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THE CATHODE LAYER CHARACTERISTICS
OF THE NORMAL DC ATMOSPHERIC
PRESSURE GLOW DISCHARGE

V. I. Arkhipenko, A. A. Kirillov, L. V. Simonchik, S. M. Zgirouski

Institute of Molecular and Atomic Physics, NAS of Belarus,
ave. Nezalezhnastsi 70, 220072 Minsk, Belarus, kirillov@imaph.bas-net.by

Abstract. The normal cathode fall and current density of the atmospheric pressure
glow discharges for the different “cathode material — working gas” pairs are
determined. The gas temperature in the cathode region was measured in each case.
Laws of similarity were used to establish the conformity of obtained data to the
corresponding ones for the low pressure glow discharges.

1. INTRODUCTION

There is large increasing interest in Atmospheric Pressure Glow Discharges
(APGD) because they can be used for a wide range of technological applications
without the need of vacuum systems. Some fundamental properties of the APGD
plasmas have been experimentally characterized including discharge dynamics,
optical emission, and densities of charged particles and excited species, but the
experimental cathode fall parameters of the APGD have not been determined. To a
lesser extent the APGD have also been studied numerically. Results of these
numerical studies agree favorably with the macroscopic features of the measured
discharge current and voltage. Theoretical models offer useful tools to understand
atmospheric glow discharges, but precision of model results isn’t high due to an
imperfect data of elementary processes rates, especially, large uncertainties in the
electron yield per ion for practical cathodes. That is why the results of every model
calculation need experimental testing.

There are a lot of experimental data relatively the normal cathode fall and
current density in the Low Pressure Glow Discharges (LPGD) presented in well-
known books [1-4], for example. The dependence of the normal cathode fall of the
LPGD on pressure was discovered in [5]. It was established that the cathode fall V.
decreases on 10+15% at the increase of pressure from 1 Torr to a few tens of Torr in
the LPGD in helium and neon with steel cathode. At the same time the change of
cathode fall in the neon LPGD with titanium cathode was not observed. As to
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atmospheric pressure, there are a few references where the experimental cathode fall
parameters of the APGD are presented. The increase of the gas pressure up to the
atmospheric one leads to a decrease in the dimensions of the glow discharge region
characteristics and to the sharp increase in the heat release in cathode region.
Determination of the normal cathode fall and current density of the different APGDs
and their testing using laws of similarity are important current research topics and
necessary for further optimization of the different APGD applications.

The cathode fall parameters were investigated in details for the self-sustained
normal dc APGD in helium with the stainless steel cathode in [6]. The objectives of
this work are to determine both the cathode fall and current density in self-sustained
normal dc APGDs in other gases, namely, argon, neon, nitrogen, air and carbon
dioxide. At the same time the different cathode materials are used as well.

2. EXPERIMENT

The experiments were performed in the installation geometry described in [6].
The electrodes were put in a pressurised chamber. The weakly rounded tungsten
anode (6 mm in dia) was used in our experiments. To the contrary, the different
material planar water-cooled cathodes were used. A working gas (helium, argon,
neon, nitrogen, air and carbon dioxide) at a flow of 2 litre/min at atmospheric
pressure was provided through the discharge chamber. The glow discharge was
ignited by contacting anode and cathode and then by moving away one of each
other. The interelectrode gap was about 2 mm.

Table 1. Current regions of the self-sustained normal dc APGD burning (Ampere)

He Ne Ar N, Air CO,

Copper 0.02-8 0.02-1.6 0.01-2 0.06-1.1 0.1-04 | 0.02-0.1

Stainless | 0.02 -6.5 0.02-1 0.01-0.3 0.08-0.6 0.1-04 | 0.02-0.1
steel
Titanium | 0.08 —1 0.03-0.6 | 0.03-0.1 0.02-0.1

Duralumin| 0.01-0.2 | 0.01-0.1

The discharge was fed by controlled dc power supplies with output voltage up
to 600 V and 1200 V. The ballast resistance in the anode circuit was changed from
~75 Q up to 2.5 kQ. The voltage applied to electrodes and the discharge current
were measured by means of a digital dc voltmeter (CH300, instrumental error 0.1%)
and an amperemeter (M1104, instrumental error 0.2%), correspondingly. In table 1
the current ranges for different pairs of the gases and cathode materials where the
APGD was observed in given experiments are presented.

12



THE CATHODE LAYER CHARACTERISTICS OF THE NORMAL DC ...

The photo of the APGD at discharge current of 1 A in helium is presented in
fig. 1. One can see, the structure of the glow discharge is as follows: a thin (less than
1 mm thick) disc of glow emission resides above the cathode surface, whereas the
glowing column is adjacent to anode.

Fig. 1. Photo of the APGD in helium.

There is the Faraday dark space between these glow regions. The anode surface is

covered with a glowing layer. The positive column is constricted to a diameter about
3-5 mm.

#0.06 mm, W isolator

‘ mm ‘

200 agon
150 /
> helium
=}
2 100
o
<}
o
50+

0 T T T T T T T |
00 02 04 06 08 10 1,2 14 16
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Fig. 2. Axial profiles of potential in the APGD in helium and argon at discharge
current of 0.5 A.

The electric probe technique was used for the cathode fall measurements. The
cathode fall voltage ¥V, was measured with the help of a tungsten probe 60 um in
diameter (see an upper picture insert in fig. 2).
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The length of the uninsulated wire was 5 mm. The probe was put into
discharge from one side and it was parallel to the cathode surface. The probe could
move along the discharge axes by a stepper motor and by a microscrew in
perpendicular direction.

o~ 4r
<
o |
sal *
53' % &®
] e
20! ¢
o e
=) s
21t &
T | .
o [
(D) L
Z 0
O 1 2 3 4 5 6 7

Discharge current, A

Fig. 3. Dependence of the area of the negative glow S on discharge current for the
APGD in helium: closed circles — copper cathode, snowflakes — stainless steel
cathode.

The probe potential V, was measured by a digital voltmeter CH300 (input
resistance is 10 MQ) and determined by two ways. In most cases it was measured
with respect to the grounded cathode. We supposed that V. ~ V), at the instant just
before the probe touched (or just after it detached) of the cathode. Axial profiles of
potential in the APGD in helium and argon at discharge current of 0.5 A are
presented in fig.2 for example.

In the cases when the probe setting into cathode region brought to the
discharge instability the other way was used to determine the cathode fall. In this
case the probe potential ¥, was measured with respect to anode. At the same time
the interelectrode voltage V,. was determined. The cathode fall is V. ~ V,. — V,, at the
small interelectrode gaps in ranges of 0.2 — 0.5 mm.

The current density was defined as the ratio of discharge current 7 to the area
of negative glow S. In fig. 3 dependences of negative glow area S on discharge
current for the APGD in helium with the copper and stainless steel cathodes are
presented. The linearity of the dependence of negative glow area on discharge
current indicates that current density is constant, as in the case of a normal glow
discharge. According to the figure 3 current densities are 2.3 A/cm* and 1.8 A/cm?
for copper and stainless steel cathodes correspondingly. It is necessary to note that
the water-cooling of cathode was applied at discharge currents more than 0.5 A to
provide normal current density. The measurements were mainly fulfilled at the

14
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discharge current of 0.2 A. But we always carried out the experiments at the range
of discharge current lower and higher of this value to make sure that it is a normal
mode of the APGD.

As it is known, current density in cathode fall depends strongly on the gas
temperature in this volume even at discharge current of the order of 1 mA. More
definitely, it depends on a gas density. Therefore, knowledge of the gas temperature
is necessary for every measurement of current density to use the laws of similarity.
The method of the relative rotational line intensity of molecular gases was used for
the gas temperature determination [7-9]. The band (0,1)(A = 427.81 nm) from the
first negative system of molecular nitrogen ion N, (B*Z,") served as a working band.
When this band wasn’t observed (for example in case of argon or neon) we used (0,
0) (A =308 nm) OH band to determine the gas temperature.

3.RESULTS
The normal cathode falls V. for the LPGD and APGD are given in table 2.
Cathode falls we measured in the APGDs for various “cathode material — working

gas” pairs are shown in thick print lines. The pressure value of 740 Torr is typical
atmospheric pressure for Minsk (Belarus) where experiments were fulfilled.

Table 2. The normal cathode falls in the APGDs

He Ne Ar N,
Gas
b, p, p, ps
Cathode Torr V.,V Torr Ve, V Torr Ve, V Torr V.,V
material
1 177 [1] 1 220 [1] 1 130 [1,3] 1 208 [1]
Copper 204 [5] 200 [3]
148 [5]
740 14545 740 14545 740 | 19045 740 20245
Iron 1 150 [1,3] 1 150 [1,3] 1 165 [1,3] 1 215[1]

20 | 131[5] 40 | 129[5]
Steel 740 | 1405 | 740 | 145+5 | 740 | 18545 | 740 |195+10

1 | 115[1,3] | 1 | 114[13]| 1 |99[13]
Titanium 40 | 113[5] | 15 | 995]
740 | 14245 | 740 | 15545 | 740 | 15045 | 740 | 380+10

Aluminum | 1| 140[1,3] | 1 | 120[1,3] | 1 | 100[1,3]
3.5 | <173[10]
Duralumin | 740 11045 740 125+5

As one can see in table 2, the normal cathode falls of the APGDs are differing
from ones for the LPGDs in sufficient bulk of cases. The increase or decrease of the
normal APGD cathode falls at the transition from low pressure to atmospheric one
depends on the “cathode material — working gas” pairs.
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The cathode fall values obtained by us for the APGD with the stainless steel
cathode in helium, neon and nitrogen do not practically differ from ones in
discharges at 1 Torr. The cathode falls V, in the APGDs with the copper and
stainless steel cathodes in helium and neon are significant less than in the
corresponding LPGDs. At the same time the cathode fall in the nitrogen APGD
with the same cathodes does not change. The significant growth of the cathode fall
voltage with pressure increase takes place for both the cooper and titanium cathodes
in the argon APGD.

There are simple seeming explanations of observed differences, namely, the
differences in both the cathode surface preparation and the gas composition in low
and atmospheric pressure experiments. At low pressure the cathode cleaning by the
high-current glow discharge was used when the sputtering of cathode material takes
place. But the APGD itself is the high current glow discharge and the sputtering
takes place in it. We used in the experiments the gases containing the impurities less
than 0.02%. At the same time, our experiments [14] showed that the addition of the
admixture of other gases into working gas less than 0.1% doesn’t have effect on the
electrical parameters of the APGD. Therefore, probably, the differences of the
cathode fall values at low and atmospheric pressure are due to pressure effect.

Current densities in the cathode region of both the LPGD and APGD are
presented in tables 3 and 4. Ibidem the corresponding temperatures in cathode
region of the APGDs are given as well. According to references the temperature in
cathode region of the LPGD at pressure 1 Torr is 290 K, i.e. it is a room
temperature.

Table 3. The normal current density of the glow discharge. Rare gases

Gas He Ne Ar
LPGD APGD LPGD APGD LPGD APGD

j’ j’ Tg’ j’ j’ Tg’ j' j’ Tg,
Cath. pA/em® | Alem® | K| pA/em? A/em’| K pA/cn’ Alem® K
material
Copper 2.3+0.2| 720 2.3+ 0.2| 650 40 /5/ 3.8+15 |980
Iron 2.2101,3] 6[1,3] 160 [1]

100 [11]

Stainless 1.8+0.2| 650 1.2+0.2| 740 2.5+ 0.4[13]| 550
steel 23104 | 950
Titanium 1.0+ 0.1| 600 0.8+ 0.1| 690 1.0+0.2 |910
Aluminum | <15 [10] 110+ 20 [12]
Duralumin 1.440.1| 615 1.1+0.1| 615
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Table 4. The normal current density of the glow discharge. Molecular gases

Gas N, Air CO,
LPGD APGD LPGD APGD LPGD APGD
Cath. 7, J, T, | J Jo | Ty J J T,
material pA/em® | Alem® | K| pA/em?| Alem’| K | pA/em?| Alem’ | K
Copper 8.0+ 0.5 |2700| 240 [1] |11 + 1|3000 11.5+1(2800
Iron 400 [1,3]
Stainless steel 5.0+ 0.5 |2100 6+1 |2400

Current density in the LPGD with various “cathode material — working
gas” pairs changes on two orders of magnitude. For the LPGD with stainless steel
cathode, for example, current density is 2.2 pA/ecm’® in helium discharge and 400
pA/cm? for nitrogen one. In case of the APGD the current density changes only on
order of magnitude, namely, from ~ 1 A/em® up to ~ 10 A/cm”. Current density in
both the LPGD and APGD is high in the molecular gas discharges in comparison
with ones in rare gases. However the difference between the APGD current densities
for various “cathode material — working gas” pairs is less than in case of the
LPGD. It can be explained by a strong gas heating in discharges with high current
density. Gas temperature at the end of cathode region in rare gas APGD does not
exceed 1000 K. At the same time the gas temperature is in the range of 2000--3000
K in the molecular gas APGD.

4. LAWSOF SIMILARITY

Gas discharge parameters at different gas densities are connected by laws of
similarity [1]

2
v=ve d=d, L j:j,(p—le , (1)
rT; riT
which are correct when a number of limitations on discharge ionization mechanisms
are fulfilled. Here d — cathode fall thickness. Parameters with subscript / correspond
to the low pressure discharge. But laws of similarity (1) can not be used immediately
for the comparison of the LPGD and APGD parameters due to gas temperature
change in the APGD cathode layer. It takes place due to significant volumetric heat
release. In this case it is necessary to use the one-dimension models of cathode fall
region taking into account a volumetric heat release [15, 16]. These models,
essentially, are a summarizing of similarity principle on a gas with inhomogeneous
density.

The model of [15] is based on the following assumptions: (i) gas heating in
the cathode fall is caused by collisions between the positive ions and neutral gas
atoms; (ii) both the electric field and the ion current density decrease linearly with
distance from the cathode; (iii) gas thermal conductivity is proportional to gas
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temperature, A(T)=qT . In this model, the heat conduction equation for the gas in
the cathode fall has the form

2 . 2
szﬁ[”] +Emaxf(1_x] _o, @)
dx2 dx o d

where j is current density, Fp.x is electric field near the cathode surface, and d is the
cathode fall thickness.

Then according to [15], the cathode fall region, which is nonuniform in
temperature, is replaced by a sheath with a uniform average temperature <7>, and
the electric parameters of the cathode fall are determined by using laws of similarity
for a normal glow discharge (1). Expression for gas temperature within a cathode
layer obtained in [15] is approximate. It is correct in asymptotic approximation of
very high heat release. Exact solution of equation (2) has a following form [6]:

T=T-1+q(1-&" , 3)

where £ =1—-x/d . Then

<T>=Tc[;+f AT F(q),%)] - @

Here F' ((0 ) k ) is the elliptic integral of the first kind and

N

@ =arcsin————— , (5)
N+ 1+(1/q)
where the dimensionless parameter
V.jd
q=—L- ©)
30,1,

is the heat release power in the cathode fall normalized to the heat flux with a
gradient near the cathode surface of 27, /d. Here, V. is the cathode fall voltage and 4.
is the gas thermal conductivity at the temperature 7,. The exact solution of the heat
conduction equation [6] was used at calculations according to model [15] (model
ESS).

In [16] (model BS), an attempt was made to calculate the parameters of the
cathode fall with allowance for a nonuniform temperature distribution in it.
According to [16], the local characteristics of the cathode fall at atmospheric
pressure can be expressed in the form

1T(x) _ T
dx = 5(x)ppTldxl . E(x)= g(x)plpT(x)El (x;) » (7
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where d(x) and &(x) are the corrections related to the deviation of the current density
j from the normal local value j,(x) determined from the scaling law. To calculate the
corrections d(x) and &(x), we used formulas

J 1 ol Z; '
i) SN+ s W)= net) ®)

The temperature profile in the cathode fall is calculated from the heat conduction
equation

d dT
—| AUT)— |+ Ejr =0, 9
dx( ( )dijr Jr =0 ©)

where jr is the fraction of the current density that causes gas heating. For a normal
glow discharge, the current density j is believed to correspond to the minimum of
the cathode fall voltage. So, it is necessary to find such solution of a boundary
problem of the heat conduction equation added by algebraic relation, which
minimizes of the cathode potential of cathode layer. In [16], in contrast to [15], it
was the electron current also contributes to the cathode fall along with the ion
current.

5. DISCUSSION

Let’s compare the parameters of cathode fall region using the one-
dimension models [15, 16] of this region. According to model [15] the cathode fall
does not depend on gas pressure. At the same time the cathode fall determined by
model [16] increases while pressure is increasing. The stronger temperature
inhomogeneity in cathode layer is the more this increase is. However even in case of
the molecular gases the difference of cathode fall values in glow discharges at
atmospheric and low pressures does not exceed a few Volts. Therefore, the
significant differences of cathode fall values at low and atmospheric pressure
marked above (see table 2) can not be explained in frames of models [15, 16].

Experimental and calculated according to models [15, 16] values of both
the current density in cathode region and gas temperature in negative glow are
presented in tables 5 and 6. The cathode fall region parameters corresponding to
pressure of 1 Torr [1] were used in these calculations.

Table 5. Experimental and calculated parameters of the cathode fall. Rare gases

Gas-cath. He-Fe Ne-Fe Ar-Fe
material
j, Alem’ | K | j, Alem® | K | j, Alem’ | T.K
Experiment 1.8+0.2 650 1.240.2 740 2.5+0.4 950
Model ESS 047 470 1.0 540 6.5 1230
Model BS 0.48 465 1,1 520 7.4 1240
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Table 6. Experimental and calculated parameters of the cathode fall. Molecular
gases

Gas-cath. material N,-Fe Air-Cu

Jj, Alem’ T, K Jj, Alem’ T, K
Experiment 5.0+0,5 2100 11.0£1.0 3000
Model ESS 8.7 1730 7,7 1400
Model BS 6.9 2280 6,2 1850

The calculated current density for steel-helium pair is less than
experimental one in 4 times. Calculated gas temperature is below as well. The
opposite situation is in the APGD in argon when the calculated current density value
exceeds the experimental one in a few time, and calculated temperature is
significantly high than experimental one. A good agreement between the calculated
and experimental values takes place for discharges in neon and nitrogen. Probably,
the observed differences between the calculated and experimental data are
significative above all about changes in the elementary process balance in the
discharge plasma at the transition from low pressure to atmospheric one.

In [6] a comprehensive investigation of the APGD in helium with stainless
steel cathode was fulfilled. Besides a cathode fall, current density and gas
temperature the cathode fall thickness and heat flux to the cathode were determined
as well. A good agreement between experimental and calculated values including a
heat flux to the cathode was observed. However it was necessary to use the
increased value of current density (in 6 times) and the increased cathode fall
thickness (in 2 times) in comparison with classical LPGD parameters at these
calculations. Experimental determination of the three main parameters of the
cathode fall region (¥, j and d) allows, probably, to calculate more exactly a heat
mode of discharge operation in cases of other gases. The last is very important for a
number of applications.

6. CONCLUSIONS

The normal cathode fall and current density of the atmospheric pressure glow
discharges for the different “cathode material — working gas” pairs were determined.
The gas temperature in the cathode region was determined in each case. The laws of
similarity were used to establish the conformity of obtained data to the
corresponding ones for the LPGDs.

The calculated current density for steel-helium pair is less than experimental
one in 5 times. The opposite situation is in the APGD in argon when the calculated
current density value exceeds the experimental one on the order of magnitude. A
good agreement between the calculated and experimental values takes place for
discharges in neon and nitrogen. Probably, the observed differences between the
calculated and experimental data are significative above all about changes in the
elementary process balance in the discharge plasma at the transition from low
pressure to atmospheric one.
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Abstract. The results of investigations on compression plasma flows generated by
gas-discharge magnetoplasma compressors and erosive plasmadynamic systems are
presented. Electron temperature and plasma concentration in such quasi-stationary
plasma accelerators (plasma guns) both were measured with spatio-temporal
resolution. The characterization of quasi-stationary plasma flows was conducted
using the dynamic coefficients specifically introduced. These coefficients were
calculated based on the temporal evolution of the electron density and temperature
in plasma obtained in these experiments.

1. INTRODUCTION

One of the major scientific and practical problems in plasma physics is
development of methods for obtaining high-energy directional dense plasma streams
including compression plasma streams, and controlling their parameters. Such
plasma streams open up essentially new opportunities for fundamental research into
dynamics of plasma formations in electromagnetic fields of the complex
configuration. In addition, they are of interest owing to application of such plasma
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flows in various technological processes (processing and hardening of surfaces,
deposition of coatings, etc.).

Earlier we investigated physical processes in gas-discharge quasi-stationary
plasmadynamic systems operating at different input energy (for example,
magnetoplasma compressor (MPC) with storage energy up to 30 kJ and quasi-
stationary high-current plasma accelerator (QHPA) such as P-50M), capable to
generate compression plasma flows (CPFs) [1-4]. Such accelerators are placed in the
vacuum chambers as their operations demand working gases to be fed into the
discharge devices. Besides, for the first time we have received compression erosive
plasma flows, generated by specially designed erosive plasmadynamic systems
operating in the air at atmospheric pressure [5]. Only a material of an inner electrode
determines the composition of compression erosive plasma flows.

In the present paper, the results of spectroscopic investigations of both the
gas-discharge MPC of compact geometry, and the erosive plasmadynamic systems
are presented. These investigations made it possible to calculate dynamic
coefficients suggested in [4-5] that show a degree of "stationarity" of the basic
thermodynamic parameters of compression flows in studied plasmas accelerators.

2. EXPERIMENTAL SETUP

The gas-discharge compression plasma flows were obtained using a MPC of
compact geometry powered with a capacitive storage (Cy = 1200 uF) operating at
initial voltages, Uy, from 3 up to 5 kV [6-9]. The MPC discharge device (Fig. 1)
with an outer electrode 5 cm in diameter and 12 cm in length is mounted in a
vacuum chamber measuring 30 x 30 x 150 cm. The discharge device of MPC-CG
employing hydrogen as plasma-forming substance operates with pulse system of gas
feed.

The discharge duration in the MPC is up to 100 us and the peak value of
discharge current, depending on initial parameters of discharges, ranges from 70 to
120 kA (Fig. 2).

Fig. 1. Scheme of MPC discharge device: 1 - cathode, 2 - anode rods, 3 - cover.
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60 kA

Fig. 2. Oscillogram of the discharge current and voltage in MPC-CG. Bar size is 25
us.

Under these conditions, a CPF 6-10 cm long and 0.7-1 cm in diameter forms
at the outlet of the MPC discharge device (Fig. 3). The CPF retains stability for
about 80 us; thereafter it starts diverging in a half-angle of 5 to 15°. The plasma
velocity in compression flow varies in the range of (4-8)-10° cm/s, depending on the
MPC initial parameters.

Fig. 3. Photograph of CPF: exposure time 2 ps.
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The schematic of the discharge device of the erosive system intended to
generate CPFs in ambient air is shown in Fig. 4 [5]. The outer electrode of the
discharge device is sectionalized (made of a set of rods). The energy storage (W, ~
15 kJ, Cy = 1500 pF) is sectionalized as well, each section of the capacitor bank
being connected to an inner electrode and to one of rods (sections) of an outer
electrode. Thus, the whole battery is involved in the formation of the plasma
flow from the inner electrode, whereas only one section of the battery is
involved in the formation of a plasma jet from each of the rods of the outer
electrode. Such a discharge system generates four current-carrying plasma jets (1
per each of 4 rods comprising the outer electrode), and the stable main compression
erosive plasma stream from the inner electrode (Fig. 5).

1cm
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o B 5 X W M S X

Ll 25 A A X W A W T Mgk e X

Fig. 4. Diagram of the discharge device of the erosive system: 1 - insulator-body, 2 -
inner electrode, 3 - roads of outer electrode; I - ignitron, C, - energy storage.

The main compression plasma stream and the outer plasma jets are
compressed due to the interaction of their currents with azimuth self-magnetic
field. Since currents in the compression stream and in the outer jets flow in the
opposite directions, the electrodynamic interaction between them causes these jets to
repulse from a compression stream due to which the erosion products of the outer
electrode do not get in the main stream. In addition, by the same reason the resulting
magnetic field maximum of currents of the plasmadynamic system should be located
in an area between the compression stream and the outer plasma jets, which not only
influences positively the flow macro stability, but also results in the effect of
magnetic self-isolation of a separating dielectric of the discharge system.

Fig. 5. Photograph of compression erosive plasma flow.
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Formation of the erosive compression plasma stream comes to an end ~ 25 pus
from the beginning of the discharge current. From this time, the compression stream
of 1-2 cm in diameter and ~ 15 cm long becomes macro stabile, and a material of
the inner electrode governs its composition, as spectroscopic studies show. High
stability of the erosive plasma stream along with its small divergence, as well as
rather great the flow length/diameter ratio indicate the compressive character of the
plasma flux. Shown in Fig. 6 are typical oscilloscope traces of the discharge current
and voltage in the erosive system.

1 kV

Fig. 6. Oscillogram of the discharge current and voltage in the erosive system at Uj
=5kV. Barsize is 25 ps.

3. STUDIES OF GAS-DISCHARGE MPC

Spectroscopic studies of the compression plasma flow in MPC of compact
geometry were carried out with the use of a spectrograph ISP-30 combined with
spectrochronograph SP-452. The image of the cross section of a compression flow 3
cm apart from an edge of the inner electrode was projected at the spectrograph slit.
The plasma emission spectra in 300-700 nm wavelength ranges show continuous
radiation, lines of atomic hydrogen and the most intense (resonant) lines of atoms of
elements comprising a material of electrodes. When decreasing a mass flow of
working gas, the line intensities of the electrodes material, as well as the number of
lines is increasing.

The electron concentration N, in the compression plasma flow was
determined via the line H; broadening caused by the linear Stark effect. The N,
definition relative error in the method under experimental conditions achieves 30%
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due to the presence of continuous radiation. The temporal dependence of electron
concentration in the CPF is shown in Fig. 7. It should be noted that the N, values
shown in Fig. 7 are averaged along the line of sight, as well as over the exposure
time, defined by the spectrochronograph shutter (~ 10 ps).

No, 10V en
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Fig. 7. Temporal dependence of electron concentration in the CPF of MPC.

Electron temperature 7, in the plasma flow was determined from the relative
intensities of H and H, lines only for a time interval from 35 to 40 ps. At the 10
g/sec mass flow rate of hydrogen and the peak discharge current of 80 kA, the
electron temperature in a compression flow 3 cm apart from an edge of the cathode
makes (25-30)-10° K.

4. THE STUDIES OF EROSIVE PLASMADYNAMIC SYSTEM

Spectroscopic examinations of compression erosive plasma flows were
carried out with the aid of a VFU-1 high-speed camera operating in a mode of a
cinespectrograph due to a spectral attachment based on a diffraction grating. Frames
of emission spectrum of erosive plasma flows are shown in Fig 8a.

The electron concentration in the plasma flow was determined by method
based on broadening of spectral lines of the copper caused by quadratic Stark effect.
Chosen for this purpose was the autoionisation copper line Cu I with A = 4587
nanometers since it has a high value of lower level, and its self-absorption is low.
Lines selected for processing featured clearly observable asymmetrical contours
which can only be attributed to Stark broadening alone (neither Doppler, nor natural
broadening result in contour asymmetry). Doppler broadening of Cul line (458,7) at
T =15-10° K was as small as 0,05 A°, while the instrumental one - 1 A° (the value of
instrumental broadening was accepted equal to the half-width of the narrowest line
in a stepwise spectrum of iron), so they were taken into consideration by a simple
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subtraction of their values from a half-width of a line specified. Due to the presence
of contintum and a considerable value of the natural broadening of the
autoionization Cu line caused by the spreading of the autoionization level, the
relative error in definition of the electron concentration is great enough and makes ~
50 %. The temporal dependence of electron concentration N, of a compression
erosive plasma flow in a cross-section ~9 cm apart from the edge of the discharge
device is shown in Fig. 8b.

_16
- Ne, 10 cm-3
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Fig. 8. Frames of emission spectrum of erosive plasma flows (left): 1 - line Cu II
456 nm, 2 - line CuI459 nm, 3 - line Cul 465 nm, 4 - line Cul 515 nm, 5 - line Cu
1522 nm. Temporal dependence of electron concentration (right).

Spectroscopic investigations have shown that the compression erosive
plasma flow demonstrates large opacities. Under these conditions, a reliable
method of determination of plasma temperature is the method of photoelectric
recording of radiation [5]. Using this method it was possible to determine the
spectral density of energy emission (SDEE) of radiation b, of a compression flow
and its spectral absorption constants ¢;.

Knowing b, and ¢;, from Kirchhoff law and Plank formulas for a black body
one may to find the true plasma temperature:

he

2hc’a,

Ak In(—5 =)
y

T=

Experiments on recording plasma radiation of a compression erosive flow and
definition of its spectral absorption constants were carried out as shows a drawing in
fig. 9. Radiation was recorded by calibrated photodiodes FD-5G combined with sets
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of optical filters, which were cutting out spectral ranges of 465 - 555 and 745 - 1120
nm.

The self-exposure to radiation of plasma was provided with the flat mirror 4
mounted behind a beam-splitting plate 3. Plasma radiation of a compression flow
was selected with two rectangular diaphragms the size 1x10 cm, inserted in each
measuring channel. One of photodiodes (7) recorded a radiation flow (@, of
explored source, whereas the second one (8) — a radiation of the source plus the
radiation that was reflected from a mirror and passed through plasma (total flow @y).
Photodiodes were placed at equal distances (~ 1,5 m) from the emitting source. Such
an arrangement of photodiodes, taking into account linear dimensions of the source,
made it possible to consider it point source.

13

Fig. 9. Block diagram of experiments on recording plasma radiation: 1 - discharge
device; 2,3 - beam-splitting plate; 4 - flat mirror; 5,6 - optical filters; 7,8 -
photodiode; 9-12 - diaphragm; 13 - oscillograph.

In experiment conditions, radiation flow through plasma is:

QI‘L’
®trans = ISQV€ff(1_p3)2p4(l_al) = ®s Qf (1_p3)2p4(1_0’/1)’

s

where [; - radiant intensity of the source; a; - a spectral absorption constant of
plasma; €., - a spatial angle in which the photodiode 8 records the emission
reflected from the mirror 4; €2 - a spatial angle in which the photodiode 7 records
the emission of the source; p; - reflectivity of a beam-splitting plate 3, and p, -
reflectivity of the mirror 4.
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Let's write down the expression for the total emission flow recorded by the
photodiode 8:

trans

Q .
b, =D+, =D]l +Qi'€”(1 -p) p(1-a)]’
from which it is easy to find ;-

Q
a,=1-—L &y !

Qs ®s (1 - 103 )2 p4
Shown in Fig. 10 are the time variations of spectral absorption constants ¢,
for spectral intervals of 465-555 and 745-1120 nm.
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Fig. 10. Time variations of spectral absorption constants a;, at Uy, = 5 kV for
spectral intervals: 1) 465-555 nm; 2) 745-1120 nm

As already noted, to calculate plasma temperature it is necessary to know also
spectral density of energy emission b, of a compression flow. It can be calculated, if
one knows spectral density of radiant energy E; of a plasma flow which is
determined by integration on time of a signal from the photodiode recording radiant
power P,.. For this purpose, the mirror in Fig. 9 was removed, and in front of
photodiodes, the optical filters that were cutting out different spectral ranges were
placed.

Values of plasma temperature in both of these spectral intervals within the
limits of experimental error were identical, which proves the reliability of results
obtained. Time dependence of plasma temperature of a compression erosive flow is
shown in Fig. 11.

1T, 10°K
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Fig. 11. Time dependence of plasma temperature of a compression erosive flow at
Up=5kV.
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5. DISCUSSION

To gain an idea of how the behaviour of the basic thermodynamic
parameters, N, and 7,;, corresponds with a discharge current (i.e. to estimate a
degree of "stationarities" of these parameters), let us calculate for them the dynamic
coefficients 7(2), suggested in [4,5]. For the electron concentration of 7y(2)= N,(2)/
1,(t), and for temperature — np(t) = T,,(2) / 1(2).

Calculated data 7y(2) for a compression flow generated by discharge MPC-
CG, are shown in Fig. 12. As may be seen, 7,(?) at a steady-state stage of a
compression flow (from ~ 30 ps) is essentially invariable. This means that the
electron concentration tracks a discharge current, i.e. the compression plasma flow is
quasi-stationary.
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Fig. 12. n for compression plasma flow of MPC-CG.

Results of calculations 7(2) for erosive plasmadynamic system are shown in
Fig. 13. One can see that for the most part of a quasi-stationary stage of discharge
nn(t) and 777(t) are practically constant, i.e. N, and T}, for this time interval "follow" a
discharge current. At the beginning of discharge 7y(2) decreases, i.e. N, rises more
slowly, than /;, which may be associated with a delay in ejecting the working
substance (erosion of electrodes) relative to a discharge current.

S, 108 A 0| e, KIA
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Fig. 13. i for erosive plasmadynamic system: 77y (left); 777 (right).
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Comparatively small increase in both 7y (2) and 77 (¢) at the end of the
discharge which implies that velocity and temperature of plasma at this time decay
more slowly than a discharge current, may be explained by certain inertia of process
of a plasma flow collapse (relative to a discharge current).

Thus, as the studies show, a compression plasma flow at a stage of the steady
existence is quasi-stationary (i.e. its key parameters "follow" a discharge current)
both in the gas-discharge MPC-CG and in erosive plasmadynamic system.
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FOR LASER PLASMA ENGINE
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Abstract. Possibility of jet thrust creation at laser action on absorbing condensed
mediums was revealed many years ago (G.A. Askaryan, 1962, A. Kantrowitz,
1972). But only now the idea of laser propulsion has chance of using for control of
micro- and nano-satellites movement. Such satellite needs obtaining the strictly
verified impulses for its orbits correction. One of the promising directions of solving
this problem is creation of laser-plasma engine of ablative type with solid-state
working substance (solid propellant). The important characteristic of laser engine is
its working resource which depends on used solid propellant. This report is devoted
to optimal selection of solid propellant based on experimental determination of
specific mass-removal of various materials irradiated by pulsed laser in vacuum.

Dependences of specific mass removal on laser radiation power density
were studied by experimental and numerical methods. The experimental results were
obtained for number of metals (Al, Bi, brass), for graphite and composites (glass
fibre and carbon fibre plastics, sol-gel glass SiO, containing 40 % of graphite
particles) irradiated in vacuum (P, = 2:10” mm Hg) by Nd:YAG laser (1064 nm
wavelength, ~20 ns and ~200 ps pulse duration, irradiance in the range of 1 — 2-10*
MW/cm?). The simulation results, which were obtained for Al and graphite samples,
are compared to the experimental ones, for the range of power density 30 -10*
MW/cm?. It was found out that experimental dependences of specific mass removal
on laser radiation power density are characterized by areas with dominance
evaporative or explosive mechanism of target destruction. Obtained results showed
mainly evaporative regime of graphite and brass destruction for laser irradiances 30-
600 MW/cm® that comes with specific mass removal ensuring necessary resource for
created laser plasma microengine.
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SPACE-TIME-RESOLVED OPTICAL EMISSION
SPECTROSCOPY OF LASER ABLATION PLASMA
FOR MICROANALYSISOF UNIQUE SOLID SAMPLES
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Abstract. Space-, time- and spectrally resolved optical diagnostics of laser ablation
plasma has provided the opportunity to realize absolute (calibration-free) analyses of
solid or powder materials. This variant of optical emission spectroscopy of pulsed
plasma allows the matrix effects to be overcome, yielding precise and accurate
quantitative results on elemental composition of materials without use of calibration
curves, certified reference materials, and internal standards. Such analysis is very
close to the nondestructive mode with minimum possible ablated mass that is very
important in many applications especially for unique museum exhibits and jeweler
samples.

1. INTRODUCTION

Laser ablation (LA) of solid samples is a well-established analytical
technique, which combines sampling and atomization in one step. Therefore, direct
and express spectrochemical analysis without any sample preparation is possible.
During the last decade, the necessity of applications of the LA optical emission
spectroscopy technique to the “truly real life” problems (industrial, environmental,
medical, archaeological, art, etc.) has extremely increased in number and in variety.
Recently any variant of spectrochemical analysis of solid materials required
obligatory calibration of a spectrometer with the help of the certificated reference
materials (CRM). The nomenclature of solid CRM is limited mainly by the most
widely used metals and alloys, some samples of ceramic materials, glasses etc. This
circumstance is the main limitation of wide introduction of direct analysis of solid
materials, for example laser-induced breakdown spectroscopy (LIBS) and LA-ICP,
in routine practice. Moreover, even the small differences in matrixes and surface
properties of analyzed materials as compared with the reference samples as well as
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the possible variations in ablation laser energy must be thoroughly taken into
account. Therefore, during the last decade different approaches have been
undertaken to overcome or at least to discriminate the above mentioned problems in
the most widely spread LA based analytical technique, namely LIBS. The
realization of the main goal of the last time attempts to make LIBS really
quantitative is based on the development of calibration-free algorithm of LIBS,
which is in turn based on the perfection of optical diagnostics of pulsed plasma. In
general, last achievements in instrumentation and data processing in optical
emission spectroscopy of pulsed ablation plasma allows the matrix effects to be
overcome, yielding precise and accurate quantitative results on elemental
composition of materials without use of calibration curves, CRM, and internal
standards [1-6]. LA is at present the only source of atomic spectra that allows
realizing by detailed optical diagnostics of plasma the unique possibility of absolute
(calibration-free) elemental analysis of solid materials. Starting from 1999 the really
calibration-free technique is now developing in instrumentation and algorithms by
research teams from Italy and Belarus and last time from Australia and USA, and is
utilizing mainly for analyses of as much as possible variety of solid metallic and
dielectric materials to optimize the analytical procedures and to examine once again
the proposed technique.

In this work further development of calibration-free LIBS and its approbation
for microanalyses of a material of unique solid samples on an example of
determination of component concentrations of the bronze and gold alloys, flint
glasses, fragments of jeweller ornaments of an archaeological origin, and pigments
from easel paintings have been carried out.

2. THEORETICAL BACKGROUND

In general, with the LTE assumption, after determination of the plasma
temperature (possible by different ways), the concentration of species of one of the
element of interest in plasma can be obtained from the measurement of just one
experimental emission line. When the concentration of atomic species of a given
element is known, it is possible to determine the concentrations of the other
ionization stages by making use the Saha-Boltzmann equation. Such procedure is
commonly employed in plasma spectroscopy.

The basic assumptions concerning the state of the laser ablation plasma are as
follows. (i) The plasma composition is representative of the actual target material
composition prior to the ablation (stoichiometric ablation). This assumption is
fulfilled in laser ablation conditions typical for the spectrochemical analysis, when
the power density on the target exceeds 1 GW/cm?. (ii) In the actual temporal and
spatial observation window the plasma is locally in thermodynamic equilibrium.
Theoretically, thermal plasmas at electron number densities higher than 10* m™ are
considered to be in LTE. (iii) For the optical emission spectrometry the plasma is
optically thin (no self-absorption). This assumption is usually well verified for non-
resonant lines emitted in comparatively small plasma volume. Although the self-
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absorption can be modeled and compensated, the safest approach in these cases is
just to ignore the self-absorbed lines for the purpose of rapid quantitative analysis.
According to the classical equation for intensity of a spectral line, we have
the following relation: .
T/ AU =(FCyexp(-Ey/T), (1)

where 1}’“ is the line integral intensity corresponding to the transition between two
levels k and i for the j element; 4;; is the transition probability; g; and E; are the k&
level degeneracy and energy; U;" is the partition function of the j atom; F is an
experimental parameter that takes into account the optical efficiency of the
collection system as well as some plasma parameters; C; is the concentration of the
emitting atomic species; 7 is the plasma temperature. With the help of the relation
(1) first of all the value FC; is determined for the atomic species of each element
present in the sample taking into account LTE in the analytical volume of a plasma.
Temperature is measured as a rule by conventional method from Boltzmann plots.
On received values FC; their sum is calculated with the account of ionic component
in relation to which concentration of each of elements in an analyzed sample is
determined:

Z {FCr+b(U; /U exp[-(Vi-AV)/ TI(FC)}=FM, 2
j

where 5=6.06-10"'T°*/N,; T (eV), N, (cm™) is the electron concentration; Uji is the
partition function of the j ion; V; and 4V are the ionization potential and its decrease
in plasma; M is the total concentration of atomic and ionic components in plasma.
Electron concentration is usually measured with the help of Saha equation. For the j
element (j=1) we can write:

{FC,+b(U,/U*)exp[-(V;-AV)/T](FC,)}/FM=C*+C,". (3)

The total concentration of atomic and ionic components is:

> (L, (4)
j

where & is the total concentration of all elements in the sample which are not
detected experimentally by the spectrometer used (as a rule trace and microelements
with concentrations below the detection limit).

3. EXPERIMENTAL
The LIBS instrumentation employed in our work is at present quite standard
and maximum suitable for routine practice and relies on the use of multichannel

detection for recording the space-, time-, and spectrally resolved emission, produced
by focusing laser pulse on the surface of a sample under analysis (Fig. 1).
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Fig. 1. Experimental set-up for LIBS.

The fundamental (1.06 um) or the second harmonic (0.53 um) of a
nanosecond Q-switched Nd:YAG laser (LOTIS) with a pulse duration of 5-6 ns is
employed in the LIBS measurements. The laser beam is focused on the sample
surface by means of a 50 mm focal length plano-convex quartz lens, and a single- or
multipulse measurements are performed. A sample-holding positioner can be used to
maintain the ablation plume with controllable distance of the probing zone from the
target surface and to preselect the irradiated surface zone. Laser pulse energy values
range from 5 to 300 mJ with a spot diameter on the sample of approximately 30—100
pm. The light emitted from the plasma plume is collected with a plano-convex
quartz lens with a 63 mm focal length into the compact spectrograph (SOLAR)
equipped with appropriate diffraction gratings for high and medium spectral
resolution measurements at a narrow or wide spectral range, respectively. The
maximum spectral resolution, about 1 pm, can be obtained if necessary with the help
of the echelle grating with double dispersion. The spectrum is recorded with the help
of an optical multichannel analyzer (ORMINS) with a linear CCD detector
(TOSHIBA).

4. RESULTSAND DISCUSSION

Detailed structural characterization and identification of key chemical
constituents can uncover important information on historical and artistic significance
of artworks. A major concern when an analysis is to be performed on valuable
objects, such as museum exhibits is the preservation of its integrity and aesthetic
value.

In general, the LA process can be divided schematically into two main
stages: (i) evaporation of the solid target and formation of the laser plasma; (ii)

40



SPACE-TIME-RESOLVED OPTICAL EMISSION SPECTROSCOPY ...

expansion of the ablated material into a background gas. Depending on the laser
characteristics, LA of solids involves processes of heating, melting, vaporization,
ejection of atoms, ions, molecules, clusters and larger solid and liquid particles,
shock waves, plasma initiation and plasma expansion, ablation plume expansion in
the afterglow.

Fig. 2. Typical craters formed on a surface of a bronze sample at various number of
laser shots.

Laser-induced plasma characterization will be very helpful for determining
the optimal conditions of LIBS, and intensive experimental diagnostics must be in
progress to get a more accurate knowledge of all the physical and chemical
processes involved in the phenomenon. In this context some preliminary
experiments have been carried out with the aim of optimization of laser ablation
procedure. They mainly include bidimensial imaging with the help of the CCD
matrix of the geometrical shape and size of: (i) the crater formed in the target
material (Fig. 2) and (ii) the radiating ablation plume (Fig. 3).

Fig. 3. Typical images of laser ablation plume near a carbon and silicon targets.
LIBS analysis is very close to the nondestructive mode with minimum

possible ablated mass that is very important in many applications especially for
unique museum exhibits and jeweler samples. Material consumption in a typical
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single pulse experiment is minimal (estimated around 10® -107 g for a typical crater
formed). Thus, LIBS can be regarded as a nearly nondestructive technique. The
spatial resolution achieved by LIBS across a surface is nearly microscopic. In
addition, the technique has the capability of providing depth-profiling information.

One of the demonstrations of opportunities of the calibration-free variant of
the LIBS technique has been experimentally realized for the analysis of a material of
gold alloys to determine a caratage of tested samples (see the Table 1 below). Rather
good conformity of the results of the calibration-free measurements of
concentrations of gold in the analyzed materials to the certified data has been
demonstrated. The maximum deviation is about 4% that is conventional for the
analysis with the help of LA. The similar results have been also obtained for the
bronze, brass and glass samples.

Table 1.
Caratage
Sample of Gold Alloys
Measured data | Reference data

1 359 375
2 581 583
3 588 585
4 797 831
5 903 899
6 916 900
7 990 998
R 1000 1000

Table2.

Calibration-Free Analyses of Bracelets
Matrix:
[PbO/Si0,/Ca0]+[Al,05/Mn,0;/MgO/Na,0/K,0]

Major components:

Sample I Sample I1
PbO—-43 % PbO -53 %
Si0; -39 % Si0, —25 %
CaO—-11% CaO-11%

Minor components:
I I
Cu,0-1.5% Cu0-2%
Mn,0; -3.0 % Mn,0; - 1.5 %
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As the typical archaeological objects for the calibration-free LIBS research,
fragments of bracelets (presumably with a glass basis) from the National Museum of
the History and Culture of Belarus have been chosen (see the Table 2 below). These
samples were found in the compact places at excavations of: (i) the Minsk Fortress
and (ii) the Polotsk Fortress. Polotsk is the oldest known town in territory of
Belarus. The time period of the archeological layers, in which the given fragments
of bracelets were found, is dated by the 11-13th centuries. Chemical composition of
the glass matrixes and the components responsible for specific coloring of samples
were determined taking into account recorded emission spectra and the data
obtained by several researchers mainly with the help of conventional chemical
analyses for the similar glass samples found in different regions of the world.

Besides, the calibration-free LIBS technique has been applied for the
microanalysis of pigment materials from the different sections of the well-known
easel paintings “Landscape of Pool with an Obelisk and Ruins of an Aqueduct” and
“Garden of Borghese Villa in Rome” of the famous French artist Hubert Robert
(1733-1808). These old paintings from the National Art Museum of Republic of
Belarus require thorough investigations of the pigments for confirmation of their
originality taking into account the rich biography of the paintings. Obtained
quantitative data on elemental composition of the selected pigment microsamples
from all paint layers including the ground layer alongside with art and historical
examinations have formed the base for the exact identification of the originality of
the tested paintings.
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Abstract. The water nickel nanoparticle suspension was formed by the method of
laser erosion using the spatial separation. Nickel nanoparticles diameter and their
concentration in water medium were measured with an employment of the laser
probing method. The analysis of obtained nanosize particles suspension was carried
out by the atomic-power spectroscopy and electron spectroscopy.

1. INTRODUCTION

The nanotechnologies have a wide distribution at the present time. These
technologies deal with formation and implementation of the matter particles with
nanometer sizes [1]. The physical and chemical matter properties at that range of
sizes differ both from single atoms, ions and from massive solids. This fact allows to
weaken or to strengthen the known metal properties and to create absolutely new
metal or contain-metal materials with unusual and inaccessible before properties.
The application of nanoparticles is of great interest of such spheres as medicine,
electronics, chemical industry, optics etc.

At the present work, the new method of water nanoparticle suspensions
formation is offered. The formation method is based on the penetration of the
metallic target erosion products in water medium during the laser action on metallic
target.
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2. METHODSOF THE METAL
NANOPARTICLE SUSPENSION GETTING

Nowadays several methods of nanoparticle suspensions formation are known:
electrical discharge in liquids and laser erosion in liquids.

The metal electrodes (Ni, W, steel) placed in liquid medium (water, ethanol)
are used for the metal nanoparticle suspension production by the electrical discharge
method. The electrodes destroy and great amount of micro- and nanoparticles form
during the electric discharge (ark [2] or spark [3]). They consist of every possible
sorts and kinds of chemical compounds of electrode and liquid medium materials.
The applying of spark discharge [3] provides more effective electrode material entry
to discharge zone in compare with ark discharge. The employment of alternating
current discharge is governed by the necessity to have uniform erosion of both
electrodes. The WC nanoparticles with the diameter from 2.5 to 35 nm were
obtained [3]. The possibility of metal (Ag, Au, Ti, Cu and their alloys) nanoparticle
production by the laser erosion is under recognition at the work [4]. It was showed
that during laser erosion of metal target placed in liquid medium the significant
quantity of nanosize objects (with dimensions of 10-100 nm) is formed. The second
harmonic of Nd:YAG laser (A=532 nm) or irradiation of copper vapor laser
(A=510nm) were applied for the laser acting.

Both of these methods possess significant disadvantage: the chemical purity
of obtained suspensions seems to be very questionable. The chemical composition of
given nanosize objects includes all chemical spectrum (and every possible sorts and
kinds of their combinations) both the target (electrode) material and liquid medium
substance as the processes of particle formation pass in liquid medium

3. THE SPATIAL AND TIME DISTRIBUTIONS
OF THE DROP-LIQUID PHASE OF METAL EROSION
LASER JET (WHEN ACTING WITH RECTILINEAR
QUASI-STATIONARY LASER PUL SE)

The erosion laser jet forms by the action of the moderate laser irradiation
intensity (10° -10® W/cm®) on the metallic target surface. It consists of a vapor,
plasma and drop-liquid phase particles. The particles move to laser jet formed by
two mechanisms: the bulk vapor [5,6] (small particles (10-100 nm)) at the beginning
of laser action and hydrodynamic mechanism [7,8] (1-100 um) to the end of the
laser action. A highly disperse liquid-drop phase with a plasma moves
perpendicularly to the surface target when the depth of crater less than its diameter.
More large particles move in the form of cone under small angle to the target surface
over border effects on a crater, forming so-called dynamic crown. Since the
highlight with laser or plasma irradiation is absent at that moment, the particles are
invisible to experimenters. To investigate the dynamic of those particles it’s
advisable to use the irradiation of subsidiary laser. That probing irradiation must
satisfy the next basic requirements: the irradiation wavelength must correspond to
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the spectral sensitivity of recording equipment and duration of the laser pulse must
be significantly less than duration of the typical dynamic processes in erosion laser
. -6

jet (107 s).
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Fig. 1. The time shape of rectilinear quasi-stationary laser pulse.

At present work, the erosion laser jets are investigated. They was obtained
during the action of rectilinear laser irradiation pulse (of Nd: glass laser) on surface
of metal target made from aluminum alloy D16T. The pulse had duration 500 ps
(see fig.1). Diameter of irradiated spot on target surface was equal up to 10 mm, Nd
laser irradiation power density at the irradiated spot - 1.4-10° W/ cm®. The crater
depth after the laser acting was ~ 0.3 mm.

At the fig.2 were shown frames observed by implementation of highlighting
mono-pulse (duration ~50 ns) of ruby laser. As reference of the time (0 s) the
beginning of Nd laser irradiation recession (rectilinear pulse) was accepted.

As it is shown at fig. 2 liquid drops formed due to hydrodynamic mechanism
appear only when some time passing after the beginning of acting laser irradiation
recession. Moreover, as it can be seen from frame-by-frame photography the laser
jet enlarges. It’s necessary to note that target erosion products (drop-liquid phase)
fly under not great angle to target surface. In such way, they form cone-shaped
three-dimensional figure and the cone-opening angle (~ 155°) is unchangeable with
the time passing. It proves the fact that during all registration time the shape of solid
crater borders and it (crater) depth are unchangeable too. This is means that all
liquid layer of metal forced by the recoil momentum of acting laser irradiation
recession, start to move from the centre of crater to its borders and run out. The run
out angle depends on deepness of the crater and form of its borders.

To define the dynamic of liquid phase from the erosive crater (with
commensurable diameter and depth) the focusing of acting laser irradiation was
changed (reduced). So far the spot with diameter 5 mm was irradiated by the same
laser on the target surface. At that case Nd laser irradiation power density at the
irradiated spot reached up to 1.7-10" W/ cm®. The crater depth after the laser acting
was ~ 0.6 mm.

At such levels of laser pulse power density the intensity of vaporization is
significantly higher than in case of acting laser irradiation focusing in spot with
diameter of 10 mm. Due to this fact the erosion crater has the greater deepness with
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the passing of time. Therefore, liquid drops formed by the hydrodynamic
mechanism must start flying under the greater angle to the target surface.

The results of this experiment are given at the fig. 3. As it can be seen from
the fig. 3,a at the moment of the beginning of acting Nd laser irradiation recession
the “large” particles not appear yet. But passing some time (see fig. 3,b) it can be
seen that in the erosion laser jet the liquid drops start to penetrate. In which
connection the angle between the direction of their dispersion and target surface is
greater than at the previous experiment. That says about the greater influence of the
solid crater borders at liquid drops trajectory at present experiment.

C

Fig. 2. The frame of drop-liquid phase erosion laser jet (diameter of irradiated spot
10 mm) passing time interval At after the beginning of acting laser irradiation
recession: a) At= 0 us, b) At= 170 ps, ¢) At=260 us, d) At=350 ps, ¢) At=450 ps.

a b ¢ d

Fig. 3. The frame of drop-liquid phase erosion laser jet (diameter of irradiated spot 5
mm) passing time interval At after the beginning of acting laser irradiation
recession: a) At= 0 ps, b) At=30 s, ¢) At=250 us, d) At=450 ps.
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During the action of laser pulse with bell-shaped form (when the fronts of
laser intensivity increasing and decreasing are commensureable to pulse duration) at
the matal liquid drops formed due to hydrodynamic mechanism penetrate into laser
jet significately earlie (even at the time of laser pulse intensivity resession). This fact
is determined by the distinctions in process of condenced phase formation. In this
case drop-ligiud phase forms both due to bulk vapore mechanism and due to
hydrodynamic mechanism, which are passing simultaneously [9]. At this work, it
was established that the time and spatial distribution of erosion laser jet drop-liquid
phase had the common features for the wider circrle of metals.

4. FORMATION THE WATER
NANOPARTICLE SUSPENSIONS

Therefore, the “small” and “big” particles possess the different directions of
dispersion. This effect allows to separate particles spatially by a diaphragm placing
(see fig.4). Thus, small particles mainly move in the cavity with water after
diaphragm. This is the objects of the present work.

Fig. 4. Scheme of the laser erosion mechanism. 1) Acting laser irradiation, 2) The
particles formed by hydrodynamic mechanism, 3) The particles formed by the bulk
vapor mechanism, 4) Sample, 5) Mask.

The installation base [10] on Nd-glass laser with A=1.06 pm produce semi-
stationary high power pulses with duration ~ 1.2 ms, energy 1kJ and focusing
diameter 10 mm. The water suspension of nanoparticles was produced by the multi
action of the laser irradiation on nickel target.
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5. THE CONTROL OF METAL NANOPARTICLES
CHARACTERISTICSIN WATER SUSPENSIONS

In water medium particle characteristics was controled with the
emplamentation of laser probing method [11]. This method was optimized for the
probing of nanoobjects in pan fulled with water.

[

Fig. 5. The scheme of experimental equipment for the laser probing. 1 - System of
synchronization, 2 - Ruby laser, 3, 10 - Beam splitter, 4, 9, 11 - Photo detectors, 5 -
ADC, 6 - Computer, 7 - Integrating sphere, 8 - Sample

The main point of this method (at the present work) is following — see fig.
5. At the investigated sample 8 placed in the centre of integrating sphere 7 the
probing laser irradiation is act. Scattered by the sample irradiation distributes
uniformly all along the inside suffused surface of sphere. To define the intensivity of
scattered irradiation the photo detector 9 is placed into one of sphere apertures. Two
athers photodectors 4,11 registrate the intensivity of probing irradiation and the
intensivity of passing throu the sample irradiation correspondinly. The absorbed (by
the sample) part of probing irradiation can be determined from the balance of
energy.
Therefore, for the spherical particles with size that significantly less than the
probing irradiation wavelength (d << A) there is known following equation [11]:

Qpac _77:3(d_j3(n2_l2'1)2+4n2l2 (1)

Q noe - 9 ﬂl nZ ,
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Taking into account , = —#* and 4 = A par. , where d - effective particle
Pyed Mea
diameter; 7, - index of medium refraction; m,,, =n,, —i-x,,,- complex index

of refraction of particle material; Q. ,, and ) abs - efficiencies of scattering and
absorption (rates of scattering cross-section and absorption cross-section to square of

transverse section of particle); A- probing laser irradiation wavelength.
On condition that we have single scattering approximation, (average free path
of scattered photon is more than probing sample size) it’s known the following

Kscat — Qscat

abs abs

equation: . The effective particle diameter can be determed (using

formula (1)) by the comparison of experimentally measured with the

Qxcat

theoretically calculated =% |

abs

abs
Formula for the particle concentration definition can be observed by the
following way. The cross-section of irradiation extinction at the one particle is

1 2 . . .
S,, =0, ,7-r [12]. In probing sample volume the quantity of particles
is N y = NSI . Then cross-section of the extinction on all particles in probing

volume isS,, =SS! N, =Q, 7-r>NSI. On condition that we have single

scattering approximation, the rate of extinction cross-section (on the particles in
probing volume) to transverse section of the probing beam is equal to relative

extinction coefficient K, =K., +K, , ie.

S ) .
—t =K =K. ,+K, =0, 7 r’Nl. Then we can determed the concentration

S scat

scat

— Kscat + Kabs

N 2
Tr Qextl

(@)
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Matrix size - 256 x 256
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Fig 3. Relief surface image of substrate with nickel nanoparticles: a — obtained
without diaphragm (electron microscope); b — obtained without diaphragm (image of
atomic-power microscope); ¢ — obtained with diaphragm (image of atomic-power
microscope).

Consequently, by experimentally measuring K (rates of scattering

scat > K

by the sample irradiation and absorbed irradiation to intensity of probing laser
irradiation), / (interacting length of probing laser irradiation with investigated

sample) and theoretically calculating (), (the method of calculation O, is given in

abs

proper way at [12] ) it’s possible to determine average particle concentration in
transparent optical medium using formula (2).

At the present work analysis of two examples was made. The first one — water
suspension of nickel particles, obtained with an employment of a diaphragm (small
particles was in water). The second one — water suspension has nickel particles,
obtained without this procedure (i.e. small and large particles flow move in water).

It has been determined parameters by the method laser probing of the sample
obtained using diaphragm: the average particles diameter 85 nm, average particles
number concentration 1.2x10° cm™. The probing of the sample obtained without
diaphragm shows that the large particles ~ 1 um are in a water suspense.

The comparative analysis of suspense’s (by the atomic-power and electronic
microscopy) was made to prove the results, obtained with laser probe method. The
water samples were evaporated and drifted on substrate.
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Relief surface image of substrate with nickel nanoparticles, obtained without
diaphragm is given in Fig.3a. This image was taken with an employment of the
electron microscope. Average particles size at the image is 3-5 um. This fact is in
agreement with data obtained with an employment the probing laser method.
However we can see at this image that there are a lot of submicron particles with the
relatively large particles. They are in the resolution limit of the electron microscope.
Submicron particles of this sample have been found with an employment of the
atomic-power microscope (Fig.3b). At this image we can clear see the relatively
large particles ~2-4 um and small particles ~40-70 nm.

The investigating results of the particles obtained with an employment of
diaphragm are given in Fig.3c. This image has been made with an employment of
the atomic-power microscopy. The nickel particles were prepared similar previous
case. Even the primary relief surface investigation of the substrate shows a
significant reduction of the large particles quantity. Image analysis (Fig.3c) shows
that effective particles diameter is 80 nm with dispersion 40% .

Effective particles diameter measured by the laser probe method is in
agreement with results obtained with an employment of atomic-power microscopy.

5. CONCLUSION

Thus it’s possible to produce nanosize nickel particles with effective diameter
~70-80 nm and their suspense’s using mechanism of the metal laser erosion. The
main advantage of given method is independence the process of nanoparticles
suspense production on the type of penetrating medium and its physical-chemical
properties. So it’s possible to produce metallic suspense’s of nanoparticles in
different mediums apart from corrosive mediums to material nanoparticles.
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Abstract. The action of intensive laser radiation on absorbing condensed mediums
results in formation of laser plasma which is widely used both for deposition of thin
films in vacuum, and for spectrochemical analysis of materials. The method of
pulsed laser deposition in vacuum provides obteining of high velocities of
condensation up to 10°~10° nm/s with good enough reproducibility of chemical
composition of irradiated material in deposited films. However, efficiency of such
deposition essentially depends on repetition rate of laser pulses. With increase of
repetition rate of laser pulses the conditions of laser plasma formation and its
subsequent gasdynamic motion are being modified, that results in change of
spatially-temporal distribution of plasma parameters and conditions of films
deposition. In present work, the capabilities of effective formation of laser plasma
are explored at multi-pulsed high-frequency (f <50 kHz) laser action on materials
and features of pulsed laser deposition of films and coatings on various substrates in
vacuum, including in the presence of external electrical field, are investigated.

It was established on the basis of complex experimental researches and
numerical calculations of pulse-periodic laser action on metals and carbon materials
that the interaction of individual plasma formations initiate changes of conditions for
plasma deposition on a substrate only for repetition rates of laser pulses more than
10-20 kHz in vacuum and 1-5 kHz in atmospheric air. Diamond-like and
conductive carbon films on various substrates are obtained experimentally at
irradiation of graphite by pulsed solid-state laser generating on 1060 nm wavelength
with repetition rates of laser pulses up to 20 kHz. Multiple growth of carbon films
deposition velocity is found out for intensities of external electrical field exceeding
3kV/cm. The dependence of structure and electrical conductivity of deposited
coatings on the direction and intensity of external electrical field is established. This

57



N. Cvetanovi¢, B. M. Obradovi¢, M. M. Kuraica

result can find application for deposition diamond-like and conductive carbon films.
The new possibilities for development of LIBS technique for material analysis are
revealed using double pulse laser action at two wavelengths of laser radiation.
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Abstract. It is undispensable, for observations of stars and other objects for the
needs of astrophysical investigations, to know their positions as much precisely as
possible. The development of long base radio-interferometry enabled the connection
of radio-interferometric and optical observations, and consequently, the connection
of reference frame for extra galactic radio sources, which positions are practically
unchanged for a number of decades. In such a way, a new reference frame of high
accuracy is obtained, where coordinates of observed objects are given.
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Abstract Activities on the project "Influence of collisional processes on the
astrophysical plasma spectra", supported by the Ministry of Science and
Environment protection of Serbia from 1% January 2002 up to 31* December 2005
are reviewed, and selected bibliography of the project participants, including other
scientific results, is presented.

1. INTRODUCTION

The project “Influence of collisions with charged particles on astrophysical
plasma spectral line shapes” was financialy supported by Ministry of Science and
Environment protection of Republic of Serbia under the contract number GA-1195,
starting with 2002 up to 2005. The contract 146001 for the project under the same
name is signed also for the 2006-2010 period. The objective of this contribution is to
present the results obtained up to now. Since our main scientific activity was
realized through this project, our aim is to inform Belarussian colleagues on our
achievments and directions of future activities in order to stimulate the development
of Serbian — Belarussian collaboration within this research field.

2. RESEARCH ON THE INFLUENCE OF COLLISIONAL
PROCESSESON THE ASTROPHYSICAL PLASMA SPECTRA
ON BELGRADE ASTRONOMICAL OBSERVATORY

Investigations made within the frame of the Project concern plasma in
astrophysics, laboratory and technology and the corresponding modelling,
determination and research of atomic and molecular processes, optical properties
and spectra, with a particular accent on the role of collisional processes. The
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particular attention has been paid to the investigation of spectral line profiles,
broadened by collisions with charged particles (Stark effect). Such investigations
are of interest for the diagnostics and modelling of stellar plasma, plasma in
laboratory and technological plasma.

Semiclasical perturbation and Modified semiempirical methods were used,
tested and investigated. Stark broadening parameters, line width and shift, were
determined for a large number of spectral lines of Ag I, Ar I, Cd 1, Gal, Ge I, Kr I,
Ne I, FII, In I, Ne IL, Ti II, Be 111, Cd 111, Co III, Cu III, F II1, S 111, Si III, Zn 111,
and Si IV. The results obtained were applied for the investigation of the influence of
Stark broadening of spectral lines in stellar atmospheres.

Particularly was investigated the role of Stark broadening at chemically
peculiar A type (Ap) stars, as for example  Stark broadening of the neutral
chromium spectral lines in the spectrum of chromium rich star Beta CrB and of
neutral silicon spectral lines in the roAp 10 Aql star atmosphere. Ab initio
calculations of Stark broadening parameters of Ne V spectral lines, observed by
cosmical Rendgen telescope "Chandra" was made by using the
SUPERSTRUCTURE code and the semiclassical perturbation Stark broadening
theory. The Modified semiempirical theory was adapted to use more accurate
collision strengths from literature, instead of semiempirical Gaunt factor. The
adapted theory was applied and tested on ionized oxygen spectral lines.

The large optical flare was observed on AT Microscopii, and modelled
using PHOENIX code for the modelling of stellar atmospheres.

The influence of the (n - n') mixing in Rydberg H*(n) atom - H(1s) collisions
in Solar atmosphere was investigated, as well as the influence of symmetrical
chemi-ionization and chemi-recombination processes in low temperature
atmospheric layers of helium rich DB white dwarfs. Moreover, the influence of
these processes on hydrogen Rydberg energy level populations in atmospheres of
M type red dwarfs, was investigated with PHOENIX code.

Transition probabilities for Kr II, Ne II, Kr III were also investigated. The
influence of Stark broadening of Cd II spectral laser lines, on the hollow cathode
discharge laser working mode was considered.

The influence of the radiation pressure on micron-size individual dust grains
was experimentally investigated, as well as rotation and alignment of the analogs of
interstellar dust grains.

By modelling with PHOENIX, lithium in GJ117 atmosphere was considered.

One of the objectives of the Project is development of database BELDATA.
Participants of the Project published 43 papers in leading international journals,
from which 29 are part of the Project and 14 are connected with other research
fields. In total, Project participants published 261 bibliographic items, and 156 are
related to the Project while 107 are not.
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3. COLLABORATION AND ORGANIZATION OF CONFERENCES

Participants of the project collaborate with colleagues in Bulgaria, Russia,
France, Greece, Ukraine, Tunisia, Spain, Hungary, United Kingdom, Germany,
Holland and USA.

In order to stimulate collaboration, and professional discussion of results
obtained, particular efforts were made in organization of conferences. Participants of
the Project have not only take part in organization of 17 scientific conferences as
members of Scientific Committees, but five of them organized directly, giving in
such a way their contribution to the development of scientific collaboration.
Conferences organized by the participants of the Project are: 1. DEVELOPMENT
OF ASTRONOMY AMONG SERBS II, Belgrade 5-7. 1V 2002; 2. IV SERBIAN
CONFERENCE ON SPECTRAL LINE SHAPES, Arandjelovac, 10-15. X 2003; 3.
IV SERBIAN-BULGARIAN ASTRONOMICAL CONFERENCE, Belgrade, 21-24.
IV 2004; 4. DEVELOPMENT OF ASTRONOMY AMONG SERBS III, Belgrade
25-28. 1V 2004. 5. 5th SERBIAN CONFERENCE ON SPECTRAL LINE SHAPES
IN ASTROPHYSICS, Vr3ac 6 - 10 June 2005.

4. PARTICIPANTS

From 2002 to 2004, 10 researchers were working on this project, and in 2005
seven, all from Belgrade Astronomical Observatory. The coordinator of the project
during all period (1* January 2002 - 31 December 2005) was M. S. Dimitrijevi¢,
and the participants are: Edi Bon (not in 2005), Miodrag Daci¢, Milan S.
Dimitrijevi¢, Darko Jevremovi¢, Predrag Jovanovi¢ (not in 2005), Nenad
Milovanovié, Luka C. Popovié, Zoran Simi¢, Dragana Tankosi¢, and Zorica
Cvetkovi¢ (not in 2005).

During four years, ten participants were engaged for 227 research months,
i.e. 18.9 years. The average age was around 40 years (or year of birth 1963.5).

5. CONCLUSION

Review of our activities during the 2002-2005 period and the corresponding
bibliography of the project participants, is an illustration of our results and and
might be helpful and inspirative for ideas on the collaboration development with
our colleagues. In order to show all our interests and demonstrate possibilities for
possible collaboration, all bibliographic items in international journals, and not only
references related to the project, are included.
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Abstract. Modification of silicon single crystal surface by the action of nitrogen
quasistationary compression plasma flow (CPF) generated by magnetoplasma
compressor is studied. It was found that during single pulse surface treatment
regular fracture features are obtained on the Si (100) surface in the target central
part. Some of these regular structures can become free from the underlying bulk,
formed as blocks ejected from the surface. Also, oriented silicon periodic structures
are produced in the target periphery part. These surface phenomena are results of
specific conditions during CPF interaction with silicon surface. High plasma flow
energy density, large dynamic pressure, thermodynamic parameters gradients and
induced magnetic field on treated surface cause rapid heating and melting of surface
layer, as well as surface fracturing, long existence of molten layer and fast cooling
and recrystalisation.

1. INTRODUCTION

High-power pulsed energy streams interaction with material surfaces results
in surface modification, as well as the material removing from surface in the form of
vapor, liquid droplets, or solid flakes due to evaporation, sputtering, ablation,
exfoliation etc.

During surface treatment rapid melting and resolidification of surface layer is
occured. High temperatures and consequent thermal stresses, as well as
mechanically strained surface during treatment, result in significant deformation and
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fracture of the layer, induced defects, cracking and exfoliation of the coating. Also,
cracks being characteristic of a molten material which is resolidified very quickly.

Material surface modification by pulsed energy beams such as pulsed laser,
ion beams and plasma flows are of great importance, especially for grating-like
patterns formation, i.e. wave-like periodic structures. The interplay between
sputtering and surface diffusion smoothing processes is responsible for the creation
of ripple structures, i.e. wave-like surface morphologies, when the direction of the
ion beam is tilted to the surface normal [1,2]. On non-metal surfaces, including
silicon, at normal incidence ripples are not observed [2]. Laser induced periodic
surface structures (LIPSS) due to the incident laser light, have a period which
coresponds to laser wavelenght [3]. Laser induced periodic structures with period
which is much higher than laser wavelenght are described as laser induced capillary
waves [3,4]. In the case of plasma surface interaction, the formation of periodical
structures was not observed so far. In several types of plasma sources [5-7] rapid
melting and solidification have occurred, but wave-like structures have not been yet
observed.

Surface and interface properties are very important for semiconductor devices
and their engineering applications. Supersonic compression plasma flow (CPF) is
using for silicon single crystal surface modification. In central part of treated silicon
surface regular fracture features are obtained. It was found that some of these
structures as blocks can be ejected from the surface. In the periphery part of silicon
samples surface highly oriented periodic cylindrical shaped structures are obtained.
Surface cleavage and exfoliation phenomena, as well as ripple structures formation,
as the results of specific conditions during CPF interaction on silicon surface are,
also, observed and studied.

2. EXPERIMENTAL SETUP

Si (100) surface of single crystal were treated with quasistationary
compression plasma flow produced by magnetoplasma compressor (MPC). MPC is
a plasma source firstly designed, developed and investigated by group led by Prof.
Morozov. This quasistationary plasma accelerator (plasma gun) is described
elsewhere [8-12], therefore only a few details are given here for the sake of
completeness.

The MPC consists of the specially designed electrode system [8]. Conically
shaped cathode of MPC defines the profile of acceleration channel. Using nitrogen
as working gas at 500 Pa pressures and 800 pF, 4 kV capacitor bank, the obtained
current maximum was up to 100 kA and time duration up to 150 ps with current half
period ~70 us. In the MPC inter electrode region the plasma is accelerated due to the
Ampere force. The plasma flow is compressed due to interaction between
longitudinal current component and intrinsic azimuth magnetic field (pinch effect)
[8]. The stable CPF is formed 20 ps after the beginning of the discharge. During a
quasistationary phase the plasma flow parameters are slowly changing in time
within certain volume. It is a consequence of an ion-drift acceleration of magnetized
plasma realized using the specially shaped accelerating channel [13]. Namely, the
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continual ionization processes take part in working gas introduced in interelectrode
region. The plasma is steadily accelerated and permanently compressed. Time
development of CPF was observed using IMACON 790 high speed camera
operating in streak mode, using parallel positioned slit along CPF axis. In Fig. 1
discrete plasma structures of CPF, seen as light and dark regions, are observed.
These structures occur with ~5 MHz frequencies.

The advantages of MPC, as compared to other types of plasma accelerators,
are high stability of generated CPF, size (CPF up to 6 cm in length and 1 cm in
diameter), and high plasma parameters (electron density ~10'" cm™ and temperature
up to 3 eV), as well as the CPF time duration (quasistationary stable phase is 40-50
ps) and large flow velocity (40 km/s in nitrogen) sufficient for material surface
modification. Beside that, the operation in the ion current transfer mode [13] with
the minimization of the electrodes erosion represents an additional and very
important advantage of the quasistationary plasma accelerators in comparison with
the classical ones. The electrodes surfaces are protected of the erosion due to the
magnetic field self-shielding. Magnetic flux conservation is a particular
characteristic of CPF. During the action of CPF on a sample surface, due to CPF
deceleration and frozen-in magnetic field, current loops (vortices) are formed.

For the studies of CPF interaction with silicon surfaces, commercial one-side
polished n-type silicon wafers (100 orientation) 300 um thick and 10 mm in
diameter were used. The samples were glued to the cylindrical brass holder of the
same diameter with conductive carbon paste, and mounted perpendicularly in front
of the MPC cathode at the distance of 5 cm. Silicon samples are exposed to a single
plasma pulse. A target surface is parallel to the direction of gravitation force and
perpendicular to the plasma flow velocity. Therefore, the gravitation force has no
influence on the surface wave’s formation. To investigate the morphology of treated
silicon surface, optical microscopy (OM), scanning electron microscopy (SEM) and
atomic force microscopy (AFM) were used.

3.RESULTS

OM and SEM micrographs of a treated Si (100) surfaces are given in Fig. 2
and Fig. 3, respectively. In central part of the treated surfaces two sets of fracture
lines intersecting at 90° form a grid that divides the surface into rectangular blocks
(Fig. 2). Some of the blocks are ejected from the surface, and large holes at the
surface emerged. In this case development of subsurface fracture, parallel to the
surface, is occured. A typical hole is shown in Fig. 2. At the bottom of arisen holes
very small ripple structures are observed.
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Time (}s)

Fig. 1. The compression plasma flow intrinsic oscillations: a) Time and space
development of CPF from the cathode onwards. Bar size is 10 ps. b) Enlarged time
period indicated by arrows with its light intensity variation represented versus time.

Surface fracture and periodic cylindrical structures obtained by plasma pulse
treatment of the Si (100) sample surface are shown in Fig. 3. Periodic silicon
structures are obtained on the periphery part of the target surface. Wavelengths (hill-
to-hill distances) of highly oriented periodical silicon structures are in the range
from 100 nm up to 5 um [14-18]. The lengths of these structures are in the range
from 50 pm up to one millimeter (Fig. 2). Typical wavelength is about 2-3 pm and
length 200 um. The AFM micrographs were used for the periodical structures
surface investigation (Fig. 4). Structures are smooth, homogenous and sinusoidally
shaped with an amplitude (half hill-to-valley distance) of about 0.2-0.3 pm [17]. It is
worth to emphasize that this structures are obtained by single plasma pulse treatment
of the Si sample surface. The regular silicon surface structures can be obtained on
the area region up to several square millimeters. They are covering up to 50 % of the
whole surface. SEM micrographs of the obtained parallely oriented periodic
structures on Si (100) surface are shown in Figs. 5-7.

These periodical structures are not dependent on the crystal orientation.
Similar structures were obtained, also, using hydrogen and argon plasma flow
interaction with silicon samples. The shapes of obtained structures were not
dependent on the working gas [15]. Also, after plasma flow exposure, the sample
was treated by HF acid and has been concluded that the obtained cylindrical
structures are made of pure silicon [14].
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Fig. 2. Schematic diagram and optical microscopy micrographs of CPF treated Si
(100) surface. Micrographs size are 1x1 mm?.

4. DISCUSSION

The formation of observed surface features may be explained by energetic
action of CPF on the surface (absorbed energy 10-15 J per pulse, flow power density
~1-10° W/em® [16]). The interaction of CPF with silicon sample surface causes the
evaporation of a thin surface layer and formation of a shock-compressed plasma
layer (SCPL) [14]. Formation of this cloud of dense target plasma results in the
shielding of a processed surface from a direct action of a CPF and surface protection
from further excessive evaporation. A thickness of this plasma plume is about 1 cm.
Using the high speed camera, time of interaction was estimated to be 40-50 pus [14].
It may be taken that molten layer exists on the target surface during the interaction.
By analyzing the cross section of treated silicon sample, thickness of near-surface
molten layer is estimated at 6-10 pm.

Energetic action of CPF causes the fast heating and melting of the surface
layer and the presence of high dynamic pressure of CPF of the order of several
atmospheres [16]. Namely, CPF kinetic energy thermalization causes the heating of
target surface and high gradient of thermodynamic parameters is occurred. Target
surface is heated by convective and radiative heating. Beside that, deceleration of
the CPF results in the formation of current loops (vortices), due to freezing of
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magnetic field into plasma, and magnetic field 1-10 mT is induced at the surface
[16].

Formation of regular fracture features (Figs. 2,3) can be explained by
considerable fraction of the absorbed plasma flow energy trapped into fractures
rather than converted to heat energy [19,20]. Single crystal silicon is well known as
a typical anisotropic material and it is very brittle at room temperature [21]. Low
adhesion between blocks and silicon bulk, and eventual ejection of blocks from the
CPF treated surface, can be explained by development of subsurface fracture,
parallel to the surface. Cracking between the block and the bulk is growing due to
local energy absorption.

©CNRS -IRC - Deranlot ©® CNRS - IRC - Deranlot

Fig. 3. SEM micrographs of silicon surface obtained after single pulse treatment by
CPF.

An aim of this paper is to compare periodical structures obtained on CPF
treated silicon surface with wave-like periodical structures obtained by laser, ion
beam and plasma flow silicon surface treatment.

Laser induced periodic surface structures (LIPSS), theoretically and
experimentally observed elsewhere [3], corresponds to a non-uniform energy input
into the sample, modulated by the interference between the incident wave and an
induced surface wave. Targets are made of intrinsic and extrinsic semiconductors,
metals and dielectrics. At normally incident laser beam, periodical surface structures
are perpendicular to the laser beam polarization and have a period which
corresponds to laser wavelength. In some case, the structures have a period which is
much higher than laser wavelength. These structures are described as laser-induced
capillary waves [4].

Ripple structures on silicon surface, created by ion bombardment [1], are
based on the interplay between the sputtering and surface diffusion smoothing
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processes. The sputtering yield depends on the local surface curvature. This
dependency leads to a surface instability (negative surface tension) where the
erosion velocity in depressions is greater than on mounds of the surface. On the
other hand, surface diffusion tends to smooth the surface topography. The interplay
between these two effects is responsible for the creation of cones, dots and holes on
surfaces at normal ion incidence, and especially for ripple and wave-like surface
morphologies, when the direction of the ion beam is tilted to the surface normal (off-
normal incidence) [1,2]. In case of grazing-incidence sputtering geometries (6 > 70°)
orientation of the surface structures is forced to be parallel to the ion beam
orientation. For angles smaller then the critical incident angle, structures become
perpendicular to the ion beam orientation. In non-metal substrates, including silicon,
at normal incidence ripples are not observed [2]. The ripples can be created by
bombardment at normal ion incidence in the case of some metals (Ag, Cu) due to
anisotropic surface diffusion [2].

0.4
um/div

2 um/div

2 um/div

Fig. 4. AFM micrograph of CPF treated Si (100) surface.

In the case of plasma surface interaction experiments, the periodical silicon
surface structure formation has not been observed so far, although the time of
interaction varied up to 10 ps, and delivered plasma energy density was of the order
of 10 J/cm?, which is comparable to our experimental conditions. Using several
types of plasma sources such as coaxial plasma gun [5], pulsed plasma beam [6] and
thermal plasma jet [7], rapid melting and resolidification have occurred, but wave-
like structures have not been observed.

However, in our experiment we have obtained silicon periodical surface
structures. This can be attributed to specific property of compression plasma flow.
The energy density delivered to the surface is about 10 J/cm® and surface is
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completely and uniformly melted. Due to the fast cooling of the melted surface
layer, which is usually occurring in this kind of experiment, the surface structures
formed during melt phase are freezing (quenched) at a particular moment during a
process of the melt resolidification [15,17]. Therefore, the basic effects of the CPF
action on solid target are surface melting, formation of different surface patterns and
their freezing during fast cooling (quenching effect). This process may be compared
with laser surface interaction. Three main similarities of CPF used here and laser
beams of high fluences are: i) silicon surface uniform melting; ii) perturbation action
on melted surface layer; and, iii) quenching of the produced surface wave structures.
In the laser surface interaction at high fluences, the periodical structures results from
freezing of capillary waves which are generated on the uniformly melted surface. In
this case laser induced plasma plume adiabatically spreads in a direction normal to
the treated surface which induces a very strong recoil impulse directed into the
treated target [3,4]. Laser induced capillary waves are smooth and sinusoidally
shaped structures [3] similar to those obtained by CPF treatment in this experiment.

If free surface of a liquid is put out of balance, waves are formed along the
surface under the influence of gravitational pull and surface tension [22]. If the
direction of gravitation force is such that it can not contribute to the creation of
surface waves, the waves formed at the liquid surface are capillary waves. The
dispersion of such capillary waves is given as [22]:

o’ :%k3 (1)

Here, v is the surface tension, p is the density of the liquid, o is the frequency and k
is wave number of the capillary waves. When waves are driven by a periodical force
applied on the free liquid surface their frequency has to be close to the frequency of
the applied force. In the case of periodical radiation pressure of laser light to the
liquid surface, the capillary waves with arbitrary waveform were generated by
modulating the laser output [23]. This approach has been used for study of CPF
induced capillary waves experimentally observed here. Namely, CPF treatment of
the melted silicon surface is periodical perturbation due to CPF intrinsic oscillations.

00031225

Fig. 5. SEM micrographs of highly oriented periodical structures on treated silicon
surface.
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On the completely molten silicon surface, in the presence of high dynamic
pressure of CPF, perturbation occurs [16]. The obtained periodical cylindrical
structures on the surface are liquid structures frozen during fast cooling and
recrystallization (quenching effect).

Fig. 6. SEM micrograph of CPF treated silicon surface.

Supposing that the periodical cylindrical structures are frozen surface
capillary waves quenched at a particular moment during a process of the melt
resolidification, main wave parameters can be estimated using dispersion equation.
Taking y ~ 0.75 N/m and p ~ 2.5 g/em’® for molten silicon [ref. 24 and references
therein], with typical ex situ measured wavelength of periodical structures equal to
~4 um (Figs. 2-7), calculated capillary wave frequency is found to be ~5 MHz. This
value corresponds to the in situ measured frequency of discrete plasma structures,
i.e. frequency of perturbation of ~5 MHz (Fig. 1). About 200 plasma pulses
delivered to treated silicon surface during 40 us of plasma flow quasistationary
phase. This is a clear indication that the CPF interaction with molten silicon surface
can be regarded as a periodical driven force of the induced surface capillary waves.
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10um

Fig. 7. Silicon surface cylindrical structures obtained by single plasma pulse
treatment of the Si (100) sample.

The surfaces of periodical structures are found to be smooth, homogenous
and sinusoidally shaped (Fig. 4), as would be expected from frozen capillary waves
[3]. Besides the freezing of capillary waves, a rapid solidification can also produce
serious cracking problems due to differential stresses. An example of the surface
regular fracture together with frozen capillary waves, obtained by single plasma
pulse treatment of the Si (100) sample surface, is shown in Fig. 3. During cooling
and unloading of treated surface, the residual stresses created in the subsurface
region can produce surface fracturing [21]. From Fig. 3 one can conclude that
crackings occurre after solidification of periodic cylindrical structures and may be
explained with the emerging of residual stresses. Recrystallization occurred under
conditions of high dynamic pressure of CPF, high thermodynamic parameters
gradients, and induced magnetic field.

5. CONCLUSION

Periodical wave-like patterns, as well as regular fracture features and
exfoliations, are observed on silicon single crystal surface treated by CPF. Surface
modification is performed by fast heating of the surface in the presence of high
dynamic pressure, thermodynamic parameters gradients and induced magnetic field
from the CPF. Periodical wave-like structures are induced by the plasma flow action
on periphery part of the target and then quenched from the molten state during fast
cooling and resolidification. Typical dimensions of parallel cylindrical structures are
2-3 pm in diameter and about 200 pm in length. The regular silicon surface
structures can be obtained on the larger area, up to several square millimeters. These
structures may be related to plasma induced capillary waves phenomena. The
estimated frequency of the capillary waves is found to be in a good agreement as
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compared to the frequency of the observed CPF plasma structures. During surface
treatment and fast cooling phase, differential stresses in surface layer occurred. As
the results of all of these processes rectangular regular fracture features are obtained
on the Si (100) surface. Some of these blocks are ejected from the surface.
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Abstract. Results are presented of measurements and numerical modeling of
emission spectra of laser plasma plumes arising on surfaces of metal samples at their
elemental analysis by the laser-induced breakdown spectroscopy (LIBS) technique.
The plasma plumes have been considered, which are induced by single and double
laser pulses of the nanosecond range duration.

The modeling of the plume plasma parameters consists of a solution of the
thermal, hydro-dynamics and optical problems accounting for the laser beam action
on a solid surface. The numerical code allows investigating the dynamics of two-
dimensional erosion plumes supposing their axial symmetry. Resulting space and
time distributions of parameters in the laser-induced plasmas are used to evaluate the
plumes emission spectra supposing a side-on observation case.

The simulation results, which have been obtained for an Al-sample, are
compared to the experimental ones, measured at the conditions of common LIBS
applications: a Q-switched Nd:YAG laser generating pulses of 15 ns duration and 50
mJ energy at 1064 nm wavelength, which provided ~ 0.85-10° W/cm? maximum
irradiance of the sample surface.

The comparative study is realized for the measured and simulated spectra of
the plasma plumes induced at single- and double-pulse excitation modes, which
allows examining reasons of the observed efficiency increase of the LIBS elemental
analysis at the double-pulse excitation mode.
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1. INTRODUCTION

The laser-induced breakdown spectroscopy (LIBS) is nowadays considered
to be one of the most promising techniques of the elemental analysis of different
types of materials including solids, liquids and gases (see, e.g., [1-3]). The main
feature of the LIBS consists of the sample material ablation and excitation till
plasma state by powerful pulse laser radiation. It results in the technique unique
properties allowing to combine sampling and excitation in a single step and to make
rapid in situ and, if necessary, distant analysis with no or minimum sample
preparation. Additionally, by due focusing the laser beam one can control position
and dimension of the laser erosion spot, as well as the ablation rate, which gives
other advantages of the LIBS such as an opportunity of surface mapping and in-
depth profiling of the sample elemental composition [4].

Unfortunately, common LIBS techniques have rather moderate sensitivity
and measurement precision in comparison with the most developed spectroscopy
techniques such as atomic absorption spectrometry (AAS) and inductively coupled
plasma - atomic emission spectrometry (ICP-AES) [3], and efforts are being made to
increase LIBS analytical efficiency. Among other ways, double-pulse laser
excitation technique has been proposed, where the laser erosion plasma is produced
by two laser pulses following each other with a certain delay compared to the
plasma decay time. The double-pulse (DP) technique use and development as
applied to the elemental analysis of solids in air began in 1980’s [5-8]. Now a
growing interest to the technique can be observed by publications, where different
ways of the double-pulse technique realization are considered (see, e.g., [9-19]).
Among them, one can find collinear [9-14] and orthogonal (pre-ablation [15-17] and
reheating [18, 19]) schemes of the laser pulses (beams) action on samples of
different compositions at various laser pulse parameters: energy, duration,
wavelength, etc. All schemes give more or less apparent intensity increase of atomic
and especially ionic lines in emission spectra of the DP laser plume as compared to
one of a single pulse of the same total energy in the common single-pulse (SP)
mode.

In spite of the technique active investigation, up to now there is no clear
and complete understanding of the processes and mechanisms providing the
observed phenomena of the line intensity increase. It is only clear, that the laser
beams acting on a sample at the double-pulse mode produce a plasma volume
having conditions (density, range and space-time distribution of the plasma
parameters), which are more favorable for the emission of the lines under
consideration [11, 12, 20, 21]. Further experiments including measurements of the
laser plasma parameters with high time and space resolution will provide data for
the problem solution. Together with the experiments, numerical modeling of the
laser plumes would help much in the problem deeper understanding. One can find
some interesting results concerning the laser plume simulation [22-25], but up to
now there is actually no model providing an adequate account for the plume
formation and expansion, as well as for the plume emission spectra. More, no
models have been reported for the double-pulse laser plasma.
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Here some results are presented of measurements and numerical
simulation of line emission spectra of the laser plumes arising at both single- and
double-pulse modes on Al-sample irradiated by a Q-switched Nd:YAG laser beam
at the collinear illumination scheme. For this, data on distribution and evolution of
plasma parameters in the laser plumes have been obtained first using a part of the
numerical code reported earlier [21]. Resulting space and time distributions of the
laser-induced plasma parameters have been used to evaluate the emission spectra of
the plasma volumes at chosen time intervals supposing a side-on observation. The
results have been compared to the experimental spectra measured in the conditions
similar as close as possible to those considered at the simulation. The laser
generated pulses of 15 ns duration and 50 mJ energy at 1064 nm, which provided ~
0.8-10° W/cm® maximum irradiance of the sample surface. The aim of the work
consists of comparative analysis of the simulation and measurement data on the
laser plume formation, space-time behavior and resulting spectral emission of the
plume at both action modes. The analysis results must help to clear up a difference
in formation of the laser plumes arising at SP and DP modes, as well as of their
emission spectra to finally understand reasons of the spectral line intensity increase
at the double-pulse mode.

2. MODELING

The numerical code developed consists of two parts. The first one serves
to evaluate the laser plumes formation, i.e. to find parameters of the laser-induced
plasma, their instantaneous space distributions and the distributions evolution in
time. The second one allows evaluating spectral emission of the laser plumes at a
given distribution of the parameters along the observation line by solving the
radiation transfer problem.

Laser plume formation modeling. The model considers a range of moderate
(10°-10" W/cm?) laser irradiation of a solid sample surface. The modeling of the
plume plasma parameters supposes a self-consistent solution of the thermal,
hydrodynamics and optical problems at the laser beam action on solids. The thermal
problem accounts for the processes of heating, melting and evaporation of the
samples. Dynamics of the solid samples heating and evaporation is described by a
non-stationary heat transfer equation taking into account a dependence on
temperature of the thermodynamic characteristics of the sample material

a(p solcpT)
ot
at the boundary conditions

N

+ div\zf =0; W =—(T)- gradT. (1)

W, (r,z=0,t) = (1-R)q(r,z=0,t) —p, V,,,AH,

. Puap (T,){/YKT,/m . 2)

sub
psol

85



E. Ershov-Pavlov et al.

where pso and py,, are density of the sample and vapor, respectively, ¢, —is specific
heat, W and y are heat flux and heat conduction coefficient, respectively, at
temperature T, q is laser beam irradiance, AH is evaporation specific enthalpy, Vg,
is evaporation rate, y is adiabatic index, R is a reflection coefficient of the laser
radiation at the sample surface.

Gas-dynamics part of the code determines an expansion of the erosion
products into the surrounding atmosphere, absorption of the laser radiation by the
plume, as well as the resulting plasma evolution after the laser pulse is over. The
dynamics of the laser plume expansion is accounted for by a system of the equations
of mass, pulse and energy conservation, to which equations are added determining
intensity of the laser emission incident to the sample surface and reflected from it:

%+div(p\7)=0

opu - B
?-i—d (pUV)-I‘a—O 3
%+d (pvﬁ)+g—}:—0

OpE .. -\ 0q, 0Oq_
—+di E+P)V|+—+-—=-=0
& HAiv((E+P)V)

0z 0z

Here u and V are, respectively, axial and radial components of the

-
velocity vector V, P is pressure, E=g+V?/2 is total specific energy of the
plasma with internal energy €. The laser emission intensity directed to the surface

q_ and reflected from it q, is determined by the expressions

q— (I', z, t) = q(r,OO, t) : CXP(_ J.KLdZ'j’

q,(r,z,t)=R(T,)-q_(1,0,t)- exp[— j‘KLdZ'] ) “)
0

where K, is the plasma absorption coefficient at the laser wavelength, and R(T;)

is mentioned above the reflection coefficient of the laser radiation at the sample
surface generally depending on temperature.

Boundary conditions taken into account at the problem solution can be
written as follows:

pr<r,)=p,(L); Pr<r,)=P, (1); ur<r)=\KL/m; &r<r)=&T). (5)

The above system of equations is solved taken into account data of state
equations and of absorption coefficient of the plasma under consideration, which are
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pre-calculated supposing the plasma is in the local thermodynamic equilibrium and
taken in a tabulated form:

T=T(p,e); P=P(p,e); N, =N.(p,e); x =x.(T.p) (6

The plasma absorption coefficient at the laser emission frequency is
calculated taking into account main mechanisms of the absorption in the plasma
(bremsstrahlung, photoionization and selective absorption). Thermal radiation
transfer in the laser plume, as well as a difference in thermo-dynamical and optical
properties of the erosion products and of ambient air are not taken into account at
the calculations.

The code allows evaluating the dynamics of two-dimensional erosion
plumes supposing their axial symmetry accounted for by r- and z-coordinates. A
distribution of the power density across the laser spot on a sample surface is set to be
Gaussian and to depend only on the radial coordinate r. The laser beam is supposed
to have a cylindrical form and to fall normally on the sample surface. A dependence
of the laser power density on time can be fitted to real experimental data. The
calculation results are 2D distributions of the erosion plasma temperature, density
and pressure depending on time after the laser beam incidence. More detail on the
modeling code can be found in [26].

Line spectra modeling of the laser plume. Space-time characteristics of the
laser erosion plasma, which are obtained at the plasma formation modeling
discussed above, serve as initial data for the emission spectra simulation. From the

data, one finds distributions T(X), P(x) of the plasma temperature and density
along an observation line x and a time moment chosen. For every point of the
distributions at given T(X), P(x), one determines the plasma elemental

composition
Z,+1

p= mHZBkAk Z Ni;» ™
K il

where p is plasma density in g/em®, m, = 1.66-10™" g is mass of hydrogen
atom, k designates different chemical elements in the plasma. Every element has Bk
volume ratio, Ak atomic number and N, (cm™) number density of atoms and ions

(N, forneutral, N, for the first ion, etc.).
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Further, the plasma ionization composition and population density of
excited states are found using equations of the ionization equilibrium for every
element in the sample [27]:

N,

i+l

N Lexp[-(J, —AJ,)/kT], (8)

N, _,[(2mkT )" U,
1 h? U

i

Partition functions of atoms and ions are calculated according to Planck
— Larkin approximation:

J.—E. E.—-1J.
Ui =Zgij exp(_Eij/kT)Wij’ Wij =1_(1+ 1kT Ujexp[ ij 1]. (9)
i

kT

Here U is partition function of ions of the i-th ionization degree, g;; and E;
are their statistical weight and energy of the j-th level, respectively, Wj; is Planck —
Larkin factor.

The ionization potential lowering AJ; due to Coulomb interaction of
particles can be written as follows:

(1+7/2)[ 1+(z,+1)" /2]

AJ. =kTIn , (10)
(1 +zly/ 2)
where z is charge of ion (i=1 for neutral atom), Y is determined as a positive route
of the equation
2} 2
€ n.z.
V== | 4n) ——, (11)
kT —1+ziy/2

and for weakly non-ideal plasma it coincides with the common non-ideality
parameter.

For the calculation of the particles partition functions, a database is
incorporated in the program on energy levels and statistical weights of atoms and
ions of different chemical elements.

Further in the program, spectral emission jx and absorption K,

coefficients are calculated for chosen lines in radiation spectra of the laser plumes
under consideration

) he
b =A,, —N_0Q) =x, 4nl,,.
0
ne’A; he
= f N [1—exp|— A), 12
A m02 nm- 'n p 7\,0kT ¢( ) ( )
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where A and fnm are, respectively, transition probability and oscillator strength
for the line optical transition, I,, is spectral intensity of the black body radiation,

O(L) is spectral profile of the plasma emission coefficient within the line. Stark

broadening is considered in the program as the main mechanism forming line
profiles in the laser plume emission spectra. In this case, emission coefficients for
the lines have Lorentzian profiles and can be accounted for by the expression [28]

O = (e /Mlv; + (=2 =8)'T" (13)

where 7 and &, are half-width and shift, respectively, of the profile. These profile
parameters are taken proportional to the electron density

y. =w(T)-N_-107"°, 5, =d(T)-N_-107"°. (14

The proportionality coefficients W(T) and d(T) are known as Stark

broadening parameters for the width and shift, respectively. At this approximation,
no possible influence of ion micro-fields is taken into account.

Spectral line intensity in the laser plume emission is determined by
numerical solution of the radiation transfer equation [29]

L (1) =1, (0)exp(-1) + _T[pr () exp(t' —1)dt’,

T= fo(y')dy', (15)
y

where 1y is the plume radial border at a given time moment. The equation solution
procedure and spectral line intensity evaluation is performed similar to [30].

The numerical solution of (15) is reduced to a recursion relation for the
intensities of the radiation at the neighboring space points [31]. The plasma
parameters (ionization state, spectral emission, absorption coefficient and their
profiles for the selected line) are calculated at chosen discrete points on the
observation line taken into account the temperature profile obtained at the plasma
plume formation modeling. Parameters of the optical transitions resulting in the
emission of chosen spectral lines, including the lines Stark broadening parameters,
transition probabilities and statistical weights of the energy levels, are taken from
[28, 32].
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3. EXPERIMENTAL

Experimental measurements have been performed using a Laser Spectrochemical
Analyzer (LSA) [20]. A general view of LSA and its schematic diagram are shown
in Fig. 1. LSA is composed of a

speciremeler

Fig. 1. Laser spectrochemical analyzer: (a) general view and (b) schematic diagram.

Q-switched Nd:YAG double pulse laser, an optical unit consisting of
microscope, imaging CCD-camera and PC-controlled sample table, a spectrometer
with a CCD-arrays recording system. The laser works at wavelength of 1064 nm.
The laser pulses duration and frequency can be controlled in the intervals of 10-20
ns and 1-15 Hz, respectively. The pulses energy is also variable and can be set as
high as 100 mJ. The laser can work both in the single- and double-pulse modes at
the collinear scheme of the laser beams action on a sample. A time delay between
the pulses can be regulated from 0 to 140 ps. The laser action zone is imaged at the
PC monitor and can be positioned on a sample with 0.01 mm accuracy. LSA is
equipped with a 1-meter grating spectrometer for recording the spectral emission of
the laser plumes. Wavelength working interval and spectral resolution of the
spectrometer are 200 — 800 nm and 20000, respectively. An optical system serves to
deliver the plasma plume emission to the spectrometer entrance slit. LSA operates at
a PC control. The PC software allows recording and treatment the plume emission
spectra and the erosion crater images, as well as plotting calibration graphs and
evaluating elemental compositions of samples.
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4. RESULTSAND DISCUSSION

A study has been performed of formation and space-time evolution of laser
ablation plumes on aluminum sample in atmospheric pressure air at single- and
double-pulse excitation modes. The plume emission spectra have been recorded in
the spectral interval of 250-400 nm at 0.74 nm/mm dispersion and 0.015 nm spectral
resolution using LSA equipped with PGS-2 spectrograph and TCD1205 CCD array.
A side-on observation has been chosen for the measurements. The optical axis has
been directed along the sample surface at a chosen distance z from it. The plumes
have been imaged 3:1 by lenses onto an intermediate slit (diaphragm). The slit edges
are perpendicular to the plume axis discriminating a part of the plume of 1 mm
height. The second optical system after the diaphragm collected total emission of the
“disk” to the spectrograph entrance slit. Displacing the diaphragm along the plume
axis, one could record the plume emission at different distances z from the surface.
The measurements spatial resolution was estimated to be 0.1 and 0.5 mm along the
axial and radial directions, respectively.

180 1, a.u.

120

60

Fig. 2. Emission spectra of the laser-induced Al plasma at SP (open circles) and DP
(solid circles) modes recorded 1 mm above the sample surface (one can see atomic
lines A11308.2 and Al 1309.3 nm).

The measurements have been performed at the action on Al sample
polished surface of the laser pulses of 0.05 J energy and 15 ns (FWHM) duration
with a “tail” up to 75 ns. The laser beam was focused 5 mm below the surface. For
one single-pulse shot, it resulted in 820 MW/cm? maximum irradiation of the sample
surface at a near-Gaussian spatial distribution with 0.54 mm characteristic radius. At
the spectra recording, the sample was irradiated with a series of single or double
pulses at 10 Hz frequency. Total emission of laser plumes from 80 single pulses and
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40 double pulses at SP and DP modes, respectively, was recorded to increase the
signal level keeping equal energy at both modes. The signal measurements were
performed with no time resolution. The sample was not moved during the spectra
recording. A time delay of 5 us was realized between the first and the second pulses
at the DP mode. The delay was shown to give the most pronounced effect of the DP
mode at the conditions under consideration [20]. The intensity increase at DP mode
for this work conditions is demonstrated by Fig. 2, where recorded at the both modes
spectra of the laser plume emission in a spectral region of Al I atomic lines are
presented.

The numerical modeling has been performed at the same conditions as the
measurements. The reflection coefficient of the sample R=0.9 has been taken and
accepted to be constant. At the simulation of the laser plume formation at DP mode,
conditions and plasma parameters of the first laser pulse plume formed to the
moment equal to a given time delay between the pulses have been taken as initial
ones for the space-time characteristics calculation of the laser plume induced by the
second laser pulse. For the rest, the calculation procedure has been performed
analogous to the SP plume simulation.

According to the modeling results for the SP mode, the evaporation begins
at 8 ns, at 15 ns the plasma occurs, at 30 ns the ablation plume shields the sample
preventing material erosion. Further, the laser radiation is totally absorbed by the
ablation plume, and a wave of absorption propagates towards the laser beam in the
light detonation regime. When the laser pulse is over, the wave of absorption is at
0.5 mm distance from the sample surface, and the plume expansion still has a “one-
dimensional” character. Radial inhomogeneity of the laser plume is determined by
the distribution of the power density over the erosion spot.

The main difference of the second pulse action at DP mode is existence of a
sheet of strongly absorbing plasma near the sample surface. The plasma optical
density is around 5-107 to the moment of the second pulse action. The density
reaches 1 already in 20 ns and 3 in 22 ns after the second pulse begins. The latter
value is characteristic for the main time interval of the laser pulse action. The optical
density slow decrease begins only in 60 ns from the pulse beginning. Thus according
to the calculation, the sample surface is actually shielded from the laser radiation.
The radiation strong absorption by plasma results in an increase of the plume
dimension in both radial and axial directions. One can observe the increase in Fig. 3,
where axial distributions of plasma temperature and density in a laser pulse at SP
and in the second pulse at DP modes are shown for different moments from the due
pulse action.
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Fig. 3. Axial distribution of plasma temperature and density in the laser plumes at
SP (up) and DP (down) modes at different time intervals from the laser pulse action
(shown in micro-seconds).

Time evolution of radial distributions of plasma temperature and density in
the SP and DP laser plumes is demonstrated by Fig. 4, where the distributions at z=1
mm for different time intervals from the laser pulse action (the second one for the
DP mode) are shown. Comparing to the SP plume, higher temperature (20-30 kK,
instead of 5-10 kK) and lower density are characteristic for central parts of the DP
laser plume. Also the DP plume has complex non-monotonous temperature profiles,
contrary to those at the SP mode having one central maximum and nearly parabolic
shape. For the first 1-2 ps, pressure is higher in the SP plume, but further it is close
to the ambient (atmospheric) one in the both modes.

The radial distributions have been used for the calculations of “side-on
recorded” intensity of the spectral line chosen. They have been mostly limited with
the temperature of 3000 K. At lower temperature, density of exited atoms is too low
and their emission can be neglected. Also, Al vapor condensation begins in this
temperature region. Spectral line intensities for all time moments considered have
been integrated to obtain the value corresponding to the experimental one measured
without any resolution in time.
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Fig. 4. Radial profiles of temperature (left) and density (right) in the laser plumes at
the SP (up) and DP (down) modes for a distance z=1 mm from the sample surface at
different time intervals from the laser pulse action (shown in micro-seconds).

An example of the results is presented in Fig. 5, where measured and
numerically simulated spectral profiles are presented for integrated in time intensity
of Al1I line at A=281.6 nm in emission of the laser plumes at the SP and DP modes
at z=1 mm. As far as no absolute calibration has been performed of the experimental
data, they were reduced to the absolute scale of the values obtained at the simulation
by equalization maxima of the measured and calculated DP line profiles. It is seen
that the ion line SP intensity is close to a detection limit and the DP intensity is more
than 10 times higher. One can observe a fair agreement of the measured and
simulated DP line profiles.

Generally, it is observed that the intensity increase in DP spectra compared
to SP ones depends on excitation energy of the lines under consideration. It
increases with the excitation energy and it is much stronger for ion than for atomic
lines (see, e.g., [20, 33, 34]). This difference is more pronounced for the integrated
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in time emission intensity of laser plumes. The observation is confirmed also by the
data of our measurements exposed in figures 2 and 5.
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Fig. 5. Measured (points) and simulated (lines) profiles of Al II 281.6 nm line in the
laser plume emission at SP (left) and DP (right) modes for a side on observation at
z=1 mm from the sample surface.
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Fig. 6. Radial distribution of plasma temperature and emission coefficient for atomic
Al1308.2 nm line in the DP laser plume and z=1 mm at 0.5 (left) and 15 (right) s
from the second pulse action.

Our numerical simulation data allow better understanding reasons of the
intensity increase at DP mode and its dependence on excitation energy of spectral
lines. In Fig. 6, radial distributions are shown of plasma temperature and emission
coefficient for atomic Al I 308.2 nm line in the DP laser plume at 0.5 and 15 ps
from the second pulse action. One can see from the figure that at initial time

95



E. Ershov-Pavlov et al.

moments the atomic line intensity in the laser plume emission spectrum is provided
by a narrow space zone at the plume periphery, where the line emission coefficient
is high. It is due to a relatively low (around 8000 K) “normal temperature” [35] of
the line and to a rather steep temperature radial gradient. In this case, the DP line
intensity can be not very different from the intensity at the SP mode, where the
plasma temperature does not prevail “normal” one (see Fig. 4). On the contrary, later
when the plasma temperature decreases, a zone of the line effective emission
occupies nearly all plasma plume volume on the observation line, and the line
intensity can noticeably grow up in comparison with the SP mode. The intensity
increase will depend on the effective volume dimension. For ion lines the effective
emission volume at the DP mode will be much larger from the beginning of the
plume expansion. Additionally, the ion emission coefficient will rise strongly over
the plume volume due to the elevated “normal temperature”, which in most zones is
much higher than the DP plasma temperature resulting in the steep coefficient
dependence on temperature.
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Fig. 7. Total intensity of atomic Al I 308.2 nm (left) and ionic Al I 281.6 nm (right)
spectral lines in the SP and DP laser plume emission at z=1 mm depending on time
from the laser pulse action. Dashed line shows the data extrapolation.

A behavior in time of the lines intensity in emission spectra of the plumes
can be analyzed using Fig. 7, where total intensity of atomic Al I 308.2 nm and ionic
Al 1I 281.6 nm spectral lines in the SP and DP laser plume emission is presented
depending on time from the laser pulse action. It is seen from the figure that the DP
intensity increase of the atomic line depends on time from the laser pulse action, and
for small time intervals one can found no efficiency increase of the DP mode.
Possibly, it can explain controversial evaluations of the DP mode influence on
atomic line intensity, which can be observed in some papers.

Generally, one can see that for the DP laser plume higher plasma
temperature, the plume volume and duration are characteristic. All the factors play
certain roles in the observed increase of line intensity in DP plume emission spectra.
The factors influence on atomic and ionic lines can be different depending on a
temperature interval realized. In our case, the DP intensity amplification of atomic
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lines is mainly due to an increase of the effective emission volume dimension and
duration. As for the DP intensity of ionic lines, its growth is provided more by the
temperature (emission coefficient) increase.

The numerical simulation results on the line intensity in the total emission spectra of
SP and DP plumes have been compared to our experimental data. According to the
measurement mode, total intensity of atomic Al I 308.2 nm and ionic Al IT 281.6 nm
lines in emission spectra of the plumes observed at different distances z from the
sample surface have been calculated. For every z, the intensity has been integrated
over all life time of the plumes. The emission intensity of both pulses at the DP
mode has been summed and doubled SP intensity has been taken to compare to each
other and to analogous measured values. The measured intensity has been reduced to
the calculated intensity scale supposing the intensity values of the SP emission
obtained at the simulation and measurements at z=0.5 mm are equal. The results
obtained are shown in Fig. 8.
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Fig. 8. Integrated in time intensity of atomic Al I 308.2 nm (left) and ionic Al II
281.6 nm (right) lines in emission spectra of the laser plume depending on distance z
from the sample surface: lines present the modeling results, points show the
measurements data for the SP (open circles) and DP (solid circles) modes.

From the figure it follows that the DP plumes are larger than SP ones and the DP
intensity gain depends on a distance z from the sample of the side-on observation
line. The gain increases with the distance from the sample. One can state a rather
fair agreement of the experiment and simulation data at the SP mode, especially for
the atomic line. (Note, the measured values at z=0 can be distorted by the sample
border shielding). Generally, experimentally observed plumes are larger than the
simulated ones. Partly it can be explained by the radiation energy transfer in the
plumes, which is not taken into account in the modeling code. Also, laser erosion of
the sample can be higher, than it is given by the model, where constant reflection
coefficient is used for both laser plumes in the DP mode.
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5. CONCLUSION
Numerical simulation and measurements have been performed of the intensity of
atomic and ionic lines in emission spectra at a side-on observation of erosion plasma
induced by pulses of a Q-switched Nd:YAG laser on Al sample in single and double
pulse excitation modes for typical LIBS conditions. The spectra have been obtained
by a numerical solution of the radiation transfer equation for radial distributions of
the erosion plasma parameters, taken from the laser plume numerical modeling. The
modeling consists of a solution the thermal, hydro-dynamics and optical problems
accounting for the laser beam action on a solid surface. The numerical code allows a
simulation of the dynamics of two-dimensional erosion plumes supposing their axial
symmetry.
A qualitative correlation of the calculated and measured data is observed. The
comparison seems to show an important role of the radiation transfer processes in
the laser plume formation. The DP plasma expansion lasts longer and it occupies
larger volume with non-monotonous temperature distributions. Also, an increase of
the laser plasma temperature is observed at the DP mode.
These changes result in the observed increase of line intensity in the DP plume
emission spectra. The intensity gain is due to the emitting plasma temperature and
volume increase. A role of the factors is different for atomic and ionic lines. In our
case, when the DP plasma temperature overcome “normal temperature” for atomic
lines, their emission is formed mainly in the plume periphery, and the main reason
for their intensity increase is mainly the plasma volume and duration increase. The
ionic line intensity increases mainly due to higher plasma temperature (emission
coefficient). Note, sometimes one finds no increase in DP plasma temperature
measured by relative intensity of atomic lines. It can be shown that such
measurement for the considered inhomogeneous laser plasma must give rather a
temperature value close to “normal temperatures” of the atomic line used [36].
Further, it is supposed to consider more factors influencing sample erosion,
especially at the DP mode and to develop the numerical code including calculations
of the energy transfer by the laser plume own radiation with a detailed account of its
angular and spectral characteristics.
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Abstract. Dynamical features of one-dimensional electromagnetic solitons formed
in a relativistic interaction of a linearly polarized laser light with underdense cold
plasma are investigated. The relativistic Lorentz force in an intense laser light
pushes electrons into longitudinal motion generating coupled longitudinal-transverse
waves. In a weakly relativistic approximation these modes are well described by the
generalized nonlinear Schrodinger type of equation, with two extra nonlocal terms.
Here, an original analytical solution for a moving EM soliton is derived in an
implicit form. For an isolated soliton, our analysis shows that the motion down-
shifts the soliton eigen-frequency and decreases its amplitude. The effect of the
soliton velocity on the stability, is analytically predicted and checked numerically.
Results show an enhanced stability in comparison with the standing soliton case.
Rich dynamics with examples of (un)stable soliton propagation and breathers
creation and formation of unstable structures of cusp type is exposed numerically.
The soliton stability is a base for the understanding a complex soliton-pair
interaction; which critically depends on solitons amplitude, velocity and a mutual
phase relation. Simulations of two interacting EM solitons show a critical
dependence on the solitons amplitude, velocity and mutual phase; resulting in either
elastic collisions or a break up of the soliton pair.

1. INTRODUCTION

The propagation of intense laser radiation into plasmas has attracted
considerable attention in the past. Recently, the interest for this problem is renewed
mainly due to two prospective applications: development of the fast ignition concept
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in inertial fusion and x-ray lasers. Currently, available laser intensity is as high as

102'W/em? at a focus, with tendency to reach soon 102 W/ecm?. These

intensities are well above the regime where, in the laser plasma interactions, the
electrons are forced into motion with relativistic velocities. This strongly affects the
dynamics of the laser pulse propagation and with combination of the nonlinear
effects induces a large number of nonlinear relativistic phenomena. One of the most
interesting phenomena is creation of the relativistic electromagnetic (EM) solitons.
Relativistic EM solitons are localized EM structures self-trapped by a locally
modified plasma refractive index due to the relativistic electron mass increase and
the electron density drop in the ponderomotive force of an intense laser light. These
solitons, generated behind the front of the laser pulse are composed of nonlinear,
spatially localized low-frequency EM fields with a group velocity close to zero. A
large part of the laser pulse energy can be trapped inside these relativistic solitons,
creating a significant channel for laser beam energy conversion. This is a known
problem in plasma physics which has been studied widely in the past [1-8] but it has
recently attracted fresh attention. The relativistic EM solitons in an idealized case of
circular polarization were extensively investigated, analytically within the one-
dimensional (1D) fully relativistic hydrodynamics model and by PIC (particle-in-
cell) simulations [1, 9]. Recently, relativistic EM solitons in electron-ion plasmas
have been studied in detail, analytically [9-14], numerically by fluid simulations
[15] and by multi-dimensional PIC simulations [7,16-20]. On the other hand, a
physically more realistic, but also a more complex case of relativistic EM solitons
with a linear polarization, was studied in a weak amplitude limit by some of these
authors [20, 21]. Generally taken, the research on solitons has been receiving much
attention because of their fundamental importance in nonlinear science [4], as well
as being considered to be the essential component of plasma turbulence [13].

In this paper, we treat a case of a linearly polarized intense laser light. In
laser-plasma interactions, relativistic Lorentz force sets electrons into motion,
generating coupled longitudinal-transverse wave modes. These modes in the
framework of one-dimensional weakly relativistic cold plasma approximation can be
well described by a single dynamical equation of the generalized nonlinear
Schrodinger type[21], with two extra nonlocal (derivative) terms. A new analytical
solution for the one-dimensional moving EM soliton case is calculated in the implicit
form and verified numerically. The soliton existence and its stability properties
depending on the soliton velocity and self-frequency shift are studied in detail, by
using analytically calculated conserved quantities: photon number (P) and
Hamiltonian (H). The results are compared to the standing (non-moving) relativistic
EM solitons case [21]. Finally, numerical simulations of the model equation were
performed to check the analytical results and study soliton dynamics influenced by
small perturbations. A good agreement with our analytical results is found. The
results of the soliton stability analysis are base for the understanding a complex
soliton-pair interaction, which critically depends on solitons amplitude, velocity and
a mutual phase relation. Simulations of two interacting EM solitons show a critical
dependence on the solitons amplitude, velocity and mutual phase; resulting in either
elastic collisions or a break up of the soliton pair.
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2.DYNAMICAL EQUATIONS

We consider a long intense laser pulse propagating through cold collisionless plasma
with fixed ions and start with writing the fully relativistic one-dimensional model.
The nonlinear EM wave equation, continuity equation and electron momentum
equation, in the Coulomb gauge, read:

2 2 >
E
0
on_ o|m)_, @)
ot ox\my
é;_p;: —ek| - mc? % (3)

where a=eAd/mc” is normalized vector potential in the y direction, n is the
electron density, p is the electron momentum in the x direction,

y=(+a*+p*/m*c*)"?, E, is the longitudinal electric field, ny is the
unperturbed electron density, and @, = (47Zezn0 / m)l/2 is the background electron

plasma frequency.

In a weakly relativistic limit for |a|<<1 and |dn|<<1, introducing the
normalized perturbed electron density on=(n—n,)/n, and dimensionless
variables x—)(ca)p_1 )x and t—)(a)p_l)t, the wave equation for the vector

potential envelope A (a~A-e""+cc) is obtained, as (details are given in Ref. 21):

ALy 3 apactqapy ac lay a0 w
ot 2 16 8 48

Equation (4) has a form of a generalized nonlinear Schrodinger (GNLS)
equation with two extra nonlocal (derivative) nonlinear terms. We can readily derive
three conserved quantities: photon number P and Hamiltonian H and momentum M:

P:I|A|2dx,

1 2 3 4 1 2 2 1 2 2
H==[l4 P -=14/" -=[( 4 +— | AP A, | td
2_[{| N 16| | 8[(I )] 12| 7l xl}x

&)
M=if(4- 47— 4" 4, )
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We look for a localized stationary solution of (4), in a form of a moving
soliton:

A= p(u)exp[i@(u) + iA*t] (6)
where, u =x—vt, and v is the soliton velocity. Introducing the ansatz (6) in the

equation (4), we obtain two equations for the soliton phase and amplitude,
respectively:

1 1
Huup(1+E,02)+49upu(2+§p2)—2vpu =0 (7a)
FE
5 v 3 3+(2/12—2v6’u+6’u2)p
1 P 5 6 8
puu - pu = (7b)
1- el o’ 1- S
12 12 L
Under vanishing (localized) boundary conditions

p), p(w),, pu),, >0 for u — oo, the first integration of (7a) approximately
gives 6, (u) =v, while the first integration of (7b) gives:

p ®)

Additional integration of (8) yields a moving soliton solution in an implicit form

104



DYNAMICS OF WEAKLY RELATIVISTIC ELECTROMAGNETIC...
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here p,° 22 -V is th i litude of the linearly polarized
where =—————— 1s the maximum amplitude of the linearly polarize
* T 3/16-v2 /12

moving EM soliton with the self-frequency A=A*—v*. For a zero soliton
velocity, v =0, the above solution readily coincides with the standing soliton result
of the GNLS equation (4), given by some of these authors [21]. The equation (9)
imposes the constraint on the maximum possible soliton amplitude, as

P, <N12/5=1.55. For py<<1.55 the soliton profile (9) is the secant
hyperbolic, alike the soliton solution of the standard cubic NLS equation. When o

increases and approaches the value of p,. =1.55, the original NLS soliton profile
steepens and transits toward the pointed, cusp type of a profile.

In order to check the validity of the analytical solution (9), the stationary
equations (7a,b) are numerically solved with the vanishing boundary conditions

pw), p(u),,p),, >0 when u—>*oo. Numerical results are in a good
agreement with the analytical solution for the amplitude (9) and phase &(u) (Fig. 1).
The only noticeable difference is in the phase &(u) (analytical approximation).
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Fig. 1. Example of the EM soliton amplitude profile (a) and phase (b) calculated
analytically and numerically for v=0.4 and 1=0.3.

The photon number P(A,v) for the soliton (9), can be calculated explicitly, as:

1+ py/5/12
P =4 21502 12)m P2 g
J3/16-v2 /12 5 ‘1—,00\/5/12

When the soliton velocity is zero, expression (10) agrees with the standing
soliton solution, obtained earlier [21].

Furthermore, with the ansatz (6), explicit contribution of the velocity dependent -
"kinetic" terms in the Hamiltonian (5) is singled out, by:

5, V2 p? 3 92 pt
H=|||1-= + S P - 11
j{( P ]pu e 12 ) (11)

Substitution of (9) into (11) enables us, after rather cumbersome integration, to
obtain the explicit analytical expression for the Hamiltonian in a form:

106



DYNAMICS OF WEAKLY RELATIVISTIC ELECTROMAGNETIC...

12
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3.STABILITY ANALYSIS

In order to check the stability of the moving soliton, we use the renown
Vakhitov-Kolokolov stability criterion [2], according to which, solitons are stable
with respect to longitudinal perturbations, if:

dP,
5 0, (13)

where, P, is the soliton photon number defined by (5). The function F, (1), given
by the expression (10), is shown in Fig. 2, for several values of soliton velocity.

v=0.6
v=04

|/ vs02 ‘

=0 f

0
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Fig. 2. Photon number Py(2) shown for different soliton velocities.
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According to the condition (13), moving EM solitons turn out to be stable
in the region A<A,, where the instability threshold, A, corresponds to the

maximum value of F, for a given velocity (Fig. 2). Therefore, we can conclude that

small amplitude linearly polarized moving solitons within the weakly relativistic
model are stable. The increase of the soliton velocity shifts the instability threshold

A, toward larger values leading to the enhanced stability in comparison to the

standing soliton case.

The stability criterion for solitons can be alternatively formulated in terms
of Hamiltonian and photon number interrelation, following the analysis given in
Ref. 22. According to Ref. 22, the concavity of the H-P curves is related to the
stability of the solitons: concave downwards implies stability, while concave
upwards corresponds to instability. This is illustrated in Fig. 3, where H-P curves for
different soliton velocities are plotted. There are two branches for each soliton
velocity: the upper, unstable and the lower, stable branch. The turning point

(maximum value of P) on each H-P curve coincides with the maximum value of F,
on Fy(A) diagram (Fig.2) for corresponding soliton velocity and produces the same
instability threshold values A . The numerically calculated curves F,(A) and

H(F,) are in a good agreement with the analytical results.

e =0.6

------ vzg.tzl
. ——

0 . 8_ "-.'."‘ v=0.0

o

-
P
[
e

Fig. 3. Hamiltonian versus photon number for different soliton velocities. The lower
branches are stable.
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Considering the Vakhitov-Kolokolov stability criterion and the constraints
on parameters A,v in the analytical soliton solution (9), we can further expose
different regions of the soliton existence and stability. The limits on the parameters

Av:
1-5p(A,v)* /12>0, 24> —v? >0 (14)

together with the soliton stability condition dP/dA* >0, define the regions of the

soliton existence and stability in ( A,V ) space. These regions are shown in Fig. 4.

Above the curve (a) no analytical soliton solution exists. However,
numerically we can find the stationary soliton solution. Discrepancy in numerical
and analytical results in this region is attributed to small initial differences in the
phase &(u) between the approximate analytical and numerical solutions. Below the

curve (c), there are no localized solutions, neither analytical nor numerical. The area
of the soliton existence is separated by curve (b). Above the curve (b) is the region

where dP, / d\* <0, resulting in the existence of the unstable solitons. The stable
soliton solutions are possible just between curves (b) and (c), where the stability
condition dP,/d\* > 0, is satisfied.

0.3 stable

no soliton solutions

0.0 ——— —— 1
0.0 0.2 0.4 " 0.6 0.8 1.0

Fig. 4. Soliton existence and stability in different regions of (A, v) parameter space.
Curve (a) 1-5p(A,v)2/12=0, curve (b) dP/dA2=0 and curve (c) 2A2-v2=0.
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4. SSIMULATION RESULTS

In order to check analytical results and our predictions concerning the
moving relativistic EM soliton properties and the velocity effect on its existence and
stability, we have performed a set of direct numerical simulations of the nonlinear
model GNLS equation (4). The split-step Fourier method [23], originally developed
for the NLS equation, is implemented in our numerical algorithm.

Numerical results prove that initially launched moving solitons (9), with
parameters inside the stability region, bordered with the curves (b) and (¢) in Fig. 4.,
remain stable. The initially unstable solitons with parameters in the region bordered
with curves (a) and (b) in Fig. 4. exhibit a slow oscillatory relaxation toward the
corresponding stable solitons with the same photon number.

The analytically predicted influence of the soliton velocity on its stability
properties is verified numerically. We performed a set of simulations with the initial
condition in a form of solitons with fixed value of A and several values for the
soliton velocity v. An example of these simulations is illustrated in Fig. 5. The
standing soliton (v=0), with amplitude A,=1.56, outside the stability region
(A =0.5) relaxes toward corresponding stable soliton with the same photon

number [Fig. 5(a)]. The moving soliton with the same A but with the soliton
velocity (v=0.3) slightly below the stability threshold exhibits a long-lived
oscillations around the corresponding stable soliton state [Fig. 5(b)]. Further
increase of the soliton velocity (v=0.7) turns the soliton inside the soliton stability
region and the soliton propagation becomes stable [Fig 5(c)]. In this way we have
confirmed our analytical prediction that the increasing soliton velocity shifts the
instability threshold A, toward larger values and acts as a stabilizing factor.

For stable solitons being initially perturbed with the perturbations & in a

form of p, = p,(1+ ¢), internal oscillation modes are excited and solitons exhibit

long lived oscillating behavior of the breather type. If the initial perturbation of the
stable moving soliton grows, the frequency of the excited oscillations increases and
amplitude excursion from the initial value grows. A further increase of the
perturbation level leads to a further deviation from the stable state and eventually to
a rapid aperiodic growth of the amplitude. In this stage, this process is very similar
to the initial stage of the collapse phenomenon [4]. However, the amplitude growth
is accompanied by a continuous change of the soliton profile toward a highly
pointed structure of a cusp type. This process continues up to the point when the
amplitude reaches the critical value p. ~1.55, creating a highly unstable cusp
structure. Creation of this structure coincides with a break up of the spectral
numerical scheme (conservation loss for H and P) and it was not possible to follow
the dynamic behaviour further. This is illustrated in Fig. 6, where the evolution of
the initially launched moving (v=0.4) soliton with the photon number
P<P,.,=P)1s~4.45, inside  the stability region, for different level of the
perturbations is followed.
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b)

100 80 6 50 100 100

160

Fig. 5. Different dynamical regimes of the soliton with A=0.5: a) Standing soliton in
the unstable region with amplitude 4,=1.56, P=3.23; b) Moving soliton (v=0.3) in
the unstable region, 4¢=1.5, P=3.9; c) Moving soliton (v=0.7) in the stable region,
Ap=0.26, P=1.34.

The observed long lived oscillations of the soliton amplitude show a similar
behavior as in the case of the NLS equation with a local power-law nonlinearity,

described in Ref. 24. This nonlinear evolution is illustrated in Fig. 7 in the P, (A)
diagram for the stable soliton Py =2.727, 4, =0.334,v=0.4. The introduced
perturbations ( &;) at the stable soliton increase the photon number to P, > F, and

excite internal oscillations around the new value of A, which corresponds to the
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stable soliton with P . During the oscillations, the soliton profile periodically

changes its shape. Due to the influence of the nonlocal terms in Eq. (4), the periodic
amplitude increase leads toward the cusp shape of the soliton profile. With the

further perturbation increase (&, ) the oscillatory behavior remains until the photon

number reaches the value above P, . when the intersection with the curve F(A)

X
is absent and the corresponding stable soliton solution cease to exist. In that case, a
rapid aperiodic growth of the soliton amplitude creates a collapsing soliton structure
up to the point when the amplitude reaches the critical value creating a cusp
structure when we can no longer follow dynamic behaviour [25].

Initially launched stable moving solitons with parameters inside the
stability region, but closer to the instability threshold, exhibit similar behavior,
however, the level of the imposed perturbations that will lead to the soliton aperiodic
growth, is much lower.

Fig. 6. Spatio-temporal evolution of initially launched moving soliton, in the stable
region 4=0.334, v=0.4, 4,=0.6, P=2.73, for different perturbation levels.

112



DYNAMICS OF WEAKLY RELATIVISTIC ELECTROMAGNETIC...

5_
] e=0.3
A £=0.2
. \\ £=0.1
- £=0.0
P
2-
1-
0 ks
00 04 08 12 16 20
A

Fig. 7. Typical dependence of the photon number Py4) for solitons with v=0.4,
P,.,=4.45, 4=0.473. The stable soliton corresponds to the point Py=2.727, 1,=0.334.
For the perturbation level ¢;=0.1 the photon number is P;=3.3 and 4,=0.36 of the
corresponding stable soliton (amplitude oscillations around 4;). For &,=0.2,
P,=3.927 and 4,=0.39 of the corresponding stable soliton (amplitude oscillations
around 4,). For ¢;=0.3, the photon number is P;=4.61> P, and corresponding
stable solution does not exist (soliton collapse-decay).

5.SOLITON INTERACTIONS

The type of soliton interaction depends on the parameters (amplitude,
phase, velocity) of the colliding solitons. We restrict our study to symmetric
collisions of two solitons with equal amplitudes and opposite velocities

Vv, =V, V, =—V [26]. Direct numerical simulations of the model equation (1)

show that interaction of the small amplitude solitons is always elastic one (Fig. 8a),
without energy (momentum) exchange between colliding solitons. By increasing the
soliton amplitude, the interaction remains elastic up to the point when the resulting

amplitude of the interacting soliton complex reaches the value of o, and creates a

highly unstable "cusp" -form structure. (Fig. 8b). Numerical simulations show a
break up (annihilation) of the interacting pair. However, it is not possible to further
follow chaotic dynamics due to the break up of the spectral numerical scheme
(conservation loss for H and P). An introduction of the phase difference between the
colliding soliton pair results in decreasing amplitude of the interacting complex and
possible turn to the elastic type of interaction (Fig. 8c). Depending, whether during
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impact, the soliton pair is in or out of phase, constructive or destructive interference
of EM fields determines a fate of their interaction. Based on P-M-H interdependence
future attempts to seek conservation laws for soliton interaction will be made.

% X

Fig.8. Interaction of two, in phase solitons with equal velocity v = 0:6 and different
amplitudes a) p, = 0.485 and b) p, = 0.6'%0 = 0:6, and c) solitons with same
parameters as (b) with phase difference @ = 7. The inserted plot illustrates the
creation of the "cusp" structure.

VI. CONCLUSIONS

In this work, moving 1D electromagnetic solitons, formed in a weakly
relativistic laser plasma interaction, were studied in the framework of the envelope
GNLS equation (4). Moving EM soliton solutions and corresponding soliton photon
number (P) and Hamiltonian (H) were analytically derived in a closed form. The
stability analysis shows that the weakly relativistic moving EM solitons are stable;
with the stability region shifting toward larger amplitudes in comparison to the
standing soliton case. Numerical simulations of the model equation (4) have
confirmed our analytical results. Moreover, further studies of the dynamics of the
perturbed solitons, shows that the imposed perturbations excite internal oscillation
modes leading to the creation of the breather type of structures. A further increase of
the perturbation level leads to a further deviation from the stable state and eventually

to a rapid aperiodic growth of the amplitude toward the critical amplitude p, ,

accompanied by a continuous change of the soliton profile toward a highly pointed
and unstable structure of a cusp type. Due to the coincidental break up of the model
equation (4) and our numerical scheme, we were unable to follow the dynamics of
this structure further. This question deserves future attention because our
considerations were restricted to a weakly relativistic regime; therefore, the future
studies of the obtained large relativistic EM structures are possible with fully
nonlinear fluid-Maxwell [15] and particle simulations [27], which are beyond the
scope of this work.
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Abstract. This work comprises an analysis of optical emission spectroscopy (OES)
techniques and results of their application for diagnostics of middle and low electron
densities (N,) in low temperature plasmas. The discussion will be limited primarily
to the applications of the methods based on the use of: Stark — widths and shifts of
non-hydrogenic neutral and singly ionized atom lines, line shape of neutral helium
lines with forbidden components and molecular nitrogen band heads intensities. In
this study all these techniques are critically evaluated, tested and applied for
diagnostics of microwave induced plasma (MIP), low pressure pulsed arcs or
capillary discharge.

1. INTRODUCTION

Low and medium electron density plasmas are extensively used in analytical
atomic spectroscopy as a light sources for optical emission spectroscopy (OES),
plasma processing and in various technologies, such as laser ablation, thin film
deposition, creation of different nanostructures and nanocomposite etc. Therefore,
the interest for plasma diagnostics is growing, and the need for improvement of old
and development of new techniques is a constant task. Due to their non-perturbative
nature, high spatial resolution and variety of different methods, the OES techniques
are of particular interest.

In this study, the discussion will be limited primarily to the diagnostics of
electron density, N, in low temperature plasmas using of non-hydrogenic spectral
lines. For other plasma parameters measurements and application of hydrogenic
spectral lines for N, diagnostics, more details can be found in several recent review
articles and textbooks [1-5] and references cited therein. Within this work
techniques based on Stark — widths and shifts of non-hydrogenic ion and atom
spectral lines, thr overall line shape of helium atom lines with forbidden component
and molecular nitrogen band heads intensities are studied. All these techniques are

117



M. Ivkovié, S. Joviéevié, R. Ziki¢, N. Konjevi¢

applied and tested in different plasma sources and theirs advantages and drawback
discussed.

2. EXPERIMENT

In experimental part of this study two different setups were used. One for the
investigations of low pressure pulsed capillary discharge and another one for an
atmospheric pressure microwave induced plasma studies. The central part around
the axis of the pulsed plasma source is imaged 1 : 1 onto the entrance slit of the 1 m
monochromator (inverse linear dispersion 0.833 nm/mm) by means of a 1 m focal
length focusing mirror. A 30 mm diaphragm placed in front of the focusing mirror
ensures that light comes from the narrow cone about the discharge axis. The spectral
line profiles are recorded step-by-step with the instrumental half width of 0.017 nm.
Signals from the photomultiplier - PMT are led to a digital storage oscilloscope
triggered by the signal from the Rogowsky coil. The main current pulse through the
discharge tube induces the trigger pulse. In order to obtain better signal-to-noise
ratio an averaging of eight signals at each wavelength step is performed. For more
details see references [6, 7].

In cases when radiation from the microwave induced plasma sources — MIP was
measured, the 1:1 image is projected on the 20 [Jm wide slit by use of a 0.5 m focal
length focusing mirror. In that case, signal from the PMT was amplified by the
picoammpermeter. More details about sample introduction, gas flow control when
using different versions MIP sources one can find in [5, 8].

3.RESULTS

In the following section in front of the experimental and/or mathematical testing

of the methods, short review of theirs fundamental characteristics will be presented.
3. 1. Neutral and Singly Ionized Non-hydrogenic Atom Lines

The use of Stark widths and shift of ionized non-hydrogenic atom lines for
diagnostics of the electron densities lower than 10”2 m™ is very rare. At these
densities Stark widths are small and comparable with widths due to the other
broadening mechanisms, so that high-resolution spectroscopic instrumentation has
to be used and deconvolution procedures must be applied.

3.1.1. The Width and Shift of the Neutral Atom Lines
The shape of the neutral atom line in quasistatic approximation for ions is

described by the following expression [9]:

118



APPLICATIONS OF SPECTRAL LINES FOR LOW ELECTRON DENSITY'...

=L
JAR _n-([ (x A4/3B)2 )

where H(B) is ion microfield distribution, and X is described by X =(A- Xg - de)/We, Ao
is the central wavelength of the unperturbed line, d. is the electron shift and w, is the
electron impact half-halfwidth. Examples of neutral atom plasma broadened line
shape for Debye shielding parameter R = 0.8 and different values of ion broadening
parameter A are presented in Figure 1.

From a large number of generated profiles Griem [4] found that total Stark (full
widths at half maximum FWHM) - w; of line profiles could be expressed within the
quasistatic ion approximation as a function of w,, A and R

Wi(To) = 2Wo(T)[1 + 1.75x 107N A(T.)(1 - 0.068N,"*T,*)]10"N,  (2)
dy(Te) = [do(Te) £ 2. 0x104N ”4A(Te) we(To)(1 - 0.068N,"°T,"")]10° 16N (3)

/6, -1/2

d, (N, T.) = [d(T,) = 3.2x10 " Ne AT )w(T)(1 - 0.068N, T, 110N, (4)

where w;, d; and d;, are measured Stark widths and/or shift of the peak line
intensity or shift of the halfwidth, respectively, while w,, d. and A are theoretical
electron impact half-halfwidth, d. shift and A ion broadening parameter calculated
for N.= 10'® cm™ and published in Appendix IV of [4].

1.0+ AN a=A
p = R=0.80 0.050
——0.100
0.8- S R 0.200
\ ——0.300
W\ 0.400
0.6 1 W\
. A\ |——0.500
E(: 04 \
0.2 y N
0.0

5 -4 3 2 -1 0 1 2 3 4 5

Fig 1. The ja r(x) profiles of neutral atom lines for R = 0.8 and different values of A

It should be noticed that plasma broadened neutral atom lines are asymmetric
and that the deconvolution procedure, see e.g. [10,11], differs from symmetric
profiles of, for example, ionic lines, see e.g. [12]. Influence of ion dynamics
especially in case of light elements such as helium [13,14] is also important and
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must be taken in account. For a number of lines correction factors Weg,/w;
determined by Konjevic [15] from the comparison of theory and large number of
high accuracy experimental data. This enables more precise electron density
determination.

This technique was tested in the capillary discharge with gas mixture of 2.4%
Ne, 5.6% He and 92 % H? at pressure p = 4 mbar. The maximum discharge current
of =400 A with t = 2.7 [Is was obtained by discharging C = 0.36 [JF, charged up
to U =7 kV. By use of excitation temperature Texc = 33 000 K determined from
Boltzmann plot of O II lines, correction factors from [15] and tabulated values of w,
and A [4] the electron density Ne= (4.8 £ 0.2) x 10”2 m™ from the He I : 388.8,
471.3 and 501.6 nm spectral lines was determined. For the determined electron
density and w, value in Appendix IV of [4] for Ne I spectral line at 594.483 nm very
good agreement between experimental and generated Voigt profile was obtained.
The observed Ne I lines were symmterical, within the uncertainty of experiment
indicating that small ion broadening contribution is small, see Figure 2.
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Fig 2. a) The recorded He 1 388.865 nm line (o) fitted with jar (X) theoretical profile
with data taken from [4] for N, = 5.2 x 10 m™ and T. = 33000 K and b) The
recorded Ne I 594.483 nm line (o) fitted with Voigt profile for N, = 4.8 x 10* m”
and T, = 33000 K.

It should be notices that from fitted jar (x) profile of the He I 388.8 nm line

We = 0.122 nm ie. N, = 5.2 x 10 m” is obtained, but after applying Wexp/ Wi
correction factor determined in [15] the value of 4.8 x 10** m™ is determined.
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3.1.2. The Comparison of the Theoretical and Experimental Profiles

The another and more accurate way for electron density determination is based
on comparison of whole experimental and theoretical line profiles, see example in
Fig.2 [16-18]. In order to test the possibility of determining plasma and line
parameters by using deconvolution techniques and especially the six fit parameter
deconvolution - SFPD procedure [18] from one line profile only (without
independent plasma parameters and shift measurements) the theoretical line profiles
are generated from Eq.(1). We analyzed theoretical profiles jyr(x) with the
following sets of parameters: 1) various R values (0 < R < 0.8) and largest value of
A = 0.075 reported in [19]; 2) different pairs of A and R values with fixed electron
impact w., and ion contribution w; and 3) fixed total Stark widths w; and R values
for various sets of w, and A.

The Case 1. is illustrated by Fig. 3. The FWHM of these lines for the whole
range of R changes from 2.133 to 2.188, i.e. difference is only 0.055 (in X units)
while shapes are very similar. This means that for typical w, values around 0.1 nm at
10" cm™ [19] the difference in half width corresponds to only 0.0055 nm for the
whole range of R values. Such a small difference between profiles in a large range
of R values raises a question: Is any deconvolution capable of detecting so small
differences of line shapes in particular if one is using pulsed plasma source and
shot—to-shot technique for line profile recording or study the astrophysical plasmas.

1.0+

0.8

0.6 -

Jag )

0.4+

0.2

w4+H———¥¥¥ ¥+ ——7+—

Normalized wavelength - x

FIGURE 3. The jar(x) profiles of neutral atom lines for w.= 2, d.= 0, A = 0.075
and different values of: R = 0 (thick line), 0.4 (dashed line) and 0.8 (thin line).

121



I ®)

M. Ivkovié, S. Joviéevié, R. Ziki¢, N. Konjevi¢

In the Case 2., from Eq. (2), after several iterations of this approximate
formula many (A,R) pairs with the same electron impact, w,, and ion contribution,
w;, i.e. with the same total Stark width w; are determined, see several examples in
Table 1.

Table 1. Different sets of parameters for the same w,and total ion shift d;.
A\- calculated from Eq.(2), A,- determined by an iteration process.

We Wt di R A] A2

2 241 0.47 0.55 0.2 0.2

2 2.41 0.47 0 0.118 0.142
2 241 0.47 0.2 0.138 0.162
2 241 0.47 0.8 0.294 0.24

The shapes of the lines with parameters given in Table 1 are practically
indistinguishable in a typical line profiles presentation. Consequently, the line shape
only cannot be used for plasma diagnostics and line parameters determination.

—— We=0.1885 A=0.21547
- - - We=0.2123 A=0.0913

We=0.1885 A=0.21547
= = We=0.2123 A=0.0913
shifted by 0.00165

1.04

0.8

0.6

T 044

0.2

0.0 v T T T T T T T T T T 1 00 T T T T T 1
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

A [nm] A [nm]

Fig 4. The jsr(x) profiles for R = 0.48 and different values of w, and A; w.=0.188,
A =0.215 (solid line); w.= 0.212, A = 0.091 (dotted line). a) shifted profiles and b)
profiles with the shift normalized to the same value.
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In the Case 3, by using Eq.(2), whole set of (w., A) pairs for the same value of w;
and R were calculated. In this case profiles are not identical, but they differ slightly
at the line wings, see Fig. 4b. These differences are so small that deconvolution of
profiles recorded from pulsed sources using shot-to-shot technique in the presence
of impurity lines can’t distinguish one from another. Figure 4a illustrates the
importance of precise shift measurements for determination of N, in these cases.

The analysis of line profiles is even more complex when all three parameters we,
A and R are varied. With different combinations of these parameters profiles with
exactly the same w, with very small differences in shape can be obtained.

3.2. Helium lineswith Forbidden Component

In the case of helium plasmas, electron density can be determined by using the
shape of some visible He I lines with forbidden components. These strong lines,
belonging to the 2°P — n °D series (n = 4 for 447.1 nm and n = 5 for 402.6 nm) and
to the 2 'P — n 'D series (n = 4 for 492.2 nm), have in plasma forbidden components
2°P- n °F or 2 'P - n 'F, respectively. The complex structures of these lines, see
Fig.5, are extensively studied both theoretically, by applications of unified, MMM
or close coupling (CC) theories, and experimentally. The inclusion of ion dynamic
effects in theoretical descriptions of helium lines with forbidden components greatly
improves agreement with experimental results.

1.2

=
o

0.8

Relative intensity

Al

Fig. 5. Comparision of measured He I 447.1 nm line shape (squares) with theory:
MMM (full), CC (dashed),and BCS (doted line).Plasma parameters: N, = 1 x 10"
cm'3, T.=18 000 K, T, = 13 000 K. Doppler and instrumental broadening included
and all profiles are area normalized.
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However, as illustrated in Fig. 5, the discrepancy of predicted forbidden line
intensity with the experiment [20] still remains for all three theoretical approaches.

This is a main reason why experimentally determined formulas relating N, with
the parameters of helium lines with forbidden component such as F/A - forbidden
(F) to allowed (A) line maximum intensity, D/A - deep (D) i.e. minimum intensity
between forbidden and allowed line and A line intensity) and S - wavelength
separation between F and A. determined by Czernichowski and Chapelle [21] are
mainly used. Due to the fact that parameter S is not sensitive to distortion of the
strong allowed line caused by the possible presence of a self-absorption effect, the
following relation was used in this work

log N, [m™] = 23.056 + 1.586 log (s[nm] — 0.156) + 0.225 [log (s - 0.156)]* )

where 0.156 nm in Eq.(6) is the separation between unperturbed F and A line.

The application of He I 447.2 nm line for determination of the medium
electron densities was applied in the capillary discharge at p=4 mbar of gas mixture
1.5% CO,, 1.5% N, and He, see Figure 6. The capacitor of 0.36 [JF charged up to

the 6 kV was used to obtain peak current with duration of 3.6 [Is.

150

100 g

Relative intensity

50

0 = L T T T T T T y T
4460 4465 4470 4475 4480 4485
Wavelength [0.1 nm]

FIGURE 6. The shapes of the 447 nm line during plasma evaluation (A - 3.5; B -
4.5;C-5.5; D-6.5and E - 7.5 [Is after current maximum),
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which corresponds to the Ne =3.4; 1.9; 1.2; 0.78 and 0.35 *10' cm respectively.

The same procedure can be used for lower N, determination, but with a use of a
different amplification when recording forbidden or allowed component, as shown
in Figure 7. It should be pointed out that great care must be taken when using He 1
lines with forbidden components for the determination of N, lower than few times
10" [cm™ ]. At these densities, the low intensity of the forbidden component (less
than few percents of the allowed one), may be masked by noise or in the presence of
traces of nitrogen, molecular lines from 6-8 and 8-10 bands of the first negative
system of N,".
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4467 4468 4469 4470 4471 4472 4473 4474
Wavelength (0.1 nm)

Fig. 7. Tllustration of line shape recordings with different amplification of the
photomultiplier signal. Line emitted from the center of the Mini MIP at height of
Imm from the torch orifice. The flow rate of He through the outer was 0.6 I/min,
and He+ 3% H, through the inner capillary was 0.2 1/min.

3.3. Intensity of the N, and N," Molecular Band Heads

According to [22-24], the electron density in nitrogen and nitrogen/He
plasmas can be determined from the intensity of N, second positive system (SPS)
band head (0-0) at 337.1 nm (C °IT, » B 3Hg) and N," first negative system (FNS)
band head of (0-0) at 391.4 nm (B’Z,” — X’Z,").

Namely, by using the simplified kinetic model of the N, (C[1,) state, see
e.g. [23] and assuming that the steady-state population of the upper energy state is
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equal zero, a linear relation between the 337.1 nm band intensity and the electron
density at constant pressure and constant electric field may be obtained. This
relation is confirmed with 5% accuracy in a volumetric near field microwave plasma
[24].

A similar discussion can be applied to the band head of First Negative
System of nitrogen ion (B°%,” — X°%,") [23]. Due to an additional excitation
process for the upper level population, the intensity of the 391.4 nm line has
quadratic dependence upon electron density, i.e. [391.4nm) ~ Ny ~ A NS+ B N, where
N, is the population of the B2z, state, while A and B are constants, which must be
independently determined.

According to the authors [22], this method can be applied even in plasmas with
non-Maxwellian electron energy distribution.

To apply the same method for N, determination in other gas mixtures, N," ion
fraction has to be calculated. The situation is more complex if Ar or H, are present
in the gas mixture. The reactions Ar* + N,—Ar + N,", N, + H, » N,H" + H and
Ar* + H, — Ar H* + H and many others, have to be taken into account.

The band intensity method is tested in MIP at atmospheric pressure with power
input of 100 W and at constant He flow rate of 0.7 1/min. The radial distributions of
the band head intensities and hydrogen Balmer beta line shapes — H, are obtained by
Abel inversion procedure. From the determined H, line shapes electron densities are
calculated using approximate experimental formula, see Eq.2 in [5]. Finally,
dependence of the molecular nitrogen band head intensities versus log N, for

different values of radius are presented in Figure 8.

— O —

337.1 nm

0.8

) 13914 nm

0.6

0.4

0.2

Relative band head intensity

0.0

log N_ [cm'3]

Fig. 8. Dependence of the molecular nitrogen band head intensities versus log Ne
for different values of radius in MIP at atmospheric pressure Power input 100 W
and flow rate of He 0.7 I/min.
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It is evident that the application of this method for N, determination requires
further elaboration and experimental verifications in different plasma sources and
gas mixtures. It should be noticed that the calibration of log N, band intensity vs.
log N, determined using another independent diagnostic technique enables slope
parameter determination. The extrapolation of intensity vs. N, plot may be used for
lower N, plasma diagnostics.

4. CONCLUSIONS

At the end one can conclude that fitting of the neutral atom line profiles is
usefull for the medium electron density diagnostics, but a great precautions must be
undertaken. This is especially important when more than one parameter fit of only
one line without shift measurements is used for several plasma parameters
determination.

The helium lines with forbidden components can be used in a very broad
range of electron densities and even at lower than 10" cm™. For lower densities the
more complicated procedure must be used and furher theoretical studies will be
welcomed.

It should be stressed out that the molecular nitrogen band heads intensities
offer a greatest possibility for diagnostics of very low densities, but a both
theoretical and experimental studies in different plasma conditions are needed.
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Abstract. Reactive field due to particle acceleration is one of the most intriguing
and controversial phenomena in classical mechanics and classical electrodynamics
(see e.g., [1,2]). The appearance of reactive field is apparently easy to understand
within a simple pictures based on the retarding fields of moving particles, and seems
to be a very universal one in both sub-atomic and cosmological scales (e.g., [3]). It
gives nice interpretations of the magnetic field, which turns out to be just a
consequence of potential field sources in the space-time structure [4,5]. The Einstein
equivalence between the mass and energy was discovered within this theory well
before his work on the mass-energy equivalence (e.g., [1]). This theory is also well
aligned with the zero point fluctuating field theory [6]. Unfortunately, the pragmatic
success of quantum mechanics, which itself yields excellent results (we may say: too
formal, i.e., without a real understanding), somehow damped the further
development of this branch of physics during the previous and current centuries. In
this lecture we would like to point out the relevance of reactive forces in classical
electrodynamics to macroscopic systems with strong particle accelerating fields. The
test case we propose here is a system consisting of a spherical shell of charged
particles accelerated in radial direction in an external field (in general of arbitrary

nature), which generates the stationary reactive electric field E,  that we calculate
as:
al
acc = Q __2[(
dre, R

.
R)’
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where, ( is the total charge within the spherical shell of an instant radius R, a is the
acceleration, &, and ¢ are the vacuum permeability and the speed of the light,
respectively, and /(7 / R) is an integral over the spherical angle, (which is finite in

the range 0 < 7 < 00 with a sharp maximum of the order of unity for # = R). In the
case of a number of N particles with elementary charge e and mass m, (e.g.,

electrons), accelerated in an external electrostatic field £, the last formula yields
the result f = Nr—OE .» Where 7, = e’ /(47rgomecz) =2.8179%x10""m is the
acc R exi

classical (or Compton) electron radius. This last expression could have dramatic
consequences to plasma systems in nature, laboratory and fusion devices, which are
characterized by enough high number of accelerated particles. Namely, the reactive
acceleration can strongly compete the external electrostatic force and so could be
interpreted as a kind of “electrostatic” confinement mechanism. In addition,
consequences of the present approach to subatomic scales should be reinvestigated
in a new consistent manner, leading to a reanimation of classical electrodynamics so
as to establish the quantum theory only as a special case of the first principles of the
nature.
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Abstract. In our contribution we will review recent modelling of stellar atmospheres
using general stellar atmosphere code PHOENIX.. A grid of over four thousand
models has been built with temperatures in the range from 3000-10000K, Z from -
2.5 to +0.5 and different alpha element enhancement (from -0.2 to +0.8).
Application to the better understanding of boundary condition between inner stellar
structure and atmosphere and its consequences to the evolutionary modeling will be
discussed.
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Abstract. The work presents results obtained during spectroscopic observations of
DC flowing post-discharges of pure nitrogen plasma and nitrogen plasma containing
traces of oxygen and methane. The plasma has been studied by the emission
spectroscopy of three nitrogen spectral systems, NO” bands (with oxygen impurities)
and two CN spectral systems (when methane was added).

The maximum of the pink afterglow intensity of nitrogen 1* positive
system decreased more or less exponentially with increasing the oxygen
concentration. The position of the maximal pink afterglow emission was shifted to
shorter decay times but both nitrogen positive systems showed a slow increase of the
decay time of pink afterglow maximum after the initial shift to the earlier post-
discharge position. Intensities of both nitrogen positive systems didn't show any
significant dependence on the oxygen concentration. The NOP bands were observed
with low intensity and their intensities were directly proportional to the oxygen
concentration.

The maxima of the pink afterglow intensities for all three nitrogen systems

were decreasing proportionally to the increase of the methane concentration. The
position of the maximal pink afterglow emission was also more or less linearly
shifted to later decay times, it means on the contrary to the oxygen impurity. The
strong CN emission is dominant at methane concentrations beyond 7 ppm and its
intensity was more or less directly proportional to the methane concentration in the
studied range.
On the basis of the experimental results, the appropriate kinetic models of the
plasma generated in pure nitrogen and in nitrogen with oxygen or methane traces
were designed. The specific state-to-state energy transfer reactions between the
studied states are presented.
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1. INTRODUCTION

Nitrogen post-discharges in various configurations have been subjects of
many studies for a relatively long time [1-6]. Besides the laboratory and
technological plasmas the nitrogen post-discharge is studied also in the kinetics of
upper atmosphere (corona borealis [7-9]) and these processes are also taken into
account in some extraterrestrial systems, for example in Titan atmosphere [10, 11].
Relaxation processes of atomic and various metastable molecular states created
during an active discharge lead to the common thermal equilibrium. Besides
collisional processes the light emission plays a significant role in the thermalization.
Visible light can be observed up to one second after switching off the active
discharge.

Fig. 1. Pink afterglow in pure nitrogen DC post-discharge.

The first period (up to about 3 ms) of the post-discharge in the pure
nitrogen is characterized by a strong decrease of the light emission. After that, the
strong light emission at about 5 — 14 ms after the end of an active discharge is
known as a pink afterglow (see Fig. 1) and it can be observed in nitrogen only [12,
13]. The pink afterglow is manifested by a strong increase of the pink light emission
at the decay times of about 6 — 8 ms in pure nitrogen and of about 28 ms in a
nitrogen-argon mixture, while the yellow-orange color is characteristic of the other
parts of the nitrogen afterglow. The nitrogen pink afterglow can be characterized as
a secondary discharge, because the electron concentration strongly increases due to
various collisionally induced ionization processes [14, 15] (see below) and thus the
conditions are similar to those in the active discharge. The electron density
measurements during the afterglow show the strong increase of the free electron
concentration during this post-discharge period [16]. The effect of the nitrogen pink
afterglow can be studied only in pure nitrogen; various traces (especially carbon and
oxygen) quench it [17]. This work is focused on the experimental study of these
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quenching processes. The simplified kinetic model of the post-discharge processes is
proposed, too.

2. EXPERIMENTAL SETUP

The DC flowing post-discharge was used for the experimental study. The
simplified schematic drawing of the experimental set up is given in Fig. 2.

.2 6 A0 11 12

NZ-FE.CH‘ 5 @i\\ D_D—D
3 ﬁ —% 7 13

/ \\ /
(e

Fig. 2. Siplified scheme of the experimental set-up [17].

An active discharge was created in a Pyrex discharge tube (length: 1100
mm, inner diameter: 16 mm) with a 120 mm electrode distance. Tantalum or
molybdenum electrodes were placed in the side arms of the main discharge tube for
minimizing the sputtering of the electrode material and also for suppressing the light
emitted in the electrode regions. The gas flow was automatically controlled by mass
flow controllers. The nitrogen was of 99.999 % purity and it was further cleaned by
copper based catalyzer and liquid nitrogen trap. The synthetic air (80 % N, + 20 %
0,) and various nitrogen-methane mixtures (except commercial mixture of 1 % of
methane in pure nitrogen) were prepared directly in the laboratory and their
compositions were measured by the gas chromatography. The system was pumped
continuously by a rotary oil pump. The total pressure in the discharge tube during
the experimental studies was measured by a baratron and Pirani gauges connected to
the end of the discharge tube.

The spectra emitted from the post-discharge were measured by Jobin Yvon
monochromator (HR320 or TRIAX 550 with the 1200 grooves per mm grating)
coupled with multichannel detectors. The emitted light was led to the entrance slit of
the monochromator by the multimode quartz optical fiber movable along the
discharge tube. Nitrogen 1% (N, (B °II,) — (A *Z,"))and 2™ (N, (C *I1,) — (B °I1y))
positive and nitrogen 1* negative (N, (B °%,") — (X ’Z,")) systems were recorded
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in all spectra. The bands of NOP system (NO (B’II) —» NO(X’T") were
remarkable with low emission intensity when oxygen was added, CN red (CN (A
1) — (X ") and violet (CN (B L") — (X °%")) systems were observed with
higher intensities when methane traces were added. The typical experiment was
carried out at total gas pressure of 1000 Pa and discharge current of 150 — 200 mA.

3. QUENCHING BY OXYGEN TRACES

The post-discharge emission intensity profiles of representative bands of all
three observed nitrogen spectral systems are shown in Figs. 3 — 5 as a function of the
oxygen concentration. The pink afterglow is quenched by oxygen traces. This effect
differs for each of the measured nitrogen systems as it is compared in Fig. 6 where
the dependences of the pink afterglow maximal intensities on the oxygen
concentration are given. At the lower concentrations (up to about 200 ppm), the
significant increase of the nitrogen positive band intensity can be seen.

intensity [, ]

Fig. 3. Intensity of nitrogen 1% positive 2-0 band during the pink afterglow as
a function of oxygen concentration.

The slow decrease of emission intensity with the increasing oxygen
concentration appeares at higher concentrations but at the highest concentrations,
another slight increase can be recognised. The emission from molecular ion
decreases more or less exponentially with oxygen concentration increasing in the

whole concentration range.
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Fig. 4. Intensity of nitrogen 2™ positive 0—0 band during the pink afterglow as

a function of oxygen concentration.
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Fig. 5. Intensity of nitrogen 1% negative 00 band during the pink afterglow as
a function of oxygen concentration.
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Fig 6. Maximal pink afterglow emission intensity as a function of oxygen
concentration.
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Fig. 7. Position of the maximal pink afterglow emission intensity as a function of
oxygen concentration.
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The position of the maximal pink afterglow emission intensity depends on
oxygen concentration, too, as it is demonstrated in Fig. 7. The positions of maxima
were calculated using the fitting of the post-discharge profile by polynomial
function of 3" order in time interval of 3 —8 ms due to the limited number of
experimental points (we didn’t expect the observed effect and thus the number of
experimental points was not sufficient to use the original time scale). The maximum
of the 1% negative system is shifted to earlier post-discharge positions at the lower
oxygen concentration (under about 100 ppm), but further increase of oxygen amount
has only a slight influence of the same character. Both nitrogen positive systems
show a slow increase of the decay time of pink afterglow maximum after the initial

shift to the earlier post-discharge position.

4. QUENCHING BY METHANE TRACES

The pink afterglow quenching by methane traces is about two orders stronger than
quenching by oxygen. Experiments focused on quenching by methane were carried
out using the discharge tube with higher diameter. Due to the fact that the wall
processes play a significant role in the post-discharge kinetics the pink afterglow
maximum in pure nitrogen is localised at longer decay time of 8 ms in this case.

intensity fa.y

Fig. 8. Intensity of nitrogen 2™ positive 0-2 band during the pink afterglow as
a function of methane concentration.
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Fig. 9. Intensity of nitrogen 1% negative 0—0 band during the pink afterglow as
a function of methane concentration.
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Fig. 10. Intensity of nitrogen 1% negative 1-1 band overlaped by P-branch of CN
violet 0-0 band during the pink afterglow as a function of methane concentration.

The influence of methane presence on the pink afterglow has been observed
through the emission of the nitrogen 1*' negative and 2™ positive and CN violet
spectral systems. The other spectral systems (nitrogen 1% positive and CN red) have
been observed only in the other experiments and they show similar behaviours.
Figures 8 — 10 show measured band head intensities of selected bands as a function
of the methane concentration during the pink afterglow. The intensity profiles of the
1% negative 00 and 2™ positive 0—2 bands are similar, the second one is less
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obvious due to lower intensities. Different situation is in the case of 1* negative 1-1
band which is completely overlapped by the P branch of 0-0 CN violet spectral
system (see Figure 10). Thus at methane concentrations up to 7 ppm, the effect of
the pink afterglow can be resolved, at higher concentrations, the strong CN emission
can be dominant and its intensity is more or less directly proportional to the methane
concentration in the studied range (in Fig. 10 it looks like independent due to the
overlap by exponentially quenched nitrogen 1% negative band).

Figures 11 and 12 show the quenching of maximal pink afterglow intensity
by methane addition and shift of this maximal intensity in the post-discharge time.
Fig. 11 shows the dependence of the pink afterglow maximal intensity on the
methane concentration. A small increase of the intensity can be seen at methane
concentrations up to about 1 ppm and after that the maximum intensity is
exponentially quenched by methane. At concentrations higher than 12 ppm, the
maximum of the pink afterglow can't be found, however, this effect still exists. Fig.
12 demonstrates the shift of the pink afterglow intensity maximum to later decay
times. This effect is more or less directly proportional to the methane concentration.
The maximum pink intensity shifts up to 15.5 ms at the highest methane
concentration of about 12 ppm when the effect can be measured. The shift of pink
afterglow maximal intensity by methane on contrary to the shift by oxygen addition.
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Fig. 11. Maximal pink afterglow emission intensity as a function of methane
concentration.
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Fig. 12. Position of the maximal pink afterglow emission intensity as a function of
methane concentration.

5. KINETIC MODEL

The nitrogen afterglow kinetics is a really complicated problem. The
mechanisms that populate the radiative states of a neutral molecule and a molecular
ion are different and they must be discussed separately. After that, the kinetics in
both nitrogen mixtures is discussed. Only the creation mechanisms are given in the
schemes. Besides them, many collisional quenching processes of specific states must
be included to the numeric modeling (see [18]).

5.1 Neutral nitrogen

The N, (B 3Hg) and N, (C °I1,) states are dominantly created by pooling
reactions of lower metastable states, especially by the vibrational excited ground
state and by the lowest 8 levels of N, (A *Z,") state [2-4, 19]. These reactions show
the creation of both these states, but they cannot explain the strong population
enhancement during the pink afterglow. Therefore another process must be
considered. It is known that in nitrogen post-discharge kinetics of the ground state
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the initial vibrational distribution changes by v-v process into the Treanor-Gordiets
distribution that can be characterized by the significant enhancement of populations
at higher vibrational levels. In the creation of the N, (B 3Hg) and N, (C °I1,) states by
pooling, the ground state must be excited at least to the levels of v =4, or v =19
respectively, when the pooling is with N, (A *Z,") state. When two ground states are
involved the excitation to the v = 14, or v = 24 respecitively, is necessary. It is clear
that at the end of an active discharge all these species are presented in the gas but
their concentrations are much lower than the concentrations of the lowly excited
molecules. The creation of higher vibrational levels takes some time, of course, and
thus the dark space between the end of the active discharge and the pink afterglow
can be observed. The pooling reactions can also lead to the creation of the
N, (A °L,") state, and thus the pink afterglow effect is further enhanced. The reaction
scheme can be written as follows (for references and rate constants see [20]):

Ny (X2 )+ N (X 'S w) 5> N (XS v+ D)+ N, (X 'E, w- 1) R1
2N, (X2, v>12) 5 Ny(APE,) + N, R2
N, (X 'E,, v=>25)+ N (*Sg) > NL(A°L,) + N (*Sp) R3
Ny (X5, v=25)+e— Ny(AS,) +e R4
N, (X 'E,, v=>35)+ N (*S) > (N, (a 'TIy) or Ny (a” 'Z,)) + N (“S) RS
N, (X'E,,v>35) +e— (Ny(a'Tly) or Ny (2 'S,))) +e R6
2N, (X', v>14) > Ny(B Iy + N, R7
Ny (X 'E,, v>4) + Ny (APE,) — Ny (BTl + N, RS
2N,(AZ,) > NL(B M) + N, R9
2N, (X 'E,, v>24) > NL(CI) + N, (X ') R10
N (X 'Z,5, v>19) + Ny (A °Z,") = N (C°TL) + N, R11
2N (AE,) — No(C°IL) + Ny (X 'E,) RI12
N, (A°Z,) + Ny (B Tl — N, (C°IL) + Ny (X 'E,) R13

The first six reactions form the precursors, the other lead to the formation
of both radiative states. The reaction R1 is well known as v-v pumping process and
plays the significant role during the whole nitrogen afterglow. Also the reaction R2
is running about all the time without any significant changes. The reactions R3 — R6
are probably the most important for the pink afterglow creation. They need highly
vibrationally excited ground state molecules that are not presented during the
afterglow beginning in higher concentrations and they must be created by v-v
process (reaction R1). This takes some time and after that the electronically excited
molecules are created and consequently they can react with molecules excited to the
lower vibrational levels. This mechanism can explain the lower radiative afterglow
part between the active discharge and the pink afterglow. The other metastable
states, especially metastable singlet states, must be, of course, included in the
scheme, when a numeric modeling would be used. This simplified reaction scheme
clearly demonstrates the main principles of the pink afterglow creation. Much more
complex description of the mechanisms was described recently in [12, 21].
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5.2 Nitrogen molecular ion

The kinetics of the molecular ion radiative state is more complicated and it
can be explained in a two-step scheme. Before the pink afterglow the charged
particles concentration is very low [16] but during the pink afterglow it significantly
increases. So, the first step must lead to the molecular ion creation.

Due to the fact that the post-discharge is without any external energy
source, some of the kinetic processes must be efficient enough for the ionization.
The whole process is known as a step-wise ionization [14, 15]. In its principle, the
highly excited neutral metastable molecules (excited both electronically and
vibrationally) can have energy sufficient for the ionization during their collisions.
Precursors for the ionizing collisions are created by the process R1 and by processes
similar to R2.

When the molecular ion is created, the excitation to the radiative state must
be completed. Recent studies have demonstrated that the main process responsible
for the population of the radiative N," (B ’Z,") state is the collisionally induced
energy transfer from the vibrationally excited neutral ground state [19] as it is shown
as the reaction R18.

The reactions describing kinetics of the molecular ion are, besides the
reaction R1, as follows:

Ny (X 'Z5 v) + N (X 'E, w) > Ny + N, R14
2N, (X', v=32) 5> N, (BE, )+ Nyte RI15
Ny (X 'Z )+ N, 5 N + Ny +e R16
2N, 5> N, + Ny +e R17
Ny (X ', v=12)+ N, (X °E,) > Np (X 'E,) + N, (B2, RIS

The N, in the reactions above means an electronically excited metastable
neutral molecule, especially N, (A *Z,"), N, (a 1Hg) and N, (2’ 'Z,") states.

5.3 Nitrogen with oxygen traces

Kinetics of pure nitrogen with a small addition of oxygen can be generally
described by following additional reactions. The reactions with molecular oxygen
can be neglected because we can assume high molecular oxygen dissociation in an
active discharge (residence time about 8 ms) and recombination forming molecular
oxygen during afterglow can be neglected due to its low concentration.

N, (X 'Z,5, v=13)+ 0 — NO (X 1) + N (*S) RI19
N> (A *2,") + 0 - NO (X 2II) + N (*Dy) R20
N (*Sg) + O + N, —» NO (X IT) + N, R21
NO (X I) + N (*Sp) > N, (X '%,, v=3)+0 R22
N, (AL, +NO (X °TT) - N, (X '%,", v=0) + NO (A °Z") R23
N, (X 'Z,", v>23) + NO (X °TI) - N, (X ') + NO (A °%") R24
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N (*Sp) + O+ N, —> NO (B°II, v=0) + N, R25

These reactions show four different channels of NO molecule formation.
The reaction R19 has a strong influence on the v-v process described by reaction R1.
Thus highly excited molecular states are formed with lower probability and the
creation of electronically excited states is decreased. Formation of nitrogen
molecular ion strongly decreases also due to reactions R20, R23 and R24, and thus
the nitrogen 1* negative system is effectively quenched. High vibrationally excited
ground state nitrogen molecules (over v = 22) play a minor role in the formation of
electronically excited states, and thus both nitrogen positive systems are quenched
only slightly. Direct confirmation of processes described by reaction R23 and R24 is
impossible in our contemporary experimental set up because the NO' system
emission is in UV region under 300 nm and a strong light absorption of the Pyrex
reactor walls takes part.

5.4 Nitrogen with methane traces

Situation in nitrogen with methane traces is more or less similar as in the
previous case. Again we can suppose high dissociation of methane during the active
discharge and CN and NH radicals are formed. The NH radicals have not been
identified in the spectra, so we suppose that their role in post-discharge kinetics is
negligible. The CN radical kinetics can be described in a simplified form by the
following scheme:

N(*Sp)+C(P)+M - CN+M R26
N,"+CN 5> N, +N+C R27
Ny (X 'E,", v>4) + CN(X ’Z) — N (X 'Z,") + CN (A *10) R28
N, (X 'E,, v>12) + CN (X *Z) - N, (X 'Z,) + CN (B 2 R29

Reaction R26 represents the CN radical formation by three body
recombination (M means a third body, in our case it is mainly nitrogen neutral
molecule or the reactor wall). The other two processes are nearly resonant [19, 22]
and due to the high concentration of the vibrationally excited neutral nitrogen
ground states, they are very effective sources for the strong CN spectra emission.

The reactions R28 and R29 play a significant role in the v-v process
described by the reaction R1. Due to the fact that the excited states of the CN radical
are radiative, the reactions R28 and R29 can be repeated many times, and thus the v-
v process could not effectively populate the higher vibrational level needed for the
creation of all higher states. Moreover, the reaction R27 effectively decreases the
concentration of the electronically excited nitrogen states. Thus the N, (B 3Hg),
N, (C °I1,) and N, species could not be formed as effectively as in pure nitrogen,
and therefore the pink afterglow is quenched. The strong quenching of nitrogen 1*
negative system is caused by the strong depopulation of N, (X 12;, v > 12) by
reaction R29 that is faster process than reaction R12. Due to this fact, the pink
afterglow quenching by methane traces is much more stronger than quenching by
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oxygen traces where is no direct reaction depopulating vibrational level of
N, (X 'Z,, v=12).

6. CONCLUSION

The work presents results obtained during spectroscopic observations of
DC flowing post-discharges of pure nitrogen plasma and nitrogen plasma containing
traces of oxygen and methane. The plasma has been studied by the emission
spectroscopy of three nitrogen spectral systems, NOP bands (with oxygen impurities)
and two CN spectral systems (when methane was added).

First, the quenching of the nitrogen pink afterglow by the oxygen traces

was studied. It was shown that the maximum of the pink afterglow intensity of
nitrogen 1% positive system decreased more or less exponentially with the increasing
oxygen concentration. The position of the maximal pink afterglow emission was
shifted to shorter decay times at the lower oxygen concentration (under about 100
ppm), but further increase of oxygen amount had only a slight influence of the same
character. Both nitrogen positive systems showed a slow increase of the decay time
of pink afterglow maximum after the initial shift to the earlier post-discharge
position. Intensities of both nitrogen positive systems didn't show any significant
dependence on the oxygen concentration. The NOP bands were observed with low
intensity and their intensities were directly proportional to the oxygen concentration.
The quenching of the nitrogen pink afterglow by the methane traces showed
different character of behaviors. It was shown that the maxima of the pink afterglow
intensities for all three nitrogen systems were decreasing proportionally to the
increase of the methane concentration. The position of the maximal pink afterglow
emission was also more or less linearly shifted to later decay times, it means on the
contrary to the oxygen impurity. The strong CN emission is be dominant at methane
concentrations over about 7 ppm and its intensity was more or less directly
proportional to the methane concentration in the studied range.
On the basis of the experimental results, the appropriate kinetic models of the
plasma generated in pure nitrogen and in nitrogen with oxygen or methane traces
were designed. The specific state-to-state energy transfer reactions between the
studied states were presented. The full kinetic models of nitrogen-oxygen and
nitrogen-methane mixtures are contemporary under preparation.

This work was supported by the Czech Science Foundation, contracts
No. 202/98/P258 and 202/05/0111.
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Abstract. This work is devoted to analysis of possibility of control of frequency,
polarization and spatial radiation attributes of diode-pumped solid-state lasers
(DPSSLs) fabricated on the base of modern active elements (AEs). Crystals of
yttrium aluminum garnet and yttrium vanadate activated by neodymium ions
(Nd:YAG u Nd:YVO,) lasing at the wavelength A = 1.06 um and the boro-silico-
phosphate glass co-activated by erbium and ytterbium ions lasing in the 1.5 um
spectral region are considered. The schemes of longitudinal and transversal laser
diode (or laser diode array) pump are compared.

Compact diode-pumped solid-state lasers (DPSSLs) are perspective sources
of coherent light for range finding, metrology, spectral analysis as well as for
investigations of impact of the radiation on a substance. The predetermined
parameters of laser beam are needed for many of these applications. Because of
specific properties of DPSSLs (small dimensions, peculiar pump unit and so on) the
well known approaches for control of the laser beam characteristics are not always
convenient for utilization in practice. As a result, the task of elaboration of the new
methods of the DPSSL control and adaptation of the earlier one is posed.

149



V. V. Mashko et al.

The tuned single- and double-frequency lasing modes were realized for the
Nd:YAG longitudinally pumped radiation source with a composite resonator [1].
The laser scheme is shown in Fig. 1. In spite of monolithic construction [2], it allows
quick changing and tuning the lasing frequency in a wide spectral interval. The AE
length and diameter were 1.3 mm and 5 mm respectively. Dielectric mirror M1 with
the reflection coefficient R = 99.8% for L = 1.06 um and transmission coefficient
90% for A = 0.809 um (pump radiation wavelength) was deposited on one AE facet.
The second facet of the AE crystal was covered with antireflecting coating (A = 1.06
um, residual reflection is as high as 1.2%). Output mirror M2 deposited on outer
spherical surface (r = 50 mm) of the substrate had R = 98% at A = 1.06 um. The
second substrate surface was covered with antireflecting coating (A = 1.06 um).

Mechanical Active
load Substrate element
/ Nd-YAG
\ Ml
M2 (Output)

Fig. 1. Optical scheme of the Nd:YAG laser with coupled resonators and
longitudinal diode pump unit

Adjustable mechanical load was applied to the output mirror substrate using
the piezoelectric cell. This allowed us to achieve lasing at splitted orthogonally
polarized modes due to linear phase anisotropy of the resonator.

Minimal optical length of the main resonator formed by the mirrors M1 and
M2 was equal to 10.8 mm. This value is related to a frequency difference between
the main resonator characteristic modes Av = 13,9 GHz. Intermode difference for the
complementary resonator formed by the AE facets was approximately equal to 64
GHz. During experiments the output mirror was moved along the resonator optical
axes with help of piezoelectric cell. Output laser radiation frequency spectrum was
controlled by means of scan Fabry-Perot interferometer (the free dispersion interval
of 1.5 GHz, the resolution at the level of 50 GHz), high-speed photodiode and
spectrum analyzer.
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CW laser diode (LD) emitted polarized radiation at A = 0.809 um with
maximum power of 450 mW was used as a pump light source. The LD beam was
focused by the microscope objective on the AE facet (through the M1 mirror).

DPSSL lasing frequency structure was defined by a relative position of the
modes of two coupled resonators and power-level overshoot over the threshold
value. By varying of these parameters in the absence of the resonator phase
anisotropy the following lasing regimes were realized: 1) lasing of single
longitudinal mode with a possibility of its tuning within the gain spectrum, and 2)
lasing of two adjacent modes with the frequency difference of 7.5 — 13.9 GHz
(depending on the optical length of the main resonator). Induction of linear phase
anisotropy during pressing of the output mirror substrate allowed lasing of two
orthogonally polarized modes with a gradual tuning of the frequency difference
within the interval of 50 MHz — 2.4 GHz in the regime 1) and up to 8.4 GHz in the
regime 2). Thus, one can conclude that the proposed method allows two modes
lasing both with small and large intermode intervals at relatively small-scale elastic
strains induced in the output mirror substrate.
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Fig. 2. The dependence of the orthogonally polarized modes intensity ratio on the
angle o .

As is well known [3], the polarization of radiation of the Nd:YAG laser with
isotropic resonator is coupled with the polarization of the LD beam used in the
longitudinal pump unit. Similar phenomenon was investigated in our experiments
for the case when the resonator has the linear phase anisotropy being responsible for
two orthogonally polarized mode lasing. If the LD polarization azimuth was directed
at the angle a = 45° relative to the axis along which the mirror substrate is pressed,
the identical conditions were created for lasing of two orthogonally polarized modes.

If the frequency of the initial mode was close to the central frequency v, of the

coupled resonator transmission line, the intensities of these modes were equal. In
other cases the higher intensity was achieved for the mode which polarization vector

151



V. V. Mashko et al.

is closer to the pump radiation polarization one. Only one mode with the
corresponding polarization vector was selected when the pump radiation
polarization vector was directed along or perpendicularly to the resonator anisotropy
axis (o = 0°, 90°). The lasing frequency was gradually tuned during changing of the
anisotropy value (mechanical load).

@E 1,0 -
2
1 % 0,5 |
g Bt (S G B e |
a) ‘2
£ o5

o

Fig. 3. Scheme of transversal pumping Fig. 4. Intensity azimuth dependence for
of erbium laser AE using two (a) and the Er'" laser beam after its passing
four (b) LDAs: LDA (1), AE (2), through the polarizer: pumping by two
pump radiation (3) (solid) and four LDAs (dashed lines)

The dependence of the orthogonally polarized modes intensity ratio on
orientation of the pump radiation polarization vector relative to the selected
anisotropy axis is given in Fig. 2 for the case of tuning of the lasing frequencies to
the composite resonator transmission line center. Deviation of the pump radiation
polarization azimuth from a medium position between the resonator anisotropy
directions leads to the change in the intensity ratio for the orthogonally polarized
mode components similar to theirs changing during the scan of the modes relative to
central frequency of the resonator transmission line, i.e. to theirs spectral selection.

An increase of the output radiation power is a key problem for many
application areas of DPSSLs. A rather high level of the power can be reached in the
case of the transversal pumping of AE by the laser diode arrays (LDAs) [4]. In the
frame of our experiments the spatial-polarization properties of radiation of the solid-
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state erbium laser (A = 1.54 um) with transversal LDA pump unit have been studied.
AE based on the boro-silico-phosphate glass co-activated by Er and Yb ions was
fabricated in the form of rod with the diameter of 3 mm and the length of 11 mm.
The erbium laser AE facets were covered with the antireflection coatings for the
1.50-1.58 um spectral region. The erbium laser pump unit had two or four LDAs
fabricated from the [nGaAs/AlGaAs heterostructures. The LDA active layers are
placed parallel to the AE axis (Fig. 3). LDA output radiation was linear polarized
with the light wave electrical vector £ parallel to the laser optical axis. Duration of
the LDA current pulses was equal to 5 ms at the repetition rate of 1 Hz. The laser
output radiation pulse energy was varied within the range of 10-30 (two LDAs) or
10-60 mJ (four LDAs).

It has been determined that output radiation of the erbium laser is polarized
with a degree of the polarization P = 0.8 (pumping by two LDAs) and P = 0.3
(pumping by four LDAs), where P = (Inax — Imin)/( Imax T Imin)> Imax and Iy are the
maximum and minimum values of the signal after passing of the DPSSL beam
through the polarizer. Indicatrixes of the laser radiation intensity for these two
pumping variants are shown in Fig. 4.

Since the vector E of the LDASs is directed parallel to the resonator optical
axis the pump radiation can not be the source of the anisotropy of induced optical
parameters for the laser active medium. The investigated resonator had no any
anisotropic elements. No traces of the dichroism were revealed both the Er-Yb glass
absorption or transmission measurements. So, polarization of the erbium laser output
radiation can be attributed to the anisotropy induced in AE by mechanical and/or
thermal strains. The reason for the conclusion is the fact that the polarization degree
of the erbium laser is distinctly different in the cases of pumping with help of two
and four LDAs.

If the problems concerned with focusing and/or delivering of laser radiation
are arisen the beam quality begins to play an important role. The beam quality is
usually described with the propagation parameter M [5] reflecting an excess of the
product of the real beam divergence and waist diameter over that for the gaussian
beam.

It has been revealed that output beam cross-section of the investigated laser
has an elliptic form. It can be characterized by two propagation parameters M>, and
sz (axes Ox, Oy are directed along major and minor axes of the ellipse). Appling
the relation establishing the correlation among the laser beam diameters Dy, Dy
along Ox, Oy axes, the distance z from the principal plane of the focusing lens
placed for obtaining the beam waist at a plane 4-4 and the beam examination plane
D, y(z) = Dopy(1 + 4 M’y A (Z - Zosy)/m Doy )" [6] the parameters M, and M,
were determined. Numerical values of the beam waist diameters Dy, Doy at the 4-4
plane, the distance 7y, from the 4-4 plane as well as the M, and sz were treated
as the adjustable parameters. They have been found by the least-squares technique in
the course of making the match between the above given function Dy (z) with a set
of the Dy(z),Dy(z) data calculated based on the experimental beam cross-section
profiles [5].

The sz,sz measurements were performed for different resonator lengths
and configurations using two or four LDAs in the pump unit. The best results (M*, =
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1.9 and sz = 1.2) were obtained for the 85 mm-length parallel-plane resonator of
the Er-Yb laser pumped by four LDAs.

The beam propagation parameter M* was also investigated for the high-power
Nd**:YVO, laser with longitudinal pumping through the fiber depending on the AE
exciting power Ppum,, degree of overlapping of the AE pump and lasing volumes,
uniformity of the Nd*" ion distribution within AE. It has been shown that in the case
of considerable excess of the lasing mode cross-section over that for the pump
radiation the limiting dimension of the beam spot is rose when a sharp focusing is
carried out. The regularly varying intervals of an abrupt increase of the beam
propagation parameter were obtained on the background of the M’ (Ppump)
monotonous dependence. This phenomenon can be explained by action of the AE
nonlinear lenses originated both from the lasing radiation and the pump one.

The active elements with uniform (Nd*:YVO,) and nonuniform
(YVOyNd**:YVO,) distributions of the activator ions within the AE volume were
studied with the aim of search of the most effective lasing medium for DPSSLs. In
the first case the Nd*" concentration was at the level of 0.4 at. %, and the AE crystal
was a parallelepiped 4x4x8 mm. In the second case the 3x3x10 mm crystal was
used. From its length of 10 mm the main part of 8 mm was the uniform activated
section, whereas the rest 2 mm-section was the passive one. It has been ascertained
that the AE with the passive section allows us to improve noticeably the output
beam quality: the M? parameter takes on the value of 1.4 — 1.8. Probably, this is a
consequence of diminishing the thermoelastic strains developing at the AE active
region border.

For the purpose of quantitative comparative analysis the internal loss
coefficient p was determined for the laser active elements with uniform and

nonuniform distributions of the activator ions. A method based on the measurements
of the lasing output power P, as a function of the output cavity losses

ap =(1 /L) 1n(1/ / RR,)) where R; and R, are the reflection coefficients for cavity
mirrors was used [7]. With this object in view the P = F(q,) dependence was

presented in the following form:

P
Zot = Lson-hy,
23

{ﬂﬂf’pmﬁp PPy + (P + pzz):|,
p+a, P

where Ls is the lasing volume of the active element, n is the concentration of the

active particles, hV/ is the lasing photon energy, ﬂﬂPp ump is the pump rate, p;; and

ps are the optical transition probabilities for the lasing energy levels, y is the
maximum gain value.

Typical dependences of normalized output power on the pump level are
shown in Fig. 5. The results of measurement of the internal loss coefficient for
DPSSLs on the base of the Nd*:YVO, and YVO,/Nd*":YVO, active elements are
summarized in Table 1 It should be noted that in the case of the YVO/Nd*":YVO,
DPSSL two different variants of the AE orientation were studied: 1) YVO, passive
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region is directed towards income of the pump beam, 2) YVO, passive region is
directed in the opposite direction.

500

250

P /o Wrem

Fig. 5. Watt-Watt characteristics normalized to the &, coefficient for DPSSLs on

the base of the Nd*":YVO, (a) and YVO,/Nd*":YVO, (b) active elements with
uniform and nonuniform distributions of activator ions respectively. In the (b) case
the YVO, passive region of the active element was orientated towards income of the
pump beam. The output laser mirror reflection coefficient R, =20 (1), 53 (2), 83 (3),
90 (4), 95 (5), 98 (6) %.

Table 1. Magnitudes of the internal loss coefficient p for DPSSLs with different
types of AE.

Type of active element

Internal loss coefficient, cm’

AE with uniform (Nd**:YVO,)

distribution of activator ions 0,0091
AE with nonuniform 0.0089
(YVOy/Nd*":YVO,) distribution of ’
activator ions, passive region is directed

towards the pump beam

AE with nonuniform 0,003

(YVO/NE*":YVO,) distribution of
activator ions, passive region is directed
away from the pump beam
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As may be seen from Table 1, obtained results show that the DPSSL emitter
with nonuniform distribution of activator ions and orientation of the passive region
directed towards the pump beam has the minimum optical losses, all things being
equal. In other words, this type of the DPSSL emitter is the best suited for powerful
applications.

The obtained data demonstrate new possibilities for control of the frequency,
polarization and spatial characteristics of the DPSSLs radiation. One perspective
application is the development and fabrication of the narrowband laser sources with
tuning of the lasing frequency within the range approximately 10 GHz for the
purpose of spectroscopy. Another possible application is dealt with the development
of the relatively powerful compact lasers with the output radiation pulse energy of
several tens of mJ and a very high beam quality which are sufficient for a precise
focusing manipulation. Such laser installations can be used as the atomizer suitable
for portable spectrometers, just as the intensive light sources adjusted to the
investigation of interaction of radiation and solids as well as to obtaining the plasma
technology.
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Abstract. The Fe Ka line is emitted from an accretion disk around a massive black
hole located in the center of Active Galactic Nuclei (AGN). Here we present a
model of the Fe Ka emitting accretion disk in Kerr metrics. We discuss the different
Fe Ka line shapes as a function of different disk parameters. Moreover, the influence
of microlensing on the Fe Ka line shape will be presented.
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Abstract. This work deals with the plasmachemical treatmant influence on the
chlorides removal from the corrosion layers that are present on the surface of an
archaeological artefact. The plasma was analysed by optical emission spectroscopy.
The OH, N, CN, NO band integral intensities as well as hydrogen line intensities
were observed as a function of the treatment time. It was found that OH band
intensity measurment is sufficient for the reduction process monitoring in practice.
Results obtained with a real artefact were compared with the other from model
samples treatment. Moreover, the corrosion layer analyses were carried out by
means of X-ray diffraction. These results confirmed that the plasmachemical method
is very effective.

1. INTRODUCTION

It was proved that the using of hydrogen plasma allows reduction of
chlorinated products as well as oxides from the corrosion layers of archaeological
objects [1, 2, 3]. Plasmachemical treatment is much more shorter than the
mechanical or chemical treatment that have been commonly used till this time. The
main advantage of this method is the fact that it is possible to treat the artefact of big
size, the hollow artefacts or artefacts with broken relief [2, 4, 5].

Furthermore, it could be appreciated that the plasmachemical treatment is
regardful of the artefacts. Obviously, the effect of UV radiation should not be
neglected.

Internal corrosion layers of steel objects, surrounding the metalic core, are
mainly made of magnetite Fe;O4 External corrosion layers consist of oxides,
chlorides, a-FeOOH, B-FeOOH, a-Fe,0O; in combination with other minerals such
as FeOCl, FeCl,, Fe,SiOq, Fes(PO,), 8H,0, and many other compounds.
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Corrosion layers of copper or bronze artefacts include for example Cu,0,
CuO, Cu(OH),, Cu,CI(OH)3, CuS, Cu,S, CuFeS, etc... It is well known that
especially chlorinated products are dangerous in term of new corrosion occurance.
The chlorinated products can be decomposed to the chlorides which cause the active
corrosion. Our aim is to remove the corrosion layers and to protect the artefacts
against new corrosion. Besides the corrosion products, the real corrosion layers
contain also many other compounds originating in the artifact surrounding. Thus, for
example, the sand grains are build up in the corrosion layer structure and they
furthermore complicate the conservation procedures.
Mechanical and chemical treatment in alcaline sulphite bath is often used to
eliminate the chlorides from the layers. The main disadvantage of this method is its
long duration which can take several months. In 1980, the plasmachemical method
was developed [1, 2, 3]. This method is based on the reduction processes by means
of low-pressure hydrogen plasma and it included:

1. Partial reduction of external corrosion layers in the mixture of hydrogen with

25 % of methane. Duration of this step was about 2 h and the gas temperature
increased up to 300 °C.

2. Mechanical removing of the corrosion layers.

3. Reduction corrosion layer from the artefact bulk. It taked about 20 houres, the
temperature was about 400 °C. The mixture of 39 % of hydrogen, 17 % of metane,
22 % of nitrogen a 22 % of argon was applied. Besides reduction, the
carbonitridation and passivation of the object surface was provided.

4. The conservation using the commonly used hydrophobic wax.

The original method of prof. Veprek was changed and improved on the
basis of further experience. Presently, it is given priority to pure hydrogen utilization
and in some cases, the argon and much lower temperature is used (up to 250 °C) to
decrease the negative higher temperature effects, especially in case of sensitive
archaeological objects their composition is not fully known..

The reduction process is based on the presence of atomic hydrogen created in the
plasma. The main reactions in pure hydrogen plasma are as following:

e+H,>e+H+H
e+tH,>e+H,
e+H2—>2e+H2+
e+H,>2e+H+H"

Depending on the corrosion layer character, the reduction can be fully completed up

to the metal. For example, the reduction of ferrous corrosion products can be
described by following reactions:
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10 FeOCl1 + 3H2 = 2F6304 + 4FeC12 +2HCI +2H20
FeCl; H,O — FeOCl + 2H,0
2FeCl3 + Hy — 2FeCly + 2HCI

FeCly + 2H + — Fe + 2HCI

Many corrosion layers contain also the ammonia complexes. The amonium is
liberated under the plasma conditions and by photolysis it can be the additional
source of atomic hydrogen:

hv+NH3 - NHp + H
hv + NH3 - NH + 2H

2. EXPERIMENT

The plasmachemical treatment was carried out in two reactors that differed from
each other by their dimensions. The simplified scheme of the experimental set up is
shown in Fig. 1.

4
H, ‘ * . &Z
3

2

Fig. 1. 1 — mass flow controller; 2 — Pyrex glass reactor (length 100 cm, inner
diameter 10 cm); 3 — Pyrex artifact holder; 4 — the treated archaeological artifact; 5 —
baratron gauge; 6 — rotary oil pump; 7 — outer cylindrical copper electrodes; 8 — RF
power supply; * — point of spectroscopic measurements.

Both reactors consist from a Pyrex glass tube with a pair of outer copper
electrodes. The created capacitivelly coupled RF discharge has a good spatial
homogeneity and thus it could be applied for treatment of objects with large range of
dimensions. The main part of presented results was provided in the simplified small
model device with inner diameter of 10 cm and length 100 cm. Fig. 2 shows the real
wiev on this small scale device. The working pressure was kept between 100 and
110 Pa, hydrogen flow rate was 100 sccm. The capacitively coupled RF power
supply gave the total power of 400 - 450 W, and the sample temperature was
estimated at 280 °C. The second experimental device uses a Pyrex tube of 40 cm in
diameter with length of 150 cm. This device is continualy developed and improved.
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The optical emission spectroscopy was applied to study the processes
during the plasma treatment. The spectra emitted from the discharge were recorded

by spectrometer Jobin Yvon 550 with CCD detector.

Fig. 2. Photography of the small scale experimental device during the operation.

3. RESULTSAND DISCUSSION

The optical emission (OE) spectra were recorded with and without an artefacts
inside the reactor.

In the spectra, various lines and bads were found, as it is shown in Fig. 3.
The hydrogen lines and bands as well as OH radical bands were the most intensive.
The band and line intensities were observed as a function of the treatment time.
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Fig. 3. An example of the optical emission spectra obtained during the plasma
treatment of archaeological bronze coin.
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It was found that the integral intensity of OH is changed during the
reduction process. The plasmachemical reduction was carried out in several stages.
Each of them consits of the reduction in the discharge and mechanical removal of
the rest of corrosion layer. At the begining of the cyclus, the small increase was
observed first, and then, the intensity decreased, as presents Fig. 4. The relation
between oxides reduction and OH intensity was found. It could be appreciated that
its integral intensity decrease to the value of 10 % of its maximum corresponds to
the ,,end” of the cyclus of the redution process. For the removal of corrosion layers
and for their reduction to the metal it is necessary to apply several treatment steps
which are combined with the soft mechanical cleaning and desalination in the LiOH
solution or in the distilled water. The desalination process was controlled by the
determination of chloride concentration in the solution using the titration method.
The Fig. 5 shows that plasmachemical treatment influence the desalination process.
The chloride amount in the layer is lower than in the case of classical mechanical
treatment and besides, the desalination time is much shorter.
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Fig. 4. The dependence of the OH band integral intensity as a function of the
treatment time during four different stages.
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Fig. 5. The dependence of the concentration of CI” as a function of the desalination
time in the case of classical and plasmachemical treatment of iron artefacts. The
concentration was determined by titrimetric (mercurimetric) method.

Moreover, the model samples of corrosion layers were made and treated in our
experiments, too. Two sets of copper corroded samples were prepared for the study.
First one was created in acid atmosphere that consisted of 18.5% HCI, 32.5 % HNO;
and mixture of HCIl, Na,CO; + Na,SO;. So, theree different corrosion layers were
obtained (chloride, sulphate and carbon). For the other set of samples, basic
atmosphere of ammonia was applied. The diameter of copper samples was
70x100x0.6 mm. Initially, they were cleaned by an alkaline galvanic solution and
they were placed on a glass grating in the dessicator at the temperature of 20 °C. The
sampels were removed after six days and dried at ambient air. The CuCO3, CuCO;
2Cu(OH),, CuSO4 Cu(OH), compounds were dominant in the corrosion layers. The
CuO, CuO; represented only about 10 %.

The emission spectroscopy was used to find out all changes those had been
resulting from plasmachemical reactions in a hydrogen RF discharge. Identification
of the atomic lines and the molecular bands was the first step to be done. After that
some atomic and molecular spectrograms were chosen to be suitable for later studies

of plasma catalysed reactions. OH(A?Y — X°II) (305-320nm) and
N,(C’TI, - B31‘[g) 0-0 (337 nm) bands and HP (486,1), resp. H' (434,0 nm), lines
were chosen as the best describing makers of their intensities, those had changed

mostly in the spectra during whole plasma operation. Those emitted spectra
intensities were measured as a function of treatment duration and results were
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enregistered into diagrams. Spectra emitted from the discharge during the
plasmachemical treatment were measured also as a function of the treatment time.
The hydrogen lines and OH, N, CN, NO bands were the most intensive in the
spectra. The bands of metal were observed, too.

The results obtained during the treatment were compared with the results
obteined using real archeological artefacts. The results show, that the OH radical
intensity slowly decreases in the both cases while nitrogen bad intensities decrease
very fast (almost exponentially). In the case of hydrogen lines, it was found the
difference during the ,,basic corrosion treatment and the acid corrosion treatmnet.
During the basic corrosion reduction, the hydrogen line intensity increases and then
it is constant or it slowly decreases. But during the acid corrosion layer reduction,
this intensity decreases, first and then strongly increases.

(=3

x| alnal

Fig. 6. An example of the OE spectra obtained during the plasmachemical
treatment of model samples with created corrosion layers [7]. The pictures on the
left side show the emitted spectrum recorded at the begining of the treatment. The
pictures on the right side present spectra emitted after 1 hour of treatment.

Green layers: CuCO3, CuC0O3.2Cu(OH)»
Green-bluelayers: CuSO4, CuSO4.Cu(OH)»
Dark bluelayers: NH3 complex compounds
Brnown layers: CuO, CuOy

Fig. 7. Various kinds of corrosion on model copper layers.
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Fig. 8. The dependence of the spectral band integral intensity as a function of the
treatment time during the plasma model samples treatment. The corrosion layer was
made in acid atmosphere.
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Fig. 9. The dependence of the spectral band integral intensity as a function of the
treatment time during the plasma model samples treatment. The corrosion layer was
made in basic atmosphere.
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Outcome graphs (Figs. 8 and 9) showed explicitly that nitrogen is removed
from the corroded samples as first. Its intensity maximum was in the time of about
5 to 10 minutes after the treatment beginning and in time of 1 hour it became
extinct at latest. Intensity of OH radical had its maximum in time period 10 to 25
minutes, depending on the corrosion character and it is decreasing to constant
minimum level in time about 180 minutes after start of measurement. In the case of
iron object, the treatment time of 120 minutes for each step is sufficient.

These results proved that copper oxides reduction took longer time than
removal of the other elements contained in the corrosion compounds. Due to
detected facts, monitoring of the OH radical spectrum could be suitable for the
plasma treatment of more types of corrosions than only the oxide ones.

It was also found that the simplified monitoring device would be useful for the
purpose of practical conservation in the museum. The device consists of lens,
interference filter, UV sensitive photodiode, low noise amplifier, AD converter,
grounded box and digital signal output [4, 7].

Furthermore, the X-ray diffraction analysis was provided during our
experiments. The results shows the strong decrease of the chloride content in the
layer during the treatment. We also observed the difference between the layer
composition at the begining of the treatament and the composition identified after
several hours of treatment. The diagrams obtained from X-ray diffraction are given
in Figs. 10 and 11. The chlorine removal from the corrosion layer is shown in Fig.

12 as a function of hydrogen discharge treatment time.
counta’s

1234

8.0+

bl ww«fwwww

|
% T . T T T T T T
40 80 100 120
“2Theta

Fig. 10. X-ray diffraction diagram of corrosion 1ayers on the surface of iron object
before plasma treatment. The main peaks correspond to the geothite FeO(OH),
lepidocrocite Fe,O; H,O and FeOCl
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Fig. 11. X-ray diffraction diagram of corrosion layers on the surface of iron object
after 60 minutes of the plasma treatment. The main peaks correspond to the
magnethite,Fe;0,4, hematiteFe,O; and calcium iron oxide CaFe;O:s.
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Fig. 12. The intensity of chlorides in the corrosion layer of silver coin as a function
of treatment duration in the hydrogen discharge. The chloride content was
determined using X-ray diffraction analysis.
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4. CONCLUSION

The low pressure plasma chemical treatment of various metallic
archaeological objects and model samples was studied. It was found that the whole
process can be monitored by using optical emission spectroscopy. Mainly the OH
radical band intensity is useful to observe. The plasmachemical treatment consists of
several steps and it is possible to determine the end of the reduction in the each step
according to the OH integral intensity decrease. Moreover, the gas temperature can
be estimated from the rotational spectrum of this band. The N, second positive band
intensities can also interesting for this purpose. It was found that plasmachemical
treatment has positive influence to the chloride ions removal from the corrosion
layers. Thus, the deionisation time is shorter than during classical mechanical
treatment.

Furthermore, the X-ray diffraction analysis was carried out before and afret
plasmachemical reduction. The results show that the reduction process is very
effective and in some cases, the reduction to the pure metal was observed.

In the second part of the experiment, the model corrosion layers were
created to better comprehension of reduction processes in the plasma. With defined
corrosion it was much more simple to observe and to distinguish the bands in the
spectrum. The evolution of nitrogen and hydroxyl radical intensity was similar like
in the case of real archaeological artefacts. Due to the fact that OH radical
monitoring is sufficient during the plasmachemical treatment, the simple monitoring
device was presented in [4]. For the practical application, the exact plasma
conditions for the treatment are required in dependence on the metallic treated
material. So, the searching these condition on the basis of the results from corrosion
layer and plasma diagnostics will be aim of further studies for the other materials.

The plasmachemical method is still developed and upgraded. Up to now, it
was used mainly for the iron objects treatment. But one of the objective of our work
is to find the working conditions for plasma treatment of the other metals, wood and
textile materials. Those materials require low temperature up to 80 °C. The pulse
plasma utilisation could be very useful to solve the problem with the low
temperature keeping. The plasmachemical method is still developed and upgraded.
Up to now, it was used mainly for the iron objects treatment. But one of the
objective of our work is to find the working conditions for plasma treatment of the
other metals, wood and textile materials. Those materials require low temperature up
to 80 °C. The pulse plasma utilisation could be very useful to solve the problem with
the low temperature keeping.
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Abstract. In this work the previously developed method of calculation of HF
electro-conductivity of non-ideal plasma is applied to the area of higher electron
densities, up to 10** cm™ and in the temperature range 30 000 K < T < 200 000 K.
The computations are carried out in the frequency range [0, 1-®,], ®, being the
plasma frequency. A good agreement with the previously published data is obtained.

1. INTRODUCTION

This work is a continuation of the works [2, 1, 3, 4]. In [1] we presented
data for slightly non-ideal plasma HF conductivity, while in [2] we have covered the
area of moderately non-ideal plasma, while in [3] and [4] we have reached extreme
dense concentrations in a range of 1- 10*' cm > <Ne < 1- 10 cm > and for 30 000K
< T < 200 000K. Here we present and compare the data for extremely dense non-
ideal fully ionized hydrogen plasmas with thermodynamic conditions data presented
in [5]. There are two values that was reproducible from their data I' = 0.5 r, = 4, and
I'=0.5r, = 1 which yields No= 2.517 - 102 ¢cm ™, T =15 7882 K and N, = 1.611 -
10* cm™ T = 63 153 K respectively. Here I' = Be’/a, where P is inverse
temperature in energy units and a = ry is the mean interionic distance (electronic
Wigner-Seitz radius).

171



N. M. Sakan, V. A. Sre¢kovi¢, V. M. Adamyan, 1. M. Tkachenko, A. A. Mihajlov

In this work a completely ionized hydrogen plasma is considered in a
homogenous and monochromatic HF external electric field

E(t) = EO exp{— ia)t}

The dynamic electric conductivity o(®) is given by a complex function of the field
frequency:

o(0) = oy (@) +i-0y, (@), M

and, according to [1, 2], (o) is taken in the integrated Drude-like form:

4e* % 7(E) .[_dw(E)

o) = j1—im(E) dE

}p(E)EdE )
3m

where p(E) is the density of electronic states in the energy space and w(E) is a
Fermi-Dirac distribution function 1(E) is the static electronic relaxation time. The
basic feature of our theory [8, 9, 10, 11] is the evaluation of the relaxation time
within the following approach: each electron (carrier) moves in a self-consistent
field generated by all other free charges in the system. The finite values of the
transport coefficients result from electron’s scattering on the self-consistent field
fluctuations. It is based on the paper [12], which related the Lorenz-model
expression for the fully-ionized plasma electrical conductivity to the strict quantum-
statistical calculation involving the Green’s function formalism with the self-
consistent field potential. It was shown that thus obtained static conductivity is in
semi-quantitative agreement with available experimental data and also possesses
correct limiting forms of Ziman and Spitzer, corresponding to high and low
densities, respectively [11].

A detailed comparison with alternative methods of theoretical investigation
of the dynamic conductivity, see, e.g., [13] and [14] is presented in this paper.

New methods:

w 47; -Q’c,
o(w) = yp A3)
0’ —Q% +iQ® 0
)
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Q=

(R))| > )

e
where,

(22
&, - energy levels

y, - corresponding eigenfunction in one-electron states v
f(¢) - Fermi distribution function.

1. First method

2 2.2 ®©
QZ:& 2m4e j arctan| — 2”18 de |,
7rh eoexpﬂ(e W) +1 xk\ h
Q)
3
2
de=n_, 6
( jgeXpﬂ(s u)+1£g ) ©

2. Second method

2 2
Q? :&{HL} , (7
30 A A 2)
where,

=h/2,//m - electronic thermal wavelength

S
,1‘D2 = 4ﬂezﬂ22fnj - the Debye radius
=0

2. RESULTS

Comparison with the other data: On the basis numerical calculations presented
earlier in [3, 4], both og. and oy, are computed, but for the previously mentioned
thermodynamic conditions. The results are displayed in the figures 1-4. The figures
represent the data from several separate sources [5, 6, 7] as compared to our data. A
good agreement with existing data [5, 6, 7] in a wide range of dimensionless
frequency w/w,.
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Fig. 1 The real part of HF electrical conductivity of fully ionized Hydrogen plasma
for I' = 0.5 ry= 1, compared with other authors [5], [6] and [7].
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Fig. 2 The imaginary part of electro conductivity, same as Fig. 1.
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Fig. 3 The real part of HF electrical conductivity of fully ionized H plasma for I' =
0.5 ry=4, compared with other authors [5] and [7].
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Fig. 4. The real part of HF electrical conductivity of fully ionized H plasma for
I'=0.5r, =4, compared with other authors [5] and [7].
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Comparison of the methods: Results of numerical calculations using equations (5),
(6), (7) presented earlier in this paper are displayed in the figures 5 — 13.

Ne =10 ecm™ T =20000K

45000 | | |
RPA GRe _
RPA G —x— |
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g
S 25000
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& 20000
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10000
5000 '
Nz
0 ﬂz‘ 1 1 1 1 1 | | I )
0 01 02 03 04 05 06 07 08 09 1

o/ o,

Fig. 5. The comparison of the simplified calculation method and the basic modified
RPA method for the fully ionized hydrogen like plasma with the electron density
10*'e¢m™, and tempereture 20000K.
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Fig. 6. Same as Fig. 5 but for Ne = 10*'cm™ and T = 100000K.
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Fig. 7. Same as Fig. 5 but for Ne = 10*'cm™ and T = 500000K.
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Fig. 8. Same as Fig. 5 but for Ne = 10”cm™ and T = 20000K..
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Fig. 9. Same as Fig. 5 but for Ne = 10”cm™ and T = 100000K.
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Fig. 10. Same as Fig. 5 but for Ne = 10%cm™ and T = 500000K

178



THE METHODS FOR DETERMINATION OF HF CHARACTERISTICS ...

Ne =102 em™ T =20000 K

800000 — ——
RPA op, —+—
RPA G =
700000 Simplified oy %
Simplified oy, o
600000
"= 500000
&)
£ 400000
©
& 300000
©
200000
100000
8
0 p 1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1

o/,

Fig. 11. Same as Fig. 5 but for Ne = 10”cm™ and T = 20000K
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Fig. 12. Same as Fig. 5 but for Ne = 10”cm™ and T = 100000K.
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Fig. 13. Same as Fig. 5 but for Ne = 10”cm™ and T = 500000K..

With the help of the presented results the other, easily measurable, dynamical
characteristics of dense plasma could be obtained [2, 3, 4].

3. CONCLUSIONS

Method of calculations has been proven, and simplified using formulas
(5), (6), (7) . Method works well in a much broader area then expected. Work is in
progress on inclusion of neutrals, and preliminary calculations with multifold
ionized states. Heading towards the area of more dense plasma where a good
experimental data exists.
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Abstract. A review of experiments dealing with excessive Doppler broadening
(EDB) of hydrogen and deuterium Balmer lines in hollow cathode gas discharge(s)
is presented. The experimental data of excessive line broadening are discussed from
the point of view of the sheath-collision model and the resonance transfer model.
The results of new experiments reported here indicate that EDB part of hydrogen
Balmer lines may be used for discharge-cathode surface interaction monitoring.

1. INTRODUCTION

Since the discovery of excessive Doppler broadening of hydrogen Balmer
lines [1,2], experimental studies, see e.g. Refs. 3-4, have been conducted to resolve
and understand processes related to this phenomena. The shape of these lines
emitted from some low-pressure gas discharges operated with hydrogen isotopes or
hydrogen gas mixtures with inert gases exhibits unusual multi component behavior,
see e.g. Figures 1a-4a. The same EDB shapes of H, and Hy lines are detected in a
plane cathode glow discharge operated with various gas mixtures with hydrogen [5].

The origin of the narrowest part of the profile in Figure 1a is related to the
Doppler broadening of the thermalized excited hydrogen atoms H" in the negative
glow region of the discharge. The broader middle part of the line profile is related to
excited hydrogen atoms generated in electron collisions with H,. The pedestal of the
line profile is very broad indicating that energetic excited hydrogen atoms having
energies larger than hundreds of electron volts are generated in (the) discharge. The
presence of large energy excited hydrogen atoms implies that fast hydrogen atoms
H; of higher energy exist in the discharge [6]. As pointed out already, the origin of
the narrow- and medium-width part of the line profile may be explained on the basis
of well-established processes.
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The primary explanation of the broadest part - pedestal of the line profile
comes from the sheath-collision model. In this model ions H' and H;" are
accelerated in a high-voltage discharge sheath and produce fast H atoms in charge
transfer/dissociation collisions with the matrix gas—molecular hydrogen. The fast H
atoms are then excited and scattered in another collision. The same excitation
process is occurring with H atoms backscattered from the cathode [3,7,8]. In the Ar-
H, discharge, see the H, profile in Figure 1b, the contribution of H" ion is negligible
in comparison with that of H;" ion, see e.g. [6,9]. The latter ions fragment in
collisions with matrix gas or at the cathode surface generating H¢ atoms of lower
energy, and consequently lower energy excited atoms H are produced. For EDB in
DC discharges see [1-13].

Another model of EDB has been proposed by Mills et al., see e.g. [14,15].
According to this model, in the resonance transfer (RT) process H atoms react with
certain ions, for instance He', Ar’ or other “resonance catalysts” produced by the
electric discharge, to generate excess energy. The RT process is followed by
excessive Doppler broadening of the hydrogen Balmer lines, which according to
references [14,15] reveals the presence of high energy excited hydrogen atoms-
carriers of excess energy produced in the RT process.

In this paper a review of publications dealing with the excessive Doppler
broadening hydrogen and deuterium Balmer lines in hollow cathode gas discharge
will be presented and discussed from the point of view of both models, when it is
possible. Also, it will be demonstrated that some new results dealing with this
subject may be used for discharge-cathode surface interaction monitoring [16].

2. THE INFLUENCE OF CATHODE MATERIAL, GAS
COMPOSITION AND ELECTRIC FIELD DIRECTION ON
EDB IN HOLLOW CATHODE DISCHARGE

In the recent paper [15] the authors of RTM reported study of the excessive
H,, broadening in various discharges including hollow cathode discharge. The results
in Table I [15] and discussion firmly state that excessive broadening is detected only
in Ar and He mixtures with hydrogen while in H,, and in mixtures Ne-H, and Xe-H,
no effect is found. This result is expected on bases of their RTM. The aim of a
recent experiment [13] in our laboratory is to test these results.

weeerer. Anodes (kovar) o

oeeeenneenes Corpus (brass) -oocooeeeeeeens o
Cathode R
(stainless Slc_cl or copper) . 4

=

HH e-eeo- Teflon insulators -------3 H Quartz
T Sereensesiasnisess Pypex fube creeeereessesaseennd window

Gas in Gas out

Fig 1. The hollow cathode discharge tube [13].
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Fig. 2. Typical H, line shapes recorded end-on from high pressure low-voltage
copper hollow cathode glow discharge and fitted with three Gaussians: (a) H, line
shape, (b) the enlarged part of H, line shape excessively broadened; and (c) the
residual plot. A. Discharge conditions: pure hydrogen; front anode, p=2mbar,
U=440V, I=90mA. B. Discharge conditions: pure deuterium; front anode, p=2mbar,
U=490V, [F90mA. C. Ne-H, mixture (99.3%:0.7%); front anode, p=2mbar,
U=250V, [F90mA. D. He-H, mixture (90.6%:9.4%); front anode, p=2mbar,
U=323V, [F90mA. [13]
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Newly developed hollow cathode glow discharge with stainless steel or
with copper cathode is used, see Fig.1. The construction details follow basic concept
of pyrex-kovar design reported in [17]. Both cathodes were 100 mm long with 6 mm
internal diameter. Kovar anodes, 5 mm long with 15 mm dia, are located at the both
ends of cathode at a distance of 15mm.

Typical examples of the H,, line shape recordings from the central region of
copper hollow cathode high pressure low-voltage glow discharge are given in Fig. 2.
Three components can be distinguished in the overall fit of the symmetric H, and D,
line shapes in pure gases and gas mixtures, see Fig. 2: central narrow peak, broader
middle part and far drawn-out pedestal. The overall fit involving convolution of
three Gaussians in Fig. 2 may be justified in two ways: (i) three groups of excited
hydrogen atoms are expected in the negative glow region: thermalized H" typical for
negative glow (Gauss 1); a group of H atoms produced by dissociation of H,
molecules in collisions with high energy electrons (Gauss 2); and a group of H;"
atoms generated in collisions of Hy reflected from the cathode with H, (Gauss 3) and
(ii) a good quality of three gaussian fit, see the residue plot in Fig. 2.

The examples in Fig. 2 show that the excessive H,, or D, line broadening is
present in both hollow cathodes discharges under all studied experimental
conditions. Furthermore, there is nothing exceptional about discharge operating in
He-H, mixture, where, according to RTM, resonance transfer catalysts He' are
present: the profiles, recorded from our discharges operating in He-H, mixtures,
have a typical multipart component structure in contrast to a single excessive
broadened profile recorded in the same gas mixture and reported in [15].

On the basis of earlier experiment, see Fig.9 in [3], high D; temperatures
are expected and they are detected in both hollow cathode discharges. The presence
of high energetic neutrals Dy in this case is related to large back scattering
coefficients of D* from the cathode surface, which exceeds ~50% same coefficients
of H [18]. These ions are neutralized at the cathode and reflected back in the form
of Dy, which collide with matrix gas D, and produce observed Dy [2]. High voltage
in deuterium discharge plays an important role in D" acceleration and in this way to
generation of high temperature Dy .

The comparison of data obtained for different cathodes shows also that
Gauss 3 contribution to the overall profile is significantly larger in case of copper
than stainless steel hollow cathode discharge. This result is in qualitative agreement
with results from PCGD discharge, see Fig.7 in [3,4] and may be explained by
larger back scattering coefficients of H' from Cu surface in comparison with Fe
[3,4,18]. It proves that the concentrations and energies of H; depends of cathode
material and that, most likely, is associated with sputtering yield and characteristic
back-scattering coefficients [4].

As pointed out already in Introduction, the electric field is essential for the
CM to explain basic processes related to excessive Doppler broadening. The only
fact in this experiment that looks in favor of RTM: the H,, line shape measurements
are performed primarily by observing the negative glow region of discharge where
large electric fields do not exist. Since the excessive broadening is detected in this
region one may conclude that this proves validity of RTM. However, one should
also bear in mind that accelerated H" and H;" ions in a cathode fall region of
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discharge operated at high pressure and low-voltage regime are back-scattered
towards the center of hollow cathode in the form of fast hydrogen atoms, which
generate H;' in collisions with matrix gas. Thus, the presence of observed excess
Doppler H, broadening, Gauss 3, may be well explained within CM.

In order to examine further the importance of electric field for excessive
Doppler broadening an experiment with stainless steel hollow cathode glow
discharge in a low pressure, high-voltage regime is carried out. This is the case when
electric field vector is coaxial with hollow cathode axis and its direction may be
changed by applying rear or front anode, see Fig. 3.

a

T T T t— T T
-0.5 0.0 0.5 -0.5 0.0 0.5
Ao (nm) Aoinm)

Fig. 3. Typical H, line shapes recorded end-on from low pressure high-voltage
discharge (He-H,) mixture; stainless steel cathode) and fitted with three gaussians:
(a) front anode and (b) rear anode. Discharge conditions: p=1mbar, U=1030V,
I=5mA. [13]

The results in Fig. 3 clearly show that Gauss 3 may be shifted into blue or
red wavelength direction by simply changing the direction of electric field vector.
Similar experiment with hollow cathode glow discharge operated with higher
voltages in pure hydrogen is reported in [17,19]. The dependence of shift direction
of high temperature component upon electric field vector is the same as in Fig. 3.
Both experiments, [17] and this one, undoubtedly prove the importance of electric
field for the excess Doppler broadening. The RTM in contrast to CM does not
depend upon electric field and can’t be used to explain results in Fig. 3.

Moreover, Phelps [20,21] reported recently a thorough comparative
analysis of Mills and co-workers RT experiments and most of the other EDB Balmer
line studies. On the bases of this analysis and the fact that Mills and co-workers
[14,15] do not provide a set of elementary processes with cross sections for
converting the energy of RT products into the fast excited hydrogen atoms, one may
conclude that RT model cannot be used to explain EDB of hydrogen Balmer lines.

188



EXCESSIVE DOPPLER BROADENING OF H, AND D, ...

On the other hand, a number of experiments disagree with RT model predictions,
see e.g. [20,21] and references therein. Therefore, the sheath-collision model will be
used from this point forward for the interpretation of EDB results.

3. EXCESSIVE BROADENING OF HYDROGEN BALMER LINES
FOR DISCHARGE-SURFACE INTERACTION MONITORING

Several experiments [10,11], in particular the recent ones [6,9,13] carried
out with measurements perpendicular to the electric field, showed symmetric line
profiles, which can be precisely analyzed. The possibility of separating the EBD part
of the H, profile has enabled determination of cross section data for H—H,
collisions in an abnormal glow discharge [6]. Also, it has been demonstrated that the
EDB part of hydrogen Balmer lines may be used for discharge-cathode surface
interaction monitoring [16].

In this experiment, the H,, line shape and the effective sputtering rates were
monitored using intensities of Ti or Fe, Ni, and Cr resonance lines in a hollow
cathode (HC) discharge operated using H, or (a) the Ar-H, mixture at a pressure of 2
mbar. For comparison with the Ar-H, experiment, all relevant measurements are
also carried out in an Ar discharge. During the discharge operation, cathodes were
either air cooled or gradually heated by switching off the fan. The temperature of the
outer wall of the HC tube is measured by a K-type thermocouple.

Three components of the line profile are determined by fitting the H,, line
with three Gaussians, see Figs. 4 and 5. Due to low sputtering yield of hydrogen
ions, observations of resonance lines are performed in Ar-H, and Ar only. Line
intensities were measured at different electrical power inputs induced by a change of
discharge voltage at constant current, see Figs. 6(c) and 7(c). Line intensities
normalized to the unit electrical power input are given in Figs. 6(a) and 7(a).

Titanium. Figure 6 shows for H, and Ar—H, discharges, a gradual increase
of G3/Gyora With temperature, where G; (i=1,2,3) is the area of the corresponding line
component. This is in agreement with earlier results, showing that implanted
hydrogen in Ti lowers the reflection of H after bombardment with protons [22].
Experimentally, it is determined that the H particle reflection coefficients Ry of
TiH; is less than 30% lower than for Ti [23], while simulations predicted 50% [24].
During an increase of cathode temperature, a lowering of the TiH, concentration is
expected and consequently G; increases. At elevated temperatures (>230°C), not
reached in this experiment, no hydride contribution is expected [25]. Figure 6(b)
supports an assumption of the TiH, influence to the G; contribution. The intensity of
Ti I resonance lines at lower temperatures in Ar—H, discharges are smaller than in
Ar discharges in spite of energetic ArH" ions present in the mixtured-species
discharge [26]. At higher temperatures, Ti line intensities in the Ar—H, case
gradually overcome those in Ar as a consequence of the lowering H/Ti ratio.

Stainless steel. Similar to the Ti surface case, the Gz contribution in H,
discharge increases with temperature, see Fig. 7(b), and may be related to an
increase of SS reflectivity with decreasing H/Fe ratio [24]. The large and almost
constant G3 in Ar—H, is explained by: i) a large presence of H;" ions; and ii)
negligible influence of iron hydrides at the SS surface under the influence of
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energetic ArH"  sputtering. Generally, hydrogen in the SS matrix may be
characterized by fast diffusion and reemission leading to a smaller surface
concentration [22]. Consequently, in contrast with the Ti case, see Fig. 6(a), Fe, Cr
and Ni resonance lines in Ar-H, are always larger intensity than in the Ar discharge,
see Fig. 7(a). From the sputtering point of view, SS is considered to behave as a
single-component system [27]. Ratios of line intensities in Fig. 7(a) show, at lower
cathode temperatures, good agreement with values expected from SS composition.
At higher cathode temperatures when sputtering yield increases, the intensity of Fe
resonance line shows slower increase due to the self-absorption effect.
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Fig. 4. The H, line profiles recorded along the axis of titanium hollow cathode glow
discharge in Ar—H, fitted with three Gaussians. Discharge conditions: [=90 mA and
p=2 mbar [16].
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Ar[16].

4. RADIAL DISTRIBUTION, INFLUENCE OF SURFACE
COVERAGE AND TEMPERATURE EFFECT

The experiment in Ref. 16 was carried out using HC discharges observed end-on
without attempting to achieve spatial resolution of the EDB of the Balmer lines. Our
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recent study [28] is an extension of earlier ones [13,16], but with an emphasis on the
radial distribution of the EDB of the H, line in HC discharge in H, and Ar-H,
mixtures.

The details of the HC discharge source are described earlier, see also [13].
The only difference is the cathode — anode distance, which was on one side 20 mm,
and 15 mm on the other. In this way the discharge voltage can be changed using one
or the other anode. During the discharge operation, the cathode was either air cooled
with a fan, placed 150 mm from the discharge tube, or gradually heated by changing
the cooling rate of the fan. The temperature of the outer wall of the HC tube is
measured by a K-type thermocouple. The radial distribution spectra recordings were
performed with unity magnification in equidistant steps perpendicular to the
discharge axis, with an estimated spatial resolution of 0.25 mm or 0.40 mm. For
radial intensity measurements the discharge was run between HC and rear anode,
located at 20 mm from the cathode.

Three H, line profiles recorded at various radial positions from the axis of
HCGD operated with SS cathode in H, are presented in Figure 8a. In the upper right
corner of this figure the experimental H, profile recorded at the radial position r=2.8
mm and the best fit with three Gaussians are presented. The experimental conditions,
relative contributions G/G,,; (i=1,2,3) and energies F; (i=1,2,3) of excited hydrogen
atoms obtained by fitting the H profiles from titanium HC disharges are given in
Tables 1 and 2.

An experimental study of the excessively broadened part G; of the Balmer
alpha line in HCGD operated with H, and Ar-H, gas mixture with SS or Ti cathodes
shows considerably different radial distribution depending upon the choice of
operating gas. The differences between radial G; distribution with SS and Ti cathode
are evident, see Figs. 9 and 10, and an increase with the HC temperature is always
detected, see Tables 1 and 2.

With both HC operated in pure H,, the radial distribution of the Gj
component is flat and therefore the overall profile has a bell shape, see Figures 9a
and 10a. In order to explain the difference between Gj; contributions for HCGD with
SS and Ti cathodes, the number Ry and the energy Ry coefficients for incident H"
ions are calculated first for clean metal surface and than for surfaces covered with
metal hydride layers. For this purpose we have utilized a FORTRAN subroutine [29]
which implements a code described by Tabata and Ito [30]. This is not the only
process of interaction between energetic particles and the cathode surface. The fast
hydrogen atoms Hy, resulting from collisions of fast H' and H;" ions with H,, are
also back scattered from the cathode surface. To analyze this process the results of a
simulation with Fe and Ti targets using the binary collision cascade program
MARLOWE [24] are used. Both sets of results for Ry and Ry, calculated and [24],
show that the fraction of particles and energy reflected decreases with increasing
hydrogen content of the metal hydride. Furthermore, both scattering coefficients are
larger for Fe (very close to SS) than for Ti, see also Table 5 in Ref. 28 and [24]. For
this reason the energy of excited hydrogen atoms (half-width of G; inenergy units) is
larger for SS (£3=59 eV) than for Ti HC (£3=50 eV), in spite of similar voltage for
both discharges. Thus, the results of both simulations, from Table 5 in Ref. 28 and
[24], for Fe or SS and for Ti are in qualitative agreement with G; values
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(proportional to Ry and Rg) and their temperature trend in Tables 1 and 2. The
increase of G; contribution versus temperature may be related to the decrease of the
metal hydride layer with an increase of HC temperature.

The secondary emission processes, which can affect the sheath field profile,
and consequently the ion acceleration, are neglected in our analysis of discharge-
surface interaction. This is due to the lack of secondary emission coefficients data
for SS and Ti surfaces covered with a hydride layer having variable hydrogen/metal
ratio.

At least, but not last, it is interesting to notice that similar line shapes of the
H, and D, lines, see Figure 8a and [21], are detected close to the first wall and in
plasma diverters of large plasma fusion devices, see e.g. [33-36] and references
therein. Although in these cases Doppler broadening is combined with the Zeeman
line splitting, the same elementary atomic and molecular collisions and interaction
with the wall surface are also present. Therefore, the shape of the Balmer lines in
high temperature plasma reactors must bear certain resemblance to those reported
here. On the other hand, simple devices like HCGD may be used for material testing
and for study of elementary processes relevant for large plasma devices.

1o+ a. *

Intensity (2. w.)
n

r=28 mm

r=2.0mm

0o

ost Ar+0.8%H,

Intensity (a. u.)

0.0

Fig. 8. Typical H,, profiles recorded at different radial positions in: (a) stainless steel
hollow cathode; upper right corner depicts the H,, line shape at radial position r=2.8
mm fitted with three Gaussians; and (b) titanium hollow cathode. Discharge
conditions: (a) pure H, at p=4 mbar; I=90 mA; U=427V and T,,,;=74°C; (b) Ar-H,
mixture at p=4 mbar; =90 mA; U=338V and T,,,=75°C [28)].
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Table 1. Experimental conditions, relative contributions G,/G, (i=1,2,3) and
energies E; (i=1,2,3) of excited hydrogen atoms obtained by applying three Gaussian
fit to the H,, profiles for titanium hollow cathode glow discharge in pure H, at p=4
mbar; I=90 mA; r denotes radial position. [28]

Hydrogen
T. VOltage r GI/ Glotal GZ/ Gtolal G3/ Gtotal Atom Energy
(°C) V) (mm) (%) (%) (%) E, E, E;
(eV) (eV) (eV)
0 71.4 223 6.3 5
0.75 65.4 23.7 10.9
™ 424 1.50 48.4 29.6 21.9 0.3 4
2.25 33.6 38.9 27.5 3
0 66.5 253 8.2 5
0.75 59.8 27.0 13.2
100 435 1.50 39.6 358 24.6 0.3 4 >0
2.25 20.9 429 36.2 3
0 65.7 252 9.1 5
0.75 59.5 27.6 12.9
125 448 1.50 42.0 34.0 24.0 0.3 4
2.25 19.3 44.7 36.0 3

Table 2. Same as for Table 1, but for glow discharge in argon-hydrogen mixture at
p=4 mbar; I=90mA. [28]

Hydrogen
T. Voltage r G1/Gioral GG oral G3/Goral Atom Energy
0 V) (mm) (%) (%) (%) E, E, E;
V) (V) (V)
0 19.0 31.0 51.0
0.75 18.2 31.0 50.8
7 338 1.50 14.6 23.6 61.8
2.25 6.2 12.2 81.6
0 14.8 28.7 56.5
0.75 16.9 26.7 56.4
100 336 1.50 10.5 18.2 71.3 03 ! 37
2.25 4.9 8.5 86.6
0 15.1 20.0 64.9
0.75 12.1 21.9 65.9
135 340 1.50 8.9 13.9 77.1
2.25 4.4 6.8 88.9
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Abstract. The capabilities of laser ablation in liquids for fabrication of metallic and
composite nanoparticles were analyzed. The properties of Ag, Au and Cu as well as
bimetallic Ag-Cu and Ag-Au nanoparticles synthesized in different liquids (water,
acetone, ethanol) were examined.

The results obtained showed both the mean size of the nanoparticles and
their stability could be controlled by proper selection of the parameters of laser
ablation such as temporal delays between pulses, laser fluence and a sort of liquid
used. The optimal conditions favoring the formation of nanoparticles with a desired
structure were found.

1. INTRODUCTION

Last years considerable efforts have been directed to preparation and
investigation of nanostructured materials. Broadly defined, nanostructured materials
are solids composed of structural elements (mostly crystallites) which characteristic
size falls in the range of 1 — 100 nm [1]. They include nanocomposites, loosely
aggregated nanoparticles, cluster-assembled materials, nanocrystalline thin films,
metal colloids as well as semiconductor nanostructures such as quantum dots, wires
and wells.

Due to the reduced size of their constituent elements nanostructured
materials have electronic, magnetic and chemical properties, which differ
considerably from those of the corresponding bulk materials. For example,
nanostructured materials have been found to exhibit increased strength and hardness,
higher electrical resistivity, enhanced diffusivity, reduced density, etc. compared to
the bulk. Hence, these materials are promising candidates for a variety of
applications, which include heterogeneous catalysis, gas sensor technology,
microelectronics, nonlinear optics, etc. [2-4].
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Depending on the size range, shape and chemical composition of
nanoparticles different techniques have been used for producing of such samples.
Among them are wet chemical processes, physical methods and combined
techniques [5-7]. The ultimate goal of each technique is a fabrication of
monodisperse particles with a predetermined size and shape.

Recently, plasma assisted methods based on laser ablation and electrical
discharges have become a focus of many studies [8-11]. The capabilities of laser
ablation technique and the results of its application for fabrication of metallic and
composite nanoparticles are discussed in the present paper.

Laser ablation plasma is formed above the surface of the solid target when
an intense laser beam strikes the target. Laser ablation provides a simple and
contaminant-free method which can be used for a large number of materials. The
important advantages of laser ablation technique are:

- laser ablation can be used for metals, semiconductors and insulators,

- conditions during the laser ablation can be fairly well controlled,

- in the case of multi — component samples, the stoichiometry of the ablated
material can be achieved to closely resemble that of the target.

Typically, laser ablation experiments are carried out in gas or vacuum
environments. The technique allows changing the diameter of nanoparticles by
means of changing the energy of laser radiation, sort and pressure of an ambient gas.
But efficiency of this technique is not very high in result of material depositions on
walls of the vacuum chamber.

The more effective collection of synthesized particles can be achieved by
laser ablation in liquid environment. Additional advantage of this approach -
experiments are performed at the normal atmosphere.

It should be noted that the processes of laser ablation in liquids have been
much less investigated. But the feasibility of using laser ablation in transparent
liquids for nanoparticle synthesis has been recently demonstrated [8-10].

We developed the double-pulse laser ablation approach in liquid
environment for fabrication of metallic and bimetallic nanoparticles with a
controlled size distribution. Double-pulse approach of laser ablation has been
recently shown to enhance considerably the line emission from the plume that is
highly important for improvement of sensitivity of laser spectral analysis (LIBS)
[12-15]. As concerns of the nanoparticles formation, the double-pulse laser ablation
seems to be also more favorable than single pulse regime. The developed technique
offers the better control over the particle formation process. The definite size
reduction of particles in ablation plume can be achieved under conditions of suitable
temporal delays between two laser pulses in result of heating and fragmentation of
the ablated material produced by the first laser pulse [16].
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2. EXPERIMENTAL

Experiments were made by using two 10 Hz pulsed Nd:YAG lasers,
operating at the fundamental (1064 nm) and frequency-doubled (532 nm)
wavelengths each with 50 mJ pulse in a 5-mm beam. The laser beams were focused
on the surface of the metallic sample (Ag, Cu, Au) or combined target consisted of
two tightly pressed (silver/copper or silver/gold) plates immersed into the cell with
liquid. In the case of the combined target the laser beams were focused on the Ag-
Cu or Ag-Au interface. Laser beams were employed for ablation both singly and
together with appropriate temporal delays between pulses. The ablation laser power
densities at the target surface were in the range of 5-10% - 5-10° W/cm®. Experiments
were performed using different liquids like acetone, ethanol, and distilled water.

We used two different laser beam configurations: (1) the double-pulse
approach based on collinear beams focused onto the same place of the target surface
and (2) the configuration based on crossed beams when the second unfocused laser
beam at A=532 nm runs parallel to the sample surface, providing additional
irradiation of the formed nanoparticles.

The fabricated nanoparticles were characterized by optical absorption
spectroscopy for monitoring the changes in the plasmon absorption characteristics,
transmission electron microscopy (TEM), X-ray diffraction (XRD) and energy
dispersive X-ray microanalysis (EDX) in order to analyze the final size and
composition of nanoparticles.

3. RESULTSAND DISCUSSION

Two main mechanisms of nanoparticle formation during laser ablation
process can be distinguished.

*  The first mechanism, associated with aggregation of the ablated atoms and
clusters into small embryonic nanoparticles and their growth by assembling
the clusters and attachment of free atoms.

*  The second one, attributed to the plasma-induced heating and ablation of
particulates from the target.

According to the first mechanism the density of ablated species (atoms) in
the gas phase plays an important role in the nanoparticles growth. By controlling the
density of the ablated species it is possible to control the final size of the formed
nanoparticles. The density of the ablated species can be changed by adjusting the
laser fluence. It should be noted that the second mechanism gives rise to much larger
particle sizes and broader size distributions.

Relative contributions of the both mechanisms determine the final size
distribution of the produced particles. That’s why for optimization of synthesis
process the detailed information about plasma parameters is required.

203



N.V. Tarasenko, V.S. Burakov, A.V. Butsen

Spectroscopic characterization of the ablated plume was performed by the
time resolved emission spectroscopy and gated intensified CCD imaging technique
(Fig.1).

The optical observation of the plasma emission was executed by imaging
the plasma plume onto the entrance slit of the spectrograph such that the expansion
direction (z) lies along the orientation of the entrance slit of the spectrograph. At the
output of the spectrograph, in the image plane, a time-gated ICCD camera was
installed. So, at its output the spectrograph produced a one-dimensional spatial and
spectral image of the expanding plasma, in which the vertical axis corresponds to the
expansion direction z and the horizontal axis to the wavelength of the emission of
plasma species.

The emission spectrum was recorded at different time delays. Typical gate
steps and gate widths used were 100 and 50 ns, respectively, which were selected in
order to give the optimal signal/amplitude ratio and temporal resolution.

Plasma emission spectra were recorded and compared for different ablation
regimes (single pulse, two pulses in coincidence and in sequence at various delays
between pulses).

Summarizing the results of our investigations and results of previous
studies of double-pulse laser ablation plasma for spectral analysis [15,17], the main
features of double-pulse laser ablation in liquids can be characterized as following:

* A hemispherical cavitation bubble originated from gaseous ablation
products is formed above the sample.

*  Arising after the ablating pulse and expanding steadily, the bubble reaches
its maximum size after several tens of microseconds (depending on the
sample material and laser fluence) and then collapses.

*  The dimension of laser ablation plasma in liquid is significantly smaller,
vertically and horizontally, than the plume produced in air. For illustration
Fig.2 presents intensity profiles in the direction of the normal to the sample
surface for emission from the 1064-532 nm double-pulse laser-induced
plasma of a copper sample (z = 0 mm), obtained under air and water
environment.

*  Plasma radiation after single-pulse ablation is weaker (compared to gaseous
environments) because it is strongly quenched. The spectrum of the plume
is dominated by continuum radiation.

* But from double-pulse ablation plasma sharp atomic line spectra were
observed. The Fig. 2B presents the fragments of the spectra of the laser-
induced plasma of a copper sample in case of the 532 nm single (A) and in
the 1064-532 nm double-pulse ablation modes for gate delays with respect
to the 532 nm laser 200 (b), 400 (¢) and 600 ns (d). The mechanism
responsible for the distinct line excitation produced by the second pulse has
been attributed to the formation of a bubble at the surface by the first laser
pulse. The second pulse fired into the bubble under gaseous environments.
The optimal values of pulse separations are determined by larger bubble
volume that leads to increase the emission intensity and to decrease
quenching of emitting atoms.
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Fig.2. A - Intensity profiles in the direction of the normal to the sample surface for
emission from the 1064-532 nm double-pulse laser-induced plasma of a copper
sample (z = 0 mm), obtained under air and water environment; B - fragments of the
spectra of the laser-induced plasma of copper sample in case of the 532 nm single
(a) and in the 1064-532 nm double-pulse ablation mode for gate delays with respect
to the 532 nm laser 200 (b), 400 (¢) and 600 ns (d).
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During the repeated (10 Hz) laser ablation of the metal samples the solution
in the cell became visibly contaminated with the ablated material. The properties of
metal nanoparticles fabricated by laser ablation were studied by recording their
extinction spectra as a function of preparation conditions. Typical spectra of the
prepared colloids are shown in Fig.3 and Fig.4. The spectra exhibit characteristic
absorption bands with peaks located at 400 nm for silver nanoparticles and at 520
nm for gold nanoparticles. The spectral features of copper colloids are characterized
by a peak of absorbance at 570 nm (Fig.4).

These bands were clearly seen in all solutions and they are related to the
collective excitation of conduction electrons (surface plasmon resonances SPR). The
position and shape of the plasmon absorption are known to be dependent on the
particle morphology, dielectric functions of the metal and the surrounding medium
as well as surface-absorbed species [1]. The presence of the single surface-plasmon
peaks implied that the formed nanoparticles were nearly spherical. In the case of
ellipsoidal particles the absorption spectrum would have two plasmon peaks [18].

According to Mie theory spectra of the particles with radii between about 2
and 10 nm are independent of the particle size. For particles with dimensions beyond
10 nm the absorption peak broadens and shifts to longer wavelength. The
broadening and lowering of the absorption peak can be related to a reduced mean
free path for conduction electrons. The peak position at 400 nm observed for silver
in our experiments indicated a formation of Ag nanoparticles with sizes in the range
of 10 -30 nm.

Gold colloids exhibit the characteristic peaks of the surface plasmon
resonance (SPR) on the tail of the broad band extending toward the UV- wavelength
range and originating from the interband transitions of gold nanoparticles [19]. It is
known that the absorption due to the interband transition does not change
appreciably with the particle size but is sensitive to the particle quantity.

Ag

0,20

Absorbance

/
Cu

400 500 600 700
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0,10+

Fig.3. Extinction spectra of silver, gold and copper colloids prepared by laser
ablation in ethanol.
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Therefore, the absorption of the solution at the wavelengths of interband
transitions can be used as a measure of the total amount of gold in the solution
including the nanoparticles of different sizes, clusters and free gold atoms.
Conversely, the height of the plasmon peak is proportional to the concentration of
the Au nanoparticles with sizes in the range of 5 — 30 nm. The absorbance in the
vicinity of 200 nm can be assigned to the small gold clusters, which begin to
contribute to the optical absorption in the range of the surface plasmon resonance as
they grow into nanosized particles, by aggregation and attachment processes [20].

Analogous considerations can be made for the absorption spectra of copper
nanoparticles. In this case the size effect is similar to that of gold. At very small
sizes limitation of the mean free path by the particle boundary broadens and
decreases peak absorption, while at larger sizes the peak shifts to longer
wavelengths and broadens as high order modes are excited. For example, the copper
particles with a diameter below 4 nm are characterized by such a strong broadening
of the plasmon resonance that it practically disappeared [21]. A progressive
appearance of the peak at 570 nm occurs upon increasing the size of the copper
nanoparticles.

Owing to the high reactivity of copper, it was practically impossible to
observe the copper plasmon band near 570 nm by laser ablation in water. But Cu
nanoparticles with the average diameter of 5-7 nm exhibiting the characteristic
plasmon band were synthesized by laser ablation of a copper metal plate immersed
in the aqueous solution of sodium dodecyl sulfate (SDS) [22].

In our experiments [16] the shape and intensity of the plasmon bands in the
absorption spectra of colloidal solutions were also dependent on the regime of laser
operation (double-pulse or single pulse mode). By using the double pulse laser
ablation and the same total number of laser pulses, the efficiency of ablation was
greater and the absorption bands were more intense. The observed spectra were also
changed with changing of the temporal delay between two pulses in double pulse
mode. It should be noted that particles prepared by the double-pulse laser ablation
had smaller diameters than those prepared in the single pulse ablation regime. The
size reduction of particles in ablation plume is most likely to achieve under
conditions of suitable temporal delays in result of heating and fragmentation of the
ablated material produced by the first laser.

It is important to mention that the particles produced in acetone show a
long-term stability towards coagulation/aggregation as compared to that in water.
This function of acetone most probably is connected with the interaction between
the acetone carbonic group and the metal nanoparticle surface.

The spectra findings were confirmed by TEM data. The size and size
distribution of the nanoparticles were found to be functions of the laser ablation
parameters (laser wavelength and fluence). Typical TEM images and histograms of
the diameter distributions for Cu nanoparticles synthesized by the 532 nm laser
ablation in acetone are presented in Fig.4. TEM images show the presence of nearly
spherical particles with an average diameter of 104+2 nm.

The TEM of the Ag particles fabricated by laser ablation indicated that the
average size of the particles was around 15 nm with an asymmetrical distribution of
sizes ranging from approximately 5 to 35 nm. The average size of gold
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nanoparticles, formed at the same experimental conditions was about 15 nm. The
average diameter was found to be decreased as the laser fluence increased. Some of
the nanoparticles were loosely agglomerated, some presented chains of welded
particles.
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Fig. 4. Extinction spectra of copper nanoparticles prepared in acetone: (1) by the
repetitive (10Hz) 1064 nm single-pulse laser ablation for Smin; (2) by the double-
pulse laser ablation (10 ps separation between the 1064nm and 532 nm pulses) (left)
and TEM image with corresponding size distribution histogram of Cu nanoparticles
prepared in single pulse regime in acetone (right).

In the case of combined target consisted of two tightly pressed silver/copper
or silver/gold plates immersed into the cell with acetone when the laser beams
focused on the Ag-Cu or Ag-Au interface, the spectra of the solutions do not
exhibited a pronounced maximum attributable to the monometallic particles. These
spectra showed a single SPR whose position was dependent on a ratio of element
concentrations, which can be changed by the variation of the ratio of the irradiated
areas of both metals in the focal plane of a lens focusing the laser radiation on the
target surface. It should be noted, that the absorption curve of the bimetallic
dispersion could not be obtained by simple overlapping of the absorption curves of
the monometallic Ag and Cu (Au) particles. Two separate maxima that correspond
to the plasmon bands of individual metals should be observed in case of a mixture of
monometallic particles or bimetallic particles of a core-shell structure. Therefore
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based on the spectra analysis, it is reasonable to conclude that bimetallic (composite)
nanoparticles are formed. It is known that silver and copper exhibit very limited
miscibility in the bulk, while gold and silver are completely miscible. Therefore,
most likely in case of Ag-Cu target, the silver/copper particles are phase-separated
composites, which are made partly of silver and partly of copper atoms and in the
case of Ag-Au sample a formation of alloys is preferable.

EDXS and XRD analysis also pointed to the bimetallic composition of the
formed nanoparticles. Scanning electron micrographs when viewed with greater
magnification showed that the rather large grains formed after deposition of the
colloidal solution onto silicon substrate were seen to be clusters of many smaller
grains (Fig.5). The EDX spectra showed the presence of both constituent elements
along the line of scanning. XRD analysis of the produced powders showed that the
characteristic peaks for a Ag—Cu bimetallic system became broader and accordingly
suggested the formation of bimetallic nanoparticles with smaller sizes.

0.25+
0.20+

A 0154

150 nm,

0.10+

0.05-

Fig. 5. Extinction spectra of silver, copper and bimetallic silver/copper colloids
prepared by single-pulse laser ablation (left) and SEM images of bimetallic Ag-Cu
nanoparticles with distribution of elements along the line of scanning measured by
EDX (right).

TEM data confirmed that the laser ablation of the combined target
produced the particles of smaller (5-7 nm) sizes than the particles formed under the
laser ablation of the monometallic samples. From the diffractions patterns, it was
revealed that the individual particles were polycrystalline.
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It is important to note that bimetallic nanoparticles, are even of greater
interest than the monometallic ones because of their composition-dependent optical
and catalytic properties. For example, the enhanced catalytic performance of
bimetallic nanoparticles compared with the single metal ones is well established
[23,24].

4. CONCLUSION

It is expected, that the obtained results will find applications in the
synthesis of new materials with modified properties, in the fabrication of catalysts
with optimized selectivity and efficiency, in medicine for preparation of
nanoparticle-based probes with great potential for targeting, imaging and treating
different diseases etc.
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Abstract. Alkali halides (AH) crystals, containing radiative color centers (CCs), are
widely applied as active and passive laser media. They are also used in
optoelectronics and in radiation dosimetry. Among them, lithium fluoride (LiF)
crystals and films with CCs have found the most successful applications. LiF
samples can be colored by irradiation with ionizing radiation, as X-rays, y-rays,
elementary particles and ions.

The processes of CCs formation under LiF irradiation with ionizing
radiation and electrons are considered in the report. Charged particles are appeared
into the crystals or films during their irradiation. The most numerous and important
particles are electrons, fluorine ions, shifted from the lattice site into the interstitial
position, and positively charged vacancies F', positioned on the lattice sites where
the fluorine ions were situated before shifting. All of these particles are moving
inside the crystal or film. Their diffusion results in the CCs formation.

The formation processes and efficiency hardly depend on the temperature
during and after irradiating and the temperature of particles mobility. The formation
features which depend upon these temperatures are discussed in the report. Two
cases are considered: a) irradiating temperature is higher than temperature of
vacancies mobility, b) irradiation temperature is lower than temperature of vacancies
mobility but temperature of annealing which followed the irradiation is higher than
last one. The difference in the CCs formation processes is noted for these two cases.

The particularities of the CCs formation processes in a bulk, a near-surface
layer, a film, nano-sized structures of LiF crystals are given. They are determined
by concentrations of electrons, vacancies, different kinds of traps and ratio of
electrons and vacancies concentrations.

The examples of CCs applications are presented. Lasers, optoelectronics,
dosimetry are considered as an illustration of such applications.
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VARIATIONS OF ABNORMAL GLOW DISCHARGE
PROPERTIESWITH CATHODE HEATING

N. Cvetanovi¢', B. M. Obradovi¢’, M. M. Kuraica®

'Faculty of Trans. and Traff. Engineering, University of Belgrade, V. Stepe 305,
Belgrade,Serbia
?Faculty of Physics, University of Belgrade POB 368, 11001 Belgrade, Serbia

Abstract. In this paper the influence of cathode temperature on abnormal glow
discharge properties is examined. A Grimm type glow discharge with no cathode
cooling, operating in argon was used. Spectral line intensities of argon and cathode
material are measured simultaneously with cathode temperature and were observed
to change significantly. Change of discharge voltage with measured cathode
temperature is also reported. The behavior of the discharge was the same for two
different cathode materials. Variations of the discharge properties may be attributed
to the rise of gas temperature due to the heat transfer form the cathode.

1. INTRODUCTION

In this paper the influence of cathode temperature on abnormal glow
discharge properties is examined. A Grimm type glow discharge with no cathode
cooling, operating in argon was used. Spectral line intensities of argon and cathode
material are measured simultaneously with cathode temperature and were observed
to change significantly. Change of discharge voltage with measured cathode
temperature is also reported. The behavior of the discharge was the same for two
different cathode materials. Variations of the discharge properties may be attributed
to the rise of gas temperature due to the heat transfer form the cathode.

Glow discharges are widely used today for many different purposes. One of
them is the use of glow discharges for analysis of solid samples by optical emission
spectrometry or mass spectrometry. In these sources sample material is sputtered
leading to detection of sample atoms or ions in the discharge. Grimm type lamp,
used in this experiment, is used for optical emission spectrometry.

Fair knowledge of discharge properties is needed if the discharge is to be
applicable for analytical purposes. On the other hand, all processes that may
influence discharge properties must be taken into account when analyzing and
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modeling these sources. The Grimm abnormal glow discharge source operating in
argon has so far been the subject of many analysis see for instance [1-3]. Many
different processes may contribute to gas heating in glow discharges. Electric field
accelerates the ions and electrons which then collide elastically with atoms of
working gas giving rise to gas temperature. Sputtering of cathode material may also
contribute to gas heating. It is well known that the cathode, in glow discharges, may
reach a temperature much higher than room temperature due to the bombardment by
heavy particles [1,4] and [5]. In order for the discharge to operate stably, cathode is
usually cooled. Since it is heated the cathode contributes to the energy transfer to the
gas [1, 6]. Concrete value of cathode temperature surface determines the boundary
condition in the heat equation [1], but is usually not well known. Higher cathode
temperature increases the gas temperature, at constant pressure this means lower gas
density and a change of discharge parameters. Further more at constant current,
voltage becomes higher giving rise to average electron energy [1, 6, 7]. Through this
order of events, rise of cathode temperature changes the -current--voltage
characteristic and the intensity of spectral lines emitted form the discharge.

This paper presents results of an experiment that investigates the influence
of cathode temperature on the Grimm type discharge properties operating in argon.
This was done by measuring the discharge voltage and spectral line intensities of
working gas and sputtered atoms with simultaneous measurement of the cathode
temperature.

2. EXPERIMENTAL SETUP

The experimental setup is presented schematically in Fig.1. The discharge
source is a modification of the Grimm type glow discharge, described in detail
elsewhere [2]. Here, for completeness, minimum details will be given. Anode is
hollow, 30 mm long with 8.00 mm inner diameter. Cathode is 7.60 mm wide and 10
mm long made of copper (99.998%) or Ti (99.5%) and placed in a 12 cm long
cathode holder made of brass. In standard operation the cathode holder is water
cooled, but here no cooling was used. Before every measurement the discharge
operated for an hour at low current.

Spectrometer OF

DC to
+ vacuum

purmp

FIGURE 1. Experimental setup.
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A gas flow of about 300 cm*/min of argon (purity 99.995%) is sustained at
a selected pressure of 6 mbar. To run the discharge a current stabilized power supply
with voltage up to 1.1 kV was used. A ballast resistor of 15 kQ is placed in series
with the discharge.

The measuring end of a K-type thermocouple was placed in a drilled

vacancy inside the cathode reaching 1.7 mm distance from the surface. Signal from
the thermocouple was led to the multi channel A/D converter. Discharge voltage
was measured by a high voltage probe connected to the mentioned A/D converter.
Values of voltage and temperature were taken with 2 Hz sample rate.
Spectral line intensities were recorded end on by projecting the image of the
discharge to the optical fiber, which was connected to the entrance slit of 1 m
Cherny-Turner monochromator, see Fig. 1, equipped with CCD multichannel
detector. This configuration enabled simultaneous monitoring of cathode
temperature, discharge voltage and line intensities.
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FIGURE 2. Measured dependences for two different cathode materials: a) Cathode temperature vs time;
b} Discharge voltage vs cathode temperature; Discharge conditions: / = 18 mA, p = 6 mbar of Argon

3. RESULTSAND DISCUSSION

Exchangeable cathode holder enabled us to investigate the influence of
cathode material by performing two separate measurements, with two cathode
materials: titanium and copper. In both cases the discharge current was kept stable
at [=18 mA at pressure of 6 mbar, with argon as a working gas. The cathode had
neither external cooling nor heating. The temperature we have recorded may be
presumed to be several degrees lower than at cathode surface due to the temperature
gradient in the cathode material along the 1.7 mm distance.

Obtained cathode temperature dependence on time is given in Fig. 2a.
Temperature shows a steep rise in the first tens of seconds and rises slowly for
several minutes till it reaches its maximum value. This may be expected since there
ought to be a short period needed to establish the continuous heat transfer form and
to the cathode. After this period cathode temperature reaches a steady-state value.
Cathode made of titanium is heated much faster and reaches higher maximum
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temperature than the copper cathode (Fig. 2). This effect comes from a large
difference in heat conductivity of these two materials (Ti: 22 W/Km, Cu: 400
W/Km).

Voltage dependence on cathode temperature is given in Fig. 2b.
Calculations by Revel in [6] and by Bogaerts in [1] show that an increase in the
cathode temperature leads to an almost linear increase in the argon gas temperature.
For a fixed current and gas pressure model shows an increase in discharge voltage
[6] with increase of gas temperature. Results in Fig. 2b correspond to this, showing
rise in discharge voltage for both cathodes. However the curve dependence is quite
different for two materials. Discharge voltage with copper cathode shows at first a
period of instability corresponding to fast rise of temperature in Fig. 2a, after that it
rises slowly and has another jump at high temperature. Operating with titanium
cathode, discharge shows a much smoother, monotonous rise of voltage. After the
temperature perturbation, the discharge tends to stabilize itself, reaching its steady
state parameters after some short time [4]. Due to the large difference in thermal
conductivity of titanium and copper cathode, the discharge behaves differently.
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FIGURE 3. Measured line intensities dependance on cathode temperature: a)Discharge with Cu cath-
ode: b) Discharge with Ti cathode: Discharge conditions: / = 18 mA, p = 6 mbar of Argon

Difference in sputtering yields for two materials must also be taken into account.

Results of spectral line intensities measurements are given in Fig. 3a - for
copper cathode and Fig. 3b - for titanium cathode. Line intensities of argon and of
cathode material are normalized at their maximum reached value for the sake of
comparison. Again, the change is more drastic with copper cathode, both copper and
argon lines are changed from about 60% to 100% with cathode heating. Discharge
operating with titanium cathode shows a smaller change of about 80% to 100%. In
both cases lines of cathode material follow the same behavior as lines of the working
gas. It may be concluded that excitation of all lines is changed by the same
mechanism i.e. rise of cathode temperature gives rise to gas temperature and
changes electron energy distribution which is reflected on atom excitation.
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4. CONCLUSION

Experimental investigation of influence of cathode temperature on
abnormal glow discharge is reported in this paper. Discharge used is of Grim type
operating in argon with non--cooled cathode made of copper and titanium.
Simultaneous measurements of cathode temperature, discharge voltage and spectral
line intensities were performed. It is shown that rise of cathode temperature gives
rise to discharge voltage. Curve dependence of voltage on cathode temperature is
significantly different for two cathode materials.

Line intensities of working gas and cathode material are also increased with
cathode heating. Increase of discharge voltage and line intensities is attributed to rise
of gas temperature and consequent change of electron density and energy
distribution.
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Abstract. Magnetoplasma compressor with a semi-transparent electrode system that
operates in the ion current transfer regime is studied. The thermodynamic
parameters of the discharge and the compression plasma flow generated in N, + 5%
H, mixture at 500 Pa pressure with input energy 4.9 kJ have been measured. Special
construction of the accelerator electrode system enable the electrode shielding by the
self-magnetic field resulting in protection from the erosion. Fully predominant N II
spectrum is observed in the compression plasma flow during quasistationary phase.
The plasma flow velocity and electron temperature maximum values are measured
close to 35 km/s and 4 eV, respectively. It was found that electron density values are
close to 2:10' cm ™ during discharge quasistationary phase.

1. INTRODUCTION

A quasistationary plasma accelerators are sources of supersonic compression
plasma flows in which the duration of the stable state is much longer (~100-1000 ps)
then the flight time of the plasma in the acceleration channel (~1 ps) [1]. In these
plasma accelerators an ion current transport in the accelerating system occures
through the transparent anode [2]. Heavy electrode erosion, which is characteristics
of traditional pulsed plasma accelerators, is avoid in the quasistationary plasma
systems.

Magnetoplasma compressor (MPC) is the source of quasistationary
compression plasma flows (CPF) [1-4]. The importance of research connected with
the MPC is in enabling the study of fundamental processes in plasma flows and,
also, in application of such systems and their plasma flows in different plasma
technologies such as plasma solid surface modification, plasma deposition of the
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materials to the sample surfaces etc. Plasma flow parameters optimization with
nitrogen as working gas is very important because this plasma accelerating system
was used for solid surface modification [5].

2. EXPERIMENTAL SETUP

The MPC used in this experiment was described elsewhere [3,4,6]. In this
experiment, CPF parameters have been measured in N, + 5% H, mixture in the
regime of residual gas at 500 Pa pressure. Hydrogen is added because of
spectroscopy electrone density measurement. The electrode system is connected
through an ignitron with 800 pF capacitor banks at 3.5 kV. Time and space
developments of CPF and plasma flow velocity were determined using the
photographs obtained by IMACON 790 high speed camera. The electron density and
temperature time dependences are obtained from side-on observations. The profiles
of spectral lines were obtained by Jobin Yvon HR 320S spectrometer equipped with
PI'MAX 1024x256 UV CCD camera gated at 2 us exposure time and synchronized
with the discharge. Spectroscopy measurements of Hg and N II lines radiation from
MPC plasma have been performed at eight positions along z axis starting from the
outlet of the cathode with 1 cm separation up to 8 cm distance. It gives a possibility
to obtain a set of the line profiles, from Balmer beta up to Balmer alpha line in one
shot at each positions from the cathode and at each time in order to obtained electron
densities and temperatures. Line profiles are scanned from 20 up to 60 ps with 10 ps
separation at each position. Calibration of spectroscopy system was made by
standard of spectral irradiance (FEL F-000 lamp).

3. EXPERIMENTAL RESULTSAND DISSCUSION

Plasma flow electron density and temperature are measured using
spectroscopy methods. Plasma reproducibility was found to be within £10%. The
estimated experimental errors of plasma electron density and temperature
measurements are within £10% and +15%, respectively. When MPC working with
pure nitrogen at 500 Pa pressure, highly predominant spectrum in the CPF radiation
is N II spectrum. The axial and temporal distributions of the electron temperature are
given in Fig. 1.
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Fig 1. Electron temperature axial and temporal dependences in N, + 5%H, at 500 Pa
pressure.

The electron temperature was measured using a method based on the relative
intensity measurements of N II spectral lines, i. e. Boltzman plot. The measurement
has been done using the following ten N II spectral lines: 471.8 nm, 478.8 nm, 480.3
nm, 489.5 nm, 504.5 nm, 566.7 nm, 571.1 nm, 589.3 nm, 594.2 nm and 634.7 nm. It
was found that during quasistationary phase in the CPF region the average
temperature is 35.000 K, what is in good agreement with the results obtained in
previous experiments [7,8]. From Fig. 1 one can conclude that two regions can be
observed along z axis. One, starting from the top of the cathode up to 3-4 cm, is
compression plasma flow. Further from 4 cm is zone of thermalization, because CPF
kinetic energy is transformed to thermal energy.

The axial and temporal electron density distributions of the CPF are obtained
from the Stark halfwidth of Balmer beta line profiles comparison with theoretically
calculated ones [9] and presented in Fig. 2. The profiles were obtained in the single
shot.
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Fig. 2. Electron density axial and temporal dependences in N, + 5% H, at 500 Pa
pressure.

Electron density has maximum at 20 us and is approximately constant ~10'®
cm” within the region up to 4 cm along the z axis with origin at the top of the
cathode. For distances larger then 6 cm the higher electron density can be explained
by the action of shock wave on the ionization of working gas.

The discharge evolution of MPC was registered by high speed camera. It has
been found that the CPF length and diameter in these experimental conditions are
about 4 cm and 1 cm, respectively [3]. Plasma flow velocity determined in nitrogen
is found to be 35 km/s.

By comparing the obtained electron temperature (Fig. 1) and the electron
density axial distribution in time (Fig. 2) one can come to the following conclusions:
(i) both distributions have maximum 10-20 us after the discharge beginning,
gradually decreasing later on; and (ii) two regions are observed, one from the top of
the cathode up to 3-4 cm along z axis is zone of compression plasma flow and,
second, region beyond 4 cm is zone of termalization. During CPF decay, 60-70 ps

after the discharge beginning, plasma parameters in this zone are higher than those
in CPF.
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The advantages of MPC, as compared to other types of accelerators, are high
stability of a generated quasistationary compression plasma flows in nitrogen, size
and plasma parameters, as well as the discharge time duration sufficient for practical
applications (up to 100 ps). During quasistationary phase the continual ionization
processes are taking part in working gas introduced into the interelectrode region.
The ionized gas (plasma) is steadily accelerated and permanently compressed and
within CPF region only this, accelerated, plasma exists. During this phase the
plasma flow parameters are slowly changing in time within certain volume. It is a
consequence of an ion-drift acceleration of magnetized plasma realised using
specially shaped accelerating channel [2].

Beside that, the operation in the ion current transfer mode with the
minimization of the electrodes erosion represents an additional and very important
advantage of the MPC in comparison with the classical ones. An especially designed
electrode system has self magnetic field shielding and it causes a reduction of the
electrodes erosion. Also, in order to obtain as pure as possible plasma flow by MPC
the ion separation per M/q has to be acheived and therefore the cathode top is
shaped as a divertor. If particular ion leave the cathode the high pressure zone (~10
kPa) of the plasma flow push it back into divertor. As a consequence, highly
predominant N II spectrum is observed in the CPF during quasistationary phase.
Therefore, MPC described here is a favorable one for performing of plasma surface
treatment of different materials and for the other plasma technologies.
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Abstract. Modification of silicon single crystal surface by the compression plasma
flow (CPF) action is studied. It has been found that during single pulse surface
treatment regular fracture features are obtained on the Si (111) and Si (100) surface
in the target central part. Some of these regular structures can become free from the
underlying bulk, formed as blocks ejected from the surface. These surface
phenomena are results of specific conditions during CPF interaction with silicon
surface.

1. INTRODUCTION

High-power pulsed energy streams interaction with material surfaces results
in surface modification, as well as the material removing from surface in the form of
vapor, liquid droplets, or solid flakes due to evaporation, sputtering, ablation,
exfoliation etc. High temperatures and consequent thermal stresses, as well as
mechanically strained surface during treatment, result in significant deformation and
fracture of the layer, induced defects, cracking and exfoliation of the coating. Also,
cracks are occurng being characteristic of a molten material which is resolidified
very quickly. Surface and interface properties are very important for semiconductor
devices and their engineering applications. In this experiment supersonic
compression plasma flow (CPF) is used for silicon single crystal surface
modification. In central part of treated silicon surface regular fracture features are
obtained. It was found that some of these structures as blocks can be ejected from
the surface. In the periphery part of silicon samples surface highly oriented periodic
cylindrical shaped structures are obtained. Surface cleavage and exfoliation
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phenomena, as well as ripple structures formation, as the results of specific
conditions during CPF interaction on silicon surface are, also, observed and studied.

2. EXPERIMENTAL SETUP

Si (100) and Si (111) surfaces of single crystal were treated with
quasistationary CPF produced by magnetoplasma compressor (MPC). This
quasistationary plasma accelerator (plasma gun) is described elsewhere [1-3],
therefore only a few details are given here for the sake of completeness. The MPC
consists of the specially designed electrode system [1]. Conically shaped cathode of
MPC defines the profile of acceleration channel. Using nitrogen as working gas at
500 Pa pressures and 800 pF, 4 kV capacitor bank, the obtained current maximum
was up to 100 kA and time duration up to 150 ps with current half period ~70 ps.
The continual ionization processes are taking part in working gas introduced in
interelectrode region. The ionized gas (plasma) is steadily accelerated and
permanently compressed.

The advantages of MPC, as compared to other types of plasma accelerators,
are high stability of generated CPF and high plasma parameters (electron density up
to 410" em™ and temperature up to 4 eV), as well as the CPF time duration
(quasistationary stable phase is 40-50 us) and large flow velocity (~40 km/s in
nitrogen) sufficient for material surface modification. Beside that, the operation in
the ion current transfer mode with the minimization of the electrodes erosion
represents an additional and very important advantage of the quasistationary plasma
accelerators in comparison with the classical ones. Magnetic flux conservation is a
particular characteristic of CPF. During the action of CPF on a sample surface, due
to CPF deceleration and frozen-in magnetic field, current loops (vortices) are
formed.

For the studies of CPF interaction with silicon surfaces, commercial one-side
polished n-type silicon wafers (100 and 111 orientation) 300 um thick and 10 mm in
diameter were used. The sample is mounted on the cylindrical brass holder of the
same diameter, and placed in front of the MPC cathode at the distance of 5 cm.
Silicon samples are exposed to a single plasma pulse. To investigate the morphology
of treated silicon surface, optical microscopy (OM), scanning electron microscopy
(SEM) and atomic force microscopy (AFM) were used.

3.RESULTS

OM micrographs of central part of the treated Si (111) and Si (100) surfaces
are given in Fig. la and Fig. 1b, respectively. Rhombic and triangular regular
fracture features are obtained in the case of Si (111) (Fig. la), as expected for
threefold symmetry. On Si (100) surface treated by CPF, two sets of fracture lines
intersecting at 90° form a grid that divides the surface into rectangular blocks (Fig.
1b). Length of a cleavage along crystal planes is up to 1 mm. It is worth to
emphasize that, in the same conditions, the length of cleavage lines at Si (100)
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surface is much larger than one at Si (111). SEM micrographs of the treated Si (100)
surfaces are given in Fig. 2a. On the central part of the sample, some of the blocks
are ejected from the surface, and large holes at the surface emerged. In this case
development of subsurface fracture, parallel to the surface, is occured. Thickness of
these blocks is about 10 pm. A typical hole is shown in Fig. 2a. In order to
determine cleavage plane, treated silicon surface is observed by atomic force
microscopy. AFM micrographs of treated Si (100) surfaces are given in Fig. 2b.
Surface profile indicates cleavage along crystal plane. Cleavage height in this figure
is (1.3 £ 0.1) um. Estimated angle between Si (100) surfaces and cleavage plane is
(54 £ 3)°. This indicates that cleavage plane is Si (111).

a) b)

Fig 1. OM micrograph of silicon single crystal surface after CPF treatment: a) Si
(111), image size 100 x 100 pm?, b) Si (100), image size 50 x 50 pm?.

The formation of observed surface features may be explained by energetic
action of CPF on the surface (absorbed energy 10-15 J per pulse, flow power density
~1:10° W/cm® [4]). Interaction of CPF with silicon sample surface causes the
evaporation of a thin surface layer and formation of a shock-compressed plasma
layer (plasma plume) [5]. Formation of this cloud of dense target plasma results in
the shielding of a processed surface from a direct action of a CPF and surface
protection from further excessive evaporation. A thickness of shock-compressed
plasma layer is about 1 cm. Using the high speed camera, time of interaction was
estimated to be ~40 ps [5].

Energetic action of CPF causes the fast heating and melting of the surface
layer and the presence of high dynamic pressure of CPF of the order of several
atmospheres [4]. Namely, CPF kinetic energy thermalization causes the heating of
target surface and high gradient of thermodynamic parameters occurred.

Formation of regular fracture features (Figs. 1,2) can be explained by
considerable fraction of the absorbed plasma flow energy trapped into fractures
rather than converted to heat energy [6]. Single crystal silicon is well known as a
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typical anisotropic material and it is very brittle at room temperature [7]. Similar to
silicon surface cleavage, obtained in this experiment, laser interactions with MgO
single crystal caused regular fracture features [6]. Plastic deformation in MgO
typically involves the growth of a relatively few dislocations that form extremely
long, convoluted structures known as dislocation “multiplication”. During laser
interaction with MgO (111) surface triangular features are typical fracture patterns.

a) b)

Fig. 2. a) SEM micrograph of a typical fracture features and holes on the treated Si
(100) surface, image size 800 x 800 pum?; b) AFM three-dimensional view of the Si
(100) surface morphologies after CPF treatment.

The anisotropy of crack propagation direction from energetic point of view is
explained with Griffith criterion [8]: in equilibrium, the mechanical energy released
upon crack advance must be in balance with the energy required to create the two
new surfaces. This is a necessary condition for fracture and leads to conclusion that
crystal lattice planes with low surface energies are energetically favored as cleavage
planes. The lowest energy cleavage planes in silicon are the {111} planes.

When a silicon single crystal is loaded to fracture, the cracks tend to initiate
along a family of favoured crystallographic planes. In the case of plasma flow
treatment of Si (100) surface, favoured cleavage planes are Si {111}, as are given in
Fig. 2b. Angle between Si (100) surface and cleavage Si (111) plane is 54.74°.

Low adhesion between blocks and silicon bulk, and eventual ejection of
blocks from the CPF treated surface (Fig. 2), can be explained by development of
subsurface fracture, parallel to the surface. Cracking between the block and the bulk
is growing due to local energy absorption.

4. CONCLUSION

Regular fracture features and exfoliations are observed on silicon single
crystal surface treated by CPF. Surface modification is performed by fast heating of
the surface in the presence of high dynamic pressure, thermodynamic parameters
gradients and induced magnetic field from the CPF. During surface treatment and
fast cooling phase, differential stresses in surface layer occurred. As the results of all
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of these processes thombic and rectangular regular fracture features are obtained on
the Si (111) and Si (100) surface, respectively. Some of these blocks are ejected
from the surface.
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Abstract. Investigation of diamondlike carbon films using Raman spectroscopy
method has showed, that deposited coatings according to substrate material can
show graphite, nanocrystalline carbon or amorphous diamondlike carbon films’
properties with the content of sp’ hybridized carbon atoms of ~20 %.

1. INTRODUCTION

Nanostructured diamondlike films have been the object of intensive study for
world scientific community for several decades. This interest is caused mainly by
two basic directions of use of diamondlike structures: in electronics and as a
protective coating. The first direction includes exploration of ways to create low-
voltage and highly stable autoelectronic emitters for flat displays and microwave
vacuum electronic devices [1], this is mainly caused both by the presence of a low
emission threshold and MIS structures, thin-film transistors for solar elements,
electromechanical structures on the basis of diamondlike carbon coverings building
[2] with the purpose of practical realization of diamond semi-conductor electronics.
The second direction is based on high durability and wear resistance of diamondlike
coverings, besides they possess low friction coefficient, high heat conductivity and
chemical inertness. It makes them very attractive for use as coating for critical
mechanical technical units, and for magnetic storage devices [3]. The high
transparency in visible and IR-range allows to use carbon films for mechanical
protection of optical elements.

Properties of carbon films depend on several parameters characterizing their
structure and composition. For pure carbon films, obtained using laser plasma
vacuum deposition, such main parameters are the ratio of the sp’/sp’ bonds content
and a measure of orderliness of carbon atoms in a film and clusterization degree. [4]
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It is known that physical properties of substance can cardinally change when
transition to nanostuctured state takes place. In particular such law can be observed
during formation of diamondlike carbon films. It is related to great variety of phase
microstructural organizations in these films, having different forms and sizes that
compose the film of carbon nanoclusters. These clusters possess unique quantum-
dimensional and other properties depending on formation conditions. For example, it
is known, that emission properties of diamondlike films are improved considerably
with increase of defectiveness upto formation of an amorphous material which
essential attribute is a diamond hybridization type of valent electrons pertinent to
carbon atoms [5].

Recently a set of techniques for obtaining diamondlike carbon coatings is in
use. Among them are deposition using vacuum-arc discharge [6,7], chemical-plasma
deposition [6,8] or magnetron beam deposition. Every method has its own
advantages and disadvantages.

The number of laser pulses — 100, the temperature of the substrate - 225 °C.

Fig. 1. Thickness of a diamondlike film dependence on acting laser radiation
energies for different types of substrates

Use of lasers as an energy source for graphite evaporation has a number of
advantages such as process purity (there are no impurity gases), high accuracy and
productivity. Use of pulse lasers makes vacuum requirements less rough due to short
time of interaction.

2. EXPERIMENTAL

The diamond-like carbon films were deposited by laser ablation of graphite,
using Nd-glass laser (A=1.06 um). The pulse laser duration was 30 ns. Films were
deposited in vacuum. The pressure was 10~ Pa. The graphite target had angle 45
degree to the axis of the acting laser radiation. Substrates were placed in parallel to
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the graphite target. The distance from a target to a substrate was 10 cm. A system
heating substrates was used during deposition. A Spectroscopic Ellipsometry,
Rutherford Back-Scattering (RBS) and Raman Spectroscopy systems have been
used to analyze the obtained films’ properties.

3. RESULTSAND DISCUSSION

Some parameters of diamondlike carbon films such as optical transparency
or coefficient or microhardness can significally depend on thickness of deposited
coating. Therefore measurements of diamondlike carbon (DLC) films’ thicknesses
have been carried out depending on energy of acting laser radiation and substrate
material. Films’ thickness was measured by ellipsometry method using WVASE
ellipsometer. Films were deposited on quartz, glass and silicon substrates.
Corresponding to a range of influencing laser radiation energy of 2 — 8 J films were
deposited on quartz substrates. The figure 1 shows that thickness significantly
changes for different laser radiation energies. Besides, measurements have shown,
that thickness of (DLC) films, deposited on silicon, glass and quartz substrates using
the same laser energy of 5 J actually does not depend on substrate type.

In order to determine layer content of carbon atoms in samples, obtained
under different conditions of films’ deposition, the Rutherford Het+ ions Back-
Scattering method (RBS) was used [9]. Films were deposited on silicon substrates
having <110> orientation.

Substrate temperature, number of laser pulses and vacuum level in the
vacuum chamber had been varied during the experiment. Results are shown in Table
1. Energy of acting laser radiation was equal to 5 J. Calculations were carried out
using a method that includes computer plotting of a reference spectrum and its
subsequent adjustment in the area under the carbon peak in an experimental
spectrum to perfect match.

Table 1. Layer content of carbon atoms in diamondlike films deposited on silicon
substrates. The energy of acting laser radiation amounts to 5 J.

No Number of Vacuum, Torr Temperature, K Layer content of carbon
pulses atoms, cm-2

1 100 24107 498 1,15¢10"®

2 100 20107 373 3,5°10"

3 100 810° 293 2,0010"

4 100 110> - 7-10* 293 1,9107

5 380 24107 293 1,7+10"

Indication of layer content in the table instead of film thicknesses is related
to the feature of method RBS in which ions with energies about MeV order of
magnitude are used as an analyzing beam, it makes the method insensitive to the
nature of chemical bounds and the electronic structure of the investigated material.

Having assumed that the nuclear density of obtained films is approximately
equal to nuclear density of diamond that comes to 1,76 10** cm™, it is possible to
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estimate films’ thickness for samples shown in table 1. It comes practically to 10 —
65 nanometers [9].

Additional research of obtained films’ structure is made using the method
of Raman spectroscopy. In our case parameters of the film deposited on silicon,
glass and quartz substrates were investigated. Energy of acting laser radiation was 5
J. All substrates were heated to temperature of 498 K. Residual gases pressure in the
vacuum chamber was 2-10~ Pa. Obtained Raman spectra were processed using
Lorents curves approximation.
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Fig. 2. The trajectory of carbon transition from graphite to tetrahedral amorphous
state with contingent schematic variation of G-peak position and Ip, /I ratio [10].

Most of amorphous carbon experimental Raman spectra can be interpreted
by phenomenological three-stage model [4] that defines transition of carbon from
graphite to tetrahedral carbon (ta-C). This process consists of three stages as shown
on figure 2:
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a) graphite — nanocrystalline graphite (nc—C);

b) nanocrystalline graphite — amorphous carbon (a—C);

¢) a—C — ta—C (= ~ 100 % sp’, defective diamond).

Let's consider change of G-peak position and Ip/Ig ratio corresponding to
obtained films (Table 2).

Table 2. Results of Raman scattering spectra processing using Lorentz curves
approximation

Ip, cm’! | I, cm’ | Ip/ Ig
Glass

1350 | 1579 | 0,57
Quartz

1327 | 1544 | 0,42
Bronze

1330 | 1529 | 0,86
Silicon

1430 | 1561 | 0,72

As we can see from the table 2 structure of the film deposited on a glass
substrate lies on boundary of graphite structure to nanocrystalline graphite structure
transition. Films deposited on quartz, bronze and silicon substrates are characterized
by transitional structure between nanocrystalline graphite and amorphous carbon
film and the sp’ carbon atoms content amounts to 10 — 20 %.

It should be noted separately that obtained spectra contain pronounced
peaks near 1332 cm™ that correspond to natural diamond peaks [10].

4. CONCLUSIONS

It is experimentally shown that the material of a substrate has weak effect
on thickness of deposited diamondlike films. Films thicknesses depend on both
energy of laser radiation affecting graphite target and substrate temperature. Films’
thicknesses obtained by the ellipsometry method are consistent with the thicknesses
measured on basis of mathematical processing of obtained Rutherford Back
Scattering spectra.
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ASTEROID CLOSE ENCOUNTERSWITH
(704) INTERAMNIA

A. Kovacdevi¢
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Abstract.Interamnia is the seventh largest known asteroid with an estimated
diameter larger than 300 km and was discovered (surprisingly late for such a large
object) on October 2, 1910 by Vincenzo Cerulli. The technique of asteroid mass
determination from perturbation during close approach requires as many as
possibledifferent close approaches in order to derive reliable mass of a perturber.
Here is presented list of newlyfound close encounters with the asteroid (704)
Interamnia which could be used for its mass determination..

1. INTRODUCTION

The number of papers devoted to mass determinations of large asteroids is
raising in recent years.There are several facts that influenced such a determination-
the discovery of satellites of asteroids (e.g. [1, 2]), measurements by space probes
that visited asteroids [3] and growing number of astrometrical measurements with
increased precision [4].

As is well known, the method of minor planet mass determination that
considers gravitational perturbations produced by asteroid on other bodies during
mutual close encounter was developed first.

The aim of this paper is to introduce close encounters suitable for mass
determination of seventh largest asteroid (704) Interamnia by astrometric methods.

2. SELECTION PROCESS
The initial osculating orbital elements for epoch JD 2451600.5, were taken

from E. Bowell database (http://www.lowell.edu/users/elgb/). Perturbations due to
all planets, Moon and seven largest main belt asteroids were taken into account. The
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numerical integration of differential equations of motion of perturbed bodies is
carried out by Everhart code.

The close encounters between (704) Interamnia and 12970 numbered main-
belt asteroids for the period 1996-2054 were investigated. For searching of the close
encounters a multistep selection procedure was applied that consists in the
following:

- by means of a simple geometrical consideration the minimum possible

distances between pairs of asteroid orbits were found

-by using two-body dynamics it was checked for a given pair whether such

an approach might occur within the given period.

- a numerical integration in the framework of a dynamical model which

include major planets and four largest asteroids was performed to
determine the parameters of the close encounters.
Each of this steps significantly reduces the number of potential interesting cases of
close encounters

3. RESULTSAND DISCUSSION

As a result of our procedure, we found 8 perturbed asteroids due to
gravitational influence of the mass of (704 ) Interamnia. In order to calculate
dynamical characteristics of close encounters we used its estimated ( based on
IRAS data) mass 2.40 -10"" M sun . Geometrical and kinematical parameters of
these close encounters between perturbing body Interamnia (Ast. 1) and perturbed
(Ast. 2) asteroids are given in Table 1, where:

JD - the moment of the closest encounter

p - the minimum distance

Vr - the relative velocity

0 - the angle of deflection

AV, - the velocity change of the perturbed body

Table 1.: Geometrical and kinematical parameters of close encounters.

Ast.1 | Ast.2 JD p[AU] | V., [kms']] 0["]1] AV, [kms” x 107]
704 651 | 2457499.0 [ 0.005434 6.808 | 0.04 1170
704 977 | 2453653.8 | 0.009134 9.545 | 0.01 497
704 1467 | 2451214.0 [ 0.006471 4.687 | 0.06 1427
704 1484 | 2458351.4 | 0.006955 11.854 [ 0.01 524
704 6001 | 24506213 | 0.009895 6.327 | 0.02 691
704 7152 | 2461553.5 [ 0.008935 6.002 | 0.03 807
704 7461 | 2450599.5 [ 0.007481 5.300 | 0.04 1092
704 | 10034 | 2451851.2 | 0.008073 3.497 | 0.09 1533

The close encounters that occurred between the seventh largest body in
main asteroid belt and recorded asteroids have some common characteristics.

The relative velocities are particularly high (greater than Skmsec™)
implying that these close encounters are not long lasting. As can be seen from Table
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1, the minimum distances are small (lower than 0.01 AU). Consequently,
gravitational influence (Table 2) of (704) Interamnia on these perturbed asteroids is
not significant.

However, it could be seen that its close encounter with (1467) Mashona
exhibits significant gravitational effects.

Table 2.: Dynamical parameters of close encounters. Absolute values of
gravitational effects for all selected close encounters in right ascensions (Aa) and
declinations (AJ).

Ast.1 Ast. 2 Ao ["] AS ']
704 651 2.50 1.25
704 977 1.00 0.40
704 1467 6.05 3.24
704 1484 0.68 0.50
704 6001 0.30 0.10
704 7152 1.80 0.70
704 7461 1.04 0.35
704 10034 2.00 1.00

The relative velocity is low. Combining this fact with small value for
minimum distance it was not surprising that gravitational influence is significant.
Among found perturbed bodies, the four of them are high numbered. Namely,
their designation is larger than 5000. It means they are relatively faint objects.

4. CONCLUSION

The most suitable geometrical, kinematical and dynamical parameters are
exhibited in the case of close encounter with (1467) Mashona. It could be useful for
mass determination of (704) Interamnia.

The cases of close approaches with bodies (6001), (7452), (7461) and
(10034 ) indicate the existence of other close encounters of Interamnia with faint
objects with similar dynamical characteristics, which could be observed by ESA
astrometric mission GAIA during the next decade. Using faint objects will provide
an enlargement of the number of close encounters and perturbed asteroids suitable
for asteroid mass determination.
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Abstract. The analysis of the motion of the largest particles in cometary
atmospheres with the dimensions of the order of centimeter was performed. Their
velocities in the atmospheres as a function of initial conditions are obtained.

1. BBEJEHUE

B paGote [1] Oputa BBISBIEHA BO3MOXXHOCTH BO3HHKHOBEHHS COCTOSHHS
YCTOMYMBOTO paBHOBECHsS TBEPHABIX YACTHI[ B KOMETHBIX aTMocgepax. Oxa3anocs,
9TO IS CIab03ambUICHHOW aTtMoc(epbl KOMETHl TpPH Pa3IHYHBIX COCTOSHISIX
MOBEPXHOCTH €€ S/Ipa BCE MBUIMHKU MOTYT OBITh KJIACCU(QUIUPOBAHbI [0 pazMepam
Ha Tpu Tuma (I, I, III) B 3aBucuMocTH OT uX (paszoBoro m3odOpakeHus. HawampHas
CKOPOCTb M pa3Mep SBISIOTCA IapaMeTpamMH, KOTOpPBIE IMOJHOCTHIO OMPEICISIOT
TPACKTOPHUIO NBUIMHKU [TOCTOSIHHOM MacChl.

W3 BBIZICTICHHBIX TpPEX THUIIOB OCOOBIH HHTEPEC MPEICTABISAIOT CaMbIC
KPYIIHbIE YaCTHUIIbI CAaHTUMETPOBBIX pasMepos (tum I11). Ha dazoBom n3zobpaxenun
THX dYacThl [l] BHOHBI 1OBe OCOOBIE TOYKH, BTOpasi M3 KOTOPBIX — TOYKa
YCTOWYHMBOTO PaBHOBECHS — HAXOAUTCS JAJbILE OT siApa. TpaekTopuy 4acTHI] 3TOTO
Tuma Hambolee pa3HooOpasHel. Hammaue B atMocepe KOMETHI TOUEK YCTOHIUBOTO
paBHOBECHs YKa3bIBacT HA BO3MOKHOCTB TIOSIBIICHHSI YaCTHII, KOJIEOTFOIUXCS BOKPYT
TIOJIOKCHUH PABHOBECHS, U YaCTHII, MEIJICHHO ABUTAIOIINXCS B CTOPOHY S/Ipa MOCIIe
MOBOpPOTa Ha OOJBIIMX PACCTOSIHUAX OT HEro. Takue ocoOble TPaeKTOpHU TPEOYIOT
GoJee JeTaTbHOTO PAaCCMOTPEHHS, MTOCKOIBKY 3TO MOXET IMPHBECTH K MOSBICHUIO B
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atMocepe (parMeHTOB C OYEHb OONBIIMM BpeMeHeM knu3HH. K Tomy ke gacth
NBIIMHOK MOXET HAKaIUIMBaTbCA B 30HE TOUEK YCTOMYMBOIO paBHOBecus. Bumy
0c0o00T0 3HAYEHHUs] HaYaJbHOW CKOPOCTH YAaCTHI[ NMPOBEICH AHAIM3 MX CKOPOCTH
BBIXOJA M3 NPUCTEHOYHOIO CJ0S KOMETHOIO sifipa B CIy4ae IIOCKOTO CIIOS IJIs
cepuuecKU-CUMMETPUYHOTO  PAAMalIbHOrO  TEYEHHs Ta3a C  TBEPABIMH
(parmMeHTaMH B y3KOM YIJIOBOM JIHANa3oOHE BOKPYT HarpaBieHus komera — CouHIIe.
st aToro ciydass IpHUBEIEHBl PE3YyJIbTAThl UCCIENOBAHUS IUHAMUKHA TBEPIBIX
yactu Tuna [II. TTosydeHsl X cKOpOCTH ABMKEHHS B aTMocdepe B 3aBHCUMOCTHU
OT HayvaJlbHBIX YCIOBHIL.

2. HAYAJIBHBIE YCJIOBUS AJI51 ITIBIVIEBBIX YACTHILL

Jus  cnabo3ambuieHHOH KOMETHOW atMocepbl, HadambHas CKOPOCTh
MBUIMHKY SIBJISIETCS. OCHOBHBIM I1apaMETPOM OMPEACIAIONINM €€ TPAacKTOpHIO B
atMocdepe koMeTsl [1]. 3HaUeHHsT HaYaIbHBIX CKOPOCTEH MBUIMHOK V() 3aBUCAT OT
MEXaHM3Ma UX NOsBIEHHA. Eciam  paccMaTpuBaeTcsl JABI)KEHHE  MEIKHX
MHHEPaJIbHBIX WM OPIraHUYECKHUX MBUIMHOK, TO UX MOSBIEHUE B aTMOC(epe KOMETHI
CBSI3aHO C MX BBICBOOOXKAEHHEM M3 MaTpPUYHOIO BEIIECTBa siApa B pe3yjbTare
cyonmuMmaru  [2]. B 3TOM cityyae MOXXHO OXHZIATh, YTO CKOPOCTh TaKOH MBUIMHKH
IPU BBIXOJIE C IMOBEPXHOCTU siapa V Oynmer Onmuska Kk Hymo. OmHako 310 He
O3Ha4yaeT, 4TO TEUEHHWE Ta30IbUIEBOH CMECH B 3albUIEHHOM aTMocdepe win
JIBIDKCHUE TBUIMHOK B cJa003aIlbUIEHHON aTrMocdepe MOXXHO pPacuUTHIBATH IIPH
HYJIEBBIX Ha4aJbHBIX CKOPOCTAX mocieqHnX. [IockoIbpKy mpy pacueTe TeUSHHMS rasa
HavdaJIbHbIE YCIIOBHS CJEAyeT HaKJIaJAblBaTh HA BHEIIHEH IpaHMIE NPUCTEHOYHOTO
ciosi, Kak 3T0 ObUIO chemano B pabortax [1, 3], To W UIA TBUIMHOK CKOPOCTH
HEOOXOAMMO 3a/aBaTh TaM jk€. OJTa HadalbHas Ui Ta30JMHAMHYECKON 3a1adn
CKOPOCTb V) CBsI3aHa C TEMIEPATypOi U COCTOSIHUEM IOBEPXHOCTH S7pa, a TAKXKE C
pa3sMepoM M CTPYKTYpOH caMOl HBUIMHKH. J{JI1 KPYIHBIX TBEPABIX YacTHI, KpOMe
3TOr0, HEOOXOAMMO HCCIIEIOBATh 3aBUCUMOCTh V( OT CTapTOBOW CKOPOCTH, TaK Kak
MEXaHU3M UX TMOABJICHUSA B NPUCTCHOYHOM CJIO€ MOXKET CYIIECCTBEHHO OTJIMYATbCA
OT M€XaHHu3Ma IIOABJICHUS MCJIKUX IIBIJIMHOK.

3HaueHHe CKOPOCTH TBEPJIOW YaCTUIBI Ha BBIXOAE M3 CJIOS MOXKHO
MOJIYYUTh HAa OCHOBE OOIIEH METONMKH ONpEAEIeHHS HMITYJbca, NepelaHHOTO
YaCTHILIE Ta30M C M3BECTHBIM 3aKOHOM pacIpeleJIeHUs] MOJIEKYJI 110 CKOpOCTsM [4].
st momydeHnst pactpenesieHnss MOJIEKyJ M0 CKOPOCTSIM MOXHO BOCIIOJIB30BAThCA
MOIXOA0M, TPEIUIOKEHHBIM B paboTre [4], Korga BHYTpH KHYICEHOBCKOTO CJOS
HEW3BECTHAs HEPAaBHOBECHas (YHKUUS pacCHpeleNieHus  allpOKCUMHUPYETCs
B3BEIICHHOH CyMMOH ABYX M3BECTHBIX ()YHKIHMH pacHpeneseHus], OIHa U3 KOTOPBIX
COOTBETCTBYET BHYTPEHHEH I'paHHUIIE NPHCTEHOYHOIO CIIOS, @ BTOpas — BHEIIHEH.
BecoBrle K03(pPHUIMEHTHI MOXHO ONpeneNaTe Kak JuHeWHyro [3] wium
OKCIIOHEHIIMAIBbHYI0 (DYHKIHMU pPACCTOSIHUSL [0 TOBepXHOCTH cyOiumanuu. C
MOMOLIBIO TAaKOM MeToauku B pabore [3] Ui MeNKHMX NBUIMHOK ITOJYYEHBI
pe3yNbTaThl, CBUAETEIbCTBYIOIINE OO OIpPEAEISIONIEM BIUSHUN TEMIIEPaTyphI
MOBEPXHOCTH Ha CKOPOCTh BBIXOJAa IBUIMHOK M3 MNpHCTeHOYHOro cios. [lpm
MO/ICTIMPOBAHNH JTAIHEHILIETO JBMKCHUS ITBUIMHOK B OKOJIOSIAEPHON 001acTi ObuI
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clenaH BBIBOJL O HE3HAYWTENIBHOM BIIMSIHUM CKOPOCTEil BBIXOJa Ha CKOPOCTH
JIBIDKCHUSI TIPH yJAJICHUH OT siapa. VIcXons u3 HaIlMX HMCCIIeIOBAaHHUM, MBI CUUTAEM,
YTO TOy4eHHBIE B paboTe [3] pe3ynpTaThl OTpaHUYEHBI pa3MepaMy MBUTHHOK: OHU
CIpaBeUIUBBI TOJIBKO IS 4aCTH HanOoJiee MEJIKUX IBUIMHOK THMA I, U1 KOTOPBIX B
aTMocdepe KOMeThl MOXKHO IpeHeOpeyb IpaBUTALMEH Spa, U B ABHKCHUH KOTOPBIX
HEeT 0cOOBIX TOYEK. YiKe A Oonee KpymHBIX yacTull Tuma Il TpaekTopuu, a 3HaYNUT
U CKOPOCTb B OKOJIOSIZIEPHOM OO0JIaCTH, MOTYT HPUHLUIIMAIBGHO OTJIHYATHCS IPU
HeOOJBIION pa3HHIIE B HAYaIbHBIX CKOPOCTSX. Tak, MPH M3MEHEHWUHM HavalbHOW
ckopoctu Vi ot 29 cm/c 10 30 cM/C TpaeKTOpHs OMHCHIBACT JUOO MaJarolIy0 Ha
SOpO 4YacTHIy pasmepoM 2.5 cM, MO0 YyXOAAUlyld B 00JacTh YCKOPEHHOTO
JIBIDKEHUS. 3aMETHM, UTO TaKasi CTPYKTypa OIS HalpaBJeHUH, KOr/ia TpaeKTopHs B
3aBUCHMOCTH OT CKOPOCTH HM3MEHSETCSl CKauKOM, XapaKTepHa JUIi OCOOBIX TOUYEK
THUIA «CEIJIO», K KOTOPBIM OTHOCSATCS TIOJIOXKEHHUS TOYEK BETBH BO3pPACTAHHA
otHOcuTenbHO siapa OT1 [1].

Y4nThIBast, YTO IOJIOKEHUE OCOOBIX TOYEK B TOJOBE KOMETHI H3MEHSETCS B
Ipolecce e OpOUTAIBHOTO ABMKEHHUS, AT KPYITHBIX TBEPABIX YacCTUI] HEOOXOANMO
UCCIIEeN0BaTh HayalbHbIE CKOPOCTU B MIMPOKOM JHANa30HE HUX Pa3MEpoB M Ul
pasNUYHBIX ~ TEIUOLECHTPUYECKHX  paccTOosiHUi.  CaHTHUMETPOBBIE  YaCTHIIBI
MPUHIUIIUAIIBHO OTJIWYar0TCAd OT Cy6Ml/IKp0HHbIX TEM, YTO IMpHU PpacueTe MHX
JIBIDKEHUS CJIe[lyeT YYMThIBaTh IpaBuTanuio. Kpome toro, Hambosee KpynHble U3
HUX JOJDKHBI BBIJEIISTHCS C TOBEPXHOCTH S/Ipa CO CKOPOCThIO Vi, OOJIbLIIe HYJIEBOMH,
MIOCKOJIbKY, CKOpEE BCET0, SIBIISIOTCS €ro (pparMeHTaMu U MOTYT TOSIBISATHCS TOJIBKO
B pe3yJbTaTe pa3pylICHUs] MOBEPXHOCTHOTO CJIOsl. MeXaHU3Mbl pa3pyllieHHs], MpU
KOTOPBIX YacTUIBI OOpa3yloTCsl C HadaJdbHBIM HMILYJIBCOM, HEOIHOKPATHO
paccMaTpUBINCh PSIIOM aBTOPOB, HAIpUMEP, B CBA3M C HCCIEIOBaHUSAMHU
COCTOSIHHSI KOMETHBIX IIBIOB [5], MOBepXHOCTH simpa [6] WM BCHBIIICYHON
aKTHBHOCTH KOMeT [7].

Jns  ompeneneHus: HayalubHBIX CKOPOCTEH OBUIO MPHHATO, 4YTO HA
BHYTPEHHEH TpaHMIE IPUCTCHOYHOTO CJOS TEMH CyOnMManuu OIpenenseTcs
3akoHoM [I'epua — KHyncena, pacnpenelieHHe MOJIEKYJ 110 CKOPOCTSIM
MOJIyMaKCBEJUIOBCKOe ¢ Temmeparypoid Ty paBHOH TemIiepaType IOBEPXHOCTH
cyomumanuu [3, 4], 4TO CHpaBeJIMBO NpPU OTCYTCTBUHM IOpHCTOW Kopbl. Ha
BHEITHEH I'paHMIle — paclipeeieHle JIOKaJIbHO-MaKCBEIJIOBCKOE C TEMIIEpaTypoi,
paBHOI HayaNbHOUM TemmepaType razoauHamuueckon 3aaauu To = T AT, roe AT —
CKadoK Temneparypsl. OOpaTHBIN ITOTOK MOJIEKYJI TOXKE JIOKaJIbHO-MaKCBEJJIOBCKUN
¢ temneparypoit Ty u cnabee npsimoro ¢ koaddunuenrom n ot 0.14 no 0.25, y Hac
oH paseH 0.20 [1]. [Ipu Takux yclnoBusSX ypaBHEHHE ABHXEHUs (parMeHTa BHYTPU
MIPUCTEHOYHOTO CJIOSl MOKHO 3aIncarh B BUIE

dv
rl’ld E = [F(OaTs)_F(OaTO)](l_Kx)+F(HaT0)Kx _Fga (1)

raoe my, V — Macca u ckopocts nsummHKH, F(0, Tg), F(H, Tp) — cumel yBnedeHus
MBUIMHKH MPSIMBIM TIOTOKOM ra3a Ha BHYTPEHHEW M BHemIHed rpanumax cios, F(O0,
Ty) — cula y HOBEpXHOCTH, 00YCIIOBIICHHAs! 00paTHBIM MMOTOKOM Moueky, Ky = x/H
— BECOBOM KOI(P(QHIMEHT JMHEHHOW anmpoKCUMaluud, X — pPAacCTOSIHUE OT
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NOBEPXHOCTH cyOnumaumu, H — TommuHa npucTeHoyHoro cios, F, — cuna
TPaBUTAIMOHHOTO TIPUTSHKEHUS S/APA.

Jiist ckauka napaMeTpoB B KHYJICEHOBCKOM CJIOE€ MbI UCIIONb3YEM 3HAYCHHS
[3] cripaBeqnuBbIe it miockoro ciost. Crutel, BXozsmue B ypaBHeHue (1), co3maHsl
MOTOKaMH MoJieKyJ. [Ipu omHOpOIHO# TONIIMHE ClIosi CYyONMMAIMU 3TH MOTOKU
00J1a1al0T CUMMETpPHUE OTHOCHTENBHO MEPIeHANKYJsipa K MOBEPXHOCTH. B 3ToM
Clly4ae TAaHTCHIIMAIBHBIC COCTABJISIFOIIUE CHJI, IEHCTBYIOIIMX HA (pparMeHT, 3aBUCAT
TOJIBKO OT paCCTOsAHUA 10 IMOBECPXHOCTU. Ecnu CTapToBasd CKOPOCTDH IbIJIMHKU UMEJIa
TaHIMCHIUAJIBHYIO COCTaBJIAIOIYIO0, TO B MNPUCTCHOYHOM CJIO€ 3TO HHUKAK HE
MOBIIMSIET HA HOPMAIBHYIO COCTaBISIONIYIO. [IOCKONBEKY B CO3JJaHUU PaBHOBECHUS
YaCTHIIEI TAHTCHIMATbHAS COCTABJISIFOIIAS CHJIBI HETIOCPEACTBEHHO HE YYaCTBYET, TO
B KHYJICEHOBCKOM CJIO¢ ypaBHeHHEM (1) MOXXHO ONHCHIBATH JBIXKCHHE (pparMeHTa,
HOPMAJIbHOE K IMOBEPXHOCTH CyONMMAIMH, TJe V — HOpPMalibHasi COCTABIISIOLIAs
BekTopa ckopocTd. COOTBETCTBEHHO BMECTO BEKTOPOB CHJ MOXHO OpaTh HX
HOpMaJIbHBIE CcOCTaBisifonKe. Jlanee HPUBOAATCS COOTHOLICHUSI W PE3YJIBTATHI,
XapaKTepU3yolHe HIMEHHO HOPMAJIbHOE JIBI)KEHHE.

KoaddummeHnr ypneyeHus: NBUIMHKKA —IIOTOKOM raza B Ciydae
MaKCBEJJIOBCKOTO PAaCIpeeeH!s W3BECTeH, Ul MOJyMAaKCBEJIOBCKOTO OH ObUI
MOJIYYEH B MPETIONI0KEHUH CMEIIAHHOTO (3epKAIBHOTO IUTIOC TU(QPY3HOr0) 3aKOHA
pacmpeenenus OTpaKeHHBIX MoJiekyl [3]. 3aech, Kak U B mpeabiayieit padore [1],
MbI HCIOJIb30BAJIM KOCHHYC-MaKCBEIUIOBCKUI 3aKOH PaClpeleICHUs] OTPaKCHHBIX
MOJIEKYJT 10 CKOpOCTsM. OH MPHBOAWUT TOJIBKO K W3MEHECHHIO 10 OTHOLICHHIO K
pabdore [3] umcmoBoro kodddunueHta [4]. Cuibl, OeicTBYONEE Ha MBUIMHKY,
3aIMIIYTCS B BUJIC

F(0,T,) = p,no’ kT [3/4+2/3(T, / T,)]"?, 2)
F(H,T,) =p,ma’(u, —V)>C, /2, 3)
F(0,T,) = T]poﬂﬂz(uo _V)zcd /2, 4

C, =4/3n"*(T.T,))"? /s+(2s> +1)exps®) /(' *s* ) +(ds* +4s* —Derfis) /(25%), (5)
e
erf(s) = = [exp(-c?)dg, 5= ‘E—ﬂ/\/sz/m,
Vg

m — Macca MOJEKYNbl, p, U p o — IUIOTHOCTh ra3a Ha BHYTPEHHEH W BHEIIHEH
rpaHMLaX IIPUCTEHOYHOTO CJIOSI, U — CKOPOCTH T'a3a, U o — CKOPOCTh ra3a Ha BHEIIHEH
rpanuie. Temmneparypa NBUIMHKM TNPHHSATa paBHOW Temmeparype siapa T, T, —
TeMIepaTypa OTPaK€HHBIX OT NBUIMHKM Mousiekyln [1, 4]. 3aeck BTOpas W TpeTbs
CHJIBI 3aIICAHBI C YYETOM JBIDKEHUS IBUTMHKH, a TepBasi Ciiia, Kak u B padore [3],
COOTBETCTBYET HEMOJBI)KHON IBUIMHKE, YTO SBISIETCS 37€Ch JOCTaTOYHBIM
MPUOIMKEHUEM, TIOCKOJIBKY NPHUCTEHOYHBIH CII0H TOHOK.

Hcnonb3ysl MpUBENCHHYI0 METOAWKY, Mbl PAaCCUMUTAIM DS/l 3aBUCHMOCTEH,
XapaKTepU3YOLUINX JBIKEHHUE CAHTUMETPOBBIX ()PAarMEHTOB B MPUCTEHOYHOM CJIOE
Ha pa3HbIX paccTosHusax oT ConHua. Puc. 1 mpeacraBnser 3HaueHHE CKOPOCTH V)
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BBIXOJla 4YacTUIBl K3 CJIOS B 3aBHCUMOCTH OT CTapTOBOM cKopoctH V Ha
MOBEPXHOCTH sIIpa KOMETHI Ha paccrosHuH Ry = 2 a.e. ot ComHma. Bumno, uTo
YacTHIIBl, pa3Mep KOTOPHIX MEHbIIE HEKOTOPOTO KPHTHYECKOTO O, (B JaHHOM
clyyae Oy, = 1 CM), BBIXOASAT U3 CJIOS YCKOPSACh, a pasMepoM Oojblle — ¢
TOpMOXKeHHEM. llepBrIe YacTHUIBI JOCTHTAIOT Ta30JMHAMHYCCKON OONIACTH Iake
TIPH HYJIEBBIX CTAPTOBBIX CKOPOCTSIX, BTOPHIE — HY)KJAIOTCS B HAYAIEHOM UMITYJIbCE.
Ecnmu craproBast CKOpPOCTh JOCTUTAET IECSTKOB CAHTUMETPOB 3a CEKYHAY, TO IS
BCEX pa3MEpoOB CKOPOCTh BBIXOAA B Ta30MHAMHYECKYIO 001acTh V( MPaKTHIECKU
paBHa ckopoctu crapra V. JlanbHeillliee yBeIMYEHUE CTApTOBOM CKOPOCTH IO
MeTpa 3a CEeKyHAY MPAaKTUYEeCKH BeIeT K HHUBEIMPOBAHUIO 3aBHCHMOCTH CKOPOCTHU
BbIXOZa (pparMeHTa B ra3oJMHaAMHYECKyI0 00JacTh OT pa3Mepa. 3aBUCUMOCTb JUIs
3HAYEHHS OLg NPOBEJEHA ITyHKTUPHOM JIMHUEH, YacTULBI 3TOr0 pasMepa Bceraa
BBIXOAAT M3 CJOS CO CKOpPOCThIO V. DTO o03Hayaer, 4To HauOOJBIIUMHU
(parmMeHTaMK, KOTOpBIE TIONAJAIOT B Ta30lMHAMUYECKOE TeUeHHE 0e3 HavalbHOTro
uMITynbca Ha nosepxHoctd saapa (Vs = 0), ABIAIOTCA YaCTHILBI Pa3sMEPOM Olgp.
OtmMmeTuM, 4TO ATOT pa3Mep BABOE MEHBIIE, YEM KPUTUYECKUN Ha MOBEPXHOCTU
SIpa, ONpeaesieMblil U3 YCIIOBHSI PABEHCTBA CUJIBI TPABUTALIMOHHOTO IPUTSKEHUS U
MOJBEMHOM CHUIIBI ra3a.

0.75pa v, 0.5v3
60

20 20

waliaaa iy

20 30 Vom/c 2 4 o, CM

Puc. 1. 3aBHCHMOCTh CKOPOCTH BBIXOJA TBUIMHOK M3 MPHUCTEHOYHOI'O CIIOS OT
CTapTOBOIM CKOPOCTH Ha MOBEPXHOCTH siapa. PasMep NMBUIMHOK IPOCTaBJIEH BO3JIE
KPHUBBIX TIpu mioTHOCTH 1 T em™. (CBOGOHAS MOBEPXHOCTH CyOnuMarmm; R, = 2
a.e.)

Puc. 2. 3HaueHHs HaAWMMEHBIIETO CTapTOBOro wummyiabca (1) wacTuisl,
HOPMHUPOBAHHOT'O Ha €€ IUIONIA/lb CEYCHUs], 1 HAMMEHBILEH KUHETHYECKOI dHEeprun
(2), HOpMHPOBAaHHOW HAa 00BEM, MMPH KOTOPHIX (PparMeHTHl BBIXOMAT W3 CIIOS, B
3aBHCHUMOCTH OT pa3mepa dactuil. (CBoOOIHAS TMOBEPXHOCTh cyOnumanuu; R, = 2
a.e.)
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@DparMeHTsl Pa3sMeEpPoOM > O, , YTOOBI BBIHTH U3 I PUCTEHOYHOTO CIIOA,
JIOJDKHBI TIOJIyYUTh CTapTOBYIO CKOPOCTb, HMPEBBIMIAIOIIYI0O HEKOTOpPOE 3HA4YEeHHE
Vip. Takum obpazom, dparments! 3tux pasmepos (tun III, II u wactnuno Tum I)
MOTYT TIOSIBUTBCS B aTMOC(epe TOJBKO TOr[a, KOrJa Ha MOBEPXHOCTH sApa OHH
TOJIyYHJIA  TIOJIOKUTENIBHBI HAYallbHBIA HMITYJIbC, HAlpuMep, IPH B3PHIBHOM
Pa3pyLIEHUH MTOBEPXHOCTH. 3aBUCHMOCTD KPUTHYECKOIO UMITYJIbCa, HEOOX0JUMOro
JUISL 3TOTO, TIPUXOJAIIETOCS HA €AUHUILY IOIIEPEYHOTO CEUEHMS YaCTHUIIBL, SBISCTCS
TUHEWHOU (QYHKIHEH pa3Mmepa, OHa MpeacTaBieHa Ha puc. 2 kpuBoil 1. Kpusas 2 —
KHHETHYCCKasd SHEPrus, OTHECCHHAA K CJUHULIC MACChl YaCTHUILIbI.
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Abstract. Analysis of drift motion of Solar spots and filaments was performed.

1. BBEJIEHUE

Jst o0bsicaenus auddepeHnuansHoro BpamieHus: CoJlHIa Mpeiaraioch
MHOTO TEOpHH, HO HM OJHA W3 HUX He craja obmenpusHanHoi [1]. M3MeHUTH
CHUTyaIlMI0 MOTYT KOMIUIEKCHBIE HaONIOnaTeNbHBIE TaHHBIE O MEPUAMOHAIHEHOM
Jpeiide pazIM4YHbIX aKTUBHBIX 00pa30BaHMN Ha IMIOBEPXHOCTH U B Oolee riryOOKHX
cnosix ConHua. Takux moApoOHBIX AaHHBIX IMOKa He umMeercs. Haunbonee monHbie
cBeneHus o BpameHnn ColtHia ObUIM MOJTy4YeHbI 10 MSTHAM M BosiokHaM [1]. Huxe
NIPOBEJICH aHAIN3 UX Aper(oBBIX IBIKeHHH. [Ipr 3TOM HEOOXOANMO OTMETHTH, YTO
BCE SIBJICHHS COJIHEYHOH AKTHBHOCTH OOYCIIOBJICHBI BBIXOJIOM HAa ITOBEPXHOCTH
CoJHIIa MAarHUTHBIX TOJIEH.

2. JEMCTBUE T'HPOJUHAMMUYECKHUX CHAJ HA
MATI'HUTHBIE CTPYKTYPbBI

Jlis  BBISIBIICHWSI BO3ICHCTBUS THAPOIMHAMUYCCKMX CHJI Ha Apeid
MarHUTHBIX CTPYKTYP, PACCMOTPHM BPAIIAIOIIYIOCS Ta3000pasHyo cdepy, KoTopas
YAECPKUBAETCS CWiaMy rpasuranuu. IIpumem ock z, HanpaBIIEHHYIO BBEPX, 3a OChb
BpameHust cepsl U Touky 0 3a HEHTp MpUTSKEHHA. Bo3pMmem Teno B Touke M
BHYTpH c(ephl, TOTIa pACCTOSIHUE €ro OT Hadalla KOOPJMHAT paBHO R = (x2 + y2 +
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" IIpu 3tom r = Rcosg, rae ¢ — mupora

z)"2, a ot ocu Bpamenns — r = (x* + y%)
TOUKH M.
Ecnn 0603HaunTh 4epe3 » YIJIOBYIO CKOPOCTH BpalieHHs cdepbl, KoTopas

HalpasJiCHa I10 Z, TO JIMHEHHAS CKOpPOCTb

v=[oxr], €))
a €€ COCTaBJISIOIINE PABHBI
Vy = -0Y, Vy = 0X, v,=0. 2)
C yuerom (1-2) npu ® = const ypaBHeHHe Ditiiepa IPUHUMAET BUJL
VP = p(e’r - VQ), 3)

rae Q — I'paBI/ITaLII/IOHH]:Jﬁ noTCHIHal, P- JaBJICHHUC, p — IIJIOTHOCTH I1JIa3MBI.

Bripaxenue (3) ompenenseT CHIy AaBICHHS IUIA3Mbl BO BpalaroIieics
razoobpaszHoii cdepe. Ilpumem, 4TO BO BpAIAOLIYIOCSA IJIa3My IIOTHOCTH P,
MOTPY)KEHO TEJNO IUIOTHOCTH pPn. Ha Teno medcTByeT cuia naBicHus. llpu
PaBHOMEPHOM BpalllcHUH TPaBUTHPYIOMIEH Macchl IUTa3Mbl OHa paBHa (3)
apXUMEIOBOH MOABEMHOM crie (Ha eIWHUIY 00beMa Tea)

Fi=—(pm—pp)VQ “)
U IIEHTPOOCKHOH Ccriie, OTHECEHHOU K eIMHUIEe 00heMa
2
f=(pm—ppoT. (5)
ApxuMmenoBa cuila HampasiieHa BAOJb paguyca R rpaButupyromeil maccol
wiazmel  ConmHIA, a [EHTpoOeXHas Ccuia — BAOJNb pajuyca-BeKTopa I,

NEepHeHANKYIISIPHOrO K ocu Bpatenus: cdepol. LenrpobdexHas cuna s CouHia
Maja M0 CPaBHEHHIO C apXUMeAoBOW cuiod. Ha skBaTope BONHM3M MOBEPXHOCTH

Conmama oma cocrasmser 2.14 - 10° or apXUMEIOBOH TOJHEMHOW CHIIEL.
Lentpobexnas cuia f uMeeT paguaibHyIO COCTABISIONIYTO
f = (P — Pp)0* Reos’o (©)
Y MEPHIMOHAIBHYIO COCTABIIAIOILYIO, TapajlieIbHyI0 oBepxHOCcTH CoMHIa:
fL. =~ (pm— pp)®” Reosgsing. (7
ockonpky | grad Q | = g — yckopeHHe CBOOOJHOTO IMAACHUS, TO BIOJb

paaMyca TpaBUTUpYIIEl MacChl IUIa3Mbl JEUCTBYET IOABEMHAS CHJIAa HA EAUHHUILY
o0wvema Tena (4, 6)

Fr = (pn— Pp) (g~ ©° Reos’p). ®)
OHna paBHa apxUMEIOBON NOIBEMHON CHIIE B HEMOJBMKHOI TpaBUTHUpYIOIIEH
ra3oBoi cdepe U NOMOJHHUTENBHON cuiie, 00yCIIOBIEHHOW BpauieHueM coepsl. 13
(8) cuenyer, uro Goiee Jierkue Tena BCIUIBIBAIOT, a Oojiee Tspkenble — TOHYT. [Ipn
5TOM LEHTPOOEKHAs CHJIa yMEHBIIAET JEWCTBHE CHUIIBI TPaBUTALINH.

Cuua f, 00ycnaBnuBaeT IBMKEHNE B MEPHIMOHAIBHOM HallpaBJIeHUH Tella,
MOTPYXEHHOTO B PAaBHOMEPHO BPAILAIONIYIOCS IUIa3My. Ecim mioTHOCTH Tena py,
MEHbIIIE IUIOTHOCTH IUIa3Mbl P, Ha JAaHHOM YpPOBHE, TO CHJa HampapieHa OT
9KBATOpa K MOMAPHBIM 30HaM. OJHAKO eclu py, — pp, > 0, To cuna f; HampasneHa B
MIPOTUBOIIOJIOXKHYIO CTOPOHY M NPHBOJIMUT K JIBIDKCHHIO TeJa OT IOJISIPHBIX 30H K
9KBaTopy. YunthiBas (7) U aHHbIE HAOMIONEHHUH Jpeii(a MarHUTHBIX CTPYKTYp Ha
Comare [1], mo aHANOTHM TONXyYaeM: MarHUTHBIE CTPYKTYPHI OOIIET0 MarHUTHOTO
HOJIL ABWXKYTCS BO Bpallarolieiics ra3oBod cdepe K MOJSPHBIM 30HAM MOHOOHO
BCIUIBIBAaHHIO JIETKUX TeN B OoJiee TSDKENOH Iuia3Me, a TsDKelble IsTHA, HaoboporT,
JBIDKYTCS K 9KBaTOPY; MarHUTHBIE CTPYKTYPBI OOIIEr0 MArHUTHOTO MOJIS SABJISIOTCS
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Oosee JerkuMH, a IsITHa — OoJiee TSHKEIBIMH OOpa3OBaHMSAMH II0 CPAaBHEHHUIO C
OKpY Karoulei miua3Mon.

3. TAPAMETPBI IVIA3MbI B MATHUTHBIX OBPA3OBAHUAX

Ha nBmwxymieecs Teno B IUia3Me JeiCTBYeT cujla conpoTuBiieHus. Ee
BEJIMYMHA 3aBUCHUT OT (DOPMBI Tesla M COCTOSHMSA IUIa3Mbl. B armocdepe CouHia
IU1a3Ma SIBJIICTCS CHJIBHO TypOYJIEHTHOM, IO KpaiiHel mepe B (POTOCHEpHBIX CIIOSX.
Ha 510 yka3pIBaeT ymmpeHHe CHEKTpalbHBIX JHHUH. V3 Hero cmemyer, 4To B
HEeBO3MYIIEHHOI (oTocdepe ckopocTh MUKPOTYpOYIIEHTHOCTH paBHa V) =~ 1.25 kM/c
[2]. Cuumraercs [3], uTo XapakTepHbIi pa3smep | ameMeHTa MHUKPOTYpOYIEHTHOCTH
COCTAaBJISIET JIOJIM TOJILIMHEI CJI051, B KOTOPOM 00pa3yeTcs creKTpajibHas JuHus. Jis
cnabbix QorochepHbIx JMHUKA MOXKHO B3sTh 1 < 1 kM. B oGmactu pasmepos
MakpoTypOynenTHoctu, cornacHo [3], vi = 1.5 km/c u 1 = 560 kM. Bsizkocth
o0yciioB/ieHa B OCHOBHOM MOHaMH M HEHTPaJIbHBIMH aTOMaMH IUIa3MBbl, TOCKOJIBKY
BIIMSHHEM OJJISKTPOHOB MOXHO TpeHeOpeub. [lnsg oneHkn koadunmenra
KMHEMaTHYECKOH BS3KOCTH JOCTaTOYHO TOYHOCTH, KOTOpas IONydYaeTcsl U3
KHHETHYECKOW Teopun ra3oB. KoapduumeHT KnHEMAaTH4ecKOoil BS3KOCTH B 3TOM
ClTy4yae OIPEAENAeTCs BhIPAXKEHHEM

o= 0179 JmkT
\/E Saip ’

rZIe m — Macca atomMa BoJopoaa, k — mocrosianas bonenmana, T u p — Temmeparypa
W TUIOTHOCTh IUIa3Mbl, Sy; — 3Q(EKTUBHOE CEYEHUE CTOJKHOBEHHUII MPOTOH — aToM
BOJIOPOJIA.

Opum=me=m;, T=14-10"K, Sy;=5- 102 v>, p = 10" kr/m’ maxoamm
v ~ 0.365 M*/c. B obacti pasmepos MHUKpOTypOyneHTHOCTH yncio PefiHonbaca Re
~vi1/v~34-10°u B obmactu pa3mepoB MakpoTypOyieHTHOCTH Re ~ 2.3 - 10°.
[IpuBeaeHHbIE BEIMYMHBI YKA3bIBAIOT Ha OoJbioe uncio PeliHonbaca ams miia3mbl
TaKMX MacIITa0OB JIBHXKEHUH.

B mondoTtochepHbIX CI0AX MAarHUTHBIC MOJIT OOBIYHO CKOHIICHTPHPOBAHBI
B TpyOKax, KOTOpPBIC IBIDKYTCSA MO ACUCTBHEM TypOyJICHTHBIX IBHMXKEHUH. s
OTIPE/ICIICHHOCTH MPUMEM, YTO CEUCHHS MX Kpyrioil ¢opmbl. Pemrenue 3amauu o6
00TEKaHUH IIUIIMHAPA MEPIICHANKYIIAPHO K €r0 OCH YKHIKOCTHIO C OYCHB OOJNBIINM
gucnom PeftHompraca mpuseneHo B [4]. CormacHo pemennto cmna Fp naBieHus
HaOeramImero TOTOKa JKUAKOCTH Ha MWIMHAP (CHJIa  CONPOTHBICHHSA,
WCTIBITHIBAEMAs JBIKYIIUMCS B KHIKOCTH IIHJIMHAPOM) BEIpaskaeTcst GopMynon

Fp ~ ahp,u’, 9)

IIe U — CKOPOCTh Ha0eraromero MOTOKa IDIa3Mbl, OOTEKAMMEeH NWIMHAD, O —
pamnyc cedeHMs IWIMHApa W h — Beicota ero. Cmia Fp OoTHeceHa KO BceMy
uuvHapy. Ilpumem, 4to cuila, ¢ KOTOPOW IEHCTBYET IBMXKYIIAsCs IJa3Ma Ha
MarHUTHBIE CTPYKTYpBI, ompezaenserca Takxke BeipakeHneM (9). Ilpu stom
IUIOTHOCTP IUIa3MBI 10 00BEMY BCE MarHUTHOHM CTPYKTYpPBHI NPHHATA OJHMHAKOBOM.
VYMmHuoxast BblpaxkeHune (7) Ha 00bEM 3JEMEHTA MArHWTHOW TETJIH no’h u
pupaBHHUBas ero (9), HaxoauM
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pp “Pnm -+ u3 (10)
* P —.
Py o R cos @sin @

3HaK «III0C» OTHOCUTCS K MarHUTHBIM CTPYKTYpaM € P, — pm > 0 (CTpykTypam c
NATHAMHU), @ «MMHYC» — K CTPYKTYpaM C p, — Pm < 0 (cTpykTypam obiiero
MarHuTHOTO 1oJs). CrnenoBarenbHo, cuia (9) MEHSET HallpaBlICHHE B COOTBETCTBUN
C U3MEHEHUEM 3HAKA Y P, — Ppm. OTHOCHUTENBHAS PA3HOCTD MJIOTHOCTEN MIa3Mbl (pp, —
Pm) / Pp B MAarHUTHOH IE€TJe 3aBUCUT OT HANpPSHKEHHOCTH MAarHuTHoro mons. Ha

OCHOBAaHHNHU yCJIOBUSA PaBHOBECHUA
H 2
Pm + 8—;: = Pp N (1 1)

2
roe P, — maBnenme mmasmel, H; /(8m) — maBneHme MarHWTHOTO TONSA BHYTPH

MAarHUTHOM MNeTnH, P, — maBieHMe OKpyXaromled IIasMbl M M — Macca aroma
Bojopona. Tak kak P = kTp/m (k — mocrosiHHas bonbimana, T — Temneparypa), To
MIpU OTHOPOIHOM IUIOTHOCTH BHYTPH HETIH W OJMHAKOBOW TeMIIEpaType IIIa3Mbl
KaK BHYTpH, TaKk U BHE MarHMTHOH cTpykTyphl (T, = Tp) ycnosue papHosecus (11)
JIaeT:
2
Pp =Pm _ Hy, ' (12)
Py 8an

Mexny (pp — pm)/ pp U len /(8TP,) /sl MATHUTHBIX CTPYKTYp C HATHAMHU

Takoit cBs3u (12) He mmeercs. Ha ocHoBanmm (12) Uit MarHUTHBIX CTPYKTYp Oe3
ISITEH, T. €. JJIs CTPYKTYpP OOLIEro MarHUTHOTO OIS,
5 8P,u :
H = > —. (13)
oo R cos@sin ¢

J1s MarHUTHBEIX CTPYKTYp ¢ nsiTHamu 1o (10) Oblan BBIYMCIEHBI (P — Pm) / Pp IS
Pa3IMYHBIX 3HAYEHHH CKOPOCTH Apeiida U 30H MATHOOOPA30BaHUS K DKBATOPY U
pasHeIX . CpenHsis TayOMHA O PACIOJOKEHUS MATHHTHBIX CTPYKTYp IIOJ
dotocdepoii B3sita paBaOi 1000 1 3000 kM. Pe3ynpTaThl BRIYHCICHUH IPHBEICHBI B
Tabn. 1. OHM mNOKa3BIBAIOT, 4YTO MpH HAOIIOJAEMOM CKOpOCTH apeida 30H
NATHOOOpa30BaHUs K 9KBaTopy u =2 M/c u @ = 30° (pp — pm) / pp = 1.72 - 10*.
CxopocTs apeiida u ObICTPO yBeNUUMBAETCA MO MEpe YBENUUYEHHS (P, — Pm) / Pp B
MarHUTHBIX CTPYKTYpaXx C ISITHAMH, a TAKKE C YMEHBLICHHEM IIUPOTHI .
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Taéauua 1. Beraucnenssle 3Ha4eHus (P, — Pm) / Pp A4 CTPYKTYP C HATHAMH NPU
PasHBIX U H @

(pp - pm) / pp
u, M/c
o =10° @ =20° ¢ =30°
2 43510 2.31-10" 1.72- 10
5 2.72- 107 1.45-10° 1.07 - 107
10 1.09 - 107 5.78 - 102 429103
20 435107 2.31-107 1.72-10?
30 9.78 - 10 5.20- 107 3.86 - 107
40 1.74 - 10™ 9.25-10% 6.87 - 10
50 2.72- 107" 1.45-10" 1.07 - 107!

Brruncnennsie (P, — Pm) / pp HpH pasHEIX U B ¢ 1 o = 1000 kM 11
CTPYKTYp OOIIEro MarHUTHOI'O MOJs AaHbl B Ta0a. 2. CpenHue HANPsHKEHHOCTH B
CTPYKTypax OOIIEr0 MarHUTHOTO MOJIA IIPU TeX Ke u, @ U o mpu Py, = 1.413 - 107,
otBevaroieM riyoune 1000 kM, BerurciaeHs! mo Gpopmyie (13) u npuBeeHbI B Ta0I.
2. Ilpu @ = 45° nnsa HaOmogaeMol cKopocTH apeilia MarHUTHBIX CTPYKTYp K
HOJIAPHBEIM 30HaM U = 5 M/C (Pp — Pm) / Pp = 2.79 - 107, a cpeaHss HANPSKEHHOCTD
mojsi B MarHuTHBIX cTpykTypax Hp, =~ 31.5 mTn. C yBenuueHmeM CKOpOCTH
YBEINYHBAIOTCS 3HAYEHHUS (Pp — Pm) / Pp ¥ Hiy .

Tab6mmua 2. Berancnennsle 3Ha4eHus (pp — Pm) / Pp ¥ Hm A7 cTpykTYyp 0Omero
MAarHUTHOTO TI0JIS TIPH Pa3HBIX U U ¢

¢ =45° @ =55° ¢ =65°
u, M/c
(Pp—Pmw) / Pp | Hoy MTI | (pp = pin) / pp | Himy MTT | (py— ) / pp | Hum, MTm
2 4.46-10™ 12.6 475 - 10" 13.0 5.82-10* 14.4
5 279107 31.5 297107 325 3.64-10° 35.9
10 1.11- 107 62.9 1.19 - 107 64.9 1.46 - 107 71.9
20 4.46-107 125.8 475107 129.8 5.82- 107 143.8
30 1.00 - 10" 188.7 1.07- 10" 194.7 1.31-10" 215.7
40 1.78 - 10™ 251.7 1.90 - 10 259.6 2.33-10" 287.6
50 2.79 - 10 314.6 2.97-10" 324.6 3.64- 10 359.5
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IIpu nHanpsoxennoct Hy, = 150 MmTa, oTBeyarorie mosiBeHUIo maTeH [5] B
MarHUTHOM CTPYKType, CKOpPOCTh mpeiiha oka3plBaeTcsi paBHOM 25 w/c, 4TO
CYIIECTBEHHO BbIIIE HaOmomaeMoil. Ecnmm Obl HampspKEHHOCTh B MarHMTHBIX
CTPYKTYpax OOLIer0o MarHUTHOTO IIOJIS NEHCTBHTENBHO cocTaBmsmia 150 mTi, kax
9TO BHITeKaeT u3 J((EeKTOB HACHIIICHUS CHTHAJIOB [6], W 3aHMMana Obl
3HAUUTENBbHYI0 4YacTh MX 00bEMa, TO CKOPOCTh Apeii(a MarHUTHBIX CTPYKTYp K
MOJISIPHBIM 00J1acTsIM Obla ObI Oin3ka K 25 M/c (Tabu. 2). [TockonbKy 3TO HE Tak, TO
MIPUXOAMUTCS CUUTATh, 4TO 00JacTel ¢ HampspKeHHOCTHIO Mot 150 MTor Het win ke
OHHM 3aHMMAIOT HE3HAYUTEIbHBIH 00beM. ITO, KOHEUYHO, UMEET MECTO MPU YCIOBHH,
4TO Jpeii) MarHUTHBIX CTPYKTYp 00ycioBieH Bpamennem CoJHIa.

4. 3BAKJ/IIOYEHUE

Bkian MarHUTHBIX CTPYKTYp C CHJIBHBIM IIOJIEM, HO 0Oe3 ISATEH, B 30HAX
MATHOOOPa30BaHuUs 3HaYMTENCH. [IpiHueM CTPYKTypHI C MATHAMH U 0€3 MATEH B 3THX
00pa30BaHUsIX OYEHb TECHO CBSI3aHbI, YTO JOJDKHO CKa3aTbCsl, B YAaCTHOCTH, Ha
YMEHBIICHUU CKOPOCTH Apeida 30H maTHOOOpa3oBaHuA. [t CTPYyKTYp C HMATHAMH
(Pp—Pm) / Pp=1.72- 10 BenmumMHA OUEHb Masas, HO e¢ OKa3bIBACTCS JOCTATOUHO,
4TOOBI MArHUTHAS CTPYKTYpa JIBUI'aJIach KakK LeJ0e K SKBATOPYy.

CxopocTh Ipeiiha MarHUTHBIX CTPYKTYpP 3aBHCHUT OT MHOI'HX IapaMeTpoB
(Boipakenue (10)). JlobGaBienue KOHBEKUMH M cuibl Kopuosinca MOXKET MOBIHSTH
Ha CKoOpocTh oceBoro BpauieHus CoyiHIa ¢ TIIyOMHOH M CYIIECTBEHHO M3MEHHTh
CKOpOCTb Jpeiiha MarHUTHBIX CTPYKTYp. EcTecTBeHHO, 4TO penieHue 3TuX mpodiem
JIOJDKHO OCHOBBIBATHCS HA JAHHBIX HAOJIIOAEHHH.
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Abstract. The optical emission spectroscopy is used for the temperature
measurement of excited hydrogen atoms 7,., from the shape of the Doppler
broadened hydrogen H, line in a titanium (Ti) hollow cathode glow discharge
operated at various pressures of hydrogen. Measurements of molecular rotational
and vibrational temperatures have been carried out as well. The rotational
temperature is determined from the population of the H, excited state d*/Z,”
rotational-vibrational levels (v'= 0). The vibrational temperature is measured from
the H, Fulcher-a diagonal bands, &1 > a 32; transition, Q-branches, v'=2, 3. To
reveal the discharge length at various pressures in a hollow cathode, plasma
potential probe measurements are performed.

1. INTRODUCTION

It has been demonstrated recently that the excessive Doppler broadening (EDB)
of hydrogen Balmer lines may be used for discharge-cathode surface interaction
monitoring [1]. The EDB of hydrogen Balmer lines in low-pressure DC discharges
operated with hydrogen isotopes and in inert gases with small admixtures of H,
have been studied recently in some details, see e.g. [1-3] and references therein. The
characteristic shape of these lines exhibits unusual multi component behavior, see
Figure 1. The presence of high-energy hydrogen atoms in discharge may induce
change of the vibrational energy levels population, see cross section data [4]. In this
case modeling of cold hydrogen plasma should include these processes as well.

The aim of the present work is to study whether fast hydrogen atoms present in
discharge influence other discharge parameters like rotational and vibrational
temperature. To achieve this goal precision measurements of the rotational 7,,, and
vibrational temperature 7,; must be performed.
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The experiment [1] is carried out by observing hollow cathode discharge end-on.
This work is an extension of the earlier studies [2,5,6] with an emphasis to the
influence of hydrogen pressure in Ti HC discharge to T,,, T,; and EDB of the H,,
line.

2. EXPERIMENTAL

The hollow cathode glow discharge (HCGD) source with two symmetrically
positioned kovar anodes and Ti cathode is used as a discharge source. The HC tube
was 100 mm long with 6 mm internal diameter and 1 mm wall thickness. The
construction details of HC discharge source are described elsewhere [2].

All HCGD experiments were carried out with hydrogen. The continuous flow of
H, was 50-350 cm’/min (at room temperature and atmospheric pressure). The
working gas was sustained at the pressure in the range 2-8 mbar by means of needle
valve and two-stage mechanical vacuum pump. To prevent oil vapor back streaming
from the vacuum pump, the zeolite trap is placed between discharge chamber and
the pump. The gas pressure measurements are performed on the both sides of
discharge tube with standard U-shaped oil manometers.

To operate discharge in a DC mode, a current stabilized power supply (0-2 kV,
0-100 mA) is used. The air-cooled variable 10 kQ2 ballast resistor is placed in series
with the discharge and power supply. For all measurements, the anode was
grounded. During the discharge operation, the cathode was either air cooled with a
fan (110 mm dia; AC 220V/13W), placed 150 mm from discharge tube, or gradually
heated by changing cooling rate of the fan. The temperature of the outer wall of the
HC tube is measured by a K-type thermocouple.

To determine discharge length at various pressures a plasma potential probe was
used. The probe, made of thoriathed tungsten rod 250 mm long with 2 mm dia, was
pushed from the back side of HCGD source along the optical axis towards discharge
located inside cathode. The discharge length is determined when probe reaches
potential of 25V. This potential was chosen arbitrarily and it was constant in all
measurements of discharge length.

The spectra recordings were performed with unity magnification and discharge
was run between HC and front anode. The light from the discharge was focused with
an achromatic lens (focal length 75.8 mm) onto the entrance slit of PGS-2
spectrometer (2 m focal length; reciprocal dispersion of 0.74 nm/mm with 651 g/mm
reflection grating in first diffraction order). All spectral measurements were
performed with an instrumental profile very close to Gaussian with measured full
half-width of 0.018 nm. Signals from CCD detector (29.1mm, 3648 channels) are
A/D converted, collected and processed by PC.
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3. RESULTSAND DISCUSSION

The optical emission spectroscopy (OES) is used for all temperature
measurements.

Three components can be distinguished in experimental H, line shape in
hydrogen, see Figure 1: central narrow peak, broader middle part and far drawn-out
pedestal. The overall fit involving convolution of three Gaussians in Fig. 1 may be
justified by the fact that three groups of excited hydrogen atoms are expected in the
negative glow region: thermalized H" typical for negative glow (Gauss 1); a group of
H" atoms produced by dissociation of H, molecules in collisions with high energy
electrons (Gauss 2); and a group of H;" atoms generated in collisions of H; reflected
from the cathode with H, (Gauss 3). A subject of our main interest is the broadest
Gaussian G3, which is related to EDB and proportional to the number of fast excited
atoms emitting the H, line. Pressure trend of relative contributions G/ Gy (i=1,2,3)
and energies E; (i=1,2,3) of excited hydrogen atoms obtained by fitting the H,
profiles for Ti HCGD are given in Table 1.

Table 1. Experimental conditions, relative contributions G/G,. (i=1,2,3) and
energies E; (i=1,2,3) of excited hydrogen atoms obtained by applying three
Gaussian fit to the H, profiles for titanium hollow cathode glow discharge in H, at
1=90 mA and different pressures.

Hydrogen Atom Energy
p Voltage G/Gowi GGt G3/Grotal E; E, E;
(mbar) V) (%) (%) (%) (eV)  (eV) (eV)
2 389 74.1 22.1 3.8 56
4 389 73.7 224 3.9 02 4 50
6 388 71.0 24.8 4.2 ’ 40
8 387 68.7 28.4 2.9 41

For the rotational temperature 7,,, determination we follow procedure described
in [7]. Logarithmic plots of emission intensities of the Fulcher-a system, Q-branches
lines, divided by line strengths and fourth degree of its wave number against term
values for upper level are straight line whose slope is he/k Tyo(n,v). We used Q-
branches from d*/7,” state and the Honl-London factors, for this electronic transition
may be written as in [8], while rovibronic term values are taken from [7].

The transitions of the H, Fulcher-o diagonal bands (d 7> a 32; electronic
transition; Q-branches with v'=2,3) are used for 7,; temperature measurement. The
intensity ratio of the two consecutive vibration bands of the same sequence
according to [9] is used.

The temperature of fast excited hydrogen atoms, 7,,,, 7,; and discharge length at
various pressures are shown in Figure 2.
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Fig 1. Typical H, line shape recorded
end-on in hydrogen with Ti cathode fitted
with  three  Gaussians.  Discharge
(c)onditions: U=388V; =90 mA; T,.=55
C.

—#— Discharge lenght for probe valtage o
. | h

lp [:nbur:i

Fig. 2. (a) Fast excited hydrogen atoms
energy; (b) rotational temperature; (c)
vibrational temperature; and (d) discharge
length in titanium hollow cathode glow
versus working gas pressure p. Discharge
conditions:  U,;qa=395V; =90 mA;
Tai=55 °C.

In the Figure 2. one can notice different behavior of measured temperatures
versus pressure. The rotational and vibrational temperatures increase with an
increase of pressure up to 6 mbar. Simultaneously, the discharge length is changing
with pressure and consequently the discharge current density on HC changed from
8.68mA/cm’ to 5.34mA/cm’ in pressure range from 2 mbar to 6 mbar. Further study

is in progress and results will be reported.
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Abstract. We propose a method for determining elements of orbits of small planets
and comets from data obtained by series of measurements. The partic ular benefit of
the method is seen in the easy and accurate determination of the type of the orbit
when the measured points are closely arranged on the trajectory of the body, i.e. the
time intervals between observations are small. It is done by computing four
quantities related to conics that represent trajectories. Also, software is developed
for the 3D graphical representation of trajectories and enveloping surfaces that they
make in the course of time in the heliocentric coordinate system.

1. INTRODUCTION

As it is well known, the computing of elements of the orbit of a small
celestial body for the given two heliocentric positions r; , r, in momentst, ,t, is

simple if the parameter p of the orbit is known. The problem of finding the
parameter p is solved by Gauss (Theoria motus corporum coelestium, 1809) and it is
still basic for contemporary computing. In this computation appears a quantity X, the
solution of the system of equations:

7 -n*=mX(x), x=mn" -1

Then the orbit of the body is: elliptic, if x > 0; parabolic, if x = 0; hyperbolic if
x <0.

Now, suppose that we have a series of measurements of positions of a
celestial body. The result is the cloud of points, i.e their coordinates that represent
the trajectory of the body with certain precision. We propose an algorithm and it’s
implementation for finding the algebraic equation representing the trajectory. In fact
we did more, we proposed the method for finding the equation of the second order
surface S from a set SP of measured points. Then, the trajectory, a second order
algebraic curve is obtained simply choosing z = 0 for an appropriately chosen
coordinate system.
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The classification of second order surfaces is the key part of the method.
We use in the classification two matrices of small order having as elements
coefficients of the surface. i.e. it’s equation. The surface is determined according
two the number of their eigenvalues and their signs. This approach permits simple
implementation and good results in recognition of the surface, in particular when the
points from the set P are concentrated in the small area on the surface S. The
recognition of the surface is performed in the three stages. The first step consists of
the finding an approximate equation of the surface, in the second, eigenvalues of
matrices are determined, and finally, the type of the surface is concluded. The
determination of the equation is done by solving of a system of linear equations,
where the method of singular decomposition of matrices is used. Eigenvalues of
matrices are computed by the Jacoby method. The algorithm in the details is as
follows.

The second order surfaces are presented by the equation:

f(x,y,2)=ax> +by* +cz* +2 fyz+2gxz+ 2hxy + 2 px + 2qy +2rz+d (1)

where @ +b*+*+ 2 +g° +I* #0
Another form of this equation is:
f(x,y,z)=<Mr,r>+2<n,r>+d- )

where r = [X, y, Z] T is the position vector in R 3 , u, v denotes the scalar
product of vectors u, v, and

a h g »
M=\|h b f’n:q
g f c r

The advantage of the method we are proposing is that it gives good results
when collected data are concentrated in the small area of the supposed surface. This
is achieved by introducing the matrix &, usually not considered in other methods,
and to which the following theorem refers. This theorem has the crucial role in
determination of the type of the surface.

Theorem: Let

3)

N R > 9
R~ =
T NS
U Y
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and 3 = rank M, r4= rank N and 6 =det(N). Further, M-sign and N-sign denote the
signs of eigenvectors of matrices M and N respectively. Then the corresponding

surface is:
r3 rd ] M-sign N-sign Surface
3 4 <0 Ellipsoid
3 4 >0 different One-sheet hyperboloid
3 4 <0 different Two-sheet hyperboloid
3 3 different Conus
2 4 <0 same Elliptical paraboloid
2 4 >0 different Hyperbolical paraboloid
2 3 same different Elliptical cylinder
2 3 different Hyperbolical cylinder
2 2 different Two intersecting planes
1 3 Parabolical cylinder
1 2 different Two parallel planes
1 1 Two coincident planes
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Imaginary surfaces and degenerate cases (points) are omitted from the
table, although they are characterized also by values r3, r4, 6 and M-sign and N-
sign. The proof of the theorem is long, and we omit it from this presentation.

2. THE ALGORITHM

Suppose that the set P of measurements consists of m points. Instead of determining
the equation (1), we are computing the normalized form:

kx, +k,y, +kiz, + 2k, yz+2kxz+2kxy+ 2k, x + 2k, y + 2kyz = =1 (4)
having one unknown less. Here x, = x’, Yy, = y2 and z, = z° . We form the
matrix S of measured positions of dimension m x 9,

xy vy zy 2y'Z 2x'z! 2x'y' 2xt 2yt 27!
X3 y; oz 2y*zh 2x7Z 0 2xyt 2xt 2P 277

10 10 10 10 _10 10 10 10 _ 10 10 10 10
X, Y, z, 2yz  2x'z  2x 2x° 2y 2z

Xy oy, ozy 2y™z™ 2x"z™ 2x™y™ 2x™ 2y" 2"
The vector k = [k, k, k5 k, ,ks,ké,k7,k8,k9]T of coefficients k, is the

solution of the system Sk = P, where P =[-1, -1, -1, -1, -1, -1, -1, -1, -1] .
The number m > 9 of measured points might be large, therefore we have more

equations (4) then unknowns k ; , so we minimize the function:
2
m n
I'= Z[Z&j’ﬁ + 1} g S = Hsi,j H
i=1 | j=1

The minimum of ' is achieved in the zero of the derivate of I' along all coefficients

k,, i.e. by solving:
2
F:Z|:Zsi,jkj+1:| , I=1.9 (5)
i=1| j=1

so k is solution of 4k = B, where 4 = § " SandB=S" P.This system is solved
then by the method of singular decomposition in order to minimize the computing
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error. In fact, k = VW "' U” B where U, V are orthogonal matrices such that

T
U AV =D, and D is a diagonal matrix:

w 0
D= .
0 0
The matrix W is also diagonal and it has on the diagonal as elements the eigenvalues

T
of the matrix 4  A. The singular decomposition of the symmetric matrix A is given
by
T
A=UDV .
The approximate equation of the surface is not sufficient for determination of the
type of the surface. For this we need to find eigenvalues and rank of matrices
directly from measured points. Therefore, the next step is to compute the

eigenvectors of matrices
M, N. This goal is done using the Jacobi method [1].

This method is iterative, and it reduces the starting matrix 4 = |ja v || to the
matrix in the diagonal form by the sequence of unitary transformations T Pl R

(9), ¢ is the angle of an appropriate chosen rotation. In each step the non-diagonal
element a,, is annulated, i.e. a’ pq =0 and a’ gp=0as well by the symmetry of 4.
As transformations are unitary, they do not change metric properties of the surface.
IfA = T,, ! AT,, is the iteration step, A’ = ||a’ b ||, the angle ¢ is obtained
from:

1 .
E(aqq —a,,)sin2¢+a, cos2p=0

i.e. by computing 6 from:

cos’ g —sin’ ¢ _ Gy "9y (6)
2sin ¢cos @ 2a,, '

Therefore, for ; _ 1, g - SN¢ ,0 = (1—1*)/2¢» and we take the smaller root ¢

6 =cot2¢p

of the equation t* +2t0 — 1 = 0. The reason is that to this smaller root 7 value, the

rotation angle ¢ is smaller than 45 O, and rotation appears to be more stable. The
value t is given by:

sign(0)

NO* +1 +\0\. ™

Finding the final, diagonal form A of the matrix A, we read the

eigenvalues on the diagonal of A , while the number of non-zero elements on the
diagonal gives the rank(A). So computed elements are sufficient to determine the
type of the surface according to the displayed table.

265



N. Pejovié, M. Mari¢, Z. Mijajlovi¢

A few words about the convergence and program implementation of the

algorithm. The convergence is achieved after at most 5n” rotations. Each rotation
consists of 4n arithmetical operations, therefore the complexity of the procedure is

20n° . The algorithm is first implemented in Matlab. However, it appeared that this
package is to slow, so the procedure is implemented again in C++ using OpenGL,
the library for graphical presentation. We tested the program on various examples,
most of them consisting of several thousands measured points. The obtained results
were at least comparable, or better than implementations of other authors.

In astronomical applications we tested procedure for finding distribution
characteristics of observations of asteroids Ceres and Pallas. So derived results are
quite agreeable with results obtained with other methods.

Fig 1. Ellipse and Parabola.
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Fig 2. Paraboloid and Hyperboloid

In order to analyze performance of our method, sets of observational data of
two largest asteroids in main asteroid belt were downloaded from the public
database AstDys (http://hamilton.dm.unipi.it/astdys). We choose as test bodies Ceres
and Pallas because of large number of their observations. As a consequence, their
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orbits could be determined with high accuracy. We made several tests with different
number of used observations. In almost all cases our method has shown that
observations concentrate around an elipse. Our method should be tested on other
asteroids, with smaller number of observations. We expact to determine what are the
most suitable bodies for appllying our method. Our method could be used in
preliminary investigations of distribution characteristics of asteroid observations.

S -
) y AT
7
{
\
\‘\
y
i
/
rd
Fig 3. Ceres and Pallas.
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Abstract. Integral and spectral characteristics of active galactic nuclei jets in their
early propagation stages are simulated. We analyze two main mechanisms of jet
emission: synchrotron emission in the inner regions of jet and Compton scattering of
background photons and photons of surrounding sources by jet particles in outer
regions. We show only these two mechanisms of jet emission provide the total jet
luminosity. Synchrotron emission are effective mainly in radio band of spectrum,
Compton one — in hard X-rays and Gamma-rays.

1. BBEJJEHUE

OnHuM n3 HanboJiee 3araJjoYHbIX U MEHEE BCEro M3y4YEeHHBIX HPOSBICHUM
AKTUBHOCTH YEPHBIX [IBIp SIBISIOTCS CTPYHHBIE BBIOPOCHI ILIa3Mbl (JUKETHI).
[TomoGHBIE CTPYKTYphl B HAcTOsiee BpeMsl HAONIONAIOTCS Yy IENOro psina
acTpou3MUYecKUX OOBEKTOB: aKTHBHBIC TranakTHdeckue sjpa [1], MUKpOKBa3apsl,
NPOTO3BE3/Ibl M IPOTOIUIAHETHBIE TYMAHHOCTH. J[)KEThl aKTHUBHBIX TaJaKTHYECKHX
sIep  SABISIIOTCS  CaMbIMH  JHEPreTHYeCKH  MOIIHBIMH M OOJIaaroT
XapaKTePUCTUKAMH, UCKIIOYUTEIEHBIMU C TOYKH 3PEHUS COBPEMEHHOM (pU3UKH.

B Hacrosee BpeMs CyIIECTBYeT MHOTO JAAQHHBIX HAOMIOAEHHH CTPYKTYPHI IPKETOB,
HOJTyYEHHBIX ¢ IOMOIIBIO KPYITHEHIINX HA3eMHbBIX ONTHYECKHX U PaJHOTEIECKOIIOB,
Kocmuueckoro teneckona uM. Xab0sia 1 KOCMHYECKUX PEHTICHOBCKUX M raMma-
obcepBaropuit [1,2]. Omuako ¢u3Mka 3TOro SBJIEHUS O CHX IOpP OCTAeTCA
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HEIOHATOH H HeH3y‘-IeHHOfI. B HaHHOﬁ pa60Te Mbl CTPOMM MOJCIIb U3TYUCHUSA
JDKETOB B paMKaxX CUHXPOTPOHHOTO 1 KOMIITOHOBCKOT'O MEXaHN3MOB.

2. CUHXPOTPOHHOE U3JIYUYEHHUE

[Ipu nBUKEHUU JHKETa B MEKIATAKTHUSCKON CPE/Ie YACTHIIBI OKPYIKAFOIIEH
IUTa3Mbl  OyJIYT JIBUTAaThCS OTHOCHTEIBHO HEr0 C  YJIBTPApEIATUBUCTCKUMU
ckopocTsMu. [Ipy 3TOM MHTEHCUBHOCTh X CYMMAapHOI'O U3JYYCHUS HA PACCTOSIHUN
¥ ot ocu kera [3]

I,,0 B;(r)cose, (1)

rae @ — yros B IJIOCKOCTH TEPIIEHAMKYJISPHOM OCH JKETa MEKITY JTydOM 3peHHs 1
TOYKON M3ITy4eHHsI. MOKHO 3aMucaTh CIEAyIOIIee HHTETPAIbHOE COOTHOILICHHUE!

V&3 -r? [2. 2
X"+
I,(y)=2 J. B;(«/x2+y2)R—ydx, (2)
R, 0
rie R0 —  YCJIIOBHO  BHEIIHWUH  paauyc  W3Iydaromied  o0JacTH,

cosf =/ X+ y2 /Ro . MHTerpan (2) nMeeT aHATMTUYECKOE PeLICHUE:

[p2 2
1,(») :£ arcsinh % —arcsinh % , €)
0 y y

rne K — nocrosHuas, onpenensemas SkcriepuMenTanbHo. Ha puc. 1 npencrasieHo
MOJIETIbHOE paclpe/ieIeHHe HOPMHPOBAHHOM HWHTEHCUBHOCTH CHHXPOTPOHHOTO
M3JIy4eHUs IUIa3Mbl, OKpyXawoomed ker. Jlyd 3peHus Ha  puUCyHKe
HNEPHEHANKYIISIPEH MPAMON JIKETa.

14000
12000 !
10000
8000 |
6000 | |
4000 .
2000 |

ol |

2500 5000 7500

Puc. 1. MonensHOe IBYyXMEpHOE paclipelieieHle HOPMUPOBAHHOM MHTEHCUBHOCTH
CHHXPOTPOHHOI'O H3JIy4YeHHE JKeTa B MEPINEHAMKYJISPHOH K €ro OCH IJIOCKOCTH.
[1IkajTa ”THTEHCUBHOCTH — JIMHEIHHAS.
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ITpy MOCTPOEHUH JAHHOTO PACHpe/eIeH s, BEJIMYMHA BHEIIHETO pajuyca
npusnManack  pasHoii Ry =12,5 «knk (pammyc Tamakrukm). CxomctBo

MOJTYYEHHBIX MOJENBHBIX PE3yJNbTaTOB C HAOIIONAEMbIM H3IyYCHHEM DKETOB B
pamuo, peHTTeHOBCKOM, TaMMa-, YJIbTPa(HOJIETOBOM M ONTHYECKOM AWara3oHax
MO3BOJIIIOT  CHENIaTh 3aKJIIOYEHHE O MPABWIBHOCTH MOJEIN CHHXPOTPOHHOIO
U3IIy4eHHs U I1o100pa mapaMeTpoB.

2. OGPATHBIN Y®®EKT KOMIITOHA

PaCCMOTpI/IM H3JIy4YCHUC JOKETa  BCJICACTBHUC  pACCCAHUA KBaHTOB
PCIIUKTOBOTO U3JIYUYCHUS HA €T0 PEIIATUBUCTCKUX BJICKTPOHAX. H}’CTI) HallpaBJICHUA

CKOPOCTEH PENMKTOBBIX KBAHTOB PaCIpPEIeICHBl H30TPOIIHO U &, — HX HadalbHas

sHeprus. Torga sHeprus paccesiHHbIX KBaHTOB [4]

4 K 4
e, =—&,—5=—¢&,(-1), “)
3 % me? 3 o=
K =mc*(T' —1) — KuHeTHdecKas SHEprHs SIEKTPOHOB JUkeTa. PekyppeHTHOe

BEIpakeHue g (hakropa JlopeHa mmeeT BUI:
4g e
r.,=r, . ..B——2or +—0 Q)
) = -1)8 .
kSh (k=1)Sh 3m02 (k=1)Sh 3mcz

U3 (4) u (5) cnemyer
4 ct/2R, 7 4 ct/2R,
r(t)=T, 1—%) 4 fo -5 1. (6)
3mc 3mc? ln(l—;‘%) 3mc
C y4eToM MaJOCTH BBIpaXXEHHUs 110/ JioraprudmMomM, (6) mepenuiiercs: B BUIe

ct/2R, ct/2R,
r@=r, 1—34‘90 j AT P ) : (7)

2 2
mc 4 3mc

C mnoMoLIbI0 TONYyYEHHBIX BBIPAXKEHHUM, paccuUTaeM JSHEPreTUUEcKUe
MOTEepH dEeKTpoHa. PaccMaTpuBaiuch JiBa BHJA UCTOYHUKOB (OTOHOB. IlepBblit —
HEMOCPEICTBEHHO PEJIMKTOBBIA (OH [5], BTOpOH — aOCOJIOTHO HYEpHOE Teo C

Ny 6
temneparypoit 7 =10" K.
VYuutbiBasg, 4TO  COBpEMEHHBIM  Bo3pacT BceneHHOM — cocraBisieT

ct/(2R,) 110" (a Bospact TumHuHOTO IUKETAa — Ha TPH TOPAIKA MEHBIIE),

NPUXOIUM K HEU30€KHOMY BBIBOAY OO OTCYTCTBHM BIHSHHS KOMIITOHOBCKHX
MOTeph Ha CKOpOCTH pkeTa. OmHako oOpatHbI ¢ ekt KoMmnToHa MOXeT oka3ath
3HAYUTENHHOE BIMSHUE HA W3NTydaTeJbHBIE XapaKTEepUCTHKU kera. PaccunTaem
crekTp (OTOHOB MOCIe uX AU (y3UH B TOTOKE AIEKTPOHOB KeTa [4]:
N _1 0[N,
oy  x’ox Ox

®)

b
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e x=ho/kT,, y=ukT, /(mc’), u=nco,t, o, = (87[/2) 4/(mc)

N - uncno GoTOHOB Ha OZHY MOy, /I — KOHICHTDALWs SJIEKTPOHOB, 1,

JJIEKTPOHHAs ~ TeMmIlepaTypa. BcienctBue  OAHOPOAHOCTH — 3aJaddl  MOKHO
paccMaTpuBaTh TOJNBKO CTALIMOHAPHBIE PEIICHUS:

N(x)=-4ye " +4e "Ei(x)—4Inx. )
[Tony4yeHHOE BBIpaXKEHHE SIBISCTCS CICKTPOM H3JIYYCHHUsI JDKETa BCICICTBUC
obpartHoro >¢pdexra Komnrona (puc. 2).

A Amax
1

0.8
0.6
0.4
0.2
hy

025 05 0.75 125 15 175 kTep

Puc. 2. Criextp m3IIydeHHs JKETa, 0Opa3yOUIUiicS BCIEACTBHE PACCESHHUS KBAHTOB
PENMKTOBOTO M3JIyYEHHS CO CPEIHEN PABHOBECHOM TEMIIEPATYpPO <T > 10 = 2,7

K Ha ynpTpapensiTHBUCTCKHUX 371eKTpoHax (00patHbIil a3 ekt Komnrona).

4. 3BAKJIIOYEHUE

Crenmyer OTMETHTB, YTO HECMOTPSI Ha 3HAYMTEIBHYIO JHEPIHI0O KBAaHTOB
KOMITTOHOBCKOT'O H3JIy4EHHs], JIEXKAIIyI0 B JXECTKOM PEHTI'€HOBCKOM M TaMMa-
JMara30He JJIEKTPOMAarHUTHOTO CIHEKTpa, €aMO MW3Iy4YeHHe, B OTINYUH OT
CHHXPOTPOHHOT0, JIOKAIN30BAHO B OYEHb Y3KOM IIMIIMHAPE, PAANyC KOTOPOTO paBeH
panuycy [keTa. B HacTosmiee BpeMst 3TO OKHO CITY>KHTh TPETATCTBUEM TSI €T0
HETIOCPEICTBEHHOT0 HaOJIOCHUs ¢ MOMOIIBI0 BHEaTMOC(EpHBIX 00CcepBaTOpHi,
T.K. TAKOH pa3Mep JIEXKHUT 3a NpeJeslaMy pa3pelaromieil ciocoOHOCTH COBPEMEHHBIX
PEHTI€HOBCKUX M TaMMa-TEJIeCKOIIOB.

PesynbraThl maHHO# paboTel cnemytromue. PaccyutaHbl MHTETpabHBIE U
CHEKTpaJbHBIE XapaKTePUCTHKH U3IIyYeHHUs JDKETOB. PaccMOTpeHB! /IBa MeXaHH3Ma

M3JIy4CHHs: CHHXPOTPOHHBI B obnacté 7 > R, M KOMITOHOBCKOE paccesHHe

KBAaHTOB PEIMUKTOBOTO M3IIy4YCHUA < RJ . HOKaBaHO, YTO TOJBKO 3TH MCXAaHH3MBI

00ecneynBaT NOJIHYIO CBETUMOCTH JKETOB: CHUHXPOTPOHHOC H3JTYUCHUC — B
OCHOBHOM B paauoJuanasoHe, KOMIITOHOBCKHMH MEXaHU3M — B JKECTKOHU
peHTI‘eHOBCKOﬁ 1 raMMa- auarma3oHax CICKTpa.
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Abstract. We analyze long-term evolution of jets from their origin in accretion
disks of active galactic nuclei to their destruction in far-halos of galaxies. Based on
the analytical solutions of RMHD equations we show that magneto-hydrodynamical
interactions of charged jet with intergalactic medium are not effective in jet
destruction. High stability of jet in the nearest halo region are explained and proved.
We show that the only mechanism of jet particles changing their trajectories is their
interaction with cold dark matter (CDM) particles in far regions of galactic halos.
Numerical simulations result in the most probable candidate for such CDM particles
- primordial micro black holes.

1. INTRODUCTION

Jets are observed in various astronomical objects, such as active galactic
nuclei (AGNs), X-ray binaries (XBs), and young stellar objects (YSOs). These
astrophysical jets have variety in the linear size. In AGNs, jets extend more than
several hundreds kpc and are several times larger than the host galaxies. In XBs and
YSOs, the jets are much smaller than those in AGNs. The size of the jets ranges
from 0.1 pc to 100 pc. Astrophysical jets show variety also in the velocity and
luminosity. Despite all these varieties in the scale, astrophysical jets have common
features. (1) Velocities of jets are of the order of the escape velocity of the source.
(2) Jets are collimated well and essentially cylindrical. (3) Jets involve complex
internal structure, such as wiggling and knots. (4) Jets show often S-shaped point
symmetry around the source. (5) Jets vary their shapes and directions on short time
scales. (6) Jets associate disks of which planes are perpendicular to the jet axis.
These similarities suggest that astrophysical jets have common physical mechanisms
in the formation and collimation. Many researchers have studied various aspects of
astrophysical jets both observationally and theoretically to shed light on the
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mechanisms of formation and collimation. In observations, jet sources have been
studied in wide range of wavelength, from radio to X-ray. In radio region, hundreds
of jets have been found in AGNs. Their velocities or morphologies are studied
statistically. In infrared and optical region, internal structure of jets from YSOs is
studied. In X-ray region, using spectra and their variabilities, the structure and
dynamics of the most inner region of jet sources, at which the jets accelerate, are
investigated. Recently, data of higher spatial or energy resolution are available with
interferometer techniques and space observatories. For examples, in radio, with very
long baseline interferometer (VLBI) techniques images of radio jets with resolution
of milli-arcsecond are obtained. In infrared and optical, the NASA’s Hubble space
telescope has taken images of 0.1 arcsecond resolution, which are not available with
ground-based telescopes. In X-ray, the ASCA satellite observes several KeV images
with 0.2 KeV energy. Moreover, multiwavelength observations are carried out
owing to cooperation of observatories with different target wavelength. In
multiwavelength observations, targets are observed in different wavelengths
simultaneously. The multiwavelength observations of the X-ray binary
GRS1915+105, known as a transient X-ray source, reveal that there is the time
correlation between X-ray flares and superluminal radio jet ejections. In theories,
formation and collimation of jets are investigated in various fields: structure of
accretion disks, acceleration and collimation processes of jets with numerical
simulations, shock waves in accretions disk, particle acceleration mechanisms at
shocks, etc. There are two main branches of accretion disk models: Standard
accretion disk model and advection dominated accretion flow (ADAF) model, The
standard accretion disk models were initiated by Shakura & Sunyaev (1973) [1].
Although the standard models explain many aspects of observational features of
accretion disks, there are still some features that can not be accounted for, e.g.,
spectra of low luminosity AGNs. Other accretion solutions, ADAF models, are the
spectra of low luminosity AGNs. Various kinds of jet acceleration mechanisms have
been proposed. Jets are accelerated by gas pressure, magnetocentrifugal force,
magnetic pressure, or radiation pressure. There are some collimation processes
proposed: collimation by funnel flow, pinch effect of plasma, or cylindrical
environment.

The velocities of astrophysical jets are known to be of the order of the
escape velocities of the central objects. In AGNs and XBs, the velocities of jets
range from mildly relativistic (v=0.2¢) to ultra-relativistic (v=0.2c or the Lorentz
factor I'=10) [2].

In AGNS, relativistic jets are suggested by the fact that one-sided radio jets
are commonly observed [3]. Since these one-sided jet sources associate double radio
lobes, and since the lobes are supplied with their energy by the jets, the jets are
intrinsically bipolar. The apparent asymmetry of the jets comes from a relativistic
beaming effect, i.e., we observe a strong approaching jet as a one-sided jet and
hardly observe a week receding jet. Another observational evidence of the
relativistic jets is a super luminal motion. For examples, in 3C120 [4] and the quasar
1928+738 [5], proper motion of knots in the radio jets exceeds the speed of light
apparently. This super luminal motion is interpreted as a relativistic effect caused by
radio jets with bulk velocity close to the speed of light pointing toward the observer.
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Also in the X-ray binaries, GRS 1915+105 and GRO 1655-40 [6], super luminal
motion is observed. The intrinsic velocities of the jets are estimated to be about

0.9C. In YSOs, the velocities of jets are of the order of 100 km s , which are
close to the escape velocities of the protostars with the mass of =<1M [7].

Collimation of astrophysical jets is known very well. The collimation
factor, which is defined as the ratio of the length to the diameter of jets, is several
hundred for AGNs and 3-30 for XBs and YSOs. Radio jets from AGNs are
extremely well collimated. The radio jets extend more than several tens kpc. Radio
jets from the powerful AGNs are typically straighter and better collimated than those
associated with weaker AGNs [8].

Astrophysical jets often take straight filled morphology. If we observe the
jets with higher spatial resolution, we find their internal structures: knots and
wiggling.

Knots are often observed in astrophysical jets. Wiggling is observed in
some jet sources. The wiggling is seen not only in the radio intensity morphology
but also in the directions of the magnetic field in the jets. These internal structures in
astrophysical jets are thought to originate from episodic ejection or the precessing
ejection of jets from the central object

Astrophysical jets generally show S-shaped point symmetry with respect to
the source [9]. The jets, including the knots and kinks, are highly shaped point
symmetric for the length of 30 kpc. Although most AGN jets show point symmetry,
some AGNs jets have mirror symmetry (e.g., 3C449). The mirror symmetry is
thought to be due to sweeping back of point symmetric jets by the proper motion of
the galaxy through the surrounding intergalactic medium, since mirror symmetric
jets are found almost exclusively in clusters of galaxies. In fact 3C449 is a member
of the open cluster of galaxies Zw2231.2+3732. In the mirror symmetric jets, knots
are also distributed mirror symmetrically.

Point symmetry is also seen in jets from XBs. The jets from SS433 show
clear S-shaped point symmetry of knots, with the jet axis precessing. Point
symmetric distribution of knots is also seen in HH jets. The degree of the symmetry
is higher in the inner region.

These S-shaped point symmetries of jet morphology and knots distribution
suggest that the morphology and internal structure of jets originate from activities
(e.g., precession and episodic ejection of jets) of the central source (internal origin),
not from inhomogeneous distribution of the environmental gas (external origin).
Observations have revealed various aspects of astrophysical jets: (1) jets are very
fast (relativistic jets are common in AGNs and XBs) and are highly collimated (the
ratio of length to width ranges from 10 to 100); (2) jets often associates accretion
disks perpendicular to the jet axis (e.g., NGC4261, M87, and HH31); (3) jets
ejections have close relation to activities of accretion disks, (in some XBs radio jets
emanate after X-ray flares episodically). To account for these observations, many
theorists have investigated accretion disks and jets therefrom. Accretion disk models
have widely succeeded in accounting for many observational aspects of AGNs, CVs,
and YSOs, e.g., the UV bump in AGN spectra, high and low states of CVs.
Although accretion disk models succeed in understanding the spectra, they are not
effective tools to understand the formation and collimation mechanisms of jets. Jet
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formation and collimation mechanisms have been intensively investigated with
numerical simulations. Mainly by solving hydrodynamical equations numerically,
many researchers propose various kinds of jet acceleration and jet collimation
mechanisms [10].

2. INITIAL STAGE OF JET PROPAGATION

Lets consider the process of jet slowing down via its mass increase by
means of charged particle capture in the interstellar and intergalactic medium by jet
magnetic field. Applying impulse conservation law:

V \'
1,t=L=—(M,t+rSp), (1)
M r, T (M,t+rSp)
where |\] ; — rate of jet matter transfer, V), I'j — its initial velocity and Lorentz

factor, S — effective cross section of particle capture by magnetic field, p —

density of surrounding medium. From the last formula we have expression for jet
moving away velocity

vJ(z,t>=—<£—°>M“:'%éz, @
« M Iy

where <F>t — time-averaged value of I". In the initial state jet consists of a beam
of high-energy particles (protons/positrons or electrons) of radius
r R, =GM /C*. Then when interacted with surround medium it could be

deformed. For mathematical description lets consider invariant MHD system of
equations:

v _ 0;
ot
B __%wB); 3)
ot 0z
B, B,
=-V,—/—.
ot or

it B= (B..B,,B,) are magnetic field of jet current. From the first

equation of (3) it follows:

B, =const=B,,. “4)
If B =B,(r,t), then
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B, ov, |dB  ov, o, T, . Sp
=-B =>|—=——"0a, —= M 3Vt — il
ot 0z B oz oz (I), (M t+2Sp)

j 5
:>m|ak>7§§wspf%kdumjt+éwf= ©
t
_ Iy vSp { Spz
(T), My [Mt+Szp0
and finally we have:

B = C(r)exp{—<

+In(\ t+ sz)},

L VOS’O{ Spz +1n(MJt+sz)H, (©6)

L) My LM, t+Szp
where C(I') — arbitrary function of coordinate I . When B, # B, (Z), then
M: _% Br = dB" :_%dt = h’l| Br |: _%t+cl(r) =
ot 0z B 0z 0z
' (7
ov,

=B =B expi——2t;.

r ro Xp{ 62 }

From the derived expressions OB,/0t =0, and
B,=B,. (®)
Obviously, B

Lo =0, therefore B, =0. Component B, of magnetic induction

vector is equal to magnetic field of straightforward jet current J :

2 2 e .
B,=">="—"M,. ©)
crcrm,
Jet deformation could take place as a result of restructure of its magnetic

field via its interaction with interstellar and intergalactic medium plasma. Sufficient
condition of field restructure is:

82
m,nc’ (;—IJZ—‘”, (10)
J1=V¥/c? 4z

We have from there condition of medium concentration, sufficient for jet

structure change
2

e a1
n=\1-v’/ce ——M3—. (11)
actmp U r

To solve this inequality it is necessary to derive expression for jet velocity. With
effective capture cross section S we have

B 1 ¢&

(4 -2
2 = —M3=nmT, (12)
dr  #c’r’ myp 1= My
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equation for velocity V, = dz/dt is:
) -1/2
vl“t:% 1—(%ji +z%e—2|\/'| . (13)
OO dt dt) ¢ dt g
Analyzing differential equation (13), its obvious, that slowing down process of jet is

not effective. It is connected to large value of I" up to [J 10° and very low density
of surrounding medium.

3.NUMERICAL SIMULATIONS OF JET DESTRUCTION

In the previous section our solutions of MHD equations prove high stability
of initial stages of jet propagation. But the observations show strong deformations of
jet trajectories in the outer regions of parent galactic halos. As it was shown in
previous section, MHD interactions of jet particles with intergalactic medium aren’t
able to curve jet trajectory. Other mechanism was analyzed in [11]. According to it
jets could be curved because of energy loss via Compton and synchrotron
mechanisms. This mechanism isn’t also effective enough to curve jet. We propose
another hypothesis:

e jets are deformed due to the process of frequent inelastic scattering by invisible
halo particles.

The only candidate for such a kind of particles could be primordial micro black
holes.
Lets consider two dimensional scattering model. Its main parameters are:

effective cross section of scattering particles @, concentration of scattering
particles N, scattering S(€), and fraction of electron energy after scattering & .

We define another parameter — mean free path | :

1 2
=— [ Tcm”). (14)
2zaln, @ )
Numerical simulations was performed in Mathematica 5.0 system using
Monte Carlo method. At t =0 jet electron is in zero point of Cartesian plane XY

(Y coordinate is directed toward initial jet particle motion) and have its first
inelastic collision. Electron moves aside from its initial trajectory on the random

angle ¢=s(random(0,27]), which is distributed as S(#) (random{0,27] —
uniformly distributed at [0,27) random value, generated with Mathematica 5.0

random number generator). Electron energy after the first collision is I', =« .

There are scheme of numerical algorithm below:
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X = Yo =0,
¢ = %’
b = s(randF)n{O,Zﬂ]), (15)
X = X +lsin(d +4._),
Yo = Yo, —lcos(d +d._),
r, = KkFO,
k

t = t +

k ; c,/I“

k=1,23,...

For correlation of parameters of the model with experimental data we use data from
image catalogue of radio galaxies and quasars [12]. Therefore the main input model
parameters are shape of deformed jet part and its linear size. In our model the mean

lengthwise size of deformed jet part <D> =300 kpc. Other parameters are mean

free path of an electron | and number of collisions N . Simulations were performed
for one particle with scattering indicatrix of two kinds. When S(6) = S/(6),

0, 0<r

=7 7 16
0-{ 55n 09

region of scattering becomes close to circle with number of collisions N increase.
That doesn’t fit the experimental data. The second indicatrix S,(€) is chosen

according the nature of the process of ultrarelativistic particle deceleration. At high
energies of electron it bends at small angles. When it decelerated enough its angular
distribution should be close to uniform. There is an example of function with such a
constraint is satisfied:

5(0.)=(1)' = _b .z (17
-i+1 2
where | — number of collision, é/ — arbitrary constant. The best fit of the

experimental jet shape is satisfied with ¢ =0,03N . According to this model we
determine number of collisions before the total slowing down. It is equal to 1130 for
K =0,95. The results of our numerical simulations are presented in fig. 1. This
plot corresponds to the maximal number of scatters used in simulations — 11 000.
When further increased, N leads to very long duration of computer calculations.
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Fig. 1. Deformation of jet in far-halo regions of parent galaxies in consequence of

(& =0.03N

scattering by invisible massive halo particles

4. DISCUSSION AND CONCLUSION

Based on relativistic magnetohydrodynamics equations we found that initial
jet trajectory is stable and collimated, jet particles don’t lose their energy 1" due to
interactions with intergalactic medium. In section 4 we propose numerical
algorithms and codes for numerical Monte Carlo simulations of scattering of jet
electrons by far-halo cold darc matter particles. We simulate final jet evolution
stages, their inelastic slowing down and spatial deformation. Simulations are
performed with variations of parameters: number of scatters (up to 11000), and
mean free path (= 25 pc). Its a pity that these results doesn’t allow to estimate cold
dark matter particle density. That is due to large uncertainties of used parameters
and the indicatrix S, .

According to our simulations we present hypothesis of jet deformation and
decelerating in consequence of its particle inelastic scattering by invisible halo
particles. Lets consider probable candidates for such a kind of particles. Their
properties should be rather unique: comparatively small size (=1 ¢ m), absence of
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any emission, possibility of transformation of large energy. The first probable
candidate for such hypothetic particles is intergalactic dust. But dust particles aren’t
able to influence the ultrarelativistic electron (positron or even proton) stream
because of its large kinetic energy. That is why there is an only candidate among all
capable of fitting all experimental and model data. These are primordial microscopic
black holes that are about 40 years have been discussed theoretically, but there is no
any explicit experimental evidence for them. Probably, an oblique evidence will be
found studying AGN jets on at their final evolution stages. Additional investigations
are very necessary and important.

—_—
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Abstract. Carbon plasma flows for deposition of diamond-like films are generated
with the help of four-electrode system with graphite cathode and self-recovering
thin-film conductor of an ignition device in a vacuum chamber with residual
pressure down to 5-10~° Torr. The pulse-periodic carbon arc discharge is considered
at discharge current of 4-10 kA, duration of pulses of 100-200 ms and the pulse
repetition rate of up to 30 Hz. The form and amplitude of voltage and current of
pulses of igniting, supporting and main discharges, and the form of light pulse in
various zones of the discharge were measured. The information on reproducibility of
the arc discharge of short duration was obtained as well.

1. INTRODUCTION

Diamond-like films find wide application in different fields of engineering
and microelectronics. Such films are characterized by a high surface hardness
comparable to natural diamond, but have a quasi-amorphous structure consisting of
nano-sized areas of different carbon phases. The physicochemical and mechanical
properties of diamond-like coatings and films depend strongly on a technique and
conditions of their production. Therefore, studying the correlation of coatings’
characteristics with parameters of heterogeneous plasma flows used for their
depositing is in demand. The present work is aimed at studying high-current arcs of
short duration in vacuum to optimise the technology relevant to diamond-like
coating deposition.
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2. EXPERIMENT

The investigations were carried out on an experimental setup, allowing to
get pulsed erosive plasma at a discharge current amplitude of up to 10000 A, the
pulse duration of 100-200 ps, and a repetition frequency of pulses of up to 30 Hz as
well as to study the plasma by optical and spectroscopic techniques with a time
resolution of down to 0.1 ps, spectral resolution of down to 0.01 nm and spatial
resolution down to 0.1 mm. The setup incorporates the pulsed plasma accelerator
(PPA) [1], the optic-spectral unit for multifunction diagnostics, and the equipment of
computer recording of plasma parameters on basis of analog-to-digital converters
(ADC). The functional scheme of experimental setup is represented in Fig. 1.

PS3

PS2

PS1

PPA CU
Synchronizing Pulse

Fig. 1. The functional scheme of experimental setup to study carbon erosive
plasma. PPA CU — control unit of PPA; PS1, PS2 and PS3 — power supplies of
igniting, supporting and main discharges, respectively; C1, C2 and C3 — capacity
storages; V — thyristor; A — anode; C — graphite cathode; S — support electrode; I —
ignition electrode; f — self-recovering thin-film conductor; T1, T2 and T3 — sensors
to measure the amplitude and shape of current pulses; T — target; F —filter set; L —
quartz objective; P — image plane of plasma flow. Directions of electron currents of
igniting |4, supporting |, and main |3 discharges are indicated by arrows.

At the beginning of each run of PPA, capacity storages C2 =200 uF and C3
= 1200 pF are charged up to a voltage level, preset by the control unit PPA CU.
Then the capacity storages are disconnected from power supplies PS2 and PS3. The
voltage of capacitors C2 and C3 is adjusted in the range of 250+500 V. Power
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supply PS1 maintains the voltage of capacitor C1 = 15 puF on the level of about 800
V.

An electric pulse from the control unit, serving simultaneously as a
synchronizing pulse of external peripherals, turns thyristor V on. An igniting current
pulse is generated owing to discharging of capacitor C1 through a localized contact
of anode A with ignition electrode I, formed by a thin conducting film f of the
cathode erosion material deposited on a surface of insulator between electrodes I and
A. A portion of initiating plasma is produced as a result of flash evaporation of the
film. When the above mentioned plasma reaches the interelectrode space between
cathode C and support electrode S, the discharge of capacity C2 occurs resulting in
strong increase of conductivity of plasma between the cathode and anode, sufficient
to initiate the main discharge. Energy of capacity storage C1 is liberated on the
cathode by means of a vacuum high-current arc burning in vapour of the cathode
eroded in microspots. Under the impact of gas-dynamic and electromagnetic forces
the formed plasma flow is accelerated toward the target T. The part of plasma is
deposited on interelectrode insulator, thus recovering the thin-film conductor f of the
ignition system. After that the PPA is ready to the next operation cycle. The
repetition frequency of igniting pulses is assigned by the control unit in the range of
0.1 to 35 Hz.

Entrance slits or working sites of peripherals, necessary to carry out the
investigations, are arranged in an image plane P of plasma flow. For synchronization
the peripherals with the pulsed arc discharge the igniting pulse of control unit
PPA CU is used. After completing the registration cycle the software of equipment
of computer recording of plasma parameters copies storage contents of ADC boards
on a hard disk of the computer during a pause between the igniting pulses.

3. ELECTRICAL CHARACTERISTICSOF
PULSED PLASMA FLOWS

Electrical characteristics of pulsed carbon arc were measured with the help
of system of recording of currents and voltages of pulsed discharges. The system is
realized on the basis of a set of initial transducers (current sensors and compensated
voltage dividers) and analog-to-digital converters with the personal computer. The
scheme of arrangement of sensors to measure amplitude and shape of current pulses
of igniting |, supporting |, and main |3 discharges is shown in Fig. 1.

The registered current oscillograms are given in Fig. 2. Current pulses I3, |5,
I3 and I, were taken from sensors T1, T2, T3 and T4 respectively. According to the
results obtained there is a good repeatability of amplitude and shape of all current
pulses. For example, maximal change of amplitude of the main discharge current
from pulse to pulse does not exceed 10%. The time delay between igniting and
supporting pulses and between supporting and main pulses varies in the range of
1+3 and 5+20 ps, respectively. The difference of current pulses |3 and |4 shows that
the considerable part of the main discharge current does not flow to the anode and
dissipates on other electrodes.
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T 100 200 t, us

Fig. 2. The current oscillograms taken from sensors T1, T2 and T3.

In spite of steady current characteristics of the discharge in question,
radiation intensity in a fixed spatial point of the plasma flow can vary by a factor of
ten from impulse to impulse. The light pulse may be bell-shaped or have strong
fluctuations of intensity at a frequency of 100-200 kHz. The last is due to formation
and decay of cathode spot groups having lifetime of 5—10 ps.

4. CONCLUSION

The studies of carbon erosive plasma in a mode of diamond-like coating
deposition have shown a good repeatability in electrical parameters of the used
pulsed arc discharge with multi-step process of plasma initiation. The registered
voltages and radiation intensities tend to have fluctuations at a frequency of 100-200
kHz. Such behaviour is ordinary for arc discharges with consumable electrodes [2,
3].
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Fig. 2. Opening ceremony. Alexandr P. Voitovich, Milivoje Cuk, Sergej V.
Gaponenko, Milan S. Dimitrijevic.

Fig. 3. Opening ceremony. Aleksandar Selmak, Vice Minister for Science and
Environmental Protection of Serbia.
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Fig. 4. Opening ceremony. Aleksandar Lipkovski, Vice Rector of the Belgrade
University.

Fig. 5. Opening ceremony. Alexandar P. Voitovich, Milivoje Cuk, Sergej V.
Gaponenko, Milan S. Dimitrijevi¢, Vladimir Mackyevich, Ambassador of the
Belarus.
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Fig. 7. Conference dinner. Sonja Jovicevi¢, Ivan Doj¢inovi¢, Nikola Cvetanovic,
Nikola Konjevié, Milivoje Cuk.
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Fig. 8. Conference dinner. Nikola Konjevi¢, Alexandr P. Voitovich, Milivoje Cuk,
Milan S. Dimitrijevi¢, Anatolij A. Mihajlov.

Fig. 9. Conference dinner. Sergej V. Gaponenko. Aleksandar Lipkovski, Jago$
Purié.
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Fig. 10. Conference dinner.

Fig. 11. Conference dinner.
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