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Dielectronic recombination has been found to be the dominant recombination process in the deter-
mination of the ionization balance of selenium near the Ne-like sequence under conditions relevant
to the exploding-foil EUV laser plasmas. The dielectronic recombination process tends to populate
excited levels, and these levels in turn are more susceptible to subsequent excitation and ionization
than are the ground-state ions. If one defines an effective recombination rate which includes, in ad-
dition to the primary recombination, the subsequent excitation and ionization of the additional
excited-state population due to the primary recombination, then this effective recombination rate
can be density-sensitive at relatively low electron density. We present results for this effective
dielectronic recombination rate at an electron density of 3 10% electrons/cm® for recombination
from Ne-like to Na-like selenium and from F-like to Ne-like selenium. In the former case, the effec-
tive recombination rate coefficient is found to be 1.8 X 10~!! cm?/sec at 1.0 keV, which is to be com-
pared with the zero-density value of 2.8 X 10~!! cm®/sec. In the latter case (F-like to Ne-like), the
effective recombination rate coefficient is found to be 1.3 10~!! cm?/sec, which is substantially re-
duced from the zero-density result of 3.3X 107! cm®/sec. We have examined the effects of dielect-
ronic recombination on the laser gain of the dominant Ne-like 3p-3s transitions and have compared
our results with those presented by Whitten et al. [Phys. Rev. A 33, 2171 (1986)]. The results ob-
tained for the gain of the J =2 transitions at 206.9 and 209.8 A disagree by a factor of 2, and the
calculated F-like to Ne-like isoelectronic sequence ratio differs by a factor of 4. These discrepancies
are investigated and are found to be due to three factors: inclusion of post-recombination collision
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effects, inclusion of Rydberg levels, and choice of line shape.

I. INTRODUCTION

Dielectronic recombination can play an important role
in the determination of the ionization balance of a
non—Ilocal-thermodynamic-equilibrium (LTE) plasma!
and in the formation of excited-state population.??
Dielectronic recombination is a multistep process in
which an electron undergoes radiationless capture into an
autoionizing doubly excited state and subsequent stabiliza-
tion by radiative decay or by some other atomic process.
The final product of this stabilization may be a ground
state or a singly excited state of the recombined ion, and
such a state may undergo further excitation or ionization
subsequently.*> Although these subsequent processes are
independent of the primary dielectronic recombination
process, they can be treated as producing a reduction of
the dielectronic recombination rate.

Consider an example where the radiationless capture to-
gether with the stabilization leads predominantly to singly
excited states which are of moderate excitation. Dielec-
tronic recombination in low-Z systems tend to occur
predominantly through such processes. The recombina-
tion process then provides a source for the creation of
such moderately excited states, and the populations of
such levels will be enhanced above their values in the ab-
sence of dielectronic recombination. These moderately ex-
cited states will be more susceptible to subsequent excita-

34

tion and ionization than will be the ground state of the
same ion, and their presence will enhance the total ioniza-
tion rate of the ionization stage in proportion to the
dielectronic recombination rate.

One might be tempted to model the post-recombination
effects through a reduction of the zero-density dielectron-
ic recombination rate. Whether this rate is or is not
viewed as reduced depends on how the dielectronic recom-
bination process is defined. One definition might be that
the dielectronic recombination process includes all steps
up to the stabilization into singly excited levels. All sub-
sequent collisional and radiative processes affecting the
populations of the singly excited states are then distinct
processes which are to be included separately. Another
definition of the dielectronic recombination process might
be that only primary dielectronic recombination which is
followed by kinetics processes that ultimately produce
ground-state ions is to be counted as part of the dielec-
tronic recombination process.

The first view would be most suitable for inclusion in a
kinetics model where the singly excited states are treated
either in a detailed manner or by some averaged (Rydberg)
method. In such a case, one requires the detailed recom-
bination information specific to every level accounted for
in the kinetics model, and the net ionization and recom-
bination rates between ionization stages will be incor-
porated self-consistently. The second view would be more
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useful in a kinetics model where only ground states are in-
cluded, or in a detailed model where the dielectronic
recombination rates are applied only between ground
states.

In this paper we present some new results for dielect-
ronic recombination from F-like to Ne-like selenium. A
recent paper of Apruzese et al.® has presented a low value
(3.4 10~ 2 cm?/sec) for the corresponding recombination
rate coefficient, and we find that it disagrees with the
present results in both the collisional and collisionless lim-
its. Because the interpretations presented by Apruzese
et al. follow in part from the choice of the dielectronic
recombination coefficient, this issue is relevant to the
theoretical explanation of the observed EUV amplifica-
tion. This has been discussed by Whitten et al.,? and the
dielectronic recombination rate coefficient given in their
work [(2.8—3.5)x 10~!! cm?3/sec], which is a zero-density
result, might be recommended with caution for use in
plasmas of such high-electron density (5x10%
electrons/cm®). The effective ground-state to ground-
state dielectronic recombination coefficient, which is more
appropriate for ionization balance calculations, can be ob-
tained using the method described in the present work. In
Sec. V, we treat these plasma conditions and find an effec-
tive recombination rate coefficient of 1.16x107!!
cm®/sec.

In the work by Whitten et al.,? an analysis of the ef-
fects of dielectronic recombination on excited-state popu-
lations and gain in Ne-like selenium has been presented,
and substantial effects due to the recombination into ex-
cited states have been reported. The present results are
not in good agreement with those of Whitten et al.,? and
the disagreement has included a factor of 2 in gain on the
J =2 lines at 206.9 and 209.8 A and a factor of 4 in the
F-like to Ne-like ion population ratio. These discrepan-
cies have been a source of concern, and in this work we at-
tempt to resolve these issues. Through a number of com-
parisons between the results of the two models on simple
benchmark steady-state problems, we find that only a rel-
atively small difference can be attributed to the atomic
physics data (mostly collisional cross sections) included
between the 37 levels of the Ne-like L- and M-shell states.
However, three main factors can account for most of the
remaining discrepancies: inclusion of the effects of post-
recombination kinetics, inclusion of Rydberg levels, and
choice of line shape.

II. DETAILED KINETICS MODELING
IN SELENIUM

The model described here is an improved version of the
one used in the EUV laser design calculations presented
by Rosen et al.,” who give a brief description of this
model. The model contains 494 levels altogether, and it
includes detailed excited-state level structure for the Na-,
Ne, and F-like isoelectronic sequences. Most of the atom-
ic physics data used in the model was generated using the
fully relativistic multiconfigurational atomic physics code
of Hagelstein and Jung® (the YODA code). The electron
collisional excitation cross sections for the neonlike se-
quence are given by Hagelstein and Jung,’ and the F-like

cross sections are tabulated by Hagelstein.!® Detailed
recombination rate coefficients obtained from the yoDA
relativistic model are included. These coefficients have
been described elsewhere for the Ne-like sequence!! and
for the F-like ion.>?

The sodiumlike level structure includes the 12 M-shell
and N-shell states in detail (with resolved fine structure)
and Rydberg states from n=5 to n=10. The Ne-like
model includes the L-, M-, and N-shell states in detail (89
levels) and an additional set of 3 Rydberg series (from
n=5 to n=10) leading to the three F-like ground states.
The F-like model contains the 113 L- and M-shell states
in detail and 3 Rydberg series leading to the low-lying O-
like configurations 2s22p*, 252p°>, and 2pS.

The Mg-like through Cl-like isoelectronic sequences are
described using hydrogenic models originally generated by
the XATOM code of Morgan et al.!* and substantially re-
vised. The He-like through O-like sequences are treated
in an approximation which is somewhat more sophisticat-
ed than hydrogenic (the “Hartree-Fock” model of XATOM,
with subsequent improvements). In all sequences, con-
sistent dielectronic recombination models based on the f
and A model of Hagelstein®!? have been included. We
have used the non-LTE code XRASER (Ref. 14) to con-
struct and solve the rate equations for population kinetics
calculations utilized in Sec. III.

Our procedure for determining an effective recombina-
tion rate which includes the effects of post-recombination
collision processes may be described simply. We first car-
ry out a non-LTE calculation using the full kinetics model
and note the sequence populations and Z. We then re-
move all detailed ‘“zero-density” dielectronic recombina-
tion rates from the model, and in their place we introduce
a single ground-state to ground-state recombination rate
coefficient. The steady-state calculation is then repeated
with different values of the effective recombination rate
coefficient until the sequence populations which are ob-
tained from our initial full calculation are reproduced.
For the determination of the effective rate coefficients for
Ne-like recombination, we were able to obtain good agree-
ment on both sequence populations and Z. In the calcula-
tions of the F-like recombination coefficients, we were not
able to obtain precise agreement between sequence popula-
tions, and our results are based on matching Z.

III. RECOMBINATION FROM Ne-LIKE
SELENIUM

There are several ways in which density effects may
modify the effective dielectronic recombination rate, and
the post-recombination collisional effects tend to be the
most important at moderate densities (near 10%°
electrons/cm®) for Ne-like selenium. As the density in-
creases, electron collisional redistribution of the doubly
excited level populations can occur. We have previously
investigated the effects of dipole-allowed collisional tran-
sitions within the 3/3/’ doubly excited manifold of the
sodiumlike ion,'! and have found that these effects be-
come significant for densities above 10?! electrons/cm?,
where an increase in the primary dielectronic recombina-
tion rate occurs.
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Doubly excited states of the form 2p°3Inl’ are primarily
responsible for producing the moderately excited 2pSnl’
Na-like states (following 3-2 stabilizing radiative decay)
under conditions of interest here. The effects of dipole-
allowed collisional transitions on the excited nl' electron
(for n greater than 3) of the doubly excited state will
occur at a lower electron density than for the 3/ electron,
and therefore one might expect to see increases in the pri-
mary dielectronic recombination rate at substantially
lower densities.

This argument is misleading for the following reason:
in the 313!’ case, collisional mixing enhanced the recom-
bination rate because new routes were opened by which a
31 electron could undergo a radiative 3-2 decay. The
dominant contributions arise from the states which are
stabilized by the fast 3d-2p radiative transitions, with de-
cay rates near 10'* sec™!. The 3inl’ states are stabilized
principally by 3-2 decay as well, and it is the 3/ electron
which must undergo collisional transitions to cause any
significant enhancement of the primary dielectronic
recombination rate. The reason for this is that the radia-
tive stabilization rate is faster than the autoionization
rate, and therefore most of the population which is cap-
tured into a doubly excited 3Inl’ state of moderate n is
stabilized, independent of n and /’. Consequently the /-
changing collisional mixing of the excited nl’ electron,
which may occur at moderate electron density, should
have only a second-order effect on the primary dielectron-
ic recombination rate.

Our approximation is then that the primary radiation-
less capture and stabilization remains unaffected by elec-
tron collisions or other density effects; that the singly ex-
cited states which are the final products of the stabiliza-
tion are allowed to undergo subsequent excitation and ion-
ization; and that all other processes are treated with the
relatively complete kinetics models described briefly
above.

The effects of post-recombination collisional processes
on the effective dielectronic recombination rate coefficient
can be seen from an examination of Fig. 1, in which both
the zero-density and a finite density (N,=3X10%
electrons/cm?) dielectronic recombination rate coefficients
from the Ne-like ground state are plotted as functions of
electron temperature. At 1 keV, the effective recombina-
tion rate coefficient is about 61% of the value at low den-
sity. The reduction in the effective recombination rate
coefficient is less at low temperature, where the recom-
bination is dominated by capture into the 2p33/3!" states,
which undergo radiative stabilization to the low-lying
sodiumlike M-shell states. The effective dielectronic
recombination rate coefficient has been defined to be a
ground-state to ground-state-rate coefficient, and there-
fore the two rate coefficients become equal at low tem-
perature.

IV. RECOMBINATION FROM F-LIKE SELENIUM

We have carried out an analysis similar to that present-
ed in Sec. III for recombination from F-like selenium.
The low-density results were given previously.® In this
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FIG. 1. Zero-density dielectronic recombination rate coeffi-
cient and effective dielectronic recombination coefficient at
N,=3X%10% electrons/cm® for recombination from Ne-like
selenium to Na-like selenium, as functions of electron tempera-
ture.

case there are three low-lying F-like states, consisting of
the %P3 ,,, 2P, ;, and S ,, and each state has a different
total recombination rate coefficient. We have chosen to
introduce a single effective average recombination rate
coefficient which connects each of the three states with
the Ne-like ground state and which has the same numeri-
cal value for each of the three F-like states. It would be
possible to revise the procedure under the assumption of a
separate effective recombination rate coefficient for the
three low-lying F-like states. We have not done this here,
as the calculation would involve substantial effort and
would add little to the basic physics under discussion in
this work.

The results are shown in Fig. 2 for the same plasma
electron density considered above (3 X 10 electrons/cm?).
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FIG. 2. Zero-density dielectronic recombination rate coeffi-
cient and effective dielectronic recombination coefficient at
N,=3X10% electrons/cm® for recombination from F-like
selenium to Ne-like selenium, as functions of electron tempera-
ture. The zero-density result is for recombination from the F-
like ground state 2s22p*2Ps,,, and the finite density result is
computed assuming that the three low-lying F-like states have
the same effective recombination rate coefficients. No recom-
bination resulting from the 2-2 inverse Coster-Kronig process is
included in either result.
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In this case we obtain a larger zero-density rate coefficient
than in the Ne-like case (a peak rate coefficient of
3.5% 10! cm?/sec for the F-like 2P;,,, which is to be
compared with the value 3.0 10~!! cm/sec for the Ne-
like 'S, state), and a smaller effective recombination rate
coefficient than before (peak values of 1.8x10~!!
cm?/sec for the F-like ion, which is to be compared with
the peak value of 2.0 10~!! cm?/sec for the Ne-like ion).
The density effects are more pronounced in the recom-
bination from the F-like sequence. At 1 keV, the effective
recombination rate coefficient is calculated to be only
41% of the zero-density result.

It might be surprising that the density effects are
stronger for F to Ne-like recombination than for Ne to
Na-like recombination. The primary capture and stabili-
zation is similar for the two cases, and the zero-density
recombination into the singly excited M-shell, N-shell,
and Rydberg levels is not particularly different between
the two cases. As a result, it is not obvious that there
should be differences in the density dependence of the ef-
fective recombination rate coefficient. The explanation of
these differences appears to involve the details of the level
structure of the singly excited states of the Na- and Ne-
like ions. Recombination from F- to Ne-like ions pro-
duces singly excited M-shell states, many of which are
metastable (that is, do not immediately decay to the
2522p®1S, ground state). In addition, much of the recom-
bination into the more highly excited levels ultimately
produces M-shell metastable population. These metasta-
bles are susceptible to collisional excitation and eventual
ionization, and it is these states which lead to the more
pronounced density dependence of the effective dielect-
ronic recombination rate coefficient for the F-like ion.

The results of this section and of Sec. III should be
compared with the recombination rate coefficient quoted
by Apruzese et al.,® which is 3.4X10~!2 cm?/sec. One
finds that the recombination rate coefficient quoted in
their work is lower by a factor of about S in comparison
with the density-reduced values quoted here and is rough-
ly a factor of 10 less than our low-density limit.

In the paper of Whitten et al.,? an explanation is given
for the lower result quoted by Apruzese et al.,® and it
may be useful to attempt further clarification here. The
procedure of extrapolating threshold excitation cross sec-
tions to obtain Auger rates and dielectronic recombination
rate coefficients is well known and, judging from the de-
tailed comparisons by Hagelstein,'? should lead to rela-
tively accurate results in selenium. Errors as large as
50% may be expected under such conditions, but not er-
rors of a factor of 10.1* The discrepancy is most probably
attributable to a different approximation, in which the
31-3]" Coster-Kronig autoionization process, which may
compete with the 3-2 radiative stabilization, was assumed
to be energetically permissable for all doubly excited
states, regardless of the value of principal quantum num-
ber n.

At low Z, the Coster-Kronig process plays an impor-
tant role in reducing the recombination rate, because the
high Rydberg 3Inl’ states which play the dominant role
can decay via this autoionization process. Adoption of a
model based on the assumption that the Coster-Kronig

HAGELSTEIN, ROSEN, AND JACOBS 34

decay is allowed for all values of n is expected to give
questionable results at moderately high Z,'® where such
processes are energetically forbidden. The validity of this
approximation has been discussed in a recent investiga-
tion.!® We note that the present results are in good agree-
ment with the rate coefficients used by Rosen et al.,” thus
bringing into question the main results of Apruzese et al.®

V. RECOMBINATION PUMPING OF EXCITED STATES

The dielectronic recombination from F-like selenium
into the singly excited states of Ne-like selenium alters the
singly excited state populations, and the theoretical pre-
dictions of laser gain of 206 and 209-A transitions are
sensitive to the inclusion of this process. Our results indi-
cate that theoretical models which include this process
produce better agreement with the experimental results
for exploding-foil targets for both the 206- and 209-A
strong laser transitions which have J=2 upper laser
states. However, disagreement remains for the value of
gain of the 182-A laser transition from the J=0 upper
state.
employed by Whitten et al.,> and we have compared our
results with theirs. Although it was known that the re-
sults obtained from the simple modeling were not in good
agreement with the results of the design model simula-
tions discussed above, until now little effort has been in-
vested in identifying the differences. The principal differ-
ences include a factor of 4 in Ne- to F-like ratio and fac-
tor of 2 in calculated laser gain for the J =2 lines. In ad-
dition, the model of Whitten et al.? did not take into ac-
count the effects of post-recombination collisional pro-
cesses discussed here, because Rydberg levels above n =4
were not included. What differences this made in the cal-
culated results for gain are of interest, especially given the
relatively large reductions in effective recombination coef-
ficients as discussed in Sec. IV.

These issues can be explored by considering the results
tabulated in Table I, where a number of models of varying
complexity have been compared on the steady-state prob-
lem of Whitten et al.>? The plasma conditions are as-
sumed in all cases to be those of Whitten et al.,> wherein
the electron density is taken to be 5X 10%° electrons/cm?,
the electron temperature is 1.0 keV, and the ion tempera-
ture is 0.4 keV. In the first four models, only the Ne-like
isoelectronic sequence is included in the calculation, and
the ion density of the sequence is 5% 10'® ions/cm®. In
models 5—12, both the Ne- and F-like ionization stages
are present, and in both cases the Ne-like ion density is
fixed at 5 10'® ions/cm®. The final two models (13 and
14) were applied in the presence of many ionization
stages, and the overall ionization balance was determined
self-consistently. In this case the Ne-like ion density was
somewhat lower (3.23Xx 10" ions/cm%. Consequently
models 1—12 represent basically different approximations
to the same test problem, and models 13 and 14 represent
an approximation to the actual ion kinetics including the
effects of ionization balance. These models differ from
those used in the full design simulations only in the
nonessential restriction to a steady-state condition.
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TABLE 1. Comparison of gains of the 3p-3s main laser lines in Ne-like selenium. All calculations assume an electron density of
5% 10% electrons/cm®, an electron temperature of 1.0 keV, and an ion temperature of 0.4 keV. Models 1 to 12 are defined to have the
same number of Ne-like ions (5 10'® cm~3), while in models 13 and 14 the ionization balance was established self-consistently with
the above electron density under the assumption that only selenium is present. For models 13 and 14, the Ne-like density is
3.23%10'® cm 3. The models of Whitten et al. are published in Ref. 2.

Ne-like
n=4 F-like Rydberg Dielectronic Gain . Gain . Gain .
Model levels levels levels recombination Line shape 1824 A 209.8 A 2069 A Ng/Nn
1 Whitten (37) No No No No Doppler 14.3 11.4 9.7 0
XRASER (37) No No No No Doppler 17.4 10.1 11.9 0

3 Whitten (89) Yes No No No Doppler 13.4 13.0 11.5 0
4 XRASER (89) Yes No No No Doppler 16.1 11.7 13.9 0
5 Whitten (89/3) Yes Yes No Yes Doppler 13.0 15.3 13.6 0.6
6 XRASER (89/3) Yes Yes No Yes Doppler 154 14.1 16.1 0.58
7 XRASER (89/3) Yes Yes No Yes Voigt 11.7 10.4 11.2 0.58
8 Whitten (89/3) Yes Yes No Yes Doppler 11.9 21.7 19.4 2.62
9  XRASER (104/189) Yes Yes Yes Yes® Doppler 16.4 5.6 6.0 2.62
10 XRASER (104/189) Yes Yes Yes Yes Doppler 14.5 14.5 14.2 2.62
11 XRASER (104/189) Yes Yes Yes Yes* Voigt 12.3 4.1 4.1 2.62
12 XRASER (104/189) Yes Yes Yes Yes Voigt 11.0 10.6 9.8 2.62
13 XRASER (Full) Yes Yes Yes Yes® Voigt 8.0 2.6 2.7 2.62
14 XRASER (Full) Yes Yes Yes Yes Voigt 7.1 6.8 6.3 2.62

2In models 9, 11 and 13, an effective ground-state to ground-state recombination rate between the F- and Ne-like sequence was used in
place of the detailed recombination model and adjusted to obtain an ionization balance in agreement with the detailed model. In these
models, dielectronic recombination into the excited-state populations is not included.

In all calculations using the XRASER design model
described here, either the actual atomic data was extracted
from the full kinetics model (models 2, 4, 6, and 7), or else
the model was carried out with either a reduced set of ion-
ization stages (models 9—12) or a full set of ionization
stages (models 13 and 14).

The basic Ne-like L-shell and M-shell models are as-
sessed in the comparison of results of models 1 and 2.
The laser gain of the J=O0 transition is higher in the
present results due to a larger monopole 2p-3p collisional
excitation cross section, which gives rise to differences as
large as 20%. In a 37-level model, indirect excitation is
responsible for the gain on the J =2 transitions, and simi-
lar differences are apparent. The model of Ref. 2 was
constructed using an incomplete set of cross sections com-
puted using the University College London code SUPER-
STRUCTURE,!” and the present results are modeled using a
full set of cross sections obtained by Hagelstein and Jung.’
The agreement between the results obtained from these
models is at the 20% level, and these differences may be
attributed primarily to differences in the included electron
collisional cross sections. Agreement to 20% is reason-
able, although further work on the physics of the simple
37-level model may be worthwhile.

The more complex 89-level models are compared in
models 3 and 4. Relative to the 37-level models, both the
results of Whitten et al.? and the present results show a
similar decrease in the gain of the 182-A line and an in-
crease in the gain of the 206- and 209-A lines. When the
three lowest F-like levels are added to the 89-level Ne-like

model (with no Rydberg levels), the effects of recombina-
tion (dielectronic and otherwise) can be investigated
(models 5 and 6). Nearly equal increases in laser gain for
the J =2 lines are again obtained from the two models.
In fact, if the gain obtained for the 209-A line from model
6 is increased by 1.3 cm~! due to differences in the 37-
level model atomic physics (models 1 and 2), the resulting
adjusted gain of 15.4 cm ™! is in excellent agreement with
the result of 15.3 cm~! predicted by model 5.

A Doppler profile was adopted for describing the laser
line shape in the paper of Whitten et al.> Our calcula-
tions allow for a Voigt profile, with the Lorentz contribu-
tion obtained by summing all outgoing kinetics rates from
both the upper and lower levels of a laser transition.” !4
The gain is sensitive to the line profile for all three transi-
tions, as can be seen from a comparison of the results ob-
tained from models 6 and 7, which are identical except for
the choice of profile. The reduction of gain due to the use
of a more realistic line profile is between 25% and 30%.

We next consider the role of the Rydberg levels corre-
sponding to n =5 through n =10, whose effects may be
seen from inspection of the results from models 8 through
10 in Table I. The inclusion of these Rydberg levels in the
model tends to substantially alter the ionization balance,
and in the XRASER models one finds a ratio of F to Ne-
like population of 2.62. This value is in agreement with
the results calculated using the full XRASER model. The
resulting increase in F- to Ne-like ratio may be understood
by noting that stepwise excitation up through the Rydberg
levels, followed by ionization from these levels, provides
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the dominant ionization mechanism for ground-state Ne-
like ions.

Results are presented by Whitten et al.? for arbitrary
values of the F- to Ne-like ion ratio, and we may compare
our results with theirs. For model 8, we have taken the
values of gain from Fig. 1 of their paper, and we have tab-
ulated the results for our value of F- to Ne-like ion ratio.

Model 9 is a detailed two-sequence model with the
dielectronic recombination processes accounted for by an
effective ground-state to ground-state rate coefficient.
The zero-density recombination rate coefficient from the
2p;,, is 3.27x 107! cm3/sec. This may be compared
with the 3/3/' and 3/4!’ results of Chen, tabulated in Ref.
2, which is equal to 2.22x 10~ cm?/sec at 1.0 keV. This
result is also within the range of the estimated total rate
coefficient of (2.8—3.5)x 10~!! cm®/sec quoted in Whit-
ten et al.? The effective ground-state to ground-state
recombination rate coefficient required to reproduce the
ionization balance obtained from full design model is
1.16 10~ cm®/sec. This model gives an ionization bal-
ance between the F- and Ne-like sequences which is con-
sistent with that of the full model, and it is defined to
have a Ne-like ion population of 5% 10'® ions/cm’. In ad-
dition, it excludes the effect of dielectronic recombination
on the excited states.

Model 10 is identical to model 9 aside from description
of dielectronic recombination. Where model 9 included
the effects of dielectronic recombination as an effective
ground-state to ground-state rate, model 10 includes the
detailed dielectronic recombination model in which the
recombination populates singly excited Ne-like states. A
comparison of models 9 and 10 reveals the effects of
dielectronic recombination on the Ne-likely singly excited
level populations and on the laser gain, with the assump-
tion of a Doppler profile. A comparison of models 8 and
10 indicates how much of a reduction in gain might be ex-
pected to result from the inclusion of the Rydberg levels
in the analysis of Whitten et al.> The reduction in gain is
due primarily to a reduction of the effective dielectronic
recombination rate due to post-recombination kinetics ef-
fects.

Models 11 and 12 are identical with models 9 and 10
aside from the choice of line profile; the two earlier
models include Doppler profiles and the later models, 11
and 12, are based on a Voigt profile for the line shape.
The results of model 12 should be considered to be the
most accurate for this simple representative problem, be-
cause Rydberg levels, dielectronic recombination, a realis-
tic line shape, and improved ionization balance are includ-
ed.
It is of interest to consider the full calculation of the ki-
netics and gain under the plasma conditions of an electron
temperature of 1.0 keV and an electron density of
5.0 10% electrons/cm®. This problem would be substan-
tially more difficult in that the ionization balance problem
must be dealt with in its fullness in order to obtain an ac-
curate result. In models 13 and 14, we present results for
this modified problem. Model 13 includes the extensive
multisequence level structure with the detailed description
of dielectronic recombination from F-like to Ne-like
selenium replaced by an effective ground-state to ground-

state rate coefficients as above. Model 14 is the full
design model including the detailed description of dielect-
ronic recombination.

Under these conditions, the plasma is predicted to be
ionized well past the Ne-like sequence, and consequently
the absolute number of Ne-like ions present is computed
to be 3.23x 10" ions/cm>. This is less than the 5.0 10'®
ions/cm? of the test problems of models 1—12, and hence
the results are not directly comparable. One observes that
without dielectronic recombination populating the excited
levels, the J=O0 transition has a markedly higher gain
than for the J =2 lines. This observation is consistent
with the simulation results which we routinely obtained in
our design calculations from 1983 through early 1985.7
The effects of dielectronic recombination on the singly ex-
cited state Ne-like populations increase the gains of the
J =2 transitions to values close to that of the J=0 transi-
tion, although from inspection of model 14, the 182.4-A
line is seen still to have the largest gain. This result is
consistent with our current time-dependent simulations.'®

Radiation from the J =0 transition is observed to be
amplified in the selenium lasers which have been tested
this year, although the laser gain remains less than that
predicted by our theoretical modeling. The gain of the
J =2 transitions is comparable to that predicted by our
design simulations."

V1. SUMMARY AND CONCLUSIONS

We have investigated the effects of post-recombination
kinetics processes on dielectronic recombination from Ne-
and F-like selenium. The extensive multisequence non-
LTE kinetics model of selenium, which has been
developed during the last several years, has been revised to
incorporate a detailed description of dielectronic recom-
bination which explicitly allows for recombination into
excited states, and which takes into account the post-
recombination Kkinetics processes. At low density, this
dielectronic recombination model reproduces the known
zero-density dielectronic recombination coefficients re-
ported previously.>? At moderate electron densities such
that the effects of /-changing collisions on the populations
of the doubly excited states do not affect the primary
recombination, this model self-consistently describes the
reduction of the dielectronic recombination coefficient
due to post-recombination kinetics processes.

The dielectronic recombination rate coefficient from
Ne- to Na-like selenium was presented for the case of zero
electron density, and an effective ground-state to ground-
state recombination rate coefficient which reproduces the
ionization balance for N,=3X10% electrons/cm® was
calculated and presented (Fig. 1). The effective rate is
found to be reduced to 61% of the zero-density rate at 1
keV.

The recombination rate coefficient from F- to Ne-like
was presented for dielectronic recombination from the
2p;,, state for zero electron density, and an effective
recombination rate  coefficient including  post-
recombination kinetics at N, =3 X 10? electrons/cm’ was
computed and presented (Fig. 2). The effective recom-
bination rate is found to be reduced to 41% of the zero-
density result.



34 DENSITY DEPENDENCE OF DIELECTRONIC RECOMBINATION . . . 1937

The effects of dielectronic recombination on the gain of
the Ne-like 3p-3s laser transitions at 182.4, 206.9, and
209.8 A were investigated and compared with the results
of a simple model of Whitten et al.,? for a restricted test
problem at T7T,=10 keV and N,=5.0x10%
electrons/cm®. Since the present model that of Whitten
et al.? contain much atomic data which comes from dif-
ferent sources, we compared the basic 37-level models of
the Ne-like L- and M-shell levels and found agreement to
within 20%.

Comparisons of models including the 89 Ne-like L-,
M-, and N-shell levels, and three F-like levels showed ex-
cellent agreement, such that the differences in gain could
be accounted for only by the differences between the basic
37-level models. In these comparisons, where no Rydberg
states were included in either model, the ratio of F- to
Ne-like populations could be reproduced by the two
models to give the result of 0.6.

The inclusion of the Rydberg levels in the Ne-like se-
quence caused a significant shift in ionization balance, in-
creasing the F- to Ne-like ratio to 2.6, and altered the gain
by a small amount. Inclusion of a more realistic descrip-
tion of line shape (replacing the Doppler profile by the
Voigt profile) resulted in a reduction in gain of 25—30 %.
The net result is a reduction by a factor of 2 from the re-
sults of Whitten et al.? (models 8 of our Table I) for the

J=2 lines in comparison with the present results (model
14 of Table I). These results explain most of the
discrezpanci% between our model and that of Whitten
et al.

Note added in proof. An improved version of the
design model has been developed as this work was in
press, where the modifications consist of improved (ov)
fitting coefficients for the Ne-like and F-like sequences,
and the inclusion of distorted wave (ov) results for most
of the Ne-like 3-4 transitions. We have recalculated
model 14 of Table I, and have obtained a new result for
the neonlike popylation (3.43 X 10'/cm?) and a higher re-
sult for the 209 A gain (7.1 cm™"). The gains for the 182
and 206 A lines remained the same. The F-like to Ne-like
ion ratio is now 2.66.
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