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Empirical substantiation is offered for a model of the destruction of metal by moderate-intensity (105-108 W/cm 2) 

laser radiation. The model allows for the presence of a finely dispersed liquid-droplet phase of the target material in 
the erosive jet. This phase is formed by the mechanism of bulk vaporization. 

In the action of laser radiation of moderate intensity (105-108 W/cm 2) on metals, the resulting products of the metal's 

disintegration propagate counter to the laser beam. In this case, the laser radiation incident on the target interacts not only with 

the surface, but also with the disintegration products. These products may have an effect on the passage of the laser radiation to 

the target surface [1-10]. Questions related to the transport of the energy of laser radiation through an erosive jet to the surface 

of a target are very important both from the viewpoint of optimizing regimes for the laser treatment of materials and in regard 

to calculation of the plasmodynamic pattern that results from the action of moderate-intensity laser radiation on different 

materials. 
To study the effect of erosion products on the propagation of laser radiation, an experiment was set up in [11] to 

measure the radiant-energy balance from an auxiliary laser which probed the erosive jet formed by radiation from another, more 

powerful laser. The experimental scheme is depicted in Fig. 1. Radiation from a neodymium laser in the free-generation regime 

was focused on a zinc target placed at the center of the integrating sphere. The total energy of the radiation ranged up to 1.5 kJ, 

with a pulse duration of 10 -3 sec. The radiation from the neodymium laser was focused by a lens with a focal distance of 25 cm 

to a spot 7.5 mm in diameter. The power of the radiation was measured with the use of neutral light filters. The erosive jet that 

was formed was probed by radiation from a auxiliary ruby laser operated in fhe regular-pinch regime. Total generation time for 

the ruby laser was 1.5-10 -3 sec. The diameter of its light beam was varied within the range 1.5-2 mm. The erosive jet was probed 

at a distance of 1.5 mm from the surface of the target. The power density of the radiation from the ruby laser was no greater 

than 104 W/cm 2 - so as not to perturb the parameters of the medium being probed. The energies of the radiation from both 

lasers were monitored with IKT-IN calorimeters. The time characteristics of the neodymium laser were checked by means of a 

photocell 14 (Fig. 1). The power of the probing radiation Pine(t) of the ruby laser incident on the erosive jet was measured with 

photocell 21, while the power of the transmitted radiation Ptr(t) was measured with photocell 27. The power of the radiation of 

the ruby laser scattered by the erosive jet Psca(t) was determined with photocell 24. The signals from the photocells were sent to 

recording oscillographs $8-2. As the photocells, we used FD-9 photodiodes in aU of the channels except the scattering channel. 

Here, we used an 1~U-68 photodiode to obtain maximum sensitivity. All of the measuring devices were calibrated before the 

experiments. Glass light filters 13, 20, 22 and 25 were placed in front of the photocells to eliminate the effect of background 

illumination. However, this proved insufficient for the photocells which recorded the transmitted and scattered radiation. To 

eliminate the interfering effect of the radiation from the erosive jet and the neodymium laser, we additionally placed interference 

light filters 23 and 26 in front of these photocells. The filters corresponded to the wavelength of the radiation from the ruby 

laser. 
Thus, we simultaneously recorded the power of the incident, transmitted, and scattered radiation of the ruby (probe) 

laser in the experiment. It is obvious that for the probing radiation 

Pinc(t ) = Ptr,(t ) q_ Psca(t ) -~ Pabs(t), (1) 
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Fig. 1. Setup of the experiment: 1) target; 2) erosive ]ct; 3) integrating sphere; 4, 15) heli- 
um-neon control lasers; 5) neodymium laser; 6, 7) amplifiers; 8, 11, 17, 18) beam splitters; 9, 
13, 20, 22, 25) glass light filters; 10) focusing lens; 12, 19) energy meters; 14, 21, 24, 27) photo- 
detectors; 16) probing ruby laser; 23, 26) interference light filters. 

i.e. the power of the ruby-laser radiation incident on the erosive jet was equal to the sum of the powers of the radiation 

transmitted, scattered, and absorbed by the erosive jet. Normalizing with respect to unity, we obtain 

where 

K:t r (t) -q- Ksca(t) q- Kabs(t) = 1, 

K t r ( t ) =  P t r ( t )  " K s c a ( t ) -  Psca(t) ' K a b s ( t ) -  Pabs(t) 
Pine (t) ' Pine(t)  ' P i n t  (t) 

(2) 

Thus, by measuring Pine(t), Ptr(t), and Psca(t), we can find the transmission and scattering coefficients of the probe 

radiation and thus calculate the absorption coefficient from (2). Curves of Ktr(t), Ksca(t), and Kabs(t ) are shown in Fig. 2. 

In all of the experiments, we reckoned time beginning with the initial action of the radiation from the neodymium laser. 

Simultaneous with the probing of the erosive jet by radiation from the ruby laser, we made spectroscopic measurements 

of temperature and electron concentration in the plasma of the jet. These quantities were determined by comparing the mea- 

sured and theoretically calculated emissivities of  the plasma and the ratios of  these values for two spectral ranges. The emis- 

sivities were measured with a photographic recording unit (HSR-1) acting as a high-speed, slow-motion camera. The unit was 

equipped with a double lens insert. Two interference filters with transmission maxima at 432 and 686 nm and half-widths of 5 

and 17 rim, respectively, were placed on the inlet diaphragm of the unit. Preliminary spectral studies of the plasma showed the 

absence of spectral lines in the transmission-band range of the interference filters. The inlet diaphragm was changed so that 

images of the plasma at difference wavelengths were recorded simultaneously. The image of the plasma jet was focused on the 

film of the SFR-1 so that the jet axis was perpendicular to the optical axis of the SFR-1. The velocity of  the mirror of the SFR-1 

was 7500 rpm. Exposure per frame was 16/tsec. 

Thus, two images of  the plasma jet in two wavelength ranges were obtained on the SFR-film. To obtain absolute values 

of the emissivities of the plasma at the indicated wavelengths, we photographed chronograms of the radiation from an ISP-5000 

flash lamp under the same conditions. The flash lamp acted through a nine-stage attenuator. Before the recording, the radiation 

from this lamp was calibrated using a standard I~V-45 light source. Such measurements allowed us to determine the 

beam-averaged emissivity of the plasma for two spectral ranges with time and space resolution. 

We theoretically calculated emission in the continuous spectrum for the presumed parameters of the plasma, assuming 

that the emission was due to recombination and deceleration of  electrons. The overall coefficient for recombination emission was 

determined by summation of  the values for individual quantum levels. Here, we assumed the existence of equilibrium distribu- 

tions of the electrons with respect to velocity and of  the ions with respect to energy level - in accordance with the method 

described in [12]. Recombination at levels with the orbital quantum number I < 3 was calculated by the quantum-defect method 
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Fig. 2. Change in the transmission (dashed curves), scattering 

(dotted curves), and absorption (solid curves) coefficients 

over time with a neodymium-laser energy of 1300 (1), 900 (2), 

and 340 J (3). t,/,sec. 

[13], while recombination at levels l ___ 3 was calculated from the formula for hydrogenlike atoms with allowance for the Gant 

formula [14]. The decrease in ionization potential was accounted for by means of the Engl ish-Tel ler  [15] formula. Brems- 

strahlung intensity in the ion field was calculated in a quasiclassical approximation with the Gant correction given by the 

analytical expression presented in [16]. The continuum created by deceleration of electrons on atoms was calculated in terms of 

the corresponding elastic scattering cross section with the use of the theoretical formula in [17]. 

Figure 3 shows the results of  spectroscopic measurements at the probing height in the axial zone of the erosive jet. 

Figure 4 shows the path of plasma temperature and electron concentration over the radius of  the jet at the probing height. The 

paths of the curves Ktr(t), Ksca(t), and Kabs(t ) cannot be attributed to the main processes associated with the absorption of 

radiation by the plasma because such absorption is negligible for the given plasma parameters. To estimate absorption of the 

probe radiation (2 = 693 nm) by the plasma, we performed a calculation similar to the calculations of emissivity. Since the 

energy of a quantum of the probe radiation was small compared to the ionization potential in our case, the results were similar 

to those obtained from the approximate Kramers -Unso ld  formula [18]. 

The overall absorption coefficient for the experiment with 340 J as the energy of the radiation of the plasma-forming 

laser was less than 0.002, while a value of 0.03 was obtained for an energy of 900 J. Even for the maximum parameters of the 

plasma jet (see Fig. 3), absorption in the plasma did not exceed 0.09 and was considerably less than the experimental value. 

Rayleigh and  Thomson scattering also cannot explain the path of the curve Ksca(t), since their cross sections are 

estimated as 1.8.10 -26 and 0.67.10 -z4 cm 2 in our case [19]. To determine the role of turbulent regions in the plasma as 

scattering centers for the probe radiation, we recorded time-lapse interferograms of the plasma jet at the wavelength of the 

ruby-laser radiation. Correlation analysis of  the interferograms by the method described in [20] allowed us to determine the 

characteristic integral turbulence scale of the plasma. In our case, this turned out to be equal to 3-5 ram. We also estimated the 

effect of deflections of the probing beam due to nonuniformity of the refractive index in the plasma. These estimates, made by 

the method described in [21], showed that refraction had no effect on the probe beam even for discontinuities in the plasma of 

the dimensions --0.1 mm (within this range, electron concentration varies within the range 101%10 TM cm -3. 

The most likely mechanism determining Ktr(t ), Ksca(t ), and Kabs(t ) is absorption and scattering of the radiation from the 

ruby probe laser on particles of  a liquid-droplet phase of the target material. The path of  the curves of  Ktr(t ), Ksca(t ), and 

Kabs(t ) shows (see Fig. 2) that Ktr(t ) decreases but Ksca(t ) and Kabs(t ) increase during the first 50/~sec, reaching steady-state 

values. There is little change during the next 500/,sec. Within the period 500-600/~sec, after the beginning of action of the 

radiation, the coefficients change sharply - depending on the energy of the neodymium-laser radiation - and they reach extreme 

values by the end of the radiation pulse (800-900/,sec). Such sharp changes in the coefficients can be attributed to the appear- 

ance of a large number of liquid droplets of the target material by the end of the laser pulse. These droplets appear because a 

crater is formed in the region affected by the laser radiation over time, this crater being the result not only of vaporization but 

also several secondary processes: heating of the walls formed inside the crater by vapors and scattered radiation, followed by 

their fusion and hydrodynamic erosion by the outgoing gas flow [22]. By the end of the laser radiation, the pressure pulse 

generated in the crater ejects the liquid phase from the crater in the form of relatively coarse drops [23]. 
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Fig. 3. Change in the concentration of electrons (dashed curves) and plasma temperature (solid 

curves) over time for a neodymium-laser energy of 1300 (1), 900 (2), and 340 J (3). Ne, cm -3, 

T, K. 

Fig. 4. Radial change in plasma temperature (solid curves) and electron concentration (dashed 

curves) with a neodymium-laser energy of 1300 (1), 900 (2), and 340 J (3). R, mm. 

However, absorption and scattering of the probe radiation by the erosive jet occurs over the entire period of action of 

the neodymium-laser radiation (see Fig. 2) - it just occurring to a lesser degree than at the end of the pulse. Such absorption 

and scattering can be attributed to the appearance of target-material particles at the very beginning of plasma formation as a 

result of explosive vaporization (bulk vaporization) [1, 4, 24]. This occurs because the formation of particles as a result of 

hydrodynamic erosion of the crater walls (particularly during the initial action) is made difficult by the shallowness of the crater. 

Even after the laser radiation has acted, crater depth is no greater than 0.3 ram, while its diameter is 7.5 ram. 

Although bulk vaporization in a thin absorption layer is difficult at power densities 106-108 W/cm 2 for metals not 

containing impurities or Structural defects [25], this phenomenon can be realized as a result of  the spatial nonuniformity of 

laser-radiation power density characteristic of generation in the free regime. Bulk vaporization is facilitated appreciably by the 

presence of dissolved gases in the metal [26, 27]. 

An experiment conducted with a self-generating impulsive optical discharge [28] offers convincing proof  that  laser 

radiation is lost as a result of  absorption and scattering on particles of a liquid-droplet phase. Such a discharge is obtained by 

focusing laser radiation on the target if the focus of the lens is located several centimeters from the target surface. In this case, 

laser-radiation power density on the target is always lower than in front of it, and it reaches its maximum value in the region of 

the caustic of  the lens. The target erosion products, moving counter to the laser beam, interact with radiation of ever-increasing 

power density. An optical discharge is initiated in the region of the caustic of  the lens at a certain value of laser power. An 

experiment was conducted with a zinc target and focusing of the radiation from a neodymium laser with an energy of 1 kJ and a 

duration of --10 -3  sec. The focal distance of the lens was 22.5 cm. The focus of the lens was located 4 cm from the target 

surface. Power density was 106 W/cm 2 on the target surface and 107 W/cm 2 in the focal region. The experiment involved 

transverse probing of the optical discharge by radiation from a ruby laser at different distances h from the target surface and 

determination of the attentuation factor Kat(t ) = 1 - Ktr(t). As the experiments showed [28], the attentuation factors at different 

heights change little within the time interval 150-500 ffsec. Thus, the moment  t* = 300 Atsec was chosen and a graph of 

steady-state values of the attenuation factor of the probe radiation was constructed for this moment  as a function of h (Fig. 5). 

Simultaneous with probing of the self-igniting optical discharge, spectroscopic methods were used to measure electron 

concentration N e and plasma temperature T along the axis of the discharge. As shown by Fig. 5, plasma temperature is negligible 

near the target and amounts to ~4.5.103 IC After decreasing with increasing distance from the target, it remains constant. With 

the transition to the focus of the lens, plasma temperature increases sharply to 12.103 K. Electron concentration behaves 

similarly, increasing from ~1016 cm -3 near the target to 5.1017 cm -3 in the focal region. High-speed filming showed that an 

optical discharge is initiated in the region where temperature and electron concentration increase sharply. The generation of the 

discharge is evident from the presence of the highly luminous region with sharp boundaries. However, the attenuation factor 

expressing attenuation of the probe radiation by the erosive jet is maximal near the target surface and decreases sharply with 

increasing distance from it. It changes little at distances greater than 1 cm. An analysis of  the curves in Fig. 5 shows that the 

region in which attenuation of the laser radiation is maximal is located near the target - where the liquid-droplet phase is 
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Fig. 5. Change of electron concentration N e (1), temperature T (2), and 

steady-state values of  the attenuation factor Kas (3) along the optical discharge 

for a zinc target, h, mm; T, IC 

found - rather than in the region where the parameters of  the plasma are maximal, i.e. in the focal region. Thus, the losses of 

laser radiation are determined for the most part not by the main loss mechanisms in the plasma, but by absorption and scatter- 

ing of the liquid-droplet phase of the target material. 

The relationship between Kabs(t ) and Ksca(t ) should change in relation to the dimensions of the target-material particles. 

The following relations [29] have been established for small (d < < 2) particles 

3 m2q - 2 / '  Q b = - - 4 ~  Im - -  , 

where d is particle diameter; 2 is the wavelength of the probe radiation; Qs and Oa are dimensionless scattering and absorption 

coefficients referred to the cross-sectional area of a particle. The complex refractive index m is connected with the refractive 

index n and absorption index Z by the relation m = n - i x. Considering that 

I m2 - -  1.l ~ = (n 2 - -  Z~ - -  1)2 -1- 4n~z ~, 
( m , , )  _6n  

Irn . m 2 ~ 2 I m~ -t- 212 

we obtain: 

Qs _ z3 { d \ 3 ( n  2 _ z 2 - 1 ) 2 + 4 n ~ z 2  

9 I T )  (3) 

It is evident from Eq. (3) that a decrease in particle dimensions is accompanied by a decrease in radiation scattering 

losses compared to absorption, while absorption - if it exists becomes the principal factor for very small particles. 

For large particles (d > > 2), the relationship between scattering and absorption depends only on the physical nature of 

the substance of  the particles. It can be evaluated [30] from the formula 

Q s  n 2 + n q_;~2 + (1 q- n) 2 + 2z ~ 

Q bi 2n [(1 + n) ~ q- ;~2] 
(4) 

It can be seen from Eq. (4) that Qs > Qa for the metallic particles investigated here in the case of  probe radiation of 

the wavelength 0.7/~m. Passing to the limit of very large particles, we obtain the reflection and absorption coefficients of a 

massive target - for which reflection might be an order of magnitude or more greater than absorption. 

Thus, the relationship between the scattering and absorption coefficients can be used to qualitatively evaluate character- 

istic particle dimensions. It is evident from Fig. 2 that small particles, i.e. particles of a diameter much less than the wavelength 

of the probe radiation, are formed near the target surface at the beginning of the radiation pulse from the neodymium laser. By 

the end of the pulse, it is apparent from the ratio of the scattering and absorption coefficients that coarse particles have entered 
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the erosive jet, i.e. particles of a diameter much greater than the wavelengt h of the probe radiation from the ruby laser. As 

already indicated, the appearance of relatively coarse particles of the target material in the form of liquid drops by the end of the 

pulse is attributable to the action of the hydrodynamic mechanism [22, 23]. The most likely mechanism of formation of the finely 

dispersed liquid-droplet phase of the target material in the initial stage of irradiation by the neodymium laser is bulk vaporiza- 

tion (explosive vaporization) [1, 4, 24, 26, 27]. 

The authors of [26, 27] discussed various factors which facilitate bulk vaporization. These factors include space-t ime 

nonuniformity of the acting laser radiation, gases dissolved in the metal, and various inclusions and defects in the crystalline 

structure. Experiments conducted with targets obtained by powder metallurgical methods [31] confirm that the fine particles in 

the system are formed as a result of bulk vaporization. In these experiments, a neodymium-laser pulse with a duration of 10 -3 

sec and energies up to 1.5 kJ in the free-generation regime irradiated targets made of cold-rolled copper and copper made by 

powder metallurgical methods. The powder-based copper was made in two variants: pure, and with different amounts of a 

molybdenum addition. The diameter of the radiation spot on the target surface was 7.5 mm in each case. Probing with a ruby 

laser was done at a distance of 1.5 mm from the target surface. Figure 6 shows the results of the experiments in the form of the 

time dependence of the absorption and scattering coefficients for the probe radiation. 

The dependences obtained for the rolled copper show that small particles of the target material (smaller than 0.7 #m) 

are present in the erosive jet at the beginning of disintegration. There is a change in the mechanism of particle formation by the 

end of the laser pulse and coarse particles enter the jet. An increase in the number of fine drops can be expected to be seen in 

porous metal due to the large gas content. This was confirmed by the curves illustrating the absorption and scattering of the 

radiation by products of the erosion of the copper target obtained by the powder metallurgical method. This material was 

considerably more porous than the cold-rolled copper (Fig. 6). In this case, absorption and scattering occur earlier than on the 

target of cold-rolled copper, while fewer coarse drops appear by the end of the pulse. It is apparent from the ratio of the 

scattering and absorption coefficients that, on the whole, the drops that are formed are more uniform during the entire period 

of radiation. 

When radiation from the neodymium laser was directed onto a target made of copper with a 20% molybdenum addition 

(the copper having been obtained by powder metallurgical methods), particles of the target material were formed even earlier 

and absorption began to play an increasingly greater role in losses of the probe radiation. This indicates that the particles of the 

target material were present in the form of a finely dispersed phase. Such disintegration of the target material can be attributed 

to the fact that the molybdenum grains serve as boiling centers. Since molybdenum has a greater absorption coefficient than 

copper and a higher melting point, the molybdenum grains facilitate bulk vaporization. However, the same grains make it 

~mpossible for coarse drops to form. Thus, the ejection of the liquid melt characteristic of most metals is not seen by the end of 

the pulse. For a target with a molybdenum content of 50%, disintegration begins even earlier and the absorption coefficient is 

appreciably greater than the scattering coefficient. As a result, the particles are even smaller than in the previous case. For a 

target with a molybdenum content of 80%, the absorption of the probe radiation begins almost as soon as the pulse strikes the 

target, while significant scattering begins somewhat later and turns out to be less than absorption for the entire duration of the 

pulse. Thus, the particles of the target material are dispersed in the form of fine particles whose dimensions are at least consid- 

erably smaller than the wavelength of the radiation from the ruby laser (0.7/tin). 

Photographs of the erosion zone after irradiation of the target offer qualitative proof of the above. Visible on the copper 

target are traces of splashed liquid formed by the hydrodynamic mechanism. In contrast, no such traces are seen in photographs 

taken of the target with 80% molybdenum. 

Our experiments convincingly show that dissolved gases in metals and various inclusions facilitate bulk vaporization. 

For example, when a zinc target (see Fig. 2) is acted upon by laser radiation, a finely dispersed liquid-droplet phase is 

formed from the very beginning of the pulse as a result of bulk vaporization. By the end of the pulse, there is a shift in the 

particle-formation mechanism and coarse particles appear in the erosive jet (these particles being formed by the hydrodynamic 
mechanism). 

To determine the loss of laser radiation along an erosive jet, a jet formed from a zinc target was probed in the trans- 

verse direction at different distances h from the target surface [32, 33]. As was shown by the experiments in [32], the curves of 

the coefficients reach steady-state values for all probing heights after 50-100 ~sec and change very little over the course of the 

next 500-600/~sec. Thus, the moment t* = 300 psec was chosen to reflect the fact that the absorption and scattering coefficients 

were steady at this moment in all of the experiments. The change in the steady values of the absorption coefficient Kabs* and 

scattering coefficient Ksca* was studied in relation to the probing height and the energy of the neodymium-laser radiation. 
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From the viewpoint of  practical use, it is more important to know the absorption and scattering indices (which are 

independent of the dimensions of the medium being probed) than the absorption and scattering coefficients (which do depend 

on these dimensions). The indices were determined by using high-speed photographs of an erosive jet to determine the path over 

which probe radiation was scattered and absorbed [33]. The photographs were taken through an interference light filter with a 

transmission maximum at the generation wavelength of the probe laser (0.6943/,m). 

Knowing the length of the path of interaction x of the probe radiation with the erosive jet for t* = 300/~sec and the 

steady-state values of  the absorption and scattering coefficients and using the conditions Kab s = 1 -- e a'x and Ksc a = 1 - e -r'x, 

we find the natural absorption index a '  and natural scattering index r'. Figure 7 shows measurements for different probing 

heights and different energies of the plasma-forming neodymium laser. The experiments showed that scattering and absorption 

decrease with height and, at h = 20 ram, could not be detected even at the maximum radiation power densities. Considering that 

x changes negligibly (--20%) in these experiments, we can attribute the decreases in a '  and r '  with increasing distance from the 

target to the complete vaporization of  particles formed by bulk vaporization near the target surface as these particles move 

counter to the laser radiation. Since the difference between the wavelengths of  the probe radiation from the ruby laser (--0.7 

fire) and the plasma-forming radiation from the neodymium laser ( - 1 / x m )  was insignificant, it can be assumed that the erosive 
jet has the same shielding effect on the radiation from the plasma-forming laser as it does on the radiation from the probe laser. 
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Thus, part of the laser radiation is lost in the erosive jet and never reaches the target surface. Although this radiation is 

small for the erosive jet from a zinc target, i t  can have the effect of creating a denser medium than in the case of the adiabatic 

dispersal of transparent vapor by completing the vaporization of particles of the target material in the course of their motion 

counter to the laser beam. This residual vaporization in turn affects the threshold energy for the formation and propagation of 

shock waves, absorption spikes, etc. 

However, these results apply only to the zinc target. It is very interesting to study the screening of radiation by particles 

from targets of other metals having different thermophysical characteristics. Theoretical estimates [2] and detailed unidimen- 

sional and two-dimensional calculations of a laser plasma with allowance for the condensed phase (particles entering the plasma 

from the target surface and panicles formed by condensation of vapors as they expand while moving away from the surface) 

[7-10] show that the role of the condensate is very significant for a whole range of metals. This effect was studied in experiments 

[34] set up to probe an erosive jet by radiation from a ruby laser for targets of cadmium, lead, bismuth, magnesium, aluminum, 

copper, nickel, titanium, molybdenum, and tungsten. The materials of the targets were chosen so as to embrace a wide range of 

thermophysical parameters. Due to the probabilistic nature of neodymium-laser generation in the free regime and the transport 

of target material to the erosive jet, the coefficients Ktr(t) and Ksca(t) were averaged over several experiments. The jet was 

probed 1.5 mm from the target surface. The radiation of the plasma-forming neodymium laser was focused on the target surface 

in such a way that the focus of the lens was located behind the target and a spot 8 mm in diameter was illuminated on the 

surface. The energy of the radiation from the laser unit was regulated with neutral light filters so that the average power density 

on the target surface was 106 W/cm 2. 

The results of the probing are shown in Fig. 8. According to this data, the metals that were studied can be conditionally 

divided into three groups. The first group contains metals with a relatively low boiling point (CA, Pb, Zn, Bi, Mg), the second 

group contains metals with a moderate boiling point (AI, Cu, Ni), and the third group contains metals with a high boiling point 

(Ti, Mo, W). Metals with low melting and boiling points are characterized by the appearance of scattering at or just after the 

beginning of the radiation pulse from the neodymium laser (Fig. 8a-d). The scattering coefficient is negligible and changes little 

in the first half of the pulse, while in the second half it increases sharply and reaches its maximum value by the end of the 

radiation. The absorption coefficient is greater than the scattering coefficient at the beginning of the pulse but decreases in the 

second half of the latter. 

Proceeding on the basis of Eqs. (3) and (4), it can be concluded that fine particles of the target material, i.e. particles of 

a diameter much smaller than the wavelength of the probe radiation, are formed at the beginning of the radiation pulse from the 

neodymium laser at the surface of targets made of cadmium, lead, bismuth, and magnesium - as in the case of zinc. The value of 

Ksc a increases sharply and Kab s decreases by the end of the pulse (600-700 ktsec), which is indicative of the predominance of 

coarse particles, i.e. particles with a diameter much greater than the wavelength of the ruby laser. 

Thus, for low-melting metals, fine droplets of liquid are formed at the beginning of the pulse from the plasma-forming 

laser as a result of bulk vaporization. By the end of the pulse, this mechanism is replaced by the hydrodynamic mechanism of 

particle formation and fairly coarse drops appear in the erosive jet. 

Somewhat more complicated is the behavior of Ktr, Kabs, and Ksc a for magnesium (Fig. 8d). Insufficient energy reaches 

the surface due to the ejection of a large number of coarse particles, with the process beginning anew after the dispersal of these 

particles. This sequences of events was examined in detail in [34]. 

For metals with a higher boiling point (AI, Cu, Ni), there is a lag in the appearance of the scattering signal (Fig. 8e-g). 

For aluminum, appreciable scattering begins 300/~sec after the beginning of the pulse from the neodymium laser. The compara- 

ble times for copper and nickel are 500/~sec and 600/tsec. The time dependences of Ktr, Kabs, and Ksc a for aluminum are 

qualitatively similar to the analogous curves for magnesium. This is further evidence of the intensive screening effect of coarse 

drops ejected into an area corresponding roughly to the middle of the pulse from the neodymium laser. At the beginning of the 

pulse, radiation losses are determined only by absorption on fine particles. For the copper target, the disintegration products 

have no effect on propagation of the radiation for the first 200/~sec. This fact is connected with the high reflection coefficient of 

copper for the laser radiation used in the experiment. Thus, the actual power density that goes into heating the target is 

considerably less than for the other metals that were studied. Fine drops begin to appear as a result of bulk vaporization only 

after the elapse of 200/,sec, while coarse drops are ejected by the end of the pulse. For the target made of nickel - which has 

higher melting and boiling points than copper - scattering on coarse drops begins even later, although absorption on fine drops 
plays an important role from the very' beginning of the pulse. 
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Fig. 8. Time dependences of  the transmission coefficient (1), scattering coefficient (2), and 

absorption coefficient (3) for targets of cadmium (a), lead (b), bismuth (c), magnesium (d), 

aluminum (e), copper (0, nickel (g), titanium (h), molybdenum (i), and tungsten (j). 

The effect of coarse particles on propagation of the laser radiation is negligible for metals with a very high boiling point 

(Ti, Mo, W) (Fig. 8h-j). Significant scattering on coarse particles occurs either by the end of the pulse (as in the case of 

molybdenum) or not at all (as in the case of tungsten). Absorption of the laser radiation due to the presence of small particles 

is very significant from the beginning of the pulse. This can be attributed to the fact that a relatively thin layer of liquid metal is 

formed by metals with a very high boiling point and a relatively low (compared to aluminum, for example) thermal conductivity. 

The thinness of  the layer makes the ejection of coarse particles more difficult. It should be noted that absorption in the erosive 

jet of titanium can also occur as a result of resonance absorption at transitions lying within the generation region of the 

neodymium laser [35]. 
Thus, with a power density of  106 W/cm 2, the investigated metals are characterized by significant absorption of the laser 

radiation at the beginning of the pulse on a finely dispersed liquid-droplet phase formed by bulk vaporization. Over time, a fairly 

thick layer of molten metal is formed in the erosion crater as a result of heating by the laser radiation, radiation from the plasma 

jet, and the hydrodynamic mechanism. There is also a change in the mechanism by which particles of  the target material are 

formed. The pressure pulse in the erosive jet ejects coarse drops from the crater, with appreciable absorption and scattering 

resulting in a significant loss of laser radiation on these drops. High-melting metals are exceptions to this. In this case, few or no 

coarse drops are ejected from the layer and the losses of laser radiation are determined mainly by absorption on small particles. 
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According to Eq. (3), the dimensions of the particles formed as a result of the mechanism of bulk vaporization are 

determined as d < < 2. However, it is interesting to examine this question in greater detail. With this in mind, we used the 

empirical ratio of the scattering and absorption coefficients and the calculated dependence of this ratio on the diameter of the 

scattering particles to determine the dimensions of liquid drops of lead formed by bulk vaporization. The dimensions were 

determined in relation to the duration of the radiation pulse and probing height. 

The scattering index a s and attenuation constant % for optical radiation from the dispersion medium were determined 

theoretically by numerical integration of the corresponding monodisperse characteristics in accordance with the formulas 

df  df T~ 
~ 

0 0 

df 
Ors= .[ ks(d, n, X, s  dZe.p (d) Od] df al S -U d~ (d) ad, 

0 

where df is the finite integration limit (the largest possible dimension of the scattering particles); ka(d , n, •, 2) is the attenuation 

efficiency factor, regarded as a function of the dimensions d, the real n and imaginary % parts of the complex refractive index, 

and the wavelength of  the radiation ~l; ks(a, n, X, ;l) is the scattering efficiency factor; ~(d) is the particle-size distribution 

function. In our case, t = 0.69/zm, while the values n = 1.78 and % = 3.57 were determined experimentally for a lead melt by 

the ellipsometric method. The values of the efficiency factors were found on the basis of the L o v e - M i e  theory [36]. The 

calculations were performed for the model of a polydisperse scattering medium characterized by a particle-size gamma distribu- 

tion 

(d) C +0) C~ (_dd '/~t+a exp - - ~  , 

I?(p,q-4) \ do / 

where C v is the volume concentration of scattering particles; d o is their most probable size; M is the width parameter of the 

particle-size distribution; F(x) is the gamma function of x. 

We used the calculated values of scattering %(d) and absorption %(d) - the sum of which was equal to Cra(d ) - to 

construct the theoretical dependence of the ratio of these coefficients %/% on particle diameter for different #. Using the 

experimental ratio of Ksca(t ) and Kabs(t ) for lead and the theoretical curves of  as/%, we constructed the dependences of the 

diameters of the liquid-phase particles on the duration of the pulse from the neodymium laser when the probing was done 

different distances h from the target surface (Fig. 9a). 

The calculations showed that the curves for different/t nearly coincide at particle diameters less than 0.15/zm, although 

the curve with # = 3 corresponds to a polydisperse particle distribution and the curve with/ ,  = 100 corresponds in essence to 

a monodisperse distribution. Then the optical density created by the ensemble of particles attenuating the radiation r = CvCra/, 

where l is the path over Which the probe radiation undergoes scattering and absorption (1 was determined experimentally from 

high-speed photographs obtained through a light filter with transmission in the region 0.69/zm [33]). 
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and 1550 J (c). 

Having determined r as the sum of the absorbed and scattered components, we can use the graphs of  Ktr(t ) and Ksca(t ) 

to find the volume concentration of particles. Figure 9b shows the dependences of the volume C v and numerical N particle 

concentrations on the distance to the target for the characteristic moment of time t* = 300/tsec from the beginning of the pulse 

from the neodymium laser. The numerical concentration was found from the expression C v = NV0, where V 0 is the volume of 

a particle. This question was examined in greater detail in [37]. 

Thus, the completed experiments allowed us to determine the specific dimensions of particles of the liquid-droplet phase 

during their interaction with the laser radiation and the surrounding medium. The experiments showed that for all distances h 

from the target surface, an increase in the duration of the laser pulse is initially accompanied by a slow increase in drop diameter 

(100-400/~sec). Drop diameter then increases sharply, which is probably due to the transition from bulk vaporization to the 

hydrodynamic mechanism. For the same given moment of time, particle diameter decreases with an increase in h. This has to do 

with completion of vaporization of the liquid-droplet phase as it moves counter to the laser beam. 

The above-described experiments were performed mainly with a radiation power density --106 W/cm 2. Studies conducted 

at different power densities would have allowed us to determine the range within which particles of the liquid-droplet phase of 

the target material formed by bulk vaporization have a significant effect on the optical characteristics of the erosive jet. However, 

too much time would have been required to study the optical characteristics of  the jet with broad variation of  pulse energy for 

a number of  different metals. An automatic system to record and analyze the relevant physical parameters has been developed 

for such investigations. This system - which makes it possible to record and store empirical data and perform all necessary 

computations in real time - is described in greater detail in [31, 38]. 

The experimental unit and method described in Fig. 1 were used together with the above-mentioned signal recording and 

analysis system to conduct studies at different power densities. The targets were plates of lead, cadmium, magnesium, bismuth, 

and zinc. The diameter of the irradiated spot on the target surface was 7.5 mm. The duration of the generation pulse from the 

neodymium laser was 0.9 msec. These values allowed us to easily find the power density of the radiation by knowing the energy 

in the pulse. TranSverse probing of  the erosive jet of the above-indicated metals for different energies of the plasma-forming 

neodymium laser showed that there is a threshold at which losses of probe-laser radiation become significant. The neodymi- 

um-laser power density at which this occurs depends on the thermophysical properties of the metal. 

For a zinc target and a pulse energy of  320 J, the erosive products are transparent to the probe radiation for the entire 

duration of the main pulse. Only toward the end of the pulse do significant losses occur on erosion products in the form of 

coarse particles formed by the hydrodynamic mechanism. With an increase in the energy of the neodymium laser to 350 J, 

scattering and absorption of the probe radiation are seen from the very beginning of the pulse (see Fig. 10a). This fact is related 

to the formation of  particles by bulk vaporization. With a further increase in the energy of the neodymium laser, losses of  the 

probe radiation from the ruby laser increase as a result of both absorption and scattering. Figure 10b shows the time dependence 

of the absorption and scattering coefficients for an energy of 730 J. It is apparent that the scattering and absorption coefficients 
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change relatively smoothly over time. At neodymium-laser energies in excess of 1 kJ, spikes begin to appear on the absorption 

curve. With an increase in power density, the number of such transients increases with a relative increase in probe-radiation loss 

due to absorption. Meanwhile, the scattering coefficient even decreases somewhat in this case. Figure 10c shows the time 

dependence of the absorption and scattering coefficients for a neodymium-laser energy of 1550 J when a zinc target is irradiated. 

It can be seen from the figure that the absorption coefficient undergoes sharp fluctuations lasting about 40/~sec. 

The authors of [39] recorded similar fluctuations of rebound pressure in the irradiation of a lead target by a neodymium 

laser in the free-generation and quasisteady regimes. In a study of the irradiation of aluminum alloy D16T by a neodymium laser 

in the quasisteady regime in [40], researchers observed fluctuations of scattered radiation of the plasma-forming laser and found 

a correlation between this scattering, the luminescence of the jet, and brightness temperature. However, the radiation of the laser 

was sharply focused on the target in these studies, resulting in the formation of a relatively deep crater. As a result, hydrodynam- 

ic processes occurring during the formation of the crater had a significant effect on the behavior of the erosion products. In our 

case, the diameter of the crater was 7.5 mm and its maximum depth after irradiation was only 0.3 mm. Thus, our results are 

difficult to compare with the results in [39, 40]. It should be noted that the pulse durations were very similar in [39, 40] and in 

Fig. 10c. 

We conducted an additional experiment to explain this type of change in the absorption coefficient. Simultaneous with 

the probing of an erosive jet formed by the irradiation of a zinc target by a neodymium laser with an energy of 1320 J, we made 

spectroscopic measurements of the parameters of the plasma of the jet in the probe region with a time resolution of about 5 

/~sec. The same experiment was described in greater detail in [38]. Figure 11 shows time dependences of the temperature, 

electron concentration, and absorption index rcpl of the plasma jet obtained by spectroscopic methods. Also shown is the 

absorption index of the erosive jet • measured by the method of laser probing. 

An analysis of the curves in Fig. 11 shows that plasma temperature and electron concentration increase along with the 

absorption index ~'~pl when the absorption coefficient increases in the transversely probed erosive jet. It follows from this that 

there is a sudden increase in absorption in the plasma at the moment the absorption coefficient increases sharply (see Fig. 10c). 

Comparison of the absorption indices of the plasma gpl and the erosive jet • shows that not all of the absorption is 

governed by the plasma. Absorption in the erosive jet at the level • ~ 0.15 is recorded even when absorption in the plasma is 

negligible (see Fig. l l c  and d), i.e. absorption occurs in the erosive jet in this case both as a result of the plasma and as a result 

of particles of the liquid-droplet phase. Additional proof of this comes from the presence of scattering of the probe radiation on 

the jet. 

The following pattern can be discerned on the basis of the above. At pulse energies lower than 320 J, products of the 

disintegration of the zinc target enter the erosive jet in the form of transparent vapors. With an increase in power density, liquid 

drops appear at the very beginning of the pulse due to bulk vaporization, and absorption and scattering of the probe radiation 
from the ruby laser become significant. 

With a further increase in the power density of the neodymium-laser radiation, the number of particles of the target 

material increases. This in turn leads to an increase in absorption and scattering on these particles. Moving in the radiation field 

of the neodymium laser, the liquid-droplet particles absorb this radiation and, vaporizing, create a denser medium. This in turn 

allows absorption to proceed more intensively. Sudden increases in absorption occurred with a sharp increase in the parameters 

(T, Ne, and Xpl) of the plasma in our experiments with a zinc target when the energy reached 1050 J. This increase in absorption 

occurred on a denser medium formed by certain particles. It should be noted that not all of the particles were completely 

vaporized in this instance. An analysis of the behavior of the absorption and scattering coefficients shows that only 1-3 absorp- 

tion spikes - each lasting about 40/~sec - appear during the laser pulse at this power density. For the remainder of the pulse, 

absorption and scattering in the erosive jet are determined by the particles. It is only with a further increase in the energy of the 

neodymium laser that the spikes become nearly regular and absorption begins to be determined mainly by the plasma (see Fig. 

10c). The fraction of probe radiation that is scattered in this case decreases, which can be attributed to a decrease in particle size 

and concentration. 

A detailed analysis of the results of experiments involving probing with the use of computers showed that many (but not 

all) of the spikes appear when the amplitude of the beam generated by the neodymium laser is 2-3 times greater than the mean 
amplitude. 

With a further increase in the power density of the neodymium,laser radiation, particles located 1.5 mm from the target 

surface may be completely vaporized and the scattering coefficient for the probe radiation may decrease to zero. Studies of the 

erosive jets of other metals showed qualitatively similar results. This subject was examined in greater detail in [38]. 
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Fig. 12. Change over time in the absorption coefficient (solid curve) and parti- 

cle diameter (dashed curve) in the erosive jet of a nickel target with a power 

density of 4.8 MW/cm 2 for the plasma-forming laser, d,/~m. 

Experiments conducted in [41] used the above-described methods to simultaneously monitor the absorption coefficient 

in the erosive jet and the diameter of the target-material particles. The results showed that particle diameter decreases when the 

absorption coefficient increases. This confirms that the mechanism of low-threshold breakdown (absorption bursts) is operative 

in the erosive jet due to complete particle vaporization. Figure 12 shows results of an individual experiment involving the 

irradiation of a nickel target by a neodymium laser with a power density of 4.8.106 W/cm 2. It is apparent that numerous 

absorption bursts occur in the erosive jet as particle diameter decreases. 

Experiments conducted in [41] with a neodymium laser operated at different energies showed that particle size decreases 

with an increase in the power density of the plasma-forming radiation and the particles appear earlier in the erosive jet. This can 

be attributed to the fact that heating of the molten metal occurs more intensively within a thinner layer with an increase in 

power density in the radiation zone. As a result, finer particles enter the erosive jet due to bulk vaporization. Moving counter to 

the laser beam, the particles are rapidly vaporized and, upon entering the probe region (h = 1.5 mm), may be of even smaller 

dimensions (see Fig. 13). 
One more piece of evidence in support of  complete vaporization of the liquid-droplet phase as it moves counter to the 

laser beam is data from experiments which studied erosive laser jets from a copper target by means of a multichannel optical 

spectrum analyzer [42]. Figure 14 shows changes in pressure P and density p found by spectroscopic methods along the erosive 

jet of a copper target irradiated by a neodymium laser  with an energy of 1.5 kJ. The duration of  the pulse was 10 -3  sec. The 

diameter of the irradiated spot was 7.5 mm. The curves shown in the figure correspond to a moment  (600 Msec) when the erosive 

jet had already formed and was in the steady state. It is apparent from Fig. 14 that pressure increases at distances up to 10-12  

ram. It then decreases with increasing distance from the target surface due to gasdynamic dispersal. It increases again at a 

distance of 30 mm in the normal shock wave associated with the underexpanded supersonic plasma jet [1, 3]. The path of the 
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Fig. 14. Change in the pressure P and density p of vapors 

along the erosive jet of a target at the moment of time t* = 

600/~sec. P, atm; p, g/cm 3. 

density curve along the jet indicates that pressure increases on the initial section not only due to an increase in temperature, but 

also due to the entry of additional vapor into the jet. This can be explained only by residual vaporization of particles of the 

liquid-droplet phase. Experiments involving laser probing also showed that particles of this phase are almost completely 

vaporized at distances of  10 -12  mm from the target surface. 

Thus, studies of  the optical characteristics of the erosive jets of metals have shown that particles formed as a result of 

bulk vaporization enter a jet which initially consists of transparent vapors when the intensity of the acting radiation is increased. 

These particles then scatter and absorb the laser radiation. Moving counter to the laser beam and vaporizing, they create around 

themselves a medium which is denser than that which results from the adiabatic dispersal of  the vapors. When a certain value of 

power density characteristic of each metal is reached, some of the particles initiate bursts in the surrounding medium; the 

number of such bursts subsequently increases to the point where the particles are nearly completely vaporized. 

Experiments conducted with a large group of metals made it possible to determine the dynamic range of neodymium 

laser free-regime power densities in which the particles formed from the targets of each metal by bulk vaporization exert a 

significant effect on the optical characteristics of the erosive laser jet. When the power density of the radiation is below this 

range, the erosive products that are formed are transparent to the radiation. This case was examined theoretically in [2]. When 

the range is exceeded, radiation losses are determined mainly by absorption in the plasma. Plasma breakdown or absorption 

transience was studied in detail theoretically in [43, 44]. These ranges are as follows for the above-investigated metals (MW/cm2): 

zinc - 0.9-2.65, lead - 0.3-0.9; cadmium - 0.7-1.9; magnesium - 0.7-2.2; bismuth - 0.25-2.15; aluminum - 1.3-3.0; nickel - 

1.6-3.3; copper - 4.0-12.0; titanium - 0.7-1.1; tungsten - 2.6-4.2; zirconium - 2.6-5.6; molybdenum - 1.7-4.8. 

The results of these studies need to be taken into account both in theoretical models and in actual interactions of laser 

radiation with metals, in order to optimize processing regimes. 
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P H Y S I C A L  E S S E N C E  O F  E R O S I O N A L  P L A S M A  F O R M A T I O N  A N D  T H E  

F O R M A T I O N  O F  P L A S M A  F L O W S  BY T H E  A C T I O N  O F  

D I F F E R E N T  T Y P E S  !OF H I G H - E N E R G Y  S O U R C E S  

O N  A B S O R B I N G  C O N D E N S E D  M E D I A  

L. Ya. Min'ko UDC 539.95 

A study is made of erosionalplasma processes occurring with the exposure of metals to a laser beam, a plasma, and 

a combination of the two. It is found that the ionization of the initially heated vapors is of a thermal nature, whether 

an erosional plasma is formed by an impulsive electrical discharge or a near-surface optical discharge. 

Different types of energy sources - electrical discharges, plasma discharges, laser beams, and beams of electrons and 

ions - are used to obtain low-temperature plasmas. Practical applications of these energy sources for the welding, cutting, and 

heat treatment of materials shows that the physical processes involved in the high-energy loading of materials have much in 

common with one another. This commonality is based foremost on the similarity of the thermophysical processes that take place 

when absorbing condensed media are acted upon by different types of high-energy sources within the power-density range 

105-107 W/cm 2. Evidence of this comes from the effective use of classical thermophysical representations [1] in descriptions of 

the above-mentioned manufacturing processes [2]. The subsequent refinement of these concepts for the high-energy loading of 

materials by different types of sources led to the discovery of a universal mechanism entailing oscillation of the surface tempera- 

ture of the material [3]. When high-energy sources with a power density 103-107 W/cm 2 which remains constant over time act on 

the interface between the gaseous medium and the material, a heat flux which is variable over time may be created in the 

material. This heat flux is due to the screening of the material from the energy associated with near-surface gases or plasma by 

the flow of atoms (in the case of vaporization of the material) or electrons (in the case of thermionic emission) from the 

material's surface. The conclusion that the mechanism of oscillation of the surface temperature of the material and the density 

of the near-surface gas or plasma medium is universal is based on the following fact. For high-intensity loading involving 

different sources and different materials, there are certain vaporization or thermionic emission regimes which are governed by 

the same gasdynamic or plasmodynamic laws and in which the gas or plasma medium that is formed has the same surface-screen- 

ing effect. This effect amounts to a reduction in the energy flux reaching the surface of the material. The above-described 

oscillation mechanism can, in conjunction with stability theory and the theory of nonlinear oscillations, be used to explain a large 

number of empirical phenomena that were previously not fully understood. These phenomena include pulsative vaporization, 

periodic explosive vaporization, and fusion and vaporization instability. The mechanism can also help explain the pulsating, 

nonmontonic time dependences of the physical quantities that characterize the loading process. 

Detailed studies have been made of erosional plasma processes in the treatment of metals by laser beams, plasmas, and 

combinations of the two. Previous representations on the characteristics that plasma formation by the optico- and electroerosive 

mechanisms have in common [4] have been refined by using analogies between the physical processes which take place during 

electrical discharges and laser irradiation [5]. It was shown that erosional plasma formation in an impulsive electric discharge is 
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