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Frequency-domain interferometer for measuring the phase
and amplitude of a femtosecond
pulse probing a laser-produced plasma
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A frequency-domain interferometer for probing the variations of the dielectric constant of a plasma with sub-100-
fs temporal resolution and A/2000 phase resolution is described. Imaging the plasma on the entrance slit of a
spectrograph provides spatial resolution along a diameter of the focal spot. The technique is used to map out
the expansion of the critical density surface of a femtosecond laser-produced plasma with subnanometer spatial

resolution along the laser axis.

Since the development of ultrashort-pulse laser-
interaction experiments on solid targets, the prob-
lem of the determination of the spatial scale length
of the electron density gradient in hydrodynami-
cally expanding plasmas has been difficult to solve.l?
Laser energy absorption mechanisms in the ultra-
fast regime depend critically®* on the gradient scale
length L, which has been shown by hydrodynamic
simulations®® to be much smaller than the laser
wavelength A (L/A << 1). Femtosecond reflectiv-
ity imaging” and Schlieren measurements® permit
only micrometer spatial resolution on the position
of the expanding plasma surface. Other techniques
involve the measurement of the absorption® or of the
reflectivity of a probe pulse as a function of the inci-
dence angle and of the polarization angle.!®!! The
gradient scale length and expansion velocities are
then indirectly deduced by comparison with simula-
tions. A more direct determination of the velocity of
the critical density surface perturbed by laser pon-
deromotive force has been obtained from the Doppler
shift of a reflected probe beam.!? Recently, fem-
tosecond time-resolved measurements of the phase
change of a probe pulse by spectral blue shifting!® and
second-harmonic generation!* have been reported.
This has given access to the ionization dynamics of
the plasma during the pump pulse and to its subse-
quent hydrodynamic expansion. These techniques
give little or no information on the variation of the
measured quantities along the focal spot diameter.
However, spatial resolution in the radial direction
can give access, in one shot, to the laser intensity
variation of the measured parameters.

In this Letter we demonstrate a frequency-domain
interferometer that permits the measurement of both
the amplitude and the phase shift difference induced
by the index of refraction of the plasma between
a pair of femtosecond probe pulses with simultane-
ously high spatial and temporal resolution in two
dimensions. Frequency-domain interferometry was
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described previously to phase lock a pair of fem-
tosecond pulses!® and to probe induce phase modu-
lation in absorptive materials.!®* OQur interferometer
uses a similar design with the major addition of ob-
ject imaging along a direction perpendicular to the
spectral dispersion axis of the spectrograph. This
permits one-dimensional spatial resolution along the
diameter of the laser-producing pump focal spot.

The interferometer principle is shown in Fig. 1.
The main laser system provides a high-intensity
pump pulse and a much shorter duration auxiliary
pulse that can be delayed arbitrarily in time. The
auxiliary pulse is further divided into two arms of a
Michelson interferometer to generate the final probe
and reference pulses, which are separated tempo-
rally by adjustment of one of the arm lengths. We
note that this kind of interferometer is highly sta-
ble against thermal and vibration fluctuations be-
cause the path difference between the probe and the
reference beams is only the two short arms of the
Michelson interferometer.

In frequency-domain interferometry, the reference
beam and the probe beam are carefully aligned along
the same axis so that they follow exactly the same
optical path. In the basic configuration, the refer-
ence pulse irradiates the target surface before the
plasma-producing pump pulse, and the second pulse
probes the plasma after the pump (see Fig. 1). The
focal spot size of the probe and reference beams is
several times larger than the pump focal spot size
to permit uniform illumination of the region un-
der test. The plasma illuminated by the twin probe
pulses is imaged upon the entrance slit of an imag-
ing spectrograph. The imaging lens provides spatial
resolution along a diameter of the pump focal spot,
perpendicular to the plane of incidence. In our setup
the magnification of the imaging system is ~100.
The resolution of the complete system (imaging sys-
tem plus spectrograph plus camera) is ~1 um. The
temporally separated pulses can interfere because of
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Fig. 1. Frequency-domain interferometer principle.
Typical dimensions and times are indicated. The probe
and reference pulses interfere after passing through a
grating pulse stretcher.

the dispersion of the spectrograph grating, which, act-
ing as pulse stretcher, broadens the pulses to make
them overlap in time. The interference pattern is
recorded by a CCD camera.

The theory of operation of the interferometer is
straightforward.’®* We mention it briefly to discuss
the ultimate sensitivity of the instrument. Let us
consider a point along the entrance slit of the spec-
trograph that is the image of a point along the di-
ameter perpendicular to the plane of incidence of
the probe beams. We assume that the probe pulses
are Fourier-transform limited so that their band-
width and duration are related by AwAt, = 2.
The expression for the reference pulse field is
E,#) = Ey(t)exp(iwot). After being reflected from
the plasma surface, the probe pulse delayed by A¢
from the reference pulse undergoes a phase change
A®, and its intensity is reduced by a factor R (an
effective reflection coefficient). The probe pulse field
is now Ei(t) = E,(t — AtVR exp{i[wo(t — At) +
A®]}. The intensity measured by the camera is
the square of the Fourier transform of the sum of
these two fields:

I(w) = Ij(w)[1 + R + 2VR cos(wAt + A®)]. (1)

The Fourier transform of the twin probe pulses
presents a spectral envelope that is identical to the
spectrum [y(w) of a single probe pulse modulated by
a cosine function, from which we can obtain simulta-
neously the reflection coefficient and the phase differ-
ence from the amplitude changes and peak shifts of
the fringes, respectively. The spatial wavelength of
the fringes is given by (27/At)éx/8w, where 6x/8w
is the spectral dispersion of the grating. The com-
plete fringe system along the dispersion axis gives
information on one single point along the diameter
of the pump pulse focal spot. Thus the signal-to-
noise ratio is increased proportionally to the number
of points along a line of the detectors and the re-
sults are largely insensitive to the local defects of
the detector.

To extract the phase information from the spectral
domain, we calculate the inverse Fourier transform
of I{w):

TF[I()]#) = (1 + R)G{) + VR exp(iAD)G(t' — At)
— VR exp(—iA®)G(E + Ab), 2)

where the inverse Fourier transform of the original
probe pulses is G(#'). For At >> At,, the lateral
peaks at # = A¢ contain the phase information. We
note that, when A® and R vary during the time
duration of the probe pulse, it can be shown that the
measurement gives the temporal average of the phase
weighted by the amplitude of the reflected pulses
when the phase variation is smaller than #/2.

The CCD noise and digital resolution are the most
important sources of phase noise. To the signal I{w),
this adds a background noise B(w). This noise af-
fects only the spatial resolution perpendicular to the
target. For a camera with N pixels along a line, it
can be shown that the standard deviation of the phase
noise is

o(A®) = VN o(B)/N2RG(0),  o*B)=(B(w)?.

The phase noise does not depend on the number of
fringes; it is proportional to the signal-to-noise ratio
of the camera. In our measurements we use a stan-
dard CCD video camera with 400 pixels digitized over
8 bits. For a useful spectrum covering 200 pixels
FWHM with an average reading of 100, we have
G(0) = 5000 and thus o(A®) = 2.8 X 1073 o(B) rad.
Because a calibration shot also is needed (see below),
the final fluctuation is o(A®P) = 0.004 ¢(B). Ex-
perimentally, we have obtained o(A®) = 0.006 rad,
corresponding to a fringe shift of 1072 fringe. Mea-
suring a fringe shift of 1073 fringe corresponds to
measuring a spatial variation of 0.01 pixel, or ap-
proximately 0.2 um on the spectrograph slit. With
this degree of accuracy, the defects of the slit should
be taken into account by a calibration shot, and the
thermal and mechanical stability of the detector sys-
tems should be ensured between the calibration and
the measurement shot.

Because of the relation between the number
of fringes and the time separation between the
twin probe pulses, this separation cannot be
made arbitrarily large. Accordingly, two modes
of operation are possible. For a time delay be-
tween the pump and the probe pulses shorter
than the separation of the probe pulses, the mea-
surement gives the phase difference between the
unperturbed target and the plasma. We mea-
sure the phase variations of the probe induced
by plasma heating during the laser pulse, and, at
later times when the phase shift is governed by
the expansion velocity of the critical surface, we
monitor—in two dimensions—the position of the
critical surface where the electron density is equal
to the critical density n. = 10?'(1.06/A)2. This is
the absolute mode. In the second mode, for delay
times larger than the separation of the probe and
the reference pulses, the measurement probes the
index-of-refraction change between two different
times in the expansion of the plasma. This is the
relative mode. In reflection measurements, we thus
obtain directly the expansion velocity of the critical
density surface.
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Fig. 2. Space- and time-resolved phase measurement
of an aluminum plasma at 3 X 10 W/cm? irradiance.
Phases have been converted to positions along the normal
to the target surface on the right-hand scale. The radial
laser intensity shape (in linear arbitrary units) is given
by the dashed curve.

The capability of the technique has been demon-
strated by measurement of the phase shift induced
by an aluminum target irradiated by a 77-fs laser
pulse at an irradiance of 3 X 10®* W/ecm?. The pump
pulse is provided by a colliding-pulse mode-locked os-
cillator followed by a series of dye amplifiers (620-
nm wavelength) pumped at a repetition rate of 10 Hz
by a diode-injected, frequency-doubled, @-switched
Nd:YAG laser. A synchronized 40-fs probe pulse at
590 nm is also available.! The incidence angle of
the twin probe pulses, separated by 390 fs, is 45°
with respect to the target normal, and the pulses
are polarized perpendicularly to the plane of inci-
dence (S polarization). The pump laser can be de-
layed with respect to the probe pulse in the range
0-390 fs (absolute mode) and with respect to the
reference pulse in the range 390-3000 fs (relative
mode). Zero time delay is obtained when the probe
and the pump pulses coincide in time.

An interferogram was obtained for each delay be-
tween the pump and the probes. The inverse Fourier
transform was calculated on line from the digitized
image. Figure 2 shows the measured phase shift
as a function of time and space along a diame-
ter of the focal spot. Competing phase contribu-
tions of probe beam propagation in the underdense
plasma, reflection and absorption near the criti-
cal surface, and expansion of the plasma (Doppler
phase) influence the measured phase shift at differ-
ent times. Hydrodynamic simulations® show that,
at times longer than 200 fs after the maximum of
the pump pulse, the contribution to the phase of
the critical surface expansion dominates. We then
can relate the phase shift directly to the position
of the critical surface (see Fig, 2), which acts as a
moving mirror.

This new Fourier-domain interferometer allows us
to measure the amplitude and phase variations of
a probe pulse interacting with a plasma. The tem-
poral resolution is limited by the duration of the
probe pulse. The spatial resolution along the diam-

eter of the plasma is limited by the optical imaging
device. The ultimate sensitivity in the phase mea-
surement is of the order of A/2000. This instrument
can provide radial resolution to study the laser in-
tensity variations of ponderomotive electron density
gradient steepening.'*!” It can be used in transmis-
sion to probe the carrier dynamics in transparent
materials.’® It also is well adapted to perform stud-
ies of high-intensity laser beam propagation in gases
in which small modulations of electron density in a
plasma wave have to be detected. This is important
for x-ray laser research!® and electron acceleration
by laser wake fields.?®

We acknowledge very helpful discussions with
A. Migus and J. P. Chambaret.
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