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Nonlinear electron heating in ultrahigh-intensity-laser—plasma interaction
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The interaction of an ultraintense laser pulse with an overcritical collisionless plasma at normal incidence is
investigated with 1.5 dimensional particle-in-cell simulations. Laser absorption and hot electron energy are
reported for a large range of intensities and plasma densities. We observe a strong dependence of the electron
temperature on the plasma density profile, and a transition between two different heating mechanisms when the
gradient length is varied. For sharp edged profiles, the electron temperature is well below the laser pondero-
motive potential[S1063-651X97)50401-§

PACS numbsgs): 52.40.Nk, 52.35.Mw, 52.66-h

Progress achieved during the last decade in the field aduprathermal energy evolution when the parameters
ultrashort and ultraintense lasers makes it now possible tb)\é, ne/n., and the density gradient length are varied
routinely produce, after focusing, intensitiesf the order of  over a large range of values. We will first address the case of
several 16° Wicn?, for wavelengths in the range=0.5-1  a homogeneous plasma, and then consider the strong influ-
pm and pulse lengths of a few hundred fs full width at half ence of the density profile.
maximum. The transverse momentum gained by an electron The large number of numerical simulations that we
in a plane electromagnetic wave is equal to the transversganted to perform precluded the operation of a 2D code. We
vector potential of the wave, i.e., in usual unifs; /mec  used the relativistic 1.5D particle-in-cel(PIC) code
= (IN3/1.4x 10'® W um?cm?)*?=a,. The electron dynam- EUTERPE in which particle motion under the action of the
ics in such an ultrahigh intensityUHI) laser wave is then electromagnetic fieldsEy, E,, B,) is described in the
essentially—and not perturbatively—relativisit]. three-dimensional phase spacepy, py. The laser field is

At low intensity, an electromagnetic wave of radial fre- thus always linearly polarized, and normally incident on the
guencyw, can propagate up to the so-called critical densityplasma from the left boundary of the simulation box. We
n.=wimeeo/€?, where the wave and plasma frequenciesconsidered finite-length square-shaped pulses of 40 optical
become equal. At high intensity, the wave can propagateycles(130 fs for 1um light). A run is stopped after the tail
aboven, [2], so that “overcritical” is no longer equivalent of the pulse has reflected on the plasma and left the box
to “opaque.” In this paper, however, we shall focus on thethrough the left boundary. Most of the results presented be-
interaction of a UHI laser pulse with an opaque plasma, atow were obtained with fixed ions, in order to first clarify the
normal incidence. Our results sample the density rangelectron dynamics. Consequences of ion motion are briefly
9-1001,, corresponding to 1-2210°2 cm™3 for 1 um  discussed towards the end of the paper, and a paper on the
light. Maximum intensity is around %410 W um?/cn?, subject is in preparation. To model the interaction with a
so that the medium is always opaque to the wave. massive target, electrons incident on the right boundary of

An opaque plasma might be heated by resonance absorfe plasma are absorbed, and reemitted according to their
tion [3], vacuum heating4], j XB heating[5], or different initial thermal distribution. The absorptioA can be com-
sorts of skin effect§6]. The first two mechanisms are absent puted either from the plasma kinetic energy increase, or from
in the case of normal incidence in one dimension, since théhe time-integrated Poynting vector fluxes at the system
laser field has no longitudinal component to directly driveboundaries. Both methods were used, and their excellent
the electrons along the density gradient. Yet the magnetiegreement is a token of the code accuracy.
term of the Lorentz force is no longer negligible at high  Collisions are not included in our simulations, which is a
intensity and can play the same role: longitudinal oscillationshoice consistent with the relatively high value of the initial
are excited, which can heat a fraction of the plasma electroni¢mperatureT,,=10 keV. Then for the highest density that
[5]. Two-dimensional2D) kinetic simulations at moderate we consider K,=100n;) and 1 um light, vei/wo=<2
densitieg 7] have shown that a rough approximation for the X 103, justifying a collisionless description. Of course,

hot electron temperature was the plasma will not be created with such a high initial tem-
perature, but the foot of the UHI pulse, interacting with a
Th:¢p=mecz(\/l+a07—l). (1)  colder medium, will heat it collisionally up to around 10

keV, where collisionless coupling mechanisms become
The physics underlying this formula is straightforward: it dominant[9].
equates the characteristic suprathermal energy with the pon- The major constraint for this kind of simulation is the
deromotive potential of the incident laser wagg. Yet the  need to properly sample the classical skin layer, the width of
dependence on plasma density is not accounted for in Egvhich is roughlyls=c/w [6,8]. We chose for the mesh size
(1), while intuition as well as 1.5D simulations with denser Ax=1420 and used 55 particles per cell in the overcritical
plasmag5,8] suggest that it can play an important role. Theplasma. The corresponding time st&ap~2Ax/c, can cor-
goal of this paper is thus to elucidate the absorption andectly sample the plasma period. When these parameters are
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_ o FIG. 2. Trajectories of test electrons in the plasma, &g« 17
FIG. 1. Absorption(a) and average hot kinetic energh) ob-  anqn_=15n, (the laser wave, incident from below, reaclxes0 at
tained for the interaction of square laser pulse of normalized inteng—q)

sity ag with a homogeneous plasma of densitg.,=9,
17, 25, 50, and 10Q.. When the intensity is increased, the variations of absorp-
tion indicate that the interaction becomes nonlinear, and even
changed by+20%, relative dispersion in the absorption and“turbulent” for n,=9n.. Insight can be gained into the
kinetic energy resultsA/A and 5(Kp)/(K,) (defined below  heating mechanisms now operating by considering the orbits
is generally less thart5%. of test electrons plotted in Fig. 2. ThexB term of Lorentz
The variations of absorption with intensity are plotted inforce has a longitudinal component that acts on the surface
Fig. 1(a) for five plasma densities. Most of the absorbedelectrons; close to the surface, this time-varying contribution
energy is carried away through the right edge of the plasmé& always positive. Around its maximum, it creates a charge
by suprathermal electrons. The suprathermal flux is esseeparation between the electrons and ions, balanced by a
tially longitudinal. This could be expected from conserva-strong electrostatic restoring fie{ghaseA in Fig. 2). When
tion, at normal incidence, of the transverse generalized mahe vxXB force decreases, the electrons can expand into
mentum of the electrongp,—eA,, where A, is the vacuum over a distance of the order ©§/10 (phaseB).
transverse vector potential. At the right edge of the plasmaThree effects contribute to dephase their trajectories: the
where the electromagnetic fields do not propagétere-  relativistic amplitude of their motion, the variation of plasma
mains nearly equal to its initial value. Hence, the transverséequency with position, and the electromagnetic fields. As a
spread of the suprathermal electrons is negligible comparegsult, particle crossing occurs when the outer electrons re-
to the longitudinal heating. The distribution function of theseenter the targetphaseC) at twice the laser frequency. An
particles can generally not be approximated by a Maxwelliareffect similar to this “surface absorption” had already been
distribution, which would be characterized by its temperaturddentified in the laser wake-field accelerator context, where
Ty. Use of an average energy is more appropriate; to exelectrons emitted from the edge of the underdense plasma
clude the cold thermal contribution to this average, we cominto vacuum during their oscillations in the plasma wave are
pute it for electrons whose energy is higher than 100 keVinjected back into the wave and deplet¢lid].
Simple calculations with Maxwell-dter functions show There is no particular reason, in the above scenario, to
that above a temperature of 300 keV; this restricted averagenply that the hot electron temperature should be equal to
is a fairly good approximation of the temperatdil®]. The the ponderomotive potential. Indeed, in the high-intensity re-
result, denotedKp), is plotted in Fig. 1b) for the same gion of Fig. Xb), the average energfK,) is considerably
parameters as Fig.(d). Also plotted on this graph with a lower than¢,, and also less sensitive to the intensity. We
dashed line is the ponderomotive potenigl, independent expect the plasma density to play a dominant role in the
of plasma density. heating process. Let us recall that a free electron, in vacuum
At low intensity, as is apparent in Fig.(a), absorption (n,=0), cannot be heated by a plane laser wiglMe For a
grows with plasma density for our range of parameters. Thisinite plasma density, the space charge force will tend to drag
somewhat paradoxical property is, in fact, in good agreemertsack the accelerated electrons until they are deep enough in
with the results of Ref[6]: the key paramete&;écz/wf)vtze the target. To gauge the importance of this phenomenon, we
varies from 5.7 fom,=9n. to 0.5 forn,=100.. For these have computed the electrostatic potential gap(averaged
values, the absorption is mainly due to the so-called sheatbver two laser cycles during the interactiobetween the
inverse bremsstrahlung and is expected to grow with densitifradiated and back sides of the target. It turns out to be a
up ton,=50n;, which is exactly what we obtain. It is, how- very regularly growing function of the intensity, but de-
ever, remarkable that those trends predicted in the ligit creases with plasma densiwgb,/mec?~0.933n./n,. As-
<v/cC are still observed at relativistic intensities. suming that the characteristic electron recoil in the tafyet
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FIG. 4. Trajectories of test electrons around the edge of the

FIG. 3. Absorption(a) and average hot kinetic energl) ob- plasma, forao 17, Npas=9N¢, andL=3c/wy.
tained for the interaction of square laser pulse of normalized inten-
sity a3 with an inhomogeneous plasma. Four density profiles arechastically with a large longitudinal amplitude, as was re-
consideredn .= 17n. with L=0, 0.1, and 1, and,,,= 9n. with cently studied in a more academic way by Baetal.[12].
L=4c/wy. It is apparent in Fig. 4 that during these oscillations, some
o ) particles can randomly escape the interaction region and run
is given by a balance between the electrostatic @@  jnto the target. On the other hand, hot electron generation at
forces, we obtaim, X =avy Ic~ay, which yields the same  the |aser turning point is now reduced: a sharp density jump
scalings>nedx*=agn. /ne At low intensity, ¢ is smaller  at the reflection point is crucial in dephasing the electron
than (Ky,), but it always eventually overshoo{&;), at a trajectories, a condition that is only fulfilled for a small gra-
value of a3 that increases with density. This strong spacedient length. This heating process, which we term “volume
charge illustrates both the slowing down of suprathermals bwbsorption,” is very similar to that observed during the phe-
density effects, and the efficiency of electron heating at higlhomenon of self-induced transparen@y. the same longitu-
intensity and low density(In mobile ion simulations,¢$s  dinal oscillations can be observed behind the transparency
would also drag the ions into the target and steepen the deffront, where the incident and reflected waves also form a
sity profile) large amplitude standing wave.

The results presented above were obtained for a homoge- Finally, we can hold the laser intensity and maximum
neous plasma with a sharp boundary. Yet, a finite, evemplasma density fixed, but change the gradient length. The
small, gradient length can have a drastic influence on thabsorption and energy variations in this case are plotted in
interaction. The density profiles that we now consider are ofig. 5 for n,,,,=9n. and three different intensities. As pre-
the typeng(x) =xn./L from x=0 tox=Lny4/n, followed  viously noticed, the average energy grows with intensity and
by a plateau at density,,,,. A homogeneous plasma corre- gradient length. Absorption reaches a first maximum for a
sponds to the limiting casie=0. small value ofL, decreases and then grows again. The first

As we did in Fig. 1 forL=0, we represent in Fig. 3, as a maxima, observed at small gradient lengths, are, in fact,
function of intensity, the absorption and average energy o$imilar to the strong variations in absorption observed for a
suprathermal electrons for different gradient lengths. Resulthomogeneous plasma at “low” densityd{=9n. in Fig. 1).
for ng=17n., L=0 are also plotted for completeness. For aAbsorption in this regime is very sensitive to the details of
small gradient lengthl(=0.1c/ wg), the differences with the plasma surface. A tiny layer of electrons in front of the re-
homogeneous case are most pronounced at high intensitffection point will not drastically affect field propagation, but
the absorption is largdup to a factor of 2 and the electrons will be very efficiently driven by thesxB force and accel-
are slightly hotter. For a smoother profile, the most strikingerated out of phase with the bulk of surface electrons. Aver-
change lies in the increased average energy. On the wholage energy and absorption are then increased, since the slow-
the average energy increases with gradient length, and iag by the ambipolar field is lower for these specific
more regular growth of absorption with intensity is observedelectrons. When the gradient length is further increased, elec-
in an inhomogeneous profile. tron trajectories at the reflection point are no longer out of

The nonlinear heating mechanism that we previouslyphase and less hot particles are generated there. On the other
pointed at must be revised for an inhomogeneous plasmdand, there is now enough underdense plasma for volume
The incident and reflected waves form a nearly standing patieating to develop, and absorption eventually grows again
tern in front of the target. When the density gradient iswith gradient length, due to this second mechanism. For still
smooth enough, the laser reflection point is located inside themoother gradient lengttup to L =14~2.2\), absorption
plasma, and the electrons that are below this turning poinkeeps increasing with, up to values of the order af, (see
interact with this standing wave. It makes them oscillate stoFig. 5).
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creases essentially result from a better absorption in elec-

300 trons, not in ions. In spite of profile modification, it is still
relevant to make a distinction between the two heating
£ 200 i mechanisms observed for fixed ions. Ponderomotive steep-
s ening only occurs around the laser reflection point: the low-
3 density foot of a smooth profile will not be swept off, and
§ 10.0 volume absorption can take place there. But in addition, a
© sharp density jump can develop at the laser reflection point,
0.0 favorable to surface absorption. Hence, both coupling
2400 T T T . mechanisms can take place simultaneously in a smooth
b edged plasma when mobile ions are considered, leading to a
< 1800 ] higher overall absorption.
3 In conclusion, our simulations spanning a large range of
Z 1200 | . interaction conditions revealed three distinct coupling
s mechanisms. Skin effect predictions appear to be relevant up
® 600 T to a moderate intensityaf=<1). At higher intensity, the non-
) linear coupling drastically depends on the initial density pro-
%, ' 5 ' 10 15 file: for sharp profiles, the hot electron average energy is

definitely below the ponderomotive potential, and the ab-
sorption is low £10%). When the density gradient is flat-
tened, a transition from surface to volume absorption is ob-
Ferved, the latter generating hotter suprathermal distributions
and leading to a higher coupling efficien€$0% at maxi-
mum). The inclusion of ion motion in our simulations
slightly lowers the hot electron temperature, but the absorp-
tion increase can be important. Our results emphasize the
need of an accurate knowledge of the initial plasma condi-
We eventually performed some simulations with mobiletions t.o quantitatively interpret UHI Iaser_—plasma exper_i- .
ions (m. /Zm,=3672), in order to check our major assump- ments; thgy also suggest that recent experiments _under simi-
lar conditions[13] were affected by the expansion of a

tion of a fixed ion background. The electron energy is always . I
reduced in this case, since due to profile steepening, heatinoreplasma in front of the target, at the very beginning of the

now occurs in a region of higher density. For sharp edgetlﬂteractlon.

plasmas, absorption is slightly increadedy, by one thirg The authors acknowledge interesting discussions on re-
but this increase is much more importargughly a factor of lated topics with A. Andreev, A. Bers, J. Denavit, T. W.
2) for a smooth initial density profile. Note that these in- Johnston, G. Malka, P. Rambo, J.-M. Rax, and S. C. Wilks.

gradient length L (c/oy)

FIG. 5. Absorption(a) and average hot kinetic enerdly) ob-
tained for the interaction of square laser pulse with a plasma o
maximum densityn,.,=9n. and variable density gradiemt, for
three different intensitieaéz?, 17, and 27. The corresponding
ponderomotive potentials ar¢,=930, 1660, and 2190 keV, re-
spectively.
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