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LASER ACCELERATORS 

C. Joshi 

University of California, Los Angeles 
Los Angeles, CA 90024 

The use of lasers to accelerate particles to 
ultra-high energies is motivated by the very high elec- 
tric fields associated with focused laser beams. A 
number of such schemes have been proposed: for example, 
microstructures driven by lasers operating in the opti- 
cal-Qear infrared frequency range, L‘xer-driven space 
charge plasma waves, inverse free-electron laser accel- 
erator and the two-beam accelerator, Current status 
of these schemes is reviewed. Lasers may also find an 
application in improving the power sources and in 
focusing very high energy particle beams. 

group velocity is slightly less than c. However, there 
is an ther option for increasing the wave-particle 
interaction. One can bend the particles continuously 
and periodically in a so called "wiggler" so that the 
particle traverses one wiggler period just as one 
period of the electromagnetic wave passes by the parti- 
cle. This is the principle of the inverse free- 
electron laser accelerator 

Abstract 

Introduction 

It is well known that an extremely large elec- 
:ric field is prodilced when a short-pulse, high peak 
power laser bean is focused to a small spot. For the 
most powerful lasers now available, electric fields 

on the order of 10 12 
V/cm can be produced in the focal 

volune. It is natural to ask, therefore, whether such 
enorrr.ous fields can ')E use? to Accelerate particles to 
ultra-high energies in a short distance, thereby, min- 
iaturizing a high energy accelerator. Several schemes 
have been proposed1 and I shall review four of them. 
These schemes are not necessarily the most promising 
of the proposed laser acceleration schemes. I have 
chosen them because while these schemes have certain 
similarities they are sufficiently different from one 
another to be fascinating. 

Although laser beams are very powerful, in 
free space they have an electric field that is trans- 
verse to the direction of propagation. A charged par- 
ticle, therefore, cannot be accelerated to very high 
energies using the electric field of a laser. The 
motion of a charged particle in the combined electro- 
magnetic field of a laser is depicted in Fig. 1. 
Because of the v i B force the particle is displaced, 
but sees no continu& acceleration and is in fact 
returned to rest after each cycle. In all laser 
acceleration schemes, therefore, some way must be 
found of allowing the particle to interact with the 
electric field of the sane polarity for a long time. 

-B B- 
Particle motion 

Electromagnetic wave (d) INSIDE OUT LINAC 

Fig. 1 

Secondly, since an eLectrorr?agnetic wave propagates at 
c in vacuum, it wiil always overtake a charged particle 
if the two are colinear. It is therefore necessary 
to slow the electromagnetic wave down so that its 

The third problem is that the colinear inter- 
action between a laser beam and a particle is limited 
by the finite Rayleigh length of the focused laser beam. 
To get around this problem there are basically three 
options: to stage the accelerator, to keep laser beams 
focused over a length much greater than the Rayleigh 
length by using a waveguide or to use a laser to couple 
to an accelerating mode (in a cavity) at an angle. 
The acceleration schemes discussed in this talk use 
all three options. 
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Laser Driven Microstructures 

Conventional accelerating cavities consist of 
waveguides or transmission lines with the particles to 
be accelerated passing along the axis of such a struc- 
ture. Fig. Z(a) shows a schematic of a conventional 
electron linac. In such a structure, a traveling elec- 
tromagnetic wave is slowed down by the discs and pro- 
vides an alternating field that is synchronous with the 
electrons. Typical accelerating gradients in such a 
structure are -20 MeV/m at an operating frequency of 
2.8 mz. Recently, experiments have been carried out 
to see just what the maximum longitudinal field limited 
by surface breakdown is and it is thought that fields 
as high as 100 MeV/m may be possible.2 At microwave 
frequencies the breakdown electric field scales as fi 

2 

-. 

while the energy stored goes down as f . In order to 
get higher fields therefore, one needs to work at still 
higher frequencies, and therefore a smaller structure 
size. This is indeed the principle motivation behind 
the "two-beam accelerator" to be discussed later. As 
one contemplates using even higher frequencies it be- 
comes very hard if not impossible to construct the con- 
ventional slow wave structure. For instance, if we use 
e.m. radiation of f = 30 THz, the structure size be- 
comes -5 ~$rn and one has to invent some sort of an open 
structure so that it can be fabricated and the radia- 
tion can be coupled to the structure easily from the 
outside. The motivation for going to such ultra-high 
frequencies is obvious. There are rather well-develop- 
ed sources at this and still higher frequencies. For 
instance, very high power CO2 (X = 10 urn) and Nd: glass 
(1 = 1 pm) lasers have been developed for inertial 
fusion applications. Although laser sources needed for 
a TeV class accelerator will almost certainly exceed 
the capabilities of fusion lasers in the areas of pulse- 

width, repetition rate and the need for the power to 
be delivered in a single diffraction limited beam, 
fusion lasers easily exceed the necessary peak powers 
to test out some of the schemes described here. 

by a laser 
The simplest form of a microstructure iriven 

is a rectangular diffraction grating. 
When such a grating is surrounded by vertical conduc- 
ting walls4 on the sides perpendicular to the grating 
lines, to prevent leakage of the radiation that is 
coupled from the laser to the cavity, then this 
structure behaves as an accelerating cavity with stand- 
ing waves within the walls. This is schematically 
shown in Fig. 2(b). It has been suggested that instead 
of a grating, one can use rows of conducting droplets 
as a microstructure.5 The microspheres have a radius of 
about 0.1 A and are h/2 apart as shown in Fig. Z(c). 
Considerable rf modeling has been carried out using 11 
cm diameter spheres and 30 cm wavelength radiation in 
an effort to discover the suitable arrangement of the 
spheres to give a resonant accelerating mode which 
would have a high Q. Two rows of spheres are found 
to be a suitable arrangement. The spheres act as 
dipolrs oscillating in the plane of the double row, 
180' out of phase with one another. Particles can be 
accelerated along the axis between the rows where the 
electric field from the two rows reinforce each other. 
In order to couple the laser radiation in an actual 
droplet accelerator the microstructure has to be 
perturbed. This is equivalent to providing slots in 
a conventional cavity in order to couple radiation to 
it. It is found that if alternate spheres are slightly 
lifted or slightly depressed from the plane in which 
they initially lay, such a perturbation can couple the 
accelerating mode to radiation propagating either up- 
ward or downward perpendicular to the plane containing 
the spheres with an angular aperture of -+40'. This 
is schematically shown in Fig. 3. A scheme for gen- 
erating the rows of microspheres is currently under 
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Fig. 3 

active investigation. 6 

Instead of using a grating with conducting 
side-walls one can wrap the grating on itseif and 
obtain what amounts to an inside out linac. Both 
electrons and positrons can be accelerated on dif- 
ferent locations on the circumference where the 
field reverses its sign. This is shown in Fig. 2(d). 
Clearly, the crucial question is what are the maxi- 
mum surface fields at these high frequencies before 
the surface melts or forms a plasma. Even for laser 
pulses that are only a few tens of cycles long, to 
the zero order one expects plasma to form when the 
quiver energy of the electrons in the material exceeds 
few times the work function. 

11 
For a CO2 laser this 

corresponds to I - 5 x 10 W/cm2 or an electric 
field greater than a GeV/m. The laser droplet 
accelerator does indeed envision using CO2 laser 

pulses that are only a few picoseconds in duration. 
Such laser pulses have recently bee; generated and 
amplified to necessary power levels but not to 
necessary energies or repetition rate but clearly 
potential exists for conducting preliminary experi- 
ments on this scheme. 

Laser-Plasma Accelerators 

The promise of ultra-high accelerating 
gradients is the main attraction of laser-plasma 
accelerators. These are collective accelerators 
where laser beams are used to excite a high Y 

ph 
space-charge wave in a plasma. The longitudinal 
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electric field associated with such a wave is simply 
proportional to Jne (cm-3). Thcs for plasmas vith 
electron densities in the range 1016 < ne (cm-g) c 1018, 
potential exists for obtaining maximum fields of 
10 < E(GeV,'m) < 100. 

the 
In the plasma accelerabor scheme known as 

plasma beat wave accelerator (PBWA), two laser 
beams with frequencies and waven&bers (tie, ko), 

(W 1, kl) are injected into the plasma such that 
w --w =w 0 1 p and k. - kl = kp where (up, kp) are the 

frequency and wavenumber of the space charge wave. 

Beatwave 

-4 c- --l, e-w Ponderomotive force 

Fig. 4 

T?e spatial intensity gradient of the beat wave en- 
velope exerts a ponderomotive force on the plasma and 
gives rise to a plasma density wave which has a phase 
velocity v 

ph 
that is equal to the group velocity of 

the light waves vg3c(l - w~/u~)" (Figure 4). Extensive 

two dimensional particle simulations have been carried 
out to test the feasibility of the PBWA scheme. 10,ll 
It is found that provided that laser pulses on the 
order ten picosecond in duration are used, then a co- 
herent plasma wave can indeed be set-up. In Fig. 5(a) 
we see a contour plot of two laser beams propagating 
through the plasma from left to right. Figure 5(b) 
shows the resultant contour plot of the plasma wave 
potential with alternate islands representing acceler- 
ating and decelerating buckets. Since the group 
lTelocity of the plasma wave is almost zero, a wake 
of plasma oscillations is left behind. 

This wake eventually evolves into turbulence 
but the plasma wave within the laser envelope (which 
continually moves into fresh plasma) remains coherent 
and can be used to accelerate externally injected 
particles. 

Recent experimental work 12,13 has shown 
that when 10.6 pm and 9.6 pm lasers with modest inten- 

sities(-10 13 W/cm2)are injected into a 10 17 -3 cm plas- 
ma, a space charge wave with y 

ph 
= 10 is indeed 

excited. The frequency, waxrenumber and amplitude of 
the wave are measured using ruby laser Thomson scatter- 
ing . The result is shown in Fig. 6. Figure 6(a) 
shows the frequency spectrum of the scattered ruby 
light. wr is the incident ruby frequency and frequen- 

cy shifted by o 
P 

=Ao=w -wl 0 is the scattered peak 

showing the plasma wave. Figure 6(b) shows the angu- 
lar spectrum of the scattered light which corresponds 
to the k spectrum of the plasma waves. This spectrum 
is found to peak at Ak = k. - kl as expected. The 

measured amplitude of the plasma wave was in the 
300 MeV/m-1 GeV/m range compared to the expected am- 
plitude of -2.8 GeV/m. This is the first conclusive 
demonstration of controlled excitation of very large 
electric field in a plasma which may one day be used 
to make a practical accelerator. 
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Fig. 5 

Since the phase velocity of the plasma wave 
in the PBWA is somewhat less than c, relativistic 
particles will eventually overtake the wave. One then 
has to stage the accelerator or phase-lock the parti- 
cles in the accelerating bucket. It is found that by 
applying a transverse B field to the plasma wave, 
particles can not only be phase-locked but benched 
at one phase-stable point. l4 The double beat wave 
configuration15 is yet another inventive suggestion 
for alleviating the problem of particles outrunning 
the beat-wave. In all these schemes laser beam 
depletion eventually limits the acceleration length. 
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Fig. 6 



To get around the difficulty of replenishing the laser 
beams a side injected scheme has been proposed.16 
'TQis has manv similarities with the plasma-droplet 
aczelerntorl? where the droplet spacing is > (i.e. FLClTl- 
rssonant). Instead of having discrete ionized micro- 
spheres as in the plasma-droplet scheme, in this 
scheme sinusoidal ion density perturbation having per- 
iodicity of X is set-up. The laser beam (only single 
frequency) can now be brought in transversely and 
souple to a surface wave which runs along the k of the 
ion perturbation. 

Although the topic of this talk is laser 
accelerators, I will mention one recent important 
development in the plasma accelerator area which in- 
volves not laser drivers but a relativistic particle 
bunch as a driver. The energy density in electron 
bunches is comparable to or exceeds that in the most 
intense lasers. Furthermore, electron bunches can be 
generated more efficiently than laser pulses. When 
an appropriately shaped bunch of electrons is inject- 
ed into the plasma it leaves behind a "plasma wake" 
which can be used to accelerate another bunch of lower 
density electrons to higher energies.18 This scheme 
is analogous to other wake field acceleration schemes 
lY,20 except a plasma is used rather than an RF struc- 
ture to excite the wake. Even in colinear arrangement 
where the trailing bunch follows the driving bunch, 
a transformer ratio of greater than 2 and perhaps up 
to 10 appears achievable.21 

Inverse Free Electron Laser Accelerator 
22,23 

In contrast to the plasma accelerators the 
inverse free electron laser (IFEL) acceleration mech- 
anism is inherently simple in that it does not rely 
on collective effects. It works as follows: the 
combined action of the laser (W o,ko) and a static wig- 

gler field (o,kw) on the electrons result in a ponder- 
emotive wave. The ponderomotive wave has a phase vel- 
ocity slightly less than c since v 

ph 
= uo/(ko + kw) = 

c/(1 + It,/ko). This ponderomotive well can trap and 

continuously accelerate electrons. However, in order 
for this to happen the resonance condition which re- 
lates the electron energy to the wiggler and laser 
parameters must be maintained. This is given by 

Y3. 
= (1 + aw)'i(lw/2ho)4. Here aw= eAw/ moc2 where 

Aw is the vector potential. It can be seen that as y 

increases either a and/or Xw must both increase; we w 
need a tapered wiggler. Unfortunately a, cannot be 
increased too much because since the electron beam is 
being bent continuously there is radiation loss. It 
has been suggested that by adding a gas to the IFEL 
accelerator cavity one can reduce the synchrotron 
radiation loss by modifying the resonance condition so 
as to allow larger values of X 24 

W’ 
It appears, however, 

that synchrotron emission will be the eventual limi- 
tation on the maximum enrrgy that can be obtair.ed 
from an IFEL accelerator. 

A schematic representation of an IFEL accel- 
erator is shown in Fig. 7. The wiggler, laser and 
electron beam parameters have been computed for a 
single-stage IFEL accelerator to accelerate electrons 
to 5 GeV energy. These are given in Table 1. It 
can be seen that,more than that for any other acceler- 
ation scheme described in this paper, technology exists 
for building such a prototype accelerator. For pro- 
pagating the laser beam over a distance much greater 
than the Rayleigh length the use of a metallic wsve- 
guide has been suggested. 

Electron 
Beam _ 

tAtI ?.A r 

2r 0 

Laser 
' Focus -7 

A A w Tapered Wiggler 

Axial Distance 

Fig. 7 

TABLE 1 

Single-stage 5 CeV IFEL parameters 25 

Laser Parameters 

Power 2 x 1o13 w 

Pulse length 1 ns 

Spot size 3.5 mm 

Wavelength 1 Pm 

Laser field 2 x 10" V/m 

Acceleration length 39 m 

Wiggler Parameters 

Field amplitude 

Wavelength 

Electron Beam Parameters 

2-50 kG 

Z-10 cm 

Initial energy 

Final energy 

Current 

Beam radius 

Average gradient 

Beam displacement 

Energy spread 

50 MeV 

5.3 GeV 

< 2 kk 

2 mm 

120 'leV!m 

0.5 mm 

0.05% 

Two-Beam Accelerator 26,27 

The two-beam accelerator (TBA) is not in a 
true sense a laser accelerator hecause the 
electrons are accelerated, not by radiation in the 
optical frequency range, but by high frequency micro- 
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WIVES from a free electron 1~3~2~ (FEL). The stored 
energy and the power needed to overcome resistive 
losses in a conventional linac scale as square of the 
accelerating gradient. In the microwave regime since 
the breakdown field scales as ~7 and the stored energy 
goes down as f2, it is worthwhile to operate at higher 
frequencies than 2.8 C-Hz of SLAC. There are a number 
of possible power sources in the 30 GHz range such as 
photo-cathode klystrons and the FEL. 

The TBA Is so called because it used an 
intense low energy electron beam to generate high 
frequency radiation by the FEL mechanism. A schematic 
of an FEL is shown in Fig. 8. In an FEL a relativis- 
tic electron beam (primary beam) is sent through a 

Fig. a 

periodic, static, transverse magnetic field or a 
wiggler. The magnetic field bends or wiggles the 
electrons continuously and periodically. Since the 
electron path is now sinusoidal, an electromagnetic 
wave can be made to overtake the electron beam by one 
wavelength as the beam traverses one wiggler period. 
This causes the radiated emission from the electron 
beam to be coherently amplified. 
Racent experiments have shown that high power micro- 
waves at f = 34.6 GHz can indeed be generated by the 
FEL process.*8 

In a TBA, the microwave radiation generated 
by the FEL is coupled through the directional couplers 
to a miniature but conventional high gradient slow 
wave structure (Fig. 9) and used to accelerate a 

compact bunch of electrons (secondary beam) to high 
energies. As the primary beam gives up its energy 
to amplify the microwaves, it is depleted and, there- 
fore, must be replenished periodically using induction 
units. Fortunately, induction accelerators are quite 
efficient and, therefore, 
can be quite high. 

the transformer efficiency 
In Fig. 10 a side view of the 

FEL with periodically distributed induction units 
is shown. Average acceleration gradients of 250 Mv/m 
appear quite possible at these frequencies. Experi- 
mental work to study the break-down limits, coupling 
of the microwaves to the high energy beam and fabri- 
cation problems associated with constructing a small- 
bore accelerating structure is being persued at 
present.*9 , 
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Fig. 10 

Other Laser Acceleration Schemes 

A) Inverse Cherenkov Acceleration: 
30,3i 

If 
a laser beam is propagated in a gaseous medium such 
as hydrogen at 1 atmosphere (which has a refractive 
index slighly greater than unity, n-l = 10-4) then it 
can resonantly interact with a relativistic particle 
at the Cherenkov angle Bc given by cos 8 = l/nB. 

C 

If 5 and cos 8 do not change, the fields seen by the 
particle remain constant in time. The particle sees 
an electric field E sine cos.$ which either accelerates 
or decelerates the particle depending on the sign of 
the phase angle $. The maximum electric field in 
the gas is limited by laser breakdown of the gas 
which for picosecond 1 nm laser pulses and 1 atmos- 
phere may be on the order 100 CeV/m making this 
scheme interesting for producing accelerating fields 
on the order 1 GeV/m. 

B) Two-Wave Accelerator: 
32,33 

The principye 
of the two wave accelerator is similar to that of the 
IFEL accelerator except now instead of a static wig- 
gler, a microwave field propagating at a small angle 
with respect to the particle beam is used to oscillate 
the particle. As the particle energy changes, either 
the phase or the angle at which the microwave "wig- 
gler" propagates has to be adjusted to maintain re- 
sonance. It has recently been shown that the two-w,;; 
accelerator can be improved by employing three waves . 

Laser Driven Photocathodes 

It has long been realized that lasers may 
find an application in producing very high quality 
electron sources of variable frequency. When a photo- 
cathode is irradiated by a pulsed laser, precisely 
timed and even temporally shaped electron pulses can 
be generated. Since the response time of a photoemit- 
ter is sub-picosecond, photocathodes driven by pico- 
second laser pulses can give low-emittance, high-cur- 
rent and even polarized bunches of electrons. Such 
electrons bunches, when accelerated/ decelerated in a 
conventional RF structure may find applications in 

Fig. 9 
PIIOTOCIIIIIOI~E 

Fig. 11 
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?EL's operating in the UV 
35 , wake field accelerators 36 

37 and improving the power. sow-ces . 
\ 

A conceptual design of an electron injector 
based on the use of an rf-photocathode gun is shown 
in Fig. 11. A mode-locked. laser is used to generate 
electron bunches less than 50 ps in duration and car- 
rying a charge of up to 10 nC. The repetition rate is 
around 100 MHz. The photoemitter is placed on the 
end wall of an rf cavity in which the longitudinal 
field is -30 MV/m. The resulting rapid acceleration 
reduces the time in which space-charge forces can act 
to degrade the emittance.38 The goal for photoemit- 
ter guns is to produce currents in the 100 amp range 
with normalized emittance of -10~ mm mrad. 

Laser Focusing 

In a high energy collider, the accelerated 
particles must eventually be focused to an extremely 
small spot size at the collision point. It has been 
suggested that extremely strong laser lenses can be 
developed to do this focusing39. One such scheme 
utilizes the inverse Cherenkov effect, mentioned 
earlier, to focus particles and has the potential of 
high focusing gradients (-2130 kc/m) and rapid and 
accurate control of the focusing element. The focal 
length of a lens of length L, for a particle with 
relativistic factor y, subject to laser light of wave- 
length i and power P is given by 

f = (2.3 x 103) x3/2 (mks units) 
33 L% p4 sinJ, 

where 3 is the Cherenkov angle. For example with 3= 
52 mrad (hydrogen at 10 atmosphere), h = 10-5 m, 

y = lo5 , L = lo-2n and P = 10 10 W we have 

f = 5.3/sinJ, meters. 

Depending upon sini!. we can obtain either a +ve or a 
-ve lens. For beams unbunched at the laser wavelength 
sin+ varies from -1 to 1 resulting in all the possible 
positive and negative values of the focal length f. 
It has been observed that a positive focusing effect 
can be obtained for all 4's by using a succession of 
lenses phased so that $ of the particle increases by 
n/2 between lenses. 

Conclusions 

In this paper we have reviewed the current 
status of four "laser" acceleration schemes. Con- 
siderable progress has been made in the last two 
years in understanding the physics of these schemes 
and suggestions for specific experiments have emerged. 
Experiments on the PBWA have already demonstrated 
gradients of up to 1 GeV/m and FEL's have been shown 
to be capable of generating very high power microwaves 
High power picosecond CO2 laser pulses necessary for 

conducting experiments on microstructures and plasma 
accelerator schemes have been produced. Although 
the success of any of these schemes in making a prac- 
tical accelerator cannot be predicted, it is certain 
that intense activity in this field will increase 
our understanding of the parameter space not thorough- 
ly explored by accelerator physicists. 
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