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Plasma Generation in Air by Intense Laser Pulses with Various Pulse Durations *
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We have studied the plasma generation through collecting the charged particles produced in laser-induced break-
down in atmospheric air. This breakdov'n is produced by ultrashort laser pulses with various durations ranging
from 200fs to 2ps at a fixed pulse ene. gy of 8mJ. We found that the plasma yield increases first with the in-
crement of pulse duration and then reaches a plateau at a duration longer than 500fs. The generated plasma

temperature is estimated to be higher than 5x10° K.

PACS: 52.50.Jm, 42. 65. Re, 33.80. Rv

Intense light—matter interaction is attracting
much attention after the appearance of high power
laser.! At a high intensity of 10'* W/cm?, almost all
the atoms and molecules can be easily multiphoton-
ionized,? The air is fully ionized when the laser inten-
sity reaches about 103 W/cm? (pulse duration about
10ns).®> When high power laser interacted with dense
gas medium or condensed matter, laser-induced break-
down (LIB) which refers to the plasma formation
through multiphoton and cascade ionization usually
occures.? In such a process, the extremely high in-
tensity of ultrashort pulses first leads to a multipho-
ton absorption in the material and it provides initial
charged particles for LIB.? The free electrons and ions
absorb energy from the electromagnetic field of the
laser radiation by inverse bremsstrahlung and they are
accelerated.® The subsequent avalanche-like multipli-
cation (cascade ionization) of free carriers finally leads
to LIB. And LIB is usually accompanied with visible
flash or spark, which results from plasma emission. It
has been observed in solids,”® liquids,? and gases.!?

The LIB has been studied in many fields. The
rapid formation of plasma and subsequent blocking
to input laser pulse,!! can act as a high-speed op-
tical switch. The LIB has also achieved widespread
clinical use in various ophthalmic laser surgeries.12:13
Recently, researchers have began to study harmonic
generation (an efficiency of third harmonic gener-
ation as high as 1.7x10~3 was reported in fem-
tosecond LIB in atmospheric air'?), white continuum
generation'®1¢ and chemical product!” in LIB. In this
letter, we investigated experimentally the relation be-
tween the plasma generation and pulse duration in
pico- and subpico-second range by directly measuring
the amount of charged particles. These results might
be of benefit to the further study of subpicosecond
pulse with matter.

The experimental setup for LIB in air was based
on the Spectra-Physics Ti:Sapphire femtosecond sys-
tem with a regenerative Chirp-Pulse-Amplifier (TSA-

10). The laser system generated 800nm light pulse.

with a repetition rate of 10Hz. The maximum en-
ergy was up to 13mJ per pulse with fluctuation less
than 5%. We obtained different pulse durations by ad-
justing the compressor. In the experiment, the pulse
duration was changed from 216 fs to 2.085ps at a
fixed pulse energy of 8 mJ. The output laser beam
was splitted into two parts, one is strongly attenu-
ated and feeded into an autocorrelator to measure the
pulse duration, the other beam (~8mJ/pulse) was fo-
cused into a spot of about 61 ym in diameter (about 3
times of diffraction limit) with a 12 cm focal lens. The
maximum irradiance in the focus was estimated to be
2.2x10'% W/cm?.
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Fig. 1. Autocorrelation signal, open circles for the exper-
imental data and the solid line for the fitted curve with a
Gaussian expression.

The autocorrelator gave out the pulse duration, as
shown in Fig.1. The focused beam induced a plasma
of optical breakdown in the atmospheric air, which
was indicated by the appearance of a spark. Two
metal plates enveloping the plasma were deliberately
designed to act as electrodes to collect the generated
charged particles. The distance between the elec-
trodes was about 1mm with the applied dc voltage
36 V. This applied dc electrostatic field helped the
generated charged particles move to the electrodes.
The current signals at various pulse durations were
collected and demonstrated on an oscilloscope.
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Fig. 2. Current signals at different pulse duration * =
231fs (a), 334fs (b), and 934 fs (c).

Figure 2 is the typical current signals at various
pulse durations. The current signal has two distinctive
peaks with amplitudes increasing with the increment
of pulse duration. Another remarkable feature is that
the second peak was forward-shifted as the pulse dura-
tion was enlarged. Two peaks emerged into one when
the pulse duration reached 934 fs. We predict that the
first peak is probably the contribution from electrons
and the second one from ions. Although they experi-
enced a lot of collisions with other electrons, ions and
molecules, which are inevitable in LIB in air, the most
of the electrons still reached the electrode earlier than
the ions because of their much smaller masses. The
above prediction was verified by the obvious shift of
the second peak when we moved the electrodes in the
direction perpendicular to the focused laser beam.
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Fig. 3. Integrated current signals at various pulse dura-
tions from 216 fs to 2.085 ps. The solid line is used to guide
the eyes.

Figure 3 shows the dependence of integrated cur-
rent signal on pulse duration. The integrated cur-
rent signal roughly reflects the number of the charged
particles, where we assume a constant electron—ion
recombination rate. From Fig.3, we infer that the
plasma yield in LIB increases rapidly with the incre-
ment of pulse duration then reaches a plateau as the
pulse duration longer than 500fs. We should point
out that this particular behavior of plasma produc-
tion was definitely not originated from the so-called
“stabilization”, because the laser field we used was not
enough to induce stabilization (usually>10'6 W/cm?).

This was also confirmed with the experimental re-
sult at a short duration (about 300 fs); we found that
the plasma yield increased with increasing pulse in-
tensity, which is contrary to the stabilization theory.
As it is well-known that the interaction between laser
pulse and the generated plasma will shield the input
pulse energy. In a recent pump-probe experiment,!8
we found an energy loss up to 50% for the probe
beam when LIB was induced by the intense pump
beam at pulse duration of 280fs. The main mech-
anism of plasma shielding is inverse bremsstrahlung
absorption of photons during collisions between elec-
trons and heavy particles (molecules or ions). The
energy absorbed by the plasma generated a very high
temperature (> 5000K) within the plasma!® and re-
sulted in a rapid expansion. The higher energy absorp-
tion would lead to a higher plasma yield. The higher
plasma yield would promote the energy absorption in
return.

The following rate equation was used to describe
the plasma generation:%20

op dp
=P —9p+t (a)m, (1)

where p is the electron density. The first term in the
right-hand side represents cascade ionization and the
cascade ionization rate 7 is the probability per unit
time during which a free electron will have an ionizing
collision with a molecule. We have the form:

_(€|E?  2menw?\ T'Eion
n= m M 1+ w272’

(2)

where E is the laser field with a frequency w, 7/ the
momentum transfer collision time which is reversely
proportional to air pressure, €,, the average electron
energy, M the atomic(or molecular) mass, Fj,, the
binding energy of a bound electron, g represents free
electron loss due to recombination, trapping, and dif-
fusion out of the.focal volume of the beam. The third
term in the right-hand side of Eq. (1) represents carrier
generation by multiphoton ionization. The expression
of n indicates cascade ionization is only meaningful
during laser pulse.

Multiphoton ionization is a nonlinear optical pro-
cess which becomes significant only at high irradiances
and for wavelengths in the near-infared or shorter.2? It
is potentially much faster than the buildup of an elec-
tron cascade and therefore occurs even for the shortest
laser pulse. In an ultrashort pulse regime the pulse
may be so short that cascade cannot build up dur-
ing the pulse.?’ The experimental data of multiphoton
ionization rate is not available for air LIB. However,
as a reference, Ne is ionized to Net with a rate of
about 10'®s~! at a laser intensity of 10'®* W/cm? as a
calculation result.?!

Now, we take a rough estimation of the collision
time 7' (between an electron and an air molecule) dur-
ing cascade ionization. Because the plasma cools on
a subnanosecond time scale, the ions usually do not
have time to equilibrate with the electrons, so nearly
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all of the energy is coupled into the electrons during
the pulse we studied.?? For a plasma density of about
10'® cm—3 (as suggested in Ref. 23) and a plasma vol-
ume of about 7 x (0.003)% x 0.5 = 14.13 x 10~ %cm?
(the volume has a radius of 0.003cm and a length of
0.5cm), we assume an input pulse energy absorption
of 20—50% by the plasma. The calculated plasma
temperature is 547025—1367563 K, and the average
collision time is 50—80fs. So, even for a few percent
of air being multiphoton ionized at the early stage
(in Ref. 24, a plasma density of 0.4x107cm™2 is ob-
tained through tunneling ionization during the 100fs
pulse with peak intensity of 6.5x10'3 W/cm?), there
need more than 5 collisions to wholly cascade-ionize
the air in the focal volume. Thus, for very short pulse,
it is difficult to build up the cascade ionization during
the pulse because few collisions can occur. For more
clarity, we made a simple simulation on the role of cas-
cade ionization in plasma production with Eq. (1). In
the simulation, we considered only a little section of
plasma zone and neglected loss of pulse energy when
it passed through this section. The role of cascade
ionization R is defined as

R=1- Pwithout , (3)
Pwith

where pwithout and pwith are the electron density with-
out and with the cascade ionization channel, respec-
tively; both of them were sampled just behind one
pulse because the multiphoton ionization and cascade
ionization just stopped at that time. The calculated
results as presented in Fig. 4, indicates the same trend
with the experimental results.
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Fig. 4. Role of cascade ionization in plasma production
as a function of pulse duration.

The behavior of plasma yield with various pulse
durations is understood as following: The plasma for-
mation is initiated by multiphoton ionization then cas-
cade ionization. As no enough time for interaction
between laser and molecules or produced plasma, nar-
rower input pulse only produces less electrons and ions
during the pulse duration even it has a higher peak
intensity. While for a longer-duration pulse, the pro-
duced plasma has enough time to absorb laser energy
to be accelerated, to expand more rapidly. The ac-
celerated electrons will speed up plasma production

through collisions with molecules or ions (which is the
essence of cascade ionization). As to the plateau, we
suppose that most of the air molecules in the focal
volume have been ionized in a longer pulse duration
and therefore lead to a saturation of plasma yield. Of
course, for an even longer duration input pulse, the
plasma yield will decrease because of the low peak in-
tensity, which leads to a poor plasma production.

In summary, we studied the plasma generation at
a series of pulse durations with a fixed energy. We
found that the plasma yield increased with the incre-
ment of pulse duration and reached a plateau at 500 fs.
From our results, the laser with a duration long than
500 fs seems favorable for harmonic generation in self-
induced breakdown.
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