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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 [i-3]. For a number of applications it is essential that we have a significant increase 
in the energy-evolving characteristics of such discharges (up to 101~ W, 106-107 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 ppVp had to be specified from experimentation or by means of 

semiempirical relationships reliable only within this particular region of energy release 
(p = i07-i0 s watts, W = i02-i0 G J), and for a specific geometry and working fluids. The present 
study represents a stage along the path toward the solution of such problems. 

i. Mechanism of Plasma Formation. The MPC of the erosion type represents a system 
of axisymmetric electrodes between which a high-current (104-107 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, ~ 0.iti/2 (tl/2 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 &B) and the flow of radiation So 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 ppVp, 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 o from the plasma focus, i.e., to assume the above-cited locally uniform layer values of 
i and S o that the ionization depends exclusively on So. 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 9pVp not directly required for the calculations, 

but rather a vapor flow PvVv ~ ppVp), we come up with the following local instantaneous 
flow of mass 

ppvp = P0% = Somihg 1, (1) 

where  p i s  t h e  d e n s i t y ;  v i s  t h e  v e l o c i t y ;  m i i s  t h e  mass  o f  t h e  a v e r a g e  i o n ;  h i0  i s  t h e  
change  in  e n t h a l p y  in  t h e  RW p e r  s i n g l e  i o n ;  h i0  Z I i ,  I i i s  t h e  e n e r g y  o f  a t o m i c  i o n i z a t i o n ;  
t h e  s u b s c r i p t  0 h e r e  and t h r o u g h o u t  d e n o t e s  t h e  p a r a m e t e r s  o f  t h e  a c c e l e r a t e d  p l a s m a  f l o w .  

We w i l l  d e m o n s t r a t e  t h a t  s u c h  an a p p r o a c h  i s  b o t h  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  
t r u l y  r e f l e c t i v e  o f  t h e  u n i q u e  f e a t u r e s  e n c o u n t e r e d  in  t h e  f o r m a t i o n  o f  p l a s m a  in  PDD o f  
t h e  e r o s i o n  t y p e  and t h a t  i t  i s  p o s s i b l e  t o  r e l y  on t h e  c r e a t i o n  o f  n u m e r i c a l  m o d e l s ,  b a s e d  
on t h i s  a p p r o a c h ,  c a p a b l e  o f  s o l v i n g  t h e  a b o v e - f o r m u l a t e d  p r o b l e m s .  

On t h e  b a s i s  o f  (1 )  we d e r i v e  a t r u e  e s t i m a t e  o f  t h e  p l a s m a  m a s s .  I n d e e d ,  h a v i n g  i n t e -  
g r a t e d  (1 )  o v e r  t h e  s u r f a c e  and o v e r  t i m e ,  we f i n d  M Z' = m i W q s  - q d ) )  (W i s  t h e  
e n e r g y  r e l e a s e d ,  qs i s  t h e  l i g h t  e f f i c i e n c y ,  qd r e p [ e s e n t s  t h a t  p o r t i o n  o f  t h e  r a d i a t i o n  
i n c i d e n t  on t h e  d i e l e c t r i c ) ;  on t h e  o t h e r  hand ,  Mz"v0U/2 = Wnk (qk  i s  t h e  k i n e t i c . e f f i c i e n c y ,  
and v0 i s  t h e  a v e r a g e  v e l o c i t y  o f  t h e  p l a s m a ) .  Fo r  t h e  d a t a  f rom [6 ,  8] (qs  = 12%, qd = 
0 . 3 ,  Ok = 0 . 8 ,  m i = 16 .7  uamu, I i ~ 15 eY, v 0 = 5"104 m / s e c )  we f i n d  t h a t  MZ' = 5"10 -e  kg 
MZ" = 6"10 - s  kg .  

The c o n c e p t  o f  p l a s m a  f o r m a t i o n  u n d e r  t h e  a c t i o n  o f  r a d i a t i o n  f rom a p l a s m a  f o c u s  c o r -  
r e s p o n d  t o  t h e  e x p e r i m e n t a l  p r o f i l e s  o f  e r o s i o n  mass  y i e l d .  Thus ,  F i g .  1 shows t h e  r a d i a l  
d i s t r i b u t i o n  f o r  t h e  mass  y i e l d  m' = f p p V p 2 z r d r  i n t e g r a l  i n  t h e  a z i m u t h a l  d i r e c t i o n  f rom 
t h e  s u r f a c e  o f  t h e  i n t e r e t e c t r o d e  d i e l e c t r i c  i n s e r t :  t h e  c a l c u l a t i o n  i s  c a r r i e d  o u t  u n d e r  
t h e  a s s u m p t i o n  t h a t :  1) t h e  i l l u m i n a t i o n  i s  p r o v i d e d  by a s o u r c e  s i t u a t e d  in  t h e  zone  o f  
f l o w  d e c e l e r a t i o n ,  f o c u s e d  a t  an a n g l e  o f  30 ~ ( t h e  s o u r c e  in  t h e  PF) ;  2) t h e  f l o w  o f  l i g h t  
f r o m  t h e  d i s c h a r g e  p l a s m a  i s  u n i f o r m ;  3) t h e  l i g h t  f l u x  i s  p r o p o r t i o n a l  t o  ohmic h e a t i n g ,  
i . e . ,  i ;  4)  t h e  a p p r o x i m a t i o n  m' = c o n s t ,  u s e d  in  [ 8 ] ;  5, 6,  7) t h e  e x p e r i m e n t s  in  [17]  
in  t h e  c a s e  o f  an e x t e r n a l  c y l i n d r i c a l  e l e c t r o d e  h a v e  been  c a r r i e d  o u t  f o r  e n e r g i e s  o f  1, 
2, and 3 k J ,  r e s p e c t i v e l y .  We can  s e e  t h a t  c u r v e  1 c o i n c i d e s  w i t h  [ 1 7 ] ,  w h i l e  2 and 3 do 
n o t .  M o r e o v e r ,  i t  f o l l o w s  f r o m  t h e  p l a s m a - f o r m i n g  d i s k  p r o f i l e  shown in  F i g .  2 t h a t  i f  
a p o r t i o n  o f  t h e  d i e l e c t r i c  s u r f a c e  i s  s h a d e d ,  f o r  e x a m p l e  by t h e  i n t e r n a l  e l e c t r o d e ,  t h e  
i n t e n s i t y  o f  t h e  e r o s i o n  t h e r e  w i l l  d i m i n i s h  m a r k e d l y  (1 ,  i n i t i a l  s h a p e  o f  t h e  d i e l e c t r i c ;  
2, i t s  f i n a l  s h a p e  a f t e r  a s e r i e s  o f  d i s c h a r g e s ;  3, t h e  r a d i a t i o n  zone  o f  t h e  p l a s m a  f o c u s ;  
t h e  d i e l e c t r i c  i s  made o f  p o l y f o r m a l d e h y d e ;  t h e  d i s c h a r g e  e n e r g y  i s  10 k J ;  t h e  c u r r e n t  may 
be as  h i g h  a s  0 .3  MA). (The e x p e r i m e n t a l  d a t a  i n  F i g .  2 were  g i v e n  t o  us  by A. S. Kamrukov,  
P. A. O v c h i n n i k o v ,  and I .  I .  T e l e n k o v . )  
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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 o = v0d F (d F represents the distance from the 
dielectric to the focus) for the data from [6, 8] (v0 = 5"104 m/sec, d F = 3-5 cm) is ap- 
proximately equal to the inertia parameter t, = 1 psec, 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]: 

Op/~t Jr- d i v  (pv) = 0, pdvfdt = - - g r a d  p ~ -  [j, B ] ,  ( 2 )  

j = (17~o) r o t  B, pde/dt = - -p  d i v  v - -  q. 

Here p is the pressure; j is the current density; ~B is the induction of the magnetic field; 
t is time; ~0 is the magnetic constant; s 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 
Alfven number 6, the effective adiabatic exponent ~, and the radiation criterion ~t = 
(qxtx)/(PxSx) 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/Px, S/~x, V/Vx, 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 i for each regime, and then making use 
of the constancy of the values of C i 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 M0 and B0: with a change in M 0 by a factor of 
2, and by a factor of 4 in ~0 (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 10-30% [8]. The weak dependence of the flow on these criteria 
is associated with the fact that for the discharges being examined here 60 ~ 1 and M0 ~ 
1 [6] are characteristic. The values of y for plasma-forming substances in an MPC for char- 
acteristic plasma temperatures of T x = 2-7 eV change within limits of 5-15% [21], y virtual- 
ly does not disrupt similarity. For the criterion ~FtF, 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 ~FtF 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 ~FtF at least in first approximation, we 
might hope for adequate reliability in the description of the basic treDds. 

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 0 = CIL is accelerated to v 0 and in the time t o = dF/v 0 moves 
virtually inertially (d F = C2L is the distance to the focus); in the compression zone this 
velocity drops off to v F = C3v0~ The pressure here is determined by the actuated velocity 
head PF = P0FV02(I - C3) (P0F = p0r0/rF, rF = C4L is the radial dimension of the focus), 
while the internal energy immediately following deceleration is defined by the enthalpy 
hF, s F = hF/~F = (i - C32)v02/(2YF ). 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): p0v02 = B2/(2p0), B = p0I/(2~r0) , 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 2, 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 = Csv0/p0. The plasma-forming radiation 
flow So at the point r 0 at the instant of time t, required for the closure of the model with 
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the aid of (i), is calculated as S0(t) : EF(t)qr/(4VdF2), where EF(t) = (i - C32)CsP(t - 
5t)/r F is the kinetic energy of the flow, transformed per unit time to the internal energy 
of the focus; C s is the fraction (in terms of kinetic energy) of those flow tubes which 
pass through the focus; P(t - St) represents the electrical power; At ~ to. The efficiency 
qr 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 ~F, 
VF, and PF at an effective focal length of z F = CTL [8] assumes the form d(pE)/dt = -QF(pe), 
from which Nr = /qdt/(PFgF) = 1 - exp(-~FtF ), t F = ZF/V F [i.e., the light efficiency qi = 
(i - C32)Cs(I - exp(-~FtF))/yF). In calculating qF 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 th~ frequency ranges with 
large (~nF m i) and small (TnF ~ i) optical focal density is writ mn as follows: 

qF = ~] (l - -  exp ( - -  x~F)) 2~J~p (TJ exp ( - -  T~o)/rF, 

�9 ~ = 2rFx~'(pF, TF), T,~0 ~-dF• To). 

Here  ~ d e n o t e s  summat ion  o v e r  g r o u p s  o f  q u a n t a ;  < n '  r e p r e s e n t s  t h e  g roup  c o e f f i c i e n t  o f  
n 

a b s o r p t i o n ;  gnp r e p r e s e n t s  t h e  i n t e g r a l s  o f  t h e  P l a n c k  f u n c t i o n  f o r  r a d i a t i o n  i n t e n s i t y ;  T, 
t e m p e r a t u r e .  Fo r  a f l u o r o c a r b o n  p l a s m a  t h e  f u n c t i o n  p = p ( p ,  T ) ,  z = z ( p ,  T) i s  g i v e n  in  
a c c o r d a n c e  w i t h  t h e  d a t a  f rom [ 2 1 ] ;  f o r  e l e c t r o g e o m e t r y  s i m i l a r  t o  [6 ,  8 ] ,  C1 = 0 .32  ( f o r  
L e q u a l  t o  t h e  r a d i u s  o f  t h e  e x t e r n a l  e l e c t r o d e ) ;  C2 = Cz = 0~  C, = 0 . 0 5 ,  Cs = 0 . 1 1 ,  Cs = 
0 .6 ,  C7 = 0 .37 .  

The cited relationships together with (I) 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 To = 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 M0 and 60 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 (104 m/sec); b) the temperature at the focus (eV); c) the radiation factor; 
d) the density of the plasma at the focus (kg/m3); 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/cm2). A identifies the region of regimes with the greatest ~FtF; 
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 M0 fall within limits 
of (0.65-i.2)MB0, while 80 - (0.5-1.6)8B0; MB0, 8B0 represent the values of M0, 80 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 0 vary within limits of • while for 80 they vary within limits 
of • (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.i < 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.I < 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 0 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 -2 = 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 MB0 and 8B0 are determined corresponds to 
the maximum energy evolved in the discharge that has been studied in greatest detail, namely: 
PB = 0.8 GW and L B = 4 cm [6, 8]. 

525 



PL -2 = 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 To 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 -2 = 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 -2 with a moderate energy release. Of 
considerable interest is the study of regimes with PL -2 e i012 W/m s 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-i09 W for an 
MPC exhibiting dimensions of 2L < 1.5 cm. 

Given the identical MPC construction, the values of the radiation criterion DFtF (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 -2 = 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 [21-22]). 

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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