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Laser beams carrying orbital angular momentum (OAM) have found major applications in a variety of
scientific fields, and their potential for ultrahigh-intensity laser-matter interactions has since recently been
considered theoretically. We present an experiment where such beams interact with plasma mirrors up to
laser intensities such that the motion of electrons in the laser field is relativistic. By measuring the spatial
intensity and phase profiles of the high-order harmonics generated in the reflected beam, we obtain
evidence for the helical wavefronts of the high-intensity laser at focus, and study the conservation of OAM
in highly nonlinear optical processes at extreme laser intensities. The physical effects determining the field
mode content of the twisted harmonic beams are elucidated.
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Light beams can carry both spin and orbital angular
momenta in their direction of propagation. Their spin
angular momentum is associated with the polarization
state, whereas their orbital angular momentum (OAM) is
related to the spatial structure of the wavefronts. Indeed, a
beam with a helical spatial phase ¢(r, ) = 10, where 0 is
the azimuthal angle, carries an OAM of [ per photon, as is
the case for the Laguerre-Gaussian (LG) eigenmodes of the
paraxial wave equation of azimuthal index (or topological
charge) |/| > 1 [1,2]. Because of the phase singularity at
r = 0, the light intensity of such beams vanishes on the
axis. These remarkable properties of so-called “twisted
light beams” have led to applications going from optical
manipulation [3-5] to high-resolution microscopy [6] or
optical communication [7], based on laser beams typically
in the infrared to visible spectral range.

In the last few years, there has been a growing interest for
the use of such vortex laser beams to drive ultrahigh-
intensity (UHI) laser-plasma interactions [8—16] up to the
relativistic regime. These investigations are motivated by
two main physical ideas. The first one is that the peculiar
intensity profile of these beams provides new ways to
control UHI interactions, e.g., leading to doughnut-shaped
laser wakefields in underdense plasmas, suitable for effi-
cient positron acceleration [8—10]. Secondly, the efficient
transfer of OAM from optical vortices to plasmas could
dramatically modify the physics of UHI interactions, thus
leading to new effects of fundamental interest and new
properties for the resulting light and particle beams [11-14].

Despite this recent surge of theoretical studies, there has
been only one single UHI experiment carried out with such
vortex laser beams, until now, where the hollow laser
intensity profile was observed to lead to a reduction of the
divergence of ion beams accelerated from thin solid foils
[17]. This effect has been attributed to the doughnut shape
of the laser focus, while the helicity of the laser wavefront
and the associated OAM did not play a key role. This lack
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of experiments is partly due to the difficulty of inducing
helical wavefronts on these large and powerful beams. To
address this issue, different approaches, based on advanced
laser-plasma interaction schemes, have been proposed
theoretically or even demonstrated experimentally, such
as plasma mirrors created on preformed helical targets [15],
Raman amplification in underdense plasmas [16], or
transient plasma holograms [18].

In this Letter, we present an experiment where high-
order harmonics of the laser frequency are generated
through the interaction of plasma mirrors [19,20] with
UHI laser vortices, produced by simply inserting a spiral
phase plate in a high-power femtosecond laser beam just
before focusing. By studying the amplitude and phase
properties of these extreme ultraviolet (XUV) beams, we
obtain clear evidence for the helical wavefronts of the laser
beam on target at full power. From a fundamental point of
view, we verify in an unambiguous way that the topological
charge of the nth harmonic beam is n times that of the
driving laser beam, and thus, provide the first experimental
validation [14] of the OAM conservation rule at such
ultrahigh intensities. Furthermore, we analyze the key
physical effects that determine the mode content of these
beams, using a simple yet general approach that applies to
any harmonic generation process driven by LG laser beams.
This is, to the best of our knowledge, the first experiment
demonstrating the controlled exchange of OAM between
laser light and matter at relativistic intensities, opening the
way of the exploitation of LG beams in UHI physics.

The experiment (see Supplemental Material in [21]) has
been performed on UHI100, the 100 TW-class Ti:sapphire
laser facility at CEA-IRAMIS. This laser delivers 25 fs
pulses at central wavelength 4 = 800 nm, with a contrast
higher than 10'2, obtained with a double plasma mirror
[24]. The maximum energy on target is 0.6 J, distributed in
a 65-mm-diameter beam. The scale length L of the density
gradient at the plasma-vacuum interface [25-27] was

© 2017 American Physical Society
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controlled by introducing a prepulse (fluence ~10° J/cm?)
that ionizes the optically flat silica target at an adjustable
delay (between 0 and 5 ps) before the main pulse [25]. Its
value was measured using spatial domain interferometry
[26]. By controlling L, as well as the laser peak intensity /
(by adjusting the laser energy or the size of the main beam
with an aperture mask), we could favor one or the other of
the two identified high-order harmonic generation (HHG)
mechanisms for plasma mirrors [25], namely coherent
wake emission (CWE) or the relativistic oscillating mirror
(ROM). Different optical components could be inserted in
the path of the collimated beam before focusing by the
f =300 mm off-axis parabola. The laser beam was p
polarized and incident at 55° on target.

We created the UHI optical vortex by inserting a 80-mm-
diameter 1-mm-thick silica spiral phase plate in the
collimated beam. This 8-stair-step phase plate was designed
to induce a helical phase with a 2z variation per azimuthal
turn (/ = 1) at the central laser frequency. Figure 1 com-
pares the focal spots obtained with and without this spiral
phase plate, measured at low laser power for two diameters
of the apertured beam, ¢ = 25 mm and ¢ = 45 mm. As
expected, inserting the spiral phase plate leads to doughnut-
shaped focal spots. These spots, however, do not present a
perfect azimuthal symmetry, but rather a lobe structure due
to intensity inhomogeneities and residual phase aberrations
in the laser beam [21].

At full power, the nonlinear phase, accumulated by the
laser beam through this plate (B integral), is estimated to
1 rad, which is not expected to severely degrade the beam
spatial properties [21]. The annular focal spots of Figs. 1(b)
and 1(f) should thus, respectively, lead to peak intensities of
a few 10'7 and 10" W/cm?, high enough to drive HHG
from plasma mirrors in the CWE and ROM regimes,
respectively. We now confirm that such ultrahigh-intensity
optical vortices are obtained on target by measuring the
properties of the generated harmonic beams, using an
angularly resolved XUV spectrometer.

Spectrally resolved 1D angular profiles of the harmonic
beams, produced with the laser beam diaphragmed down to
¢=25mm and ¢p =45 mm, are shown in Figs. 1(c) and 1(g).
These angular lineouts suggest that doughnut-shaped
harmonic beams have been generated. To confirm this
point, we rotated the solid target around its vertical axis
by a small angle (+45 mrad), thus sweeping the entire
harmonic beam across the spectrometer entrance slit with-
out affecting the generation conditions. By concatenating
the resulting collection of angular lineouts, we could then
recontruct the entire angular profile of each harmonic
beam [21]. The results of this procedure are presented in
Figs. 1(d) and 1(h) for the 12th harmonic, respectively, in
the CWE and ROM regimes. In both cases, the harmonic
beam presents a doughnut shape, although with an imper-
fect azimuthal symmetry, possibly reminiscent of that
observed on the laser beam focus. These results clearly
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FIG. 1. Left panels: laser focal spots measured without (a),(e)
and with (b),(f) the spiral phase plate in the path of a ¢p — 25 mm
(up) and ¢ — 45 mm (down) diameter laser beam. The bar scale
indicates a length of 10 ym. Central panels: raw images of the
spectrally resolved high-order harmonic 1D angular profiles at
0, = 0 mrad, produced by the UHI vortices in the CWE (panel c,
L~ /70 and I ~5.10"7 W/cm?), and ROM (panel g, L ~ /15
and 7~ 10" W/cm?) regimes. These values of L were deter-
mined using the SDI interferometric technique described in [26].
Right panels: reconstructed 2D angular intensity profile of the
12th CWE (d) and ROM (h) harmonic beams.

indicate that the laser beam focus on target indeed has
helical phase fronts at full power and that part of its OAM
has been transferred to the XUV beams. We now focus on
the physics of this transfer mediated by the plasma mirror.

Nonlinear processes driven by optical vortices have been
the subject of multiple investigations in the last decades. In
harmonic generation, the topological charge /, of the nth
harmonic beam is expected to be n times the one of the
driving laser, [, = nl, based on two physical arguments.
First, as one harmonic photon is produced through the
annihilation of n laser photons, its OAM has to be n times
larger. Second, in any harmonic generation process, the
phase of the nth harmonic is » times that of the driving laser
field: when the laser phase varies by 27/ over one azimuthal
turn, the harmonic phase should thus vary by 2zln.

This conservation rule has been readily verified for low-
order harmonics [28,29]. Its extension to high-order har-
monics generated in gases at much higher intensities
(=10 W/cm?) has been somewhat controversial: while
theoretical studies [30] and the latest experiments [31,32]
confirmed this conservation rule, the first experiment in this
regime rather suggested that /, =/ [33]—an unexpected
result that has been attributed to the effect of propagation
through the extended generation medium. Such potential
complications are totally avoided in the present experiment,
as the interaction occurs at an extremely steep plasma-
vacuum interface. Plasma mirrors are thus ideal to study the
conservation of OAM in HHG at extreme laser intensities.
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To this end, we now need to experimentally access the
spatial phase profile of the generated harmonic beams.

A standard way of determining the phase profile of a
beam consists of measuring its interference pattern with a
reference beam, e.g., one with spherical wavefronts. In the
case of HHG, such a reference beam can be obtained by
using a standard Gaussian laser focus for the generation
[31]. We implement this scheme by placing a fork-shaped
binary transmission grating in the collimated beam [21]—a
method inspired from [34]. Such a grating is known to
produce diffracted beams with a topological charge of fk in
the kth order, where f is the number of prongs of the fork
(f = 1 here). This grating was designed so as to produce a
central focal spot surrounded by two weaker satellites at a
distance a = 16 pum, while higher-order satellites remained
negligible. The resulting focal spot for a beam apertured to
43 mm is displayed in the inset of Fig. 2(a). As expected, it
consists in a central Gaussian-like focal spot, surrounded
by two optical vortices of topological charges 1 and —1.

In these generation conditions, i.e., with significant
energy losses induced by the transmission grating [21],
each of these spots generates a CWE harmonic beam. The
two lateral spots produce harmonic vortex beams, whose
spatial phase we want to measure, whereas, the central one
generates the reference wave for this measurement. As they
diverge away from the target, these beams overlap and
interfere spatially [Fig. 2(a)]. The resulting 2D interference
pattern, reconstructed by sliding the transmission grating
across the laser beam, is displayed in Fig. 2(b) for the 9th
harmonic. It corresponds to a fork with multiple prongs
whose number indicates the topological charge of the
harmonic beam [21]. We measure a difference of 9 +2
fringes between the top and bottom of the interference
pattern, clearly indicating a topological charge [, > 1.

A more quantitative analysis can be performed by using
a standard numerical procedure [21] to extract from the
interferogram the phase difference between the interfering
sources. This provides the phase profile shown in Fig. 2(c)
where a fast azimuthal variation of the phase is observed.
Its unwrapped variation over a complete azimuthal turn is
plotted in Fig. 2(d), for the 9th, 11th, and 13th orders. Apart
from some local deviations, most likely due to the inac-
curacy of the phase retrieval in the low-intensity parts of the
doughnut beams, these curves reveal a linear trend, with a
slope equal to the harmonic order, i.e., [, = n. This is clear
evidence that there has been a transfer of OAM from the
laser field to the high-order harmonics, mediated by the
interaction with the plasma mirror, with the expected
conservation law [, = nl [14].

We finally provide an insight into the spatial properties
of the generated XUV vortices. As highlighted by the red
dashed lines in Figs. 1(c) and 1(g), a striking feature in our
experimental results is that the size of the central hole of the
CWE vortices hardly varies with harmonic order n, while it
does vary significantly for ROM vortices. We present a
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FIG. 2. (a) Experimental spectrally resolved interference pat-

tern of the high-order harmonics, generated by the three focal
spots presented in the inset (the bar scale corresponds to 20 ym).
(b) Reconstructed 2D interference pattern of the 9th harmonic.
The 2D phase profile retrieved from this interferogram is
presented in (c), showing a variation of 9 x 2z of the phase
over one azimuthal turn. The unwrapped azimuthal phases
measured for the 9th, 11th, and 13th harmonics are presented
as dots in (d) and compared with the theoretical expectation when
OAM is conserved (full lines). All aspects of this measurement
compare well with our numerical simulations detailed in [21].

simple analysis to understand these contrasted behaviors
and relate these to the physics of the generation process.
This analysis not only applies to HHG from plasma
mirrors, but more generally to any harmonic generation
process, e.g., HHG in gases.

We assume, for simplicity, that the driving laser field is a
pure Laguerre-Gaussian mode, with an azimuthal index / and
a radial mode index p = 0 (LG, ) [Figs. 3(a) and 3(b)].
The spatial laser field on target is then given in cylindrical
coordinates by

2
E,(r,0) « rlexp (—r—2+ile>. (1)
W

For the sake of the analysis, let us first assume that the
complex harmonic field E,, is given by the nth power of the
complex laser field, as is the case for harmonic generation in
a perturbative regime. We then get

2

E,(r,0) = E! < r'lexp (_W + inl@). (2)

This expression exactly matches the definition of a pure
Laguerre-Gaussian beam of indices [/, = nl and p =0
(LG,—o ). However, it is well known that HHG can
generally not be described by such a perturbative behavior.
When deviations from this power law occur, the harmonic
beam is unavoidably produced in a superposition of
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FIG. 3. Amplitude (a),(c) and phase (b),(d) profiles at focus of
anideal LG, laser mode, and of the associated 5th harmonic
beam calculated in a nonperturbative regime, using the CWE
generation model [21]. (e) Absolute values |c¢ p| of the coefficients
of the multiple LG, ,, modes contributing to the harmonic beam
of panel (c¢),(d). (f) Lineouts of the resulting laser (red) and
harmonic (blue) beam angular profiles.

multiple LG modes. Since the conservation law imposes a
single value for the azimuthal index, [, = nl, this mode
superposition only involves the radial index p.

Two effects tend to broaden the p distribution of the
harmonic beam. The first one is related to the dependence of
the harmonic amplitude on the laser amplitude: in HHG, this
dependence |E,| = f(|E.|) is typically weaker than |E; |".
As a result, the radial width of the harmonic ring |E, ()|
is larger than that of the pure LG, ,; mode [Fig. 3(c)].
Second, in HHG, the harmonic phase ¢, has an intrinsic
dependence on |E.|, ¢, = ¢L(|EL(r)]). As |E.| varies
with r, the total harmonic phase writes as ¢,,(r, 0) = nld +
¢, (|E.(r)|) [Fig. 3(d)]. These two deviations from the pure
LG,—o mode can only be accounted for by superposing
several LG modes with different p [Fig. 3(e)], i.e.,
E,=> »Cp X LG, ,, where ¢, are complex coefficients.

As the harmonic beam propagates away from the source,
the multiple constituting LG, ,; modes experience different
Gouy phase shifts y(z) = (|nl| +2p + 1) arctan(z/zz).
This modifies the relative phases of the modes in the
superposition, and hence, affects the intensity profile
measured at a distance from the source. This is illustrated
in Fig. 3(f), in the case of the harmonic beam of Figs. 3(c)
and 3(d). Instead of the simple initial doughnut in the focal
plane, multiple rings are now observed due to the inter-
ference of LG modes with different p. In our experiment,
these fine rings cannot be observed due to the insufficient
spatial resolution of our detector, and they rather result in a
broadening of the measured doughnut [Figs. 4(a) and 4(d)].

With these ideas in mind, we can now use a simple
model of the laser-to-harmonic conversion process to
explain the observed properties of the harmonic vortex
beams [Figs. 1(c) and 1(g)]. To deduce the harmonic field at

[Ring size (R) | [Hole size (H) |

55[(©) 0@
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FIG. 4. Left panels: simulated angular intensity profiles of the
12th harmonic, with (light blue) and without (blue) convolution
with the detector resolution (8 mrad angular width). Right panels:
comparison of the measured (black) and calculated (light blue)
ring and hole diameters characterizing the harmonic vortex
beams. The error bars correspond to the standard deviation,
deduced from a statistical study on multiple laser shots. The
upper and lower lines correspond to the CWE and ROM regime,
respectively. The red lines show the prediction in the perturbative
regime.

focus from the laser field given by Eq. (1), this model uses
the known dependence of |E,| and ¢! on the laser
amplitude |E;|, determined in previous studies for both
CWE and ROM [35-39] and reminded in [21]. It then
propagates this field up to a detector by a Fourier transform.
The predictions of this model are shown on the left panels
of Fig. 4 for the 12th harmonic. With the spatial resolution
of the detector taken into account, we then compare these
predictions to the experimental results, using two param-
eters to describe the harmonic angular profiles: the ring
diameter R, and the hole diameter H, [Fig. 4(a)]. The
theoretical and experimental values of R, and H, are
plotted in the right panels of Fig. 4 as a function of the
harmonic order n in the CWE and ROM regimes, showing
a good agreement, despite the simplicity of the model. In
contrast, significant deviations are observed for the simple
perturbative model.

Using this model for a detailed analysis of the HHG
vortices properties shows that the ring diameter R,, is mostly
determined by the / index. The measured values of R, can
only be reproduced when /, = nl. Indeed, using [, = [, as
suggested in [33], leads to values of R, about five times
smaller than observed experimentally [21]. As far as the
hole size H,, is concerned, its evolution is mostly deter-
mined by the intensity dependence of harmonic phase for
CWE and the intensity dependence of the harmonic
amplitude for ROM [21]. This is what leads to the contrasted
properties of the harmonic vortices in these two regimes.

In conclusion, we have demonstrated the feasibility of
ultrahigh-intensity laser-plasma interaction experiments
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with LG beams and reported the first experimental obser-
vations where the helical phase of these beams comes into
play at these laser intensities. An important challenge for
future studies on such interaction will be to find ways to
efficiently deposit the laser OAM into plasmas to induce
new physical effects in UHI physics. Besides the funda-
mental aspects investigated here, this Letter establishes a
new methodology for the generation of intense XUV
vortices [40-43]. Such vortices, which form spatio-
temporal light springs when multiple harmonic orders
are superimposed [44], might find intriguing applications
as advanced probes of matter.
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CE32-0011) and from the European Research Council
under the European Union’s Horizon 2020 research and
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