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Complete characterization of a plasma mirror for the production of high-contrast
ultraintense laser pulses
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Improving the temporal contrast of ultrashort and ultraintense laser pulses is a major technical issue for
high-field experiments. This can be achieved using a so-called ‘‘plasma mirror.’’ We present a detailed experi-
mental and theoretical study of the plasma mirror that allows us to quantitatively assess the performances of
this system. Our experimental results include time-resolved measurements of the plasma mirror reflectivity, and
of the phase distortions it induces on the reflected beam. Using an antireflection coated plate as a target, an
improvement of the contrast ratio by more than two orders of magnitude can be achieved with a single plasma
mirror. We demonstrate that this system is very robust against changes in the pulse fluence and imperfections
of the beam spatial profile, which is essential for applications.
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I. INTRODUCTION

Laser pulses of femtosecond~fs! to picosecond~ps! dura-
tion with very high peak powers~up to the PW! and ex-
tremely high intensities~up to 1021 W/cm2) @1# are now
available in many laboratories. Submitted to such inte
light fields, almost any target gets rapidly ionized, and el
trons in the resulting plasma oscillate at relativistic velo
ties. These light pulses therefore open the route to the exp
mental study of an extreme regime of laser-matter interac
@2#, which has only been scarcely explored so far.

These ultrashort and ultraintense laser pulses are obta
with relatively small size subpicosecond laser systems tha
to the chirped pulse amplification~CPA! technique@3#. Two
drawbacks of this technique are the presence of a temp
pedestal and of prepulses. The temporal pedestal has
origins: amplified spontaneous emission~ASE!, which oc-
curs on a nanosecond~ns! scale, and spectral clipping an
residual aberrations of the spectral phase@4#, giving rise to
temporal structures on a sub-100 ps time scale. As for
prepulses, they are for instance due to the imperfect con
of some of the optical elements~e.g., Pockel’s cell-polarizers
combinations! used in this type of laser. In this paper, th
temporal contrast at timet is defined as the ratio of the pea
intensity of the main laser pulse, and the intensity of
background~pedestal or prepulses! at this timet.

For a number of ultrahigh intensity experiments, it is
prime importance to use very high contrast, prepulse-f
laser pulses. This is particularly true for experiments invo
ing laser-solid interaction. For a peak intensity
1018 W/cm2 at the fundamental frequency of the laser, t
energy contained in the pedestal or prepulses at the outp
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a typical high-power laser is generally high enough to g
erate a low-density plasma at the surface of a solid tar
well before the main pulse. Then, because of the hydro
namic expansion of this preplasma, the main pulse will
interact with a steep density-gradient solid target. This i
pedes the study of numerous exciting high-intensity las
solid interaction processes, such as relativistic harmon
generation on solid surfaces@5#, or Brunel absorption@6,7#.

Increasing the peak intensity requires a parallel incre
of the temporal contrast, so that prepulses and ASE rema
the same intensity level. Consequently, there has been
tense research to increase the temporal contrast. This ca
achieved either by improving the laser chain, or by clean
the ultrashort pulse from its pedestal and prepulses at the
of the chain. The main methods studied so far are as follo

~1! Electro-optic methods, which can remove ns prepul
for systems with a regenerative amplifier@8#; ~2! methods
based on nonlinear optical processes, such as frequency
bling at the output of the laser@9#, clean pulse injection@10#,
nonlinear Sagnac interferometer@11#, optical parametric CPA
@12#; ~3! self-induced plasma shuttering, also called plas
mirror ~PM! @12–17#.

In this work, we focus on the self-induced plasma sh
tering method. The principle of plasma mirrors is the follow
ing. A laser beam is focused on a low-reflectivity vacuu
dielectric interface, so that most of the pedestal and prep
energy is transmitted. As the intensity increases in time, e
trons are excited in the dielectric medium by nonline
mechanisms such as multiphoton absorption. The med
therefore acquires a ‘‘metallic’’ character. If the electron de
sity exceeds the critical density at the laser wavelength
31021 cm23 at 800 nm!, the reflectivity suddenly increases
the plasma mirror is ‘‘triggered,’’ and the laser beam is r
flected. For a proper choice of the incident fluence on
PM, triggering only occurs at the very beginning of the ma
pulse, and the reflected beam thus has an improved con
ratio.

If the fluence is too high, triggering might occur too ear
and the pedestal and prepulses will also be partly reflec

-
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Moreover, with such an early triggering, the motion of t
PM surface before and during the main pulse might dis
the laser beam wave front, and thus prevent a good su
quent focusing. If the fluence is too low, triggering mig
occur too late or not occur at all. Therefore, the incide
fluence is the most crucial parameter to make an effic
PM.

The first demonstration of an increase in the contrast r
of a subpicosecond laser with a PM was given in Ref.@12#. A
maximum reflectivity of about 50% and a tenfold improv
ment of the contrast ratio were obtained using a bulk die
tric plate. The authors underlined that the use of an ant
flection coating on the dielectric plate would increase
contrast even more. A PM using a liquid jet, which allows
extend the method to high repetition rates, was implemen
for the first time in Ref.@14#. The authors studied the reflec
tivity and contrast enhancement as a function of the in
dence angle, polarization, and peak intensity. The high
contrast enhancement with a single PM, by a factor of 5
was reported in Ref.@15#, which also emphasized the spati
filtering effect of the PM. A high-dynamic-range autocorr
lation of the pulse after the PM provided the first direct e
dence of the suppression of the pedestal. No strong disto
of the beam spatial profile was observed for the fluen
used.

This paper presents the first detailed experimental
theoretical study of the PM. This study provides all the p
rameters required to design an efficient plasma mirror s
tem, matched to the characteristics of a given high-inten
laser system.

The experimental study of the PM consisted in measur
the following quantities.

~1! Space and time-integrated reflectivities, using ene
meters.

~2! Time-integrated reflectivities with spatial resolutio
obtained by imaging the PM surface.

~3! Time- and space-resolved reflectivities. This was do
by applying a chirp on the incident pulse. Measuring t
spectrum of the reflected pulse then provides its temp
profile in a single shot. This provides a direct evidence
pedestal suppression with a PM, and also gives the turn
time of the PM.

~4! Distortion of the beam spatial profile in the far-fie
~PM surface! and the near-field. This was, respective
achieved by imaging the beam in the plane of the PM s
face, and some distance after the PM. The near-field m
surements provide qualitative information on the wave-fr
distortion induced in the PM plane.

~5! Time- and space-resolved position of the PM surfa
with l/50 ~16-nm! longitudinal resolution. This was agai
obtained in a single shot with a chirped incident pulse,
measuring its spectral phase after the PM using spec
phase interferometry. This provides the time-resolved wa
front distortion induced by the PM.

All these measurements were performed on two type
targets, a bulk dielectric sample~quartz, 10% initial reflec-
tivity in our experimental conditions! and an antireflection
coating~less than 0.3% initial reflectivity!, for different flu-
ences above the PM triggering threshold. All the presen
02640
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results are for anS-polarized incident beam, with an inci
dence angle of 45. We have found that the PM gives low
absolute reflectivities withP-polarized waves. This is prob
ably due to resonant absorption@18# that occurs for
P-polarized waves when the critical density is reached.

The theoretical study consisted in calculating the spa
and time-dependent electric field and excitation density
the target, and the resulting instantaneous reflectivity. T
was done by solving a one-dimensional~1D! Helmholtz
equation@19#, coupled with a nonlinear population equatio
describing the ionization of the dielectric target by the in
dent laser pulse. To simulate the results obtained at the h
est intensities, theFILM code @20# was used to study the
hydrodynamic expansion of the plasma on a sub-ps t
scale.

We describe the experimental setup in Sec. II, and pre
the experimental results in Sec. III. The two models used
the simulations are described in Sec. IV. Section V is a
tailed discussion of the performances of the PM. All fluenc
given in this paper correspond to the value at the cente
the focal spot.

II. EXPERIMENTAL SETUP

The experiment was performed on the LUCA laser,
Saclay Laser Interaction Center. This is a high-power
sapphire laser based on the CPA technique. A Kerr-l
mode-locked Ti-Sapphire oscillator generates a pulse trai
40 nm spectral width. These pulses are temporally stretc
to about 300 ps before being amplified in a Ti-sapphire
generative amplifier, followed by two four-pass amplifie
After recompression, the energy per pulse is 100 mJ, and
pulse duration is 60 fs with a central wavelength of 800 n
A few millijoules only were used in this experiment.

LUCA’s contrast has been measured with a third-ord
cross correlator, and is'106 one nanosecond before th
main pulse, and reaches'104 two picoseconds before th
main pulse. The maximum peak intensity used in all m
surements was of the order of a few 1015 W/cm2, leading to
maximum pedestal intensities of a few 1011 W/cm2 on a ps
time scale, and a few 109 W/cm2 on a ns time scale. This is
below the single-shot damage thresholds of dielect
@21,22#. This suggests that in all our measurements, it w
the main pulse, and not the pedestal, that triggered the
This is consistent with the fact that, when the oscillator w
switched off, the ASE alone did not produce any damage
the target’s surface even for multiple-shot exposition.

The experimental setup is shown in Fig. 1. The laser be
is separated into two parts~BS1!: the main beam which re
flects on the target~T!, and a low-flux reference beam. T
have the same configurations along the two paths, both
main and reference beams are focused~L1 and L3! and then
imaged ~L2 and L4!, with a similar overall magnification
factor. Special care was taken in the design of this exp
ment to avoid any nonlinearity in the transport of the
beams, especially in the lenses and in the windows of
chamber. The main beam, of 18-mm top-hat aperture, is
cused on the target with a long focal length MgF2 lens ~L1,
f 51200 mm), chosen for its low nonlinear refractive inde
2-2
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COMPLETE CHARACTERIZATION OF A PLASMA . . . PHYSICAL REVIEW E69, 026402 ~2004!
After reflection on the target, a reflection on a wedge~W!
is used to reduce the energy going through the output w
dow. The part of the beam transmitted through the wedg
collected in a single-shot calorimeter~E1!. The incident en-
ergy was simultaneously deduced from the measurement
leak ~BS2! in the reference beam with an identical calorim
eter ~E2!. After proper calibration, the ratio of the reflecte
and incident energies provides the absolute space- and t
integrated reflectivity.

Both beams were imaged~lenses L2 and L4! on a high-
dynamic charge coupled device~CCD! camera~CCD1!. The
focus of L2 was adjusted to image the target surface.
main beam image then gives access to a space-resolved
tive reflectivity, and can also be used to calculate a spa
integrated reflectivity. Given the magnification of this ima
ing setup and the CDD pixel size, a pixel corresponds
3 mm in the object plane. Thef number of L2 wasf /12,
leading to a spatial resolution of'12 mm. The full width at
half maximum~FWHM! of the focal spot on the target mea
sured with this system was 30mm.

A second lens~L5! could be inserted in addition to L2, t
image a plane located 60 cm after the target. In this confi
ration, comparing the images obtained at low and high int
sities enabled to determine the distortion induced by the
on the near-field beam spatial profile.

Both beams are simultaneously~BS3! imaged on the en-
trance slit of an imaging spectrometer~800 lines/mm, 1 m
focal length!.

If the two beams are separated spatially along the slit,
enables to compare their spectra, and measure in a s
shot the effect of the PM on the main beam spectrum.

Superimposing the two beams spatially on the slit enab
spectral interferometry measurements. This technique
based on the fact that two pulses, separated by a delat,
interfere when they are sent in a spectrometer where dis
sion is larger than the inverse of the delay. We typically us
delays of a few ps between the two pulses. This is m
larger than the coherence time of both beams. In this c
the relative spectral phase of the two pulses can be exa
extracted from the spectral interferogram fringe pattern us
the mathematical treatment described in Ref.@23#. The effect
of the PM on the main beam spectral phase is obtained

FIG. 1. Experimental setup. Att. stands for beam attenuator,
for beam splitter, L for lens, T for target, W for wedge, E for ener
meter, VC for vacuum chamber, and VT for vacuum tube. L5 w
only set when the beam was imaged some distance after the
surface.
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comparison with a low-energy shot, where the PM does
trigger.

All these measurements have been carried out both
near Fourier-limited pulses~60 fs duration! and on pulses
chirped up to 4 ps. This chirp was introduced by setting
distance between the two gratings of the compressor so
the pulse is not recompressed to its Fourier limit. In this w
a quadratic spectral phase~linear chirp! remains on both the
main and reference beams after compression.

Measurements using chirped pulses have two intere
First, we can see how the PM performs for longer~ps!
pulses. But most interestingly, chirping the pulses make
possible to follow in time the triggering and possible disto
tion of the PM in a single shot@24,25#. Indeed, for a pulse
with a large chirp~duration large compared to the Fouri
limit !, there is a one-to-one mapping between time and
quency: each frequency corresponds to an arrival time on
target. To recover the temporal information and have acc
in a single shot to the behavior of the PM during the who
pulse duration, we only need to perform spectral measu
ments. The ultimate temporal resolution is the inverse of
spectral bandwidth of the pulse@25#. Typically, pulses have
been chirped up to 4 ps and the temporal resolution is of
order of 60 fs.

Again, for measurements with chirped pulses, the m
beam and the reference beam can either be spatially s
rated or superimposed on the spectrometer entrance sli
the first case, comparing the spectra of the two beams
vides the time-dependent reflectivity of the PM. In the se
ond case, interferences between the two spectra, and c
parison with a low-intensity reference shot, provide t
change of spectral phase induced by the PM on the m
beam. As we will see later, this change in spectral ph
Dw„v(t)… gives access to the change in positionDz(t) of the
PM surface, viaDw„v(t)…54p cos(p/4)Dz(t)/l. The reso-
lution on the spectral phase was limited by noise and w
measured to be of the order of 0.1 rad: this corresponds
'l/50 ~16-nm! resolution on the PM surface position.

III. EXPERIMENTAL RESULTS

A. Time-integrated reflectivities on quartz and antireflection
coatings

Figure 2 shows the time-integrated reflectivity, measu
at the center of the focal spot on the PM~i.e., the peak
reflectivity!, as a function of the fluence of a 60 fs pulse,
the case of quartz and of an antireflection coated dielec
plate.

In the case of quartz, below 5 J/cm2, the reflectivity is
equal to 10%, which is indeed the expected reflectivity
quartz forS-polarized 800 nm light at 45 incidence. Abov
this threshold fluence, the reflectivity increases continuou
up to about 70% at 50 J/cm2. Note that the optical break
down threshold of quartz at this pulse duration is a few J/c2

@21,22,26#. This shows that this PM is a single-shot syste
A fresh part of the target is required for each laser shot.

In the case of an antireflection coated dielectric plate,
initial reflectivity is less than 0.3%, while the high-fluenc
reflectivity is almost the same as for quartz. Thus, the c
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trast between the high-fluence and low-fluence reflectivi
is increased by more than one order of magnitude on
kind of target: as can be seen in Fig. 2, this ratio can re
several hundreds. The fluence at which this PM trigger
almost the same as for quartz. Note that the two reflecti
curves for quartz and the antireflection coating are ind
expected to merge at high fluence: once the plasma
overdense near the surface, the field only penetrates the
get over the skin depth and no longer sees the multiple la
of the antireflection coating.

Figure 3 shows the time- and space-integrated reflecti
~i.e., the overall reflectivity! as a function of the inciden
fluence, for a 60 fs laser pulse, measured on a bulk qu
sample. Because of the spatial averaging, the overall re
tivity is slightly lower than the peak reflectivity once the P

FIG. 2. Peak reflectivity of quartz~full dots! and antireflection
coating~hollow squares!, for a 60 fs incident pulse, as a function o
the incident fluence. Note that with this lineary scale, the reflectiv-
ity of the antireflection coating at low fluence appears as'0. Full
line: theoretical curve obtained from the population-propagat
model.

FIG. 3. Overall reflectivity of bulk quartz for a 60 fs inciden
pulse, as a function of the incident fluence. The full line shows
theoretical curve obtained from the population-propagation mo
02640
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triggers. This reflects a decrease of the PM reflectivity w
the distance from the center of the focal spot.

Figure 4 shows the overall reflectivity measured for thr
pulse durations, 60 fs, 1.7 ps, and 4 ps, for a bulk qua
target. In this duration range, we see that the threshold
ence hardly varies with the pulse duration: this clearly in
cates that the relevant factor for PM triggering is the incid
fluence, and not the incident intensity. A similar behavior h
been reported for optical breakdown thresholds of dielect
@21,22#.

B. Beam profiles

Figure 5 shows some cross sections of the main be
intensity profile ~60 fs pulse duration! in two different
planes: the surface of the target@far field, Figs. 5~a! and
5~b!#, and a plane located 60 cm after the target@near-field,
Figs. 5~c! and 5~d!#. Two sets of measurements are shown.
the upper panels, the incident fluence was too low for the
to trigger, while in the lower panels, the incident fluence w
20 J/cm2, and the PM triggered, as can be checked in Fig

Comparing the curves in Figs. 5~a! and 5~b! directly
shows the effect of the PM on beam intensity profile, wh
comparing the curves in Figs. 5~c! and 5~d! gives some in-
formation on the wave-front distortion induced by the PM
However, this comparison can only be qualitative: for expe
mental reasons, the laser beam diameter on lens L1 was
ferent for the low- and high-fluence shots.

The low-fluence far-field curve@Fig. 5~a!# shows that the
incident beam profile on the target is close to an Airy fun
tion. This is the Fourier transform of the top-hat profile of t
beam arriving on lens L1. The first Airy ring is clearly vis
ible. On the low-fluence near-field curve@Fig. 5~c!#, we ob-
serve that as the beam diverges from the target, it prog
sively recovers its top-hat shape, as expected.

At high fluence, the reflected beam profile in the targ
plane is still very smooth and clean. The first Airy ring
removed, its intensity being too low to trigger the mirro

n

e
l.

FIG. 4. Overall reflectivity for bulk quartz as a function of th
incident fluence, for three different pulse durations. The full li
shows the theoretical curve obtained from the populati
propagation model for a 4 pspulse.
2-4
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This shows that the PM acts as a low-pass spatial filter in
Fourier plane of lens L1.

This filtering effect leads to a smoothing of the sha
edges of the beam in the near field, as can be seen by c
paring the low- and high-fluence profiles. These near-fi
curves also suggest that at this fluence, the PM does
induce a significant distortion of the wave front for a 60
pulse. A more accurate and quantitative characterization
the effect of the PM on the wavefront is provided by t
interferometric measurements presented below~see Sec.
III D !.

C. Temporal dynamics of the reflectivity on an
antireflection coating

Figure 6 shows the spectrum of the reflected beam, m
sured at the center of the focal spot, for a laser pulse chir
to 1.1 ps~i.e., 18 times its Fourier limit!, for different inci-
dent fluences. The frequency scale has been converted i
time scale using the relationshipv(t)5t/f91v0 between
instantaneous frequencyv(t) and time t, wherev0 is the
central frequency andf9 is the group delay dispersion (f9
52.43104 fs2 in this case!. This relationship is only valid
for sufficiently high chirps. For such pulses, the spectr
directly provides the temporal profile of the pulse.

The triggering of the PM is observed to appear earlier
the pulse as the intensity increases: the higher the inten
the faster the critical density is reached. The time-avera
reflectivity, which is proportional to the area under the cur
is also seen to increase with the incident fluence.

On the lowest-fluence curves~e.g., 5.4 J/cm2), the PM is
clearly observed to trigger significantly later than the ma
mum of the incident pulse, i.e., in the falling edge of t
pulse. This would not be possible if multiphoton absorpti

FIG. 5. Spatial profiles of the laser beam~60 fs pulse duration!,
at the surface of the target~a,b! and 60 cm after the target~c,d!. The
upper panels correspond to low-fluence shots, where the PM
not trigger, whereas the lower panels are high-fluence shots, w
the PM triggered.
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~or tunneling ionization! was the only mechanism involve
in the generation of conduction electrons, since the efficie
of such a mechanism quickly falls off after the maximum
the pulse. On the opposite, the electronic avalanche me
nism can explain this observation, since its efficiency
creases with the conduction electron density, and varies m
gently with the laser field intensity. As we will see, the ele
tronic avalanche mechanism indeed plays an important
in the triggering of the PM.

These curves also clearly show that in the fluence ra
that we have used, it is indeed the main pulse, and not
pedestal or a prepulse, that triggers the PM. Since we
dealing with an antireflection coating, the reflectivity befo
the main pulse is of the order of 0.3%, while we know fro
time-integrated measurements~Fig. 2! that the reflectivity
reaches several tens of percent once the mirror is trigge
This implies that the PM improves the contrast by more th
two orders of magnitude. In other words, these temporal p
files together with the reflectivity measurements provide
direct evidence of the efficient reduction of the pedestal.

D. Motion of the plasma mirror surface and wave-front
distortion

Figure 7 shows a typical spectral interferogram obtain
with a pulse chirped to 4 ps, with a fluence of abo
140 J/cm2. The horizontal axis corresponds to the wav
length scale and the vertical axis is the position along
spectrometer’s slit. The fringe shift can easily be observ
and is particularly strong in the center of the beam.

es
re

FIG. 6. Spectra of a pulse chirped to 1.1 ps, after reflection o
PM consisting of an antireflection coated plate target, for differ
incident fluences. The number on each curve indicates the co
sponding incident fluence in J/cm2. These spectra have been no
malized by the incident fluence. The time scale has been obta
using the linear relationship between time and frequency for a
early chirped pulse.

FIG. 7. Typical spectral interferogram for pulses chirped to 4
2-5
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This interferogram gives access to the spatially resol
relative spectral phasew(v) of the main and reference beam
By subtracting the relative spectral phasew0(v) measured
for a low-fluence shot, we obtain the change in spec
phaseDw(v) induced on the main beam by the PM.

As before, since there is a one-to-one correspondence
tween time and frequency for such chirped pulses, this m
sured spectral phase actually is a temporal phase, via
relationshipDw(v)5Dw(t/f91v0) (f9'8.73104 fs2 for
a 4 ps pulse!.

There are two possible ways the PM can affect the te
poral phase of the main beam:~1! the phase of the PM com
plex reflection coefficientr varies in time;~2! the surface of
the PM moves, thus changing the optical path length of
main beam. Our calculations of the complex reflection co
ficient, presented in Sec. IV, show that its phase does
vary by more thanp, and that this variation only occur
when the electron density is close to the critical density.
most incident fluences, this only occurs in a narrow tim
interval. This leaves the motion of the PM surface as
main source of phase shift. The experimental accuracy
Dw(t) is about 0.1 rad. As already shown in Sec. II, th
gives an accuracy of the order ofl/50 ~16 nm! on the posi-
tion of the PM surface.

Figure 8 shows the measured temporal phaseDw(t) for
different incident fluences of a 4 pspulse.Dw(t) is 0 until
the PM triggers. It then presents a linear behavior, with
slope that increases as the fluence grows. This is chara
istic of a plasma expansion in vacuum, as we will see in S
IV. The slope is determined by the velocity of the expansi
which is in a first approximation equal to the ion acous
velocity. This velocity increases with the ionic temperatu
and hence with the incident fluence.

The dependence ofDw(t) on the incident fluence implie
that the induced phase shift is not homogeneous across

FIG. 8. Measured spectral phase of a pulse chirped to 4 ps,
reflection on the PM, for different incident fluences~hollow sym-
bols!. The number on each curve indicates the corresponding
ence in J/cm2. The lines are theoretical fits obtained with the h
drodynamic code. The time scale was obtained as in Fig. 6, and
incident pulse temporal shape is shown in dashed line as a r
ence.
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focal spot. In other words, the PM surface gets curved. F
thermore, this curvature varies in time. This possible dist
tion of the wave front for long pulses and high fluences
one bottleneck of the plasma mirror concept. We will see
Sec. V what ranges of pulse duration and fluence should
used to avoid this kind of distortion.

IV. MODELING OF THE PLASMA MIRROR

In this section, we describe the two models that we ha
used to describe~1! the optical switching of the PM and~2!
its expansion into vacuum.

The first model ~‘‘population-propagation model’’! de-
scribes the ionization of the target~in this case, bulk quartz!
with a population equation, and the propagation of the la
field in this inhomogeneously ionized medium, using t
Helmholtz wave equation. This model is very simple, b
captures the essential physics of the plasma mirror. The
ond model is a hydrodynamic model based on a Lagrang
fluid code, and is required to describe the regime where
hydrodynamics must be included because the plasma
pands into vacuum. The equations describing the ioniza
of the target and the propagation of the field are equivalen
these two models.

In all these simulations, it is assumed that the pedestal
the prepulses do not affect the target. This can be consid
as a prerequisite to make a good plasma mirror~see Sec. V!,
and, knowing the contrast of the LUCA laser, is a reasona
assumption for the experiments presented in this paper~see
Sec. II!.

A. The population-propagation model

We consider a plane wave coming from vacuum impin
ing on the target. The target is initially a pure dielectric, w
no electron in the conduction band. Our goal is to calcul
the electric fieldE(z,t) inside the target, taking into accoun
the fact that the target gets ionized by this strong field. O
E(z,t) is known, the reflectivity of the plasma can readily b
calculated~see the Appendix!.

To describe the field propagation, we use the quasistat
ary approximation, which consists in considering that t
electric field at any point is harmonic in time, at the fr
quency of the external driving field. It is valid only if th
temporal evolution of the dielectric function is slow on th
time scale of the incident laser pulse optical cycle. If this
not the case, more sophisticated approaches are req
@27#.

Assuming that we are in this quasistationary regime,
propagation of anS-polarized electromagnetic wave, imping
ing on a medium defined by its dielectric function«(z,t)
~with z.0), with an angleu, is described by the Helmholtz
equation@19#

]2E~z,t !

]z2
1

v2

c2
@«~z,t !2sin2~u!#E~z,t !50, ~1!

wherev is the angular frequency of the incident pulse, anc
is the speed of light in vacuum.e(z,t) is the dielectric func-
tion of the plasma and is given by the Drude model:

ter

u-

he
er-
2-6
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«~z,t !5n1
22

e2N~z,t !

e0m* ~v22 iv/t!
. ~2!

n1 is the initial refractive index of the solid,e is the electron
charge,m* its effective mass, ande0 is the vacuum permit-
tivity. t is the mean electron collision time, and is assum
to be a constant~e.g., independent of the electronic tempe
ture! in this model. We will see that this approximation
satisfactory up to a certain fluence, above which the plas
gets too hot and expands too much during the laser puls
considert as a constant.N(z,t) is the instantaneous condu
tion electron density at pointz. Its varies in time because o
the nonlinear excitation of the dielectric by the high-intens
incident laser pulse. This in turn results in a time depende
of the dielectric constante(z,t). N(z,t) also depends onz
because once some electrons are in the conduction b
they can absorb some energy from the incident field since
collision time tÞ0. The laser field in the dielectric thu
becomes inhomogeneous, and so is the excitation densi

Before the main laser pulse, the conduction electron d
sity is assumed to be zero:N(z,t50)50. Its temporal evo-
lution is then given by a rate equation:

]N

]t
5W~N02N!, ~3!

whereW is the electron excitation rate from the valence ba
to the conduction band, andN0 is the bound electron density
We have considered that the excitation is both due to mu
photon absorption and electronic avalanche@21,22#, with W
given by

W5snuE~z,t !u2n1b
N

N0
uE~z,t !u2. ~4!

n is the minimum number of photons required to cross
band gap andsn is the corresponding cross section. A ba
gap of about 10 eV for quartz and a photon energy of 1
eV leads ton56. Using a tunneling excitation law instead
a multiphotonic mechanism gives very close results@28#.

The technique used to solve the coupled system of eq
tions ~1! and ~3! is described in the Appendix A.

Figure 9 shows the instantaneous conduction elec
densityN(z,t) in the target, obtained with this model, as
function of z, for various times in the rising edge of
50 J/cm2 pulse. The laser pulse duration is 60 fs, but the
profiles vary very little with the pulse duration within th
model. At early times, the absorption of the laser beam
weak and therefore the target is homogeneously excited
micron length scale. As intensity increases, the excitation
the target gets higher. This implies that the laser pulse
attenuated as it penetrates in the target, which leads t
inhomogeneous excitation. When the critical density is ov
come, this inhomogeneity gets even stronger, since the l
field does not penetrate further than the skin depth. As ca
seen in Fig. 9, at the maximum of the pulse, the excitat
density near the surface varies by two orders of magnit
over a distance of about 200 nm only, i.e., smaller than
wavelength of the incident radiation. This is why the WK
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approximation or the Fresnel equation cannot be used to
culate the field propagation in the target and the reflect
coefficient: to evaluate these quantities properly, the He
holtz equation has to be solved@19#.

Figures 2 and 3 compare the measured fluence de
dences of the peak and overall reflectivities with the on
calculated with this model, for a 60 fs laser pulse. Figure
shows the same comparison for the overall reflectivity of
ps pulse. The set of parameters used for these calculatio
shown in Table I. In all cases, the agreement is very satis
tory. This shows that this simple model, with the set of p
rameters given in Table I, is adequate to calculate the refl
tivity of the PM in a broad range of pulse duration an
fluence.

We note that the avalanche coefficientb we have ob-
tained~Table I! is the same as the one deduced from opti
breakdown threshold measurements in silica@21,22#. The
mean electron collision timet is in reasonable agreemen
with the hot electron-acoustic phonon collision times in wi
band-gap dielectrics@29,30#. It also has the typical order o
magnitude of electron-ion collision times in near-soli
density plasmas at electronic temperatures between 10
100 eV@31#. An electron density of 531023 cm23 approxi-
mately corresponds to what would be obtained by ioniz
all the electrons except the 1s and 2s of Si and the 1s of O.
Given the ionization potentials of these states (.500 eV),
this is a realistic value forN0. The electron effective mas
m* had little influence on the results of the simulatio
within this model, and was taken to be the free electr
mass.

FIG. 9. Spatial profile of the instantaneous conduction elect
densityN(z,t) in the target, along the beam propagation directionz,
at different times in the rising edge of a 50 J/cm2, 60 fs pulse.
t50 corresponds to the peak of the pulse.

TABLE I. Set of parameters used in the population-propagat
model to fit the reflectivity curves of Figs. 2–4.

s6 (cm12 s5) b(cm2/J) t(fs) N0 (cm23)

2.33102178 11 0.1 531023
2-7
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B. The hydrodynamic model

In order to describe the PM response in the high-inten
regime or for longer interaction times, we need a hydro
namic simulation, which describes the plasma expans
and accounts for multionized atomic states and collisio
processes in the high temperature plasma. We useFILM, a
standard one-dimensional Lagrangian fluid code@20,32#.
This code solves fluid equations associated with conserva
of energy, momentum, and mass. The electronic thermal c
ductivity is also included in this code. To close the system
hydrodynamic equations, an equation of state derived fr
the SESAME library @33# is used. This equation of state pro
vides the temperature, pressure, mean ionization~Z! and
electron density for each internal energy and mass den
Knowing the temperature and density, the elastic electron
collision frequency is deduced from the model of Lee a
More @31#, which converges to the Spitzer results for hi
temperatures@34#. To compute the energy source due to t
laser field, the Helmholtz equation is solved as in the sim
model previously described, now taking into account
electron-ion collisions to calculate the collision rate.

FILM is not suited to describe the first stage of the exc
tion, where the mean ionization is low and the target is clo
to a solid than to a plasma. We have modified the code
describe this stage and the transition to a plasma. Thus
Z,1, we are using a modified equation of state: in t
regime, the internal energy is assumed to be equal to
electron density multiplied by the band-gap energy plus
effective electron thermal energy. This last contribution i
small fraction of the band gap. To account for multiphot
ionization~not included inFILM!, which is the dominant pro-
cess at low electron density, multiphoton absorption is
cluded as an energy source in the energy equation.
electron-phonon collision frequency is used in the Dru
equation~2!, to calculate the dielectric constant~and there-
fore the field and the collisional absorption!. In order to get a
soft transition between the high and low excitation dens
regimes, the two equations of state are interpolated fo
,Z,2 and the electron-phonon collision frequency is
sumed to be proportional to (12Z), for Z,1. Numerical
tests show that the results are insensitive to the details o
interpolation.

The upper graph in Fig. 10 shows the instantaneous
flectivity at timet obtained from this model, as a function o
the total energy that has impinged on the target up to timt,
for three pulse durations. Since fluence is the relevant ph
cal parameter for the PM, thisx scale is well suited to com
pare the temporal evolutions obtained for a wide range
incident pulse duration. The lower graph shows the co
sponding plasma temperatures. Since we are interested i
effects on the reflectivity, these temperatures were take
the point where the electronic density is equal to the criti
density. Once the plasma mirror has triggered, temperat
typically between 10 and 100 eV are reached in the plas

In all cases, a rapid increase of the reflectivity is obser
when the critical density is overcome, followed by a plate
This plateau corresponds to a reflectivity of'65% only,
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because of the high collision rate (1/t'10 fs21) in the
plasma. This fast increase of the reflectivity and the follo
ing plateau imply that the PM acts almost like a high-pa
filter with respect to fluence: in a certain fluence range ab
the triggering threshold, the laser field is reflected with
almost constant reflectivity. The advantages of this feat
will appear in the following discussion~Sec. V!. The fast
increase of the instantaneous reflectivity seen in Fig. 10
not in contradiction with the smooth dependence of the
flectivity measured experimentally~Figs. 2–4!: this smooth
dependence is essentially due to the triggering of the PM
earlier times and over larger areas as the incident flue
increases.

In the case of the 60 fs pulse, the reflectivity starts
increase again in the second-half of the pulse~cumulated
fluence.100 J/cm2): this is due to the increase of the ele
tron temperature~see lower graph!, which leads to a reduc
tion of the electron-ion collision rate. For ps pulses, the
flectivity increase occurs at lower fluences, corresponding
lower temperatures: in this case, it is mostly due to the
pansion of the plasma during the laser pulse, which lead
a decrease of the plasma density and hence of the elec
ion collision rate.

The population-propagation model described previou
gives very similar curves, except for the late increase in
flectivity, which can obviously not be described by th
simple model.

Figure 8 compares the measured temporal evolution of
reflected beam phase at different fluences with the res
obtained with this model. A very good agreement is obtain
at all fluences without changing any parameter in the ca
lation. This model can therefore be used to calculate
phase shift induced by the PM on the reflected beam.

FIG. 10. Upper graph: instantaneous reflectivity as a function
the cumulated fluence for several pulse durations, as obtained
the hydrodynamic model. The total fluence of the incident pulse
200 J/cm2 in all cases. Lower graph: corresponding plasma te
peratures at the critical density.
2-8
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FIG. 11. Reflectivity of the PM at the maximum of the laser pulse, as a function of the duration and fluence of the incident pu
area where the PM can be considered to trigger~reflectivity .65%) appears in white. The two points PM1 and PM2 show the typ
fluences that could be used in a two-PM system, allowing contrast improvements by several 104.
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mentioned earlier, it shows that this phase shift origina
mostly from the motion of the critical density surface due
the plasma expansion in vacuum. The curves in Fig. 8 sh
that the plasma only starts to expand after a timete , which
not surprisingly decreases as the incident fluence increa
After time te , it expands with a constant velocity, which
found to be 33107 cm/s for a fluence of 50 J/cm2, in good
agreement with previous experiments@35#.

V. DISCUSSION

Our models have been validated by comparison with
experimental data: we can now use them to assess the
formances of the PM, and determine its optimal operatio
fluence as a function of the incident pulse duration.

This optimal fluence is determined by a trade-off betwe
the following constraints:~1! the reflectivity of the PM
should be as high as possible at the maximum of the la
pulse;~2! the PM should not distort the beam wave front t
much; ~3! for an optimal improvement of the contrast, th
PM should trigger only in the rising edge of the main puls
If the triggering does not occur too early in the rising edge
steepening of this edge can even be induced by the PM~see
Fig. 6!, which can be highly desirable for some experimen

Given these constraints, the optimal fluence can be cho
with the help of Figs. 11 and 12, obtained with the mod
previously described. These figures, respectively, show
reflectivity R of the PM at the spatial and temporal maximu
of the laser pulse, and the phase shift it induces at the en
the laser pulse, as a function of the duration and fluenc
the incident pulse. In Fig. 11, the gray area indicates
range of parameters where the PM does not trigger. This
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was arbitrarily defined by the thresholdR,65%. The exact
value chosen for this threshold does not matter because
reflectivity varies very strongly with the fluence whenR
&65%. The triggering fluence threshold is almost indep
dent of the pulse duration, as observed experimentally.
gray area on the phase map~Fig. 12! corresponds to an in
duced phase shift higher than 1 rad ('l/6), i.e., to a signifi-
cant distortion of the beam wave front~since this phase shif
goes to 0 on the edges of the beam!.

Several regimes can be distinguished on the reflecti
map. For pulses shorter than'600 fs and fluences betwee
the triggering threshold and'300–500 J/cm2 ~depending on
the pulse duration!, the reflectivity is remarkably insensitiv
to the fluence, and is'70%. This weak dependence is du
to the fact that in this range~1! the plasma is extremely
overdense whatever the fluence,~2! the collision rate hardly
varies with temperature (T'10–100 eV) @31# and hence
with fluence, and~3! the pulse is short enough to neglect t
plasma expansion~see Fig. 12!. In this regime, the PM is
very robust against shot-to-shot fluctuations and spatial in
mogeneities of the fluence, at the expense of an energy
of '30% at the peak of the pulse. In the same durat
range, higher efficiencies of'85% can be obtained by usin
higher incident fluences, at the expense of robustness:
PM then enters a new regime, where the reflectivity ag
increases with the fluence, because of the heating of
plasma and the resulting decrease of the collision rate. Fig
12 shows that in this short pulse duration range, the
hardly induces any distortion of the beam wave front even
the highest fluences considered here, because the pla
does not have time to expand during the main laser puls
2-9
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FIG. 12. Phase shift of the reflected field at the end of the laser pulse~1.5 FWHM after the maximum of the pulse!, as a function of the
duration and fluence of the incident pulse. In the gray area, the PM induces a significant distortion (.1 rad) of the beam wave front.
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For pulses longer than'1 ps, the robust reflectivity re
gime shrinks. Higher reflectivities can be reached at low
fluences because the plasma expansion has already star
the maximum of the pulse. However, the PM is less rob
against fluence variations since the fluence dependenc
the reflectivity is stronger. Moreover, the operational fluen
range~between the gray area in Fig. 11 and the one in F
12! is of course reduced because of this expansion.
pulses longer than'5 ps, the PM becomes inadequate sin
a distortion of the wave front cannot be avoided as soon
the PM triggers.

These two maps can be used to design a PM system s
to a particular high-power laser system, provided the ini
temporal contrast of the laser is known. This last informat
is required to ensure that the PM triggers only in the ris
edge of the main pulse: the initial contrast determines
maximum main pulse fluence that can be used on the
For fluences higher than this limit, the pedestal or prepu
will trigger the PM. In this case, the contrast improveme
will not be optimal, and a strong distortion of the main bea
wave front might be induced because of the longer ti
available for the plasma to expand. With typical contrast
106 on a ns time scale and 104 on a ps time scale, this
maximum fluence will typically be of the order of 100 J/cm2

~point PM1 in Fig. 11!. As we have seen, an antireflectio
coated PM used at this fluence leads to an improvemen
the contrast by a few 102. Depending on the initial contras
this might not be enough for some high-field experimen
and a second PM might be required to increase the con
even more@5#. This second mirror can be used at a high
fluence~point PM2 in Fig. 11!, since it is triggered by a puls
with a higher contrast. Such a system with two PMs made
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antireflection coated plates can lead to an improvemen
the contrast by several 104.

These two PMs can be implemented in several ways
an actual high-field experiment.

One possibility is to insert them between the target a
the short focal length optics used to focus the beam on
target. Such a setup is compact, but is not very flexible
can be challenging to implement. The PMs act in the int
mediate field: to avoid severe distortions of the focal sp
one has to be especially careful with the phase and ampli
distortions they might induce. This implies that both PM
should be used in the white area of the phase map, and in
robust regime, where the reflectivity weakly depends on
fluence.

Another possibility is to implement the PMs before th
optics that focuses the beam on the target, by inserting th
in a long focal length 2f line ~such as in a spatial filter!. The
first PM would be located before the focal point of this sp
tial filter, while the second one would be at the focus. T
constraints on the phase and amplitude distortions indu
by the second PM are then less severe, since the beam
flected from this mirror will be imaged on the target. Like
our experiment~see Sec. III B!, this PM would both act as a
temporal and a spatial filter. If the phase distortion induc
by this mirror really gets strong, a part of the beam might n
be collected by the second optics of the 2f line, which would
lead to energy losses.

VI. CONCLUSION

We have carried out a detailed experimental study o
plasma mirror temporal filter, aimed at improving the temp
2-10
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COMPLETE CHARACTERIZATION OF A PLASMA . . . PHYSICAL REVIEW E69, 026402 ~2004!
ral contrast of high-power ultrashort laser pulses. Besi
standard reflectivity measurements, an original method@25#
based on the use of chirped laser pulses has allowed u
identify, in a single shot and on a ps time scale, the stage
the construction of a plasma mirror, from the ionization
the target to the plasma expansion in vacuum. This exp
sion in vacuum has very important practical consequen
since it might lead to distortions of the reflected beam wa
front and prevent a good subsequent focusing. Our diag
tic is thus particularly relevant to determine the upper flue
limit for the plasma mirror to work properly.

We have used our experimental results as an accu
benchmark test to validate numerical models of the plas
mirror. These models can then be used to find the opti
working conditions for the plasma mirror, for fs to ps pulse
An essential result of this theoretical study is that the p
plasma mirror reflectivity is hardly influenced by the incide
fluence between a few J/cm2 and a few hundreds of J/cm2,
for pulse durations ranging from a few tens to several h
dreds of fs. The plasma mirror is thus very robust aga
shot-to-shot energy fluctuations, and does not accentuat
possible spatial inhomogeneities of the laser beam. The lo
est pulse duration that can be handled with a plasma m
was found to be about 5 ps: beyond this duration, sev
distortions of the beam wave front due to the plasma exp
sion become unavoidable.

Lastly, our measurements have shown that using an a
reflection coated dielectric as a target makes it possible
increase the temporal contrast by several 102 with a single
plasma mirror. Using two plasma mirrors in series sho
lead to temporal contrasts as high as 1010–1011 on a ns time
scale, and 107–108 on a ps time scale. Such contrasts op
the route to a whole range of new ultrahigh intensity expe
ments.
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APPENDIX

In this appendix, we explain how to solve numerically t
coupled equations~1! and ~3!, and we more particularly
specify how to deal with the initial conditions on the elect
field E(z,t).

When a plane wave impinges~with an incidence angle
taken to be 0 for simplicity! on a medium with a dielectric
constante(z), a part of the field energy, given by the com
plex reflection coefficientr, will be reflected back in vacuum
(z,0), and thus produce standing waves on the vacuum
by interference with the incident beam. The continuity of t
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electric field and itsz derivative at the vacuum-target boun
ary leads to

E0~11r !5E~z501!, ~A1a!

ik0E0~12r !5
dE

dz
~z501!. ~A1b!

E0 is the amplitude of the incoming electric field, an
k05v/c. For a strongly inhomogeneous medium such as
plasma mirror~see Fig. 9!, the reflection coefficientr cannot
be simply obtained from the Fresnel equations, and is th
fore unknown. As a result,E(z501) and dE/dz(z501)
cannot be calculated from Eqs.~A1!, and we have no initial
condition to solve the Helmholtz equation~1! in the z.0
area.

A solution to this problem consists in solving the Helm
holtz equation backward, i.e., from a region far inside t
target, where the refractive index is constant in space, to
target surface. We then need an initial condition at a po
z5L in this region. Since the medium is almost homog
neous around this point, we know that the electric field i
plane wave propagating in the positive direction of thez axis.
Only the magnitudeA of this wave is unknown. We define
c(z,t) by E(z,t)5Ac(z,t) and uc(z5L)u51. The initial
conditions onc(z) at z5L will thus be

c~z5L !5exp~ ik1L !, ~A2a!

c8~z5L !5 ik1exp~ ik1L ! ~A2b!

with c8(z)5dc/dz and k15n1v/c. Moreover,c(z) also
obeys the Helmholtz equation since this equation is line
c(z) is thus calculated by solving the Helmholtz equati
from z5L to z50. Oncec(z) is known, Eqs.~A1! can be
combined to obtain the reflection coefficient

r 5
ik0c~z50!2c8~z50!

ik0c~z50!1c8~z50!
. ~A3!

The actual electric fieldE(z,t) can then be deduced from
c(z,t) and the known amplitude of the incident electric fie
at the surface, using

A5E0

11r

c~z50!
. ~A4!

The electric field is now completely determined at timet.
We use its value to calculate the ionization rateW, and the
excitation densityN(z) at time t1dt. Knowing N(z,t1dt)
we calculate the dielectric function using Eq.~2!. e(z,t
1dt) can then be used in the Helmholtz equation~1!, to
determine electric field at timet1dt.
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