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Convergent R matrix with pseudostates calculation fore™-He collisions
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The R matrix with pseudostates method has been used to &Ueije collisions at low and intermediate
energies up to 80 eV. Since target correlation effects and target continuum states are both accurately repre-
sented by this method, the associated program package can now be used to obtain reliable results at interme-
diate energies for more complex atomic and ionic targets, which are urgently required in many applications.
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PACS numbes): 34.80.Dp, 34.80.Bm

Electron collisions with atoms and ions has attracted coneonsidered using this approach by Burke and W¢bh
siderable attention since the earliest days of quantum meMore recently, Callaway and OZ&], using a Slater-orbital
chanics, because these processes provide an ideal meansiasis to represent the pseudostates, obtained acairate
investigating the quantum dynamics of many-particle sys-1s—2s and I1s—2p excitation cross sections at intermedi-
tems at a fundamental levgl]. In addition, a detailed un- ate energies. These cross sections were also successfully
derstanding of these processes is of crucial importance iftudied by Scottet al. [7] using an intermediate-energy
many other fields, particularly in the interpretation of obser-R-matrix (IERM) basis for the pseudostates, and by Bray and
vations in astronomy, planetary atmospheric studies, plasmatelbovics[8,9] using a Laguerre basis. The method adopted
physics, and laser physics. by Bray and Stelbovics, referred to as the “convergent close-

Until recently, most detailed theoretical investigationscoupling” (CCC) method, has also recently been success-
concentrated either on the “low-energy region,” where thefully extended toe™-He scattering at intermediate energies
electron-impact energy is insufficient to ionize the target, oy Fursa and Bray10]. They treated the helium target in a
on the “high-energy region,” which is usually taken to be one-electron frozen-core approximation to yield impressive
above about four times the ionization threshold energy. Aggreement with nearly all the available experimental data,
low energies, close-coupling dR-matrix calculations, in- including electron-impact ionization. Furthermore, Konov-
cluding in recent years an increasing numbeploysicaltar- ~ alov and McCarthy[11], using a “convergeng-matrix cal-
get states in the expansion, have usually given satisfactorgulation,” which also represented the continuum by a
results(see, for example, Burke and Berringti]). On the ~ square-integrable basis, obtained accurate results for reso-
other hand, at high energies perturbative methods such as thances ine”-He collisions in the vicinity of then=2 and
first-order distorted-wave Born approximatioBWBA) [3]  n=3 thresholds.
or the first-order many-body theoFOMBT) [4] can be In this Rapid Communication we present an application of
used. However, while many calculations based on these lowa general method and program ¢o-He collisions. This
energy or high-energy methods have been reported for enemethod, described in detail by Bartschettal. [12] and
gies lying between the ionization threshold and about fourcalled the ‘R-matrix with pseudostates methodRMPS),
times this threshold, their reliability is often questionable inextends theR-matrix program packag&MATRX 1I [13],
view of their underlying assumptions. The fundamental dif-which has been developed to enable accurate electron-impact
ficulty at these “intermediate energies” is that the theoreticalexcitation cross sections for arbitrary complex atoms and
method adopted must be able to accurately allow for loss oions to be calculated at low energies, by including a large
flux into the infinity of continuum states of the target atom orsquare-integrable set of pseudostates. The results reported
ion that become open and are, in addition, strongly coupletiere represent an example of calculations for a multielectron
in this energy region. target, whereboth important target correlation effects and

One method of treating the intermediate-energy regiorfarget continuum states are accurately represented.
that has been considered for many years is based on aug- Turning now to a detailed description of our calculation
menting the physical target state basis included in the closdor e™ -He collisions, we obtained an accurate representation
coupling expansion by a set of sguare-integrableof the target states and pseudostates using the following set
“pseudostates.” These pseudostates are not eigenstates @f physical orbitals and pseudoorbita(§) The analytically
the target Hamiltonian, but are chosen to represent in aknown Isorbital of He" was included, since it is a very good
average way the higher-lying Rydberg and continuum stategpproximation of the inner orbital in all excited states of
of the target. Intermediate-energy-H collisions were first neutral helium(ii) Next, two pseudoorbitalsand 2 were

included, which have the same exponential behawor’()
as the % orbital; in addition, the P orbital was chosen to
*Permanent address: Department of Physics and Astronomyepresent the full dipole polarizability of the Heground

Drake University, Des Moines, IA 50311. state.(iii) Two more pseudoorbitals,s3and 3, were con-
"Permanent address: CLRC Daresbury Laboratory, Warringtostructed by using the configuration-interaction code CIV3
WA4 4AD, United Kingdom. [14] to optimize the energy of the 6%)S ground state of
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TABLE I. Absolute energies of the He targets stafiesatomic TABLE IlI. Oscillator strengths fon=1,2 transitions in He. The
units). The accurate nonrelativistic results are taken from Pekerigwo rows in the theory columns represent the lengtip) and ve-
[15] for the 1S ground state and from Accad, Pekeris, and Schifflocity (bottom forms, respectively.

[16] for the excited states.

Transition Ref[18] This work Ref.[19]
State Ref[18] Ref.[10] This work Nonrel. Moord17]

11s—21p° 0.255 0.2755 0.2762
1S —2.85687 —2.87227 —2.89966 —2.90372 —2.90317 0.273 0.2766
23S —2.17420 —2.17419 —2.17517 —2.17523 —2.17484 21g ,21po 0.363 0.3754 0.3764
218 —2.14333 —2.14336 —2.14569 —2.14597 —2.14558 0.290 0.3760
28p° -2.13132 —2.13130 —2.13306 —2.13316 —2.13278 235 ,23p° 0.554 0.5398 0.5391
21p° —2.12229 —2.12245 —2.12365 —2.12384 —2.12345 0.519 0.5389

neutral helium, where all possible configurations were in-by Berrington and Kingsto18] in a 19-stateR-matrix cal-
! P 9 culation and with the highly accurate results given by Wiese,

c_Iuded in the CI %pansion_that. coulq be formed from theSmith, and Glennof19].
five 1s, 2s, 2p, 3s, and 3 orbitals. (iv) The next three With the above orbitals and target states, we performed an
pseudoorbitals, & 4p, and 3, were also constructed with R-matrix calculation, including a total of 41 statéen 1S,

CIV3 to optimize the energies of the=2 states of neutral pjpe 3g, eight P, eight 3P, three D, and three®D). Our
helium. (v) Further pseudoorbitale/” were constructed to choice of thea parameter and thB-matrix radius of 2@,
represent the target continuum by taking the minimum lineaensured that all pseudostates as well as the five physical
combination of Sturmian-type orbitalée™ " orthogonal to  states £S, 23S, and 2*P° fit into the R-matrix box. Tests

the above-mentioned orbitals. Although the range parametevith an increased box size of 49 and a decrease in the

« is, in principle, arbitrary, the convergence of the results forparameter to ensure a proper representation of the tail of the
specific transitions will depend on its choice. In the presentvave functions showed that we can obtain similarly good
calculation, we chose=1.2 and includec orbitals up to ~ representations of the=3 (and, in principle, highen) tar-
n=10, p orbitals up ton=9, andd orbitals up ton=6. It  9€t States using the sargeneralmethod.

was not necessary to choose an angular-momentum- We obtained excellt_ant_agreement_wnh Iow—energy phase-
dependent parametei( /). (vi) Finally, the target states and S.h'ft. results[20,21] for .|nC|'dent energies below the first ex-
pseudostates were constructed as multiconfiguration expaﬁ'—taltlon threshold, indicating the quality of both our target

; . o S escription and the collision modg22]. At higher energies
sions through diagonalization of the target Hamiltonian. Toin the elastic region, the present calculation yields the posi-

make the subsequent scattering calculation both tractable a@%n of the well known?S resonance at 0.453 eV below the
consistent with the structure part, we included only configu-, 3q oy citation threshold. with a width of.10 7 meV. On the

ratigns where at least one electron o.ccu.pled one of the f'vgxperimental energy scale, this position corresponds to
orbitals that were used in the optimization of thes)'S 19 366 eV above the ground-state energy. This result is in
ground state. nearly perfect agreement with the experimental findings of
The main reason for the inclusion of the Sturmian'typeCVejanoviC’ Comer’ and Reddg] who give a position of
orbitals described irfv) above is to represent the target con- 19.367-0.009 eV with a width of 9 meV. Consequently, we
tinuum states in the close-coupling expansion. Neverthelesgelieve that the present calculation yields the most accurate
these orbitals also further improve the five physical targetesults available to date for the resonance region near the
states. Indeed, an important advantage of our present ap=2 excitation thresholds.
proach is thatN-electron target correlation effects and Figures 1 and 2 show total cross-section results for exci-
(N+1)-electron continuum effects are treated in a consistertation of the 1*S—2 %S and 23S—21S transitions for in-
way. An improvement in the treatment of one thus automaticident electron energies in the vicinity of the=2 thresholds
cally yields an improvement in the treatment of the other. and for higher energies between 30 and 80 eV. In the latter
Our results for the physical target energies are shown ienergy region, some small oscillatiof@e to pseudothresh-
Table |, in comparison with experiment and other theoreticablds) with amplitudes of less than 10% of the absolute values
work. Note the very good energy positions compared to thevere smoothed out. Convergence checks, including rBore
other collision calculations, particularly the absolute energiesand F states in the close-coupling expansion, indicate that
of the two S states. Since more than 90% of the electronthe results presented here are converged to better than 2%
correlation energy of the ground state is included in thewith respect to the effect of such states.
present model, we also expect to obtain very reliable low- In the resonance region near tme=2 thresholds, the
energy phase shifts. Due to relativistic effects omitted in outagreement with the 29-stat&matrix calculation of Fon,
model, our absolute energies for the excited states even lieim, and Sawe)f24] and theJ-matrix results of Konovalov
slightly below the experimental valug¢s7]. and McCarthy[11] is satisfactory. Like Konovalov and Mc-
We also note the very good agreement between the e)Garthy(see their Fig. J, we observe a small reduction in the
perimental values and the length and velocity forms of thetotal cross section compared to the 29-state calculation, due
oscillator strengths for the transitions between the physicalo the effect of continuum channels that were omitted in that
target states included in our calculation. Our results are sunwork. We support the view of Konovalov and McCarthy that
marized in Table Il, where we compare them with those usethe remaining differences between the theories are likely to
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FIG. 3. Differential cross section for electron-impact excitation
FIG. 1. Total cross sectiong 10 *8cny) for electron-impact  of the 11S—2 1S transition in helium at an incident electron energy
excitation of the £S—231S transitions in helium near the=2  of 50 eV.
thresholds(a) and between 30 and 80 eV incident electron energy

(®). the sums of the 2S and 23'P° eigenvalues, respectively.

. ) o ) As one would expect, the results for the elastic cross section
be due to d|ffgrences in the target description. As discussegye nearly unchanged, with the CCC and RMPS values being
above, we believe that effects due to the target structure aiightly larger due to the inclusion of the full dipole polariz-
accounted for very accurately in the present calculation. ability in these models. On the other hand, the CCC and

Our results at incident energies of 30, 40, 50, and 80 e\RMPS results for the 1S—231S transitions at the lower
are compared in Table Il with experiment and with the 75-energies quoted are less than 50% of their values in the five-
state CCC results of Fursa and Brgd0]. In light of the  state model. This dramatic reduction is due to the effect of
experimental uncertainties discussed by de Heeal. [26],  the target continuum states and is similar to that found by
which are about 5% for the elastic cross section, 30% for thgrke and Weblj5] for electron-impact excitation of atomic
1's—2°S cross section, and 10% for thé's — 2*Scross  hydrogen. It is therefore likely that this effect is of similar
section, the agreement between the predictions from the tWenportance for other more complex atomic targets, amt
models and experiment is very satisfactory, indicating once included to obtain accurate results in collision calcula-
more the rellablllty Of the theore“cal methot&7,28:| tions for the intermediate_energy region_

For comparison, we also present results obtained in @ On a more detailed level, Fig. 3 shows differential cross
standard physical five-state frozen-core calculation, includ-
ing the Ik orbital of He", a 2s pseudoorbital optimized on

s N 18 i
the ground-state energy, and and 2 orbitals optimized on TABLE III. Total cross sectiongin 108 cn¥) for electron

impact excitation of helium. CCC refers to the 75-state calculation
of Fursa and Bray10] and five-state to a frozen-core model with

physical states alongee text The experimental data for the elastic
cross section are taken from Regisétral. [25] and for excitation
1000
from de Heeret al.[26].
QE, 500 - Energy
P r Transition (eV) Five-state CCC This work Experiment
E P S 1's—1's 30 201 225 219 211
g 20.5 21.0 21.5 40 154 169 166 158
“’,,’20-"""""""""""": 50 124 134 133 126
S 3 80 73.2 75.9 78.4 71.2
‘_; j 11s-23%s 30 4.95 1.91 1.76 1.90
E 1 40 1.63 1.14 1.10 1.18
] 50 0.709 0.732 0.694 0.740
3 B 80 0.151  0.256 0.225 0.260
P P SO TP s e = 1's—2's 30 584 219 229 2.40
30 40 50 60 70 80 40 3.97 1.87 2.02 2.11
Total Collision Energy (eV) 50 3.12 1.67 1.84 1.94
80 1.66 1.37 1.40 1.50

FIG. 2. Same as Fig. 1 for the transitiof®—21S.
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section results for excitation of thelS state at an incident sistent way, reliable cross sections for arbitrary targets at low

electron energy of 50 eV. Excellent agreement exists beand intermediate energies can now be readily obtained. We

tween RMPS, CCC, and the experimental data, while thare therefore planning to extend our work to more complex

perturbative FOMBT calculation is inadequate. targets such as carbon and oxygen where reliable cross sec-
In conclusion, we have shown that the RMPS methodjons are urgently required in many applications.

yields accurate elastic and inelasti¢S—23!S cross sec- , _ ,
tions fore~-He collisions at low and intermediate energies. | NiS work was supported by the National Science Foun-
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