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The photo-ionization cross sections of the 1!S and 2'S states of He were evaluated in the
energy regions 0.20-2.40 Ry and 3.15-3.30 Ry. The 56-term 1Sbound-state wave functions
obtained by Pekeris were used for the initial states. An expansion into a complete discrete
basis set (a modification of the close-coupling method used in electron-atom scattering) was

carried out for the !P final-state continuum wave functions.

Particular attention was given

to the processes where the ejected photoelectron leaves the He® ion in an n=2 excited state.
The results obtained from the length and velocity expressions for the photo-ionization cross
sections show an agreement to within 1% in the lower-energy region. Good accuracy is
achieved for the negative-power moments of the oscillator-strength distributions.

I. INTRODUCTION

Although the photo-ionization of He has been the
subject of extensive theoretical investigations for
over thirty years, ! the emphasis in the earlier cal-
culations®™ has been primarily on the ordinary
photo-ionization process where the ejected photo-
electron leaves the residual He' ion in its ground
state. The availability of improved far-ultraviolet
absorption-spectroscopy techniques enabled Madden
and Codling®'® to make systematic observations of
double-electron excitation processes in the con-
tinuous absorption spectrum of He. They identified
several Rydberg series of !P doubly excited states
which converge onto the n=2, 3, and 4 excitation
thresholds of He* (ionization thresholds of He).
These observations stimulated detailed theoretical
calculations of the He photo-ionization spectrum
below the 7 =2 threshold by Burke and McVicar’
and by Altick and Moore. ® Quite elaborate wave
functions for both the initial and final states of the
two-electron system were used in these calcula-
tions. The doubly excited (resonance) states of He
below the n = 2 excitation threshold of He* were
thoroughly investigated. There is now renewed in-
terest in the double-electron excitation processes
just above the n =2 threshold as a result of Sam-
son’s recent measurement® of the partial photo-
ionization cross section for the processes in which
the residual He' ion is left in an n =2 excited state.

This paper presents some accurate calculations
of the He photo-ionization cross sections for in-
cident photon energies in the nonresonant regions
below the n =2 threshold and between the »=2 and
n =3 thresholds. The partial photo-ionization cross
sections for the processes where the residual He*
ion is left in the 1s, 2s, and 2p states are evaluated
and compared with Samson’s experimental results.
Less accurate calculations are carried out at
higher energies. These calculations are based on
an independent-particle approximation for the
continuum states, and they enable an evaluation of
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the oscillator-strength sum rules to be made.

We also consider the photo-ionization of the He
2'S metastable state, where the partial photo-ion-
ization cross sections for the transitions to the
n=2 excited states of the ion are an order of mag-
nitude larger than the partial photo-ionization
cross section for the transition in which the ion is
left in its ground state. No experimental results
for the photo-ionization of He in the 2!S state are
available at the present time. Pearl, '° however,
has recently reported an experimental value of
(38+8)x10%sec for the lifetime of the He 2'S
state.

II. FINAL-STATE CONTINUUM WAVE FUNCTION

The major effort in our calculations is associ-
ated with the difficulty in obtaining accurate con-
tinuum wave functions for the final states of the
two-electron system in the photo-ionization process.
This task is simplified considerably by restricting
our primary interest to an energy region where
only a few singly ionized final states are energet-
ically accessible. In this section, we focus our
attention on the electron scattering by the residual
He' ion. This scattering is described by the final
states in the photo-ionization of He. Although the
main emphasis in our discussion of e’~He" scat-
tering will be on the asymptotic region of the wave
function, we are motivated by the need to obtain a
reasonably accurate representation of the inner
region of the wave function.

The P two-electron states in the continuum can
be expanded in acomplete orthonormal basis S;4(7;)
with undetermined functions F, (r,) as expansion
coefficients in the form

zpu,E(Fl’ ?2) = (].—*:/giu)-
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where P,, interchanges the spatial coordinates of
the two electrons. The index v specifies the in-
dependent energetically accessible continuum
states (open channels) at the given total energy E.
We require only the continuum states with total
orbital angular momentumL =1 (M =0), because
only this single partial wave gives a nonvanishing
contribution to the dipole photo-ionization cross
sections of the S states.

In electron-scattering calculations, the expan-
sion basis is usually restricted to include only
the first few discrete eigenstates of the target
(He* ion in our discussion) Hamiltonian. This ap-
proach, originally introduced by Massey and
Mohr, ! goes under the name of “close-coupling”
and has considerable intuitive appeal. However,
extensive numerical calculations by Burke and his
co-workers!? have demonstrated that the expansion
in target eigenstates is very slowly convergent,
especially.for excitation cross sections.!® The
slow convergence of the target eigenstate expan-
sion is associated with the difficulty of represent-
ing the contributions from the continuum target
eigenstates in a numerical calculation. In recent
calculations of elastic positron-hydrogen scat-
tering by Rotenberg!* and Perkins, !° and of elas-
tic electron-hydrogen scattering by Burke, Gal-
laher, and Geltman, !® only the first few bound
target eigenstates were retained, while the re-
maining contributions were represented by states
selected from a certain complete discrete basis
set.

It is natural for the expansion Eq. (1) to contain
the target eigenstates corresponding to the open
channels. !” This automatically ensures that the
trial wave function will have the correct asymptotic
behavior, provided the open-channel functions
F ,,(r,)(for k2 > 0) satisfy the boundary conditions

F 1y sz [1/ (k)% [(sin8 6, + coS6 K,,) , (2)

where K,, is the reactance matrix. '* The asymptot-
ic phase 6, is given by

0,=k,7s-11/2+(Z-1)/k, ]In2k,7,

+varg{l,+1-i[(Z -1)/k,]} . (3)

The nuclear charge Z equals 2 in the present case.
k, is the wave number in the open channel p =nl,l,
and is defined by

¥i=2E +Z%n® (E in a.u.) . (4)

We employ a modified expansion basis which in-
cludes only the He* eigenstates corresponding to
open channels. Contributions from higher bound
and continuum He* eigenstates are represented by
independent functions selected from either of the

two discrete radial basis sets 7"¢*" and 7'1"le~ 117,

which are complete for any value of the parameter
a.1® The desired complete discrete expansion basis
S,,,l(rl) is obtained by orthogonalizing the indepen-
dent functions to each other and to the He* eigen-
states included:

f0° St ) Sy (117 1= 8. (5)

In our calculations, 1s, §s, _Z_p and 1s, 2s, 2p,
3s, 3p expansions were carried out for the energy
regions below the n =2 threshold and between the
n=2 and n =3 thresholds, respectively. (The nota-
tion 7, will be used throughout this paper to indi-
cate the expansion states which are not He* eigen-
states.) The independent function ¥%e~%" was used
to construct the 2s, 2p, 3s, and 3p states. These
closed-channel states are given in Table I. The 1s
and Zs (or 3s) states are members of the complete
discrete basis set 7"%¢~%”, while the 2p and 3p states
are members of the complete discrete basis set
ri1*le-0-5Z(n-1pr - Oup choice for the 2p state differs
from that of Burke, Gallaher, and Geltman, !® who
follow the suggestion made by Damburg and Karule !®
Their motivation was to take into account the fact
that low-energy electron scattering is strongly in-
fluenced by the long-range polarization potential
a7, Their 2p state gives the full dipole polariz-
ability of the hydrogen atom ground state, replacing
the infinite summation over intermediate p states
in the expression for «;.

Our computational procedures are identical to
those used by Burke, Gallaher, and Geltman, !¢
once the expansion basis an("x) has been selected.
Our limited expansion basis automatically diagonal-
izes the matrix representation of the one-electron
Hamiltonian:

® a  1,0,+1) 2z
j; Snll('rl) [;1"2',71' ‘—L;%_— + 7 ] Sn'tl(7'1)d"'1

= - 2<nl‘57m' . (6)

TABLE I. Expansion states S,; () which are not
eigenstates of the one-electron Hamiltonian.

Snyy )
2s=—4(Z°/3)V2 2 - (3/22)7) " 0.666 667
Ep=_2(25/3)1/21,29-2r 0
3s=-{116642°/[2187 - 8192

x(1-8/32)4}1/2 {y2e"2"

- (3/22)ve”?" - (16/812

x(3Z-8) lr—(Z/2)r?¥ &?7/%
3p = [(7187322%/26281)]/ 2

x [ - (32/243)€777/?)

e,,,‘(Z= 2) a.u.

1.498 39

0.623416
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This simplifies the numerical procedures. The
energies €, equal — Z2/2x% only for the He' eigen-
states. The closed-channel functions F,,(r;)[cor-
responding to the expansion states s,.,l(rl) which

are not eigenstates of the one-electron Hamiltonian ]
are obtained subject to boundary conditions which
represent exponentially decaying waves:

Fu(r)s—exp{- |k, |7+ [(Z = 1)/|k,| ] In2|k,|7,} .
2~ o
(7

The closed-channel states used in our calculations
have effective energies €nt, (see Table I) which sat-
isfy the conditions

k= 2E -€, ) <0 , (8)

over the energy range of interest. The constraints
given by Eq. (8) are required by the boundary con-
ditions of Eq. (7).

The appropriate form of the Kohn variational
principle is

6(<¥,,5|H-E|b,. ) - (K,,./21)]=0 , (9)

where the variation 6 is taken with respect to the
expansion functions F ,,(7;), subject to the boundary
conditions at infinity given by Eqs. (2) and (7) and
the required behavior at the origin:

F uv(Yz) 2

752" (for all pu) . (10)

Carrying out the indicated variation results in a
set of coupled integrodifferential equations for the
functions F () :

=2 [Vuu'(yz)Fu'y(rz)+ j(; N Wuu'('rz’ Té)F“ wd7; ] .
wt

"2"0

(11)

The quantities V and W are given in detail by Burke,
Gallaher, and Geltman. !® The functions F ,,(7,)
were obtained using the computer code of Burke,
which proceeds essentially according to the method
described by Burke and Schey, % except that the
exchange integral terms are represented by addi-
tional coupled differential equations which are
solved simultaneously with those for the functions
F nv('rz)-
The continuum states ¥, z, with functions F,,(7;)

having the asymptotic behavior given by Eq. (2),
do not correspond to the correct physical final states
in the photo-ionization process. Formal considera-
tion s have established that the final states should
be represented by the incoming wave modification

-1.2! The corresponding functions F,,(r,) have the
asymptotic behavior
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Foulr) s [/ 200k, )V 2o 003, = 605, ] . (12)

After introducing the real orthogonal matrix U
which diagonalizes both the scattering matrix S and
the reactance matrix K :

(UTSU)uv=e2M“6uv ’
(UTKU),,=tann,6,, ,

(13)
(14)

the required states zb‘f:’E are obtained by transform-
ing the functions F,,(7,) according to

Fo(rs) =23 F o o(ry) Ugse ™cosngU,g . (15)
aB

The states lp(;')g now have the normalization per

unit Ry energy adopted in the photo-ionization cal-

culation:

(W95 )=0,,, 08 - E") . 16)

The eigenphases 7, defined as the arctangents
of the diagonalized K matrix, cannot be associated
exclusively with any particular channel and have
no direct physical meaning. It has been rigorously
established®~?4 that these eigenphases increase
monotonically toward their exact values with the
successive enlargement of the expansion basis
Su, (7)), provided all target eigenstates correspond-
ing to the open channels are included in the trial
function. This minimum principle is of consider-
able practical importance in the numerical calcu-
lations, even though it does not provide any assur-
ance that the cross sections of interest are im-
proved with the addition of more expansion states.

The minimum principle is well illustrated by
comparing our values for the P wave e —He"* elas-
tic scattering phase shift, evaluated with the 1s,
2s, 2p expansion, with the corresponding values ob-
tained by Burke and McVicar’ using a 1s, 2s, 2p
target eigenstate expansion (see Table II). We con-
clude that the expansion states selected from a

TABLE II. P wave e —He"* elastic scattering phase
shift 1 evaluated in the nonresonant region below n =2
threshold using He® eigenstate expansion and complete
discrete expansion.

ki (Ry) n(1s, 2s, 2p)(Ref. 7) n(ls, 2s, 2p)
0.2 -0, 0605 -0, 0464
0.4 -0.0631 —0.0485
0.6 -0, 0641 - 0.0490
0.8 — 0. 0636 —0.0482
1.0 -0, 0622 — 0, 0466
1.2 -0, 0600 -0, 0441
1.4 - 0.0571 - 0.0410
1.6 - 0. 0536 -0,0373
1.8 — 0. 0495 -0,0331
2.0 - 0. 0447 - 0.0285
2,2 —0.0388 -0,0234
2.4 —0.0302 -0,0178
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complete discrete basis led to a significant im-
provement over the results obtained with an equal
number of bound target states, even in this very
restricted calculation. Our 1s, 2s, Ep phase shifts
are 5-10% lower than the polarized orbital phase
shifts presented by Sloan. ?* Unfortunately, no
highly accurate variational calculations, similar
to those done by Schwartz?® (L =0) and by Arm-
stead?®” (L =1) on e"- H elastic scattering, are
available for comparison. The eigenphases in the
energy region between the »=2 and »n =3 thresholds,
evaluated with the 1s, 2s, 2p, 3s, 3p expansion,
are compared in Table III with the corresponding
values obtained using a 1s, 2s, 2p target eigen-
state expansion. We observe that one of the four
eigenphases (n,) has undergone an improvement
comparable to that undergone by the elastic scat-
tering phase shift. Perhaps this eigenphase is
mainly associated with the elastic channel.

1. PHOTO-IONIZATION CROSS SECTIONS

We feel that the results presented in the preced-
ing section indicate that good accuracy has been
achieved for the final-state continuum wave func-
tions in the asymptotic region. We now proceed
with the calculation of the photo-ionization cross
sections which depend on the inner region of the
continuum wave functions. The results of this
section are presented by giving the differential
oscillator strengths corresponding to the energet-
ically allowed transitions as a function of k2, the
kinetic energy in rydbergs of an ejected photoelec-
tron which leaves the residual He* ion in its ground
state. The incident photon wavelength is given by
_911.754 A
Y ’
where I is the ionization potential of the initial

(bound) state of the two-electron system measured
in rydbergs.

by 17)

TABLE III. P wave e"—He" scattering eigenphases 7,
evaluated in the nonresonant region between n=2 and
n =3 thresholds using 1s, 2s, 2p and 1s, 2s, 2p, 3s, 3p ex-
pansions.

£} (Ry) m Ny M3 4
1s, 2s, 2p expansion
3.15 0. 447 —0.0501 - 0,639 -1.38
3.20 0. 449 —0.0499 -0,609 -1.44
3.25 0. 452 - 0,0497 - 0,584 -1.50
3.30 0.451 -0, 0493 -0.560 -1.54
1s, 2s, 2p, 3s, 3p expansion

3.15 0.461 -0, 0268 - 0,630 -1.37
3.20 0. 465 - 0.0264 -0.600 -1,44
3.25 0.470 -0,0258 -0,575 -1.49
3.30 0.475 -0, 0250 -0.553 -1.54

Chandrasekhar?®® gives three alternative expres-
sions for the dipole photo-ionization cross sections
which would give identical results if they could
be evaluated using exact wave functions for the
initial and final states. The dipole length and di-
pole velocity expressions have been found to give
the best results when approximate wave functions
are used, and a close agreement between the re-
sults obtained using these two expressions usually
gives a certain confidence in the accuracy of the
wave functions. We do not evaluate the dipole ac-
celeration expression, because it usually gives
disappointing results compared with the other two
expressions due to its emphasis on the region near
the nucleus where the bound-state wave functions
are known to be not so well represented. We can
write, for the length and velocity partial photo-
ionization cross sections when the residual He*
ion is left in the nl, state:

Uﬁzl(ki) = 47’20‘(1""35)‘2; I <l\br(|;ilz.EIzl+22l ‘»ba)lza% ’
2

(18)
o, (k3) = 167% (I+k3)!
« (& 8 22
Xlzj <‘p,.1112,s 9z, + 8z, ¥p)|‘as ,
(19)

where « is the fine structure constant. ¥ is a

1S bound-state wave function. ¥,;}; & is a 'P con-
tinuum wave function defined with %he asymptotic
form given by Eq. (12), which represents an out-
going spherical wave in the channel nll, and in-
coming spherical waves in all other open channels.
The photoelectron is ejected with kinetic energy
k&, =ki-Z%1-»"% Ry and relative orbital angular
momentum 7,. The total photo-ionization cross
section is obtained by summing over all energet-
ically accessible states of the residual ion:

O‘T(ki) = ? Unxl(kf) . (20)
nhy

The S bound-state wave functions obtained by
Pekeris?®”¥ can be rearranged in the form

wa=N<1+Pm>e'“'1'°'zg.‘;Cu.r{rér'fa , (21)

where N is defined by the condition that ¢ be nor-
malized to unity. In the 1'S ground-state wave
function, a=b=(-Ep)'/? where - E is the bind-
ing energy in a.u. In the 2!S metastable-state wave
function, a=2Z, while b was optimized to obtain the
best energy eigenvalue with a given number of
terms in the expansion. 3! We feel that the 56-term
expansions used in our computations were entirely
adequate. The use of larger bound-state expansions
should probably be deferred until a more accurate
continuum wave function is obtained.
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For an efficient evaluation of the integrals in
Eqs. (18) and (19), we employ the following tech-
niques. First we expand each power of 7,, in the
form

P =L [(inGazm( 2™ /731 )]|P(cos6y0) . (22)

It turns out that only the =0, 1, and 2 terms give
nonvanishing contributions when the continuum ex-
pansions are restricted to s and p states. The co-
efficients are most easily evaluated using the re-
currence relation derived by Sack®:

Crmez=[( =20 —m)/(m +2)]

x[(k-m+1)/(2L+m+3)]Cpim »
(23)
Crio=[T(=3k+1)/T(3+D]T(3)/T(-%-)] .

The summation over m is finite for all positive
integral powers of 7;,, and only such terms occur
in the bound-state wave functions obtained by Pe-
keris. The angular integrations and one of the two
remaining radial integrations can be done analyti-
cally by well-known techniques.

The oscillator strength per unit rydberg energy
in the continuum is given by

2
%%1 - cr41rb((,; ) ’ (24)

corresponding to the transition in which the He*
ion is left in the state nl,. After all the algebraic
reductions have been completed, the dipole-length
and dipole-velocity expressions can be written

_32n®

(dfnl] )L 3 (I+R%)
x| Z Wi(r) Fy(r) dr|? |
12 lu=n’1y'12" JO
(25)
2872 -
(%) -2 wonpr
x| = Wi F,(r) ar|? ,
1 'uentry'lp’ 0
(26)

where v=nl,l,. Similar expressions have been
given by Burke and McVicar” and by Macek. %

We have utilized the recurrence relation Eq. (23)
in writing a computer code which gives the weight
functions W,(r) in the convenient form

W, (r)=2 wlrler | (27
i

where vy =a, 7,=b, and v;=a +b +a,_; (j > 3) for
each different exponential parameter @, which oc-

curs in the continuum expansion basis S,,,l('rl). Al-
though the finite summation over the integer i be-
gins with a negative value in some cases, all the
weight functions W,(r) can be shown to be finite at
r=0. The He 1!S weight functions obtained using
the 1s, 2s, Ep continuum expansion are illustrated
in Fig. 1. The weight functions W,y (r) were found
to be practically the same as those obtained by
Burke and McVicar, ” apart from a normalization
constant. It can be noted that the length and velocity
weight functions emphasize the regions of space
at large and at intermediate distances from the
nucleus, respectively.

Table IV presents the differential oscillator
strength for the He 1!S state evaluated in the non-
resonant energy region below the »n = 2 threshold.
The length and velocity results obtained using the
1s, 2s, 2 expansion agree within 1%, whereas
for the 1s, 2s, 2p expansion the agreement is only
to within 2%. As expected, our 1s, 2s, 2p values,
especially those obtained from the velocity expres-
sion, do not differ significantly from the results
reported by Burke and McVicar’ using a different
but equally sophisticated bound-state wave function.
Bell and Kingston® have evaluated df/dE for the
He 1!S state using the polarized orbital continuum
wave function described by Sloan.?® For the lower

T T I T

VELOCITY

0.08 Wz

LENGTH -

0.06

0.04

0.02

| 1
(o] | 2

r (a.u.)

O p—
»

FIG. 1. Length and velocity weight functions occurring
in expressions for photo-ionization cross sections, eval-
uated with the 1'S bound-state wave function of Pekeris
and the 1s, 2s, 2p continuum expansion.
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energies their length results are as much as 4%
higher than our length results, whereas for the
higher energies their results approach ours to with-
in 1%. Table V presents the differential oscillator
strength for the He 2!S state below the n =2 thres-
hold. Whereas the 1s, 2s, 2p expansion yields re-
sults for the 21S state which are as good as those
for the 1'S state, the 1s, 2s, 2p expansion gives
disappointing values at the higher energies. Huang®
carried out calculations for the He 1S and 2!S
states using a bound-state wave function containing
the 7y, variable, and a product of hydrogenic wave
functions for the continuum. Our 1'S results are
in good agreement with those of Huang, but our
2!S results are substantially different from his.
Although the major contributions to the photo-
ionization cross sections come from_ the region of
space near the nucleus, the He 2!S weight functions
were found to have appreciable amplitudes at dis-
tances as large as =20 a.u. Therefore, it was
necessary to evaluate the asymptotic expansions
for the functions Fw('r) to obtain the values at large
distances. These asymptotic expansions, which
are used by Burke’s code, have the form

F..y(r)=f4 [sin(k“w Z-1) ankxy) >> akyF

A=l k A P=0

+cos(k,.r+ (Zk— l)aner> 2 ﬁ;‘;r"’]
A Pal

)

" o
z-1) ) wv P
+ é exp (- ENESS N In2|k, |7 E Y&y

(28)

where there are m, and m, different independent
wave numbers k, above and below threshold, re-

TABLE IV. Oscillator strength df/dE for He 1'S
ground state evaluated in the nonresonant energy region
below n =2 threshold using 1s, 2s, 2p and 1s, 2s, 2p ex-
pansions.

1s, 2s, 2p expansion 1s, 2s,2p expansion

¥} RY) i) (41) (fiL) (gﬁ>

dE/, dE )y dE), dE),
0.2 0.7796 0.7625 0.7830 0.7748
0.4 0.6655 0.6525 0.6669 0.6621
0.6 0.5719 0.5619 0.5716 0.5690
0.8 0. 4950 0.4867 0.4937 0.4923
1.0 0.4316 0. 4243 0.4298 0.4288
1.2 0.3791 0.3722 0.3769 0,3758
1.4 0.3352 0.3284 0. 3327 0.3314
1.6 0.2982 0.2915 0.2955 0.2939
1.8 0.2668 0.2603 0.2639 0.2621
2,0 0.2404 0.2339 0.2370 0.2350
2,2 0.2184 0.2121 0.2139 0.2118
2.4 0.2018 0.1957 0.1942 0.1921

TABLE V. Oscillator strength df/dE for He 21S meta-
stable state evaluated in the nonresonant energy region
below 7 =2 threshold using 1s, 2s, 2p and 1s, Zs, 2p ex-
pansions.

1s,2s, 2p expansion 1s,2s, 2p expansion

ne (), (), (@, &)
1 dE) 1, dE/, dE|y dE/
0.2 0.472 6 0.4786 0.4769  0.4832
0.4 0.257 2 0.2519 0.2586  0.2543
0.6 0,152 3 0.1501 0.1527  0.1521
0.8 0.09875  0,09717  0.09909 0,099 12
1.0 0.06765 0.06635 0,06806 0,06841
1.2 0.04785 0,04695 0,04906  0.04912
1.4 0.03562  0.03398 0,03645 0.03628
1.6 0.02634  0.02480  0,02747 0.02728
1.8 0.01908  0.01796 0.02062 0.02071
2.0 0.01672  0,01503 0.01591 0.01575
2,2 0.01372  0,01253 0.01216 0.01184
2.4 0.008809 0,007697 0.008726 0.008615

spectively. The coefficients are determined by the
recurrence relations derived by Burke and Schey,?®
except for a modification subsequently made by
Burke’ to account for the residual Coulombic in-
teraction for Z # 1. This procedure is clearly more
economical than that of enlarging the region of
space in which the coupled equations are solved
beyond the limit where the solutions are obtained
with significantly greater precision.

In the energy region between the =2 and n=3
thresholds, a photoelectron can be ejected from
He with kinetic energy kf leaving the residual He*
ion in its ground state, or it can be ejected with
kinetic energy k% - 3 leaving the ion in ann =2 ex-
cited state. Samson® observed that 0.08+0. 02 of
the total number of photoelectrons detected at k2
=3.088 Ry were ejected with the lower energy. In
his experiment, it was not possible to distinguish
between the transition to the 2s state of the ion
and the transition to the 2p state of the ion. From
our results for the oscillator strengths for the He
1!S state presented in Table VI, we obtain 0. 095
(L) and 0.094 (V) at k%=3.20 Ry, and 0.093 (L) and
0.092 (V) at k2= 3. 15 Ry for this ratio. These val-
ues seem to extrapolate within the error limits of
Samson’s experimental value. Brown® carried
out calculations using a product of hydrogenic wave
functions for the final state. He obtained results of
the correct order of magnitude for this ratio, but
his df/dE values for the transitions to the n=2
excited states of the ion are quite different from
ours. The success, in certain situations, of the
treatment using a product of hydrogenic wave func-
tions for the final state may be attributed to the
dominance of the nonvanishing centrifugal potential
1,(I, +1)/7® near the nucleus, where the photo-ion-
ization process mainly occurs. This point has
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TABLE VI. Oscillator strengths for the He 1'S ground state, corresponding to transitions in which the He* ion is
left in 1s, 2s, and 2p states, evaluated in the nonresonant region between n=2 and n=3 thresholds.

B2 (Ry) ‘.i[i.s %& ‘ﬁi % df_zp d__fgg
1y dE |, dE | 4 dE | dE | 4 dE | dE |y
1s,2s,2p expansion
3.15 0.1312 0.1263 0.003375 0,003376 0.01048 0,01053
3.20 0.1278 0.1230 0.003 485 0.003 485 0.01046 0.01051
3.25 0.1244 0.1197 0,003 570 0.003 571 0.01044 0.01047
3.30 0.1213 0.1167 0.003 638 0.003 643 0.010 42 0.01033
1s, 2s, 2p, 3s, 3p expansion
3.15 0. 1296 0.1278 0,003 321 0,003 246 0,009 891 0.009606
3.20 0.1262 0. 1245 0.003 429 0.003350 0.009 839 0. 009 542
3.25 0.1229 0.1212 0.003 509 0.003 426 0.009 763 0,009 455
3.30 0.1197 0.1181 0,003 566 0,003 481 0.009 674 0.009355

been stressed by Massey and Bates. 3¢

Table VII presents our results for the He 2!S
metastable state in the energy region between the
n=2 and n =3 thresholds. Our values of the oscil-
lator strengths for the transitions to the s states
of the He® ion are significantly different from
those obtained by Suh and Zaidi. 3" Their procedures
for the continuum are based on the numerical so-
lution of the Hartree differential equations.

For He 2!S, we find that the oscillator strengths
for the transitions to the n =2 excited states of the
ion are an order of magnitude larger than the os-
cillator strength for the transition in which the ion
is left in its ground state. This is explained by
noting that the 1s amplitude is larger than that of
the 2s near the nucleus, where the photo-ionization
process mainly occurs.

Figure 2 presents the photo-ionization cross
sections for the 1!S and 2!S states, obtained from
the velocity expression. Calculations could not be
carried out for energies less than 0. 15 Ry above
threshold, because for very small values of k2
the asymptotic expansions Eq. (28) provide a good

representation of the wave function only for very
large values of 7.

IV. OSCILLATOR-STRENGTH SUMS

In the preceding section, the agreement between
the results obtained from the length and velocity
expressions has served as a criterion for judging
the accuracy of our computed values for the os-
cillator strengths df/dE. An additional check on
our computed df/dE values is provided by an eval-
uation of the oscillator-strength sums. The various
moments of the oscillator-strength distribution
can be defined as

SB)-D (Ea-Efror [ (E-E (L)ak
n dE
=0 (29)

where E;, E,, and E denote the energies in ryd-
bergs of a 'S initial state, a (P —n) thdiscrete state,
and a 'P continuum state, respectively, and E
=I+k%. Some of these moments are related to prop-
erties of the He atom in the initial state by the
following oscillator-strength sum rules:

TABLE VII. Oscillator strengths for theHe 2!S metastable state, corresponding to transitions in which the He* ion is
left in 1s,2s, and 2p states, evaluated in the nonresonant region between »=2 and n=3 thresholds.

¥ (Ry) (dfls) (df,s (dfzs dfys (df sy df )
1 dE | | dE ) » dE | dE |, dE | |, dE | v
1s, 2s,2p expansion
3.15 0.007 167 0.006 218 0.069 19 0. 06730 0.07005 0. 06758
3.20 0. 006 863 0. 005 949 0. 062 90 0.06108 0.06726 0.06472
3.25 0. 006 629 0.005754 0.059 15 0.05745 0.063 40 0. 06192
3.30 6. 006 434 0. 005 600 0. 05726 0. 05567 0.062 56 0.06011
1s,2s, 2p, 35, 3p expansion

3.15 0.007 629 0. 007 429 0.071 42 0. 07020 0.07125 0.07003
3.20 0.007374 0.007 198 0. 065 56 0. 06453 0.068 97 0. 06869
3.25 0.007201 0.007 051 0. 06226 0.06150 0. 066 38 0. 06530
3.30 0, 007 081 0.006 961 0.06076 0.06029 0,064 14 0. 063 39
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FIG. 2. Velocity results for photo-ionization cross

sections of He. k?is energy of an ejected photoelectron
which leaves He® ion in its ground state.

S(-3)=4%8 , (30)
S(-2)=%a, , (31)
S(-1)=3(0|(F, +F)?|0) , (32)
s()=2 , (33)
S(1)=4(-Eq+2(0[B, - B,|0)) , (34)

S(2)=%1Z (0]6V(F,) + 6V (F,)|0) . (35)

P, is the momentum of the ith electron, and @, is
the dipole polarizability of the initial state of He
measured in units of af,. In the sum rule given by
Eq. (30), B, is the coefficient of the nonadiabatic
contribution of order 78 in the asymptotic expan-
sion for the potential experienced by an electron
incident upon the initial state of He. This sum rule
has been recently derived®®; the others are well
known. ¥°

A highly accurate computation of the expectation
values which occur in the expressions for S(-1),
S(1), and S(2) has been carried out by Pekeris.?%*
This enables a precise evaluation of these sums to
be made for the 1!S and 2'S states. Victor, Dal-
garno, and Taylor41 have recently computed S(- 3),
S(-2), and S(- 1) for these states by replacing the
infinite summations over the intermediate states
(including the integrations over the continua) by
finite summations over the eigenvectors of the Ham-
iltonian matrix in a Hylleraas basis. This pro-
cedure is expected to give accurate results for
those sums S(k) which weight heavily the lower-
energy part of the oscillator-strength distribution.

Our evaluation of the sums S(%), which is summa-
rized in Table VIII, utilizes the accurate f values
obtained by Schiff, Accad, and Pekeris*? for the
dipole transitions to the lowest four discrete 'P
states. In order to estipate the contributions from
the remaining discrete states, we have used the
asymptotic result*#

2(Z -1)? ( df
o 5 (g 30

TABLE VIII. Various contributions to the sums S(&).

- 2.4
S(k) Z:= Z(En - Eﬂ)hfno Ln=6 (En - Eo)kfno f 2 O(E - Eo)h

2 2ot (E-Ey* Total Exact Previous
X1 af \ i x’ i 5 values ev.alua—
4E EE tions
He 11§
S(-3) 0.09611 0.005 14 0.07344 0. 002 50 0.1772 cee 0.1766
S(-2) 0.1536 0.00921 0.1690 0.0135 0.3453 cee 0. 34552
S(-1) 0.2459 0.016 5 0.4075 0.0799 0.7498 0.752 50° 0.75202
5(0) 0.3944 0.0295 1.037 0.514 1.975 2 2. 054¢
S(1) 0.6339 0.052 9 2.795 4,542 8. 025 8.167 5° 7.923¢
S(2) 1.021 0.0948 7.997 110.5 119.6 121, 34° 117, 7¢
He 21§
S(-3) 4372 1.90 5.558 0.004 9 4380 ces 45372
S(-2) 198.0 0.530 1.899 0.0197 200, 5 cee 200. 62
S(-1) 9.640 0.141 0.736 6 0.1229 10. 64 10. 6854 10. 702
S(0) 0.599 2 0.038 8 0.357 0 0.6836 1.679 2 2, 036°
S(1) 0. 06107 0.0106 0.243 4 4,423 4,738 5,773 3¢ 5.642°
S(2) 0. 009745 0. 002 94 0.245 8 84.64 84, 90 87.7614 83. 07°
3See Ref. 41. "See Ref. 40, °See Ref, 46. dSee Ref, 30. °See Ref. 37,



3 LOW-ENERGY PHOTO-IONIZATION OF THE 1!S AND 2'S--.-

Since we were unable to obtain the threshold values
of df/dE from our computations, we have taken for
the 1!S state the value 0. 900 (halfway between the
length and velocity results of Stewart and Webb?),
and for the 2!S state we have chosen the value 1.125
(used by Dalgarno and Kingston*®). These numbers
are unlikely to be in error by more than 2%.

The main purpose of our evaluation of the sums
S(k) is to check our computed values of df/dE in
the energy range 0. 2<k%<2.4. Although the major
interest of this paper is in double-electron excita-
tions, we have obtained reliable results for these
processes only over an energy range which makes
insignificant contributions to the sums S(¢). Lacking
a more satisfactory approach for higher energies
in the continuum, we have adopted the procedures
used by Salpeter and Zaidi*® and Suh and Zaidi%
in order to estimate the contributions from the
continua for k2> 2.4. As expected, we obtain good
accuracy for the sums S(-3), S(-2), and S(-1),
which weight most heavily the lower energy part of
the oscillator strength distribution. Our estimates
of the sums S(0), S(1), and S(2) for the 2!S meta-
stable state are quite poor compared with those for
the 1S state, most probably because the double-
electron excitations which are inadequately treated
by the independent-particle approximation are of
much greater importance in the 2'S continuous ab-
sorption spectrum. These considerations would
be of great importance in an accurate evaluation
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of the Lamb-shift mean-excitation energy of the
2!S metastable state.

V. CONCLUSIONS

We have been able to obtain significantly im-
proved results for photo-ionization processes at
low energies before exceeding the limits of our
computing facilities. A more detailed experimen-
tal investigation of the double-electron excitation
processes just above the n =2 threshold would be
of great help in judging the accuracy of our results.
Should greater precision be warranted, it would
probably be best to abandon the expansion in product
functions and include the 7,, variable in the con-
tinuum trial wave function.
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One of the oldest methods suggested for treating the effect of charge polarization on elastic
scattering is revived by the use of certain physically reasonable assumptions, and is shown
to lead to results, in the limit of small scattering angles and high incident energies, which are

in quantitative agreement with experimental and theoretical expectations.

The theory is

worked out in detail for one- and two-electron atoms, and the extension to more complex sys-
tems is also discussed. The effect of charge polarization on the elastic differential cross
section for 500-eV incident electrons on He is calculated and compared with the experimental
results of Bromberg and the theoretical results of LaBahn and Callaway. The agreement is
good over the angular range 0°= 0<6° if exchange scattering contributions are included.

I. INTRODUCTION

Numerous treatments of charge polarization or
charge distortion of the target on scattering by
charged particles have been considered. ! These
methods can be put into two classifications. The
first will consist of the so-called rigorous methods
which are designed for use in the region of low in-
cident energy of the bombarding charged particle.
Such methods, in the case of electron scattering
from atoms and molecules, become computation-
ally messy at energies above 100 eV because of
the proliferation of open excitation channels. The
second class of methods, generally more empirical
in nature, either simplify rigorous theory by the
use of approximations or use parametrized models
to represent the polarizing process.

One of the oldest methods of the second type,
which is here called “the infinite-channel close-
coupling theory in the second Born approximation,”
was first suggested by Massey and Mohr? and is
the method to be dealt with in this paper. It simply
consists of writing the coupled-channel differential
equations, neglecting exchange and relativistic
effects, in the form

(V2+k2)fo(l")=§ Uo (@Y, (F) ,
(V2+kf)f1(F)=i UII(F)fl(F) ’
130 (1)

(V2 +R2)f(F) Z)

nl(r)fl(r)

where % is the incident energy, kf,=kz -AE,, is the
scattered energy after exciting the target to the
state n, and f,(¥) is the wave function for the scat-
tering process where the scatterer is initially in
its ground state and is left in its nth excited state.
The interaction potential U, (%) is given as

Unl(F):%nrn:<lpn(Fb ceey FN)

l(.fb ey ?N)> ’ (2)

i=1

where m/m, is the electron mass ratio (1 - v%/c?)-!/?

introduced to provide the main relativistic effects
on the scattered electron in the forward scattering
direction with incident energies less than 50 keV,



