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S-wave model for electron-hydrogen scattering
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The R matrix with pseudostates and convergent close-coupling methods are applied to the calculation of
elastic, excitation, and total as well as single-differential ionization cross sections for the simBlifiade
model of electron-hydrogen scattering. Excellent agreement is obtained for the total-cross-section results ob-
tained at electron energies between 0 and 100 eV. The two calculations also agree on the single-differential
ionization cross section at 54.4 eV for the triplet spin channel, while discrepancies are evident in the singlet
channel, which shows remarkable structy&1050-294{06)50208-9

PACS numbd(s): 34.80.Dp, 34.80.Bm, 31.15p

The simplifiedS-wave model of electron scattering from constructed to represent the target continuum by taking the
hydrogen atoms, introduced by Temkifi], has received minimum linear combination of Sturmian-type orbitals
much attention during recent years. For elastic scattering ande” * orthogonal to the above-mentioned orbitals. The
excitation, accurate solutions have been given by Bbef]. pseudostates were then obtained through diagonalization of
Furthermore, results for the total ionization cross section ifne target Hamiltonian.

the singlet spin channel were derived by Callaway and Oza AN important aspect in the present work concerns the
[5]. range parametar. Although it is, in principle, arbitrary, the

Although the ionization results are not exact, they haveSonvergence of the results for specific transitions depends on

: : ... 1is choice. We performed several RMPS calculations and
been used as a standard for comparison with pr6d|Ctlon\%ariedoz while keeping a fixed basis size. In the CCC calcu-

from other methods. Such methods include the intermediatre . . . ST .
energy R-matrix method[6], a two-dimensionaR-matrix ations a flxedq is takgn, but the basis size is increased until
' convergence is obtained. Both approaches correspond to a

propagator(7], the copvergent close-f:oupling:CC) ap- varying effective size of the box into which all states have to
proach[8], hyperspherical close couplir@], the J-matrix o ‘541 eezed. Consequently, they result in a variation of the

method[10], and the eigenchann@®-matrix method[11].  pseydothresholds for consecutive calculations.
Since the applicability of these methods is not restricted to  ag shown by Meyer, Greene, and Briyl], R-matrix
the solution of the Temkin-PoeflP) model for electron-  cajculations with box sizes determined by the range of the
hydrogen scattering, a successful reproduction of the knowBhysical target states of interest can be expected to exhibit
results for this model should provide confidence in applyingpseudoresonance structure. It is essentially impossible to
the techniques to more complex and realistic problems. Thigliminate these resonances by simply increasing the number
is particularly true for the description of the two-electron of pseudo-orbitals with the same valuewfas is done in the
continuum—a long-standing problem in electron-atom colli-cCC methog, since such an increase would enlarge the
sion theory. R-matrix box significantly. To preserve the strengths of
We have used the recently develop®dmatrix with  R-matrix approaches, other methods, like box averaging,
pseudostate$RMPS method[12] to investigate its appli- frame transformations, or energy convolution have to be de-
cability to the TP model. This is particularly important, signed.(For a detailed discussion, see REf1].) Although
since the RMPS method has been implemented in the germ energy convolution over pseudoresonances could be used
eral R-matrix codes of the Belfast group that are designedor the TP model without losing potentially important infor-
to handle complex many-electron targets. If this methodmation about true resonances in the two-electron continuum,
is able to describe ionization accurately, such calculatthe results presented here were obtained entirely through box
i0nS become |mmed|ate|y pOSSible for a |arge Variety of tar'averaging via a range ol Va'ues_ In Order to keep some
gets. correlation between the two electrons when both have posi-
Since details of the method have been described elsgye energies, we chose @matrix radius of 68, and «
where[12], we only summarize the most important details ya)yes between 0.52 and 0.78. This rangeraénsured that
for the present study. We are interested in transitions involvin || cases the first eight states fit into the box, with one
ing discrete levels up tm=3, and thus the analytically pseudostate being bound and four lying in the continuum.
known 1s, 2s, and 3 orbitals were included in the For this rather large box size, 72 continuum orbitals had to
R-matrix expansion. In addition, pseudo-orbitals” were  be included in theR-matrix expansion to obtain converged
results for collision energies up to 100 eV. Note that these
continuum orbitals must be Schmidt orthogonalized to all
*Permanent address: Department of Physics and Astronomyseudo-orbitals in the calculation. This causes numerical
Drake University, Des Moines, |IA 50311. Electronic address:problems that have been addressed in R&f]; without the
klaus@bartschat.drake.edu revised algorithm, the present calculation would have been
"Electronic address: I.Bray@flinders.edu.au numerically intractable.
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The convergent close-coupling approach solves the
coupled momentum-space Lippmann-Schwinger equation
derived from the full three-body Schiimger equation. A
Laguerre basis set is chosen to diagonalize the target Hami
tonian. This choice of basis functions eliminates numerica
problems associated with convergence and linear depel
dence. The basis set size is systematically increased un
the observable of interest converges. Most importantly
for the present study, accurate CCC cross sections for ela
tic scattering, excitation of the?and ¥ states, and ioni-
zation in both the singlet and triplet total spin channels
have been tabulated for the TP model in the energy rang .05
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from 1 to 400 eV incident energjd3]. Further details of 3 LALLM L
the CCC method, including its application to realistic quasi- s 0.04 F " 2% -
one- and -two-electron targets can be found in Réf4] and 7 F ]
[15]. g 003F [N :
In Figs. 1 and 2, we present total-cross-section results fo-2 - b 3
elastic scattering, excitation of theszand 3 levels, and 5 0.02 | RMPS -
ionization as a function of the incident electron energy. The 3 o 0.65 —-=-— .
RMPS curves were obtained from 27 calculations with § 0.01 F W CCC(30) ------ -
a=0.52,0.53,. ..,0.78, which were averaged by ordering ., C ]
the results according to size and assigning a weighting factc & e T
to the individual terms. Tests with several weighting & 0 10 20 30 40 50 60 70 80 90 100

schemegwhere the center is given at least as much weigh 0.02 AL L B A B L LAl b bl b
as the edgesshowed that the results are essentially indepen | 3 1
dent of the details of the averaging procedure. The CC( | | S i
results[13] are from a 30-state calculation. In both methods E

the ionization cross sections are obtained by simply sum 0.01 "

ming the cross sections for the positive-energy pseudostate ) y
In the RMPS method, due to the small number of states,
contribution to the ionization from the bound #seudostate

is estimated to ber,5— 1.08035, When positive[5]. Tests L :
without this correction term showed that it is essentially re- 0 Lewdbobon s b Lo mrtroodbreeed
sponsible for the difference between the present results ar 0 10 20 30 40 50 60 70 80 90 100
those of the eigenchannel approdth], which used a frame
transformation of the scattering matrix.

The agreement between the RMPS and the CCC results is FIG. 1. Singlet total cross section for elastic scattering and ex-
excellent over the whole energy range of interest, both focitation of the 2 and 3 levels for the Temkin-Poet model of
the singlet discrete transitiorfsee Fig. 1 and for ionization e-H scattering as a function of the incident electron energy. The
in both spin channelésee Fig. 2 The results for the triplet curve labeled “0.65” corresponds to the RMPS calculation with
discrete channelgnot shown converge very fast with the «=0.65. The CCG30) results are from Ref13].
number of states included in the close-coupling expansion

projectile energy (eV)

ionization cross section as the sum of the excitation cross

a=0.65. Clearly, performing a series of calculations with . ; - .
. ; : : sections for the pseudostates with positive energy. Hence it
variablea is an effective, though somewhat expensive, way; . . . . : :
possible to obtain an estimate for the single-differential

of dealing with pseudoresonances. It should be pointed ou{‘,c’ . . :
9 P P fross section for energies >>0) of the “ejected” electron

however, that neither 27 eight-state RMPS calculations nor . X .
CCC calculation with 3G states is expected to be necessary(described by square-integrable functiptisat correspond to

to obtain accurate results for a realistic scattering probleni’® €xcitation thresholds for the pseudostates. One can ex-

where several partial waves interfere with each other. pect that these estimates will improve with the number of
Having checked the results of the RMPS and CCC methPseudothresholds that lie, for a fixed total eneEgyin the

ods against each other, we now extend our treatment of th&gion 0< e 5<E. The total ionization cross section must be

TP model to the calculation of single-differential ionization equal to the integraldg, 0<gq< J2E) overdo/dq.

cross sectionslo/dg. Ways to extract this parameter in a  In Fig. 3, we show results for the differential ionization

close-coupling formalism have been discussed by Konoveross sectiomlo/dq for the TP model at an incident electron

alov, Bray, and McCarthj16], and by Bray and Fursd7].  energy of 54.4 eV, corresponding to a totpfojectile plus
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FIG. 2. Same as'Fig. 1 for the ionization cross sections in the g 3, Single-differential ionization cross sectida/dq for

singlet and triplet spin channels. the Temkin-Poet model oé-H scattering as a function of the
“ejected” electron momentum at an incident electron energy of

targe} energy ofE=1.5 a.u.;e and q are the energy and 54.4 eV. See text for details.
linear momentum of the ejected electron, respectively. The
RMPS results correspond to the estimates obtained by usingoss section at this point diminishes further with increasing
the results for excitation of three open pseudostates in thH. In an exact treatment of this problem with true continuum
13 calculations whose sums were closest to the final resufitates, a final triplet state with two electrons having zero
for the total ionization cross section. Furthermore, the finabrbital angular momentum and the same energy is Pauli for-
curves were renormalized to ensure the reproduction of theidden. Consequently, our results indicate that, at least in the
total ionization cross section after numerical integration. Thecase of scattering from the ground state, the Pauli principle
CCC results were obtained by performing 30- to 34-statdor the two-electron continuum is accurately implemented
calculations and are presented together to indicate the suusing just a few states in the multichannel expansion, despite
prising structure of the cross section and the very slowthe different treatment of the two electrons.
rate of convergence with increasing basis size in the singlet This asymmetric treatment of the two outgoing electrons,
channel. These states were obtained by diagonalizing thene by a plane wave and the other one by a pseudostate, is
target Hamiltonian with A\=2a=2.5 and basis sizes the reason for the lack of symmetry abde#2 of the raw
N=45,...,49. All open and just a few closed channels wereCCC results for the single-differential cross section
included in the calculations. Even though there is some disdo/de=1/q(do/dq) for the e-He system at 100 eV17].
crepancy between the CCC and RMPS results for this charHere, in a much simplified model, this is also the case in
nel, the integralsdq) are much the samf. Fig. 2. Thisis  both the singlet and triplet channels. Thus the TP model, too,
another example of the strength of a unitary formalism. Consuggests that the unitary close-coupling formalism treats the
vergence in the elasti@-matrix element implies conver- two electrons as distinguishable. For this reason, Bray and
gence in both the elastic and the total cross sedtimtical Fursa [17] suggested that the close-coupling single-
theorem. Convergence in the nonbreakup cross section thedifferential ionization cross section to be compared with ex-
implies convergence in the total ionization cross sectiorperiment isdo/de(€)+do/de(E—€).
without the requirement of convergence in the individual In conclusion, we have demonstrated that the RMPS
contributions to this channgl g]. method can yield reliable total-cross-section results for elas-

The results for the triplet spin channel exhibit a muchtic scattering, excitation, and ionization for the Temkin-Poet
better convergence pattern. For this case, convergence withodel. The advantages of ti&matrix method as an effi-
basis size is very rapid and hence the CCC and RMPS resultsent way to obtain results for a large number of collision
are in very good agreement. Note the fact that the tripletnergies can be preserved by averaging the outcome of sev-
single-differential cross section essentially vanishes aeral rather small calculations. In addition, we have given the
q=+E~1.2 a.u., the point that corresponds to both of theresults in this model for the raw single-differential ionization
outgoing electrons having the same energy. In fact, by pereross sections at a single energy of 54.4 eV, which we hope
forming a series of CCQ) calculations we found that the will stimulate debate and calculations with the many other
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techniques that have already been applied to this modegroup, especially P.G. Burke, V.M. Burke, E.T. Hudson, and
There is no doubt that the TP model has been of great beneft. Scott, in the development of a né&vmatrix package that

in testing general electron-impact scattering theories wheas used as a starting point for the RMPS calculations. This
applied to discrete transitions. We believe it to also be a\vork was supported in part by the National Science Founda-
ideal testing ground for general methods of Calcmaﬁnggtl)igd(eKr'sB.ZJr;[iT/eeréili;trﬂI?oﬁtisiaurgt?aﬁglug?lBé)ﬁ :”gf tni
electron-impact ionization processes. (K.B.) would also like to thank Flinders University for sup-
We would like to acknowledge the work of the Belfast porting his visit.
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