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The study of ionizing shock waves (SW) in a magnetic field [i] has shown that an electro 
magnetic wave is generated in front of the discontinuity. This wave creates a nontrivial 
intrinsic electric field in particles ahead of it. The theory which was developed - accor- 
ding to which ionization occurs as a result of heating in the gas dynamic discontinuity - has 
reliably described the behavior of ionizing waves of moderate intensity seen in experiments 
[2, 3]. One feature of strong SWs in a magnetic field (at velocities D > 3 km/sec) observed 
in experiments is the formation ahead of the shock wave of a region in which the magnetic 
field undergoes a change. The existence of this region is evidence of the presence of an 
electrically conducting medium ahead of the shock [4, 5]. The observed effects of the change 
in the magnetic field cannot be explained by considering only advance photoionizating radia- 
tion in the continuous spectrum as the source of ionization in the cold gas (as in normal 
gas dynamics) [6]. In contrast to gas dynamics, the presence of an electric field in front 
of the shock leads to heating of free electrons. Thus, not only does ionization occur as 
a result of electron collision [7], but also the high electron temperature prevents the free 
electrons formed as a result of photoionization from recombining - despite the low tempera- 
ture of the heavy particles. The formation of a conducting zone ahead of the shock wave in 
turn leads to screening of the electric field generated by the discontinuity. This fact was 
not considered in [7]. Here, we perform a numerical calculation of the problem on the basis 
of a model of the phenomenon adapted to the conditions of the experiment in [4]. Our goal 
is to qualitatively substantiate the model. 

i. Formulation of the Problem. We will examine a region occupied by nonelectrically 
conducting hydrogen in a magnetic field and bounded by a plane (or cylindrical) nonradiating 
wall and a piston. The wall is assumed to be nonelectrically conducting, and a constant ini- 
tial value of the magnetic field H 0 is maintained on it; the piston is ideally conducting, 
and the value of the electric field on it is E = 0. The vector of the magnetic field is assumed 
to be parallel to the plane of the piston. At the moment of time, t = 0, the piston acquires 
a constant velocity Up > 0. We need to find the distribution of the physical parameters in 
the flow up to the moment the SW that is created is reflected from the walls. 

The system of equations and the initial and boundary conditions describing the unidimen- 
sional flow of an ideal gas in plane waves has the same form as in [6, 8] in Lagrangian vari- 
ables. Below we use the system of equations of unidimensional magnetohydrodynamics, ioniza- 
tion kinetics, and radiative transfer to study the nonsteady propagation of strong ionizing 
SWs in a magnetic field in the case when the processes discussed above are significant ahead 
of the shock. One feature of the calculations is the presence of two regions - a high-tem- 
perature region behind the shock wave and a low-temperature region ahead of it, where ioniza- 
tion and radiative transfer become particularly important: 
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Here, r and s are Eulerian and Lagrangian space coordinates; v = 1 corresponds to plane geom- 
etry, while v = 2 corresponds to cylindrical geometry; P, P, and a are the density, pressure, 
and internal energy of a unit mass of gas; u is velocity; a is electrical conductivity; H 
and E are the strengths of the magnetic and electric fields; a is the degree of ionization 
of the gas; &co and &pht are the source terms in the ionization kinetics equation accounting 
for the formation and loss of free electrons in collision and radiation processes; q is the 
continuous-spectrum radiant flux; x is the optical thickness of the radiating gas; Sph t is 
the modified Planck radiation function; N is the number of heavy particles per unit volume; 
k is the Boltzmann constant; c is the speed of light; T and T e are the temperatures of the 
heavy particles and electrons; J is the ionization potential of the atoms in the gas; S is 
the unit radiative heat supply. The equations of state of the medium for the gas will be 
written in the form 
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where y is the ratio of the heat capacities, equal to 5/3 for a monatomic gas and 1.4 for 
a diatomic gas; $ and Edi s are the degree and energy of dissociation of hydrogen. The opti- 
cal density is determined by the relation 
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(k v is the coefficient of absorption of radiation with the frequency v for quanta with the 
energy~v _> kJ (Unsold-Kramers formula [9])). 

We will use the following relations and values [6, 10-12] for the transport coefficients 
and constants in Eqs. (I.i)-(i. I0): 
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Here, Veff is the effective frequency of collision of an electron with heavy particles; ~eq 
is the equilibrium degree of ionization corresponding to the current values of p and Te; keq 
is the constant for the ionization process; kfel, kfe2, and kfe are the rates of ionization 
by electron collision; kfa is the rate of ionization in interatomic collisions; the ioniza- 
tion potential of a hydrogen atom J = 1.556"105 K; the energy of the first excited state E 2 = 
1.18"105 K; Edi s = 5.197"104 K. The hydrogen plasma is transparent in the lines [13]. For 
N - i0 i6 cm -3, k~ ~ i0 cm -i In the heat flux equation (1.4), only radiative transfer of 
the continuous spectrum is considered because S = -(i/rV-l)(SrV-lq/~r). The absorption coef- 
ficient for the radiation of the continuous spectrum is assumed to be independent of the spec- 
tral frequency and is calculated from (1.12) with ~v = kJ. 

We will use the semiempirical Townsend theory [12] to describe ionization by electron 
collision ahead of the shock wave. We do this because the electron energy distribution dur- 
ing the initial stage of ionization differs from the Maxwell distribution, making it impos- 
sible to use established dependences of ionization rate on electron temperature [i0]. In 

this case, 

~e : T~Vd, (1.14) 

where Ta is the first Townsend ionization coefficient; V d is the rate of drift of free elec- 
trons in the external electric field. For example, for hydrogen in an external electric field 
under the conditions E/p e (1.2; 4) W'cm-l'Pa -I, we obtain [14] Ta = pAexp(-Bp/E), A = 0.04 
cm-l'Pa -I, B = 1 V'cm-l;Pa -i. For Vd, we took values tabulated in [15] as a function of E/p. 
The criterion of the existence of a Maxwell distribution is c M < 1 [i0]: c M = 0.5"i0-3~ -i" 

Te(l + Te/(J - E2))/(J - E2). 

We used (1.14) at c M > i and (1.13) at c M < i in the calculations. The boundary and 

initial conditions: 
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t = 0, 0 ~ s ~ So, T = T e = T o , p = P0, u = 0, E = 0, H = H 0 (Up is the velocity of the piston 
and L is the size of the unit). Conditions (1.15) and (1.16) correspond to the assumption 
that the piston and the wall do not radiate [16]. 

2. Features of the Calculations. An experiment set up to create powerful ionizing shock 
waves in a magnetic field was described in [4]. An electric discharge was initiated in a 
cylindrical chamber 45 cm in diameter and 15 cm in height on the axis of the chamber (Fig. 
i). The initial hydrogen pressure was 13 and 32.5 Pa. An external winding carrying a cur- 
rent created a magnetic field in the chamber. The component of the field along the chamber 
axis was H z. The chamber walls did not conduct electricity. Passage of the current I induced 
the magnetic-field component H~ in the discharge, this component acting as a magnetic piston 
for ionized gas particles. The experiment involved determination of the velocity of the 
resulting shock wave from the propagation of the luminous zone. The component H z of the mag- 
netic field behind the SW and E ~ in the laboratory coordinate system were measured at two 
transducer positions (r = i0 and 14 cm from the axis of the unit). The experiments revealed 
a change in the magnetic field immediately in front of the shock wave, this change being con- 
nected with the presence of the electrically conducting layer ahead of the wave. Calcula- 
tions were performed in dimensionless variables. The degree of dissociation was assumed to 
be zero in front of the shock and unity behind it. 

We calculated the parameters of the shock wave by the method of separate trial runs [8]. 
Here we introduced artificial quadratic viscosity into the formula for pressure (i.ii) and 
we spread the discontinuity over two or three computational cells. One feature of the calcu- 
lations was the inclusion of electron temperature and ionization kinetics in the same group 
of Maxwell equations. This was done due to the fact that the electric field in the region 
ahead of the gas dynamic SW is heavily dependent on both the degree of ionization and electron 
temperature. For calculations within the group of equations, we used the perturbed parameter 

method [17]. 
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In [4], the initial value of the magnetic field was 2400 G and the pressure z13 Pa. This 
made it possible to ignore the Hall effect in the calculations, since the latter occurs in 
the case of stronger fields and lower pressures. 

3. Results of Calculations. To analyze the nonsteady propagation of an ionizing SW 
in a magnetic field, we performed calculations in plane geometry. In this case, the proper- 
ties of cylindrical geometry are not superimposed on the physical effect of screening of the 
intrinsic electric field in the particles ahead of the shock. In cylindrical geometry, a 
nonsteady flow in which u, p, and T change develops behind the gas dynamic shock wave. 

Three different regimes of propagation of an ionizing SW in a magnetic field were rea- 
lized, depending on the conditions. For relatively weak SWs (D < 3 km/sec, P0 N 13 Pa, H 0 
i kG), the theory constructed earlier [i-3] works well. Here, advance effects are weakly 
expressed and ionization takes place behind the shock front (nonbreakdown regime). The mag -, 
netic field changes little in the structure of the solution. 

In the second and third regimes, electrical breakdown regions develop in front of the 
shock. Different ionization mechanisms are active in these two regimes. The presence of 
a conducting region ahead of the shock leads to screening of the electric field. This non- 
steady process is described qualitatively by the solution [18] 

E = E 0 [exp (--y)(R -~ exp (--~(i ~- R)))]I/~[i ~- R -- exp (--y)X 
• (i -- exp ( - -T( i  ~- R)) ) ] - l l  2, 

R = 8 n k J N a o u 2 / E ~ ,  y = 8nUaor /c2A,  T = t E ~ / k J A N c  2, A = a / ~  ---- const .  

(3.!) 

Here, E 0 is the intrinsic electric field in the particles at the shock (directly in front 
of the wave); u is the velocity of the incoming flow in the coordinate system connected with 
the shock; s 0 is the initial degree of ionization, due (for example) to photoionization. It 
follows from (3.1) that the electric field weakens (screening takes place) with an increase 
in r, and the steady state is reached as t + ~. 

The inequality upH0/(cP0(E/p0)pr) > 1 will serve as the criterion for the existence of 
a regime with breakdown. In this case, the intrinsic electric field E generated by the wave 
turns out to be greater than the breakdown value for the gas. As a result, avalanche ioniza- 
tion occurs in the field ahead of the discontinuity. In the second regime involving break- 
down, due to the presence of the shock front, the advance radiation creates free electrons 
to initiate the Townsend ionization process. In this case, proper analysis of the phenome- 
non requires consideration of absorption of continuous-spectrum radiation in the nonequilib- 
rium region of ionization relaxation behind the shock front and allowance for the non-Maxwel- 
lian character of the free-electron-energy distribution function as ionization develops in 
the electric field in the zone ahead of the shock. Figure 2 shows the distribution of E, 
H, and ~ in Lagrangian coordinates at two successive moments of time (denoted by the numbers 
1 and 2). Here, S is the region in which the gas dynamic SW was distributed in the calcula- 

�9 i0 cm/sec. Figure 3 shows the dis- tions, P0 = 13 Pa, T = 300 K, H 0 = 1200 G, and Up = 5 G 
tribution of T, Te, lnd p at the moment of time denoted by the number i in Fig. 2. 

It follows from the calculations (Figs. 2 and 3) that the region of MHD interaction in 
front of the gas dynamic SW contracts over time (this corresponds to the region of change in 
E and H in front of S in regimes 1 and 2). The ionization process develops over time, so 
that grad IE[ decreases ahead of the shock. This in turn slows the ionization in front of 
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TABLE i 

Initial and boundary I _ ' - 1 __ cond__itio___ns l__~xper___imen_~t ] Calculation 

Ho, G Po, Pa up, cm/~sect E,/Ho El, V/cm D, cln/~sec H,/Ho El, V/cnl D, cm/~tsec 
I 

2140 
t280 
420 
420 
420 
420 

i280 
i280 
2140 
2t40 

32,5 
32,5 
13 
32,5 
13 
t3 
13 
t3 
32,5 
32,5 

4,2 
4,35 
4,7 
5 
6,75 
6,75 
6,75 
6,75 
6,25 
6,25 

l 
t 
i 
i 
t ,54 
2,45 
t,3 
t ,65 
2,12 
2,29 

7i 
53 
18 
16 
15 

79 
138 
t39 

4,2 
4,65 
4,8 
5,25 
7,3 
7,3 
6,7 
6,7 
7,0 
7,0 

t,05 
t , i  
1,14 
t,2i 
i ,6i 
2,78 
t,4 
t, 72 
2,18 
2,62 

94,4 
61,2 
22,5 
25,4 
45,6 
78,8 

120,9 
t48,6 
29t,6 
350,4 

4,44 
4,98 
5,07 
5,3i 
7,22 
7,22 
7,i2 
7,t2 
6,94 
6,94 

the shock and causes the breakdown region to contract. The thickness of the breakdown zone 
in the calculations was on the order of 4 cm (Fig. 2, with one interval s in the undisturbed 
region corresponding to about 0.5 cm). The main change in the magnetic field occurs in the 
breakdown zone. In the third regime, the main source of free electrons is photoionization 
by advance radiation. Here, the presence of the electric field determines the equilibrium 
degree of ionization reached in front of the shock during photoionization. Such a situation 
develops for very strong SWs (D > 7 km/sec, P0 ~ 13 Pa), the equilibrium temperature behind 
such shocks exceeding 2 eV (Figs. 4 and 5). Figure 4 shows the distribution of E, H, and 
in Lagrangian coordinates at two successive moments of time, P0 = 13 Pa, T o = 300 K, H 0 = 

1200 G, and Up = 8.106 cm/sec. Figure 5 shows the distribution of T, T e, and p at the moment 
of time denoted by the number i in Fig. 4. Here, it turns out in the calculations that the 
characteristic photoionization time �9 ~ 10 -7 sec. Thus, the quantity ~ in front of the shock 
can be considered an equilibrium function of T e, It follows from the calculations that the 
thickness of the breakdown zone is reduced somewhat, while the screening of E is more pro- 
nounced than in the case depicted in Figs. 2 and 3. The time over which the steady state 
is attained is determined by Eq. (1.6) and turns out to be on the order of the time of the 
experiment [4]; no steady-state solution is seen. The difference from the second regime in- 
volving breakdown is governed by the criterion 
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where T a is calculated for E/p = upH0/cp0; A and B are empirical constants [14] determined 
for different gases; the radiant flux is determined by the Planck spectrum with a = aeq; Te 
is the equilibrium temperature behind the gas dynamic SW. In Eq. (3.2), absorption of radia- 
tion in the relaxation zone behind the shock is ignored. The mean free path is calculated 
for the frequencies ~ v = kJ. The rate of ionization throughout the breakdown zone is in ac- 
cordance with the Townsend process. 

The most distinctive feature of the solution in cylindrical geometry compared to the 
plane case is the sharper drop of E to 0 ahead of the shock, by virtue of the geometry of 
the problem. 

Table i shows experimental and theoretical values of the parameters in the solution for 
cylindrical geometry. The theoretical values of H 2 were taken for a moving piston, E L = 
upH 2. The fact that they are consistently higher than the experimental values is due in par- 
ticular to the spreading of the gas dynamic shock wave in the calculations. The velocity of 
the shock accounts for 10% of the experimental error. The fact that the theoretical values 
of the electric field in the laboratory coordinate system are greater than the experimental 
values can be linked to three factors: first, exaggeration of the theoretical value of the 
magnetic field behind the shock; second, the presumption of a constant piston velocity in 
the calculations, while the velocity of the magnetic piston in the experiment decreased over 
time - evidence also of the disagreement of the experimental values of Up, H2, and E~; third, 
in the experiment, E~ was determined directly behind the shock, where u < Up by virtue of 
the geometry of the problem. This leads to underestimation of E~. 
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KINETICS OF THERMAL EMISSION FROM AN AEROSOL PARTICLE 

N. N. Belov UDC 537.36:541.182.2/3 

One method of supplying seeding electrons during the development of an optical discharge 
plasma is thermal electron emission from a target surface [i]. The case of a massive target 
was studied in [I]. The present paper investigates the special features of thermal electron 
emission from aerosol particles which can be considered as isolated targets. For these there 
is typically an increase of the retarding electric field as the emitted charge increases [2]. 

i. Statement of the Problem. With thermal electron emission a steady state is reached 
in an aerosol as a result of exchange by electrons between particles [2]. The characteristic 
time to reach thermal emission equilibrium in the aerosol is >10 -6 sec [2]. Thus, for t 
10 -6 sec, the problem of thermal electron emission in an aerosol reduces to thermal electron 
emission from an individual particle. In air under normal conditions for a finely dispersed 
fraction of aerosol the electron mean free path in the gas surrounding the particle consider- 
ably exceeds the particle size. And although this relationship breaks down with increase 
of the particle radius, the process of thermal electron emission from an individual particle 
under vacuum can be considered as a first approximation for many actual situations. Suppose 
that the surface temperature of a spherical particle varies according to the formula 

T = T O + ( T k -  T0)[i - - exp( - -k t /T) ] ,  ( 1 . 1 )  

which  i s  a p p r o p r i a t e  f o r  d e s c r i b i n g  t h e  i n f l u e n c e  o f  t h e  p r o c e s s e s  o f  h e a t  o u t f l o w  f rom a 
p a r t i c l e  w i t h  i n t e r n a l  h e a t  s o u r c e s .  I f  we n e g l e c t  t h e  i n f l u e n c e  o f  h e a t  o u t f l o w  f rom t h e  
p a r t i c l e ,  t h e n  t h e  v a r i a t i o n  w i t h  t i m e  o f  t h e  p a r t i c l e  s u r f a c e  t e m p e r a t u r e  can  be a p p r o x i -  
ma ted  by a model  d e p e n d e n c e  o f  t h e  t y p e  

T = T O + (Th  - -  To)( t /~)  ~. ( 1 . 2 )  

Equations (i.i) and (1.2) model the kinetics of the particle temperature for the most impor- 
tant types of particle heating, for example, due to absorption of electromagnetic radiation. 
Relation (1.2) with s = 1 corresponds to heating of a particle in the case when the particle 
heat capacity C and the power supplied to the particle W do not depend on the time. With 
s = 2, Eq. (1.2) describes a linear increase of W with time, with C = const. We can point 
to real-life analogies for other values of the constants of Eqs. (i.i) and (1.2). As an upper 
limit of the temperature T k of the heated particle it is appropriate to take the boiling tem- 
perature T v of the particle material. This is because most of the processes of nonlinear 
optics postulate high-temperature heating of the particles to T v. On the other hand, bipolar 
ionization of the products of evaporation reduce the role of thermal electron emission in 
the charging of a particle at temperatures greater than T v. 

2. Methods of Numerical Investigation of Particle Charge. The kinetics of the variation 
of the charge z of the particle is described by the system of equations 

J ~ - - d z / d t  ~ 4~a2e-a]; ( 2 . 1 )  

T = T ( t ) ,  ( 2 . 2 )  

where J is the flux of thermal emission electrons from the particle surface; j is the current 
density from unit particle surface area, determined by the Richardson-Dushman formula 
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