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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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[. INTRODUCTION a typical high-power laser is generally high enough to gen-
erate a low-density plasma at the surface of a solid target,
Laser pulses of femtosecol(fs) to picosecondps) dura- well before the main pulse. Then, because of the hydrody-
tion with very high peak powergup to the PW and ex- _namic exp_ansion of this p(eplasmg, the main pulse wjll not
tremely high intensitiesup to 16* W/cn?) [1] are now interact with a steep density-gradient solid target. This im-
available in many laboratories. Submitted to such intens@@des the study of numerous exciting high-intensity laser-
light fields, almost any target gets rapidly ionized, and elecSolid interaction processes, such as reIat|V|st|_c harmonics
trons in the resulting plasma oscillate at relativistic veloci-9€neration on solid surfacgs], or Brunel absorptioi6,7].
ties. These light pulses therefore open the route to the experi-f Irr:creasmg tlhe peak |ntert1rs]|t%/ reqwlr es a pg'r;geEl mcre_aset
mental study of an extreme regime of laser-matter interactio the temporal contrast, so that prepulses an remain &

[2], which has only been scarcely explored so far the same intensity level. Consequently, there has been in-
! y y exp : tense research to increase the temporal contrast. This can be

. These_ultrashort aﬂd ultra|r_1tense laser pulses are Obtam%%hieved either by improving the laser chain, or by cleaning
with relatively small size subpicosecond laser systems thankgye jjirashort pulse from its pedestal and prepulses at the end
to the chirped pulse amplificatiof€PA) technique[3]. TWO ¢ the chain. The main methods studied so far are as follows:
drawbacks of this technique are the presence of a temporal (1) Electro-optic methods, which can remove ns prepulses
pedestal and of prepulses. The temporal pedestal has twgr systems with a regenerative amplifigd]; (2) methods
origins: amplified spontaneous emissiohSE), which oc-  pased on nonlinear optical processes, such as frequency dou-
curs on a nanosecorfas) scale, and spectral clipping and bling at the output of the las¢®], clean pulse injectiofl0],
residual aberrations of the spectral phg4k giving rise to  nonlinear Sagnac interferomefdn], optical parametric CPA
temporal structures on a sub-100 ps time scale. As for thg12]; (3) self-induced plasma shuttering, also called plasma
prepulses, they are for instance due to the imperfect contrastirror (PM) [12—-17.
of some of the optical elements.g., Pockel's cell-polarizers In this work, we focus on the self-induced plasma shut-
combination used in this type of laser. In this paper, the tering method. The principle of plasma mirrors is the follow-
temporal contrast at timeis defined as the ratio of the peak ing. A laser beam is focused on a low-reflectivity vacuum-
intensity of the main laser pulse, and the intensity of thedielectric interface, so that most of the pedestal and prepulse
backgroundpedestal or prepulsgat this timet. energy is transmitted. As the intensity increases in time, elec-

For a number of ultrahigh intensity experiments, it is of trons are excited in the dielectric medium by nonlinear
prime importance to use very high contrast, prepulse-freenechanisms such as multiphoton absorption. The medium
laser pulses. This is particularly true for experiments involv-therefore acquires a “metallic” character. If the electron den-
ing laser-solid interaction. For a peak intensity of sity exceeds the critical density at the laser wavelength (2
10'8 W/cn? at the fundamental frequency of the laser, thex 10?* cm™2 at 800 nm, the reflectivity suddenly increases:
energy contained in the pedestal or prepulses at the output tfie plasma mirror is “triggered,” and the laser beam is re-

flected. For a proper choice of the incident fluence on the
PM, triggering only occurs at the very beginning of the main
*Present address: CELIA, UniversiBoardeaux |, 33405 Talence, pulse, and the reflected beam thus has an improved contrast

France. ratio.
TAlso at Department of Optics and Quantum Electronics, Univer-  If the fluence is too high, triggering might occur too early,
sity of Szeged, Szeged, Hungary. and the pedestal and prepulses will also be partly reflected.
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Moreover, with such an early triggering, the motion of theresults are for arspolarized incident beam, with an inci-
PM surface before and during the main pulse might distortlence angle of 45. We have found that the PM gives lower
the laser beam wave front, and thus prevent a good subsabsolute reflectivities withiP-polarized waves. This is prob-
quent focusing. If the fluence is too low, triggering might ably due to resonant absorptiofl8] that occurs for
occur too late or not occur at all. Therefore, the incidentP-polarized waves when the critical density is reached.
fluence is the most crucial parameter to make an efficient The theoretical study consisted in calculating the space-
PM. and time-dependent electric field and excitation density in
The first demonstration of an increase in the contrast ratiéh target, and the resulting instantaneous reflectivity. This
of a subpicosecond laser with a PM was given in RE2]. A~ Was done by solving a one-dimensiondD) Helmholtz
maximum reflectivity of about 50% and a tenfold improve- €duation[19], coupled with a nonlinear population equation
ment of the contrast ratio were obtained using a bulk dielecd®scribing the ionization of the dielectric target by the inci-
tric plate. The authors underlined that the use of an antiredent laser pulse. To simulate the results obtained at the high-
flection coating on the dielectric plate would increase theBSt intensities, thesiLm code [20] was used to study the
contrast even more. A PM using a liquid jet, which allows to"ydrodynamic expansion of the plasma on a sub-ps time
extend the method to high repetition rates, was implementegcale- _ _ _
for the first time in Ref[14]. The authors studied the reflec- e describe the experimental setup in Sec. I, and present
tivity and contrast enhancement as a function of the inciine experimental results in Sec. Ill. The two models used in
dence angle, polarization, and peak intensity. The highedf® simulations are described in Sec. IV. Section V is a de-
contrast enhancement with a single PM, by a factor of sooga_uled @scqssmn of the performances of the PM. All fluences
was reported in Ref15], which also emphasized the spatial 91Ven in this paper correspond to the value at the center of
filtering effect of the PM. A high-dynamic-range autocorre- the focal spot.
lation of the pulse after the PM provided the first direct evi-

dence of the suppression of the pedestal. No strong distortion Il. EXPERIMENTAL SETUP
of the beam spatial profile was observed for the fluences
used. The experiment was performed on the LUCA laser, at

This paper presents the first detailed experimental an&aclay Laser Interaction Center. This is a high-power Ti-
theoretical study of the PM. This study provides all the pa-sapphire laser based on the CPA technique. A Kerr-lens
rameters required to design an efficient plasma mirror sysmode-locked Ti-Sapphire oscillator generates a pulse train of
tem, matched to the characteristics of a given high-intensit#0 nm spectral width. These pulses are temporally stretched

laser system. to about 300 ps before being amplified in a Ti-sapphire re-
The experimental study of the PM consisted in measuringenerative amplifier, followed by two four-pass amplifiers.
the following quantities. After recompression, the energy per pulse is 100 mJ, and the
(1) Space and time-integrated reflectivities, using energyulse duration is 60 fs with a central wavelength of 800 nm.
meters. A few millijoules only were used in this experiment.
(2) Time-integrated reflectivities with spatial resolution, LUCASs contrast has been measured with a third-order
obtained by imaging the PM surface. cross correlator, and is=10° one nanosecond before the

(3) Time- and space-resolved reflectivities. This was donemain pulse, and reaches10* two picoseconds before the
by applying a chirp on the incident pulse. Measuring themain pulse. The maximum peak intensity used in all mea-
spectrum of the reflected pulse then provides its temporaurements was of the order of a few'i®v/cn?, leading to
profile in a single shot. This provides a direct evidence ofmaximum pedestal intensities of a few'@v/cn? on a ps
pedestal suppression with a PM, and also gives the turn-otime scale, and a few 20/7/cn? on a ns time scale. This is
time of the PM. below the single-shot damage thresholds of dielectrics

(4) Distortion of the beam spatial profile in the far-field [21,22. This suggests that in all our measurements, it was
(PM surface and the near-field. This was, respectively, the main pulse, and not the pedestal, that triggered the PM.
achieved by imaging the beam in the plane of the PM surThis is consistent with the fact that, when the oscillator was
face, and some distance after the PM. The near-field meawitched off, the ASE alone did not produce any damage at
surements provide qualitative information on the wave-frontthe target's surface even for multiple-shot exposition.
distortion induced in the PM plane. The experimental setup is shown in Fig. 1. The laser beam

(5) Time- and space-resolved position of the PM surfacds separated into two part8S1): the main beam which re-
with \/50 (16-nm) longitudinal resolution. This was again flects on the targe(T), and a low-flux reference beam. To
obtained in a single shot with a chirped incident pulse, byhave the same configurations along the two paths, both the
measuring its spectral phase after the PM using spectrainain and reference beams are focudetland L3 and then
phase interferometry. This provides the time-resolved waveimaged (L2 and L4, with a similar overall magnification
front distortion induced by the PM. factor. Special care was taken in the design of this experi-

All these measurements were performed on two types ofment to avoid any nonlinearity in the transport of these
targets, a bulk dielectric samplguartz, 10% initial reflec- beams, especially in the lenses and in the windows of the
tivity in our experimental conditionsand an antireflection chamber. The main beam, of 18-mm top-hat aperture, is fo-
coating(less than 0.3% initial reflectividy for different flu-  cused on the target with a long focal length Mdéns (L1,
ences above the PM triggering threshold. All the presented=1200 mm), chosen for its low nonlinear refractive index.
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[(E2] 13 vr 4 cgmparison with a low-energy shot, where the PM does not
BS2 $ — 1~ trigger.

All these measurements have been carried out both on
near Fourier-limited pulse&0 fs duration and on pulses
chirped up to 4 ps. This chirp was introduced by setting the

W distance between the two gratings of the compressor so that
9 BS3 the pulse is not recompressed to its Fourier limit. In this way,
S — ¥ Spectro a quadratic spectral phadiaear chirp remains on both the
BSL ) T L2 &P L5 main and reference beams after compression.
Ve @l _ Measurements using chirped pulses have two interests.
First, we can see how the PM performs for londes)

FIG. 1. Experimental setup. Att. stands for beam attenuator, B@ulse_s. But most !ntgrestlngly,_chlrplng the DUISE.’S mqkes I
possible to follow in time the triggering and possible distor-

for beam splitter, L for lens, T for target, W for wedge, E for energy ' . .
meter, VC for vacuum chamber, and VT for vacuum tube. L5 WastIon of the PM in a single shd24,25. Indeed, for a pulse

only set when the beam was imaged some distance after the PNXit_h a Iarge_chirp(duration large qompared to t_he Fourier
surface. limit), there is a one-to-one mapping between time and fre-

quency: each frequency corresponds to an arrival time on the

After reflection on the target, a reflection on a wedgs  target. To recover the temporal information an_d have access
is used to reduce the energy going through the output winl? @ single ;hot to the behavior of the PM during the whole
dow. The part of the beam transmitted through the wedge iBulse duration, we only need to perform spectral measure-
collected in a single-shot calorimeté&1). The incident en- ments. The ultlr_nate temporal resolutlon is the inverse of the
ergy was simultaneously deduced from the measurement of$P€ctral bandwidth of the pulg@5]. Typically, pulses have
leak (BS2 in the reference beam with an identical calorim- Peen chirped up to 4 ps and the temporal resolution is of the
eter (E2). After proper calibration, the ratio of the reflected order of 60 fs. _ _ .
and incident energies provides the absolute space- and time- Again, for measurements with chirped pulses, the main
integrated reflectivity. beam and the_reference beam can either be spatially sepa-

Both beams were imagetenses L2 and Lyon a high- rateo_l or superlmpose(_j on the spectrometer entrance slit. In
dynamic charge coupled devi¢ECD) camera(CCD1). The the first case, comparing the sp(_ac_tra of the two beams pro-
focus of L2 was adjusted to image the target surface. Thides the tlme-dependent reflectivity of the PM. In the sec-
main beam image then gives access to a space-resolved reffld case, interferences between the two spectra, and com-
tive reflectivity, and can also be used to calculate a spacdl@rison with a low-intensity reference shot, provide the
integrated reflectivity. Given the magnification of this imag- change of spectral phase induced by the PM on the main
ing setup and the CDD pixel size, a pixel corresponds td€a@m. As we will see later, this change in spectral phase
3 um in the object plane. Thé number of L2 wasf/12, Ae(w(t)) gives access to the change in positioz(t) of the
leading to a spatial resolution ef12 xm. The full width at ~PM surface, viad ¢(w(t))=4 cos(@/4)Az(t)/\. The reso-
half maximum(FWHM) of the focal spot on the target mea- lution on the spectral phase was limited _by noise and was
sured with this system was 30m. measured to be of the_ order of 0.1 rad: this corre_s_ponds toa

A second lengL5) could be inserted in addition to L2, to ~A/50 (16-nm resolution on the PM surface position.
image a plane located 60 cm after the target. In this configu-
ration, comparing the images obtained at low and high inten- IIl. EXPERIMENTAL RESULTS
sities enabled to determine the distortion induced by the PM

on the near-field beam spatial profile. A. Time-integrated reflectivities on quartz and antireflection

Both beams are simultaneousBS3) imaged on the en- coatings
trance slit of an imaging spectromet@00 lines/mm, 1 m Figure 2 shows the time-integrated reflectivity, measured
focal length. at the center of the focal spot on the P(ie., the peak

If the two beams are separated spatially along the slit, thiseflectivity), as a function of the fluence of a 60 fs pulse, in
enables to compare their spectra, and measure in a singllee case of quartz and of an antireflection coated dielectric
shot the effect of the PM on the main beam spectrum. plate.

Superimposing the two beams spatially on the slit enables In the case of quartz, below 5 J/&nthe reflectivity is
spectral interferometry measurements. This technique isqual to 10%, which is indeed the expected reflectivity for
based on the fact that two pulses, separated by a delay quartz forSpolarized 800 nm light at 45 incidence. Above
interfere when they are sent in a spectrometer where dispethis threshold fluence, the reflectivity increases continuously
sion is larger than the inverse of the delay. We typically usedip to about 70% at 50 J/énNote that the optical break-
delays of a few ps between the two pulses. This is muchiown threshold of quartz at this pulse duration is a few 3/cm
larger than the coherence time of both beams. In this cas¢21,22,28. This shows that this PM is a single-shot system.
the relative spectral phase of the two pulses can be exactkx fresh part of the target is required for each laser shot.
extracted from the spectral interferogram fringe pattern using In the case of an antireflection coated dielectric plate, the
the mathematical treatment described in R28]. The effect initial reflectivity is less than 0.3%, while the high-fluence
of the PM on the main beam spectral phase is obtained byeflectivity is almost the same as for quartz. Thus, the con-
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FIG. 2. Peak reflectivity of quartdull dots) and antireflection

X L i FIG. 4. Overall reflectivity for bulk quartz as a function of the
coating(hollow squarek for a 60 fs incident pulse, as a function of

o= ; o X incident fluence, for three different pulse durations. The full line
the incident fluence. Note that with this lineascale, the reflectiv- )\« the theoretical curve obtained from the population-

iFy of the ant.ireﬂection coating at low fluence appegrm Full _ propagation model foa 4 pspulse.
line: theoretical curve obtained from the population-propagation

model. triggers. This reflects a decrease of the PM reflectivity with

_ ~ the distance from the center of the focal spot.
trast between the high-fluence and low-fluence reflectivities Figure 4 shows the overall reflectivity measured for three
is increased by more than one order of magnitude on thi?la

> > OrC ] ! ulse durations, 60 fs, 1.7 ps, and 4 ps, for a bulk quartz
kind of target: as can be seen in Fig. 2, this ratio can reackyrget. In this duration range, we see that the threshold flu-

several hundreds. The fluence at which this PM triggers ignce hardly varies with the pulse duration: this clearly indi-
almost the same as for quartz. Note that the two reflectivityates that the relevant factor for PM triggering is the incident
curves for quartz and the antireflection coating are indeelyence, and not the incident intensity. A similar behavior has

expected to merge at high fluence: once the plasma gefeen reported for optical breakdown thresholds of dielectrics
overdense near the surface, the field only penetrates the tgqp1 27,

get over the skin depth and no longer sees the multiple layers
of the antireflection coating.

Figure 3 shows the time- and space-integrated reflectivity . _
(i.e., the overall reflectivity as a function of the incident Figure 5 shows some cross sections of the main beam
fluence, for a 60 fs laser pulse, measured on a bulk quartitensity profile (60 fs pulse durationin two different
sample. Because of the spatial averaging, the overall refleglanes: the surface of the targder field, Figs. %a) and
tivity is slightly lower than the peak reflectivity once the PM 5(b)], and a plane located 60 cm after the tarigear-field,

Figs. 5c) and 5d)]. Two sets of measurements are shown. In

80 the upper panels, the incident fluence was too low for the PM
to trigger, while in the lower panels, the incident fluence was
20 J/cn?, and the PM triggered, as can be checked in Fig. 2.

Comparing the curves in Figs.(@ and 3b) directly
shows the effect of the PM on beam intensity profile, while

o) comparing the curves in Figs(& and d) gives some in-

o formation on the wave-front distortion induced by the PM.

o) However, this comparison can only be qualitative: for experi-

mental reasons, the laser beam diameter on lens L1 was dif-

o ferent for the low- and high-fluence shots.

00 The low-fluence far-field curvgFig. 5a)] shows that the

incident beam profile on the target is close to an Airy func-

o tion. This is the Fourier transform of the top-hat profile of the

beam arriving on lens L1. The first Airy ring is clearly vis-

4 o T oo ible. On the low-fluence ngar—field curyEig. 5c)], we ob-
Fluence (J/em?) serve that as the beam diverges from the target, it progres-

sively recovers its top-hat shape, as expected.

FIG. 3. Overall reflectivity of bulk quartz for a 60 fs incident At high fluence, the reflected beam profile in the target
pulse, as a function of the incident fluence. The full line shows theplane is still very smooth and clean. The first Airy ring is
theoretical curve obtained from the population-propagation modelremoved, its intensity being too low to trigger the mirror.

B. Beam profiles
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o FIG. 6. Spectra of a pulse chirped to 1.1 ps, after reflection on a

» . , , . : , PM consisting of an antireflection coated plate target, for different
0 25 59 75 100 25 5'0 75 100 incident fluences. The number on each curve indicates the corre-
Pixel n® Pixel n° sponding incident fluence in J/@mThese spectra have been nor-

FIG. 5. Spatial profiles of the laser bedf0 fs pulse duration ma_lllzed by_ the mmdt_ant qu_ence. The t|_me scale has been obtal_ned
using the linear relationship between time and frequency for a lin-

at the surface of the targé,b and 60 cm after the targét,d). The v chirped oul
upper panels correspond to low-fluence shots, where the PM do&@MY chirped puise.
not trigger, whereas the lower panels are high-fluence shots, whe

1’ . . . . .
the PM triggered. (%r tunneling ionizationwas the only mechanism involved

in the generation of conduction electrons, since the efficiency

of such a mechanism quickly falls off after the maximum of

] the pulse. On the opposite, the electronic avalanche mecha-

Fourier plane of lens L1. . . ; . . . . )
nism can explain this observation, since its efficiency in-

This filtering effect leads to a smoothing of the sharp : : : .
. , creases with the conduction electron density, and varies more
edges of the beam in the near field, as can be seen by coni- . o X .
ently with the laser field intensity. As we will see, the elec-

paring the low- and high-fluence profiles. These near-fiel ronic avalanche mechanism indeed plays an important role
curves also suggest that at this fluence, the PM does ng play P

induce a significant distortion of the wave front for a 60 fs' Elt]ﬁet;g%irr?gso;;geje'\gﬂ show that in the fluence range
pulse. A more accurate and quantitative characterization Otfn Y 9

the effect of the PM on the wavefront is provided by the adt we Ihave used, :t 'S '?]deed. the m?]m pulse, .and not the
interferometric measurements presented bel®se Sec. pedestal or a prepulse, that triggers the PM. Since we are

D) dealing_ with an_antireflection coating, the _reflectivity before
' the main pulse is of the order of 0.3%, while we know from
) o time-integrated measurementBig. 2) that the reflectivity
C. Temporal dynamics of the reflectivity on an reaches several tens of percent once the mirror is triggered.
antireflection coating This implies that the PM improves the contrast by more than
Figure 6 shows the spectrum of the reflected beam, medwo orders of magnitude. In other words, these temporal pro-
sured at the center of the focal spot, for a laser pulse chirpefiles together with the reflectivity measurements provide a
to 1.1 ps(i.e., 18 times its Fourier limjt for different inci-  direct evidence of the efficient reduction of the pedestal.
dent fluences. The frequency scale has been converted into a
time scale using the relationship(t) =t/ ¢" + wy between D. Motion of the plasma mirror surface and wave-front
instantaneous frequenay(t) and timet, where g is the distortion
central frequency ang@” is the group delay dispersion(
=2.4x10* fs? in this casg This relationship is only valid
for sufficiently high chirps. For such pulses, the spectru

This shows that the PM acts as a low-pass spatial filter in th

Figure 7 shows a typical spectral interferogram obtained

with a pulse chirped to 4 ps, with a fluence of about

: . . ™ 40 J/crd. The horizontal axis corresponds to the wave-
directly provides the temporal profile of the pulse.

The triaaering of the PM is observed to appear earlier inIength scale and the vertical axis is the position along the
ggering o : app ) .. spectrometer’s slit. The fringe shift can easily be observed
the pulse as the intensity increases: the higher the intensit

the faster the critical density is reached. The time-average nd is particularly strong in the center of the beam.
reflectivity, which is proportional to the area under the curve, r
is also seen to increase with the incident fluence.

On the lowest-fluence curvés.g., 5.4 Jicrf), the PM is R
clearly observed to trigger significantly later than the maxi-
mum of the incident pulse, i.e., in the falling edge of the
pulse. This would not be possible if multiphoton absorption  FIG. 7. Typical spectral interferogram for pulses chirped to 4 ps.
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focal spot. In other words, the PM surface gets curved. Fur-
thermore, this curvature varies in time. This possible distor-

tion of the wave front for long pulses and high fluences is

one bottleneck of the plasma mirror concept. We will see in

Sec. V what ranges of pulse duration and fluence should be
used to avoid this kind of distortion.

[l
N
1

IV. MODELING OF THE PLASMA MIRROR

Phase shift (rad)

In this section, we describe the two models that we have
used to describél) the optical switching of the PM an@)
its expansion into vacuum.
The first model (“population-propagation mode)” de-
scribes the ionization of the targeh this case, bulk quariz
' ' ' with a population equation, and the propagation of the laser
-3 0 . 3 6 . . . - . .
Time (ps) field in this inhomogeneously ionized medium, using the
_ Helmholtz wave equation. This model is very simple, but
FIG. 8. Measured spectral phase of a pulse chirped to 4 ps, aftefaptures the essential physics of the plasma mirror. The sec-
reflection on the PM, for different incident fluencém)llow sym- Ond model |S a hydrodynamlc model based on a Lagranglan
bolg). The number on each curve indicates the corresponding fluid code, and is required to describe the regime where the

ence in J/cth The lines are theoretical fits obtained with the hy- hydrodynamics must be included because the plasma ex-
drodynamic code. The time scale was obtained as in Fig. 6, and tI-E

]
o0
1

-12

e _ ¢ ; ands into vacuum. The equations describing the ionization

incident pulse temporal shape is shown in dashed line as a refe 5t the target and the propagation of the field are equivalent in

ence. these two models.

This interferogram gives access to the spatially resolveq In all these simulations, it is assumed that the pedestal and

relative spectral phasg(w) of the main and reference beam. he prepulse; (_jo not affect the target. This can be considered
as a prerequisite to make a good plasma mifsee Sec. Y,

E)): 2“?3@1;}[?3”;26 srr? é?t'\ﬁesng;il &Tﬁ%ﬁg g?eir?sg;r)zitra?nd’ knowing the contrast of the LUCA laser, is a reasonable

phaseA () induced on the main beam by the PM. assumption for the experiments presented in this pé&ges

. . Sec. ).
As before, since there is a one-to-one correspondence be- J

tween time and frequency for such chirped pulses, this mea-
sured spectral phase actually is a temporal phase, via the
relationshipA ¢(w) =A@ (t/¢"+ wg) (¢"~8.7x 10* fs? for We consider a plane wave coming from vacuum imping-
a 4 ps pulsg ing on the target. The target is initially a pure dielectric, with
There are two possible ways the PM can affect the temno electron in the conduction band. Our goal is to calculate
poral phase of the main beaiti) the phase of the PM com- the electric fieldE(z,t) inside the target, taking into account
plex reflection coefficient varies in time;(2) the surface of the fact that the target gets ionized by this strong field. Once
the PM moves, thus changing the optical path length of thé=(z,t) is known, the reflectivity of the plasma can readily be
main beam. Our calculations of the complex reflection coefcalculated(see the Appendjx
ficient, presented in Sec. IV, show that its phase does not To describe the field propagation, we use the quasistation-
vary by more thanm, and that this variation only occurs ary approximation, which consists in considering that the
when the electron density is close to the critical density. Foelectric field at any point is harmonic in time, at the fre-
most incident fluences, this only occurs in a narrow timequency of the external driving field. It is valid only if the
interval. This leaves the motion of the PM surface as thédemporal evolution of the dielectric function is slow on the
main source of phase shift. The experimental accuracy otime scale of the incident laser pulse optical cycle. If this is
A(t) is about 0.1 rad. As already shown in Sec. Il, thisnot the case, more sophisticated approaches are required
gives an accuracy of the order »50 (16 nm) on the posi-  [27].

A. The population-propagation model

tion of the PM surface. Assuming that we are in this quasistationary regime, the
Figure 8 shows the measured temporal phagét) for ~ propagation of aig-polarized electromagnetic wave, imping-
different incident fluencesfa 4 pspulse.A¢(t) is 0 untii  ing on a medium defined by its dielectric functierfz,t)

the PM triggers. It then presents a linear behavior, with dwith z>0), with an anglef, is described by the Helmholtz
slope that increases as the fluence grows. This is charactetquation[19]
istic of a plasma expansion in vacuum, as we will see in Sec.

. . . . 2 2
IV. The slope is determined by the velocity of the expansion, IE(zt) ® . B
which is in a first approximation equal to the ion acoustic 972 + ?[s(z,t)—smz(0)]E(z,t)—0, @)
velocity. This velocity increases with the ionic temperature,
and hence with the incident fluence. wherew is the angular frequency of the incident pulse, and

The dependence & ¢(t) on the incident fluence implies is the speed of light in vacuuna(z,t) is the dielectric func-
that the induced phase shift is hot homogeneous across thien of the plasma and is given by the Drude model:
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e’N(z,t)

_n2
e(zb)=n eom* (0’ —iwl/7) @ 7 —t=90
| - =49 fs
ny is the initial refractive index of the solig is the electron  *g N e =53 fs
chargem* its effective mass, and, is the vacuum permit- & ] et =59 fs
tivity. 7 is the mean electron collision time, and is assumed £ 1024: e t = 62 f5
to be a constan(e.g., independent of the electronic tempera- ]

ture) in this model. We will see that this approximation is
satisfactory up to a certain fluence, above which the plasme
gets too hot and expands too much during the laser pulse ti
considerr as a constani(z,t) is the instantaneous conduc-
tion electron density at poirt Its varies in time because of
the nonlinear excitation of the dielectric by the high-intensity
incident laser pulse. This in turn results in a time dependence
of the dielectric constan¢é(z,t). N(z,t) also depends om
because once some electrons are in the conduction bana,
they can absorb some energy from the incident field since the FIG. 9. Spatial profile of the instantaneous conduction electron
collision time 7#0. The laser field in the dielectric thus densityN(z,t) in the target, along the beam propagation direction
becomes inhomogeneous, and so is the excitation density. at different times in the rising edge of a 50 J&Gn60 fs pulse.
Before the main laser pulse, the conduction electron dent=0 corresponds to the peak of the pulse.
sity is assumed to be zerbli(z,t=0)=0. Its temporal evo-

Electronic dens

Distance from surface (um)

lution is then given by a rate equation: approximation or the Fresnel equation cannot be used to cal-
culate the field propagation in the target and the reflection
ﬁzW(N —N) 3) coefficient: to evaluate these quantities properly, the Helm-

ot 0 ’ holtz equation has to be solvé9].

) o Figures 2 and 3 compare the measured fluence depen-
whereW s the electron excitation rate from the valence bandyences of the peak and overall reflectivities with the ones

to the conduction band, ard, is the bound electron density. cajcylated with this model, for a 60 fs laser pulse. Figure 4
We have considered that the excitation is both due to multighgys the same comparison for the overall reflectivity of a 4
photon absorption and electronic avalan¢le,22, with W g pyise. The set of parameters used for these calculations is
given by shown in Table 1. In all cases, the agreement is very satisfac-
N tory. This shows that this simple model, with the set of pa-
W=o,|E(z,t)|?"+ B~ |E(z,1)|>. (4) rameters given in Table I, is adequate to calculate the reflec-
No tivity of the PM in a broad range of pulse duration and

. - . fluence.
n is the minimum number of photons required to cross the We note that the avalanche coefficiefitwe have ob-

band gap andr, is the corresponding cross section. A band, . . .
gap o?apbout 1’6 eV for quartg and g photon energy of 1.5.}alned(TabIe )) is the same as the one deduced from optical

eV leads t;m=6. Using a tunneling excitation law instead of breakdown threshold measurements in siliéd,22. The

a multiphotonic mechanism gives very close res[28] mean electron collision time is in reasonable agreement
Theriechni e used to so?ve the c<>)/u led svstem .of equ with the hot electron-acoustic phonon collision times in wide
tions (1) and(g) is described in the Appepndix X q %and—gap dielectrick29,30. It also has the typical order of
X . - magnitude of electron-ion collision times in near-solid-
Flgure 9 shows the Instantaneous conducuon eIewoﬁensity plasmas at electronic temperatures between 10 and
densityN(z,t) in the target, obtained with this model, as a

. 3 73 ._
function of z, for various times in the rising edge of a 100 eV/[31]. An electron density of & 10> cm " approxi

50 J/cn? pulse. The laser pulse duration is 60 fs, but thesem'f’m—:‘Iy corresponds to what would be obtained by ionizing

! . . . o —all the electrons except thesand X of Si and the % of O.
profiles vary very little with the pulse duration within this Given the ionization potentials of these states500 eV)
model. At early times, the absorption of the laser beam i:% T listi | P toN... The elect troct ’
weak and therefore the target is homogeneously excited on QLS IS a realistic vaiue TolNo. 1he electron efiective mass
micron length scale. As intensity increases, the excitation of! _had .I|ttle influence on the results of the simulations
the target gets higher. This implies that the laser pulse get\émhln this model, and was taken to be the free electron
attenuated as it penetrates in the target, which leads to dnass:
inhomogeneous excitation. When the critical density is over- ) ) )
come, this inhomogeneity gets even stronger, since the laser TABLE I. Set of parameters used in the population-propagation
field does not penetrate further than the skin depth. As can pg°del to fit the reflectivity curves of Figs. 2-4.
seen in Fig. 9, at the maximum of the pulse, the excitation _
density ne%r the surface varies by two F<)3rder$ of magnitud&s (cm™® ) Blent1d) 7(fs) No (cm™)
over a distance of about 200 nm only, i.e., smaller than the 3x 10-178 11 0.1 5x 1073
wavelength of the incident radiation. This is why the WKB
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B. The hydrodynamic model 100

In order to describe the PM response in the high-intensity g
regime or for longer interaction times, we need a hydrody-
namic simulation, which describes the plasma expansion$ 60
and accounts for multionized atomic states and collisionals
processes in the high temperature plasma. Weruse, a
standard one-dimensional Lagrangian fluid cd@®,32.
This code solves fluid equations associated with conservatiot
of energy, momentum, and mass. The electronic thermal con
ductivity is also included in this code. To close the system of & 1201
hydrodynamic equations, an equation of state derived fromy’
the sesAME library [33] is used. This equation of state pro-
vides the temperature, pressure, mean ionizationand g
electron density for each internal energy and mass density §
Knowing the temperature and density, the elastic electron-ior™™ 30
collision frequency is deduced from the model of Lee and
More [31], which converges to the Spitzer results for high 0 "
temperature$34]. To compute the energy source due to the Cumulated Fluence (J/em?)
laser field, the Helmholtz equation is solved as in the simple
model previously described, now taking into account the FIG. 10. Upper graph: instantaneous reflectivity as a function of
electron-ion collisions to calculate the collision rate. the cumulated fluence for several pulse durations, as obtained from

FILM is not suited to describe the first stage of the excitathe hydrodynamic model. The total fluence of the incident pulse is
tion, where the mean ionization is low and the target is closef90 Jicrd in all cases. Lower graph: corresponding plasma tem-
to a solid than to a plasma. We have modified the code tgeratures at the critical density.
describe this stage and the transition to a plasma. Thus, for
Z<1, we are using a modified equation of state: in thisbecause of the high collision rate ¢#10 fs'') in the
regime, the internal energy is assumed to be equa| to th@lasma. This fast increase of the reflectivity and the follow-
electron density multiplied by the band-gap energy plus atd plateau imply that the PM acts almost like a high-pass
effective electron thermal energy. This last contribution is afilter with respect to fluence: in a certain fluence range above
small fraction of the band gap. To account for multiphotonthe triggering threshold_, _the laser field is reflecteq with an
ionization (not included inFiLM), which is the dominant pro- almost constant reflectivity. The advantages of this feature

cess at low electron density, multiphoton absorption is inVill @ppear in the following discussiofSec. V). The fast

cluded as an energy source in the energy equation Thigcrease of the instantaneous reflectivity seen in Fig. 10 is
electron-phonon collision frequency is used in the Drud not in contradiction with the smooth dependence of the re-

eerctivity measured experimentallfFigs. 2—4: this smooth
equation(2), to calculate the dielectric constafand there- ; . A
. . tiall to the t f the PM at
fore the field and the collisional absorptjoin order to get a dependence is essentially due to the triggering of the a

o ) o __earlier times and over larger areas as the incident fluence
soft transition between the high and low excitation dens'%ncreases

regimes, the two equations of state are interpolated for 1 |, ine case of the 60 fs pulse, the reflectivity starts to
<Z<2 and the electron-phonon collision frequency is as4,crease again in the second-half of the pulsemulated
sumed to be proportional to (1Z), for Z<1. Numerical  fljyence>100 J/cnd): this is due to the increase of the elec-
tests show that the results are insensitive to the details of th@on temperaturésee lower graph which leads to a reduc-
interpolation. tion of the electron-ion collision rate. For ps pulses, the re-
The upper graph in Fig. 10 shows the instantaneous refectivity increase occurs at lower fluences, corresponding to
flectivity at timet obtained from this model, as a function of lower temperatures: in this case, it is mostly due to the ex-
the total energy that has impinged on the target up to time pansion of the plasma during the laser pulse, which leads to
for three pulse durations. Since fluence is the relevant physa decrease of the plasma density and hence of the electron-
cal parameter for the PM, thisscale is well suited to com- ion collision rate.
pare the temporal evolutions obtained for a wide range of The population-propagation model described previously
incident pulse duration. The lower graph shows the corregives very similar curves, except for the late increase in re-
sponding plasma temperatures. Since we are interested in tflectivity, which can obviously not be described by this
effects on the reflectivity, these temperatures were taken aimple model.
the point where the electronic density is equal to the critical Figure 8 compares the measured temporal evolution of the
density. Once the plasma mirror has triggered, temperatureeflected beam phase at different fluences with the results
typically between 10 and 100 eV are reached in the plasmabtained with this model. A very good agreement is obtained
In all cases, a rapid increase of the reflectivity is observedt all fluences without changing any parameter in the calcu-
when the critical density is overcome, followed by a plateaulation. This model can therefore be used to calculate the
This plateau corresponds to a reflectivity 65% only, phase shift induced by the PM on the reflected beam. As

ty (%)
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Reflect;

204

0

atur

60

100
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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 pulse. The
area where the PM can be considered to triggeflectivity >65%) appears in white. The two points PM1 and PM2 show the typical
fluences that could be used in a two-PM system, allowing contrast improvements by setieral 10

mentioned earlier, it shows that this phase shift originatesvas arbitrarily defined by the threshdRk 65%. The exact
mostly from the motion of the critical density surface due tovalue chosen for this threshold does not matter because the
the plasma expansion in vacuum. The curves in Fig. 8 showeflectivity varies very strongly with the fluence whéh

that the plasma only starts to expand after a tigiewhich  <65%. The triggering fluence threshold is almost indepen-
not surprisingly decreases as the incident fluence increasegent of the pulse duration, as observed experimentally. The

After t|me te, |t expandS W|th a constant Velocity, Wh|Ch iS gray area on the phase ma.ag 12 Corresponds to an in-
found to be 3<10 cm/s for a fluence of 50 J/icnin good  qyced phase shift higher than 1 radX/6), i.e., to a signifi-

agreement with previous experimefgs). cant distortion of the beam wave frofsince this phase shift
goes to 0 on the edges of the bgam
V. DISCUSSION Several regimes can be distinguished on the reflectivity

Our models have been validated by comparison with oufap- For pulses shorter than600 fs and fluences between
experimental data: we can now use them to assess the pdRe triggering threshold anet 300-500 J/crh(depending on
formances of the PM, and determine its optimal operationaihe pulse duration the reflectivity is remarkably insensitive
fluence as a function of the incident pulse duration. to the fluence, and is-70%. This weak dependence is due

This optimal fluence is determined by a trade-off betweerto the fact that in this rangél) the plasma is extremely
the following constraintsi(1) the reflectivity of the PM overdense whatever the fluen¢®) the collision rate hardly
should be as high as possible at the maximum of the laseraries with temperatureT(=10-100 eV) [31] and hence
pulse;(2) the PM should not distort the beam wave front toowith fluence, and3) the pulse is short enough to neglect the
much; (3) for an optimal improvement of the contrast, the plasma expansiofsee Fig. 12 In this regime, the PM is
PM should trigger only in the rising edge of the main pulse.very robust against shot-to-shot fluctuations and spatial inho-
If the triggering does not occur too early in the rising edge, anogeneities of the fluence, at the expense of an energy loss
steepening of this edge can even be induced by thg$&d of ~30% at the peak of the pulse. In the same duration
Fig. 6), which can be highly desirable for some experimentsrange, higher efficiencies £ 85% can be obtained by using

Given these constraints, the optimal fluence can be chosdrigher incident fluences, at the expense of robustness: the
with the help of Figs. 11 and 12, obtained with the modelsPM then enters a new regime, where the reflectivity again
previously described. These figures, respectively, show thiacreases with the fluence, because of the heating of the
reflectivity R of the PM at the spatial and temporal maximum plasma and the resulting decrease of the collision rate. Figure
of the laser pulse, and the phase shift it induces at the end 42 shows that in this short pulse duration range, the PM
the laser pulse, as a function of the duration and fluence dfardly induces any distortion of the beam wave front even at
the incident pulse. In Fig. 11, the gray area indicates théhe highest fluences considered here, because the plasma
range of parameters where the PM does not trigger. This aredoes not have time to expand during the main laser pulse.
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FIG. 12. Phase shift of the reflected field at the end of the laser plsdWHM after the maximum of the pulses a function of the
duration and fluence of the incident pulse. In the gray area, the PM induces a significant distertioad) of the beam wave front.

For pulses longer thar-1 ps, the robust reflectivity re- antireflection coated plates can lead to an improvement of
gime shrinks. Higher reflectivities can be reached at lowethe contrast by several 10
fluences because the plasma expansion has already started affhese two PMs can be implemented in several ways for
the maximum of the pulse. However, the PM is less robus@n actual high-field experiment.
against fluence variations since the fluence dependence of One possibility is to insert them between the target and
the reflectivity is stronger. Moreover, the operational fluencéhe short focal length optics used to focus the beam on the
range(between the gray area in Fig. 11 and the one in Figtarget. Such a s_etup is compact, but is not very_erX|bI§ and
12) is of course reduced because of this expansion. Fofan be challenging to implement. The PMs act in the inter-
pulses longer thar-5 ps, the PM becomes inadequate sincemediate field: to avoid severe distortions of the focal spot,
a distortion of the wave front cannot be avoided as soon a@n€ has to be especially careful with the phase and amplitude
the PM triggers. distortions they.might induce. This implies that both PMs
These two maps can be used to design a PM system suitsiould be psed in the white area qf the phase map, and in the
to a particular high-power laser system, provided the initiarobust regime, where the reflectivity weakly depends on the
temporal contrast of the laser is known. This last informationfluénce. o _
is required to ensure that the PM triggers only in the rising Another possibility is to implement the PMs before the
edge of the main pulse: the initial contrast determines th@Ptics that focuses the beam on the target, by inserting them
maximum main pulse fluence that can be used on the PMN @ long focal length 2 line (such as in a spatial filtgrThe
For fluences higher than this limit, the pedestal or prepulsefrst PM would be located before the focal point of this spa-
will trigger the PM. In this case, the contrast improvementtial filter, while the second one would be at the focus. The
will not be optimal, and a strong distortion of the main beamconstraints on the phase and amplitude dl_stortlons induced
wave front might be induced because of the longer timy the second PM are then less severe, since the beam re-
available for the plasma to expand. With typical contrast offlected from this mirror will be imaged on the target. Like in
10° on a ns time scale and 4®n a ps time scale, this OUr experimen{see S_ec._III B, this PM Would_ both ac? as a
maximum fluence will typically be of the order of 100 J&m temp.oral.and a spatial filter. If the phase distortion |.nduced
(point PM1 in Fig. 11. As we have seen, an antireflection by this mirror really gets strong, a part of the beam might not
coated PM used at this fluence leads to an improvement dt€ collected by the second optics of thielhe, which would
the contrast by a few £0 Depending on the initial contrast, '€@d to energy losses.
this might not be enough for some high-field experiments,
and a second PM might be required to increase the contrast
even morg5]. This second mirror can be used at a higher
fluence(point PM2 in Fig. 11, since it is triggered by a pulse We have carried out a detailed experimental study of a
with a higher contrast. Such a system with two PMs made oplasma mirror temporal filter, aimed at improving the tempo-

VI. CONCLUSION

026402-10



COMPLETE CHARACTERIZATION OF A PLASMA . .. PHYSICAL REVIEW B69, 026402 (2004

ral contrast of high-power ultrashort laser pulses. Besideslectric field and itz derivative at the vacuum-target bound-
standard reflectivity measurements, an original meffgs  ary leads to
based on the use of chirped laser pulses has allowed us to

identify, in a single shot and on a ps time scale, the stages of Eo(1+1)=E(z=0"), (Ala)
the construction of a plasma mirror, from the ionization of dE
the target to the plasma expansion in vacuum. This expan- ikoEg(1—1)=—(z=0"). (Alb)
sion in vacuum has very important practical consequences, dz

since it might lead to distortions of the reflected beam wave ) ) , . o
front and prevent a good subsequent focusing. Our diagnos- Eo iS the amplitude of the incoming electric field, and
tic is thus particularly relevant to determine the upper fluencééo= «/c. For a strongly inhomogeneous medium such as the
limit for the plasma mirror to work properly. plasma mlrror(s_ee Fig. 9, the reflection coeff|C|em cannot

We have used our experimental results as an accuraRe simply obtained from the Fresnel equations, and is there-
benchmark test to validate numerical models of the plasmre unknown. As a resultE(z=0") and dE/dz(z=0")
mirror. These models can then be used to find the optimaf@nnot be calculated from Eqe1), and we have no initial
working conditions for the plasma mirror, for fs to ps pulses.condition to solve the Helmholtz equatidf) in the z>0
An essential result of this theoretical study is that the peal@r€a. . . o _
plasma mirror reflectivity is hardly influenced by the incident A solution to this problem consists in solving the Helm-
fluence between a few J/énand a few hundreds of J/@n  holtz equation backward, i.e., from a region far inside the
for pulse durations ranging from a few tens to several huni@rget, where the refractive index is constant in space, to the
dreds of fs. The plasma mirror is thus very robust againstarget surface. We then need an initial condition at a point
shot-to-shot energy fluctuations, and does not accentuate t&& L in this region. Since the medium is almost homoge-
possible spatial inhomogeneities of the laser beam. The londgl€ous around this point, we know that the electric field is a
est pulse duration that can be handled with a plasma mirrdplane wave propagating in the positive direction of zteis.
was found to be about 5 ps: beyond this duration, sever®nly the magnitudeA of this wave is unknown. We define
distortions of the beam wave front due to the plasma expan(z.t) by E(z,t)=Ay(zt) and |¢(z=L)|=1. The initial
sion become unavoidable. conditions oni(z) atz=L will thus be

Lastly, our measurements have shown that using an anti- i .
reflection coated dielectric as a target makes it possible to (z=L)=explikyL), (A23)
increase the temp_oral contrast by se_vereﬂ \_Mlh a single ' (z=L) =ik exp(ik,L) (A2b)
plasma mirror. Using two plasma mirrors in series should

lead to temporal contrasts as high a8%Q0" on a ns time  ith y’(z)=dy/dz and k;=n,w/c. Moreover, (z) also

scale, and 16-1C° on a ps time scale. Such contrasts openpheys the Helmholtz equation since this equation is linear.
the route to a whole range of new ultrahigh intensity experi-y(z) s thus calculated by solving the Helmholtz equation

ments. from z=L to z=0. Oncey(z) is known, Egqs(Al) can be
combined to obtain the reflection coefficient
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The actual electric fiel&(z,t) can then be deduced from

APPENDIX ¥(z,t) and the known amplitude of the incident electric field
at the surface, using

In this appendix, we explain how to solve numerically the
coupled equationgl) and (3), and we more particularly B 1+r
specify how to deal with the initial conditions on the electric A=Eo W(z=0)"
field E(z,t).

When a plane wave impingdsvith an incidence angle The electric field is now completely determined at titne
taken to be 0 for simplicityon a medium with a dielectric We use its value to calculate the ionization rélte and the
constante(z), a part of the field energy, given by the com- excitation densityN(z) at timet+dt. Knowing N(z,t+ dt)
plex reflection coefficient, will be reflected back in vacuum we calculate the dielectric function using E®). e(zt
(z<0), and thus produce standing waves on the vacuum side dt) can then be used in the Helmholtz equatidn, to
by interference with the incident beam. The continuity of thedetermine electric field at time+ dt.

(A4)
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