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Abstract—A measurement system for implementing a technique of high spatiotemporal and spectral resolu-
tions is proposed for complex investigations of processes of the formation and evolution of laser-induced
bunches under normal atmospheric conditions. Such optical techniques for studying laser-induced metal
plasma as laser probing and spectral analysis are used in the diagnostics of plasma parameters. The use of this
system made it possible to obtain original data on laser erosion of metals exposed to nanosecond pulses.
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INTRODUCTION

The technologies for obtaining high-density laser
radiation within narrow spatial, time, and spectral
intervals opened new prospects for the development of
methods for precision surface processing of materials,
contactless diagnostics of high-speed processes, high-
precision measurements, and information transfer.
The conventional advantages of laser material pro-
cessing are as follows: locality of the action, minimum
deformations of a material, a high concentration of
the applied energy, the absence of a mechanical con-
tact with the processes object, a high degree of auto-
mation, the ecological purity of processing, and a high
working capacity. However, during the action of
intense laser pulses on metals, a vapor-plasma jet is
usually produced, which contains products of damage
of a processed material. The appearance of an erosion
laser jet and its interaction with incident radiation
impair the conditions for the laser-energy transmis-
sion to the surface of the processed material, thus
reducing the controllability of the entire processing
procedure [1-3].

In connection with this, studying the energy, time,
spatial, and spectral characteristics of vapor-plasma
bunches, which appear under intense laser irradia-
tions, are of great practical interest. This paper
describes a specialized automated hardware and soft-
ware measurement system that provides a technique of
high spatiotemporal and spectral resolutions. Here,
the diagnostics of the parameters of an erosion laser jet
(ELJ) is performed using several research techniques:
laser probing, monitoring of the effective diameter and
concentration of particles in the condensed phase, and
the spectral analysis of the ELJ.

LASER-PROBING TECHNIQUE
FOR AN ELJ

One of the main experimental approaches to inves-
tigating the dynamics of the optical characteristics of
ELJs in this system is to use the technique of transverse
probing of an erosion jet by radiation of an auxiliary
laser [4]. The essence of this method consists in the
parallel recording of the components (incident, trans-
mitted, and scattered) of a probing pulse during its
interaction with the ELJ. The results of these mea-
surements allow one to determine the dynamics of the
total loss of the probing radiation in the ELJ, as well as
the dynamics of the scattering and absorption losses in
the ELJ. The losses are calculated on the basis of the
balance of the probing-radiation components.

The choice of the auxiliary-laser radiation wave-
length is determined by the possibility of reliable spec-
tral separation of a probing optical signal and an acting
pulse. In this case, the probing-radiation power den-
sity, on the one hand, must be sufficient for reliable
detection of the scattered component (which may be
<1% of the incident component) and, on the other
hand, must not perturb the investigated medium.
In this study, we experimentally established the opti-
mal range of the power densities of probing radiation:
10*—10° W/cm?. One of the main advantages of the
laser-probing method is the possibility of obtaining
information on the processes that occur in an ELJ in
real time with a high spatial resolution (for a typical
duration of plasma processes of ~107°s).

When radiation is incident on an arbitrary semi-
transparent medium in the absence of nonlinear
effects, a fraction of the incident radiation passes
through this medium, another fraction is absorbed,
and the remaining part is scattered by the medium [5].
The equation for probing radiation can be written as

Pinc(’) = Ptr(t) + Psc(t) + Pabs(’)a (1)
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Fig. 1. General scheme of laser probing: (/) integrating
sphere, (2) acting laser pulse, (3) probing laser pulse,
(4) laser target, (5) target fixation system, (6) PMT win-
dow, (7) ELJ, (&, 9) input and output holes for probing ra-
diation, respectively, (/0) input hole for acting radiation,
and (/1) base of the target fixation system.

where P,,.(?) is the incident-radiation power, P,(?) is
the transmitted-radiation power, and P, (¢) and P, (?)
are the powers of scattered and absorbed radiations.

In relative units, Eq. (1) has the form
Ktr(t) + Ksc(t) + Kabs(t) =1, (2)
where

Ksc(t) — })SC(I) .

Ko@) =00 o

P’

Kos(®) = RLS(t)-
P
Thus, by measuring the values of P, .(¥), P.(f), and
P, (?) and using formulas (1) and (2), one can deter-
mine the transmission, scattering, and absorption
coefficients for the interaction of probing radiation
with an ELJ.

The absorption and scattering energy losses can be
separated in practice, if the target is placed at the cen-
ter of an integrating sphere; this allows simultaneous
monitoring of the power irradiating the erosion jet and
the jet-transmitted and scattered components of prob-
ing radiation (i.e., the actual transmission, scattering,
and absorption coefficients for the ELJ in the region of
probing radiation—jet interaction) [4].

A general diagram of laser probing is shown in Fig. 1.
High-power laser pulse 2is directed through hole /0to
metal target 4 in the form of a flat plate. As a result of
an effect of radiation on the target material, ELJ 7is
produced. Its transverse probing is concurrently per-
formed with pulse 3 of an auxiliary ruby laser. Probing
radiation is injected and extracted through holes & and
9, respectively. ELJ-scattered probing-pulse radiation
is uniformly distributed over the entire inner scattering
surface of integrating sphere /. Thus, by recording a
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signal from a small area of sphere 6 and performing an
appropriate calibration, it is possible to determine the
scattered-component value as a whole. For this pur-
pose, a photomultiplier tube (PMT), which is pro-
tected with a set of broadband and interference spec-
tral filters against the influence of extraneous illumi-
nations and acting radiation, is installed in window 6.

Such an experimental scheme has a number of
technical advantages. Universal holder 5 provides
convenient placement of targets with various shapes,
thus allowing one to probe not only ELJs of different
materials, but also optically transparent condensed
ultradisperse media (colloid solutions, films, etc.).
The possibility of smoothly precisely changing the
height of the auxiliary beam above the target surface of
the ELJ provides a rather high spatial resolution of
probing (down to 0.1 mm). Depending on the objective
of the experiment, the probing-radiation beam diame-
ter can be also varied (from 0.1 to 8 mm) [4, 6, 7].

CALCULATION OF THE CHARACTERISTICS
OF THE CONDENSED METAL PHASE
IN PLASMA

As was shown in the Mie theory [8], the scattering
and extinction efficiency factors Q.. and Q.,, of prob-
ing radiation for homogeneous monodisperse spheri-
cal metal particles can be represented in the form of
infinite series with complex coefficients a, and b, that
depend on the particle material and the diffraction

parameter x = TEle

0. = x—iZ(zn + a,” +(5,); @)
n=1
Oui =5 3 Cn+ Re(@, + ), 5)

n=
where d is the particle size, A is the probing-radiation
wavelength, and the absorption efficiency factor is

Qabs = Qext - QSC'

These efficiency factors are theoretically estimated
using the known calculation scheme proposed in [8, 9].
To illustrate this approach, only some key relation-
ships of this technique are presented in this paper.

The coefficients @, and b, are determined through

the Riccati—Bessel functions y, and &, and their
derivatives:

0 = MMy, () = v, OV, (mx). (6)
m\|l,,(mx)1;',,(x) - (_,,,(X)\If'n(mX)
b = Y, mx)y, (x) — my, O, (mx) (7)

Y, (mx)C,,(x) — mC,(x)y,(mx)
where m is the complex refractive index of the
medium; p is the argument equal to x or mx depending

on the function in which it is used: y,(p) = pj,(P),
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,(0) = v,.(p) = ix.(P) %.(P) = P¥,(p), and the spherical
Bessel functions j,(p) and y,(p) are expressed through
the Bessel functions of the first and second kind:

JuiipP)and Y, ,n(p) 91

To perform the subsequent calculations, it is con-
venient to introduce the logarithmic derivative of the
function y:

D, = L iny, (o) = Y2, 8)
dp v(p)
This yields

|:Dn(mx) n ﬂ} v,(0) —y,_ (%)
a, = =1 =3 ; )

[M " ﬂ} E)—E ()

m X

[mo,xmx) " ﬂ} 00—y, ()

x (10)

b, = .
D) +" |+, -6, (9
As a result, we obtain the recurrence formulas
for D, [4]:
1

D,_(p) = 2 - ———
Dn(p)+ -
p

(11)

Two calculation schemes using (11) are possible for

the functions D,(p): the forward recursion (higher
orders are obtained from lower ones) and the reverse
recursion (lower orders are obtained from higher

ones). It was shown in [10] that the calculation of D, is
stable with respect to the reverse recursion, i.e., if we
can estimate the value of D), for a certain large N with
a certain accuracy, then using the reverse recursion
with the help of (11), all D, for n < N can be calculated

with an accuracy better than the initial accuracy
for Dy,

Although series (4) and (5) are infinite, it was
shown in [9] that it is sufficient to consider only a finite
number M of terms in these series in a numerical cal-
culation. Here, M is the nearest integer with respect to
M,=x+ 4x'P ¢ 2, where x is the diffraction parame-
ter. The functions D,(mx) in (9) and (10) are calculated
from (11) via the reverse recursion beginning with n = .
Provided that N is appreciably larger than M and |mx],
the functions D,(mx) with numbers » < M almost do

not depend on the choice of D,(mx), and D,(mx) for
large n are small. Therefore, we can chose

N = max(M,|mx]) + 15 and assume that Dy = o + io.
Finally, we obtain the resulting calculation scheme.
Using the values of x and m, vy, and y,, are calculated,
beginning with wy_;(x) =cosx, y,(x)=sinx, and
Y _1(x) = —sinx, y,(x) = cosx,up ton= M. Then, (11)
is used to calculate all D, for n < NN, beginning with
Dy = o +io. Subsequently, g, and b, are determined
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from (9) and (10), and the loss efficiency factors are
determined using (4) and (5). The comparison of the
theoretically calculated scattering and absorption effi-
ciency factors to the experimentally measured scatter-
ing and absorption coefficients allows one to estimate
the diameter of particles in an ELJ [4].

Along with the particle diameter, the numerical
and volume concentrations of particles in the liquid-
drop phase are also important characteristics of an
erosion jet. According to the Bouguer law,

I=1e", (12)
where [ is the intensity of transmitted radiation, /, is

the intensity of incident radiation, and 7 is the optical
density of the medium.

Then,
K,=1/I,=¢" (13)
and
K.+Ku,=1-¢". (14)
Since the value of T in our experiments is low [11],

the exponent e * can be expanded into a Taylor series:

2
- T, 7T

e :1—F+5...z1—t (15)
Substituting (15) into équaiity (14), we obtain
Ksc+Kabs =T. (16)
For a single scattering event,
T = Q, nd’N /4, (17)

where N is the numerical particle concentration and
lis the length of interaction of probing radiation with
erosion products.

On the basis of (17), the expression for the numer-
ical concentration value is obtained:
N, = 4(Kscz—+Kabs) (18)

nd Q!

Using the known values of N and particle dimen-
sions, we can determine the volume concentration C,,
of particles in the liquid-drop phase (the ratio of the
volume occupied by particles in the condensed phase
in the studied zone to the entire volume of the studied
zone). This characteristic is an important parameter in
the quantitative evaluation of the obtained results.
The volume concentration C, can be determined in
the Rayleigh approximation from the formula

C, = émch. (19)
Substituting (19) into (18) yields
L= 2Ksc + Kabs d. (20)

3 Oud

Note that the above-described technique for calcu-
lating the coefficients is valid only for a single scatter-
ing event at monodisperse particles, when Q../Q,.,c =
K./Ks It was established in [12] that for particle
diameters of <0.15 pm, the medium polydispersity
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does not significantly affect the ratio of the absorption
and scattering factors.

The single-scattering condition is fulfilled if the
mean free path /' of a scattered photon is larger than

the size of a probed object /; i.e., [' = > [, where

NCGSC
N is the particle concentration and o, = 1d’Q,./4 is
the effective scattering cross section. The following
limitation on the particle concentration is obtained

from this expression: N, < ——. For a typical diam-

nd’0

eter d ~ 0.08 um, Q. ~ 0.07; hencZ:C, N.< 102 cm™3,

Thus, the scheme of calculation of the diameters
and concentrations of the liquid-drop phase of an ELJ
for each time moment is as follows.

(1) The laser-probing technique is used to experi-
mentally determine the probing-radiation scattering
and absorption coefficients in an ELJ.

(2) The particle diameters can be calculated on the
basis of comparison of the scattering and absorption
efficiency factors, which were theoretically compared
according to the Mie theory, to the experimentally
measured probing-radiation scattering and absorption
coefficients. The concentration of particles in the lig-
uid-drop phase in an ELJ can be calculated from the
known values of the diameters and the probed-zone
width.

The accuracy in determining the diameter of tung-
sten particles that are formed in an ELJ was evaluated
in [13] using the laser-probing method. For this pur-
pose, tungsten ELJs were probed in several experi-
ments. Subsequently, the formed particles of the lig-
uid-drop phase of this metal were deposited on a sub-
strate, which was placed in a chamber of an electron
microscope. Processing of the obtained images made
it possible to determine the size distribution profile for
ensembles of particles. In particular, it was established
that the particle-size distribution profile is similar to a
I" distribution to a maximum degree, and its mathe-
matical expectation corresponds to the evaluation of
the particle diameters by the laser-probing method
with a high accuracy (error of ~5—7%).

SPECTRAL DIAGNOSTICS OF AN ELJ

An intense laser pulse that irradiates a target (in the
form of a solid, liquid, gas, or aerosol) may initiate dis-
sociation, excitation, and ionization processes of mol-
ecules and atoms of a substance. This leads to the
appearance of a plasma cloud that expands in the
direction of an external medium (vacuum or foreign
gases depending on the experimental conditions). Asa
result of the interaction of laser radiation with the
material, several physical processes can be observed:
material ablation, pulsed target acceleration, and
emission of high-energy particles and electromagnetic
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radiation within a range from radio waves to X rays.
All these phenomena are applied in practice.

In some studies, the emission spectra of erosion
plasma are studied in a wavelength range of 200—
1100 nm. Such investigations are called laser-induced
plasma spectroscopy (LIPS). As a whole, this is the
group of spectroscopic methods that are intended for
studying the properties of laser plasma and proximate
analysis of the elemental compositions of a substance
in any aggregate state via analysis of the emission spec-
tra of laser-induced plasma. The LIPS method has
such advantages as the high spatial resolution (owing
to the possibility of precisely focusing the laser beam),
the absence of strict requirements for thorough prepa-
ration of the sample surface, and the possibility of
conducting remote investigations under difficult con-
ditions (for example, during melting or burning of
samples). In this study, the LIPS technique is used to
determine the parameters of laser plasma of metals [14].

Laser-induced plasma has some specific features as
compared to plasma generated via other physical
effects (e.g., electric-discharge plasma, etc.). Because
the case of vapor outflow to a half-space is realized
under the action of laser radiation on a metal, the
forming plasma cloud is characterized by a large inho-
mogeneity (this effect is more pronounced during
interaction of laser plasma with radiation by which it
was initiated). As a rule, pulsed laser radiation is used,
thus leading to considerable plasma nonstationarity
(especially when short and ultrashort pulses are used).
Correspondingly, when the results of investigations
using the LIPS technique are interpreted, it is neces-
sary to take the spatiotemporal structure of the plasma
cloud into account. When measurements are con-
ducted in the atmosphere of dense gases, this cloud
may have a quite complex configuration and small
transverse dimensions. Nevertheless, depending on
the experimental conditions, either a local thermody-
namic equilibrium or a partial local thermodynamic
equilibrium is used with some reservations as the main
theoretical models of the plasma state in LIPS.

The advent of the experimental equipment that
provides a high temporal resolution of optical pro-
cesses (generation of short and ultrashort laser pulses,
fast analog-to-digital conversion, high-sensitivity
photodetectors) opened new possibilities for investi-
gating fast transient processes. In this study, elements
of time-resolved laser spectroscopy are used to analyze
the dynamics of the spectral structure of individual
lines of metals under study [15].

STRUCTURE OF THE MEASUREMENT
SYSTEM FOR COMPLEX STUDIES
OF THE OPTICAL CHARACTERISTICS
OF AN ELJ

A schematic diagram of the research complex is
shown in Fig. 2. It contains the following basic units:
(/) a unit for the formation of acting pulses and
Vol. 57
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recording of their characteristics, (//) a unit for study-
ing the spectral characteristics of an ELJ, (//]) a unit
of laser probing of an ELJ, (/V) a unit for experimen-
tal-data processing, and (V) synchronization unit.

Unit 7 is intended for forming an acting pulse and
recording its characteristics and includes laser facility /,
deflecting plates 2 and 3, pulse-shape recorder 4
(@121 KII), and calorimeter 5. The proposed
arrangement of the complex allows application various
laser facilities as sources of acting pulses. However, this
study was performed using 'OC 1001 and LS 2137
neodymium lasers (A = 1064 nm) (http://www.lotis-tii.
com/rus/productid21.php) that generate pulses in the
Q-switched mode. These laser facilities make it possi-
ble to generate pulses with different durations (20 and
100—200 ns) and a high power density (103-10° W/cm?)
at a rather large cross-sectional size of the focusing
spot (1—3 mm). Experiments showed that the repro-
ducibility of the results of individual experiments are
mainly determined by the accuracy of reproducing the
shape of the influencing pulses and their energy
parameters (other conditions being the same). Mod-
ern laser facilities (including LOTIS 2137) meet this
requirement to the highest degree; in other cases, to
confirm the reliability of the obtained estimates, it is
necessary to collect statistical data by performing sev-
eral tens of experiments.

The main purpose of unit // for studying the spec-
tral characteristics of ELJs is the implementation of
the LIPS analytical method. Studying the dynamics of
integral ELJ glow may be also of practical interest [ 15].
These research functions are experimentally provided
by a spectrophotometer (MS 2001i, http://www.
solartii.ru/spectral_instruments/ms200.htm) with
CCD array /3 as an optical sensor; monochromator /4
(MAOP-12) joined to silicon PMT 15 (SPM MicroSL-
10020-X13 SensL, http://sensl.com/products/silicon-
photomultipliers). PMTs of this type are characterized
by a rather high gain (~10°) within a range of 350—
900 nm, a low dark-noise level (0.1 pA) in comparison
to analogous sensors, and a short cell-recovery time
(30 ns). Integral-glow sensor /0 (®H 21 KII) is
equipped with interference mirror 77 (A = 1064 nm)
for eliminating a spurious contribution of influencing
radiation. Moreover, the unit contains system 7—9 for
directing radiation to the surface of target /7 and opti-
cal systems /2 and 76 for forming ELJ image /& at the
entrances of the spectral instruments.

The laser-probing technique for ELJs is used to
study the ELJ-formation and further-evolution pro-
cesses. Unit /11 that provides these functions imple-
ments the probing scheme (Fig. 1) and contains sys-
tem 21, 22, 25, 26 for forming and directing a probing
pulse to the ELJ, system 6, 7, 19 for directing the jet-
inducing pulse to target 3/, and a system for recording
the scattered and absorbed probing-radiation compo-
nents, which consists of ®J1 21 KII photodiodes
(24, 27) and an SPM MicroSL-10020-X13 SensL PMT
(29). Depending on the aim of the experiment, a ruby
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laser (A = 694.3 nm) and a semiconductor laser (A =
800 nm) were used. In this case, the optical sensors are
protected against the effect of power radiation and for-
eign flashes by interference filters 23 and 2§ at the
wavelength of probing radiation.

Unit /V for experimental-data processing includes
a multichannel digital oscilloscope 33 (B432, http://
auris.ru/rus/products.htm) with a sampling frequency
of 100 MHz, thus allowing one to attain a time resolu-
tion of ~10 ns, and personal portable computer 32.
Software that provides automation of the recording,
primary-processing, and experimental-data-repre-
sentation processes was developed for the main oper-
ating modes of the research complex.

Synchronization unit V'is a multichannel generator
of delayed pulses 34 (G 200P, http://www.spetspribor.
info/products/laboratory/g-200p.html) that allows
formation of triggering pulses in wide ranges of their
durations and time delays individually for each chan-
nel. In addition, to eliminate situations of emergency
acting-laser firing by induced interferences, optical-
isolation scheme 35 is used for this triggering chan-
nel [16].

OPERATING MODES OF THE
EXPERIMENTAL COMPLEX

The measurement system is intended for operating
in two main modes.

(1) The mode of studying the dynamics of the spa-
tial and phase structures of ELJs for metals. Laser tar-
get 31 (a plane—parallel plate of a studied material) is
fixed at the center of integrating sphere 20, as shown in
Fig. 2. An acting pulse that is formed with laser facility /
is focused to the surface of target 3/ using rotating sys-
tem 6, 7 and lens /9. By changing the distance from
lens 19 to target 31, it is possible to provide different
power-density levels of acting radiation: from 107 to
10! W/cm?. The action of a laser pulse results in the
formation of ELJ 30, which, beginning with its onset
moment, is probed with radiation of auxiliary laser 25.
Measuring the ratios of the incident, transmitted, and
scattered components of probing radiation allows
determination of the ELJ phase-structure dynamics
(including the parameters of the ELJ condensed phase)
with a high time resolution (no worse than 10 ns).
The measured characteristics are digitized using mul-
tichannel oscilloscope 33 and automatically processed
with portable computer 32.

(2) The mode of studying the dynamics of the spec-
tral structure of glow from ELIJs of metals. An acting
pulse is focused to the surface of target /7 using rotat-
ing system 7, & and lens 9. In this case, it is also possi-
ble to change the power density of acting radiation
from 107 to 10'* W/cm?. Using systems /2 and /6, an
image of the forming ELJ is transferred to the input of
spectral instruments /3—15. Spectrophotometer 713
allows investigation of the time-integral ELJ glow
spectrum with a high spectral resolution (up to 0.1 nm).
Vol. 57
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Fig. 2. Schematic diagram of the research complex: (/) unit for the formation of acting pulses and recording their characteristics,
(1) unit for studying the spectral characteristics of an ELJ, (//]) unit of laser probing of an ELJ, (/V) unit for experimental-data
processing, (V) synchronization unit. (/) Acting laser, (2, 3) deflecting transparent plates, (4) acting-pulse shape recorder, (5) cal-
orimeter of the acting-pulse energy, (6—&) mirrors, (9, 19) lenses for focusing acting radiation, (/0) sensor of integral ELJ glow,
(11, 23, 28) optical filters, (12, 16) optical systems forming ELJ images at the entrances of spectral instruments, (/3) spectropho-
tometer, (/4) monochromator, (15, 29) PMT, (17, 31) laser targets, (18, 30) ELJ, (20) integrating sphere, (21, 22) rotating prisms,
(24, 27) recorders of the probing-radiation intensity, (25) probing laser, (26) auxiliary alignment laser, (32) portable computer,
(33) multichannel analog-to-digital converter (ADC), (34) generator of sync pulses, and (35) system for optical isolation of act-

ing-laser triggering.

Monochromator /4, which is joined to PMT 15, pro-
vides studies of the glow dynamics in narrow spectral
ranges (with a width of 0.5 nm) of ELJs with a high
time resolution (no worse than 10 ns). Sensor 10
allows investigations of the spectrum-integrated glow
dynamics for ELJs for metals with a high time resolu-
tion (no worse than 10 ns). The measured characteris-
tics are also digitized with multichannel oscilloscope
33 and automatically processed with portable com-
puter 32.

RESULTS

Owing to the complex approach to the accomplish-
ment of experiments and the possibility of varying
both the modes of laser action and probing pulses, the
developed research complex allowed us to obtain sev-
eral original results when studying the interaction of
intense laser radiation with metals under atmospheric
pressure.

Experiments showed [16] that under the action of
submicrosecond pulses (~200 ns) with a high power
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density (103—10° W/cm?), an intensely glowing
plasma bunch forms in the near-surface region of the
target ~50 ns after the laser-action onset (this time is
compared to the acting-pulse rise time). The laser jet
propagates in the direction of an external medium and
absorbs almost the entire energy of the trailing edge of
the acting laser pulse owing to the inverse braking
effect and, as a result, the jet is considerably heated.

The characteristic propagation speed of the plasma
bunch at the beginning is 7—20 km/s depending on the
type of a metal target. After the laser-action intensity
decreases, the jet slowly cools mainly at the expense of
the adiabatic plasma expansion. This can be judged by
a certain delay of the jet-glow attenuation with respect
to the trailing edge of the acting laser pulse. In this
case, a scattered component appears in the structure of
the probing-radiation extinction, thus indicating the
formation of local plasma inhomogeneities inside a jet.
At this moment, they determine the transmission of
probing laser by the jet. Subsequently, 2—2.5 ps after
the start of the laser action, the probing-radiation
absorption processes again begin to prevail over scat-
Vol. 57
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tering at a sufficiently low loss level in the jet, thus
indicating the onset of fine-disperse drop formation
owing to the condensation of the plasma cloud. The
investigation results [6] show that the condensed-
phase expansion continues for a rather long time
(~300—400 us) after the action and leads to the
appearance of nanoparticles of the processes metal.

A qualitative coincidence with the previous results
was demonstrated in studies of analogous processes for
20-ns pulses with high power densities [7, 17]. The
main differences consist in a certain decrease in the
initial velocity of the plasma bunch (to 4—14 km/s)
and a substantially larger transparency of the ELJ at
the formation stage, especially for a laser-power den-
sity of ~108 W/cm?.

The regularities in the formation of the spectral sig-
nal of the characteristic lines of elements in the ELJ
were demonstrated. Because exactly these data are
used in the diagnostics of the parameters of plasma
bunches, the ELJ evolution stages for which the elec-
tron-density and temperature characteristics are eval-
uated should be separated. The appearance of a pro-
nounced line spectrum points to the presence of sub-
stantially cooled plasma with quite low values of the
electron-density and temperature. The initial pro-
cesses of the ELJ formation within 200—300 ns after
the laser action are characterized by radiation with a
continuous spectrum with a wide peak near 400—
500 nm [15].

The performed investigations allowed us to sub-
stantiate the efficiency of the process of laser synthesis
of metal nanostructures through the condensation of
ELJs of metals at atmospheric pressure. On the basis of
these materials, new practical techniques for forming
metal nanostructured systems for different purposes
[18—20].

CONCLUSIONS

The measurement system described in this paper
operates on the basis of optical techniques and allows
conducting complex investigations of erosion vapor—
plasma jets, which appear under the action of intense
nanosecond laser pulses on metal targets. The
obtained experimental results made it possible to
establish the main regularities in the formation and
kinetics of the liquid-drop metal phase in the near-
surface target region at atmospheric pressure. The
condensation mechanism of the formation of liquid
drops, which are produced in ELJs under the action of
nanosecond laser pulses, was experimentally discov-
ered and substantiated. The results of these studies
underlie new methods for forming metal nanostruc-
tures for different purposes.
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