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Electronic plasma induced by a focused femtosecond pulse (130 fs, 800 nm) in fused silica was investigated by
use of pump – probe technology. Pump and probe shadow imaging and interferometric fringe imaging were
combined to determine electronic collision time t in the conduction band, and t was measured to be 1.7 fs at
an electron density near 5 3 1019 cm23 . The lifetime of the electronic plasma is also measured to be ⬃170 fs
by use of the time-resolved shadow imaging technique. © 2005 Optical Society of America
OCIS codes: 320.0320, 190.7110, 350.5400, 320.7130.

The interaction and propagation of focused femtosecond laser pulses in transparent dielectric materials
attracted great attention recently. Many interesting
phenomena, such as f ilamentation,1 – 3 pulse splitting,4
supercontinuum generation,5 soliton generation,6 and
pulse compression,7,8 were found to be associated with
electron plasma induced by a femtosecond laser, which
depended strongly on a nonlinear ionization process.
For subpicosecond laser pulses, there are two mechanisms9,10 for nonlinear ionization: photoionization
and avalanche ionization. For avalanche ionization
the conduction electrons should obtain enough energy
by absorbing photons through electron collision (inverse bremsstrahlung) to excite more electrons into
the conduction band. Thus electronic collision time
t in the conduction band is an important parameter
for exploration of the underlying mechanisms of
femtosecond interaction with transparent materials.
Collision time t is determined by the electron – phonon
scattering rate. Arnold et al. pointed out theoretically that electron momentum relaxation rates in
SiO2 thin f ilm are energy dependent, varying by
2 orders of magnitude.11 The corresponding value
of t is approximately 10216 10214 s. However, this
value of t has not been measured experimentally.
Various magnitudes of t were employed in different
reports and calculations; for example, Sudrie et al.1
used 23.3 fs and Tzortzakis et al.2 used 10 fs (obtained from the inverse bremsstrahlung cross section
s 苷 2.78 3 10218 cm2 ). Meanwhile, another parameter, mean electron-number density, was measured by
shadow imaging. Interestingly, the formula used to
determine the electron density (ne ) from a shadowgraph is also related to t, which was assigned a value
of 0.2 fs by Mao et al.12
As is well known, interferometric fringe measurement is another effective method for plasma diagnostics.13,14 Interferometric measurement will provide ne
independent of t. Thus, in this Letter, we combined
shadow measurement with interferometric fringe measurement to diagnose plasma and, surprisingly, obtained an electronic collision time t in fused silica of
1.7 fs at an electron density near 5 3 1019 cm23 . In
addition, electron plasma lifetime te was also measured to be 170 fs in fused silica; this is in good agreement with the measurement performed by Audebert
0146-9592/05/030320-03$15.00/0

et al.15 They used a sensitive technique based on interference in the frequency domain to measure the te
as ⬃150 fs, a value that has been cited widely.
In our experiment a Ti:sapphire chirped-pulse
amplification laser with a pulse duration of 130 fs,
wavelength of 800 nm, and repetition rate of 10 Hz
was used. A schematic diagram of the experimental
setup of a time-resolved shadowgraph and an interferometric measurement is shown in Fig. 1. A
shutter controlled by a computer was used to obtain
a single pulse. The laser beam was then split into
pump and probe pulses by a beam splitter. Objective A (Olympus, 43, 12-mm working distance) with
a numerical aperture (NA) of 0.16 was used to focus
the pump laser beam. The sample was a piece of
3 mm 3 5 mm 3 20 mm fused silica with polished
surfaces, and it could be translated perpendicularly
to the propagation direction of the pump and the
probe beams to avoid multi-interaction. The interaction region was inside the sample, approximately
several hundred millimeters from the front surface.
The probe beam passed an optical delay stage and
a polarizer and illuminated the interaction region
perpendicularly to the pump beam. The transmitted
probe beam was imaged onto a CCD by another
objective, B (203, NA of 0.4). For interferometric
measurement, a Wollaston prism with its optical axis
45± to the polarization direction of the incident probe

Fig. 1. Experimental setup of the shadowgraph (without
a Wollaston prism and an analyzer) and the interferometric
measurement. CPA, chirped-pulse amplification; M1 – M3,
mirrors.
© 2005 Optical Society of America
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beam was utilized after object B to split the probe
beam into two beams with 2± separation. Then the
two beams passed an analyzer with its polarization
direction parallel to the polarizer to form the interference fringes. In the experiments time zero was set
when the peaks of the pump beam and the probe beam
overlapped at z 苷 0.
Figure 2 shows four shadowgraphs measured
at different delay times, the laser intensity being
⬃7 3 1013 W兾cm2 in the focal region. The pump
beam propagated from right to left. The filaments
were observed, and the evolution of electron plasma
was obtained. Considering that the plasma density
has cylindrical symmetry along the pump beam, the
probe beam would undergo absorption, ref lection, and
refraction when it passes through the plasma region.
The incidence angle of the central part of the probe
laser, which passes through the axes of the plasma, is
equal to zero, so the refractive effect can be neglected.
Moreover, the ref lective effect is also insignif icant,
which will be explained below. Thus we can consider
only the absorption effect, and the central part of the
probe laser’s intensity Ip follows
dIp 兾dx 苷 2aIp 苷 2sne Ip ,

(1)

where s is the absorption cross section for inverse
bremsstrahlung, according to the Drude model9:
s苷

ke2 t
.
me e0 v关1 1 共vt兲2 兴
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shift number. We evaluated a plasma density of the
order of 5 3 1019 cm23 by use of Eq. (4). Now we can
discuss the loss of the probe beam as a result of ref lection. We assume the average plasma density to be
5 3 1019 cm23 . Then the difference of refractive index caused by plasma Dn 苷 ne 兾2nc 艐 0.03. When the
incidence angle is zero, the ref lectivity of probe beam
R 艐 共Dn兾2n0 兲2 艐 0.01%. So when we acquire Ip0兾Ipd
in the axis of the plasma in the shadowgraph, the loss
of Ip is mostly caused by absorption of the plasma.
Equations (2) and (4) have the same integrating format. So we can easily obtain Eq. (5), from which t is
determined by measurement of the probe-beam intensity transmittance Ipd 兾Ip0 from the shadowgraphs and
fringe shift number D from the interferometric image:
ln共Ip0兾Ipd 兲 1 1 共vt兲2
2 1 苷 0.
4pn0 D
vt

(5)

Figure 3 shows an interferometric image at a delay
time of 400 fs. The fringe interval is calculated to be
12.5 pixels, and the fringe shift is 2 6 0.5 pixels at
z 苷 92 mm. So D is 0.16 6 0.04. The corresponding
probe-beam intensity transmittance Ipd 兾Ip0 from the
corresponding shadowgraph in Fig. 2 is 0.445 at the
same point and at the same delay time. Then, the result of t is calculated to be 1.4 6 0.4 fs. Here the

(2)

In Eq. (1), x is along the direction of the probe beam.
In Eq. (2), k 苷 2pn0 兾l, where n0 is the refractive index of the fused silica; l is the vacuum wavelength of
the probe laser; and me , e0 , and v represent the electron mass, the vacuum dielectric constant, and the frequency of the laser, respectively. However, t in fused
silica has not been measured in previous experiments
to our knowledge. We obtain its value associated with
the interferometric measurement, as discussed below.
The integral of Eq. (1) is
Z
Ip0
1
苷
ne dx .
ln
s
Ipd

(3)

Here Ip0 and Ipd represent the probe laser intensity
without and with passing through the plasma region.
In the interferometric method, the probe beam is
split into two beams by the Wollaston prism and forms
an interferometric fringe on the image plane after it
passes through an analyzer. When the probe beam
traverses the plasma region, the induced phase shift
of the probe beam can be expressed as13
Dw 苷

Z

共n 2 n0 兲v兾cdx 苷

Fig. 2. Time-resolved shadowgraphs
laser-induced plasma in fused silica.
⬃7 3 1013 W兾cm2 in the focal region.

for femtosecond
The intensity is

v Z
ne dx 苷 2pD , (4)
2cnc

where n and n0 indicate the refractive indices with
and without plasma in fused silica, respectively; nc 苷
e0 me v 2 兾e2 苷 1.7 3 1021 cm23 is the critical electron
density of an 800-nm probe laser; and D is the fringe

Fig. 3. Interferometric image for femtosecond laserinduced plasma in fused silica at a 400-fs delay time; the
intensity is also ⬃7 3 1013 W兾cm2 in the focal region.
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In summary, we have investigated electronic plasma
induced by a focused single femtosecond laser pulse in
fused silica. We first measured the electron collision
time t in fused silica by use of the interference pattern associated with the shadowgraph of the generated
plasma. The measured mean value was 1.7 fs when
ne is of the order of 1019 cm23 . Evolution of the electron plasma was observed, and the lifetime of the electron plasma te was determined to be ⬃170 fs. These
data and this analysis are helpful for understanding
the fundamental physical mechanisms of femtosecond
laser interaction with transparent materials.

Fig. 4. Evolution of absorption of the probe beam due to
electron plasma at the z 苷 119 mm position. The vertical
axis represents absorbance, denoted by ln共Ip0 兾Ipd 兲. The
solid curve indicates the exponential decay f itting with a
decay time of 170 fs.

primary measurement error comes from the choice
of the value of the fringe shift. The fringe shift
error may be considered to be 60.5 pixels in our
experiments. At different time delays, we measured
three other values of t to be 1.3 6 0.4 fs, 1.7 6 0.5 fs,
2.5 6 0.7 fs. The average collision time t is 1.7 fs.
This difference of measured t values may be due to
two factors. One is the measurement error mentioned
above. Another factor may be the different electron
distributions in the conduction band at different delay
times. After the probe pulse passes the interaction
region, the energy of conduction electrons decreases
with time because of electron – phonon collision. The
larger t value corresponds to a longer delay time, i.e.,
to lower kinetic energy of conduction electrons. This
variation is compatible with the calculations of Arnold
et al.11 According to their results, the relaxation
rate increased monotonically with an increase in the
electron’s kinetic energy when the kinetic energy was
below 6 eV, and the average kinetic energy in our
experiment was estimated to be within this energy
range.
In addition, according
to Eqs. (1) and (3) the parameR
ter ln共Ip0 兾Ipd 兲 苷 adx denotes absorbance. In Fig. 4
we present the time-dependent absorbance of the probe
pulse at z 苷 119 mm. When the data points are f itted with exponential decay, a decay time te of 170 fs
is obtained. The first several degressive data points
were ignored because at that time the electron plasma
was still being induced, although the total density was
decreasing. We also ignored data points for the delay
time that were .1.2 ps, when the thermal effect began
to work.
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