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The propagation of a filamentary laser beam at an air-glass surface is studied by setting the incident angle sat-
isfying the total reflection condition. The images of the trajectory of the filamentary laser beam inside the sample
and the output far-field spatial profiles are measured with varying incident laser pulse energies. Different from
the general total reflection, a transmitted laser beam is detected along the propagation direction of the incident
laser beam. The energy ratio of the transmitted laser beam depends on the pulse energies of the incident laser
beam. The background energy reservoir surrounding the filament core can break the law of total reflection at the
air-glass surface, resulting in the regeneration of the transmitted laser beam.
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The self-guided propagation of intense femtosecond laser
pulses in transparent media results in the generation of
extended plasma channels that have exciting potential ap-
plications in the field of fundamental nonlinear optical
physics[1–5]. A single and stable filament can be generated
by using a conventional lens reaching a few tens of milli-
meters or even meters, if the laser intensity exceeds the
critical power Pcr. Multifilaments will be formed as the
incident pulse exceeding the critical power by an order of
magnitude, which is unstable both in space and time[6]. In-
vestigations on the characterization of a single filament
with the incident laser power P ≥ Pcr and the interactions
among multifilaments were performed to search for
further applications of laser filamentation, e.g. amplified
spontaneous emission air lasing in both the backward
and forward directions[7,8]. Meanwhile, the propagation
characteristics were also studied. Polynkin et al. experi-
mentally observed the generation of curved plasma chan-
nels in both air and water by applying femtosecond Airy
beams[9,10]. An extended and robust thermal waveguide
structure in air with a lifetime of several milliseconds
can be formed with femtosecond filaments[11], making pos-
sible the very-long-range guiding and distant projection of
high-energy laser pulses and high average power beams.
However, the propagation characteristics of high power

pulsed lasers at the interfaces of different transparent ma-
terials are ignored, particularly those of femtosecond fila-
ment. The air-glass surface is now widely used for the
imaging of the lateral distribution of a filament[12–14]; how-
ever, the propagation characteristics are neglected. Set-
ting the incident angle satisfying the total reflection
condition, the propagation of a femtosecond filament at
an air-glass surface is studied by showing the imaging
of the propagation trajectory, the far-field profiles in this
Letter. The dependence of the pulse energy of the reflec-
tive beam on the incident pulse energy is also measured.

Figure 1 shows the experimental setup. The basic
parameters of the femtosecond laser beam are a pulse en-
ergy of 1.1 mJ, a central wavelength of 800 nm, a pulse
duration of 60 fs, and a repetition rate of 1.0 kHz. One
set of neutral density filters is applied to change the pulse
energy of the incident beam. The beam size is reduced
from 10 to 0.5 mm by a telescope. BK7 glass is a hexahe-
dral structure with two trapezoidal surfaces and four ob-
long surfaces; it is used as the sample. The angle is θ ¼ 60o,
and the laser beam is sent into the sample vertically in the
measurement. The laser beam experiences filamentation
inside the sample, and the incident angle of the filament
on the upper air-glass surface is 60°. A telescope is set in
front of a sensitive charge-coupled device camera (CCD2).
It can collect and project plasma fluorescence into the sen-
sitive area of CCD2, and a two-dimensional image of the
propagation trajectories of the filamentary laser beam is
measured. A fused silica lens and CCD1 with invariable
space are applied to measure the output spatial profiles
of the probe beam. Filter2 and CCD1 can be moved out
of the beam pass, and an energy meter is applied to
measure the laser pulse energy after the propagation in
the sample.

Fig. 1. Schematic layout of the experimental setup for studying
the total reflection of a femtosecond filament at the air-glass
surface. M1 and M2 are silver-coated mirrors.
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According to the law of reflection, an 800 nm light beam
propagating inside BK7 glass will experience total reflec-
tion at the air-glass surface with an incident angle of 60°
because the refractive index is n0 ¼ 1.51. In the experi-
ment, a laser beam with a pulse energy of about 0.09 mJ
is sent to form a filament inside the sample, corresponding
to an input peak power P ≈ 660Pcr, with the critical power
for self-focusing defined as Pcr ¼ 3.77λ2∕ð8πn0n2Þ, where λ
is the center wavelength, and n2 ¼ 3.18 × 10−16 cm2∕W[15]

is the nonlinear refractive index. During the propagation
inside the glass, the laser beam forms a single stable fila-
ment. Figure 2(a) shows the propagation trajectory of
the filamentary pulsed laser beam in the sample, which
is imaged by the fluorescence of the plasma channel. After
the reflection at the air-glass surface, the reflective filament
passes through the glass vertically at the corresponding
surface. The fluorescence intensity of the incident filament
and reflective filament are in the same level, i.e., the plasma
densities of both filaments are similar because they are
closely related to the plasma fluorescence, the incident
pulse energy. Changing the incident laser pulse energy to
be 0.87 mJ, more than one filament are formed inside
the glass, and it also experiences reflection at the air-glass
surface, as illustrated by the propagation trajectory in
Fig. 2(b). Two obvious filaments are found at the
trajectory of the incident laser beam, while six separated
filaments are found at different parts of the reflective

trajectory. With further propagation of the laser beam,
the beam’s size increases slightly due to the interaction
of the multifilaments, i.e., the distances among filaments
increase with the propagation distance[16]. After the reflec-
tion at the air-glass surface, six separated filaments are
formed at different parts of the trajectory of the reflective
beam. From the number of the filaments formed at both
sides, we can find that the air-glass surface changes the
propagation characteristics of the laser beams a lot. Mean-
while, the fluorescence emission from the reflective
filaments is weaker than that from the incident filaments.

The far-field spatial profiles of the filamentary laser
beam after reflection at the air-glass surface are also mea-
sured and illustrated in Figs. 2(c) and 2(d) for two differ-
ent pulse energies. With the laser pulse energy set to
0.09 mJ, it presents as a self-cleaning core with symmet-
rical spatial distribution. The shape of the laser beam re-
mains circular, which demonstrates that the air-solid
surface is different from the air-liquid surface[17]. A laser
beam with a low pulse energy can be deformed through
total reflection at an air-water surface by inducing a con-
vex mirror effect on the beam propagation[17]. The shape of
the laser beam is a clear ellipse after total reflection at the
air-water surface, and the intensity distribution remains
Gaussian, while the laser beam is circular after reflection
at a normal mirror. When the laser pulse energy is changed
to 0.87 mJ, multifilaments are formed inside the glass.
The far-field spatial profile of the reflective laser beam
is displayed in Fig. 2(d).

By analyzing the supercontinuum generation during the
laser filamentation in condensed media, Liu et al.[18] found
the evidence for the clamping phenomenon, and the
clamping intensity is believed to be ∼1012 W∕cm2. With-
out thinking about the clamping effect, the peak laser
intensity for a pulse energy of 0.09 mJ is I L ¼
5.6 × 1012 W∕cm2, while that of 0.87 mJ is IH ¼
5.53 × 1013 W∕cm2. As both of them are higher than
the clamping intensity, it can be believed that the filamen-
tary laser beam propagates inside the sample with the
clamping intensity, which bring us to the question: How
can a filamentary laser beam with such a high intensity
be reflected by the air-glass surface?

Except for the reflective beam, a part of the laser beam
transmits through the air-glass surface along the propaga-
tion direction of the incident laser beam presenting as the
transmitted beam. With an incident pulse energy of
0.09 mJ, the pulse energy of the reflective laser beam is
measured to be 0.05 mJ, i.e., 48% of the energy is lost
to the transmitted beam by ignoring the energy loss
due to the plasma generation. Because of the technical
limitation, the far-field spatial profile of the transmitted
beam is simply measured with a commercial camera by
irradiating it on a white screen. It exhibits as an energy
concentration center surrounding by conical emissions,
as shown in Fig. 3(a). For the conical emission generated
by a femtosecond laser filamentation inside a solid trans-
parent medium, the far-field spatial profile appears as a
white spot in the center surrounded by colored concentric

Fig. 2. Images of the propagation trajectory of the filamentary
laser beams inside the BK7 glass with the incident laser pulse
energy set to be (a) 0.09 mJ and (b) 0.87 mJ. It should be pointed
out that the hot tops in Figs. 2(a) and 2(b) are caused by the
scattered light, which cannot totally blocked in the measure-
ment. (c) and (d) are the corresponding far-field spatial profiles
of the filamentary laser beams after reflection at the air-glass
surface.
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rings, and the white spot is round and is where the energy
is concentrated[16]. However, the shape of the spot shown in
Fig. 3(a) is quasi-elliptic, and the conical emission is so
weak that no obvious colored rings are detected. When
the incident pulse energy is increased to be 0.78 mJ,
37.5% of the energy is taken by the transmitted laser
beam, whose far-field spatial profile is shown in Fig. 3(b).
The reflective index of the BK7 glass experiences a
wavelength dependence, which is larger than 1.50 with
wavelengths shorter than 103 nm. With an incident angle
of 60°, all the frequency components with wavelengths
shorter than 103 nm will experience total reflection at
the air-glass surface, which brings us to another question:
How does part of the filamentary laser beam transmit
through the air-glass surface?
In the propagation path of a filamentary laser beam,

except for the bright cores corresponding to the filaments,
a diffused illuminated area extending transversely around
the filaments can also be observed, which is known as the
background energy reservoir. The energy reservoir plays
an important role in the processes of filament formation
and regeneration[19]. It has been experimentally observed
that filaments are regenerated when a central stopper
blocks their propagation[20]. However, a filament will van-
ish at s short distance if its surrounding energy reservoir is
blocked by an iris, and the distance depends on the size of
the hole[21]. The filament itself contains only about 10% of
the total energy, while most of the energy is located in the
background energy reservoir. A special form of energy, the
energy reservoir is not light and cannot be limited by the
law of reflection. When a filamentary laser pulse arrives at
the air-glass surface satisfying the total reflection condi-
tion, the filament cores, which contain frequency compo-
nents from near-infrared to ultraviolet, can be totally
reflected, while the background energy reservoir surround-
ing the filament experiences not only reflection but also
transmission. The laser beam will be regenerated by the
transmitted energy reservoir as illustrated by the far-field
profile in Fig. 3. The amount of energy that can transmit
through the air-glass surface depends on the incident laser
pulse energy.
The dependence of the reflective pulse energy on the in-

cident pulse energy (intensity) is illustrated by the black
solid line of squares in Fig. 4. The reflective pulse energy

exhibits an approximately linear change with the incident
laser pulse energy. In order to quantify the relationship,
we define the total (core) energy ratio as the measured re-
flective total (core) pulse energy divided by the incident
pulse energy of the laser beam. The total energy ratio
firstly increases from 52.4% to 67.5% by adjusting the in-
cident laser pulse energy from 0.09 to 0.56 mJ, i.e., more
and more energy saved in the background energy reservoir
is reflected by the air-glass surface with the increase of the
incident pulse energy. Then, it decreases from 67.5% to
62.5% with the further increase of the laser pulse energy
from 0.56 to 0.87 mJ, which means more and more energy
saved in the energy reservoir transmits through the
air-glass surface.

Blocking the conical emission from the reflective beam,
its core energy is measured, and the core energy ratio is
shown by the red dashed line of circles in Fig. 4. It reduces
from 18.0% to 5.3% with the increase of the incident laser
intensity, i.e., more energy flows to the supercontinuum
conical emission. Accompanied by the filamentation of
a high-power laser pulse, various nonlinear processes are
generated, and competitions among the supercontinuum
conical emission, multifilamentation, and photon ioniza-
tion during the filamentation process have been demon-
strated[22–24], which is determined by the laser intensities.
With the increase of the incident laser intensity, multifi-
lamentation dominates during the filamentation process,
and the interaction among multifilaments results in more
intense nonlinear effects, such as self-phase modulation
and self-steepening effect, which are significant for the
conical emission. With the increase of the incident laser
intensity, more and more energy is taken by the filament
exhibiting as a supercontinuum conical emission instead of
being saved in the background energy reservoir. The coni-
cal emission follows the law of reflection, and it is totally
reflected by the air-glass surface. That is why the total
energy ratio firstly increases with the incident laser inten-
sity. With the further increase of the incident laser inten-
sity, the supercontinuum conical emission reaches its
maximum and relatively more energy is saved in the

Fig. 3. Far-field spatial profile of the transmitted laser beam
through the air-glass surface with the incident laser pulse energy
set to be (a) 0.09 and (b) 0.87 mJ.

Fig. 4. Dependencies of the pulse energy of the reflective beam
(the black solid line of squares), the total energy ratio, and the
core energy ratio on the pulse energy of the incident laser beam.
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background energy reservoir. More energy is taken by the
transmitted laser beam, resulting in the decrease of the
total energy ratio with the incident laser intensity.
Setting the incident angle satisfying the total reflection

condition, we study the propagation of a filamentary pulse
at an air-glass surface by showing the images of the propa-
gation trajectories and the far-field profiles of the laser
beams with different incident pulse energies. The experi-
ment finds the filamentary laser beam experiences both
reflection and transmission at the air-glass surface, while
the transmitted laser pulse is regenerated by the back-
ground energy reservoir, which cannot be limited by the
law of reflection as a special existence of energy. The ratio
between the reflective beam and the transmitted beam
depends on the incident laser pulse energy.
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