PLASMA CONFINEMENT IN SYSTEMS WITH HIGH 38
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The question of thermally insulating a hot dense plasma in systems with high B = 8np/H? > 1 is considered.
The major difficulty with such systems is that two problems must be considered simultaneously; that of equi-
librium (maintaining the plasma pressure at 102 atm<p< 108 atm by means of the walls) and the problem of cool-
ing across the magnetic field (thermal insulation) [1]. Among such systems are the g-pinch, multitrap systems
with high g [2], §-pinch systems with a liner [3], etc. The problems of pressure maintenance and thermal insu-
lation in such systems has been well studied. The basic parameter determining the character of pressure
maintenance and insulation is the ratio of the gas pressure near the walls py (plasma pressure at wall) to the
pressure of the plasma at the center py: ¢ = pw/by. Two separate cases may be distinguished: ¢<«1land £~1,
For £~0 the plasma is totally cut off from the walls (classical #-pinch) and the problems of pressure main-
tenance and thermal insulation have been studied deeply in experiments with §-pinch systems, The case 0<
£<1 ("gas insulation") has been studied in great detail, at least theoretically, The major part of the plasma
pressure is transferred to the walls through a "magnetic interlayer" with H ~ V8xp,, and the plasma is cooled
by magnetized thermal conductivity across the magnetic field [2]. The case of purely "nonmagnetic confine-
ment" (£ = 1) was considered in {3].

1. Ideally Conductive Liner. Consideration of a system the liner of which possesses good conductivity
is possible only at moderate plasma pressure and magnetic field values, e.g., in muitibreakdown traps [4, 5] or
in §-pinches with a liner n~ 10!7-1018 cm‘s, H~10°-10° G. Various modes of plasma cooling in systems with
ideally conductive liners were considered in [2, 6, 7]. At present we are interested in the case of a plasma
pinch of relatively small radius, where the system lifetime may be estimated from the thermal conductivity.
As follows from [7], if the pressure of the plasma near the wall is maintained basically by the wall (8(r £R) > 1)
then

RZ
where R is the system radius, xg, 6y are the thermal diffusivity and degree of hot plasma ion magnetization in
the center. If B(r £R)<«1, i.e., when between the hot plasma with 8>1 and the wall there is a magnetic inter-
layer with B« 1, then
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where p, T, w1 are the pressure, temperature, and magnetic transverse thermal conductivity of the hot plasma.

We will consider the problem of the initial cooling stage: due to what processes and over what time
period this magnetic confinement is formed. Cooling of a rapidly heated plasma located in contact with a cold
wall has been studied many times, both theoretically [8-10] and experimentally [11]. However, it is desirable
to consider this question again, since the theoretical studies [8-10] did not consider all phenomena simultane-
ously. Thus, [8, 10] ignored radiation; and [9], thermo-emf, while the results of the experimental [11] are
ambiguous.

As was noted above, in order to determine the magnetic field distribution H it is necessary to consider
the equations of heat transfer and pressure balance.

The equation for the magnetic field has the form (using the notation employed in [12])
oH | 1 8 ) - &* GH | ok, oT
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where the functions f; and fr for conductivity and thermo-emf have the respective forms
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We will estimate the characteristic times: 7., cooling time; T, magnetic field diffusion time; Tps Magnetic
field thermo-emf generation time; TR, radiant cooling time., The time 7,, must naturally exceed the Lawson

time - .
Ta = {nt)/n, {(nt) = 10" cm-sec,
The dependence of f on x = (w7)e for purposes of estimation may be approximated by:

0.8z, z<<0.3,
fr(z)=1 0.23, 03<z<10,
1.5/x, z>10.

As was noted in [10], in the hot region with (wr)g>1,
/TG = 4/By <1

Since now T3/1% & l/ m£>>1, in the region with (wT)e>1 diffusion and thermo-emf may be neglected, and it

may be assumed that the magnetic field is frozen in the plasma. The effect of thermo-emf must be considered
at (wT)g~ 1. In this region fT~0.23 and

A2 -

g fr € (,,TBBI;/;)O’ Bo = ]/831;)0/}[3
(the index 0 indicates values at the center), so that the time for increase of the magnetic field to H = @Tp; may
be estimated as
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where A is the Eharacteristic size of the region with (wT)g®~ 1. For characteristic parameters ny~ 10'8-101
cm"3,ﬁo ~10% T is greater than 7g = RA T, the pressure equalization time, so we may take

Hﬂ
p+ W= const (r).

The ratio of the field generation time 'r’r'iw to the system lifetime Ty, is small
*
T A? 1
T 3 R (07), <t
so that after the short time 7% in the region with (w7)e ®1 a magnetic field H~ v8mp, is generated and forms a
thin magnetic interlayer (magnetic confinement). The magnetic field flux & in an ideally conductive liner is

conserved

r=R

=0,
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%g = %irl =0 atr = 0 because of cylindrical symmetry.
Thus, magnetic field thermo-emf generation causes a redistribution of the field flux #. If conventional
diffusion were absent, this would mean that the field in the region with

_ 4 o fck, oT\ _
—""—‘(7f'r‘£.)<0

r or

would decrease, while in the region with >0 it would increase. Of course in reality upon increase of the field
in the wall region, reverse diffusion begins into the hot plasma region, so that equilibrium is established
between magnetic field thermo-emf generation, diffusion, and convective field transfer.

Consequently, as a result of magnetic field generation near the wall, there develops a magnetic field HR,
the pressure of which compensates the plasma pressure
H% =~ 8np,.
Two cases are possible here: Theplasmais almost completely cut off from the wall (ry € ny, (©T)r > 1); or
it : .
between the hot plasma and wall there is a dense cold wall plasma with pressure p<<-§:‘3 and (1)) « 1. Reali-
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zation of one or the other case depends on the prehistory of the cooling process. In the situation considered
here the state with the cold dense wall plasma near the wall is realized, with the magnetic field H~ const (due
to the absence of thermo-emf, (wT)e<<1 and low conductivity o of the wall plasma), and consequently, nT ~ const.
Thus, it can be expected that the density n falls off as T~ ! from the wall to the region with (wT)g £ 1, while

7 T ((07), ~ 1)

w

n(ov),~ 1) Tp

~ 30,

since in the case considered T((wT)g™ 1) ® 300 eV, while the wall temperature was taken equal to 10 eV (Tg =
10 eV).

Consequently, upon sudden contact between plasma and wall or rapid heating of the plasma to thermo-
nuclear temperatures T 10* eV over a time <L g magnetic confinement is formed, and over the time T,
the plasma is cooled by magnetic thermal conductivity., This apparently explains the agreement of the calcu-
lations of [2, 13] with the experiment of [11] after t>wH1 (for t<wH1 the thermal flux on the wall is determined
by "leakage" of ions with a thermal flux g~ nkTjvj [13]).

To verify the validity of these approximations numerical calculations were performed for cooling of a
hot magnetized plasma located in contact with a cold wall in cylindrical geometry, in a manner similar to [2]:
dv 3 HY% on 1
Mnd—t=—"a""'_'(2nkT+8—n), b7+ - m_(rvn)
1.1
3nde+2nkT—1——a—(rv)=1T-;—[ (%J.+m)”] (L.1)
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The boundary conditions for system (1.1) have the form

oT _ aH _ _
== 0, v=0for r=0,T=7Tg, v=0 for r = R,
o of , kPyor _ ¢ o8
dne or e n d o 4moy or|_p.y

The last boundary condition implies continuity of the tangential electric field component on the plasma—1liner
boundary, with o7 being the liner conductivity. The initial conditions are thatatt= 0, H = Hy,

2

v=10, 2nkT+8 _‘)nkTo_{_gl .
The initial temperature distribution has the form

=ttt oo (52

where the characteristic dimension A at which the temperature increases from Ty to T~ T; is much less
than R, A/R~10-% The quantity TR, the wall temperature (temperature of plasma near the wall), was varied
from 1 to 10 eV, but since Ty (the temperature corresponding to (w1)e~ 1) is of the order of 100 eV, the solu~
tion depended only slightly on variation of TR over this range. The initial magnetic field was taken constant
along the radius

H( = 0) = H, = V/3apy/Po.
Figures 1-4 present results of calculations for the typical case:
Ty =10 eV, py = 10¥cm—3, H; = 105G ,
fo =80, R =3 cm, A =5-10"2R.
Characteristic times are:
T~ 1074 R, sec, 10 0.1R?, sec
T 20073 R? sec, T A0 4.107° sec

In the calculation the magnetic confinement is formed after t~ 7+ 108 sec, which agrees approximately with the
estimate.

Figure 1 shows the temperature distribution T and plasma density n at various times, with temperature
measured in units of 100 eV; density, in units of 10% em™ ; and magnetic field, in units of 103 G, Numbers
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above the curves correspond to times t, measured in units of 107 sec. Figures 2-4 show § = 8mp/H?, magnetic
field H, and (wT)g as functions of the mass coordinate m for various times.

It is evident that by the time t~ 0,076 usec the 8 value at the wall becomes equal to unity, and the mag-
netic field in this region has increased intensely. The magnetic interlayer appears not only because of field
generation, but also due*to radiation, since the scintillation time of a layer with T~ 300 eV ({(wT)g~1) TR~ 0.1
psec is comparable to 7. However the influence of this effect is attenuated to a significant degree by the
quite large conductive heat flux in the region, It is clear from Fig, 4 that the plasma tends to leave the cooling
regime with (w7)g greater than unity everywhere. In the center the temperature, magnetic field, and plasma
density change insignificantly over this time period.

After formation of the magnetic confinement the solutions are similar to those obtained in [2], where the
width of the magnetic interlayer is quite large. Plasma cooling is also described by the estimate ™ ~ pR¥x.T,
which, as has been indicated, is completely natural, since the hot plasma is in essence cut off from the walls,
For comparison, calculations were performed with a liner having poor conductivity, the conductivity of the liner
material corresponding to the conductivity of the plasma near the wall at a temperature of the order of 10 eV,
As would be expected, the magnetic field rapidly penetrates through the liner, magnetic confinement is not
established, and the plasma cools rapidly.

2. Systems with Nonmagnetic Confinement. In systems where the plasma pressure is maintained not by
inertia, but directly by the walls, the achievement of high plasma densities required for reduction of total sys-
tem energy is possible only with nonmagnetic confinement, where the magnetic field serves only to reduce
thermal conductivity, since megagauss fields cannot be maintained for long periods. The possibility of achieving
sucha variant was considered in detail in [3], where the possibility of existence of a stationary cooling wave was
demonstrated. For applicable systems with rapid energy introduction and @ 10 MJ a solution is possible only
at very high pressures (p= 10%-10° atm). In propagation of a stationary cooling wave it is necessary that the
magnetic field carried off from the center by the plasma flux which generates the thermo-emf not accumulate
along the wall, but pass freely through a "dielectric" liner.

We will now consider the possibility of modeling such a system, i.e., achieving nonmagnetic confinement
- with a quasistationary cooling wave in a device with moderate parameters: p#® 10%-107 atm, T~ 1 keV. Such
temperatures can be reached in p-pinches with a liner with a liner velocity V; ~ 10° cm/sec, length L~ 10 cm,
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and energy level Q@ ~1 MJ. We will estimate the required parameters, using the quasistationary equation
(/p div v = div (xyT) — Qgs
where QR is the volume radiation power.

Since the width of the cooling wave l; is small in comparison to the system radius R, the planar problem
may be solved. For the estimates we will assume that the magnetic field H is constant along the radius, since
H changes significantly only at (w7)g=1. System energy losses are determined by the region with (7)™ 1,
where demagnetization of the plasma commences. Since heat is supplied to this region mainly by thermal con-
ductivity, by neglecting the work of compression in comparison to the conductive thermal flux, we obtain

L (u j_g) - 0p (2.1)

Considering that in this region braking radiation is more significant than recombination radiation, we take
Qr = an®/T. We multiply both sides of Eq. (2.1) by wdT/Ax, and integrating over from R to ¢ (where R is the
wall coordinate where the flux q(R) = ®ndT/Adx~0, and £ corresponds to the region with (w7)e ™ 1), we obtain

&

¢ @® =t VT2 L i
T

R
Considering that w = we0®5/2 and p® = 1, where @ = T/Ty, p = n/hg (where ngg, Ty, 5y are the nonmagnetized
electron thermal conductivity, temperature, and density of the plasma in the hot region), we obtain an estimate
of the thermal conductivity flux into this region necessary for maintaining the quasistationary state

g¢(&) =V naToand VT, 0,
where @; = T;/T, is the temperature of the plasma in the region with (w7)g~1. Since q(¢) must compensate the

work of plasma compression in the wall region by the hot plasma flux, the expansion velocity Vp of the hot
region can be determined from the condition

4 .
5 d d
fTPog-de=j3;qN9(E)o
[ 0

Estimating dv/x ~ Vi/¢, we obtain

where

The hot plasma cooling (flow-out) time is then

As was noted in [3], such an estimate agrees well with numerical calculations. The attainable plasma pressure
in a g-pinch with liner is equal to

p=Ap,Vi,
where pj is the liner density, A~ 1 (a simple determination of the efficiency of energy transfer from the liner
to the plasma 7nwith consideration of liner compressibility was performed in {14]). From these estimates we
obtain the following parameters for the system modeling that of [3]: initial parameters: T =30 eV, n=5-10%
cm™3, R=5cm, H=5kG, =6" 10, V; = (0.5-1.0) 108 cm/sec, p;=3 g/cm3; final parameters: T = 10% eV,
n= 104 cm'3, R=03cm, H= 10% kG, 8 = 10%. The final parameters were obtained with the assumption of
adiabatic compression of the plasma by the liner, but with consideration of magnetic flux losses, which com-

prise = 30%. The plasma energy Qp = 0.25 MJ, which with an actual efficiency 7~ 0.2 corresponds to @~ 1-1.5
MdJ,

Thus, in g-pinches with a liner with the technologically achievable parameters Q ~ 1 MI, vy = 10® em/sec,
one can conduct experiments simulating a system with nonmagnetic confinement [3] if the plasma cooling time
(or time for flow to the walls) is of the order of or larger than the inertial time i >> R/V:.
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To verify these considerations numerical calculations were performed for cooling of a g-pinch plasma
with initial parameters corresponding to the final ones for a liner conductivity o] = oy and o} >>op,. The mini-
mum conductivity oy, was taken equal to the conductivity of the near-wall plasma with T = 10 €V. The character
of distribution over mass of temperature, plasma density, and magnetic field were the same as in Sec, 1.

Figures 5, 6 present the results of calculations for ny = 10% em™3, Ty = 10? eV, (wT)ey™ 17, TR = 10 eV,
Hy = 0.9 MG, By = 100 for a poorly conducting liner. The scales of the quantities in Figs. 5, 6 are the same as
in Figs, 1-4, Figure 5 shows the distribution of temperature T and plasma density n over mass at various
times. For t~0,15 psec the temperature at the center of the system decreases to 0.7T;. A cooling wave
moves through the plasma from the wall to the center. The rate of plasma flow to the wall is 10° cm/secsvps
10% ecm/sec. Since the liner is 2 poor conductor, as shown in Fig, 6, the magnetic field carried off from the
center and generating a thermo-emf is strongly diffused in the liner HR ~ 0.2H,, and correspondingly BR ~ 58,
with growth in 8 retarded by the pressure drop upon cooling. The characteristic magnetic field peak is formed
in the region where (wT)g™ 1, where a balance is established between field generation and field diffusion into
the cold wall layer of plasma and liner,

In the case of a high~conductivity liner, where ¢; is equal to the conductivity of copper under normal con-
ditions, numerical calculations show that after the time in which the temperature at the center drops to 0.7T,
for a plasma with initial conditions similar to those of Figs. 5, 6 the magnetic field at the wall increases in-
tensely and reaches =~ 2H;, while 8 falls. Although magnetic confinement is not achieved in this regime, never-
theless the appropriate "poor" conductance liner must be provided in model experiment and in the thermo-
nuclear system of [3].
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LASER COLLISIONAL PUMPING OF HF MOLECULES

G. K. Vasil'ev, E, F, Makarov, UDC 539.196.,5
Yu. A. Chernyshev, and V. G. Yakushev

The effect of IR laser radiation on molecules can result in the production of strongly nonequilibrium
molecular gas states because of the selective "heating" of the vibrational degrees of freedom, Research to use
vibrational—translational nonequilibrium occurring during the absorption of laser radiation for its effect on
chemical processes has recently been performed. As a rule, the possibilities of stimulating and controlling
reactions relate primarily to the high reactivity of vibrationally excited molecules, as well as to the formation
of high-activity particle concentrations during nonequilibrium dissociation caused by "heating® the molecular
vibrations. At this time a sufficiently large number of papers devoted to both the dissociation of molecular
gases and to laser-induced chemical reactions (e.g., [1, 2], as well as the surveys [3, 4]), havebeen published;
Let us note that the proof of the selective action of laser radiation on the progress of a process is not indis-
putable in many of the reported cases. Hence, further research in this area is expedient.

Various aspects of vibrational kinetics have been examined in a number of theoretical papers (cf. [5~10]),
for systems of anharmonic oscillators under conditions of a strong deviation from equilibrium (finding the
vibrational distribution function and the energy relaxation rate, determining of the energy dissipation of the
vibrational degrees of freedom, estimating the nonequilibrium dissociation rates).

Because of the lack of quantitative data on the rate constants of all the possible relaxation processes for
the majority of molecular systems, the theoretical comprehension necessarily remains at a qualitative
level, )

An analysis of the processes occurring during the insertion of significant quantities of energy during
laser exposure, and the determination of the limit energy capacity of the vibrational degrees of freedom, the
total energy capacity, as well as the comparison of theoretical and experimental results, are performed more
conveniently on model systems. Small atoms and, especially, diatomic molecular gases, can be mode] systems
since the relaxation processes (rotational—translational (R= T), vibrational—translational (V—T), vibrational—
vibrational (V—V) exchanges) have been studied to greatest degree for small-atom molecules, and the structure
of the energy levels of these molecules is simple.

At this time, an experimental investigation of the vibrational pumping of HF molecules because of
resonance absorption of HF laser radiation by HF molecules in the low vibrational states and subsequent pump-
ing in the high state in collisions of vibrationally excited molecules has been performed. For brevity, we will
later denote such a process laser-induced collisional pumping (LCP). A pulsed HF laser with ~ 10-J radi-
ation energy and a pulse duration of 2 usec at the foundation [11] was used in the experiments., The spectrum
consisted of 20 lines of the first four vibrational—rotational HF bands. About 10% of the laser pulse energy
was concentrated in the 1—0 band, about 80% in the 2—1 band, while the rest of the energy was distributed
between the 3—2 and 4—3 bands. The 1—0 band started with an intense Py line, and the most intense lines in the
the 2—1 band were Py and Pg. Singularities associated with the spectral composition of the radiation result in
the process of laser energy absorption being started by the HF molecules populating the rotational half-level
J = 8 of the vibrational ground state. Consequently, a small fraction of the molecules being pumped are ini-
tially in resonance with the laser radiation (a fractional part of ~10~° of the total number of molecules is in the
initial state at the J = 8 level). The total radiation intensity (the mean during a pulse) was I~ 0.5 MWem? (6.5+
10# photons/em? * sec) and could be increased by focusing to I~10 MW/em? (1.3 - 10% photons/cm?®-sec), Focus-
ing was performed by a lens with a 50-cm focal length. A cylindrical zone of 6 mm diameter was exposed at
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