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Abstract:

The interaction of ultra-intense laser pulses with overdense plasmas has made it possible to
open up new regimes of radiation pressure dominated acceleration, and especially lately the
light sail (LS) regime. It is in this connection that plasma mirrors, i.e., self-generated,
overdense, plasma layers generated at the surface of the target, play an important role in
mediating a flow of momentum from the laser to the target. In this paper an integrated
theoretical and phenomenological analysis of momentum transfer from high-power lasers to
plasma mirrors is presented, which includes mechanisms of relativistic dynamics and non-
linear interactions of lasers with plasma and scaling laws applicable to the experimental
extremes. We discuss the formation and development of plasma mirrors, optimized laser
parameters and plasma parameters giving maximum momentum coupling between plasma
and electrons, and propose the application fields in ion acceleration, high harmonic
generation, and ultrahigh field physics. Recent developments in high repetition rate mirrors
and liquid targets are included in order to bridge the gap between theory and emerging
technology.

Keywords: Plasma mirror, Light sail regime, Radiation pressure acceleration, Relativistic
laser—plasma interaction, Momentum coupling.

I. INTRODUCTION

The introduction of new optomechanical technologies that developed very fast high-power
and ultra-short laser systems, opened new prospects in the area of relativistic laser
interactions with plasmas [1-5]. In the case that the laser intensity is above ~10'® W/cm?, the
radiation pressure of the laser becomes comparable to or even larger than thermal and
electrostatic pressures in the plasma [1, 2]. Under such circumstances, radiation pressure

acceleration (RPA) is an efficient mechanism for the transfer of laser momentum to plasma
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targets [1, 2, 6-9]. Among the different types of RPA regimes, the so-called LS regime which
is analogous to photon-propulsion of a reflective sail has been much more studied because it
has the potential for generating high-energy and quasi-monoenergetic ion beams [10].

A plasma mirror is created by ionizing and steepening the surface of a solid density target
with an intense laser pulse to form an overdense plasma layer and reflect the incident
electromagnetic wave [1]. In the LS regime, this plasma mirror actually behaves like an
efficient relativistic reflecting surface effect allowing efficient momentum-transfer.
Understanding the role of the plasma mirrors within this regime is therefore of great
importance for the optimization of ion acceleration, for the improvement of the laser-to-
plasma energy conversion, and for new applications that could be realized such as compact
particle accelerators and laboratory astrophysics [11, 12]. The LS regime provides high
energy and small energy spectrum of ion beams with bright prospects for medical therapies
and mini accelerators [13-15]. Relativistic plasma mirrors are sources of high harmonics and
attosecond pulses, facilitate the study of ultrafast spectroscopy and the strong field studies of
quantum electrodynamics [2].

In this paper, we aim to focus on three main purposes: (i) Development of the theoretical
modelling of momentum exchange processes from an ultra-intense laser and the plasma
mirror, including relativistic and non-linear effects (e.g.,); (ii) Determination of the possible
optimal laser pulse and plasma mirror parameters to maximize the momentum coupling
coefficient; and (iii) Investigation of dynamics of the plasma mirror formation and evolution

phenomena in the process of ultra-intense laser irradiation.

Il. THEORETICAL FRAMEWORK

A. Radiation Pressure and the LS Regime

Radiation pressure on a perfectly reflecting surface is [2]

P =

rad '

C
(1)
where | is the laser intensity and c is the speed of light. In the LS regime, ultrathin plasma

targets behave as coherent reflectors when their areal density o = n, m, | satisfies
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ensuring that the entire plasma layer accelerates coherently under radiation pressure.
Scaling laws derived from RPA theory show that the maximum ion energy scales with
laser intensity and target areal density [2]. Under ideal LS conditions with circular
polarization and minimized electron heating, ion energies scale as

~2|T

ion ’
oC

E

©)
where 7 is the pulse duration. These scaling insights guide experimental design for high-

energy ion beams.

B. Plasma Mirrors in High Intensity Interaction

A plasma mirror is used when the leading edge of a high-intensity laser pulse ionizes a
solid or liquid target forming an over dense plasma, which is reflected by subsequent laser
pulses. At relativistic intensities, the density surface of electrons is oscillating and deforming

and can be considered a dynamic reflective layer. The plasma density must be greater than
rel

the relativistically corrected critical density n; =y n, , in which y is the Lorentz factor. The

generation of such a relativistic plasma mirror leads to an intense reflection of the incident
wave and to the existence of various mechanisms (e.g. high harmonic generation, HHG,

emission of attosecond pulses).
I1l. RELATIVISTIC MOMENTUM TRANSFER

A. Lorentz-Boosted momentum Balance

For a plasma mirror with velocity v= g c, the balance of momentum yields [16]

d _2l1-p
dt(yMV)_ c1+8’

(4)
. . 2\ L/2 . 1-p
where M is the areal mass density and y:(l—,B ) . The Doppler-shift factor m
+

accounts for the frequency change upon reflection from a relativistically moving surface.
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The efficiency of energy transfer can be expressed as [2]

B 20
77_1+B'
(5)

indicating that relativistic mirror motion is essential for high conversion efficiency.

B. Nonlinear and Spatio-Temporal Effects

Besides mere momentum balance, non-linear ponderomotive forces alter mirror dynamics.
Significant surface deformation and broadening spectroscopy of reflected pulses resulting
from allows surface deformation of the plasma mirror evolution in recent experimental
studies. Such effects thereby affect the momentum coupling and give a spectral distribution

of reflected radiation.

IV.PLASMA MIRROR FORMATION AND INSTABILITY

A. lonization and Ponderomotive Compression

Plasma mirror formation starts with field ionization, which is very fast, and ponderolateral
electron compression. This creates a large density gradient at the surface which is necessary
for specular reflection. The steepness of this gradient is dependent on the laser contrast and
pre-pulse suppression, issues important to the reflectivity.

Liquid Targets (e.g. Flat Jets) A continuous source of plasma mirrors at high repetition rate
(i.e. repetition rate is the number or repetition rate is the rate in which a cycle is performed
within a specified time frame) e.g. sustained experiments, advanced applications such as
attosecond HHG.

B. Transverse Instability and Target Expansion

During the acceleration process, the plasma surface is prone to transverse instabilities like
Rayleigh-Taylor type growth [17-20]. These instabilities lead to corrugation and thus can
degrade momentum transfer. In ultrathin and mass limited targets also perpendicular
expansion competes with coherent acceleration. Mitigation of such effects by shaping pulses,

using target engineering and circular polarization plays a major role in stable LS RPA.
V. OPTIMIZATION OF MOMENTUM COUPLING

A. Laser Parameters
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Optimal radiation pressure acceleration applies brightly contrasting, circularly-polarized
pulses proportional to, and aimed at, the objective target areal density. Tailored chirp and

pulse shaping are further used to optimize stability and energy transfer.

B. Target and Plasma Properties

Mass-limited targets with uniform are minimum expansion detrimental behavior and
increases coupling efficiencyity. Ultrathin targets provide reduced energy spreading in

accelerated ions, as well as narrow spectra.

V1. CONCLUSIONS

Plasma mirrors are a key part of achieving LS regime of RPA. By considering relativistic
effects, nonlinear dynamic, and sophisticated optimization strategies, in this paper, a common
theoretical and practical scheme of momentum transfer from high power lasers to overdense
plasmas are presented. Future advances in high repetition rate plasma mirrors could promise
to bring the theory to action in more concrete experimental models. This enlarged large
framework places plasma mirrors at the crest of the tidal wave of high-power laser layout,

superb acceleration ideas and the upcoming design of photon and particle sources.
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