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Theoretical studies on the electron-impact excitation of neutral magnesium
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We used the distorted-wave approximation (DWA) and first-order many-body theory (FOMBT) for
the calculation of integral cross sections (ICS's), differential cross sections (DCS's), and electron-impact
coherence parameters (EICP's) for electron-impact excitation of neutral magnesium for several transi-

tions. In the case of 3'P excitation, we studied the basis-set dependence of the ICS's, DCS's, and

EICP s, we investigated the eff'ect of unitarization on these quantities, and we compared the DWA with

FOMBT. We also studied the principal-quantum-number dependence of the EICP's for n 'P (n =3,4,5,6)

excitation.

I. INTRODUCTION

The electron-impact excitation of magnesium is of con-
siderable scientific interest. The main reason for this is
that Mg is a relatively small atom with a 'S ground state,
and both the ground and excited states of Mg can be well
described within the LS-coupling formalism [1]. On the
other hand, Mg as a target in electron-impact processes
shows significant differences compared to He, a much-
studied target in theoretical and experimental studies of
electronic collisions [2]. While the ground state of Mg is
also a closed-shell 'S state, it shows strong electron-
correlation effects [3] and the lowest-lying optically al-
lowed (resonance) state of magnesium, the 3 'I' state, is
strongly coupled to the 3 'S ground state (with an optical
f value of —1.8) [3]. Therefore, from the theoretical
standpoint, it is interesting to investigate the influences of
these features on the various types of information obtain-
able from electron-scattering experiments.

Recently, new experimental data and results from
theoretical calculations have been reported for e-Mg
scattering. Brunger et al. [4] reported difFerential-cross-
section (DCS) data for the electron-impact excitation of
the 3 'P state of Mg at 10-, 20-, and 40-eV incident elec-
tron energies and Brunger et al. [5] reported results for
electron-impact coherence parameters (EICP's) from
electron-photon coincidence experiments for the 3'P state
of Mg at 20- and 40-eV incident electron energies. On
the theoretical side, there was also considerable activity.
Mitroy and McCarthy [6] reported DCS, EICP, and
integral-cross-section (ICS) results for elastic scattering
and for the excitation of the 3 'P and 3 'D states of Mg at
10-, 20-, 40-, and 100-eV incident electron energies from
a five-state close-coupling (5CC) calculation, and
McCarthy, Ratnavelu, and Zhou [7] reported DCS and
ICS results at 10-, 20-, and 40-eV incident electron ener-
gies for the excitation of the 3 'P and 3 P states from a
six-state optical-potential CC (6CCO) calculation.
Meneses, Pagan, and Machado [8] reported DCS and
EICP results for six incident electron energies in the 10
eV E + 100 eV energy range for 3 'P and 3 P excita-
tion. These latter experimental and theoretical works

discuss in detail earlier experimental and theoretical
works to which the reader is referred for details.

The purpose of the present paper is to report results
from a series of distorted-wave approximation (DWA)
type of calculations for ICS's, DCS's, and some EICP's
for various electron-impact-induced transitions in Mg.
One of our purposes was to study theoretically the impor-
tance of some of the features of Mg on these quantities
that we mentioned earlier. These features include the
infIuence of target-correlation effects in the initial and
final states of the transition considered as well as the
significance of the strong optical coupling between the
3 'S and 3 'P states of Mg. This latter effect can be stud-
ied by comparing DWA results with results from unitar-
ized DWA (UDWA) [9]. We also compare sightly
different versions of DWA such as first-order many-body
theory (FOMBT) [10] with the conventional DWA. In
the case of He target, such a study was undertaken by
Madison and Shelton [11]. We also show a study for the
principal-quantum-number dependence of the transferred
angular momentum as was performed for helium [12].

II. METHOD OF CALCULATION

Our method of calculation was described earlier in de-
tail by Clark et al. [13,14] and will be only briefly sum-
marized here. The calculations were performed by the
subsequent running of three computer codes named CATS,
ACE, and TAPS. Atomic structure calculations are per-
formed with the cATs code [15], a modified version of
Cowan's atomic structure codes [16—19]. The atomic-
structure calculation is initiated by a single-configuration
Hartree-Fock calculation for the radial wave functions of
each configuration. Mixing among all configurations and
I.S terms with the same total angular momentum J and
parity is then obtained through perturbation theory.

The electron-collision calculations are performed using
the ACE code [20]. This code reads in data from the
atomic-structure file and calculates electron-impact-
collision strengths using a variety of options. The col-
lision strengths can be converted to cross sections using
the TAPS code. The ACE code uses the DWA of Mann
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[21] or FOMBT [10]. The only difference between the
DWA and FOMBT calculations is that in the former case
(i.e., for DWA), we calculate the continuum wave func-
tion in the potential of the initial and final configurations
for the incident and scattered electrons, respectively,
whereas in the latter case (i.e., for FOMBT), the same po-
tential (that of the initial configuration) is used for both
continuum electrons. The reactance matrix elements are
first calculated between LS terms as in Mann's approach
[21]. Unitarization of the reactance matrix is normally
carried out; however, unitarization can be ignored for
comparison purposes. Recoupling is then done using the
pair-coupling scheme of Saraph [22]. Inclusion of
configuration-interaction and intermediate-coupling mix-
ing is obtained as by Clark [23].

If desired, the user can request DCS's from the AcE
code. The ACE code then uses the reactance matrix along
with continuum wave-function phases to calculate the
scattering amplitudes using the recoupling scheme of Inal
and Dubau [24]. The scattering amplitudes are stored on
a data file and can be used to calculate DCS's and EICP's
via the TAps code [25].

In the calculation of the ICS's, denoted here by Q, in
order to speed up convergence, the first-order Born ap-
proximation value Q is added (in closed form) and
subtracted (in partial wave form) according to the formu-
la

max

Q QPWB+ y (QDWA QPWB)
1=0

where QP is the partial-wave DWA integral cross sec-
tion, and Q& is the first-order Born approximation
partial-wave integral cross section. Thus the number of
distorted partial waves (l,„) to be calculated is usually
small. In the calculations reported here, convergence
was achieved by about l „=35—50 distorted partial
waves.

In the calculation of the DCS's and EICP's, the above
procedure (of adding and subtracting the Born approxi-
mation) is not used, and typically /, „=250partial waves
are used, except in few cases (mentioned in the figure cap-
tions) where we had to use up to 1,„=395partial waves,
which is the current upper limit in the computer pro-
gram.

III. NUMERICAL RESULTS AND DISCUSSION

TABLE I. Calculated (AE„~, ) and observed (AE,b, ) excita-
tion energies of the transitions shown.

Transition

3 'S —3'P
3'S—3'P
3'S—3'D
3 'S —4'S

~Eel]o

2.5383
4.3847
5.8414
5.4304

AE,b,
'

2.7141
4.3458
5.7533
5.3938

'From Radzig and Smirnov [26].

TABLE II. Comparison of theoretical results for the in-
tegrated cross section (in ~ao units) for the electron-impact exci-
tation of the 3 'P state of magnesium.

10 eV 20 eV 40 eV 100 eV

DWA'
FOMBT"
UDWA'
UFOMBT
FBA'
CC5'
6CCg
6CCO"
5UB'
FBA"
FBA"

30.17
28.74
19.81
19.13
36.02
16.90
15.76
15.25
15.6
32.6
41.97

26.61
26.73
20.90
20.85
29.17
18.60
18.50
14.81
18.9
26.8

19.28
19.43
16.90
17.00
20.08
15.50
15.79
14.21
15.8
18.7
21.81

10.76
10.84
10.23
10.30
10.92
9.5

9.5
10.2
11.60

'Present DWA results (with configuration mixing).
Present FOMBT results (with configuration mixing).

"Present unitarized DWA results (with configuration mixing).
Present unitarized FOMBT results (with configuration mixing).

'Present first-order Born approximation results (with
configuration mixing).
Five-state coupled-channels-calculation results of Mitroy and
McCarthy (Ref. [6]).
gSix-state coupled-channels-calculation results of McCarthy,
Ratnavelu, and Zhou (Ref. [7]).
"Six-state optical-potential-calculation results of McCarthy,
Ratnavelu, and Zhou (Ref. [7]).
'Unitarized Born approximation to CC5 (5UB) results of
McCarthy, Ratnavelu, and Zhou (Ref. [7]).
'First-order Born approximation results of McCarthy, Rat-
navelu, and Zhou (Ref. [7]).
"First-order Born approximation results of Robb (Ref. [3]).

A. Integral cross-section (ICS) results

We performed numerical calculations for the transi-
tions shown in our Table I, where we also show the calcu-
lated and observed excitation energies from Radzig and
Smirnov [26]. We show in Tables II—V and Figs. 1 —4 the
results obtained for the ICS's for the transitions studied,
and we compare our results with selected other theoreti-
cal results and with experimental data available. All
present results shown in Figs. 1 —4 were obtained via uni-
tarization. In the case of the 3 'S —+ 3 'P electron-
impact-induced transition, Table II shows that unitariza-
tion has a strong effect on the ICS at low energies de-
creasing the nonunitarized value by about 30%%uo at 10-eV
incident electron energy, while its effect at higher ener-

10 eV 20 eV 40 eV

DWA
FOMBT
UDWA
UFOMBT
6CC
6CCO

6.11
6.96
5.34
5.84
4.13
4.31

0.762
0.831
0.749
0.814
0.76
0.69

0.085
0.088
0.084
0.088
0.063
0.093

TABLE III. Comparison of theoretical results for the in-
tegrated cross section (in mao units) for electron-impact excita-
tion of the 3 P state of magnesium. Notation is the same as in
Table II.
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TABLE IV. Comparison of theoretical results for the in-
tegrated cross section (in ~a0 units) for electron-impact excita-
tion of the 3 'D state of magnesium. Notation is the same as in
Table II.

TABLE V. Comparison of theoretical results for the in-
tegrated cross section (in ~a& units) for electron-impact excita-
tion of the 4'5 state of magnesium. Notation is the same as in
Table II.

10 eV 40 eV 10 eV 20 eV 40 eV 100 eV

DWA
FQMBT
UDWA
UFQMHT
FBA
SCC

1.72
1.30
1.70
1.28
3.22
1.92

1.84
1.72
1.82
1.71
2.28
1.69

1.21
1.19
1.21
1.18
1.29
1.17

0.554
0.546
0.552
0.544
0.554
0.585

DWA
FQMBT
UDWA
UFO MBT
FBA
5CC

5.12
2.55
3.68
1.84
2.95
1.16

2.72
2.13
2.11
1.50
2.07
0.826

1.37
1.24
1.14
0.88
1.18
0.649

0.54
0.52
0.48
0.37
0.50
0.255
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FIG. 1. Comparison of present DWA and FQMBT results
(both unitarized) for the integral cross section using single-
configuration target states (unmixed) and configuration-mixed
target states (mixed) with the five-state close-coupling (5CC) re-
sults of Mitroy and McCarthy (Ref. [6]), with the six-state
close-coupling (6CC) results and with the six-state optical po-
tential close-coupling (6CCQ) results of McCarthy, Ratnavelu,
and Zhou (Ref. [7]) for (a) the 3 'S —+3 'I' electron-impact-
induced transition and (b) the 3 'S—+ 3 P electron-impact-
induced transition.

FIG. 2. (a) Comparison of the present unitarized FQMBT re-
sults for the integral cross section with the experimental results
of Ref. [29] (labeled as Aleksakhin et al. ), with that of Ref. [30]
(labeled as Leep and Cxallagher), and with that of Ref. [28] (la-
beled as Williams and Trajmar), as well as with the theoretical
two-state close-coupling results of Ref. [31] (labeled as Fabri-
kant) and with the first-order Born approximation results of
Ref. [3] (labeled as Robb) for the electron-impact-induced
3'S—+3'P transition of magnesium. (b) Comparison of the
present unitarized FQMBT results for the integral cross section
with the experimental results of Ref. [28] (labeled as Williams
and Trajmar) for the electron-impact-induced 3 '5 ~3 P transi-
tion of magnesium.
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gies is small. This can be understood since, as we men-
tioned earlier, the 3 'S~3 'P is strongly coupled, and the
weak-coupling conditions for the applicability of DWA is
not satisfied, and, under those conditions, unitarization is
essential and it changes results significantly. At 100-eV
incident electron energy, the UDWA and unitarized
FOMBT (UFOMBT) results essentially agree with the
SCC results if one considers the fact that the present
first-order Born approximation (FBA) results are higher
than those of McCarthy, Ratnavelu, and Zhou [7] due to
the use of configuration-mixed-target wave functions.
Robb's accurate FBA results [3] are even higher than
ours.

In the case of the 3 'S~3 P electron-impact-induced
transition, Table III shows that unitarization has less
effect in this case than in the 3'S —+3 P case, which is
understandable since this is a pure exchange transition
and thus it is weak, and, consequently, the conditions for
weak-coupling conditions hold. Table III also shows that
the UDWA and UFOMBT results are still considerably
higher than the 6CC and 6CCO results at 10 eV. In the
case of this transition, the ICS results do not reveal much

about the accuracy of approximation, which can be
judged better by comparing DCS results. FOMBT results
for the DCS were presented by Meneses, Pagan, and
Machado [8], and their comparison with 6CCO results
was discussed by Mitroy and McCarthy [6]; therefore we
shall not go into further detail here.

In the case of the 3 'S~3 'D electron-impact-induced
transition, Table IV shows that the present DWA and
FOMBT results for the ICS's essentially agree with the
5CC results of Mitroy and McCarthy [6], and, again, uni-
tarization does not effect those results significantly since
weak-coupling conditions hold here, also. The applicabil-
ity of the DWA for S~D type of transitions is an in-
teresting problem to which we plan to return in a future
paper.

Figures 1 and 3 show ICS's obtained using DWA
versus FOMBT and unmixed or mixed wave functions for
the target states. Mixing is among all terms of all
configurations with the same J and parity. For parity-
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FIG. 3. Same as Fig. 1 except for (a) the 3 'S~3 'D transi-
tion, and (b) the 3 'S~4 'S transition.

FIG. 4. Comparison of the present unitarized FOMBT re-
sults for the integral cross section with the experimental results
of Ref. [28] (labeled as Williams and Trajmar) for (a) the
electron-impact-induced 3 'S~3 'D transition, and (b) the
3 'S~4 'S transition.



287S R. E. H. CLARK, G. CSANAK, AND J. ABDALLAH, JR.

changing transitions, the ground-state 3s configuration
includes mixing with the 3p configuration. The excited
states include the 3s 3p, 3s4p, 3p 4s, and 3p 3d
configurations. For parity-conserving transitions, the
basis set included the 3s, 3p, 3d, 3p4p, and 3s4s
configurations. Figures 1 and. 3 show strong
configuration-mixing effects on the ICS's. In the case of
3 'S~3 P excitation, configuration mixing significantly
lowers the ICS, whereas in the case of 3 'S —+3 'D transi-
tion, it increases. As Fig. 1(a) shows, configuration mix-
ing decreases the ICS to bring it into reasonably good
agreement with the 5CC and 6CC results. The agreement
of the unitarized FOMBT results [shown in Fig. 1(b)j
with experiment is quite good; however, as mentioned
earlier, . the experimental errors are quite large due to the
high-temperature nature of the Mg target. One can also
note that DWA and FOMBT give practically identical
results for the ICS's studied for E & 30 eV incident elec-
tron energies, and for the excitation of the spin-forbidden
3 P state, the agreement extends to practically the whole
energy range except for the near-threshold region. Fig-
ures 2 and 4 compare our (unitarized) FOMBT results to
several experimental results for the ICS available in the

literature. The shaded regions in these figures represent
the range of experimental uncertainty in the cross sec-
tion. One can see that agreement with the experimental
ICS data is quite good except for the 3 'S~4 'S transi-
tion where the theoretical results are somewhat high. We
note here that to obtain accurate experimental ICS data
for Mg target is quite difficult, Mg being a high-
temperature species and the estimation of the number of
Mg atoms in the scattering chamber is a difficult task.
Therefore our theoretical results for a variety of transi-
tions might be useful for normalizing the experimental
data.

B. Differential cross-section (DCS) results

Figure 5 shows our DCS results for the 3 'S —+3 'P ex-
citation for E=10 and 40 eV incident electron energies
using three different basis sets. One can immediately see
that the inclusion of the 3p configuration into the
ground-state wave function (i.e., ground-state correlation
effect) is important at both energies; however, the in-
clusion of the 3P3d configuration (i.e., the correlation
effect in the 3 'P state) has practically no influence on our
results. One sees from Fig. 5 that, although the DCS
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FICs. 5. Basis-set dependence of the differential cross section
(DCS) calculated by FOMBT for the excitation of 3 'P state of
Mg at (a) E=10 eV incident electron energy and (b) E=40 eV
incident electron energy. (Present calculations included 395
partial waves. )

FIG. 6. FOMBT vs DWA results for the DCS for the 3 'P ex-
citation of Mg. Experimental results shown are those of Willi-
ams and Trajmar (Ref. [28]), triangles; and Brunger et al. (Ref.
[4]), octagons at (a) E=10 eV incident electron energy and (b)
E=40 eV incident electron energy.
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changes significantly with the inclusion of the 3p
configuration, the resulting DCS curve is nearly parallel
to the DCS curve without the 3p . In fact, the inclusion
of the 3p configuration would result in a simple multipli-
cation by a real number of at least the direct T-matrix
element, as noted by Meneses, Pagan, and Machado [8],
if (i) the ground-state 3s and 3p orbitals were the same as
the excited state 3s and 3p orbitals; and (ii) all continuum
orbitals and phase shifts were the same in the
(3s,3p, 3s3p) basis-set calculation as in the (3s, 3s3p)
basis-set calculation. These conditions were satisfied in
the calculation of Meneses, Pagan, and Machado. Even
though these conditions are not rigorously satisfied for
our calculation, they are satisfied to a good approxima-
tion. This can be seen from Fig. 5 where the (3s,3s3p)
basis-set curve runs parallel to the (3s '3p, 3s3p) basis-
set curve everywhere except for small angles showing
that the above-mentioned small deviations give an accu-
mulated effect for small angles.

Figure 6 compares our FOMBT and DWA results for
the 3 'S —+3'P excitation DCS at E=10 and 40 eV in-
cident electron energies. Some experimental data are also
shown. It can be seen clearly that at the lower energy
studied, there are considerable differences in the FOMBT
and DWA results for 0) 30' scattering angles, but these

10

differences practically disappear at E=40 eV incident
electron energy.

Figure 7 shows the effect of unitarization on the DCS
at E=10 and 40 eV incident electron energies. At both
energies, unitarization improves agreement with experi-
ment; however, while the improvement at the lower ener-
gy is quite dramatic, at the higher energy there remains a
strong deviation from the experiment for 0) 15' scatter-
ing angle.

C. Electron-impact coherence parameter (EICP) results

Figure 8 shows our results for the A, and y EICP's [27]
in the FOMBT for the 3 '5 ~3 'P excitation using
different basis sets. It can be seen that the inclusion of
correlation into the ground- and excited-state wave func-
tions has practically no effect on the EICP's. Even the
inclusion of ground-state correlation shows no percepti-
ble inhuence. This is quite different from what we have
seen in the case of our DCS studies. However, it can be
understood if we remember our earlier comments, and if
we recall the definition of the k and y parameters [8],
given as

Op
, y=argT, —argT o= ar g(T, /To),

0 p+2o )

where T~ is the electron-scattering matrix and o.M is the
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FIG. 7. DWA vs UDWA results for the DCS for the 3 'P ex-
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[4]), octagons at (a) %=10 eV incident electron energy and (b)
E=40 eV incident electron energy.
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FIG. 8. Basis-set independence of (a) A, and (b) g EICP's for
Mg 3 'S~3 'P excitation at E= 10 eV incident electron energy.
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electron-impact-excitation diff'erential cross section (pro-
portional to

~ TM ~ ), respectively, for the excitation of the
M sublevel of the 3 'P level. A, and g are relative quanti-
ties, i.e., they depend only on the Tj /To ratio. If the in-
clusion of the 3p configuration into our basis set results
in a multiplication (by a real number) of T& and To, then
this factor does not influence A, and y. If this multiplier
depends on the scattering angle, then A, and y still remain
unchanged if T, and To are affected the same way, which
appears to be the case for small angles.

Figure 9 shows our results for the k and y EICP's us-
ing DWA and UDWA at E= 10 eV incident electron en-
ergy. One can see that unitarization has a perceptible but
small effect on these parameters. This, again, can be un-
derstood by an inspection of Fig. 7, which shows that un-
itarization is essentially equivalent in this case to the in-
troduction of a scale factor, which cancels again in the
calculation of EICP's.

Figures 10—13 show our theoretical results for the P,
and P2 Stokes parameters and for ( L r ) = P3, th—e
transferred angular momentum (in atomic units) perpen-
dicular to the collision frame, for E=40 eV incident ener-

gy electrons. Our theoretical results are compared to the
experimental results of Brunger et al. [5]. In the case of
P2, DWA and UDWA show superb agreement with the
experiment, the agreement with the experiment for (Lr )
is reasonable, while for Pj at 0=15' and 20' scattering
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FIG. 10. FOMBT, DWA, and UDWA results for the P&

Stokes parameter for 3 'P excitation of Mg with E=40 eV in-
cident energy electrons.
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FIG. 12. Same as Fig. 10 except for the average transferred
angular momentum (Lr ) = —P, (in atomic units) where P, is
the third Stokes parameter.
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with the np (n =3,4, . . . ) orbitals for larger distances
than the analogous orbitals for helium.
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FIG. 13. Principal quantum number dependence of the
transferred angular momentum (L r ) (in atomic units) for
n =3,4,5,6. (Present calculations included 395 partial waves. )

IV. SUMMARY AND CONCLUSIONS

We have performed DWA-type calculations for a
variety of electron-impact-induced transitions in mag-
nesium. We studied the inhuence of target-state wave
functions used in the calculation and unitarization on our
results, and we compared our DWA results with FOMBT
results.

We found that the inclusion of target correlation in the
ground-state wave function strongly inAuences the ICS
and DCS results, especially at low energies, but has little
inhuence in the EICP's. We also found that unitarization
has a strong effect on the ICS and DCS results, but has
only a weak effect on the EICP's. We found that essen-
tial n independence of the EICP's for 3 'S~n 'P
(n =3,4, 5, . . . ) transitions at E=40 eV incident electron
energy holds for Mg, also, as it was valid for 1 'S —+n 'P
( n =2, 3, . . . ) transitions in He.

angles, our results differ significantly from the experimen-
tal data.

Figure 13 shows (Lr ) for the excitation of n 'P
(n=3,4,5,6) states of Mg. As found [12] for He, (Lr)
calculated from FOMBT is practically independent from
the principal quantum number n. This can be under-
stood, as in the case of He [12], on the basis of quantum-
defect-theory type of arguments. The essential n in-
dependence found for Mg is quite remarkable since Mg
3 'S is a very extended state, and the 3s orbital overlaps
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