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Abstract. The acceleration of sub-wavelength, solid-density plasma foils
by the ultraintense radiation pressure of circularly polarized laser pulses is
investigated analytically and with simulations. An improved ‘Light Sail’ or
accelerating mirror model, accounting for nonlinear self-induced transparency
effects, is used for estimating the optimal thickness for acceleration. The model
predictions are in good agreement with one-dimensional simulations. These
latter are analyzed in detail to unfold the dynamics and self-organization of
electrons and ions during the acceleration. Two-dimensional simulations are
also performed to address the effects of target bending and of laser intensity
inhomogeneity.
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1. Introduction

Present-day laser systems may deliver at their focal spot intensities up to 10> Wcm™2,

and possibly even higher in the near future. The radiation pressure on a reflecting object
corresponding to such intensities would exceed terabar values, driving strong compression
and acceleration of matter. A few experiments have already given some evidence of strong
radiation pressure (or ponderomotive) effects in various regimes [1]—[3]. The possibility to
develop laser-driven sources of high-energy ions based on radiation pressure acceleration (RPA)
is of particular interest. Theoretical studies [4]-[6] have shown that in the interaction with
ultrathin (sub-micrometric) foils at intensities exceeding 10> W cm ™2, the dominant mechanism
of ion acceleration may be RPA instead of target normal sheath acceleration (TNSA), which
has been intensively investigated experimentally (see [7] for a review). A regime of radiation
pressure dominance may also exist at lower intensities, if circular polarized (CP) laser pulses
at perpendicular incidence on the target are used. In such conditions, TNSA may be ruled out
by the strong quenching of high-energy electron generation for CP pulses [8]. The regime of
RPA with CP pulses has been recently investigated in many theoretical papers for different
laser and target conditions, including thick targets (‘hole boring’ regime) [8]—[13], structured or
composite targets [14]-[18], and ultrathin foils [19]-[29]. The effects of elliptical polarization
were also studied [30, 31]. First experimental results were communicated recently [32]-[34].
In this paper, we focus on ultrathin foil targets. Although experimentally challenging, such
a regime appears to be feasible due to the present possibility of both manufacturing targets as
thin as a few nanometers, e.g. diamond-like carbon (DLC) foils, and avoiding early disruption
of such targets by prepulse effects thanks to the use of techniques such as the plasma mirror to
obtain extremely ‘clean’ pulses [35]. Early theoretical studies both for linearly polarized pulses
in the radiation pressure-dominated regime [4] and for CP pulses at lower intensities [19]-[22]
suggested that an ultrathin foil may be accelerated as a whole, leading to a monoenergetic
spectrum of ions. In addition, the acceleration process is highly efficient and the energy per
nucleon scales favorably with the laser pulse energy. These features are in agreement with the
predictions of the simplest model of thin-foil acceleration, which assumes the thin foil target
to be a perfectly reflecting, undeformable, plane mirror boosted by the radiation pressure of an
electromagnetic (EM) plane wave (corresponding to the laser pulse) at perpendicular incidence.
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This regime of RPA has also been named ‘Light Sail” (LS), and in the following we refer to the
‘accelerating mirror’ model as the LS model.

This paper is organized as follows. In section 2, we present an analytical model that
improves the basic LS model by including the effect of the nonlinear self-induced transparency
(SIT) of the foil at ‘relativistically’ strong laser intensities. It is found that SIT effects determine
an ‘optimal’ value of the foil thickness for which, given a laser pulse, the foil velocity is
highest. The predictions of the model are found to be in good agreement with one-dimensional
(1D) particle-in-cell (PIC) simulations for what concerns the energy of the spectral peak of
‘monoenergetic’ ions and the conversion efficiency.

In section 3, the dynamics of thin-foil RPA is analyzed in 1D PIC simulations. It is found
that the distribution of electrons and ions undergoes a dynamic self-organization to maintain an
equilibrium condition for electrons where the electrostatic and ponderomotive forces balance
each other. It is found that in general the spectral peak contains just a fraction of the total ions,
the actual value depending on the target and pulse parameters.

In the final section 4, the acceleration of foils with thicknesses close to the ‘optimal value’
is further investigated with two-dimensional (2D) simulations, addressing the effects of target
bending and of laser intensity inhomogeneity.

2. Thin-foil modeling

2.1. Review of the LS model

The LS model takes into account an EM plane wave of frequency w and intensity I = I (¢),
perpendicularly incident on a foil of mass density p, thickness £ and reflectivity R = R(w). In
the rest frame of the foil, neglecting dissipative effects, the radiation pressure is given by

1
Poa=2R—. (1)
C

Note that equation (1) is different from the known expression for the case of incidence on a
semi-infinite medium

1
Prad:(1+R)E’ (2)

which does not vanish if R =0 because the transmitted wave does not leave the target and
deliver all its momentum there.

By a Lorentz transformation of the force on the foil and of the intensity and frequency of
the EM wave, the following equations of motion for the foil in the laboratory frame are obtained:

d B 20¢=X[o), ,1-P

G B =r g =T R (3)
ax _ 4
dt _ﬂc7 ()

where B = V/c is the velocity of the foil in units of the speed of light ¢, " = w+/(1 — B) /(1 + B)
is the EM wave (laser) frequency in the rest frame and y = (1 — g2)~1/2.
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For R =1, i.e. taking the foil as a perfectly reflecting mirror, the model yields a simple
solution for 8 = B(w), where w =t — X /c is the retarded time, as a function of the pulse fluence
F (the pulse energy per unit surface) [36, 37]:

C[1+EwW)P -1

P = et ®)
ey =Y )= / " I dw. (6)
plc? 0

This expression can also be retrieved from the more general derivation given in section 2.3. The
corresponding energy per nucleon is

cz—gz(w) .
2[E(w) + 1]

The instantaneous efficiency n, i.e. the ratio between the mechanical energy delivered to the foil
and the incident pulse energy, is also a simple function of 8 [36, 37] or, equivalently, of £:
2B(w) 1
p= =l . ®)
1+B(w) [E(w)+1]

Thus, n — 1 when g(w) — 1, i.e. when & — o0.

The final velocity of the foil g¢ and the corresponding energy per nucleon E, are obtained
trivially by rewriting equations (5)—(7) as a function of the total energy, i.e. by taking £ = £(00).
In practical units,

-1 -1
g~22— d ¢ . 9)
108Jem™2 \1gem—3 10nm

It is also useful to rewrite £ as a function of the relevant dimensionless parameters: the
amplitude of the pulse ay = /I /m.c3n. (with n, = m.w?*/4me?* the cutoff density), the surface
density ¢ = m(n./n.)(€/A) (with A =2mc/w the laser wavelength) and the duration of the
laser pulse 7 in units of the laser period T =2m/w = A/c. By estimating the total fluence
F~I(Tt) = mec’n.T (aj7), we obtain for €

E(w) =myc’[y (w) — 1] =m, (7

2mecznca§tk Z me agr
Ex —mm —— =27 ————. (10)
m;in;fc3 Amy ¢
Figure 1 shows B and E, as a function of ait and ¢ (Z/A =1/2 has been assumed). To
convert from/to practical units, for a laser wavelength A = 0.8 um and a fully ionized DLC
target (p =2.2gcm ™, ne/n. = 384), we find alt = 1.73F/(10* Jem™?) and ¢ = 1.5¢/(1 nm).

2.2. Nonlinear reflectivity

To include the effects or partial reflectivity (R < 1) and SIT into the LS model, we first look
for a suitable analytical expression of R. We use the model of a delta-like ‘thin foil’ [38], i.e.
a plasma slab located at x =0 with electron density n.(x) = nofl8(x). The model gives the

following expression for R in the rest frame of the foil:
R = ! (11)
BT
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Figure 1. Analytical results from the LS model. The final velocity of the foil
Br and the corresponding energy per nucleon E, are given as a function of the
dimensionless pulse fluence a3t and for the values of surface density of the foil
¢ =1 (black line), 3.16 (green), 10 (blue), 31.6 (orange) and 100 (red). The
values on the upper horizontal axis give the fluence in Jecm™ corresponding
to ajt for A=0.8 um. For a DLC target, ¢ =2.6¢/(1nm). The solid lines
correspond to equation (5) i.e. to the case of a ‘perfect’ mirror with reflectivity
R = 1. The dotted lines correspond to equation (17) where the effects of pulse
transmission through the foil have been taken into account (for ¢ > 10, solid and
dotted lines cannot be distinguished).

) 2 +2\2
I,:1+a()2 ¢ +\/<1+ao2 §)+§2’ (12)

which is very well approximated by

e |17+ @< VT,
| ¢¥al (ao > V1+22).

Note that I" is the relativistic factor for electrons in the thin foil (calculated self-consistently with
the EM fields). It is thus apparent that the SIT is due to the relativistically increased inertia of
electrons, as m. is replaced by m.I" in their equation of motion. The expression for ay < /1 +¢?
corresponds to that obtained in the linear regime, i.e. for sub-relativistic intensities.

Equations (11) and (13) for R are both plotted in figure 2, showing that the transition
from the linear to the nonlinear regime is quite sharp and that equation (13) provides an
excellent approximation. We may thus define a threshold condition for relativistic SIT as
ap=+/1+¢22>~¢ when ¢ > 1, i.e. in most cases of interest. Combining equations (1) and (13),
the total radiation pressure P,,q on the target becomes independent of a, for ay > ¢. Thus, ag >~ ¢

(13)
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Figure 2. Nonlinear reflectivity R as a function of incident wave amplitude
ap and for several values of the ‘optical thickness’ ¢. Thick and dashed
lines correspond to the ‘exact’” formula (11) and to its approximation (13),
respectively.

gives the condition of maximum radiation pressure on the (immobile) foil, and one would expect
the RPA of the foil to saturate for ay > ¢. Actually, simulations show that in this regime the
interaction is rather dominated by the effect of expulsion of electrons from the foil, leading to
a transition from RPA to a Coulomb explosion [28]. Hence, the LS model is appropriate for
ag < { .

2.3. Improved LS formula

According to equation (11), the reflectivity R is independent of a in the ag < /1 + ¢? range,
and for ¢ > 1, corresponding to most cases of experimental relevance, R >~ 1 is a very good
approximation. Nevertheless, thin-foil manufacturing technology seems able even to approach
values of ¢ not much larger than unity; hence it is of some interest to consider how the LS
formulae are modified in the ay > ¢ 2 1 regime.

Using R >~ (1+¢~2)~! and switching to the retarded time w, equation (3) becomes

% _ -3 -1 L1=8
T peczl(w))/ (1+8) <1 +¢ —1+/3> (14)
(note that dw = (1 — B)dr). By switching to the variable b(w) = /(1 — 8)/(1 + B), we obtain
_ . db 2
b (w) [1+56*(w)g 7] o= —pgczl(w), (15)

which can be integrated with the initial condition (0) = 1, corresponding to 8(0) = 0, to yield

bl (w)—1—¢2b(w)+¢ 2= /wl(w’) dw' = E(w). (16)
0

plc?
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Figure 3. Foil velocity as a function of Q¢ defined in (18) for ¢ = 1 (green lower
curve) and for ¢2 = oo, i.e. a perfectly reflecting foil (blue upper curve).

By solving (16) for b(w) and rewriting the result for 8, we obtain

[1+Ew) — 2P (1 +/T+4C 21+ E(w) — ;*2172) 42022

p(w) = 17)

[1+Ew) — 2P (1 +/T+4L 21+ E(w) — ;—2]—2) +20242

In the limit of ¢ — oo, i.e. R — 1, one recovers equation (5). As shown in figure 1, the
difference between (5) and (17) (and between the corresponding energies) is important for
¢~ 1.

For a constant intensity 7, i.e. for a ‘flat-top’ temporal profile of the laser pulse, the fluence
can be written as a function of time as

21t Z mg ag t
E) = =2n————=Qt, (18)
plc? Amy ¢ T
where T is the period of the laser radiation. In this case, explicit analytical expressions for B ()
and X (¢) can be given as a function of ¢ and Q2 [39]. The result for B(¢) is shown in figure 3
for the two cases { = 1 and ¢ = oo. The latter corresponds to the known solution for a perfectly
reflecting mirror [4, 21], which is formally identical to the solution of the longitudinal motion
of a charge during Thomson scattering from a plane wave [40].

2.4. Optimal thickness for ion acceleration

We now use the LS model with SIT effects included to provide an estimate for the value of foil
surface density {nax (corresponding to thickness £, for a given target material), which, for a
given laser pulse, leads to the highest foil velocity. In the regime of sub-relativistic intensity, {yax
may be obtained by differentiating (17) with respect to ¢ at fixed pulse fluence. However, for
very high intensities, ¢,y 1S ultimately determined by SIT effects; thus the complete nonlinear
expression for R (11) must be used. In the LS equation of motion (3), the expression for R(w’)

New Journal of Physics 12 (2010) 045013 (http://www.njp.org/)
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now reads
1
R(w) =R = , 19
@I =KD = mrea-pa+p (1
2
1+a2 —¢2(1 1— 1+a} —27% 1
- 1t% ¢(1+p)/( ,3)+ 0 6 ) 42 +,3. 20)
2 2 1-8
By using the variable b(w) as in equation (15), we now obtain
db 2
[b_z(w)+F2(b)§_2]d— =7 ST (w), (21)
w plc
which can be integrated for a constant intensity / (w) = I:
b
b 'w)y—1—-¢72 [ T®)db = E(w). (22)

1

Using the implicit equation (22), b(w) and SB(w) can be obtained numerically. By
differentiating (22) with respect to ¢ at a fixed acceleration time 7 (which should approximately
correspond to the duration of the laser pulse), it can be shown [39] that ¢,.« lies in the interval

Qr\' e & J1+a? (23)
~ — 7 < {lmax < )
21 o 2 ¢ o

where €2 has been defined in (18). Equation (23) shows that for 2t <« 1 the optimal thickness

iS Cmax = / 1 +a§ > ay, corresponding to the maximum radiation pressure on the immobile thin

foil as found in section 2.2. As Qt 2 1 increases, e.g. for increasing pulse duration (keeping
other parameters fixed), {n.x may become smaller than ay. This effect may be ascribed to the
increase of the reflectivity and the decrease of the intensity in the rest frame of the foil as it
is accelerated to high values of B. Since Q7' >~ 6 x 10> T(¢ /aj), this effect is relevant only
for long (hundreds of periods) pulses. We may thus conclude that the condition of ‘optimal’
thickness, given by our improved LS model with SIT effects included for a pulse of constant
amplitude a, is given by

é-max = ap. (24)

In figure 4, the energy per nucleon E, and the efficiency n obtained from the numerical
solution of (22) for B(oco) are compared with the results of the 1D PIC simulations that were
previously shown in figure 1 of [24]. In these simulations, 1 is calculated as the ratio between the
total energy of the ions and the energy of the laser pulse. Both E|, and n are shown as a function
of the target thickness ¢ and for three different values of the peak pulse amplitude ay. For all
simulations, n, = 250n., Z/A = 1/2 and the pulse has a full-width at half-maximum (FWHM)
duration of 9 periods with a sin’> envelope for the field. A fairly good agreement between the
model and simulations is found. Part of the discrepancy may be ascribed to the effect of the
pulse envelope; for simulations with a flat-top envelope (i.e. a nearly constant amplitude), the
observed ‘optimal’ thickness is in closer agreement with equation (24).

Several other authors give for the optimal thickness the same scaling of equation (24) but
often with different numerical coefficients. Yan et al [23] give the following range,

_f
w(1+R)\/?
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Figure 4. Energy per nucleon (a) and efficiency of energy conversion into ions
(b) obtained as a function of target thickness ¢ and pulse amplitude a, for a laser
pulse of duration T =9 cycles and an electron density n. = 250n.. The solid
line gives the values corresponding to the numerical solution of (22) for 8. The
diamonds give the values obtained from parametric 1D PIC simulations.

using an argument of pressure balance but not accounting for SIT effects, since equation (2)
is used for P.q. A critical comment by Ji et al [41] about the ay < 2¢ condition appears
to originate from a missing 2 factor [42]. Tripathi et al [26] give a condition identical to
equation (24), accounting for the ‘relativistic’ modification of the plasma refractive index but
using a calculation for a semi-infinite plasma profile. Finally, Esirkepov et al [5] observe
in multi-parametric simulations a condition of the form ¢y.x >~ 37 +bJ1 , where b is an
appropriate constant factor, and notice its similarity with the SIT condition of a thin foil;
however, the simulations are performed for linearly polarized pulses and for parameters not
corresponding to the radiation pressure-dominated regime. An additional source of difference
may be indeed the 2D (instead of 1D) nature of the simulations, as we also find ¢« to be larger
than indicated by equation (24) in 2D simulations (see section 4 below).

3. Electron and ion dynamics in one dimension

The comparison with 1D PIC simulation results shown in figure 4 shows that the simple LS
model of section 2 is remarkably successful in predicting ion energy as a function of pulse
energy and foil thickness. Moreover, for ay < {imax the further simplifying assumption of a totally
reflecting foil (R = 1) is appropriate. The dynamics underlying the RPA of the thin foil is,
however, more complex than what the simple ‘mirror’ model might suggest. Unfolding such
dynamics with the help of simulations helps to explain why some of the observed features seem
to be in contrast with the model assumptions. Such features have been discussed in [28]. In
the following, we start by recalling the results we obtained in [28] and go a step further in the
analysis.

The LS model assumes the foil as a ‘rigid’ object, so that all the ions and electrons move
coherently at the same velocity V = B¢ of the foil. However, the 1D simulations show that the
spectral peak, centered at the energy predicted by the LS model, contains only a fraction of the
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(a) (b) e

T IS
0 X() x

Figure 5. Cartoon showing how two ion populations are formed. The schematic
profiles of the ion density n; (green), electron density n. (blue) and electrostatic
field E, (red) are shown at two different times. Part (a) corresponds to the early
stage of the interaction where ions have not moved yet, so that their density
equals the initial value n(, and electrons have piled up under the action of the
ponderomotive force f, in the d < x < £ or ‘Sail’ (S) region. The 0 <x <d
region of electron depletion is named as the ‘Tail’ (T) region. Part (b) shows
the stage of ion acceleration. Ions in the T region are accelerated by their own
space-charge field as in a Coulomb explosion, so that the ion density decreases
in this region. Ions in the S region (x > X (¢)) are bunched and accelerated by
E., which in this region equals f;,/e, and move with the electrons at velocity V.

total number of the ions. Those ‘monoenergetic’ ions originate from a layer at the rear surface
of the foil. The rest of the ions form an exponential-like ‘pedestal’ in the spectrum.

We explain the formation of the two ion populations with the help of the cartoon in figure 5.
As the laser pulse impinges on the overdense plasma, the electrons are pushed by the steady
ponderomotive force f;,, whose integral over the whole target depth equals the radiation pressure.
Thus, electrons pile up in the region d < x < £ of figure 5, which we call the ‘Sail’ region. The
electron displacement generates the space-charge field E, >~ f,/e to balance the ponderomotive
action. (If R >~ 1, almost no electrons are pushed out of the foil, because the EM field and the
ponderomotive force vanish at the rear surface of the foil; the electron compression does not
change R in 1D since the product n.¢ is constant.) Ions in the Sail are accelerated and bunched
by E, [8, 28] and move together with electrons. The Sail is thus negatively charged during the
acceleration because it contains all of the electrons in the foil but just a fraction F ~1—d /¢
of the ions. An estimate for the condition of pressure equilibrium gives F >~ 1 —ay/¢, showing
that F' can be significantly smaller than unity as ay approaches ¢.

The analysis of 1D simulations confirms the above-described scenario. Typical snapshots
of density and field profiles are shown in figure 6(a) for a simulation with ay =12, v =9,
ne/n. =100 and ¢ = 0.05, so that ¢ = 15.7. Both a fine spatiotemporal resolution (Ax = cAt =
A/2000) and a high number of particles per cell were used to resolve accurately the dynamics,
and in particular the density variation that involves both the strong spiking in the Sail region and
the rarefaction in the Tail region.

The Sail moves with a well-defined velocity V, so that ions in the Sail are monoenergetic.
The velocity V satisfies the LS equation (3), where, according to the comparison with

New Journal of Physics 12 (2010) 045013 (http://www.njp.org/)
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Figure 6. Snapshots from a 1D PIC simulation of the interaction of a laser
pulse with a thin plasma slab. Ion density n; (green), electron density n. (blue),
longitudinal electric field E, (red, dashed) and pulse field amplitude E; =

[E )2 + EZ2 (red, dotted) are shown. Plots in row (a) correspond to the early stage

of the interaction when electrons pile up at the rear side of the foil and a charged
layer at the rear side is accelerated. Plots in row (b) correspond to later times
when the laser pulse decouples from the foil and excess electrons are accelerated
backward leaving the charged layer. Note that the scales of the x and n.; axes
have been changed in (b) with respect to (a) for better visibility. The target left
boundary is at x = 0 where the pulse impinges at ¢ = 0. Times are normalized to
the laser period T, fields to Ey = m.wc/e and densities to n. = m.w?*/4me?. The
laser pulse has peak amplitude ay = 12 and a ‘flat-top’ profile with a duration
of 9T (FWHM) and 1T rise and fall times, the foil thickness is £ = 0.05A, the
electron density n, = 100n, and Z/A = 1/2.

simulations, the fotal thickness ¢ of the foil, i.e. the total mass, must be used. This may actually
sound surprising because the Sail’s mass is >~ F times the total mass and the total pressure on
ions is lower than P,,4. In fact, in 1D the equilibrium condition for electrons is

/(_e)neEx dx = / nefp dx = P, (26)

New Journal of Physics 12 (2010) 045013 (http://www.njp.org/)
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Figure 7. Red solid line: temporal evolution of the peak of the electrostatic field
E, from the same simulation of figure 6, E., () = E,(x = X(¢)). Blue solid

line: velocity of the peak position V (#) = dX/dt. Purple dashed line: function
Eqt)=En(0)(1-=V/c)/A+V/c).

while the total electrostatic pressure P.; on ions is given by
P, = / Zen; E, dx 227)

(the ponderomotive force on ions is smaller than f, by a factor ~ m./m; and is thus negligible).
Only in the case of local charge neutrality Zn; = n., would we obtain P, = P,,q. However, in the
Sail, Zn; < ne, so that P; < Pq. The calculation of P, from the approximate initial profiles of
n; and E, (figure 5(a)) in equilibrium conditions shows that P.; = F P4 [28]; thus the equation
of motion for the Sail can be written as

d Pes PradF Prad
d_('B y)= 5 = ;= X
t plFc plFc plc

which is equivalent to equation (3).

In the 0 < x <d region, which we call the ‘Tail’ region, complete electron depletion
occurs. In the Tail, ions are accelerated by their own space-charge field, as in a Coulomb
explosion, resulting in an ion density that decreases with time and in a broad energy spectrum.
Actually, not all the ions in the Tail remain at all times behind the Sail front, i.e. in the
x < X(t) region. This is related to maintaining a mechanical quasi-equilibrium for electrons
during the acceleration. As the Sail is accelerated toward higher velocities, the radiation pressure
decreases by the factor (1 — 8)/(1 + ). Thus, the field E, must decrease by the same factor to
keep the electrons in equilibrium. This is evident in figure 7, where we plot the peak field
E.(t) =max[E,(x,t)] = E.(x = X(¢)) and show that E\,, () >~ E,(0)(1 — B(¢))/(1+ B(¢)), so
that the pressure equilibrium is maintained. In 1D, the value of E, at a point x’ is proportional
to the amount of charge contained in the x < x’ region; thus, there must be a positive current
through the x = X (¢) surface during the acceleration stage. By computing the total number of
ions in the x > X (¢) region, we find that there is a flow of ions in the forward direction at the

(28)
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Figure 8. Space—time contours of n; =n;(x,t) and n.=n.(x,t) from the
same simulation of figure 6, in logarithmic scale. Labels ‘b’ and ‘f’ indicate
two electron bunches leaving the Sail in the backward and forward direction,
respectively, at >~ 11.

x = X (¢) surface. These ions are accelerated by the space-charge field in the Tail region and
overturn the position of the Sail front.

The number of electrons in the Sail remains constant up to near the end of the laser pulse,
1.e. when the laser amplitude at the foil surface drops down. At a certain time, P,g does not
balance P.; anymore and thus electrons no longer remain in mechanical equilibrium. As a
consequence, a bunch of electrons is accelerated backward by E,, as shown in figure 6(b).
Some other electrons leave the Sail at later times and also in the forward direction, acquiring
a larger velocity than the Sail. This dynamics is best visualized by plotting the space—time
contours of n;(x, t) and n.(x, t) in logarithmic scale, as in figure 8. The detachment of excess
electrons eventually leaves the Sail neutral. At the same time, the loss of mechanical equilibrium
causes heating of the electrons, driving in turn the expansion of the Sail (which can be noticed
in figure 8) and the broadening of the ion spectrum.

Despite the formation of two ion populations, of which the ‘monoenergetic’ one may be
less numerous, the fraction of laser pulse energy converted into kinetic energy of the ions is still
in good agreement with the LS efficiency n given by equation (8), which in turn depends only
on the Sail velocity. Since work has to be done by the laser pulse to push the negatively charged
Sail against the electrostatic field E, generated by the ions in the Tail, part of the energy is stored
as electrostatic energy [28] and eventually converted into kinetic energy of ions in the Tail.

In a recent similar study, Eliasson et al [27] also noticed the formation of two ion
populations. In their work, ions in the Sail are referred to as ‘trapped’ in an effective potential in
the Sail frame. Using an argument of force balance (instead of pressure balance), they estimate
the fraction of ions initially trapped as F ~ 1 — (a3 /¢?)/2.

4. 2D simulations

The analysis of the two preceding sections is based on a 1D approach, which may be accurate
only under certain conditions, i.e. when the intensity distribution of the laser pulse in the focal
plane is flat-top and the foil displacement is smaller than the focal spot radius. To check the
predictions of the 1D model, we performed 2D simulations for laser and target parameters close
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Figure 9. 2D simulation results. Snapshots of n., ; and electric field components
E, and E, are shown at three different times. The laser pulse has eight cycle
duration and eight wavelength diameter (both FWHM) and peak amplitude
aop = 20. The plasma foil has initial density n. = 50n. and thickness £ = 0.2A.
Normalizations are as in figure 6.

to the optimal thickness condition (24). In 2D geometry, several effects of possible relevance are
taken into account, including e.g. laser intensity distribution, bending of the target, increased
heating of electrons due to longitudinal components of the electric field out of the laser axis and
onset of surface rippling instabilities. A few groups also reported 3D simulations of thin-foil
RPA [4, 14, 24]. These simulations are generally very demanding numerically, also because, as
shown by the 1D analysis, high values of the spatial resolution and of the number of particles
per cell are needed to resolve the huge density variations in the plasma. With respect to the
2D case, in 3D geometry the additional physical constraint of the conservation of the angular
momentum delivered by the circularly polarized laser pulse is taken into account. A theoretical
analysis [24] shows that angular momentum absorption in the plasma may occur only via
dissipative effects; thus, in general it does not provide the generation of an axial magnetic field,
according to the mechanism hypothesized in [26].

Figure 9 shows snapshots of ion and electron densities and of E, and E, field components
from 2D simulations. The laser pulse has a peak amplitude ay =20 and a fourth-order
supergaussian (i.e. an exp(—u*) function) profile both in the longitudinal (x) and in the
transverse (y) directions, with eight cycle duration and eight wavelength width (both FWHM).
The foil target has initial electron density n. = 50n. and thickness £ = 0.2 so that { = 31.4.

At the intermediate time ¢ = 18, the formation of the low-density Tail of ions can be
noticed in the contour plot of n;. The electron density distribution is more complicated due
to 2D effects. As the foil is accelerated by the laser pulse, owing to target deformation the laser
pulse incidence is effectively oblique at the edges of the laser spot. Moreover, as soon as the foil
displacement is a few times A, the light reflected from one edge is incident back on the opposite
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Figure 10. Ion spectra (in energy per nucleon) from the simulations of figure 9
(ap = 20) and figure 11 (ay = 30). The dotted line gives the spectrum where only
ions inside a 10° cone around the axis are included. Both spectra correspond to
the latest time in figures 9 and 11.

side, and a standing wave-like pattern is observed (t = 18 T). These effects enhance electron
heating, driving the formation of a low-density electron cloud around the target and leading to
broadening of the ion spectrum due to thermal expansion of the foil. In turn, absorption into
electrons and oblique incidence reduce the radiation pressure at the edges of the focal spot, and
may thus enhance the effect of the inhomogeneous distribution of the laser intensity. A similar
dynamics is also noticed for even ‘flatter’ intensity profiles (e.g. eighth-order supergaussian).

As a likely consequence of stronger electron heating in 2D, the ion spectrum shown in
figure 10 is quite broad, even when only ions moving into a 10° cone around the axis are
considered. According to these results, to obtain a monoenergetic spectrum is a challenging
issue. In two recent papers, Chen et al investigated strategies to improve monoenergeticity based
on tailoring either the laser intensity distribution [12] or the thickness of the target [14].

It also appears that 2D effects make the optimal thickness condition (24) more stringent,
so that a lower intensity is required. Figure 11 shows snapshots from simulations with the same
parameters as in figure 9, but with the pulse amplitude ay = 30, close to the value of ¢ = 31.4.
We observe a strong transmission of the laser pulse, causing a strong turbulence in the electron
density. The strong transmission appears to be correlated with a strong rarefaction of the electron
density out of the axis (around y = £2A as in figure 11), leaving a denser bunch of ions along
the axis. The corresponding spectrum shows that the RPA peak is barely distinguishable from
the exponential-like background.

5. Conclusions

We reported an analytical and simulation study of RPA of ultrathin foils. The effects of the
nonlinear SIT of the foil were addressed and incorporated into the 1D ‘LS’ model for foil
acceleration. The model predictions for ion energy and conversion efficiency as a function of
target thickness were in fairly good agreement with the result of 1D simulations. The latter
were further analyzed to unfold the dynamics and self-organization of foil acceleration. 2D
simulations for parameters close to the ‘optimal’ thickness value given by the 1D theory showed
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Figure 11. Same as figure 9, but for a pulse amplitude a, = 30.

that deformation of the target causes strong heating of electrons, leading to a broad ion spectrum
and giving a lower threshold for the penetration of the laser pulse through the foil.
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