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Towards ultrahigh-contrast ultraintense laser pulses—complete
characterization of a double plasma-mirror pulse cleaner
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The effects of small amounts of energy delivered at times before the peak intensity of
ultrahigh-intensity ultrafast-laser pulses have been a major obstacle to the goal of studying the
interaction of ultraintense light with solids for more than two decades now. We describe
implementation of a practical double-plasma-mirror pulse cleaner, built into a f =10 m null
telescope and added as a standard beamline feature of a 100 TW laser system for ultraintense
laser-matter interaction. Our measurements allow us to infer a pulse-height contrast of 5�1011—the
highest contrast generated to date—while preserving �50% of the laser intensity and maintaining
excellent focusability of the delivered beam. We present a complete optical characterization,
comparing empirical results and numerical modeling of a double-plasma-mirror system. © 2006

American Institute of Physics. �DOI: 10.1063/1.2234850�
I. INTRODUCTION

Owing to the rapid advances in high-intensity short-
pulse laser technology, available peak intensities of laser
pulses have increased by more than three orders of magni-
tude over the past decade, approaching 1022 W/cm2 at the
laser focus.1,2 Such extremely high intensities are expected to
open a route to the exploration of entirely new phenomena in
laser-matter interaction. The principal barrier that has so far
blocked this route is the nonideal temporal profile of the
optical pulses. As peak laser powers have jumped by orders
of magnitude, techniques of pulse manipulation have not
kept pace; consequently, along with the main pulses,
prepulse energies have also been amplified until they them-
selves initiate optical breakdown and other nonlinearities.
Limited by the imperfections of chirped pulse amplification
and pulse compression �CPA� laser techniques, current
prepulse intensity contrasts are typically 106–107 of peak on
a time scale of nanoseconds, and 104 of peak on a picosec-
ond time scale.

As a result of significant fluence delivered in the pulse-
pedestal common in CPA recompression, and in prepulses
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that may arise from pulse-selection imperfections, a pre-
formed plasma may evolve from the target. This preplasma
expands to low densities, 1–100 �m from the target surface.
In place of a steep density gradient at the surface of a solid
target, the main pulse interacts with the low density pre-
plasma, which decouples energy deposition from the solid
and which considerably increases the complexity of the in-
teraction. At very high intensities, even a perfectly clean
temporally Gaussian pulse will lead to movement of a
plasma critical-density surface before the maximum inten-
sity. Although laser intensities sufficient to demonstrate
qualitatively new physics have now been available for some
time, experiments specifically to access laser-solid interac-
tions, e.g., in high-order harmonic generation or particle ac-
celeration, have remained tantalizingly elusive. Therefore, in
this field in recent years, increasing pulse contrast and steep-
ening the leading edge of these ultraintense laser pulses has
become a broadly held goal of primary importance.

In order to provide a solid target surface for the main
pulse, in ultraintense laser-matter interaction, the pedestal
should be kept below the optical damage threshold of the
target material. For metals such as aluminum, and subpico-
second pulses, this corresponds to an intensity below
1011 W/cm2, though for longer prepulses the integrated flu-
ence may be more significant. To maximize this threshold,

and minimize the impact of laser pre-pulses, glasses, crystals
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and other materials with very small linear absorption at typi-
cal laser wavelengths have been used in experiments. For
example, barium borosilicate glass has been reported a
threshold fluence for picosecond pulses at 780 nm of
2.2±0.3 J /cm2 for Ref. 3; in a similar study, fused silica has
been characterized with a damage threshold of �1.3 J /cm2

�526 nm� and �2.6 J /cm2 �1053 nm�.4 These results are
consistent with our earlier study5 on plasma mirrors, in
which we have reported 5 J /cm2 threshold fluence for reflec-
tive plasma formation in the 60 fs–4 ps range using 780 nm
s-polarized laser light.

Therefore, laser pulses approaching 1022 W/cm2 inten-
sity at the target focus will require a temporal contrast of at
least 1010. Such a high ratio is beyond the intrinsic contrast
of currently running CPA systems—and an evolvable solu-
tion is necessary, ever increasing the contrast to limit the
prepulse intensity, as higher peak-power systems emerge. Al-
though there has been intensive research, comprising mostly
laser techniques as such Refs. 6–9, no method has been
found so far which can meet the necessarily high require-
ments.

The “plasma mirror” �PM� concept—a self-induced ul-
trafast optical shutter—appears to be a promising solution to
this problem. Its operation is based on the effect of ultrafast
ionization by high-intensity laser light. The laser pulse
strikes a flat, optically transparent target. If the fluence of the
pulse is optimal, the leading pedestal and prepulses freely
traverse the target, but the leading edge of the main pulse
ionizes it, triggering a dense, highly reflective plasma layer.
This plasma mirror reflects the main pulse. Within the opti-
mum fluence range, and for femtosecond pulses, the hydro-
dynamic expansion of the plasma layer is negligible com-
pared to a wavelength during the main pulse,5 thus the
reflection from the PM remains specular, and almost no deg-
radation of the reflected beam results. The contrast is im-
proved by a factor equal to the ratio of the reflectivity of the
PM and that of the original cold substrate.

Recognition of the impact of preplasmas in various
laser-matter interaction experiments led to the technique of
plasma-mirror pulse cleaners, and their preliminary charac-
terization. An early experiment demonstrated the perfor-
mance of the technique in the generation of x-ray emitting
solid-density plasmas.10 Most studies have concentrated on
the measurement of reflectivity as a function of laser
intensity.11–14 Some have complemented this with the mea-
surement of contrast improvement.12,13 The de facto effect of
spatial filtering, an important additional feature of the PM,
was also investigated:14 placing the PM at the laser focus,
intense spatial structures decompose, in the Fourier plane on
the PM, into high spatial frequencies at moderate intensities.
These are weakly reflected, and where the local intensity
peaks exceed threshold the energy is diffracted into a large
angle.

Of central importance, time resolved investigations have
proved that the change in reflectivity is instantaneous com-
pared to the applied pulse width, even at intensities near
threshold;15–17 this fast transition permits the suppression of
a pulse pedestal while not “softening” the leading edge of or

losing significant energy from the intense ultrafast pulse.
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We have previously conducted a complete theoretical
and experimental study of an ad hoc double-plasma mirror
�DPM� installed in the final beam-path approaching focus.5

Based on these results, a single plasma-mirror �PM� system
was incorporated into a 10 TW laser.18 In this, an optical flat,
antireflection coated for an s-polarized beam, served as a PM
which increased the contrast ratio routinely by a factor of
200. Its effectiveness was demonstrated by the generation of
spectrally clean high-order harmonics in a steep density gra-
dient on a solid target.

Such an improvement with a single PM system is satis-
factory for TW-class lasers, but for state-of-the art ultrain-
tense lasers further improvement is necessary. Inserting mul-
tiple plasma mirrors into the system is a potential solution:
contrast enhancement of 103−104 can be achieved by cas-
cading two PMs.19 The development and complete character-
ization of such a cascaded double PM system is the subject
of this article.

This system, engineered as a standard system feature and
easily added or bypassed with a single kinematic stage, has
been installed in the 100 TW “Salle jaune” Ti:sapphire laser
of the Laboratoire d’Optique Appliquée, ENSTA and Ecole
Polytechnique, improving its intrinsic contrast to a final ratio
of 1011. Our detailed characterization includes measurement
and simulation of plasma reflectivity and propagated beam
quality, as transported from the DPM to the final focus; good
agreement is obtained between theory and empirical results.

II. EXPERIMENTAL SETUP

The 100 TW Salle jaune laser delivers 25 fs pulses of
energies up to 2.5 J at 780 nm wavelength, with up to 10 Hz
repetition rate.20 The peak-to-background contrast of the la-
ser, according to third-order autocorrelation measurements,
slightly exceeds 107 on a nanosecond time scale; it is 104 on
the picosecond time scale. This contrast was checked regu-
larly during the experiment and no appreciable fluctuation
was observed.

An important consideration in the design of the DPM
system was that the PMs should be easily added into, and
removed from, the beam path on a shot-to-shot basis. A
mirror-slide switchyard accomplished this, with the DPM
system installed in a cross tube of the main vacuum beam-
line. The double plasma mirror scheme was introduced �Fig.
1� in the middle of a folded, 10 m focal length, null tele-
scope, which creates an intermediate focus for the laser
beam, subsequently recollimating it to continue on to the
interaction chambers. At this intermediate focus the two PMs
are situated, both with a 45° angle of incidence. Fluence on
the PMs is varied by altering beam parameters upstream,
using a deformable mirror. The beam introduced to the null
telescope has a diameter of 5.5 cm; at the plasma mirrors, the
intermediate focus is s polarized. Both PMs were quartz
plates, 10 cm�10 cm, antireflection coated to minimize in-
trinsic reflectivity �0.3%�.

The contrast improvement factor is essentially the ratio
between the reflectivity of the plasma mirror and this intrin-
sic reflectivity of the “cold” mirror. Computer-controlled

stages translate the PMs parallel to their surface, to provide a
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fresh surface for each shot—several thousand shots are pos-
sible before replacement of the mirrors is required. The two
plates were positioned at right angles to each other �Fig. 1�,
separated by 14 cm as measured along the beam path. It was
found by preliminary calculations that by setting this dis-
tance the fluence would be �six times higher on the second
PM. By taking into account the contrast enhancement factor
of the first mirror, it was ensured that the second PM would
subsequently operate without the risk of preplasma forma-
tion. The higher fluence on the second mirror then yields a
larger reflectivity.

The highest reflectivity and best beam profile were opti-
mized as a function of the incident fluence on the PMs. For
this, the fluence was scanned by changing the radius of cur-
vature of the deformable mirror �BIM36, Cilas�, whose stan-
dard function in the laser is the correction of the spatial
phase front. We were able to change the position of the null
telescope’s focal spot over a range of 80 cm, changing the
fluence simultaneously on both PMs.

The fluence on each PM was monitored using ordinary
web cameras �360 USB 2.0 Spacec@m, TRUST�, �Fig. 2�.

The most important parameter of the optimization, the
reflectivity of the system, was detected by measuring the
laser energy incident on and reflected through the DPM sys-
tem. Each was measured with a calorimeter placed in the
target chamber, first bypassing the DPM and then deploying
it. The incident energy at the first PM, combined with the
laser spot image there, yielded the incident fluence.

The final focus at the experiment target also was imaged,
using a 16 bit charge coupled device �CCD� camera �Andor�,
and like other parameters it was recorded while varying flu-

FIG. 1. Experimental setup of the double PM system. An f =10 m null
telescope �spherical mirrors S1 and S2� creates an intermediate focus for the
laser beam and then recollimates it; near this focus, the plasma mirrors
�PM1 and PM2� are situated, both with a 45° angle of incidence. The fluence
on the PMs was varied by changing the radius of curvature of the deform-
able mirror �DM�. Mirrors R1 and R2 on a kinematic slide permit the DPM
to be inserted �solid line� or bypassed �dashed line�. Final focus was created
by an off-axis-parabolic mirror �OAP�, and monitored by a CCD and a
calorimeter.
ence conditions. Small displacements of the position of the
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final focus beam waist, caused by the varying divergence of
the beam during optimization with the deformable mirror,
were compensated for by moving the imaging CCD.

III. CHARACTERIZING DPM REFLECTIVITY

Figure 3 shows the time- and space-integrated reflectiv-
ity �overall efficiency�, and the time-integrated reflectivity
measured at the center of the final target focus �spatial peak
reflectivity� as a function of the plasma-mirror focal position.
The same reflectivity curves obtained from the theoretical
modeling are also depicted. The position of the focus is de-
termined with respect to the PMs: the zero of the axis corre-
sponds to the focal spot positioned on the second PM. For
values less than zero, the focus approaches the first PM;
−14 cm corresponds to focusing onto the first plasma mirror.
For values greater than zero, the focus shifts behind the sec-
ond PM. As can be readily seen, the optimal position with
the highest reflectivity—31% overall and 47%–57% peak
reflectivity—is at the zero position, as anticipated in the de-
sign. At this position the first PM is subject to a peak fluence
of 200 J /cm2 while the second PM sees 800 J /cm2. For
these fluences, and making use of our earlier single PM

FIG. 2. Schematic of fluence measurement on PMs: s-polarized beam re-
flects from PM1 and then PM2. The laser spots on both PMs were imaged
onto web cameras �CAM1 and CAM2�.

FIG. 3. Spatial peak and overall reflectivity of the DPM system versus focal
position. Spatial peak reflectivity: experimental result at the maximum re-
flectivity position �gray arrow�, and numerical results over the whole range
�solid circles�. Overall reflectivity: experimental �open circles� and numeri-
cal results �crosses�. The position of the focus is referenced with respect to
the PMs: the zero of the axis corresponds to the focal spot positioned on the
second PM. The random phase perturbation was different for each run of the

simulation, producing the scatter observed in the numerical data sets.
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model,5 the corresponding peak reflectivities are predicted to
be 70% and �80%. Together with the low-intensity reflec-
tivity known for the antireflection coatings, these reflectivi-
ties lead to contrast enhancements of �200 overall, and
�250 peak, for each plasma mirror in succession.

Examining the reflectivity curves further, moving in ei-
ther direction away from the ideal zero position shows a
decrease in both overall and peak reflectivity, and conse-
quently in contrast improvement. This decrease indicates that
at the zero position both PMs were optimally positioned to
operate at the ideal fluence regime, i.e., where the pedestal is
just below the breakdown threshold. Higher fluence on either
mirror will lead to too-early triggering of the plasma layer,
while a lower fluence will unnecessarily reduce plasma re-
flectivity. In summary, the DPM system is understood to im-
prove the contrast by a factor of 5�104 with a decrease of
peak intensity, at the center of the focal spot, of �50%.

IV. MODELING OPTICAL TRANSPORT FROM THE
DOUBLE PLASMA MIRROR

The computer simulation developed to model the DPM
in operation is a simple paraxial diffraction/propagation
model coupled with the results of plasma modeling of the
spatial reflectivity of the PMs, found from our earlier “popu-
lation propagation” model.5 We calculate the optical field on
each element up to the final focus; the steep fluence depen-
dence of the PM reflectivity R is phenomenologically ap-
proximated by a step-like response R=75% above 6 J /cm2

and R=0 below it. The fluctuation of the spatial uniformity
in the experimental beam quality was taken into account in
our modeling by adding 0.7 wave rms random phase distur-
bance to the optical field. This random phase perturbation
was different for each run of the simulation, producing the
scatter observed in the data sets presented here. As has al-
ready been shown in Fig. 3, the peak and overall reflectivity
curves obtained from the model agree well with the experi-
mental results.

A key aspect of any optical system is its impact on fo-
cusability. We have performed an extensive characterization
of the beam quality after the DPM. This included parallel
experimental measurements and computer modeling of the
development of the fluence distribution in propagation
through the whole setup: intermediate-field calculations and
fluence-distribution measurements at each PM, and the far-
field fluence distribution at the final focus. Figure 4 shows
the beam profiles on the PMs at low flux, both measured and
modeled, using the maximum-reflectivity focusing. The
beam diameter on the first PM is �1.2 mm with an average
fluence of 200 J /cm2 and as it can be readily seen the profile
is strongly modulated in intensity, which is a potentially sig-
nificant drawback of placing the first PM in the intermediate
field of the beam. This rough profile leads to spatial varia-
tions in PM reflectivity, imparting further amplitude distor-
tions. However, in our earlier report,5 in good agreement
with the recent results of Dromey et al.,21 we found that
these distortions are weak and do not significantly impair the
focusability. The focus on the second PM is circular with a
smooth profile. The diameter of the focus is �200 �m and

2
the average fluence is 800 J /cm .
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Figure 5 depicts the final focal spot at the target plane,
recorded by the 16 bit CCD camera, with and without the
DPM system. It is evident from these images that the quality
of the focus with the DPM in place is at least as good as
without. The sizes of the foci are practically the same, and no
degradation in the beam profile can be observed. The only
noticeable difference is that the energy in the foot around the
focal spot is decreased significantly by the DPM. This is
because the second PM was operating in the beam’s far field,
and acted as a spatial filter. This effect can also be clearly
seen in the images produced by the numerical simulation.

This result is also presented in Fig. 6, where we have
normalized the different focal spots to the peak intensity and
measured the energy encircled within different radii. From

FIG. 4. Beam profiles on PM plates: �a� experimental observation and �b�
numerical simulation of the fluence distribution on PM1; �c� experimental
observation and �d� numerical simulation of the fluence distribution on PM2.

FIG. 5. Focal spots in final target plane without and with the DPM system:
�a� experimental observation and �b� numerical simulation of the final focus
without the DPM system; �c� and �d� experimental and numerical results

obtained for the final focus with the DPM system.
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the curve we can see that the DPM changes the balance of
energy at the focal peak, relative to the wings of the focal
spot: the energy lost, with the use of plasma mirrors, is dis-
proportionately from the outside of the focal spot, while
tending to preserve the peak.

For a more comprehensive characterization of the beam
characteristics after the DPM, an imaged z scan was made
around the final focus and the change in peak intensity was
investigated. In Fig. 7, the peak fluence with and without the
DPM is plotted against the displacement of the object plane
from the focal spot position. Moving with displacement z out
of the focal plane, the peak fluence of the beam with the
DPM drops from its maximum value much the same as does
the peak fluence without the DPM. This implies that the
DPM does not have a strong effect on the laser intermediate
field.

In addition to improving the contrast and the intensity
profile of the laser pulse, there is an additional significant

FIG. 6. Normalized intensity distribution for three experimental shots with
plasma mirror and three experimental shots without plasma mirror �left side
of graph� and corresponding radial integrated energy �right side of graph�
for the six shots. Dashed line: without DPM; solid line: with DPM. The
addition of the DPM reduces the energy deposited outside the focal spot, as
compared to the case without DPM.

FIG. 7. Empirical spatial-peak fluence as a function of position around best
focus: beam z scan without �triangle and solid line, diamond and dashed
line� and with �open circles, dotted� DPMs. For ease of comparison, all

curves are normalized to unity. The lines are provided as a guide to the eye.

Downloaded 03 Sep 2006 to 130.183.92.78. Redistribution subject to
improvement conferred by the DPM system: control of the
focused fluence at the second plasma mirror permits the
threshold for mirror formation to be set at a point within the
leading edge of the pulse—which will steepen the rising
edge of the pulse. This leading-edge steepening is highly
advantageous to the creation of near-solid-density short-
scale-length plasmas. Experimental confirmation of this ef-
fect, on a few-femtosecond time scale, lays beyond the scope
of the current investigation, but we have performed model
calculations to characterize the temporal changes of the
pulse. These simulations were based on our earlier popula-
tion propagation model.5. Figure 8 shows the leading-edge
steepening, compared to the original pulse, for different
pulse energies. The steepest rising edge can be achieved in
our system with pulse energies between 0.5 and 1 J, in good
agreement with our heuristic expectations: this energy leads
to a fluence insufficient to trigger reflective-plasma forma-
tion until the leading edge of the main pulse itself arrives,
but high enough to ensure that the reflectivity at the temporal
peak exceeds 90%.

V. DISCUSSION AND OUTLOOK

In summary, we demonstrate a double plasma-mirror
system for pulse-contrast enhancement, which has more than
50% efficiency in intensity and highly repeatable in its char-
acteristics. It has been engineered as a standard system fea-
ture and is easily added or bypassed with a single kinematic
stage in a 100 TW Ti:sapphire research laser. It provides
minimal phase disturbance, preserving final beam focusabil-
ity and on-target intensity. The pulse contrast—inferred from
hot and cold reflectivities of the plasma mirrors—is en-
hanced by 5�104, for a final contrast better than 1011; to the
best of our knowledge these are the highest-contrast pulses
produced to date. Of equal importance, it is an engineered
system which now provides a standard optional system fea-
ture for regular use.

Our detailed characterization includes measurement and

FIG. 8. Front-edge steepening of the reflected pulse at different pulse ener-
gies. The original pulse shape �solid line� is compared to reflected pulses on
the assumption of incident pulse energies of 1 J �dashed line�, 0.5 J �dot-
dashed line� and 0.25 J �dotted line�.
simulation of plasma reflectivity and propagated beam qual-
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ity, from the DPM to the final focus. The experimental find-
ings are in very good agreement with the model calculations.
The most important feature of the DPM is that no degrada-
tion in beam quality or focusability has been observed, but
the contrary: a slight improvement of the profile in the final
focus has been shown, due to the spatial filtering effect of the
second PM. We conclude that a critical point of any
multiple-PM system in the future will be the first mirror that
should operate in the near or intermediate field. As we dem-
onstrate conclusively, this results in no loss of beam quality.
The obtained focal spots are repeatable—no appreciable
fluctuation from shot to shot was perceived.

These outstanding features will make multiple-plasma-
mirror systems an integral part of high intensity lasers and
soon the generation of temporally clean ultraintense laser
pulses will be commonplace. We believe that using our
model as a fundamental base it has become feasible to design
and attach DPM systems to any ultrafast laser operating
above the terawatt level. Many areas of current research—in
particular the generation of relatively intense x-ray pulses by
high-order harmonic generation on solid targets, which is of
key importance—have been strongly hindered so far by the
presence of prepulses and leading pedestal. Now, cascaded
PM systems are in a position to be the solution to this prob-
lem. The high-contrast pulses provided by these devices are
expected to open up new prospects in high intensity laser-
matter interaction experiments. Due to the continual increase
in the peak power of the lasers, further contrast enhancement
will be necessary in the future; a third PM inserted close to
the focus, like the second one here, would provide a practical
solution.
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