SCALING OF PLASMA-FOCUSED RADTATION DISCHARGES FROM
AN EROSION-TYPE MAGNETOPLASMA COMPRESSOR .
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Radiation plasma dynamic discharges (PDD) from an erosion-type magnetoplasma compressor
(MPC) represent the basic elements of various promising plasma systems of practical import-
ance [1-3]. For a number of applications it is essential that we have a significant increase
in the energy-evolving characteristics of such discharges (up teo 10°-10%% W, 10°-107 J).

The extreme difficulty in carrying out multiparametric experimental optimization in this
area makes exceedingly urgent preliminary theoretical optimization. A substantial number

of studies ([4-7], etc.) has been devoted to the study of such processes in these discharges,
and the study program in [8-12] is directed toward that end. A serious drawback here is

the inadequate degree to which one of the main operational processes has been subjected

to study, namely, plasma formation through erosion, as a consequence of which in numerical
models the plasma mass flow epVp had to be specified from experimentation or by means of
semiempirical relationships reliable only within this particular region of energy release

(P = 107-10° watts, W=102-10° J), and for a specific geometry and working fluids. The present
study represents a stage along the path toward the solution of such problems.

1. Mechanism of Plasma Formation. The MPC of the erosion type represents a system
of axisymmetric electrodes between which a high-current (10%-107 A) discharge is established.
The plasma is formed on the erosion of the interelectrode disk, it is accelerated by the
intrinsic magnetic fields within the current layer at the dielectric, and it is decelerated
in the magnetic focusing at the axis of symmetry, forming the plasma focus (PF), where it
emits a portion of its internal energy [7, 6, 13]. Earlier, for P = 0.05-1 GW it had been
established that the erosion of a solid dielectric in the PDD of the MPC is associated with
the gradient discharge flux [14], and the decomposition of the dielectric is associated
with complex nonequilibrium chemical reactions [15]. At the very beginning of the discharge
the role of heat transfer into the depth of the wall may be significant, and this leads
to a retardation of the onset for the erosion yield of mass relative to the onset of the
discharge [16]. On the basis of the data from [6, 17] semiempirical relationships have
been derived in [12] for the instantaneous mass flow PpVp- Comparison of the calculations

from {12] with experimental data from [18] demonstrated the possibility of extrapolating
these relationships to 4-5 GW.

Analysis of the time relationships for the plasma flow velocities during the course
of the main discharge stage indicate the inertia of plasma formation relative to energy
release, and a relatively small time error t, s 0.1lt;/, (t;/, is the half period) leads
to substantial scattering of mass in terms of velocity, and a pronounced dependence on time
for the temperature and the emittance of the principal radiation zone, i.e., the plasma
focus [8, 12].

Vapor ionization (that is, the formation of plasma itself) occurs in the narrow virtual-
ly locally uniform layer at the boundary between the plasma and the dielectric or its vapors.
It can be demonstrated that the processes in this layer are defined by the linear current
density i, A/m (or by the magnetic-field difference AB) and the flow of radiation S, absorbed
in the layer. In the MPC discharges involving hydrogen, deuterium, etc., plasma formation
is associated with ohmic heating [19, 20], i.e., it depends on the value of i. In analogy
with erosion systems, the mass yield is usually associated with the current strength [4,

8, 12]. We are confronted with yet another series of unresolved questions, such as, for
example, the unclear reasons behind the inertia in plasma formation in the main discharge
stage (the heating of the dielectric [16] plays no role in this stage, while the ionization
reaction time [15] is substantially smaller than t*), still unknown are the quantitative re-
lationships governing the formation of the radial distribution of PpVps etc.
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The emittance at the focus of the MPC, however, is several orders of magnitude greater
than in other zones [6, 8]; vacuum ultraviolet (VUV) predominates, the vapors are impenetrable
to this radiation, and the plasma flow is semitransparent {8, 21]. It is therefore natural
to assume that in the radiation MPC discharges the formation of the plasma is associated
with the ionizing radiation wave (RW) in which the dielectric vapors absorb the light flux
S, from the plasma focus, i.e., to assume the above-cited locally uniform layer values of
i and S, that the ionization depends exclusively on S;. Then, moving away from the extreme-
ly complex [15, 16] but less energy-consuming than the ionization of the vaporization pro-
cesses (yielding, moreover, a plasma flow ppVp Mot directly required for the calculations,
but rather a vapor flow pyVy 2 pp p), we come up with the following local instantaneous
flow of mass

PoVp = Py = Symiliiy’, (1)

where p is the density; v is the velocity; mj is the mass of the average ion; hji, is the
change in enthalpy in the RW per single ion; hj, 2 Ii, I; is the energy of atomic ionization;
the subscript 0 here and throughout denotes the parameters of the accelerated plasma flow.

We will demonstrate that such an approach is both qualitatively and quantitatively
truly reflective of the unique features encountered in the formation of plasma in PDD of
the erosion type and that it is possible to rely on the creation of numerical models, based
on this approach, capable of solving the above-formulated problems.

On the basis of (1) we derive a true estimate of the plasma mass. Indeed, having inte-
grated (1) over the surface and over time, we find My' = myWngng/(hjo(1 — ng)) (W is the
energy released, ng is the light efficiency, ng represents that portion of the radiation
incident on the dielectric); on the other hand, My'v,2/2 = Wng (ng is the kinetic.efficiency,
and v, is the average velocity of the plasma). For the data from {6, 8] (ng = 127, ﬂd =
0.3, ng = 0.8, my = 16.7 uamu, I; = 15 eV, v, = 5:10" m/sec) we find that My' = 5-107 & kg =
Ms" = 6-107° kg.

The concept of plasma formation under the action of radiation from a plasma focus cor-
respond to the experimental profiles of erosion mass yield. Thus, Fig. 1 shows the radial
distribution for the mass yield m' = fppvp2wrdr integral in the azimuthal direction from
the surface of the interelectrode dielectric insert: the calculation is carried out under
the assumption that: 1) the illumination is provided by a source situated in the zone of
flow deceleration, focused at an angle of 30° (the source in the PF); 2) the flow of light
from the discharge plasma is unlform, 3) the light flux is proportional to ohmic heating,
i.e., i; 4) the approximation m' = const, used in [8]; 5, 6, 7) the experiments in [17]
in the case of an external cylindrical electrode have been carried out for energies of 1,
2, and 3 kJ, respectively. We can see that curve 1 coincides with [17], while 2 and 3 do
not. Moreover, it follows from the plasma-forming disk profile shown in Fig. 2 that if
a portion of the dielectric surface is shaded, for example by the internal electrode, the
intensity of the erosion there will diminish markedly (1, initial shape of the dielectric;
2, its final shape after a series of discharges; 3, the radiation zone of the plasma focus;
the dielectric is made of polyformaldehyde; the discharge energy is 10 kJ; the current may
be as high as 0.3 MA). (The experimental data in Fig. 2 were given to us by A. 5. Kamrukov,
P. A. Ovchinnikov, and I. I. Telenkov.)

mf, rel. units
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Also well described is the inertia of plasma formation, associated simply with the
time required for the plasma to pass from the acceleration zone to the radiation zone of
the focus. Indeed, this time of passage t, = v,dy (dy represents the distance from the
dielectric to the focus) for the data from [6, 8] (v, = 5-10* m/sec, dp = 3-5 cm) is ap-
proximately equal to the inertia parameter t, = 1 usec, derived in [12] for the same condi-
tions.

Thus, we have on hand a fully sufficient number of arguments in favor of the proposed
hypothesis.

2. Similarity of Plasma Flows in MPC Discharges. Using the methods from the theory
of dimensionality and similarity let us analyze the computational system of equations for
the numerical modeling of the PDD of the MPC [8]:

dp/0t 4 div (pv) = 0, pdv/dt = —grad p 4+ {j, BI, (2)
i = (1p,) rot B, pde/dt = —p divy — q.
Here p is the pressure; j is the current density; ‘B is the induction of the magnetic field;
t is time; u, is the magnetic constant; € is the internal energy; q is the radiation term.
Such an analysis shows that two quasisteady regimes are similar if the Mach number M, the
Alfvén number B, the effective adiabatic exponent vy, and the radiation criterion Ot =
(ggty)/(pgey) are equal, in addition to the geometric similarity of the boundary (the sub-
script x denotes the characteristic values of the parameters). The term similarity is here
understood to refer to the coincidence of distribution in the dimensionless values of the
functions (p/py, €/ey, V/vy, etc.) in the space of dimensionless coordinates (i.e., referred
to the characteristic dimension L). Similarity allows us to construct a numerical model,
describing the configuration of various discharge zones and the basic operational processes
by means of a system of dimensionless coefficients C; for each regime, and then making use
of the constancy of the values of C; in the transition to other similarity regimes charac-
terized by other linear scales of L or energy release power P.

Results from the numerical simulation of erosion-type PDD in MPC in a vacuum, in a
rather detailed formulation [8], show that such similarity is satisfied with significant
variations in the values of the criteria M; and B,: with a change in M, by a factor of
2, and by a factor of 4 in B, (all other conditions being equal) the characteristic dimen-
sions of the zones, the differences in the quantities in the focus region, and other param-
eters characterizing the configuration of the flow and the working processes, remained con-
stant with an accuracy up to 10-307 [8]. The weak dependence of the flow on these criteria
is associated with the fact that for the discharges being examined here B, » 1 and M, »

1 [6] are characteristic. The values of y for plasma-forming substances in an MPC for char-
acteristic plasma temperatures of Ty = 2-7 eV change within limits of 5-15% [211, y virtual-
ly does not disrupt similarity. For the criterion {(Qpty, determining the light efficiency

of the discharge, one should not expect preservation of these values; however, this criterion
affects only the focus zone [8]: only Qpty is not small in comparison to unity, and no
gasdynamic perturbation is propagated upstream along the supersonic flow (the subscript

F here and below denotes the parameters of the plasma focus). Thus, if in this simplified
model we take into consideration the effect of QOpty at least in first approximation, we

might hope for adequate reliability in the description of the basic trends.

3. Numerical Model of the Discharge. Let us construct such a model for regimes similar
to the one studied in [8]. According to [8], the element of plasma mass formed at the point
having the radial coordinates r, = C;L is accelerated to v, and in the time t, = dp/v, moves
virtually inertially (dg = C,L is the distance to the focus); in the compression zone this
velocity drops off to vy = Cyv,. The pressure here is determined by the actuated velocity
head py = popve?(l — C3) (poF = poro/rp, rp = C,L is the radial dimension of the focus),
while the internal energy immediately following deceleration is defined by the enthalpy
hy, ef = hy/yp = (1 — C52)v,2?/(2yp). The velocity head of the flow immediately beyond the
acceleration zone is equal to the magnetic pressure ahead of that zone (as a result of the
conservation of momentum for this zone): pgve? = B2/(2uy), B = uyI/(2nr,), I is the current
strength of the discharge. The relationship between I and P sets the resistance of the
MPC as an element of the discharge circuit, R = P/I?, on the whole exhibiting an active
component associated with the plasmadynamic nature of the energy release and proportional
to the velocity level of the plasma [8, 12]: R = Csv,/u,. The plasma-forming radiation
flow S5, at the point r, at the instant of time t, required for the closure of the model with
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the aid of (1), is calculated as S,(t) = Ep(tin,/(4mdg?), where Ep(t) = (1 — C32)C4P(t —
At)/rp is the kinetic energy of the flow, transformed per unit time to the internal energy

of the focus; Cz; is the fraction (in terms of kinetic energy) of those flow tubes which

pass through the focus; P(t — At) represents the electrical power; At = t,. The efficiency
ny of transition from internal energy to radiation is determined on the basis of the equation
of energy from system (2), which with consideration of the approximate constancy of Qp,

vp, and py at an effective focal length of zy = C,L [8] assumes the form d(pe)/dt = —Qp(pe),
from which n, = fqdt/{ppep) = 1 — exp (—Qpty), ty = zy/vy [i.e., the light efficiency ng =

(1 = C32)Ce(1 — exp (—Qptg))/yg). In calculating gy we take into consideration the reabsorp-
tion of radiation both within the compression zone itself and in the plasma flow. The result-
ing expression which correctly accounts for the contribution of the frequency ranges with
large (top » 1) and small (t,p < 1) optical focal density is writ 2n as follows:

qr = % (1 — exp (— Tnp)) 20 np (T5) €XP (— Tng)/TFs
Top = 2Tg%n (Ppr Tg)y Tag = dpn (Pos To)-

Here 2 denotes summation over groups of quanta; x,' represents the group coefficient of
n

absorption; J,, represents the integrals of the Planck function for radiation intensity; T,
temperature. gor a fluorocarbon plasma the function p = p(p, T), € = e{p, T) is given in
accordance with the data from [21]; for electrogeometry similar to [6, 8], C; = 0.32 (for

L equal to the radius of the external electrode); C, = C3 = 0.7, C, = 0.05, Cy = 0.11, Cg =
0.6, C; = 0.37.

The cited relationships together with (1) make it possible to determine the main char-
acteristics of the discharge and the parameters of the plasma on the basis of the given
values of the scale L and the power P of the energy release (the latter may be calculated
from the Kirchhoff equation for the discharge circuit) without any experimental data with
respect to regime, i.e., these relationships represent a numerical model whose only empirical
parameter is T, * 1.6 eV, and as demonstrated below, constant over a broad range of parameters.
This model is valid for regimes in which the proposed approach to the description of plasma
formation is applicable, while the values of M, and B, differ from the basis values by factors
of less than 2 and 4.

4. Analysis of Calculations and Comparison with Experiment. The computational results
based on the model described here for quasisteady discharges are shown in Figs. 3 and 4.
The range of regimes encompasses the region of energy release and the linear dimensions
which exceed, by an order or two, those experimentally studied. Figure 3 shows the theoreti-
cal values of the characteristic parameters for the quasisteady MPC discharges for various
P and L (electrodes with an end-face geometry such that the diameters are 2L and L/2, and
the plasma-forming dielectric is made of Teflon): a) the velocity of the plasma in front
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of the focus (10* m/sec); b) the temperature at the focus (eV); c)} the radiation factor;

d) the density of the plasma at the focus (kg/m®); e) the induction of the magnetic field

at the dielectric (3.5 T); f) the light flux out of the plasma at the boundary with the
dielectric vapors (107 W/em?). A identifies the region of regimes with the greatest Qpty;

B identifies the regimes in which the model has been validated; C represents the regimes
studied experimentally in {6, 18]. Figure 4 shows a comparison of the theoretical (curves)
and the experimental (points) from [6, 18] for the relationships between the discharge current
and the velocity of the plasma flow as functions of time (a, for the initial voltage of

5 kV to the capacitive storage; b, 3 kV) as well as functions of the energy release power

at maximum current (c).

For the greater portion of these regimes the theoretical values of M, fall within limits
of (0.65-1.2)Mp,, while B, — (0.5-1.6)Bpe; Mpe> BBo represent the values of My, B, in the
basis regime,* i.e., the approximate similarity of flow configuration in the region shown
in Fig. 3 must be maintained. For regimes corresponding to those investigated in [6, 18],
the theoretical values of M; vary within limits of %127, while for B, they vary within limits
of +257 (similarity for these must be satisfied with great accuracy). The comparison of
the computational results with the experimental data may then point to the reliability with
which the processes of plasma formation are described, since the description of the remaining
basic working processes have been rather well validated. Such a comparison has been under-
taken in Fig. 4 for the velocity of the plasma flow, i.e., a reliably measured parameter
directly associated with the plasma flow rate. For the case in which 0.1 < P < 4.3 GW we
have achieved good qualitative and quantitative agreement. In the given case this corre-
sponds to approximate constancy of the level of velocities as P increases, i.e., proportion-
ality of flow rate and power (such a result is nontrivial, since the emittance of the plasma
at the focus increases more rapidly than the linear law, and compensation occurs primarily
owing to the narrowing of the transparency band for the plasma flow, with the increase in
its optical thickness a result of an elevation in the density level). Thus, the approach
proposed for the description of the plasma formation properly reflects the relationship
between the plasma flow rate and the power for the case in which L = 4 cm = const within
limits of 0.1 < P < 4.3 GW.

The rapid rise in the velocities (or the sharp reduction in the flows of mass, referred
to the power of the energy released) outside of the indicated power range for the given
scale (see Fig. 3) is associated with the reduction in the light flows coming in from the
focus: with small P, due to the low emittance, and for large P due to the nontransparency
of the plasma flows. In the former case, no growth in v, is noted in the experiments, other
processes arise primarily in the plasma formation, and the proposed approach is not suitable.
No experimental data are at hand for high powers, and the question as to the suitability
of this approach remains open.

According to calculations, along the line PL™? = const with an accuracy of ~15% the
levels of the magnetic fields and flows of light to the boundary between the plasma and
the dielectric are maintained (the boundary conditions for the locally uniform plasma-form~-
ing layer). From this we conclude that if the description of this layer is applicable to
any regime, it will then be suitable also for the entire family of similar regimes with

*The basic regime according to which values of Mp, and fp, are determined corresponds to
the maximum energy evolved in the discharge that has been studied in greatest detail, namely:
Pp = 6.8 GW and Lg = 4 cm [6, 8].
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PL™? = idem. The approach proposed for the description of plasma formation, based on the
concept of the heating of the plasma in radiation waves and on the constancy of T, can be
utilized for a rather broad range of regimes, including the region of energy release where
the power is greater by an order for two of that achieved experimentally, and for many of
these regimes the conditions of flow similarity are satisfied, i.e., the suitability of
the model is validated here.

Hence it follows that within the limits of the indicated range of parameters, in accord-
ance with the calculations, the level of velocities and temperatures changes relatively
slightly, the density of the plasma and pressure rise monotonically with an increase in
power when L = const and change only slightly along the PL™? = const curves. The scaling
which provides for retention of the levels of such local plasma-flow parameters as velocity,
density, temperature, magnetic-field induction, current density, pressure, the absorption
factor, the radiant flux, and others, is achieved on satisfaction of the condition PL~2? =
const, and the experimental execution of powerful discharges may, to a considerable extent,
be accomplished in regimes similar in terms to PL™? with a moderate energy release. Of
considerable interest is the study of regimes with PL™2? 2 10%2 W/m? which have not been
studied: the effectiveness of discharges exhibiting the end-face geometry dealt with here
under these regimes can be substantially greater than the theoretical, owing to an increase
in the luminescent body, the heating of the plasma flow by current and by radiation, etc.
Let us note that such regimes can be achieved with a moderate power of ~0.5-10° W for an
MPC exhibiting dimensions of 2L < 1.5 cm.

Given the identical MPC construction, the values of the radiation criterion Qpty (con-
sequently, and of the light efficiency) exhibit a power maximum whose position, as the MPC
scales increase, shifts into the region of large energy releases. Among these regimes with
PL™? = idem the more effective system is the one with large electrode dimensions, since
the mass element, although having the same emittance, must remain for a longer period of
time in the high-pressure zone and more fully emit its internal energy. It is significant
that among regimes with high electrical power there are such whose light efficiency is in
no way lower than that achieved experimentally with moderate energy release [6], but in
fact exceed these significantly. The specific values of the parameters relate to the specific
shape of the electrodes and the fluorocarbon plasma; however, one should expect preservation
of the qualitative form of the relationships and on transition to other geometric relation-
ships and working substances (in particular, the thermodynamic functions and the relationships
of the optical properties in the VUV for the characteristic plasma-forming substances of
the MPC are close to one another [21-221).

We would like to express our acknowledgement to N. P. Kozlov and A. S. Kamrukov for
their discussion and valued remarks.
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