
Abstract. The dynamics of the transient light absorption
induced in K8 optical glass by élamented femtosecond laser
pulses have been studied using time-resolved transmitted-light
microscopy at wavelengths from 450 to 700 nm. The transient
absorption measured as a function of probe beam wavelength
is compared to that predicted by the Drude plasma model. We
conclude that, just 450 fs after a pump pulse, the transient
absorption is dominated by transient electronic states,
presumably, self-trapped excitons, with an excitation energy
of 2.6 ë 2.7 eV. These states are élled with free-carriers from
a long-lived plasma, which acts as a `carrier reservoir'. The
relaxation of transient absorption has two components. The
slow component, with s1 � 17ÿ 17:5 ps, is governed by the
plasma thermalisation time, whereas the second, with
s2 4 300 ps, is determined by the plasma lifetime.

Keywords: femtosecond laser, plasma, induced absorption, optical
glass, élament.

1. Introduction

Systematic studies of high-power femtosecond laser pulse
propagation in transparent media is central to the femto-
second optics of materials, a new, promising area of
research. It is known [1, 2] that, in almost all transparent
media, from gases to solids, femtosecond beams undergo
élamentation and break up into separate components,
whose diameter (several microns) remains constant over
many Rayleigh lengths. Several models of beam élamen-
tation have been proposed to date: moving foci [3], self-
channelling [4], a dynamic model [5, 6], and X-waves [7]
(see Ref. [2]). Filament dynamics in a variety of media were
studied, e.g., by femtosecond time-resolved optical polar-
igraphy (FTOP) [8 ë 14] and time-resolved transmitted-light
microscopy (TTLM) [15 ë 18]. Several studies addressed the
kinetics of élament-induced transient light absorption
(TLA) in glass targets [16 ë 18]. The proposed mechanisms
of TLA differ markedly. Generally, these mechanisms can

be divided into two distinct groups: absorption of probe
radiation by the nonequilibrium plasma generated in the
élament core, according to the Drude model [18], and light
absorption through transitions from the ground state to an
excited level of transient electronic states (TESs) [16, 17]
resulting from plasma relaxation. The term TESs is used to
mean the formation and relaxation of self-trapped excitons,
short-lived electronic excitations localised at traps, photo-
induced short-lived structural defects etc. Analysis of the
very limited information about TLA kinetics in an
individual élament lends support to the two above
approaches to TLA interpretation.

Given the above, the purpose of this work was to
identify the mechanisms of TLA in the élament core in
K8 optical glass by studying its spectral dependence.

To this end, we took advantage of TTLM, a technique
capable of probing TLA dynamics at time delays of up to
300 ps with a temporal resolution of 0.45 ps and spatial
resolution down to 2 mm at three probe wavelengths. This
allowed us to differentiate between the plasma and TES
mechanisms of light absorption and to pinpoint the possible
relation between them.

2. Experimental

Figure 1 schematically illustrates our experimental arrange-
ment. The pump source used was a femtosecond system
involving a regenerative ampliéer ( 1 ), which generated
pulses with an energy W � 2:5 mJ, duration tp � 150 fs,
peak intensity wavelength lmax � 780 nm and repetition
rate of 1 kHz. To vary the time delay between pump and
probe pulses, tdel, in the range 0 ë 300 ps, the radiation
reêected by a semi-transparent mirror ( 2 ) was sent to a
delay line ( 3 ). Next, the beam was focused by a lens with
f � 15 cm ( 4 ) onto a rotating sapphire disc ( 5 ) to produce
a white-light continuum in the range 400 ë 700 nm [9]. The
initial continuum pulse duration almost coincided with the
pump pulse duration, but the refractive index dispersion in
the optical components led to pulse broadening with time.

To evaluate the probe pulse duration, we performed
FTOP measurements [9]. FTOP enables imaging of a
travelling light pulse in crossed polarisers owing to the
pulse-induced transient Kerr-effect refractive index aniso-
tropy. The image length in the propagation direction is
determined by the cross-correlation function of the pump
(150 fs) and probe pulses and can thus be used to evaluate
the probe pulse duration (� 300 fs) and the temporal
resolution of the entire system (� 450 fs) with allowance
for the pump pulse duration. Besides, because of the
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refractive index dispersion in the optical elements used, the
longer wavelength components of the probe pulse arrive at
the measurement region before the shorter wavelength
components, which causes the FTOP colour image to
longitudinally separate into red (R), green (G) and blue
(B) parts. From the separation between the colour compo-
nents, the time interval between them can be estimated as
300 fs.

The white-light probe beam was collimated by a lens
with f � 15 cm ( 6 ) and focused into a 3� 3� 20 mm
sample ( 8 ) of K8 optical borosilicate glass (band gap of
4 eV [16]). The beam transmitted through mirror 2 was
attenuated by an optical élter ( 9 ) and, after a circular
aperture ( 10 ), focused by a microscope objective ( 11 ) into
the sample ( 8 ) at � 2:0-mm depth, 0.5 mm from its exit
face. The recording system included a microscope objective
( 12 ), eyepiece ( 13 ) and colour CCD camera ( 14 ). The
regenerative ampliéer, delay line and CCD camera were
controlled by a computer ( 15 ).

At the pump pulse energy used, 7.5 mJ, no irreversible
sample degradation was detected during the érst 5 ë 10 min,
so the sample was not translated during measurements. This
allowed us to considerably reduce the noise component in
images by normalising them (dividing by a reference image
and multiplying by the average intensity of the reference
image) and to improve the accuracy in our TLA measure-
ments in comparison with the single-pulse regime.

3. Results and discussion

Consider the experimental data obtained. Figure 2 shows
micrographs illustrating the TLA process in K8 glass for
04tdel 4 1:2 ps in the G spectral region. Similar micro-
graphs were obtained in the R and B regions. The pump
beam direction in Fig. 2 is from left to right. The zero delay
line position corresponded to TLA development in the éeld
of view of the camera, without formation of a single
élament. Note that this zero point is somewhat arbitrary,
determined to within the accuracy in the temporal
resolution of the setup. However, according to previous
work, the time delay between the maximum in TLA in the

élament core and the pump pulse peak is rather short:
� 200 fs in K8 [9] and � 50 fs in fused silica [14]. For
subsequent analysis, much longer tdel times, far exceeding
the uncertainty in the delay zero point, are of interest.

At an aperture diameter of 2 mm, an apertured pulse
energy of 7.5 mJ and tdel � 0, we observed TLA onset
(Fig. 2) in the form of two tracks 3 mm in diameter, which
converged at the focal point with increasing tdel and merged
to form a single élament. On the whole, the TLA process
was studied in a wide tdel range (0 ë 300 ps) with a minimal
increment tdel � 0:2 ps. Micrographs obtained in the three
spectral regions were used to evaluate the magnitude of
TLA as a function of tdel.

Note that the mechanism behind the formation of TLA
tracks converging to a single élament is not yet fully
understood. Such tracks may be due to pump beam
diffraction from aperture 10 , which produces an axial
dip in the intensity distribution. Such a distribution may
be due to a conical axisymmetric hollow plasma channel,
which is consistent with the observed TLA pattern [19]. On
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Figure 1. Schematic diagram of the experimental arrangement: ( 1 ) Legend F-1K-HE regenerative ampliéer; ( 2 ) semi-transparent mirror; ( 3 ) delay
line; ( 4, 6 ) lenses; ( 5 ) medium for white-light continuum generation; ( 7 ) optical élter; ( 8 ) sample; ( 9 ) neutral élter; ( 10 ) aperture, ( 11, 12 )
microscope objectives (10�; numerical aperture, 0.25); ( 13 ) eyepiece (15�); ( 14 ) CCD camera; ( 15 ) computer-based control system.
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Figure 2. Micrographs illustrating TLA in K8 glass in the green spectral
region at different time delays. The pump beam direction is from left to
right.
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the other hand, recent work (see e.g. Ref. [9]) has shown
that, when the beam power considerably exceeds a critical
level, the pump beam breaks up into multiple élaments
before the focal point. The observed TLA pattern can then
be accounted for by the formation of two separate élaments,
which subsequently merge to form a a single élament. In this
paper, most attention will be paid to the mechanisms of
nonequilibrium plasma relaxation in the core of an already
existing élament, and the above issue will not be addressed
in detail.

It is worth considering in brief the procedure for TLA
(ad, the product of the absorption coefécient and the
absorbing zone length) measurements from micrographs
(Fig. 2, inset). We measured the grey level intensity in the
circled region of the élament, corresponding to the intensity
of the transmitted probe beam, It, attenuated by the TLA
process. Similarly, the grey level intensity corresponding to
the initial probe beam intensity, I0, was measured in the
immediate vicinity of the élament (also circled in Fig. 2).
The ln (I0=It) value is then the absorbance, ad. The measure-
ment point (square at tdel � 1:2 ps in Fig. 2) was the same at
all the tdel values. It was chosen because the cross-sectional
élament size at that point considerably exceeded the probe
beam wavelength, which reduced the inêuence of probe
beam diffraction by inhomogeneities on measurement
results.

Figure 3 presents the ad(tdel) data thus obtained for
short (0 ë 2 ps) and long (0 ë 300 ps) time delays in the R, G
and B spectral regions. Consider érst Fig. 3a. Here, ad rises
from zero to an almost constant level, dependent on the
spectral range (� 1:5 in B and � 0:15 in R). The TLA rise
time coincides with the temporal resolution of the setup. The
difference between the time delays corresponding to the
onset of the rise in TLA in the R, G and B regions is also of
instrumental origin. As pointed out above, the R component
of the probe pulse arrives at the élamentation zone before
the B component and, hence, sees earlier stages of the
process. It also follows from Fig. 3a that the TLA cannot be
due to the formation of long-lived absorbing centres because
there is no constant contribution to the absorption.

Analysis of the long-term TLA kinetics (Fig. 3b) indi-
cates that the TLA decays in two steps. At tdel shorter than
� 100 ps, ad as a function of tdel decays exponentially, with
decay times t1 � 15:2� 2:3 (R), 20:0� 3:0 (G) and
24:2� 7:5 ps (B). The three conédence intervals overlap
in the range t1 � 17ÿ 17:5 ps. After the decay, ad relaxes to
a constant level, then remains constant for tdel 4 300 ps and
becomes zero by the end of the 1 ms between the pulses.
From single-pulse measurements of TLA in K8 glass over a
wider tdel range in a previous study [9], the second decay
time, t2, can be estimated at several nanoseconds. Note that
the ratio of the ad values in the R, G and B regions is nearly
the same at short (� 0:5 ps) tdel (0.15 : 0.3 : 1.5=1 : 2 : 10)
and long (� 200 ps) tdel (0.035 : 0.09 : 0.35 = 1 : 2.5 : 10),
suggesting that the physical mechanism of TLA remains
unchanged over the entire tdel range measured.

First, we will analyse the present results in relation to the
mechanism of the TLA process in the élament formed.
Based on the well-known fact of two-component plasma
generation on the élament axis through multiphoton and/or
tunnelling ionisation processes, we expected light absorption
in the plasma according to the Drude model [20] to be the
dominant mechanism. In this model, the absorption cross
section spl (s � a=N, where N is the concentration of
absorbing centres) is determined by the pump beam
frequency, o, and the carrier collision time in the plasma,
tc:

spl �
e 2

e0m �e cn0

tc
�1� o 2t 2c �

; (1)

where e is the electronic charge; e0 is the dielectric constant
of free space; m �e is the reduced electron mass; c is the speed
of light in vacuum; and n0 is the refractive index of the
undisturbed medium. The probe beam frequency is assumed
to exceed the plasma frequency. Note that, according to
estimates based on the plasma concentration attainable in
femtosecond élaments N (5� 1019 [21] or 1020 cmÿ3 [22]),
the plasma frequency, opl � (Ne 2=e0m

�
e )

1=2 , is 0:7� 1015 or
0:5� 1015 sÿ1, respectively, i.e., it is substantially lower
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Figure 3. TLA dynamics in different spectral ranges. R, G and B denote the spectral ranges of the probe light corresponding to the red, green and blue
transmission bands of the optical élters in the CCD array, with maxima at 640 (R), 570 (G) and 480 nm (B). tdel � 0ÿ 2:2 (a) and (b) 0 ë 300 ps. The
ad versus tdel data are étted with exponentials: t1 � 15:2� 2:3 (R) , 20:0� 3:0 (G) and 24:2� 7:5 ps (B).
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than the probe beam frequency, oR � 2:9� 1015 sÿ1 (lR �
640 nm). It follows from (1) that the absorption decreases
with increasing o, whereas experimental data attest to an
inverse relation, not only for steady-state ad values in the
range 100 ps< tdel <300 ps but also for tdel � 2 ps.
Therefore, at least 0.45 ps after the pump pulse (temporal
resolution of the setup), it is not the plasma which makes
the dominant contribution to the TLA. It is thus worth
examining the contribution of TESs.

Without detailing the nature of the TESs (self-trapped
excitons, trapping states, or photoinduced defects) for lack
of relevant data, let us assess the effectiveness of this
absorption mechanism, its time limits and its interrelation
with the plasma present in the élament. To this end, we
utilise the approach proposed by Martin et al. [23] for wide-
gap dielectrics. TESs were represented as an ensemble of
classical linear oscillators and characterised by the ground
state (0) and an excited state (1) in the band gap of the
dielectric. The transition between states 0 and 1 can be
described by the resonance transition energy �ho0ÿ1, oscil-
lator strength f0ÿ1 and logarithmic decrement g0ÿ1. We
neglect the contribution of the other states and assume that
the hole mass considerably exceeds the electron mass. The
absorption cross section s0ÿ1 then meets the relation

s0ÿ1 �
e 2 f0ÿ1o

2g0ÿ1
n0ce0me��o 2

0ÿ1 ÿ o 2�2 � o 2g 20ÿ1�
; (2)

where me is the electron mass. Judging from the data in
Fig. 3, the observed increase in ad with increasing o
indicates, érst of all, that the present results are consistent
with the TES model. Moreover, these data show that the
resonance transition frequency o0ÿ1 exceeds the probe light
frequency, at least in the R and G spectral regions.

Our experimental data can be used to evaluate the TES
excitation energy, �ho0ÿ1, and the width of the corresponding
transition, �hg0ÿ1. To this end, we substitute the probe light
frequencies at the transmission peaks of the R, G and B
élters in the CCD camera into (2). Designating the
respective s0ÿ1 values as s r

01, s g
01; and sb

01, we énd the
s r
01=s

g
01 and s g

01=s
b
01 ratios and take into account that

a � sNTES, where NTES is the TES concentration. Jointly
solving the two equations for o0ÿ1 and g0ÿ1, we obtain
�ho0ÿ1 � 2:7 eV and �hg0ÿ1 � 0:45 eV for short tdel (less than
2 ps) and �ho0ÿ1 � 2:6 eV and �hg0ÿ1 � 0:35 eV for long tdel
(approaching 300 ps). These parameters are consistent with
the conclusion drawn by Kreutz et al. [17] that the TLA in
VK7 glass (an analog of K8) is due to self-trapped excitons.

It is now worth turning to TLA kinetics. Note érst of all
that the fact that the TES contribution to TLA prevails does
not necessarily mean that all the carriers are in such states.
A plasma may also be present in the sample, but the Drude
absorption must be weaker than the absorption due to
excitation to TESs. In particular, the presence of a plasma in
soda and K9 glasses for a rather long time (� 100 ps) after
laser excitation is evidenced by recent data [18, 24], which
lead us to assume that the plasma lifetime in K8 is of the
same order. At the same time, as shown above the TLA in
K8 is determined primarily by TESs and not by the plasma.
To overcome this contradiction, we assume that tpl 4 trec
(TES recombination time), which means that a long-lived
plasma acts as a reservoir for élling TESs. The time
variation of NTES can then be represented by the simple
rate equation

dNTES

dt
� Npl

ttr
ÿNTES

trec
; (3)

where Npl is the plasma concentration and ttr is the time
required for an electron and/or hole to be excited to such a
state. The solution to Eqn (3) has the form

NTES � Npl
trec
ttr
�1ÿ e �ÿt=trec��: (4)

Therefore, during the time characterised by the trec
constant, the TES concentration and, hence, the associated
TLA will reach a steady-state level:

NTES � Npl
trec
ttr

: (5)

In our experiments, the time needed for TLA to reach a
constant level was within 0.45 ps, which leads us to conclude
that trec < 0:45 ps. We note in passing that ttr > tpl because
capture at TESs is not the only possible plasma recombi-
nation channel. It then follows from (5) that NTES is two to
three orders of magnitude lower than Npl, which is only
possible when s0ÿ1 4 spl.

Finally, it is worth turning to the physics behind the fact
that the TLA decay has two components, fast (t1 � 17 ps)
and slow (t2 in the order of nanoseconds). As pointed out
above, the énding that the ratio of the ad values in the R, G
and B spectral regions is nearly the same over the entire
range of time delays studied suggests that the nature of the
TLA process remains unchanged in this range. Therefore,
the rapid exponential decay of ad as a function of tdel, with a
decay time t1 � 17ÿ 17:5 ps, may be due to an increase in
ttr, the time it takes for an electron and/or hole to be
captured in a TES. An increase in ttr is accompanied by a
reduction in NTES [see Eqn (5)] and, hence, in ad. The
physical interpretation of this fact is clear. Following Sun et
al. [18], we attribute the rapid decay to the rapid electron
relaxation to the conduction band bottom, whereas the
subsequent slow (nanoseconds) decay seems to be deter-
mined by the electron lifetime in the conduction band.
Initially hot carriers are more readily excited to TESs. After
their thermalisation, the tunnelling mechanism prevails. For
this reason, ttr has the lowest value just after the pump pulse
and increases to a constant level after carrier thermalisation.
For K8 glass, the carrier thermalisation time in a plasma is
then � 17 ps. Similar thermalisation times of the electron
subsystem were reported for water [25] and semiconductors
[26].

4. Conclusions

The present TTLM results indicate that the TLA relaxation
in K8 glass after a élamented femtosecond pulse has two
components, with decay times t1 � 17ÿ 17:5 ps and
t2 4 300 ps. It follows from our results that, even though
the plasma persists in the élament core for a rather long
time, in excess of 300 ps, just 0.45 ps after the pump pulse
the dominant contribution to the TLA comes from TESs
rather than from the plasma. Analysis of the energy and
rate parameters of the plasma and TESs leads us to
conclude that carriers are excited to TESs from a long-lived
plasma reservoir and that the TES excitation energy and the
width of the corresponding transition, responsible for the
TLA, are 2.6 ë 2.7 and 0.35 ë 0.45 eV, respectively. The érst
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step of the TLA relaxation, with t1 � 17ÿ 17:5 ps, is
determined by the plasma thermalisation time, whereas the
second, with t2 4 300 ps, is determined by the plasma
lifetime.
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