


INTERACTION OF ULTRASHORT-LASER PULSES WITH . ..

1. Fields from simulation

The amplitude and phase after the sample for different input
pulse energies in the y = 0 plane of the pulse are shown in
the first and second columns in Fig. 7, respectively. With
increasing input energy the pulse develops spatiotemporal
inhomogeneities that can be seen in both the amplitude and
the phase plots. The pulse shape does not vary as a function
of x for energies under 22 wJ, but it will be shown later that
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FIG. 8. Amplitude and phase of the field at the center of the beam
(a) at the rear sample surface, (b) when a 25.4-mm (1-in.) aperture
is applied, and (c) when a 4-mm aperture is applied. All amplitudes
are normalized to the small front pulse at the left. Plots of different
colors represent initial pulse energies of 1 uJ [dotted (black) curve],
10 wJ [dashed (gray) curve], 22 uJ [dashed (black) curve], 35 uJ
[solid (gray) curve], and 50 wJ [solid (black) curve].
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spatiotemporal dependences are often harder to identify in the
amplitude than they are in the phase. As shown in Fig. 7, the
phase does not vary as a function of x for 1 pJ, while for
higher energies a region at the center of the pulse develops
in which the phase depends strongly on the position in the
beam. The amplitude and phase for the 10-uJ case show the
onset of self-focusing and the development of a spatiotemporal
dependence. For higher pulse energies, pulse filamentation can
be observed as induced spatiotemporal dependences of the
field in the form of hot spots. These dependences increase
with increasing pulse energy as the filaments form earlier in
the sample.

In order to investigate the effects of the restrictions applied
to the field by the optics and smaller apertures, the field after the
sample was Fourier transformed, an aperture was applied, and
then the field after the sample was back Fourier transformed.
These processes correspond to recollimating with a lens after
the sample, aperturing using an iris, and focusing into the
nonlinear crystal that is used in the SHG-FROG.

While the field shown in Fig. 8(a) is only representative
of the whole beam at higher input pulse energies due to the
strong spati-temporal dependences, the change to the field
when passing through a 1-in. optic [Fig. 8(b)] can be clearly
observed. Since the spatiotemporal dependences are greatly
reduced when a small aperture is used, Fig. 8(c) can been
seen as a representation of the on-axis field at the center of
the beam. It is noteworthy that the observed phase change is
greatly reduced by the aperture and that the amplitude shows,
for higher energies, a dip at the former center of the pulse. This
behavior must be distinguished from pulse splitting as a result
of nonlinear effects. The effect seen here is due to the change
induced to the field upon passing through optical elements
later in the beam path. Pulse splitting was not observed inside
the sample.
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FIG. 9. (Color online) Measured and retrieved FROG traces for
a pulse energy of (a, b) 10 uJ, (c, d) 40 wJ, and (e, ) 45 uJ. The
destruction threshold of the sample was observed at45 J (3.8 J/cm?).
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2. FROG traces from fields with spatiotemporal dependences

The presented computer simulations predict that pulses
with energies approaching the damage threshold will have
strong spatiotemporal dependences. Since the FROG retrieval
process assumes a field with no x-y dependence, FROG traces
from fields with spatiotemporal dependences do not yield a
unique solution and often cannot be retrieved by this method.
FROG traces shown in Fig. 9 show features that are not
matched by the retrieval process and are best explained by
the presence of strong spatiotemporal dependences. Figure 9
illustrates the change in FROG traces for pulse energies
approaching the destruction threshold. The measured FROG
traces in Fig. 9 show a dramatic change in form as the damage
threshold is approached, as do the retrieved solutions, even
though the experimental and retrieved traces clearly differ. The
unretrievability of the traces is as predicted from computer
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simulations. The destruction threshold for this series was
observed at 45 11J (3.8 J/cm?).

3. FROG traces from an apertured field

To reduce the spatiotemporal dependences in the field, the
beam was apertured after the recollimating lens. FROG traces
measured from the apertured field are shown in Fig. 10 and
provide unique solutions that are shown in Fig. 11. Computer
simulations demonstrate that the application of this aperture
causes a significant loss of temporal phase information once
the FROG trace is taken and that only the amplitude is retrieved
in a meaningful way.

Figure 10 shows FROG traces from an apertured beam
at different pulse energies with the matching autocorrelation
signals and FROG traces found from the retrieved solution.
The destruction threshold for this sequence was 55 ulJ
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FIG. 10. (Color online) Measured FROG traces with the corresponding autocorrelation signals (solid line) and FROG traces found from
the solution for an apertured beam. (Measured and retrieved FROG traces for a pulse energy of (a, b) 1 uJ, (c, d) 10 uJ, (e, f) 35 uJ, and (g, h)
46 11]. The destruction threshold for this sequence was 55 1J (4.7 J/cm?). Complex field solutions for this set are shown in Fig. 11.
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FIG. 11. Complex field amplitude (bottom plots) and phase (top
plots) retrieved from FROG traces (shown in Fig. 10) measured for
different pulse energies. The front of the pulse is on the left (earlier
in time). Errors for the retrieval processes are listed in Table II.

(4.7 J/cm?). Again, at energies close to the destruction
threshold, significant differences between measured and re-
trieved FROG traces become apparent. These differences are
considerably less than those observed when using the full beam
but are, nonetheless, still present. This indicates that even
though the spatiotemporal dependences have been reduced,
they are not eliminated.

The retrieved fields for this experiment are shown in Fig. 11,
while the errors associated with the retrieval process are listed
in Table II. The retrieved fields at higher energies, as well as the
contrast ratio of the pulse peak to the prepulse amplitude, are all
decreased for apertured beams, while the phase does not show
any sign of self phase modulation. Retrievals from artificial
FROG traces show that the phase information is lost when
strong spati-temporal dependences are present. Simulations
also indicate that using an aperture to reduce spatiotemporal
dependences greatly reduces the phase modulation in the
center of the pulse.

TABLE II. Gy and offset compensation (OC) for the retrieval
process of the complex fields in Fig 11.

Pulse energy

(ud) Trace dimensions Gerror oC

1 256 x 128 0.00319 0.0115
10 256 x 128 0.00417 0.0135
17 256 x 128 0.0036 0.0105
25 256 x 128 0.0041 0.008
35 256 x 128 0.00623 0.01
46 256 x 128 0.0051 0.011
50 256 x 128 0.00536 0.0095
55 256 x 128 0.0062 0.01
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A likely explanation for the increase in the peak power for
low energies is self-focusing. Computer simulations show that
the beam is self-focusing at the pulse center (r = 0) for pulse
energies in excess of 10 uJ. The decrease in the peak power for
higher energies is explained by the increased role of plasma
defocusing and absorption near the temporal center, as well
as self-focusing of the prepulse. The resulting spatiotemporal
dependences lead to an increase in beam width at the pulse
center (7 = 0) and an increased energy loss at the aperture.

The amplitudes of the fields were normalized to the small
prepulse at the left, since nonlinear and plasma effects have
a comparatively small effect on the behavior of the prepulse,
but this feature is, in all cases, well above the background
noise level. Experimental results shown in Figs. 10 and 11
were conducted using a laser system at the Laboratoire Hubert
Curien of the Université Jean Monnet in Saint Etienne.

V. CONCLUSION

To investigate ultrafast light-material interaction near the
damage threshold, the high-dynamic-range multi-FROG tech-
nique was combined with measured beam profiles to analyze
ultrashort high-energy laser pulses that had been propagated
through a 200-pum-thick fused silica sample. Experiments
were performed with pulse energies under the destruction
threshold of the sample, an important regime in which
postmortem investigations cannot be used. The comparison
of beam profiles and pulse shapes, for both experiment and
simulation, as a function of pulse energy provides significant
insight into laser-plasma interactions and the evolution of the
laser pulse. The combined data on ultrafast pulse propagation
through undercritical laser-induced plasmas demonstrate the
following.

(1) The use of a measured beam profile together with
a measured temporal shape in computer simulations yields
an improved agreement with experiment that would not be
possible if symmetries in the simulated field had been assumed.

(2) It is demonstrated by experiment and simulation that
the Drude dispersion operator G, as derived in Ref. [30], is
necessary to accurately model ultrafast pulse plasma dynamics
due to rapidly changing plasma densities and steep pulse fronts
that occur during the propagation process. This effect is critical
to pulse evolution, as it is shown by simulation to prevent bulk
damage and enable filamentation for the presented experiment.

(3) When approaching the damage threshold, nonlinear
optical and plasma effects induce spatiotemporal dependences
in the field, thus causing discrepancies between multishot and
single-shot beam profiles, as well as causing the field to be
unretrievable by an unapertured FROG trace.

(4) An apertured field will be retrievable from FROG traces,
but only the amplitude is reproduced in a meaningful way.
Measured and simulated amplitudes retrieved from apertured
fields show a similar quantitative behavior when approaching
the damage threshold, as measured by the ratio of the peak
amplitude to the amplitude of the prepulse. Therefore, it is still
possible to extract meaningful information about laser-plasma
interactions from the far field.

The disagreements between experimental and simulated
far-field beam profiles and retrieved fields suggest that a
single-shot (translated sample) version of the experiment may
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be required for quantitative prediction. Translating the sample
would additionally determine where in the material single-shot
damage occurs. Also, a more detailed knowledge of the initial
and final experimental fields may be required. Experimental
measurements designed to measure the complete complex field
as a function of space and time (see, e.g., the recent methods
in Refs. [37-41]) will reduce the need to assumeg an initial
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field with no spatiotemporal dependences or to use apertured
FROG traces. Additionally, recent investigations into the
possible role of high-order nonlinear optical effects [42-44],
ionization by multichromatic pulses [45], and the influence
of phenomenological parameters (such as the free-carrier
collision time and the effective electron mass) [46] may also
allow for further improvements in predamage calculations.
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