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Abstract
The reflectivity and optical quality of laser pulses reflected off 125µm Kapton™ tape was invest-
igated for use as a repeatable plasma mirror. Reflectivities of around 70% were measured at≈2×
1021Wm−2 while maintaining the quality of the laser beam. The ability of the reflected pulse to
drive a laser wakefield accelerator was investigated. Self-guided propagation of the reflected beam
through a gas cell was observed and shown to depend on the plasma density. Particle-in-cell simu-
lations showed that a wakefield would have been generated, driven solely by the energy within the
central high intensity feature of the focal spot. The use of plasma mirrors at these elevated intensit-
ies would open up the possibilities of extremely compact configurations for laser wakefield acceler-
ator stages.

1. Introduction

Laser plasma wakefield acceleration (LWFA) is a method of accelerating electrons to high energies using
ultrashort, high-intensity laser pulses [1]. The high field strengths available in LWFA enable compact
acceleration. Acceleration in a LWFA was first demonstrated experimentally using an externally injec-
ted electron beam [2]. Subsequent observation of self-injection and acceleration of electrons [3–5] has
enabled the widespread adoption of these accelerators.

In the simplest configuration of LWFA, the maximum energy to which electrons can be accelerated is
limited by diffraction of the laser beam, dephasing of accelerated electrons from the driving laser pulse,
and depletion of the laser pulse energy [6]. Tailored plasma channels can be designed to overcome limit-
ations due to diffraction [7–10], enabling the attainment of energies up to 10GeV [11]. Spatiotemporal
shaping of the driving pulse has been suggested as a way to accelerate electrons beyond the dephas-
ing limit [12–14]. However, depletion of the laser energy is a more challenging limitation. The use of
multiple acceleration stages driven by separate laser beams, commonly referred to as staging, is an intu-
itive method to replenish the depleted laser. Staging has been demonstrated for low electron energies
(≈ 100MeV) at lower laser power [15]. In this work, we extend the staging concept to the higher power
laser systems which would enable increased energy gain.

A compact setup, seen in figure 1(a), was used to test key aspects of staging. A laser beam can drive
injection and acceleration of electrons in a gas cell, before being ejected by a Kapton tape. The tape
acts as a plasma mirror, becoming highly reflective as plasma forms when the foot of the pulse reaches
the tape. This discards any remaining laser energy exiting the gas cell. A second laser beam can then
be reflected onto the optical axis by an additional tape-based plasma mirror. Plasma mirrors formed
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Figure 1. (a) Schematic of the two stage accelerator (lengths in mm). Laser beam 1 enters from the left, driving a wakefield in gas
cell 1, before being dumped by a tape-based plasma mirror. Beam 2 is then reflected by a separate plasma mirror into gas cell 2.
Accelerated electrons from cell 1 would travel through both sets of tape into cell 2. (b) The beam profile at focus is shown after
reflection from the tape with the red ellipse indicating the FWHM; line-outs along the long (major) and short (minor) axis of the
ellipse are given in white; the inset depicts the equivalent far-field beam profile of the incident beam without the plasma mirror,
as measured with a microscope objective at low power.

from anti-reflection (AR) coated mirrors have been extensively studied. The AR mirror allows the low
intensity foot of the pulse to be mostly transmitted whilst reflecting the high intensity peak of the
pulse, improving the contrast ratio of high intensity laser systems [16–29]. However, plasma mirrors
can also be used to redirect beams near focus. This can be useful for driving laser wakefield acceler-
ator stages, which require large focal spots and so employ long focal length focusing optics. Without a
plasma mirror, this would necessitate long distances between stages, reducing their mean acceleration.
The plasma mirror allows a high intensity laser pulse to be injected orthogonal to the acceleration axis,
as in figure 1(a), helping to make the system more compact [30, 31].

In our setup, the reflected beam was directed into a second gas cell, located less than 15mm away,
where this beam can drive a wakefield. If properly timed, an electron beam generated in the first cell
(injector) can pass through the tapes and be injected into the accelerating phase of the wakefield in the
second cell (accelerator), as demonstrated in [15]. Tape-based plasma mirrors do not yet offer contrast
enhancement, but they can be operated at higher repetition rate [32], which is highly desirable for driv-
ing wakefield accelerators. The use of tape-based plasma mirror systems to drive laser driven plasma
stages was established in [15]. In earlier work, they showed that the reflectivity of tape-based plasma
mirrors increased up to on-tape intensities as high as 3× 1021Wm−2 [30, 31]. This is still below the
intensities at which the interaction becomes strongly relativistic (>1022Wm−2), at which point absorp-
tion naturally increases due to vacuum heating mechanisms [33, 34]. Tape-based mirrors were found to
have reflectivities comparable to those based on dielectric mirrors at these elevated intensities [19, 26].
These measurements were limited to laser energies of ∼650mJ, which restricted the energy gain of the
corresponding wakefield stage to a few hundred MeV [15].

Here, we extend the measurements of the reflectivity of tape-based plasma mirrors to laser pulses
with energies >1J, as would be necessary for multi-GeV acceleration [11, 35]. As well as the reflectiv-
ity, we characterise the quality of the reflected beam, since this is critical to enabling wakefield gener-
ation in the accelerator stage. Even with a relatively poor laser wavefront onto the plasma mirror, we
find high reflectivities (in excess of 70%) can be achieved at high laser powers. The guiding properties
of the reflected laser beam were investigated by focusing it into a gas cell. Measurements of laser energy
and beam profile were taken after transmission through the gas cell. Evidence for guided propagation
was observed, showing that the plasma mirror reflected beam is suitable for driving a LWFA. The meas-
urements were compared to the output of simulations performed using the particle-in-cell (PIC) code
EPOCH in 2D [36]. These simulations improve our understanding of the propagation of the laser pulse
and the wakefield that it forms in the second gas cell.

2. Experimental set-up for high intensity plasmamirror

The experiment was performed using the Gemini laser system at the Rutherford-Appleton Laboratory.
Gemini is a high power Ti:sapphire CPA system featuring two laser beams, each of which can deliver up
to ∼10 J on target in pulse lengths τFWHM ⩽ 42fs [37] at a central wavelength λ0 ≈ 800nm. As this work
solely explores the second (accelerator) stage of the set-up, the experimental description is limited to the
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reflection and guiding of the accelerator stage laser beam. However, the injector stage laser beam was
used for diagnostic calibration.

A 7500mm focal length dielectric spherical mirror was used to focus the laser pulse from an ini-
tial beam diameter of 100mm (i.e. f/75 focussing). An adaptive optic (deformable mirror) was used to
obtain a near-diffraction limited spot size with highest encircled energy at focus when focussing without
the tape. As depicted in figure 1(a), a tape drive with Kapton tape was inserted to reflect the laser beam
14.9mm before it reached its focus. After each shot, the drive was advanced to a fresh piece of the tape.
The tape was stopped and tensioned over a metal guide between shots. Uncertainties along the focusing
axis should be dominated by the variations in the thickness of the tape (which is less than 0.07µm [38])
and its subsequent expansion. The tape was found to increase the uncertainty in pointing to 4.0µm off
the tape as compared to the intrinsic laser pointing stability of 1.9µm. Hence, the tape introduces an
extra ∼0.5mrad of pointing error, which is comparable to previous measurements [30]. A s-polarised
pulse was used to avoid Brunel absorption [33, 39], which decreases the reflectivity of the plasma mirror
[31]. For the highest laser energy used here (7.3 J), the intensity on the tape would be 3.6× 1021Wm−2.

The laser beam was collimated after reflection from the tape using a 3175mm focal length Au-coated
spherical mirror. The beam was reflected off two glass wedges before leaving the vacuum chamber, thus
reducing the B-integral in the exit window to B≈ 0.53. The collimated beam was refocused by another
(on-axis) Au-coated spherical mirror with a focal length of 2000mm. The focusing beam was split by
a glass wedge to allow simultaneous measurement of the far-field focal beam quality and the transmit-
ted energy. For the far-field measurement, the reflection off the wedge was imaged onto an Andor Neo
2160× 2560 sCMOS camera.

The far-field was spatially calibrated by using a grating with a spacing of d= 7mm placed in the
collimated beam before the final focussing optic in the imaging system. The resulting diffraction pat-
tern has maxima at sinθ =mλ/d, with m being the order of a maximum and where θ is the angle
between the optical axis and the camera. The deflection of the mth order on the camera is then given
by xm =mf tanθ, where the focal length of the optic used to image the beam was f. The far-field of
the beam before reflection from the plasma mirror was measured by removing the plasma mirror and
imaging the laser with an objective at low laser power. An example of this ‘pre-reflection’ far-field is
depicted in the inset of figure 1(b). The average spot size was 64± 17µm in this experiment, which is
comparable to the diffraction limit. Before reflection, the energy within the full-width half-maximum
(FWHM) was (19.2± 1.8)% compared to 50% expected in the FWHM for an ideal Gaussian beam. The
reduction in encircled energy (compared to the ideal case) is thus the main factor in determining the
Strehl ratio (ratio of measured peak intensity to theoretical peak intensity) of the beam.

The energy passing through the final wedge was passed onto a Gentec QE8SP-B-BL-D0 energy meter,
which served as a transmitted laser energy diagnostic. This was calibrated using the laser beam from the
injector stage with gas cells and plasma mirrors removed. This was done as the reflection of the second
laser beam onto the optical axis would have produced a plasma even in its lowest power mode, mak-
ing the calibration of the downstream diagnostics unpredictable. The two laser beams were orthogonally
polarised. Therefore, a waveplate was introduced to make the calibration beam s-polarised, the same as
the pulse reflected off the plasma mirror. The energy calibration was done in two steps; first, a second
Gentec QE25SP-S-MB was placed in the vacuum chamber and the energy of the calibration beam was
measured close to focus at low power. This energy meter was then removed, and the pulse energy out-
side the chamber, after passing through the forward line optics, was measured. This allowed the trans-
mission factor of the collection optics to be determined.

3. Reflectivity and beam quality of high intensity plasmamirror

The reflectivity of the plasma mirror, for total incident energy up to ≈ 8J, can be seen in figure 2(a)
in red. The measured reflectivity peaks at (73.7± 8.9)% at 4 J, corresponding to an intensity of 2×
1021Wm−2, which is in line with previous measurements [30, 31]. The reflectivity fell at higher energies.
Such a drop-off in reflectivity for plasma mirrors at higher incident intensities is usually attributed to the
adverse effect of pre-plasma formation [26, 31, 40]. In our case, the slower than typical fall-off in plasma
reflectivity is likely to be due to the poor spatial profile of the laser profile, both in phase and intensity,
due to laser damage on the turning mirrors. As a result, the range of intensities witnessed locally on the
plasma mirror had a greater variation than the mean quoted here, broadening the range of energies over
which the drop-off behaviour is witnessed.

However, it is the energy in the central high intensity spot in the far-field which is most important
for driving a wakefield. Figure 1(b) shows an example far-field image of the reflected beam from the
plasma mirror. The beam has a total reflectivity of 72% at an input energy of 5.5J for a corresponding
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Figure 2. Reflectivity measurements as a function of intensity (energy) on the plasma mirror: (a) total reflectivity (red) and frac-
tion of total energy reflected within FWHM (blue). (b) Energy in the far-field FWHM of the reflected beam as compared to that
for the beam before reflection. Lines are fitted with a 3rd order splines. (c) The intensity and a0 of the reflected laser beam at best
focus (i.e. at the gas cell entrance).

on-mirror intensity of 2.8× 1021Wm−2, resulting in >4J. The FWHM of the encircling ellipsoid is
depicted in red. A significant part of the energy lies outside the FWHM. Though the reflected beam only
contains 12.2% of the total incident energy within the encircled FWHM, figure 2(b) shows that the ratio
between the energy within the FWHM of the far-fields in the reflected and incident beams varies less
than the total reflectivity. This ratio is on-average (69± 17)%, comparable to the peak total reflectiv-
ity. Since our tape is within a Rayleigh range (zR = 16mm) of best focus, it appears that the reflectivity
of the high intensity part of the beam profile remains high even though the total reflectivity is falling
with increasing on-tape intensity. This ‘spatial filtering’ effect has been reported before [19], and is usu-
ally attributed to the decreasing reflectivity of high spatial frequency components in the incoming beam
profile. Spatial filtering can be controlled by changing the distance to focus, impacting the amount of
the beam profile above the ionisation threshold on the plasma mirror. With increasing intensity, this
would tend to increase reflectivity, but what we see is a decrease in reflectivity. We attribute this to the
less focussed parts of the beam having a lower threshold at which reflectivity drops due, as noted above,
to intensity and phase variations.

The measurements suggest that higher total energy reflectivity could be achieved for better initial
beam profiles, i.e. if more energy had been in the original high intensity spot. As a consequence of the
high reflectivity of the highest intensity spot, despite the decreasing over-all reflectivity, the intensity at
best focus was still found to increase with increasing on-tape intensity. Accounting for the energy in the
FWHM and the focussing optic used in the experiment, the normalised vector potential incident on the
gas cell peaks around a0 = 0.6, as seen in figure 2(c). This would result in wakefield production in the
linear regime [6].

4. Guiding of a plasma-mirror reflected laser pulse

The suitability of the reflected laser pulse for driving wakefield was tested by determining its abil-
ity for self-guided propagation. The beam was passed, after reflection from the plasma mirror, into a
helium gas cell with a fixed length of 18mm. The gas cell length is comparable to the Rayleigh range
zR ≈ πw0

2/λ≈ 16mm for the input spot size of w0 = 63.7µm. Without any self-focusing effect, one
would expect an increase in the spot size to w≈

√
2w0 over the length of the gas cell. For these shots,

the input energy was EL = (6.6± 0.2) J with ≈70% reflected from the plasma mirror, corresponding to
a laser power of PL ≈ 150TW at the gas cell entrance. Lasers with power exceeding the critical power
for relativistic self-focussing (P>Pcr ≈ 17(ncr/ne)GW) can be self-guided [41–43], with the help of
refraction in the cavity of the wakefield that they generate [44, 45]. Here ncr ≃ 1.7× 1027m−3, so self-
focusing should be operative for densities greater than ne ≈ 2× 1023m−3. At these intensities (a0 < 1),
the laser will be guided with a matched spot size comparable to the wavelength of the relativistic plasma
wave λp =

√
ncr/ne ·λ0 [45]. These simple considerations are usually only valid for idealised beams. It

might be argued that the condition for self-focussing should only account for the energy within the high
intensity spot, increasing the threshold density for self-focusing. Hence, the guiding properties of this
beam had to be determined experimentally.

The gas cell density was varied and the transmitted spot size at the exit of the gas cell was meas-
ured. The right pane of figure 3(a) gives examples of the transmitted spot at two different densities. The
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Figure 3. a) Measured focal spot size wfwhm after the gas cell depending on the plasma wave wavelength λp. Example laser spots
on the right for the lowest (upper : (0.29± 0.10)× 1024m−3) and highest (lower : (0.78× 0.10)× 1024m−3) density invest-
igated. (b) The energy transmitted through the gas cell relative to the energy incident on the gas cell against plasma density for
input energy (6.6± 0.2) J. The blue line follows the fit (1− exp(−2gλ2

p/w
2)) with w= 55.9µm being an average spot size and g

being a fitting parameter with best-fit of g= 0.13+0.03
−0.03.

upper one is for a density of (0.29± 0.10)× 1024m−3 for which the average transmitted spot size was
(62.8± 2.3)µm. The lower one is at a higher density of (0.78± 0.10)× 1024m−3 for which the spot size
has decreased to (38.2± 1.4)µm. Figure 3(a) also plots the spot size at the exit of the cell against λp as
it varies with density. Despite the large spread, there is an observable trend for the guided spot size to
follow the plasma wave wavelength wfwhm ≈ λp. This provides evidence of self-guided propagation of the
plasma mirror reflected pulse.

The backing pressure of the gas cell was correlated with the internal density using interferometry
early in the experiment. However, laser damage to the to the gas cell entrance and exit apertures may
have introduced a systematic error, producing a lower cell density for a given backing pressure. This
is reflected in the large uncertainty in the measured densities in figure 3(a). The energy transmit-
ted through the gas cell varied with plasma density. Figure 3(b) shows that the measured transmitted
energy decreases for increasing plasma density at a constant incident energy on the plasma mirror of
(6.6± 0.2) J. At the lowest density investigated, only ≈30% of the total energy incident on the plasma
mirror is transmitted through the cell, which is reduced to <10% at the highest density investigated.

This energy loss cannot be attributed to ionisation. The energy required to fully ionise a column of
helium of radius r≈ w0 is Eion ≈ 1

2neπw0
2 L

∑
i ϵi, where

∑
i ϵi is the sum of ionisation energies and 1

2ne
is the density of helium atoms. For a spot of w0 = 60µm at ne = 1× 1024m−3 only Eion = 1.2mJ [46] is
required, which is small compared to the observed energy loss. Another source of energy loss is the cre-
ation of a wakefield. The energy depletion length for a0 < 1 is given by Lpd ≈ (1/a02)(ncr/ne) cτFWHM for
cτFWHM < λp/2 [45]. Considering the highest density and a0 investigated here, ne = 0.78× 1024m−3 and
a0 = 0.6, the depletion length yields Lpd = 78mm. Over the 18mm of our gas cell, we would thus not
have expected more than 20% loss in transmitted energy. However, if the same laser energy was focused
into a spot of nearly half its initial radius, as suggested by figure 3(a), this would lead to a doubling in
a0, and a factor of four reduction in depletion length. This would then be comparable to our interaction
length, accounting for the greater energy loss at higher density. This suggests that self-focusing plays a
role in the propagation properties of the reflected pulses. To further understand this behaviour, a series
of PIC simulations were performed.

5. Simulations of wakefield generation and expected energy gain

The PIC code EPOCH was employed in 2D to evaluate the guiding properties of the reflected beam.
Though 2D simulations do not give a full description of the guiding results presented above, they can
give an indication of the focussing properties of the imperfect beams reflected from the plasma mir-
ror. Hence, two separate sets of simulations were performed based on the example spot in figure 1(b),
which has an elliptical shape of (71.9± 3.7)× (43.5± 2.3)µm. The simulated beam profiles were gen-
erated to approximate the summed profiles along the semi-major and minor axes, as shown in white
in figure 1(b). The semi-major axis (to the right in figure 1(b) was well represented by a single-mode
Gaussian. For the semi-minor axis, a good representation of the beam’s intensity profile (shown to the
top) can be reproduced by using 7 displaced Gaussian modes. This simplified model of the beam does
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Figure 4. (a) Evolution of spot size for beam profiles modelled on the semi-major (Major) and semi-minor (Minor) axes at
0.78× 1024m−3 (0.78ne: red, blue) and 0.29× 1024m−3 (0.29ne: magenta, black). Dashed lines indicate the Gaussian spot size
evolution in vacuum for both initial beam sizes. (b) Mean energy and FWHM energy spread for an initially top-hat temporal
profile electron beam injected into the wakefield depending on initial bunch length. The result for semi-minor axis profile at
0.29× 1024m−3 is not included, as the focusing field of the wakefield is unstable.

not account for wavefront errors that degrade beam quality. Simulations were performed at the low-
est and highest densities explored experimentally, 0.29× 1024m−3 and 0.78× 1024m−3 respectively, at
a laser intensity of 0.89× 1022Wm−2 (a0 = 0.65). The chosen densities correspond to λp = 62µm and
37.8µm. The guiding properties of these simulations are shown in figure 4.

Given a laser pulse of EL = 6.6J (P≈ 150TW) entering the gas cell, the ratio of the laser power to
the critical power for relativistic self-focusing, P/Pcr, falls between 1.5–4.0 for 2.9× 1023–7.8× 1023m−3.
The actual beams considered here contain as little as 38% of this total input energy, resulting in a lower
ratio to the critical power, P/Pcr ≈ 0.3–0.8. These values suggest that due to poor beam quality, the
guiding effect should be weak. The evolution of the spot size in the simulations is shown in figure 4(a).
Considering only the major axis, the results indicate a lack of available energy for self-focusing. At lower
density (0.29nc, magenta line), the spot size evolution resembles the expected expansion in a vacuum. At
higher density (0.78nc, red line), the spot is found to self-focus over 5mm, down to below ≈60µm, and
then remain relatively unchanged.

The simulations of the semi-minor axis (multiple Gaussians) are more interesting. There is a strong
self-focusing effect for both densities (0.29nc, black line and 0.78nc, blue line). In both cases, the pulse
focuses down to below λp before expanding at faster than the vacuum rate of diffraction. The latter
(semi-minor axis) simulations indicate that the higher-order modes contribute to the guiding of the laser
pulse. This increases the pulse intensity, amplifying the self-focusing effect. However, the pulse focuses
to below the matched spot size causing stronger subsequent defocusing. This behaviour is accentuated
at higher densities, explaining the greater energy loss with increasing density seen in figure 3(b). Hence,
though these simulations do not give a full 3D description of the interactions, they do demonstrate that
the energy outside the high intensity focal spot helps to increase the self-focusing effect. However, para-
doxically, this does not lead to better guided propagation.

Though stronger focusing leads to large wakefield generation, the restricted propagation also has an
effect on the acceleration process. In the simulations, wakefields were generated as high as 10GVm−1 at
the higher density, which is inline with the predictions of the maximum expected electric field strength
in the linear regime Ewf ≈ a02E0, where E0 =mecωp/e is the cold wavebreaking limit. The wakefield
strength is similar for the initial profiles considered across both axes. However, the electric field drops
more rapidly for simulations along the minor axis. At lower density, the difference between the two axes
is much less pronounced, with both profiles producing initial fields of order 5GVm−1, which slowly
decrease in amplitude as the laser propagates through the cell.

The on-axis electric field of the wakefield generated in the simulations was used to estimate the
energy gain that could have been achieved if an electron beam from the first gas cell had been success-
fully synchronised to the accelerator stage. An electron beam with flat-top temporal profile of varying
pulse length was initiated behind the laser pulse in different phases of the wakefields and propagated
with the speed of light. The energy gain was determined over the focusing phase of the wakefield. The
mean energy gain (solid lines) over a variety of initial electron bunch lengths for the different simula-
tions are shown in figure 4(b), with the bunch energy spread shown as the (shaded) bounds. Note this
is the FWHM not total energy spread. The simulation based on the semi-minor axes of the laser pro-
file at lower density is not shown, because the focusing field of the wakefield was unstable, with a low
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accelerating field unsuitable for electron acceleration. Energy gain exceeds ≈150MeV for the simula-
tion along the semi-major axis. Despite the lower intensity and maximum electric field generated by the
semi-major axis, the gain is higher due to the relatively constant spot size and more controlled accelera-
tion experienced by the electrons. For a laser pulse profile averaged between the major and minor axis, a
resulting energy gain of between ≈84MeV–120MeV would have been produced based on figure 4(b) at
the higher density.

6. Conclusions and note on future optimisation of beam quality

Though not directly measured, the simulations based on the major-axis laser beam profile do support
the generation of a wakefield which could have increased the energy of a relativistic electron beam by
more than 150MeV at these laser intensities. However, this is complicated by a non-ideal beam profile.
Simulations based on the laser beam profile deviating more from an optimal Gaussian shape showed less
laser guiding, with the acceleration of electrons inside the wakefield strongly depending on the density.
For injection with a GeV level electron beam, the energy gain would have been only a fraction of the
initial energy, thus making it challenging to observe. Nevertheless, it has been demonstrated that plasma
mirrors can be used with high reflectivity at high intensity. Furthermore, the beam quality reflecting off
the plasma mirror set-up used here did not degrade significantly at operating intensities on the plasma
mirror of (3.3± 0.1)× 1021Wm−2, as seen in figure 2(b). This greatly increases the options for compact
staging configurations at high laser energy.

The primary factors limiting the reflected beam quality seem to be preplasma formation beyond a
certain intensity threshold, and in this case, the poor quality of the input beam. Both of these factors
can be improved in future experiments, in particular by improvements in temporal contrast of the laser
pulse [20]. Using a maximum total energy of 15 J, with up to 33% of this energy contained within the
far-field FWHM (comparable to previous measurements [47]), and assuming reflection from a plasma
mirror with 70% reflectivity, the resulting peak intensity would be 5.7× 1022Wm−2, corresponding to
a0 = 1.6. Simulations performed with such characteristics indicate a wakefield with maximal accelerat-
ing field, 65GVm−1 leading to a possible energy gain of 920MeV. Further optimisations, such as using
a smaller focus spot size and a corresponding higher density to match the pulse length, would increase
the theoretical energy gain. Such optimisation would enable one to consider use of staged laser wakefield
accelerators to overcome the depletion and dephasing limits. As a result, staged laser wakefield accel-
eration may thus make high-energy physics applications, such as the search for dark photons [48] and
linear particle colliders [49], available on a more compact scale.
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