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High order mode structure of
intense light fields generated via
a laser-driven relativistic plasma
aperture

M. J. Duff!, R. Wilson?, M. King?, B. Gonzalez-Izquierdo?, A. Higginson?, S. D. R. Williamson?,
Z. E. Davidson?, R. Capdessus?, N. Booth?, S. Hawkes?, D. Neely'?, R. J. Gray! & P. McKenna'*

The spatio-temporal and polarisation properties of intense light is important in wide-ranging topics at
the forefront of extreme light-matter interactions, including ultrafast laser-driven particle acceleration,
attosecond pulse generation, plasma photonics, high-field physics and laboratory astrophysics. Here,
we experimentally demonstrate modifications to the polarisation and temporal properties of intense
light measured at the rear of an ultrathin target foil irradiated by a relativistically intense laser pulse.
The changes are shown to result from a superposition of coherent radiation, generated by a directly
accelerated bipolar electron distribution, and the light transmitted due to the onset of relativistic
self-induced transparency. Simulations show that the generated light has a high-order transverse
electromagnetic mode structure in both the first and second laser harmonics that can evolve on intra-
pulse time-scales. The mode structure and polarisation state vary with the interaction parameters,
opening up the possibility of developing this approach to achieve dynamic control of structured light
fields at ultrahigh intensities.

Control of the spatio-temporal and polarisation properties of high power laser pulses is important to the devel-
opment of compact laser-plasma-based particle accelerators and radiation sources, which have wide-ranging
potential applications'~%. Changing the spatial modes of focused laser light enables tailoring of transverse focus-
ing forces within the plasma®, resulting in enhanced electron and positron acceleration®’, attosecond electron
bunches?, stabilised ion acceleration’, and the possibility to generate X-rays with orbital angular momentum!®!!.
Moreover, it has been shown numerically that the focusing forces can be controlled by changing the relative
intensity ratio of two laser modes used in combination!2. Similarly, collective particle dynamics and field gen-
eration in plasma can be tailored by varying the drive laser polarisation'*!', enabling new degrees of control in
charged particle acceleration'>!>!6. An ability to dynamically vary these laser properties at high power could have
a transformational effect on topics at the forefront of ultraintense light-matter interactions, plasma photonics and
radiation generation.

As a medium, plasma can withstand extremely high energy densities and its optical properties can be varied
on the ultrafast timescale of a high power laser pulse, enabling the possibility for dynamic manipulation of intense
light. This motivates investigation of relativistic plasma optical and photonics phenomena. The use of plasma to
amplify'’"°, compress® and condition®'~** laser pulses has been explored. Recently, it has been shown that mag-
netic splitting®, birefringence?>?” and density grating structures® produced in low-density plasma could be used
to control the polarisation of intense laser light.

Laser light of wavelength ); and angular frequency w; cannot propagate in a plasma with density n, above a
critical value, n. = mesowLZ/ 2, where m, is the electron rest mass and ¢ is the vacuum permittivity?, and thick-
ness greater than the skin depth (d >> ¢,). The skin depth is the distance over which the laser field decays in mag-

nitude to 1/e of its peak value, and is defined as £, = ¢./3;/ Wy, e where Wy e = N neez /eym, is the plasma frequency
and 7, is the electron Lorentz factor. Bunches of energetic electrons are injected into the target via mechanisms
such as resonance absorption (at w;) and j x B heating (at 2w;)***!, as illustrated in Fig. 1(a). These electrons
transit the target and emerge at the rear solid-vacuum interface, where they generate transition radiation as a
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Figure 1. (a) In the absence of relativistic transparency, an incoming, linearly polarised laser pulse, in the
form of a fundamental TEM,, (or Gaussian mode, indicated by the red box in which the arrow represents the
polarisation direction), produces a current of energetic electrons bunched at w; and 2w; and reflects from the
overdense plasma. (b) In an ultrathin foil, relativistic self-induced transparency results in a plasma aperture in
which the linearly polarised (along the Y axis) laser light is transmitted and produces a bipolar distribution of
dense electron bunches at the aperture edge. The deceleration of these bunches in the electrostatic sheath field
produces coherent light emission at w; (blue boxes) and 2w; (green boxes) in higher order TEM modes. The
arrow heads show the local polarisation direction of these modes.

result of the change in the dielectric constant at the boundary. Typically, this will be in the form of a cylindrically
symmetric intensity distribution, and if the coherence structure of the fast electron bunches is retained in the
transport across the target, it will take the form of coherent transition radiation at w; and/or 2w;**** (depending
on the dominant absorption mechanism). The energetic electrons also produce an electric sheath field resulting
in ion acceleration®. At relativistic laser intensities, the mass of the oscillating electrons increases by +,, such that
aregion of the plasma, for whichn, < ~,n,, undergoes so-called relativistic self-induced transparency (RSIT)*>*.
The intensity threshold at which this occurs in ultrathin foils (d ~ £,) is reduced by plasma expansion, which
decreases n,. A relativistically-transparent plasma aperture is produced at the most intense region of a typical
Gaussian laser focus, as discussed in reference'* and illustrated in Fig. 1(b). In this case, the laser pulse propagat-
ing through the aperture can directly accelerate electrons (See reference® for a discussion of direct electron accel-
eration in sub-critical density plasma). This case of an ultrathin foil undergoing RSIT is of particular importance
for the acceleration of ions to high energies® and for the generation of bright attosecond pulses of XUV
radiation®.

Here, the effects of the self-generated relativistic plasma aperture in an expanding ultrathin foil on the intense
light field at the target rear is explored experimentally and numerically via 3D Particle-In-Cell (PIC) code sim-
ulations. It is shown that measured changes to the polarisation and temporal properties of the light result from
the generation of first and second harmonic radiation in high-order transverse electromagnetic modes. These are
produced by dense, coherent bunches of electrons that are directly accelerated from the edges of the aperture in
a bipolar distribution, as illustrated in Fig. 1(b). It is shown that the polarisation and degree of conversion to a
given mode varies with the energy of the light detected at the rear of the target, making this both a diagnostic of
the intra-pulse time at which RSIT occurs and a potentially tunable approach to producing high-order modes of
relativistically intense laser light.

Results

Experimental and numerical investigation of polarisation. We begin with results from an experi-
ment performed to explore changes to the polarisation of light transmitted through ultrathin foils expanding to
near critical densities and undergoing RSIT. This was motivated in part by the theoretical and numerical work
reported in Stark et al.*° that predicts that anisotropic heating of near critical density plasma by linearly-polarised
light can induce a phase separation of two orthogonal modes and thus act like a waveplate. The parameters of our
experiment, presented in the Methods Section, differ from the numerical work explored in reference* in several
ways, particularly with respect to target thickness and density evolution. In our experiment, aluminium foils, with
thickness d, varied in the range 16-60 nm, were irradiated at close to normal incidence with linearly polarised
light with a spot size of (3.9 £0.7) um (FWHM) and peak intensity equal to (2.8 £0.4) x 10 Wem 2.

Light collected at the rear of the plasma was collimated and directed to a Stokes polarimeter diagnostic (see
Methods section and the Supplementary Information file for details). The Stokes parameters (S,, S, and S;) were
measured to provide a time-integrated measurement of the polarisation state of the light. The temporal-frequency
profile of the light was measured using the frequency-resolved optical gating (FROG) technique?!, using a
sub-sample of the collimated beam (see Supplementary Information file for more details). Both sets of measure-
ments were made as a function of target thickness.

Figure 2a presents measurements of the energy of the light detected downstream of the target rear, normalised
to the laser energy incident on the target. The energy of the detected light increases non-linearly with decreasing
d, consistent with previous results in the same parameter regime!**2. Figure 2b shows the measured magnitude
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Figure 2. (a) Detected wy light level (energy as a percentage of the laser energy incident on the target) as a
function of target thickness: Experiment - black; Simulations - red. The error bars correspond to the standard
deviation in the transmission for a given target thickness, and thus account for fluctuations in the laser
parameters. (b) Magnitude of the change in the angle of linear polarisation (AOLP) as a function of detected wy,
light level (energy as a percentage of the laser energy incident on the target): Experiment - black; Simulations

- red. The error bars indicate the confidence in the polarisation state determined by the analysis code (see the
Methods for more details). The inset illustrates the AOLP in the Poincaré sphere, where the Stokes parameters
form an orthonormal basis. (c) Measured S, parameter as a function of the detected light energy. (d) Same for
the S; parameter.

of the angle of linear polarisation (AOLP) as a function of the total energy of the light detected downstream of
the target rear, again normalised to the laser energy on target. AOLP is proportional to the arctan of the ratio of
the magnitudes of the measured S, and S, Stokes parameters, as shown in the inset. Both of these Stokes param-
eters vary with the level of light detected, whereas the S; parameter does not (the measured values are scattered
randomly around the reference value), as shown in Fig. 2¢ (for the S, case) and Fig. 2d, respectively. Thus, AOLP
is an appropriate figure of merit for quantifying the magnitude of the effective polarisation shift with respect to
the incident laser light. A strong inverse correlation is observed between the AOLP value and the energy of light
detected. The largest change in AOLP is measured when RSIT occurs late in the interaction, such that the trans-
mitted light energy is low, and vice versa.

The temporal-intensity profile of the light, as measured using the FROG diagnostic, is shown in Fig. 3a. A
single peak is observed in the case of very low detected light, consistent with the emission of transition radiation.
The signal varies following the laser pulse profile. A second peak, 55fs later, corresponds to transmitted laser light
and grows in magnitude rapidly with increased light detection. The temporal separation between the two peaks is
explained by the fact that the target becomes relativistically transparent late in the interaction, on the falling side
of the laser pulse, but the intensity of the transmitted light is equivalent to, or greater than, the transition radiation
(depending on the precise time at which RSIT occurs).

Together, these two sets of measurements demonstrate that the light detected downstream of the target has
two distinctive components (light generated in the plasma early in the interaction and laser light transmitted
through it) and that the time-integrated polarisation state is strongly dependant on the level of detected light. The
relative intensity of the two light sources and the effective polarisation state varies with target thickness (or other
parameters upon which the onset of RSIT depends, e.g. pulse intensity).

The underlying physics was investigated via 3D simulations performed using the fully relativistic particle-in-cell
(PIC) code, EPOCH* (see Methods section). Figure 2a (red circles) shows the total energy of light (normalised
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Figure 3. (a) Temporal-intensity profile of the light pulses measured using the FROG diagnostic for stated
levels of detected light (‘DL); (b) Same from the 3D PIC simulations. The dashed lines label the light generated
in the plasma and transmitted laser light.

to the incident laser energy) downstream of the target rear as a function of d. The simulation results follow a very
similar scaling to the experimental data. The differences in the detected light energy indicate that the degree of
pre-expansion used in setting up the simulation may not precisely match that in the experiment. The simulations
show that an E, field is generated and that the ratio |E,|/|Ey|, which produces the effective polarisation change,
increases with d (and thus a decreasing detected light energy). The observed scaling compares well to that measured
in experiment, as shown in Fig. 2b, and continues to reduce towards zero for decreasing d, and thus detected light
energies higher than those plotted. Moreover, as shown in Fig. 3b, the simulations also show two distinct peaks in
the magnitude of the light downstream from the target rear; one induced by light generated in the plasma and the
second by light transmitted through it. Both the strong correlation in the level of the second peak to the total light
detected and the temporal separation of the peaks are in good agreement with the experimental results in Fig. 3a.

Spatial mode generation and correlation with polarisation state. 3D PIC simulation results further
reveal that the changes in AOLP are produced by a superposition of TEM modes of the light generated during the
laser-plasma interaction and the transmitted laser light. Figure 4a—c demonstrates the mode generation for
d=10nm. Figure 4a shows the spatial distributions (Y-Z plane) of the | Ey| and |E,;| field components for the input
laser pulse, where the bar indicates the fields are averaged over one laser period. The target electron density distri-
bution is shown in Fig. 4b, 40 fs after interaction with the peak of the pulse. A relativistic aperture’* is formed at
the most intense region of the laser focus. The spatial distributions of the |Ey| and |E,| fields, 10 xm behind the
target and at t =40fs, are shown in Fig. 4c. At this distance the far-field distribution of the light is sampled, mini-
mising the influence of near-field diffraction effects'®. The measurements of the fields are filtered such that only w;
light is present. Both the structure of the output fields and the ratio of the magnitude of|Ey|and |E,| are of interest.
ATEM,, mode is observed in|E,|, as characterised by the four lobes. Only the fundamental TEM is observed in
|Ey| (the peak of which is ~20 times greater than the|E,| signal) because of high transmission due to the early onset
of RSIT. The smallest effective polarisation shift is observed for this foil thickness, as seen in Fig. 2b.

The mode generation is explained by the production of dense electron bunches, shown in orange in Fig. 4b.
The bunches are formed by the acceleration of electrons from the edges of the aperture. This occurs at two polar
positions around the aperture (Y-Z plane) in the case of linearly polarised light. The overall bunch frequency is
2wy, with consecutive bunches at each pole separated by A;. The electron bunches are decelerated in the sheath
field at the target rear side resulting in the emission of w; radiation in the polarisation plane, with the radiated Ey
field taking the form of a TEM, mode. Later it will be shown that 2wy light is also generated.

The process is demonstrated by the 3D PIC simulation results shown in Fig. 4d-f, in which a simplified case of
the laser interacting with a predefined 5 ym diameter aperture is modelled. Electron bunches are formed at the
edges of the aperture when the j x B force (blue arrow) and the force due to the focused laser Ex field (yellow
arrow) are aligned in the same direction. The red contours correspond to n,=n.and show the propagation of the
bunches through the longitudinal sheath field. The distributions of the|E|and|E,| fields sampled 10 zzm behind
the target are shown in Fig. 4e,f, respectively. Although the transmitted laser field still dominates, there is a clear
TEM,, structure produced in the |E,| field. This has a higher signal-to-noise ratio than the results in Fig. 4c
because the aperture is predefined.

To further explore the source of the TEM,, mode radiation, Fig. 5a—c shows results from a 3D PIC simulation
in which predefined bunched electrons propagate in an electrostatic field, with no target or laser pulse. Bunches
of electrons with n,=n,, separated by \;/2 and alternately mirrored about the Z=0 plane, are initialised with a
relativistic drift velocity in the +X direction and decelerated by a longitudinal 10 TVm ' electric field (to replicate
the effect of the sheath field at the target rear). The generated electromagnetic radiation propagates in the +X
direction while the electrons decelerate and reverse direction. Figure 5b shows the spatial distributions of the
generated |E,|and|E,| fields. As there is no input laser pulse, it is possible to clearly observe the TEM,, mode in
Ey. This mode is present in all of the simulations presented above, but is masked by the stronger fundamental
TEM,, mode. The TEM, structure is also clearly observed in the E, field in Fig. 5b, confirming that the mecha-
nism for generating the TEM,, is related to the decelerating electron bunches.
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Figure 4. (a-c) Interaction of a Gaussian pulse with peak intensity equal to 6 x 10* Wem™? with a d =10 nm
target. (a) The|Ey|and |E,| components of the input pulse; (b) The relativistic plasma aperture and bipolar
distribution of fast electrons accelerated in bunches from the edge of the aperture (at t=40 fs). The bunch
structures in the X-Y and X-Z planes are also shown; (c) The |Ey|and|E,| components of the output light, at
X=10um and t=40fs. (d-f) 3D PIC simulation results for the case of a target with a preformed, 5 ;ym-
diameter aperture: (d) Linearly polarised (Y-axis) laser light propagates in the + X direction. The red lines are
n,=n, electron density contours and the colourmap indicates the magnitude of the spatially averaged
longitudinal (sheath) electric field; (e) The transmitted|Ey| field in the Y-Z plane; (f) The self-generated |E,,| field
in the same plane.

These simplified simulations show that the TEM,, mode is produced by the deceleration of the bipolar elec-
tron distribution. It is also possible to demonstrate analytically that the gradient in the structure of the TEM,,
mode drives electron motion in the Z direction, subsequently producing a TEM;, mode in|E,|. Projecting the
Maxwell-Faraday equation along the X-axis, and using the properties of the Hermite polynomials (See the
Supplementary Information file for further details), it can be shown that the E, field may be written:

Z
E, ~ 2TEM,, — m[TEMIZ + TEM,,],
~2TEM,, + O L]
wX) )

We note that the TEM,, is strictly due to the TEM,, mode, produced by the deceleration of the bipolar electron
distribution. For a small LX ratio the Z-component of the electric field behaves as a TEM,, mode, in agreement

wi
with numerical simulation results.

The discussion thus far has focused on wy light. Transition radiation in the second harmonic is also generated
and in high order modes, due to the fact that the overall electron bunch frequency (i.e. due to electrons at both
poles) is 2w;. In Fig. 5c¢, the spatial intensity profile of the 2wy light is plotted from the simulation with the prede-
fined electron bunches, with arrows indicating the local polarisation direction. This demonstrates generation of
a radially polarised mode.

Mode structures are also present at 2w; in the full laser-foil interaction (i.e. without the predefined plasma
aperture). Figure 5d shows the scaling of the magnitude of the Ey and E,, fields at 2wy, as a function of target
thickness. For the thinnest target, d =5 nm, the E; field is much weaker than the Ey field, associated with the
radiation emitted by the decelerating electron bunches. In this case, the spatial intensity distribution is dominated
by the bipolar structure due to the electron bunches, as evidenced in Fig. 5e. As the target thickness increases
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Figure 5. (a—c) Simulation results for a simplified case of preformed electron bunches propagating in a strong
electrostatic field (i.e. no laser or target); (a) The initial electron density, momentum and Ej field directions
defined in the simulation; (b) The|Ey|and |E,| fields at X = 10 pum; (c) Spatial intensity distribution and electric
field vectors of the 2wy light at X =10 pm. (d—f) 2wy results from the full laser-foil simulations (no preformed
aperture): (d) Total detected 2w, light, separated into the |Ey | (blue) and|E,| (red) components, as a function of
d. (e) Spatial intensity distribution and electric field vectors of the 2wy light for d = 5nm; (f) Same for d =20nm.

to d=20nm, the magnitudes of Ey and E, are approximately equal. Here, the Ey field is in the form of a TEM,,
mode, whilst the self-generated E, field has the structure of a TEM,, mode, at 2w;. The superposition of these
two modes, of equal amplitude, leads to the formation of a radially polarised mode. We also note that the radial
mode generated in the full laser-foil simulation has a peak intensity of the order of the relativistic threshold. The
fact that fundamental harmonic light can be filtered out, points to the possibility to develop this approach for the
generation of relativistically intense (~3 x 10'® Wem ™2 in Fig. 5f) high order modes of 2w; light.

Spatial mode variation of the 2w, light. Next, we explore the extent to which the spatial mode varies
with target thickness and the potential to tune this feature of the intense light generated. In Fig. 6, the evolution
of the spatial intensity profile of the 2wy light is presented, for three target thicknesses, as follow: (a—c) d=5nm,
(d-f) d=20nm and (g-i) d =30nm. The columns indicate different times, t =28fs, t =40fs and t =52 fs (after
the peak of the pulse) from left to right. =401fs corresponds to the time at which the d =20 nm target undergoes
RSIT. In all cases, the distribution is determined at the same position in space (10 pm behind the target rear), with
the light averaged over a laser period.

The variation in spatial modes and polarisation with target thickness (i.e. comparing rows of Fig. 6) arises from
the changing ratio of |Ey|/|E,], as discussed above. This points to the potential to tune this aspect of the intense
light generated, by variation of target thickness or other parameters controlling the time at which RSIT occurs in
the interaction. The mode structure is also observed to vary with time, when comparing the columns of Fig. 6,
highlighting the potential to produce modes of intense laser light that dynamically vary on ultrafast timescales.

Discussion

In summary, our results show that relativistically intense light in a TEM,, mode interacting with an ultrathin foil
undergoing RSIT can generate higher order modes of intense light in the fundamental and second harmonic. We
note that from an evaluation of the simulation results, the level of depolarisation of the generated and transmitted
light is expected to be very small (see Supplementary Information file). The resultant light field and polarisation state
vary with the degree of laser transmission. The work shows that measurement of these beam properties can thus be
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Figure 6. Spatial intensity distributions and electric field vectors (blue arrows) for 2w; light, from the full laser-
foil simulations, measured 10 ym behind the target rear. Three values of target thickness are compared; (a—c),
5nm; (d-f), 20 nm; and (g-i), 30 nm. The spatial intensity distributions evolve temporally; panels (a,d,g) are
compared 28 fs after the peak of the pulse, (b,e,h) are compared 40 fs after the peak of the pulse, and finally (c,f,i)
are compared 52 fs after the peak of the pulse.

used to diagnose the intra-pulse time at which the plasma undergoes RSIT, which is a crucial parameter in optimis-
ing promising schemes for laser-driven ion acceleration®. Furthermore, the fact that they can be varied by choice
of target thickness and that for certain thicknesses the mode evolves over the ultrashort duration of the interaction,
opens up the possibility to develop this concept for ultrafast control of relativistically intense light fields. In future
studies, we plan to explore the potential for this approach to add to the growing list of plasma optics and photonics
schemes (e.g. for enhancing contrast*'-?, amplification'’~'?, compression® and polarisation control*>?”°) that are
raising the potential for entirely plasma-based high fluence solutions to create extremely intense laser pulses*.

Methods

Experiment overview. The experiment was performed using the Gemini laser at the Rutherford Appleton
Laboratory. Pulses of p-polarised, A\, =800 nm light (with 35 nm bandwidth), with energy equal to (3.1£0.2) J
(on-target) and pulse duration equal to (40 & 5) fs (FWHM), were focused using an F/2 off-axis parabolic (OAP)
mirror to a spot size of (3.940.7) um in diameter (FWHM). The calculated peak intensity was (2.8 £0.4) x 10%°
Wcem~2 A double plasma mirror configuration was used to enhance the intensity contrast to ~10'! and ~108, at
1 ns and 2 ps, respectively, prior to the peak of the pulse. The targets were aluminium foils, with thickness d, varied
in the range 16-60 nm and were irradiated at close to normal incidence.

Figure 7 shows a schematic of the experimental set up for measuring the polarisation state of the light. The
light which emerges at the rear of the target is collimated using a F/2 OAP (‘OAP 2’ in Fig. 7) and subsequently
reflected off two wedged mirrors, reducing the energy such that it can pass to the external diagnostic (the Stokes
polarimeter). It is first passed through an interference filter, transmitting light at the fundamental wavelength,
A, =800 nm, with a bandwidth of (40 & 8) nm. It is then split into three paths by a series of non-polarising
beam-splitter cubes, each with 50:50 transmission:reflection at \;, enabling measurement of the corresponding
Stokes parameters. A Wollaston prism is used in each of the paths to separate the light into two orthogonal polar-
isation states. The Wollaston angles were set to 0°, 45° and 0°, with respect to their fast axes, whilst the final path
(along which the Wollaston angle was set to 0°) includes an additional \;/4 wave plate after the Wollaston to sep-
arate the left and right handed circular polarisation states. The orthogonal polarisation states which emerge from
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Figure 7. A schematic diagram of the experimental set-up detailing the polarisation diagnostic.

the Wollaston prisms are in the form of two spots of light, which are recorded using an Andor Neo camera. These
have a chip size of 16.6 x 14.0 mm, containing 2560 X 2160 pixels, and a dynamic range of 3 x 10% This provides
a time-integrated measurement of the polarisation state of the light.

Stokes polarimetry. The Stokes representation of polarised light is employed in our analysis. The polarisa-
tion state of light is defined by a four-component Stokes vector. Each component in this vector is an experimen-
tally measurable quantity, referred to as a Stokes parameter. The first parameter, S;, describes the total intensity
of the light, whilst the remaining three components describe the difference in relative intensities of degenerate
polarisation states. The term ‘degenerate states” here refers to the six states commonly used in polarimetry, these
are; linear polarisations at 0°, 90°, 45° and 135° (where the angle is defined as a rotation in the plane orthogonal
to the direction of light propagation), and left and right handed circular polarisations. The Stokes parameters are
defined as follows:

So=L+Iy=1=1 (2)

S, =1, — Iy, = Ip cos21) cos2x (3)
S, =I5 — I35 = Ip sin2¢ cos2y (4)
S3 = Ipcp — Icp = Ip sin2y (5)

where I is the total light intensity (here normalised to 1) and I, is the intensity of light in the channel ‘%’ of the
Stokes polarimeter. Here, p is the degree of polarisation, such that 0 <p <1, and 2% and 2 are characteristic
angles. We assume that the light maintains its degree of polarisation, such that p = 1. The Stokes parameters are
then related as follows: /S + S; + $7/S, = L

The Stokes parameters may be visualised as co-ordinates in the so-called Poincaré sphere, in which the Stokes
parameters form an orthonormal basis (as illustrated in the inset of Fig. 2b). In this interpretation, changes in the
polarisation are seen as rotations of the Stokes vector, such that its tip moves to a different point on the surface
of the Poincaré sphere. The Stokes parameters can then be combined to define an angle, called the angle of linear
polarisation (AOLP), which is used to quantify the magnitude of the polarisation shifts which are measured
experimentally. The AOLP is defined as follows*”:

Is — [
AOLP(°) = larctan S—z = larctan 45 135
2 S 2 o — oo

(6)

For light that is completely polarised in the linear 0°-90° plane, i.e. the linear p and s states, the AOLP =0°.
For linear polarisation at an angle, the magnitude of the AOLP increases proportionally with the polarisation
angle, up to a maximum value of 45°. This angle describes shifts of the linear polarisation state, and for completely
polarised light is equal to the latitude in the Poincaré sphere.
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The Stokes representation can also be used to describe the propagation of a polarisation state through a sys-
tem of optical components. Each component is represented by a 4 X 4 matrix, a so-called Mueller matrix. A
given optical system, such as the Stokes polarimeter, is then described by forming a composite matrix from the
product of the Mueller matrices for each optical component. Whilst the Mueller matrices are readily obtained for
commonly used equipment, such as polarisers and wave plates, this is not the case for many of the components
employed in the Stokes polarimeter. We model the polarimeter by combining the Mueller matrices for the general
effects of attenuation, rotation and retardation of the input polarisation vector. This leads to the formation of a
system matrix, containing free parameters. These were fitted using a Monte-Carlo routine, which compares the
output of the modelled system to known polarisation states, obtained during the initial calibration of the Stokes
polarimeter.

Simulations. The 3D simulations were performed using the fully relativistic particle-in-cell (PIC) code,
EPOCH?®. The simulation grid was composed of 1000 x 720 x 720 computational mesh cells, corresponding to
a volume of 20 xm X 20 um x 20 pm. The laser enters this grid from the left boundary, with all other boundaries
set to be free space. The pulse parameters were chosen to closely approximate those in the experiment; a Gaussian
temporal profile with duration equal to 40 fs (FWHM), focused to a diameter of 3 um. The laser wavelength is
A;=3800nm and it is linearly polarised in the Y direction. The peak intensity was 6 x 102° Wem ™2, such that the
light level transmitted through the target approximately matched the experimental results. The time t=0 fs is
defined as when the peak of the laser pulse interacts with the center of the target.

The target comprised a layer of Al'** ions, with d varied in the range 5-40 nm, with a 6 nm-thick layer of
mixed C®" and H" ions on the surfaces to account for hydrocarbon contaminants in the experiment. To approx-
imate the effect of the laser temporal-intensity contrast, the target ion and neutralising electron populations
were pre-expanded to a Gaussian profile with a FWHM related to d, to achieve a maximum electron density of
30n, (the areal density was kept equivalent to initially solid density aluminium; 444n,). The electron temperature
was initially set to 100 keV, whilst the ions were set to 10 eV. This choice of electron temperature approximates
the interaction of the expanding target plasma with the laser rising edge, yet ensures that the corresponding
Debye length is resolved within the mesh size of the computational grid. The electron temperature and degree of
pre-expansion are predicted based on plasma expansion estimates for the measured laser contrast, as described in
Ref. >, There were 22 particles per cell per species.

Received: 25 September 2019; Accepted: 3 December 2019;
Published online: 09 January 2020

References
. Hooker, S. M. Developments in laser-driven plasma accelerators. Nat. Photon. 7,775 (2013).
. Esarey, E., Schroeder, C. & Leemans, W. Physics of laser-driven plasma-based electron accelerators. Rev. Mod. Phys. 81, 1229 (2009).
. Malka, V. Manipulating relativistic electrons with lasers. Europhysics Letters 115, 54001 (2016).
. Macchi, A. et al. Ion acceleration by superintense laser-plasma interaction. Rev. Mod. Phys. 85,751 (2013).
. Cormier-Michel, E. et al. Control of focusing fields in laser-plasma accelerators using higher-order modes. Phys. Rev. ST Accel.
Beams 14, 031303 (2011).
6. Vieira, J. & Mendonga, J. T. Nonlinear laser driven donut wakefields for positron and electron acceleration. Phys. Rev. Lett. 112,
215001 (2014).
7. Vieira, J., Mendonga, J. T. & Quéré, F. Optical control of the topology of laser-plasma accelerators. Phys. Rev. Lett. 121, 054801
(2018).
8. Baumann, C. & Pukhov, A. M. Generation of attosecond electron packets in the interaction of ultraintense Laguerre-Gaussian laser
beams with plasma. Quant. Elect. 47,194 (2017).
9. Chen, M., Pukhov, A., Sheng, Z. M. & Yan, X. Q. Laser mode effects on the ion acceleration during circularly polarized laser pulse
interaction with foil targets. Phys. Plasmas 15, 113103 (2008).
10. Wang, J. W,, Schroeder, C. B., Li, R., Zepf, M. & Rykovanov, S. G. Plasma channel undulator excited by high-order laser modes. Sci.
Reports 7,16884 (2017).
11. Huang, C. K., Lemos, N., Xu, X. & Joshi, C. Orbital angular momentum in the light emitted from laser-plasma accelerators. AIP
Conference Proceedings 1812, 100015 (2017).
12. Yu, L. L. et al. Control of focusing fields for positron acceleration in nonlinear plasma wakes using multiple laser modes. Phys.
Plasmas 21, 120702 (2014).
13. Mangles, S. P. et al. Laser-wakefield acceleration of monoenergetic electron beams in the first plasma-wave period. Phys. Rev. Lett.
96, 215001 (2006).
14. Gonzalez-Izquierdo, B. et al. Optically controlled dense current structures driven by relativistic plasma aperture-induced diffraction.
Nat. Phys. 12, 505 (2016).
15. Gonzalez-Izquierdo, B. et al. Towards optical polarization control of laser-driven proton acceleration in foils undergoing relativistic
transparency. Nat. Comms. 7, 12891 (2016).
16. Scullion, C. et al. Polarization dependence of bulk ion acceleration from ultrathin foils irradiated by high-intensity ultrashort laser
pulses. Phys. Rev. Lett. 119, 054801 (2017).
17. Shvets, G., Fisch, N. J., Pukhov, A. & Meyer-ter-Vehn, J. Superradiant amplification of an ultrashort laser pulse in a plasma by a
counterpropagating pump. Phys. Rev. Lett. 81,4879 (1998).
18. Ren, J., Cheng, W,, Li, S. & Suckewer, S. A new method for generating ultraintense and ultrashort laser pulses. Nat. Phys. 3, 732
(2007).
19. Trines, R. M. G. M. et al. Simulations of efficient Raman amplification into the multipetawatt regime. Nat. Phys. 7, 87 (2011).
20. Malkin, V. M., Shvets, G. & Fisch, N. J. Fast compression of laser beams to highly overcritical powers. Phys. Rev. Lett. 82, 4448 (1999).
21. Gold, D. M., Nathel, H., Bolton, P. R., White, W. E. & Van Woerkom, L. D. Prepulse suppression using a self-induced ultrashort pulse
plasma mirror. Proc. SPIE 1413, 41 (1991).
22. Thaury, C. et al. Plasma mirrors for ultrahigh-intensity optics. Nat. Phys. 3, 424 (2007).
23. Gibbon, P. Cleaner petawatts with plasma optics. Nat. Phys. 3, 369 (2007).
24. Qu, K. A, Jia, Q. & Fisch, N. J. Plasma g-plate for generation and manipulation of intense optical vortices. Phys. Rev. E 96, 053207
(2017).
25. Weng, S. et al. Extreme case of Faraday effect: magnetic splitting of ultrashort laser pulses in plasmas. Optica 4, 1086 (2017).

G W N =

SCIENTIFIC REPORTS |

(2020) 10:105 | https://doi.org/10.1038/s41598-019-57119-x


https://doi.org/10.1038/s41598-019-57119-x

www.nature.com/scientificreports/

26. Michel, P. et al. Dynamic control of the polarization of intense laser beams via optical wave mixing in plasmas. Phys. Rev. Lett. 113,
205001 (2014).

27. Turnbull, D. et al. High power dynamic polarization control using plasma photonics. Phys. Rev. Lett. 116, 205001 (2016).

28. Lehmann, G. & Spatschek, K. H. Plasma-based polarizer and waveplate at large laser intensity. Phys. Rev. E 97, 063201 (2018).

29. Chen, F. in Introduction to Plasma Physics and Controlled Fusion (Plenum Publishing Corporation, 1984), Vol. 1, 2nd ed.

30. Baton, S. D. et al. Evidence of ultrashort bunches in laser plasma interactions at relativistic intensities. Phys. Rev. Lett. 91, 105001
(2003).

31. Popescu, H. et al. Sub-femtosecond, coherent, relativistic, and ballistic electron bunches generated at w0 and 2w0 in high intensity
lasermatter interaction. Phys. Plasmas 12, 063106 (2005).

32. Santos, J. J. et al. Fast electron transport in ultraintense laser pulse interactions with solid targets by rear-side self-radiation
diagnostics. Phys. Rev. Lett. 89, 025001 (2002).

33. Bellei, C. et al. Micron-scale fast electron filaments and recirculation determined from rear-side optical emission in high-intensity
laser-solid interactions. New J. Phys. 12, 073016 (2010).

34. Wilks, S. C. et al. Energetic proton generation in ultra-intense laser-solid interactions. Phys. Plasmas 8, 542 (2001).

35. Vshivkov, V. A. et al. Nonlinear electrodynamics of the interaction of ultra-intense laser pulses with a thin foil. Phys. Plasmas 5,2727
(1998).

36. Eremin, V. 1. et al. Relativistic self-induced transparency effect during ultraintense laser interaction with overdense plasmas: why it
occurs and its use for ultrashort electron bunch generation. Phys. Plasmas 17, 043102 (2010).

37. Arefiev, A. V. et al. Beyond the ponderomotive limit: Direct laser acceleration of relativistic electrons in sub-critical plasmas. Phys.
Plasmas 23, 056704 (2016).

38. Higginson, A. et al. Near-100 MeV protons via a laser-driven transparency-enhanced hybrid acceleration scheme. Nat. Comms. 9,
724 (2018).

39. Dromey, B. et al. Coherent synchrotron emission from electron nanobunches formed in relativistic laser-plasma interactions. Nat.
Phys. 8,804 (2012).

40. Stark, D. J. et al. Relativistic plasma polariser: impact of temperature anisotropy on relativistic transparency. Phys. Rev. Lett. 115,
025002 (2015).

41. Trebino, R. In Frequency-Resolved Optical Gating: The Measurement of Ultrashort Laser Pulses (Kluwer Academic Publishers,
Boston, 2002).

42. Gray, R.J. et al. Azimuthal symmetry in collective electron dynamics in relativistically transparent laser-foil interactions. New J.
Phys. 16, 093027 (2014).

43. Arber, T. D. et al. Contemporary particle-in-cell approach to laser-plasma modelling. Plasma Phys. Control. Fusion 57, 113001
(2015).

44. Mourou, G. A. et al. Exawatt-zetawatt pulse generation and applications. Optics Communications 285, 720 (2012).

45. Gonzalez-Izquierdo, B. ef al. Influence of laser polarization on collective electron dynamics in ultraintense laser-foil interactions.
High Power Laser Science and Engineering 4 (2016).

46. Segre, S. E. A review of plasma polarimetry-theory and methods. Plasma Phys. Contol. Fusion 41,2 (1999).

47. Mu, T. et al. Demonstration of a snapshot full-Stokes division-of-aperture imaging polarimeter using Wollaston prism array. J. Optics
17, 125708 (2015).

Acknowledgements

We acknowledge the expertise of staff at the Central Laser Facility, Rutherford Appleton Laboratory. This research
is financially supported by EPSRC (grant numbers EP/R006202/1, EP/M018091/1, EP/J003832/1 and EP/
P007082/1) and used the ARCHER and ARCHIE-WeSt supercomputers, with access to the former provided via
the Plasma Physics HEC Consortia (EP/R029148/1). EPOCH was developed under EPSRC grant EP/G054940/1.

Author contributions

P.M., RW, RJ.G., and M.K. conceived and designed the experiment. R.J.G., B.G.-I. and M.D. developed the
polarisation diagnostic. M.D., R.W,, B.G-L., R.J.G., A.H,, SD.R.W,, Z.D,, R.C, N.B, S.J.H.,, D.N. and P.M.
performed the experiment. M.D. analysed the experiment data and performed modelling. M.K. performed the
simulations and analysis of the simulation results, with theory input from R.C. The manuscript was prepared by
PM., M.D. and M.K., with contributions from all authors. PM. provided overall supervision of the work.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-57119-x.

Correspondence and requests for materials should be addressed to PM.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:105 | https://doi.org/10.1038/s41598-019-57119-x


https://doi.org/10.1038/s41598-019-57119-x
https://doi.org/10.1038/s41598-019-57119-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	High order mode structure of intense light fields generated via a laser-driven relativistic plasma aperture

	Results

	Experimental and numerical investigation of polarisation. 
	Spatial mode generation and correlation with polarisation state. 
	Spatial mode variation of the 2ωL light. 

	Discussion

	Methods

	Experiment overview. 
	Stokes polarimetry. 
	Simulations. 

	Acknowledgements

	Figure 1 (a) In the absence of relativistic transparency, an incoming, linearly polarised laser pulse, in the form of a fundamental TEM00 (or Gaussian mode, indicated by the red box in which the arrow represents the polarisation direction), produces a cur
	Figure 2 (a) Detected ωL light level (energy as a percentage of the laser energy incident on the target) as a function of target thickness: Experiment - black Simulations - red.
	Figure 3 (a) Temporal-intensity profile of the light pulses measured using the FROG diagnostic for stated levels of detected light (‘DL’) (b) Same from the 3D PIC simulations.
	Figure 4 (a–c) Interaction of a Gaussian pulse with peak intensity equal to 6 × 1020 Wcm−2 with a d = 10 nm target.
	Figure 5 (a–c) Simulation results for a simplified case of preformed electron bunches propagating in a strong electrostatic field (i.
	Figure 6 Spatial intensity distributions and electric field vectors (blue arrows) for 2ωL light, from the full laser-foil simulations, measured 10 μm behind the target rear.
	Figure 7 A schematic diagram of the experimental set-up detailing the polarisation diagnostic.




