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I. Introduction. The deep penetration of a laser beam into absorbent materials occurs 
through the formation of a crater (cavity) in the specimen. Radiation is propagated through 
this cavity, and products of the destruction of the material - vapor, drops of liquid, etc. - 
are removed through the cavity. The general laws governing the formation of the cavity under 
the influence of a powerful light flux have been examined in detail in connection with the 
development of powerful lasers operating in the visible and near-infrared ranges [i]. How- 
ever, periodic-pulse (PP) lasers operating on carbon dioxide and generating radiation with 
a wavelength X = 10.6 pm have come into broad use in recent years [2]. Studies made of the 
interaction of powerful infrared radiation with metals (mainly experimental studies) have 
revealed several qualitative features of this process which are not encountered in the use 
of lasers operating at shorter wavelengths. The most interesting finding is the possibility 
of achieving a high values of the "penetration parameter" of the vapor-gas channel (the ratio 
of the depth to the mean diameter) created in the specimen both in a welding regime and in 
the hole-piercing regime (laser drilling). For example, this parameter may reach a value 
of I0 in welding with a continuous beam [3] and 20 or more in a periodic-pulse regime [4]. 
For comparison, we note that the value of this ratio usually does not exceed three for lasers 
operating in the visible and infrared regions [i]. 

Another typical feature of the process of interaction of radiation from CO 2 lasers with 
metals is seen in analyzing the dependence of the rate of deepening of the cavity on the time 
and in comparing it with the analogous dependence for short-wave generators. As is known 
[i], in the last case this dependence is monotonically decreasing. This has to do with the 
geometric divergence of the laser beam. In the case of CO 2 lasers, an experiment shows a sig- 
nificantly nonmonotonic dependence of the rate of deepening of the cavity on time [4, 5]. 

A study was made in [6] of the distribution of radiation intensity in a cavity with a 
high value of the "penetration parameter." It was shown that due to the low coefficient of 
absorption of infrared radiation on the surface of metals, light beams undergo a great number 
of reflections from the side walls, and a waveguide regime of radiation propagation may arise.* 
Here, electromagnetic energy is concentrated near the bottom of the cavity. The assumption 
of the existence of a waveguide regime has made it possible to explain qualitatively the high 
values of the "penetration parameter" and the depth of penetration of a continuous laser beam 
into a target in the welding regime. It has also helped to explain the appearance of the 
inflection on the dependence of cavity depth on the time of action of the beam [4, 7]. In 
[8] the phenomenon of a sharp change in the form of the liquid bath at a certain laser power 
was connected with the appearance of rereflected beams. 

Here we study numerically a model of "capture" of laser radiation and the occurrence 
of a waveguide regime of propagation of this radiation in the cavity formed in the metal by 
the beam of a periodic-pulse laser. We examine the case of low mean laser power (limiting 
case of low pulse repetition frequency), when it is possible to ignore the effect of the liquid 
film formed on the surface of the target. Generally speaking, consideration of this film 
seriously complicates the analysis of the phenomena occurring in the zone of action of the 
radiation. 

2. Formulation of the Problem. We will assume that the target is a half-space with 
its surface turned toward the laser beam and coincidence with the plane z = 0 of the Cartesian 
coordinate system. Focused radiation of mean intensity P begins to act on the specimen at 

*The possible role of repeated reflections of light in a deep channel was first discussed 
by V. P. Veiko and M. N. Libenson (see [I], p. 253). 
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the moment of time t = 0; the focus is located a distance A above the plane z = 0. At subse- 
quent moments of time the surface of the target is described by the function z = z(x, y, t). 
Absorption of radiant energy by the surface layer of the substances causes its heating and 
removal from the cavity in the form of vapor and/or liquid. The rate of displacement of the 
surface in the normal direction is determined from the law of energy conservation 

Vs = Q.IpL, ( 2 . 1 )  

where Qa is the mean density of the absorbed energy per unit of time at a given point; O is 
density; L is the effective disintegration energy per gram of substance. Expressing Vs 
through the derivatives of z(x, y, t), we obtain the following equation* from (2.1): 

Oz f ' \"  f gz - / o:  k2 ;,;<~ 
o-r= V w) + tw) 7 .  ( 2 , 2 )  

In the case of a periodic-pulse CO 2 laser with a fixed mean power, the quantity L is generally 
a complex function of the pulse width ~ and Qa. It increases rapidly in the region of large 
and small values of the density of absorbed energy (with a fixed ~) [9]. We will henceforth 
examine the case pertaining to small values of Qa. In connection with this, we use the follow- 
ing approximation of the function L: 

Qa < Qo, Qo = Qo (T). 
( 2 . 3 )  

The quantity Qa in (2.2) and (2.3) is a functional of z(x, y), and it also depends on the dis- 
placement of the focus A and the angle of focus of the radiation. Here, we described the 
laser radiation in an approximation of geometrical optics, i.e., we assumed that X/(Ae 0) + 0. 
Meanwhile, we examined only planar and axially symmetrical cases. The value of Qa for a spec- 
ified function z(x, y) was calculated as follows. The focused radiation was represented 
as a set of N rays taken with a certain weight, such that the distribution function of the 
rays with respect to the angles at the focal point was Gaussian: 

,i0, (0) = ~ ( 2 ~ F  e x p  < - -  - ~  ,: 
" a O  ~ 0 o 

(2,4) 

where e o << ~ is the focusing angle; v = 0 in the axially symmetrical case and v = 1 in the 
planar case. The energy transported by the rays per unit of the solid angle was assumed to 
be proportional to their weight and was normalized for the total power of the laser P. We 
then constructed the trajectory of each ray in the cavity. Here, the weight of the ray after 
the next reflection from the wall was multiplied by the reflection coefficient, which was 
calculated from the formulas [i0] 

COS 0~--  ~ 2 R~=t--4;ocos~, & i = l ~ t , :  ;=;o(1--0, 

where the subscripts /_ and II pertain to rays polarized perpendicular and parallel to the 
plane of incidence, respectively; ~ is the surface impedance of the metal; ~ is the angle 
of incidence of the ray on the surface. If the weight of the ray becomes less than 10 -4 of 
the initial value, it is eliminated from further consideration. The energy absorbed on the 
given element of the cavity surface was calculated by summing the contributions of the indi- 
vidual rays (with allowance for the weight). The value of Qa calculated as described above 
was inserted into Eq. {2.2), which was solved on a BESM-6 computer by an explicit scheme. 
Most of the computations were performed with N = 500, while some of the control computations 
were performed with N = i000 and N = 2000. 

It should be noted that the method used here to model the dynamics of cavity formation 
is not limited to explicit forms of the functions L (2.3) and f(8) (2.4), which are employed 
and can be used in a more general case. 

*This equation can be written in dimensionless form by making the substitutions r~r'<,,, t +t%, 
a-=  AOo, to= a'z-(AOo):~pLtt', ()o-" Qof?'*., Q * - ~  Pt~(A(~o)- ' .  
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3. "Capture" of Radiation and Occurrence of a Waveguide Regime in Cavity Formation. 
Figure 1 shows results of calculation of the dynamics of the formation of a cavity by an 
axially symmetrical laser beam polarized parallel to the plane of incidence. The numbers 
i-5 denote the dependence of the energy release on the walls of the cavity on the coordinate 
z for different moments of time from the beginning of action of the radiation. The form of 
the cavity for these moments of time and the function h(t) are shown in the insert (the dashed 
lines in Fig. i denote the position of the bottom of the crater). At short times, when the 
cavity is shallow, all of the rays incident on the surface of the target interact with the 
target only once. Here, the rate of deepening of the crater is determined by the initial 
intensity and divergence of the beam and is proportional to the absorption coefficient of 
the material. This is evident from Fig. 2, which shows graphs of the initial sections of 
the curve h(t) for ~0 = 5"10-2. 2-5"10-2, and 1.25"10 -2 (lines i-3, respectively). The 
dashed lines correspond to polarization perpendicular to the plane of incidence, while the 
solid lines correspond to polarization parallel to this plane. At a certain critical value 
of cavity depth h* = 80A, some of the rays, reflected from the side walls, strike the bottom 
of the cavity and thereby undergo several reflections. At h = h*, the distribution of the 
intensity of the radiation absorbed on the cavity walls undergoes significant changes: A 
local maximum appears near the point of rotation of the group of rays propagated at an angle 
8 ~ 8 o to the axis of the cavity. At this moment there is a sharp change in the form of the 
cavity near its bottom (see curves 2 and 3 in Fig. i). With a further increase in h, the 
number of maxima on the dependence of the absorbed energy on the coordinate z increases, 
which corresponds to a greater number of reflections of rays near the bottom; their ampli- 
tude increases, while the position is shifted toward the bottom of the crater. By a certain 
moment of time, all of the local maxima have merged into a single maximum located near the 
bottom. The intensity of the radiation on the bottom at this moment exceeds the intensity 
at t = 0, i.e., the rays reflected from the side walls are focused on the bottom of the cav- 
ity,t which leads to a sharp decrease in the rate of deepening of the cavity (see Figs. 1 

and 2). 

At subsequent moments of time, the absorbed-energy maximum is located on the bottom of 
the cavity and is determined mainly by rereflected rays. This indicates the creation of a 
waveguide regime of radiation propagation in the channel. 

The increase in the number of reflections in the channel leads to an increase in the 
effective coefficient of absorption K of the incoming energy by the specimen. Figure 3 shows 
graphs of the dependence of K on the "penetration parameter" of the cavity calculated as an 
example for a parabolic cavity shape. A similar relationship is seen in experiments involv- 
ing the laser welding of metals, when the value of h/d changes in relation to the rate of 
movement of the beam [8]. 

tThe possibility of the occurrence of such a phenomenon was first noted in [ii], where it 
was concluded from experimental data on the destruction of acrylic resin by laser radiation 
that light intensity increases on the bottom of the cavity. However, no quantitative model 
permitting description of this phenomenon was proposed. 
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The relative role of rereflections increases with a decrease in the absorption of radia- 
tion on the surface of the target: It follows from Fig. 2 that the ratio of the rates of 
deepening of the cavity at h > A80 and h << A80 increases with a decrease in ~0. This rela- 
tion is truer for rays polarized perpendicular to the plane of incidence than for rays with 
parallel polarization, which also has to do with the lower coefficient of absorption of light 
by the metal in the last case. 

It must be emphasized that the distribution of light absorption along the axis of the 
cavity depends appreciably on the specific form of the function f(8). As an example, Fig. 
4 shows the distribution of intensity for the case when f(e) is constant within the range 
of the focusing angle if(8) = f08(80 - 181)]. The oscillation in the graph is connected with 
the arrival at the given point of rays which have undergone different numbers of reflections 
from the cavity walls. 

4. Limiting Depth of Penetration of Laser Beam into Metal. It is interesting for sever- 
al applications to study the limiting parameters of the cavity formed in a specimen in the 
case of long times of action of the radiation. The maximum cavity depth is determined from 
the condition of equality of the absorbed intensity on the bottom to the value of Q0 [see 
(2.3)]. The family of curves h(t) for different values of Q0 is shown in Fig. 5 (lines 1-4 
correspond to Q/Q* = 0, 0.075, 0.3, and 0.4). As might be expected, the limiting cavity depth 
decreases with an increase in the threshold intensity. It is interesting to note that with 
an increase in Q the "capture" of the beam in the cavity occurs with shorter times of action 
of the radiation. This is connected with the fact that the diameter of the resulting cavity 
d turns out to be smaller in this case. Thus, the "capture" condition h ~ d begins to be 
satisfied at smaller values of cavity depth. 

Figure 6 shows calculated curves h(t) for ~0 = 5~ 2-5"10-2, and 1.25.10 -2 (lines 
i-3, respectively). The solid lines correspond to rays polarized perpendicular to the plane 
of incidence, while the dashed lines correspond to rays polarized parallel to this plane. 
At short times, h increases with an increase in ~0 [i]. However, the reverse situation pre- 
vails at long times: A large limiting cavity depth corresponds to a lower coefficient of 
absorption on the surface of the metal. Such a finding can be explained on the basis of wave- 
guide considerations [4, 6, 7]: A lower value of ~0 corresponds to a greater depth of pene- 
tration of the radiation in the narrow channel and, thus, to a greater cavity depth (with 
roughly the same diameters). From this point of view, it is natural to expect a deeper cav- 
ity when the radiation is polarized perpendicular to the plane of incidence (see Fig. 6). 
In waveguide terminology, this case corresponds to the propagation of magnetic-type modes 
having the greatest quality factor [i0]. 
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It should be noted that a dependence of the penetration of a laser beam into a specimen 
on polarization that was similar to the dependence found here was discovered experimentally 
for a cutting regime in [12] and was connected with the occurrence of a waveguide regime of 
radiation propagation in the cavity. 

Our study showed that the rereflection of rays from the side walls may have a signifi- 
cant effect on the dynamics of the destruction of metals. The role of these reflections in- 
creases with a decrease in the coefficient of absorption of radiation on the surface of the 
target. Figure 7 shows the dependence of the rate of deepening of the cavity on the depth 
of the cavity, with the dashed line showing the monotonically decreasing relation obtained 
in [i] when rereflection of rays was ignored. The sharp increase in h at h = d is connected 
with the "capture" of radiation in the channel, while the decrease at large h is due to at- 
tenuation of light in the repeated reflections in the metallic waveguide that is the cavity. 
The ratio of the maximum rate of deepening of the cavity to the initial rate (t + 0) ob- 
tained by calculation with r = 2.5"10-2 reaches a value on the order of I0. This result 
agrees well with the experimental value of this quantity obtained in the case of interaction 
of radiation from a periodic-pulse CO 2 laser with stainless steel [4, 5]. 

We would like to thank A. A. Vedenov for his interest in the work, A. L. Chernyakov and 
A. N. Yavokhin for their useful discussions of the results, and R. V. Arutyunyan for his im- 
portant contribution [ii]. 
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