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Ultrahigh gradient particle acceleration by
intense laser-driven plasma density waves
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* University of California Los Angeles, California 90024, USA
+ Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

Space-charge waves driven by resonantly beating two laser beams in a high-density plasma can produce ultrahigh electric
Jields that propagate with velocities close to c. By phase-locking particles in such a wave, particles may be accelerated to

very high energies within a very short distance.

DURING the past four decades, we have witnessed an increase
of six orders of magnitude in the output energy of high-energy
accelerators, while the cost per MeV has been reduced by a
factor of 16 per decade. But can this progress continue? Current
accelerators, such as the Stanford linac, have accelerating fields
of 200 keV cm™'. However, for particle energies beyond 10 TeV,
one had to invent schemes that can produce fields of at least
10MeVem™. In any particle accelerator scheme, the basic
requirement for obtaining particles with ultrahigh energies is an
intense longitudinal electric field that interacts with particles
for a long time. Since highly relativistic particles move nearly
at the speed of light ¢, the energy gained by the particles, [E-dl,
is maximum if the field is made to propagate with the particles.
Extremely large electric fields propagating with phase velocities
close to ¢ can be produced by space charge waves in a plasma
(ionized gas). The maximum electric field that can be produced

by such a wave is approximately \/;l: Vem™, where n, is the
plasma electron density per cm®. Thus for plasma densities in
the range 10'°-10%° electrons cm™>, the longitudinal electric
fields Ey, can be as large as 10°-10'°V cm™!. We now show that
such high-gradient, high-phase velocity plasma density waves
can be driven by intense laser beams. If particles could be
phase-locked in such waves, this scheme has the potential for
accelerating particles to ultrahigh energies in very short dist-
ances.

Theory

If an intense laser beam is propagated in a plasma, then in
certain conditions, the transverse electric field of the laser (which
may reach values of 10°-10'° Vem™) can be very effectively
transformed into a longitudinal electric field of a plasma density
wave. In the laser accelerator scheme known as the ‘Plasma beat
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wave accelerator’ proposed by Tajima and Dawson'”’, such a
plasma wave can be driven by beating two colinear laser beams,
with frequencies and wavenumbers {w,, ky) and (w,, k), in a
plasma resonantly, such that the frequency and the wavenumber
of the plasma wave are

Wepw = Wy — Wy 0

kepw = kO_ kl

To achieve the ultrahigh accelerating gradients, high-density
plasmas (10"® < n, < 10?° cm™) must be used. Also, because the
laser of frequency w, cannot penetrate a plasma whose density
exceeds the critical density n., corresponding to the plasma
frequency wp = w,, plasmas with densities less than the quarter
critical density must be used. Physically, the plasma wave con-
sists of regions of space charge, which propagate with a phase
velocity vy, that is equal to the group velocity of the beat wave
v, = c(1- w2/ w3)/?. These arise because the spatial intensity
gradient of the beat wave envelope, which is in the direction of
propagation, exerts a periodic force (ponderomotive force) on
the plasma at wavenumber k... The plasma wave is thus an
electrostatic wave with E.,,, parallel to k..

When two parallel propagating laser beams beat in a plasma
resonantly, the plasma density fluctuations grow rapidly. Using
fluid equations it can be shown that for vy/c« 1, the plasma
wave electric field, which is proportional to the perturbed
density, initially grows in time with a growth rate

F =(13’@wa) s7! (2)

4 ¢ c

where [v5(0, 1)]/c = eE, )/ mw, ¢ is the normalized oscilla-
tory velocity of an electron in the laser field. Wavebreaking is
approached when the perturbed density becomes as large as the
initial density; however, to reach this limit the plasma wave
must remain in phase with the beat wave. As the plasma wave
grows, the relativistic effect on the frequency mismatch becomes
important® and the plasma wave saturates at a lower amplitude
given by

&= eEepw - (lé vO(O) v()(l))l/3 (3)

Mo, C 3 ¢ c

Once the saturation amplitude is reached, the plasma wave
amplitude actually begins to decrease, if this process alone acts
to sustain the plasma wave>.

As the plasma wave is an electrostatic wave, we can use
Poisson’s equation, E,,, = 4men,/ k., to estimate the maximum
electric field that we might expect if we assume that the perturbed
electron density is equal to the initial density (the so-called cold
plasma wavebreaking limit £ = 1). As the plasma wave is propa-
gating at relativistic speed, the Lorentz transformation gives the
maximum energy gained by an electron with initial energy
Yonmc? as 25, me? or (n/ n.) MeV in a distance 2y2ne/ w,. Here,
Yph = (wo/ w,,). For a given laser wavelength, the maximum
energy gained increases as the plasma density is reduced but
because the electric field scales as «/il;n it takes longer and longer
to obtain this energy.

In a practical accelerator, we cannot use wavebreaking electric
fields because as the electric field approaches this value it ‘traps’
background plasma electrons and begins to accelerate them. It
also develops harmonics. Both of these effects are not desirable
if we wish to accelerate an externally-injected bunch of electrons.
Computer simulations (described below) show that a coherent
plasma wave, without any significant number of self-trapped
particles, can be generated with electric fields of the order of
10% of the wavebreaking electric field. If we require that the
minimum value of the longitudinal field be 10 MeV cm™, this
leads to a minimum plasma density of 10'® cm™. Using a CO,
laser to excite a beat wave in such a plasma, gives maximum
particle energies of ~100 MeV. The physical reason for this limit
on the maximum energy is the dephasing of particles and the
electric field of the correct polarity (which only exists for half-a-
wavelength of the plasma wave in the wave frame). Although
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Fig. 1 Potential contours of the space-charge density wave driven

by the two laser beams at time 150/w, (a) section through the

centre of the longitudinal electric field of the plasma wave (b).

The dotted line in b shows a comparison of the rate of plasma

wave build-up as predicted by the fluid theory with that obtained
in these two-dimensional simulations.

for a given plasma density the maximum energy scales inversely
with square of the laser wavelength A, it becomes increasingly
difficult to keep the laser beam focused at shorter wavelengths
because the Rayleigh length scales as A. In a single stage,
therefore, the best that can probably be achieved is to accelerate
electrons to a few GeV using a laser with wavelength in the
micrometre range.

To obtain higher energies, one has to be prepared for multi-
staging or invent a scheme for phase-locking the particles in the
wave so that they do not out run the wave. One such scheme
will be described later.

Simulations

Computer simulations were carried out using the two-
dimensional fully relativistic, electromagnetic particle code
WAVE* to study the above described acceleration mechanism
in a self-consistent manner. A typical WAVE simulation has 10°
electrons and 10° ions. From the particle positions and velocities,
charge densities and current densities are found. Then Maxwell’s
equations are used to calculate the electric and magnetic fields
or equivalently the forces on the particles. Equations of motion
are used, to calculate new particle locations and velocities and
then the process is repeated.

The results of a typical two-dimensional simulation are depic-
ted in Figs 1-3. The parameters for this simulation were as
follows: two laser beams wy= 5w, and w; =4w,, each with an
r.m.s. intensity of v, = 0.4 ¢, a transverse intensity profile of cos® y
and a beam width of 30 ¢/ w,, were injected into a homogeneous
plasma 60 ¢/ w, long and 60 ¢/ @, wide with a temperature of
2.5 keV. The laser beams had a cubic rise from zero to maximum
intensity in 300/w, after which the laser intensity remained
constant. The ion-to-electron mass ratio was 1,836 and tem-
perature ratio was 1. Thus for an IR laser with wavelengths
9.6 pm and 12 pm the parameters were: a hydrogen plasma
with n,~4.9 x10" cm™, laser risetime ~7.6 ps, laser intensity
~2x10'* Wem™, beam width ~25 wavelengths and system
length ~50 wavelengths. The simulation parameters were chosen
to study both the beat wave driven plasma wave and other
competing one- and two-dimensional effects.

The simulation results can be categorized into two time
regimes. The first, during the risetime of the laser pulse when

©1984 Nature Publishing Group
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Fig. 3 Contour plot of the beat pattern produced by two
S, colinearly-propagating laser beams in the plasma at time 150/ w,,
1 1 1

Fig. 2 Phase space plot (momentum in the x direction) of the
plasma electrons shows that at time 300/ w,, trapped electrons are
accelerated in every wavelength of the plasma wave which rep-
resents an accelerating ‘bucket’ (a). Particles have larger energies
on the right-hand side as they have seen an accelerating field for
a longer time. The maximum particle energies of y=25 are in
good agreement with theory. In the transverse direction, although
the laser beam is 30 c/w, wide, most particles are confined to a
narrow region down the centre of the accelerating wave (b). Con-
tours of the self-consistent magnetic field at time ¢ =300/ w,, gener-
ated by the accelerating trapped particles (c). This field exerts a
radial force on the trapped particles confining them in a small
region down the axis and also forces the return current to flow on
the outside of the region where it exists.

a very coherent plasma wave grows and reaches saturation and
the second after the peak of the laser pulse (300/w,) when
competing phenomena come into play.

Figure la shows the contour plot of the potential of the
plasma density wave at 150/ w,. According to the fluid theory,
the plasma wave should reach peak amplitude at this time. The
plasma wave wavefronts in the contour plot are seen to be
planar. A section through the centre of the transverse axis of
the longitudinal electric field plot is shown in Fig. 15 An
extremely coherent plasma wave builds up rapidly in time/space
and saturates at € =0.5, in excellent agreement with the value
expected from the fluid theory. By 300/w,, the longitudinal
electric field becomes non-planar as the laser beams begin to
self-focus. Fluid theory would predict that one saturation is
reached, the plasma wave amplitude decreases but simulations
show that a ‘plasma wave’ with greatly reduced coherence per-
sists driven by the multiple Raman forward scattering.

Figure 2a shows that the electrons trapped at an earlier time,
when the plasma wave field was intense and coherent, have by
time 300/ w, approached maximum energies. Accelerated parti-

(a) and at 450/, (b). The x and y dimensions are in units of

¢/ w,. Clear evidence for laser beam self-focusing is seen at the

later time from the converging inner contours. As a result of

self-focusing, the plasma is pushed out and the space-charge wave
accelerating the particles disrupts.

cles leaving the right-hand boundary of the plasma (not shown
here) have maximum energies of y = 25, in reasonable agreement
with theory. Here y = (1 — 8%)~'/? is the usual relativistic scaling
factor. More important, however, is the fact that although the
laser beam and, therefore, the plasma wave is 30 ¢/ w, wide,
most of the accelerated particles are collimated within 10 ¢/ w,
of the centre (Fig. 2b). The accelerating particles remain highly
collimated because the trapped particles give rise to an azimuthal
magnetic field which, in turn, exerts a radial force on the particles
keeping them tightly focused. The contour plot of this self-
generated magnetic field which can reach megagauss magnitudes
is shown in Fig. 2¢. The maximum field is in the regions where
bunches of electrons are accelerated. The accelerated particles
constitute a flow of charges or current which leaves the plasma
positively charged, thus driving a return current of colder parti-
cles in the opposite direction. In the simulations the return
current is found to flow predominantly on the outside of the
region bounded by the self-generated magnetic field.

These two-dimensional simulations also allowed us to investi-
gate competition between the beat wave driven plasma wave
and Raman back- and side-scattering. To allow the growth of
large angle side-scattering the transverse dimension of the beam
was made periodic. Even in relatively cold plasmas (T,~
200 eV), where Landau damping is expected to be weak, Raman
backscatter is not found to be a problem under two-frequency
illumination. Small angle (from the forward direction) side-
scatter can occur, effectively making the desired plasma wave
non-planar. This gives rise to a radial component of the electric
field; however, the self-generated magnetic field tends to keep
the trapped particles focused in the centre of the plasma wave
as discussed above.

Figure 3a shows the laser beat wave contours at 150/ w, as
the beams propagate from left to right. Contrast this with laser
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Fig. 4 In the phase stabilization scheme, Surfatron, a perpen-

dicular magnetic field is applied to the wavevector of the longi-

tudinal space-charge wave. In the wave frame, a trapped particle

comes to an equilibrium position against the side of the potential

well where the ‘trapping’ and ‘de-trapping’ forces balance: E, sin

K X'= YponB. The energy gained by the particle in the direction
of the wave is simply vy, Bx.

beam contours at 450/ w,, (Fig. 3b). Although the outer contours
are still the same size, the contours at the beam centre are seen
to ‘self-focus’ to a smaller size. We have determined that this
self-focusing is due to two effects: intensity-dependent refractive
index (relativistic self-focusing) and transverse intensity
gradient (ponderomotive self-focusing). Whether the beam self-
focuses as a whole or breaks up into smaller filaments depends
on the transverse size and the intensity profile of the laser beams.
In any case, catastrophic self-focusing is an undesirable
phenomenon because it tends to push the plasma out and create
a channel of low density, thereby destroying the resonance
condition for driving the plasma wave and terminating the
accelerating process.

Two-dimensional simulations of the beat wave build-up have
been encouraging and given results that are consistent with
predictions of the fluid and single particle theories. Although
there are many competing instabilities in the plasma, these occur
on a longer time scale; and plasma wave coherence can be
maintained over typically tens of plasma wave wavelengths at
the front of the laser pulse, which continually moves into unper-
turbed plasma. If the laser pulse is longer than this, then wave-
particie and wave-wave interactions heat up the plasma to
temperatures of hundreds of keV at the back of the laser pulse
and make it extremely turbulent. Thus, extremely short laser
pulses on the order of a few picoseconds are probably most
effective in this acceleration scheme. Such short pulses will also
inhibit other instabilities such as the stimulated Brillouin scat-
tering,.

Phase-stabilization

The limit on energy gain of a particle in the Plasma beat wave
accelerator can be overcome if a magnetic field of appropriate
strength, v, B < E,,., is applied perpendicular to the plasma
wave (Fig. 4). This accelerates particles parallel to the phase
fronts of the accelerating wave, which, in turn, provides a force
keeping the particles in phase with the wave®. In principle,
therefore, particles can gain energy at rate

aU_ 0.1[ Bxo
nls)\u

Ax

in the direction of the wave and the accelerated particles move
atanangletan 6 =3 x 10‘3\/n—1;)\“ with respect to the wavevector
of the plasma wave. Here By is the applied magnetic field in
kilogauss, ne is the plasma density in units of 10'° cm™® and
A, is the laser wavelength in micrometres. The quantity in the

](nw)”2 GeVem™ (4)

0 2 4 € 8 0 8 16 24
w, x/c we xjc

Fig. 5 a, Energy gain (y) plotted against distance for two Sur-

fatron particles of different initial velocities (0.8¢ and 0.9¢). In b,

energy separation (Ay) of the particles remains roughly constant,

while in ¢, Ay/y decreases rapidly. V,,/c=.9, cE/B =25, w/w.=
9. w, is the nonrelativistic electron cyclotron frequency.

square bracket must be <z to prevent the detrapping by the
magnetic field. Because the particles move at an angle with
respect to the plasma wave, the width of the plasma wave
necessary to accelerate the particles to the desired energy can
be rather large. Fortunately, the plasma wave width (and hence
the energy required to excite it) can be reduced considerably
by beating the electromagnetic waves at a finite angle (optical
mixing) rather than colinearly®. One possible limitation associ-
ated with finite angle optical mixing is that, while the particles
move at ~c, the laser energy propagates through the plasma
with the particles at v,. In a device of length L the particles
move ahead with respect to the laser pulse by a distance AL =
wf, L/ w}. Thus the plasma wave coherence must be maintained
over a distance AL behind the leading edge of the laser pulse.
We have carried out one-dimensional (one spatial, three
velocites) particle simulations, which confirm the above scaling
laws. Two-dimensional computer simulations are being carried
out to test the phase-locking and cross-field acceleration concept
when the plasma wave is driven by finite angle optical mixing,
but this technique has the promise of utilizing the high gradients
of space-charge plasma waves for obtaining ultrahigh energies.
For example, using a 100-kG magnetic field across a 10'° cm™
plasma and a l-pm laser, particles may be accelerated to
100 GeV in a device that is only 3.16 m long.

Laser and plasma requirements

While there is a tremendous promise for >10 MeV cm™! acceler-
ation gradients in this scheme, there are technological obstacles
between the concept and a realizable working system. The laser
needed for a TeV class accelerator based on this concept will
exceed the capability of fusion lasers (presently the largest laser
systems) in the areas of peak power, pulse width, repetition
rate, and the need for the power to be delivered in a single
diffraction limited beam. Considerable work is also needed in
the areas of focusing and optical transport of such high peak
power leaser beams,

An estimate of the laser power required can be obtained from
energy balance arguments. The longitudinal electric field of the
plasma wave represents an energy density

W, = Cem 500 nee” J cm™>
epw = ns€ Jem (5)
8
Because the group velocity of the plasma wave, 3v2/ Vpp < ¢, We
assume that the laser pulse excites the plasma wave only in the
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volume through which it propagates. To avoid significant pump
depletion, the total energy in the laser beams must be much
greater than that in the plasma wave.

The problem of producing plasmas (particularly with a cross
magnetic field) with densities between 10'® < n, < 10°° cm ™ and
with the required length and homogeneity will also require
considerable attention. At high intensities that are necessary in
this scheme, the requirement that plasma frequency be exactly
equal to the difference frequency may be relaxed, but this issue
needs careful investigation.

Prospects for ultrahigh energies

High-phase velocity space charge waves in a plasma have the
potential for producing the high accelerating gradients that are
necessary for a new generation of particle accelerators. Whether
this scheme can be used to accelerate particles to ultrahigh
energies depends on how well the phase stabilization (Surfatron)
scheme can be made to work in practice. Particular problems
are pump depletion, filamentation of the laser and injected
particle beams, and the effect of self-generated magnetic fields
on the accelerating particles.

On the positive side, the Surfatron scheme would produce a
compact accelerator with a high quality beam. The energy
spread, Ay/y would be small because approximately half of
the injected particles quickly form accelerating ‘buckets’ that
are narrow in phase space near the equilibrium point. In the
wave frame this is where v, B is equal to the local longitudinal
electric field. Thus all the particles gain energy at nearly the
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same rate, the one given by equation (4). The bunch length of
the final beam as well as Ay/ vy is thus expected to be extremely
small, as shown in Fig. 5.

The number of accelerated particles N can be estimated from
the consideration of the energy balance®:

laser energy (kJ)
particle energy (GeV)

N=2x10"

sa)\#x/n_ls (6)

where factor « is the ratio of particle energy to wave energy.

The zero-order motion of the particles in the Surfatron scheme
is approximately a straight line, and thus synchrotron radiation
loss turns out not be to be a problem. The radiation loss due
to high-order bounce motion® and due to oscillation in the laser
field, as well as other loss mechanisms such as Coulomb scatter-
ing and bremsstrahlung radiation, are also not thought to be
serious problems.

Finally, the acceleration scheme is still at an embryonic stage
for a reliable estimate to be made of its potential total efficiency
from wall power (ac) to beam power. The severest limitation,
one that is common to all laser acceleration schemes, is the
a.c.-to-laser beam efficiency. If we optimistically assume this to
be 10% then using our simulations as a guide we may be able
to achieve a total efficiency between 107> and 107*,
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Much of our information on climatic evolution during the past million years comes from the time series describing the
isotope record of deep-sea cores. A major task of climatology is to identify, from this apparently limited amount of
information, the essential features of climate viewed as a dynamic system. Using the theory of nonlinear dynamic systems
we show how certain key properties of climate can be determined solely from time series data.

EXPERIMENTAL data have essentially two roles in the process
of modelling. First, they parameterize the equations postulated
by the modeller. Second, they set constraints to be satisfied by
the model. For instance, a reasonable model of Quaternary
glaciations should reproduce the general aspects of a palaco-
temperature time series as deduced from ice or deep-sea core
data and, in particular, should exhibit the characteristic time
scales of 100,000, 41,000 and 22,000 yr (ref. 1). In either case,
however, the information drawn from the data will remain
esentially one-dimensional. Thus, starting from the time series
of a certain variable one may construct a power spectrum or a
histogram which, despite their interest, do not provide any hint
about the additional variables that may affect the evolution. We
show here that experimental data contain far richer information
which, independent of any particular model, can be used to
‘resurrect’ the multivariable dynamics of a system starting from
a time series pertaining to a single variable.

We should first comment on the status of a time series from
the standpoint of the theory of dynamical systems. Let Xo(¢)
be the time series available from the data, and {X,(¢)}, where

k=0, 1, ... n—1, the full set of variables actually taking part
in the dynamics. {X,} is expected to satisfy a set of first-order
nonlinear equations, whose form is generally unknown but
which, given a set of initial data {X, (0)}, will produce the full
details of the system’s evolution. It is instructive to visualize
this evolution in an abstract multi-dimensional space spanned
by these variables, the phase space. An instantaneous state of
the system becomes a point, say P, in this space, whereas a
sequence of such states followed as time varies defines a curve,
the phase space trajectory (see Fig. 1). As time grows and
transients die out, the system is expected to reach a state of
permanent regime, not necessarily time-independent. In phase
space, this will be reflected by the convergence of whole families
of phase trajectories towards a subset of phase space (C in Fig.
1), such that the system subsequently remains trapped therein.
We refer to this invariant set as the attractor.

The interest of the phase space description of a system lies
primarily in the fact that the nature of the attractors provides
extensive information on the time behaviour of the variables
and on the nature of their coupling. For instance, a point
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