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The generation of large-amplitude, relativistic plasma waves is a subject of much 
current interest because of its potential use for ultrahigh gradient electron acceleration. 
There are two major types of laser-driven, plasma-based accelerators: the plasma beat- 
wave accelerator (PBWA) [11 and the laser wakefield accelerator (LWFA) [2]. While 
conventional rf-driven accelerators are limited to fields _< 1 MV/cm, plasma accelerators 
have been shown experimentally to support gradients ~ 10 MV/cm [3]. The maximum 
axial electric field of a relativistic plasma wave, as predicted by 1D cold fluid theory, is 
the "wave-breaking" field, EwB = (mecw~,/e) 2 ~ / ~ v -  1), which can exceed 1 GV/cm, 

where wp = (4rce2neo/me) 1/2 is the electron plasma frequency, he0 is the ambient electron 
density, % = (1 - v~/c2) -1/2, and vp is the phase velocity of the plasma wave. 

In the PBWA, two laser beams of frequencies w and w - wp are optically mixed 
in a plasma to produce a laser beatwave, in effect a train of equally spaced pulses, 
which "resonantly" excites a large-amplitude plasma wave. A fundamental limitation 
to the plasma-wave amplitude in the PBWA is resonant detuning. As the plasma-wave 
amplitude grows, nonlinear effects cause the resonant frequency to shift away from wp, 
which leads to saturation and thus limits the plasma-wave amplitude. In the LWFA, a 
single, intense, short laser pulse [4] drives a plasma wave "wakefield." The maximum 
plasma-wave amplitude results when T ~ 2ZC/WV, where r is the laser pulse width, which 

1 / 2  translates into a "resonant density," since w v ~ 'oe0 �9 Recently, the self-modulated LWFA 
has been suggested [5], [6]. Here, a single laser pulse is incident on a plasma with a density 
that is higher than the "resonant density." Due to a self-modulation instability, the pulse 
breaks up into multiple pulses, each of which are "resonant." Although higher plasma 
densities and the multiple-pulse structure lead to higher wakefield amplitudes, both high 
plasma densities and high laser intensities are difficult to achieve simultaneously due to 
plasma defocusing, and electron acceleration is limited by phase detuning, i.e., accelerated 
electrons (with v ~ c) outrun the plasma wave (with vp _ vg < c). The maximum energy 
gain, A W  . . . .  of an electron in a 1D sinusoidal plasma wave of amplitude E, = eEwB 
is AWm,~x "" 4eceEwB"l~/wp, where e < 1 is a constant. Since 7p ~ 7g - w/wv >> 1, 
AWm,,: "" em,c2(2%) 5/~. For example, AWm~ ~ 4.5 GeV, assuming a laser wavelength 
ofA_~ 2rcc/w = 1 #m,n,o  = 10 as cm -3 (Ewe = 7.8 GV/cm) and e =  25%. Hence, at 
the high densities required either for self-modulation or for the use of an ultrashort pulse 
. . . . . . . .  5/4 m the standard LWFA, % is relatively low and acceleratmn is hmlted, A W  ~ end0 . 

We propose an alternative concept, the resonant laser-plasma accelerator (RLPA), 
which combines the virtues of, but has certain advantages over, both the PBWA and 
the LWFA. In the RLPA, a series of laser pulses is utilized in which the length of the 
pulses, and the spacing between them, is varied in an optimized manner such that the 
maximum wakefield amplitude is achieved. The RLPA has the following advantages: (i) 
since a series of pulses is used, larger amplitude plasma waves can be generated than by 
the use of a single pulse with the same total energy, (ii) since the spacing between the 
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pulses is varied, resonance with the nonlinear plasma wave can be maintained, (iii) lower 
plasma densities can be used, thus avoiding electron phase detuning, and (iv) lower peak 
laser intensities can be used, thus allowing for higher energy extraction from the laser 
system and a reduction of laser-plasma instabilities. A secondary pulse to enhance or 
diminish the wakefield has been suggested before [7], but a train of an arbitrary number 
of realistically shaped pulses has not been analyzed and optimized. 

Just a few optimized square pulses are far more efficient than a single pulse. For 
example, at ne0 = 1015 cm -3 (A -- 1 l,m, % ~- 103, Ews  ~- 1.4 GV/cm), three square 
pulses can be used with an intensity I = 2.7 x 10 TM W/cm2/pulse (a02 = 1) and a total 
pulse train energy of IT, ot = 20 MJ/cm ~ to produce Ez = 0.1 GV/cm. Here, r~ot is the 
sum of the pulse durations in the train and 2.7a~ "~ lO-ISA2[l~m]I[W/cm2 ]. a single pulse 
at n~0 = 1015 cm -3 requires I = 3 x 1019 W/cm 2 (a02 = 11) or a pulse energy six times 
greater (Irtot = 120 MJ/cm 2) to produce this same E~. 

There are several ways of producing the required pulse train in practice. The first is to 
use Fourier filtering. In this case, a mask placed in the pulse stretcher of a CPA system is 
used to modulate the phase and/or frequency of the beam in such a way that, when it is 
recompressed, a series of pulses with arbitrary spacings and"widths will be produced [8]. 
The minimum rise time of each individual pulse is still governed by the gain bandwidth 
of the amplifiers. The second possibility is to use several separate compressors with 
adjustable lengths and delays. 
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