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The design and development of an ellipsoidal F/1 focusing plasma mirror capable of increasing the
peak intensity achievable on petawatt level laser systems to >10°> W cm ™2 is presented. A factor
of 2.5 reduction in the focal spot size is achieved when compared to F/3 focusing with a
conventional (solid state) optic. We find a factor of 3.6 enhancement in peak intensity, taking into
account changes in plasma mirror reflectivity and focal spot quality. The sensitivity of the focusing
plasma optic to misalignment is also investigated. It is demonstrated that an increase in the peak

laser intensity from 3 x 10°°Wem=2 to 10*' Wem™

results in a factor of 2 increase in the

maximum energy of sheath-accelerated protons from a thin foil positioned at the focus of the
intense laser light. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943200]

INTRODUCTION

Throughout the history of high-power laser-plasma
science, new avenues of research have been enabled by
increasing the peak laser intensity achievable. These include
laser-driven particle au:celeration,l’2 radiation sources,3’4 rela-
tivistic optics,™® laboratory astrophysics,”® and warm dense
matter.”'” Peak intensities in the range of 102 — 10! W cm 2
are now available at hundred-terawatt-to-petawatt-scale laser
facilities. In a few years, multi-petawatt laser systems such as
APOLLON'' and the extreme light infrastructure (ELI)12
facilities will start operation. These lasers are expected to
achieve focused intensities in the range of 10 — 102 W cm 2,
which will enable the exploration of ultra-intense laser-
plasma phenomena, such as high-field quantum electrody-
namics (QED). !>

The typical approach adopted to increasing the peak in-
tensity involves increasing the laser pulse energy or decreas-
ing its duration. When using conventional solid state optics,
these approaches typically require an increase in the beam
diameter to keep the energy density on the optic below the
damage threshold. Alternatively, the focal spot size can be
decreased, by implementing a small F-number (F/#) focusing
optic (large numerical aperture). Such optics are typically
expensive and are susceptible to damage from target debris
due to their short focal length (and thus close proximity to
the target).

The development of single-use, disposable plasma-based
optics enables many of these short-comings to be avoided.
Crucially, plasma mirrors operate at a much higher energy
density and are therefore more than an order of magnitude
smaller than conventional solid state optics, and can thus be
manufactured at much lower cost. Their disposable nature
means that target debris is not an issue. Planar plasma mirrors
(PPMs)'>!® are now routinely used at many high power laser
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facilities as a valuable tool for suppressing laser pre-pulses
and amplified spontaneous emission (ASE) inherently present
in intense laser pulses produced via the chirped pulse amplifi-
cation (CPA) process.'” The basic principle of the plasma mir-
ror is that a thin plasma is created on the surface of a solid
which is otherwise transparent to the laser light (typically
anti-reflection (AR) coated, optical quality glass). Laser light
is reflected at the critical density—the electron density at
which the plasma electron oscillation frequency is equal to
the laser frequency. The laser intensity on the surface is cho-
sen such that undesired pre-pulses and ASE light preceding
the main pulse are below the threshold intensity required to
ionise the medium and are therefore transmitted through it. In
this way, the main pulse which is reflected from the plasma
has a sharper rising edge and higher intensity contrast (ratio of
the peak intensity to the intensity of the ASE pedestal). PPMs
have been used in this way to enable experimentation with
ultra-thin target foils, resulting in the development of new ion
acceleration'® and high-harmonic generation'*** mechanisms.
In addition, there have been several dedicated studies under-
taken to understand and characterise these important optical
components.”*24

The fact that light is reflected from a thin plasma layer
formed on the substrate surface means that the surface can
be curved to induce focusing (just as in conventional solid
state optics). By appropriate choice of the surface curvature,
an incident focusing laser beam can be made to focus with
an even smaller F/#. A focusing plasma mirror (FPM) of el-
lipsoidal geometry with two foci, such that demagnification
of a focal spot occurs from one focal position to the other,
satisfies the need to have off-axis focusing to ensure that the
target is not blocking the incoming laser beam. Such an optic
is attractive not only because of the increase in peak laser in-
tensity achievable but also because it improves pulse inten-
sity contrast in the same way as a PPM. The use of such an
optic was first demonstrated in a proof-of-principle

© 2016 AIP Publishing LLC
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experiment on a terawatt (TW) level laser system reported
by Kon et al.?® and Nakatsutsumi ef al.,”® whereby an F/0.4
FPM was developed and achieved a five-fold reduction in
focal spot size compared to the spot formed by a conven-
tional F/2.7 off-axis parabolic (OAP) mirror. The intensity
enhancement was indirectly diagnosed by the measurement
of the maximum energy of protons accelerated from a thin
target foil positioned at the FPM beam focus.

In this article, we report on the design, development,
and testing of an ellipsoidal FPM to be utilised on a petawatt
(PW) scale laser system; the Vulcan petawatt laser at the
Rutherford Appleton Laboratory in the UK. The overall per-
formance of the optic, including its sensitivity to optical mis-
alignment, is investigated experimentally. The use of the
FPM to enhance the maximum energy of sheath-accelerated
protons is demonstrated.

PRINCIPLES OF DESIGN AND OPERATION

As in the case of the previously trialled FPM,25 26 an el-
lipsoidal geometry was chosen to induce the plasma mirror
focusing, as depicted in Fig. 1(b). This shape has two foci
positions, f; and f;, located along the major axis, equidistant
from the centre. This enables point-to-point (i.e., focus-to-
focus) imaging. Depending on the degree of elliptical eccen-
tricity, e, a reduction or enlargement in the image size at one
focus can be obtained when an object is placed at the other,
i.e., the magnification of the optic. The magnification is
equal to the ratio of lengths f3/a;, where o is defined as the
distance from f; to a point on the mirror surface and f is
defined as the distance from the same point to f,. The ratio
changes as a function of the beam incident angle, 0,,, with
respect to the major axis and can therefore be expressed as”’

(1+¢%) —2e- cos0;,
(1—e?) ’
where the eccentricity is given by e = /(1 — b?/a?); a and

b being the semi-major and semi-minor axis length,
respectively.
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In practical terms, a conventional OAP can be aligned
such that the focus coincides with f; of the FPM. As the light
diverges beyond fi, it reflects from the plasma it forms on
the curved optic surface and is imaged to position f,. The
focal spot at f; is demagnified at f, depending on the chosen
geometry of the FPM and the angle 0,),.

OPTIC DESIGN

The precise design of a FPM depends on the pulse pa-
rameters of the laser system on which it is intended to be
used. It depends chiefly on the laser pulse peak power and
the F/# of the conventional OAP used to bring the beam to
position f;. The optic developed in this study has been
designed for use on the Vulcan PW laser at Rutherford
Appleton Laboratory. This laser delivers pulses of 1053 nm
light, with energy 500-600J pre-compressor (typically
~200J on-target including losses in the compressor and
plasma mirror), and duration ~750fs (FWHM). The pulse is
focused using an F/3.1 OAP to produce a focal spot of typi-
cal diameter of ~4 um (FWHM). The resulting calculated
peak intensity is of the order of 6 x 10°° W cm~2 (assuming
30% of the energy is contained within the FWHM focal
spot).

As the purpose of the FPM is to increase the achievable
peak intensity through focal spot size reduction, the first step
in the design is the selection of a suitable demagnification.
Although the smallest F/# possible is desired, the smaller the
F/# is the more sensitive the FPM becomes to alignment.
Thus a compromise value is selected which produces signifi-
cant intensity enhancement while enabling the ease of use
and robustness to a non-optimum beam profile. A value of
%3 demagnification (m=1/3) was selected based on the
F/3.1 OAP, such that the FPM is designed to yield a focal
spot size of ~1.3 um FWHM (close to the diffraction limit).

The dimensions of the FPM depend on the desired
energy reflectivity of the optic and thus the incident laser in-
tensity on the optic surface (the reflectivity dependence on
laser intensity is discussed in Refs. 22 and 24). A region of
high specular reflectivity (~70%) is established at an

Planar Plasma

Mirror FIG. 1. Schematic diagrams showing:

(a) the overall optical set-up in the
Vulcan target chamber; (b) the opera-
tion of the ellipsoidal focusing plasma
§ mirror, where the incoming laser is
10 mm focused by a conventional OAP to
position f; and the FPM focuses the
beam to position f,, with magnification
given by f/o; (c) the operation of a ref-
erence planar plasma mirror. (d) and
(e) Photographs of the manufactured
FPM optic showing: (d) the front sur-
face and (e) a side view, demonstrating
the ellipsoidal structure. The fiducial
markers highlighted are used for align-
ment of the optic.
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FIG. 2. Percentage of laser light specularly reflected from the plasma mirror
as a function of the laser intensity at the plasma mirror surface. Red data
points are the results from reduced energy Vulcan PW pulses on a flat PMMA
sample and the grey points correspond to reference data from Dromey er al.**
for a 500fs pulse and a fused silica PPM, with 6° laser incidence angle. A
quadratic fit is made to this data between the incident intensities of
10" — 10" Wem 2, as illustrated by the dotted green curve. The blue and
purple data points represent full energy shots on flat samples of silica glass
and PMMA, respectively. Each data point represents a single laser shot.

incident intensity of ~10" Wcmfz, as shown in Fig. 2. The
laser intensity at the optic surface is determined by the dis-
tance the beam expands from f; to the surface, i.e., « in Fig.
1(b). Through consideration of Gaussian beam expansion,
this distance can be determined such that an intensity of
10" W cm 2 is achieved, resulting in a high optical reflectiv-
ity. For alignment purposes, the incidence angle 0, is
selected to be 19.4° for this optimal intensity, along with a
selected minimum distance of the focus f, from the ellipsoi-
dal surface for practical target placement. Using these pa-
rameters, the remaining values required to define the shape
of the optic are obtained using simple trigonometric expres-
sions describing an ellipse.

To validate the design before manufacture, analytical
modelling was conducted using optical ray-tracing software
(Zemax). Figures 3(a) and 3(b) show the results for the input
focal spot and the resultant output focus formed by the FPM.
This produces a demagnification of x2.9, based on the input
and output focal spots of 1.71 um and 0.59 ym (FWHM),
respectively. This modelling was conducted using 532nm
light to enable direct comparison with experimental tests dis-
cussed in the “Optic Testing” section.

The FPM design (Figs. 1(d) and 1(e)) was manufactured
by diamond machining of the ellipsoidal shape into a 20 mm
thick cylindrical sample of transparent Poly(methyl methacry-
late) (PMMA) plastic. The thickness of the optic was chosen
to provide sufficient rigidity to minimise surface distortions
that could be induced via mounting. Current optical manufac-
turing processes, such as this, are capable of optic production
with a shape profile error <0.1 um. Conventional PPMs typi-
cally include an AR coating, with reflectivity ~0.3%,?® to
increase their intensity contrast improvement ability (the
achievable contrast enhancement factor is equal to the ratio of
the plasma reflectivity to the “cold” reflectivity of the optic®").

Phys. Plasmas 23, 033106 (2016)

The FPMs developed in this study do not include an AR coat-
ing at the time of testing, thus characterising their cold reflec-
tivity is important to gauge how they will perform as plasma
mirrors. A spectrophotometer was used to measure the reflec-
tivity of 1053 nm p-polarised light from the FPM over a range
of incident angles, from 25° to 45° to encompass the full
range of illumination angles of the diverging laser beam in the
optic design. The average reflectivity was measured to be
(4.2 = 0.3)%, and thus for the predicted plasma reflectivity of
~70% the optic is expected to increase the intensity contrast
by a factor of 16.7, approximately an order of magnitude less
than an AR coated plasma mirror.

REFLECTIVITY TESTING

To characterise the plasma reflectivity of the selected
FPM substrate material, the Vulcan PW laser was used to
investigate the reflectivity of a PPM, made from the same
transparent PMMA material, as a function of incident laser in-
tensity. The sample was irradiated with p-polarized pulses, at a
35° incident angle relative to the mirror surface (the same as
the operational incident angle of the FPM design). The laser
intensity was varied by changing the distance between the
optic surface and the laser focus, at which a maximum inten-
sity of approximately ~10'®Wem 2 is achieved using
~0.25] pulses. The energy of the incident and reflected light
was measured using a Gentec pyroelectric energy meter for
absolute calorimetry. The specular reflectivity as a function of
incident laser intensity is shown in Fig. 2.

A peak specular reflectivity of (65 = 2)% was measured
at an intensity of (1.2%0.3) x 10" Wem™2. The overall
trend of the reflectivity-intensity dependency is in good
agreement with the data used to design the FPM, indicating
there is little difference in terms of performance between a
typically used substrate material (silica glass) and the plastic
material chosen for the FPM design. However, the
reflectivity is found to be slightly lower at intensities in the
range of 10'* — 10" Wcm™ on the two full laser energy
shots conducted; from 46%—68% in the reference data to
45%-55% in the experimental shots. This may occur due to
the difference in laser incidence angle in the data sets. The
results from Dromey er al.** were taken using a low inci-
dence angle (6°) which would result in a reduced laser
absorption when compared to the larger incident angle (35°)
used in the present investigation. The reduced reflectivity for
larger incidence angles has been observed in previous stud-
ies, which conclude that this arises due to the increased
absorption.*!*

OPTIC TESTING

An experimental set-up utilising a low-power continu-
ous wave (CW) laser was developed to characterise the man-
ufactured FPM design. This enabled the focal spot reduction
to be quantified and the feasibility of the use of each optic
for laser-target interaction studies to be tested. The set-up
was not only used for the focal spot characterisation but also
used to pre-align the optics prior to use on the Vulcan PW
laser system. In this low-power illumination mode, the
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substrate is not ionised and thus the optic simply functions as
a conventional partially reflecting solid-state optic.

To emulate the Vulcan PW F/3.1 input focusing beam,
an OAP (f=145mm) and a 48 mm diameter collimated
input beam was selected. A 532nm wavelength laser diode
was used as the light source and was propagated through a
spatial filter prior to focusing to improve the spatial-intensity
profile of the beam. This wavelength of light was utilised for
optic testing as it is much lower than the normal operational
wavelength (1053 nm), and thus will aid in determining if
there are any unwanted irregularities in the optic’s focusing,
which are displayed more prominently with lower wave-
lengths. To measure the focal spot formed by both the OAP
and FPM, an infinity-corrected microscope objective (x50
and N.A. =0.42) was used to image the spot to a CCD cam-
era. For alignment and imaging purposes, both the optic and
camera set-up were mounted on micrometer controlled xy:z-
translation stages, where the z-axis of the FPM motion was
set along the direction of the OAP input beam.

Optimum alignment

Characterisation of the optic was conducted by analy-
sing the output focal spot formed by the FPM under optimum
alignment, occurring when the OAP input focus spatially
coincides with the FPM focus, f;. An example result of these
is displayed in Figs. 3(c) and 3(d).

The optic testing established that the typical output focal
spot formed by the FPM (at f,), displayed in Fig. 3(d), is
0.76 um (FWHM), with 28.3% energy encircled within the
FWHM diameter. As the input focal spot, shown in Fig. 3(c),
was 1.91 um (FWHM) with 35.1% FWHM encircled energy,
a focal spot demagnification of x2.51 is achieved. The
reduction in encircled energy may be attributed to small
optic misalignments or inherent deviations in the optics
shape from optimal design. It should be noted that this
encircled energy is larger than the FPM fielded in the first
proof-of-principle experiment®® for which 17% is reported.
Both experiment and ray-tracing results are in good agree-
ment with the theoretically predicted demagnification of x3
for the design.

Using the above characterisation results, the expected
enhancement factor in the laser intensity, /g, under plasma
operation can be calculated. This parameter depends on the
input (¢;,) and output (¢,,,) spot sizes, the FWHM encircled
energies (E;, and E,,, respectively), and the plasma optic
reflectivity (I',,) as follows:

lgnn = (¢in/¢uur>2 ’ rp ’ (Eout/Ein)- 2

For a plasma reflectivity equal to 70%, the intensity enhance-
ment implied from testing, in Figs. 3(c) and 3(d), is x3.6.
The minimum reflectivity at which enhancement can be
achieved is 19.7%.

The focal spot expected to be achieved with the FPM
was also characterised using the Vulcan PW laser, again far
below the ionisation threshold. Figures 3(e) and 3(f) display
the typical input and output focal spot images produced. This
differs from the testing set-up in which this system has a
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FIG. 3. (a) and (b) Calculated laser focal spot distributions at (a) f; and (b) f,
from Zemax ray trace modelling of the FPM operation. (c) and (d)
Corresponding measured spatial-intensity distributions using the characterisation
set-up (with 532 nm light). (e) and (f) Corresponding measured focal spot distri-
butions using the Vulcan PW laser, with low power (CW operation) 1053 nm
light.

central wavelength of 1053 nm. A factor of x2.5 reduction
in the spot FWHM (from 4.0 um input to 1.6 um output) and
an increase in the FWHM encircled energy from 28.1% to
36.5% are found. This FWHM encircled energy value for the
output focal spot is a factor of 2.2 increase over earlier
proof-of-principle experiments.”® The test results with the
Vulcan PW laser are seen to be in good agreement with the
earlier tests using 532 nm light shown in Figs. 3(c) and 3(d).
These results indicate that a peak intensity of 3.4 X
10! Wem 2 could be achieved using the Vulcan PW laser
parameters giving a factor of ~5.3 intensity enhancement
over the standard OAP focusing.

Sensitivity to misalignment

Successful FPM operation depends strongly upon
achieving optimised alignment, as presented in Fig. 3, which
is reliant upon the OAP focus spatially coinciding with fj,
thus accurate optic positioning. Exploring the effect of mis-
alignment is important to test the feasibility of these optics.
Variations in the OAP focus position can occur on the
micron scale on high power laser systems due to various
effects, including thermal lensing in the laser chain which
can alter the divergence of the incoming pulse prior to focus-
ing. The testing set-up was used to implement a controlled
displacement in the OAP focus position, relative to fj, for
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the three possible displacement directions, Ax, Ay, and Az.
Figures 4(a) and 4(b) shows the effect on the output focus
quality for varying degrees of misalignment. This is quanti-
fied by measuring the percentage of focal spot energy con-
tained within a circle of diameter equal to the FWHM of the
optimised focus (Fig. 3(d)).

It is evident from Fig. 4(a) that displacements in Ax and
Ay result in the quality of the output focus being degraded.
Results indicate that intensity enhancement with the FPM
can only be achieved for displacements of <10 um, for mis-
alignments in only one axis (Ax or Ay). Above this value,
and in misalignments of both axis simultaneously (Axy), the
focal spot quality is sufficiently degraded that no intensity
enhancement is achievable.

Figure 4(b) shows the effect of a longitudinal OAP dis-
placement, Az. A displacement of this type results in the out-
put image position, nominally at f,, being displaced to a new
effective best position. Accordingly this misalignment can
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FIG. 4. (a) Plot of the output focus (f,) encircled energy percentage con-
tained within a circle of diameter equal to the FWHM optimised focal spot
(i.e., 0.76 um), as a function of OAP focus displacements from position f;.
Black symbols correspond to Ax; red symbols correspond to Ay; and blue
symbols correspond to Axy (equal magnitude in x and y) displacements. (b)
Same, but for the case where the OAP displacement is along the input beam
direction, Az. Black symbols correspond to the case where the objective lens
image plane is adjusted to locate the best focus, i.e., maximised encircled
energy, and red symbols correspond to the case where it remains stationary
at the position of optimised alignment focus, i.e., f,. In both (a) and (b) the
insets are images of the effect on output focus due to the various
misalignments.
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be characterised in two ways: (1) with the objective lens
translated to account for the OAP displacements and (2) with
the objective lens fixed at position f,. The latter case is anal-
ogous to an interaction target placed at the nominal focus
position and is thus important for practical use of the optic.

When the objective lens is translated, Fig. 4(b) (black data
points), the output focal spot quality remains relatively high
compared to the other misalignment forms, i.e., Ax and Ay,
over a larger range of displacement. Intensity enhancement is
achieved over a =300 um range either side of the optimum
alignment position. Characterisation of this misalignment and
the Ax, Ay, and Axy cases are highly beneficial as the degree
and direction of energy spread present relate to the direction
and magnitude of the misalignment, which consequently helps
to optimise the FPM alignment. In the second case, when the
objective lens remains fixed at position f,, Fig. 4(b) (red data
points), intensity enhancement is only possible for displace-
ments of <30 um, due to fast degradation of the focal spot
quality with increased misalignment.

To quantify the magnitude of the longitudinal displace-
ments in the OAP focus position from nominal (which the
FPM is aligned to) which may occur on the Vulcan PW laser,
a Shack-Hartmann wavefront sensor was employed to mea-
sure the degree of phase aberrations present in the laser
wavefront; aberrations which will result in non-ideal focus-
ing from the OAP. This measurement is critical to gauge if
the use of an FPM is beneficial in terms of intensity enhance-
ment or if shot-to-shot misalignments are too large to
achieve enhancement. Fluctuations in the OAP focus posi-
tion were measured over a series of full energy shots, with
average values <20 um observed. The resultant displace-
ment from position f, to the effective best focus, Av, as a
function of this shift, Au, is found to be equal Av= —m?Au
(m being the FPM magnification [m = 1/3]). This is con-
firmed both experimentally and by the ray-trace model. A
value Au=20um would therefore yield a 2.2 um displace-
ment in the output focus position. The consequence of this is
that a target aligned to the nominal focus would be irradiated
with a pulse with a factor x2.3 peak intensity reduction
(from 3.4 x 10*! to 1.5 x 102! Wem™2). This would still
result in an intensity enhancement over the direct target irra-
diation with the F/3.1 OAP. This analysis demonstrates the
importance of monitoring the degree of OAP focus position
displacement when using an FPM in order to assess its oper-
ation and assess the level of intensity enhancement achieved.

Optic testing in plasma operation

The final test of the FPM was to investigate its operation
under plasma conditions using the Vulcan PW laser and quan-
tify the effect of displacement of the input focus. Figure 1
shows an overview of the optical set-up for both the FPM and
PPM. As the focal spot formed by the optic cannot be directly
measured during a full power laser shot (i.e., when used in
plasma operation), the success of the FPM in enhancing the
focused intensity was diagnosed via measurements of the
maximum energy of protons accelerated from foil targets
positioned at f, (as in the previous demonstration experi-
ments>>~®). The laser-plasma acceleration mechanism utilised
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is known as target normal sheath acceleration (TNSA).*" This
results from a strong electrostatic field formed at the target rear
surface, by fast electrons produced at the front side and trans-
ported through the foil. The maximum proton energy achieved
via this mechanism is correlated to the peak laser intensity,*>*
via the temperature and density of the fast electrons.**

Proton acceleration was achieved using either a FPM or a
PPM, both made from the same material (PMMA). The PPM
shots were necessary to acquire reference proton energies
with the same reflectivity and intensity contrast enhancement
to gauge the FPM performance. p-polarised pulses incident at
0° to aluminium target foils with thickness equal to 6 yum and
transverse dimensions 1 mm x 1 mm were used throughout.
Accelerated protons were detected using a stack of dosimetry
(radiochromic, RCF)*® film positioned 50 mm behind the tar-
get foil centred on the target normal axis. This enables proton
energy measurements to be made at discrete energies. Figures
5(a) and 5(b) summarise the results of a series of shots using
both plasma mirror types.
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FIG. 5. (a) Plot of the measured maximum proton energy, achieved using
the FPM, as a function of the longitudinal displacement measured in the
input focal spot position from f;. (b) Plot of the measured maximum proton
energy (Epq) achieved with both the FPM (red circles) and PPM (black
squares), as a function of the intensity (/) on target, when taking into account
the displacement in OAP focus position. In the PPM cases, intensity was
varied by changing the pulse energy. The dotted line represents a simple
power fit (of the form E,,,c = a.I”) to show the approximate scaling of the
maximum proton energy with peak laser intensity.
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A maximum proton energy in the range 24.9-53.1 MeV
was measured when using the FPMs, and 19.7-29.0 MeV
was measured for the PPM shots. Comparing the maximum
of these ranges, almost a factor of 2 enhancement was
achieved by employing the FPM. This increase occurs with
an estimated intensity enhancement factor of x2.6 (from
39x 10°Wem™2 to 1.0 x 102! Wem™2). It should be
noted that the intensity achieved using the FPM is lower than
predicted from the characterisation study, Figs. 3(e) and 3(f)
(3.4 x 10> Wem™2), due to a lower on-target pulse energy
than that used to calculate the predicted value, caused by a
lower than expected energy throughput from compressor.

Not all of the FPM shots resulted in higher proton ener-
gies. This is due to a non-optimum alignment caused by a
longitudinal shift in the input focus position, as characterised
in Fig. 4(b). On each FPM shot, the wavefront quality of the
pulses was measured to gauge the magnitude of misalign-
ment that the optic is subject to. The changes in the output
focal spot size and encircled energy are used in the calcula-
tion of the resultant intensity on target. The FPM shot which
achieved the highest proton energy (53.1 MeV) was deter-
mined to be close to the optimum alignment, compared to
the other shots which yielded lower proton energies, as
shown in Fig. 5(a). Figure 5(b) shows the calculated peak in-
tensity when taking this misalignment into consideration. It
is clear that the reduced proton maximum energy on some
FPM shots occurred due to the peak intensity being reduced
to a similar level as that achieved with the PPM shots. A sim-
ple power scaling fit to the complete data set, of the form
Epmax = a1, results in b =0.55 + 0.1. This is in good agree-
ment with the TNSA proton energy scaling reported in Refs.
32 and 33, in which the maximum proton energy is found to
be proportional to the fast-electron temperature, which scales
with the ponderomotive potential (o (1/12)1/ 2 where I is the
laser intensity and A is the laser wavelength).*® We note
however that even when correcting for the reduction in inten-
sity due to misalignment of the OAP focus with respect to
the f; position, the FPM data does not follow the TNSA scal-
ing fit as strongly as the PPM data. This may point to other
sources of error affecting the peak intensity achieved—for
example, in accurately positioning of the target at the focus
(f,) of the small F/# beam due to the very small Rayleigh
range (~5.5 um). This issue will be investigated in more
detail in future work.

These test results indicate that the FPM does success-
fully enhance the intensity when optimally aligned, as indi-
cated by the factor of 2 increase in maximum proton energy,
but that successful operation crucially depends on minimis-
ing the displacement of the input focus with respect to posi-
tion f7.

SUMMARY

The design, testing, and demonstration of a focusing
plasma mirror, based on an ellipsoidal geometry for demag-
nification of an ultra-intense laser focal spot, are reported.
The design involved optimisation of the incident laser inten-
sity to maximise the plasma reflectivity. The reflected energy
on full power shots with the FPM is found to be ~15%-20%
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lower than the value predicted in the design (as shown in
Fig. 2). This difference will be investigated in detail in future
work, together with the effect of adding an AR coating to
increase the plasma mirror intensity contrast enhancement
factor, enabling investigations utilising sub-micron solid
targets.

Direct measurements of the focal spot formed by the
FPM using a low-energy laser demonstrated a factor of x2.5
reduction in focal spot size, resulting in an estimated factor
of x3.6 intensity enhancement, when considering the focal
spot quality (encircled energy) and the reflectivity. It is
found that the optics focal spot quantity is very sensitive to
misalignments, but when minimised successful FPM opera-
tion is achieved. This is demonstrated through the enhance-
ment of maximum proton energies accelerated from foil
targets when the optic is optimally aligned.

An example use of the FPM in an investigation of laser-
driven proton acceleration is demonstrated. The highest pro-
ton energies are achieved when the optic is aligned within
10 um of the optimum position. Larger misalignment results
in lower proton energy, such that the benefit of the FPM over
a PPM is lost.

Due to the limited research performed to date on this type
of focusing plasma optic, especially in conjunction with peta-
watt scale laser systems, the present study helps to bring
plasma-based optical technology closer to maturity. Under op-
timum alignment conditions, a peak intensity of ~4 X
10*! W em 2 could be achieved when employing the FPM on
the Vulcan PW laser system, as determined from the focal
spot characterisation. Optimisation of the Vulcan laser to
enhance the pulse energy and to decrease the pulse duration
could yield peak intensities close to 10°* W cm ™2 when using
the FPM. This would provide a window into the physics
achievable with future multi-petawatt laser systems. Focusing
plasma mirrors such as the type described here could also be
developed for use on these higher power lasers, which would
also push the intensity frontier achievable yet further. During
the process, this will open up the exploration of new high field
physics phenomena at the focus of intense laser pulses.
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