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Energy relaxation of the hot electron population generated by relativistic laser pulses in overdense
plasma is analyzed for densities ranging from below to 1000 times solid density. It is predicted that
longitudinal beam-plasma instabilities, which dominate energy transfer between hot electrons and plasma
at lower densities, are suppressed by collisions beyond solid density. The respective roles of collisional
energy transfer modes, i.e., direct collisions, diffusion, and resistive return current heating, are identified
with respect to plasma density. The transition between the kinetic and the collisional regimes and scalings
of collisional process are demonstrated by a fully integrated one-dimensional collisional particle

simulation.
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The interaction of ultrashort laser pulses of relativistic
intensities 7A> > 10'® W/cm? um? with matter generates
energetic electrons that penetrate deeply into solid targets
and deposit energy on subpicosecond time scales.
Understanding the transport and transfer of energy be-
tween these ‘“hot” electrons and the target is important
for many potential applications, as, for example, isochoric
heating of solid targets to high temperatures or the fast
ignition of compressed fusion targets [1,2]. The processes
responsible for the energy transfer, in particular, in a recent
fast-ignition experiment [3], are currently under debate.
Explanations differ between anomalous kinetic- [4] and
collisional effects [5].

This Letter deals with the partition of energy between
hot and thermal electrons in plasma at densities ranging
from just above to several thousand times critical den-
sity—defined by the location where a nonrelativistic laser
pulse is absorbed in a plasma. While kinetic effects in ul-
trashort intense laser-matter interaction and electron beam
transport through plasma have been the subject of research
for many years [6], not much is known about densities
beyond solid, for the following reason. The most widely
used numerical model for laser-matter interaction is the
particle-in-cell (PIC) model, in which the Maxwell-Vlasov
kinetic equations are integrated with a finite-element
method [7]. PIC simulations for plasma at greater-than-
solid densities are numerically challenging because (1) the
Debye length A, = v,/w,, which needs to be resolved in
order to avoid numerical self-heating, is <1 nm for 50 eV
solid-density plasma. In typical PIC simulations one initi-
alizes the plasma with keV temperatures to avoid this
effect; (2) the plasma skin length /; = ¢/w, needs to be
resolved to include collective phenomena like those dis-
cussed below. In many current hybrid codes I; is not
resolved. In addition, the Coulomb collision frequency is
close to the plasma frequency, so that collisional effects
like resistivity or diffusion cannot be neglected.
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In the following, we compare several mechanisms of
energy transfer between hot and cold electrons at plasma
densities beyond the critical density where the laser pulse
is absorbed. We focus on a one-dimensional scenario with
an appropriately resolved simulation of an electron beam
traveling up a plasma density gradient that includes the
effects of Coulomb collisions self-consistently [8]. We find
that (i) kinetic energy transfer from an electron beam to a
dense plasma is important at near-critical density, but it is
suppressed by collisions at solid density and beyond; (ii) at
solid density, resistive heating followed by diffusion and
direct collisions between hot electrons and the background
play the most important roles for energy transport and
transfer; (iii) at much higher densities, diffusion and direct
collisions dominate over resistive heating. We demonstrate
these effects in a fully collisional, one-dimensional PIC
simulation of an intense laser pulse interacting with a
plasma density gradient between under-critical to
10000 critical densities. Note that our studies are restricted
to longitudinal effects. Preliminary results indicate that our
conclusions apply to transverse kinetic instabilities, as
observed in 2D collisional PIC simulations [9]. However,
there is an ongoing discussion about the role of transverse
electromagnetic modes with respect to energy transfer
between an electron beam and a plasma [10].

In a first step we consider the role of longitudinal kinetic
effects on the transfer of energy between a beam of parti-
cles and a background plasma. The excitation of longitu-
dinal modes in a plasma via electric fields represents a
transfer of energy from the laser-generated hot beam into
the background [11]. The “weak-beam-plasma’” instability
growth rate

I, = O'Swp(nb/np)(vh/vb,th)z’ (1

is related to the background plasma frequency w, =

Vame*n,/m,, to v,/v,, =1, and the beam-to-plasma
density ratio nh/n,, [12]. For a hot beam, the thermal
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velocity spread v, > y/k,, where vy is the cold beam
growth rate. In the presence of collisions within the back-
ground plasma, however, plasma wave growth will be re-
duced and even suppressed as soon as the growth rate I';, is
exceeded by the damping rate, which is defined by the elec-
tron collision frequency v, = (87r/3/3m,)(n.e*InA)/
(kT)3/2 [13]. For laser-matter interaction this will be the
case near solid density. Figure 1 gives an overview over re-
gimes of energy transfer between an electron beam at a
constant density 7, = 10>! cm™* and a background plasma
[14]. All rates shown assume a uniform electron beam in-
jected into a plasma with a current density n.c in a one-
dimensional geometry. Figure 1 allows two conclusions:
(1) at low density the growth times for kinetic energy
transfer are of the order fs, while beyond solid density
the growth times are of the order of several tens of fs even
without collisions; (2) collisions within the background
plasma will suppress longitudinal beam-plasma instabili-
ties at roughly solid density for all reasonable values of the
background temperature. The location of the boundary be-
tween the kinetic and the collisional regimes depends on
the hot electron beam density n,;, and the background tem-
perature. In our simulation below we find n, = 0.3n, in
1D. This shifts the indicated boundary to lower densities.

We now analyze the respective roles of collisional ef-
fects on energy transfer between hot and cold electrons at
and beyond solid density, where kinetic effects are sup-
pressed. We start from the Vlasov equation with a Fokker-
Planck collision term for a two-temperature electron dis-
tribution in one dimension, neglecting magnetic fields and
ion motion for the moment [15]; note that stopping of en-
ergetic ions can have a important effect, see below. The
leading terms for the evolution of the cold temperature are:
diffusion, resistive heating by the cold return current (equal
in magnitude but opposite to the hot beam current), and
collisions between hot and plasma electrons (drag heating)
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FIG. 1 (color online). Regimes of energy transfer between an
electron beam with n, = 10?! cm™? and a plasma. Plotted are
the growth rate I'; of the hot beam-plasma instability, the cold
electron-ion collision frequency v; for 100 and 1000 eV, elec-
tron plasma frequency w,. Kinetic modes are suppressed if I' <
Vg, as indicated by the shaded area.

where j, = en;c is the hot electron current with n, = an,

and the critical density ny = 10?! cm™3, while « =

(16+/2/73/%) X (kT)5/%/(e* ml/2 InA) is the electron ther-
mal conductivity, o = n.e*r./m, is the electric conduc-
tivity, and 7, = (»,)”' is the collision time for cold
electrons in a fully ionized plasma [16]. Replacing the
spatial derivative with a length scale Ly of the cold tem-
perature profile, we arrive at scalings that compare the
roles of each partial contribution

dr/dif 1/7 4/7. 2/7
TS > 1207, Vo 7Ly 0,

Tres/d1f > 600a 2/5L2/5 (3)
7o/ > 225007, a®/*n_ 34,

Here n. ,; stands for the cold electron density in units of
103 ecm ™3, T, .y for the cold electron temperature in eV
and Ly is the scale length in wm. The first equation
compares drag heating with diffusion, the second compares
resistive heating with diffusion, and the third compares
resistive with drag heating.

Figure 2 illustrates Eq. (2), assuming an electron beam at
temperature 7, = 0.4 MeV and density n, = 0.3n; in a
plasma with a diffusion scale length of Ly = 10 pm,
corresponding to the simulation parameters below. The
colored lines representing Eqs. (3) indicate where the
leading term changes. At solid density and temperatures
below several hundred eV, resistivity and diffusion domi-
nate; drag heating only plays a role for negligible tempera-
ture gradients, i.e., at late times and deep in the target. On
the other hand, at high densities n > 10% cm™3, drag
transfer dominates over resistive heating at lower tempera-
tures. The shaded area on the top left indicates a region in
phase space where the cold electron mean-free path tends
to become smaller than the temperature gradient length; in
this case the diffusion approximation cannot be made. The
topology of Fig. 2 is independent of the free parameters («,
T, L7), meaning that all three curves defined in Egs. (3)
intersect roughly in one point. Note that in the relevant
density range the drift velocity of the cold return current
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FIG. 2 (color online). Energy transfer mechanisms in the (7,
T) phase plane, plotting the leading terms of Eq. (2). Diffusion is
suppressed when /; < Ly, indicated by the shaded area.
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electrons never exceeds their thermal velocity, so that the
anomalous collision frequency associated with ion acous-
tic turbulence excited by the return current is smaller than
the ion plasma frequency and thereby much smaller than
the Coulomb collision frequency. This means that colli-
sional processes dominate over turbulence even at low-
range densities [17].

These scalings are demonstrated by a fully integrated
collisional one-dimensional particle-in-cell simulation
with the code PICLSID [8]. The simulations models laser
produced hot electron transport in a plasma density gra-
dient ranging from 10*> to ~10% cm™3, as shown in
Fig. 4(a) with a solid line. The 5 wm region at a density
5% 102 cm™3 at x = 15 um is meant to block off the
laser radiation, but it also provides hot electrons by the J X
B acceleration, and fast ions by the sweeping acceleration
mechanism [18]. Behind the slab plasma, density increases
exponentially from 10?% to ~10% cm ™3 over 30 wm. The
plasma consists of an initially neutral mixture of electrons
and protons with m, = 1836m,. Its density at the rear of
the slab plasma is sufficient to suppress the strong sheath
field usually generated by hot electrons; hence there is no
strong ion acceleration. The initial electron temperature is
set to 160 eV, which is sufficient for an ideal Spitzer
collision model for the whole range of the initial plasma
density avoiding degeneracy. The driving laser pulse has a
Gaussian profile with a full width half maximum pulse of
~500 fs and a peak intensity 10'° W/cm?. We use 500
particles per cell and weight particles to generate the
density profile. At the boundaries, fields are absorbed and
particles are reinjected with the initial temperature. While
our mesh size of 5X 1073 um is larger than the initial
plasma Debye length, numerical heating is suppressed by
using a third-order-interpolation scheme for both currents
and fields.

Figure 3(a) shows the electron longitudinal momentum
versus plasma density at their initial position, excluding
hot electrons from the laser-plasma interaction. It is clearly
seen that the electron momentum spreads and has a high-
energy tail at densities below 10?* cm ™3, due to the longi-
tudinal plasma wave mixing as confirmed in Fig. (4a’). The
dense plasma (above 10?* cm™3) is also heated up, but
there is no high-energy tail. An otherwise identical kinetic
simulation (i.e., without collisions) shows the high-energy
tail even in the extremely dense plasma >5 X 10?3 cm ™3,
see Fig. 3(b). These results agree with our analysis in Fig. 1
showing that kinetic effects are negligible in the extreme
dense plasma when Coulomb collisions are included. The
boundary of the kinetic regime and collisional regime is at
~10? cm 3. Figure 4(a) shows the longitudinal electron
phase space at 165 fs, illustrating the excitation of the
longitudinal plasma wave, as shown in Fig. (4a’). The
beam density was constant with ~0.3n, during laser irra-
diation and its temperature is about 400 keV. At densities
of a few 10> cm™3, strong plasma waves are excited and
hot electrons are mixing with the coronal plasma while
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FIG. 3 (color). (a)Longitudinal electron momentum vs plasma
density at the initial particle’s location, i.e., local particle weight,
at 660 fs. Plasma is strongly heated only up to a density of
10% cm™3, consistent with our analysis in Fig. 1. (b) Compari-
son of the longitudinal momentum at 660 fs in extremely dense
plasma (>5 X 10?* cm™3) between kinetic and collisional cases.

losing energy. Their longitudinal momentum spreads
widely and has high-energy tails.

Figure 4(b) illustrates heating in the extremely dense
area above 5 X 10%* cm™3, where collisional processes
dominate. Resistive heating can be observed shortly be-
tween ¢ = 200-300 fs. When this mechanism is saturated,
the local electron temperatures are 0.8 (x = 36 um, n, =
5% 10% cm™3), 0.6 (at x = 40, n, = 10**), and 0.5 keV
(at x = 50, n, = 8 X 10%), respectively. Note that these
temperatures are consistent with the threshold tempera-
ture of the region where the resistive heating is domi-
nant in Fig. 2. Afterwards diffusion dominates the heat-
ing below 10%* cm™® (x <40 wm). This is seen in
Fig. 4(b) from 400 fs to 1 ps. In the extremely dense area
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FIG. 4 (color). (a) An electron phase plot (x — p,) at 165 fs.
The red particles are hot electrons directly heated by the laser
pulse and the blue ones are particles in coronal plasmas.
(a’) Closeup snap in a range of x = 19-23 pum. (b) A contour
plot of temperature [keV] in dense plasmas, 5 X 10> cm™3 (hot
electrons are excluded in this plot).
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(n,=8X10**cm™3, x > 40 um), the electron tempera-
ture is sustained, which means the electron thermal energy
is maintained by the hot electrons’ drag heating, compen-
sating for thermal energy exchange with the ions. Heating
after 1 ps is due to bunches of fast ions. In addition, our
kinetic results allow the conclusion that the contribution of
(essentially kinetic) runaway electrons to transport is neg-
ligible, supporting the hydrodynamic approach pursued in
Eq. (2). Preliminary 2D simulations give similar results to
the ones shown, indicating that our conclusions for longi-
tudinal modes also hold for those oblique with respect to
the beam where the treatment is more complex than out-
lined above [17].

Applying our results to the experiment, we find that:
(i) diffusive heat transport is a surface effect that can be
neglected compared to resistive effects because the long
mean-free path of the laser-generated MeV electrons (typi-
cally several 100 wm) leads to uniform heating; (ii) resis-
tive heating can be estimated from Eq. (2), bearing in mind
that the cold return current is replaced by a hot, i.e., less
collisional current as soon as the fast electrons reach the
rear surface. For a background density n, =10>cm™3
and a current density j.=0.len,c one finds T,(r) =2 X
1071‘3/ >, After roughly 30 fs this gives 7. = 80 eV, which
is consistent with time-resolved spectroscopic measure-
ments [19]; (iii) over several picoseconds, drag heating
and diffusion play a significant role for the hot electron
relaxation.

The resulting general picture of the energy partition be-
tween a laser-generated hot electron beam and a cold dense
plasma is the following. When a laser-generated beam of
hot electrons enters the solid and ionizes the material, it
causes a space-charge electric field to which the plasma
reacts with a return current almost immediately, i.e., on the
time scale a);l. This current j, = (0.1-0.3)enyc will ther-
malize after a time »;! and generate a resistive electric
field E = j, /o, where o is the cold plasma conductivity.
In the case of a thin target, resistive heating ceases after the
hot electrons reach the rear surface and form a hot return
current. In a thick target resistive heating dominates beam
transport, raising the background temperature until diffu-
sion sets in [20]. Diffusion balances local gradients in the
background temperature in competition with resistive heat-
ing. Direct collisions between beam and plasma electrons
contribute to the energy balance only after picoseconds,
i.e., long after the laser pulse, or at very high density. Our
assumption of a one-dimensional beam is an oversimplifi-
cation that can be corrected for by using an effective hot
electron density. From recent experiments [21] and kinetic
two-dimensional simulations [9], we know that an electron
beam will diverge in the solid at an angle of roughly 30°,
causing a substantial drop in beam density and a subse-
quent delay in energy transfer deeper in targets. Recircu-
lation can compensate for that only to some degree in that
refluxing hot electrons overlap with later parts of the beam,
enhancing their effective density in the target [22].

We conclude that the transfer of energy from laser-
generated hot into thermal electrons in dense plasma is
collisional, while kinetic modes of energy transfer are
strongly suppressed. Resistive heating is the quickest
mechanism and plays a dominant role, before either recir-
culation sets in or the target heats up locally so that drag
heating or diffusion dominate, depending on the density
and temperature gradient length scale. The former has
likely been observed in Ref. [5]. Direct collisions between
hot and cold electrons are important for experiments with
thin foil targets (<100 wm) over picosecond time scales
including adiabatic expansion. This guides a path towards
an integrated model of electron transport in large-scale
dense plasma: it might be justified to underresolve the
Debye length and skin length at high densities where colli-
sional effects suppress longitudinal modes of the plasma.
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