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Abstract Electron plasma induced by a focused femto-
second pulse (130 fs, 800 nm) in quartz, fused silica, K9
glass, and Soda Lime glass was investigated by pump-
probe technology. Pump and probe shadow imaging and
interferometric fringe imaging have been used to determine
plasma density, relaxation time, and electron collision time
in the conduction band. In these materials, the electron
collision time is about several femtoseconds when the
electron density is in the 1019cm−3 range. The electron
relaxation processes are different: lifetime is about 170 fs in
pure quartz and fused silica, and about 100 ps in K9 and
Soda Lime glass. The modified electron band by doped
ions is regarded to be responsible for the difference of
decay time in these materials.
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With the development of ultrafast laser technology, the
interaction of focused femtosecond laser pulses with di-
electric materials has attracted great attention recently.
There are many new phenomena in this area, such as
microexplosion [1], filamentation [2], and dielectric index
modulation [3]. These phenomena have been widely stud-
ied because of their potential application in the fabrication
of microstructures and integrated microoptics. Many mi-
crooptics have been fabricated, such as waveguide [3–6],

coupler [7,8], diffractive component [9,10], data storage
[1,11], microfluid instrument [12], and microlaser [13]. In
these applications, electron plasma is always induced and
plays important roles. There are many studies on plasma.
Ionization dynamics has been calculated [14], and the
relation between the energy threshold to generate plasma
and pulse duration has been measured and simulated
[15]. However, there are seldom experimental measuring
on electron parameters, such as electron collision time,
electron density [16], and electron relaxation lifetime
[17–19].

The electron collision time is important in the interac-
tion. It dominates electron absorption and avalanche ion-
ization rate. In fused silica, various magnitudes of τ were
employed in different reports and calculations; for ex-
ample, 23.3 fs was used by Sudrie et al. [20], 10 fs
(obtained from the inverse Bremsstrahlung cross section
σ = 2.78×10−18 cm2) was used by Tzortzakis et al. [21],
and 0.2 fs was used by Mao et al. [16].

The electron density in glasses is 1021 cm−3 during
breakdown induced by nanosecond pulse [22] and is
regarded as in the 1019 cm−3 [15] induced by femtosecond
pulse. These data are important for understanding ioniza-
tion mechanism and laser-induced structure change inside
the transparent materials. This was measured to be
5×1019 cm−3 by Mao et al. [16] using shadow imaging.
However, the formula used to determine the electron
density from the shadowgraph is also related to the electron
collision time τ, which was chosen as 0.2 fs by Mao et al.
[16].

The electron relaxation process is crucial for energy
transfer. It was measured in fused silica [17–19], and its
lifetime is about 150 fs. Plasma-induced deep trap state is
regarded to be responsible for this short lifetime [17,23,24].
Regarding other glasses, we have not found any experi-
mental data.

In this paper, we review our work on measuring different
plasma parameters, electron density, electron collision
time, and electron relaxation time, in quartz and different
glasses [19,25]. The time-resolved shadowgraph and in-
terferometric fringe measurement were used.
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When a weak laser passes through electron plasma, it is
absorbed by inverse bremsstrahlung absorption. It can be
expressed by [16]

dIp
dx

¼ �σneIp (1)

where σ is the absorption cross section for inverse
bremsstrahlung and depends on the electron collision
time τ in the conduction band according to the Drude model
[14]:

σ ¼ ke2τ

me"0ω 1þ ωτð Þ2
h i

From Eq. (1), we can get

ln Ip0
�
Ipd

� � ¼
R

σnedx (2)

Here, Ip0 and Ipd represent the probe laser intensity before
and after passing through the plasma region. Without the

value of collision time, we cannot get the value of electron
density, but we determine the relaxation of ne from the
dependence of ln(Ip0/Ipd) on time delay.

When the weak laser passes through plasma, its phase is
shifted by the plasma because the plasma induces a
dielectric index change. The phase shift is [26]

Δϕ ¼
R

n� n0ð Þω=cdx ¼ ω
2cnc

R
nedx (3)

From the phase shift value, the mean electron density can
be estimated. Combine Eq. (3) with Eq. (2), the electron
collision time can be calculated from

ln Ip0
�
Ipd

� �
4πn0D

1þ ωτð Þ2
ωτ

� 1 ¼ 0
(4)

Here, D is the ratio of fringe shift number to the inter-
ference period. When D = 1, the phase shift is 2π.

We used the pump-probe technique to measure the time-
resolved plasma absorption and phase shift and calculated
the electron density, electron collision time, and electron
relaxation time.

In our experiment, the pulse duration is 130 fs, and
wavelength is 800 nm. The schematic diagram of the
experimental setup for time-resolved shadowgraph is
shown in Fig. 1. The sample was translated to a new
position after every shot. A single pulse was chosen by a
shutter. The laser beam was split into pump and probe
pulses by a beam splitter. An objective A (Olympus, ×4,

Fig. 1 The experimental setup for shadowgraph

Fig. 2 Time-resolved shadowgraphs in fused silica. The input
intensity is around 7×1013 W/cm2 in focal region

Fig. 3 Interferometric image in fused silica at 400 fs delay time.
The input intensity is around 7×1013 W/cm2 in focal region

Fig. 4 Evolution of absorption of the probe due to electron plasma
in fused silica. The vertical axis represents absorbance, denoted by
ln(Ip0/Ipd). The solid line indicates the exponential decay fitting with
the decay time of 170 fs
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NA = 0.16) was used to focus the pump laser beam. After
passing an optical delay stage and a polarizer, the probe
beam illuminated the interaction region perpendicularly to
the pump beam and was imaged onto a charge-couple
device (CCD) by another objective B (×20, NA = 0.4). A
Wollaston prism and an analyzer were added after the
objective B to achieve the interference fringes images. In
the experiments, time zero was set when the peaks of the
pump beam and the probe beam overlapped at z = 0.

At first, we took shadowgraphs and interference images
in fused silica [19]. Figure 2 shows shadowgraphs mea-
sured at several delay times with a laser intensity of around
7×1013 W/cm2 in the focal region [19], while Fig. 3 shows
the interference image at the 400 fs time delay [19]. The
pump beam was propagated from the right to the left.
Considering the cylindrical symmetry of plasma density,
the probe beam would undergo absorption, reflection, re-

fraction, and phase shift. The reflection and refraction
were ignored when we calculated the parameters using
Eqs. (2), (3) and (4).

From the time-resolved shadowgraph, the absorbance of
ln(Ip0/Ipd) at z = 119 μmwas calculated and shown in Fig. 4
[19]. From Eq. (2), it is known that this time-dependent
absorbance represents the relaxation of electron density,
when the change of σ or τ on electron energy is ignored.

The relaxation time can be estimated by this approxi-
mation. We found that the data points in Fig. 4 were fitted
with exponential decay, and the decay time was 170 fs.
Several beginning degressive data points were ignored
because at that time, the electron plasma was still induced,
although the total density was decreasing. We also ignored
the data points for the delay time >1.2 ps, when the thermal
effect began to work. The calculated decay time at z =
92 μm is 125 fs, and that at other z points is between 120
and 200 fs. The difference is due to the difference of σ or
collision time τ when the electron has different energy. In
our experiment, the average decay time is 170 fs. This fast
decay is induced by a self-trapping process [17,23,24]. The
self-trapping state should locate deep below the bottom of
the conduction band. The trapped electrons do not
contribute to the absorption of the probe beam.

From Fig. 3, we measured the fringe shift number and
the interference period and calculated the electron density.
From the image, the size of the plasma can be measured.
Then, the mean electron density can be calculated:
5.3×1019 cm−3 at z = 92 μm at the 400 fs time delay. The
collision time was calculated to be 1.4 fs at the same
position using the experiment data in Figs. 3 and 4. With
the increase in delay time, the electron density decreased
and the collision time increased. Figure 5 shows the
collision time vs electron density. The electron collision
time increases with the decrease in the electron density.

Fig. 5 Electron collision time vs mean electron density in fussed
silica

Fig. 6 Time-resolved shadowgraphs in Soda Lime glass

Fig. 7 Evolution of absorption of the probe due to electron plasma
in Soda Lime glass at z = 230 μm. The vertical axis represents
absorbance, denoted by ln(Ip0/Ipd). The solid line indicates two-
exponential decay fitting with the decay time of 6.6 and 103 ps

Fig. 8 Interferometric image in Soda Lime glass at 500 fs delay
time
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This is coincident with the result that the collision time
increases with the decrease in electron energy when it is
low [27].

After obtaining the plasma density, electron collision
time, and plasma size, we calculated the reflection and
refraction of the probe beam. It was verified that the
influence of reflection and refraction of the light that passed
through the middle of the plasma can be ignored.

We found that the electron relaxation time, electron
density, and electron collision time in quartz are close to
those in fused silica under the same input energy of the
femtosecond laser pulse.

In Soda Lime glass, the electron density decay process
was different from that in fused silica and quartz [25].
Figure 6 shows the time-resolved shadowgraphs, and Fig. 7
shows the absorbance decay process in Soda Lime glass
[25]. It is obvious that the decay process was much slower
in Soda Lime glass than that in fused silica. The decay
process could be fitted as two exponential decays:
Aexp(−t/τe1) + Bexp(−t/τe2) + c; and the two fitted
decay times were τe1 = 6.6 ps and τe2 = 103 ps. Here,
the fast decay time was regarded as electron relaxation
time in the conduction band, and the slow decay time
represented the lifetime of the electron in the conduc-
tion band, i.e., the recombination time of the electrons
with holes. There was no fast self-trapping process as
that in fused silica and quartz.

In K9 glass, the electron decay process was similar to
that in Soda Lime glass. The two decay times were fitted as
4.3 and 113 ps.

Although the electron decay time in Soda Lime and K9
glass was completely different from that in quartz and
fused silica, the electron collision times in these materials
were similar. From the interference images shown in Fig. 8
and the shadowgraph images in Fig. 6, it was calculated
that the collision time was 1.83 fs at an electron density of
6.0×1019 cm−3 in Soda Lime glass. In K9 glass, it was
2.8 fs at an electron density of 7.0×1019 cm−3 [25].

Fused silica and quartz are pure, while Soda Lime glass
and K9 glass are doped. We think that it is possible that the
doped ions change the electron band structure and induced
the disappearance of the self-trapping state. However, the
influence of the doped ions on phonon state is not so
distinct, and the electron–phonon collision time has not
been changed much.

In conclusion, we measured electron density, electron
collision time, and electron relaxation time in fused silica,
quartz, Soda Lime glass, and K9 glass. In these materials,
the electron density induced by femtosecond laser pulse
can reach 1019 cm−3, and the electron collision time is
about several femtoseconds. The lifetime of electrons is
about 170 fs in the conduction band of quartz and fused
silica because of self-trapping. The lifetime of electrons in
the conduction band of Soda Lime glass and K9 glasses is
about 100 ps. It is proposed that the doped ions modulate
the energy band and make self-trap state disappear.
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