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Fourier transform method of calculating total cross sections using the time-dependent
close-coupling theory
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A formulation of the time-dependent close-coupling theory is described which allows efficient calculation of
the total ionization cross section for many electron energies. The Fourier transform method is applied to the
electron-impact ionization of Bi and excellent agreement is found with experiment and a distorted-wave
method.
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[. INTRODUCTION integral cross sections over a range of energies for only one
time propagation. We thus eliminate the need for multiple
The calculation of total integral cross sections fortime-dependent calculations to obtain the cross section for
electron-impact ionization of atoms and atomic ions has, irmore than one energy. Our technique is based on a simple
the last 8 years, greatly benefited from the development dfourier transform involving the initial wave packet that de-
several nonperturbative methods, which generally show ver§cribes the incoming electron. _ _
good agreement with each other and with experiment. For Wave-packet descriptions of quantal atomic physics phe-
the electron-impact ionization of hydrogen, the convergenf'0mena have been used extensively in computational chem-
close-coupling 1], the hyperspherical close-couplifig], the istry [7]..'Eor example, they have been used to study reactlon
R-matrix with pseudostateg3], the time-dependent close- probabilities for atom-atom and atom-molecule collisions
coupling[4], and the exterior complex scalii§] methods [8]. Transmon_ probabilities and rate constants were initially
yield results over a wide range of incident energies that ar alculated using broad wave packets in radial space, to ob-

all within the error bars of the total cross section measure 2 Probabilities at a single enerd$]. This was subse-
. guently generalized to allow probabilities to be obtained for
ments of Shalet al.[6]. The convergent close-coupling, the d -~ P

T i many energies in a single propagation using a highly local-
R matrix with pseudostates, and the time-dependent closes spatial wave functiof10]. Wave-packet techniques

coupling methods have been successfully used to calculajg,e 5150 been used in the study of atoms subjected to strong
electron-impact direct ionization cross sections for manygectric fields[11].
other atoms and their ions. Our proposed method is found to take almost the same
The R-matrix with pseudostates method uses analyticcomputational resources as previous calculations and can
functions and/or pseudo-orbitals obtained through diagonainow give total cross sections over a wide range of electron
ization of the target Hamiltonian to represent the bouncenergies. This is an improvement in the calculation of total
orbitals. The N+ 1)-electron Hamiltonian is then diagonal- integral cross sections, since the computer time necessary is
ized and a total ionization cross section can be extracted vinow much less. It could also prove very beneficial in calcu-
a simple analytic function involving th& matrix and the lations of asymmetry parameters, where partial-wave total
surface amplitudes. It is this diagonalization that forms thentegral cross sections are necessary over a range of energies
main computational aspect of this calculation. The resultingand for which many angular momenta are needed to achieve
total ionization cross section contains unphysical pseueonvergence. We note that our method also allows calcula-
doresonances that oscillate about the true direct total crog®n of angular differential cross sections at many incident
section. This is due to the finite nature of the pseudostatelectron energies, although this may not be as important
expansion. Of course, since we know that the direct crossince experimental measurements of these quantities tend to
section must be smoottsince it generally does not contain be made at only a single incident electron energy. We apply
any resonance structyrehis oscillating function can be eas- our technique to calculations of total cross sections for elec-
ily averaged to give the correct answer, which, in practicetron scattering from 13". Good agreement is found with
works extremely well. existing experimental measurements and distorted-wave cal-
The time-dependent close-coupling method usually onlyculations. We note that this completes a set of time-
calculates the total cross section, at three or four points, sinagependent calculations for total ionization cross sections for
each energy point must be calculated separately. Again, thide lithium isonuclear sequen¢&2,13, which is necessary
is satisfactory since, as the total cross section is a smootfor collisional radiative modeling of fusion plasmas where
function, one can easily draw a line through these points tdithium beam spectroscopy remains an important diagnostic.
obtain the cross section as a function of energy. The main
requirement is to map out the peak of the cross section which
then falls off asymptotically with incident electron energy. In
this paper we describe a method that allows us to use the For electron scattering from a one-electron target atom the
time-dependent close-coupling formalism to calculate totaHamiltonian in atomic units is given by
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7 7 1 energy width of eaclP;° to be smaller than that &?;°. By

H=— V23— _Vim —— —+ ————, (1)  applying a Fourier transform to E¢4) we can write
2 2 r{ ro |r1—r2|

1 .
wherer, andr, are the coordinates of the two electrons and ﬂf eEPL(r .1, )dt=A(E)P1g(r1) dii(r2), (6)
Z is the atomic number. The total wave function can be ex-

panded in coupled spherical harmonics as so that
PLS (r1.r2.t) Ag(E) y
WS, =S e 2 stm,rz,r):fﬁAJE)PR(rlwk'(rz)e EdE
P Firs a
1 AL E) .
. . _ = A=) E(t-1)plS
I415L = P E
X 2 ComoVium ()Y (2), (@ 27J JAQ(E>e « ("1 1z, AEd!
wherelL andSare the total orbital and spin angular momen- :J PL(ry.ro.0)
tum of the system,Y,m(F) is a spherical harmonic, and
Clrﬁlli:zo is a Clebsch-Gordan coefficient. From projection X(if Ag(E) eiE(t—T)dE]dt. 7)
onto the time-dependent Schiinger equation we obtain a 2m) Aq(E)

set of time-dependent close-coupled partial differential equ

> 8The ratiosAz(E)/A,(E) can be calculated numerically from
tions for eachL S symmetry

Eq. (5) once we have defined our initiat€0) wave func-
tion and need only be computed once, since they are time
aP}-? (FyFait) independent. The widths of the wave packets .must be chosen
j—12 =T, (Fl,fz)P|L8| (r1,fpt) such thatAﬁ(E)/Aq(E)—>O gsE—>ioo. Alsq, since we are
at 12 172 only concerned with the ratios, the normalization of the con-
tinuum functions need not be computed. Thus the children
+> V|L| |/|'(rl!r2)P:_'?'(rlaert)a wave functionsP;S may be calculated from the pareR}>
11, e re in a straightforward manner. Also, the number of time steps
3) necessary for computation @IES is much less than the num-
ber required in the main time propagation Bf>. This is
whereT, | (r1,r,) contains kinetic energy, centrifugal bar- Pecause the computation Bf;” in Eq.(725 is an integral over
rier, nuclear, direct Hartree and local exchange operator?, srr_10_othly varying fun_ctlon, Whereaﬁi is obtained viaan
L . . explicit time propagation that depends on the radial grid
and V|l|2,|1|é(rl'r2) couples the variousl{l,) scattering

spacing.
channgls. Explicit expressions for these quantities may be At atimet=0 before the collision the two-electron radial
found in Ref.[4]. wave functionsP|$ (ry,r,,t=0), for =L are defined by

We note here that our time-dependent radial wave func-
tion may also be written, for a time-independent Hamil-
tonian, in the form

LS 1
Pro(ry,ro,t=0)= Egkl(rl)Pls(rZ)a

LS _ —iEt 1
Plllz(rl,rz,t) J'A(E)Pls(rl)d’kl(l’z)e dE, (4 P&S(rl,rz,t=0)=\/;(—1)Spls(f1)gk|(r2), (8)

where ¢y (r) are energy normalized radial continuum func- whereKk is the linear momentum anB,4(r) is the bound

tions, product functions are used for simplicity, and the time- dial orbital of L&+ d . i>ed

independent quantitA(E) may be defined as radial orbital o , and we now use an antisymmetrize
product function. The radial wave paclg(r) that defines

P-Sis given by
AE)= | Pulr) gt P12 1o t=0)drdr, (8)

gi(r)= e (=92h"(kr), 9

whereE= e, +k?/2. (W)t

We now choose a “parent” time-dependent wave functionwheresis the localization radius of the wave packetis the
P-S(rq,r,,t), and a family of “children” wave functions width of the wave packet arla] (kr) is an asymptotic Han-
PE(r1.r2,t) (where we have dropped thel, subscript on kel function, i.e.,h (kr)=e""e' ™" For the P> wave
the radial wave functions for claritywhere we choose the functions we choose a wave packet where
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FIG. 1. Contour plot of the
probability density for thelSl;
=1,=0 channel for electron scat-
tering from L?*. For (a), (b), and
(c) the plots were made with sepa-
rate runs using the older version
of our time-dependent programs.
For (d), (e), and(f) the plots were
made using one run of our pro-
posed program, with the initial en-
ergy centered at 200 eV. Fda)
and(d) the electron energy is 180
eV, for (b) and(e) the electron en-
ergy is 200 eV, and fofc) and(f)
the electron energy is 220 eV.

o normal and extract th';> wave functions from it using Eq.
e (79T (kr),  (10)  (7), using the stored values of the ratidg(E)/A,(E). We
note that theP',® wave function is propagated for longer than
) ) ) would usually be necessary, in order to allow the transformed
.e., we have taken a much narrower width in momentumyaye functions associated with the lowest energies stored in
space(and so broader in radial spac&his allows the chil-  pLs ¢ fficient time to converge. After the time propagation

LS ; ; ; B
dren P~ wave functions to cover a wide range of energiesi,e propabilites and cross sections for both excitation and
and Eq.(7) ensures that these wave functions may be eXjgnization may be extracted by the usual projection onto

1

[(4W)27T]1/4

gﬁ(r):

tracted efficiently from a normal time propagation Bth' products of bound and continuum radial orbitals.
The same bound orbitaB,¢(r) are used for both the In Fig. 1 we show contour plots of the probability density
and Pz~ wave functions. for the 'S I;=1,=0 channel for electron scattering from

As in our previous time-dependent calculations, the closet.i?*, for three different initial electron energies. Figuréa)1
coupled equations are solved on a lattice of uniform mestand Xd) show the probability density for an initial electron
spacing, in this casér=0.1 a.u., with 500 points. This energy of 180 eV, (b) and Xe) show the probability density
gives an ionization threshold of 119.8 eV, within 2% of the for an energy of 200 eV, and(d and Xf) show the prob-
experimental value. We propagate tRE> wave function as  ability density for an energy of 220 eV. The probabilities in
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FIG. 3. Electron-impact ionization cross sections fof'LiWe

. . ) show the experimental measurements of Tinscéaedl. [16] (solid
culated using the time-dependent close-coupling method. Th%ircles), distorted-wave calculationgdashed ling and time-

crosses are the results at the energies of the three parent calcuIatiodrbspendent close-coupling calculatiofsolid line). (1.0 Mb=1.0
and the circles are the results of the children calculations as dey 7y 1s cn?) B '

scribed in the text. (1.0 Mb1.0x10 8 cn?).

FIG. 2. Electron-impact ionization cross sections fot'Lical-

Figs. 1a)—1(c) were generated using three separate runs ofnade at the parent energies of 200, 380, and 560 eV and the
our computer programs used in all our previous calculationsgircles are the calculations made at the children energies as
For Figs. 1d)-1(f) the probabilities were generated using adescribed. It is clear that our Fourier transform method is in
single run of our computer program, which generates thexcellent agreement with the previous time-dependent
wave functions from a single propagation of tRE° wave  method and that the total ionization cross section is a smooth
function (at 200 eV initial electron energyand which then curve as expected.
extracts thd{%f wave functions as described previously. The In Fig. 3 we now present the total ionization cross section
runs used to generate the probabilities in Figd)11(f) took  and compare the time-dependent calculati¢gsslid line),
only slightly longer than a single run of Figs(al-1(c). In  fully distorted-wave calculationgdashed ling and the ex-
practice, we used our method to generate the transformeserimental measurements of Tinschettal. [16] (circles.
wave functions for typically ten energies, for one propaga-The agreement between both sets of theoretical calculations
tion of the parenP’;® wave function. The saving in computer and the experimental measurements is very good over a wide
time is then easily an order of magnitude over our prevousange of energies. It is clear that for a doubly charged ion
time-dependent calculations and shows how cross sectiorgich as L3, distorted-wave calculations are reasonably ac-
may now be efficiently generated over a wide range of enercyrate for total ionization cross sections. The time-dependent
gies. calculations are slightly lower than the distorted-wave calcu-
lations near the peak of the cross section, but both sets are
IIl. RESULTS well within the error bars of the experimental measurements.
] - ] We note that this good agreement between distorted-wave
~ Using our modified time-dependent method, cross secapg time-dependent calculations did not extend to the total
tions are calculated for electron scattering frof'Lbver a jonization cross sections for Li, where the distorted-wave

wide range of energies. This ion was chosen in order to comgg|cylations overestimated the total ionization cross section
plete our set of calculations on the lithium isonuclear se{y yp to 50% at some energies.

guence for both excitation and ionization, following previous
work on Li and Li* [12—15.

The time-dependent method was used to generate ioniza-
tion cross sections over a range of energies from 140 to 660
eV in steps of 20 eV. For each angular momentum filom In this paper we have described a method of extracting
=0-6 three parent time propagations were made at an eretal ionization cross sections from time-dependent close-
ergy of 200, 380, and 560 eV, and the probabilities and crossoupling theory using a simple Fourier transform technique.
sections extracted for children energies from 80 eV below t@ur method allows time-dependent calculations for many
80 eV above each parent energy. For the high angular manore energy points than in previous calculations for almost
mentum abové. =6 our total cross sections were topped upno increase in computer time. We have demonstrated the
with distorted-wave calculations following previous work. In effectiveness of our technique by calculating total ionization
Fig. 2 we present the results of two sets of time-dependertross sections for electron scattering front ‘Lifor many
calculations. The crosses are three independent calculatioesergy points. Although distorted-wave calculations for this

IV. SUMMARY
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process are also in excellent agreement with available expenmany initial electron energies at which the total ionization
mental measurements, this set of calculations convenientlgross section is computed.

illustrates our method.
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