
Abstract. The effect of the radiation intensity limitation is
described using the time-dependent radiative transfer equation
taking into account the nonlinearity of the working material
of the limiter, which makes it possible to abstract from
speciéc microscopic mechanisms of interaction of radiation
with matter. An expression is presented which describes both
the deformation of the shape of the laser pulse propagating
through a nonlinear medium and the output characteristic
(dependence of the output energy on the energy of incident
radiation) of the limiter at a known dependence of the
absorption coefécient on the laser pulsed radiation intensity
with a given pulse shape. A functional equation is derived to
determine the dependence of the absorption coefécient on the
intensity from the experimental output characteristic, which
allows one to predict the limiter properties for different
thicknesses of the working medium, as well as to effectively
compare limiters of different types.

Keywords: laser radiation intensity limitation, nonlinear medium,
time-dependent radiative transfer equation, pulse shape, absorption
coefécient.

The development of the laser technology, which penetrated
into various spheres of human activity, has revealed the
importance of the problems of protection of eyes and
optical sensors subjected to high-power radiation. The
urgency of this problem is caused by a noticeable increase
in the radiation intensity of laser devices operating in a wide
spectral range [1].

The problem of designing laser radiation intensity limit-
ers, capable of triggering during the time much shorter than
the laser pulse duration, has long attracted the attention of
researchers and engineers [2 ë 5]. The main attention is now
on énding, developing and studying new optical materials of
the limiters based on theoretical and experimental consid-
eration of the features of the physical processes of
interaction of light with a nonlinear absorbing and scatter-
ing media [5 ë 8].

The description of the output characteristic of the
limiters (dependence of the output energy on the energy

of incident radiation), based on consideration of speciéc
microscopic mechanisms limiting the radiation intensity
does not provide a sufécient agreement between theory
and experiment. This is explained by the fact that in a real
limiter several radiation ëmatter interaction mechanisms,
whose degree of inêuence is not known, take place simulta-
neously; the description of each mechanism is based on
many numerical parameters whose values may not corre-
spond to the real limiter; and, énally, the calculation of the
macroscopic characteristics of the limiter is a complex
problem that is not completely solved yet. In addition,
the problem of development of effective laser radiation
intensity limiters requires a set of experiments at different
values of the limiter parameters and radiation character-
istics.

As a rule, in various computational models the exper-
imental data on the functioning of a particular limiter are
used only for comparison with the results of preliminary
calculations [9, 10]. At the same time, more promising is
apparently the approach in which experimental data are
used already at the stage of preliminary calculations. This
approach, in particular, allows one to calculate the depend-
ence of the nonlinear absorption on the radiation intensity
using the measured output characteristic of the given limiter,
and then using the calculated dependence to predict the
output characteristic of the limiter with the same working
medium, but, for example, with another thickness of its
layer or with another pulse duration.

In [7], we proposed an approach to the description of the
radiation intensity limitation by using the steady-state
radiative transfer equation, which allows one to determine
the dependence of the absorption coefécient of the limiter's
working medium on the laser intensity directly from the
experimental output characteristic of the given limiter.
Obtaining this dependence makes it possible to predict
the properties of the limiters at different thicknesses of
the working medium, and to compare different types of
limiters with each other. However, because the steady-state
radiative transfer equation was used in consideration, the
temporal characteristics of radiation could be taken into
account only indirectly.

In this paper, we developed an approach to describe the
interaction of laser pulses with a nonlinear medium with the
help of the time-dependent radiative transfer equation. This
approach allows one to explicitly take into account the
initial pulse shape, to describe the deformation of the shape
of the pulses propagating through the nonlinear medium,
and to predict the properties of the limiter not only for
different thicknesses of the working medium but also for
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other shapes of laser pulses. Note that in this paper, unlike
[7], the scattering properties of the limiter's working medium
are not considered.

Let us consider the time-dependent radiative transfer
equation (RTE) for a purely absorbing medium (PAM)
[11 ë 13]. In this case, we neglect all the radiation ëmatter
interaction processes except absorption. The medium
parameters (the absorption coefécient m) are included in
the RTE. We assume that the nonlinear properties of the
medium are determined by the dependence of the absorption
coefécient on the radiation intensity. At the same time,
because the working medium of the limiter represents a
homogeneous layer, there will be no explicit dependence of
the characteristics of the medium on the coordinates, i.e.,
m � m(F(r,X, t)), where F(r,X, t) is the radiation êux density
at point r at an instant of time t in the direction X. Then the
RTE can be written in the form:

1

v
q
qt

F�r;X; t� �X grad�F�r;X; t��

� m�F�r;X; t��F�r;X; t� � S�r;X; t�, (1)

whereS(r,X, t) is the density of the radiation sources at
point r at an instant of time t in the direction X and v is the
modulus of the radiation propagation velocity in the
medium.

For a directed source of pulsed radiation, which is a
laser,

S�r;X; t� �
�
U0 f�t�

��1
0

f�t�dt
�
d�r�d2�XX0�,

where U0 is the pulse energy; f(t) is the laser pulse shape;
X0 is the direction of the radiation source perpendicular to
the layer of the working medium of the limiter; d(r) and
d2(XX0) is the three-dimensional and surface delta func-
tions, respectively. We choose the Cartesian coordinates
(x, y, z) with z axis along the vector X0. In this case, the
solution of equation (1) should have the form:
F(r,X, t)�I(z, t)d(x)� d(y)d2(XX0), where I(z, t) is the
radiation intensity at point z at an instant of time t; d(x)
is a one-dimensional delta function. Accordingly,
m(F(r,X, t)� � m(I(z, t)). Then, the RTE can be written as

1

v
q
qt
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qz

I�z; t� � m�I�z; t��I�z; t� � 0, (2)

and the point source can be written as a boundary
condition:

I�0; t� � I0 f�t� �
�
U0

��1
0

f�t�dt
�
f�t�,

where U0 �
� 1
0 I0 f�t�dt is the total pulse energy.

Since in a nonlinear medium the dependence on the pulse
energy U0 is nonlinear, we will introduce U0 in the list of
arguments of the solution I(U0, d, t), where d is the thickness
of the working medium of the limiter. In the implicit form,
the solution I(U0, d, t) of equation (2) will have the form� I�U0 ;d;t�

U0 f �tÿd=v�=
� 1
0

f �t�dt

dI

Im�I� � ÿd. (3)

Using expression (3), we can determine both the change
in pulse shape F(t) � I(U0, d, t)=I0 as compared with the
original shape [ f(t)] and the limiter's output characteristic,
i.e., the dependence of the total pulse energy

U � j�U0; d� �
�1
0

I�U0; t; t�dt

after its passage through the limiter on the total energy of
the initial pulse U0.

The dependence of the absorption coefécient on the
radiation intensity can be expanded in a Taylor series:

m�I� �
X1
n�0
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n!

d nm�I�
dI n

����
I�0
�I�n �

X1
n�0

1

n!
m �n�I n. (4)

The basic laws of the radiation intensity limitation can be
established by retaining a few terms. For example, retaining
two or three terms in (4), we obtain the linear [Fig. 1, curve
( 1 )] and nonlinear [Fig. 1, curve ( 2 )] dependences of the
absorption coefécient on the radiation intensity, respec-
tively:

m�I� � m �0� � m �1�I, (5)

m�I� � m �0� � m �1�I� 1

2
m �2�I 2. (6)

Consider the change in the pulse shape in the linear case
(5). By substituting (5) into (3), we obtain

I�U0; d; t� �

m �0� exp
ÿÿ m �0�d

�
U0 f�tÿ d=v�

m �0�
� 1
0 f�t�dt� m �1��1ÿ exp

ÿÿ m �0�d
��U0 f�tÿ d=v� . (7)

Figure 2 shows the change in the shape of the initial
triangular pulse in accordance with expression (7).

Knowing the initial pulse shape f(t), we can obtain the
output characteristic of the limiter U � j(U0, d ). For
example, in the case of a rectangular pulse of duration
T, we have f(t) � T ÿ1�Z(t)ÿ Z(tÿ T )�, where Z( ) is a step
Heaviside function. Then,
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Figure 1. Linear [m �0� � 2 cmÿ1, m �1� � 100� 10ÿ9 cmÿ1 Jÿ1 s] ( 1 ) and
nonlinear [m �0� � 2 cmÿ1, m �1� � 100� 10ÿ9 cmÿ1 Jÿ1 s, m �2� � ÿ0:8�
10ÿ18 cmÿ1 Jÿ1 s2] ( 2 ) dependences of the absorption coefécient on the
radiation intensity.
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U � j�U0; d� �
�1
0

I�U0; d; t�dt

� U0m
�0� exp�ÿm �0�d�

m �0� � m �1��1ÿ exp�ÿm �0�d��U0=T
. (8)

Unlike the steady-state case [5], expression (8) explicitly
includes the pulse duration T. Figure 3 shows the depend-
ence of the output characteristic U � j(U0) on the duration
of the rectangular pulse. Similar dependences can be
obtained for any speciéed pulse shape.

Using expression (3), for the given dependence of the
absorption coefécient on the radiation intensity m(I) and the
initial pulse shape f(t), we can énd I(U0, d, t) and output
characteristic

j�U0; d� �
�1
0

I�U0; d; t�dt.

Figure 4 presents the output characteristics for the
nonlinear dependence of the absorption on the radiation
intensity [Fig. 1, curve ( 2 )] and rectangular pulses of
different durations.

If we know the output characteristic U�j(U0, d ) and
the pulse shape f(t), differentiating (3) in U0, we obtain the
functional equation for determining the dependence of the
absorption coefécient on the radiation intensity m(I):

U0m
�
U0 f�tÿ d=v�� 1

0 f�t�dt
�

q
qU0

I�U0; d; t�

� I�U0; d; t�m�I�U0; d; t��. (9)

For a rectangular pulse of duration T and total energy
U0, the intensity of propagated radiation is I(U0, d, t) �
I1(U0, d )�Z(t)ÿ Z(tÿ T )� and

j�U0; d;T ��
�1
0

I1�U0; d��Z�t� ÿ Z�tÿ T ��dt � I1�U0; d�T.

Then, at t 2 (d=v, d=v� T ), we have

U0m
�
U0

T

�
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qU0

j�U0; d;T �.

� j�U0; d;T �m
�
j�U0; d;T �

T

�
. (10)

Moreover, the value of m(0) can be found by the initial part
of the output characteristic at U! 0, assuming that the
Bouguer ëLambert ëBeer law is fulélled. The resulting
dependence of the absorption coefécient m on the radiation
intensity I can be used to calculate the output characteristic
U � j(U0, d,T ) for different thicknesses d of the limiter
and rectangular pulse durations T, which will reduce the
number of costly full-scale experiments.

Thus, we have proposed an approach to describe the
laser radiation intensity limitation, taking into account both
the nonlinear properties of the limiter material and temporal
characteristics of incident radiation. We present the equa-
tions for determining the output characteristic by the known
dependence of the absorption coefécient on the pulsed
radiation intensity with a given pulse shape and by the
dependence of the absorption coefécient on the intensity by
the experimental output characteristic. The estimate of the
optical characteristic of the limiter material directly from the
experimental output characteristic can be used to predict its
properties at other thicknesses of the limiter material and at
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Figure 2. Initial pulse ( 1 ) and change in its shape during the passage
through the layer of the limiter material of thickness d � 1 mm with
m �0� � 2 cmÿ1, m �1� � 1� 10ÿ9 cmÿ1 Jÿ1 s ( 2 ), m �1� � 10� 10ÿ9

cmÿ1 Jÿ1 s ( 3 ), and m �1� � 100� 10ÿ9 cmÿ1 Jÿ1 s ( 4 ).
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Figure 3. Dependence of the output characteristic U � j�U0� for the
linear dependence of the absorption coefécient on the radiation intensity
at a rectangular pulse duration of 20 ( 1 ), 10 ( 2 ), and 5 ns ( 3 ); the
thickness of the limiter material is 1.0 mm.

0 1 2 3 U0

�
J cmÿ2

U
�
J cmÿ2

0.5

1.0

1.5

2.0

2.5

1

2

3
4

9
8

75 6

Figure 4. Output characteristics of the limiter at a rectangular pulse
duration of 5 ( 4, 7, 9 ), 10 ( 2, 6, 8 ), and 20 ns ( 1, 3, 6) for the working
layer of thickness 0.5 ( 1, 2, 4 ), 1.0 ( 3, 5, 7 ) and 2.0 mm ( 6, 8, 9 ).
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other pulse shape of the incident radiation. In addition, the
proposed approach provides an effective comparison of
different types of limiters by using the dependence of the
absorption coefécient of the limiter material on the radi-
ation intensity.
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