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Close-coupling and distorted-wave calculations for electron-impact excitation
of the (5p°6p) states of xenon
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Plasma Physics Division, Naval Research Laboratory, Washington, D.C. 20375, USA

D. H. Madison
Physics Department, University of Missouri-Rolla, Rolla, Missouri 65401, USA
(Received 3 March 2004; published 7 June 2004

We report on a series of calculations for electron-impact excitation of3pR6p) states in xenon from the
ground state(5p®)!S,. As in previous calculations for other noble-gas targets, we find strong evidence of
channel coupling for all incident energies conside¢eetween threshold and 200 g\Although qualitative
agreement with the experimental results of Fons and[Binys. Rev. A58, 4603(1998)] is achieved, severe
guantitative discrepancies of sometimes more than a factor of 2 remain.

DOI: 10.1103/PhysRevA.69.062706 PACS nuniber34.80.Dp

I. INTRODUCTION collision problem. By performing both close-coupling and

i ) ) distorted-wave calculations, using the same one-electron or-
Electron scattering from xenon atoms is an important proyitajs, we can explore the sensitivity of the results to
cess in laser, lighting, and plasma technology. Early meaghannel-coupling effects. Finally, we hoped it to be straight-
surements were summarized by Fons and[in who pub-  oryard to generate results for the entire energy regime of
!|shed a complgte set of new e_xpenmental data for electronpterest by combining low-energy close-coupling and high-
|mp6aft excitation cross sections from the ground statgnergy first-order distorted-wave results. As will be shown
(5p5) S to the ten fine-structure states associated with thgye |y, however, this is not always possible, due to the ap-
(S5p”6p) configuration. After subtracting cascade effects inparent importance of higher-order effects even at high impact
the optical emission function measurements and accountingnergies.
for the strong pressure dependence in typical experimental |n the next section, we briefly describe the numerical
setups, they compared their data for a few transitions wittnethods, which have been outlined in more detail in previ-
predictions from arR-matrix (close-coupling calculation by  ous calculations listed in the references. We then discuss the

Nakazakiet al. [2]. In a previous publicatiofi3], the latter  results before drawing some conclusions and providing an
authors had already outlined some of the difficulties encoungutlook to future work on this type of collision processes.

tered in numerical calculations for these processes, generally
consisting of both the complexity of the target description

and the need to account for strong channel coupling, espe- Il. THEORETICAL MODELS
cially in the low-energy near-threshold regime that is domi- _ L ) .
nated by resonance effects. The semirelativistidR-matrix method used in the present

The near-threshold resonance problem was recently inved/0'K is essentially the same as described by Zeman and Bar-
tigated in more detail by Grum-Grzhimailo and Bartschat!Schat[10,11, except for the improved structure description

[4], who looked at angle-integrated and angle-differential9iVen by Grum-Grzhimailo and Bartschgd]. The 43-state
cross sections for electron-impact excitation of tpS6s) ~ Model (to be labeled RM43 beloywsed in the latter calcu-
states. One of the by-products of their work was a relatively2tion closely c%uplesd the 531 states of neutsral xenon with
accurate(in terms of energies and oscillator strengtdg- configurations 5° 5p”6s, 5p°6p, 5p>5d, and $°7s, as well
scription of the lowest 21 target states of xenon. The latteRS 12 pseudostates generated from th#& configuration.
was achieved mostly by generating é pseudo-orbital to  Here, &l denotes a pseudo-orbital that was optimized on the
improve the description of the odd-parity states, and by opedescription of selected members of the odd-parity spectrum.
timizing the @ orbital on the lower six members of the The latter target description was generated with the multi-
(5p°6p) manifold, i.e., the states associated with theconfigurationmcHF code of Froese Fischat al. [12]. In a
(5p°)?P5, core of Xé. smaller 15-state calculatiofiRM15), we used just the states
In light of the data needs not only for the near-thresholdgenerated from the configuration® 5p°6s, and $°6p;
region but also for higher impact energies, we decided tdinally, dropping the four states with configuratiomp®6s
continue our previous work on electron collisions with kryp- yielded the minimal 11-state close-coupling approach
ton [5,6] and argon[7-9] atoms by applying various (RM11) for the transitions of interest. Differences in the re-
distorted-wave and close-coupling approaches toethe  sults obtained with the same target description but a different
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FIG. 1. Angle-integrated cross section for electron-impact exci- FIG. 3. Same as Fig. 1 for thepg state.

tation of the P, state in xenon from the ground-statep®)'S,.

Predictions from various theoretical models described in the text are
compared with the experimental data of Fons and [1i. package of Burke and Nobld4] was used to calculate the

transition matrix elements at each collision energy of inter-
est. We summed the numerically calculated contributions
number of coupled states provides an indication of the imfrom partial waves of total electronic angular momentdm
portance of channel-coupling effects. of the projectile + target system up to a maximum valfi&

We then used theBELFAST suite of semirelativistic and estimated the contributions from higher partial waves
R-matrix codeq13] to perform calculations for electron col- using a geometric extrapolation scheme if necessary. Specifi-
lisions with Xe atoms initially in theit5p®)'S, ground state. cally, we chosel™=31/2 for RM43 andJ"™=79/2 for
In the RM11 and RM15 calculations, tHematrix radius RM15 and RM11. Note that such high angular momenta re-
was set to 3@, and 40 continuum orbitals per angular mo- quire special care with the numerics, especially with respect
mentum were used to represent the projectile inside théo the calculation of exchange integrgls3].

R-matrix box. This allowed us to push these calculations to In addition to theR-matrix (close-coupling calculations,
incident energies up to 140 eV. In the RM43 model, on thewe performed calculations using two distorted-wave models
other hand, the additional valence orbitals required a largelabeled DW1 and DW2 below. Both of these models were
box radius of 40a,, and because of the much larger numberdescribed in detail by Dasgupgh al. [5]. In contrast to some

of channels we restricted the calculation to 20 continuunof our previous work, all distorted-wave calculations were
orbitals per angular momentum. Consequently, the RM43erformed with the same target descriptions as the RM15
model could only yield results for incident energies up tomodel, with one notable exception: For excitation of thpg 2
30 eV. The diagonal elements of the Hamiltonian matrixand 2o, states with total electronic angular momentdmo0,
were adjusted to ensure agreement with the experimental exae small mixing coefficients with the ground-state configu-
citation thresholds and therefore to allow for a direct com-ration (5pf) were ignored in the DW models, and the remain-
parison between our predictions and the experimental dating coefficients were renormalized to preserve their mutual
The adjustment was performed in such a way that the shift ofatio while guaranteeing normalization of the states to unity.
the states with configurationp86p was kept as small as Previous experience showed that the theoretical results are
possible. Finally, the flexible asymptotiR-matrix (FARM)  strongly dependent on the small mixing coefficient with the
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FIG. 2. Same as Fig. 1 for thepg state. FIG. 4. Same as Fig. 1 for thep? state.
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FIG. 5. Same as Fig. 1 for thepg state. FIG. 7. Same as Fig. 1 for thep2 state.

[II. RESULTS AND DISCUSSION

ground-state configuration and, moreover, that it is very dif- o )
ficult to obtain this coefficient correctly in aab initio struc- Figures 1-10 exhibit our results for the angle-integrated
ture calculation with a small configuration-interaction expan-Cross sections for electron-impact excitation of tipge2p;

sion. In fact, best agreement with experiment in DwStates in xenon from the ground-stdfp®)'S,. The predic-
calculations is often obtained by the procedure outlinedions from the various theoretical models described in the

above. TheR-matrix models, on the other hand, where this Previous section are compared with the experimental data of
renormalization cannot be performed easily because of stridtons and Lin[1]. We label the curves by “RM##,” where
orthogonality requirements between the initial and the finaf RM” stands forR-matrix and “##" indicates the number of

states, typically yield very questionable results for these trancoupled states. Similarly, the distorted-wave models are la-
sitions. beled “DW1” and “DW2,” respectively.

Following previous experience, the static potential of the [nstead of commenting on each curve individually, we
excited state was used as the distortion potential in both thwill concentrate on discussing the more general trends. To
incident and the exit channel. Finally, we note that Dwa1begin with, there is overall qualitative agreement between
does not include relativistic effects in the calculation of thethe experimental data of Fons and Lit] and many of the
distorted waves while DW2 does, and DW1 unitarizes$he models, although in most cases major discrepancies remain
matrix while DW2 does not. Generally, neither one of thesg'egarding the quantitative agreement. These discrepancies
effects is expected to be important at projectile energies susometimes exceed a factor of 2, particularly when the cross
ficiently high such that channel coupling is no longer a domi-Sections are relatively small. The curves from the two DW
nant mechanism. With increasing energy, therefore, oné&alculations generally come together around 30 eV incident
would hope that the DW results converge to each other an@nergy. For lower energies, the lack of unitarization in DW2
to the R-matrix predictions obtained with the correspondingtypically results in much too large cross sections.
target description. This is an important additional test for the Note that all these transitions are optically forbidden, and
consistency of the models and the importance, or lackhat we represent each state in an “intermediate-coupling
thereof, of channel coupling. scheme” as a linear combination of singlet and triplet states.
Following Henry[15], the cross sections should therefore
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FIG. 6. Same as Fig. 1 for thep? state. FIG. 8. Same as Fig. 1 for thepz state.
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FIG. 9. Same as Fig. 1 for thepg state. FIG. 10. Same as Fig. 1 for thep2state.

fall off with increasing incident energ according to . N o
above, the results are typically very sensitive to the mixing

o(E) = a/E + b/E®. (1)  coefficient corresponding to the ground-state configuration in

Here, the coefficient originates from contributions of spin- the excited state. Such a coefficient is more reminiscent of a

allowed but parity and/or orbital angular momentum forbid-d'reCt process such as elagtlc scatter@'gsplte the energy
den transitions, while the coefficieftt accounts for spin- los9 thar_1 to_a strongly forbidden tran_smon. Indeed, th_|s n-
forbidden, i.e., pure exchange transitions. As can be seen f#'Pretation is supported by the experimental data, which ex-
the graphs, the cross sections indeed decrease with incidePit the maximum at a higher incident energy than for all
energy beyond the maximum, but the predicted decrease the other transitions. For these tran_smons, the two distorted-
often quite different in the theoretical curves and the experivave models and RM43 come fairly close at least to the
mental data. The DW calculations effectively correspond to #hape but not the magnitude of the experimental cross sec-
two-state RM model containing only the initial and final tion data. However, given the fact that the critical mixing
states. Consequently, if the RM and DW results convergegoefficient is simply dropped in DW and there are enormous
towards each other, this indicates that coupling to channelgifferences between the RM43 and RM15 results, with the
other than the initial and final one®ften referred to as latter being unphysically large, any “agreement” between
“higher-order effectsf’ are not important. Assuming the ex- theory and experiment is likely more fortuitous than justified
perimental data are reliable, the fact that the RM and DWhby the current treatments.
results do not converge therefore suggests a dominant influ- We finish with the discussion of a few selected examples
ence of higher-order processes. This conclusion is also sughowing the similarity, or lack thereof, between the close-
ported by the fact that the RM15 results sometimes differcoupling and the DW results at high energies. As seen al-
significantly from the RM43 predictions. The differences areready in the comparisons above, there often remain signifi-
most pronounced for incident energies below 30 eV. Al-cant differences between thiematrix results and the first-
though this is the highest energy for which RM43 calcula-order perturbative DW predictions. In fact, only rarely is
tions were performed, one can see in most cases the genethere a clear trend for the DW results to converge to the
trend for the curves from the two RM models to approachcorresponding RM curves with increasing energy. Such a
each other at higher energies. Such a convergence indicatesnvergence would allow for a relatively smooth connection
that the additional channels in the RM43 model, compared tdetween the curves obtained with the different collision mod-
RM15, have a diminishing effect on the current results atels. It would also dramatically reduce the computational ef-
higher energies. At the present time, of course, we canndbrt required, since the DW calculations are much less CPU
rule out that coupling to other channels, in particular thedemanding than an RM model, particularly if the latter has to
ionization continuum, may be important as well. This possi-be pushed to higher energies. In previous work on electron
bility, as well as the effect of the target-structure descriptioncollisions with argon and krypton, we indeed often found
will be further investigated in the future. In a few cases, theconvergence between RM and DW results, most importantly
DW results converge to the RM15 predictions alreadyfor optically allowed transitions where contributions from
around 15 eV incident energy. For most of the transitionsmany partial waves are required. Such a smooth curve is
however, it appears that this convergence, if at all, will nothighly desirable for the use of these results in modeling ap-
occur until well above 200 eV. Even for these optically for- plications.
bidden transitions, the importance of higher-order effects for Figure 11 shows a comparison of the DW results with
such high energies might seem surprising. predictions from the RM15 and RM11 models for excitation
Next, it is worth commenting once more on the results forof the 20,0, 2ps, and 2g states(see also Figs. 1)3These
theJ=0—J=0 transitions, i.e., excitation of thep2and 2,  three cases are typical representatives of what can happen.
states from the ground-statBp®)'S,. As already mentioned For the 2,4 state, the RM11 curve nicely joins up with the
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IV. SUMMARY AND OUTLOOK

0.10 .
We have presented several sets of theoretical results for

electron-impact excitation of thé5p®6p) states in xenon
3 from the ground-stat¢5p®)'S,. Despite the remaining dis-
S agreement between the predictions and the most recent and
likely most reliable set of experimental data, the current set
of numbers seems usable, though with great care, in model-
ing applications, which not only need data for these transi-
tions but also between many excited states that are difficult if
not impossible to access with current experimental technol-
ogy. Hence, comparison between theoretical predictions and
the limited set of available experimental data is most impor-
tant in order to assess the quality of the numerical results.
For such applications, it will likely be necessary to either
combine the close-coupling results for low incident energies
with distorted-wave results at the high energies, or to ex-
trapolate the close-coupling predictions using the known
asymptotic energy dependence. The present work indicates
that the latter procedure might be preferable for optically
forbidden transitions like the ones investigated here, because
of remaining higher-order effects not accounted for in the
DW approaches. Work towards generating such a set of col-
lision data is currently in progress at the Naval Research
Laboratory[16].
%0 40 60 80 100 120 140 160 In order to obtain more accurate and reliable theoretical
incident energy (eV) results, it seems absolutely critical to improve upon the target
description, particularly with regard to the flexibility in the
FIG. 11. Angle-integrated cross section for electron-impact ex-one-electron orbitals. The traditional method of using
citation of the D14, 2pg, and Jg states in xenon from the ground- pseudo-orbitals to account for some of the term dependence
state(5p°)'Sy, as obtained in the RM15, RM11, DW1, and DW2 in these orbitals does not seem to be a viable approach for
models described in the text. this collision problem, especially in light of the many known
problems associated with pseudo-orbitals. A very promising
alternative lies in the extension of B-spline R-matrix
method[17,18, particularly when combined with the possi-

of magnitudé cross sections. These theoretical results indi-biIity C.)f using nonort_hogonal one-elect(on target Qrbitals, as
cate that excitation of thef®, state at these high energies described by Zatsarinny anq Froese F'SM' In light of
mostly occurs through higher-order processes, with théhe computational complexlty associated with the_ latter ap-
(5p°6s) states representing important intermediate stepsProaCh’_t_he nonorthogonality may need to be restricted to the
rather than through a direct first-order process. From a pra{post crmg_al valence and outer core orbitals. Also, we expect
tical point of view, however, this particular finding may not cr(])errgﬁgfr;mt% (geB;/ZF:“nanaerf]g igﬁrgﬁk;fﬂz‘;‘fgﬂgﬂl a gztﬂg“f
be too critical, since all models predict very small cross sec- y P

tions for this case, in agreement with the experimental find'EW- The_se possm_ll_ltles are currently bemg_explored at
ings (see Fig. 1 Drake University. Initial results for the—Ne collision sys-

Channel coupling also seems to be important for excitaEem are very promising19).

tion of the 2y state at high energies, except this time the
(5p°6s) states are far less important than for the previous
transition. Here, RM11 and RM15 yield very similar results
at high energies, but again very different from those obtained We would like to acknowledge the contributions of Dr. A.
in the first-order DW models. In this case, the RM results areN. Grum-Grzhimailo to the structure calculation. One of us
clearly supported by experiment, with the measured crosg&.B.) would like to thank Dr. O. Zatsarinny for valuable
sections even slightly bigger than predicisge Fig. 2 Fi-  discussions of this problem. This work was supported, in
nally, the pure exchange transiti¢Bp®)S,— 2pg(®D3) ex-  part, by the National Science Foundation under Grant Nos.
hibits a different pattern again. Here, the DW and RM result®PHY-0244470(K.B.) and PHY-0070872D.H.M), and by

are much closer over nearly the entire energy range, and thitbe Office of Naval Researai\.D.).
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two DW curves around 120 eV incident energy, while the
RM15 model predicts significantly bigg€almost an order
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