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Abstract 5. Demonstration of a reasonably small energy spread and
emittance.

Ever since the research ¢aser-basegbarticle acceleration g, Demonstration of staging.

concepts began in earnediout adozenyearsago, there |t is gratifying to note that all théhree lasemcceleration

has been very significant progress in the fieldd¥anced schemes that | shall be discussing hdeenonstrated 1)

Accelerator Research. Proof-of-principle experiments thahd 2)aboveand laser-plasma schemes have dddition

demonstrate the physical principle of the varistsemes demonstrate®). Thesecondgeneration laseaccelerator

have now been carried out. These experimaergguided researctthen is moving on to topics 4), Bnd6). It

by state-of-the-art computer simulations made possible fould be noted that technology and economy issues are at

the recent revolution in computingpwerandtechniques. present not beingddressedwith the samedegree of

The research is poised to move on to the next lefiefe  seriousness as the physics milestones.

it will address both physics and technology issues that are | shall concentratenow on 3 laser-based particle

at the very forefront of beam science. acceleration schemes. The first is the labaren plasma
wave acceleratof8. Thesecond isknown as thenverse
1 INTRODUCTION free-electroriaseraccelerator(IFEL)® while the third is

| will start off by giving ageneralmotivation for the inverse Cherenkowaccelerator (ICA).?® In all
advancedaccelerator research. most of theadvanced accelerators the accelerating partiadeey theequation of
acceleratorschemes theacceleratingstructuresare far motiorf*)
smaller than the present structudgiven byr.f. in the s
or x bandrange. The wavelength of the structure is dy =efve E)
typically in the 1 mm to 1Qum rangewhich means that z mé
these structureare powered byeither optical frequency
sources or short bunches of electrons. Theams which means thatherearebasically two ways garticle
produced bysuch structureare similarly expected to be moving in the zdirection cangain energy. First, if the
ultrashort: in thesubpicosecond to a few femtoseconctlectric field has a component,Ein the direction of
range. The production, manipulation (preservation) amdotion of the particle and second if the particle is given a
diagnostics of such ultrashort bunchespresent the small but finite velocity component in thieansverse
forefront of research in beam physics. Once dugithes direction so that it can interactwith a transverse
become available, their interaction with matter ocomponent E of the electric field. Mbst acceleration
radiation will open new opportunities in the physicalschemes including the various laser-plasma schemes and
sciences. On the technology front the holy grail ofhe inverse Cherenkov scheme rely on the finsthod
advancedaccelerator R & D is to produce @ractical, (i.e., v, E,) whereaghe IFEL relies on thesecond(i.e.,
table-top, 1GeV electronacceleratorthat can deliver a vgEy).
peak current inthe 10-100 Amp range. Finally, one

hopes that in the long ruagdvancedaccelerator R & D 2 PHYSICAL PRINCIPLES
will yield a new technology for a future higénergy In the laser-plasma acceleration schemes the
collider. _ _ transverse electric field of a laser is transformmeo a
The key physics milestones for angdvanced |ongitudinalelectric field of a space charge waveing a
accelerator scheme are as follows: o plasma® Physically this is accomplished as follows. In
1. Demonstration of the physical principle forthe so-called Laser Wak&ield Accelerator (LWFA$ a
acceleration. short laser pulse roughlc/w, long excites avake in a
2. Demonstration okenergy gain for externallynjected plasma. This happenbecausethe gradient of the
electrons. intensity associatedvith the shape of the pulse exerts a

3. Demonstration of high gradients ('say > 1 GeV/m). force called the ponderomotiveforce on the plasma

4. Acceleration athis high gradient over asigr_ﬂficant electrons which are pushed away from the regionisig
length (say 1 meter) or alternately emergygain of 1 jntensity to the regions of lowentensity. After the

GeV. pulse passes the electrons snap bmdause ofhe space
charge force of the ions and set up an oscillation.
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In the PlasmaBeat Wave Accelerator (PBWA), maintained. This is given by, = (1+§)"? (A,/2\,)*?
two co-propagating laser pulsesy,k,) and ¢v,,k;) of where g is the normalized vector potential.
much lower intensity than required for LWFake injected
into a plasma which satisfy thesonanceondition w, — 3  CURRENT STATUS OF PLASMA
w, =w,. This once again excites a plasmavevia the ACCELERATORS
ponderomotive force.

In the self-modulated laser wake field acceler@tor
(SMLWFA), an intense but much longer sindtequency
laser pulse isused toexcite the plasma wave. The
excitation mechanism is the Ram&orward Scattering
Instability (RFSY® which generates awhole band of
Stokesand anti-Stokes e.m. waves by scatterifigm
noise fluctuations in the plasmadw@} These in turn beat
with the original wave to providethe ponderomotive
buckets thatreinforce the plasma wave. In athree

Laser Wake Field Accelerator

Experiments are being carried out at several
laboratoriesaroundthe world on LWFA®  The most
ambitious current effort isthe JAERI/KEK/U. Tokyo
collaboration in Japaf® This collaboration has put
together an impressive laboratory facility which combines
a high repetition rate 2 TW, Ti-Saphire’, [aserand a 17
MeV linac. Their experimentarrangement ishown in

schemes, the plasma oscillation in the 1D limifpisely Fig. 1.
electrostatic with the longitudinalectric field given by 1
2 . . 7 eV Electron Beam
g(ny)*? Vicm wheree is the level of density modulation | aser puse —eaa e (Pmq Doublet )
and n is the plasma electron density in @mThus for a 2 ™55 !

I Accelerated

plasma density in the range'i& n, < 10 cm® ande =
0.1 one can expect 18 E(v/im) < 16°
In the inverse Cherenkaacceleratothe laseheam

is first slowed down in a gaseodglectricandthen made |! (PMO Tipet
to interact with the particle at the Cherenkov an@le

T
—

such atp cos6, = 1/n where n isthe refractive index of T W ~ |
the gas. In theeroorderapproximation if andcos6, (Mf
} ) . pha Magnet

do not change, thdield seen by the particle remains

constant in time. The particle seesaectric field E sin (2ch)

6. cos¢ which either accelerates or decelerates the partic..

depending onthe sign of the phase angle.

Unfortunately, there is alimit to the maximum Figure 1. Experimental Set-up for Laser Wakefield

accelerating field that can be expected in the ICA scheme. Acceleration: KEK-JAERI-U. Tokyo

This is given by théreakdownrthreshold of the gassed

to slow the laser down. If extremely short pulses ar€hey have used the technique of frequency domain

used, then the gas breakdown will occur because of tunmeterferometry to measure the plasma density oscillation

ionization mechanism which becomes significaviien in a helium plasma that was produced by the lagagom

the laser field produces apotential drop roughly this they clearly observe a relativistic plasmave of the

corresponding tdhe ionization potential across tB®hr  correctperiodicity andinfer a density fluctuation of =

radius. This limits thelaserintensity to less than 30 0.15 or a longitudinal field of 4 GeV/m. They have also

Wi/cn? for a CQ laser in hydrogemhich in turnmeans measured the electron spectra exiting the plaamdahave

that the maximumaccelerating fieldwill be limited to found that when 17 MeV electromse injected externally

less than 500 MeV/m. into the plasmaeglectrons up to 100 MeV at 2 Torr and
Finally, in the IFEL theparticle propagates along 200+ MeV at 20 Torrare observed. Toexplain the

the axis of a static magnetic wiggler. Thex B force observed maximum energies at the inferred gradients (from

gives rise to a perpendicular component of the velocity épectral interferometry) a cohereptasma wave must

the particle which now can interaefith the transverse exist over many centimeters. Side on images of the

field a co-propagating laser. A different way of looking aplasma taken by the same group do show a plasma that is

how this energy exchange can happen is as follows: Te#itting light over this distancebut its notclear if the

combined action of the lasem{k,) and astatic wiggler laser beam is truly seljuided orwhether there is an

field (w,,k,) on the electrons results inponderomotive alternative explanation for these images. The maximum

wave. The ponderomotive waueas a phase velocity laser power of 1.8 TW in these experiments is below the

slightly less than c since,v= w/(k, + k,) = c/(1+ critical power for relativistic self-focusing.

K /Ko)- This ponderomotive wellcan trap and

continuouslyaccelerateclectrons. However, fothis to  Plasma Beat Wave Accelerator

happen, the resonance condition which relateskbetron

energy to the wiggler and laser parametersnust be

The most definative experiments have bdene by
the UCLA group!? Using a 2 frequency, CQaser they
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have succeeded in accelerating a 2 M@am ofelectrons

up to 30 MeV in about 1 cm giving average gradient

of 2.8 GeV/m. Similar results areported by aroup at
AECL in Canadd® Furthermore, using a fim laser
operating on two lines, a group at Ecole Polytechiiue
has alsodemonstrated acceleration ekternally injected
electrons using this technique. A group atOsaka
University*® in Japan alsaused atwo frequency CQ
laser. They observed ttaeceleration oplasmaelectrons
without anyexternalinjection. It is clear that thebeat
wave acceleration is ready to move on to the next phase of
researchThe goal of the second generation experiments on
the PBWA will be the demonstration atceleration of a
high quality, highcurrent electron beam ahe high
accelerating gradients that have already been
demonstratet® The UCLA group has an ambitious
program that proposes to accelerate electrons to 100 MeV
while maintaining a smalknergyspread ancemittance.
The parameters for their experiment are shown in Table 1.
They propose to use synchronizedphotoinjector as a
source of highcurrentandlow emittance injection beam.

In order tobunch this beam on a sub 100 micrscale
they are considering several bunching schemes.

Maximum Energy 100 MeV
Total number of particles accelerated 810
Number of bunches per macrobunch 1-4
Energy spread <5%
Emittance (normalized) < If.mm.mrad
Accelerated peak current 10-100 A
Acceleration gradient &eV/m

Table 1. The parameters for UCLA 100 MeV PBWA
experiment.

Figure 2 shows the results of computer simulations
when a 15 MeV electron beam is injected into the plasma
beat wave without and with prebunching.  Without
prebunching electronare injected atall phases of the
plasmawave whereas inthe prebunched case a 60 fs
bunch is injected into a 1 ps (30tn wavelength) plasma
wave. The plasmavave has a Lorentzian axial profile
with a peak amplitude of 30% anddameter of500 um.

The initial emittance of thenjected beam is 1B mm
mrad. One can see that whenpiebunchedbeam is
injectedmore particlesare accelerated thigh energy as
expected anthe energyspread ismuch smaller. This is
more clearlyshown in Fig. 3. There is a clear peak at
approximately 110 MeV with the phaspace of particles
above 75 MeV showing an emittance ofrithm mrad.
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Self-Modulated Laser Wake Field Accelerator

This scheme haeceived alot of attention in the
last three years. This is because chirpedpulse
amplification lasers have become commonplace.
laboratories around the world have a terawattlass,

interaction length of the laser with the plasmdowever,

it remains to be seen if it is @actical way to extend the
interaction length of a plasneceleratorsince both the
plasma densityand the laser intensitycan vary greatly

Marigiside the self-guided channel.

subpicosecond laser suitable for the studies of SMLWFAnverse Free Electron Laser (IFEL)

For instance experimenge underway athe Rutherford
Laboratory (RALY®, NRL®", Michigari'® and JAERI*®

There has been a successful IFE&cceleration

on this scheme. The most dramatic results come from thgperimerff? at the BrookhavenNational Laboratory’s

Imperial College/UCLA/Ecole Polytechnique AcceleratorTest Facility®® The CQ laser, the wiggler
collaboration at the RAL in England. Using a 20 TW, land the electron beam parameters are given in Table 2.
ps, 1um laserthis groupobserved acceleration of self-

trappedelectrons up tol00 MeV in a 1.5x 10 cm® € beam

density helium plasm@” The plasmavavelength was Injection Energy 40.0 MeV
simultaneously measured to be about G0 An energy Exit Energy 42.3 MeV
gain of 100 MeV in 600um implies an average N(bunch) 16 e
acceleration gradient of 166 GeV/m, 3 orders of magnitude AE/E (oneo) +3.10°
greaterthan what isobtained in current.f. linacs. An Emittance (one) 7.10° m.rad
interesting aspect of this experiment is that the maximukiggler

electron energies observed were lartyen expected from Wiggler Length 0.47 m
the 2D, dephasing limit for externally injected electrons in Period Length),,  2.89-3.14 cm

a plasma wave. Furthermore, the distance over which the Wiggler Gap 4.0 mm
electronswere acceleratedas greaterthan thedephasing Field max. (at 6kA) 10 kG
distance. The explanation to this apparent contradiction is Exc. Pulse, 1/2 sin. 200 psec
that what was being observed was the energy gaselbf CO, Laser

trapped electrons and not externally injected electrons. In Power 16 Watts
the wavebreakingprocess, the plasma wave amplitude is Pulse (FWHM) 300 psec
large enough to trap the mabody of the distribution Max. Field, E 0.78 1 MV/m
function of the electrons. Thigauses severe beam Guide Lossp 0.05 m*
loading of the buckets. As the electraae accelerated, R,, Guide Radius 1.4 mm

the effective phase velocity of the later bucksteeds up

since these bucketwe formed as a consequence of the

superposition of the original wave field and tveke-field

Table 2. IFEL Accelerator Experiment, Phase |
(Accelerator Test Facility, Brookhaven National Lab.)

induced by the accelerating electrons. Consequently some
trapped particles in the later bucket continue to beThe CQ laser beam iguided in asaphirewaveguide of

accelerated by an accelerating field etleough theyhave
gone beyond the normal dephasing length.

What is the future for the SMLWFAcheme? In
the nearterm, availability of 50-100 TW, 0.5m lasers
would imply that we will quite likely seethis scheme
yielding the first 1 GeV energygain of any advanced
accelerationscheme. This isindeed avery exciting
prospect. The eventual practicality of thi&cheme
depends onwhether one can phase-locknd inject

2.8 mmdiameter to keep iinteracting with theelectron
beam over the entire wiggler length. The wigglesign
is very novel. An easily stakablgariable period, fast
excitation driven wiggler isnade byusing geometrically
alternating  substacks  of Venadium  Permandur
ferromagneticlaminations, interspacedwith conductive
nonmagnetic laminations. Although the wiggeeriod
varied, the magnetifield strength is kept constanthey
clearly observedhe IFEL interaction. In the bestse

extremely short bunches to the plasma wave. The plasmlactron energy gaiAP/P of 2% wa®bservedor a laser

wavesaresub 10 micron in wavelength so micrgize

power of less than 0.5 GW. This group intendsdoy

bunches will be required as in the IFEL and ICA schemesut a parametric study of the IFEL interaction with

Recently an all optical inject@? that is particularly
suitable for plasmacceleratordhas been proposed.
this scheme one intense laser excites the plasae
while a secondeven shorter pulse laser €< Tyasmd
causes local “breaking” ofthe wave providing the
electrons at the correct phase to be accelerated.

The SMLWFA experiments have also showrexperience orthe optical wavelength scale.

trantilizing evidence for self-guiding of thesevery
powerful laser pulses?
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In andlaser spot size agriable parameters.

electron energy, laser intensity, magndiald strength

In tHature

this group would like to attempt staging two IFEL
modules?

An interestingbyproduct ofthe IFEL acceleration
experiment is the bunching thaccelerating electrons
Efforts are
underway at BNL to measutbe microbunching in the

Self-guiding increases the IFEL experiment?®



Inverse Cherenkov Accelerator (ICA) 4  CONCLUSIONS

A proof-of-principle ICA experimeff’ has been As can be seen from the above discussions, theredeas
carriedout at BNL's ATF using once again their GO 3 tremendous progress in tlaser-acceleratiofield. The
laser and the synchronized electrobeam. Adouble- future of this field looks very exciting with plasma
interferometeroptical system isised toconvert the CQ  schemes on the threshold of achieving 1 GeV energy gain,
beam into a radially polarized beam which is sentin a O®SEL demonstrating microbunchin@nd a combined
cell containing 2 atmospheres lojdrogengas using an |FEL/ICA experiment likely todemonstratestaging and

axicon. The axicon converges the light so that it interacghase-locking of charged particles at optical frequencies.
with the e-beam at the correct phase matching angle. The

experimental parameters are given in Table 3.

Electron Beam

andvan Steenbergen for their input to this paper.
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