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Abstract

We use both a Fourier-transform-based analysis and time-retrieval calculations to get time-resolved measurements of the
reflectivity and the phase shift of a chirped probe pulse interacting with a fs-laser-produced plasma by spectral
interferometry in a single shot. We have devised a novel dual-quadrature Mach—Zehnder configuration in which
wavefront division is used to obtain spatial fringes from the perturbed and unperturbed probe simultaneously. We
demonstrate the capability of this technique with fully analyzed experimental data on the interaction of a femtosecond
laser with GHg and C samples, showing 35-fs time resolution.

1. INTRODUCTION In spectral interferometry, the perturbed laser pulse to be
characterized is set up to interfere with a reference pulse in
Fourier-Domain Interferometr§fFDI) is a well-established a spectrometer, yielding spectral fringes of period inversely
linear optical technique to retrieve the phase and amplituderoportional to the optical path difference between the two
of an unknown electric field(t) in the femtosecond time beams, which in turn depends on the phase. However, one
domain(Froehlyetal, 1973; Piaseclat al, 1980; Tokunaga drawback of spectral interferometry is that a complete time
etal, 1992. More precisely, femtosecond spectral interfer- history of the perturbation under study can be obtained only
ometry provides a measurement of the Fourier transform ofvith multiple shotgGeindreet al.,, 1994. One way of solv-
the electric fieldE(w), in both amplitude and phag¢€ein-  ing this problem consists of using a chirped probe, giving a
dreet al, 1994; Lepetiet al, 1995, by comparison with a  univocal relation between the instantaneous frequency and
known field, Eqo(w). This technique is now widely used in time to encode the pulse spectrum with the time history of
ultrafast laser-matter interaction experiments including mothe perturbation. Along these lines, chirped-pulse reflectom-
lecular spectroscopySchereret al., 1991, femtosecond etry was proposed for laser-produced shock breakout mea-
laser-induced shock wavéBvansetal, 1996, laser-induced surementgGold et al,, 1996 and twin-chirped-pulse FDI
dielectric damagéAudebertet al, 1994; Guizardet al,  was implemented with picosecond time resolution in shock
1995, and laser wake-field particle acceleratidiarques  wave studies(Benuzzi-Mounaixet al, 1999 and laser-
et al, 1996; Siderset al, 1996, to name a few. Dual- induced breakdown of a{iChienet al., 1999.
quadrature spectral interferometry, in which the phase and In this paper, we present a new implementation of single-
amplitude perturbation of a weak probe field are measureghot chirped-pulse FDI which uses wavefront and quadra-
simultaneously in S- and P-polarizations, has been applieture polarization division in the two arms of a Mach—
in plasma physics to measure time-resolved ionization andehnder interferometer. We also discuss the question of the
plasma expansiofBlanc et al., 1996; Quoixet al, 1999, ultimate time resolution which can be achieved with such a
2000 following laser interaction. technique. When a linear chirp is applied to the probe pulse,
we demonstrate that the temporal resolution is not defined
Add . i _bly the time scale between adjacent fring€hienet al,
‘Address correspondence and reprint requests to: Jean-Claude Gauthli999 but is determined by the simultaneous fulfillment of
Directeur-Adjoint du LULI, LULI, Ecole Polytechnique, Route de Saclay,
91128 Palaiseau, France,. E-mail: jean-claude.gauthier@polytechnique the Fourier time-bandwidth product and the linear relation
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between frequency and time. We propose a reconstruction ‘
procedure which allows us to process single-shot spectral @ |/
interferograms to obtain time-resolved amplitude and phase : , e e
simultaneously in S- and P-polarization with a temporal AO)Z] do, 1

e

resolution limited only by the spectral bandwidth of the >

/

probe pulse. We demonstrate the usefulness of this tech:’
nique in laser-induced dielectric breakdown and in the char-’x\
acterization of the electron density gradient scale length in "

controlled-prepulse laser-target interaction experiments. R R d0)1 > 4ln?2
\ ot
2. EXPERIMENTAL TECHNIQUE AND SETUP ! ‘ 1

"short" pulse "Ic’;‘f’ng" pulsje

i

Single-shot FDI measurements rely on the use of positive or -
negative linearly chirped pulses. With chirped-pulse ampli- |
fication (CPA) lasers(Strickland & Mourou, 1985 such a 8t1
pulse is easily obtained by slightly translating one of the R
compressor gratings from its original position. The spectraFig. 1. Time-frequency plot showing the linear chirp relation and the fre-
bandwidth of the pulse is not modified but the pulse duratiorfiluency extent of a short temporal perturbatiteft) and a long temporal

: : : -+ perturbatior(right). The dashed curve below the time axis gives the Gauss-
:clsg%tirlj]zntida..-Irirr:(ea;rr}slgi\?taneous frequency varies with tlm%n temporal shape of the chirped pulse of FWHAW The dashed curve at

the left of the frequency axis gives the bandwidth of the chirped pulse. Note
the much smaller frequency content of the bandwidth given by(Bs
w(t) = wy + at, 1 compared to the bandwidth given by the Fourier incertitude relation in the
case of the shorter pulse.

where wq is the central frequency of the laser and=
1/®@(wy) is the inverse of the quadratic phase. Accord-
ingly, the time range over which single-shot measurementsr
can be made is roughlyt ~ AQ X ®®@ (wy) whereAQ is the

full width at half maximum(FWHM) pulse bandwidth. St AT

— =2 |—. 4

2.1. Temporal resolution
ne can think of thétinequality as docalization criterion.
deed, for a short pulse of duratiéfy much smaller thaft
(see left of the time axis in Fig.) 1the perturbation spectral
bandwidthdw, becomes very much larger tham, given
by Aw,; = a X 6t;. There is no more a direct relation between
the instantaneous frequency and time because sharp tran-
sients produce spectral modulations which extend all over
the pulse bandwidth. We note that in previous experiments
AT = A1_0\/1 N [41n 20@ (w)]? @) using single-shot chirped-pulse F(@enuzzi-Mounaiet al,,
(ATo)* ' 1999; Chienet al, 1999, the localization criterion was
satisfied for the time scale of the probe pulse perturbations
whereAT, is the original duration of the pulse. In the case of but the claimed ultimate temporal resolutig@hienet al.,
a perturbation duration which is significant with respect to1999 was questionable on the basis of the simple interpre-
AT (see the pulse at the right of the time axis in Fig.the  tation of the time-frequency relatidiRebiboet al., 2000).
Fourier Time-bandwidth product relation gives a frequencyAs stated before, this is because time and frequency are
perturbation of widthdw, = (4 In 2)/(8t,), which is much  intertwined in the signal through the linear cHisee Eq(1)].
smaller than the bandwidthw, determined from the linear
chirp. The perturbation in the frequency domain can be sai
to be “localized” inside this bandwidth. By combining the
time-bandwidth product and the linear chirp, one obtains &o overcome the resolution limitation due to the localization
value of the minimum perturbation durati@b for which  criterion, we have devised a retrieving procedure which
the linear chirp bandwidth is comparable to the Fourierunfolds the linear chirp from the frequency spectrum, allow-
bandwidth: ing us to recover the full time resolution associated with the
bandwidthAQ of the probe pulse. At this point, we assume
4In2 3 that we have a signal processing technique which allows us
to extract the complex perturbation of the probe signal

Because there is a linear relation between frequency an
time (see Fig. 1, a phase and amplitude perturbation of
durationét in the time domain gives rise to a perturbation of
spectral bandwidtihw = a X &t in the frequency domain.
For a Gaussian pulse, the FWHM durati®hof the chirped
pulse, in intensity, is

%.2. Reconstruction procedure

S5t2 =
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(Lepetit, 1997; Dorreet al,, 2000. We note that FDI can fringe spacing is determined by the temporal delay between
work equally well in reflection from, or transmission through, the two pulses. The fringes are along the spectral axis in this
the perturbed media. We thus write this complex perturbaeonfiguration. According to Eq9), to resolve tiny fringe

tion in the frequency-domain as shift variations, one has to use a very high resolution spec-
trometer with a detector having a large number of resolution
P(w) = VR(w)exp( jA® (w)), (5) points. In the space-shifted FDI technique, like the Mach—

Zehnder configuration to be described below, fringes are
whereR(w) can be thought of as @ntensity reflection  obtained in the spatial domain by tilting the two interfering
coefficient andA® (w) a phase shift difference between the probe pulse wavefronts. The fringes are in a direction per-
perturbed and unperturbed sample. With the knowledge ogpendicular to the spectral axis in this configuration. This
the chirp parametex, which can be obtained from the known greatly relaxes the spectral resolution constraint, providing
grating distance detuning or be determined experimentallthe bandwidth coverage described above is preserved. In-
the original time resolution can be recovered. The field ofdeed, the fringe separation is now related to the angle of
the chirped-pulse can be written in the frequency domain: the two beam wavefronts and can be chosen so as to match

the detector resolution. Moreover, in the context of dual-

Eo(w) = E(w)exp(j(w — wo)?7/a). (6)  guadrature FD(Quoix et al,, 1999, S- and P-polarization
probe beams can be separated and shifted in the two arms of
We construct the signal by multiplying E(p) by Eq.(6), so  the interferometer. After projection of the two polarization
that components along their bisector with a polarizer, the
P-polarized perturbed beam interfere with the S-polarized
E(w) = Eo(w) X P(w). (7)  unperturbed beam and vice-versa, as depicted in Figure 2.

The field perturbatiorP(t) in the time domain can be now

easily recovered by using an inverse-Fourier-transform: 2-3- Experimental setup

Part of the experiments were performed at Laboratoire
P(t) = F*[E(w)]/Eo(1), (8 d'Optique AppliquégLOA) with the Titane:Sapphire CPA
laser capable of delivering 10-Hz, 35-fs, 150-mJ pulses at
whereEy(t) is the original chirped-pulse in the time-domain. 0.82-um wavelength. Amain beam is focused on target with
Because one wants to cover the largest time interval of thg mirror parabola of 1-m focal length at an incidence angle
perturbation in a single shot, the major limitation of the of 51.5 with respect to the target norméee Fig. 3. The
chirped-pulse technique, even with the use of the reconstrugntensity contrast ratio of the beam is abouf’.1@ weak
tion procedure, lies in the spectral resolution of the specprobe beam, frequency doubled to 0 4+ wavelength, is
trometer. Indeed, the useful spectral range is practicallfocused on target with a Mghens of 1.5-m focal length, so
limited to the spectral width at aboltw,)/4 to avoid ex-  that its focal spot size is very much larger than theug0-
cessive noise. To ensure a spectral phase varigigsoci-  pump focal spot. This is mandatory to allow interferences
ated to the chirpof less than say, one radian, between topetween perturbed and unperturbed regions of the target
adjacent resolution point§.e., pixel9 near the clipping (see Fig. 2 The 35-fs probe pulse was stretched to typical
frequencies, one has to use a minimum number of resolutiopalues of 3 ps by slightly detuning the pulse compressor

points(Rebibo, 200D of about gratings. The P-polarization of the probe beam is rotated by
45> with respect to the plane of incidence with a half-wave
Ny~ 81n2 A_T_ ) plate. After reflection from the target, the probe focal spotis
ATo imaged(magnification ratio of 3.5bon the entrance polar-

ization separation prism of the Mach—Zehnder. The interfer-
This means that to cover a temporal range of 100 times themeter is globally set with equal arm path lengths but the
compressed probe pulse duration, one has to use about 588am wavefront are slightly tilted and shifted so as to repro-
points of resolution. However, one has to keep in mind thatluce the spatial overlap depicted in Figure 2. The beams are
the number of shots required to acquire the same informathen recombined in a second prism, and their polarization
tion is also divided by 100 when compared to the original
FDI technique(Geindreet al.,, 1994.

In FDI, phase differenced®(w) and amplitude ratios ngn npn

R(w) are determined by comparing the results of a signal
shot and of a reference shatith the pump pulse removed
Accordingly, there are basically two classes of frequency- ~ e
domain interferometers, one which uses a time-delayed ref- Beam "P"  Beam "S"
erence, and one which uses a space-shifted reference. In thg. 2. schematic view of the tilted and shifted wavefronts in the Mach—
twin-probe configuration(two time-delayed pulsg¢sthe  zehnder configuration.

https://doi.org/10.1017/5026303460119110X Published online by Cambridge University Press


https://doi.org/10.1017/S026303460119110X

70

Interaction beam
probe beam

&/

\l halfwave plate

T ®
45° polarizer S

SPECTRO A ®§, o
° P
PS
cco
camera

S. Rebibo et al.

both installations, temporal characterization of the various
laser pulses was performed by autocorrelation and cross-
correlation techniques, such as the SPIDER technique
(Dorrer, 1999.

3. EXPERIMENTAL RESULTS

Figure 4 shows a raw spectrum obtained withsalgXarget.
Around the position of the S-polarized image of the pump
focal spot, one can clearly see the fringe shift for the differ-
ent wavelengths and the straight, unperturbed, fringes in the
periphery of the S-focal spot. The situation is more compli-
cated around the center of the P-polarized image of the focal
spot. Strong modulations appear which can be explained by
the generation of the second harmo(sG) of the pump
beam scattered off the target, that is, at the same wavelength
as the probe beam. This radiation interferes with the probe
beam to give rise to spectral fringes. Because SHG is a
nonlinear process, the duration of the corresponding emis-
sion is very short, commensurable with the pump pulse
duration. We note that for these fast modulations to be re-
solved, one needs a good spectral resolution. In practice,

Fig. 3. Experimental setup showing the pump and probe beams configuthis “parasitic” signal is very useful in determining the ori-
ration, the Mach—Zehnder interferometer, and the combination of the speagin of the time scale of the experiment, that is, the time of

trometer and the CCD detector.

the peak of the pump laser pulse.
Both P- and S-polarization focal spot images are pro-

cessed to get the complex response of the perturbation, that
is projected along their bisector to allow the formation ofiS, the phase shift differenceb (w) and the reflection coef-
interference fringes. The entrance prism is imaged agaificientR(w). Starting from the image shown in Figure 4, we
(magnification ratio of 4 on the entrance slit of a 1-m pel’form a line-out parallel to the horizontal a)(i$., ata
homemade Czerny—Turner spectrometer. A 16-bits chargdiven probe wavelengihThe spectral powek(x) can be
coupled-devicéCCD) camera records the spectrum. A sim- Written
ilar system was also installed at the Laboratoire d’Utilisation
des Lasers Intensed.ULI) with a Nd:glass CPA laser

27X
delivering 350-fs, 10-J pulses at 1.p6n wavelength. In (¥ = |f(‘”)|2<1+ RO + 2R(X)°°5<T + ¢(x)>>, (10
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Fig. 4. Raw spectral interferogram recorded on the CCD camera. The spectral axis is vertical and the spatial fringe direction, which
is also the direction of the spectrometer entrance slit, is horizontal. The spatial origin is arbitrarily at the center of the P-polarized
focal spot.
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whereR(x) and®(x) are the reflection coefficient and the variation is easily explained, within the framework of the
phase difference to be determined, respectivelyasdhe  Drude model, by the greater sensitivity of the phasal
unperturbed interfringe distance, determined by the tiltingpart of the dielectric constanto the electron density rise
angle of the Mach—Zehnder. The inverse Fourier—transfornduring the transientionizatiqQuoixet al., 1999. We clearly

of I (x) shows three peaks in tlkedomain, the two interest- demonstrate the benefit of the reconstruction procedure in
ing (oscillating peaks are located atky = (277)/d. Isolat-  obtaining a temporal resolution which is close to the com-
ing one of the lateral peaks and performing the Fouriepressed probe pulse duration. Indeed, the rise time of the
transform back into the-domain on both the signal shotand reflectivity signal is below 50 fs.

the reference shot, we get The previous results were obtained in one stiotfact
two shots, including the reference shat the LOA laser
Is(x) = | f(w)]2(R(x)exp(ikoX + ®(X))) 11 facility. Because this laser is capable of a repetition rate of
10 Hz, the present single-shot technique is not indispensable
lr(X) = [ f(w)|*(explikoX)). (120 for doing pumpprobe measurements. The decisive advan-

tage of the present technique manifests fully its strength

From the ratio of these quantities, we get easily the complewith large energy Nd:glass lasers, with repetition rates of
reflection coefficient perturbation. We note that the aboveone shot every 20 mn or more. This is the case of the LULI
signal processing is very general and has been applied, fAi00-TW laser(Gauthieret al,, 1999 where we have con-
example, to measure the spatial variation of the density imlucted a study of the weak plasma generated by con-
pulsed gas jetéMalkaet al., 2000. trolled prepulses. Engineering the electron density gradient

Using a polypropylene targé€;Hs) irradiated at a laser scale length is a common problem in X-ray laser research
intensity of 137 W/cm? we have obtained the reflection (MacPheeet al, 1997, ultrafast incoherent X-ray pro-
coefficient and the phase shift of a chirped-pulse probeduction(Bastianiet al., 1999, and high-intensity laser ion
stretched to 2.8 ps, centered on the 35-fs pump pulse. Figecceleration(Rosmejet al., 1999. We have irradiated
ure 5 gives the results taken at a distance of d@0fromthe  pure carbon targets at rather low irradiances of aboxt 2
center of the focal spot. Equivalent planes images of thd0'®> W/cm? with 350-fs duration, frequency-doubled
focal spot suggest that the intensity is about four orders 0f0.531uwm) laser pulses at 80ncidence angle. The probe
magnitude lower than at the peak, that4s]10'® W/cm? beam at 1.0um was stretched to 20 ps. Its incidence angle
The rapid phase jump is the signature of laser breakdown d20°) was chosen so that the critical density associated with
the surface of the targéQuoix et al, 1999. The delay the probe beam was close to the critical density of the pump
between the onset of the phase variation and the reflectivitheam. Here, the phase shift in S- and P-polarization was

1.0

normalized reflection coefficient
o
[8;]
(sueipel) eseyd

0.0
Fig. 5. P-polarized probe pulse phase shiftand
0 | I l | l =-0.5 reflectivity as a function of time for a $&lg
-400 -200 0 200 400 target. Results obtained with the 35-fs duration

LOA laser. Laser intensity at the measurement

time (fS) point is about 1&°* W/cm?,
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followed over about 15 ps as shown in Figure 6. It has beetime into frequency has been shown to lead to systematic
previously shown that the late phase shift variation of aerrors in the dynamics of the retrieved spectral phase differ-
probe beam on a plasma is due to the motion of the reflectioences. We have proposed and demonstrated a reconstruction
turning point, providing the Doppler velocity of the critical technique which allows us to recover the temporal resolu-
density front(Blanc et al., 1996. This Doppler phase is tion associated with the full bandwidth of the probe pulses.
independent to first order on the polarization state of the The new interferometer has been used in two types of
probing light, as verified in Figure 6. Experimental results experiments:

are compared with the predictions of the FILM hydrocode, . | aser breakdown of a dielectric target with the poten-
which has been adapted to the treatment of ultrafast laser  tja) of exploiting the very short pulse duration of the
interaction(Teubneret al,, 1996. Here the code was run at LOA laser(35 fs) for obtaining a spatially and tempo-
an irradiance of 2¢ 10" W/cm? and 2.5x 10" W/cm? to rally resolved assessment of the contrast quality of ul-
show the sensitivity of the measurement method. We have  {afast pulses.

a good agreement which shows the precision and the use-. precise characterization of the plasma created by pre-

fulness of the method to characterize the scale length of  pyises in the context of laser interaction research with

prepulse-induced electron density gradients. high energy lasers such as the LULI laser where the
single-shot capability of the instrument is fully exploited.
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