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We present small-signal gain coefficients for soft x-ray transitions in nickel-like gadolinium. The
gains are predicted by a steady-state collisional-radiative model containing 181 detailed levels, in-
cluding n =5 states. All possible electron collisional transitions among these levels are calculated in
the distorted-wave approximation. Our calculations display features that may help to explain
discrepancies between design predictions and the gains recently observed in a europium plasma.
Also, we identify for the first time n =3 to n =3 inversions in the nickel-like ion that suggest that
the “water window” at 43.7 A might be reached using such relatively low-Z elements as gadolinium.

I. INTRODUCTION

The recent demonstrations of soft x-ray gain on n =3
to n =3 transitions in highly stripped neon-like ions' has
spurred theoretical and experimental interest in other
candidates for amplified spontaneous emission. There
has been intense speculation on recombination?? and col-
lisional ionization* mechanisms, and on helium-like,?
lithium-like,? neon-like,* and nickel-like ions.>® Several
candidates hold the promise of eventually opening the
“water window” at 44 A, but only one seems headed for
success in the near future: collisional pumping of n =4
to n =4 nickel-like transitions.>¢

The nickel-like system is a close relative to the neon-
like ion. It has a closed-shell ground state,
(Ne)3s23p%3d'°, guaranteeing that appreciable fractions
of this charge state will occur in plasma, and it has mani-
folds of metastable excited levels that can invert with
respect to lower-energy, resonantly decaying states.
However, the nickel-like ion offers two important advan-
tages. First, n =4 to n =4 transitions in the soft x-ray
regime can be obtained in laser-produced plasma with
more modest optical-laser flux (i.e., at lower electron tem-
peratures); and, second, the wavelengths of amplified
transitions scale more favorably with Z, than in the
neon-like case. For example, gain is predicted®~’ and ob-
served® for a 3d%4d (J =0) to 3d°4p(J =1) at 66 A in
nickel-like europium (Z =63) for an input laser fluence
of 5.7x 10" W/cm? in tungsten (Z =74), ionized 46
times to nickel-like, this transition occurs within tl}e wa-
ter window, at 43.1 A. By comparison, the 206-A line
observed in neon-like selenium (Z =34) does not fall
below 44 A until 53 times ionized europium.

As with the neon-like amplifier, success in the nickel-
like experiments has been tempered by discrepancies be-
tween design predictions and what is actually observed.
The neon-like selenium system is predicted to amplify a
J =0 to J =1 transition most strongly,” but—until it was
recently measured with a lower than expected gain''—
only J=2 to J =1 transitions were observed.! In the
nickel-like Eu experiments, gain is observed in two J =0
to J =1 lines. But the J —2 to J =1 lines, expected, in
this case, to be stronger,7 are seen without measurable
gain.8 Thus, in its current incarnation, the “J =0’ prob-
lem has been turned inside out. Z-scaling studies'!'? and
increasingly elaborate kinetics modeling'*!* have shed
some light on the neon-like conundrum, but as yet no
completely satisfactory explanation has appeared. The
nickel-like anomaly is a further reminder that there are
aspects of the atomic physics, population kinetics, and
magntohydrodynamics of soft x-ray lasing media that are
not yet fully understood.

In this report, we present the small-signal gains pre-
dicted for nickel-like gadolinium by an extensive, steady-
state model of the nickel-like population kinetics. Our
model treats the kinetics of the nickel-like charge state in
isolation from other ionization stages—thus dielectronic
recombination is neglected. If the neon-like system is
taken as a guide, this approximation might appear ill ad-
vised.!>!'* But the absence of J =2 to J =1 amplification
in the nickel-like experiment almost certainly indicates
that this process is not important under the plasma con-
ditions attained. We will have more to say about this ap-
proximation, as well as other processes left out of our
model, in Sec. II.

We also presuppose a steady-state plasma at fixed,
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homogeneous temperature and density. Our results are
accurate only for these idealized, artificial conditions. As
a consequence, our gain predictions are meant to be only
suggestive, though they feature behavior that lends in-
sight into the physical system. In particular, this ap-
proach allows us to investigate the population kinetics of
the collisionally excited ion independently of design pa-
rameters and transient effects.

A distinct advantage to our approach is the opportuni-
ty afforded to identify new behavior that might be ob-
scured in more complete simulations that simultaneously
treat the ionization balance or that involve target design
choices. For example, we have identified, for the first
time, inversions of nickel-like inner-shell transitions.
These results intimate that the water window may be
reached using relatively low-Z elements, such as nickel-
like gadolinium.

Our kinetics model is described in detail in Sec. II fol-
lowed by the presentation of our results for small-signal
gain coefficients. We conclude with a discussion of the
significance of the present work.

II. THE MODEL

Our gain calculations are based on a collisional-
radiative model of the nickel-like gadolinium ion includ-
ing the ground state and the 180 levels contained in the
configurations 3s23p®3d°4l, 3s3p33d'°4l, 3s3p®3d %4,
I =s,p,d,f; and 3s23p®3d°5l,  =s,p,d,f,g. A simplified
level diagram for this model is shown in Fig. 1. We have
found that the 3d-5/ configurations must be included to
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accurately predict the population of energetically nearby
levels with a hole in the 3s or 3p orbital. These
configurations also contribute population to lower-lying
3d-41 states through cascades. To illustrate these effects,
some of our results will be compared to a 107-level model
that does not include the 5/ levels.

The model includes all E1, M2, and E2 radiative tran-
sitions and all electron-impact transitions between levels.
The atomic structure and radiative transitions were com-
puted in the relativistic, multiconfiguration parametric
potential model with the ANGLAR (Ref. 15) and RELAC
(Ref. 16) codes, developed at Hebrew University. Col-
lisional excitation cross sections were computed in the
relativistic distorted-wave approximation using methods
developed in recent years by several of us.!” These
methods allow us, for the first time, to take into account
all possible collisional transitions among the low-lying
levels of the nickel-like ion. In this respect, and in the
number of levels included, the present model is more
complete than previously studied kinetics models.’~’

This data was fed into the steady-state collisional-
radiative rate equations,

181
2 [NeQij(Te)+ Al])]njzo ’ (1)

j=1

where N, is the electron density; T, is the electron tem-
perature; Q,»j, i, is the rate coefficient for a collisional
transition from state j to state i; Q;=— 3, Q;, Aj; is
the Einstein coefficient for a radiative transition from
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FIG. 1. Simplified level structure of the nickel-like ion. Configuration average energies for gadolinium are represented. Metasta-
ble configurations are given in parentheses. All lasing transitions listed in Table II are shown, as well as the 5d-4f transition men-
tioned at the close of Sec. III. Dashed lines show the resonance decays that drain population from lower levels; rates for these decays
are given for the J =0 to J =1 transitions at 35, 89, 66, and 33 A. Double lines show the important monopole collisional excitations.
Note the energy overlap between 3d°5! configurations and states with inner-shell vacancies.
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solved for the level populations n;, both in the limit of an
optically thin plasma and for the more realistic case in-
cluding radiation trapping. The optically thin case
focuses tightly on the collisional kinetics and is useful for
studying the behavior of gain coefficients with changing
electron density (as opposed to ion density). These results
are also relevant to a hypothetical experiment that em-
ploys detrapping.'?

For the optically thick plasma, we have modeled the
radiation transport using a simple O-dimensional escape
factor treatment.'® This involved self-consistently
correcting the Einstein coefficients appearing in Eq. (1) by
A;;—¢€;; A;;, where

€,~j=(1/7'ij\/7r)f_ww[l—exp[—Tij exp(—yH)]}dy @)

is the “escape factor’” and
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is the optical depth at line center in the transition j—i.
Here A, (T;) is the Doppler width at ion temperature 77,
fi; is the oscillator strength of the transition, n; is the
population density of the absorbing state, and [/ is the
width of the plasma column. The coupled quantities n;
and ¢;; are determined by solving iteratively Egs. (1) and
(2) until convergence is attained in the level populations.
The escape factor (and gain formula) we have adopted as-
sumes a pure Doppler profile, since this is the dominant
broadening mechanism under the plasma conditions con-
ducive to x-ray lasing.

The conditions we chose were T,=2T, and
Nyistike =S Nidike Ve /Zavg, With the nickel-like fraction,
SNitike=0.35, and the average degree of ionization,
Z,,,=36, corresponding to nickel-like gadolinium. For
the plasma column we assumed a width of 100 pm.
These conditions led to about 70 optical depths in the
strongest 3d-4f transition at T,=750 eV and
N,=5%x10°cm™3.

The absence from our model of recombination requires
further discussion, since at the temperatures attained in
the laser-produced plasmas used as x-ray laser media
these processes can populate nickel-like excited states. In
the following discussion, we take the electron tempera-
ture to be 750 eV, the value at which our gain calcula-
tions were performed. At temperatures much below this
the nickel-like stage is not produced appreciably.’ Of
course, lower temperatures can be reached and popula-
tion inversions might occur in the expanding, recombin-
ing plasma formed at late times. But we expect the densi-
ty in this phase to be too low to obtain realistic gain.

We can try to estimate the magnitude of the effect of
the processes we have neglected using standard approxi-
mation formulas for their rate coefficients.”’ For exam-
ple, using detailed balance, Kramer’s formula for photo-
ionization yields a hydrogenic approximation for the rate
of radiative recombination into the ith level of an ion
from the ground state of the next higher ionization stage,

By =5X 10_’4(2‘/gz.+])xl'se"El(x) ,
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in cm®/sec, where E, is the usual exponential integral,?!

x =AE(i)/T,, AE (i) is the binding energy of the ith lev-
el, Z* is the net charge of the recombined ion, and 8%

is the statistical weight of the recombining ground state.
Taking AE = 1600 eV, appropriate to the lowest-lying ex-
cited state of nickel-like gadolinium, and 7,=750 eV,
B4i)<1.9% 10~ " cm?®/sec. This should be compared
to typical rate coefficients for collisional transitions out of
the nickel-like ground state, especially those for excita-
tion of the upper levels of lasing transitions. As suggest-
ed by those quoted in Fig. 1, the largest collisional rates
exceed our upper bound on the radiative recombination
rate by 2 orders of magnitude. Other ground-state exci-
tation rates range from 10~ '* to 10~!!, But for all but a
handful at the highest energy, the total rate at which lev-
els are collisionally populated exceeds 10~ 2N, sec™! for
N, >10%, easily dominating the radiative recombination
rate.

In a similar way Lotz’s formula for collisional ioniza-
tion?? yields an estimate for the three-body recombina-
tion rate. In fact, it is not difficult to derive a hydrogenic
scaling relationship between the Lotz three-body and
Kramer radiative rates,

BB(i)/B™Yi)=1x10""%2n2/Z*)
X(T,)"VAE(i)]7%3,

in cm®, where T, and AE are in eV and n is the principal
quantum number of the ith state. For n =5 and T, =750
eV, this ratio is ~4x 1072 cm?, implying that the three-
body and radiative rates become comparable only at den-
sities > 1022 cm 3.

These estimates show that we are justified in neglecting
radiative and three-body recombination under the plasma
conditions that are expected to generate appreciable gain
in nickel-like transitions. In Table I we collect collisional
excitation, and radiative and three-body recombination
rates for representative excited states of nickel-like gado-
linium, including several of those that are involved in
population inversions. Only recombination from the
(3d°)3 5.5, ground states of the cobalt-like ion is includ-
ed, with the assumption that these nearly degenerate
states are populated statistically with respect to each oth-
er. The radiative rates were obtained by detailed balanc-
ing hydrogenic photoionization cross sections and assum-
ing statistical branching ratios. Three-body rates are
from a detailed balancing of Lotz’s formula. Of the three
processes, collisional excitation is clearly dominant under
the plasma conditions investigated here.

Dielectronic recombination, however, is not so easily
disposed of. Based on calculations by Chen for dielec-
tronic recombination from nickel-like to copper-like ga-
dolinium,? we expect the total rate coefficient for cobalt-
like to nickel-like recombination to be =10~1" cm3/sec
for T, <1 keV. It is possible, then, that recombination
rates into individual excited nickel-like levels are compa-
rable to typical collisional pumping rates, assuming com-
parable concentrations of nickel-like and cobalt-like ions.
Unfortunately, accurate level-to-level rates for dielectron-
ic recombination from cobalt-like to nickel-like ions are
neither readily available nor calculable. (The crude rates
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TABLE I. Rates (sec™')at N,=5X 10 cm~2 and T, =750 eV of ground-state collisional excitation,
and radiative and three-body recombination into representative excited levels of nickel-like gadolinium.
Levels that are nearer to J-J coupling are denoted by [(n/;)n’l/];, where the vacancy is indicated in
parentheses. Values were obtained by the methods described in Sec. II. The last column gives the rate
at which population is destroyed by collisional processes.

Collisional Radiative Three-body Collisional
Level excitation recombination recombination destruction
3d°4d('S,) 1.3 10" 6.5%x 10° 7.3x10° 1.6 10"
[(3d3,,)4p1 211 8.0x 108 1.8% 107 1.7 10* 1.5x 10"
[(3d3,5)4p3 211 2.4x 108 1.9% 107 1.7x10* 1.6 102
[(3ds,3)4p;3 214 1.5x10° 1.9 107 1.8x10* 1.6 10"
[(3ds,;)4ds )5 ], 8.5 108 3.1x 10’ 3.4x10* 1.4 10"
[(3ds,2)4f 1,216 4.9x108 3.1x 107 1.0x10° 8.1x 10"
[(3d5,2)589,217 2.4%x107 5.7x10° 2.8%x10° 2.0 102

used recently by Maxon et al.” were obtained by scaling
a hydrogenic calculation both in Z and in isoelectronic
sequence, together with a statistical assumption for the
branching ratios into detailed levels.) Work is presently
underway on this calculation by us and others.?*

In the meantime, the present model is advanced as an
accurate, detailed, and extensive treatment focusing on
collisional excitation as the mechanism for producing
nickel-like population inversions. This approach is fur-
ther justified by the strong probability that the plasma
conditions obtained in recent experiments fall within its
scope.® In any case, using the neon-like system as a
guide,'>!* we do not expect dielectronic recombination to
effect the inversion of J =0 to J =1 transitions under any
circumstances; while for J =2 to J =1 inversions, the
gain obtained from collisional excitation can safely be
treated as a lower bound.

Recombination can destroy population in nickel-like
excited states as well as create it. If we assume that the
values for the cobalt-like to nickel-like processes can
serve as estimates for nickel-like to copper-like radiative
and three-body recombination, they can be compared to
the rate at which the excited-state population is des-
troyed by internal collisional transitions. Representative
collisional destruction rates at N, =5X 10%° cm? are given
in Table I. These comfortably exceed the estimated radi-
ative and three-body rates at the same density, and, in
fact, also dominate dielectronic recombination, as calcu-
lated by Chen.??

In contrast to recombination, collisional ionization is
not expected to appreciably populate nickel-like excited
states. This is because at the relevant temperatures
valence-shell ionization is dominant,?® while excited lev-
els are directly fed only through inner-shell ionization of
copper-like and zinc-like ions. Of course, as in the neon-
like system, the effects of inner-shell ionization*'*—by
suprathermal electrons, for example“—on nickel-like
population inversions are worth investigation in their
own right. Calculations of detailed level-to-level rate
coefficients for the ionization of copper-like to nickel-like
ions are presently underway.?’

ITI. GAIN PREDICTIONS

The small-signal gain coefficient for the transition i — j
is given by

a;=(A}; A; /8w (M, /2wky T))g; Wy,

for pure Doppler broadening, where kp is Boltzmann’s
constant, M; is the atomic weight of the ion, g; is the sta-
tistical weight of state i, and W;; is the population inver-
sion,

Wij=n,-/g,-—nj/gj .

We have calculated the gain coefficient under a range
of plasma conditions for the transitions listed in Table II.
The letter key associated with each transition is for use
with Figs. 2-5. The wavelengths quoted in Table II are
theoretical and, judging by past efforts to calculate the
positions of An =0 lines ab initio, may undershoot by up
to 5%. We have included in Table II the optical depths
in the lines that drain the lower level of each transition,
at an ion density of 5x 10'® cm 3.

In Fig. 2 are presented gain coefficients at 7, =750 eV
as a function of density for the
3d°4d (J =0)-3d°4p(J =1) transitions. Dashed lines
represent the optically thin calculation, while the solid
curves show the effect of radiation trapping in the ap-
proximation and under the conditions described in Sec.
I1. The importance of trapping in limiting the gain that
can be obtained on nickel-like transitions is very clear in
this figure.

It is worth noting that the three transitions shown in
Fig. 2 have the same upper level, fed by a strong mono-
pole excitation from the 3d'° ground state. This explains
the parallel behavior of the gain coefficients at low densi-
ty, and in the optically thin limit. The population in
their various lower levels is trapped at different ion densi-
ties, however, leading to the dissimilar behavior of the
optically thick case. For the strongest transition, 4,
analogous to the one observed recently at 71 A in europi-
um, we have obtained gain coefficients for
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TABLE II. Lasing transitions in nickel-like gadolinium. Level nomenclature is identical to that used
in Table I. Wavelengths are calculated in the relativistic multiconfigurational parametric potential
model. The number of optical depths in the lower state is given for a 100-um diameter plasma at
T, =450 eV, N;=5x10"" cm—>. The letter key is for use with the text and figures.
Key Upper level Lower level Wavelength (A) Optical depth (7)
3d®°4d-3d°4p
A 3d°4d ('S,) [(3ds,2)4p;3 ] 66.5 4.34
B 3d°4d ('S,) [(3ds,2)4p, 2], 61.5 1.74
c 3d°4d ('S,) [(3d5,,)4p;5 2], 79.7 0.51
D [(3d5/2)4d5/2]2 [(3d5/2)4p3/2]1 97.4 4.34
3p33d'1°41-3p53d %41’
E [(3p3,2)4p3 210 [(3p3,2)4s], 89.6 4.54
F [(3p12)4p1 2 )0 [(3py1,2)4s], 143.7 0.55
G [(3p32)4p1 2 ) [(3p3,2)4s], 168.8 4.54
H [(3p32)4f 12 [(3p3,2)4ds ] 95.1 11.00
I [(3p1)4fs]a [(3p1,2)4d3,, ] 94.7 4.47
n=3n=3
J [(3s)4s], [(3p3,,)4s], 35.6 4.54
K [(3p3,2)4p32]0 [(3ds5,2)4p3 21 34.1 4.34
L [(3s5)4s]o [(3p,2)4s], 62.1 0.55
; -3
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FIG. 2. Predicted gain coefficient (cm~!) as a function of Electron density (cm™)
electron  density (cm~3) at T,=750 eV, for
3d®°4d(J =0)-3d°4p(J =1) transitions. Dashed  curves
represent the optically thin limit. The solid curves refer to a FIG. 3. Comparison of predicted gain coefficient for

calculation that included line trapping in the escape-factor ap-
proximation, for a 100-um diameter plasma with T, =450 eV.
In this and subsequent figures the ion density is the density of
nickel-like ions under the conditions described in Sec. II.

4d (J =0)-4p(J =1) at 66 A with that of J =2 to J =1 at 97 A.
Calculations with and without trapping are represented as in
Fig. 2. The dashed curves labeled 4’ and D’ show the results of
using a 107-level model.
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FIG. 4. Predicted gain coefficients for n =4 to n =4 transi-
tions with a spectator vacancy in the 3p orbital. Conditions for
the calculations with and without trapping are the same as in
Fig. 2.

N,~3-5%10% that are in fair agreement with previous
kinetics calculations,’ and with the peak gains predicted
in recent design studies.’

In  Fig. 3 we compare the  strongest
3d°4d (J =2)-3d94p(J =1) transition, D observed
without gain in the recent experiment,® to the A4 line.
These transitions share the same lower level. The J =2
to J =1 line is amplified significantly less, and over a
smaller range of densities, than the J =0 to J =1, at least
when, as here, collisional excitation only is taken into ac-
count. This is consistent with the recent design calcula-
tion which found that dielectronic recombination is pri-
marily responsible for the J =2 to J =1 inversion.” That
gain is not observed on this transition is consistent with a
conclusion that recombination does not play an impor-
tant role in the lasing plasma (either because the plasma
conditions differ from those of the simulation, or because
the recombination rates were inaccurate).?

Comparing the solid and dashed (optically thick and
thin) curves in Fig. 3, we see that trapping has apparently
a greater relative effect on the J =2 to J =1 gain than on
the J =0 to J =1. Since these transitions have the same
trapped lower level, this difference can be traced to the
simple fact that the J =2 to J =1 inversion is smaller in
the optically thin limit: if AW,; = W'""— W, then

(AW, /W) /(AW /Whin) |~ wihin /ppthin

lon density (cm™)

, 108 10" 10%°
10 I T T 1 I ] 1 1 T |
Thick
[ — — Thin (181 levels)
—-— Thin (107 levels)
- /_‘.
_ N,
— 10° //,\\ —
' -
3 7, \\ \k
£ N \
© | \
= J
g |
£
3]
O 10 J" (Te =1500eV) —
10-2 l 1 1 1 1 l 1 1 1 l

1 020 1 021 1 022

Electron density (cm®)

FIG. 5. Predicted gain coefficients for n =3 to n =3 transi-
tions. Solid and dashed curves represent the same conditions as
in Fig. 2, except the curve labeled J", for which T,=1500 eV
and T,=1000 eV. The dashed curve labeled J' is a calculation
in the 107-level model.

We have also displayed, as the curves labeled 4’ and
D’ in Fig. 3, the results of an optically thin calculation
using a 107-level model. The less complete model overes-
timates the gain on the J =0 to J =1 transition because
of two effects. First, without the opportunity to transfer
population into the n =5 states, the upper level is col-
lisionally depopulated at a slower rate. Second, there is
about a 7% reduction in the monopole excitation rate in
the larger model owing to configuration interaction be-
tween the 3d°4d(J =0) and 3d°5d(J =0) states. Al-
though this effect is nearly negligible here, we will see
that it plays an important role for inner-shell transitions.

For the J =2 to J =1 transition, at lower densities the
gain is slightly underestimated in the smaller model since
it does not include cascades from n =5 manifolds. Once
the transition is collisionally quenched, above N, = 10!
cm~3 or so, by population transfer out of the upper and
into the lower level, the larger model—which accelerates
this process—predicts a significantly lower gain.

For N, =5 10%° we obtain a value of 0.4 for the ratio
of the J =2 to J =1 gain to the /=0 to J =1 gain. A
previous calculation that also neglected recombination
found a ratio 50% larger under similar, but slightly more
optically thick, conditions.® (Note that increased trap-
ping should decrease the ratio.) A reasonable hypothesis
is that the lower ratio is attributable to the inclusion in
the present model of all An =0 collisional transitions.
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Previous models included only the dipole-allowed excita-
tions, since only these transitions are computable in the
classical path approximation. The consequent increase in
collisional population transfer reduces the gain on the
J=2to J =1 line. Of course, it is also possible that the
dipole-allowed rates differ between the classical path and
distorted-wave approximations.

The gain coefficients for n =4 to n =4 transitions that
involve a spectator hole in the 3p shell are displayed in
Fig. 4. E and F denote J =0 to J =1 lines, and G, H, and
I,J =2 to J =1 lines. Here again, a comparison of the E
and G transitions—which share a 3p>4s lower level—with
and without optical depth demonstrates the greater rela-
tive importance for the J =2 to J =1 inversions of line
trapping.

Figure 5 shows gain coefficients for n =3 to n =3 tran-
sitions, presented here for the first time. The most in-
teresting of these is J, a 3p-3s inversion that radiates
within the water window and shows signs of surviving
line trapping. The 3d-3p line denoted by K also lies
below 44 A, and has a larger gain coefficient than J in the
optically thin limit, but trapping effectively destroys this
inversion.

We have displayed four curves in Fig. 5 for the 3p-3s
transition. The solid curve labeled J represents the gain
coefficient at T, =750 eV. The sensitivity of this inver-
sion to temperature is evident from the J'' curve, calcu-
lated at 7,=1500 eV and T,=1000 eV. The strong
dependence on temperature here—not observed in n =4
to n =4 transitions—can be traced to the threshold ener-
gy of over 1700 eV for exciting the upper level. In fact,
the gain for this line saturates around 2 keV. As usual,
the dashed curve—also labeled J—represents the opti-
cally thin limit (at 7, =750 eV). Here it illustrates the ca-
tastrophic effects of trapping on inner-shell inversions.

The dashed curve denoted J’ in Fig. 5 illustrates the
importance of including the n =35 states in the calcula-
tion. Evidently, an important factor of 2 in the gain is
lost in the more complete model. The source of this
reduction in gain is the configuration interaction between
the 3s3p©3d'%s(J =0) and 3s523p%3d°5d (J =0) states.
The 3p(J =0)-3s(J =1) inversion is fed, in the standard
way, by a strong monopole excitation from the ground
state. In the smaller model, the rate coefficient for this
excitation is 4.3 107! cm~3/sec at T,=750 eV, but
mixing with the 5d states reduces this by

An interesting corrollary of this effect is that the popu-
lation of the 3d°5d (1S,,) state is inverted with respect to
the 3d°4f ('P,), providing an unusual example of a col-
lisionally pumped An =1 amplified transition. This line,
calculated at 32 9 A in gadolinium, has a peak gain of
over 0.5 cm~! in the optically thin limit. Of course, in
reality the lower level is severely trapped by reabsorption.

IV. CONCLUSIONS

We have modeled the nickel-like charge state by 181
low-lying levels, including the 3d°5! configurations. All
collisional transition rates were included in the
distorted-wave approximation, as well as all E1, E2, and
M?2 radiative rates. Ionization and radiative and three-
body recombination were omitted because they play a
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negligible role in populating nickel-like excited states in
the lasing plasma. Dielectronic recombination was also
not included in the model, though it may be important
under some circumstances. When reliable dielectronic
rates become available, they will be added to the present
model. In the meantime, recently reported experimental
results® apparently reflect plasma conditions that
suppress dielectronic recombination and, therefore, fall
within the scope of our model. Plasma conditions were
taken to be homogeneous and time-independent in order
to focus on the population kinetics independently of
design issues. Line trapping was included in a O-
dimensional escape-factor approximation.

We found that the 3d’5I states effect the kinetics
through cascades, and by increasing the collisional redis-
tribution of population. The latter effect significantly
reduces the gain of the 3d (J =2)-3p(J =1) transition at
high densities, while the former augments it marginally at
lower densities. Overall, we find a lower gain for this
transition, relative to the observed J =0 to J =1 line,
than has been previously calculated, probably owing to
more complete accounting of collisional population
transfer.

By comparing optically thin with optically thick calcu-
lations of gain coefficients, we saw that line trapping has
a greater impact on the J =2 to J =1 transition, relative
to the J =0 to J =1. This was also concluded from re-
cent design studies.” However, this result could be traced
to the smaller “initial”’—that is, optically thin—inversion
for this line, rather than to a difference in the effect on
the kinetics of the two inversions. This is not surprising,
since the two transitions share their lower level. Trap-
ping could, therefore, help explain the experimental ab-
sence of the J =2 to J =1 line, but only in a scenario
where the line was kinetically supressed anyway, as when
dielectronic recombination is unimportant.

In addition to the standard n =4 to n =4 population
inversions, we have studied the behavior of inner-shell,
n=3 to n=3, troansitions. Two of these have wave-
lengths below 44 A in nickel-like gadolinium, hinting at
the tantalizing possibility of breaking the water window
with relatively low-Z elements. Unfortunately these in-
versions are particularly sensitive to trapping and lose 2
or more of their peak gain under the conditions we as-
sumed. To add insult to injury, the 35- A
3p(J =0)-3s(J =1), line that apparently survives the line
trapping, is subject to an egregious configuration interac-
tion with the 3d°5d ('S,) state. This interaction reduces
the rate for the monopole excitation that feeds the
transition’s upper level by 1, lowering the peak gain to
just over 0.1 cm~!. Still, this peak occurs in just the
right density regime, around 3 10?° ¢cm~3, for current
experimental designs. (It is also worth noting that a 5%
undershoot on the wavelength calculation—a good
guess—would lead to a 15% increase in predicted gain.)

Since configuration interaction can be quite sensitive to
Z, it is possible that a Z-scaling study might identify an
element for which the effect of conﬁguration interaction
on the 3p(J=0)-3s(J=1) line is minimized, while its
wavelength remains below 44 A. We plan to do this
study, and will report further if results are favorable.
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