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Effects of autoionizing resonances on electron-impact excitation rates and gain calculations
for Ni-like tantalum
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The electron-impact excitation-rate coefficients for the 3d to 4l transitions in Ni-like tantalum were calcu-

lated using the distorted-wave and the multiconfiguration Dirac-Pock methods. As for the few-electron cases,
the effects of autoionizing resonances are found to be very important for most transitions. In some transitions,

resonances can enhance the rate coefficients by as much as a factor of 5. A collisional-radiative model was

employed to study the effects of resonances on the laser gains. We found that the inclusions of the resonance

excitation-rate coefficients in the calculations significantly reduce the gain coefficients for the two J=0~1
lasing transitions but fail to explain the large discrepancies between the predicted and measured lasing

spectrum.

PACS number(s): 34.80.Kw, 42.55.Vc

I. INTRODUCTION

Cross sections for electron-impact excitation of multiply
charged ions are important for studies of high temperature
plasmas related to astrophysics, fusion research, and x-ray
laser design. In these applications, cross sections for many
transitions and for several ion stages are usually required. To
meet these vast demands, the distorted-wave approximation
is frequently used to calculate electron collision cross sec-
tions. Electron-impact excitation, in general, can proceed
through a direct-excitation channel or via autoionizing reso-
nances. It has been shown that the autoionizing resonances
can significantly enhance the calculated excitation rates es-
pecially for forbidden transitions [1—9]. Enhancements as
large as a factor of 2 have been found for many different
types of ions such as Li-like [3,4], Be-like [8], 0-like [9],
F-like [7], and Ne-like [5] ions. Hence, the neglect of reso-
nance contributions in routine distorted-wave calculations
could seriously underestimate the excitation-rate coefficients.

Ni-like tantalum (Z=73) has recently been demonstrated
to achieve amplification in the soft x-ray regime by an elec-
tron collisional excitation scheme [10]. Since electron-
impact excitation is the mechanism which produces the in-
version, it is desirable to have good quality excitation cross
sections in order to model the plasmas accurately. In this

paper, we report calculations of resonance enhancement of
the electron-impact excitation rates from the ground state to
the 3d 4l excited states of Ni-like tantalum. The direct-
excitation cross sections are calculated using the distorted-
wave method. The resonance contributions are evaluated uti-
lizing a two-step model. The required energy levels, Auger
and radiative transition rates are computed using the multi-
configuration Dirac-Fock (MCDF) model [11,12]. We found
resonance enhancements as large as a factor of 5 for many
transitions. The primary effect of the resonance excitations is
to reduce the calculated gain of the main Ni-like tantalum
line at 44.83 A.

II. THEORETICAI. METHOD

bly excited state of Ta +. The subsequent Auger decay to an
excited state of the residual Ta + ion contributes to the ex-
citation cross section from the ground to singly excited states
of Ta +. For a Ni-like ion in the ground state, the direct-
excitation (DE) process for 3d to 4l transitions can be rep-
resented by

3~23p63g10~3g23p63 $941

The resonance-excitation (RE) process with M-shell excita-
tion can be described by

e +3s 3p 3d' ~3) 'n'l'n"l"~3s 3p 3' 4)+e
(2)

Cres= g C~~vB'4
/j id dj ~ (3)

Here, the ten-electron neonlike core is ignored in the descrip-
tion of states in Eqs. (1) and (2). The notation 3l indicates
an electron is missing in the 3l shell.

In this work, the DE cross sections were evaluated using a
relativistic distorted-wave approximation. The target wave
functions were obtained from a relativistic configuration-
interaction calculation with one-electron orbitals generated
by a parametric potential [13].The basis states include all
states from the 3l '4l' and 3d '5l singly excited Ni-like
manifolds. The contributions from the autoionizing reso-
nances were computed separately from the DE processes.
The resonance excitation was treated as a two-step process
involving electron capture and then Auger decay to the ex-
cited state [14]. The effects of overlapping resonances and
interference between DE and RE channels were neglected in
these calculations.

Assuming a Maxwellian distribution of the plasma elec-
trons, the total resonance-excitation-rate coefficients for a
transition from a state i to state j is given by [14]

An electron incident on a Ta + ion in its ground state can
excite the ion and simultaneously be captured to form a dou-

where the capture rate is obtained from the inverse Auger
process by detailed balance:
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TABLE I. Energy-level definitions for Ni-like tantalum.

kT l I kTl
(4)

Level no. Identification Energy (eV)

and the Auger branching ratio is

gA
dg

r„(d)+r„(d) (5)

Here, ao and R are the Bohr radius and the Rydberg energy,
respectively; g; and gd are the statistical weight factors;
Ed; and A„, are the Auger energy and Auger rate, respec-A

tively; and I z(d) and I „(d) are the total Auger and radiative
rates for the autoionizing state d, respectively.

III. NUMERICAL CALCULATION

IV. RESULTS AND DISCUSSION

A. The effects of resonances on excitation rates

The level identifications and energies for the 3d 4l states
from the relativistic configuration-interaction calculations are
listed in Table I. The levels are identified by their dominant
components in the j-j coupled basis set. For simplicity, the
Ar core is omitted in the identifications. In Table II, the cal-
culated direct- and resonance-excitation-rate coefficients for
Ta" + from the ground state to 54 singly excited states in
3d 4l configurations are given for electron temperatures
400» T~ 2500 eV.

The direct- and resonance-excitation-rate coefficients for
some selected low-lying excited states are compared in Figs.
1—6. The following observations can be made from these
comparisons.

(i) For electron temperature T~1000 eV, the resonance
contributions to the rate coefficients are larger than the direct
excitation for most transitions. For example, the resonance
rate for excited state 2 at T=400 eV is a factor of 5 larger
than its direct rate coefficient.

(ii) For the electron temperatures in the range
100~T~2500 eV covered in this study, resonance excita-
tions are as important as the direct excitation processes for
most transitions.

In the calculation of RE-rate coefficients [Eq. (2)], we
explicitly include contributions from the intermediate states
of 3s 3p 3d' 4lnl' (n=5 —9,l'~4) and 3s 3p 3d 5lnl'
(n =5 —9,l'~4) configurations. The states from the first
configuration can reach the 3d 4l singly excited states via
3p-3dnl Coster-Kronig transitions while those from the sec-
ond configuration use the 4l-5lnl' Auger pathways. The
contributions from high-n Rydberg states (10~n ~50) were
taken into account by using n extrapolation of the transi-
tion rates.

Detailed Auger and electric-dipole radiative rates required
in the calculations of the capture rates [Eq. (4)] and Auger
branching ratios [Eq. (5)] were evaluated from perturbation
theory using the MCDF model [11,12]. The energy levels
and wave functions for the bound states were calculated in
intermediate coupling with configuration interaction within
the same complex by using the MCDF model in the average-
level scheme [12].
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TABLE II. Direct electron-impact excitation-rate coefficients (DE) and resonance contributions (RE) in

state of Ni-like Ta.
10 ' cm /sec from the ground
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(iii) For the strongest transitions such as
1~55(3d' ~3ds/23ds/24fsgj = 1), resonances contribute
only a few percent to the excitation-rate coefficients.

(iv) Resonance-excitation rates peak around T= 1200 eV
while the direct-excitation rates reach their maxima at much
higher temperatures. As temperature increases, the impor-
tance of the resonances slowly diminishes.

Gain coefficients (cm ')

¹jpn 2 & 10' cm ton= 2 && 10 cm

TABLE III. Gain coefficients for predicted Ni-like tantalum las-
ing transitions, calculated with and without the effect of resonance
excitation. For each temperature, the row labeled RE includes the
resonances and the row labeled DE does not. The lasing transitions
are labeled following [15].

8. The effects on plasma gain T, (eV) A' p b F c A' p b F C

There are several puzzles in the observed Ni-like tantalum
lasing spectrum [10,15]. A number of transitions are pre-
dicted to have significant gain coefficients, the three main
predicted lasing transitions are the 3d3/23d5/24d3/2J
=0~ 3d&/23 ds/24p i/2J = 1 transition at 44.83 A (levels 35—9
using the level list in Table I), the 3ds/23ds/24d3/2J
= 0~3ds/23ds/24p3/QJ= 1 transition at 50.97 A (levels 35—
12) and the 3d3/23ds/24ds/2J=2~3ds/23ds/2 p3/2J= 1 tran-4 5 4 5

sition at 74.42 A (levels 25 —12). Only the 44.83-A transition
is observed to have measurable gain. This is particularly puz-
zling since the 44.83- and 50.97-A lines have the same upper
state. Typical conditions of the gain region in the Ni-like
tantalum experiments were electron temperatures near 1000
eV, and electron densities of approximately 10 ' cm . For
these conditions, the lower laser levels have populations per
degeneracy roughly —,

' as large as the upper levels and the
gain coefficients are sensitive to the population mechanisms
of both the upper and lower levels. Since the resonances
produce large enhancements of collisional excitation rates, it
is important to investigate their effects in the gain calcula-
tions.

The inversions on the two J=O —+1 transitions are pro-
duced by the strong monopole excitation of the metastable
J=O level and the fast radiative decay of the lower levels.
The population of the upper level is almost totally produced
by the ground-state excitation rate. As shown in Table II, the
resonances contribute little to the direct excitation of the up-
per level for temperatures near 1000 eV, but strongly en-
hance the ground-state excitation rate of the lower levels.
Thus the resonance-excitation process should reduce the cal-
culated gain for these transitions. The situation for the
J=2—&1 transition is more complicated, since the upper-
level population is produced by several excitation, recombi-
nation, and cascade processes.

The effect of the resonance-excitation process was inves-
tigated quantitatively with the use of a collisional-radiative
model of V-like through Ga-like tantalum ions similar to the
model described in [15].Steady-state gain coefficients were
calculated with and without the additional resonance-
excitation contributions. These calculations treated the
plasma as optically thin, assumed that the electron and ion
temperatures were identical, and used Voight profiles which
included collisional decays in the natural lifetime. Results of
these calculations are given in Table III as a function of
temperature for ion densities of 2 X 10' and 2 X 10
cm . The lower density is typical of the plasma experi-
ments in [10],while the higher density is roughly the density
where the steady-state gain coefficients are maximum for
temperatures near 1000 eV. The calculations at this higher
density were motivated by proposals to use short-

600 DE 0.23
RE 0.20

800 DE 1.96
RE 1.71

1000 DE 4 75
RE 4.10

1200 DE 5.84
RE 4 99

1400 DE 5.12
RE 4.40

1600 DE 3.83
RE 3.33

1800 DE 2.64
RE 2 33

2000 DE 1.74
RE 1.56

0.18
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2.71
5.94
6.88
8.24
8.89
7.99
8.31
6.50
6.65
4.83
4.89
3,39
3.42

4.36
1.25

21.4
11.2
26.0
15.8
17.1
11.4
8.76
6.32
4.08
3 ~ 10
1.84
1.46
0.84
0.68

4.30
2.79

20.8
15.0
25.4
18.9
17.0
13.2
8.86
7.18
4.19
3.51
1.92
1.65
0.89
0.78

0.92
0.80
8.73
8.66

14.1

13.3
11.1
10.4
6.54
6.16
3.38
3.22
1.67
1.60
0.82
0.79

a 3 6
3d3/z3ds/z4d3/z J=0~3d3,z3ds/z4»/z J= 1

3 6

b 3 6
3d3/z3ds/z4d3/zJ =0~ 3d3/z3ds/z4p 3/z J= 1

c 4 53d3,z3ds/z4ds/zJ = 2~3d3,z3ds/z4p3/zJ= 1
4 5

transition (44.83 A).
transition (50.97 A).
transition (74.31 A).

wavelength, short-pulse pump lasers to produce higher den-
sity, higher gain plasma amplifiers [16].

The resonance-excitation process reduces the gain of the
two J=0~1 transitions by 10—15 %, for temperatures near
1000 eV and an ion density of 2 X 10' cm . This reduction
is smaller than might be expected from the dramatic en-
hancement of the excitation rate to the lower levels. The
reason is that only a small part of the population of either of
the lower levels is produced by its ground-state excitation
rate, while the rest is mainly produced by cascades from
other levels. Many of the cascade contributions arise from
levels excited either by monopole excitations or recombina-
tion processes. Neither of these processes is affected much
by resonance excitation. The resonances have a much larger
effect up to 50% reduction for J=O —+1 transitions at the
higher ion density, 2X10 cm . As collisional mixing
drives the level populations towards local thermodynamic
equilibrium, the enhancements in the lower-level populations
become larger fractions of the inversions. Finally, the inclu-
sion of resonance excitation does not help explain the ab-
sence of the second J=O —+1 line at 50.97 A. The predicted
gain on this transition is reduced less by the resonance-
excitation process than the gain on the observed laser line at
44.83 A.

At the lower ion density, the resonances increase the pre-
dicted gain of the J= 2~1 transition at 74.42 A by 10—15 %
for temperatures near 1000 eV. This is because the
resonance-excitation process, including the effects of cas-
cades, increases the population of the upper level more than
the lower level. As the density is increased, collisional mix-
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ing reduces the enhancement in the gain coefficient. At an
ion density of 2 X 10 cm, the resonances produce a small
reduction in the predicted gains. As for the J=O —+1 transi-
tions, the resonances do not explain the absence of observed
gain for this transition.

V. CONCLUSIONS

In summary, we have calculated the direct- and
resonance-excitation-rate coefficients for the 3d to 4l transi-
tions in Ni-like tantalum, As for the few-electron cases, we
found that the effects of autoionizing resonances are signifi-
cant for most transitions. In some cases, autoionizing reso-
nances can enhance the rate coefficients by as much as a
factor of 5. We conclude once again that the autoionizing

resonances play an important role in the calculation of
electron-impact excitation cross sections and rate coefficients
for Ni-like ions.

These excitation rates were used in a collisional-radiative
model to estimate gain coefficients for Ni-like tantalum.
These calculations demonstrated important effects of the
resonances on calculated gains, but did not explain the large
discrepancies between the predicted and measured lasing
spectrum.
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