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Abstract

Electron collision strengths for electron-impact excitation of Li-like and Al ion are evaluated in close-coupling
approximation using the multi-channel R-matrix method. Five LS target eigenstates are included in the expansion of the
total wave function, consisting of the two n = 2 states with configurations of 1s22s, 1s>2p, and three n = 3 states with
configurations 1s*3s, 1s23p, and 1s23d. Collision strengths are obtained in LS coupling using FARM code and in
intermediate coupling scheme using the SUPERSTRUCTURE program. The effective collision strengths are calculated
as function of temperature, up to a temperature that does not exceed half of the maximum energy in the R-matrix run.
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1. INTRODUCTION

Electron atom and electron ion collision strengths are of
crucial importance in the analysis of many laboratory and
astrophysical plasmas including those arising in laser-
plasma interactions, controlled thermonuclear fusion devices
such as tokamaks, planetary atmospheres, stellar atmo-
spheres, gaseous nebulae, and active galactic nuclei and
supernovae. The interpretation of measured line intensities
requires the knowledge of atomic physics describing the
specific radiation from the plasma. Electron impact data is
therefore required to model the populating processes of the
radiating levels. Theoretical calculations are the primary
source of information on electron collisions with many
atomic and molecular systems.

Li-like ions are of particular importance, especially those
with high nuclear charge Z which are present due to evapo-
ration of some of the wall material of the plasma container in
controlled thermonuclear plasmas. These ions are also of
importance in determining temperatures in the solar corona.
Amplification of XUV radiation in plasmas produced by
powerful lasers on Al target has also been reported (Klisnick
et al., 1990). X-ray signals from the H- and He-like ioniza-
tion stages of Al ions were observed at the AMBIORIX Z-pinch
facility on the use of an Al vapor jet onto a very thin coaxial
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wire (Rosch et al., 2000). Additional, theoretical analysis of
the spectral intensities distribution in well-resolved Ly (alpha)
satellites from the X-ray diagnostics of Z-pinch hot points
formed during fast electrical discharges through exploding
Al wires, have been carried out by Politov et al. (2000).
Recently, spatial distribution of gain coefficients of Li-like
Al ion transition line has been measured by micro-dot array
irradiation method (Yamaguchi er al., 2002). The li-like
scheme appears to be a good candidate for lasing in the
water window, owing to its relatively low requirement in
driving-laser energy.

Laser ablated Al plasma and the corresponding optical
emission is used to simulate energetic protons accelerated
from the rear side of the target. Characteristic X-ray gener-
ated by high-intensity laser interaction with solids is used
for determining the resulting hot electron populations ( Pretzler
et al., 2001). Recent experimental works studying high
intensity laser-plasma interactions at intensities greater than
10" W/cm? has shown that such plasmas can potentially be
an efficient source of very energetic electrons, gamma rays,
and ions.

The field of electron-ion collision studies has reached a
level of maturity where both, recombination and ionization-
total cross sections, are investigated with excellent preci-
sion. Electronic excitation and recombination cross sections
are needed for a variety of applications and their calculation
places more emphasis on the accurate representation of
target electron wave functions than the study of other pro-
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cesses. Calculations of the collision strengths are computa-
tionally demanding because of the dense Rydberg resonance
structure below the highest target threshold. The low-
temperature effective collision strength will be sensitive to
the resonance structure.

The work by Bhada and Henry (1982) refers to effect of
resonances on 2s5—2p and 3/-3[’ excitation in 03", C**,
Ne’*, and Ar'>". It has been shown that the resonance
contribution to excitation cross sections or collision strengths
can be very important for allowed transitions as well as for
forbidden ones. Intermediate coupling collision strengths
for inner-shell excitation of highly charged Li-like Ar, Fe,
and Mo ions have been reported by Sampson et al. (1979).
The approach used is a Coulomb—Born-exchange method
that can be regarded as a perturbation theory approach in
which the zero-order functions are composed of hydrogenic
orbitals. Including intermediate coupling, configuration mix-
ing, and parentage mixing effects, their results are expressed
in a simple form.

A very limited number of collision strength calculations
have been published for Al'°*, Zhang et al. (1990) gave
extensive tables of collision strengths () for transitions in
Li-like ions with atomic numbers Z = 8, 14, 22, 30, 42, 56,
74, 92. Their work was based on relativistic distorted wave
approximation method. Making use of an eight parameter
analytic fit in Z, these authors completed their tabulation for
the remaining ions in the sequence between O°* and U™,
These results were further considered by Burgess et al.
(1998) to get out compact effective collision strengths for
2s — ns, nd (n = 5) including forbidden transitions. These
authors fit the extensive tables by Zhang ef al. (1990) for
non-optically allowed transitions to get values for Li-like
ions of charge 1 to 23 in a compact form. The atomic data
themselves are not available in this work.

In this paper, we report collision strengths for allowed
and forbidden transitions in excitation by electron impact in
Al'%* For LS coupling calculation, we used the code FARM
of Burke and Noble (1995). SUPERSTRUCTURE code by
Eissner er al. (1974) has been used to output values in
intermediate coupling scheme. The effective collision strengths
are calculated as a function of temperature, up to a temper-
ature that does not exceed half of the maximum energy in
the R-matrix run. In general, the highest energy for which
accurate collision strengths can be calculated is about half
the maximum eigen-energy of the continuum basis orbitals.

2. CALCULATION

An initial calculation using LS coupling with FARM—a
flexible asymptotic R-matrix package—has been performed
for solving the scattering in the external region of configu-
ration space where exchange effects may be neglected. The
package uses a combination of R-matrix propagation tech-
niques to ensure optimum stability and efficiency in inte-
grating the coupled Schrodinger equations. The radial distance
over which the equations must be integrated is minimized
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by matching to an asymptotic wave-function determined by
an accelerated Gailitis (1976) expansion. Results are referred
to allowed transitions involving five target states in LS
coupling.

R-matrix theory has been developed into a highly effi-
cient computational technique for studying collisions between
electrons or positrons, and both atomic (Burke & Robb,
1975) and molecular targets. The compilation volume by
Burke and Berrington (1993) provides both a general review
of the R-matrix method as applied to atomic and molecular
collision processes, and a very extensive bibliography. Fol-
lowing the R-matrix approach, the collision is considered
separately according to whether the projectile is inside or
external to the charge cloud of the target. The solutions
obtained in each of these regions are related by the R-matrix
which corresponds to the inverse of the logarithmic deriva-
tive of the wave-function on the boundary of the two regions.
FARM includes interface code allowing the required input
information to be obtained directly from the H-files used in
the atomic R-matrix scattering programs. Six orthogonal
one-electron orbitals 1s, 2s, 2p, 35, 3p, 3d were used in the
present work.

An initial structure calculation was carried out for A
to determine the lowest five states in LS coupling with the
configurations 15?21 and 1s%31. The configuration inter-
action structure code CIV3 (Hibbert, 1975) was used. The
radial orbitals 1s, 2s, 2p, 3s, 3p, 3d were taken from Tully
et al. (1990). A comparison of the calculated energy of the
states relative to the ground agreed well with the observed
values (Stancalie, 2000) to better than 2.5%.We converted
our results in jj coupling scheme to obtain fine structure
atomic data as line strengths for electric dipole, -quadrupole,
and octupole transitions. Contribution to the generalized
oscillator strength of the forbidden transition in excitation
by electron impact from the ground state 15225, ,, and from
the first excited states 1522p, /s, 15?2p3),, to all states nl;,
with n =<5, has been considered in our earlier work (Stancalie
etal., 1999).

In order to calculate the scattering observables, it is
necessary to match the R-matrix obtained by outward prop-
agation from the internal region boundary to the asymptotic
radial solutions. The radial scattering equations must be
integrated outward from the boundary of the R-matrix inter-
nal region, to a point where they can be matched to the
asymptotic form of the solution with the appropriate bound-
ary conditions.

FARM uses a simplified version of the Padé algorithm
(Noble & Nesbet, 1984) to obtain the expansion coefficients
in terms of Z/k rather than of (Z/k)?. The method allows the
expansion is determined directly from a single set of recur-
sion relations rather than indirectly by expanding and divid-
ing out the Coulomb factors. Finally, collision strengths,
phase shift, and cross sections may be obtained directly
from the scattering K-matrix. The total collision strength,
Q(p,q) for excitation from target state p to target state g in
LS coupling is given by:

110+
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Table 1. Target states in excitation by electron impact. Energies
are scaled by a factor 1/Z? where Z = 10 for Li-like Al ion. The
indexing is in the order of the listing of the five states above with
the ground state, 1522528, indexed as 1.

Energy

Index Total L 2*S +1) (scaled rydbergs)
1 0 2 0.000000
2 1 2 0.015985
3 0 2 0.183573
4 1 2 0.187955
5 2 2 0.189515

Qp,g) = 2 XS+ DL+ DT, , |7 (1)

LS p;q;

where the first sum is over all partial waves, and the second
over channels p;, g; involving the states p, g, respectively. In
jj coupling, the statistical weights need to be changed in the
above equations. The transmission matrix 7 is given by:

2iK
T= —,
1—-iK

2

which is related to the scattering matrix S by: 7= — 1.
Scaled units are used by the code. For positively charged
ions energies are scaled by a factor 1/Z2, where Z is the
charge on the ion (Z = 10 for Li-like Al). Results refer to five
scattering energies of which the highest is 2.5 scaled Rydbergs
(25 Rydbergs) relative to the ground state of Al XI. The
K-matrices, T-matrices, eigen-phases, and total collision
strengths are output from the code. The final R-matrix radius
was 44 scaled Bohr (4.4 Bohr). Exchange was neglected for
total L > 20. Using an initial radius of 2 scaled Bohr (0.2
Bohr) at which the R-matrix is calculated, the number of

110+ 237

Table 2. Total collision strengths for partial waves with total
angular momentum L = 0, 1. Values a~" read a X 10™". Energy
is given in scaled rydbergs units (scaled by a factor 1/Z?). The
transitions are described by index of the lower and upper state
where the indexing is in the order of the listing of the five states
above with the ground state, 1522528, indexed as 1.

Energy
I scald.rydbergs 1-2 1-3 2-3 1-4
1 0.50 0.7641379 0.1687279! 0.16049°°%  0.28005 %
2 0.75 0.64935 01 0.14546°0! 0.885567 %  0.263327
3 1.00 0.68707° %  0.19555%  0.415627%  0.94690 %
4 1.50 0.280927% 0351377 0.111267%  0.10036 %
5 2.50 0.116827%  0.10059°%  0.11016™%  0.41898 %%
I 2-4 3-4 1-5 2-5
1 0.50 0.60446 0 0.240007%°  0.393187%2  0.52051 %
2 0.75 0.48339° 9! 0.138397%°  0.403347 %2 0.50761 "
3 1.00 0.37499°%  0.89271 % 0.112687 % 0.48714™%
4 1.50 0.211397%  0.23307° % 0.346337%  0.76869 %
5 2.50 0.148247%  0.105027%%  0.2881279%  (0.32557" %
1 3-5 4-5
1 0.50 0.19944 01 0.24343%
2 0.75 0.14838 0! 0.13874%
3 1.00 0.52480792  0.84454° !
4 1.50 0.205967 % 0.338437%
5 2.50 0.13854° % 0.15114 %

multi-poles retained in potential was four. Five target states,
in energy order 1522525, 1522p2P°, 1523528, 1523p2P°,
and 1523d”D have been included in the R-matrix expansion
of the total wave function. They are indexed from 1 to 5 in
Table 1, where are presented the calculated state energy
relative to the ground in scaled rydberg units.

We carried out calculation in a five-state close coupling
approximation in the energy region below the third thresh-
old. Selected results for total collision strength based on
partial waves with L =0 and 1 are presented in Table 2. The

Table 3. Calculated transition line strengths, S, in atomic units (a.u.) for electric-quadrupole(E2), and

-octupole(E3) transitions in Al'"

Transition Upper level Lower level S (a.u.) based on S(a.u.) based on
type EA (k) () SST structure code CIV3 structure code
E2 2])3/2(2P3/2) 2[)1/2(2P1/2) 0044700 0045120
E2 3p1/2(2P1/2) 2p3/2(2P3/2) 0032974 0046514
E2 3p32(*P32) 2p12(%Py1 ) 0.032973 0.033191
E2 3[)3/2(2P3/2) 2p3/2(2P3/2) 0032974 0033191
E2 3p32(3Ps0) 3p12(3Py ) 1.681078 1.678829
E2 3d52(2D5),) 251/2(%S1/2) 0.112301 0.115612
E2 3ds/,(2Ds),) 3512(3S1/2) 1.090465 1.084855
E2 3ds/»(2Ds)2) 251/2(%81/2) 0.168451 0.173418
E2 3ds;»(2Ds ) 351/2(%S1/2) 0.370477 0.370782
E3 3ds;»(2Ds),) 2p1/2(*P12) 0.063450 0.063947
E3 3ds;»(2Ds)) 3p12(*P1 ) 2.095824 2.022254

1.3% reads 1.3 X 10°.
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Table 4. High energy Born collision strengths Q(nlj — n'l'j’"),
for EA(A = 0,2,3,4) transitions in Al"0"

Transition type EA Q
nly—>n'l';
Burgess et al.
This work (1998)
(EO) 251/2 d 331/2 7.2937()2 1.396701
(E2) 251/ — 3ds)n 9.0107% 1.6047%
(EZ) 23]/2 — 3d5/2 1.351701 2‘40770]

1.3% reads 1.3 X 10°.

transitions are described by index of the lower and upper
state where the indexing is in the order of the listing of the
five states above with the ground state, 152252, indexed
as 1. In scattering calculations involving long-range poten-
tials, there may be significant contributions to cross sections
from high partial waves (large orbital angular momentum
values). This is especially true for the calculation of differ-
ential cross sections. In these cases, it is inefficient and
unnecessary to carry out full variational calculations in the
inner R-matrix region. For example, for partial waves greater
than some empirically determined value (typically around
L = 12), it is a good approximations to neglect electron
exchange effects in the inner region calculations. For some-
what higher partial waves, the scattering wave function is
suppressed throughout a significant part of the internal
region, and only the periphery of the charge distribution of
the target is seen by the scattering electron. For these con-
tributions it is clear that this approximation includes cou-
pling effects between the scattering channels and is therefore
accurate for partial waves below those for which the Born
approximation is valid.

The intermediate-coupling calculations were performed
using the SUPERSTRUCTURE program. The SUPER-
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STRUCTURE code is based on a scaled Thomas-Fermi-
Dirac-Amadi potential. The scaling parameter is different
for each angular momentum /. These parameters are iterated
to give a minimum energy of a term or a group of terms. It
should be noted that this method does not take into account
correlation effects properly, which explains the disagree-
ment of these atomic data with the previously reported, for
some states. SUPERSTRUCTURE computes atomic ener-
gies and radiative data in LS coupling and in intermediate
coupling using the Breit-Pauli Hamiltonian as in CIV3. It
applies Slater techniques of Condon and Shortley (1951) to
expand the angular terms in the usual multi-configuration
approach. Unless the user supplies radial orbitals P,;(r) in
tabulated form, the program internally calculates radial
functions in a scaled statistical model potential, the scaled
parameter are determined variationally. Among subsequent
intermediate coupling extensions, the first feature incorpo-
rated originates in the work of Blume and Watson (1962),
who showed that mutual spin-orbit effects of a closed elec-
tronic shell on a valence electron, behave like an effective
screening on the spin-orbit coupling parameter. The code
incorporates corrections to radiative operators that contrib-
ute to the transition amplitude with terms of equal order in
a? as the Breit-Pauli components in the wave function. In
Table 3 we report comparative results for electric quadru-
pole and octupole line strengths, as obtained from the cal-
culation with SST and previous calculation based on the
CIV3.

High energy Born collision strengths for forbidden tran-
sitions are calculated and compared in Table 4, with those
reported by using compact formula by Burgess et al. (1998).
The effective collision strength as a function of temperature,
have been obtained up to a temperature that does not exceed
half of the maximum energy in the R-matrix run. In Table 5
are reported results on effective collision strengths for tran-
sition type 2s,/, — nlj, Q(nlj). Table 6 reports LS coupling
results.

Table S. Effective collision strengths for transitions 2s;,, — nlj, Q(nlj), a non-exchange R-matrix calculation.
Collision energy is given in scaled rydbergs units (scaled by a factor 1/Z°)

Energy Q2p1y) Q2ps32) Q3s12) Q@Bpi) QBps3) Q(3ds) O (3dsp)
X 1070 x 10701 x 1070 X 1070 X 1079 X 10792 X 10792 X 1079
1.90 1.990 3.986 3.621 4.355 1.690 2.124 4.639
1.95 1.981 3.964 4.011 4.632 1.738 2.205 4.701
2.00 1.972 3.942 4.430 4918 1.787 2.283 4.756
2.10 1.955 3.900 5.366 5.510 1.887 2.425 4.842
2.20 1.940 3.861 6.422 6.117 1.985 2.551 4.901
2.30 1.925 3.823 7.574 6.726 2.079 2.664 4.939
2.40 1.910 3.787 8.799 7.329 2.167 2.764 4.544
2.50 1.897 3.752 1.010 7.920 2.250 2.852 4.970
2.60 1.884 3.719 1.147 8.495 2.326 2.929 4.967
2.70 1.871 3.687 1.292 9.050 2.396 2.995 4.954
2.80 1.859 3.656 1.445 9.582 2.459 3.052 4.933
2.90 1.848 3.626 1.605 10.09 2.516 3.099 4.904
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Table 6. Effective collision strengths, Q(n;ly — nyl,), full-exchange LS coupling R-matrix calculation. Collision energy is scaled by a
factor 1/Z*

Energy QX102 ax107% Qax107®* 0ox107% ax107®* 0ox1002 ax1072? ox107" ax1072 ax107™"
X107 2s-2p 2s-3s 2s-3p 2s-3d 2p-3s 2p-3p 2p-3d 3s-3p 3s-3d 3p-3d
1.90 6.913 3.056 2.259 2.671 8.108 4387 2.848 2.943 2.758 5.145
1.95 6.844 3.040 2.125 2.633 8.008 4.292 2.838 2.889 2.579 4.863
2.00 6.775 3.025 2.011 2.592 7.892 4.198 2.830 2.826 2.395 4.547
2.05 6.707 3.011 1.921 2.548 7.770 4.112 2.816 2.760 2232 4.261
2.10 6.639 2.998 1.848 2.503 7.649 4.033 2.799 2.694 2.087 4.006
2.15 6.571 2.985 1.786 2457 7.529 3.960 2.781 2.630 1.955 3.776
2.20 6.503 2.972 1.733 2.410 7.412 3.890 2.760 2.567 1.834 3.569
225 6.434 2.959 1.686 2.364 7.297 3.823 2.739 2.506 1.722 3.381
2.30 6.366 2.946 1.645 2.318 7.184 3.759 2716 2.446 1.618 3.209
2.35 6.298 2.933 1.609 2273 7.071 3.697 2.692 2.388 1.521 3.051
2.40 6.231 2.920 1.577 2.228 6.959 3.637 2.667 2332 1.432 2.906
2.45 6.164 2.907 1.548 2.184 6.846 3.578 2.641 22277 1.349 2771
2.50 6.099 2.894 1.522 2.141 6.733 3.521 2,616 2.224 1.272 2.646
2.55 6.035 2.881 1.499 2.100 6.621 3.466 2.590 2.173 1.202 2.530
2.60 5.972 2.869 1.478 2.059 6.511 3.413 2.565 2.123 1.136 2422
2.65 5911 2.858 1.461 2.020 6.403 3.363 2.541 2.076 1.075 2322
2.70 5.852 2.847 1.446 1.982 6.299 3.315 2.517 2.031 1.018 2.230
2.75 5.795 2.838 1.434 1.945 6.199 3.269 2.494 1.987 0.965 2.143
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