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Time-dependent and time-independent close-coupling methods
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The electron-impact ionization cross section of'Bs calculated using both a time-dependent and a time-
independent close-coupling method. The time-dependent method is based on the propagation of wave packets
constructed using excited-state orbitals calculated in a core pseudopotential. The time-independent method is
an R-matrix solution based on a total wave function constructed using antisymmetrized products of Laguerre
pseudo-orbitals and zero-derivative box orbitals. In both methods, low partial-wave close-coupling results are
added to high partial-wave distorted-wave results to yield ionization cross sections'feuBstantially below
the experimental crossed-beam measurements of Falk and [Phys. Rev. A27, 754 (1983] and in agree-
ment with the recent time-independent close-coupling calculations of Bartschat anf)BPdys. B30, L109
(1997]. [S1050-294©@7)07809-9

PACS numbd(s): 34.80.Kw

[. INTRODUCTION dependent close-coupling method is based on the propaga-
tion of wave packets and their projection onto a complete set
Recently, severahb initio theoretical methods have been of bound excited states. To go beyond our previous work on
developed that have the capability of producing accuratelectron ionization of hydrogen, we calculate the excited-
electron-impact ionization cross sections for atoms and theistate spectrum using a pseudopotential for the core electrons.
ions. The converged close-couplifg)], the hyperspherical The pseudopotential method has the added benefits of keep-
close-coupling 2], the R-matrix with pseudostatgs], and  ing the lattice size relatively small and eliminating problems
the time-dependent close-coupliig,5] methods have all Wwith superelastic scattering. The time-independent close-
produced ionization cross sections for hydrogen in excellengoupling method is based on &matrix solution with La-
agreement with experimenf6]. The converged close- guerre pseudostates. In contrast to the use of Gram-Schmidt
coupling [7] and R-matrix with pseudostatef8] methods ~Methods, orthogonality between the different sets of orbitals
have also produced accurate cross sections for the electropéeded to construct the scattering wave function is obtained
impact ionization of helium. Since accurate electron-impacPy diagonalizing the matrix of overlaps. In both methods,
ionization cross sections for atomic ions are needed for th@W Partial-wave close-coupling results are added to high
modeling of a variety of laboratory and astrophysical plas Jpartial-wave distorted-wave results to obtain the total ioniza-

mas, it s imporant fo extend the range of atomic system{ 2 FeS% FERER T 78 (8 S0 SO0 S P O
that can be treated by these advanced methods. P piing

. _tions of Bray[9] and Bartschat and Brgyi3] and are thus
When Bray[9] extended the converged CIOSE“'Coul[)“ngsubstantially below the experimental crossed-beams mea-

method to (_:alcu!ate ele(_:t_ron ionizat_ion cross sections fo urements of Falk and Durj0]. The time-dependent theory
Iow—charge ions |n.the Li isoelectronic sequence, he founqgS reviewed in Sec. I, the time-independent theory is re-
serious discrepancies between theory and crossed-beam €Xa\ved in Sec. lll, the two methods are compared with each
periments on B& [10], B?' [11], and C* [12]. Very re-  gtner and experiment in Sec. IV, and a brief summary is
cently Bartschat and Brgyl 3] repeated the converged close- fond in Sec. V.

coupling calculations and carried ouR-matrix with
pseudostates calculations for the ionization of Bed again
found a serious discrepancy between theory and experiment.
In this paper we apply the quite different time-dependent
close-coupling method to calculate the electron-impact ion- For electron scattering from atomic ions involving one
ization of Be", while at the same time carrying out an electron outside a closed shell, the time-dependent close-
R-matrix calculation using a large pseudostate basis and eoupling equations for eachS symmetry are given byin
continuum basis set orthogonalization procedure. The timeatomic unit$

Il. TIME-DEPENDENT THEORY
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VIPP is anl-dependent core pseudopotential, and the coupling opév’%ilq?rl,l, is given by
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The coupled partial differential equations are solved on a two-dimensional lattice using an explicit time propagator. At time
t=0 the wave functiorPI‘jz(rl,rz,O) is constructed as a symmetric product of an incoming radial wave packet for the

scattering electron and a bound radial orbigg)(r) for the valence electron. Following the collision at tirhe T, the
spin-averaged electron-impact ionization cross section is given by

Tin= 31 < 2 LTS+ Lpi, @

where
2
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and §(141,13) is an algebraic triangle relation. P,4(r) orbital peaks at about=2.0. The inner node of the

The closed-shell orbitals are obtained by solving their cor2s orbital is clearly seen in the contour plot. Following the
responding Hartree-Fock equatiofis4]. The core orbitals time propagation of the three-channel close-coupled equa-

are then used to construct the radial Hamiltonian tions, the absolute value squared BfY(r,,r,,t=20) is
) shown in Fig. 1b). Of interest to us here is the probability
h(r)=— E ‘?_ | (1) 6) density forr<1.0 along each axis. The probability flow in

this region is fast, having already been reflected from the
lattice boundary. It represents excitation fros+21s. Since

where the 1s orbital is already filled, the use of a model potential in
| I(1+1) Z 24p the time-dependent equations has generated an unphysical
Vix(N ==z = 7+ Vil )_ >|— | . (7 result . . o
r r To solve this problem we introduce pseudopotentials into

the time-dependent method. Using standard procedafgs

e first generate a lowest-energy pseudo-orbital for each an-

ular momentum occupied in the core. Essentially all the
inner nodes of the previously generated lowest-energy va-
[ence orbital are removed in a smooth manner. An
|-dependent pseudopotential is obtained by inverting the ra-
dial Schralinger equation with the newly constructed
pseudo-orbital. The new radial Hamiltonian

Vy(r) is the Hartree potential, andis the probability den-
sity. The excited-state spectrum is obtained by diagonalizin
h(r) on the lattice. The parameter, is varied to obtain
experimental energy splittings for the first few excited states
If we choose the model potenti}saﬂ'HX instead ofVpp in
Eqg. (2), we run into problems associated with superelastic
scattering. This is best illustrated with a sampR partial-
wave calculation for the electron-impact ionization of Bat

an incident energy of 50 eV. The absolute value squared of 1 92 |
PXr,,r,,t=0) for the 2 ground state of Be is shown in h(r)==5 52+ Vee(r) 8

Fig. 1(a). The radial wave packet for the scattering electron
is centered at=20.0, while the second antinode for the is then diagonalized on the lattice to obtain an excited pseu-
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FIG. 1. 'S partial-wave probability densities for electron-impact ~ FIG. 2. 1S partial-wave probability densities for electron-impact

jonization of B€ at 50.0 eV using a model potentigla) con- ionization of Be" at 50.0 eV using a model pseudopotentii)
tour plot for [P%(r,r,,t=0)[2 and (b) contour plot for contour plot for |P3(ry,r,,t=0)? and (b) contour plot for
|Pe(ry.r2,t=20)%. [Pe(ry.r2,t=20)%

. . . Il. TIME-INDEPENDENT THEORY
dostate spectrum. For Bethe ns radial orbital spectrum is

replaced with ams radial pseudo-orbital spectrum. The ab- We use ari.? basis to represent the bound and continuum
solute value squared d?2)(r,,r,,t=0) for the X ground States of the iofil6]. Excitation of the positive energy states
state of B& is shown in Fig. 23). The & pseudo-orbital COTrésponds to ionizatior{17]. We use the program

does not have an inner node, as is clearly seen in the contoftf TOSTRUCTURE [18] to generate an orthogo_n_al set of La-
plot. Following the time propagation of the three-channelduerre basis orbitals by Schmidt orthogonalizing the nonor-

close-coupled equations, the absolute value squared giwgonal basis

00 _ ; P . ] B
Pss(rl,r?,t—ZO) is shown in Fig. @). The.ur.1phy5|cal su Poi(D) =Ny (AyZr) *le 22 2430\ 70y (g)
perelastic scattering problem has been eliminated.

The time-dependent close-coupling equations were solveqereLﬁlﬁl denotes an associated Laguerre polynomial and
for electron scattering from Beat incident energies of 40, N, is a normalization constant. We note that the scaling
50, and 60 eV. We employed a 20000 lattice with each parameter\,, does not include the chargg; here Z=z
radial direction from 0 to 40 spanned by a uniform meshy 1 wherez is the residual charge on the ion. We take all of
with spacingAr =0.20. Between 3600 and 9200 time stepsthe\ ,, to be equal to unity in all of our calculations since we
were needed to propagate each of the. &symmetric wave find that this value minimizes the size of the pseudoreso-
packets before cross-section convergence was achieved. Thance structure, i.e., it speeds up the convergence of the
number of coupled partial differential equations ranged fronpseudostate expansion. We use physical orbitals for those

4 for the 1S wave packet to 16 for théH wave packet. states that we wish to study transitions between, or from,
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rather than rely on using a large enough set of Laguerre ~ 50
states so as to converge to the physical ones.NHaectron NE - .
configurations are built up from the one-electron orbitals and O I’Ii
then the Hamiltonian is diagonalized to obtain the set of ®
. . ; o
N-electron eigenenergies and eigenstates. Fdr, Bee use =
physical Is, 2s, and 2 orbitals and pseudo-orbitals for c 80
=3-12,1=0-3 since we concern ourselves purely with -_g
ionization. This gives us six pseudostates per angular mo- g 20 |-
mentum that lie in the continuum. We investigated also the on -
effect of adding eighty states and found it to be negligible 8 10 |-
(~1%) for the total ionization cross section. Thus our o
R-matrix pseudostate basis is much larger than that of Bar- (3 0 ,

tschat and BrajZlSJ. They were looking at excm_itlofup to 0 20 40 60 80 100
n=4) as well as ionization and so used physi@dartree- E vV
Fock) orbitals up ton=4 and pseudo-orbitals that gave only nergy (eV)
threes states, threg states, twod states, and oné state

lying in_ the conti_nuum. This limited pseudostat(_e expansior]_arge crossed box, time-dependent close-coupling method plus
necessitated taking the average of results obtained from SHistorted-wave top up; solid curve, time-independent close-coupling

separatéR-matrix runs using different scaling parameters. It method plus distorted-wave top up; dashed curve, distorted-wave
also necessitated a further correction to the ionization Crosgethod; solid circles, experimental measureméh@.

section to allow for the contribution to ionization from exci-

tation to bound pseudostates. In faCt, &umatrix calcula- Corresponding to that part of tivebasis that is Spanned W
tions are much closer in spirit to the convergent closenot byu. This procedure for obtaining a continuum basis that
coupling calculations of Bray9] and Bartschat and Bray s orthogonal to the physical plus pseudo-orbital basis is
[13]. Indeed, our pseudostate expansion including ghe completely automatic and numerically stable with large num-
states is the same size as that used by BedyFinally, a  pers of pseudo-orbitals and continuum basis orbitals: up to
larger convergent close-coupling expansion was used bys of the former and 80 of the latter per angular momentum
Bartschat and Bray13] (to n=15) so as to obtain conver- have been tested. For Beour “target” orbitals necessitate
gence of theif=4) pseudostates to the physicat 4 states.  the use of arR-matrix box of radiusR=37 and this means
We solve the time-independent close-coupling equationghat with 40 continuum basis orbitals per angular momentum
using the R-matrix method[19]. Our starting point is (initially) we can go up to an incident electron energy of 80

RMATRIX |, the Breit-PauliR-matrix codes[20] developed eV. We carried out S-coupling calculations, as described
for the Iron Project{21]. The Laguerre basis orbitals are apove, forL=0-8 with a small “top up” for higher_ ob-

ideal since the functions and their first derivatives vanish atained from the distorted-wave calculations.

the R-matrix boundary, just like the physical orbitals. A Qur ionization cross section is obtained simply by sum-
practical problem encountered is the orthogonalization of thgning excitation cross sections to pseudostates that lie above
continuum basis orbitals, which are used to describe the scaghe ionization limit. This is formally correct when the size of
tering electron, to the Laguerre orbitals. Bartsabtadl. [22]  the pseudostate basis tends to infinity. On using a finite basis,
used a numerical Schmidt orthogonalization procedure. Wen principle, one should project from the pseudobound and
use an alternative approach that we find to be more stablgontinuum states onto the physical continuum; see, for ex-
numerically when using a largR-matrix continuum basis ample,[25]. If our representation of the continuum is suffi-
[23,24. Initially we have two distinct sets of orthonormal ciently dense, then there is a negligible net effect on ioniza-
orbitals, namely, the physical plus pseudo-orbitals, which w&jon due to the contribution to ionization from bound pseudo-
denote byp, and the continuum basis orbitals, which we state excitation and the loss from the continuum pseudostates
denote byu. We now form a single orthonormal setwhich  due to excitation of physical bound states; the two tend to
consists op plus a new continuum basis as follows: write  cancel. This was investigated by adding an extra pseudostate
u=ap+bu; then v is orthonormal if a=—bM and b per angular momentum, which resulted in an additional pseu-
=d~Y20". Here M is the matrix of overlap integrals be- dostate per angular momentum lying in the continuum. The
tweenu and p [{M};;=/dr ui(r)p;(r)], O is the matrix effect was smal(~-+5%), particularly when narrow features
that diagonalizes—MM T (O'[I-MM T]O=d), andd is  were convoluted with a 2-eV full width at half maximum
the associated diagonal eigenvalue matrix. Eigenvalues abaussian function. This was to be expected from the conver-
zero correspond to linear combinations of theasis that are  gence studies of Brg@], the small size of the oscillations in
spanned by the basis and these are neglectad practice, our original results(see Fig. 3, and the agreement of our
we keep those with eigenvalues greater than*l&hich we  partial cross sections with the time-dependent resisiee

find is more than sufficient to avoid any numerical instabil-Table ).

ity). Thus, in general, the new continuum basigontains

FIG. 3. Total electron-impact ionization cross section for Be

fewer orbitals than the original basis. However, care must IV. RESULTS
be taken in evaluating the Buttle correction since the effec-
tive one-body Hamiltonian is not diagonal in and so we Partial-ionization cross sections for Bare presented in

diagonalize it. We then recover the original eigenenergie§able |, where we compare the close-coupling results with
and surface amplitudes of thebasis plus some extra ones themselves and with distorted-wave results. The distorted-
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TABLE |. Partial ionization cross sections (18 cn¥) at an TABLE lIl. Total ionization cross sections (168 cn?) for
incident energy of 50 eV for Be Be'.
Time-dependent Time-independent Time-dependent Converged
Distorted wave  close-coupling close-coupling Energy close-coupling close-coupling
L results results results (eV) results result$
0 0.79 0.72 0.65 40.0 29.6 325
1 3.93 2.11 2.55 50.0 315 33.5
2 5.01 3.78 3.76 60.0 315 33.0
3 3.85 3.03 2.92
4 5.26 4.41 4.09 *From Ref.[9].
5 5.12 4.98 4.75

nature, the time-dependent close-coupling calculations make
use of distorted-wave cross sections lfer 6 — 30, while the

wave method is based on a triple partial-wave expansion dfme-independent close-coupling calculations are “topped
the first-order perturbation theory scattering amplitude, inUP" by distorted-wave cross sections for-9—30. The slow
cluding both direct and exchange terms. The incident an@scillations in the time-independent close-coupling results

scattered electrons are calculated MMpotential, while the aré due to pseudoresonances. As the basis set is increased
bound and ejected electrons are calculated ii¥al poten-  these tend to damp to the smooth curve characteristic of di-

tial [26]. In previous work on the electron ionization of hy- rect ionizgtioq. All close-coupling ca_lculations to date are
drogen[5], this choice of potentials for the distorted-wave found to lie slightly below the pure distorted-wave calcula-
method was found to give fairly good cross sections at higﬁ'ons and substantially below the experlmental cros_seq-beam
angular momentum. By =5 ali three methods are in rea- measurementq10]. We note that the first excitation-
sonable agreement. autoionization feature (f2s— 1s2s2p) appears at 118 eV,
Starting with pure distorted-wave results for the total ion-Well above the energy range presented in Fig. 3.
ization cross section at 50 eV, we successively substitute the
more exact close-coupling results for the low partial-wave
cross sections and present them in Table II. IBy4 the
time-dependent and time-independent methods have con- |n this paper we have used the time-dependent and time-
Verged to a cross section value between 31 and 32 Mb. EVQﬁdependent C|ose-coup|ing methods to calculate the
by L =8 the time-independent close-coupling results are stilklectron-impact ionization cross section for ‘BeThe con-
in that same range. The hybrid calculations consisting oktruction of a core pseudopotential for the time-dependent
time-dependent close-coupling results for 05 and time-  wave-packet calculations kept the lattice size relatively small
independent distorted-wave results for=-6-30 are com- and eliminated unphysical superelastic scattering. The diago-
pared with the converged close-coupling calculations of Brayhalization of the matrix of overlaps for the time-independent
[9] in Table Ill. The converged close-coupling calculationsR-matrix calculations served as an efficient orthogonaliza-
are found to be 5% higher. The principal uncertainties in thajon procedure for the pseudostate and continuum basis or-
hybrid calculations are due to the choice of the core pseudmitals. The computer resources needed by both close-
potential and the accuracy of the first-order distorted-waveoupling methods were found to be roughly similar.
calculations at the high angular momentum. The fact that the time-dependent wave-packet method
The time-dependent and time-independent close-couplingields a magnitude for the peak ionization cross section for
calculations for the electron-impact ionization of Bare Be® in reasonable agreement with the three time-
compared with pure distorted-wave theory and experimenihdependent close-coupling calculations is compelling evi-
[10] in Fig. 3. Both close-coupling calculations are hybrid in dence that the experimental measurements need to be re-
examined. The wave-packet method is essentially a
TABLE Il. Total ionization cross sections (16® cn?) at an  numerical experiment in which asymptotic boundary condi-
incident energy of 50 eV for Be DW denotes distorted wave and tions are not needed, unlike the time-independent formula-
CC close coupling. tions of scattering theory. As Brd®] has shown, many of
the low-charged ions in the Li isoelectronic sequence may
Time-dependent Time-independent  also need to be revisited experimentally. Currently we are
close-coupling  close-coupling examining low-charge ions in the Na isoelectronic sequence.
Hybrid selection results results We stress again that the absolute magnitudes of the ioniza-
tion cross sections are the crucial quantities in determining

V. SUMMARY

DW(0—30) 36.39 36.39 T - . .
CC(0)+DW(1—30) 36.32 36.25 the ionization rate cqeﬁlments used in modeling many labo-
CC(0—1)+ DW(2—30) 34.50 34.87 ratory and astrophysical plasmas.
CC(0—2)+DW(3—30) 33.28 33.62
CC(0—3)+DW(4—30) 32.46 32.69 ACKNOWLEDGMENTS
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