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The formation of strong, high Mach number (2-3), electrostatic shocks by laser pulses incident on
overdense plasma slabs is observed in one- and two-dimensional particle-in-cell simulations, for a wide
range of intensities, pulse durations, target thicknesses, and densities. The shocks propagate undisturbed
across the plasma, accelerating the ions (protons). For a dimensionless field strength parameter a, = 16
(IA%? = 3 X 10 Wcem™2 uwm?, where [ is the intensity and A the wavelength), and target thicknesses of
a few microns, the shock is responsible for the highest energy protons. A plateau in the ion spectrum

provides a direct signature for shock acceleration.

DOI: 10.1103/PhysRevLett.92.015002

Present-day, state-of-the-art lasers can deliver ultra-
intense, ultrashort laser pulses, with intensities exceeding
10> W cm ™2, with very high contrast ratios, in excess of
10'9:1. These systems can avoid the formation of plasma
by the prepulse, thus opening the way to laser-solid
interactions on ultrathin targets [1]. Recent experimental
results show that ultraintense laser-solid interactions can
produce proton beams, with potential applications in
proton imaging and proton therapy. The possibilities
opened up by intense lasers for proton acceleration have
been explored in various experiments, but there is still
debate about where the protons originate and about the
acceleration mechanisms (for the conflicting views, see
[2] versus [3], and for a review [4]).

In this Letter, we examine proton acceleration in the
interaction of intense lasers with thin solid targets with
particle-in-cell (PIC) simulations in one (1D) and two
dimensions (2D). Our results allow us to identify two
acceleration mechanisms: (i) proton acceleration due to
the ambipolar fields arising in the free expansion of the
strongly heated electrons at the front and rear of the
target, and (ii) proton acceleration in a collisionless,
electrostatic shock formed at the front of the target.
Previous work has explored, via numerical simulations,
the importance of sheath acceleration due to the plasma
expansion at the rear side of the target, and have also
observed the formation of solitary wave structures [5—8].
These nonlinear structures had low phase velocities (low
Mach numbers M = 1.6), and were thus unable, by them-
selves, to accelerate ions to high energies. These studies
used higher mass ions and/or lower intensities.

At higher laser intensities, and for thin targets
(=2-11 pum), our simulations show that a different ac-
celeration regime is present. We observe the formation of
an electrostatic shock with a high Mach number M =
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Vghook/ Cs = 2-3, where vy, is the shock velocity, and ¢
is the local sound speed, with a laminar structure [9]. For
a detailed discussion, see [9], and references therein. In
addition, because of the intense heating of the background
electrons by the incident laser, the effective sound speed
is quite large; therefore c¢,/c can exceed 0.1. This high
velocity shock is responsible for the acceleration of the
highest energy protons, with clear signatures in the proton
spectrum and phase space.

We have performed a parametric scan for the interac-
tion of a short laser pulse [full width at half maximum
(FWHM) in the range 7., = 30-500 fs] with an over-
dense target, with 1D and 2D PIC simulations, using
OSIRIS framework [10], for a wide range of target thick-
nesses (Lirger = 0.1-40 pwm), incident laser intensities
(ap = 0.05-20), and electron (proton) densities (1,0 =
10-90n,,, where n., is the critical density at which the
laser frequency equals the electron plasma frequency). We
carried out 1D (2D) simulations with 32 (16) particles per
cell per species, with cell sizes of A,y/10 (27A,y/20),
where A,y = ¢/ w0 = Ape/27 is the collisionless skin
depth, with a laser pulse with a central wavelength A, =
27rc/wo = 1 um, propagating along the x; direction, and
with a vacuum region of 80 pwm (20 pm) on both sides of
the target, with initial target electron (ion) temperature
T, =0keV (T; = 5 keV). In 2D, the laser spot size was
5 pm or infinite (plane wave), and the transverse target
dimension was 30 um. In the simulations, distance is
normalized to ¢/ w,, time to 1/w,, charge to the electron
charge e, and mass to the electron mass m,.

For most of these conditions, the ponderomotive force
of the laser launches an electrostatic, laminar shock from
the front surface of the target, Fig. 1(a), and this nonlinear
structure propagates almost undisturbed across the target,
Fig. 1(c) and 1(d). The shock can then pick up ions,
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FIG. 1. Evolution of the ion phase space pjx;:

(a) t=691.01/w,, (b) t=767.79/wy, (c) = 895.76/w,,
(d) t = 1023.72/ w,. The cold target (T, = T; = 0) is initially
located between x; = 500c/w, and x; = 640c/w,. Target den-
sity is ngg = 10n,, ag = 16, pulse duration 7., = 100 fs, and
target thickness is 21.8 um.

Fig. 1(b), and reflect them to high energies (=22vyo),
Figs. 1(c) and 1(d). After the formation stage, the
shock maintains a uniform velocity. The presence of an
electrostatic, collisionless shock can be identified in the
ion phase space pjx;, as illustrated in Fig. 1. The phase
space structure is identical to the structures observed in
the numerical piston-driven electrostatic shocks of
Refs. [9]: the ions reflected off the shock provide the
dissipation for shock formation, while the ions trapped
behind the shock front [cf. Figs. 1(c) and 1(d)] dissipate
the wavelike structure that forms behind the shock.

In our simulations, the laser field acts as a piston driv-
ing a flow of ions in the front surface moving into the
target. Momentum conservation yields (1 + n)l/c =
m;n;v?, where I is the laser intensity, n is the laser
reflection efficiency, and the momentum transferred to
the electrons is discarded, since it is negligible in dense
targets. The flow of ions has a velocity vyson/c = [(1 +
)1 /m;n;c3]"/? [11]. The velocity of the ion piston deter-
mines the velocity of the shock. For turbulent shocks,
such a piston can launch a shock close to the piston
velocity only if the resulting shock Mach number is below
the critical Mach number M, = 1.6. For laminar shocks
this limit is not present [9], and two critical Mach num-
bers are predicted. We have identified laminar shock
structures with Mach numbers in the interval between
the lower critical Mach number and the upper critical
Mach number.

In Fig. 2, the measured shock velocity is plotted versus
the target thickness while the laser amplitude (intensity)
and pulse length were kept fixed at ag = 16 and 7 =
100 fs. This plot illustrates that both the absolute shock
speed and Mach number are higher for thin targets and
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FIG. 2. Velocity of the shock as a function of the cold target
thickness for aq = 16, 7y, = 100 fs, and n,, = 10n,. The
shock velocity is averaged over an interval of 255/w,, after
the shock is formed. The formation time for these shocks is a
few 27/ w ;o [9]. (Solid line: shock Mach number; dashed line:
shock velocity normalized to c.) Error bar in shock Mach
number arises due to variation of ¢, over the averaging time
of the shock velocity.

that the absolute speed decreases with target thickness.
Therefore the highest energy ions are produced for the
thinnest targets.

For “thin” targets, the target heats and begins to ex-
pand before the shock is formed. As noted in Ref. [9]
the shock formation time is = 2 X 27T/wpl~0 for M ~ 1
and 10 X 277-/w,,,-0 for M = 3.5. Therefore, for targets
thinner than Lyee/Ag = 27(2 = 10)pision/ (Ao @ i0) =
(2 - 1O)(Upiston/c)(mi/me)Uz(”cr/ni)l/z» the shock prop-
agates in the expanding plasma at the rear surface of the
target, thus leading to even higher shock velocities in the
laboratory frame. The expansion velocity of the rear
surface is of the order of the local sound speed, and
evolves with a typical time scaling of (21In(w ;1)) [12].
For “wider” targets, the heating time is longer. For high
absolute shock speeds the electrons need to be uniformly
heated. This requires electrons to be ponderomotively
accelerated across the target and then to recirculate back
to the front of the target as they are reflected from the
sheath at the rear: a condition for large v, /c is that
the shock formation time be longer than the recircu-
lation time Ltarget/)\o =Q2- 10)(mi/me)l/2(ncr/ni)1/2/
(2Ne-cycle)» Where N_.y . is the number of recirculations
of the electron beam in the target. We have observed in
both our 1D and 2D simulations that a single circulation
cycle, Ne-eyele = 1, guarantees a uniform, and high, elec-
tron temperature in the shock formation region, and in the
shock propagation region. The importance of electron
recirculation on the acceleration in the sheath was dis-
cussed in Ref. [1].

The maximum velocity the target ions can pick up
occurs for total reflection of the upstream ions in the
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shock front, and it is simply given by vgnock ions = 2Vshocks
independent of the mass and charge of the ions, where
VUgnock 18 the shock velocity. The maximum energy of the
protons accelerated in the shock should then follow the
shock velocity dependence with the target thickness. This
is confirmed in Fig. 3, where for ay; = 16 we observe a
strong decrease in the proton energy up to Ly =
10 um, followed by a slower decrease from 10 to
20 pm, and an almost constant energy gain for Liyee; =
20 pum. Similar behavior is observed for lower inten-
sities, consistent with the estimates outlined above. If
the maximum energy of the protons in the shock is
compared with the maximum energy of the protons ac-
celerated at the rear surface of the target, then for high
intensities, and relatively thin targets, proton shock ac-
celeration is the mechanism responsible for the highest
energy particles (Fig. 3).

Acceleration in the shock becomes the dominant ac-
celeration mechanism, when the protons accelerated in
the shock reach the sheath acceleration region at the rear
side of the target with a higher velocity than the ions
already accelerated in the sheath region. If we assume the
electric field in the sheath region is constant over time
scales comparable to the shock crossing time, and given
by Egeath ~ k5Thot/€Ap, Where Ap is the Debye length of
the hot electron component Ay, = +/k;Thor/47m€> Mhors Thot
(npoy) i the temperature (density) of the hot electron
component, and kg is Boltzmann’s constant, the maxi-
mum velocity the ions acquire in the sheath is given by
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FIG. 3. Maximum proton energy as a function of cold target

thickness and laser intensity for n,y = 10n,, and T =
100 fs (square: ag = 4; circle: ag = 16; dashed line: accelera-
tion in the shock; solid line: acceleration in the rear of the
target).
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Vgheath ions(D) = ZeEgeant/m;, where t is the interaction
time with the sheath. Shock acceleration becomes domi-
nant when the velocity that ions gain in the shock is larger
than the velocity ions can gain from acceleration in the
Sheath’ i‘e" Ushock ions 2vshock = Usheath ions* The time
for the ions accelerated in the shock to reach the rear of
the target is given by 7 ;ossing = Liarget/2Vshock’ thus, when
the ions accelerated in the shock reach the rear side of the
target, the ions being accelerated in the sheath have al-
ready reached the velocity Ugean ions = Z€Eheatn Liarget/
2mivshock = ZkBThotLtarget/zmivshock/\D‘ ObSCI‘ViIlg that
Vgnook = Mcy = MyJkgTor/m; (and k, Ty /m,c* = 0.8ay
for 1 wm light, when aqy > 1), the condition for shock-
acceleration dominated scenarios (Vgpock ions = Vsheath ions)
i8S Ligrget = Lireshola = 4ApM?/Z. For thin targets, the
shock acceleration dominates. It is important to stress
that these simple scaling laws allow us to see that M =
J(1+ n)/0.4(ncr/nio)1/2a(l)/2, for ay > 1, where we con-
sidered vgpock = Vpision- 1WO basic conditions must then be
met: a high enough laser intensity to pistonlike drive the
ions at the front side of the target to high Mach numbers,
and strong electron heating in the shock formation re-
gion, in order to guarantee high ¢, such that vpson = ¢,
thus guaranteeing a short shock formation time.

Since the acceleration process in the shock front for the
highest energy ions is determined only by the shock
velocity, which remains approximately constant, it is
expected that a clear signature for this mechanism can
be obtained in the ion spectrum. In Fig. 4, the temporal
evolution of the ions in the simulation box shows the
acceleration of the protons in a well-defined, narrow
range, which then evolves to a plateau in the ion spectrum
due to the further acceleration of the proton beam in the

— ol a)l - b)]
S 10°F (a) ] 5 10°¢ ( )A
S, <, f
2 10°F 7 210°¢ 3
9 ; S ; E
o F o F 1
a 2 E 3 a 2 E |
g0 g0

10145 10"
S 10°F =
E: 210
2 10°F 2
2 F 2
[e] r [e]
3 10% S
H* E * 10' H

101 " I R BRI S R ‘4

40 20 0 20 40 60
E, [MeV]

FIG. 4. Evolution of the ion spectrum: (a) ¢ = 998.13/w,,
(b) t = 1202.88/ wy, (¢) t = 2290.58/ wy, (d) t = 1202.88/ w.
ag =16, Liyge = 8.8 um for (a)—(c), Ly = 1 pm for
(d). Negative energies represent ions moving in the backward
direction.
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FIG. 5 (color). (a) Ion phase space p;x;, (b) electron density
X,X1, and (c) lineout of the electron density (x, = const, along
middle of the simulation box), from a 2D simulation, for a;, =
16, Ligrges = 11.4 pm, at 1 = 884.81/w,. The two-dimensional
sheath in both sides of the target is also evident.

sheath formed in the expanding plasma. The plateau in
the ion spectrum is a direct signature for acceleration
in the electrostatic shock launched by the laser. This
signature has recently been identified in experimental
results [13]. For high intensities and thin targets, the
ions accelerated in this structure are also the most ener-
getic ions (cf. Fig. 2). Furthermore, the density of ener-
getic ions is significantly higher in the shock-acceleration
mechanism, as previously pointed out in Ref. [7]. In
general, the ion spectrum is a mixture of ions accelerated
at the rear of the target and ions accelerated by the
collisionless shock.

The above conclusions are based on 1D simulations.
For a laser with a finite spot size the shock is not, in
general, planar. To show these effects do not prevent the
generation of high Mach number shocks, we have per-
formed 2D PIC simulations, with equivalent parameters
to the 1D simulations. The 1D and 2D simulations give, to
within 5%, the same maximum proton energy, when
measured for the same conditions (same distance from
the target and same time after laser impact with the
target) [14]. This is not surprising, since the highest en-
ergy protons are collinear with the laser pulse. In 2D
simulations, when the target is irradiated either by a plane
wave in the transverse direction or by a finite width spot,
the shock structure is still identified in the ion phase space
p1x1, and the ion spectrum. As shown in Fig. 5, when
proton shock acceleration dominates in 1D it also prevails
in 2D, with the ions accelerated in the shock front reach-
ing higher energies than those accelerated at the rear
surface of the target. The jump condition for the density
across the shock front in 2D (7 shock front = 2-6M¢ upstream)
also matches the theoretical and numerical predictions for
high Mach number shocks [9]. When the laser spot size is
wider, planar shocks are launched, the maximum energy
of the ions is identical, and the signature in the ion
spectrum is similar.
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In conclusion, we have presented the first evidence,
using 1D and 2D PIC simulations, for laminar, electro-
static, collisionless shocks with high Mach numbers,
M = 2-3, driven by ultraintense lasers. Protons acceler-
ated in the shock can reach higher energies than those
accelerated at the rear side of the target: the range of
parameters where proton shock acceleration dominates
was identified, along with signatures in the ion spectrum
for the presence of a collisionless shock. Our results
indicate that state-of-the-art lasers now coming online
are able to drive high Mach number collisionless shocks
for the first time in the laboratory, thus opening the way to
probe particle acceleration in collisionless shocks, a cen-
tral problem in astrophysics. Furthermore, this accelera-
tion mechanism opens new paths for the improvement of
ion sources from intense laser-solid interactions. Taming
these shocks, designing targets to improve coupling of
the laser light to the shock, and optimizing the source of
accelerated ions are future developments of this work.
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