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Optical diagnostics of femtosecond laser plasmas
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Abstract Optical diagnostics of evolution of plasmas produced by ultrashort laser pulses is carried
out using a femtosecond probing beam. The time sequence of plasma shadowgrams and interfero-
grams are obtained. The filamentation instability in high-density region induces the local density modifi-
cation. Large-scale toroidal magnetic fields confine plasma expansion in the transverse direction, re-
sulting in the formation of a plasma jet. The plasma expansion along the target normal direction is
found to scale as 2.
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Laser probing technique, which does not perturb the measured medium, is a novel method
to diagnose dense plasmas. Much information can be obtained by carefully analyzing the results
from the probing beam, such as intensity, phase, polarization and angular scattering. The laser
probing technique is extensively used in Inertial Confinement Fusion (ICF), Z-pinch and X-ray
laser plasma diagnostics. For example, shadowgraphy, schlieren techniques and moire deflectom-
etry based on the reflection of probing beams in plasmas are concerned with the electron density
gradients. Interferometry is a primary experimental technique for measuring the plasma refractive
properties which are related to the electron density.

Many important processes in plasmas, such as density steepening by ponderomotive forces,
filamentation of laser pulses, the plasma channel formation in the context of fast ignition, energy
absorption and other phenomena, have been studied with the help of laser interferometry. The
electron density gradient scale is a basic parameter for theoretical simulations. Accurate measure-
ment of electron density distribution is an important task for experimental researchers.

Because of the expansion and recombination of laser plasma, it is difficult to determinate the
electron density accurately using a long pulse (nanosecond) laser probing beam. In this respect,
subpicosecond laser pulses can effectively freeze the motion of plasmas. Use of short pulses in op-
tical diagnostics is advantageous compared with the use of a long pulse laser probing beam. In
this paper, temporal evolution of plasmas produced by ulirashort laser pulses was observed using
femtosecond laser probing techniques. Various shadowgrams and interferograms at different time
show plasma jet formation in the interaction.

1 Experiments

The schematic setup of experiments is shown in fig. 1. A small percent of the 800-nm laser
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light was split from the main beam; frequency
doubled by a BBO crystal to 400-nm, and
probed the plasma along the target surface. The
plasma was imaged by a telescope with 14 x Ml
magnification on a 16 bit, 1 152 x 1 242 pixels

BBO
crystal

CCD camera. A modified Nomarski interferome-

[1] . Laser beam
ter "~ was used to measure the electron density. lo
Two plasma images shifted laterally from one an-
other in the same plane by a 2° wollaston prism
with a 10 mm x 10 mm cross section made of
calcite. Interference between these two images
was achieved by a polarizer and an analyzer with Fig. 1. Experimental setup for shadowgraphy, and interfer-

ometry, where BS is a beamsplitter, and M represents reflect

certain orientation. Two Glan-Taylor prisms (12 rror.

mm X 12 mm aperture) with extinction ratio bet-
ter than 10~ were used. The configuration acted as a polarimeter to measure the self-generated
magnetic fields in plasmas when the Wallaston prism was removed. Interferograms and shadow-
grams were obtained by adjusting the optical path between the main laser beam and the probing
beam. The plasma image disappeared on the detector when the main beam and the probing beam
were synchronized exactly. This time was set to be timing zero reference.

The experiments were performed using pulses of 5 m] and 150 fs duration at 800 nm with 10
Hz frequency produced by a Ti:sapphire laser at the Institute of Physics. The beam was focused
on 3 pum thick aluminum layer coated on glass substrate at about intensity of 5 x 10" W/cem? . The
incident angle was set to be 0° for all experiments presented here. The target moved 1 mm after
every shot so that the laser pulses interacted with a fresh target surface. Complex application of
neutral and interference filters with narrow bandwidih singled out the 400-nm probe beam from
other background emission. The pixel size of the CCD camera is 25 pm, which gives a pixel-lim-
ited spatial resolution ~ 2 pm. The time resolution is determined by duration of probe beam,

which is about 150 fs.
2 Results and discussion

The shape and size of the plasma measured are obtained by shadowgraphy technique, which
maps the dense region of the plasma. The deviation angle of a light ray passing through plasma is
written as

a=ij pdl, (1)

where V| 7 is the transverse refractive index gradient. It varies in space generally. Adjacent
rays are deviated by different amounts, resulting in a change of the intensity distribution at the
detector plane. Fig. 2 shows the plasma shadowgram taken 13 ps after the main laser beam.
From the shadowgram, the gradual variation of the intensity in the target normal direction can be
seen since the density gradient reduces along the normal direction.

We first estimate the upper limit of the electron density accessible for a 400 nm probing
beam in our optical systems before the discussion. Tt is well known that the values measured are
far lower than that of the critical density since the incident probing beams are absorbed, reflect-
ed, or deflected by the plasma. One of the major limitations is the acceptance angle of the imag-
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Target surface ing lens, i.e. 1/2F, where F is the f-number of
the lens. An approximate expression of the
deviation angle of the probing beam through a plas-

ma, from eq. (1), is @ =2nTeL, where L is the

L

plasma length, ! is the density gradient scale-
length, r.and n, are the density and critical densi-
S ty respectively. The acceptance angle 0.15 rad of
the imaging lens gives the detectable maximum den-
sity 2 x 10%° cm = for 400 nm probing beam when L,
and [ are set to be 100 and 10 pm respectively.‘
This value is confirmed by the following experimen-
tal results.

Fig. 2. A typical shadowgram for 13 ps of Al target. The presence of a plasma into the probing

beam produces a phase shift with respect to the ref-
erence beam. The number of fringe shifts N is given by

L Ap L n,
N=jAdxz5A—nc, )

where A is the wavelength of the probing beam, L is the plasma length along the path of the
probing beam, and 7 is the index of refraction of the plasma, which is written as 7 = (1-n/
n.)'"?, where n. is the critical electron density for the probing laser beam.

The distribution of electron density can be obtained using the famous Abel inversion under
the assumption of axial-symmetry. However, the interferograms recorded on the CCD camera were
non-symmetry at later time (see fig. 3) . Several methods of Abel inversion were used in order to
estimate the density distribution. First, the axis of Abel inversion was set at the plasma center;
the density maps of the first quadrant and the second quadrant were obtained by abelizing the up-
per and lower parts of the interferogram studied respectively. Then we had the overall density dis-
tribution after combining the two quadrants. We differently set the axis of Abel inversion on the
side of plasma, and imagined the practical plasma located in the first quadrant of a big imaginary
plasma region in the last method. Compared with the results obtained by these methods, we found
that the last one gave lower density values, though the overall density map could be acquired.
Here a set of interferograms at three different moments and the corresponding density maps ob-
tained by Abel inversion using the first method are shown in fig. 3, where the density is in 10
em™?. To avoid the confusion introduced by the Abel inversion, the following analysis is based
on the interferograms and the phase shift distributions mainly. Some important features can be
seen from the interferograms. (i) Fringes are not clear at early time, and are obvious at later
time after the femtosecond pulse interaction. This is because the plasma density gradient relaxes
at later time, leading to small refraction of the probing beam. (ii) The interferograms are not axi-
al-symmetric and the density collapses. A jet of plasma forms in the longitudinal direction. (iii)
Some small-scale fringes appear in the interferograms. Although the density values were different
slightly, the shapes of density distributions obtained by all four Abel inversion methods mentioned
above possessed similar characteristics with the interferograms. The first feature is understood
easily. We will discuss the last two features in the following.

Small-scale density modifications are related with instabilities occurring in the plasma. One



No. 1 OPTICAL DIAGNOSTIC OF FEMTOSECOND LASER PLASMAS 101

Z/pm

10 207 <30 10 20 30 40 50 60
R/um

0 10 20 30 40 50 60 0

Fig. 3. A series of interferograms and density distribution at different time (density in 10”® em™?) .

of the important instabilities is the filamentation instability, in which the laser beam breaks up in-

to higher intensity spots. The filamentation threshold intensity is given bym

Iy = 2 x 105 LA7 Ty 25, (3)

where L, is the plasma length in micron, A, is the laser wavelength in micron, and T\.y is the
electron temperature in keV. The threshold value is high in the outer region of the plasma be-
cause of the low density and the high temperature there. The case is inverse in dense plasma re-
gion. Taking L ~ 100 pm, A ~0.8 um, T ~5 keV'>, the threshold intensity I, ~ 1.25 x 10
W:cem ™2 for no/n,=0.01. However, the threshold intensity reduces to 1.25 x 10'> W+em ™2 for
n/n,=0.1. Under our experimental conditions (5% 10" W+em™2), the filamentation instabil-
ity can take place in higher density regions, but it cannot develop in lower regions. The filamen-
tation of laser pulse increases the local intensity and the temperature, which affect the local den-
sity distribution. Since the filamentation takes place during the pulse duration and in higher den-
sity region where the refraction effect is serious so that only very low region is accessible for the
probing beam, the fringes at earlier time are regular, which cannot detect the density modification
in dense region induced by filamentation. However, the after-effect of filamentation at later time
shows on in the interferograms. Filamentation cannot explain the density collapse and the forma-
tion of the plasma jet.

Theoretical and experimental studies show that very strong quasistatic magnetic fields are
generated in the interaction of laser pulses with plasmas“]. The large-scale toroidal magnetic
fields excited by the mechanism of nonlinear of density gradient and temperature are explored ex-
tensively[s' 6. The strong magnetic fields can pinch plasma, and change the plasma expansion.
The ratio of magnetic field pressure to thermal pressure is
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100 8nn kT
B = ; ’ (4)
8ot —=— Experiment B
£ ~ -~ Geometric fit | where k is the Boltzmann constant, When we take n.=2
g 60y x10” em™3, T =5 keV, B =2 MG, the f value is
g " about 1, i.e. magnetic field plays an important role in the
c 9 . . .
& hydrodynamic motion of the plasma. The field confines the
0t 7 Zium=6.7 t/ps°3 transverse expansion and formation of the plasma jet. Sim-
0 L ilar phenomenon has been observed in other laborato-
0 20 40 60 80 100 ries”’ 8] .

Time/ps . . .
P The plasma expansion dimension along the normal as

Fig. 4. Plasma expansion of the 2.0 x 10°° a function of time is shown in fig. 4. A simple geometric fit

cm ™ contour along the target normal versus time. of the experimental data gives VA (wn) =10.3 [ t (pS) ]0.5 .

172

The plasma expansion scaled as ¢*“, which is similar to the

blast wave evolution. The moving velocity of a plasma can be estimated by this fit formula.

3 Conclusions

Interferometric and shadowgraphic measurements of evolution of plasmas produced by ultra-
short laser pulses were carried out using a frequency-doubled (2w ) femtosecond laser probing
beam. The temporal and spatial distribution of electron density and refraction index of plasma
were obtained after abelizing the time sequence of interferograms. The filamentation instability
and other instabilities in high-density region induced the local density modification. Large-scale
toroidal magnetic fields confined plasma expansion in the transverse direction, resulting in the
formation of plasma jet. The plasma expansion along the target normal scaled as ¢'/*.
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