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ABSTRACT 
Performance estimates for a linear accelerator for positive ions are presented. 

Focusing and acceleration is performed by means of a local, strong modulation of a rela-
tivistic electron beam using the electromagnetic field of a laser. For high-power laser 
beams of 1 0 1 0 watts per square wavelength, the accelerating field strength can be several 
GV/m, assuming free electrons. Various interaction mechanisms of the laser beam with 
the electron beam are briefly discussed, notably inverse bremsstrahlung and interaction 
with the self-magnetic field of the electron beam. Finally, coherent effects and the in
jection of ions are dealt with. 
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INTRODUCTION 
It has long been noticed that the fields near the focus of a powerful laser are very 

large, but it has been difficult to find a scheme to use these fields to accelerate par
ticles. Classical linear accelerator concepts would require some sort of a waveguide 
structure, but this seems difficult because the laser beam would surely destroy the struc
ture in one pulse, and the dimensions of the structure, and of the accelerated beam, would 
be on the scale of the wavelength of light. Possibly the former objection may be overcome 
by rebuilding the structure for each pulse, and the Doppler shift can relieve the latter 
difficulty along the beam direction, but the acceptance seems very limited. 

One proposal by Chan -" exists which claims to produce acceleration without external 
structures, though it is admittedly not very interesting in practice. He suggests that a 
very short burst of light produces a transient effect which can accelerate a particle. 
Our analysis below suggests that this mechanism is probably not operative. Indeed, we feel 
that it is a theorem that charges — free or bound — as well as the laser field, must 
exist for there to be acceleration. For example, in the proposal of Kolomenskii and 

2I 3") 
Lebedev ', and of Palmer J , magnetic fields due to external currents are used to obtain 
acceleration. [The magnitude of the fields required turns out to be a severe limit.) 

Our suggestion is based on the rapid progress in the field of relativistic intense 
electron beams. A relativistic beam produces a strong self-focusing effect due to its 
self-magnetic field. Only a small amount of charge neutralization, of order (m /E ) , is 
then required to cancel the remaining Coulomb repulsion, and allow the beam to shrink to a 
small diameter. The current can readily attain the Budker-Lawson limit, 17,000 3Y ampere, 
or exceed it. If a sharp end could be maintained on such a beam, the near-by electric field 
would have a strength of the order of GV/m, and an ion bunch could be accelerated. If no 
other forces were involved, the sharp end would soon be destroyed. A laser field, however, 
can maintain a sharp modulation, and even increase the electron density at that point. 

Consider a light wave incident on a free electron. It is described by an oscillating 
transverse electrical field with peak magnitude E 0 perpendicular to it, and a transverse 
oscillating magnetic field. If the electron remains non-relativistic, the effect of the 
magnetic field may be ignored, and it simply performs simple harmonic motion along the 
polarization direction. If the field is strong enough, the effect of the magnetic field 
becomes appreciable, and the electron is bent toward the direction of propagation. This 
was the acceleration mechanism proposed by Chan . However, this motion is also oscillating 
for a long wave train, and Chan proposed that the light pulse should suddenly stop before 
the motion reverses. Real light waves do not behave that way. 

A realistic model has been solved by Reiss and Eberly J, who took a wave modulated by 
exp (-|t| - n^r/x), propagating in direction n. This generates a travelling wave packet 
with spatial width approximately xc, and smooth start and stop. The solution then shows 
that an electron which starts at rest is also at rest after the wave packet has passed. 
Thus there is no net acceleration. However, the electron comes to rest with a finite dis
placement, exactly along the direction of propagation, which we call ç: 

r - ^ 2 r 0 

Ç - TC , 
4ir2 mc 3 
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where I is the maximum intensity of the light wave, i.e. power per unit area, ro is the clas
sical electron radius, and m is the electron mass. Note (r0/mc3) is a power = 8.72 x 109 W 
and measures the energy flux required to make the electron relativistic, while IX2 gives 
the power in a square wavelength, and represents the power available to interact with the 
electron. Thus 

c _ IX2 r 0 

4TT2 mc 3 

is the parameter which determines whether the light wave produces relativistic motion by 
5") 

the electron '. In ordinary beams clearly C « 1. 

We may write 
-5-- C TC ^ » 

so for C = 1, the electron is just displaced by the width of the wave packet. For C > 1, 
the electron achieves a relativistic velocity during the passage of the wave packet, and is 
able to travel with it for a while, so that Ç/TC < 1. For C » 1, the electron can travel 
many times the width of the wave packet, though it always gets left behind finally. 

Clearly we have, in principle, a method of moving electrons and thereby of modulating 
a beam of electrons. What energy is required? The total energy is W = IAT, where A is the 
area of the focused image of the laser. The size of the image is related to the depth of 
focus, and should be equal to the size of the electron beam. 

We write 

A = k 2X 2 , 

then 

ç = — ^ W , 
(2iTk)2 mc 2 

therefore 

| = 11.5 k 2 J/cm . 

With a reasonable optical system, if there are no other constraints, we can have k - 30. 
The laser energy must then be of the order of 101* J. This is large, but lasers of 
10"-105 J are being developed for experiments on fusion. The aperture of the laser optics 
is determined by the fact that we can pass about 10 J/cm2 through a lens before damage 
results . For 10" J, a lens diameter of about 40 cm results, which still sounds possible. 

We are interested in the effect on a relativistic beam. In this case we must transform 
to the electron rest frame to apply the above formula. The product IX2 and thus C is not 
affected by the Doppler shift, but the pulse is lengthened, and the electron displacement 
increased, approximately by the factor 2y. Transforming back to the laboratory removes this 
factor. The practical result is that a length of the wave packet of a few millimetres in 
the laboratory is long enough so that the ion bunch, near the trailing end of the electron 
beam, with diameter of a few millimetres or less will not be affected by the electron beam 
coming after the laser pulse. A laser pulse length of 10 psec is probably the right size. 
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The effect of a laser pulse with ç/xc = C = 1 on a beam of electrons is shown in Fig. 1. 
We see that the electron line density is modulated by - 1001. If the intensity is increased 
further, the peak of the line density is given by 

emax~e°C 1 + C ) • 

The electrical field distribution is dependent on the detailed shape of the end of the 
pulse, but an approximate value may be obtained by evaluating it at a distance from the end 
equal to the beam diameter d and treating the electrons as a line of uniform charge density 
Po. Then, in practical units, 

13 _ PO 
4iTeod 

or for a relativistic beam 

E = 30 - V/m . 
d 
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Fig. 1 Effects of a short laser beam on an electron beam of uniform density. 
Each line of dots represents the charge density at successive times. The position 
of the light pulse is indicated above each line. The only mechanism for inter
action is assumed to be the free motion of the electrons under the influence of the 
light waves, and space charge forces are neglected. In this case a modulation of 
increased electron density runs along with the light pulse, and a modulation of de
creased density is left stationary in the electron rest frame. In practice, other 
interactions and space charge forces lead to a rarification which follows the light 
pulse. In the laboratory frame, the rarification follows the increased density 
modulation over the depth of field of the laser focus in any case, and we have so 
assumed in drawing the subsequent figures. 
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Typically y = 5, i = 10 5, d = 1 0 - 3 , so 

E = 3 GV/m . 

If the laser intensity is such that C > 1, this can be considerably increased. 
The questions of transverse and longitudinal stability for the ion bunch can be under

stood by considering Fig. 2. The key is that the electron charge density increases up
stream of the particles and on the axis. This is the condition attained in the Alvarez 
linac by the use of grid focusing, and allows both transverse and longitudinal stability 
to be maintained. The depth of the accelerating well is 

U = 30i V = 3 x 10 6 V 
and the useful volume =* d 3 =« 1 mm 3. The electron charge in the same volume is 

id „, 1 + C ~ , , q = — Coulomb 
e c 3 x lo 6 

or 
n e = 2 x io 1 2 , 

and thus the number of ions in the accelerated bunch can be of the same order. 
The depth of the accelerating well seems reasonably comfortable, but its sides are 

steep, so phase errors in the well versus the bunch must be held < 1 mm, or say 1 psec. 
We hope this can be done as the beam passes from one laser to another, since such lasers 
are amplifier chains driven from a reference source. Along the image of one laser, this 
accuracy must be built into the optics. This can in principle be done since the image is 
either quite short, or the lens contains an axicon component to increase the depth of field. 
When the accelerated particles are quite relativistic, the problem is straightforward. If 
the particles have a rapidly changing velocity, it is not so easy because the trimming then 

Potential „ . 
V = ^ 2 
V= -3 

Electrons—»> 

Stable Bucket for 
Positive Ions 

Fig. 2 Equipotential s in the case of force neutralization (where the fraction of positive 
charge is small) for a relativistic beam. 
The region shown by dotted lines is stable longitudinally and transversely for pos
itive ions. The condition of fractional charge neutralization may be difficult to 
maintain. Figure 3 shows that there is a stable bucket for positive ion accelera
tion in this case also. 

Laser 

h/wip 
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depends on the accelerating field and the charge state of the ions, if that should be time 
dependent. Probably the image would have to be rather short in that case. Of course, it 
is necessary that Y e l e c t r o n s < Y i o n s in any case. 

One of the advantages of a collective-effect accelerator is that it will accelerate 
any kind of ion. The intense laser beam will ionize even very heavy ions, and many charge 
states can remain phase stable at once. Thus this scheme might be very attractive for 
heavy ions. 

2. OTHER INTERACTION MECHANISMS 
We have treated the electrons as free, tacitly ignoring a host of other possible mech

anisms for the interaction of the laser beam with the electron beam. This is a conservative 
procedure, since almost any type of interaction is useful in increasing the modulation if 
C < 1. 

We have considered a number of the most likely interactions as follows: 
i) Inverse bremsstrahlimg 

We have calculated the effect of this process in the rest frame of the electron. The 
electron executes forced oscillations under the influence of the laser field, while an ion 
passes by with impact parameter b. This collision with the oscillating electron will leave 
it with a finite velocity. The important collisions are those for b = X/4. These are very 
distant collisions but still within the Debye length and are not shielded by the plasma. 
After various approximations, we obtain for the change of v/c along the beam direction 

AB « 8^Sl-i- (C) 3 A . 
1 1 , 1 5 X mc 2 

_7 
For laser wavelengths and even for C ̂  1, this is very small, A3 % 10 . The electrons per
form a random walk in velocity as they collide with different ions. The cross-section is 
large because b is so large. If the electron beam is passing through a rather dense back
ground gas, ̂  1 Torr, there could be ̂  1 0 1 0 collisions, and Ag - 10 2. We see that this 
process is not likely to be dominant. It might provide one useful service. If electrons 
get stuck in the moving ion bunch, they will tend to neutralize it, which is undesirable. 
They are effectively removed by this process. 
ii) Inverse Compton and inverse Raman effects in a plasma 

These depend on the plasma frequency which, however, is probably too low in these di
lute plasmas for it to be important, but this should be checked [see Lin and Dawson *~\. 

iii) Inverse cyclotron radiation 

With an imposed solenoidal field, one can achieve a cyclotron resonance, probably on 
a harmonic. This is the basis of the acceleration mechanism of Kolomenskii and Lebedev . 
The required fields are very large however. 
iv) Inverse synchrotron radiation 

This effect is the basis of the acceleration mechanism of Palmer •*. A transverse mag
netic field is applied and laser radiation is absorbed by the particle in the synchrotron 
mode. This can be interesting, but only if the magnetic field changed sign to keep in phase 
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with the laser radiation, which, in practice, is possible only with the extreme Doppler 
shift of a very relativistic electron beam. It is therefore not practical for the very high 
current beams we are considering. 
v) Interaction with the self-magnetic field of the electron beam 

The magnetic field at the edge of the 1 mm, 10 5 A beam we are considering is - 20 tesla, 
which means that cyclotron motion may be important, even for light frequencies. The CyClO-
tron frequency, taking into account the motion of the electrons, is 

i - e °yQ 

~ 2 Y ' £ c y c • 

For g = 20 T, and y = 5, 

f' = 6 x i o 1 2 sec" 1 . 

The light frequency might be 3 * 10 1 3 - 3 x 10 1" sec . These cyclotron motions could be 
excited on a harmonic as low as the fifth. However, the magnetic field in this case is very 
non-uniform, with a gradient of the order of 10 7 G/cm. Thus no particle will stay on reson
ance, but most of them will be crossing harmonics of the cyclotron frequency during their 
motion. There will be an effect of the gradient drift B x VB forcing the particle forward, 
and an effect of the curvature drift B x (B«V)B forcing the particle inward. We intend to 
analyse these motions further. We note here that these effects depend on electron velocity 
and on the amplitude of the laser-induced motion, and therefore depend linearly on I, as does 
C. Crude estimates then seem to indicate that these effects may be important. 

vi) Radiative effects 

We have been ignoring the effects of radiation emitted by the electron. This is gov
erned once more by the parameter C. As C approaches 1, a number of new effects will enter. 
The simplest is that the electron will radiate as it performs the forced oscillation by 
the laser field. This corresponds to radiation pressure, and the result is that the wave 
packet will not leave the electron at rest, as quoted above, but with a finite velocity. 
This has often been considered and rejected as a useful acceleration mechanism, but in our 
case it has the effect of increasing the electron charge density at the front of the laser 
beam, and thus the accelerating field. In fact, for C » 1, it is clear that the charge in 
front of the wave packet will build up until the field is comparable to the laser field, or 
^ 1 0 1 2 V/m. The inverse Compton effect on free electrons is also governed by the parameter 
C, as shown by Brown and Kibble '. Many non-linear effects will take place as C -»• 1 and 
among them we may find very effective acceleration mechanisms. 

Our conclusion is that the possible interactions are sufficiently complex for experi
ments to be needed in order to be sure they were understood, and that an important inter
action had not been missed. We believe the estimates based on free electrons are conserva
tive, but it is possible that the laser power necessary has been strongly overestimated. 
In any case, by the above calculation a laser beam of the range intensity already attained, 
say "o 10 2 J, should give readily observable and perhaps useful effects. For C « 1, the 
electric field with our 10 5 A beam is 

E = 6C GV/m . 
If C = 0.01, E = 60 MV/m. For the free electron mechanism, a beam is not needed. A plasma 
with an electron density of 10 l" cm" would suffice. 
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3. COHERENT EFFECTS 
What happens if the charge in the ion bunch becomes comparable to the charge of the 

near-by electrons, or ̂  10 1 2/Z ions? We then have the possibility of coherent effects "K 
The electrons will then be decelerated as they enter the ion bunch, giving up some of their 
energy to the ions. If there are only the single-particle interactions, the electrons re
gain their energy as they leave the ions and feel an accelerating pull from the faster 
moving bunch. In this case all the energy gain by the ions still comes from the laser. But 
if there are interaction mechanisms due to the presence of the intense laser field, as in 
some of those listed in the last section, the electrons will end up with less energy, in 
the laboratory, and this energy will have gone to the ions. This is a kind of stimulated 
coherent acceleration, somewhat different from those considered before, but with the de
fining property: the more ions accelerated, the stronger the accelerating field. In terms 
of power, this would make for much greater efficiency, since electron beams are much more 
efficient than lasers. 

Electrons can perhaps be accelerated in the following way: if the electron beam is 
charge neutralized instead of force neutralized, then when a gap is introduced into the 
electron beam, a line of positive charges essentially at rest is left behind, with similar 
field strengths. Electrical forces start to blow it up, but this does not happen very 
quickly since the ions are heavy. Since the charge density gradient is of the correct sign, 
there is a well with stabilizing forces for an electron bunch, as shown in Fig. 3. This 
mode might be particularly interesting for studies of the general concept, since injection 
does not pose a problem: we simply start with the piece of the electron beam just down
stream of the gap at the time it is first created. To maintain this mechanism over a long 
distance requires a method of getting rid of the electrons swept forward to create the gap, 
such as radial blow-up. Alternatively, many short laser pulses directed opposite to the 
beam may be used. 

Laser 

K/wtfr 
OuU îne_of_Electron Beam 

=-—V = 0 

Stable Bucket for Stable Bucket for 
Electrons Positive Ions 

Fig. 3 Equipotential s in the case of f u l l charge neutralization. 
The outline of the electron beam is shown by dotted lines. There is a negative 
potential well associated with the modulation of enhanced electron density, and a 
positive potential associated with the neutralizing ions in the region of decreased 
electron density. The latter well is stable for electron acceleration. 
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INJECTION 
How are ions injected? Or, alternatively, is it possible to accelerate from rest with 

this scheme? In principle, it may be, but if many separate laser beams are required to 
match the velocity curve, it may be impractical. Though many are required, we can be con
tent with lower power, since this makes each one act over a reasonable distance, so that we 
can find the space to get the light beams in. However, the depth of the well may then be 
too small, so that we are forced to high-power, but slowly accelerating buckets, which is 
very inefficient. 

We look for other injection mechanisms, but to get 1 0 1 2 ions in such a tiny bunch means 
huge fields, and rules out any conventional accelerator. A linear induction accelerator of 
some sort seems called for. One possibility is to start with a relativistic electron beam 
neutralized with the ions desired. A strong inplosion is then driven onto the beam, proba
bly by a laser. The strong magnetic field of the beam is compressed on a nanosecond time 
scale, generating a large accelerating field for positive particles, in fact probably limited 
by hydrodynamic instabilities in the implosion. 

Nature may have provided the solution to the injection problem. The discovery of 
Graybill et al. ^ that intense relativistic electron beams provide acceleration of ion 
bunches from rest, extended by further experiments by Yonas and collaborators -", may indi
cate the best mechanism for an injection. The details of the mechanism are still contro

ls') 
versial ' and therefore we do not know how to control it, but several laboratories have 
observed the acceleration of bunches of up to 101"* ions, with energies up to ten times that 
of the electron beam. The concepts of surgery on the electron beams by lasers, discussed 
here, may be useful in controlling this mechanism. 

CONCLUSION 
In summary, the above discussion shows the importance of the parameter C = (IA 2/4TT 2) X 

x (ro/mc2). If C can be made to approach unity, implying a sufficiently powerful laser, 
an interesting accelerator can be made. 
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