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A hypothesis that joint action (coaction) in a system œsolid body$plasma$

energy flows (flows of matter)B is nonadditive, as well as some new synergistic 
peculiarities of system evolution, is discussed.  A scheme of a priori combination of 
actions is also considered.  The structure of a program package for investigation of 
the evolution of target matter under coaction of concentrated energy flows (CEF's) 
of various types is analyzed.  The prospects for computer-aided creation of physical 
and mathematical models starting from chosen conditions are also under discussion.  
A model is presented of metal thermal oxidation by an oxygen-ion beam upon 
exposure to laser radiation, as well as a model of laser-arc melting of metals and 
preliminary results of simulation.  

 
It seems expedient to consider  the role of the 

pulsed lasers in the context of creation of new 
technologies based conceptually on the nonlinear 
physics ideas  harnessing the  action of concentrated 
energy fluxes (CEF's ) of different nature on matter.  
Among promising ways for action, beams of charged 
particles (ions, electrons, and so on), fields nonuniform 
in space and time, and so on, should be pointed out.  
Clearly, the CEF different nature is tentative, and we 
can say about it only for macrodescription of processes.  

For the theoretical description, synergism of 
processes occurring in  the matter irradiated by CEF is 
of interest.  As an example, Refs. 2 and 3 should be 
mentioned.  We have to certify lack of theoretical 
investigations of joint action (coaction) of several 
CEF's of different nature.  

Coaction occurs when CEF's: 
$ affect a set of general parameters of a medium;  
$ engender, support, and control the same or 

correlating processes (heat transfer, phase changes, 
diffusion, macrokinetic processes, and so on);  

$ coexist in time and act on common or contiguous 
space. 

The hypothesis that coaction is nonadditive seems  
justified, i.e., some new synergistic peculiarities in 
evolution of investigated systems appear under coaction 
of two and more CEF's of different nature.  

We restrict ourselves to the consideration of only 
a solid body (SB) and a space surrounding it as an 
object of action.  Therewith, interaction of 
subsystems in the given system would be expected 
like that shown in Fig. 1a.  

 

 
a 
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FIG. 1.  The structure presentation of factors 
determining the system evolution. Here P1, P2, ..., Pn 
are the concentrated energy fluxes  of different nature 
(a).  The flow chart of the program package for 
simulation of coaction on different solid bodies (b).  
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We suggest the universal instrument for 
theoretical study of the evolution for a  variety of 
states of target matter upon exposure to the CEF of all  
types: from mechanical pressure to X-ray irradiation.  It 
consists of the computer-aided  simulation of physical 
and mathematical models by stages (with conditions 
chosen by a researcher: object of coaction, 
characteristics of coaction, state of a medium 
surrounding a target, model approximation, and so on), 
their subsequent comprehensive study and refinement, 
and comparison with the use of the general-purpose 
program package.  The package structure is shown in 
Fig. 1b.  In this  case, the objective is the development 
of physical basis for the technology capable of realizing 
principally new mechanisms of self-organization of the 
internal structure of materials with the help of 
multiplicative effect of all actions and control over 
nonequilibrium state of processes in a set of coupled 
subsystems. 

By the present time, some fragments of the 
package considered above have been realized: some 
calculating modules (integration of systems of 
differential equations by the modified Runge-Kutta-
Merson method and check of solution stability by the 
Routh-Hurwitz method), interface elements, and 
database.  This allows one to study the system 
evolution in some concrete cases.4-6  As an illustration, 
we consider briefly two models: (1) point-process 
model of the thermal oxidation of metal like wolfram 
with metallic oxide being sublimated easily upon 
exposure to an ion beam in the laser radiation field4 of 
a  pulsed CO2  laser  and (2) the model of processes 
under coaction of electric arc and laser radiation on a 
metal.5  

1. Temporal evolution of the system œsolid body 
(metal+oxide on its surface) $ plasma cloud (for the 
most part, WO3 ions) $ laser beam $ oxide ion beamB 
can be described by dynamics of four variables, with X 
and Y being the amount of oxide on the metal surface 
and within the cloud, respectively, Š and Ò  being the 
average temperature of the SB  and cloud, respectively.   

The model is described by self-consistent system of 
the ordinary nonlinear differential equations 

 
dX
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 + α3 $ α4 e
$α5/T $ 
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where α1 $ α30 are the dimensionless coefficients 
independent (for the given model) of u, Y, T, and Ò. 
The first and third equations of the system describe the 
thermal balance for the SB  and cloud matter, 
respectively; the second and fourth equations describe 
the exchange with matter between  the SB , cloud, and 
environment. 

In Fig. 2a, factors and near-surface processes are 
shown considered in the derivation of  Eq. (1).  The 
order of terms in the right-hand side of both systems is 
the same. 

Equations for these processes were derived on the 
basis of the model from Ref. 2.  The following basic 
approximations were used (see Fig. 2b): 

$ the target was considered  uniform with a flat 
surface, thermally thin, in a vacuum;  

$ back and side walls of the SB  were thermal 
insulated;  

$ flows covered the surface uniformly and were 
incident perpendicular to it;  

$ laser and ion beams  were continuous, 
stationary, and nonmodulated;  Eion beam∈[0.5; 5] keV; 
the charge of the ion beam was compensated by the ion 
background, and laser radiation was emitted in the IR 
range;   

$ Š ∈ [20; 3420[ °C; 
$ only reaction of the type 2W + 3O2 → 2WO3 

ran in the system, the oxide film was formed by  WO3, 
it was thin, uniform, plane, and parallel to the target 
surface;  

$ Y was the average amount of matter in the 
cloud, Ò was the average cloud temperature,  

Vcloud = const, and  ∑
i

 qi = 0;  

$ only surface processes were considered in the 
SB ; 

$ the matter condensed within the cloud did not 
come back to the surface;  condensation on the SB  was 
neglected; 

$ the sublimation process was independent of the 
incident flow;  

$ the model of point process was considered;  
$ flows did not interact with each other and did 

not scatter. 
A run of computer experiments was performed.  

Their results allowed us to make the following 
conclusions:  

$ behavior of nonstationary processes depends on 
the intensity of each beam; the process develops into 
oscillatory one with the intensity exceeding some 
threshold values of the beams intensities, i.e.,  the 
Hopf bifurcation is observed (Figs. 3 a and b);  this 
agrees with the experimental data obtained elsewhere7; 
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FIG. 2.  Physical model of the W-type metal thermal oxidation (a) (see the system of equations (1)) and the 
simplest model of coaction (b) (see the text and Ref. 4).   

 

 
FIG. 3.  Results of computer-aided simulation of oxidation of the W- type metal upon exposure to a  laser beam 
(see  Ref. 4 and Eqs. (1)): (a) test  problem (with parameters close to that observed in the  experiments performed 
by us in Ref. 2); (b) example of the system temporal evolution with the initial conditions being changed, i.e., the 
stationary conditions are the same as for the test  problem (see Fig. 3 a);  (c) example of beams with prethreshold 
intensities ILB = 21000 and IIB = 50000. Oscillatory state is not established.  
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$ dependence of the system evolution on the initial 
values of variables has not been found (Figs. 3 a and 
b); this does not contradict Ref. 3;  

$ the process character somehow depends on the 
intensity of heat exchange between subsystems "solid 
body $ cloud" and "cloud $ refrigerator"; this is 
explained by physical conditions, for instance, the 
system may transform itself into strange attractor for 
appropriate combination of its thermal characteristics;  

$ the model and corresponding program module 
are efficient within a relatively wide range of 
variation of the parameters of the given problem and 
similar ones. 

2. We consider further the processes of the 
plasma density and temperature variations under the 
coaction of the laser radiation and the electric arc on 
the target melting pool.  Initial are the point-process 
models of molecules’ dynamics and temperature of an 
erosion flare for resonant absorption of laser radiation 
acting on the metal.6,7  The model is characterized by 
the following factors: 

$ increase of the plasma density due to 
photoionization processes caused by the high intensity 
of laser radiation and high electron energy is 
considered; 

$ dynamics of the vapor concentration is described 
more accurately than in  Refs. 6 and 7;  

$ thermal losses due to plasma emission and 
temperature drop caused by interaction between the 
electron and ion plasma components are considered; 

$ the "saturated" vapor concentration is reduced to 
the initial conditions; 

$ the extent of a plasma flare along the laser beam 
is taken into account relative to the distance between 
the anode and cathode of an electric arc tube;  

$ screening of laser radiation by plasma is 
described. 

The following approximations were used: 
$ point$process model; 
$ the model was taken beyond the scope of the 

Stefan problem because of the absence of temporal 
dependence of phase boundaries;  

$ only two degrees of freedom of plasma were 
considered, what narrows down the possibilities to 
explain some collective phenomena; 

$ some peculiarities of the mechanisms of plasma 
energy absorption in  metal were neglected. 

Results of computer experiment based on the given 
model for special cases considered here  agree with the 
conclusions of Refs. 3, 6, and 7.  In particular, a 
possibility of phase correlation for oscillations of 
plasma concentration observed during simulation in the 
cloud with periodical variations of the laser beam 
intensity is confirmed by the method of improving the 
characteristics of annealing described in Ref. 8.   

 

B oth models considered here claim only to 
qualitative description of corresponding  system 
evolution.  This is primarily due to uncertainty of many 
physical constants in equations and with lack of 
possibility to perform field experiments now.  
Nevertheless, results obtained do not reject the initial 
hypothesis that coaction is nonadditive and provide a  
basis for creation of metamodel of complex 
manifestation of open nonequilibrium systems. 

Further steps on this way, in our opinion, should 
be following:  

$ performing a series of field experiments with the 
aim of successive refinement of the above-mentioned 
models of nonequilibrium processes and their 
subsequent use for verification of the system for 
creating computer models of nonequilibrium processes 
under coaction of different nature;  

$ determination of conditions of dynamic chaos 
and bifurcation by way of new computer experiments; 

$ comparison of temporal evolution of a system 
under joint  action of two flows of different nature and 
of the same nature ( for example, oxidation of W in the 
oxygen  atmosphere upon  laser irradiation3);  

$ conversion to extended models. 
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