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Cross sections for excitation of the b X+, a Xg+, and c Il„states of H2 by low-energy electrons
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We used a multichannel extension of the Schwinger variational principle [K. Takatsuka and V.
McKoy, Phys. Rev. A 24, 2473 (1981)] to study the cross sections for excitation of the
X 'X~+~b 'X+„, a 'Xg+, and c 'H„ transitions in H2 by low-energy electrons. These cross sections
were obtained with two open channels for each transition and for energies near threshold to 30 eV.
The results for the b 'X+ and a 'Xg+ states agree quite well with available experimental data. How-
ever, the cross sections for excitation of the c H„state differ significantly from the measured values
at the two energies, 20 and 30 eV, where data are available.

I. INTRODUCTION

Cross sections for electronic excitation of molecules by
low-energy electrons play an important role in the model-
ing of swarm and plasma etching systems, ' discharge de-
vices, gas lasers, How fields around space vehicles, and
planetary atmospheres. Electronic excitation of adsorbed
molecules by low-energy electrons is furthermore a po-
tentially important probe of adsorbate-substrate structure
in surface science. The available experimental data on
these cross sections is fragmentary and, in some cases,
show major inconsistencies. Most theoretical studies of
electronic excitation of molecules by low-energy electrons
to date have also been carried out using low-order
theories such as the Born and Ochkur-Rudge approxima-
tions, ' the impact-parameter method, and distorted-
wave theories. " Though such theories can be compu-
tationally easy to apply and can provide useful results in
some applications, they cannot be expected to yield con-
sistently reliable differential and integral cross sections at
low and intermediate collision energies. Recently, how-
ever, the Schwinger variational, linear algebraic, and R-
matrix methods' which had previously been widely ap-
plied to elastic electron-molecule collisions were extend-
ed, where necessary, and applied to electronic excitation
of Hz+, ' '

Hz,
' ' and 02 (Ref. 19) by low-energy elec-

trons. In these studies of H2,
' ' our excitation cross

sections for the X 'X+~b X„+ transition were obtained
using a multichannel extension of the Schwinger varia-
tion al method which was formulated so as to be
specifically applicable to electron-molecule collisions.
The results of these two-channel calculations' were in
good agreement with those obtained by the linear alge-
braic' and R-matrix methods' and with available exper-
imental data. Furthermore, the studies of Schneider
and Collins explicitly showed that inclusion of correla-
tion terms in the expansion of the scattering wave func-
tion so as to relax the orthogonality usually imposed on
bound and scattering orbitals affected the cross sections

substantially. ' Note that earlier Schwinger two-channel
calculations, in which such correlation terms were in-
cluded, erroneously gave smaller cross sections than the
results shown in Ref. 16 due to an error in the computer
codes.

In this paper we present the results of applications of
our Schwinger multichannel formulation to low-energy
electron-impact excitation of the a X+, c II„,and b X+
states of H2. In these two-channel studies both
differential and integral cross sections have been obtained
for collision energies from near threshold to 30 eV. For
the X 'X+ ~b X„+ excitation, in addition to the
differential cross sections at two energies discussed in an
earlier communication, ' here we report cross sections at
several other energies along with some intermediate re-
sults which should provide useful insight into the nature
of these cross sections. Our results for excitation of the
b X„+ and a Xg+ states agree quite well with available ex-
perimental data. For the c II„state, however, significant
differences are seen between our two-state results and the
limited experimental data for this transition. While we
are currently examining multichannel effects as a possible
cause of our discrepancies with experiment, these two-
state results are of interest by themselves. Together with
an earlier study of the B 'X+ state of H2, they represent
an important step forward in studies of low-energy
electron-impact excitation of a molecule at the two-state
level.

The outline of the paper is as follows. In Sec. II we
give a brief discussion of the multichannel Schwinger
variational formulation used in these studies. We then
discuss the relevant computational details and present
both differential and integral cross sections for excitation
of the b X+, a X+, and e H„states at several energies.
Finally, these results are compared with those obtained
previously by the close-coupling and more approximate
approaches, e.g., the distorted-wave and Born-Rudge
methods, and with available measurements of these cross
sections.
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g/(+) S +G(+)Vg/(+) (2)

In Eq. (2) Go+' is the Green's function associated with
E—Ho and S is an eigenfunction of Ho, i.e.,

S~ =4 (1,2, . . . , N }e "+'

Here 4 is a target eigenfunction of Hz with energy E
and E is the total collision energy. For collisions of iden-
tical particles Eq. (2) has the drawback of requiring that
the continuum states of the target molecule be included
in Go+'. To develop an alternative multichannel formu-
lation, we proceeded as follows. ' ' A projection
operator P, defined by the open channels of the target,

open

i
4((1 2 N)&&@((1 2 N)

I
(4)

I

is projected onto Eq. (2) to yield

Pe(.+)=S +G,(+)Ve(+),

where

open

GP = g I
@'( &g(+ '(rN+) rN+ I ) & C ( I

I

and gI+' denotes the Green's function for TN+] at energy
E—EI. To recover the closed-channel component of
0"+' and hence to obtain a complete equation for the
scattering wave function we write the Schrodinger equa-
tion in the form

(F. H)%'+ '=8%'—+'=P[aPV'+ '+(1 aP )4'+ ']=0,—

where a is an arbitrary parameter. Using Eq. (5) we can
write Eq. (7) as

8[a (S +G '+ ' V)II'+ ') + ( 1 aP }4'+']=0 . —

Rearrangement of Eq. (8} gives a multichannel equation
for 4'+), i.e.,

ae(+)= vs (9)

where

A '+ '= '(PV+ VP ) VG'+'—V—
2

+—[A' —(a I2)(BP+PP)] .
1

a
(10)

II. MULTICHANNEL EQUATIONS

The Schwinger multichannel formulation used here has
been discussed in detail elsewhere ' ' and only a brief
outline essential to highlighting some relevant features of
the method wil be given here. The Hamiltonian for the
collision can be written as

H=(HN+ TN+)+ V)=H()+ V

where Hz is the target Hamiltonian, TN+, is the kinetic
energy operator for the incident electron, and V is the in-
teraction between the incident electron and the nuclei
and electrons of the target. The Lippmann-Schwinger
equation for the scattering wave function 4(+' is

We have shown previously that the variational stability
of functionals for the scattering amplitude based on Eq.
(9) requires that the parameter a be chosen equal to
N+ l. ' Using Eq. (9) with this choice of a, a varia-
tional expression for the scattering amplitude can be
written in bilinear form

(&s
i
v

i
e'„+'&+&q'-'i v is„ &

&
)I(( —)

i
A (+)

i

)P(+)
& )

Expansion of trial scattering wave functions for 4(„+)and

%~ ' in Eq. (11) in the form g,.cI 'X; and stationarity of
f „with respect to the coefficients c,'+ ' lead straightfor-
wardly to our working equation.

f „=— g&S iViX&(A ') &X iAiS),
I,J

(12)

where A,, =&X,
i
A'+'iX, &.

Equation (12) is the multichannel variational form used
in our present studies of electron-impact excitation of H2.
Some important features of this method are as follows.
An expansion of the trial scattering wave function in a
discrete basis is possible. Furthermore, if the one-
electron functions appearing in the (N+1}-electron
determinants X; are chosen to be Cartesian Gaussian
functions, all matrix elements arising in Eq. (12), except
those of VG'+'V, can be evaluated analytically for a gen-
eral molecular target. The matrix elements associated
with VGz+'V can also be obtained analytically if a large
quadrature basis of Cartesian Gaussian functions is in-
serted around G~+'. We use this technique to obtain the
principal-value contribution to the VG'+'V matrix ele-
ments but we evaluate the on-shell contribution via inser-
tion of a complete set of plane waves around G'+'. This
procedure results in an S matrix that is very nearly uni-
tary without resorting to large Gaussian insertion basis
sets.

Finally, Eq. (12) provides an analytical approximation
to the body-frame fixed-nuclei scattering amplitude for
molecules of arbitrary geometry. Our procedure for ob-
taining the physical scattering cross sections has been dis-
cussed elsewhere. In the present calculation, we obtain
the full scattering amplitude in the body frame f(kf, k; )

for 64 orientations of each vector k; and kf. These orien-
tations are chosen via an eight-point Gauss-Legendre
quadrature for integration over e(0~II) and likewise
for $(0~11). From the results in this hemisphere, those
in the opposite hemisphere can be obtained straightfor-
wardly via the relationship & S ), i

V
i X; &f= & S), i

V
i X; &'. Molecular symmetry will generally

reduce the number of orientations at which these ampli-
tudes must be calculated. By Gaussian-Legendre quadra-
ture we then generate the partial-wave representation of
this body-frame scattering amplitude needed for the
transformation to the laboratory frame.
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III. PROCEDURES AND RESULTS

Our calculations have been carried out within the
framework of the fixed-nuclei and Franck-Condon ap-
proximations. The physical cross sections were obtained
by averaging the fixed-nuclei results over all molecular
orientations. All the calculations used the equilibrium
distance of the ground state, 1.40ao, and the theoretical
vertical excitation energies. The self-consistent-field
(SCF) wave function of the X 'X+(log) state was calcu-
lated using an uncontracted 6s6p Cartesian Gaussian
basis on the nuclei and a 4s4p basis at the molecular
center, as shown in Table I. The SCF energy is —1.133
a u. The same basis was used to represent the
b X+(lcr lcr„) and a X+(10 20g) states. For the
X 'X ~c II„ transition this basis is supplemented with

6d„„ functions on each nucleus, primarily to provide a
better description of the 5 component of the wave func-
tion. The excited-state wave functions were determined
using the frozen-core approximation and diagonalizing
the V~ i potential of the frozen core to determine the
excited orbitals (10 „,2o g, and 1n „). The vertical excita-
tion energies determined in this manner are 9.975,
12.036, and 12.306 eV for the b X„+, a X+, and c II„
transitions, respectively. These values can be compared
with the experimental "vertical" excitation energies of
10.35, 12.28, and 12.60 eV from the v=0 vibrational level
of the ground state for these same transitions. The zero-
point vibrational energy is taken as 0.27 eV here. The en-
tire set of eigenfunctions of the Vz, potential, i.e., the
improved virtual orbitals, is used to expand the
(N+1)-electron wave functions and in the insertion
quadratures for the VG'+'V terms. For excitation of the
b X+ and a Xg+ states, the expansion of the scattering
wave function 4'+ ' consists of all possible ( N + 1)-
electron Slater determinants which are associated with ei-
ther the ground or excited state target wave functions
and have X+, X+, II„,or II overall symmetries. For
the c II„excitation, 6 and h„symmetries are also in-
cluded.

As noted above, the trial scattering wave functions
used in these calculations are expanded in (N+1)-Slater
determinants. So as not to impose any unphysical ortho-
gonality condition between our single-particle scattering
function and the bound target orbitals, this expansion in-
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eludes the so-called correlation terms, i.e., 1oglo„and
lcr 10„ terms for the X 'X+(lo )~b X+(1crglcr„)
transition, lug22eg and l~g2vg2 for the a 3Xg+(lvg2eg ) ex-
citation, and lcr l~„and 10 lm.„ for the c II„excita-
tion.

Figures 1 —6 show our calculated differential excitation
cross sections for the I'Xg ~b X„+ transition at col-
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FIG. 1. Differential cross sections for excitation of the b 'X+
state at 10.5 eV:, present results; o, measured values of
Ref. 22.

Center and type

H, 6s

H, 6p

CM, 4s'
CM, 4p
H, 6d„y

Exponent

48.4479, 7.28346, 1.651 39,
0.462447, 0.145 885, 0.07
4.5, 1.5, 0.5, 0.25, 0.125,
0.031 25
0.25, 0.05, 0.01, 0.002
0.8, 0.2, 0.0625, 0.00781
4.5, 1.5, 0.5, 0.25, 0.125,
0.031 25

'Center of molecule.

TABLE I. Cartesian Gaussian basis. g=N& „(x —A„)'(y
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FIG. 2. Differential cross sections for excitation of the b X+
state at 12 eV: , present results; ———,distorted-wave
results (Ref. 10); c), measured values of Ref. 22.



4530 M. A. P. LIMA, T. L. GIBSON, V. McKOY, AND W. M. HUO 38

15

Em

CD

10—
0

Q

rI)

5

Q

A

I

C)—6
Cl
C)

~ M

Its

0 4
V
V$
~ W

C
st)

A

si
'la

~ ~

'la

SI st si
SI S(i i r

)

)(

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I0
0 30 60 90 120 150

Scattering Angle (deg)
180

0 s s s I I s I s s I I s I s l I s s I I s s s I I

0 30 60 90 120 150
Scattering Angle (deg)

180

FIG. 3. Differential cross sections for excitation of the b 'X+
state at 13 eV:, present results; X, measured values of
Ref. 23.

FIG. 5. Differential cross sections for excitation of the b 'X+
state at 20 eV: , present results; ———,distorted-wave
results (Ref. 10); )& and A, measured values of Refs. 23 and 24,
respectively.

lision energies of 10.5, 12, 13, 15, 20, and 30 eV along
with available experimental data. The difFerential
cross sections at nine energies are also given in Table II.
The results at 12 and 20 eV have already been presented
in a previous communication. ' The agreement between
the calculated and measured difFerential cross sections at

these six energies is, in general, quite ood. The experi-
mental data of Nishimura and Danjo at 13 and 15 eV
show some forward peaking which is not seen in the cal-
culated results.

In Fig. 7 we show our integral cross sections for excita-
tion of the b X+ state along with the experimental data
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FIG. 4. Differential cross sections for excitation of the b 'X+
state at 15 eV: , present results; ———,distorted-wave
results (Ref. 10); )&, measured values of Ref. 23.

FIG. 6. Differential cross sections for excitation of the b X+
state at 30 eV: , present results; ———,distorted-wave
results (Ref. 10); )& and A, measured values of Refs. 23 and 24,
respectively.
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TABLE II. Differential cross sections for the X X~+~b 'X+ excitation (10 ' cm / sr). The thresh-
old energy is 9.975 eV.

Collision energy (eV)
Scattering

angle (deg. )

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

10.5

0.470
0.491
0.551
0.653
0.798
0.985
1.21
1.48
1.79
2.13
2.49
2.87
3.26
3.63
3.98
4.28
4.51
4.65
4.71

0.199
0.231
0.325
0.482
0.705
0.997
1.37
1.82
2.35
2.96
3.63
4.35
5.08
5.82
6.50
7.10
7.58
7.88
7.98

12

0.344
0.370
0.451
0.587
0.789
1.08
1.49
2.04
2.75
3.59
4.53
5.54
6.56
7.55
8.46
9.26
9.87

10.3
10.4

13

0.961
1.01
1.13
1.29
1.48
1.70
2.00
2.43
3.04
3.84
4.82
5.92
7.07
8.22
9.30

10.3
11.0
11.5
11.7

15

2.66
2.68
2.73
2.76
2.74
2.71
2.74
2.93
3.35
4.02
4.89
5.86
6.83
7.72
8.48
9.08
9.52
9.79
9.87

18

4.20
4.20
4.19
4.09
3.85
3.49
3.13
2.91
2.96
3.32
3.95
4.71
5.46
6.06
6.47
6.69
6.78
6.80
6.80

20

4.52
4.53
4.54
4.44
4.16
3.71
3.20
2.78
2.61
2.76
3.18
3.75
4.32
4.78
5.05
5.16
5.16
5.12
5.10

25

3.94
3.97
4.01
3.94
3.67
3.19
2.62
2.12
1.82
1.76
1.92
2.19
2.49
2.72
2.87
2.92
2,90
2.86
2.84

30

2.96
3.03
3.16
3 ~ 18
2.98
2.56
2.03
1.56
1.25
1.11
1.10
1.15
1.24
1.32
1.39
1.46
1.51
1.55
1.56

of Hall and Andric, Nishimura and Danjo, and
Khakoo et al. In this figure, the two-state results of
Schneider and Collins' and Baluja et al. ,

' obtained us-
ing the linear algebraic and R-matrix methods, respec-
tively, are also shown. Our calculated cross sections and
those of Schneider and Collins' and Baluja et al. ' agree

I

C)—6
C0

~ e4

4P
CA

V

well with the available experimental data and with
each other. The relatively small differences among these
sets of calculated cross sections are probably due to the
use of different basis sets and descriptions of target wave
functions. However, there are signi6cant differences be-
tween the results of these more recent two-state calcula-
tions and the earlier close-coupling results of Chung
et al. ' in which a restrictive orthogonality condition was
imposed on the scattering function and target orbitals.
The importance of such correlation terms in the scatter-
ing wave function could also be inferred from the two-
state close-coupling studies of Weatherford in which the
continuum orbital is either orthogonalized or left explic-
itly nonorthogonal to the occupied orbitals. Finally, to
provide some additional insight, in Table III we give the
contributions of the Xg, X„, II„, and IIg components
of the scattering wave function to these excitation cross
sections at eight energies.

l
~ r

I

I ~ ~

TABLE III. Symmetry contributions to the X 'X~+~b X+
excitation cross sections (10 "cm ).

Q

8

I I I I I I I I l I I I I I I I I I I I I I I

13 18 23 28
Electron-Impact Energy (eV)

33

FIG. 7. Integral cross section for excitation of the b'X„+
state: , present results; —- and —-—,calculated cross sec-
tions of Refs. 17 and 18, respectively; ———,close-coupling
results of Ref. 31; o, )&, and A, measured values of Refs. 22,
23, and 24, respectively.

Energy (eV)

10.5
12
13
15
18
20
25
30

2X

0.21
1.11
1.28
1.41
1.35
1.25
0.90
0.59

2X

2.48
3.25
3.38
3.17
2.46
1.99
1.22
0.75

0.0007
0.010
0.021
0.043
0.073
0.090
0.11
0.11

0.17
0.88
1.24
1.56
1.59
1.44
1.03
0.68

Total

2.86
5.25
5.92
6.18
5.47
4.77
3.26
2.13
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FIG. 8. Differential cross section for excitation of the a 'X~
state at 13 eV: , present results; ———,distorted-wave
results of Ref. 33.

FIG. 10. Differential cross section for excitation of the a 'X~+

state at 20 eV: , present results; ———,distorted-wave
results of Ref. 33; )&, measured values of Ref. 34.

Calculated differential cross sections for excitation of
X'Xg+~a X+ transition at 13, 14, 20, and 30 eV are
shown in Figs. 8-11. These cross sections are again ob-
tained including only the two open channels X 'Xg+ and
a Xg+ and contributions from X, ~X„, II„, and II
overall symmetries in the expansion of the total scatter-

ing wave function. The differential cross sections for this
excitation at several energies are shown in Table IV. At
the lower energies, e.g. , at 13 and 14 eV, no measured
differential excitation cross sections are available. At
these energies our two-state differential cross sections are
generally similar to the distorted-wave results of Rescig-
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FIG. 9. Differential cross section for excitation of the a 'Xg+
state at 14 eV:, present results; ———,distorted-wave
results of Ref. 33.

FIG. 11. Differential cross section for excitation of the a 'Xg+

state at 30 eV:, present results; X, measured values of
Ref. 34.
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TABLE IV. Di5'erential cross sections for the X 'X~+ —+a Xg+ excitation (10 ' cm /sr). The thresh-

old energy is 12.036 eV.

Collision energy (eV)
Scattering

angle (deg. )

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

12.5

0.011
0.013
0.018
0.025
0.035
0.045
0.055
0.062
0.068
0.072
0.077
0.085
0.097
0.113
0.132
0.151
0.168
0.180
0.184

13

0.028
0.033
0.048
0.074
0.107
0.146
0.186
0.223
0.257
0.289
0.327
0.377
0.444
0.528
0.620
0.710
0.787
0.838
0.856

14

1.09
1.06
0.977
0.866
0.754
0.667
0.627
0.647
0.732
0.885
1.10
1.38
1.71
2.06
2.41
2.73
2.97
3.14
3.19

15

2.43
2.35
2.15
1 ~ 85
1.53
1.23
1.00
0.863
0.824
0.875
1.01
1.20
1.44
1.70
1.96
2.19
2.38
2.50
2.54

16

2.86
2.78
2.54
2.19
1.81
1.44
1.14
0.922
0.796
0.758
0.800
0.914
1.08
1.29
1.52
1.73
1.91
2.02
2.06

18

2.97
2.88
2.62
2.25
1.84
1.45
1.12
0.855
0.670
0.565
0.543
0.603
0.739
0.937
1.17
1.40
1.60
1.74
1.78

20

2.77
2.68
2.43
2.09
1.71
1.35
1.04
0.792
0.605
0.482
0.429
0.453
0.553
0.719
0.928
1.15
1.34
1.47
1.52

25

1.79
1.73
1.57
1.34
1.10
0.883
0.695
0.540
0.418
0.330
0.284
0.285
0.335
0.428
0.549
0.677
0.790
0.868
0.895

30

1.21
1.17
1.07
0.926
0.773
0.628
0.498
0.387
0.296
0.233
0.202
0.200
0.222
0.259
0.304
0.349
0.388
0.415
0.425

6
~H

I

C)

0
1

Q
Cfl

V

bO
07

cl

no et a/. , which are also shown in Figs. 8 and 9. At 20
and 30 eV the present results are compared with the re-
cent measurements of Khakoo and Trajmar in Figs. 10
and 11. The agreement between the calculated and mea-
sured differential cross sections at 20 eV is excellent. The
distorted-wave cross sections are also qualitatively sirni-

lar to these two-state results at this energy. There are,
however, significant differences between our calculated
and measured cross sections at 30 eV, particularly be-
tween 30' and 80'. Possible reasons for these differences
are being studied.

Our calculated integral excitation cross sections for the
X 'X+ ~a X+ transition are shown in Fig. 12 along with

31the two-state close-coupling results of Chung et al. ,
Born-Rudge cross sections, the distorted-wave results of
Rescigno et al. , and the experimental cross section of
Khakoo and Trajmar and of Ajello et al. The cross
sections of Khakoo and Trajmar are from beam mea-
surements, while those of Ajello et al. are relative cross
sections derived from optical-emission data. In Fig. 12
we have normalized the relative cross sections of Ajello
et al. to our calculated cross sections at 20 eV. The
agreement between the present two-state results and the
experimental data ' is satisfactory. Both the calculated
cross section and the data of Ajello et al. show a rapid
increase with energy just above threshold energy. In
Table V we give the contributions by symmetry to these

I s i I & i i I i & I t i i J0
10 15 ZQ 25 30 35

Electron-Impact Energy (eVj

FIG. 12. Integral cross section for excitation of the a 'Xg+

state;, present results; 0, distorted-wave results of Ref.
33; D, close-coupling values of Ref. 31; 0, Born-Rudge results
of Ref. 6; X, measured values from beam measurements of Ref.
34; —-—,measured values derived from optical-emission data
(Ref. 35). These values are normalized to our calculated cross
sections at 20 eV.

Energy (eV)

13
14
15
16
18
20
25
30

2g

0.21
0.38
0.50
0.63
0.60
0.53
0.31
0.19

2g

0.19
1.21
1.21
0.93
0.69
0.55
0.33
0.21

0.000 58
0.00044
0.000 88
0.001 3
0.052
0.081
0.11
0.11

0.016
0.017
0.018
0.030
0.049
0.045
0.018
0.0052

Total

0.42
1.61
1.73
1.59
1.39
1.21
0.77
0.52

TABLE V. Symmetry contributions to the X'Xg+~a Xg+

excitation cross sections (10 "cm ).
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TABLE VI. Differential cross sections for the X 'Xg+~c 'II„excitation (10 "cm /sr). The thresh-
old energy is 12.306 eV.

Collision energy (eV)
Scattering

angle (deg. )

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
180

13

2.29
2.24
2.09
1.90
1.71
1.58
1.54
1.63
1.86
2.22
2.72
3.32
3.99
4.71
5.41
6.05
6.58
6.92
7.04

15

11.3
11.1
10.6
9.71
8.65
7.48
6.34
5.36
4.67
4.40
4.62
5.31
6.38
7.67
9.03

10.3
11.4
12.1
12.4

16

12.5
12.3
11.9
11.1
9.93
8.59
7.18
5.87
4.84
4.26
4.19
4.58
5.32
6.22
7.12
7.94
8.58
9.00
9.15

18

12.8
12.6
12.0
11.1
9.72
8.16
6.58
5.18
4.11
3.48
3.28
3.47
3.93
4.55
5.23
5.90
6.48
6.88
7.03

20

12.0
11.8
11.1
9.97
8.54
6.98
5.47
4.20
3.27
2.71
2.49
2.55
2.84
3.28
3.82
4.40
4.93
5.32
5.46

25

8.03
7.85
7.31
6.45
5.34
4.14
3.05
2.21
1.67
1.40
1.33
1.39
1.51
1.65
1.77
1.85
1.87
1.85
1.84

30

4.16
4.11
3.92
3.54
2.98
2.31
1.65
1.13
0.783
0.601
0.547
0.576
0.642
0.708
0.745
0.744
0.714
0.679
0.664

integral cross sections. These values show that the X
components of the cross sections are dominant and that
the sharp increase above threshold comes primarily from
the X„channel. The significant differences between our
two-state cross sections and the two-state close-coupling
results of Chung et al. ' are probably due to the absence
of correlation terms in their wave function. Such terms
relax the orthogonality condition imposed on the scatter-
ing and target orbitals.

Finally, we present cross sections for excitation of the
c II„state of H2. We have carried out these calculations
in two ways, using only one component of the degenerate
c H„state and using both the 0„„and II„~ com-
ponents. The latter corresponds to a three-state calcula-
tion. We found no significant differences between these
two- and three-state results. For example, the largest
change in the integral cross sections was a reduction of
about 6%%uo in the two-state values going from a two- to
three-state calculation. These reductions occurred pri-
marily in the X symmetry where the largest change was
0.08X10 ' cm . We will see, furthermore, that contri-

butions from this symmetry are generally less than 10%%uo

of the total cross section. The cross sections shown in
Tables VI and VII and Figs. 13-15 were obtained from a
two-channel calculation with only the X 'X+ and c II„„
states as open channels.

Figures 13 and 14 show our calculated differential
cross section for excitation of the c H„state at 20 and 30
eV, respectively, along with the experimental data of
Khakoo and Trajmar. Although the shapes of these
calculated and measured cross sections, particularly those
at 20 eV, are similar, there are substantial differences in
their magnitudes. Differential cross sections at these and
several other impact energies are again given in Table VI.
In Fig. 15 we show our integral cross sections along with
the distorted-wave results of Lee et al. , Born-Rudge re-
sults of Chung et al. , the close-coupling cross sections
of Chung et al. ,

' and the data of Khakoo and Traj-
mar. The agreement between our calculated cross sec-
tions and the measured values is again not good. Mul-
tichannel studies of these cross sections are clearly need-
ed. The differences between our two-state results and

TABLE VII. Symmetry contributions to the X 'X~+ ~c 'II„excitation cross sections (10 ' cm ).

Energy (eV)

13
15
16
18
20
25
30

2g

0.20
0.51
0.57
0.67
0.62
0.39
0.23

2g

0.0001
0.0041
0.0080
0.015
0.020
0.031
0.030

1.22
1.98
2.18
1.83
1.41
0.79
0.35

1.54
4.02
3.51
2.60
1.86
0.74
0.33

2Q

0.0021
0.024
0.037
0.061
0.075
0.095
0.083

2Q

0.80
2.19
2.10
2.05
1.91
1.22
0.59

Total

3.76
8.73
8.41
7.23
5.90
3.27
1.61
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FIG. 13. Differential cross section for excitation of the c II„
state at 20 eV:, present results; , measured values of
Ref. 34.

FIG. 15. Integral cross section for excitation of the c'H„state:, present results; 6, close-coupling results of Ref.
31; o, distorted-wave results of Ref. 36; H, Born-Rudge values
of Ref. 6; )&, measured values of Ref. 34.

those of Chung et al. ' are again probably due to the res-
trictive orthogonality conditions imposed on the scatter-
ing functions in their studies. Table VII gives the sym-
metry contributions to these integral cross sections.
These values show that the II„, H, and 6 contribu-
tions account for most of the excitation cross section.

8 4

I
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~ 9p
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Q
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1
~ p+I

A

~ ma***
0 s s s s I s s s s I s s i s l a s i a I g i a s I s s s a

0 30 60 90 120 150
Scattering Angle (deg)

180

FIG. 14. Differential cross section for excitation of the c H„
state at 30 eV: , present results; )&, measured values of
Ref. 34.

IV. CONCLUSIONS

One of the objectives of this work was to use the
Schwinger multichannel formulation ' ' to study the
low-energy electron-impact excitation cross sections for
the b X+, a X+, and c H„states of H2 at the two-state
level. These results, obtained for energies near threshold
to 30 eV, could begin to provide much needed insight
into the quantitative utility of such two-state studies of
cross sections for electron-impact excitation of molecules
at these energies. These studies show that, while the cal-
culated cross sections for the b X„+ and a X+ states
agree quite well with available experimental data, those
of the c II„state differ significantly from the measured
values at the two energies, 20 and 30 eV, where data is
available. Multichannel studies of these excitation cross
sections, designed to provide insight into the reasons for
these and other differences between the two-state cross
sections and the experimental data are under way.
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