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A model is constructed which admits of the existence of a rarefaction jump (deflagration) that is not
connected with the effect of the light pressure. There occurs as a result of the assumption by the electronic
thermal conductivity of anomalously low values in the vicinity of the critical point a hydrodynamic
discontinuity (a jump in the density, temperature, etc.) accompanied by nonequilibrium ionization of the ions.
Another manifestation of the deflagration effect is the production of hard x rays and high-energy ions in
fluxes ¢, >10'*-10'“W/ cm®. The theoretical calculations are compared with experiment within the

framework of the proposed model.

PACS numbers: 42.55.Bi

I. INTRODUCTION

Theoretical and experimental investigations aimed at
obtaining lasing in the far ultraviolet region of the
spectrum on transitions of multiply charged ions in a
laser plasma (LP) have been carried out in recent
years.'? Any well-founded assessment of the pros-
pects of a particular approach and the optimization of
the experiment turn out to be impossible if we do not
have answers to a number of questions of a diagnostic
nature. Among such key questions are the following:
1) What are the profiles of the electron density (N,) and
the electron temperature (T,) in the LP corona? 2)
What are the values of the ionization temperature (7',),
and do the mean values of the charge Z in different re-
gions of the laser flare correspond to the equilibrium
charge values at given T,? Therefore, the construc-
tion of an adequate model of the laser corona is a pres-
sing problem. Moreover, the investigation of the LP
is of undoubted spectroscopic and general physical in-
terest. As will be seen below, the large-scale charac-
teristics of the corona are determined, in particular,
by the plasma-physical processes that occur in the
vicinity of the point with the critical density
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where m, , are the electron and proton masses, c is the
velocity of light, A, is the wavelength of the laser radia-
tion, and A is the mass number of the target nuclei.
Therefore, the concretization of the model of the laser
corona provides the prerequisites for the elucidation
of the physical processes occurring in the zone of (col-
lective) absorption of the laser radiation, which is of
general physical interest.

The necessity to return to this problem after the ap-
pearance of Ref. 3, in which a stationary model of the
corona of spherical laser targets is constructed, is due
to the following circumstances. A number of experi-
ments on the LP (the experimental situation is analyzed
in Sec. III of the present paper) indicate that the plasma
density in the region I > I°F (I is the distance from the
target surface) is significantly lower than the value pre-
dicted by the theory.® This compelled one of the authors
of the present paper to postulate? that a rarefraction
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jump exists in the neighborhood of the critical point.
This is at variance with Ref. 3. The theoretical analy-
sis, carried out below, of the situation shows that it is
impossible to obtain a unique solution to the formulated
problem within the framework of hydrodynamics without
going deep into the physical processes that occur in the
neighborhood of I°". There exists a three-parameter
family of solutions to the hydrodynamic equations, to
choose among which is possible only when we go over
to a microscopic description in the neighborhood of the
critical point. The solutions discussed in Ref. 3 be-
long to this family, and are the only continuous solu-
tions.

In the present paper two of the three parameters are
chosen on the basis of reasonable physical assumptions
with allowance for the indications of experiment. The
third parameter is selected by quantitatively fitting the
results of the model to the experimental data.

Il. ATHEORETICAL MODEL OF THE CORONA

In the range of laser fluxes from 10'' to 10'® W/cm?,
the laser corona parameters for geometric target di-
mensions ~107 c¢m are such (see below) that the in-
verse bremsstrahlung can be neglected in the p<p®®
region. In this case the main absorption occurs in the
neighborhood of p ~p°" because of the conversion of the
electromagnetic wave into a plasma wave and the fairly
high effective electron collision rate. The plasma wave
dissipates, as result of the Landau damping, as heat,
possibly via the strong-Langmuir-turbulence phase.

QOur aim is to construct a large-scale model of the
laser corona. For this reason, we shall construct it
within the framework of hydrodynamics. This excludes
from consideration the phenomena that occur on a scale
smaller than the mean free path of the electrons. The
small parameter that makes such a description possi-
ble is, as will become clear below, the ratio m,/M,
<« 1. As is well known, the equations of hydrodynamics
with allowance for viscosity and thermal conduction do
not allow the existence of discontinuous flows.5 The
problem under consideration, however, has the follow-
ing specific features. The dispersion of the plasma in
the supercritical (I >I°T) region occurs at supersonic
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velocities. The characteristic scale of the variation
of the flow parameters (the distance from the critical
surface to the target, I°") is determined by the thermal
conductivity. Therefore, the Péclet number is of the
order of unity (Pe=N,VI**/n ~N,c*/»~1). Here V is
the characteristic flow velocity; c, is the isothermal
velocity of sound; c2=p/p; p being the plasma pressure
» is the thermal conductivity coefficient:

® ~N VoA, Vge and A, being respectively the thermal
velocity and mean free path of the electrons. On such
scales the Reynolds number is much greater than unity,
which indicates that the viscous forces can be neglected
in the hydrodynamic equations (Re = pVI**/n > 1;
N~V is the coefficient of viscosity, V., is the
thermal velocity of the ions and A;; is the mean free
path of the ions with respect to the ion~ion collisions).
On that ground, viscosity at such dimensions intro-
duces only small corrections, and can (with a definite
accuracy that rises with increasing Z) be neglected.
Viscosity must be taken into consideration in the prob-
lem in question if the plasma parameters possess
large gradients, so that the gradient lengths are com-
parable to the mean free path of the ions. The inves-
tigation of such effects are excluded from our treat-
ment, since it requires a kinetic description.

Thus, we shall consider the model of the laser corona
within the framework of hydrodynamics without allow-
ance for viscosity. It is well known {see, for example,
Ref. 6) that, without allowance for viscosity, the equa-
tions of hydrodynamics admit of the existence of dis-
continuities. Moreover, a Riemann wave of sufficiently
high amplitude, for example, gets “broken up” in this
case with the formation of a discontinuity. The width
of the discontinuity is then determined by the viscosity.
Thus, we cannot exclude the possibility of the existence
of discontinuities in our solution. We shall require the
conservation of matter, momentum, and energy at the
possible discontinuities.

We shall consider the problem of laser-target evapo-
ration in spherical geometry. Let @, be the energy
flux of the laser radiation incident on a sphere of ra-
dius R from a unit solid angle, so that the intensity of
illumination of the sphere is equal to g, =Q,/R?. Let
us further assume that a significant fraction, ¢, of this
radiation is absorbed at the » =7 surface, where
p=p%. Let p°* be much lower than the sphere’s den-
sity, which we set equal to infinity. The characteristic
distance over which the laser-radiation absorption oc-
curs is determined, in particular, by the Debye dis-
tance, which, under our conditions, is much shorter
than I°"; therefore, we shall assume that the heat is re-
leased in a delta-function fashion. The heat that enters
the sphere of radius » =7°" is wholly expended on the
“evaporation” of the target material. The following
conditions are fulfilled at the target surface:

p(R) =%, T.(R)=0, »T.'(R)=0, V(R)=0, (1)

where V is the radial velocity of the plasma and » is
the electronic thermal conductivity coefficient. The
plasma disperses into a vacuum, so that the following
conditions must be imposed at large 7:

p(0) =0, T\, () =0, PxT.'|,.=0. (2)
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We neglect the following effects:

a) the laser inverse bremsstrahlung in the region
p<pT,

b) the collective absorption effects in the p<p®* re-
gion,

c) heat transfer by epithermal electrons,’

d) the radiative energy losses,

e) the effects of the ionization of the material, i.e.,
we shall assume that Z =const (see, however, below).

Then the stationary flow of the plasma is described
by the following equations:

pVri=const=n, (3)
pVV'=—(pc?)’, (4)
7
_—"‘f(scz+v=) —srtec’'=g(r), (5)
where
- 2xAm, . ZT, {O, r<rer
==z = T dm ° g, r>re’

The laws of conservation of matter, momentum, and
energy are fulfilled at the possible discontinuities.
Since the energy transport equation (5) and the equa-
tion of continuity (3) have been written in the integral
form, there is no need to write out again the corre-
sponding conditions at the discontinuities. Let us just
give the condition for the conservation of the momentum
flux across the discontinuity:

p(V*+c?) | =0. (6)

The indices 1 and 2 denote the points respectively be-
fore and after the discontinuity (Fig. 1). The plasma
flows from left to right.

Since the flow is subsonic in the region of small » and
supersonic at large 7, there exists a point where the
flow velocity passes through the isothermal sound velo-
city value. A smooth passage throughthe isothermal sound
velocity value in the » <#°" region is impossible, since
otherwise the condition ¢q,<gqy,,,, where g, is the heat
energy flux and

Gmas=—5D.pc* (7)

is the maximum thermal-conduction-induced energy
flux® directed into the dense layers of the plasma in the
r<7°" region, and realized upon the violation of the con-
dition A,; <« L,=T,/ | vT, |, will not be fulfilled. The
point is that the classical expression qp ==, VT (xg,

FIG.1. Hydrodynamic “discontinuity” in the neighborhood of
the critical point. The behavior of the quantities T, and p at
the discontinuity. The indices 1 and 2 denote the values of
the quantities respectively to the left and right of the discon-
tinuity.
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is the Spitzer value of the thermal conductivity coeffi-
cient) is applicable under conditions when the Coulomb
mean free path of the electrons is short compared to
the temperature gradient length, i.e., when A,; < L,.
At the discontinuity A,; is not small in the indicated
sense, and therefore the use of the expression (7),
which describes the saturation of the heat flux, is jus-
tified. In the simple situation, $,~1. If, however,
the effective mean free path of the electron is made
shorter than L, (e.g., as a result of the development
of strong magnetic and electric fields), the factor &, is
correspondingly reduced. There are experimental in-
dications*°7!! that the electronic thermal conduction is
strongly suppressed (i.e., &,<<1) in the vicinity of the
critical point in a LP.

A simple analysis shows that the solution can admit
of only a rarefaction jump, otherwise we cannot sat-
isfy the boundary conditions without violating the condi-
tion g, <@g, Such a discontinuity is possible only in
the region where energy is released, and is called de-
flagration (see, for example, Ref. 6).

Let us make the additional assumption that the radius
of the target is sufficiently large, so that I «<R. This
assumption does not affect the physics of the matter,
and we can get rid of it, though that will lead to some-
what unwieldy formulas. A full analysis of the experi-
ments in which we encounter the opposite situations
(I°* <R) is carried out without allowance for this as-
sumption.

A simple count of the number of unknowns in the sys-
tem (1)-(6) shows that the solution to the system is
characterized by three arbitrary parameters. As these
parameters, it is convenient to take:

a)M,=V,/c,(M,<1);
b) M,=V,/c,21;
c) py/py(py >PT >p,) .

Let us recall that the indices 1 and 2 denote the
values of the quantities respectively before and after
the discontinuity.

It may be inferred that the existence of the discon-
tinuity is a consequence of the restriction imposed on
the thermal flux so that the maximum thermal flux
56 ,pc® will be realized on the left of the discontinuity.
Because of this, M, and &, become connected by the
relation M,(1+M,%/5)=2%,, which expresses the
equality of the heat and hydrodynamic energy fluxes
under steady-state conditions.

Since we have used the equations of hydrodynamics
throughout, the parameters M,, M,, and p,/p, cannot
be determined within the framework of hydrodynamics,
and require for their determination a kinetic descrip-
tion of the phenomena occurring in the vicinity of the
critical surface, in particular, a self-consistent ki-
netic description of the process of collective laser-ra-
diation absorption.

We shall choose these parameters in the following
manner. We shall determine the value of M,(q>s) by
quantitatively fitting the model to experiment. Further,
we shall assume that the Chapman-Jouguet rule
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M.=1, (8)

which, as a rule, arises in the microscopic considera-
tion of detonation waves,® is satisfied. Indications that
(8) is valid are provided by experiments on LP diagnos-
tics with the aid of the line emissions of multiply
charged ions in the far infrared region of the spec-
trum. %1213 We fix the third parameter by assuming
that

(pup2) =p“". (9)

The condition (9) arises if we assume that the vital—to
the hydrodynamics—rapid heat release accompanying
the laser-radiation absorption occurs in the region
where w,/k<w,=(47N,e*/m)'/2<kw (k>1). We real-
ize that the conditions (8) and (9) need to be refined and
justified on the basis of a self-consistent microscopic
theory. An additional (and, perhaps, prime) justifica-
tion of these hypotheses will be the agreement of all the
available experimental data (see below) that are sensi-
tive to these two assumptions.

We shall, in accordance with the condition 1°F <R,
assume that the region in which the thermal conduction
is appreciable is significantly smaller than the target
region. For 7 >7°" this implies that

%szr“/QL(i- (10)

The inequality (10) is fulfilled at not only moderate
values of q,, since as %, we should use not the Spitzer
value of the thermal conductivity coefficient
(nsp=n,T3'?), but a significantly smaller value be-
cause of the strong suppression of the thermal conduc-
tion that obtains in the » >7°F region as well, owing ,
for example, to the presence of the strong magnetic
fields produced in the corona,'* ion-acoustic vibrations,
etc. In this case the parameter (10) drops out of the
results. Correcting small errors in the solution given
in Ref. 3 for the » >r* =7, , region, we have at dis-
tances where thermal conduction is no longer impor-
tant the formulas

A1 B3R

LT\ (11)
a7 (7)
which at large 7 yield
9% 2\ /1 V2 .9t 9% . “
BT @R

P _2/(n : 1+ 3-2% I *

p,—S(r)[ 2¢ (r)]
In the formulas (11) we have not distinguished between
the locations of the isothermal and adiabatic Jouguet

points in view of their spatial proximity. Moreover,
we have the relation

%5 .
g=—gpa' (13)

The solution for » <7°" is much the same as the solu-
tion given in Ref. 3. The onlydifference is that we
use another boundary condition at »**, where we have
the relation:
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. z=_4_Am,,u..r°"'

m=p,V.rs Bz (14)
Solving (3), (6), (8), (9), (13), and (14) simultaneously,
we obtain

=2 (") " (gl "M, (1+M 7)
=27 (")) " (glpe) " (1+ M%) | M ",
Pr=p " (1+M?) /2" M, p=p**-2"M,/ (1+M2)", (15)

L [ A\P5" % (Ama T g\ M

= (?) 2'7,3?( Z ) (F) (A+M™"
Thus, we have obtained all the characteristic quan-
tities, (15) describing the plasma flow as functions of
a single unknown quantity, M,. The flow in the » >7*
region is described by the formulas (11) and (12). Let
us write out here for reference the expression for
N, at r>»7re: '

e e S ) T 09

I1l. EXPERIMENTAL FITTING OF THE MODEL

1. Our model is described by a single free parame-
ter, M, (or &,). The most sensitive to changes in M,
and, perhaps, the most easily measured is the value
of N, (the electron density immediately after the rare-
faction jump). The N, values in the region >’ sat-
isfy the relation (11) (with, evidently, p replaced by
N,). It can be seen from (11) that the characteristic
scale of the variation of N, at » >7°¥ (i.e., outside the
region where the thermal conduction is important) is
equal to 7°*. From this it follows that if the rarefac-
tion jump itself turns out to be unobservable in an ex-
periment, the N, values at distances from the critical
surface much shorter than R are close to the values of
N,=Zp,/Am,.

In Table I we have collected the results of N, mea-
surements performed at distances of 10-15 um (Refs.
12-20), which results can, in our opinion, be con-
sidered to be N, values. Only Attwood et al.'® have
directly observed the density jump. In all the above-
cited investigations a neodymium laser with an emis-
sion wavelength of A, =1.06 um (N =10* cm™3) was
used to excite the LP. The most reliable, in our
opinion, are the recent N, measurements performed by
Peregudov et al.,'? using the Stark broadening of the
transitions of the Balmer series and the interferome-
tric measurement performed by Raven et al.'* These
two measurements yielded the same value for
N,=0.16N°", although the corresponding q, values dif-
fer by 2- 3 orders of magnitude.

It can be seen from the values given in Table I that
N, is appreciably smaller than N°*, and that there is no
apparent dependence of N, on g,, even though the latter
quantity varies through 5 orders of magnitude. To the
value N,=0. 16N°*" corresponds M,=0.11 ($,=0.055).
We arrive at the conclusion that the most realistic
value of M, is 0. 11, and that M, does not depend on
q.-? For such values of M, we can justifiably replace
1+M?2 by 1 in the formulas (15). It is possible that M,
decreases somewhat with increasing A.

With the choice of the value of M,, we complete the
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TABLE L

ar Target N, . Refer-
Wjem? arget | 140 oy Measurement Technique; ence
10151016 - <25 | Dependence of reflection coefficient on the angle | [15]
‘of incidence of radiation on target
1012 Carbon 1,0 | Stark broadening of the H, and Hp transitions of | [16]
) the CVlion (far UV region) -
11 13
104110 ?t:lnl:\':lm 03 Spectrum of oxygen-like ions (far UV region) 7
~1018 Glass 1 Interferometry A=5300 A [18
101 — 1015 | Glass- 2-3 Interferometry A=2660 A [19
1011 — 408 | Calcjum | 0.3—0.8 | Spectrum of oxygen-like ions (far UV region) [20]
. Titanium
Iron:
10 ga‘l":‘:’;lm 1 It\i/o,(l) proﬁle_ co'nstructed with the aid of the equa- (13]
Nickel tion of continuity (from the known V(/) depen-
dence) (far UV region)
10'5-101¢ | Aluminum 1.6 | Interferometry A=6330 A [14
1013 Carbon 1.6 | Stark broadening of Balmer-series transitionsof thd |12
CVI ion (far UV region)

specification of our model. It is of interest to clarify
how this model describes the rest of the experimental
data, i.e., the data other than the density measure-
ments, which have been used to concretize the model.
An important characteristic parameter of the model
is T,.

2. The values of T, during the action of the laser
radiation are significantly higher than the correspond-
ing temperature values in the model proposed in Ref.

3 [by roughly a factor of (p*/p,) =3.4]. At the same
time, the LP volume at a temperature T ~T, is rela-
tively small (Fig. 2): the ratio T(r)/T, varies from 1
down to 0. 65 over a thickness Al=0.1R. A typical
value of R in an experiment is ~10% cm; therefore,

to obtain the true spatial distribution of the tempera-
ture in a LP in the vicinity of the Jouguet point, we need
an apparatus with a spatial resolution of ~10%-10"* cm.
The majority of the published measurements in which
the temperatures in the LP were obtained from the x-
ray continuum emission spectrum?:®:22-2% were
generally performed without spatial resolution. As a
result of the spatial temporal integration that occurred
in the course of the measurements, when x rays from
LP regions with different 7, were integrated in each
detector, the measured energy distribution of the quan-
ta does not correspond to a single T, value. The hard-
est x ray quanta are emitted by the near-target-surface
region with a temperature ~T,. The peripheral regions
of the laser flare and also the LP that exists after the
action of the laser pulse produce the long-wave part of
the continuous x-ray spectrum.

The majority of the authors of Refs. 18, 22-24 un-

T/, V/e,
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FIG. 2. The dependences T,/T, and V/c, in the supercritical
region.
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conditionally relate the generation of hard x-ray quanta
to the appearance of a relatively small number of
“epithermal” electrons, characterized by a tempera-
ture T',. Within the framework of the ideas developed
in the present paper and in Ref. 4, the hard x-ray
quanta, firstly, are a natural and inevitable consequence
of the deflagration effect and, secondly, are generated
precisely by the thermal electrons. For fluxes above
~10 W/em?, T, attains, according to the formulas of
the present paper, values ~10 keV. This should lead to
the production of continuous-spectrum x rays with pho-
ton energies of up to ~100 keV. Estimates show that
we can in this way explain not only the shape, but also
the absolute intensity of the hard-x-ray spectra.®

Closely tied with the foregoing question is the ques-
tion of the rate of dispersion and the kinetic energy of
the ions. In the case of an “almost adiabatic” disper-
sion, the asymptotic kinetic energy, E,, of the ions is
connected with T, by the relation E,, ~25/8ZT,=3ZT,;
consequently, it should, for fluxes g, = 10!* W/cm?,
have a value of scores or hundreds of keV (depending on
theA of the target). Thus, the irridation of calcium (Z= 13)
andnickel (Z= 20) targets by nanosecond laser pulses in the
case in which ¢; ~10"® W/cm? should lead to the produc-
tion of ions with energies respectively equal to ~80 keV
and ~120 keV, which is what is experimentally ob-
served.!? These ions are produced only during the ac-
tion of the laser pulse, and their number, equal to
~N,€,8:0.T./Z, may be relatively low as compared to
the total number of ions that leave the target, and are
registered in the experiment.

The deflagration effect causes the kinetic energy of
the dispersing ions to increase by a factor of (p°*/p,)?/3,
which allows us to account for the experimental data
without recourse to nonhydrodynamic acceleration
mechanisms. The term “fast ions” seems to us to be
infelicitous, since it implies the action of some special
acceleration mechanisms for the ions, and contrasts
these ions with the thermal ions. The maximum ion
energy in a LP has been observed by Siegrist et al.?®
in an irradiation of gold and tungsten targets, and was
as high as 5.6 MeV for ¢, ~(4-8)x10* W/cm?. The
deflagration effect for these fluxes should lead to values
of T,~25-40 keV, while the high degree of ionization of
the ions (Z ~40-50) ensures the acceleration of the ions
to energies of 3-6 MeV.

Figure 3 shows the computed T,(q,) dependences for
M,=0.11, different A/Z values, and a 50% and 100%
laser-radiation power conversion into a hydrodynamic
energy flux. For high ¢, values the 50% conversion
ratio is more realistic, in view of the increased reflec-
tion coefficient for the laser radiation.'® We have
plotted in Fig. 3: a) the T, values obtained by Manes
et al.?® and Boiko et al.? from continuous x-ray spec-
trum measurements, b) the values of E,,/ 3Z (where E;
is the energy of the so-called “fast” ions) obtained by
Decoste and Ripin®® and McLean et al.? in time-of-
flight measurements, c) the values of E,, /3Z (where
E,, is the asymptotic kinetic energy of the ions) ob-
tained by Peregudov and Ragozin!? from measurements
of the Doppler broadening of the spectral lines, and d)
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FIG. 3. Computed T, (¢;) dependences for M,=0.11, A/Z
=3 (the straight lines 2 and 3), 4 (1), and 2 (4), and 2 509
(the straight lines 3 and 4) and 100% (the lines 1 and 2) laser-
radiation power conversion into hydrodynamic energy flux,

O) T, values taken from Refs. 23 and 24; m) and @) E,, /3Z
values from Refs. 26 and 27 respectively; A) E_/3Z values
from Ref. 13; 0) T, values.

the T, values experimentally obtained by us by a spec-
troscopic method, namely, from measurements of the
relative intensities of the transitions, lying in the 100-
200-4 region, of multiply charged calcium, titanium,
and iron ions between the 2522p* and 2s2p**! configura-
tions.

Notice, in particular, the excellent agreement be-
tween the computed T,(q;) values and the “epithermal”-
electron temperature, T,, obtained from continuous x-
ray spectrum measurements in the region of high-en-
ergy cutoffs. It is noteworthy that Peregudov et al.?°
have established a limited increase of T, with increas-
ing mean size of the nuclear charge of the target. This
fact is easily explained by the increase of T, if our ob-
servation that N, and, consequently, &, have a tendency
to decrease with increasing A is correct. The deviation
of the temperature values from the computed curve for
q;, < 10" W/cem? can be related to neglected (by us) pro-
cesses that play an appreciable role in the general en-
ergy balance (e.g., to energy “losses” due to ioniza-
tion and radiation emission), and should, according to
our estimates, exert their influence at low ¢, .

Thus, we see that our model satisfactorily accounts
for the characteristic velocities (V,,), temperatures
(T,), and densities (p,) of the flow. But a comparison
of the spatial dependences V(r), T ,(7), and p(») with the
accuracy required by us (i.e., to within ~1 um) is at
present impossible because of the inadequate spatial
resolution in the corresponding experiments.

But some indirect verification of the dependences
N,(7) and T,(») is possible. It turns out that the density
and temperature profiles obtained by us with the definite
M, value of 0. 11 allow us to explain the nonequilibrium
character of the ionization in the LP corona. !?

3. Let us, for definiteness, consider the experi-
ment on the irradiation of a plane calcium target under
conditions when ¢=~2x10'? W/cm? We shall, allowing
for the conical character of the LP dispersion in this
case,'® compare the dispersion with a spherical disper-
sion; we set R equal to the distance from the target sur-
face to the point of convergence of the generatrices of
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the dispersion cone, i.e., R=7,/tana (7, =200 um

is the radius of the focal spot and « is the angle between
the axis and a generatrix of the dispersion cone, and is
= 24°;R =200 pm). The most highly charged ions,
abundantly present in the corona, are the Ca XVI ions,
which corresponds to an ionization temperature 7, ~0.3
keV.

According to our model, T, and T, in the indicated
case are approximately 50 eV and 1 keV. The equili-
brium charge value corresponding to a temperature of
50 eV is equal to ~10 (the neon-like Ca XI ions with an
electronic-ground state configuration of 1s22s%2p° and
an ionization potential of 595 eV are largely present).
The ionization in the [ <I°F region still has an equili-
brium character (T,=T;). Then the ions enter the
region with the high electron temperature 7,~1 keV
(equilibrium charge value Z =~ 18; predominant at equili-
brium at T, ~1 keV is the helium-like Ca XIX ion,
which has an ionization potential of 5.13 keV). But the
time of stay of the ions in the hot LP layer turns out,
as we shall presently show, to be insufficient for the
attainment of the equilibrium Z values corresponding
to the electron temperature T,.

Since T,>T, on the right of the discontinuity, the
recombination of the ions can be neglected; the rela-
tive concentrations of the ions are given by the system
of equations:

Ry==—$ N4,

Py =8,1,—S2No, (17)
1y==8:1,— 83N,

Here n,, n,, etc. denote the relative concentrations of
the ions Ca XI, Ca XII, etc.; s, =N v0,);. Let us,
considering the fact that at T,~1 the ionization rate
{vo,), varies comparatively slowly in the Ca XI-Ca XVI
ion series, replace the quantities {(vo,), by their Z-
averaged value (vai>z. Then the solution to the system
(17) with the initial condition #n,(r=7"")=10,, is

LS

P -
n.(r)=We ’, (18)
where the value of p is given by the integral
p= S N, oz %r_, (19)

rer

evaluated along the path of an element of volume of the
plasma. The integrand decreases by roughly an order
of magnitude over the layer from " to 1. 17°", and the
ionization stops almost completely after this. The esti-
mation of the upper limit of the magnitude of the inte-
gral (19) yields p ~4 (the ionization rate was computed
in accordance with Ref. 29). Let us note that the time
of stay of the ions in the hot dense LP layer is equal to
~0.17" /¢, ~107% sec. For p=4, the relative concen-
trations of the ions Ca XII, Ca XIII, Ca XIV, CA XV,
CA XVI, and Ca XVII are, according to (18), respec-
tively equal to 0.07; 0. 15; 0. 20; 0.19; 0. 16; and 0. 10
(Z=~13.5), which are in very good agreement with the
ionic composition in experiment. 413

These calculations show that the displacement of the
ionic abundance into the region of high ionization mul-
tiplicities is indeed limited by the time of stay of the
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ions in the hot LP layer where T,>T,. There comes
in the course of the subsequent dispersion a moment
when T, becomes less than T,, but because of the low
density values the recombination fails to exert any sig-
nificant influence on the ionic composition.*

A more exact computation of the ionic composition in
the LP requires the consideration of the effect of the
ionization kinetics on the hydrodynamics. A self-con-
sistent hydrodynamic and ionization-kinetics calculation
can be carried out in the general case only by numerical
methods, and is a subject for a separate paper.

IV. CONCLUSION

In spite of its simplicity, the constructed LP model
allows us to fit all the available experimental data. We
are able to explain from a unified standpoint the unex-
pectedly low N, values in the LP corona (including the
value at the Jouguet point), the presence of the rare-
fraction jump in the vicinity of the critical point, the
production of hard x-ray quanta, and the high rates of
dispersion of the ions (including the “production” of the
so-called “fast” ions). One of the manifestations of the
deflagration effect is the ionization’s nonequilibrium
character, which comes out most distinctly for targets
with small A and R and at high g, values. In future,
when x-ray spectral investigations with 1-10-um spa-
tial resolution become possible, a comparison of the
theoretical and experimental profiles of N,, T,, and V
in the vicinity of the critical point will have to be car-
ried out.

The results of the present paper should stimulate in-
vestigations of the microscopic transfer processes oc-
curring in the neighborhood of the critical point and the
mechanisms responsible for the suppression of the elec-
tronic thermal conductivity. This area of the theory is
not fully developed at present.

DThis rarefaction jump is accompanied by an increase in the
specific entropy as a result of the absorption of the laser-
radiation energy.

DThe data given in Ref. 21 indicate that M is probably almost
independent of w, as well.
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