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J-matrix calculation of electron-helium S-wave scattering
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The J-matrix approach to electron-atom scattering is revised by merging it with the Fano’s multiconfiguration
interaction matrix elements [U. Fano, Phys. Rev. 140, A67 (1965)]. The revised method is then applied to the
S-wave model of the e-He scattering problem demonstrating remarkable computational efficiency and accuracy.
In particular, the method is in complete agreement with the convergent-close-coupling elastic, 2!*3S excitation and
single ionization cross sections for impact energies in the range 0.1-1000 eV. The S-wave resonance structures
in the elastic and 2! § excitation cross sections are highlighted.
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I. INTRODUCTION

It has been known since at least 1994 that the J-matrix (JM)
approach [1-3] to electron-atom scattering is comparable in
accuracy to other scattering methods for elastic and excitation
processes [4—6]. Most recently, it was demonstrated that the JM
method is also capable of describing ionization processes when
applied to the S-wave model of e-H scattering problem [7].
Encouraged by this success on the well-researched and ar-
guably completely solved e-H model problem, we now proceed
to the more complicated S-wave model of e-He scattering,
with the goal of solving the ionization-with-excitation and
double-ionization problems.

The step from e-H to e-He scattering is not trivial as the
complexity of the problem increases from a three-body to a
four-body problem. While the e-H model remains an important
test bed of any new or past scattering methods [4,8—13],
the focus of current state-of-the-art ab initio computational
methods has shifted to the model of e-He scattering [14-21].
The presented here extension of the JM method combines
the strengths of the R-matrix [22] and the convergent-close-
coupling (CCC) [23] methods by efficiently obtaining results
on a fine energy mesh and allowing the usage of large Laguerre
expansion sets, respectively.

The S-wave model implies that only states with zero
orbital angular momentum are retained in the calculation. This
brings to the fore the complexities associated with treating the
infinite discrete target spectrum, the target continuum, and the
long-ranged nature of the Coulomb potential. In particular,
the primary complexity of Coulomb few-body problems is
retained as it is known that the S-wave elastic scattering cross
section dominates over higher partial waves at the challenging
region of low energies.

In the case of e-He scattering, the model can be further
simplified by ensuring that all (two-electron) target states have
the “inner” electron described by the He™ 1s orbital, subject to
appropriate symmetrization. We refer to this as the frozen-core
approximation, and it is ideal for the present “proof-of-
principle” calculations for the dominant one-electron excita-
tion and single-ionization processes. However, when consider-
ing ionization-plus-excitation or double-ionization processes,
this approximation will need to be removed, but how to
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correctly formulate such processes remains problematic for
any theory.

The presented JM results are calculated using Java program-
ming language, which is freely available for MS Windows,
Mac OSX, and many versions of Linux or Unix. See [24]
for information on availability of the source code used in this

paper.

II. THEORY

A. Many-electron atomic systems

The focus of this study is the S-wave model of electron-
helium (e-He) nonrelativistic collision with zero total angular
momentum [20,21]. In a general case of an atomic system with
the total number of electrons a and the nuclear charge Z, the
S-wave term of the total Hamiltonian becomes

a a b—1
H, = Zhb + szbbu hy = Ky — Z/rp,
b=1 b=l b—1

(H
1
vppy = 1/ max (rp,ry), Kp = —Edz/di’z,

where the subscript and superscript labeling of electrons is
sometimes omitted hereafter to simplify notation, and atomic
units are used throughout this manuscript.

The JM formalism [1,3] relies on the JM functions
{E,,(r)};OZO, such that £,(r = 0) =0 and (K — E)’s matrix is
tridiagonal,

Jpp/ = (€p|K - E|€p’>’
Jpp’ =0, (Sp|$p/) =0, |P _p/| > 1.

It is convenient to define an additional one-electron radial
basis of N, orthonormal functions {P,\(r)}iv’=1 to describe the
target electrons. Such a farget basis is created from linear
combinations of the first N; JM functions

2

N, —1

Pir) =) Dipkp(r), (PilPy) =68 3)
p=0

Under the considered frozen-core model of helium, one
electron is frozen to be the core electron in the ground state
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of the helium ion, which could be naturally obtained by
diagonalizing the one-electron Hamiltonian #:

(Py|h|Py) = €30 €]

Note that A’s values start from one, while the JM function’s
index p starts from zero.

Following Fano [25], in the context of many electrons,
each radial P; function could be used as the radial component
of a subshell’s wave function. The subshell may contain a;
equivalent electrons spin coupled into a state with the total spin
s, and its z component i, and described by antisymmetrized
wave function denoted by

V) = 1) ), 1< AN, (&)

Since only | = O orbitals are considered, then a; € {0,1,2} and
s; € {0, 2,1}. Note that empty subshells are permitted (a; = 0,
s, = 0) as they somewhat simplify notation and bookkeeping
as per Cowan [26].

For a general case of a electrons and n available subshells,
a particular electron configuration is labeled by index 8 and
specified by an unsymmetrized wave function

lpg) = |agsgSpitg), (6)
where the vectors ag and sg describe electrons in n subshells
via

ag = (ag1,ag, ... ,agn),

n
E ag, = a,
A=l

(7N
Sg = (Sﬂ],Sﬁz, . ,Sﬁn).

Vector Sg denotes a coupling procedure by which the subshell
spins sg are consecutively coupled into the final total spin Sg
and its z component ug. After omitting 8 labeling for brevity,
the S-coupling procedure is expressed via

Z(S] ES]7S27‘-'5SI‘I ES)? (8)
SioasaSap) = D Cot 1S ), 9)
W,
where ijlmm,m = (jim jom,|jm) are the Clebsch-Gordan

coefficients. To reiterate, |¢g) is antisymmetric in regard to
the electrons from the same subshell and has all subshell spins
consecutively coupled into the total spin S. The |¢g) states
could be made fully antisymmetric via the antisymmetrization
operator A, denoting the result by |A¢,3).

B. JM method

This section uses the JM interpretation of Konovalov and
Bray [7], which is here generalized to many-electron targets.
For the specific case of the scattering problem, let a denote
the number of electrons in the target. Then the a-electron
square-integrable (L?) target wave functions {¥, } are obtained
by diagonalizing H, [Eq. (1)] using Fano’s subshell-structured
electron configurations {¢g} from the preceding section:

(¢y|Ht|1/fy’> = eysyy’v <1//V|W)/ = yy s
[Wy) = ClylAgp), (10)
B
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where H, = H,, C;ﬂ are commonly referred to as the
configuration-interaction (CI) coefficients, and where the set
of {¢g} [Eq. (6)] is labeled by index B in some arbitrary but
fixed order.

The scattering problem is described by

(H — E)|Vg) =0,

where H = H,; and E is the given total energy of the (a + 1)-
electron system. If the target is assumed to be in the y; state
before the collision, then

E=e,+Ey) Ey=ki/2,

where Ej is the incident electron energy.
Following Broad and Reinhardt [3] as much as relevant,
the {x, ™l channels are defined by spin coupling the target

eigenstates |/,,) and the spin of the scattering electron s = 3

2
N
%)) Zc;;fmm Isp),

(11)
Sr
|¢5) = Z Corhi D) Isia),

where |su) is Pauli spinor, and where the corresponding basis
channels {qbg} are defined to be used later on [see Eq. (52)].
For the considered S-wave model, each scattering channel is
labeled by a {y,I'} pair, where I' = {Sr,ur}.

Within the JM method, the complete (and infinitely large)
set of JM functions {ép(r)}zozo is splitinto two subsets, defining
the outer (a + 1)-electron JM functions as

[@y) = 17) 185).

w),) = AL, |®),) (12)
p=N,N+1,...,00

where N is a key parameter of the JM method controlling the
number of first JM functions omitted from the outer space,

Ay, denotes antisymmetrization of the (a + 1)th electron
in relation to already fully antisymmetrized a electrons, and
where the explicit expression for A¢ a+1 is given later [see
Eq. (45)]. The antisymmetrization Af +1 could be accom-

plished in a practical fashion only if the target basis {Pk(r)} 1
defining the subshells in {¢g} [Eq. (6)] is orthogonal to all outer
IM functions {&1,(r)}1°,°=N. This forces [7]

N, <N (13)

when using tridiagonal JM functions such as the original
nonorthogonal Laguerre basis [1,3]. Note that an orthogonal
JM basis [27] is not considered hereafter, but modifications
of the presented formalism to accommodate such a basis are
expected to be straightforward.

To reproduce the original JM formulation [3], the inner
(a + 1)-electron basis should be constructed as

(14)
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where the initial target basis { P, (r)}f\v'=1 [Eq. (3)] is expanded
by adding (N — N,) transitional basis functions created as
linear combinations of the first N JM functions such that

N—1
Pi(r) = Z D;,&,(r), N, <A <N
p=0
(15)
(Py|Py) =8y, AA =1,2,...,N.

The derivation of the final JM equations as well as some
of the equations could be simplified if the (a + 1)-electron
eigenvectors of H are used instead of {\If 5} as the inner
(a + 1)-electron basis [7]. For a given T, such eigenvectors
are obtained by diagonalizing H using all available distinct
(a 4 1)-electron configurations {‘ll)l; NE

19} = . (41 19]) =3

Z Z ijx

y A=l

(16)

Having constructed eigenstate basis {\Ier} functionally

equivalent to {\IJ]I; ;. } [Eq. (14)], the full scattering wave function
|W ) is approximated by the JM multichannel expansion [3,7]

|wE>~Z|‘lf§>
Z\\If aﬁZZ!w e, an

Yy p=N
f;/]/o = (7T|ky|/2)_l/2 (SZ(SVVO + ¢y RVVO) )

where k, = ,/2(E — e,), and R, is the unknown reactance
matrix. Note that since the total spin Sr and its z projection
wur are preserved in the considered scattering model, the I' =
{Sr,ur} labeling will be mostly omitted but implied by the
context. For example, all components in the last line of Eq. (17)
are defined for a specific value of I.

The open channels are defined by (E —e,) > 0, while
for the closed channels, (E —e,) <0, sy =0, and ¢% i
replaced by (c,)ﬁ 1sp) evaluated at i|k, |. The index of the
incident channel y; is defined only for the open channels
in Eq. (17). The a; and R,,, coefficients are found by
simultaneously solving the following equations for the inner
and outer functional spaces, respectively:

Ul'|H — E|wl) =0,
(l| | N> (18)

(), |H—-E[wy)=0, p'>N.

The two key JM multichannel approximations [3], denoted
by JM1 and JM2, could be summarized as

ML : (\I’)l:p’|H - E|\Illl;p> ~ SVV"IP 'p (19)

IM2: (U] |H — E|W) )~ 8,5 T, v X! (20)

i

where Eq. (20) defines X ly , and where

Iy, = EplK — (E —€))IEp). 1)
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Using the JM1 and JM2 approximations, Eq. (18) is reduced
to

(E; — E)a; = ZX”JI{} I
v o V'
Z Xjaj= [y
J
and after elimination of a; to

Y Y _ V'
E:W yInain I == Il

. 22)
WW =Y X/ X" /(E; - E). (
J

Solving Eq. (22) for the reactance matrix yields

Zzw Yo

Yy = Wy Iy wsh + 85k 1) /¥ Tky |,
Zyy = (WV’VJI\};—I,N‘% + SVV’CI}(J—I) /m-

Using only the open-channel portion of R, the scattering matrix
S and cross sections are given by [3]

Ryy, =

S;yo = Z (1 +1R)y, (1 - IR)V 7’
y': ey, I <E
r -2 2
Oyp = |Swo Syyol s
Oy = 1228y, + DI Y @28t + Doy,

Sr

where only the open scattering channels (e, < E) are used
in ZV,, and where o,,, is the cross section for the transition
from yy to y states of the target.

In the case of the considered frozen-core model, the total
single-ionization cross section (TSICS) is naturally defined as

> oy (23)

yie, >l

01 = OTSICS ~

where 1, is the state of the target helium atom with the
lowest eigenvalue from Eq. (10), and where &1, = ¢[He™ (1s)]
is the lowest eigenvalue from Eq. (4). Since one of the target
electrons is always in the He ™ (1s) state, any two-electron target
state v, [Eq. (10)] with its energy e, > &1, is interpreted as
an L2-continuum state contributing to TSICS [7].

C. Many-electron matrix elements

This section summarizes the general equations of Fano [25],
Shore [28], and Cowan [26] for multiconfiguration matrix
elements. Let g;, denote the radial ;, and spin v, coordinates of
the bth electron and q denote the naturally ordered arrangement
of a-electron coordinates

q=(q1.92, - --.9a), = (rp,Vp). (24)
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Let n denote the number of available subshells, then the first
a; coordinates are assigned to the first subshell [Eq. (5)], the
next a, coordinates to the second, and so on:

d(q) = (q|P) = Z spin coupling as per S
oGay | (D™ s141)
sday+as ‘(2)@52”2)

X (ql,qz, .

X (61a1+1,51a1+27 e

X (qu—un-f-laQa—an-‘er .. aQa‘(n)ansnMn>-

The antisymmetrization equation for |A®), corresponding to
Fano’s Eq. (8), becomes

Ad(q) =N(@) ™) (=D o(Q), (25)
0

where Q denotes a particular rearrangement or permutation
of the natural order q, A/(a) is the number of such distinct
permutations, and a parity Py is the minimum number of
pairwise permutations required to arrive at Q from q. By its
construction, ®(q) is already antisymmetric in regard to the
electrons from the same subshells; therefore, O must be limited
only to the cases when the electrons are swapped between
different subshells rather than within the subshells. The
corresponding combinatorics problem is the partitioning of a
set containing a elements into subsets containing a;,as, . . . ,a,
elements, arriving at

N(a) =a!/1_[a,\!.
=1

Given fully antisymmetric a-electron basis A®(q), each
element of the one- and two-electron summation terms in
Eq. (1) contributes equally arriving at

(AD|H, | AD') = (h) + (v),
(h) = a({AD|h,|AD'), (26)
(v) = ala — (A®|v,_1|AD') /2,

where only the last electron coordinate g, (in both (h) and
(v)) and electron coordinate g,—; (in (v)) are left as the
interacting electrons, and where the remaining (first a — 1 or
a — 2) electrons are referred to as the spectator electrons [25].

Focusing on (v) and using Eqs. (25) and (26), (v) becomes

(v) = %a(a — DIN(@N(@)]~/2

x Y (=D (@ (Q)v]@'(Q"),
0.0'

which is equivalent of Fano’s Eq. (12), and where v = v, 4.
By the orthogonality of one-electron radial wave functions of
different subshells, the distribution of the spectator electrons

8= a4, ) G=a-2 @7

must be identical on both sides of (v) obtaining potentially
nonzero contributions only when a = a’. By explicitly specify-

PHYSICAL REVIEW A 84, 032707 (2011)

ing subshell location of the interacting electrons, the following
parametrization becomes possible:

A, =a,—8p—08s, PKO

(28)

=/ ! I
a, =a, — 8y — 8, P <0

where (p,0) and (p’,0”) are the subshells of the two interacting
electrons from the respective sides of (v). Then, for each
valid (potentially nonzero matrix element) distribution of the
interacting electrons, there are

N@)=N@) = (a— 2)!/ [ [@. — 8 — 80!
A=l

valid and equally contributing distributions of the spectator
electrons arriving at [Fano’s Eqgs. (18) and (22)]

Yo ) INaNa@)'

0,0 p<o,p' <o’

XY (1= €8p0)(1 — €8,5),

€,e'=0,1

1 /
5 2 Ne@Ny@) (29)
p<o,p'<o’
XY AQAQNP(Q)v|P'(Q)),
€,e'=0,1
Npa(a) = [ap(aa - Spa)]l/z’
AQ) = (1 —€8yo)(—=D)72,
where N, (a’) and A(Q’) are defined in identical fashion to
the corresponding nonprimed entities, and where € = 0 is the
natural order denoting g,_; € p, q, € o, and € = 1 denotes
the swapped order, i.e., ¢, € p, ga—1 € 0.
As per Cowan [26], the difference in parity between Q and
Q' is given by (modulo 2)
PQ+PQ/ = AP-I—G—E,,
AP = APy — APy, (30)

/\
<

<
Il

o
APQ:SpU—l—F Z a,.,
r=p+1
where A Py is defined in identical fashion to APy. For € =
0, the preceding equations are derived by observing that it
requires

Pr= Y a (31)
A=0c+1
coordinate interchanges to move ¢, from the oth subshell
(where g, ended up due to Q) and into the last nonempty
subshell as the last coordinate. Similarly, it requires

Po=8p =14+ > a
A=p+1
coordinate interchanges for ¢,_; to be moved into the highest
possible subshell after the ordering of ¢q,, obtaining (again
modulo 2)

Pop=Py+ APy, APy=P, — P, +e,

where Py is the parity due to the spectator electrons, which is
identical to Py and therefore disappears from Eq. (30). Note
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that Fano [25] derived a different form of APy in Eq. (30),
ie.,

PFano_ E : a;\,

r=p+1
which could be reduced to the preceding Cowan’s form via
Eq. (28).
And, finally, by using Eq. (30) and explicitly showing the
direct and exchange terms, Eq. (29) is reduced to the arguably
more compact Cowan’s form [26]

W= > Np@Nye@)—D*"

p<o,p'<o’

X [vgi — (1 = 8p6 )1 — 86 )vex]/(1 + 86 8p01), (32)
’o")’ Vex = (q),oa|v|q):y'p/>v

where vgi and vex denote the direct and exchange contributions,
respectively, and where

Vdi = <<Dpo'|v|q):o

qua(q) = (D(qa—l € 0,44 € 0) (33)

denotes a permutation of q when ¢,_; and g, are moved to the
pth and o'th subshells, respectively.

Repeating the preceding steps for (h), Eq. (26) is reduced
to

(h) =Y lagao (=) (D 1| D), (34)

0,0’

where P, is defined by Eq. (31), and where ®,(q) =
®(g, € o) denotes a permutation of q when ¢, is moved to
the o'th subshell. If (and only if) the radial component of the
subshell wave functions on both sides are built exclusively
from the eigenvectors of & as per Eq. (4), then Eq. (34) could
be further reduced to the following well-known form:

= (D|D) ) ares.
A

D. Electron-helium scattering matrix elements

The goal here is to express all required matrix elements
in terms of Fano’s matrix elements [25] from the preceding
section, which are defined for any antisymmetric many-
electron wave functions expressed in terms of subshells.

For the specific case of the S-wave model of scattering, the
radial integration in Eq. (32) yields

<©p”|v|¢;” )= 355/8,1“/855/132” +S(po,p'a’),
oo'e! = / / drdry Py(r1) Py (r2) Py (r1) Py (r2)
o max (r1,r2)
S(po.p'c") = (D s | D)), (35)
where only spin variables are considered in S(po,p'c"). Since

8558, are accounted for in Eq. (35), both @, and <I>:O,G, will
be assumed to have the same total spin S and its z component

.

)

The case of helium target wave functions with just two
electrons becomes

S(po,p'o’) = (=119, (36)
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where € is reused to indicate the direct (¢ = 0) and exchange
(e = 1) terms from Eq. (32).

For three-electron wave functions with a single fixed
spectator electron, the S-coupling procedure from Egs. (8)
and (9) yields the following exhaustive set of spin-coupling
schemas:

|A1) = [Ap(Sp)o), A< p <o
|Az) = [pA(Sp)o), p<i<o
|B1) = |po(Se)r), p <o <Ai
|B2) = |A,p0(s, =0)), A<p, p=o0o
|B3) = |p,ro(so =0)), p<o, A=o0

where (i) the first two and the last three schemas are grouped
together and denoted schemas A and B, respectively; (ii) the
subshell indexes are explicitly shown, while the actual electron
spin value s = % is suppressed; and (iii) the intermediate
spins are displayed in brackets. For example, Ap(S,) denotes
coupling into S, of spins of electrons from Ath and pth
subshells. If, by construction, all possible left-to-right cases
of coupling are considered as per Egs. (8) and (9), then such
a right-to-left case as |A,po(Sy)), A < p < o, never occurs.
Moreover, any omitted right-to-left coupling schemas are
redundant (linear dependent) since they could be constructed
as linear combinations of the left-to-right cases via the standard
6] recoupling expressions

(J1i2G2), J3 = I jrs jajz(jas) o J)

- ~oa |J1 J2 2
= (=) s o { s s } , 37
o J o3

where f = 4/2j + 1, and where, for example,

{S N 512} _ {S s 0 } _ %(_1)14’512' (38)

s s O s s Sp

Naturally, the chosen left-to-right procedure does not have any
advantages over the right-to-left procedure (or any other spin-
coupling procedure) providing all available linear independent
schemas are considered.

To clarify the notation and to assist with the exchange terms,
the following example explicitly shows all spin variables:

E Spitp Sp
C‘MSSMI CSPM S
H3pifhp

x (3]s ) (vilspr) (valsua)
Sy
- Csﬁgsvlcsu

SpipSva?

(V312 |Ap(Sp)o) =

(39)

where (v|su) = §,, are the components of Pauli spinor, and
where v3, vy, and v, are the spin coordinates of the spectator,
pth, and o'th electrons, respectively. Note that if the spectator
and interacting electrons belong to the same subshell (A = p),
then S, = S, =0.

Unfortunately, the chosen Fano’s formalism yields rela-
tively compact close-form expressions only up to this point,
after which the remaining matrix elements must be tabulated.
Considering the corresponding primed schemas and using
properties of the Clebsch-Gordan coefficients such as

Lj1j2()) = (= D277 i (), (40)
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the total of four direct A-A’ combinations are reduced to
(A1|A})a = 8s,5,.  (A1]Ab)a = 85,5 (=15,
(A2l Aai = 85,5, (AalA]ai = 85,5, (=)' %
The exchange terms are best explained by Eq. (39), where v,
and v, must be swapped to obtain the exchange term from
Eq. (32). For example, the following explicitly shows how

the exchange term corresponding to the first combination in
Eq. (41) could be evaluated using Eqgs. (37), (39), and (40):

(A1lA})ex = (Ap(Sp)a|o’(Sp)p")

= Y (Ap(S))0v3v1va) (V3w [0/ (S)0”)

ViVv2V3

2 : Spu Sp Sy ot ~Si
= CSI§)3S:‘J]C Csﬁ)gs\fz C

SpitpSv2 NI

(41)

VIV2V3hp Lyt
= (=D ST (0S8, )o o’ Ao (Sp))

ssSp}

— (=)= § S
=D pp{s S Sy

The remaining exchange A-A’ combinations become

s ls s 08
e = 08,3 {0 ¢ o)
~ (s s S
Ar|Al)ex = =835 ,
(A2|A3) A ’\{s S S;}

where hereafter the terms that are different only in primes are
omitted, for example (A,|A) could be obtained from (A;|A5)
by swapping the primes. Using Eq. (38) and recalling that
exchange terms are required only when both p # o and p’ #
o’, the B-B’ combinations are reduced to

(B1|B}) = (1) 55 5,
(Bi1|B3) = 8580s, »

(B1|B;) = 2(—1)e=5)+5a 5§,
(B2|By) = 65,

(B2| B;) = 38ss.

(B3| B3)ai = 855, (B3| Bj)ex = 3855,

where the exchange terms are parameterized as per Eq. (36).
The following are all required A-B’ combinations:

B - s s S
(A1|B}) = (=15 SPSG’{S s s}
(A1|B}) = $8,s(=D)1*5 S,

(A11By)gi = 385555, (A1|Bj)ex = 855505,
nA S
(Aa] B)) = (=) 1755 Sksaf{s

(A2|B}) = 18,55,
(As|By)gi = $8,5(=D158;, (As|BS)ex = —8;s500s,,

where the B-A’ terms could be obtained from the preceding
equations by swapping the primes.
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Repeating the preceding steps for the one-electron interac-
tions, the radial integration in Eq. (34) yields

(@, |h|D)) = 8558, 8aahpy S0, ),
o o oow aa' M pp @2)
hpp =/ dr P,(r)h Py(r),
0

S(p.p') = (@,®),), 43)

where again only spin variables are considered in Eq. (43). If
h,y = 0for p # p’, then it is not possible to select the same
spectator electrons in both @, and @/ in any cross-schema
matrix elements arriving at S(p,0’) = 8ss and, hence,

(11| D)) = 8558805 pp-

Note that while it is interesting to examine the one-electron
interactions in theory, in practice [6], it is simpler just to include
the one-electron terms into vy, in Eq. (26):
(AD|H,|AD') = a(a — 1)(AD|D|AD') /2,
0= Va,a—1 + (hafl + ha)/(a - 1)1

and then combine Egs. (35) and (42), i.e.,
(@ o 91D 51) = B80S Rog 00 S(00. 90,

, =R

50
R o

1
pop'c + m(hpp/&m’ + (Spp’haa/)-

E. JM approximations
In this section, the JM1 [Eq. (19)] and JM2 [Eq. (20)]
approximations are examined in detail. Using the explicit
forms of |x,) [Eq. (11)] and |¥) ) [Eq. (12)], the common
part of IM1 and JM2 is approximated as
(H—E)|W) )= (H — E)A, | |®] )

=(H - E)AZ+1|X)/F)|"3P>

= A1 (H = B)|x, )I§»)

~ AL X JK e, — E)E,).  (44)
The required antisymmetrization AZ +1|<I>;p) could be ex-
pressed in notation of Egs. (24) and (25) as

W (Q.qat1) = AY, P (Q.Gas1)

a+1

=(a+ 1)) (=Dfe o] (0h.q),

b=1
q)]l:p(q7Qa+l) = X}l:(qava+l)$p(ra+l)»
@), (0.q5) = Xy (b, V6)Ep(r), (45)

where Q) denotes replacement of g, coordinate by g, in
q = (6117612, e »Qa)» that iS, Qa+1 = q and

Qb = (‘11,42, <o qb—1,9a+1,9b+15 - - - ’CIa)-
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The JMI1 approximation is examined by substituting
Egs. (44) and (45) into Eq. (19), arriving at

r
(W),
1 P
~ E — 1Py +Po,
a—+1 o =D

x (D), (Qu.qv)|(Kp + €, — E)| @), (Qb.q0))

Xy ) |K +e, — El§)) =8,,J),,  (46)

H_E|q1)1:p>

where the contributions from nondiagonal permutations Qp
and Q. vanish. Hence, the effect of the two antisymmetriza-
tion operators is reduced to permutations with identical radial
coordinateinboth &, (r,) and &, (rp). Thatis, forb’ # b, p > N
and p > N,

(@), (Qp.q)|(Kp + €, — E)|®},(Qb.q5))
~ (Y (Qu)Ep (r) ¥y (Qu) (K + €, — E)Ep(r3))

N N;

~ D erwen

N=1r=1

X (&p | P) (Pu|(K + ey, — E)I§p) =0,

where ¢, are some expansion coefficients in the most general
sense, and where every potentially contributing term in the last
double summation is exactly zero. In this particular case, both
contributing factors are zeros:

(EplP) =0, (PI(K +e, — E)E,) =0,

p=2N, 1<AN
due to the target basis {Px}iv’z1 being orthogonal to the outer
JM functions {ép};":,\, [see explanation for Eq. (13)].
For the JM2 [Eq. (20)] approximation and in steps similar

to Eq. (46), \yil" could be explicitly written using Eq. (16)
arriving at

(W |H - E|w;,)
A 1
SIS SR
Y A=l Tat+ 145
X (@), (Qw.q0)|(Kp + €, — E)| D), (Qp.q5))

N
=Y CLPIK +e, — EI&,). (47)
A=l

The corresponding expression for nondiagonal permutations
becomes

(©),(Q.a1)|(Ks + €, — E)[®},(0p.41))
~ Yy (Qw) Pr(ro) Y, (Qp)(Kp + €, — EDEp(rp))

N: N

~ E E CyrarCyar

AM=11"=1
X (P Py} (Pu|(K + e, — E)[§,) =0,
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where now it vanishes only due to the tridiagonal nature of
the J , matrix

(PA(K +e, —E)§p) =0, p=N, 1<A<N.

Using Eqgs. (3) and (15), and (47) is further reduced to

N N-1
(W [H = E[Vy )~ Y % CLiDy Ty,
r=1 p'=0
N
=d,N ZC,'I;)LDA.N—IJK/,LN,
a=1

deriving X! in form conveniently identical to the the
one-electron target’s X ly [7]:

N
X!'= Y Cl,Din-i (48)
A=N,+1

Being constrained by the Fano’s subshell structure of
the many-electron matrix elements from the corresponding
preceding section, Eq. (16) could not be used to calculate the
C}; , coefficients directly. If, however, Eq. (16) is viewed as

the definition of Ciry ,» then
Ch, = (v, |wl), (49)

where the (a + 1)-electron eigenstates {\I/ir} are obtained from
the subshell-structured (a + 1)-electron basis {dﬂ;} via

(W] |H|W]) = Eidiire (Wi1Wy) = 8141,
o) = Zc,-j|A<1>j.>. (50)
J
In the notation of Egs. (6), (7), and (8), the QD; functions are
specified as

}@5) = |aijSijr),

a; = (Clj],ajz, A ,ajN),
Sj:(Sj],sz,...,SjN), (51)
S; =81 =5j1,52,....8;8y = Sr),

N N

Zajkr=a+l, Z ajy <1,

M=l N=N;+1

where the last summation says that the subshell structure
of every CDI; should not include more than one electron in
the transitional Eq. (15) subshells ensuring that {CDE} covers
identical (a + 1)-electron functional space when comparing to
{@]l:)h}iV:l [Eq. (14)].

For the required A = N, +1,...,N [Eq. (48)], the final
expression for C!, could now be reduced further with the aid
of Egs. (10), (11), and (50) arriving at

Cip = 2.2 CrsCiilda P |A2])
i B

=Y ClyCijmipn- (52)
B
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Since N; < A < N, for every required configuration |¢}; P,),
there should exist a corresponding (a + 1)-electron basis
function |®}) such that

aj = (aﬁlvaﬂz’ e ,aﬂN,,a)\.)7 a), = 1
Sj = (Sp1,5p2, - SpN,81), SL=S=3 (53)
Sj = (Sﬂl’S,BZ? s ’SﬁNr’Sr)’

where the N, + 1’s places are used for the only remaining
nonempty subshell.

10+1 T T

10%0 | ccc - |

0.1 1 10 100 1000

10 100

cross section (units ofnag)
—
(@)
2

10 100
F T GI

104 e
10 100

incident energy (eV)

1000

FIG. 1. (Color online) Elastic, single-excitation, and ionization
cross sections (7 a?) for electron scattering on a ground-state helium
target in the frozen-core S-wave model.
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III. RESULTS

The original JM functions [3,29] are used in this study,
while the complete set of equations relevant to the S-wave JM
scattering could be found in [7]. The Laguerre exponential
falloff was fixed at A; = 2. For conversion purposes, one
atomic unit of energy (or Hartree) was set to 27.211 383 86 eV
as per the latest recommended values at the time of pub-
lication [30]. A tabular form of the JM and CCC results
(Figs. 1 and 2) is available [24].

Our immediate goal is to solve the S-wave model of e-He
scattering in full, which includes ionization-plus-excitation
and double-ionization processes. Before this could be at-
tempted, it is essential to thoroughly test the JM implementa-
tion of e-He scattering. To do so, we use the well-established
CCC method [31] to obtain benchmark results across an
energy range from 0.1 to 1000 eV, paying particular attention
to the resonance regions, as these have not been detailed
previously.

3.000 |
2.000 |

1.000 f

0.000 L

18.99 19.00 19.01

0.120 T T T

T

0.100
0.080 |

0.060

0.040

cross section (units ofnag)

0.020

0.000 &
19

0.005 1

0.004

0.003

0.002

0.001

[ 1
0.000 [0 1 1 1 2 S
19 20 21 22 23

incident energy (eV)

FIG. 2. (Color online) The same as in Fig. 1 but with focus on
the resonances.
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The CCC method has been used with a number of different
L? basis functions. To guide the choice of the JM calculation
parameters and to make comparison between the JM and
CCC results as direct as possible, the helium target states
are created identically in both methods. This is accomplished
in the following steps: (i) create N, orthogonal Laguerre
functions (see [7] for details); (ii) diagonalize the helium-ion
(He™) one-electron Hamiltonian (4); (iii) create all possible
singlet (N;) and triplet (N, — 1) two-electron configurations,
where one electron always occupies the 1s eigenstate of
He™; (iv) diagonalize the helium Hamiltonian on this basis
obtaining two-electron helium (target) states. In our case,
with N, = 50, the ground-state eigenvalue is e(1s%,'S) =
—2.8725069.

Convergence in the CCC cross sections was achieved at
N; = 50 by increasing the number of expansion states by 10
at every energy calculated until there was no visible difference
between consecutive calculations at any energy, with only
N, = 50results presented in Figs. 1 and 2. Having an identical
atomic target model in both CCC and JM methods provides
a unique opportunity to study convergence in the JM method.
It is important to emphasize here that, given the identical
target model, the only difference between the JM and CCC
results will be due to the outer-region approximation of the
JM method, which is controlled by the single parameter N. In
theory, the JM results should converge to the CCC results as
N increases.

It was found that N = 81 was sufficient to reproduce the
CCC results for the complete energy range from 0.1 to 1000 eV.
The presented JM results in Figs. 1 and 2 were calculated on a
laptop with 2.2-GHz CPU and 3.5-GB RAM taking about five
hours to complete at more than 4000 considered energy points.
The following JM computational values were used (see [7] for
explanation of the parameters): N, = 50, N = 81,In(c) = —7,
Tmax = 450, M cr = 1601, where the radial grid was between
zero and rmax and M cr is the number of equally spaced points
in the radial LCR grid [7].

PHYSICAL REVIEW A 84, 032707 (2011)

The agreement between JM and CCC results is excellent
for elastic scattering, excitation, and ionization Eq. (23). It
will be a major challenge to obtain convergent total ionization
cross sections for the case where the residual ion is left in an
excited state, or when autoionizing doubly excited states are
incorporated by removing the frozen-core (FC) approximation.

IV. CONCLUSIONS

We have extended the JM method to many-electron target
systems, where the presented formalism is fully integrated
with Fano’s [25] many-configuration matrix elements. Note
that, even though the method was applied in the frozen-
core S-wave model, the described JM formulation is com-
pletely generic in terms of permissible electron configura-
tions. Such a formulation will be required in our future
attempt to solve the S-wave model exactly without the FC
approximation.

Comparison of the JM and CCC results demonstrated that
the JM method is very accurate and computationally highly
efficient. In particular, the JM results are in exact agreement
with the CCC results between 0.1 and 1000 eV. Note that
the JM results were obtained with the same set of calculation
parameters for the entire energy region spanning four orders of
magnitude, that is, no further adjustments were made for any
particular energy region. Therefore, arguably, the J]M method
joins the CCC method in being one of the very few ab initio
scattering methods capable of a uniform treatment of electron
scattering across a broad energy range.
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