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IONIZATION AND RECOMBINATION OF A MULTICHARGED PLASMA HEATED BY 

LASER RADIATION 

A. N. Polyanichev and V. S. Fetisov UDC 533.95:621.375.826 

Ionization and recombination processes taking place in a laser plasma during its heating 
up and subsequent cooling play an important role in the formation of the charge and energy 
spectra of the plasma ions [i, 2]. It appears that recombination during dispersion of the 
plasma does not lead to the total disappearance of the charged particles. The possibility of 
hardening the degree of ionization was shown theoretically for the first time in [3]. A 
subsequent study of the dispersion of a previously heated and ionized plasma [4-6] showed 
that the most effective hardening occurs at the periphery of the plasma bunch, i.e., where 
the rate of expansion of the plasma is the highest and the density is the lowest. However, 
in all these papers, the stage of heating up of the plasma by laser radiation has not been 
considered. 

This paper is devoted to the numerical investigation of the dispersion of a multicharged 
plasma (aluminum and deuterium--carbon), subjected to ~he action of the radiation of a neodym- 
ium laser. The following inelastic processes are taken into consideration for the calcula- 
tions: ionization by electron shock, photorecombination, ternary recombination at the ground 
level with an electron as the third particle, stopping absorption of radiation incident on 
the plasma, bremsstrahlung, electron thermal conductivity, and energy transfer between elec- 
trons and ions. 

The dispersion of a continuous spherical bunch of multicharged plasma, in which the 
inelastic processes mentioned above occur, can be considered by means of the equations of gas 
dynamics, using the assumption of quasineutrality of the plasma. Breakdown of quasineutrality 
occurs at distances on the order of the Debye radius. For the plasma parameters used ~ensity 
-1022 cm -3, temperature ~102-103 eV), the Debye radius r D ~ 10 -6 cm, which is considerably 
less than the characteristic size of the plasma bunch R ~ 10 -2 cm. Therefore, breakdown of 
quasineutrality can occur only close to the edge of the plasma, and at quite large dimensions 
of the bunch, the effect of the resulting electrical forces on the motion of the main bulk of 
the plasma is negligibly small [7]. ~ The effect of the electric field can result, however, 
at distances of the mean free path of ions relative to ion--ion collisions Zii" In fact, the 
self-consistent electric field originating even under the condition of quasineutrality leads 
to ions of different charges being accelerated differently in this field. At the same time 
ion--ion collisions create a strong friction which balances the velocities of the ordered 
motion of ions with different charges. This velocity balancing takes place over the whole 
volume of the plasma, with the exception of a small region of the order of lii, ~mmediately 
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adjacent to the edge. We shall consider the following plasma parameters: temperature of the 
electrons and ions T e 102-103 eV and T i ~ 102 eV; ionization potential J(z) ~ 103 eV; 
ionic charge z ~ i0; density of atoms n ~> 1021 cm-~; and radius of bunch R ~ 10 -2 cm. Then, 
in the main bulk of the bunch lii ~ 10 -7 cm, i.e., lii << R, and the motion of the plasma 
can be considered in single-liquid approximation. It should be noted, however, that near 
the edge, because of the low plasma density, ~ii may prove to be on the order of the dimen- 
sions of the region of hardening of ions with a high charge (z >> I), which would lead to 
separation of the charges according to velocity in this region, observed experimentally, for 
example, in [I]. This phenomenon has not been taken into account in our model. 

We shall consider a plasma consisting of a mixture of ions of two kinds. The first kind 
consists of ions with a high nuclear charge z m >> i, nuclear mass M~, and atom density n~. 
The other kind consists of ions with a nuclear charge equal to unity (deuterium), atomic mass 
M2, and atom density n2. Since we shall be considering mainly temperatures of ~102-102 eV, it 
can be assumed that the deuterium is completely ionized. The solution of the problem will be 
conducted on the assumption that at each instant mainly ions of one charge are present at each 
point [8]. The concentration of ions and their ionization potentials will be considered as 
continuous functions of the ion charge z. 

Thus, as a start, we shall take the following system of hydrodynamic equations, describ- 
ing the dispersion of the two-component laser plasma: 

~n ~ - ~ -  + u ~ -  = - ~ (p~.  p 3 ,  

O'--i- 7 (r2un) = 

Ope-L'uOPeo-'~ i ~ - ~  35 rzPe orO (rZu)=~5 ~0 (r2gOYe~.~_Wabs_~Wem.~Wo__Qie,Or ] (1) 

OPi ~ 5 Pi 0 (r%) = Qi~, oz oz 
0---{ -~- u ~, q- 3 r 2 Or Ot ~- U'-b7 = Az' 

where u is the hydrodynamic velocity; Pe and Te(Pi, T i) are the pressure and temperature of 
the electrons (ions); z is the average charge of ions of the first kind; n = n: + n2 is the 
total density of atoms; M = M:~: + M2~2; cp: = n~/n and 92 = n=/n are the concentrations of 
atoms of the first and second kinds, respectively; ~ is the coefficient of electron thermal 
conductivity; and A z = Px -- P2 -- Ps is the rate of change of the average charge of the plasma 
ions z due to inelastic processes. The expressions for the ionization rates by electron 
shock F~, photorecombination F2, and ternary recombination at the ground level F3 [9] have 
the following form 

J(z+i) 

r x = 5 . t O  - ~  ~n~e T~ ' ,  
s (z + t)  T'~/, [ t  + I (~. + ~) / r~] '  

r= = 1 . 6 8 .  t 0  -14 ' ~ n J ~  (z) 
T: I' [t + J (z)/Te]' 

s = 8 . 2 5 .  i 0  - ~ s  
] ( z )  T~ [i  § 
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where ~ i s  the number of  va lence e l e c t r o n s .  The e ~ r e s s i m n  f o r  the r a t e  of  t e r n a r y  P i t a e v -  
skii--Gurevich recombination at a high~ excited level with subsequent diffusions of the elec- 
tron through the levels is not given here, although this process was also provid~ for in t~ 
program. This is because Pitaevskii--Gurevich reco~ination under these co~itions does not 
make any contribution. Its characteristic time is -3-i~ s sec, which is much greater than 
the times of photorecombination (~3.10 -z~ sec) and ternary recombi~tion at t~ ground level 
(-10-' see). It can be seen from a comparison of the characteristic t~es that photorecombina- 
tion plays the main role in the fo~ation of the space distribution of the cherge; however, 
ternary recombination at the grou~ level can introduce errors during expansion, when the 
plasma te~erature falls to a value of ~i0 eV. 

Absorption of laser radiation during dispersion of a ~lticharged plasma takes place 
mainly in consequence of the reverse stopping effect as a result of electron and ion coll~ 
sions. In accordance with this, the magnitude of the light energy ~sorbed by the electrons 
Wabs is determined by the well-known formula Wabs ffi kq, where k = (mei/C)~e/nc)[l " ~e/ 
nc)] -f/2 is the local coefficient of stopped absorption; q is the energy flux of the laser 
radiation; n e = n(z~1 + ~2):Is the electron density; ~ei is the frequency of electron-ion 
collision; n c ffi mm~/4~e 2 is the critical density (e is the charge, and m is the mass of the 
electron) ; c is the speed of light; Wem = --l.53-10-25neTe*/2n (z 2 ~ l + ~2) is the loss of energy 
to bremsstrahlung [I0]; and Wo = n~ 1[J(z)F, -- (3/2)TeF= -- J(z + I)F,] is the change of 
energy of the electrons as a result of reco~ination and ionization. Bremsstrahlung and 
radiation during photoreco~inatiQn freely leave the plasma, since the range of the radia- 
tion is -i cm, which is much greater than the characteristic size of the plasma R~IOC 2 
cm; Qie = 2n(m/M)~ei(Te -- Ti) is the rate of transfer of energy from the electrons to ions. 

The system of equations (i) was replaced by finite-difference equations, which were inte- 
grat~ on a computer. In order to smear out discontinu~ies, ~ ~tifieial viscosity was 
introduced into the calculations. ~e equations for Pe and Pi were solved by the sweepmethod. 

Numerical c~culations were carried out for the dispersion of a sp~rical, dense (alumi- 
num or de.uterium--carbon) target, heated by neodymium laser radiation with a frequency of mo = 
1.78.10 ~s see-*. ~e density distribution of the atoms no and t~perature Tin = 3 eV at the 
initial instant tin are ass~ed to be uniform. At a certain t~e (2.10-" sec) the pla~a is 
dispersed without heating up. In this time, the rarefaction wave rea~es the center of the 
bunch anddensity a~ temperature profiles are created. Similar profiles can be obtained by 
the vaporization of a solid target with a laser backgrou~ or with a previous weak laser 
pulse. After this, the main laser pulse with a traingular shape is switched on (the origin 
of reference of the time t = o is taken as the instant of the start of operation of the main pulse) : 

2 t At qmxT, O ~ t ~ - ,  
q ( r  = Ro, t ) =  2 a t - - t  At 

t q~ ~ ' 2 ~ t < At, 

where Ko ffi I~ ~ cm is the radius of the focal spot. Thus, for tin > O, dispersion ~d heat- 
ing up of the plasma takes place s~ultaneously. 
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The initial parameters of the plasma for t = tin and the parameters of the laser pulse 
for the versions calculated have the following form: version 1 -- aluminum plasma, no = 5, 
1022 cm -3, Ro = 10 -2 cm, qm = 4"10:~W/cm=, and At = 2.10 -9 sec; version 2 -- CD= plasma, no = 
1023 cm -3, Ro = i0 -z cm, qm = 1014 W/cm=, and At = 2.10 -9 sec. 

As the results of the calculations show, dispersion occurs in the following way. Absorp- 
tion of the external radiation leads to heating up and ionization of the plasma. When the 
electron density reaches a critical magnitude, screening of the central part of the bunch 
occurs, and, consequently, the incident radiation can be absorbed only in the peripheral zone 
close to the edge of the plasma. The electron thermal conductivity is not in the state to 
equalize the temperature over the whole volume (characteristic time of thermal conductivity 
is ~i0 -9 see, i.e., on the order of or greater than the time of dispersion of ~10 -9 sec and 
the duration of the laser pulse), which leads to a spatial distribution of the hydrodynamic 
quantities shown in Figs. I and 2, where the curves are plotted for the instant t = 10 -9 sec, 
when the intensity of the laser radiation is a maximum. Figure i shows version 1 [u9 = 2- 
107 cm/sec, R(t) = 6.7.10 -2 cm]. Close to the edge, the temperature reaches a magnitude of 
-10 s eV, whereas in the central part of the bunch the heating up is not experienced. The 
sharp boundary dividing these two regions and characterizing the enormous temperature and 
pressure gradient can be clearly seen. A shock wave is formed at this boundary, compression 
of the substance takes place, and a density spike to the atoms and electrons, which moves 
towards the center, originates. To the right of the shock wave, the charge of the plasma 
ions is close to the maximum. The front of the ionization wave almost coincides with the 
front of the shock wave, since the time of ionization -i0 -Iz sec is much less than the hydro-�9 
dynamic time of dispersion thyd ~ 10 -9 sec. In consequence of the high density, a brems- 
strahlung spike also exists near the shock wave, somewhat displaced to the side of higher 
temperatures, i.e., to the edge of the plasma. The graphs of the hydrodynamic velocity shown 
in Figs. 1 and 2 show that the substance in the shock wave is moving toward the center. The 
converging shock wave causes compression of the substance in the central region, while at the 
periphery the density decreases because of dispersion. This pressure leads to the greater 
part of the mass of the plasma being concentrated in a small region near the center of the 
bunch. The motion of the density spike toward the center in Euler r and Lagrangian r L co- 
ordinates and the variation of the spike density for versions 1 and 2 is shown in Fig. 3a, b, 
respectively; n(m) and ne(m) are the maximum values of the density of the number of particles 
and the density of the electrons at the instant t; and r0n) is the position of the point with 
maximum density. The initial (at t = tin) coordinate of a specified particle of the plasma 
is taken as the Langrangian coordinate, After its formation, the peak moves towards the 
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center. Its density, first of all, varies weakly, but on approaching the center it increases 
and reaches its maximum value when the shock wave arrives at the center [max nO, t) = 6. 
i02~ cm-' for version 1 and max n(r, t) = 1025 cm -3 for version 2]. 

The high temperature at the periphery is the reason for the strong ionization, and the 
rapid fall of density in the presence of this high temperature prevents recombination, which 
leads to hardening of the degree of ionization in this region. As a result, a spatial distri- 
bution of the ion charge, which is asymptotic with respect to time, is obtained, as shown in 
Fig. 4a, b (version 1 and version 2, respectively);the solid and dashed lines correspond to 

the relations in the usual r and mass coordinates % = nr2d tzr2dt" �9 The region of hardening 

occupies the greater part of the plasma volume, but the smaller part of the mass (for version 
i, 15% of the plasma mass was exposed, while for version 2 it was 30%). Thus, the charge of 
the plasma ions, averaged over the volume, for version 1 is <z> = 2.2, whereas at the periphery 
the aluminum ions are completely ionized and z(x = i) = 13 [for the CD2-plasma, <z> = 2 and 
z( X = i) = 6]. This occurs because the major part of the mass of the plasma is found to be 
concentrated in a small region near the center of the bunch, where in consequence of the high 
density the plasma is completely recombined. 

It should be noted that the stopping mechanism ensures almost total absorption of the 
laser radiation in a multicharged plasma, and for the versions calculated the coefficient of 
reflection was equal to zero during the whole time of operation of the laser pulse, 

Thus, the investigation carried out has shown that the absorption of laser radiation in 
the vicinity of the edge of a plasma is due to hardening of the charge of the plasma ions in 
this region. The results obtained coincide qualitatively with the results of experimental 
observations [i, 2]. 
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EXPLOSIVE EMISSION IN GUIDED SLIDING DISCHARGES 

S. I. Andreev, E. A. Zobov, and A. N. Sidorov UDC 533.9+518.5+537.517 

In [I] a method is proposed for controlling the development process of the discharge of 
a sliding spark along the surface of a film-type dielectric by the introduction into this 
surface of centers of emission consisting of chemical compounds with a low work function of 
the electrons. 

The present article is devoted to an investigation of the nature of this means of con- 
trol. Special experiments were set up which showed that the determining effect on the con- 
trol is that of microexplosions of individual particles entering into the surface. The data 
of Fig. la (photograph of a sliding spark from the side) illustrate this assumption. The 
scattering of luminescing fragments of the emission centers ~h~ visible diameter of the 
channel is approximately 0.5 mm) is clearly visible. The size of the fragments scattering 
with microexplosions is i0-i00 ~m. The size of the individual particles entering into the 
surface is ~200-500 ~m. With projection of the axis of the channel of the discharge along 
the slit of the photorecorder (a streak camera), it is observed that microexplosions arise 
not only at the moment of the closing of the discharge gap (in Fig. ib this moment is shown 
by an arrow), but also in incomplete stages of the discharge at moments corresponding to 
"surges" of the capacitance current [2] (Fig. ib, 1 and 2). 

It has been found that the visible intensity of the microexplosions depends to a con- 
siderable degree on the melting point of the metals of which the individual particles are 
made up. (Control is attained by the deposition of a surface film of varnish in which metal- 
lic powders are suspended). If part of the guiding band is deposited using titanium powder 
(Tmp = 1600~ and if it is then prolonged using metallic calcium powders (Tmp = 850~ 
then the development of a sliding spark in these sections differs in the intensity of the 
microexplosions. This is illustrated in Fig. ic (the more intense region of luminescence 
relates to the part of the guiding band with calcium, while the less intense region relates' 
to the part with titanium). 

Up to the present time, microexplosions with metallic powdershave been considered. 
As was shown in [i], there is guidance also with the use of dielectric powders. In this 
case, the microexplosions are more weakly expressed. 

There is more effective guidance with the use of a mixture of barium oxide and graphite 
powders. In itself, graphite is not very effective for guidance (experiments with graphite 
have been made earlier [3]). In this mixture there is a sharp increase in the intensity of 
microexplosions from particles of graphite. 

In our opinion, the explanation for this is the following. The presence of dielectric 
particles with a low work function (barium oxide) leads to a large number of electron 
cascades and streamer channels near the head of the developing leader. The graphite parti- 
cles are current-collecting or conducting jumpers between the cascades. As a result, a 
large current flows through the graphite particles. This current leads to explosion of the 
conducting particles. ~ The easier the material of the wire melts and the greater the current 
flowing through it, the more intense the explosive processes. 

We must note one more special characteristic. As experiments have shown, a particularly 
high efficiency of the guidance can be obtained if the guiding band is bounded on both sides 
by bands with powders whose emission is minimal (for example, copper oxide Cu20)~ In this 
case the development of a sliding spark takes place at the boundary between the two bands. 
The set of data obtained allows of the following hypothesis. 
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