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The largest laser intensities to date are achieved thrdwgtethnique of chirped pulse am-
plification, which is subject to the material limits of comimnal materials. At very high laser
intensity and fluence, these materials fail, limiting theemsity of the output pulses. These
material limits may be overcome through the use of plasmarasdium mediating resonant
backward Raman amplification in plasma, wherein a short espropagating seed pulse, with
frequency downshifted from a long pump pulse by the plasraquiency, absorbs the pump
energy through a resonant decay interaction of the two Wiglves and a plasma wave.

In the pump-depletion regime, the counter-propagating pekse assumes a self-contracting
self-similar form, capturing the pump energy in a pulse aofdhorter duration [1]. In order
to produce the shortest output pulses, or in order to achireveffect in the uv or soft x-ray
regime [2], the highest possible density plasma should b@i@med. The high density is also
useful because the resonant plasma wave has higher phasgéyehereby making it more
immune to both wave-breaking and Landau damping.

However, at high density, the group velocity dispersion inaestaken into account, along
with the relativistic electron nonlinearity that limitsefextent of amplification [3]. Absent any
remediation, at high density, the seed pulse would undeggifisant group velocity dispersion,
limiting the effectiveness of the Raman compression. Howdaeproper chirping of the seed
pulse, the group velocity dispersion may in fact be used t@idge [4]. The seed chirping
effect is distinguished from the pump chirping effect in asigy gradient, which may be used
to eliminate premature backscatter from noise [5] or to éw®leterious precursors [6]. The
two chirping effects may be used simultaneously to achiegetiditive advantages of both.

In the case of pump chirping, the chirping is employed in ttespnce of a density gradient,
which gives a gradient to the plasma frequency. The chirpiriige pump pulse may be arranged
so that a seed at constant frequency would be in Raman resaarntencounters the pump.
The seed encounters a different carrier frequency of theppasnit traverses the plasma, but the
local plasma density at these encounter changes as well.

In dense plasma, it is the seed chirping that can play a laayer To evaluate the chirping
effect, the resonant 3-wave equations in cold plasma, irpteeence of both group velocity
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dispersion and relativistic nonlinearity of the amplifiadge, may be put in the form [7]:

a +a;,=Dbf, fi=—ab",
by — byCy/Ca = —af* —ikby +iR|b|?b. (1)

Herea, b andf are envelopes of the pump, seed and Langmuir waves, resggctiormalized
such that the input pump amplitudesig= 1. For such a normalization, the envelopes of electron
quiver velocities in fieldg, b and f arecaA, cbA\/wa/wy, andcf A, /wa/we, respectively. Here
ws, Wy, and we satisfy the resonance conditian, = w, + we; While A is the dimensionless
vector potential of the input pump pulse, linked to the inpump intensitylg in plasma by the
formulaA = /2loAa/w,€/meC?, wherel, is the pump wavelength in plasms is the electron
mass,—e is the electron charge; is the speed of light in vacuum, ands = +/47mee?/me

is the plasma frequency. The group velocities of the pump se®dl laser pulses in plasma
are ca = ¢\/1— wZ/w? andc, = ¢(/1— w2/ap. The timet is measured in units of //3A
and the distance in units of c,/VaA, whereVs = (ktc/2)+/we/2w, is the 3-wave coupling
constantks = ka + Ky is the resonant Langmuir wavenumbley = 271/A, = /w2 — w2/c and

ky = wg — w2/c. The cubic nonlinearity and group velocity dispersion foihts areR =

A wa/402V3 andk = AVl /[(wE — wE)2w).

Fig. 1 shows an example in which the chirped seed depleteputhm in about half the
distance. Herews/w, = 0.57. The chirp also results in significargshaping of the output
seed. Note that the output amplitude and duration of the dpite of the amplified seed in
both chirped and non-chirped cases are approximately the.s@ince this output is achieved
at half the distance (and hence half the pump energy) in tivpeath case, clearly chirping
advantageously causes a larger fraction of the pump enetgy captured in the main spike [4].

One of the important applications of seed and pump chirpsnig iovercome non-resonant
regions of plasma which may flank a resonant homogeneou®msadtplasma. This occurs
particularly in the case of high-power applications; sitieeplasma transverse size grows with
the power, but the depth does not, and the fall-off in plasergsily in the axial direction may
then be dominated by the transverse extent.

Suppose then that a homogeneous central section of lepgglanked by end sections of
length A, of exponentially decaying density. In Fig. 2, we show howdsekirping helps in
the casé\, = 2z,. For the non-chirped case, the initial pump intensitisés= 84.55 PW/cnf,
with A = 0.0612; for the chirped case, the initial pump intensityis= 24 PW/cnf. The
pump wavelength id; = 0.351 um and the plasma density in the homogeneous sectign-s

1021 cm2. We show the normalized quiver velocities in the pump, saad,Langmuir waves,
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Figure 1: Wave amplitude for non-chirped seed (a, b, and @)fanchirped seed (d, e, and f),

for pump ,|a|, dashed curve; seedh|, solid curve, and Langmuir wavgf,|, dash-dot curve.

defined by|Ven| = CAVgn, Whereve, = |h| /wa/an (h € {a,b, f}). In calculating these results,
we supplemented Egs. (1) to evolve the electron tempergtjjiacluding self-consistently the
Landau and inverse Bremsstrahlung damping.

For the non chirped pump and seed case (Fig. 2a-c) the Ramgpression starts at the
right edge (Fig. 2a) and stops at the left edge of the homagengection (Fig. 2b), where the
seed amplitude is highest and its duration shortest. Asgeé exits through the plasma coupler
(Fig. 2c), its amplitude decreases. However, by chirpirgahmp, the resonance condition can
be satisfied also in the region where the plasma density &aat half that in the homogeneous
section. The initial pump intensity is smaller to avoid wdnreaking in the resonant region
where the plasma density is small. But, since the pump clgmnmables the Raman compression
over a longer plasma length, the amplified seed pulse isrlaBg@ce the non-resonant region
over which it propagates is shorter, there is less room flateleous effects.

The seed chirping is used to obtain the maximum Raman conignesghin the resonance
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Figure 2: Chirped case{c) and non-chirpedd-f): electron temperature (dashed); quiver ve-

locities for seedye, (solid); pump,ves (dash-dot); and Langmuir waveys (dotted). The solid

thick curve is the plasma density profile.

region. As Fig. 2d shows, the initial pump intensity is sraby a factor of 3 and its width

longer by 3. Figure 2e shows that the amplified seed pulseeatdige of the homogeneous

section. In Fig. 2f, further amplification and compressisrevident as the seed traverses the

coupler region, since the chirped pump maintains resonasitiee density decreases.
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