Observation of expansion velocity of laser plasmas
using a streak camera
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ABSTRACT

In a conventional laser shock peening (LSP), it was previously reported that an
interaction efficiency from laser pulse energy to pulse pressure energy was relatively
lower and was experimentally estimated to be ~20%. The purpose of this study was
to establish the time-resolved observation of laser plasmas using a streak camera in
order to optimize the laser conditions for an efficient LSP. We preliminarily observed
the dynamics of laser plasmas using a streak camera. We estimated the dependence
of the expansion velocity of the laser plasmas on the laser pulse energy. We found
that the expansion velocity became higher with an increase of the laser pulse energy
even when the laser pulse width was constant. Higher velocity leads to the
generation of higher pulse pressure. Thus, we confirmed the usefulness of the time-
resolved measurement of the plasma expansion using a streak camera for the
development of an efficient LSP system.
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INTRODUCTION

Laser shock peening (LSP) is an attractive and unique surface treatment technique,
which has been successfully applied to improve fatigue performance of metallic
components in heavy industries (K. Ding and L. Ye, 2006). LSP is conventionally
treated by a commercial Q-switch Nd:YAG laser with a pulse width of 5-30 ns. In this
case, it was previously reported by several researchers that an interaction efficiency,
a, from a laser pulse energy to a pulse pressure energy was experimentally
estimated to be about 20% (R. Fabbro et al., 1990; Y. Sano et al., 1997). During the
interaction between a laser and a metallic surface, the total energy, Er, from the laser
source is converted into two parts. One part of the energy, aEr, contributes to the
generation of the pulse pressure, while the other part of the energy, (1-@)Er, is
devoted to the generation and ionization of the laser plasmas. The improvement of
the efficiency is essentially important for an efficient generation of the pulse pressure.
This leads to a compact and low-priced LSP system.

The interaction effciency can be experimentally determined by measuring the
temporal behaviors of the pulse pressure (R. Fabbro et al., 1990) and laser plasmas
(Y. Sano et al., 1997). We focus on the temporal behavior of the laser plasmas, in
particular, the expansion velocity of the laser plasmas, V(t), which is linearly
proportional to the pulse pressure, P(t) (K. Ding and L. Ye, 2006). The use of a streak
camera is suitable for the time-resolved measurement of plasma expansion, because
a measuring instrument requires a higher temporal resolution. In this paper, we
observe the dynamics of the expansion of the laser plasmas using a streak camera



and estimate the temporal change of the expansion velocity as a function of a laser
pulse energy.
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FIG.1 a) The drawing of the experimental setup and (b)
the expected streak image

An expected streak image is

shown in Fig. 1 (b). Z = 0 (2)5mJ Time (b) 20 mJ
represents the surface of the
metallic target. In this experiment,
we can time-sequentially observe
the information about a one-
dimensional (1D) plasma emission
distribution including the center of
the laser plasmas. The data att =
t;,, t, and t3 show the
corresponding 1D emission
distributions at the early, middle,
and late parts of the plasma
emission, respectively. The
obtained streak image is expected
to be a trapezoid-like image as
shown by a dotted line in Fig. 1 (b).
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RESULTS

Figure 2 represents the observed
streak images at the laser pulse
energies of (a) 5 mJ, (b) 10 mJ, (c)
15 mJ, and (d) 20 mJ, respectively.
Figure 3 shows the 1D spatial

T _ FIG. 2 The observed streak images at the laser pulse
distributions at t = 25 ns, 7_5 ns, energies of a) 5 mJ, (b) 10 mJ, (c) 15 mJ, and (d) 20 mJ.
125 ns, and 165 ns, respectively. Z = 0 represents the surface of the metallic target.



The laser pulse energy
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we can see a rapid FIG.3 The observed 1D emission distributions of the laser plasmas.
expansion and a The dotted lines show the positions of the emission peak.
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Figure 5 shows the
temporal behaviors of
the expansion velocity
at 5-20 mJ. The
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FIG. 4 Temporal behaviors of the positions of the emission
gradually became lower  peak at 5-20 mJ.

and longer with a

decrease of the laser pulse energy, respectively. Thus, we found that the expansion
velocity strongly correlates with the laser pulse energy even when the laser pulse
width was constant.

DISCUSSION

The temporal behavior of the pulse pressure, P(t), would mainly determine the
mechanical behavior of treated metallic components. According to the 1D model, the
pulse pressure can be obtained as follows: P(t) = (1/Z1+1/Z,)*V(t), where Z; and Z,
respectively, are the acoustic impedances of a metallic target and a transparent
overlay, and V(1) is the expansion velocity of laser plasmas (K. Ding and L. Ye, 2006).
Z1 and Z, depend on materials used, while V(t) strongly correlates with laser
parameters used, such as a laser wavelength (um), a laser pulse energy (mJ), a



laser pulse width (ns), a 6
beam spot size (cm?), and so
on. Thus, the observation of
V() can  experimentally
determine the optimal laser
parameters for an efficient
LSP.

The observed rise time of V(t)
was on the order of ~10 ns
as can be seen from Fig. 5.
The rise time would become
more shorter less than ~1 ns
when promising sub-
nanosecond or picosecond
pulse lasers are used for an
efficient LSP. Therefore, a
spatially-resolved measuring FIG. 5 Temporal behaviors of the expansion velocities at the
instrument with a high laser pulse energies of 5-20 mJ.

temporal resolution less than

~1 ns is needed in order to observe the dynamics of laser plasmas. Since a streak
camera can provide us with 1D-spatially-resolved and temporally-resolved
information, it is quite suitable for the observation of V(t). Thus, we confirmed the
usefulness of a streak camera to estimate the probable laser parameters for an
efficient LSP.
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CONCLUSION AND IMPLICATIONS

In order to optimize the laser parameters for an efficient LSP, we have established
the time-resolved observation of laser plasmas using a streak camera. We estimated
the dependence of the expansion velocity of the laser plasmas on the laser pulse
energy. We found that the expansion velocity became higher with an increase of the
laser pulse energy. Higher velocity leads to the generation of higher pulse pressure,
which causes the effect of LSP onto a metallic surface. Thus, we confirmed the
usefulness of the time-resolved measurement of the plasma expansion using a
streak camera. In the near future, we will investigate the relation between laser
parameters and a pulse pressure in the water confined geometry.
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