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A detailed self-consistent model of the population kinetics of the levels of aluminum ions is
developed with consideration of the gas dynamics of the plasma and radiation transfer. It is used to
analyze the experimental results and to investigate the accuracy of describing the reabsorption

of radiation in spectral lines within the Sobolev approximation. It is shown that for

locally optically thick lines the photon-escape-probability approximation is in satisfactory
agreement with the results of a numerical solution of a combined system of equations describing
the kinetics and resonant radiation transfer in an inhomogeneous moving plasma. © 1996
American Institute of Physics. [S1063-7761(96)01106-7]

1. INTRODUCTION

The progress which has been achieved in recent years in
inducing lasing in the vacuum-ultraviolet and soft x-ray re-
gions is based on the use of two principal pumping schemes.
They are the collisional scheme," in which the upper working
level is populated by electron impact, and the recombination
scheme, in which population inversion is achieved owing to
the preferential populating of the upper levels as a result of
ternary recombination. The recombination scheme for creat-
ing a population inversion in hydrogenic ions has attracted
great attention both because of the possibility, in principle, of
obtaining laser action in the range of wavelengths corre-
sponding to the ‘‘water window’’ and because of the relative
simplicity of the scheme of levels and, therefore, of the entire
atomic model.

The investigations in Refs. 2—4 showed that a very im-
portant factor lowering the gain coefficient is the reabsorp-
tion of radiation in spectral lines, which is especially strong
on resonant 2—1 transitions. A detailed description of this
process requires a combined solution of the gas-dynamic
equations, the atomic model, and the radiation-transfer equa-
tion. Such a model is very complicated and costly even in the
case of one-dimensional geometry. An alternative approach
is to use the machinery of photon escape probabilities. In the
case of a plasma with large velocity gradients, there is a
possibility for significantly simplifying the calculation of es-
cape probabilities, which was first noted by Sobolev® and
was subsequently generalized in Refs. 6—8 and then further
generalized to the case of three-dimensional flow.”

Along with the recombination schemes based on
hydrogen-like ions, schemes with Li-like ions are also
widely investigated. As evaluations have shown, Li-like ions
potentially impose weaker constraints on the parameters of
the pump laser for progressing to lasing in the short-
wavelength region than do hydrogenic ions. The influence of
various physical approximations in the theoretical model on
the gain coefficient in Li-like aluminum was analyzed in Ref.
10 under the experimental conditions in Ref. 11. Just as in
the case of hydrogen-like ions, the reabsorption of radiation
in spectral lines strongly influenced the gain coefficient. The
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calculations in Ref. 10 were performed in the photon-escape-
probability approximation.” However, the question of the ac-
curacy of this approach as applied to recombination schemes
for creating a population inversion in Li-like ions remains
open.

A detailed model of the population kinetics of the levels
of aluminum ions is developed in this paper with consider-
ation of the gas dynamics of the plasma and radiation trans-
fer. It is then used to analyze the results of the experiments in
Ref. 11 and to investigate the accuracy of describing the
reabsorption of radiation in spectral lines within the Sobolev
approximation.

2. PHYSICAL MODEL

The numerical model which we used to interpret the ex-
perimental data from Ref. 11 regarding the attainment of
amplification in Li-like aluminum calls for solving the level-
by-level kinetic equations for all stages of the ionization of
aluminum, beginning from the N-like ions, together with the
equations of one-dimensional gas-dynamics and radiation
transfer in the spectral lines and the continuum in cylindrical
geometry.

The gas dynamics of a plasma are described in the
single-fluid two-temperature approximation. The calculations
were performed within one-dimensional cylindrical geom-
etry, which is an adequate approximation in the case of the
geometry of the irradiation of the fiber target described in
Ref. 11. This is confirmed both by the two-dimensional cal-
culations in Ref. 2 and by our results. The continuity, mo-
tion, and energy equations for electrons and ions are written
in the following manner (v=0, 1, 2 for the cases of planar,
cylindrical, and spherical geometry, respectively):

dp 1o
- 5(’ v), (1)

dv  d(p.tpitw)

PIr 7 , (2
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p is the density, p, and p; are the electron and ion pressures,
o is the pressure associated with the introduction of an arti-
ficial viscosity, v is the velocity, and €, and €; are the spe-
cific internal energies of the electrons and ions. In Egs. (3)
and (4) the terms H, and H; describe the electronic and ionic
thermal conductivities, Q, is the absorption of laser radia-
tion in the plasma, Q4 is the bulk loss of energy to radia-
tion, and Qj,, is the energy expended on ionization and ex-
citation. The system of equations (1)—(4) was solved using a
Lagrangian difference scheme.

The value of the electronic thermal conductivity was cal-
culated using the formula

P VT,

e

Ke= Fy = ’
1+ ¢ 2X 10°7fT*p(Z)/(A)

©)

where all the parameters are in cgs units, f=const is a di-
mensionless parameter introduced to limit the thermal con-
ductivity flux (in all the results presented we set f=0.1 or
0.2), (Z) is the mean charge, (A) is the mean atomic weight
of the ions, and the value of Kﬁ’ was taken from Ref. 12.

The classical expression'? was also taken for Q,;, which
takes into account the relaxation of the electron and ion tem-
peratures.

The system of gas-dynamic equations is closed by the
equation of state of an ideal gas.

When populations are calculated with consideration of
the radiation transfer in the lines and the continuum, the
influence of the radiation field on the population kinetics is
determined by the J

Qv(r)

J= Zlgf dﬂf dwl(r,w,o)cb,,,( w—wq ) ©6)
where I(r,w,()) is the radiated intensity, which depends on
the spatial point, the frequency, and the solid angle, ®,, is
the profile of the spectral line of the u— [ transition, and () is
a unit vector in the photon propagation direction. In the
present work we used the approximation of complete fre-
quency redistribution;'® therefore, ®,,=®,, and J;,=J,,.
The photoionization rate equals

©dw h
Ry,= f FIY) f — ot )(r,0,Q), (7)
Iy

where I, is the ionization potential of level /, and oM w) is
the photoionization cross section. The radiated intensity
found from the equation

ol 1—u? 31)

VI—¥ | p—+
ly(Mﬁr r ou

=—kl+e, (8)
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where u and 7y are the cosines of the angles specifying the
photon flight direction in cylindrical geometry (see, for ex-
ample Ref. 14), k is the total absorption coefficient, which is
the sum of the absorption in the spectral line (or several
lines, if their profiles overlap) and the continuum, and € is
the total emissivity in the spectral lines and the continuum.
Emission and absorption in the continuum are associated
with bremsstrahlung and absorption, as well as with recom-
bination emission and the absorption of photons upon photo-
jonization. The nonlinear system of equations (1)-(6) was
solved using Newton’s method, which ensured sufficiently
rapid convergence of the iteration process over a broad range
of plasma parameters.

The populations of the various states of the Al ions are
found from the system of kinetic equations

dC(r,t)
dt

=KC(r,t). 9)

The vector C(r,t) describes the set of relative popula-
tions of all the states taken into account at the time f at a
certain point in space r: C(r,t)={C(r,t),...,C(r,D)},
and C(r,t) =ny(r,t)/n(r,t), where n, is the population of
level [, and n,, is the total density of all the ions, i.e.,
n=2n;. The matrix K describes all the possible elemen-
tary processes which lead to transitions between different
states (I<u):

Klu(rat)zne<o'v>gl+‘4ul+a;elc+BulJ—uls (10)

Kul(r’t)=n2<o'v>7:+n8<av)ion+BluJ—lu+Rlu’ (11)

lu

where n, is the electron density, (ov)®™ and (ov)? are the
rates of excitation and quenching of the transition by elec-
trons, a™¢ is the total recombination rate, which is the sum of
the rates of photorecombination, three-body recombination,
and induced photorecombination, (v )" is the rate of ion-
ization by electrons of the lower level / with a transition to
level u, the A, are the Einstein coefficients for the probabil-
ity of a spontaneous radiative transition, B, and B, are the
Einstein coefficients for induced emission, and R;, is the
photoionization rate.

The following set of levels was used in this work. The
16 levels nlj (up to n=4) were taken into account for the
hydrogenic ions. Twelve levels (up to n=4) were taken into
account for the He-like lines. A total of 44 levels were taken
into account for the Li-like ions: the 35 levels nlj with
n<6 and 9 hydrogenic levels from n=7 to n=15 without
splitting with respect to /j. The energies of the levels with
n < 6, as well as the oscillator strengths for the transitions
between these levels and the levels of the He-like ions, were
calculated in the Hartree—Fock approximation with consid-
eration of relativistic corrections of order a? (Ref. 15) and
agree fairly well with the data from Ref. 16. The formulas
for hydrogenic ions were used for transitions involving lev-
els with n>6. A scheme with 11 levels [2s2'S, 252p'P,
252p3P, 2s3sS, 2s3s'S, 2s3p*P, 2s3p'P, 2s3d°D,
253d'D, 3(n=4), and !(n=4); the last two levels represent
combinations of all the triplet and singlet states of a level
with n=4] was used for the Be-like ions. A scheme of five
levels (25%2p, 25?3s, 2523 p, 25*3d, and 2522p?) was em-
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ployed for the B-like ions, a scheme of five levels
(25s%2p?, 25%2p3s, 25*2p3p, 25s22p3d, and 2522p%) was
also employed for the C-like ions, and a five-level scheme
(2522p3, 25%2p?3s, 2522p?3p, 25*2p*3d, and 2s522p*)
was likewise employed for the N-like ions. The remaining
aluminum ionization multiplicities were represented by the
ground states. The oscillator strengths of transitions between
levels from Be-like ions to neutral atoms were calculated
using the Atom program,'” and the energies of the levels of
these ions were taken from the Tables in Ref. 18.

The coefficients B, for spontaneous radiative transitions
are expressed in terms of the oscillator strengths for absorp-
tion f, :

uBu AEIJZ
8 IAO( 1), 12)

glflu B Ry

where Ag=Ry a3/A=8.055X10° s™!, Ry is the ionization
potential of a hydrogen atom, g, and g, are statistical
weights, and AE,, is the difference between the energies of
the levels (the energy of the transition). In calculating the gas
dynamics, the reabsorption of radiation in the spectral lines
was taken into account by photon escape probabilities®® cal-
culated in the Sobolev approximation:

fo- o)

72
0(&y1,72,73)= dt?
71
X[(Yz—yl)()'s—t)]“”

m™

73 |t| 3
+fhdt—§—[1— exp(—m)}

X[(73—72)(t—71)]"’2
™

K(x1)

K(x2),

_ /(t—'yl)(w—h) _ /(72—71)(73—1) (13)
N -0 2N -7

Here v,, y,, and 7y, are three eigenvalues of the rate of
deformation tensor Q;;, which are ordered so that

Y1<Y2<7%3,

0;j 3

1(av,- ;

— =0..n:n;
ot ar,-)’ 0=0inin;, (14)

& is the ““reduced’’ optical thickness,” which is related to the
optical thickness 7 by the expression

B _ & _21rkc
T—T(ran)—l-alv g_ w, ’ (15)

and K is the complete elliptic integral of the first kind. In
cylindrical geometry the set of three eigenvalues of the rate
of deformation tensor equals (0,dv/d7,v/r). The system of
kinetic equations is then simplified:
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Klu(r7t)=ne<av>Zl+ 0Au1+a;elc’ (16)
Ku(r,)=nov)i+nov)i. (17)

Under the experimental conditions considered in this paper
photoionization can be disregarded, and it is omitted in the
system of kinetic equations. Despite the apparent complexity
of the formula for calculating the photon escape probability
@, its calculation for all the radiative transitions taken into
account increases the calculation time by only 10-20%. At
the same time, the approach developed in Refs. 6 and 9 is
equally applicable in the case of two- and three-dimensional
flows, making it possible to use the same program to simu-
late the two-dimensional gas dynamics of a laser plasma.
Special tests showed that a calculation using Eq. (13) gives
values of 6, that are identical to those obtained in Ref. 2 for
the special case of one-dimensional geometry.

For transitions with An # 0O the excitation rate was cal-

culated using the semi-empirical Van Regemorter equation,'®
which has the following form for a /[—u transition:
3 32
cm Ry
—|=(3.15X1077) f},| —=—
<0v>lu[ S (3 15X10 )flu( AElu) ‘/E
Xexp(—B)p(B), (18)

where B=AE, /T,. When B<1, we have

p(B)=—( \/-3—/27r)Ei( — B), where Ei(— B) is an exponential
integral; for 8 = 1 we obtain p(8)=0.2. In the program we
used the formula

p(B)=0.2757 exp(— 1.38)(— In B+ B—0.5772)
+02[1— exp(—4.58)], (19)

which provides for adequate interpolation. For transitions be-
tween nearby levels with An=0 (nlj—nl’j') we used an
approximate formula from Ref. 20 based on the Bethe—Born
approximation, which gives values differing from those cal-
culated from the Van Regemorter equation by no more than
a factor of 2:

. [Ry 1+E
(av),u=(2.41x10‘7)% A;g —TEIZ('B_) exp(— B),

(20)

where f,,=f.[AE,,/Z*Ry] is the reduced oscillator
strength, E,(x) is the first exponential integral,?! and Z is the
charge of the atomic residue of the ion. In addition, for tran-
sitions between levels of hydrogenic and helium-like ions we
used an equation from Ref. 22 based on calculations in the
Coulomb—-Born approximation:

Ry \3*E,\*?
<0v>lu= IO_S(AEI ) (E) O exp(—ﬂ)\lf(ﬂ)
(21)
where Q,, is the angular factor,??
A(B+1
v(B)=VB %. (22)

The parameters A and y were taken from the tables in
Ref. 22 or were calculated by the Atom program.!” All the
excitation rates for the ions involved in the calculations for
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an assigned range of T, values were approximated by the
formula proposed in Ref. 23 (T, is in electron-volts):

1.58X 107 Sexp(— B)
ﬂT3/2

P(B)= exp(a;+a, In B+a; In? B+a, In® B). (24)

The coefficients a,, in the equation for P(B) were found by
the least-squares method, and the approximation error in the
required range of T, values generally did not exceed 1-3%.
The deexcitation rate was found from the detailed-balance
relation.

The ionization rate of the levels of the Li-like ions was
found using the Lotz formula®*

3

R 3/2
<av>lu[% =6><10‘8(E—y,) VBIEB, @29

P(B), (23)

<av)lu=

where B;=E;/T, and E; is the ionization potential. For lev-
els of the remaining ions we used the approximation??

R 32
(ov);,= 10—8(%) Q; exp(—B)Y(B), (26)

where Q; is the angular factor, ¥(B8)=AB/(B+x), and
the parameters A and y were taken from the tables in Ref.
22. The Lotz formula was also used for levels for which
there are no data in Ref. 22. In the calculations we used an
approximation for the ionization rate in the form

(ov),=1073T; ? exp(— B)P(B), (27)

where P(B) has the same functional form as in (24). The
error of this approximation likewise does not exceed 1-3%.
The rate of three-particle recombination was determined
from the detailed-balance relation.

The photoionization cross sections were calculated from
the Kramers equation with the Gaunt factors g(w):

=7.907X 10~ 16Xy Bi 28

Tion( @) =T7.907X E he —8(w). (28)
where m is the number of equivalent electrons in the shell,
n is the principal quantum number of the level, and % w is the
photon energy. The photorecombination cross section is re-
lated to the ionization cross section by the detailed-balance
relation. After averaging over the Maxwell distribution of the
electrons, for the photorecombination rate we have
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FIG. 1. Dependence of the photon
occupation number in the line of the
2P5;,— 18, transition on the detun-
ing from the undisplaced transition
energy: a — in the rest (laboratory)
frame; b — in a frame moving with
the local plasma velocity. The curves
correspond to different values of the
radivs: ] — r=0,2 — r=50 um, 3
—r=100 um, 4 — r=150 um, 5 —
r=200 pum.

cm3] g, m |[E;
gy —|=2.599% 107 14— — [ — g3
""[ s 841 1 Ryﬂ

© e *g(x
e s

Xexp B; fﬁ . 29)

In the present work the Gaunt factors® for hydrogenic
ions were used for all the levels. Their tabulated values were
approximated by the formula

1+a, log x+a; log? x

x)=a ) 30
8(x) "1+a, log x+as log? x (30)
where x=Aw/E;.

The dielectronic recombination rate was calculated from
the Burgess equation’? and was summed for several radiative
transitions that stabilize the autoionization state appearing;

then it was approximated by the formula
ag=10"T; 7 exp(— B)P(B), 31

where T, is in electron-volts, 8=AE/T,, and P(B) has the
same functional form as (24). The dielectronic recombina-
tion rate thus obtained was ascribed to the transition from the
ground state of ion z+1 to the ground state of ion z. The
decrease in the dielectronic recombination rate due to ioniza-
tion and quenching of the autoionization states was not taken
into account.

To test the calculation method for combined solution of
the kinetic and radiation-transfer equations and the proposed
model, we performed calculations for the conditions consid-
ered in Ref. 3. The plasma density was assumed to have the
value p(r)=A exp(—r¥L?), where A=5X10"* g/cm® and
L=9X10"3 cm, and the rate was determined as v(r)=ar,
where a=4.5X10° cm/s. The distribution of the electron
and ion temperatures with respect to the radius had the form

T, 1=T::?x exp[—(r_rmax)Z/L%']’

where T, ™=450 eV, T;"™=63 eV, rp,=80 um, and
L7=7.2X10"3 cm. Figure 1 presents the dependence of the
photon occupation number in the 2P5,— 1S, line, which is
the line considered in the present paper, as in Ref. 3, on the
detuning from the undisplaced energy of that transition. In
Fig. 1a the results are shown in the laboratory (rest) frame,
and in Fig. 1b they are shown in a coordinate frame moving
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FIG. 2. Distributions of the plasma
parameters in space obtained in a
one-dimensional calculation. a —
Temperature distributions: I — T,,
t=100 ps; 2 — T;, t=100 ps; 3 —
T,,t=500ps; 4 —T;, t=500 ps. b
— Distributions of concentrations
and the gain coefficient: I —
C[He], =100 ps; 2 — C[Li],
t=100 ps; 3 — C[He], =500 ps; 4
— C[Li], t=500 ps; 5 —

7;, T;,eV C
2001 1 a 100} b
160}

" -1
120} 10
8o} 2

: 102}

4 L

of 3

0 — 4. 10’ -
10° 10’ 10° r, ym 10

with the local plasma velocity. Figure 1b is similar to Fig. 4
in Ref. 3 and exhibits good agreement for the results.

3. CALCULATION RESULTS

The calculations were performed in cylindrical geom-
etry. The initial radius of the homogeneous target was as-
sumed to be equal to 7.5 pm in accordance with Ref. 11. The
laser pulse of Gaussian shape with respect to time and a total
width of 130 ps had a peak intensity of 10'> W/cm? relative
to the initial target size. The total laser energy absorbed by
the plasma was 2.5 J, which corresponds to the values mea-
sured in Ref. 11. The distribution of the plasma parameters at
the time of the maximum of the laser radiation pulse, as well
as in later stages of expansion, is shown in Fig. 2a. The
maximum value of the electron temperature is 200 eV. The
temperature relaxation time is too small to completely equal-
ize the electron and ion temperatures during the heating of
the plasma by the laser radiation; however, despite the de-
crease in the plasma density, at the time when the maximum
value of the gain coefficient is achieved (500 ps) the electron
and ion temperatures become equal in practically the entire
region, except for the periphery, where the plasma density
decreases considerably more rapidly. Figure 2b shows the
spatial distributions of the relative concentrations of He- and
Li-like ions for these moments in time. It is easily seen that
if the overwhelming majority of the atoms are ionized to a
He-like state during the heating of the plasma (except for a
narrow portion of the plasma near the thermal wave front), as

G,cm™
2.

1.6f 450 500 1.6}

1.2

100 150 200 250 300 350 0 50
r, pm

0 50
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450 500
400

G(4F5,—3D4;), t=500 ps; 6 —
G(4F 75— 3Dsp), t=1500 ps.

a result of recombination the number of He-like ions remains
appreciable as the plasma expands only at its edge, where the
ionic composition is ‘‘frozen’’ sooner.

Figure 2b also shows the spatial distribution of the gain
coefficient G (calculated with the Doppler profile) on the
4F s,— 3Dy and 4F 5,— 3 D, transitions at the time of the
gain maximum. A detailed explanation of the differences be-
tween the gain coefficients on these transitions was given in
Ref. 10. A population inversion is created in a narrow pe-
ripheral region of the plasma, where the influence of the
reabsorption of radiation on 3-2 transitions weakens due to
the low density. In the region where inversion exists the
concentration of He-like Al ions is approximately twice as
great as the concentration of Li-like ions. The evolution of
the spatial distribution of the gain coefficient on these tran-
sitions is shown in Figs. 3a and 3b (the numbers near the
curves indicate the times in picoseconds).

The values of the populations of all the states consid-
ered, the temperatures 7, and T;, and the density n, found
from the solution of the gas-dynamic and kinetic equations
using the photon-escape-probability approximation were
transferred to a program which finds the populations of lev-
els with consideration of the radiation transfer in the lines
and the continuum. Under the conditions considered here the
populations of all the excited levels have steady-state values,
i.e., are uniquely determined by the electron temperature
T,, the electron density n,, and the populations of the
ground states. In the case of Li-like ions, along with the
251, ground state, we also fixed the populations of the

FIG. 3. Distribution of the gain co-
efficient with respect to the radius on
the 4F—3D transitions at various
moments in time (the times are indi-
cated in picoseconds near the respec-
tive curves): a — on the
4F 5;,— 3D, transition; b — on the
4F 4,,—3Ds, transition.

100 150 200 250 300 350

r, ym
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FIG. 4. Spatial distribution of the
gain  coefficient (a) on the
4F 5,—3Dy, transition: 1 — opti-
cally thin plasma (6=1), r=400 ps;
2 — same, t= 500 ps; 3 — consider-
ation of reabsorption in the photon-
escape-probability  approximation,
t=500 ps; 4 — complete calculation
of radiation transfer. Spatial distribu-
tion of the photon escape probability
at the time =500 ps (b) for several

-18 N N .0 00 0 5-0 160 I.';O 2040 transitions: /] — 3S5,—2Py,; 2 —
0 50 100 15 , me . um 3P3y—2815; 3 — 3Dy, —2P 5 4
’ ’ —_— 3D5/2-"2P3/2.

nearby 2p,, and 2psj, levels. The system of equations (9)
was modified in the following manner in accordance with the
steady-state conditions:

K'C(r.,t)=f1, (32)

where the matrix K’ of the system is obtained by modifying
the kinetic matrix K, i.e.,

K;=0, Kj=1, (33)

the subscript f corresponds to the states whose populations
are fixed, and the remaining elements K ,-'j=K ij- The free
term in (32)is f;=0, if i # f, and f;=c,, where c; is the
value of the relative population of the state transferred from
the gas-dynamic calculation. After this modification of the
system of population balance equations, the conservation law
of the number of particles is not, strictly speaking, obeyed.
However, the calculations performed showed that the devia-
tion of the sum X,C; from unity is very small for the situa-
tions considered in the present work. To additionally test the
correctness of the approach used, the temporal problem (9)
was solved together with (8) to a time which is short enough
that the populations of the fixed states cannot vary signifi-
cantly, but is sufficient for the populations of the excited
states to achieve steady-state values. These calculations gave
identical results. One shortcoming of this approach is the
need to properly select the time and the integration spacing
(the time for establishing steady-state populations clearly de-
pends on the plasma density and temperature). In addition,
poorer convergence of the iterations was noted in this case
during the simultaneous solution of the population balance
equations and the radiation-transfer equation. We also note
that the method described above for fixing the populations
permits more correct transfer of the information on the popu-
lations from the essentially nonstationary gas-dynamic
model to the program for solving the transfer equation than
does the method used in Ref. 2, where the values of the
electron and ion temperatures were varied to obtain the cor-
rect ionic composition. This unavoidably distorts the values
of all the collisional constants in the population balance
equations, which is totally unacceptable in the case of a re-
combination scheme for forming a population inversion.
Figure 4a shows the spatial distribution of the gain co-
efficient on the 4f;,—3Ds, transition obtained from the
gas-dynamic model using escape probabilities (curve 1), as
well as by solving the radiation-transfer equation together
with the population kinetics (curve 2). Curves / and 2 cor-
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respond to a time of 500 ps. For comparison, Fig. 4a also
shows the spatial distribution of the gain coefficient on the
same transition obtained on the basis of the gas-dynamic
model under the assumption of an optically transparent
plasma (6=1) for times equal to 400 ps (curve 3) and 500
ps (curve 4). It is easy to see the striking difference between
the distributions and the values of the gain coefficient when
the reabsorption of radiation in the spectral lines is taken into
account and when it is not. The spatial distribution of the
photon escape probabilities for a series of 3—2 transitions is
shown in Fig. 4b. The gain coefficient reaches a maximum at
the value of the photon escape probability for the radiative
transitions which sweep out the lower working level,
6=0.7-0.9, i.e., only in the practically transparent region. In
the more peripheral regions of the plasma the increase in the
escape probability does not compensate the decrease in the
populations of the working levels caused by the general de-
cline in the plasma density. It is seen from Fig. 4a that in the
region of the plasma where the reabsorption of radiation on
the 3—2 transitions is great (§<1), the values of the gain
coefficient (which are negative and correspond to absorption)
on the 4f;,—3Ds, transition calculated from the gas-
dynamic model using escape probabilities and from the com-
plete model practically coincide. This is a good argument
supporting the conclusion that both models faithfully de-
scribe the reabsorption of radiation in resonance lines within
a plasma with strong absorption.

At the same time, in the region of practical interest,
where G>0 (amplification), the maximum values of the gain
coefficient obtained by these two methods differ by a factor
of almost 2 (Fig. 5). We assume that this difference is due to
the extremely high sensitivity of the value of G to the mag-
nitude of the inversion 1—g,C,;/g,C,, which, in turn, is
determined by the radiation transfer in the lines of the tran-
sitions which sweep out the lower working level (3D, in
the present case). A population inversion appears in the re-
gion of the extremely abrupt decline in the populations of the
excited states mainly due to the decrease in the recombina-
tion pumping, which is proportional to N2N;. As a result,
even small differences in the numerical methods can produce
considerable differences in G. We note that the value ob-
tained in the experiments in Ref. 11 is significantly greater
than both values shown in Fig. 5. This is typical of all the
theories which take into account reabsorption in the photon-
escape-probability approximation. We also note that the
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FIG. 5. Comparison of the gain coefficient G on the 4F—3D transitions
calculated in the photon escape probability approximation in a line and for
the complete model of radiation transfer at 400 ps: I — for the
4F 5,—3Dy, transition in the 6 approximation; 2 — same for the
4F5,—3Dys), transition; 3 — on the 4F 5,— 3D, transition for the com-
plete model; 4 — same for the 4F;,— 3Dy, transition.

photon-escape-probability (6) approximation does not con-
tain a small parameter, which would make it possible to
evaluate its region of applicability. The accuracy of this ap-
proximation was investigated for the case of a stationary me-
dium with a large optical thickness in Ref. 26, where it was
shown that the accuracy of the determination of the popula-
tion of the upper level is about 20% in the case of a uniform
distribution of the plasma parameters and that the difference
between the exact solution and the solution obtained in the
escape-probability approximation can reach 100% in the case
of a nonuniform distribution. Obviously, in the case of a
laser plasma we are dealing with an extremely nonuniform
distribution of the parameters. Another important point is
that a population inversion appears at times when the photon
escape probability becomes of the order of unity. Appar-
ently, under these conditions the escape-probability approxi-
mation does not provide sufficient accuracy in finding popu-
laticns.

The results of the calculations of G on the 4F—3D
transition are similar to those presented for the 4F—3D
transition. The difference is confined to the smaller value of
the gain coefficient on this transition.

4. CONCLUSIONS

The results obtained in the present work allow us to
draw the following conclusions. The accuracy of a self-
consistent description within the standard approach involv-
ing the solution of the gas-dynamic equations together with
the population kinetics, in which the role of the reabsorption
of the resonant radiation is taken into account in the photon-
escape-probability (6) approximation in an inhomogeneous
moving medium, was tested for a recombination-pumped
x-ray laser in the case of a Li-like Al ion. It was shown that
for locally optically thick lines [where 6(r)<<1] the photon-
escape-probability approximation is in satisfactory agree-
ment with the results of the numerical solution of a com-
bined system of equations describing the kinetics and
resonant radiation transfer in an inhomogeneous moving
plasma. This result is consistent with the data in Refs. 27 and
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28. The main difference in the present work is confined to
the more systematic calculation of the population kinetics
during the combined solution of the line radiation-transfer
equation. For example, in Ref. 29 the populations of the
excited states used to solve the radiation-transfer equation
were taken from calculations of the kinetics in the photon-
escape-probability approximation, and in Ref. 3 the ionic
composition was fixed by adjusting the temperatures of the
charged particles, which can alter the entire population kinet-
ics of the excited states. The procedure proposed in this pa-
per maintains the temperature values obtained by solving the
gas-dynamic equations and does not dictate the values of the
populations of the excited levels. As a result, it was found
that the accuracy of the photon-escape-probability approxi-
mation is not satisfactory for describing the gain coefficient
on the SF—3D and 4F—3D transitions in a Li-like Al ion
appearing on the periphery of an expanding plasma, where
the value of @ is close to unity, and the system of kinetic and
radiation-transfer equations must be systematically solved on
top of the inhomogeneous background of the distribution of
the gas-dynamic parameters of the plasma to obtain the cor-
rect value of the gain coefficient. The more rigorous ap-
proach diminishes the gain coefficient by more than two
fold, leading to poor agreement between the calculation and
experiment. Therefore, to elucidate the mechanism for creat-
ing inversion in a scheme of recombination x-ray lasers there
is need both for additional experiments, in which, apart from
the gain coefficient, the spatial distribution of the ionic com-
position of the plasma must be measured with temporal reso-
lution, and for consideration of all the processes occurring in
the presence of sharp gradients in the distribution of the ionic
composition, such as the diffusion of, for example, He-like
ions into a region where amplification is observed, which can
increase the calculated value of G. The latter is especially
important for explaining the gain on the 5F—3D transition,
where the observed value Gs_3;~1 cm™! is significantly
greater than the calculated value even in the absence of ra-
diation reabsorption.
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