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Abstract: A significant level of back reflected laser energy was measured during the 
interaction of ultra-short, high contrast PW laser pulses with solid targets at 30° incidence. 2D 
PIC simulations carried out for the experimental conditions show that at the laser-target 
interface a dynamic regular structure is generated during the interaction, which acts as a 
grating (quasi-grating) and reflects back a significant amount of incident laser energy. With 
increasing laser intensity above 1018 W/cm2 the back reflected fraction increases due to the 
growth of the surface modulation to larger amplitudes. Above 1020 W/cm2 this increase 
results in the partial destruction of the quasi-grating structure and, hence, in the saturation of 
the back reflection efficiency. The PIC simulation results are in good agreement with the 
experimental findings, and, additionally, demonstrate that in presence of a small amount of 
pre-plasma this regular structure will be smeared out and the back reflection reduced. 
© 2016 Optical Society of America 
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1. Introduction 
The interaction of high intensity, ultrashort laser pulses with solid targets has been studied 
extensively over the last decade [1]. During the interaction of high contrast, ultrashort and 
intense laser pulses (above 1018 W/cm2) with steep plasma of solid density, laser energy is 
transferred to the electrons mainly via the ponderomotive mechanism [2], leading to the 
penetration of large electron currents into the bulk of the target. When the intense interaction 
takes place at a sharp plasma-vacuum boundary the electric field of the laser can cause the 
electrons in the plasma surface to move in phase constituting a “relativistic mirror” which 
oscillates at the laser frequency, leading to harmonic generation through up-shifting and 
compression of the laser light reflected at the critical surface [3]. 

Modulated structures can also be generated at the critical surface, which can reflect back 
an obliquely incident laser pulse, as was observed with picosecond pulses at weakly 
relativistic intensities (~1018 W/cm2) [4]. For short laser pulses (100 fs) the back reflection 
was studied in [5], at relatively low pulse contrast and laser intensities (~1016 W/cm2). In this 
case the backscattering process was attributed to scattering from a plasma wave generated 
within the preplasma present in front of the target surface. 

At strongly relativistic laser intensities and high laser pulse contrast – i.e. in absence of 
any extended preplasma-back reflection may result from a different effect, i.e. the 
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deformation of the critical surface of the plasma caused by the radiation pressure of the laser 
pulse, through the so called “hole boring” effect [6–8]. The effects of ponderomotive denting 
of the critical surface have been observed on high harmonics beams, causing the dynamically 
varying divergence of harmonic beams from overdense plasma surfaces [9], and focusing 
effects in the specularly reflected radiation [10]. Furthermore, the interplay between the 
incident beam and the reflected light can make the overall system parametrically unstable and 
lead to the rapid growth of Rayleigh-Tailor type [11] instabilities. Therefore, the effects 
which may lead to laser light reflection from the critical density surface at the intensities 
nowadays available on state of the art systems (exceeding 1021 W/cm2), become more 
complex and require special attention. 

We report in this paper measurements of backscattered radiation from the interaction of 
obliquely incident, PW-level laser pulses with solid targets. The back scattered energy level 
observed is of the order of several % of the incident laser pulse energy, which can represent a 
concern for the safe operation of laser systems, as the reflected laser light can effectively 
travel back through the transport system and, if imperfectly collimated by the focusing optics, 
might even be focused on optical components causing serious damage. PIC simulations of the 
laser-solid interaction suggest that the growth of dynamic density modulations at the 
reflecting surface may be responsible for the observed backscattering. 

2. Experimental set-up 

The experiments were performed with the 1.5 petawatt, CPA laser system at the Center for 
Relativistic Laser Science (CoReLS), IBS [12]. A detailed schematic of the experimental set 
up is shown in Fig. 1. A 30 fs laser pulse was focused using an f/3 off-axis parabola on to an 
Al foil target at an angle of incidence of 30°. The temporal contrast of the laser pulse was 
characterized by a scanning third order cross correlator with a dynamic range of 1010 having a 
temporal resolution of 100 fs, and a scanning range of ± 650 ps. Employing a “saturable 
absorber” technique [13] a laser pulse temporal contrast ∼5×10−10 was achieved at a few ps 
before the main pulse (see the measured contrast ratio in Fig. 6 of [12]). The pulse shape 
close to the peak was unchanged, and no significant pre-pulses preceding the main pulse were 
observed in both cases. The focal spot, measured with attenuated laser energy, contained 
nearly 30% of energy within the 4 μm FWHM. A target position monitoring diagnostic with a 
few micrometers accuracy was used to locate the target foil at the laser focus plane [14]. The 
laser intensity was changed by varying laser energy while the interaction geometry was kept 
constant. 

 

Fig. 1. Sketch of experimental setup. Acronyms used in the sketch are: TC- target chamber, P- 
parabolic mirror M- mirror, BS- back-reflection source, L- lens, EM- energy meter, S- 
spectrometer, CN- near-field measurement camera, CF- far-field measurement camera. 

Two absolutely calibrated Thomson parabola spectrometers [15] were employed to record 
the energy spectra of accelerated ions along the rear and front surface target normal 
directions. The observed continuous proton energy increase from both sides of the target with 
increasing laser intensity from 0.2 × 1021 W/cm2 up to 1.2 × 1021 W/cm2 at target thicknesses 
6, 2, 1.5, 0.4, 0.2 and 0.1 μm [16] indicates that the mechanism of ion acceleration in this 
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large intensity range stays unchanged. Otherwise brake-up [17], or some discontinuity in 
proton cutoff energy increase with increasing laser intensity could be measured. Therefore 
one can argue that there is no effect which can be attributed to the change of laser interaction 
conditions while increasing laser intensity including the significance of the laser pulse 
contrast at high intensities. 

Back reflected laser radiation was taken from the transmission leakage of one of the 
turning mirrors and transported out of the chamber. The back-reflection source was relayed 
using a Keplerian telescope with magnification 200:3. The near field image was reconstructed 
at 2.49 cm after the second lens. Inside the telescope a 50:50 beam-splitter was inserted to 
measure the pulse energy (with a PE10 Ophir energy meter) and spectrum (using a HR4000, 
Ocean Optics). A second beam-splitter divided the beam into near-field and far-field 
monitoring CCD cameras. 

The energy calibration of the measuring system was performed by placing an Al mirror 
before the off-axis parabola to reflect back the beam. Measured laser energy inside and 
outside the chamber was averaged over 100 shots and the calibration factor of 632.7 was 
deduced. The back reflected laser light was controlled also in the laser chain using a 
photodiode installed after the pre-amplifier and the first amplifier [12] which showed one-to-
one correlation with the measurements outside the chamber in our setup. To confirm that the 
measured signal is a reflection from the target and not from optical elements inside the 
chamber or along the beam path, test shots were performed without target in place. No signal 
was measured in this case. 

 
Fig. 2. a) Calibration factor in spectrum. The wavelength was smoothed with 20 points near 
each position. b) The reconstructed spectrum inside the chamber using a spectrum measured 
outside the chamber. 

Additionally, to make sure that the measured back reflected light comes from the laser 
beam itself, rather than from plasma emission, the spectrum of the back reflected light was 
also calibrated by comparing the spectrum to laser radiation reflected from Al mirrors placed 
before the off-axis parabola [Fig. 2]. A spectral calibration curve was obtained through a 20-
point smoothing at each position in the spectrum [Fig. 2(a)]. By using this calibration curve, 
the spectrum of back reflected radiation was reconstructed which proved to be the same as the 
incident beam spectrum, as depicted in Fig. 2(b). The energy and the spectrum of back 
reflected radiation were then monitored throughout the whole experiment. 

3. Experimental and theoretical results 

In the experiments, back reflected laser radiation from the target was measured when the laser 
pulse irradiated the target at an angle of incidence of 30°. In Fig. 3(a) the dependency of the 
measured back-reflection coefficient (reflected energy over incident energy) on laser intensity 
for target thicknesses 0.2 and 6 μm is shown. Over the intensity range investigated, the back 
reflection coefficient was in the range of a few %, and was seen to decrease with increasing 
laser intensity for the thinner targets (0.2 µm), while for the thicker targets (6 μm) the 
decrease was less pronounced. Overall, the back reflection coefficient was lower for the 
thinner target. 
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To understand these observations 2D PIC simulations (using the modified LSP code [18]) 
were performed, focusing on the characterization of the angular (spatial) characteristics of the 
reflected light from the target surface at oblique laser incidence on the target. In the 
simulations a p-polarized, 30 fs laser pulse with a Gaussian profile (temporal and spatial) is 
focused at intensity in the range 1018 - 1021 W/cm2 in to a 4 μm spot on a Al+13 targets (0.2 
and 2 µm) under 30 degree of incidence. The simulation box of 25 × 25 µm2 contained 5000 
× 5000 cells with 30 particles per cell. The density of electrons in the simulation boxes was 
set to 8 × 1023 cm−3, which corresponds to the density of Al (2.7 g/cm3) and a degree of 
ionization of + 13. The simulation starts at t = 0 when the laser pulse front (on the beam axis) 
is at 3 µm from the target surface. 

 
Fig. 3. a) Back reflection coefficient, measured from 0.2 μm and 6 μm Al targets and 
simulated, versus laser intensity. b) Dependence of the simulated back reflection coefficient on 
laser incidence angle on the target; the black triangles denote the results for preplasma scale 
length L = 200 nm and the red squares for L = 0 nm. 

A substantial amount of back-reflected light was observed also in the simulation. It was 
seen that the back reflection coefficient increases with increasing laser intensity from 1018 
W/cm2 up to 1020 W/cm2, reaching a reaching a peak at 3×1020 W/cm2 [Fig. 3(a)]. The back 
reflection is substantially reduced if thin targets are used [at 0.2 μm in Fig. 3(a)]. The 
simulations also showed that the back reflected light increases significantly if the laser 
incidence angle on the target is decreased [Fig. 3(b)], as one would expect, given that the 
back reflection direction becomes closer to the specular direction. At oblique laser incidence 
the back reflection is sensitive to deformations of the target surface or to the presence of 
preplasma, - the back reflection could be reduced by introducing a small scale pre-plasma 
(L = 200 nm), compared to the case without pre-plasma (L = 0) in Fig. 3(b)). At 30° of 
incidence the presence of such a preplasma causes a decrease of the reflection coefficient by a 
factor ~3. However, the difference becomes insignificant for smaller angles of incidence. 

We note that the contrast level of the laser systems prevents the formation of any 
significantly extended preplasma at the target surface. At the temporal contrast ∼5×10−10 and 
laser intensity 1021 W/cm2, the prepulse intensity will be ∼5×10−11 W/cm2 at a few ps before 
the main pulse. The temperature of the plasma at this intensity will be T< 100 eV [19]. 
Estimating for such temperature a velocity of the Al ions of about ~106 cm/s, the preplasma 
can only reach an extension of a few 10s of nm before the arrival of the main pulse, and 
essentially plays no role in the laser-target interaction. 

A closer look to the dynamics of the interaction shows a significant distortion of the 
electron density profile and the presence of evolving structures on the target surface during 
the laser pulse [see Fig. 4 (a) and (b)]. The modification of the critical density surface starts 
already at a very early time [from 5.3 fs, Fig. 4(а)], and at the end of laser pulse a well 
defined, structured indentation on the target surface has been generated [Fig. 4(b)]. Regions 
within this structure, where the local normal is parallel to the laser axis result in the observed 
back reflection. The structure is formed due to the constant component of the force 

[ ] /p e v cF B= ×


   (ponderomotive pressure), while the oscillating component of the pF


 result 
in relativistic oscillations of the whole structure and the generation of attosecond pulses [8]. 
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At even higher intensities this structure will lead to “hole boring”, where independently from 
the angle of incident on the target an electron density profile is formed which follows the 
spatial profile of the laser beam. In this case the reflection from the critical surface will 
mostly be directed backwards rather than in the specular direction determined by the original 
target surface. At intensities ≤1021 W/cm2 an initial stage of “hole boring” is realized. The 
radiation pressure of the laser light curves the target critical density surface, enhancing the 
angular spreading of reflected light, so that reflection along the laser direction becomes 
possible. 

 
Fig. 4. Spatial distribution of the electron density profile on the target during the laser pulse at 
a) 𝑡𝑡 = 5.3 fs, b) 𝑡𝑡 = 32 fs and c) 𝑡𝑡 = 21.3 fs from the start of the interaction for laser intensity 
1021 W/cm2. Colour scales are normalized on the initial electron density (8 × 1023 cm−3), and it 
shown negative because it is electron charge density. d) 𝑡𝑡 = 21.3 fs at the normalization of 
electron density to 3 × 1023 cm−3. 

The reflecting surface is curved as indicated in Fig. 4(c) at 21.3 fs from the start of 
interaction. The plot of Fig. 4(d) shows the same data but with a different color scale so that 
the profile for slightly lower target density can be visualized. Some structure can be 
visualized with areas where the surface normal is parallel to the incident beam axis. These 
electron density spikes oscillate and become a source for secondary waves, shown as circles 
in Fig. 4(d). Two spikes are at the edges of the laser pulse (shown with the vertical lines in 
Fig. 4(d)) and one close to the centre. The Figs. 4(b) and 4(d) are separated from each other 
by four laser periods but display the similar dynamic structure on the target surface. This 
suggests, that the structure of the electron density profile on the target surface is repeatable 
during the laser pulse. 

The curvature of the reflecting surface of the target front and the spikes on it, shown in 
Fig. 4, are imprinted on the spatial profile of the reflected light. Figure 5(a) shows the 
distribution of the field at 42 fs, when the reflection of the pulse is finished. On Fig. 5(a) one 
of the constant phase surfaces of back reflected light is highlighted with red dots. The blue 
lines indicate two normals to these phase surfaces, whose intersection at the target surface 
indicates the “point”-like nature of the source of the reflected wave. For more precise 
identification of the location of the source of secondary waves a 2D electric field distribution 
map is shown in Fig. 5(b). The centers of the circles are the oscillating sources of secondary 
waves propagating also in backward direction. These centres correspond to the electron 
density spikes at the edges of the laser focal spot in Fig. 4(d). The secondary waves shown in 
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Fig. 5(b) as red circles coincide with the constant phase surface of the scattered light as one 
can see in simulations. The point source in Fig. 5(b) on the right side of the laser beam can be 
identified by the front of back reflected wave surface. 

 

Fig. 5. a) 2D distribution of incident and reflected laser fields (Ey component) at 42 fs of laser 
interaction in the whole box of simulation. Scales are normalized to the incident laser 
amplitude. b) Zoomed 2D distribution of incident and reflected fields at 42 fs of laser 
interaction. The centers of spherical secondary waves are shown in c). Incident laser intensity 
is 1021 W/cm2. 

Clearly, in addition to the backscattering which was recorded by the detectors in the 
experiments there would be scattered light also under different angles. It is obvious from Fig. 
5(a) that there are no point sources on the reflecting surface which are in phase. Thus, the 
source of backward emission (or reflection) will be the segments of electron densities 
oscillating with relativistic speed, and the reflected back radiation is effectively the diverging 
wave reflected from oscillating surface. The formation of such a structured density surface 
can be thought of as a “dynamical diffraction quasi-grating”. A standard way of 
reconstructing the diffracted field from a conventional diffraction grating is to add the 
contribution of  the wavelets originating from different parts of the grating, taking into  
account the phase differences between these sources of secondary emissions. In present case 
the sources of secondary emissions [Fig. 5(a)] are not stationary and they do not have strong 
regular distribution. Also, the observed quasi-grating, in contrast to conventional gratings has 
a range of spatial scales (fundamental and its harmonics) and formed by electron density 
profiles with different phase velocities. However, the distribution of point sources of 
secondary waves is not completely random. There are a number of articles devoted to the 
analysis of the plasma density profile formed through the development of various kinds of 
instabilities (Rayleigh-Taylor instabilities [20], two-stream instabilities [21], and generation 
of surface waves [22,23]), but we see the formation of quasi-periodic structures of the surface 
having certain (distinct) scale. 

The diffraction pattern of the quasi-grating can be estimated for a fundamental harmonic 
with spatial period d and with phase velocity of the density profile vgr. The angular 
distribution of the scattered radiation is described by the formula of moving grating with 
velocity vgr in the lab reference frame with the reflection angle given by 

 sin /sin  
1 /

i
r

gr

n d
v

n d
c

θ λθ
λ

−
=

−

 (1) 

where n is the order of diffraction, θr and θi are the angles of reflection and incidence, 
respectively. We should mention that use of Eq. (1) to interpret the scattered field from the 
profile shown in Fig. 4(d) is an approximation, as the “quasi-grating” on Fig. 4(d) consists of 
only a few spikes which are generating secondary spherical waves. 

From Eq. (1) it follows that at vgr  = c/sinθi there will be only specular reflection (θr = θi) 
at any grating constant. This is the case for non-relativistic laser amplitude. However, the 
simulation shows, that vgr  < c/sinθi  which is due to the nonlinearity and the inertia of the 
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electron motion in the relativistic field. For high amplitude oscillations, the electrons cannot 
follow the oscillations of the electric field and 

pF
 . At relativistic intensities (1021 W/cm2 in 

our case) the electron and electromagnetic waves are therefore not in phase. The trajectories 
of the electrons are more complex than simple oscillations around the surface. The electric 
field has a component along the target surface and forces the electrons to move back and forth 
along the surface. At relativistic intensities, [ ] /p e v cF B= ×



   is of the same order as the force 
of the electric field and breaks the symmetry of the oscillations. In average a compensation of 
the force 

pF
  by an ambipolar field takes place in time, but the instantaneous phase of the 

electron oscillations will differ from the phase of the incident field, because at high 
amplitudes of oscillations and relativistic mass the electrons cannot follow the changes in the 
field phase. Another cause of dephasing of the electron oscillations with respect to the laser 
field is the specular reflection of the laser light which pulls out the electrons from the target 
surface (due to the strong field gradients with spatial scales shorter than the laser 
wavelength), resulting in the formation of additional spikes in the electron density. Therefore, 
due to the laser ponderomotive pressure the distance between the spikes and their profile does 
not correspond to the period of the incident laser beam because of the nonlinear motion of 
electrons in the relativistic field. 

 

Fig. 6. The electron density profiles are depicted for integer number of laser periods: 4TL, 6TL, 
8TL, 10TL for laser intensities a)1019 W/cm2 and b) 1021 W/cm2. Pulse duration 30 fs, 30° 
incidence, at the beam diameter 4 μm, size on the target 8.5 μm. 

In Fig. 6 the electron density profiles are depicted for integer number of laser periods:,, 
4TL, 6TL, 8TL, and 10TL for laser intensities 1019 W/cm2 and 1021 W/cm2. In Fig. 6a) besides 
modulations with periodicity d = λ/sinθ we see harmonics of d ~ λ/sinθ  (due to the force 

[ ] /p e v cF B= ×


  ) and even more complicated structure resulting from two phase-shifted, 
overlapped gratings (incident field relative to reflected). 

The specularly reflected light has the same front velocity c/sinθ relative to the target front 
while the electron bunches are moving along the target surface with velocity ~c and have a 
velocity component c/sinθ on the target surface. The appearance of the velocity c/sinθ leads to 
a delay between the velocity spike and the peak of the incident laser field pulling the electrons 
out of the surface. 

On Fig. 6(b) the gap between the red lines indicates the phase shift between the incident 
wave and the response of the electron density spike. We emphasize that we have described 
the effects which are associated with ultrahigh intensities and disappear in a linear mode of 
interaction. Comparison of Figs. 6(a) and 6(b) shows that the surface profiles are substantially 
different for different intensities (and basic harmonics of modulation period λ/sinθ). These 
observations and the results of calculations [see. Figure 5] suggest that vgr  < c/sinθi. In Fig. 5 
(a) and (b) this is confirmed by the secondary spherical waves emitted from the surface. At vgr  
< c/sinθi such waves should not occur in spite of the complicated structure of target surface. 

The Eq. (1), for the fundamental harmonics (oscillations caused by tangential component 
of the electric field) of the grating period d = λ/sinθ gives the diffraction peak of second order 
(n = 2) in the backward direction for speed grv c

. For the harmonics with grating constant 
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d = λ/2sinθ (caused by oscillations of 
pF
 ), the diffraction maximum in the backward 

directions will be in the first order (n=1) at 
grv c

. 
We emphasize that the low “quality” of the quasi-grating results in a significant blurring 

of the angular peaks. If one looks at Fig. 5(a) in terms of “diffraction” pattern, then besides 
the specular maxima (n = 0) two additional angular peaks can be identified close to the blue 
straight lines. Reducing the laser intensity the role of non-linear effects is weakening and in 
the experiments and PIC simulations we see a decrease of scattered light under different 
angles and scattering only in the specular direction remains. 

In average at intensities 1020 – 1021 W/cm2 the amplitude of back reflection is about 3% of 
the amplitude of incident beam. Shortening of the wavelength of back reflected light due to 
the movement of reflecting surface (Doppler effect) were evaluated in [19,24]. At higher 
intensities (1021 W/cm2) and thin targets the structure of the reflecting surface will become 
more chaotic resulting in more diffused reflection and in the decrease of the reflection 
coefficient. The structure formed on the target surface becomes comparable to the target 
thickness, and the back reflection is reduced. We are observing a tendency of decreasing 
coefficient of back reflection for thin targets (0.2 μm) with increasing laser intensity for the 
same reason. 

The measured coefficient of back reflection agrees well with the PIC simulation as shown 
in Fig. 2(a). Both experiments and simulation do not show a strong dependence from laser 
intensity in the range 1020 – 1021W/cm2. The spread of experimental data is related to the 
transient nature of the processes which are intrinsically not stable. Simulations show, that 
with decreasing the laser intensity the coefficient of back reflection is decreasing because the 
generated structure on the target surface will be suppressed. Therefore, there is a maximum in 
the coefficient of back reflection dependent on laser intensity. 

Now it becomes clear that the observed reduction of back reflection by introducing a 
small pre-plasma [200 nm in Fig. 2(b)] is a result of the suppressed regular structure on the 
target surface due to pre-plasma. The back reflection is seen to decrease much faster for 
increasing incidence angle if there is a pre-plasma compared to the case with no preplasma. 
However, the difference is diminishing when laser incident angle tend to normal. 

4. Conclusion 

To summarise, we report a finding of high relevance to the ongoing development of laser 
technology towards the multi-PW power level. We have demonstrated by PIC simulations the 
dynamics of the generation of regular structures in the electron density profile at the laser-
target interface during PW, ultrashort laser pulse interaction with a solid target. This structure 
can act as a quasi-grating and, as a result, a significant amount of laser energy can be 
reflected back into the beam transport system, as observed experimentally. Additionally, we 
have demonstrated in PIC simulations that with a small amount of pre-plasma at the target 
front this regular structure is smeared out and the back reflection reduced. 

The observed phenomena can have serious consequences when using PW laser systems in 
the interaction experiments. In laser-solid interaction experiments, the dynamics and the 
properties of the target surface can result in significant amount of reflected back laser light 
not only in form of laser harmonics but also on the fundamental frequency which can be “re-
collimated” by the focusing parabolic mirror and propagate back into the laser chain. This 
back-reflected light with the same wavelength and energy content of the order of 1% of the 
incident laser energy can effectively travel back along the laser system and can cause serious 
damage due to imperfect collimation, which may be focused on optical components in the 
laser chain. 
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