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Convergent Close-Coupling Method: A “Complete Scattering Theory”?
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We demonstrate that a single convergent close-coupling calculation of 100 eV electron impact on
the ground state of helium is able to provide accurate elastic and inelastic3(levels) differential
cross sections, as well as singly, doubly, and triply differential ionization cross sections. This is a most
promising step towards the development of a complete electron-atom scattering theory.

PACS numbers: 34.80.Bm, 34.80.Dp

Bederson [1] suggested that a goal for experimentalistsve of the projectile energy or the scattering process of

is to perform “perfect scattering experiments,” thoseinterest.

which fully determine all aspects of a scattering process of There is little argument regarding the validity of the
interest. Such experiments have not only intrinsic valueCCC method for calculating the excitation cross sections
but allow for the most detailed test of the scattering theoryat all energies.
used to calculate the corresponding scattering amplitudebas the correct boundary conditions (this is why the CC
Progress towards this goal has been substantial arapproaches have been historically successful with very
continues to attract considerable attention (see Andersdew states at low energies), and, furthermore, expansion of
the total wave functionV is performed using a complete
Similarly, but more generally, it has been our goal tobasis. By unitarity it follows that the method is valid for
provide a “complete scattering theory.” Such a theorythe calculation of the total ionization cross section (see
is not only able to describe individual perfect scattering[6], for example). However, it is not so clear as to how
experiments for a particular scattering process, but alsto obtain detailed differential ionization cross sections. In
the many possible scattering processes possible for garticular, given a set df'-matrix elements arising upon
In other words, asolution of the CCC equations, how do we obtain the

and Bartschat [2], for example).

given incident projectile energy.

single calculation should yield accurate elastic, inelasticequired ionizatior¥’ matrix?

excitation, and ionization scattering amplitudes. Such
a theory is possible only if the Schrédinger equation
governing the motion of the interacting particles is solved
accurately irrespective of the total energy in the system.
In our view the convergent close-coupling (CCC) theory
as introduced by Bray and Stelbovics [3] for tleeH
scattering system is a candidate for such a description.
The CCC theory is based on the close-coupling (CC)
formalism, with the coupled equations solved in momen-
tum space as outlined by McCarthy and Stelbovics [4].
The coupled target states are obtained by diagonalizing
the target HamiltonianHy in an orthogonal Laguerre
(Sturmian) basis. The square integrability of the basis
ensures that all of the resulting stai®g (with associ-
ated energieg,n = 1,...,N) may be incorporated in
the CC formalism. The negative-energy states provide a
representation of the true discrete target spectrinh
®,, e — €, < 0asN — «). The positive-energy states
discretize the target continuum inducing a quadrature rule
for the integration over the true target continuum (see
Ref. [5] and references therein). Convergence, in say the
cross sections, is studied by simply increasing the basis
size as this yields a better description of the discrete spec-
trum and a more accurate quadrature rule for the integra-
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tion over the true target continuum (see Fig. 1). Itis ther;g 1
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. / One-electron excited-state energy levels arising from
treatment of both the target discrete and continuum subihe 83- and 75-state CCC calculations. The total energy of the

spaces that allows the CCC method to be valid irrespec-He system for 100 eV incident electrons is denoted:by
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In this case the multichannel expansion
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In the CCC formalism the total wave function is kfc/2. Convergence is tested by increasiNgand it is
expanded in an explicitly antisymmetric set@fsquare- necessary to establish that convergence in both (2) and

integrable state®” via (3) is indeed observed, particularly so in the latter case as
N ) s N .
(N N N N (g7 | ®y)— »asN — «. If convergence is observed,
¥ ) =wi" ) =A 21 1Dy foi ) M itis equally important that convergence be to the correct
=

result. In the case of excitation this has already been
where A is the antisymmetrization (space and spin) op-extensively studied (see [5,9]). However, in the case of
erator, andf " are the unknown one-electron projectile- ionization we immediately run into a problem. As—
space functions with outgoing spherical-wave boundarye completeness of our basis should resulll‘InN(H} —
conditions determined upon solution of the coupled equar\pl(+)> and(qff) | Oy (@ | — <q§f)| [10]. This implies
tions. We rely on the completeness of our basis so that ‘ ' ' ‘
equality may be achieved in (1) @ — «. However, ) N N NN g (5) (+)
for any finite N it is clear that such an expansion does ar 1O7) U@ V) = gy VIV (4)
not allow for two (or more) electrons to be at infinity. \which should have a divergent phase factor, irrespective
In other words, arbitrary three-body boundary conditionspf the kinematics [see Eq. (2.51) of Rudge [11] fgr=
cannot be satisfied by (1) for any finid®¢ The expansion 0,2, = 1],if I\I'“)}satisfies the correct three-body bound-
(1) may be viewed as a “shielding” approximation in that, .., conditions. As we do observe convergence in (3), par-
irrespgctive of the energy distribution Of the two (or more)ticularly in the asymmetric kinematics region, we sus'pect
outgoing electrons, _onIy one electron is allow_ed to be afp o1 the limiting procedure provided by simply increasing
infinity, and moves in the field of an asymptotically neu- »; yoes not lead to equality in (4). We use experiment to

tral target. This problem does not invalidate the CCC for-.pack that convergence is to the correct result.

mallsm, bUth'.E(.j!C""}esl‘ that C?rtam klnema}tlca: regions may |5 the CcCC formalism the T-matrix elements

require prohibitively largeV for computational purposes. (kn®Y|TV|D:k;)) and  (k,®V|TV|d:k;), where

On the other hand, the process which dominates the t 2 /2 = €V and k2/2 = €V, correspond to two distinct
H H H H [T ” m n n m?

tal ionization cross section, where Ihe eject(,a:d EIeCtror}heoretical processes which are observed simultaneously

has energy much smaller than the “scattered” electron, i

likel b I modeled by th X ith rel M the experiment. For this reason we sum the cross
tlivilil/ Loma(lell\(lve modeled by the expansion (1) with rela- gections for both of these processes. Each of these

. . L T-matrix elements may be written as a coherent sum of
The above considerations make it simple for us t

f h derati ; . i el Cdirect and exchange amplitudes, but in the case where
move from the consideration of excitatidfrmatrix ele- " < k2 /2 the former T matrix is much larger than

ments} to thoscle( corresplt()ndlkr:g to |or;]|zat|rc])n W'Ith'r f[hethe latter. Summing the probabilities allows us to stay
CCC framework. We take the view that the calculation;,qistent with the definition of the total and the singly

of ionization processes is essentially the same as that fQfitrarential ionization cross sections [10].
excitation processes. We form the ionizati@Amatrix The aim of this Letter is to demonstrate the ability

elemz(?)tﬁ frp;n g‘ose coLr'e?]por.]dmg to thel e_xcnapohn bt the ccc theory to simultaneously describe accurately
statel o with €, > .O’V\I' I arlsle u_pﬁnhso ution of the cElastic, excitation, and detailed ionization processes at a
coupled equations simultaneously with those correspon Single projectile energy. For this to be possible we require

) L " .
Ing to excitation. AS thg stated, are nqrmallzed 0 the existence of the corresponding experimental data at
unity we restore the continuum normalization and bound-a single energy. Thanks to the recent measurements

ary conditions by multiplying thesg-matrix element(s_t))y of triply differential cross sections by Réder, Jung, and
'

the overlap(gy )|(I)}V>, where the continuum wave Ehrhardt [12] for 100 eV electron impact ionization of
is an eigenstate of/r and has the energy?/2 = €}'.  helium we now have such a set at this projectile energy.
This is much the same as was done by Beawl. [7] in The CCC theory for obtaining th&-matrix elements
the case ofe-H ionization, which followed the work of for electron-impact excitation of helium have been given
Curran and Walters [8]. by Fursa and Bray [13]. The only addition necessary to
Thus, upon solution of the CCC equations we obtain anhat work is to calculate the above-stated overlaps, which
N-state approximation is done after evaluation of the continuum wavgs’
N(+) separately for singlet and triplet symmetries) in the same
(e @F|TV|Dik;y = Chep @y VIV ) (2) grozpen-cor)é appro%(imation {E\)s usyed for ge)nerating the
for the excitatiorl matrix (e}v ~ €; < 0), and use statesd” . In testing convergence we writé = Xf‘i‘o N, _
and so need to demonstrate convergence separately with
<qu.,(f)|TN|<I>l-k,-> — <q}’)|q>1)¥><qu))€/|v|xpfv<“> (3)  increasingm.x andN;. For this purpose we shall present
’ ’ the results of the 69-, 75-, and 83-state calculations. The
for the ionizationT matrix (e}v > 0). Here the projectile one-electron energy levels for the latter two calculations
is denoted by a plane wavwg with corresponding energy (/max = 3) are given in Fig. 1, with the 69-state energy
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levels being the same as those for the 83-state calculatidsutions in the vicinity ofe = E/2, yet unitarity ensures
except for the absence of thé states, i.e./n.x = 2. convergence in the summed result.
Thus comparison of the 83- and 75-state calculations Next, we move on to the more detailed doubly differ-
shows the variation in the results by varyidg while  ential cross sections which give the angular distribution
keepinglm.x = 3, and comparison of the 83- and 69-statefor an outgoing electron of particular energy. The inte-
calculations shows the effect of varyig,y. gral over the angular distribution gives the SDCS. These
In Fig. 2 we present the differential cross sections forare presented in Fig. 4. We find convergence and agree-
excitation ofn = 3 states by 100 eV electrons incident ment with experiment to be surprisingly good. The fact
on the ground state of helium. We find excellent con-that increasing.x from 2 to 3 has a small effect (differ-
vergence and essentially quantitative agreement with thence between the 83- and 69-state results) even when both
measurements of various groups. This is a substantiaglectrons have energy20 eV is due to the fact that these
achievement in itself as no other available theory is ableross sections are dominated by the ejection of the target
to do so well [13]. electron into thé P continuum wave. Such cross sections
The least detailed ionization process, the total ionizaare well described by the theory as convergence in this
tion cross section, may be obtained using the optical thewave is readily obtained by the inclusion 'ofD and'3F
orem, or by simply summing the integrated cross sectionstates in the CCC formalism.
corresponding to the excitation of state§ with € > 0 Finally, we turn to the most detailed ionization in-
[6]. The 69-, 75-, and 83-state calculations yield (unitsformation, the triply differential cross sections (TDCS).
1077 cm?) 3.53, 3.56, and 3.56, respectively, which These describe the angular behavior of one of the out-
compares favorably witB.63 = 0.2, the experimental es- going electrons for a given energy and position of the
timate [14]. This result is what should be obtained wherother. In Fig. 5 we present the calculated TDCS for the
the singly differential ionization cross section (SDCS) iscoplanar asymmetric geometry, where the angular distri-
integrated from zero t& /2. The details of how we ob- bution 63 is for the slow electrontEz = 4 eV with the
tain the SDCS in the CCC formalism may be found incorresponding fast electron being observed at the four
Ref. [10]. Our results are in good agreement with experianglesd, = —20°, —25°, —30°, and — 150°. The mea-
ment [15] (see Fig. 3). This is particularly encouragingsurements, due Roder, Jung, and Ehrhardt [12], are in-
at the midpoint where one of the electrons is treated aternormalized so that a single experimentally estimated
a plane wave expanded using 40 partial waves, and theormalization point aff,, 6z) = (—20,75) fixes the scale
other is described by Coulomb-like states expanded usinfpr all four figures. We see that the CCC theory obtains
only 3 or 4 partial waves. Here, as was noted earlier [10]essentially quantitative agreement with experiment. Such
we do not have convergence in tlii@ependent contri- excellent agreement with experiment poses the question
as to whether the CCC theory will be able to obtain cor-
rect TDCS irresective of the choice of the kinematics and
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FIG. 3. The singly differential cross section for 100 eV
FIG. 2. Differential cross sections fae-He scattering at a electron impact ionization of the ground state of helium. The
projectile energy of 100 eV. The measurements are fromenergy of an outgoing electroa ranges from0 to the total
Register, Trajmar, and Srivastava [16], Cartwrigttal. [17], energy E. The measurements, denoted by MJE86, are from
and Trajmaret al. [18]. Ref. [15].
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In conclusion, we have seen that a single CCC calcula-
tion may readily obtain accurate cross sections for discrete
excitation, as well singly, doubly, and triply differential
ionization. For this reason we believe the CCC theory
goes some way to being a complete scattering theory. It
now remains to extensively test the CCC approach for cal-
culating differential ionization processes at lower impact
energies with the vast array of the available experimental
TDCS at various geometries and kinematic combinations.
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FIG. 4. The doubly differential cross sections for 100 ev 0001.

electron impact ionization of the ground state of helium
for various indicated energies of an outgoing electron.

measurements, denoted by MJE86, are from

Ref. [15].
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