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High-Intensity Laser-Field Amplification between Two Foils
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Interaction of two oppositely directed ultraintense laser pulses with two closely placed thin foils is
modeled analytically and investigated by particle-in-cell simulation. It is shown that laser energy can
be trapped and accumulated between the foils. The intensity could reach a 100-fold that of the pump
lasers. The trapping is found to be bistable and the parameters for stable energy confinement and
enhancement are given. The ultrahigh fields that can be produced have many potential applications,
including that of verifying nonlinear quantum electrodynamics effects.
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density is nc � 1:1� 10 � cm (where � is the
wavelength in 
m) and a stationary soliton of relativistic

an electron layer can be written as a � a0��� �
expi!Lt�i����, where � � !Lz=c. There are two constants
Many modern applications of the laser depend on the
intensity of its electromagnetic wave field. When the
normalized amplitude a ( � eA=mc2, where e, m, A,
and c are the electron charge, mass, vector potential,
and light speed, respectively) is larger than unity, corre-
sponding to laser intensities larger than 1018 W=cm2 for a
typical optical frequency, the electron motion in the laser
field enters the relativistic regime [1]. Novel effects such
as relativistic harmonic generation [2] can be attributed to
the relativistic quiver motion of the electron. When the
laser electric field is still higher, the Schwinger critical
field (� � eA �h!=m2c4 � 1) may be reached and one
enters the nonlinear quantum electrodynamics (QED)
regime [3]. For this the laser intensity must be larger
than 2� 1029 W=cm2, or a � 104 for a 1 
m laser and
a � 1 for a 0:1 nm laser. Certain important QED effects,
such as vacuum pair production [4] and the Hawking-
Unruh radiation [5], would then become realizable.
In practice, because of polarization or exponential tail
effects [6], one can expect QED effects even at lower
intensities. To attain the QED regime, one can use either
future exa/zettawatt lasers [7] or x-ray free-electron
lasers [8].

On the other hand, rapid progress in short pulse laser
technology [9] has made possible the realization of laser-
plasma interaction at ultrarelativistic intensities. The laser
pulse and plasma are nonlinearly self-modulated such
that an intensity higher than that in vacuum can occur.
For example, when the laser power is larger than the criti-
cal power Pc � 17nc=n GW, relativistic self-focusing
can appear. The plasma is expelled by the ponderomotive
force of the pulse [10,11], and the latter propagates in the
self-created channel at an intensity higher than that in
vacuum. The relativistic soliton is another structure that
can form. Solitons in both underdense and overdense
plasmas have been investigated theoretically and experi-
mentally [12–19]. In an overdense plasma, a laser pulse
will reflect from the critical surface where the electron
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intensity can appear there. In an underdense plasma,
although the laser pulse is severely distorted and depleted
by stimulated Raman scattering, a part of it can experi-
ence a frequency down-shift to below the local plasma
frequency and become trapped [19]. However, the latter
scenario is difficult to control. In view of these natural
occurrences of laser energy enhancement in a plasma, one
can ask the question if it is possible to stably trap and
amplify laser fields in tailored plasma traps. We propose
here a simple scheme for trapping and amplifying the
laser field between two foils.

We consider the one-dimensional problem of circularly
polarized electromagnetic (EM) wave trapping between
two layers of enhanced electron density. Ion dynamics
shall be neglected. We shall first discuss an analytical
solution in the form of a stationary soliton in an infinite
plasma. Based on this solution we propose a laser-foil
interaction (LFI) model consisting of two closely spaced
thin plasma layers, with trapped EM waves between
them, and impinged upon by EM waves at their outer
sides. This model also allows for stationary analytical
solutions, from which we can obtain a relation between
the EM field intensity at the center of the gap and the gap
width. The solutions of the soliton as well as the LFI
models are verified by particle-in-cell (PIC) simulations
using relativistic LPIC++ code [20] and their stability in-
vestigated. In order to see how the trapped fields and the
electron layers behave in the real situation, complete PIC
simulations on the evolution of the LFI are performed.
Our results show that laser energy trapping and accumu-
lation are indeed possible, and field intensities 100 times
larger than that of the pump lasers can be attained.
Furthermore, the stationary states are bistable. The con-
ditions for stable wave trapping and enhancement are
obtained.

We shall start with the relativistic cold plasma equa-
tions in the form given by Shen et al. [21]. The normalized
vector potential of the laser field of frequency !L in
 2002 The American Physical Society 275004-1
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FIG. 1. Analytical solutions of the EM wave amplitude a and
electron density ne as a function of space z=�, for the soliton
model with background ion density ni=nc � 4: (a) single hump
solution, (b) double hump solution.
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of motion [22]

M � �@�=@����2 � 1�; (1)

W � ��@�=@��2 �M2	=2��2 � 1� � �2=2� Ni; (2)

where � � �1� a2�1=2 is the relativistic factor, and Ni �
ni=nc is the constant normalized ion density.

If there is no net energy flow, we have in the electron
layer M � 0, and Eq. (2) can be integrated to [23]
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for W � 1=2� Ni, and
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for W < 1=2� Ni, where " � �N2
i � 2W�1=2, q � ��"�

Ni�2 � 1	1=2, p � ��"� Ni � 1�=�"� Ni � 1�	1=2, k �
f�N2

i � �"� 1�2	=4"g1=2, and k � f��"� 1�2 � N2
i 	=

��"� 1�2 � N2
i 	g

1=2. In obtaining the soliton solutions,
we have used the boundary condition a � 0 at � � 
1.

For an infinite overdense plasma, we have W � 1=2�
Ni, and [24]
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where again M � 0. For n � 1:5nc, Esirkepov et al. [24]
obtained a soliton solution and showed by simulation that
it is also stable. When a higher electron density such as
n � 4nc is used, we find that the electrons at the center of
the localized structure can be completely expelled by the
ponderomotive force of the trapped electromagnetic
waves. In this case two stationary solutions are found.
Figure 1(a) shows a solution with the peak amplitude at
the center of the soliton, and Fig. 1(b) shows one with zero
field amplitude at the center. Both solutions have been
confirmed by PIC simulations of the corresponding con-
figuration. The simulations also show that both of these
stationary analytical solutions survive for several hun-
dred laser cycles without apparent change. In fact, it is
found that even for not very high plasma densities such
localized states involving high-intensity fields can exist
for a fairly long time. The problem is how to realize this
wave-trapping configuration and the corresponding solu-
tions in the real world.

In view of the above result, we propose here a method
for producing high-intensity electromagnetic fields by
confining and accumulating electromagnetic waves in
the vacuum gap between two closely spaced thin foils,
impinged upon on their outer sides by two oppositely
directed circularly polarized laser pulses. This easily
realizable practical configuration differs somewhat from
that of the soliton solution given above in that here the
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plasma background is absent. One can model this LFI
configuration by two closely spaced plasma layers with
impinging laser fields on their outer sides and trapped EM
fields in the gap between them. Thus the only plasma in
the system is that from the ionization of the two foils by
the lasers. Self-consistent analytical solutions can also be
obtained for the LFI model by applying the analytical
solutions in the different regions and matching the solu-
tions at the boundaries with the usual EM boundary
conditions [20,21]. In Fig. 2, the field amplitude at the
center (z � 0) of the gap versus the distance � (normal-
ized by �) between the two foils is given. In Fig. 2(a) the
amplitude of the pump lasers is a0 � 3. The line ABCDE
is for W � 1=2� Ni and line FG for W < 1=2� Ni,
corresponding to the analytical solutions given by
Eqs. (3) and (4), respectively. One observes that for any
given �, there can be up to three solutions. For example,
for � � 0:284�, the points B, D, and E all represent
possible solutions.

In the simulation of the LFI model, two electron layers
(together with the fixed ions) of thickness !Lz=c � 0:1
and density n � 100nc are used. In order to investigate
the stability of the stationary states of the LFI model, we
first perform the simulation with the trapped electromag-
netic field already in place, using the analytical solutions
as a guide in setting up the ‘‘initial’’ states. We found that
275004-2
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FIG. 3. PIC simulation of the evolution of the laser-plasma
interaction. Snapshots of the laser field a, electron density ne,
and ion density ni after 9 laser cycles. The pump laser ampli-
tude rises from zero to a � 0:5 in three laser cycles and then
remains constant. The gap width is �=� � 0:443. The electron
layers are the same as in Fig. 2.
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FIG. 2. Analytical results of the EM field amplitude a at the
center of vacuum gap between the two foils as a function of the
gap distance for the LFI model. The two electron layers are of
thickness !Lz=c � 0:1 and density n=nc � 100. The ampli-
tudes of the two pump-laser pulses are (a) a0 � 3, and
(b) a0 � 0:5.
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the solutions B and E can be obtained in the simulation
but D not. In fact, the solution D is extremely short lived
and evolves to solution B in only a few laser cycles. That
is, self-consistent relativistic trapping of electromagnetic
energy between two electron layers is bistable. As ex-
pected, simulation of the real situation (initially no field
inside the gap) shows that only the solution B appears.

The curve ABCDE in Fig. 2(a) can be used to deter-
mine the largest (at C) possible stationary field amplitude
between the two foils. For the example shown, this am-
plitude is lower than the pump-laser amplitude a � 3. It
would thus seem to be difficult to realize ultraintense EM
fields since the point E is difficult to attain. However, if a
lower pump amplitude, say, a0 � 0:5, is used, one obtains
the curve shown in Fig. 2(b). At the pointC (� � 0:443�)
the amplitude is about a � 2, or 4 times larger than the
amplitude of the pump lasers.We have performed realistic
PIC simulations for this case by letting the amplitude of
the pump lasers rise from zero to a0 � 0:5 in three laser
cycles and then remain constant. One sees that while
much of the laser energy is reflected from the foils, a
part of the energy propagates through the foils and accu-
mulates in the vacuum gap. Figure 3 shows a snapshot
after nine laser cycles, when steady state is reached. The
simulation also confirms the amplitude a � 2:2 at z � 0,
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as predicted by the analytical solution of the LFI model.
Furthermore, this result shows that the maximum field
amplitude depends more on the thickness of the foils than
the amplitude of the pump lasers.

There is no stationary solution in the section between C
and F in Fig. 2(b). Nevertheless, in many applications the
intensity rather than the lifetime of the trapped electro-
magnetic field is of primary concern. It is therefore also of
interest to investigate the evolution of nonsteady interac-
tions. For example, for � � 0:46�, letting the pump
lasers rise from zero to a � 0:5 in six laser cycles and
then keeping it constant, we obtain by PIC simulation the
time dependence (Fig. 4) of the amplitude of the EM field
at z � 0. One observes that the amplitude reaches its
maximum a � 5 after 26 laser cycles. This amplitude is
10 times larger than that of the pump laser. In terms of the
intensity, it is 100 times larger. If one uses thicker foils,
even larger electromagnetic fields can be realized, but an
even longer interaction time is needed. The largest elec-
tric field occurs at the gap center where the magnetic field
is null. It may be used to test the Unruh radiation as
suggested by Chen and Tajima [6].

In conclusion, based on the analytical solitonlike solu-
tions for relativistic EM wave-plasma interaction, we
propose here a scheme to accumulate EM energy by
275004-3
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FIG. 4. The field amplitude a at the center of the vacuum gap
between the two foils as a function of time (normalized by the
period &L of a laser cycle). The pump laser amplitude rises from
zero to a � 0:5 in six laser cycles and then remains constant.
The gap width is �=� � 0:46. The electron layers are the same
as in Fig. 2.
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trapping the laser fields between two closely spaced
thin foils impinged upon by two high-intensity short-
wavelength circularly polarized laser pulses from oppo-
site sides. It is shown that intensities 100 times greater
than that of the pump lasers can be realized if the thick-
ness of the two foils and the distance between them are
appropriate. The trapping time in our example is about 26
laser cycles (about 70 fs for a laser pulse with 1 
m
wavelength). For larger pump-laser intensities, thicker
foils must be used to provide the electrons needed for
good trapping. Similar laser field trapping in other con-
figurations are also possible. For example, by inserting a
thin foil in front of a solid target, one can use a single
circularly polarized laser to produce in the gap between
the foil and the solid target an electromagnetic field much
stronger than that of the pumping laser pulse if the foil
and gap are of suitable size. However the field structure in
this case is no longer symmetric because of the obviously
asymmetrical geometry. In the present paper we have not
studied the lateral stability of the foils. Clearly, pulses of
high lateral uniformity are required to maintain the
planar interaction geometry. On the other hand, the phe-
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nomenon studied here can also occur in higher dimen-
sions. One may, namely, trap laser energy in vacuum
spherical microballoons of appropriate size and wall
thickness. We also have not studied that long-time behav-
ior of the wave-trapping phenomenon. The problem is
somewhat more complicated since parametric instabil-
ities, electron heating and expansion, ion dynamics, etc.,
can all play a role [1,2,6,7,25].
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