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PLANE-WAVE BORN COLLISION STRENGTHS FOR
ELECTRON~ION EXCITATION: COMPARISON
WITH OTHER THEORETICAL METHODS

by

R. E. H. Clark and L. A. Collins

ABSTRACT

Collision strengths and rates for
electron—~impact excitation of atomic ions are
calculated in the ©plane-wave Born (PWB)
approximation wusing the programs of Cowan and
Robb. Two modifications of the PWB, which correct
for the ionic threshold  behavior, are
investigated. Comparison is made with the
distorted wave and Coulomb-~Born~exchange

techniques.

I. INTRODUCTION

The plane-~wave Born (PWB) approximation1 provides a simple, economical
means of generating collision strengths for electronic excitations in atoms and
ions due to electron impact. Since plane waves are employed and exchange
effects are neglected, the method is strictly applicable only at high energies
for spin~allowed transitions. However, in practice, the PWB collision strengths
are in reasonable agreement (<30%) with those of other, more sophisticated
methods such as the distorted wave (DW)2 down to energies of a few times
threshold. The prohibition against spin~forbidden transitions is valid only for
pure-LS coupling. In general, the states consist of a mixture of LS terms, and
thus the collision strength will not be zero due to the presence of a
spin~allowed component. Since no explicit account is taken of the long-~range

Coulomb field, the threshold behavior for ionic targets is incorrect—-going to

1




zero vrather than a finite value, Through simple modifications of the
near—threshold behavior of the PWB collision strength, this defect can be
rectified. In many cases, these modified PWB collision strengths agree to
better than a factor of 2 with the DW results even in the region near threshold.

In this report, we calculate PWB and modified PWB excitation collision
strengths and rates for a variety of ionic targets using a program developed by
Cowan and Robb. This program calculates the atomic wave functions and
generalized oscillator strengths using the Hartree~Fock and configuration
interaction codes of Cowan and determines the PWB collision strength from a
subroutine of Robb. These results are compared with the distorted wave
calculations of Mann2 and the hydrogenic Coulomb-~Born exchange (CBX).
calculations of Sampson E£Uil°3 In Section II, we give a brief review of the
PWB method while 1in Section III we describe the various calculations, listing
the species, the transitions, and, where appropriate, the mixing coefficients of
the CI calculation, the scaling parameters of the Coulomb integrals and
spin~orbit component, and notes on any special features of the calculation.
This section is followed by a brief discussion of the results (IV) and a series
of the graphs, which gives the collision strengths for the various species and
trangsitions under consideration as a function of the ratio (X) of the incident
electron energy (k2) to the threshold energy (AE). In addition, for selected
transitions, we present the ratio of the PWB and CBX to the DW collision

strengths as well as the rates as a function of temperature.

IT. METHODS
The plane~wave Born (PWB) collision strength Qpp-(X) for a transition
between initial and final levels I' and '’ respectively is given by 1

PWB k
Q " (x) =_§_ £ max gf _,(K) d(1ln K) s (1)
r’ k2 T

r min

where k% is the energy of the incident electron in Rydbergs, (k')2 is the energy
of the outgoing electron [(k')2 = k2 ~ AE], AE is the threshold energy, gfpp- is
the generalized oscillator strength (see Ref. 1, Secs. 18-12), and X is the
ratio of the incident and threshold energies (X = kz/AE). The momentum transfer

K over which the integration is performed is defined by




with the limits given by

Kmin =k F k .

max

The 1label of the level consists of the total angular momentum quantum number J
plus a designation « describing all other quantum numbers and the configuration
that specify the 1level. For ions, the PWB form has been modified in order to
give a more realistic threshold behavior. The two modified forms employed in

this study are given by1

M1 PWB
R (X)) =Q (3) F(X) , and (2)

M2 PWB
Q X)) =02 (X+3/+x) ., (3)

where

F(X) = 1. - 0.2 exp (0.07702 (1 - X)) .

Most of the collision strengths considered in Section III involve transitions
between single values of J in the initial and final levels. For cases involving

several J values, we present the summed collision strength Q,,7 given by

Qaa'(X) = 2 QaJ’a'Jl . (4)
JJ’

The PWB collision strengths were obtained from the structure programs of Cowan
(RCN31, RCN2, RCG8), which have been modified by Robb to produce the scattering
information. For some of the transitions under consideration, we 2lso calculate
the rate coefficients as a function of electron temperature T. The rates are

determined by integrating the cross section over a Boltzmann distribution.




I1I. DESCRIPTION OF CALCULATIONS

In this section, we give a description of the systems for which
calculations were performed. For all cases, we give the transitions and
configurations employed. For certain transitions, we also include the CI mixing
coefficients generated by RCG8 as well as the scaling parameters of the Coulomb
integrals. (FN(3,25), F*(13,4y), 6(ag,4y, and Rk(li!.j,li'lj')) and the
spin-orbit term (Ci)-l Where appropriate, additional comments are supplied to
clarify the precise nature of the calculation. The figure numbers associated

with each transition are also given.

A. Lithium-like

C IV

Transitions: 28 » 2p Fig. 1
Configurations: [He] 28 ; 2p
Note: An atomic symbol in brackets 1s used to denote the closed—shell core of

the ion under consideration. For example [He] 2s implies a full configuration

of 19228.

Si XII
Transitions: 2s + 2p Fig. 2

Configurations: [He] 2s ; 2p

Ar XVI
Transitions: 2s > 2p Fig. 3

Configurations: [Hel 2s ; 2p

Fe XXIV
Transitions: a) 2s -+ 2p Fig. 4a,b
b) 2s + 3s Fig. 5a,b,c
¢) 28+ 3p Fig. 6a,b,c
d) 2s » 3d Fig. 7a,b,c



Configurations: a) [Hel] 2s ; 2p
b) [He] 2s ; 3s
c) [Hel 2s ; 3p
d) [He] 2s ; 3d

Notes: For purposes of comparison, the collision strengths for the 2s +» 2p

transition are summed at the same value of X even though the P1/2 and

P3/2 levels have different thresholds,
AE(ZSI/Z - 2P1/2) = 3.574 Ry; AE(ZSI/Z - 3P3/2) = 4,752 Ry.

Mo XL
Transitions: 2s » 2p Fig. 8

Configurations: [Hel 2s , 2p
Notes: For purposes of comparison, the collision strengths for the 2P1/2 and

2P3/2 transitions are summed at the same value of X [AE(231/2 - 2P1/2) =
6.184 Ry; AE(231/2 - 2P3/2) = 15.605 Ry].

B. Beryllium~like

C IIL
Transitions: a) 2s2 » 2s2p lp Fig. 9
b) 2s2 » 2s2p 3P Fig. 10

Configurations: a-b) [He] 2s2 ; 2s2p ; 2p2

Mixing Coefficients:

a) initial state J=0 lg
252 1g ~0.96819
2p2 3p ~0.00014

b) final state J=1 lp
2s2p lp 0.99999
2s2p P 0.00075

Scaling Coefficients: 0.85, 0.85, 0.85, 0.85, 1.00



Fe XXIII

Transitions: a) 2s2 » 2s2p lp Fig. lla,b
b) 2s2 » 2s2p 3P Fig. 12a,b
¢) 2s2 » 2s3s s Fig. 13a,b,c
d) 252 » 2s3p lp Fig. l4a,b,c
e) 2s2 » 2s3p 3p Fig. 15a,b
£) 282 » 2g3d lp Fig. 16a,b,c

Configurations: a-b) [He] 2s2 ; 2s2p ; 2p2
¢) [Hel 2s2 ; 2s3s ; 2p3p ; 2p2
d-e) [He] 2s2 ; 2s3p ; 2p3s ; 2p3d ; 2p2
£)  [He) 2s2 ; 2s3d ; 2p3p ; 2p2

Mixing Coefficients:

a) initial state J=0 lg
252 1g 0.97940
2p2 3p 0.02390
2p2 1g 0.20052

b) final state J=1 3p
2s2p P 0.98691
2s2p 1p 0.16126

Scaling Coefficients:
a-b) 0.95, 0.95, 0.95, 0.95, 1.00
c~-d) 0.87, 0.87, 0.87, 0.87, 1.00

Notes: Since the PWB formulation does not contain exchange effects, the
collision strength for spin~forbidden transitions between unmixed states
1s zero. This is not the case for the 1S » 3P transition in Fe XXIII due
to the mixing of the 3P and lP levels.

C. Neon—~1like

Al 1V
Transitions: a) 2p6 > 2pd3s lp Fig. 17
b) 2p6 > 2p53s 3p Fig. 18




Configurations: a-b) [Hel 2822p6 H 2s22p53s

Mixing Coefficients:

final state J=1 P
2p°3s 3P 0.31083
2p°3s lp ~0.95047

Scaling Coefficients: 0.80, 0.80, 0.80, 0.80, 1.00

Fe XVIL

Transitions: a) 2p6 > 2p53s lp Fig. 19 a,b
b) 2p® > 2p°3s 3p Fig. 20 a,b

6 2, 5 2,5

Configurations: a—~b) [He] 2822p ; 2872p”3s 3 25°2p73d ; 2512p63p

Mixing Coefficients:

final state J=1 P
2p°3s P 0.66556
2p°3s lp 0.74545
2p°3d p ~0.00745
2p”34 1p ~0.02442
2p°3d 3p 0.00174
2s2p%3p 3p ~0.02125
2s2p%3p 1P ~0.01496

Scaling Coefficients: a) 0.90, 0,90, 0.90, 0.80, 1.00

Notes: The spin~forbidden PWB collision strength is nonzero due to
triplet-singlet mixing in the final state wave function,
D. Sodium—-like
Fe XVI
Transitions: a) 3s » 3p Fig. 21
b) 3s + 4s Fig. 22

Configurations: a) [Ne] 3s ; 3p
b) [Nel 3s ; 4s

the




E. Aluminum—~1ike

Ti X
Transitions: a) 3323p + 353p2 2p Fig. 23
b) 3s23p » 35234l 2p Fig. 24

Configurations: a—b) [Ne] 3523p ; 3s3p2, 3s23d

Mixing Coefficients:

final state ==~3/2
35234l 2p 0.95040
3s13p% 2p 0.30797
3sl3p2 2p 0.03773
3s13p2 %p 0.02181

Scaling Coefficients: 0.90, 0.90, 0.90, 0.90, 1.00

IV, DISCUSSION

The figures, which compare the various calculational methods, are
reasonably self—explanatory and present a broad comparison for different types
of systems and transitions. Therefore, we are relieved of presenting a detailed
discussion of the results and instead concentrate on the major conclusions that
can be drawn from this comparison. These conclusions are as follows: (1) The M2
modified PWB prescription generally gives the best agreement with the DW
results. The exceptions to this rule involve s— to d-type transitions [Fe XXIV
2g » 3d and Fe XXIII 282 » 2s3d 1D] although these differences disappear by
energies of 10 times threshold (X = 10). (2) The M2-PWB agrees with the DW to
within better than thirty percent (30%) for energies above a few times threshold
X =2 -3), The exceptions to this condition  are the spin—-forbidden
transitions for weakly coupled systems [C III 282 - 2s2p 3P and Fe XXIII
262 - 282p 3P]. (3) For energies near threshold (X <1 - 2), the M2-PWB results
are usually within better than a factor of 2 of the DW. The most pronounced
exception to this rule comes from the spin-forbidden transition in A IV
(2p6 > 2p53s 3P) in which the exchange contribution dominates that of the mixing
at low energies. (4) Spin—forbidden transitions are given reasonably well by
the M2-PWB provided that the states are sufficiently mixed. We can see this by
viewing the progression from C III to Fe XXIIT to Fe XVII. For C III the
triplet-singlet mixing 1is negligible, and the spin—-forbidden transition is
8




practically zero. The amount of singlet component in the Fe XXIII 3P wave
function 1is about 3% while for Fe XVII this value has risen to nearly 45%. As
expected, the agreement improves as the mixing becomes stronger. (5) The M2-PWB
rates in general agree with those of the DW to better than 30% over a range of
temperatures from 0 to 104 K. The exception again occurs for transitions

involving a d-type configuration with the largest difference being on the order
of 50%.
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FIGURES

The basic figure is a plot of the collision strength Qpps as a function of
X, the ratio of the incident energy of the electron to the threshold energy.
The species and transition are given at the top of the graph. The PWB, modified
PWB (M1, M2), DW, and CBX collision strengths are plotted in a consistent
notation throughout the set. For some transitions, we present a second graph
which gives the ratio of the PWB and CBX collision strengths to that of the DW

as a function of X. In addition, the rate coefficients are present for a

selected set of transitions. The notation is as follows:

—— Plane—Wave Born (PWB)

o o PWB(M1)

r oo+ PWB (M2)

A & Coulomb—-Born Exchange (CBX)

- Distorted Wave (DW)

11
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