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Anomalous Absorption and Scattering of Short-Pulse High-Intensity Lasers
in Underdense Plasmas
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The propagation of short-pulse lasers through several Rayleigh lengths of underdense plasma
[(1-4)% n..] is studied using multidimensional fully explicit particle-in-cell simulations. The
simulations model 80 to 600 fs, Lm wavelength pulses in the intensity range lof X 10'7 to
3.5 X 10" W/cm? A detailed account is given for the energy lost out of the focal cone due to
a combination of collective absorption and scattering losses. The figure of merit for the nonlinear
transmission losses of a given pulse length is the amount of Raman forward scattering exponentiation
within a Rayleigh length.

PACS numbers: 52.40.Nk, 42.25.Bs, 52.65.Rr

The interaction of radiation with matter is a fundamental8192 X 256 Cartesian grid fo3 X 10* time steps. We
subject of physics. The interaction between radiation andote that a Cartesian grid can underestimate the amount
a neutral gas is relatively weak. This is illustrated byof self-focusing. On such a grid, we can model pulses
the fact that it takes 50 km of air at an atmosphere taip to Tewum = 600 fs and spot sizes oivg = 18 um
Rayleigh scatter [1], and 1 km of atmospheric densitiegpropagating through several mm of plasma, assuming the
to Thomson scatter visible light. At the focal intensitieslaser wavelength is\o = 1 um. Each simulation takes
(I = 107 W/cn?) of short-pulse lasers matter is com- 150 CPU hours/processor on a 16-node IBM SP1 parallel
pletely ionized. Therefore, at these intensities, laser-mattasomputer at UCLA. A small sample of the results from
interactions are synonymous with laser-plasma interachis model have already been shown to be in agreement
tions. In a plasma the classical absorption length for highwith measurements from a recent experiment [14].
intensity visible radiation propagating through atmospheric In this Letter, we present results from simulations
densities is also on the order of a km [2]. However, itwhich cover a wide range of plasma densities=f
is well known that collective processes in an underdensél -4)% n.., wheren,, is the critical density], pulse du-
plasma can significantly lower the absorption and scatterations (7rwam = 80-600 fs), and peak intensitie§ =
ing lengths. These processes include Raman backwaids X 10'7-3.5 X 10! W/cn?). The normalized vec-
(RBS), forward (RFS) [3], and side (RSS) [3-5] scat-tor potential of the laser iszg = eAy/mc? = 8.5 X
tering, relativistic self-phase modulation (RSPM) [6], and10~'°¢(um)/I(W/cm?). In all the simulationsw, is
relativistic filamentation [6]; as well as their whole beamkept fixed, ions are immobile, and anpolarized laser
analogs, self-modulation [7], hosing [8], and self-focusingis focused to the edge of a uniform slab of preformed
[9]. Understanding these processes is essential for thelasma. The parameters for these simulations are given
successful development of plasma based accelerators [104, Table I. These simulations are directly relevant to sev-
light sources [11], and the fast ignitor [12] fusion concept.eral recent experiments [14,16]. In this table we have

Previous investigations [5,7] were incapable of describalso provided the number effoldings of a square pulse
ing the highly nonlinear competition between these profor RBS during a pulse duration [17G2S (7pwrm)] and
cesses. Recently, two-dimensional (2D) particle-in-celfor RFS at the back of the pulse after it has propagated a
(PIC) simulations [13] showed the importance of RamarRayleigh length [3][GFS(xz, Trwam)] Where GBS(7) =
scattering at all angles, but these simulations were lImf2(P/P.,) (n/ne;)”/*(c7/xg) wor]/? and GFS(x,7) =
ited to small spot sizes and very short pulses. (RFS is thB8(P/P.,) (n/nes) (x/xz) wor/(1 + a3 /2)]/2. We have
decay of a laser with frequenay, into Stokes and anti- written these expressions in termsxofxz, wor, P/P.:,
Stokes sidebands at frequencies — w, andwy + w,, andn/n., wherex is the distance the pulse has prop-
respectively, wherew, is the plasma frequency.) Here, agated into the plasmayg = 7w/ is the Rayleigh
we use a parallelized, fully explicit PIC codeEGASUS length, P is the laser peak power, an@., is the criti-
[14,15], which only models the region of plasma in whichcal power for relativistic self-focusing [9]P/P.. =
the laser pulse resides. As a result, we can model one(wiw?/c?)/32.
going laser-plasma experiments in their entire spatial and The linear growth of RFS was investigated for short
temporal dimension in 2D for the first time. In a typi- pulses in Ref. [13]. The main results of this Letter
cal simulation,1.2 X 107 particles are followed on an are that for these parameters the laser rapidly evolves
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TABLE I. List of simulation parameters. In the simulation, lettérand S stand for long (600 fs) and shof¥100 fs) pulses,
the first number is % of:/n., and the second number ig. Each simulation is also identified as a single letter. Note that we
have used the relativistically correct values fofP.. [9].

Runs TFWHM n/ne ao pP/P3P G"(xg, Trwim) G" (pwim)
AL103 600 fs 1% 0.33 0.44 6.1 73
BL 108 600 fs 1% 0.8 22 12 110
CL 142 600 fs 1.4% 2 10 18 190
DL 2038 600 fs 2% 0.8 4.4 24 130
EL 405 600 fs 4% 0.5 3.9 35 130
FS 108 100 fs 1% 0.8 22 48 19
GS 45 80 fs 4% 5 42 11 53
HS 408 80 fs 4% 0.8 8.9 17 21
1S 42 80 fs 4% 2 29 19 34

to a nonlinear state dominated by saturated levels ofing Fig. 1(b) with 1(a). In 2D the front of the pulse is
RFS, RSS, and self-focusing. This results in (15—70)%more depleted, and the envelope is more severely modu-
of the laser energy being lost from the focal cone inlated. This extra depletion is due primarily to three-wave
Rayleigh length distances. The figure of merit for theseand four-wave nonresonant RFS-RSS [3,5,18] at near-
losses scales aS"S (xz, Trwim) for a given pulse length. forward angles scattering light out of the pulse. Note
Therefore, an atmosphere of gas will stop most highthat self-modulation [7] and hosing [8] are whole beam
intensity short-pulse lasers within mm distances. analogs of nonresonant RFS-RSS [3,18]. The modula-

To illustrate the highly nonlinear behavior of thesetions are more severe because the density depressions
pulses, we plot in Fig. 1 center slices of the laser’s electriof the plasma wave focus light [7,13,18]. In addition,
field envelopeE; (E, « +/I) and the resulting plasma the RFS plasma wave amplitude is reduced because the
wave E; (E,) after a 600 fs pulse has propagated aRSS plasma waves generate a much hotter plasma upon
Rayleigh length£z = 1 mm forwy, = 18 um). Ineach wave breaking than RBS does alone. Large numbers of
plot the laser and its initial envelope are shown below thehese energetic electrons are self-trapped, leading to wave
plasma wave. The left axis is for the laser, while the rightoreaking [13,19] (saturation) of the RFS plasma wave at
axis is for the plasma wave. In Fig. 1(a) results from aa lower amplitude in 2D. The details of the self-trapped
1D simulation with otherwise identical parameters to theelectron spectra will be given in a separate publication.
2D simulationL_1_0.8 are shown for comparison. This We also note that whef/P.. > 1, portions of the pulse
simulation demonstrates that 1D RFS can self-modulatself-focus as seen in Fig. 1(b) where the laser intensity
a pulse. The onset of RFS occurs when a small notckxceeds its original value by a factor of 3. In Fig. 1(c)
develops in the pulse [13]. This notch can be causedesults from simulation._1_0.3 are presented. By com-
by local pump depletion due to RBS (at all angles inparing Fig. 1(b) to 1(c), the effect of lowering the laser
2D) which grows and saturates from wave breaking in antensity is clear. For this cage™ (xz, Trwnm) is greatly
narrow region of the pulse, or from RSPM. The dominantreduced, and there are not enougtioldings of RBS,
k for RSPM is [6] apko/2 which merges intow,/c  RSS, or RSPM to seed RFS until the rear of the pulse.
whenay = 2w,/wo. Note that 113%-foldings of RBS  As a result the pulse is considerably more stable, as seen
are possible for this case so that RBS grows and saturatéy the fact that the back of the pulse is just beginning to
during the rise time. modulate due to RFS after propagating a Rayleigh length.

In Fig. 1(b) results from simulatiod._1_0.8 are pre- In this case the plasma wave is below the warm wave-
sented. Two-dimensional effects are apparent by compabreaking limit [19], so no self-trapped electrons are gen-
erated within a Rayleigh length.

In Fig. 1(d) we show the consequences of increasing

@ L Lo8ID WM 0 “?5 WWMWM},WMAMWMWW— 0 GFS(xg, Trwnm)-  In this simulation the density has been
10: /“m\ . L1038 » raised to 4%, while ay has actually been lowered to
0 ; . , I 0 ; ‘ : . 0.5. The consequences of beam breakup are dramatic as a
©° L 103 400 (d) o xetle) 400 significagt f:acti(;)g of the pll:I]|S(T h%s_ beeg abscr)]rbed fjmld side
] eE,Jmcw, | L405 scattered. In addition, at the leading edge, the modulation
? ﬂf@w W‘ 0O 5 Jywiarn i ] 0 at thek’s for RSPM is clearly seen. The back of the pulse
bt N s o M RSN is diffusely side scattered by the turbulent wake generated
0 400 0 x-ct (c/w) 800 by the leading edge. Eventually, the leading edge sharpens

further, generating a coherent wake.

FIG. 1. Axial lineouts of the laser envelope and the plasma . . .
wave in units ofmce,/e. (a) A 1D run with parameters 10 further illustrate the nonlinear evolution of these
plc-

identical to L 1 0.8, (b) L 1 0.8, (c) L_1 0.3, and (d) intense pulses, we plot in Fig. 2 a sequence of color
L 4 0.5. Inall casesx = 1 mm. contours of the laser envelope for simulatiénl_0.8.
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After propagating 0.32 mm into the plasma, RBS andeaving the pulse, indicating that not all the scattered light
RSS are beginning to occur in the rising edge as showis confined as the beam focuses. The modulations to
in Fig. 2(a). This causes laser energy to be scatterethe laser envelope lead to similarly shaped contours in
out of the pulse, causing the depletion of laser intensitgthe plasma wave as shown in Fig. 2(b). Finally, after
shown on axis in Fig. 1(b). In those regions of the pulsepropagatingl.6 mm = 1.6xg, a significant fraction of the
whereP/P.. > 1, the pulse acts like an optical fiber for pulse’s energy has been absorbed into plasma waves and
the RSS Stokes radiation. Therefore, Stokes radiation anergetic particles as well as side scattered. The region
sufficiently small angles is reflected back into the pulsepf the pulse where RSS occurs at 0.32 mm is almost
causing the Stokes radiation to eventually evolve intccompletely lost, while the back of the pulse undergoes the
a next lowest order symmetric Hermite-Gaussian modehosing instability. In this simulation the only noise source
As a result, the Gaussian ansatz [7] is not sufficient tdor hosing is the residual turbulence of the RFS and RSS
describe beam breakup in detail. We find that shorteplasma waves.
pulses behave similarly to the leading edge of the 600 fs The importance of RSS is further illustrated in Fig. 3,
pulses. This is shown in Fig. 2(c), where the angle of thevhere grey-scale contours of the lasespectra are shown
laser contours are similar to those in Fig. 2(a). RSS aat 0.64 and 1.6 mm. The cone angle f6f8 optics is
this angle gradually erodes the back of the pulse, leavinghown because this was used in several of the recent
a single beamlet, long. The erosion is qualitatively experiments [14,16]. At 0.64 mm the dominant angle
similar to the results in Ref. [5]. for RSS corresponding to the next higher order Hermite-
In Fig. 2(b) we show that, after propagating 0.64 mm,Gaussian mode is still clear in tihespectrum. In addition,
the beam has self-focused to a spot size of a f¢w,  several Stokes and anti-Stokes sidebands for RFS are also
with the central core undergoing RFS. In the 600 fs runsapparent. This is clear in the center lineout as shown in
no electron cavitation is observed. We emphasize thdtig. 3(c) and 3(d). After 1.6 mm a considerable amount of
this is not due solely to the use of slab geometry butight exists outside the focal cone, and multiple sidebands
also to the occurrence of RFS. Cavitation is observed ispaced at»,/c are apparent. The experimental detection
runsS_4 2 andS_4_5, and in an otherwise identical run of these multiple sidebands is clear evidence for RFS
to L_1.4_2, where thex pusher in the code was turned [13,14,18].
off to suppress RFS-RSS. More details will be given in  To quantify the importance of the nonlinear absorp-
a separate publication. The angle of the laser envelopion and side scattering losses, we have calculated the
contours at the transverse edge corresponds to radiatiomormalized laser energy (electromagnetic) remaining in
the simulation box and in ari/8 focal cone. It is dif-
ficult to separate the laser energy from other forms of en-
ergy, so we simply calculate = [ E3dxdy whereE; is
due only to the laser for 2D slab geometry. In Fig. 4(a)
e(x)/&(0) is plotted for each simulation in Table I, where
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FIG. 2(color). Two-dimensional color contour plots for

L_1_0.8 (600 fs) andS_1_0.8 (100 fs). (a) Evolution of the FIG. 3. Two-dimensionalk spectra of the laser at (a)
600 fs laser pulse. (b) The plasma wavecat= 0.64 mm.  0.64 mm and (b) 1.6 mm, and axial lineouts at (c) 0.64 mm
(c) Evolution of the 100 fs laser. and (d) 1.6 mm from simulatiof_1_0.8.
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assume thatt, and A, depend insensitively o,

1
@ “t\:i\ wo, and Tgpwam, then 1 — a(x)/s(o) should scale as
0.8 N TNR (1/a*) (n/ne;) (1/ctewnm) for a fixedx. Longer pulses
VoL Y —peB have lowernormalized absorption losses because they
0.6 A e E N have more initial laser energy, and the energy given to the
SRR v %D plasma is limited by the amount of plasma encountered.
04—y - S ] 04 Therefore, the 5 ps ignitor pulse in the fast ignitor [12]
Wy H g could have low normalized absorption in the underdense
0.2 1\ 0.2 channel; however, the scattering losses may still be
o | o ] significant. Note that the scaling with/aj and n/nc,
0 05 1 15 2 0 05 1 15 is also rather consistent with the simulation results, e.g.,
X (mm) x (mm) L_1.4_2 has relatively less absorption loss. Note also that

. L0 S
FIG. 4. The evolution of the electromagnetic energy left (a)this scaling is the same a8™ (xg, Tewnm) for ap > 1
in the simulation box and (b) in thg/8 focal cone. Both are because of relativistic corrections [3]. Furthermore, when

normalized to the initial energies. ap < 1, E, depends omy, and it is not constant within
the pulse buiG™S(xz, 7rwnm) Still appears to determine
the absorption loss.
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