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Abstract: The thin-film post-compression technique has the ability to reduce the pulse duration in
PW-class lasers, increasing the peak power. Here, the nonlinear response of an increasingly available
optical thermoplastic demonstrates enhanced spectral broadening, with corresponding shorter pulse
duration compared to fused silica glass. The thermoplastic can be used close to its damage threshold
when refreshed using a roller mechanism, and the total amount of material can be varied by folding
the film. As a proof-of-principle demonstration scalable to 10-PW, a roller mechanism capable of up
to 6 passes through a sub-millimeter thermoplastic film is used in vacuum to produce two-fold post-
compression of the pulse. The compact design makes it an ideal method to further boost ultrahigh
laser pulse intensities with benefits to many areas, including driving high energy acceleration.

Keywords: pulse compression; ultrashort lasers; ultrafast nonlinear optics; high power lasers

1. Introduction

High power laser facilities produce energies of tens to hundreds of Joules contained
within pulse durations of tens of femtoseconds (10−15 s) thus reaching the class of Petawatt
(PW: 1015 W). PW-class laser systems based on Chirped Pulse Amplification (CPA) [1] and
Optical Parametric Chirped Pulse Amplification (OPCPA) [2] technologies are becoming
more and more common all over the world. These laser facilities, such as LASERIX [3],
HPLS at ELI-NP [4,5], CETAL-PW [6], Apollon [7,8], BELLA [9], CoReLS [10], SULF [11], etc.
are operating at various repetition rates and reaching ever-increasing peak intensities. Such
systems deliver laser pulses with duration in the range of 25 fs at a central wavelength of
λo ∼ 800 nm, corresponding to ∼10 optical cycles for the single-cycle period of To ∼ 2.5 fs.

Post-compressing these pulses while preserving their energy, economically increases
the achievable peak intensity of the pulse for experiments that use extreme fields. In ad-
dition, reducing the number of optical cycles in the pulse helps in the elimination of
cycle-averaging in the investigation of physical processes that occur at this timescale, such
as X-ray generation [12–15] and ion acceleration [16,17]. Studies predict achieving high
energy, single or few-cycle laser pulses leads to improved conversion efficiency in these
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laser-driven processes, in addition to boosting the intensity. These gains open a path
for ascending toward Exawatt (EW) class lasers with benefits for the next stage of high
field scientific investigation of processes such as QED studies, as drivers for particle ac-
celeration, in relativistic compression to attosecond pulses, and X-ray crystal wakefield
accelerators [18,19].

The post-compression of TW scale (1012 W) table-top mJ laser systems with Gaussian
beam profiles is already a mature technique applied in many laboratories around the
world [20] relying on designs involving gas-filled, hollow-core capillaries [21,22], multiple
plate post-compression [23], or multipass Harriott cells [24,25]. These current compression
techniques prove difficult to apply to Joule-level lasers, primarily due to the high intensity
creating unstable plasma effects within the nonlinear materials at the focus of the beam.
However, during the beam transport in PW-class, short pulse laser systems, the beam
propagates at sufficient intensities to drive nonlinear processes in the near field that modify
the initial pulse spectrum if the pulse is transmitted through a material. If the material
thickness is properly controlled across the flat-top mode of the large aperture beam of
high energy laser systems, the nonlinear optical processes can lead to significant spectral
broadening while avoiding significant degradation of the profile. Several methods of
employing a thin nonlinear element for pulse compression have been suggested [26].

Here, the emphasis is placed on self-phase modulation (SPM) within a thin (sub-
millimeter) film, where the broadening of the spectrum is proportional to the nonlinear re-
sponse due to the time-dependent change in intensity. The subsequent broadened, but chirped,
pulse spectrum requires correction of the second order phase, or Group Delay Dispersion
(GDD), due to the SPM process as well as the material dispersion in order to attain the
new transform limited pulse duration [27]. This is typically managed by balancing the
number of reflections from negative-dispersion mirrors, often referred to as chirped mirrors,
along with any subsequent transmission through optical materials contributing additional
positive dispersion, as shown in Figure 1. This configuration is referred to as a Thin Film
Compressor (TFC), or the Compression AFter Compressor Approach (CAFCA) [28–30]. The
primary impact on pulse energy due to the TFC is incurred by reflection losses at the thin
film surfaces, typically no more than 5%. Minimizing these losses implies an efficiency of
the pulse compression process that permits implementation of one or more TFC assemblies
to extend the capability of existing laser infrastructures toward their fundamental limit of a
single optical cycle.

Studies of high energy pulse post-compression has considered the nonlinear interac-
tion with thin wafers made of crystal [31], glass [32,33], or plastic [29,34]. To date, the most
powerful implementations employ glass plates and have shown the capability of producing
with 14 J, 22 fs pulses spectra supporting sub-10 fs [35], compression of a 3.24 J pulse from
24 to 13 fs [36], compression of a 17 J pulse from 70 to 17 fs [37], an 18 J pulse compressed
from 64 to 11 fs [38], and compression to sub-10 fs of a 2.5 J, 23 fs pulse [39]. Despite the
many demonstrations using glasses, these plates often show thickness variations due to the
manufacture process that cannot be polished over large apertures. The implementation
with polymers is expected to prove more economical in producing the uniformity over
the large film areas required to accommodate the beam sizes (often ∼0.5 m) of multi-PW
laser systems.

In this paper, a novel plastic film, specifically cyclic olefin polymer (COP, brandname
ZeonorFilm™) is first tested [40]. COP is used in the economical production of optical
components such as lenses, but its nonlinear response is not widely reported.
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Figure 1. The conceptual steps from initial to post-compressed pulse of the TFC technique are shown
in (a) that correspond to the laboratory configuration in (b). Relying on the uniform intensity profile
of the beam, the femtosecond pulse passes through enough thin film material to induce sufficient SPM.
The resultant chirped pulse achieves the optimized duration by the dispersion management (DM),
which includes fixed negative GDD elements (i.e., chirped mirrors) balanced with the GDD of any
additional optical elements (e.g., thin plates, turning mirrors, off-axis paraboloid or debris shield).

New classes of thin, high-quality optical films are becoming available on the market,
intended primarily for new screen technologies in the electronics industry. The index of
refraction n for COP is 1.53; its GDD value is 70.219 fs2/mm at 800 nm. COP is known to be
resistant to changes in its birefringence under stress; this offers an ideal alternative to plastic
materials such as PMMA whose birefringence is known to vary with tension. This type of
optical film is chosen also because it can be attained in rolls of a format (100(l)× 1(w) m2

of 100–180 µm thick films) that economically accommodates the large beam sizes of 0.5 m
diameter expected for 10 PW laser systems. The rolls can be sliced to appropriate widths
for the beam diameter during the manufacturing process. The principle is to employ a
roller mechanism which allows continual replacement of the material if it should degrade.
Such a design is shown in Figure 1 where the thin film is held in a roller assembly that folds
the long film to pass several times in the beam, so that the beam transits sufficient material
for the desired spectral modification. By using a series of 100 µm thick films rather than a
single bulk substrate, the amount of material interacting with the pulse can be optimized
to the minimal required at the given initial pulse intensity and minimizes contributions to
the B-integral and dispersion from excess material.

In this paper, the nonlinear properties of thin COP sample are measured to compare
its effectiveness as an SPM material relative to typical fused silica wafers. A small-scale
prototype of a Film Roller Mechanism (FRM) has been built, and experimental results
using the TFC technique and the FRM within a vacuum environment are presented from
measurements performed at the LASERIX laser platform [41] using a COP sample, and a
45 fs pulse with variable energy up to 500 mJ within an 18 mm diameter beam. The resulting
pulse duration reduction is compared to simulations. Because the FRM prototype design
is intended to be scaled to multi-centimeter beam sizes typical at Petawatt laser facilities,
the requirements for TFC to be performed at the multi-PW level are presented based on the
measured nonlinear properties of COP.

2. Experiment Setup

Figure 2 shows perspective views of the FRM, panel (a), and the layout of the configu-
ration used in the experiment, panel (b).

The pulse interacts with the target film within a vacuum chamber immediately follow-
ing the laser compressor. A variable attenuator (VA) consisting of a waveplate/polarizer
combination is placed before the compressor in order to vary the energy of the pulse inci-
dent on the thin film. The FRM holding the COP film is placed in the experimental vacuum
chamber immediately after the compressor. After interacting with the film, the pulse is
attenuated by partial reflection (PR1) from two uncoated fused silica mirror substrates for
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an expected reflectivity of 8% each. This attenuation prevents further SPM or damage to
subsequent optics during the propagation of the pulse to the diagnostics bench, outside the
vacuum chamber. The vacuum window is 5.1 mm thick and made of MgF2 to minimize the
additional dispersion introduced by traversing this optical component to +100 fs2. A beam-
splitter (PR2) transmits 2% of the beam energy towards a lens of focal length f = 300 mm
used for the imaging diagnostics (IM box) of the near and far fields (NF and FF, respectively)
thus allowing for qualitative monitoring of the collimated and focused beam mode profiles.
PR2 has a reflectivity of 98%, so that 0.6% of the original interaction energy is directed
through the dispersion management (DM box) toward the pulse diagnostics (DG box).
The DM begins with an adjustable aperture that reduces the beam diameter to the input
size of the pulse diagnostics (≤5 mm), and permits, by a slight variation in the angle of
incidence on the first mirror, to vary the number of passes through a pair of chirped mirrors
to provide 2, 4, or 6 bounces (typically 4 bounces). The chirped mirrors (CM; Ultrafast
Innovations, HD58) provide a GDD of −250 fs2 per bounce. As the CM overcompensate the
initial pulse chirp, combinations of glass windows (W) made of fused silica or magnesium
fluoride are inserted within the beam for control of the final measured pulse duration. Two
temporal diagnostics (Light Conversion TIPA Single-shot Autocorrelator—AC; FastLite
WIZZLER—WZ) record the pulse duration in parallel in order to verify the accuracy of the
measurement. The WIZZLER is capable of retrieving the spectral phase of the pulse, which
allows for the optimization in the final pulse compression. A fiber spectrometer (SP; Ocean
Optics USB2000) also records the spectrum of the pulse for comparison with that recovered
from the other diagnostics.

 

Laser Grating 
Compressor

FILM

PR1
PR1

 NF

DM

 FF

PR2

SP

WZ AC

VA BS

W

IM

DG

CM

W

(b)

(a)

Figure 2. Perspective views and in situ photograph of the FRM prototype are shown in (a). The layout
of the experiment as described in the text is pictured in (b).

In addition to the investigation performed with 0.1 mm thick COP film in the roller
mechanism, measurements with a single fused silica window (University Wafers) of 0.5 mm
thickness and 50 mm diameter act as a reference measurement for comparison to a material
with known value of the nonlinear component of the refractive index n2. The fused silica
plate is mounted under vacuum at the same location as the FRM prototype, with sufficient
translation for the samples to be moved in and out of the beam path without breaking
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vacuum. The COP films are mounted near to Brewster’s angle with respect to the incoming
beam, resulting in an effective thickness of 0.69 mm for a 6-pass configuration.

3. Results
3.1. Nonlinear Material Response

The nonlinear intensity-dependence of the refraction index of materials n(t) = no +
n2 · I(x, t) depends on the time-dependent pulse intensity I and gives rise to SPM as it
propagates over an interaction length ∆z within a material due to the rapid change in the
pulse intensity over the pulse duration. In the case of a flat-top beam profile, where the
spatial variation in the pulse intensity is minimized, the induced spectral shift δωrel relative
to the fundamental frequency ωo is expected to be uniform across the pulse profile and is
derived from the definition of the instantaneous angular frequency, ω(t) = ωo + δωrel(t).
The spectral shift is thus expected to be proportional to ∂I

∂t by the definition of ω(t) = dφ
dt ,

where φ = ωot − kz for the wave vector k = ko n(t), or

δωrel(t) = ω(t)− ω0 =
dφ

dt
− ω0 = k0n2

dI(t)
dt

∆z . (1)

As the intensity of the pulse retains a Gaussian temporal envelope, the time variation
of the pulse intensity profile is expected to vary as dI(t)

dt ∼ Io/τp, where the peak intensity is
estimated by the input pulse energy Ep, pulse duration τp and the effective area of the pulse
Ap by the relation Io ∝ Ep/(τp · Ap) [42]. An estimate to the extent of the bandwidth after
spectral broadening can then be estimated from Equation (1) in terms of readily measured
beam quantities,

δωrel = k0n2z
dI(t)

dt

∣∣∣∣
max

∝
k0n2

τ2
p Ap

(Ep · ∆z) . (2)

The COP response is investigated, keeping the amount of film constant at six passes
and varying the pulse energy in order to see the response to the changing laser intensity.
For each energy value, several shots (from five to ten) are performed. The pulse spectral
amplitude (red) and phase (green) as measured with the WIZZLER are presented in
Figure 3a as a function of the input energy. When available, the reference spectrum is
superimposed in gray color. The latter was measured with the FRM removed from the
beam line; only two energy points (Ep = 78.7 mJ and Ep = 157.9 mJ) are available,
with pulse energy values similar to the ones used with COP films. The phases for the
reference spectra are flat as the compressor was adjusted during the experiment to deliver
the optimized pulse duration.

The curves correspond to the mean values of the respective laser shots. The shaded
band indicates the uncertainty estimated as half of the maximum deviation between
the measurements.

The pulse bandwidth and duration values are given in Table 1 as function of the
input energy Ep. For each shot measurement, the pulse bandwidth is calculated as the
RMS of spectrum ∆νσ. For each energy point, the mean value is then calculated, and its
uncertainty estimated as half of the maximum deviation. A Gaussian fit is superimposed
on the reconstructed pulse duration, and the extracted FWHM along with its fit uncertainty
is used to estimate the pulse duration τp. The pulse parameters are also presented as a
function of the scaling variable ξ ≡ Ep · ∆z, ∆z being the target thickness in millimeters.
The expected increase (decrease) is seen in the trend for the bandwidth (pulse duration) as
a function of increasing input pulse energy with a fixed amount of material.
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Figure 3. The measured spectra and phase response of the pulse passing through six layers of COP
film are shown in (a). The pulse energy increases from top left to bottom right, corresponding to
35 mJ, 76 mJ, 116 mJ and 158 mJ, respectively. Superimposed in gray are the original spectra measured
with no material present. In (b), the spectra and phase measured using a fused silica (FS) plate are
shown. The measured response of the COP film is compared with FS in (c). The induced bandwidth
(δωrel) relative to the original reference bandwidth ∆ωo of the input pulse is shown vs. the parameter
ξ. A linear regression performed on the two data-sets is superimposed on the measurements (solid
line), as well as the results obtained from simulations (dashed lines).

Table 1. Measured pulse parameters for reference pulse with no film installed (NA), 6× COP with
total effective thickness of 0.69 mm, and fused silica (FS) wafers.

Film Ep [mJ] ξ [J·mm] ∆νσ [±0.4, THz] ∆λFWHM [±2, nm] τp [fs]

NA all – 4.1 21 45.5

COP 35 0.025 4.6 24 43.3
COP 76 0.054 5.9 30 32.6
COP 116 0.081 7.2 37 29.4
COP 158 0.112 9.2 47 23.4

FS 143 0.071 4.9 25 39.8
FS 182 0.091 5.4 28 36.3
FS 240 0.120 5.9 30 31.9
FS 296 0.148 6.4 33 29.0

The resulting pulse duration of 23 fs is half the original pulse duration of 45 fs in the
highest energy case, with little adverse modification in the beam.

In order to better simulate the SPM response for the COP material, it is necessary to ex-
tract the nonlinear response n2 of the material from the data, as there is limited information
provided for this material within the femtosecond regime around 800 nm in the literature at
this time. In considering the extent of the bandwidth shift after spectral broadening (δωrel),
Equation (2) gives the expected response. The majority of these parameters ( f (ko, τp, Ap))
depend on the laser conditions and remain constant throughout the experiment, except for
the varied input pulse energy Ep and the interaction distance ∆z due to the thickness
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of the material. This simplifies the multivariate dependence on spectral broadening of
Equation (1) by studying the spectral broadening as a function of the variable ξ = Ep · ∆z,

δωrel ∝
k0

τ2
p Ap

· n2 · (Ep · z) ≡ CL · n2 · ξ . (3)

From the simplified Equation (3), a linear dependence of the shift of the frequency
relative to ξ is expected from the assumed approximation. The slope can be separated into
two factors, the material-dependant n2 and the constant factor CL that depends on the laser
pulse geometry, m = CL · n2. This demonstrates that the spectral broadening measured for
a specific material should fit a straight line with respect to the variable ξ. The slope m of the
linear regression to the data is thus proportional to the n2 for a given material. The unknown
parameter n2 of COP can be then estimated by comparing the extracted fit slope m of COP
response to that of the well known material Fused Silica (FS), mCOP/mFS = nCOP

2 /nFS
2 . The

spectrum and phase were thus measured using a single 0.5 mm thick fused silica plate at
normal incidence; two example spectra are shown in Figure 3b for different values of pulse
energy, and the measured parameters are also presented in Table 1.

The relative maximum spectral shift due to SPM (δωrel) is approximated from the
experiment by subtracting the initial reference bandwidth (∆ωo) from the bandwidth
measured after SPM (∆ωspm): δωrel ∼ ∆ωspm − ∆ωo. The comparison of measured relative
spectral shift for six passes of COP at a thickness of 0.1 mm (6× COP) with a Fused
Silica plate at normal incidence is presented in Figure 3c. The response of the COP film
is significantly larger than the fused silica. A linear regression is performed on the two
data-sets and superimposed to the measurements as black lines in Figure 3c. The ratio of the
slopes extracted from the linear fits of the COP to fused silica data (mCOP/mFS = 2.3 ± 0.1)
gives access to nCOP

2 using the known value for fused silica, nFS
2 = 2.4× 10−4 cm2/TW. [43]

Therefore, the value n2 for COP at 800 nm can be estimated to be nCOP
2 = (2.3 ± 0.2) nFS

2 ,

nCOP
2 = (5.5 ± 0.6)× 10−20 m2/W .

The simplified estimate used for the relative spectral broadening is a linear function of
ξ and is shown in Figure 3c by the solid black lines with the extracted slope to not fit the
data well. The estimated value of nCOP

2 is then used in the simulations based on the Python
nonlinear optics package pyNLO [44], and overlaid on the experimental data in Figure 3c
as dashed lines. The simulation is able to better demonstrate the observed behavior by
using the respective values for n2 and taking into account the reflection loss at each surface
due to the angle of incidence (θi) with each film. The transmission for a surface is calculated
using the typical Fresnel equations for p-polarized light

(
T(θi) = 1 − Rp(θi)

)
. The first five

COP films were measured with θi = 50o (T = 0.99/surface) while due to space constraints
the final film was reduced so that θi = 23o (T = 0.93/surface). The entire stack of six films
should then result in a total transmission, Ttot = (0.99)10 × (0.93)2 = 0.78. In general, each
film has a total transmission of 98% and if the final film had been at a similar θi then the
Ttot = (0.99)12 = 0.89 for the series of six films. For the single FS film at normal incidence,
the Ttot = 0.96.

3.2. Beam Profile

With the camera monitoring the near-field to detect damage in the thin film, the ability
to characterize the development of the multi-filamentation process due to modulation
instabilities (MI) in the beam must be considered. In the modulation instability gain theory
based on steady-state waves, the characteristic size, d, should rise exponentially during
propagation until reaching the exit of the material, or the laser-induced damage threshold
(LIDT) of the material. When the peak power of the pulse exceeds the critical power
Pcr = 3.79λ2

0/(8πn0n2) (∼1.2 MW for COP at 810 nm), intense pulses with super-gaussian
modes are susceptible to multi-filamentation through the modulation instability initiated
by noise in the beam profile [45,46]. The characteristic size for maximum MI gain is given



Photonics 2022, 9, 715 8 of 12

by the parameter d ≈
(

2πPcr
Io

)1/2
which in the case of COP at Io ≈ 1.4 × 1012 W/cm2 gives

an approximate feature size of d ≈ 23 µm [47], which is smaller than the near-field system
is capable of resolving (46 µm with two pixels). The profile imaging will need to be further
developed to better capture the crucial feature sizes relative to the earliest stages of damage.
In Figure 4a, the discrete change in material with additional passes of the film ranges from
a reference with no film, a single 0.1 mm thick film, 4× 0.1 mm thick films, and 6× 0.1 mm
thick films are compared showing the increasing development in the modulation noise with
increasing material interaction. If the beam modulations reached the point that material
damage or discoloration occurred, it appeared in the final pass of the film so that partial
shifts of the material are sufficient to refresh the film. Improved optimization in the number
of passes, i.e., five, could also maximize the spectral broadening while minimizing any
degradation in the spatial mode.

(a)                                                            (b)                 (c)
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Figure 4. Beam profile with COP film. In (a) central line outs from near field images are compared
with increasing number of film passes from bottom to top: reference beam (no film); a single 0.1 mm
film (showing hard cut in beam due to mounting); 4× 0.1 mm; and 6× 0.1 mm, respectively. The input
energy is kept at 160 mJ. In (b) the REF focus is shown without a film in place while (c) shows the
focus after the 1× COP [0.1 mm] film is placed in the beam. In (d), the comparison with/ without the
film in place of the horizontal line out is shown while (e) compares the same along the vertical axis.

Because the multipass spectral study was performed with a lower optical quality
grade of COP, the focus from the single high quality COP film is also considered in order to
demonstrate the effect on the beam’s focusability. Typical focus images with no film (Ref)
and with a single film (COP ×1) are shown in (b) and (c) of Figure 4, respectively. The line
outs comparing the horizontal and vertical directions are given in (d) and (e) of Figure 4.
The focus is not optimized even before the film is introduced, but there is no significant
change in the structure of the focus with the inclusion of the film. The details of the profiles
should be clarified by further studies implementing a deformable mirror for an improved
initial focus, higher quality optical films, and an intentional imaging assembly for spatial
characterization of the beam with better resolution.

4. Discussion

The results of these studies, measuring the compression from 45 fs down to 23 fs at a
pulse fluence similar to the PW lasers at ELI-NP, point to achieving compression by at least
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a factor of two for high peak power pulses containing Joules of energy. This will extend
the capabilities of this new generation of high energy laser technology by compressing
the current pulses of 25 fs by a similar factor [48]. The scalability of the COP film up to
an aperture of 1 m makes this material suitable for implementation at normal incidence,
or even Brewster’s angle, for the large beam apertures of 10 PW-class systems, e.g., the
55 cm beam diameter at the HPLS 10 PW output. The simulations of the resulting increase
in bandwidth for a 25 fs pulse at appropriate fluences for the 10 PW HPLS laser facility of
ELI-NP are presented in Figure 5. As the pulse begins at 25 fs rather than the 45 fs of these
experiments at LASERIX, less material is required. The simulation indicates that passing
once or twice through films of thickness of 0.10 mm or 0.18 mm (labelled in the figure as
COP 0.10 mm, COP 0.18 mm, COP 2× 0.10 mm, COP 2× 0.18 mm, respectively) is expected
to achieve a significant spectral broadening, even enough to support a sub-10 fs pulse.

80 90 100 110 120 130
Fluence [ mJ/cm2 ]

1.0
1.5
2.0
2.5
3.0
3.5
4.0

/
o

COP 2x0.18 mm
COP 2x0.10 mm
COP 0.18 mm
COP 0.10 mm

Figure 5. Simulated response of the COP film obtained from a 1-D simulation in PyNLO for initial
pulse duration of 25 fs. The induced increase in bandwidth (∆ω) relative to the original reference
bandwidth ∆ω0 of the input pulse is shown relative to pulse fluence for examples of a single film and
two films. The shaded region highlights the values that correspond to the relevant pulse fluences of
80–100 mJ/cm2. The points correspond to bandwidths supporting ftl pulse durations of 17.75 (•),
12.75 (◦), 12.0 (�), 8.25 (?) fs.

As an example of an optimized design for a COP compressor, a pulse of 25 fs interacting
with two passes of a 0.18 mm thick film of COP at Brewster’s angle produces a bandwidth
that supports a pulse of duration below 9 fs with a small compensation of only −70 fs2

in GDD. This value reduces the challenges for the chirped mirror production, and also
suggests the possibility to replace them with more conventional broadband mirrors with
negative residual GDD. Another possibility is to use a second thin plate with thickness
on the order of the wavelength in reflection [48]. Because the design consists of only two
passes, the total transmission is expected to be Ttot = (0.99)4 = 0.96. Such implementations
would enable pulses with peak power in excess of 20 PW.

5. Conclusions

Optical-grade extruded thermoplastic films, such as COP, demonstrate great promise
for nonlinear manipulation of high energy beams of large diameter aperture. The polymer
shows greater uniformity in thickness for the cost than many glasses, or other rigid materi-
als, at these dimensions. In addition, the larger n2 value of the COP film concentrates the
nonlinear B-integral contribution to the film rather than any additional elements made of
glasses, e.g., debris shield, or thin plates for fine tuning the GDD with positive dispersion.
Rolls of the film can be mounted using an FRM device for long-term use in the case when
eventual degradation requires the material to be refreshed. An up-scaled version of the
set-up can be demonstrated with existing technology and, in combination with adequate,
less constrained dispersion management, it can provide practical access to pulses with
peak power in excess of 20 PW. This is an efficient alternative, alongside the nonlinear
amplification [49] and coherent combination methods, to generate Exawatt class lasers. The
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compact design makes it an ideal method to further boost ultrahigh laser pulse intensities
for driving high energy acceleration.
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