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We investigate the effects of inner-shell ionization of sodiumlike ions on the kinetics of neonlike
selenium, using a simple model that separates the calculation of the excited-state kinetics from
that of the ionization balance. Our model includes collisional and radiative transitions between
the neonlike states, inner-shell ionization of sodiumlike states, and dielectronic recombination

from fluorinelike ions.

By examining the relative importance of these various population mecha-

nisms, we demonstrate that inner-shell ionization of sodiumlike ions has a significant effect on the
inversion kinetics of neonlike selenium, although it is not sufficient alone to account for the

discrepancy with experimental observation.

INTRODUCTION

Neonlike ions have long been recognized as candidates
for soft-x-ray laser schemes because of their energy-level
structure. The 2522p33s excited states can decay to the
ground state by fast dipole-allowed radiative transitions,
while the higher-energy 2s?2p>3p states can radiate to
the ground state only by much slower electric quadru-
pole transitions. So the possibility of creating a popula-
tion inversion between the 2s22p3p and 2s%2p >3s excited
states was recognized very early.!

In recent years, experiments in laser-produced plasmas
have demonstrated amplified spontaneous emission in
neonlike selenium,?  yttrium,” molybdenum,® and
copper.* These experiments have also demonstrated that
our understanding of the kinetics of neonlike ions is in-
complete. In the first successful experiment,” time-
integrated gains of 5.5+1 cm™! were measured for two
J =2-J =1 transitions at 206.3 and 209.6 A in selemum
in reasonable agreement with the predicted gains® of 4
cm~!. However, the J=0-J =1 transition at 182.4 A,
which was predlcted5 to show a gain of 10 cm ™!, did not
appear to be amplified significantly. The yttrium results
from the same experiment are ambiguous, due to a line
coincidence between the J=0-J=1 and one of the
J =2-J =1 transitions. A later experiment in molybde-
num,’ however, showed results similar to selenium; gains
of 4 cm™! were measured for the two J =2-J =1 transi-
tions, while the J =0-J =1 transition analogous to that
at 182.4 A in selenium was not significantly amplified.
(The other J=0-J=1 transition at 106.4 A, however,
displayed a measured gain of 2.2 cm™!, in reasonable
agreement with the prediction of 3.5 cm™!) The very
recent results in copper* do not display this same anom-
aly; here comparable gains of ~2 cm~! have been mea-
sured for all three lines, analogous to the 182.4-, 206.3-,
and 209.6-A transitions in selenium.

Initial efforts to model the neonlike soft-x-ray laser
assumed that the most important population mechanism
was electron collisional excitation from the neonlike
ground state, and most models considered only that pro-

5—-7

36

cess. Subsequent attempts to explain this discrepan-
cy®~1° have concentrated on including recombination
from fluorinelike ions in the model of the neonlike popu-
lation kinetics. In particular, dielectronic recombination
has been shown to have a significant effect,”!° although
not enough to fully explain the experimentally observed
gains, if reasonable assumptions are made about the
plasma conditions. It has also been suggested!' that
plasma effects on the line profiles of the amplified transi-
tions might provide an explanation.

In this paper we investigate another method of creat-
ing the population inversion—inner-shell ionization of
sodiumlike ions. Calculations by Sampson and Zhang'?
in the accompanying paper show that the rates of inner-
shell ionization by electron impact are large enough to
be competitive with the rates of electron-impact excita-
tion from the neonlike ground state. We examine the
efficiency of inner-shell ionization as a mechanism for
creating a 3p-3s population inversion in neonlike seleni-
um by constructing a simple model that separates the
calculation of the excited-state kinetics from that of the
ionization balance. This model provides an assessment
of the relative importance of inner-shell ionization, col-
lisional excitation, and dielectronic recombination as a
function of ionization balance.

We demonstrate that inner-shell ionization can indeed
produce a population inversion, although this process is
only about half as efficient as excitation. We also show
that ionization from sodiumlike fons heavily favors the
J =2-J =1 inversion over the J =0-J =1. With reason-
able assumptions about the relative abundance of sodi-
umlike, neonlike, and fluorinelike ions, however, the
magnitude of the effect is not large enough to fully ex-
plain the experimentally observed gains in neonlike
selenium.

THE MODEL

For neonlike selenium, we use a 36-level model which
contains all the 2s522p%3/ and 2s52p®3/ excited states.
Collisional and radiative processes connect all these lev-
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els. Rates into the neonlike excited states from either
the neonlike 2522p® ground state, the sodiumlike
2522p31 states, or the fluorinelike 2s"2p™ (n +m =7)
states, are treated as source terms. We thus have

Rn=kgNye+SkiNNa+ 3 kiNE , (1)
i J

where n is the population vector of neonlike excited
states; R is the matrix of collisional and radiative rates
connecting these levels; the diagonal terms contain the
losses from each level, including collisional deexcitation
and radiative decay. The terms on the right-hand side of
Eq. (1) form a column vector of fixed sources. The
indexes i and j run over the sodiumlike 2522p®3/ and the
fluorinelike 25"2p™ states, respectively. kg is the vector
of rate coefficients for collisional excitation from the
neonlike ground state,

2522p331 +e

252p%31 +e | 2)

2522p6+e = {

the k; are vectors of rate coefficient for inner shell ion-
ization from sodiumlike ions,

2522p 331+ 2e

2s2p63l+2e s (3)

2522p 03] e = {

and the k} are vectors of rate coefficients for dielectron-
ic recombination from fluorinelike ions,

25%2p*3131
25s22p3+e ps 2s22p331 +hv
6 = 232p 3730 6 (4)
252p°+e 2093131 2s2p°3l +hv .

We have included only dielectronic recombination in
this model, neglecting radiative and three-body recom-
bination. This is a reasonable approximation because at
the plasma conditions we are interested in, dielectronic
recombination is the dominant recombination mecha-
nism. (In the following we will suppress the indices i
and j, and the ion densities, unless otherwise noted, will
refer to total ion densities; ie., Nn,= > ; N\a
Neg=3 N £)

Since Eq. (1) is linear in the ion densities Ny, Nna»
and Ng, we can solve this steady-state set of rate equa-
tions separately for each source term, and calculate the
relative inversion density for the transitions U =>L ac-
cording to

yor=(N) " Nn—gynf/gL) , (s)

where gy and g; are the statistical weights of the upper
and lower states, respectively. The gain coefficient per
source ion, for the kth species is

ak:ak/Nkza'ULylkjL N (6)
where oy is the stimulated emission cross section for

the transition U=>L. For a particular ionization bal-
ance, the total gain coefficient for the transition is then
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a:szak=Ni2‘1kfk s (7)
k k

where N; is the total ion density and f is the fraction of
the kth ion species.

The approximation just described greatly simplifies the
kinetic modeling and allows us to separate the calcula-
tion of the excited-state kinetics from that of the ioniza-
tion balance. Since the ionization balance of the x-ray
laser plasma is not well understood theoretically and has
not been completely characterized experimentally, it is
useful to be able to investigate the excited-state kinetics
independently. This approximation of course neglects
the effect of neonlike excited-state processes on the dis-
tribution of population among the multiple ground states
of the sodiumlike and fluorinelike ions. But, since we
are concerned only with the 3p-3s inversion density, and
since the fraction of ions in any neonlike excited state is
small, this feedback is of negligible importance, for
reasonable plasma conditions.

The collisional and radiative rates connecting the 37
lowest states of neonlike selenium were calculated using
the collisional-radiative code package of Klapsich and
Bar-Shalom."® The dielectronic recombination rates of
fluorinelike ions were calculated in the isolated reso-
nance approximation, using the multiconfigurational
Dirac-Fock model with intermediate coupling.'*

We have used two different sets of inner-shell ioniza-
tion cross sections. One set was calculated by Sampson
and Zhang!? using a Z-scaled hydrogenic model and the
Coulomb-Born exchange approximation. The other set
was obtained by extrapolating the results of Younger!’
for Mg™, AI**, P*t and Ar’*, calculated using the
distorted-wave exchange approximation. As seen in Fig.
1, the two cross sections are in good agreement except at
very high energy, where they are normalized to some-
what different photoionization cross sections. For the
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FIG. 1. Total ionization cross section (cm~?) vs energy

(threshold units) for the process 2522p®3s 4+e =>2522p>3s +2e
in selenium. Solid line: scaled hydrogenic cross section (Ref.
12). Dotted line: distorted wave cross section extrapolated
from those in Ref. 15.
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temperatures we are interested in, the two sets of rate
coefficients are in excellent agreement.

To obtain the ionization rate into a specific neonlike
excited state, the total rate for ionizing a 2s or 2p elec-
tron must be multiplied by the appropriate branching ra-
tio. Recently, Sampson!® has derived general formulas
for these branching ratios, which in the case of sodium-
like ions give the simple result

k=20 +1)/(2j + Dk; , ®)

where k' is the ionization rate coefficient into a partic-

ular neonlike excited state, k; is the total ionization rate
coefficient for a 2s or 2p electron, J is the total angular
momentum of the final neonlike excited state, and j is
the angular momentum of the 3/ spectator electron.
This approximation assumes that the spectator electron
is unaffected by the ionization of the inner-shell electron,
and ignores two-electron transitions, such as

25s22p®3s, ,, +e =>2522p%3p; 5+ 2e , 9)

which we expect to have negligible rates. Transitions in
which the total angular momentum, but not the orbital
angular momentum, of the spectator electron changes,
such as

25s2p%3p, e =>2522p%3p;y 5+ 2e , (10)

are correctly accounted for in our model, provided that
the population within the 3/ subshell is statistically dis-
tributed. To test this assumption, we calculated the pop-
ulations of the sodiumlike states using the 12-level model
described below. The results are given in Table I.
Clearly, this assumption is excellent for densities above
n,=3x10% cm—3,

Using the neonlike model and the rates just described,
we solved Eq. (1) separately for each source term, and
then evaluated the gain per source ion from Egs. (5) and
(6). In order to use Eq. (1), it is necessary to know the
relative populations of the five sodiumlike 2s%2p®3]
states, and the three fluorinelike 2s2p % and 2s%2p° states.
These were obtained from two independent calculations
using the simplified models described below.

The relative populations of the sodiumlike states were
computed with a collisional-radiative model including
the 12 levels obtained from the configurations 2s22p %3/
and 25%2p%4l. All radiative and collisional rates were

TABLE 1. Ratio of populations within 3p and 3d subshells
for sodiumlike selenium versus electron density, using the
collisional-radiative model described in the text. Results
shown are for T, =1000 eV, although the temperature depen-
dence is weak.

n, (cm™3) [3p1,21/[3p3,2] [3d3,21/[3d5,,]
1x10'® 0.82 1.00
110" 0.68 0.68
3x 10" 0.59 0.65
1x10% 0.54 0.65
3% 10%° 0.51 0.66
1x10%! 0.50 0.66
1x 10?2 0.50 0.67
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computed using the Klapisch—Bar-Shalom codes.'?

Ionization and recombination were not included. The
only such process that might be important at relevant
plasma conditions is dielectronic recombination from the
neonlike ground state. But the relative dielectronic
recombination rates into the different 2522p ®3/ states are
very nearly statistical and will not perturb the already
nearly statistical distribution obtained from collisional
excitation alone.

The relative populations of the fluorinelike states were
determined with a collisional-radiative model containing
the lowest 113 fine-structure levels arising from
configurations of the form 2sP2p93/’, with r =0,1 and
p +q +r=7. Again, the Klapisch—Bar-Shalom codes'?
were used to compute collisional and radiative rates, and
ionization and recombination processes were neglected.

RESULTS

First, we studied the relative importance of collisional
excitation of neonlike ions and inner-shell ionization of
sodiumlike ions as population mechanisms for the excit-
ed states of neonlike selenium. The total gain
coefficients of the relevant 2p°>3p-2p°3s transitions were
evaluated from Eq. (7) by assuming Ny =0, treating the
ratio of sodiumlike to neonlike ions as a parameter, and
taking the relative populations of sodiumlike states from
the 12-level model described above. The results are
shown in Fig. 2, where the gain coefficients of several
transitions are plotted as a function of the ratio of sodi-
umlike to neonlike ions. Plasma conditions are taken to
be T,=1000 eV, n,=5%10%° cm~3, and T;=400 eV.
The total density of neonlike plus sodiumlike ions is as-
sumed to be 6x 10" cm 3,
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FIG. 2. Gain coefficient (cm~') of 2p33p-2p°3s transitions in
neonlike selenium vs ratio of sodiumlike to neonlike ions. The
plasma conditions are taken to be T,=1000 eV, n,=5x 10%
cm™3, T;=400 eV, Nn.+Nna=6X10"® cm~3. Dotted line:
J =0-J =1 transition at 182.4 A. Solid line: J =2-J =1 transi-
tion at 209.6 A. Dashed line: J=2-J =1 transition at 206.3
A.
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If one compares the gains at the far left of the figure
(collisional excitation only) with those at the far right
(inner-shell ionization only), it is clear that inner-shell
ionization is about one-half to one-third as effective at
creating an inversion as is collisional excitation. This
behavior can be traced to the fact that, although ioniza-
tion into any particular level tends to proceed faster
than collisional excitation,!? the difference in feeding
rates for the upper and lower laser levels is more favor-
able to the population inversion in the latter process. Of
course, for both pumping mechanisms, it is the selective
depopulation of the lower level through the dipole tran-
sition to the ground state that sustains the inversion. It
should also be pointed out that the present calculation
does not include the effects of optical depth in the neon-
like 3-2 lines. Including this effect may reduce the cal-
culated gain coefficients at high N ..

It is also clear from Fig. 2 that the substantial
amplification of the J =2-J =1 transitions persists in a
plasma containing only sodiumlike ions, while the J =0-
J =1 amplification does not. This is not unexpected,
since inner-shell ionization favors states with large sta-
tistical weights.

We next wish to investigate the relative importance of
the three population mechanisms as a function of tem-
perature. Figure 3 shows a¥, the gain per source ion
density for each of the three ion species, for the J =2-
J =1 transition at 209.6 A, and for the J =0-J =1 tran-
sition at 182.4 A. It is clear that for the J =0-J =1
transition collisional excitation is the only important
mechanism for producing inversion. The J=2-J =1
transition shows significant gain from either recombina-
tion or ionization, in addition to collisional excitation.

In order to fully assess the relative importance of the
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FIG. 3. Gain coefficient per source ion density (cm?) of
2p*3p-2p°3s transitions in neonlike selenium vs electron tem-
perature (eV) for n, =5x10* cm~3. Dotted lines: J =0-J =1
transition at 182.4 A. Solid lines: J=2-J=1 transition at
209.6 A. I gain per sodiumlike ion (from inner-shell ioniza-
tion). C: gain per neonlike ion (from collisional excitation).
R: gain per fluorinelike ion (from dielectronic recombination).
(Curve R for the J =0-J =1 transition is too small to be seen.)
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three mechanisms, we must multiply ak by Ny, the ap-
propriate source ion density. We must therefore deter-
mine the ionization balance of the selenium x-ray laser
plasma. This is an extremely difficult problem because
the plasma is not in steady state, and there are temporal
and spatial gradients present. There is no direct mea-
surement of the ionization balance, and the predictions
of different time-dependent codes do not agree.

Steady-state calculations of the ionization balance in-
dicate that the neonlike ion fraction reaches its peak be-
tween 600 eV (Ref. 17) and 1000 eV (Ref. 18) for
n,=5x10% cm™3. Thus the neonlike ion density and
the collisional excitation rate are both large for roughly
the same plasma conditions. In contrast, the fluorinelike
fraction peaks at higher temperatures, where the recom-
bination rate is small; at lower temperatures the sodium-
like fraction will increase, but the collisional ionization
rate falls. Therefore, if the plasma is in steady state, col-
lisional excitation will be a more effective mechanism for
creating a population inversion in neonlike ions than ei-
ther dielectronic recombination or inner-shell ionization.

Because conditions in the x-ray laser plasma are
changing rapidly relative to the overall ionization and
recombination rates, the ionization balance is probably
not in steady state.!” In such a case, the above argument
is not valid, and it is possible to construct scenarios® in
which, for example, a mostly fluorinelike plasma cools
rapidly and creates a population inversion due to recom-
bination.

CONCLUSIONS

We have shown that inner-shell ionization from sodi-
umlike ions has a significant effect on the excited-state
kinetics of neonlike ions, and is an effective mechanism
for creating a 2p°>3p-2p°3s inversion. How effective it is,
of course, depends on the relative abundance of sodium-
like ions in the plasma. At present we cannot calculate
the ionization balance with any confidence. However,
we see from Fig. 2 that unless the ratio of sodiumlike to
neonlike ions is larger than 1, ionization will not reduce
the expected gain of the J =0-J =1 transition enough to
explain the experimental results.

So far all efforts to model the excited-state kinetics of
neonlike selenium have failed to find a process which, by
itself, can reduce the gain of the J =0-J =1 transition at
182.4 A enough to bring it into line with the experimen-
tal results. It is possible, however, that a number of pro-
cesses, all favoring the population of the J =2 upper lev-
els, combine to increase the gain on the J =2-J =1 tran-
sitions relative to the J =0-J =1. In this context, the
effect of inner-shell ionization of sodiumlike ions is a
significant population mechanism.

Inner-shell ionization may be more significant in ex-
plaining the same anomaly in molybdenum.® Simple es-
timates of the ionization balance from time-integrated
x-ray spectra show that the molybdenum plasma is less
highly ionized than selenium, and the ratio of sodiumlike
to neonlike ions may be as high as 0.5.2° In addition,
the ratio of ionization to excitation rates is more favor-
able at higher Z.1?
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The present results also show that, because the
2p°3p J =2 levels are populated by dielectronic recom-
bination and inner-shell ionization as well as collisional
excitation, inversion of the J =2-J =1 levels will occur
even if the plasma is over- or underionized, so that neon-
like ions are not the most abundant species. This result
helps to explain the experimental observation?! that the
strongly amplified J =2-J =1 lines at 206.3 and 209.6 A
in selenium occur over a wide range of plasma condi-
tions.
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