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Ultrafast collisional ion heating by electrostatic
shocks
A.E. Turrell1, M. Sherlock1 & S.J. Rose1,2

High-intensity lasers can be used to generate shockwaves, which have found applications in
nuclear fusion, proton imaging, cancer therapies and materials science. Collisionless electrostatic shocks are one type of shockwave widely studied for applications involving ion
acceleration. Here we show a novel mechanism for collisionless electrostatic shocks to heat
small amounts of solid density matter to temperatures of BkeV in tens of femtoseconds.
Unusually, electrons play no direct role in the heating and it is the ions that determine the
heating rate. Ions are heated due to an interplay between the electric ﬁeld of the shock, the
local density increase during the passage of the shock and collisions between different
species of ion. In simulations, these factors combine to produce rapid, localized heating of the
lighter ion species. Although the heated volume is modest, this would be one of the fastest
heating mechanisms discovered if demonstrated in the laboratory.
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igh-intensity (41018 W cm  2), high-contrast (109)
short-pulse (o100 fs) lasers have allowed for the creation
and manipulation of close to solid density plasma. This is
because they allow for direct laser–target interaction before
hydrodynamic expansion can create a lower density pre-plasma,
which absorbs much of the laser pulse1,2. In these interactions,
ions are usually only indirectly heated by the laser via electrons;
typically, ions gain thermal energy only through electron–ion
thermal equilibration or electron–ion instabilities3. There are
several mechanisms for the deposition of laser energy into ions
such as indirect heating by electrons, ion trapping in the
downstream region of shocks or through the acceleration of
bunches of B109 ions to BMeV energies for a broad range of
applications including nuclear fusion, proton radiography and
hadron therapy4–17. Dissipation of laser energy through the
intermediary of collisionless electrostatic shocks (CESs)18–20 are
one such class of deposition mechanisms. Ion–ion collision
dynamics are often assumed to be unimportant in these cases,
which typically involve near-critical density targets. In the solid
density targets we consider, the ion–ion dynamics are critical for
the deposition of laser energy into ions.
In the following, we demonstrate an entirely unexpected effect;
for CESs launched into solid density targets composed of two ion
species, the dissipation mechanism of CESs can switch from
acceleration of a few ions to bulk heating of the target to keV
temperatures. Moreoever, the heating process is extremely rapid,
on time scales of femtoseconds, and is unusual because electrons
play no direct part in the thermal heating of the ions. The ability
to create small regions of very high ion energy density on time
scales shorter than that of hydrodynamic expansion will be of
interest in attempts to understand the processes involved in
inertial conﬁnement fusion21 and will have implications for some
specialized ion acceleration schemes which involve solid density
targets. The effect is unimportant for densities much less than
solid including near-critical density targets at typical wavelengths
for high-intensity laser systems.

H

Results
Collisionless electrostatic shocks. CESs are dissimilar to the
planar plasma shocks typically encountered in high energy density physics. Planar plasma shocks heat material with just a single
ion species22, they have electric ﬁelds that do not change sign over
the shock width, L, and the usual dissipation mechanism is via
ion–ion collisions23. These shocks are described by the Rankine–
Hugoniot relations24.
In contrast, CESs exhibit a bipolar electric ﬁeld that moves with
the shock and have a different theoretical description. Most
applications of CESs involve ion acceleration via reﬂection from
the shock front18,20,25,26. Reﬂection from the shock front is the
usual dissipation mechanism in near-critical density targets,
whereas dissipation through heating is the dominant dissipation
mechanism in weak shocks. Dissipation can also occur via ion
trapping in the region downstream of the shock.
CESs formation is described by the Sagdeev potential27, which
admits either shock or soliton solutions when F(j)o0 for
F(j) ¼ Pi(f, M)  Pe1(j, Y, G, be0)  Pe0(j, G, be0) with 0
subscripts denoting upstream parameters, 1 downstream
parameters, P pressure, M ¼ vsh/Cs the Mach number of the
shock, j ¼ ef/Te0 the normalized electrostatic energy across the
shock front, G ¼ ne1/ne0, Y ¼ Te1/Te0 and be0 ¼ mec2/Te0 the
normalized inverse electron temperature. High-intensity lasers
have laser pressures in excess of the electron pressure on the front
surface of the target, PL ¼ Ic  Pe . Front surface electrons are
heated to the ponderomotive
h
energyi within a half-laser cycle, so
1=2
 1 , for normalized laser
that Te  me c2 1 þ a20 =2
2

0 5
parameter a0 ¼ meEe oc
. This causes a front surface increase in
electron pressure such that F(f)o0 and a CES can be launched.
At very high intensities PL remains high and hole boring28 of the
target can take place. In this study, we focus on the regime in
which CESs are launched but no signiﬁcant hole boring
takes place. This corresponds to modest values of the holeboring parameter X ¼ I/(rc3) of X ¼ 10  6–10  3. After
formation, the shock decouples from the laser pulse and
propagates independently through the target until its energy
is dissipated. Its initial velocity is similar to the initial holeboring speed and ispﬃﬃﬃgiven
in the non-relativistic case
ﬃ
relevant here by vb ¼ c4Cs (ref. 29) where Cs is the ion
sound speed.
In ion acceleration by CESs, ions approach the shock front with
speed  vsh in the frame co-moving with the shock and are
accelerated to vsh. In the laboratory frame, the ions reﬂected from
the shock front gain a maximum momentum  2mi vsh .

Ultrafast collisional ion heating mechanism. CES dissipation
can be through ion acceleration or through heating27,30. For a
single ion species and a strong shock, the passage of a CES does
not heat the ions, although reﬂected ions may become trapped in
the downstream region and cause heating ahead of the shock.
However, in material composed of two different ion species we
ﬁnd that the CES dissipation mechanism can switch from energy
being mostly dissipated via ion acceleration to a signiﬁcant
fraction being dissipated as thermal energy of the lighter ion
species during passage of the shock. This is particularly true for
high-density material. Although the formation of the shock is not
novel here and follows the usual collisionless formation process,
the dissipation mechanism becomes collisional and occurs during
passage through the shock.
This process occurs because the two ion species are
differentially accelerated in proportion to their charge-to-mass
Zi eEx
i
ratio by the electric ﬁeld, Ex, of the shock; dv
dt ¼ mi for ion
species i. Differential acceleration of two different ion species i
and j causes a non-zero relative velocity vij ¼ vi  vj between
them. Rapid heating of the ions proceeds via dynamical friction
between the two species of ion. The higher temperature of the
lighter ion species in the material with two different ion species
causes a greater proportion of the lighter ion species to pass
through the shock31, rather than be reﬂected, signiﬁcantly
changing the CES energy deposition into the target.
We have found that the rate of heating is extremely rapid, as
shown in Fig. 1 for two different target types. Plastic is a
ubiquitous laser target, while caesium hydride (CsH) is chosen as
a target because it has properties such as its typical charge and
therefore charge-to-mass ratio, which are in particular suited for
ultrafast collisional ion heating. The ﬁgure is described in more
detail in the Simulation results section. The rate of heating of the
ions is accounted for by the fact that the ion–ion collisions, which
drive this heating mechanism, occur on shorter time scales than
the electron–ion interactions that typically cause ion heating in
laser–plasma interactions. Usually, laser plasma interactions
deposit energy into electrons and ions are heated indirectly
through instabilities involving electrons or through electron–ion
equilibration (driven by electron–ion collisions). This can be seen
by comparing the rate of change of temperature due to the
collisional ion heating, equation (3) of the analytical model found
in the Methods section, to the Landau–Spitzer electron–ion
temperature equilibration rate32,33. Assuming that the relative ion
velocity is vijEvth,ij,


dTij =dt UFCIH
n j ve
 Zj2
ðdTie =dt ÞEquil:
ne vth;ij
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Figure 1 | Temperature rise due to ultrafast collisional ion heating as
calculated in PIC simulations. Temperatures are shown in the directions
parallel, T||, and perpendicular, T>, to the laser propagation direction and
are each an average of the ten computational cells (approximately a skin
depth dsk) on either side of the highest density point in the target. The
temperatures are ﬁtted as demonstrated in Fig. 4. The simulations included
collisions between all species, electron and ion. (a) CH target,
I ¼ 1020 W cm  2; (b) CsH target, I ¼ 5  1020 Wcm  2.

then the ion temperature increase due to ultrafast collisional ion
heating can dominate electron–ion equilibration for relativistic
laser–plasma conditions. The second reason for the rapid rate of
heating is the density increase, which occurs during the passage of
a CES. The collisional absorption of energy per unit time scales is


3
dTij
Q_ i ¼ ni
pni nj
2
dt UFCIH
and the shock passage inside the target, where the heating occurs,
causes density increases across the shock of B2–8 times the
initial density.
Simulation results. The results of simulations, obtained via the
process described in the Methods section, are shown in the ﬁgures. The ﬁgure panels are labelled a–c for plastic (CH) and d–f
for CsH. We present three different scenarios; a and d are collisions enabled between all species (electrons and ions), b and e are
the same as a and d, respectively, except that inter-ion collisions
are disabled (collisions between ions of different species), and c
and f are the same as a and d, respectively, except that the second,
more massive ion species is not present in the material (a single
species equivalent case to the ﬁrst scenario). These three different
scenarios show the effects and mechanism of the ultrafast collisional ion heating clearly. In a and d ultrafast collisional ion
heating occurs, whereas in b, c, e and f it cannot, because it relies
on collisions between different ion species.
Figure 2 shows the phase space of protons from the three
different scenarios for both target types. The spread in Px is larger
and the number of protons reﬂected far less, in scenario a and d
when the thermal dissipation mechanism is activated by the

presence of the two ion species and the collisions between them.
The greater number of protons passing through the shock is
consistent with higher proton temperatures31. In contrast, panels
b, c, e and f show the ion acceleration dissipation mechanism of
CES clearly, with a double-layer structure and signiﬁcant
acceleration of protons.
Figure 3 shows the ﬁnal temperatures and densities of the ions
as a function of distance, centred around the point of maximum
density. For the panels in which ultrafast collisional ion heating
cannot operate, b, c, e and f, the ion temperatures are signiﬁcantly
lower. In scenarios b, c, e and f, there is only a relatively small
temperature change across the shock front but the presence of
collisions between ions of different species in scenario a and d
changes this behaviour considerably.
The temperatures are calculated by ﬁtting Maxwell–Boltzmann
distributions to the ions’ distribution functions in their rest frame.
This ensures directed kinetic energy is not mistakenly accounted
for as thermal energy. This is an important distinction, because
some protons are still reﬂected from the shock in the scenario
where ultrafast collisional ion heating takes place. Examples of the
ﬁts to the bulk distributions, which yield the reported
temperatures, are shown in Fig. 4 for protons. The distribution
functions remain anisotropic on time scales less than a few
femtoseconds; thus, Maxwell–Boltzmann distributions are ﬁtted
separately in the parallel and perpendicular directions, with the
quoted temperatures an average. In Fig. 4a,d, the ﬁts are good,
except for the high-energy tails that are in part due to reﬂection
from the shock front and which play an unimportant role in
ultrafast collisional ion heating. Ion–ion collisions allow the
proton distribution to remain quasi-Maxwellian during the rapid
heating. It is noteworthy that the large difference in the scale of
the energy axes of the plots in panels b, c, e and f relative to panels
a and d of Fig. 4 is caused by ultrafast collisional ion heating.
The rapid rate of ion heating is a key feature of this mechanism
and is clearly shown in Fig. 1 for the two different materials.
Figure 1 shows scenario a and d, in which collisions occur
between all species (electron and ion) and there are two ion
species in the target material.
An analytical model of the ion heating is described in the
Methods section. The results of this model for the proton
temperature as a function of intensity are shown in Fig. 5. The ﬁt
to the model is fair for both materials, although superior for CH
as shown in panel a. The model successfully explains the rate of
increase in the ﬁnal temperature with intensity and demonstrates
that reaching these temperatures through ultrafast collisional ion
heating is feasible. The much lower temperatures achieved in the
particle in cell (PIC) simulations of scenario b and e, where
collisions between ions of different species are disabled, are also
shown, adding further evidence that the heating is predominantly
due to ultrafast collisional ion heating. The model predicts an
eventual reduction in temperature at the highest intensities,
because the high relative velocities achieved by the ions results in
them ceasing to be collisional (the basic Landau–Spitzer ion–ion
collision frequency scales as nij / vij3 ) and this suppresses the
heating rate. However, it is collisions that keep the ions’
distribution functions Maxwellian; thus, the model breaks down
as the ions cease to be collisional, more protons are reﬂected by
the shock and the proton distribution is no longer well
approximated by a Maxwell–Boltzmann distribution. This is
shown by the patterned region.
The energies of the protons were analysed. The amount of
energy that went into thermal heating of protons due to ultrafast
collisional ion heating was determined using the Maxwell–
Boltzmann ﬁts to the temperature. For CH, the peak proton
thermal to kinetic energy ratio was 33%, representing 0.02% of
the total laser energy at I ¼ 1020 W cm  2 at the end of the pulse
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Figure 2 | Phase space of protons showing the shock front 20 fs into 40-fs-long PIC simulations. (a,d) All collisions enabled; (b,e) collisions
between different ion species disabled; (c,f) all collisions enabled but the material is made up of protons only at the same density as the protons
in a,d, respectively; (a–c) CH target, I ¼ 1020 W cm  2; (d–f) CsH target, I ¼ 5  1020 W cm  2. The heating is evident in a,d as an increase in the
spread of Px upstream of the shock front. The other panels show that without collisions between different species of ion, there is signiﬁcant reﬂection
of protons from the shock front.
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Figure 3 | Temperature and density proﬁles centred on the maximum density point 40 fs into the PIC simulations. (a,d) All collisions enabled; (b,e)
collisions between different ion species disabled; (c,f) all collisions enabled but the material is made up of protons only at the same density as the protons
in a,d, respectively; (a–c) CH target, I ¼ 1020 W cm  2; (d–f) CsH target, I ¼ 5  1020 W cm  2. Red arrows show the laser propagation direction. The
temperatures, ﬁtted in the proton rest frame using a Maxwell–Boltzmann distribution, show a clear increase when collisions between different ion species
are included as in a,d. The temperatures are the mean of the temperatures in the parallel and perpendicular directions.

in the scenario where ultrafast collisional ion heating acted. The
ratio of thermal energy to kinetic energy was lower for all other
intensities in the same scenario, being B1% for the intensities
simulated. The thermal-to-laser energy ratio was similarly
reduced at other intensities. For the two scenarios in which
ultrafast collisional ion heating cannot act, the ratio of laser
energy into thermal energy peaks at B10  5 % in both cases.
In CsH, the peak ratio of thermal energy to directed kinetic
energy was 13% with I ¼ 2  1020 W cm  2. The peak ratio of
thermal energy to laser energy was 0.005% compared with
B10  4 % for scenarios b, c, e and f.
These laser energy conversion efﬁciencies are too small for this
mechanism to be useful purely as a method of heating matter.
4

However, the change relative to ignoring ultrafast collisional ion
heating is an order of magnitude or more.
In these simulations, it is assumed that the laser has no prepulse. Experimental facilities have a range of laser pre-pulses,
which may alter the target before the main pulse arrives, but the
pre-pulse varies from shot to shot and between facilities; thus, the
approximation of no pre-pulse is a useful simpliﬁcation. Prepulses may create lower density pre-plasmas on the surface of
targets. The presence of signiﬁcant pre-plasma prevents CESs
from reaching the solid density part of the target and reduces the
heating rate due to ultrafast collisional ion heating because of its
lower density. However, techniques such as plasma mirrors can
vastly improve laser pre-pulses1. Alternatively, the longer pulses
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Figure 4 | The ion rest frame distribution functions and Maxwell–Boltzmann (M.B.) ﬁts to them in directions perpendicular and parallel to the laser
pulse propagation direction 20 fs into the PIC simulations. These are taken at the point in the target with the highest density and provide an example of
how Maxwell–Boltzmann distributions are ﬁtted to the proton distribution functions in the rest frame of the protons to produce the temperatures shown in
Figs 1, 3 and 5. Black arrows indicate the appropriate y axis scale for a particular distribution function and its ﬁt. Solid and dash lines represent the
distributions parallel to the shock; dash-dot lines the distributions perpendicular to it. (a,d) All collisions enabled; (b,e) collisions between different ion
species disabled; (c,f) all collisions enabled but the material is made up of protons only at the same density as the protons in a,d respectively; (a–c) CH
target, I ¼ 1020 Wcm  2; (d–f) CsH target, I ¼ 5  1020 W cm  2.
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Figure 5 | A comparison of the proton heating found in PIC simulations
(red dots) and the heating predicted by the analytical model (black line).
These are calculated 40 fs into the PIC simulations. Temperatures are
measured at the highest density point in the target and the ten
computational cells on either side of this point (roughly a skin depth dsk).
The error bars are given by the s.d. of the ﬁtted temperature across these
cells. The highest density point is always at, or above, solid density. Also
shown are hollow blue dots, which show the heating achieved in
simulations with collisions between different species of ion disabled. The
patterned region denotes where a Maxwell–Boltzmann distribution does
not provide a good ﬁt for the proton distribution function and so the
analytical model no longer applies. (a) CH target, (b) CsH target.

of up to 500 fs available on high-intensity laser facilities have
enough energy for the main laser pulse to penetrate the preplasma34,16 and move the situation back to that of a CES being
launched into solid density matter.
Hot electrons play an indirect role in CES as the amount of
electron reﬂuxing, determined by target thickness, inﬂuences the
shock speed vsh (ref. 20). For intensities that are strong enough to
launch a shock, ultrafast collisional ion heating occurs and is

signiﬁcant, but the amount of heating depends on intensity given
a particular target thickness; lower shock velocities are associated
with thicker targets. The effect of substantially increasing target
thickness would be to shift the heating curve shown in Fig. 5 to
higher intensities. However, target thicknesses that are larger by
an order of magnitude or more are required to cause a signiﬁcant
change in vsh/c; thus, the results reﬂect what is achievable for
moderate thickness targets L where Lr5l(mi/me)1/2(ncr/ni)1/2/
)) ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where Nelectron cycles41, the critical density is
(Nelectron cyclesp
ncr ¼ o2 E0 me 1 þ a20 =2=e2 and the laser strength parameter is
a0 ¼ eE0/meoc.
The PIC simulations performed include other heating
mechanisms such as electron–ion collisions, electron–ion and
ion–ion collisionless interactions such as two-stream instabilities
and the stopping of fast ions reﬂected from the shock front
heating the plasma upstream of the shock. Ion interactions with
hot electrons and cold electron return currents are present in all
simulations, but there is no signiﬁcant heating in scenarios b, c, e
and f in which collisions between ions of different species are
disabled. Collisionless heating is included in all scenarios but is
similarly unimportant. Fast ion stopping has a time scale of t /
1=vi3 for ion i and it is estimated19 that a target with incident
radiation of I ¼ 1020 W cm  2 produces a beam of reﬂected ions
with a slow down time of 1 ps and a deposition length around
1 mm. This is a longer time than is relevant to the simulations
presented and the deposition length scale extends far beyond the
shock width. There is very little ion heating upstream of the shock
observed in the ﬁgures. As it is protons that are reﬂected from the
shock, this effect would also be apparent in panels c and f of
Figs 2–4 if it were signiﬁcant. Therefore, the only signiﬁcant
change to ﬁnal temperatures occurs when collisions between ions
of different species are included and ultrafast collisional ion
heating can act.
As the heated volume is very small, the practical uses of this
heating mechanism may be few in number. Most of the target
(ahead of the shock is) remains cold, with a proton beam passing
through it, or is behind the shock and is heated but is, on longer
time scales, also being ablated from the front surface by the direct
interaction of the laser. However, one interesting implication of
ultrafast collisional ion heating is that ion acceleration schemes
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relying on laser–solid interactions may produce less high-quality
beams35 than previously anticipated as measured by the metric of
transverse beam emittance, which is the average spread in Py  y
space where y is the spatial dimension transverse to the beam.
Some of these schemes rely on accelerating ions from small
amounts of solid density material, meaning the heating effect we
describe could be important for their dynamics.
Discussion
We have demonstrated a new heating mechanism in which
radiation pressure-driven electrostatic shocks can produce proton
temperatures of the order of keV at solid densities on time scales
of the order of tens of femtoseconds. The heating mechanism
relies on ion–ion collisions between different species of ion, which
are not typically assumed to be important in dissipating CESs and
is unusual in that ions are not heated directly by their interactions
with electrons. The modest volume heated by this mechanism
means that it may have few practical applications (unless the
effect could somehow be enhanced), although it could have
implications for ion acceleration schemes. The conditions
required for ultrafast collisional ion heating are within the
capabilities of current laser facilities. If this heating mechanism is
demonstrated experimentally, the rate of ion heating will be, to
our knowledge, the fastest achieved for a signiﬁcant number
(41012) of particles.
Methods
PIC simulations. Simulations were perfomed with the freely available relativistic
epoch PIC code36, which includes an algorithm for performing collisions between
all particles37. All particles, electron and ion, collide with all other particles unless
explicitly stated as in panels b and e of Figs 2–4 and temperatures represented by
hollow circles in Fig. 5. The laser pulses have wavelength l ¼ 800 nm enter the
simulation domain at x ¼ 0 and have a Gaussian temporal shape of full width half
maximum 15 fs, with peak intensities quoted. The laser pulse is linearly polarized.
The one-dimensional simulation domain is 1.5 mm thick and longitudinal positions
are measured relative to the pulse entry point at x ¼ 0 mm. Targets are 0.3 mm thick,
far greater than the skin depth dsk ¼ c/ope, and are positioned between x ¼ 1 mm
and x ¼ 1.3 mm. The ions are initialized cold, whereas Te(t ¼ 0) ¼ 100 eV, to satisfy
the constraints of the collision algorithm. Two targets are simulated: plastic
(equimolar carbon and protons, CH) and CsH. In all simulations, the simulation
domain is resolved by a grid of 10,000 cells with 1,200 particles per cell (400 per
species for both electrons and ions). The plastic initial density is r ¼ 1.04 g cm  3
and the skin depth of dsk ¼ 8.8 nm is resolved. Ions in CH targets are assumed to be
fully ionized. CsH targets were simulated at the solid density of r ¼ 3.42 g cm  3
and the skin depth of dsk ¼ 8.0 nm is resolved. Cs is not fully ionized and we
assume Z* ¼ 27 corresponding to over-the-barrier ionization of atomic energy
levels down to principal quantum number n ¼ 4. This is denoted throughout the
text as Zi or Zj for notational convenience. The thermal energy to laser energy
ratios quoted for the two scenarios, 2 and 3, where ultrafast collisional ion heating
cannot act, are determined from two-thirds of the median energy in the protons’
rest frame. The Debye length, lD, is larger than the inter-ion particle radius for all
simulations.
Analytical model of heating. The analytical model of the heating effect, shown in
Fig. 5, is derived from the Boltzmann equation. The model is based on two different populations of ions being differentially accelerated by the electric ﬁeld, Ex,
associated with the shock. The friction between the two species of ions is the cause
of their heating. It is assumed that the accelerated ions of two distinct ion species i
and j each have Maxwell–Boltzmann distributions moving at velocities vi and vj,
respectively, in the laboratory frame and have relative velocity vij ¼ vi  vj. Differential equations may then be expressed for the rate of change of temperatures
dTj
i
with respect to the distance, dT
of change of bulk velocity of
dx and dx , and the rate
dv
i
the ion distributions with respect to the distance, dxj and dv
dx . These are
 
 
dTi
dTi
dTi
¼
þ
ð1Þ
dx
dx UFCIH
dx Exch:
dvi
¼
dx

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  
eEx Zi
dvi
þ
2mi x
dx UFCIH

ð2Þ

and similarly for j. The ﬁrst term on the right-hand side of equation (2) simply
comes about due to the accelerating ﬁeld of the shock, Ex. ‘UFCIH’ represents the
ultrafast collisional ion heating term, whereas ‘Exch.’ represents an ion–ion
6

temperature equilibration term. These terms are given by38,39
 

2 pﬃﬃﬃ
 
dTi
Zi Zj e2 16 pnj lnLij
vij
¼
x
dx UFCIH
4pE0
3mi vi vij
vth

ð3Þ

(   )
 

2 pﬃﬃﬃ

dTi
Zi Zj e2 32 plnLij nj 
vij 2
¼
T

T
exp

i
j
3
dx Exch:
4pE0
3mi mj vi vth
vth

ð4Þ

 

2 pﬃﬃﬃ
 
dvi
Zi Zj e2 8 pnj lnLij
vij
¼ 
x
dx UFCIH
4pE0
vth
ðmi vi Þ2 vij

ð5Þ

where
pﬃﬃﬃ


p
erf ðxÞ  x exp  x2
2


T
erf(x) is the error function and vth;ij ¼ 2 mjj þ mTii .
The equations are solved by the classical Runge–Kutta method. The only
variable input to the model for each material is the incident laser intensity. Other
variables, which do not change as a function of intensity, are the Coulomb
logarithm (set to lnL ¼ 4 in the analytical model), shock width L and the ion
densities ni, nj. The shock widths and densities used in the analytical model are
representative values taken from simulations: L ¼ 15 nm and ni ¼ 5ni(t ¼ 0) for CH,
L ¼ 24 nm and ni ¼ 5ni(t ¼ 0) for CsH. CES have widths on the order of the Debye
length, L ¼ (4–10)lD (refs 18,27). The electric ﬁeld of the shock, Ex, is given as a
function of incident intensity by the electrostatic shock efﬁciency relation19 so that
 2 1=2
where I is the incident laser intensity.
Ex ¼ 4 rc2I4 E0
xð x Þ ¼

References
1. Thaury, C. et al. Plasma mirrors for ultrahigh-intensity optics. Nat. Phys. 3,
424–429 (2007).
2. Osterholz, J. et al. Production of dense plasmas with sub-10-fs laser pulses.
Phys. Rev. Lett. 96, 085002 (2006).
3. Ross, J. S. et al. Collisionless coupling of ion and electron temperatures in
counterstreaming plasma ﬂows. Phys. Rev. Lett. 110, 1–5 (2013).
4. Roth, M. et al. Fast ignition by intense laser-accelerated proton beams. Phys.
Rev. Lett. 86, 436–439 (2001).
5. Wilks, S. C. et al. Energetic proton generation in ultra-intense laser-solid
interactions. Phys. Plasmas 8, 542–549 (2001).
6. Bulanov, S. V. & Khoroshkov, V. S. Feasibility of using laser ion accelerators in
proton therapy. Plasma Phys. Rep. 28:5, 453–456 (2002).
7. Esirkepov, T., Borghesi, M., Bulanov, S. V., Mourou, G. & Tajima, T. Highly
efﬁcient relativistic-ion generation in the laser-piston regime. Phys. Rev. Lett.
92, 175003 (2004).
8. Fourkal, E., Velchev, I. & Ma, C.-M. Coulomb explosion effect and the
maximum energy of protons accelerated by high-power lasers. Phys. Rev. E 71,
036412 (2005).
9. Bulanov, S. S. et al. Accelerating monoenergetic protons from ultrathin foils by
ﬂat-top laser pulses in the directed-Coulomb-explosion regime. Phys. Rev. E 78,
026412 (2008).
10. Albright, B. J. et al. Relativistic buneman instability in the laser breakout
afterburner. Phys. Plasmas 14, 094502 (2007).
11. Robinson, A. P. L., Zepf, M., Kar, S., Evans, R. G. & Bellei, C. Radiation pressure
acceleration of thin foils with circularly polarized laser pulses. New. J. Phys. 10,
013021 (2008).
12. Naumova, N. et al. Hole boring in a dt pellet and fast-ion ignition with
ultraintense laser pulses. Phys. Rev. Lett. 102, 025002 (2009).
13. Borghesi, M. et al. Progress in proton radiography for diagnosis of icf-relevant
plasmas. Laser Particle Beams 28, 277–284 (2010).
14. Robinson, A. P. L. Production of high energy protons with hole-boring
radiation pressure acceleration. Phys. Plasmas 18, 056701 (2011).
15. Palmer, C. A. J. et al. Rayleigh-taylor instability of an ultrathin foil accelerated
by the radiation pressure of an intense laser. Phys. Rev. Lett. 108, 225002
(2012).
16. Haberberger, D. et al. Collisionless shocks in laser-produced plasma generate
monoenergetic high-energy proton beams. Nat. Phys. 8, 95–99 (2012).
17. Macchi, A., Borghesi, M. & Passoni, M. Ion acceleration by superintense laserplasma interaction. Rev. Mod. Phys. 85, 751–793 (2013).
18. Forslund, D. & Shonk, C. Formation and structure of electrostatic collisionless
shocks. Phys. Rev. Lett. 25, 1699–1702 (1970).
19. Denavit, J. Absorption of high-intensity subpicosecond lasers on solid density
targets. Phys. Rev. Lett. 69, 3052–3055 (1992).
20. Silva, L. O., Marti, M., Davies, J. R. & Fonseca, R. A. Proton shock acceleration
in laser-plasma interactions. Phys. Rev. Lett. 92, 015002 (2004).
21. Lindl, J. D. Development of the indirect-drive approach to inertial conﬁnement
fusion and the target physics basis for ignition and gain. Phys. Plasmas 94551,
3933–4024 (1995).

NATURE COMMUNICATIONS | 6:8905 | DOI: 10.1038/ncomms9905 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9905

22. Casanova, M., Larroche, O. & Matte, J. P. Kinetic simulation of a collisional
shock wave in a plasma. Phys. Rev. Lett. 67, 2143–2146 (1991).
23. Jaffrin, M. Y. & Probstein, R. F. Structure of a plasma shock wave. Phys. Fluids
7, 1658 (1964).
24. Vidal, F., Matte, J., Casanova, M. & Larroche, O. Ion kinetic simulations of the
formation and propagation of a planar collisional shock wave in a plasma. Phys.
Fluids B Plasma Phys. 5, 3182 (1993).
25. Macchi, A., Cattani, F., Liseykina, T. & Cornolti, F. Laser acceleration of ion
bunches at the front surface of overdense plasmas. Phys. Rev. Lett. 165003, 2–5
(2005).
26. Palmer, C. A. J. et al. Monoenergetic proton beams accelerated by a radiation
pressure driven shock. Phys. Rev. Lett. 106, 014801 (2011).
27. Fiuza, F. et al. Laser-driven shock acceleration of monoenergetic ion beams.
Phys. Rev. Lett. 109, 215001 (2012).
28. Wilks, S., Kruer, W., Tabak, M. & Langdon, A. Absorption of ultra-intense laser
pulses. Phys. Rev. Lett. 69, 1383–1386 (1992).
29. Robinson, A. P. L. et al. Relativistically correct hole-boring and ion acceleration
by circularly polarized laser pulses. Plasma Phys. Contr. F 51, 024004 (2009).
30. Chen, M. et al. Collisionless electrostatic shock generation and ion acceleration
by ultraintense laser pulses in overdense plasmas. Phys. Plasmas 14, 053102
(2007).
31. Zhang, X. et al. Effect of plasma temperature on electrostatic shock
generation and ion acceleration by laser. Phys. Plasmas 14, 113108
(2007).
32. Spitzer, Jr L. Physics of Fully Ionised Gases (Interscience, 1967).
33. Trubnikov, B. A. Reviews of Plasma Physics vol. 1 Consultants Bureau, 1965).
34. Tabak, M. et al. Ignition and high gain with ultrapowerful lasers*. Phys.
Plasmas 1, 1626–1634 (1994).
35. Yin, L. et al. Monoenergetic and GeV ion acceleration from the laser breakout
afterburner using ultrathin targets. Phys. Plasmas 14, 056706 (2007).
36. Schmitz, H., Lloyd, R. & Evans, R. G. Collisional particle-in-cell modelling of
the generation and control of relativistic electron beams produced by ultraintense laser pulses. Plasma Phys. Contr. F 54, 085016 (2012).
37. Sentoku, Y. & Kemp, A. Numerical methods for particle simulations at extreme
densities and temperatures: Weighted particles, relativistic collisions and
reduced currents. J. Comput. Phys. 227, 6846–6861 (2008).

38. Jones, M. E., Lemons, D. S., Mason, R. J., Thomas, V. A. & Winske, D. A gridbased Coulomb collision model for PIC codes. J. Comput. Phys. 123, 169–181
(1996).
39. Larson, D. J. A Coulomb collision model for PIC plasma simulation. J. Comput.
Phys. 188, 123–138 (2003).

Acknowledgements
We thank Dr Nicholas Dover for helpful discussions. A.E.T. was supported by EPSRC
grants EP/L504786/1 and EP/K028464/1, while undertaking this research. The EPOCH
code used in this research was developed under EPSRC grants EP/G054940/1, EP/
G055165/1 and EP/G056803/1.

Author contributions
A.E.T. discovered the heating mechanism, performed the simulations, developed the
analytical model and prepared the manuscript. M.S. provided detailed guidance on all
aspects of the work and performed complementary simulations. S.J.R. provided detailed
guidance on all aspects of the work and supervised its completion.

Additional information
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Turrell, A. E. et al. Ultrafast collisional ion heating by electrostatic shocks. Nat. Commun. 6:8905 doi: 10.1038/ncomms9905 (2015).
This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

NATURE COMMUNICATIONS | 6:8905 | DOI: 10.1038/ncomms9905 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

7

