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Ten-channel eikonal treatment of electron —metastable-helium collisions: Differential and
integral cross sections for 2 ' P and n = 3 excitations from He (2 ' 8) and the (X, g, II)

parameters*
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%'e present a ten-channel eikonal treatment of the 2' P, 3 "S,3' P, and 3 "D excitations of atomic helium,
initially in the 2 "Smetastable states, by incident electrons with energy E (eV) in the range 5 ( E ( 100.
Integral and difFerential inelastic cross sections are obtained. Also, the angular-correlation parameters X and y,
which respectively provide the relative population and relative phase of the collisionally excited P magnetic
substates, and the circular polarization fraction H of radiation emitted from these P states, are determined as
functions of scattering angle 0 and E. No measurements exist to date. The principle of detailed balance is
explicitly demonstrated for the 2 'S-1 'S superelastic collision,

I. INTRODUCTION

In constrast to collisions involving ground-state
atoms, relatively little is known with any great
certainty about excitation processes involving
atoms initially in a prepared excited state. Such
knowledge is very important to the detailed analy-
sis of gaseous discharges, astrophysical plasmas,
and formation of excimers' (excited metastable
molecules, often rare gases).

In this paper, the multichannel eikonal model, '
which provided a satisfactory account of integral
and differential cross sections in e-H(ls) and e-
He(ls') inelastic collisions, "is applied to the
excitation processes

above 100 eV. Hence, couplings between all the
states in the n =2 and 3 channels are extremely
important and require inclusion for a proper treat-
ment of Eq. (1).

II. THEORY

A. Basic approximation

In an effort to clarify more fully the basis of
the present approach, an alternative derivation of
the multichannel eikonal treatment is instructive.
The wave function for the scattering of two (struc-
tured) atoms & and B in general, by their mutual
interaction V(r, R) at nuclea, r separation R(X Y, Z),
is

e+He(2 "S) e+He(2"P, 3'"$3"'P 3"D). 4,' (r, R) = $, (r)e' "R

Frozen-core Hartree -Fock wave functions for
helium are used throughout, and the n =1, 2, and
3 channels of each singlet and triplet series will
be closely coupled. In addition to the evaluation
of integral and differential cross sections for
(1), the angular-correlation parameters A. and y,
which are more basic to the collision process,
and which provide valuable information on the cir-
cular polarization of the emitted radiation from
the n "I' states, will also be studied as a function
of impact energy E and scattering angle 8 (in the
c.m. frame).

Contrary to that experienced for transitions from
ground atomic states, both the Born and the Vain-
shtein, Presnyakov, and Sobel'man (VPS) approxi-
mations predict' that collisional excitations from
the 2 "Smetastable-helium state to the 3 "D and
3 "S (optically forbidden) levels are more prob-
able than excitations to the (optica. lly allowed)
3 "I' and 4 "I' levels except at incident energies

dr'dR'G, +(r, R; r', R')

xV(r', R')+,'(r ', R'),

where the two-particle Green's function G,', appro-
priate to R„ the Hamiltonian of the unperturbed
system of energy E; at infinite R, satisfies

(&; —&,+&&)G, (r, R; r', R') =5(r —r')5(R —R'), (3)
in which the composite internal coordinates are
denoted by r relative to each parent nucleus. The
free-particle Green's function, which propagates
the effect of the interaction V at (r', R') to (r, R),
can be expanded, in terms of the complete set of
eigenfunctions of &p as

Go(r, R; r', R')

P ~ et X ~ (R - R~) d~k

=,".(2.) s
n n

(4a)
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with g„(r) describing the internal structure at
infinite nuclear separation R, where the relative
motion is planar with propagation vector k(k„,k„k,).
For heavy-particle collisions, and for elec-
tron-atom inelastic collisions at intermediate and

high impact energy, scattering about the forward

direction contributes most to the total cross sec-
tion, ' and it is therefore a good aonroximation to
assume that the major contribution to the propa-
gator (4a) arise only from those waves at Z'&Z
with k'= 0,' such that

Go ( r, R; r', R') = lim
oo p ~ ejhg(Z-Z ')"*'"*'dk e'"'" 'dk k (R)d'(F) dk )R(R -R')

~ oo g+K

(4b)

where H(Z -Z') is the Heaviside step function
(unity for Z'&Z and zero otherwise). Hence, by
contour integration, and with introduction of the
impact parameter p(K, F),

eik (Z-Z')

S S

xH(Z —Z')(l), (r)g+ ( r') .

(4c )

The reduction of (4a) to (4c) can also be obtained

by the method of stationary phase (cf. Schiffn and

Gerjuoy and Thoma. s'). The multichannel eikonal
approximation follows by setting

k,'(r, R)=Sd (R, Z)d (r)e'* '"', (5)

where the eikonal S for the relative motion in
excitation channel m under the static interaction

V„„(R)=((j)„(r)lV(r, R)l)j) (r)& (6)

with n = m, satisfies

(VS )' —N(V'S ) = k' —(2 p, /k') V =- ({'(R)

exactly. The Green's function corresponding to
(5) is (4c), with k, replaced by the local wave num-
ber ({„andhence, (2) with (5) reduces to

ei KS(Z-Z~) I

0 (r)6(p 5')H(Z--Z') & (p' Z')V (R')~™~~dp'dZ'.
Ks R S m+s

(8)

The projection of (8) onto the orthonormal set g„(r) is

Z e f I{:„Z'
(A e' "—6 e' i)e "n = —— A. (p Z')V (p Z')e' m{(' ' dZ'

n ni k:z &(~~ Z)) m k nm (9)

which on differentiation yields R, (d, ( )e & "(V=(r, , R)(s'd'„d„( )e'*d'~);-,

(A ei{S„-n nZ) )
8Z

I
A (p, Z) V„(R)e'{Sm{ ) '" ) . (10)

n m

-2
—= —4s—f;g(k;, k~)

p ~ p g eiSn(R)

(12a)

Ignoring the second term on the left-hand side
of ('I) and assuming a straight-line trajectory
along the Z axis, i.e., lVS„l =BS„/BZ =({„,and
B){„/BZ=O [equivalent to the neglect of 9'S„ in (t)],
Eq. (10) becomes

i@2
n Q (p Z) V (R)ei{Sm- Sn)

BZ m ~ nm 7

m y'n

a set of first-order coupled differential equations
to be solved for &„. Thus, for a finite number of
states n =1, 2, . . . , N, the direct transition matrix
element T&& or its associated scattering amplitude

f;& can be evaluated from

(12b)

the basis of the multichannel eikonal treatment. '
The transition matrix for rearrangement collisions
between the projectile at R and a target electron at
r; is obtained from (12a) by the R —r, interchange
in the wave function for the final state f.

The above derivation therefore shows that the
multichannel eikonal treatment is based on the
following three assumptions: (a) the Green's func-
tion (4c), (b) lVS„l =({„,and (c) a straight-line
trajectory used to find the eikonal 8„, all included
within a restricted basis set of K target states.
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B. Basic formulas

For a nondegenerate initial state i, the experi-
mental differential cross section for i- f excita-
tion is, as a function of scattering angle 8,

da k, „g If'"'(~)l' (13)

and

)) —
)f (0 ) ]2/(Jf (0)

j
2 + 2)f (&) )2) (14)

X =N~ —Q0,

where n„ is the phase of the scattering amplitude

summed over all degenerate magnetic sublevels
M of the final level f of the target with angular
momentum L, thereby suppressing all knowledge
of the populations and phases of each substate.
However, two quantities capable of measurement'
and calculation as functions of 6I and impact energy
E, can be defined for excitation of the n "P levels,
by

II = —2[)).(1 -)()]'~'sin)(=(&f, ),
where (b,L,,) is the expectation value of the angular

. momentum transferred in the F direction during
the collision. '

The basic formula (12) for the scattering ampli-
tude can be further reduced for two-particle inter-
actions for which V«(R) = V«(p, Z) e', to yield'

f, (9, Q) = —i +' J (E'p)
0

x[f (P, ())-i I( P, e)]PdP,

(18)

where Jz, are Bessel functions of integral order,
(M, —M&) the change in magnetic quantum number,
and where E' is the XV component k& sin8 of the
momentum change K = k; —k&. The collision func-
tions

I (p 8 o.)= Kq(p Z) ~ ' e'" dZ (19)
()C (p, Z), „s

f(N) jf(dr))cia& (16) and

and where the axis of quantization of the target is
taken along the incident Z direction defined by k, .
The parameter A, is the relative contribution aris-
ing from the M = 0 sublevel to (13), while )( is a
measure of the coherence between the excitations
of the M =0 and 1 sublevels, i.e., the phase dif-
ference between the corresponding oscillating and
rotating dipoles, respectively. A related quantity
is therefore the circular-polarization fraction of
the radiation emitted from the n "P levels in a
direction perpendicular to the (assumed) XZ plane
of the scattering,

l, (pe; a)= f [s,(]xi -ki)+)g/I')vs]

xC~(p, Z)e'" dZ (20)

n = kf(1 —cos 0) =2k& sin'(8/2), (21)

the difference between the Z component of the
momentum cha. nge E and the minimum change
k, —k& in the collision. The coupling (phase 4-
independent) amplitudes C~ are solutions of the
following set of N coupled differential equations

contain a dependence on the scattering angle 6j via

ih' &C~(p, Z) I'
Kg(p, Z) ~ ' + —

K&(K& —k&) + V&&(p, Z) C&(p, Z) =g C„(p, Z) V~„(p, Z)exp i (k„—k~)Z, f= 1, 2, . . . , N,Bg

(22)

solved subject to the asymptotic boundary condition
C~(p, -~)=&)).

glet) and antisymmetric (triplet) eases, respec-
tively. The frozen, inner 1s orbital is (in a.u. )

III. RESULTS AND DISCUSSION

In order to express the interaction matrix ele-
ments (6) as analytical functions of R, it proves
convenient to transform the frozen-core Hartree-
Fock wave functions of Cohen and McEachran. '
Thus, the spatial wave functions for the n = 1-3
states of helium are

]j) (r)=2'~'e '"Y„(r),

and the orbital for the second electron in state
(nlm) is rewritten (in a.u. ) as

&-l
(r) = p B"„''e s" r" 'Y, (rj, p=2/n,

(24)

(r„r,) =&„,[P,(r, )P„, (r, )a P,(r, )P„,„(r,)],
(23)

in which the + signs refer to the symmetric (sin-

(26)

where J is the maximum number of linear coef-
ficients B~ given in terms of Cohen a.nd McEach-
ran's original parameters a",.' by'
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( 1)N 52-l(7 f } (2p)N j-j-

(N I —-1)!(j —N —I)!(N+ I)!

IV= I, 2, . . . , J . (26}

The above transformation (26) facilitates sub-
sequent evaluation of the e-He interaction matrix
elements

(27)

as analytical functions of R, for all combinations
of i and j appropriate to a ten-state treatment. In
addition to the n=2 and n=3 channels, the super-
elastic 1'S channel was included for singlet-sin-
glet transitions. The above frozen-core approxi-
mation for He implies that correlation effects be-
tween the inner and outer atomic electrons have
been explicitly neglected [although some implicit
account is assumed by virtue of (25}], and is
therefore effectively exact for highly excited
Rydberg states, Metastable helium is unique in
that its excitation energy, 19.8 eV above the
ground state, is the largest of all the singly ex-
cited atoms, its outer electron is relatively weakly
bound (-4.8 eV), and the mean interelectronic
separation in the 2'S state is -5.3ao. Therefore,
the main response of target helium to the projectile
electron is expected to arise from the outer elec-
tron such that the use of a frozen-core orbital for
the inner electron within a close-coupling scat-
tering wave function (5) is expected to be quite
accurate. This is further supported by the fact
that the dominant contributions to the integral in-
elastic cross sections for singly excited transi-
tions arise from small scattering angles 8 & 20'
(cf. Fig. 5) which result from distant encounters.

—At the lowest impact energy (5 eV), however, the
angular distribution tends to become more iso-
tropic such that close encounters are gaining in
relative importance. This situation is difficult to
assess without resort not only to correlated atomic
wave functions, but also to a more elaborate scat-
tering formalism involving some mechanism which
permits response of the inner electron to the pro-
jectile. If correlation effects with the inner elec-
tron are to be included in the atomic function, then
similar refinements involving its interaction with
the projectile must also be included in a more
elaborate scattering formalism, not based on an
atomic close-coupling expansion valid only for
weak perturbations, but on some perturbed three-
body expansion. It is worth noting that the atomic
wave functions adopted in this paper are the most
accurate ones used to date in any scattering de-
scription more refined than Born's approximation,

l02
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/

'e

B

/

c!
I

f/
/

C/

/

/

i P P

P 'i

10
0-I IO IO

E(ev)
!0 IO

FIG. 1. Cross sections (mao) for the 2 '3$-2 '3P tran-
sitions induced in helium by electron impact at energy
E (eV). E: Present multichannel eikonal treatment. B:
Born approximation (Refs. 1, 1Q). C: Burke et al. (Ref.
11).

In Figs. 1-3 are displayed the integral cross
sections for the processes

e +He(2 1~ 3S) e +He(2 1,3~ 8 1,3S 2 1,3~ 8 1,3D)

(28)

at incident-electron energies E (eV) in the range
5 &E (100, together with comparison Born values
determined from the highly accurate form factors
of Kim and Inokuti. ' It is worth noting that the
coupled-state calculations were much more time
consuming (-5 h U1108) than a corresponding
treatment of excitation from the ground state '
which involved -1 h U1108. This additional time
resulted from the closeness of the initial 2 'S with
neighboring 2'P channels which, because of their
long-range static and coupled interactions, neces-
sitated the inclusion of large impact parameters
p

- 100 a.u. in order to achieve conve rge nce for
both the solutions of the coupled equations (22) and
for the integration (18) involving the Bessel func-
tions which oscillated rapidly at these large p.

In general, transitions between singlet states of
given configurations are much more probable than
the corresponding triplet-triplet transitions. Figs.
1-3 show that the multichannel treatment pre-
serves the Born predictions of the relative im-
portance of transitions to the 2 "P, 3 "D, 3 "S,
and 3 "P states, written in order of decreasing
probability, except at Ea 25 eV and ~ 70 eV when
excitations of the 3'P and 3'P states, respectively,
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FIG. 2. Cross sections (7tao) for the 2~S-3 S, 3~P,
3~D transitions induced in helium by electron impact at
energy E (eV). E: Present treatment. B: Born approxi-
mation (Hefs. 1, 10).

FIG. 3. Cross sections (7tao) for the 23S-33S, 33P,
3 3D transitions induced in helium by electron impact at
energy E (eV). E: Present treatment. B: Born approxi-
mation (Refs. 1, 10).

become greater than the 3 "Sexcitations. The
results of Burke et &/. , "who used simple analytic
wave functions, closely coupled the n =1 and n=2
states for total (system) angular momentum I =0
and L=. 1, and used a Born approximation for
higher L, are also displayed in Fig. 1 for com-
parison. A remarkable feature is that the Born
limit is approached by the eikonal treatment at
fairly low E, especially for the singlet transitions.
Validity of Born's approximation has, as yet, not

been fully explored fot collisions involving excited
atoms, although here the criterion E»e& —e;, the
excitation energy, is satisfied for E much lower
than that normally required for excitation from
the ground state. The undulations in the 2 "S-
3 "I' cross sections in Figs. 2 and 3 are direct
consequences of a zero in the corresponding form
factors at nonzero momentum change K In gen-
eral, at low E, the stronger (optically forbidden)
transitions are less affected by couplings than the

weaker 2 ' S-3 ' I' transitions which, however,
converge more rapidly onto the Born limit at
higher E.

The present te n-channel cross sections 0 ~ for
excitation of magnetic sublevel M of (28) are dis-
played in Table I. Note that the cross sections
o(nlm) for excitation of the n "'P (m =el) and 2 "D
(m =+2) substates dominate the cross sections
o(nl) for excitation of the respective levels (nl)
at high impact energies. This behavior is consis-
tent with the high-energy limit to Born's approxi-

mation, which predicts that the ratio o(nlm)/o(nl)
is 2~PP(0)~2/(2l + 1), where the associated Legendre
functions PP(0) are zero for odd (f —m), and are
largest when (m~ = l. Alternatively, when impulsive
conditions prevail, the change 4L, in the angular
momentum perpendicular to the XZ scattering
plane is directly proportional to the linear momen-
tum change E= 2k; sin —,'0, which is perpendicular to
the incident direction and which vanishes for high-
energy scattering in the forward direction, there-
by permitting angular momentum changes only in
the Z direction to occur. Cross sections for the
2'S-1'S superelastic collision a,re also provided
such that the detailed balance relation

k2a, z(k,. ) = kp'z, (kz), .

(29)

between the forward and reverse rates for the
process can be tested, thereby permitting assess-
ment of the overall accuracy of the calculations.
Thus, the crosses in Fig. 4 refer to the present
2'8-1'S results for the left-hand side of (29),
with E ~ 5 eV, while the dots, representing the
right-hand side of (29), are taken from a previous
ten-channel treatment of the 2 'S excitation from
the ground state for E~ 40 eV. The maximum
deviation corresponds to an error of 2.5% in o.

The plane -polarization fractions"
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TABLE I. Integral cross sections (zap) for the 2 S-n L and 2~S-n L transitions (S and T, respectively) in helium
by collision with incident electrons of energy E (eV).

(eV)

10 20 50 100

2P (0)
2P (+1)
2P (Z)

3P (0)
3P {+1)
3P (Z)

3D (0)
3D (~1)
3D (~2)
3D (Z)

1 is

5.71
l.23
1.80

5.92

1.08
3.72 ~

1.45

2.73
6.56
1.78
1.11

1.4V '

3.07
4.63'
7.70

1.95

6.42 ~

9.48
V.3V '

1.34
1.89
3.87 '
3.62

4.O1'

1.222

1.62~

3.99

8.4O-'

736 '

1.58

3.03
7.16
3.89
1.41'

8.63

2.38'
5.53
7 91

1.72

3.VS-'

3.24-'
V.O2-'

1.72
3.20
1.40
6.32

1.02
9.51
1.05

9.29
1.10
2.03

1.49
3.58
3.52
8.59

5.06

1.29'
4.vo'

5.99

1.20

2.38
3.4O '
5.78

8.34 ~

1.81
1.45
4.09

9.94-'
5.63'
5.V3'

1.19

4.5v-'
1.36
1.82

4.e9-'
s.96-'
1.92
3.28

2.91

2.26
2.8»'
3.04'

2.60 '
2.68
5.2S-'

2.81
6.35-'
8.55
1.77

2.58 ~

3.16'
3.19'

6.29-'

1.80
1.02
1.20

2.34
2.29-'
1.02
1.48

1.V2 '

1.64
1.ev'
1.83

2.00
1.80
3.SO '

2.1V '
2.51 '

5.41
1.01

' Exponents indicate the power of 10 by which the entry is to be multiplied.

and

P (z &P ~ 'S) =
Vo+ 0'~

P(n'P-2'S) =
41v, + 67o',

P(3 'D 2'P)=-
5o, +9v, +60, '

213 ((To +oi —202)
O'Ilg, + 1271o, + 1058cr,

(30a)

(30b)

No measurements or other theoretical calcula-
tions are available. However, since excitation
from the 1'S state was very well described (when
compared with experiment) by the multichannel
eikonal approach for 0~ 8& 40', a range contribut-
ing effectively all of the integral cross section, the
data in Fig. 5 are presumed quite accurate for
small-angle scattering. Electron-exchange effects,
important for large-angle scattering, 4 have been

for the dipole radiation emitted from the excited
states are presented in Table II. The effect of the
couplings on the magnetic substates is strongly
evident, particularly for the I'-S transitions, when
little correspondence is exhibited between columns
2 and 4 and between 3 and 5.

kE'(O. u.j

l.49 5.49 9.49 l3.49
l5 '

l
'

l
'

I
'

I l l

A. Differential cross sections

In Fig. 5 are displayed the differential cross
sections for the singlet-singlet transitions, as a
function of scattering angle 8 and impact energy
E (eV). The structure present in the 3'P excita-
tion but absent in the 2 'I' excitation is a direct
consequence of the very important, strong
3 'D(m = 0, al, +2)-3 'P close couplings which affect
the magnetic substates of 3'P more than do the
'I'-'S couplings. The relative importance of close
encounters (large-angle scattering) for optically
forbidden vs optically allowed transitions is ex-
hibited by the slower decrease with (9 in Figs.
5(b) and 5(d) relative to that in Figs. 5(a) and 5(c).

X

l i l i l i l i l i l

I 3 5 7 9 I I l3 l5
ka (Q. U,)

FIG. 4. Test of detailed balance between the forward
and reverse rates of the 1~S-2~S collisional excitation in
helium by electrons with wave number 4& and kz in the
1 S and 2 S channels, respectively. ~: Previous o(1 S-
2~S) data (Ref. 4). x: Present 0(2~S-1~S) data.
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TABLE II. Polarization fractions of radiation of wavelength X (A) emitted from the collision-
all xcited states n' to state n.

-n 2P-n Si i

A) 20581(2) ~

584 (1)

2 P-23S
10 830

3'P-n 'S
5016 (2)
537 (1)

3P-2 S
3889

3'D-2'P
6678

3D-2P
5876

5
10
20
50

100

-0.037
-0.207
-0.647
—0.932
—0.968

0.040
-0.020
-0.076
-0.171
-0.161

0.706
0.391
0.256

—0.196
—0.478

0.302
0.123
0.048
0.096
0.116

0.262
0.138

-0.021
—0.248
-0.383

0.175
0.104
0.025

-0.052
-0.072

Ualue of lower-level n in parenthesis.

explicitly neglected, although some (small) allow-
ance does result by virtue of a multistate target
expansion. Also differential cross sections for
excitation of the m substates are available from
the authors. No measurements exist as yet, al-
though when various theoretical and experimental
data for the 1 'S-2'Io differential magnetic sublevel
cross sections were compared for electron-helium
scattering at 60 and 80 eV, Chutjian and Srivas-
tava" concluded that the corresponding multichan-
nel eikonal treatment provided the best agreement
with their recent measurements.

Cross sections obtained for the corresponding
triplet-triplet transitions are smaller than and
demonstrate behavior similar to that in Fig. 5.
They are available from the authors upon request.

B. Angular correlation parameters and

circular polarization fractions

In Figs. 6(a) and 6(b) are presented graphical
displays, as functions of 8 and E, of A. , the rela-
tive contribution to the differential cross section
arising from 'P (m =0) scattering, and of )I, the
phase difference between the 'I' dipoles oscil-
lating (m = 0) and rotating (m =+I) about the Z
axis. Forward (8= 0) and large-angle (8~ 40')
inelastic scattering is mainly in the w = 0 channel,
with m =&1 excitations being dominant at the inter-
mediate angles. As E is decreased, this inter-
mediate angular range increases, and the range
for m =0 scattering in the forward direction also
increases, although not as rapidly.

The 2'P phase difference y in Fig. 5(b) is nega-
tive for all 8 and passes through -~n twice for all
E, and -z twice only for the lowest E - 5 eV. This
behavior assumes significance in the fraction of
circularly polarized radiation emitted from the
2'I' states. Thus, provided the populations of the
m =0 and +1 sublevels are equal (i.e., A. = 0.5),
then 0 = -sinX; fully circularly polarized light is
observed when g = —2n, and is absent when X = —m

at two scattering angles 8. Figure 5(a), however

shows that the m =0 and m =+1 substates are not
equally populated, in general, except at specific 8,
and the combined effect of phase difference and de-
parture from equal populations is exhibited in
Fig. 6 which displays II given by (17) as a function
of L9 and E. This figure shows that circularly
polarized light is observed when the electrons are
scattered through fairly large angles which de-
crease as E increases. Moreover, H passes
through zero twice, only for E =5 eV, as expected
from Fig. 5(b). Figure 7 also provides the angula, r
momentum (17) transferred at right angles to the
scattering plane, and hence the maxima, almost
reaching unity, correspond to the transfer of -1
unit of angular momentum (h) to the atom which is
therefore left in the m =0 state,

Similar graphical displays of A. , X, and ~ have
been obtained for the remaining transitions (and
are available from the authors). No experimental
data exist. However, a corresponding ten-channel
treatment4 of the 1 'S-2 'P, 3 'P transitions in helium
by electron impact resulted in satisfactory agree-
ment with the recent A. , y measurements of Emin-
yan e, f, g).8

Fina11.y, the effect of the neglect of e1.ectron
exchange and of couplings with channels n~ 4 is
difficult to assess without resort to more detailed
and elaborate calculations. For transitions from
the 1'S state, electron exchange is effective only
for the close encounters resulting in large-angle
scattering. These large angles, however, pro-
vide negligible contribution to the inelastic integral
cross sections, '"which are determined solely by
scattering mainly in the forward direction (8S 20')
at intermediate impact energies. Also, explicit
inclusion' of exchange within the the VPS approxi-
mation for e-He(2 "S) collisions causes little
change for E~ 10 eV. A better representation of
the direct scattering function is apparently more
important and is obtained by the present inclusion
of close couplings.

We note that a fully quantal close-coupling cal-
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culation wou xn prld
' actice be prohibitively difficult

in that an extremely large number of angular mo-
mentum sta es o rt L f elative motion are distorted
by the strong dipole interactions evident in the
present s u y.t d Thus the normal procedure of

pe orm'rf ming fully quantal computations for L =0
&10- L,„-10and a Born approximation for L&

simply wx no s'll t uffice since the present investi-
gation has shown that impact parameters p -100
a.u. (—=L/A, ';) are influenced appreciably by the
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