up
ta a factor of 3 ), and the short time constraint is somewhat relaxed see Fig 7.

Amplitude

Fig. 7. 1)No damping, fined plasma density; 2) no demping, linasrly incraasing plesma density; 3} damping,
linearty increasing plasme densily; 4) demping, linearly incressing plasma densily with initisl detuning.

tn any case, the amplitude cannat grow beyand the value for which all electrons fn the piasma
ae irapped, le. the densily perturbation in the wave 13 equal to the plasma density itseit
{ wave-tresking condition ). This seta an sbsalute Timit to the expected energy of the scceleraled
particies
5. Acceleration prospects.

The acce erating gradient e the relativistically tnvartant longitudinal etectric tield in the
wave 13 simply relsted to the relative electron density perturbation 6n/n

£~ etmn /e )" 6nin (5-1)

where N, {8 the unperturbed plasma density, Intreduting the interaction parameter



A = term el (€ NE ) 5-2)

and the Lorentz faclor Y, assoctated with ug, one gets for the energy In the laboratory frame that as
etectron may acquire

W, = 2m e teArn', {5-3)

Nete that the phase velecity W, 13 equal Lo the group velocity of the 1nser waves with mesn
frequency w, { =(w,,)/2 ), and
Yp * w0, (5-4)
From (5-3) and {3-6) an effective accelerating gradient s derived
Wyl = m e [16A 7). (5-6)
The above results are valld provided one has
(1eAs3)'¥ < (5-7)
the equality sign corresponding ta wavebresking A quantitative Summary |s presented in Table 1:

the data, laser intensities, acceleration energles and lengths refer ta wave-bresking conditioas.
They represent absofute maxima

Tante ¢
HAXIMUH ENERGIES AND ACCELERATION LENGTHS

Laser wavelength( am) 10 1 0.25 .
Intensity (wer? ) 13x10" 1.3x10" 2x10"
Electron density (cm™) Gradient {GeVim
10' " 10 Gev ) Tev 16 Tev
4m A0 m 6.4km . 25
10" 1 Gev 100 Gev 1.6 Tev
t3cm I3m 210m s
10" 100 Hay 10 Gev 160 Gev
4mm 40 cm b4 m 25
10" 10 HeV 1 Gev 16 GeV
0.13 mm 13.cm 21 ¢cm [}
10" 100 Mev 1.6 Gev
0.4mm 6.4 mm | 50
12

High laser frequencles associated with low-density plasmas yleld data of interest to

high-energy physicists. Hawever, maintaining the required beam Intenaity over long distancea might
seem unrealistic, sven in the case of ssif focusing.

On the other hand, law frequency lasers irradiating high density plasmas provide comparat ively
modest accalerations but over very short lengths. Such conditions correspond Lo actual experiments
on laser plasma Interaction Beling done In many laboratorles. Since all numbers shown In Table |
obey scating Jaws, this means that results relevant to particle acceleration can be easily
obtained in present day experiments . Foreseeable accelerators are ltkely to be made of a
nunber of stages bullt according to the intermediate part of Table 1.

How, the main timitation in the electron energy comes from the existence of an acceleration
Tength due to phase siippage. The * Surfatron may be thought about a3 a way Lo increass the
dcceleration length, hence the energy. Table 2 shows comparison between the surfatron and the
ordinary beat-wave. Since the interaction parameter need not be as high, anather advantage of the
Terfatron 18 the reduction af the required laser intensity.

Table 2
COMPARISON BEAT WAVE/SUREATRON
Ao o) 10 0.25
ng teni) 10" 10"
(ea/3'"? 0.2 0.2
L 10 ]

- Beatwave Surfatron Beatwave Surfatroh
1 ) 10 540 2x10°
W, (Gev) 0,02 1 0.32 10*

1, 4om) 0.4 20 064 19x10®
aqy 2 5
B (degreea) 57 15

This last point deals with ancther severe limitation of the ordinary beat-wave l.e the
necessity of tremzndoualy high 1aser Intensities over large distances. An alternative scheme was
preposed ta set up beat waves with a moderate 1aser Intenaity [14] As it ts well known in the free
tlectron laser, beating can be obtained betwesn an electromagnetic wave { ), k, ) and 2 spatially
alt2-nating magne:ic fielg [ * wiggler * with maximum field By, frequency w,~0 and wave-numter



k; ). In the presence of 3 relativistic electron beam { driving beam ). Doing s ineide 3 plasma may
tnduce the growth of a longltudinal wave with frequency w, and phase velocity

ig = wy/kyeky). 5-0)
There exiats a divergence for Y, at the cutoff

u” - 2wk, - c’t,z. 5-9

The problem of the saturation of the longitudinal wave is the same a3 befare anc I3 deait with by
the same methods. It turns out that whend, 13 much grester than the cutaff value, the acceleration
length I8 4 fraction ot the wiggler wavelength Matching the acceleration length to the wiggler size
requires conditions close to cutoff which will be halding in the following Taking ko account the
relativistic correction, yields an energy and an acceleration tengthc

W, = 2mtiw, P, Py e K16AY, I - 21,7, 5-10
The interaction parameter is
A« (6 /0, MBy/K) (5-11)

where i1,/k, can easily be made a 1arge number. The camparison with the ordinary beatwave 13 glven
in Table 3. The effective gradient Is usually smaller. However, a3 It s ciear from the dats
peesented in Table 4, moderate laser intensities are Indeed sufficient If one wasts to bulld up »
proaf-of-principle experiment using state-of-the-art wigglers.

The taser wiggler beat wave in presence of an electron beam I3 alzo able to sccelerate charged
particles directly thanks Lo the ponderomat lve ptential, indeed, in the right hand aide of the second
order equation of motion, the forcing term can also be considered as an equivalent tongltudinal
tlectric tHeld whoae amnl!t'ude L]

b = 2e/mguphoA A, = 2 myc/ey A 5-12)

and whase perlodicity is the same 2a that of the deiven plasma wave if any. If no plasma wave i
tobe generated, the corresponding accelerating mechanism s the so called inwerse free
electron laser {15) IFEL, a rather misleating denomination... ). The Held E-\ 13 oroport lonnad to
A whereas, E; goes 25 A", The twa are equal for 8 critical value

A= 230 g0, 0 M. (5-13)

It turns out that A Is exceedingly large. For ALA, B i3 larger than F_. The presence of 3 plasma
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thus greatly enhances the accelerating power of the LFEL. Stnce the A variation results from
the same saturation mechanism via relativistic detuning, the 2 1aser beat wave acheme alsg rates
better than the inverse free electron laser for electran acceleration at least for the avallable and
predictablz 1aser intensities.

Table 3
2 LASER BEAT WAVE / LASER WIGGLER BEAT WAVE
2LASERS LASER/WIGGLER
Phase veloctty Wy~ (ky-ky) W /K, ok,)
2 2 2 2,2
Lorentz factor (woru) (ky k) 712K ok, )y~ P67
Interaction parameter A (2/mge) (€, /0 NE,tua,) (e/mge)(E, /w0, (B, /1)
Wave-bresking condilion 1=(16A73)"= 12 RN PRI
Energy W, 2y, 2yl 10, )
Acceleration length 1, 2y cu, 2y el
Oredient  W,/1, Mycw, 2 mgowltw /ey, "2
Table 4
ACCELERATION BY LASER-WIGGLER BEAT WAVE IN A PLASHA .
{ Wiggler: X, = 10cm, I, = 1m, 6, - 6T)

LASER TYPE to, Nd K
Wavelength gm 10 I 025
Intenaity wen? 5x10" Sx10™ Bx10™
Plasma density cm™ 2x10" 210" ax10'®
W 540 1. 7x10° 3410’
W, Gev 06 23 7



6. Preliminary experiments.

High(afewHeV. L. ) energy electrons were obmed.lnng 290 22 2 by-product of 12ser plasmy
Interaction enperiments. HMoat of the time a visible or infrared aimost single 11ne high power laser
13 aimed at 2 sofid surface. It 13 difficuit to identify a given process In such a brute faroe action:
many mechaniams take place at the same time and compete in the energy transfer from the Fleld te
the dense, hot and usually tnhomogeneaus resulting pltasma. However It was posable to interpret,
thanks to the comparison with numerical stmulations, some data on electron evergy spectrs In
terms of laser Induced acceleration]16),

Specific beat wave experiments have been devised, starting with (0L, Jzsers which can eeslly
emit 2 lines ( wavelengths 96 and 10.6pm ) whose frequency difference matches the plasma
frequency at density 10'7 cm™>. The objectives ae: 1) evidence the driven plasma wave and
evaluate 1t amplitude; H) accelerate electrons coming from a source outalde the: plasma Earty
attempts 2t UCLA on the firat point were made uaing 2 counterpropagating laser beams along the
axls of a8-pinch |17). More recently, 2 laser beams propagating in the same direclon were usad Lo
irradiate tranaversally a high pressure He arc. Thomson scattering of 3 ruby taser line Is the
canonical dlagnostic. From the scattered spectrum, 3 langitudinat electric Meld

03¢ Ey ¢ 1 6eV/m

was infered [18] A different approach to verify electron accaleration by 8 resonant beat wave waa
Imptemented in Canada by F. Martin and cowarkers [19] In this experiment, a twa frequency high
pawer (0, faser |3 used in three different ways: 1) it produces the plasma by breaking down a
Supersonic gas Jet; 1)) it drives the beat wave; 111) It creates an electron emiiting awxilliary
ptasma by impact ento a nearby Aluminum target. A sma)l group of these electrans In 8 nammow
energy band around .64 Me.V. 18 selected by a focusing dipole magnet, then sent through the plasma
in the same direction as the beating laser beams. Finally the electrons enter an analysing
specirometer ( figure B ). Dreliminary measurementa have evidenced elactran energles up to2 MeV
ndicating acceleration by about | G.e.V/m over 1.5 mm. This experiment also shows that a laser
created plasme might be a very conwenlent medium for electron sceceleration Gas
breakdown through muitiphoton fonization has created fairly uniform plasmas [20] Other
possibiiities are folls exploding after laser Impact or long ( ~ 1cm } plasma plures obtained by
focusing a laser beam anto 3 metal surtace with a cylindrical lens[21]

BEAT wavE :g!‘.“.
(-80tm stveaaion b Shwm

Aratysng
dletiron
npactiomater

Fig. 8. Experimental sel up for elaciron acceleration after [19).

7. Wakeflelds.

An electric charge traveting with a relativiatic veloclty through a plasma Induces 2 wake of
electrostatic oscillitlnns. Consider first the case of 2 point charge q with velocity W, close to c.
The corresponding charge density is expressed in cylindrica! coordinates around the directton of i,
a:

0= QlB{r)2mr)6(z-uyt). 71
The equation for electron density osciliations Ia then

ol s un= (eny/meg)o, = (qu,”/eug) (B(r)/ 2neKl2-yt) (7-2)
whase solution 13 8 Green'a function

n= tm,leq,::tm,(t-t‘ﬂ(t-l'): mslm,(t-t')‘f(l-t') (-3

where Yit-t') 13 Heaviside's step function. Using Poissan's equation, the correaponding electric field
1 found its longRudinal component I8 (y, ~ ¢ }[22]

Elr2)= -(ck’l2nto)Ko(krmt—zfc)cosu'(t-zlc) = B, ¥(t-2/c)comw (t-2/c) (7-4)

where k = u'lc ant Ky(kr) 15 3 modified Bessel function. The corresponding longitudinal profile Is
shown on Mgure §
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Fig. 9. Longitudinal wakefisld dus Lo « poini charge.

In the case of an extended driving bunch, pir,2), an Integration of E has [0 be performed aver
the spatial domain occupied by the charges. The driving bunch with fength | and maximum particle
density n,,, undergoes a retarding electric fleld whose mean value € 7 s approximated by some
coefficient | Limes the maximum £ A Important parameter ia the transfermer ratfo R Ina
one dimenslonal situation there is no on axis dlvergence of £, and

R=E/E, = pkiin, _/n). (7-5)
The value of R i 2 measure of the efficiency of the wakefield 23 an accelerator.

Now, a particle or 3 bunch accelerated in a longitudinal piasma wave also Induces 2 wakefielg
For an Infinitely thin charge i a one dimensional situation

E, = (a/egiit-2/chcomu (t-2/c) (7-6)

which to be compared to the fieid In the wave Ey. It turns out that the two are equal when the
fumber of elementary charges  e.g electrons ) per unit surface to be accelerated 15 123

N = clegmy/nge’y "y -7

where f, I3 the background density in the plasma and Ty 12 the amplitude of the density oscillation
(both per unit area ). when these tharges are properly phased with respect to the plasma wave
there I3 no more eaclilation behind them. {7-7) indicates the maximum permitted beam loading in
plasma wave acceleration

In general the electric field In the wake has 3 transverse component which |s readily
Calculated after (7-4), using the Panafzky-Wenzel theorem [24) Electric field Hnes form a 2
dimensional pattern which Ia schematically shown on figure 10.

Ef17 d lines

Fig. 10. Elsctric fiskd line in tha 2 dimensional wake of & poinl charge,

The tranaverse component of the electric fleid 3 thus able Lo alternatively focus and defocus a
bunch of particles to be accelerated Reglons in the wake extending over a quarter wavelength are
bath accelerating ana facusing This 1 a very attractive property. This situation 1s alsp eacountersd
in the resonant beat wave whenever the laser beams have a ulted tranaverse structure: ideally a
cylindrical symetry with an Intensity decreasing monotonically from the axia

50 130 na exparimental results have been obtained on wakelields in a plasma. In an experiment
under compietion at Argone Nationat Laboratory In the USA, two electron bunches whose
longitudinal spacing can be sdjusted, are sent either into a plasma or thto a speclally designed AIF,
cavity whick 13 also able to produce a wakefleld [25]

8. Conclusion.

Provided their amplitude 13 high enaugh, eleciron plasma waves are pramising for elementary
particie acceleration Theoretical, rumerical and expertmental work has begun on resonant beat
wawes and wakeflelds. This way towards very high energles 1s taken seriqusly by particle physicists
#lthough sigmificant applications are nol expected befare long. About 20 years are ahead of us to:

1} on the one hand, Ivestigate in detalls Iaser Interaction and wake generation, check the scaling
lawsa, reach the required amplitudes, evaluate new concepts such as the ° Surfatron * or
laser-wiggler beating in a plasma;



11} on the other hand, develop taser saurces suited Lo Bhe Job: short wavelength { ¢ Tum ), high
pawer plcosecand pises, efticlency larger than 10R. For state of the art Tasers, such requirements
are highly contrad-clory: for Instance, 0, lasers have 2 high effickncy, dut the wavelength
(10um ) s too high; or It Is difficult to get high energy short pulses of 0.25 ym radiation from a

However, the use of the focusing properties of tranaversally inhomogenecus plasma waves is
o be 2ppited to actuat accelerators in the near future. Masma Tenses migth be the firat spplication
of plasmas tn the reld of nigh energy physics
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