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We report low-energy (0.001—10-eV) electron-CO scattering cross sections obtained using an exact-
exchange (via a separable-exchange formulation) plus a parameter-free correlation-polarization model in

the fixed-nuclei approximation (FNA). The differential, total, and momentum-transfer cross sections are
reported for rotationally elastic, inelastic, and summed processes. To remove the limitations of the FNA
with respect to the convergence of total and differential cross sections, the multipole-extracted-
adiabatic-nuclei approximation is used. The position and width of the well-known H shape-resonance
structure in the cross section around 2 eV are reproduced quite well; however, some discrepancy be-

tween theory and experiment in the magnitude of the total cross section in the resonance region exists.
We also present results for H shape-resonance parameters as a function of internuclear separation.
Differential-cross-section results agree well with the measurements of Tanaka, Srivastava, and Chutjian
[J.Chem. Phys. 69, 5329 (1978)]but are about a factor of 2 larger than the results obtained by Jung et al.
[J.Phys. B 15, 3535 (1982)] in the vicinity of the 'II resonance.

PACS number(s): 34.80.Bm, 34.80.Gs

I. INTRODUCTION

In this paper, we are concerned with vibrationally and
electronically elastic scattering of slow (0.001 —10 eV)
electrons by the CO molecule. The role of CO in several
applied sciences such as lasers, gas discharges, plasmas
[1],and MHD power generation [2] has made it both in-

teresting and important to investigate its interaction with
low-energy electrons. In the past, the e-CO system has
been studied extensively both in the laboratory [3—21)
(including swarm [17—20] and electron transmission [21]
experiments) and by theorists [22—36]. This list of earlier
studies is not complete and does not include other pro-
cesses such as vibrational and electronic excitation, disso-
ciation, etc.

It is now feasible to carry out ab initio calculations on
electron-molecule collisions at the exact-static-exchange
(ESE) and ESE plus polarization (ESEP) levels under the
fixed-nuclei approximation (FNA) or taking into account
the nuclear vibration explicitly in the total Hamiltonian
of the electron-molecule complex. Most applications of
these sophisticated numerical techniques have, however,
been mainly limited to homonuclear targets (see Collins
and Schneider [37] for a recent review). It is still very
dif5cult to carry out a full ro-vibrational close-coupling
calculation for any molecular target, even for the sim-
plest molecule H2, although some progress is being made
[38].

A major problem in the FNA is that for polar mole-
cules the forward differential and total cross sections do
not converge due to the neglect of the rotational Hamil-

tonian in the scattering formulation [39,40]. Neverthe-
less, the momentum-transfer cross section is still weil
defined [29]. There have been several theoretical studies
of the e-CO system at the ESE level [33,34,36] (polariza-
tion effects neglected) and using a static- (model) ex-
change (SME) plus polarization (SMEP) approach
[25—32]. The R-matrix calculation of Salvini et al. [36],
the first ESEP calculation, was devoted to a study of the
II resonance and the momentum-transfer cross section.

To the best of our knowledge, the present work is the first
and only calculation of CO differential and total cross
sections in which exchange is treated exactly and a
parameter-free polarization potential used. The most im-
portant differences between our approach and that of Sal-
vini et al. [36] are that the R-matrix method approaches
the treatment of correlation via a one-hole two-particle
scheme, whereas we use an approach based on electron-
gas theory. We include the effect of long- (terms that go
as 1/r ) as well as short-range polarization of the target
molecule by the projectile electron. It will thus be very
interesting to compare the results of the present ESEP
calculation with the results of Salvini et al.

Here we report the details of our ab initio calculations
on the e-CO system; a preliminary report has appeared
elsewhere [41]. The target molecule is treated at the
near-Hartree-Fock level. The electron exchange problem
is solved exactly via the separable form of the exchange
kernel [42], and polarization effects are included via a
parameter-free correlation-polarization (CP) potential
[43] that is a simple function of the target charge density
and known molecular polarizabilities. The scattering cal-
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culations are carried out in the molecular body-fixed
frame; i.e., molecular rotation is neglected in this step. It
is subsequently included using a variant of the FNA that
also corrects for the complete breakdown of the conven-
tional adiabatic approximation for polar molecules noted
above.

We present differential (DCS), integral (o, ), and
momentum-transfer (cr ) cross sections for rotationally
elastic, inelastic, and summed (including thermal averag-
ing over the Boltzmann distribution of rotational states)
processes. We also present results for the II shape reso-
nance [width I (R) and position E„(R)]as a function of
internuclear separation R, which are found to be in very
good agreement with recent measured values. Some
discrepancies between theory and measurement with
respect to the magnitude of the total and differential
cross sections in the resonance region, the DCS for for-
ward scattering, and the momentum-transfer cross sec-
tion at low energies, are pointed out and discussed.

In the following section we provide a summary of our
method and numerical procedures. In Sec. III, the re-
sults are presented and discussed, while Sec. IV contains
concluding remarks. We use atomic units throughout
until otherwise specified.

II. THEORETICAL MODEL
AND THE NUMERICAL PROCEDURE

Most of the details of the present approach have been
discussed earlier [44—46]; here we provide a brief account
only. We employ a standard technique in the single-
center integral-equation formalism of the close-coupling

theory under the FNA. This technique, originally
developed to deal with local model-exchange and polar-
ization potentials [47], has been modified [48] to treat
electron exchange exactly via the separable expansion
technique [42]. The resulting coupled integral equations
are solved in the molecular body-fixed (BF) frame of
reference for each symmetry (A) separately at a given

geometry of the molecule. Thus, we neglect the nuclear
motion term in the total Hamiltonian of the e-CO col-
lision system.

All our calculations are performed using a near-

Hartree-Fock wave function for the CO target. We gen-

erate a Gaussian-type-orbital (GTO} basis set for the

ground configuration of the CO molecule

(lo 2o 3o 4o 5o ln;X 'X+) by using a standard

molecular structure code [49]. The same functions are

used with a set of generalized-valence-bond computer
codes [50] to calculate the separable form of the exchange
kernel,

K(r, r')= gy (r)y~ (r'),

where the orthonorrnal GTO functions X~(r) give a diag-

onal representation of the exchange kernel with eigenval-

ues y . We include several diffuse functions on both

centers and also at the center of mass (c.m.}of the mole-

cule (to represent bonding functions). Since the same

basis set is used for both target and separable exchange
expansion, it is necessarily different for each scattering
symmetry. Thus the basis set at all centers (C/c. m./0) is

taken to be

(10s6p 2d /3s 3p /6s 6p 2d ) [6s4p 2d /3s 3p /6s4p 2d],

II: (10s6p 2d /3s 3p 2p /10s 6p 2d) [6s4p 2d /3s 3p 2p /6s4p2d],

(10s6p2d3d/3s3d/10s6p2d3d) [6s4p2d3d/3s3d/6s4p2d3d] .

Here we have used a standard convention to denote the
primitives (( )) and contracted ([ ]) GTO's. The two ex-
tra p functions at the c.m. in the II symmetry have ex-
ponents of 0.003 and 0.001. In the 6 state, the diffuse
functions are the three d functions on the carbon atom
with exponents 0.2, 0.08, and 0.04; three d functions on
the oxygen atom with exponents 0.55, 0.10, and 0.08, and
three d functions on the c.m. with exponents 0.007, 0.003,
and 0.001. Note that we removed all 3p functions from
the c.m. in the 5 symmetry. For 4 symmetry we used a
conventional free-electron gas model for the exchange po-
tential [39]. For higher symmetries, exchange was
neglected and a unitarized version of the first-ordered
Born approximation (FBA) was used for all the scattering
calculations [44].

The above GTO basis gave molecular properties as list-
ed in Table I and compared with other selected data
(theoretical and experimental). There are a large number
of theoretical studies on the structural properties (energy,

moments, polarizabilities, etc. ) of CO at the
multiconfiguration self-consistent-field (MCSCF) level. It
is not possible to include all of them in Table I; we have,
however, listed those values that we have used in the
present calculation and the Hartree-Fock-limit results for
the multipole moments of the CO molecule [52,54]. We
see from Table I that there is large difference between the
theoretical and experimental values of the dipole moment
of CO at R, ; in order to partly compensate for this er-
ror, we have used the experimental values of the dipole
and quadrupole moments when producing the final cross
sections via the multipole-extracted-adiabatic-nuclei
(MEAN) approximation (see below).

In brief, we solve the following set of coupled integral
equations (after carrying out all the single-center expan-
sions of the potential and scattering function) for the ra-
dial components of the continuum function belonging to
a particular symmetry A (symbol A suppressed in the fol-
lowing equation),
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TABLE I. Molecular data (in a.u. ) for the CO molecule at Req.

Parameter

Energy
Dipole moment (D)
Quadrupole moment (Ql
Octupole moment (0)
Polarizabilities
ao
a2
R,
Rotational constant
(S) (crn ')

Present
data

—112.7708
0.0993
1.5424
4.S8

Other
calculations

—112.7891 [52]
0.105 [52]
1.634 [52]
4.407 [54]

13.13 [51]
2.61 [51]

1.9313 [58]

Experiment

—113.377 [55]
—0.0441 [56]

1.44 [57]

13.34 [53]
2.39 [53]
2.132 [58]

d l(l+1)
dT 7' 0

(2)

where the potential matrix VII. includes static as well as
polarization terms. In Eq. (2), y'(r) and y arise from
the separable form of the exchange kernel (1), and y'„(r) is
the radial part obtained by projecting GTO's onto a
spherical harmonic, i.e.,

y'(r)=r fdry (r)YP(r) . (3)

The method of solving the scattering Eq. (2) is given in
Ref. [42]. The static potential is included exactly at the
Hartree-Fock level by using the GTO basis as described
above.

The polarization effects are included free of adjustable
parameters via the correlation-polarization (CP) model
[43]. In the CP potential approach the correct asymptot-
ic forms —(1/2r )ao and —I/2r a2P2(cos8) are joined
to the corresponding moments of a free-electron-gas
model of the correlation potential at their crossing
points. The polarizabilities at R, , ao (13.34 a.u. ), and a2
(2.39 a.u. ), are taken to be the experimental values [53].
The values of ao(R) and az(R) at seven other R values
are taken from the calculations of Greedy, Bacskay, and
Hush [54]. (In Refs. [59—62] more ab initio calculations
are presented for the multipole moments, polarizabilities,
etc. , as a function of R.) In Fig. 1 we show the spherical
part of the potential matrix Voo for both the static and
polarization terms for the equilibrium internuclear sepa-
ration. It is interesting to note that the correlation ener-

gy at the crossing point is about 0.9 eV, the same as
found for other closed-shell molecular targets [43].

In order to include the contribution of the long-range
dipole field in all the close-coupling K-matrix elements,
we integrated Eq. (2) up to a radius r,„—10l/k; thus at
very low energies the value of r, reaches a few
thousand atomic units. We made several other conver-
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FIG. 1. Spherical part of the e-CO potential at equilibrium:
static; —- ——-, correlation potential beyond the

crossing point; ——,—ao/2r potential inside the crossing
point;, correlation-polarization (CP) potential.

gence tests on the K-matrix elements (including the eigen-
phase sums and the partial total cross sections) keeping
the convergence criterion to better than 1%. This in-
cluded the number of terms (X,„)in the single-center ex-
pansion of the static potential, the size of the close-
coupling E-matrix (l, ), and the expansion size of the ex-
change kernel (1) in terms of a,„and l(l„). These values
along with few other quantities (see below) are given in
Table II.

As mentioned earlier, in the FNA the DCS and o., do
not converge for polar molecules. In order to produce
meaningful values of both cross sections, we use the
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TABLE II. Convergence parameters for e-CO scattering cal-
culations. For explanation of notation, see the text.

Parameter Value

+max

I„
I

~max

Ib

Imax

40 (only 20 for the electronic term)
19 (implies 20 channels)
25 (X), 17 (II), 13 (5)
16 (X), 21 (II), 16 (5)
5
24 (I, =0,1,2,3); 19 (I, )3)
48
72 for l, =1 and 2; 48 otherwise

max

X g (B~, B~,, )P~—(cos8),
A, =O

(4)

where the first term in Eq. (4) is the usual closed-form ex-
pression for rotational excitation in the FBA in the SF
frame, kJ and kz are, respectively, the initial and final
wave vectors, C( ) is a Clebsch-Gordan coefficient, and 1,
is the angular momentum transferred during the col-
lision. The B& &

are the expansion coefficients of the
7

DCS obtained from the close-coupling scattering equa-
tions, while the B& &

are the corresponding quantities in

the FBA, evaluated in the BF coordinate system under
the FNA scheme. The initial and final wave vectors are
related by

MEAN approximation [63], which is a generalization of
the completeness formula given by Crawford and Dalgar-
no [24]. In the MEAN approximation the DCS for a par-
ticular J~J' rotational excitation in the laboratory or
space-fixed (SF) frame is expressed as

do do F~A

dn""= dn ""
+ g [C (Jl,J',00) ]

kJ 1

gy in the following. The evaluation of the Bz &

coefficients is done in terms of the l, -reduced T matrices,
namely

T)f~. = g ( —1) C(ll'1, ;A A—)T(( (6)

where A represents the index for a particular symmetry
(A=0 for X, A= 1 for II, A =2 for b„A=3 for 4, and so
on). We included T matrices for A~3 only from the
solution of Eq. (2), while for A & 3 we used the unitarized
Born approximation [44] (UBA). For A=3 the close-
coupling T matrices agree with the UBA values to within
1%. These were augmented by the UBA T matrices for
I, & l lb, and for l, = 1 and 2 by the FBA T matrices for

lb & l l,„.
The values of lb and l,„were determined from the X

sum in Eq. (4). For the purpose of our convergence cri-
terion (1%), we need a large value of A. (say I, ,„) such
that the second term in Eq. (4), i.e., Bz &

—B& &, vanishes

for A, & A, ,„. For 1, =0, A, ,„was chosen large enough
(see Table II) that the Bz coefficients behaved as —I/A, ;
the sum from A, ,„+1 to 00 was evaluated in closed form.
These values are shown in Table II. It is to be noted that
the evaluation of o., requires only the X=O component,
while for o. we need only A, =O and 1. As a general rule,

good convergence requires l&
~ 2k,„;our value lb =48 is

sufficient for all l, . For l, =1 and 2, the contributions to
the sum in Eq. (4) cancel identically for 1 & lb+ A, ,„; this
determines 1,„(see Table II). As mentioned earlier, we

used experimental values of the dipole and quadrupole
moment and quadrupole polarizability in order to remove
partially the deficiencies of the Hartree-Fock approxima-
tion. This is essential in the case of CO, where the
difference between experimental and Hartree-Fock-level
dipole moments is quite large (Table I).

The expressions for the total (o ~rJ ) and the
momentum-transfer (o ) cross sections are evaluated
from Eq. (4) for any (JJ') rotational transition. The total
(summed over all final rotor states) integrated (0, ) and
momentum-transfer (0 ) cross sections are easily ob-
tained from

kJ —kj =S[J'(J'+I)—J(J+1)], (5) cr, (J)= gcr~t~, o (J)= go
where S, the rotational constant of CO, is given in Table
I.

In Eq. (4), the second term vanishes for high values of
A, ,„due to cancellation effects. This is important for the
dipole case (1,=1) for which B&, and Bz, individually
diverge. Equation (4) achieves similar corrections for the
quadrupole (moment and the polarizability) terms. In
our calculations, the B& coefficients were evaluated for a
few BF electron energies (k ) in the range 0.0005 —10 eV;
the final results at any desired SF energy, defined by Eq.
(5) and the geometric mean k =kJkj, are obtained by
the interpolation of these coefficients on a natural cubic
spline.

We summarize the size of various expansion parame-
ters in Eq. (4) used to implement the MEAN methodolo-

For comparison with some measurements the energy loss
or stopping cross section is also of interest. This is
defined by

o (J)= g(k —k )o.

We recall that in the limit kJ. /kJ =1, i.e., the incident
electron energy k is much larger than the spacing be-
tween rotational states undergoing transitions, Eqs. (4),
(7), and (8) simplify considerably, since the second term
in Eq. (4), when summed over J', becomes independent of
J. The results are [63]
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max

+
2 g g (B& I

B—
z, t )Px(cos8),k', „0

tr, (J)= go", (J,J')+ g (Bo 1
BOF—BtA),

J' I,

(J)—g ~FBA(J Jt )

(9)

(10)

(when summed over J'), o, (J), ct (J), or tT, (J) prove to
be insensitive to J, we can also be relatively confident that
the MEAN approximation is valid. All of the results to
be presented later in this paper can be reproduced with a
few simple FBA formulas and a relatively compact set of
tables of the coefficients B& I and Bz I . These are avail-
able on request.

III. RESULTS AND DISCUSSION

A. Parameters of the II shape resonance

y [(B BFBA )
I,

i (B BFBA )]

and

(J)—g ~FBA(J Jt)

+ /xi, (l, +1)(Bc, B"")—
I,

(12)

For a proper comparison with some experiments, we
also average o.„o. , and o., over a Boltzrnann distribu-
tion of initial rotational states at temperature T. These
averaged values are denoted by (o, )T and (o )T or
( T ) . This is a relatively simple exercise, since the depen-
dence on J and J' in Eq. (4) is confined to the first FBA
term, and to the kinematic and algebraic factors in the
second term. In the limit that kz /kz -—1, the Boltzmann
averaging process clearly involves only the first terms in
Eqs. (9)—(12), since the second terms in these expressions
are all independent of J.

The MEAN approximation cannot be used uncritically
near rotational thresholds, but, to the extent that the
second term in Eq. (4) yields only a small correction to
the SF-frame FBA, it may be useful even in this energy
range. For energies or processes for which do /dQ(J, J')

Low-energy e-CO scattering is dominated by the well-
known II shape resonance around 2 eV, which has a
width of about 1 eV [64,65]. The occurrence of such res-
onances in electron-molecule scattering, including CO, is
discussed in a review by Schulz [66]. The measured o,
cross sections [10—14] clearly reveal this feature, as do
the swarm [17—20] and transmission [21] experiments.
The success of any theoretical model depends very much
upon the accuracy of its II resonance parameters as
compared to observed values. In the past, most calcula-
tions have been limited to some kind of fitting procedure,
e.g. , using pseudopotentials in a semiempirical approach
[25—32]. The only parameter-free results available for
the e-CO II resonance parameters at the ab initio ESEP
level are from the R-matrix calculation of Salvini, Burke,
and Noble [36]. At the ESE level, Levin, Flifet, and
McKoy [33] and Collins, Robb, and Morrison [34] have
also reported results on the X and H states of the CO
molecule.

The parameters of the II shape resonance [values of
I (R) and E„(R)] can be derived from the eigenphase
sums (5, ) by fitting to the Breit-Wigner formula [67].
Figure 2 illustrates the H 5, at the equilibrium geometry
(R,q) obtained in the present work in various models.
The II resonance is clearly very sensitive to the treat-
ment of exchange and polarization effects. It is worth
mentioning here that in a phenomenological approach it

TABLE III. II shape-resonance parameters (position E„and width I in eV) for e-CO collisions
from various calculations and measurements. Calculated and measured resonance parameters are not
strictly equivalent, as the former are determined by fitting eigenphase sums to the Breit-Wigner profile
while the latter are obtained by analysis of the integrated cross section, respectively.

ESE ESEP

Present results
Levin, Fliflet, and McKoy [33]
Collins, Robb, and Morrison [34]
Salvini, Burke, and Noble [36]
Collins and Schneider'
Collins and Schneider'
Ehrhardt et al. [7] (expt. )

Szmythkowski and Zubek [10] (expt. )

Kwan et al. [12] (expt. )

Buckman and Lohmann [14] (expt. )

Tronc, Azria, and LeCoat [65] (expt. )

'As given in Ref. [36].

3.30
3.4+0. 1

3.54
3.02
3.31
3.25

1.91
1.65+0. 15
2.07
1.61
1.84
1.80

1.85

1.72

2.0
1.5
1.9
1.95
1.8

0.95

0.75

0.4
0.75

1.0
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FIG. 2. e-CO II resonance eigenphase sums in various mod-
els: S, pure static; ESE, exact-static-exchange; SP, S plus polar-
ization; and ESEP, ESE plus polarization.

FIG. 3. Eigenphase sums for the II symmetry at various in-

ternuclear geometries: A, R =1.7318; B, 1.9318; C, 2.1318; D,
2.3318; and E, 2.5318. An arrow indicates the upper energy
scale to be followed. Curves without an arrow follow the bot-
tom energy scale.

is very difBcult to get correct behavior with respect to
both the position and the width of a resonance feature;
e.g. , if the value of the resonance position (E„) is fitted,
the width may come out to be quite different than ob-
served (see Ref. [30]).

We present our E„(R, ) and I (R, ) values from the
analysis of 5, in the ESE and ESEP models along with
various other theoretical and experimental data in Table
III. It is very encouraging to get such remarkably good
agreement between the present parameter-free ESEP
model and several measurements [12,14,65]. Our ESE
values for the position and width of the shape resonance
agree best with the calculations of Collins and Schneider,
cited in Ref. [36]; both of their calculations used the
linear algebraic approach, but differed in the numerical
treatment of exchange. Differences with the ESE results
of Salvini, Burke, and Noble [36] are most probably due
to the use of different target wave functions. Our ESEP
results are in somewhat better agreement with those from
the R-matrix calculation [36] than are the two corre-
sponding ESE results. In addition to the use of different
target wave functions, long-range polarization was
neglected in the R-matrix calculation, and short-range
correlation effects were included in their ESEP calcula-
tions using virtual molecular orbitals. This could have
partially compensated for differences in the target wave
functions. As mentioned earlier, there is no semiempirical
procedure involved in either set of ESEP calculations. In
this energy region, long-range polarization effects do not
appear to be of critical importance.

In Fig. 3, the present ESEP results for 6, are shown as
a function of energy for a range of R values. At large
separation, the resonance becomes very sharp and shifted
to quite low energy. The corresponding values of E„(R)
and I (R) are depicted in Fig. 4 along with the R-matrix
results of Salvini, Burke, and Noble [36]. There is gen-

6—
0
CP

4—
C9
K
LLI

Z 2—
LLI

0) 4—

(3

UJ
z'.
UJ 2—

I I

1.73 1.93 2.13 2.33 2.53 2.73

R(C —0) (a.u. )

FIG. 4. Upper set of curves: 'X and H states of CO and
CO, respectively. Bottom set: width [1 (R)] and position
[E,(R)] relative to neutral curve of the 'II resonance as a func-
tion of R. The crosses and open circles are the calculations of
Salvini, Burke, and Noble (Ref. [36])for E, and r, respectively.
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of the elastic DCS at a relatively low energy (0.165 eV),
and compared their values with the modified-effective-
range theory (MERT) [69,70]. The shape of the observed
DCS at 0.165 eV suggests that the l, =0 (large-angle con-
tributions) and 1, =1 (small-angle contribution) transi-
tions largely determine this shape. The l, =2 transitions
contribute around intermediate angles (see Fig. 1 of Sohn
et al. [16]). In Fig. 9, we show our ESEP results at 0.165
eV along with their observations. We confirm the results
of their analysis, i.e., that s-wave scattering contributes
significantly relative to the dipole term, while small-angle
scattering is still dominated by the long-range dipole in-
teraction. The calculated ESEP cross section in Fig. 9 is,
for angles &20', within a few percent of the FBA cross
section for the dipole transition. Again we note that our
results seem to be in good agreement with measured re-
sults except in the forward direction.

Jung et al. [15] investigated individual differential
cross sections for rotational excitation by unfolding rota-
tionally broadened energy-loss spectra from crossed-beam
measurements using a high-J approximation. There have
also been quite a few theoretical attempts [22—32] to
determine cross sections for rotational excitation of CO
by electron impact. Chang [71] has developed an empiri-
cal approach to the determination of rotational-

FIG. 7. Present DCS in the ESEP model at 1.8, 2.1, and 3 eV.
The experimental points are from Tanaka, Srivastava, and
Chutjian (Ref. [9]) ( X, circled crosses for extrapolated values)
and Jung et al. (Ref. [15]) (5). The latter have been multiplied

by a factor of 2.
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FIG. 9. DCS for e-CO scattering at 0.165 eV. The experi-
mental points ( X ) are from Sohn et al. {Ref. [16]). At this en-

ergy the DCS is independent of the initial rotational state for
angles greater than a few degrees. The present result is decom-
posed into contributions for 1, =0 ( —- —.—.), 1, =1 ( ———),
and1, =2( -. )
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FIG. 10. Rotationally elastic (l, =0, ) and inelastic
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) differential cross sections at 1.8 eV in the
present ESEP model. The experimental points are the results of
the analysis by Jung et al. (Ref. [15]) for the b J =0 ( X ) and
AJ =+1 (o ) transitions. Note that the experimental numbers
have been multiplied by a factor of 2.

vibrational DCS for e-CO scattering at low energies. The
measurements of Jung et al. [15] on the absolute total
DCS near the resonance region at 1.8 and 2.1 eV in the
angular range 15—120' are compared in Figs. 10 and 11,
respectively, for the rotationally elastic (I, =0) and in-
elastic (l, = 1) cases. Again the experimental points are
renormalized by multiplying by a factor of 2.

2. Integrated cross sections
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Our final 0., values are shown in Figs. 12 and 13, and
compared with recent measurements [10,12—14]. The
semiempirical SMEP results of Chandra [30] do not agree
with the overall shape of the experimental curve, while
the present ESEP curve (solid line) agrees very well at all
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(Ref. [9]).



45 SLOW-ELECTRON COLLISIONS WITH CO MOLECULES IN AN. . . 1653

energies. One can see (Table III) that the present E„and
I values for the II resonance are in very good agreement
with measurements. However, a significant discrepancy
(about 30%) around 2 eV with respect to magnitude of
the cross section exists, for reasons not known with cer-
tainty. We note the much larger discrepancy between
calculated and measured DCS (Fig. 7) in the vicinity of
the resonance.

Some of this discrepancy may be due to the neglect of
vibrational motion in the present model and also due to
the approximation involved in the polarization potential.
The CO molecule is known to have structure in vibra-
tional excitation near the II resonance similar to that for
electron scattering by N2,' however, the rich structure
seen in e, for Nz is not as apparent in the case of CO (see,
for example, Ref. [18]). Apart from this oscillatory
feature of a. , in the N2 resonance region, the discrepancy
between the magnitude of the theoretical and experimen-
tal total cross section data in the resonance region of N2
and CO is quite similar if the vibrational motion is
neglected through the use of the FNA. Even a vibration-
al averaging procedure of the FNA amplitudes [72] will
not resolve this discrepancy around 2 eV. Thus, we ex-
pect that a proper vibrational close-coupling calculation
might be required in order to reduce significantly the
present FNA o., for CO.

It is also possible that error is introduced in some mea-
surements of 0., due to a forward-angle discrimination
problem. However, in a recent time-of-flight (TOF)
electron-transmission experiment by Buckman and
Lohmann [14], error due to an inadequate forward-
scattering discrimination has been reduced to less than
O. l%%uo. It is interesting to note that in the resonance re-
gion only two recent measurements, i.e., those of Kwan
et al. [12] and Buckman and Lohmann [14], are close to
each other; all other experimental data [10,11,13] are
lower (about 30%%uo) than the results of these two measure-
ments. The integrated cross sections obtained [9] by ex-
trapolating and integrating measured differential cross
sections are in good agreement with those of Refs. [12]
and [14] at only one point, 5.0 eV. It seems that the very
old measurements of Refs. [3—5] suffered from poor an-
gular resolution; the low values of Ref. [13] are probably
due to insufficient energy resolution, while the data of
Ref. [10]may be low due to uncertainties in their normal-
ization procedure.

The results in the low-energy region (below 0.1 eV) are
particularly interesting. The dependence on the initial
rotor state becomes very important, and the thermally
averaged cross section becomes correspondingly depen-
dent on T. This might at first be interpreted to suggest
that the modified form of the FNA used in the present
work is unreliable. Note, however, that the total in-
tegrated cross section in this energy region is dominated
by transitions for which l, =1, i.e., dipole transitions.
For these transitions the correction term in Eq. (4) is
quite small, and the FBA is accordingly a good approxi-
mation. Since this is evaluated in the laboratory frame,
the use of the FNA introduces only a small correction
term. This is illustrated by the thermally averaged (at 77
K) FBA cross section shown in Fig. 12 for energies below

0.1 eV. (For energies above 0.1 eV the results of the
present calculations and the FBA disagree to a greater
extent as energy increases. )

3. Momentum tran-sfer cross sections

Our momentum-transfer cross sections o. are
displayed in Fig. 14, and are compared with the swarm
data [19,20]. Here the SMEP calculations of Chandra
[30] are in somewhat better agreement with measured re-
sults and also with our calculations. The R-matrix calcu-
lations of Salvini, Burke, and Noble [36] (not shown)
agree very well with our cr values in the resonance re-
gion. For example, at the II resonance position our cr

0 p ~

value of 49.3 A is in good agreement with the R matrix
value of 53.0 A . On the other hand, below 1 eV the cal-
culations of Salvini, Burke, and Noble [36] are much too
large, perhaps due to the fact that in this low-energy re-
gion s-wave scattering is dominated by strong long-range
polarization effects, neglected in their model. From the
comparison of our very-low-energy results with the
swarm data, it seems that the effect of neglecting the vi-
brational motion and the inaccuracy in the Hartree-Fock
description of CO, other possibilities they hypothesized,
may not be the reasons for this large discrepancy between
the experiment and the R-matrix calculations of Salvini,
Burke, and Noble [36].

The present ESEP curve in Fig. 14 compares well with
the data of Hake and Phelps [17] and Land [19] except
below 0.05 eV. At the energy of 0.025 eV, the present
value of 2.99 (in units of 10 ' cm ) for (o )77 can be
compared with the measured values of 3.0 (Tice and
Kivelson [73]) and 5.6 (Hake and Phelps [19]). In the res-
onance region (around 2 eV) the agreement between
present theory and the swarm results is rather good with
respect to both shape and magnitude. Above 4 eV our
0. cross section is higher than the estimates of Land
[19]. At such higher energies the analysis of the swarm
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FIG. 14. Momentum-transfer cross sections for e-CO scatter-
ing. Theoretical data are the same as in Figs. 12 and 13. Exper-
iment: X, Land (Ref. [19]);0, Haddad and Milloy (Ref. [20]);
6, Tice and Kivelson (Ref. [73]).
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experiments may not be accurate enough to yield the
correct behavior of the cross sections, but there is other
evidence (see Figs. 8 and 12) that the calculations may be
a little too high above 5 eV.

Again the low-energy region, expanded in Fig. 15, is of
considerable interest. There is a greater dependence on
initial rotor states and temperature at low energies, but it
is not nearly so pronounced as for the integrated cross
section. Here again, the correction term arising from the
present calculation is relatively small, and thus the FBA
appears to be a reasonable approximation for energies
below 0.03 eV. The most probable rotor state at 77 K is
J;=3, and we show the total momentum-transfer cross
section for this state along with the thermal average. The
kink in the former cross section arises from the opening
of the Jf =4 channel as electron energy increases, an
effect washed out in the thermal average over the
Boltzmann distribution of initial states.

The difference between the results of the present calcu-
lations and the cross section derived from analysis of
swarm data is substantial below 0.05 eV, as already not-
ed. There is reason to question whether this is a real
effect or perhaps an artifact of assumptions made in the
swarm analysis. This analysis is motivated by an assump-
tion that [19] "a good separation of elastic and inelastic
effects" is obtained by using collision frequencies referred
to as momentum transfer and energy exchange, respec-
tively. As can be seen from Fig. 15, the momentum-
transfer cross section at low energies is, in fact, dominat-
ed by inelastic transitions. Thus while the effective
momentum-transfer cross section inferred from the
swarm analysis may be a useful construct, it is not clear,
when inelastic processes dominate, that it is the same
quantity as that defined, for example, by Eq. (11).

4. Rotational transitions

In Fig. 16 we have plotted our total cross sections for
the dipole (0~1 and 1~2) and quadrupole (0~2) al-
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lowed rotational transitions. Several other calculations in
various approximations are also shown in this figure.
There are significant differences between our ESEP re-
sults and the SMEP calculations of Saha et al. [32]. The
calculations of Saha used a simple repulsive wall for the
inner region, and were carried out in the laboratory
frame, as were those of Crawford and Dalgarno [24] and
Chandra [30]. In these latter two calculations the poten-
tial itself was adjusted to reproduce a particular feature
of the observed cross sections. Chandra tuned his poten-
tial to the position of the II resonance, while Crawford
and Dalgarno tuned theirs to reproduce the observed
momentum-transfer cross section. While the present cal-
culations used a much more accurate representation of
the interaction potential, they were carried out in the
molecular body frame with the FNA.

All three calculations shown in Fig. 16 are in quite
reasonable agreement with regard to the dipole (6j=61)
transitions, as might be expected, since these cross sec-
tions are dominated by small-angle scattering, for which
the FBA is a good approximation. The good agreement
between the present results and those of Crawford and
Dalgarno may be due to the fact that their potential was
tuned so as to reproduce the measured momentum-
transfer cross section for energies between 0.005 and 0.1

eV, a region for which the hj =0 and +1 contributions
dominate.
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FIG. 15. Momentum-transfer cross section for e-CO scatter-

ing. Theoretical data:, present thermally averaged ESEP
result for T=77 K; ——,FBA results also thermally averaged
at 77 K; ———,present ESEP result for J;=3 summed over
all final rotor states;, present ESEP result for J;=3 to
Jf =3; Experiment: —X —,Hake and Phelps (Ref. [17]).

FIG. 16. Rotationally inelastic total cross sections for the
0~0, 0~1, 0~2, and 1~2 transitions in the ESEP model
( ). Other theoretical data: . - X -, Crawford and Dal-
garno (Ref. [24]); 0, Chandra (Ref. [30]).
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IV. CONCLUDING REMARKS

In this paper we have reported rotationally elastic, in-
elastic, and averaged differential, integral, and
momentum-transfer cross sections for electron collisions
with CO in an energy range of 0.005 —10 eV. A single-
center integral-equation approach is adopted in which ex-
change is treated exactly and the polarization effects in a
parameter-free way via the correlation-polarization mod-
el of O' Connell and Lane. The resulting cross sections
for all the processes are compared with measured values.

Our results for the II shape resonance are excellent
with respect to both position and width when compared
with recent crossed-beam measurements. As for N2, this
resonance position is strongly affected by the short-range
exchange interaction, but is shifted down by about 1.5 eV
and reduced in width by about a factor of 2 when polar-
ization effects are introduced. This provides strong sup-
port for the model [43] of the short-range correlation po-
larization interaction used in the present work.

Our results also confirm the importance of the long-
range polarization interaction, particularly at low ener-
gies, but also suffer somewhat for forward scattering at
low energies from the poor representation of the molecu-
lar dipole moment in the Hartree-Fock wave function.

Agreement with measured cross sections is generally
reasonably good. However, we face some difficulties in
the resonance region: our 0., values of the peak are about
30% higher than the most recent measurements of Buck-

man and Lohmann [14], in which the possibility of any
error due to forward-angle discrimination has been mini-
mized, and about a factor of 2 larger than measurements
[15] of DCS. It seems that the nuclear vibrational
motion, which is neglected in the present study, plays an
important role in the resonance region. A proper vibra-
tional close-coupling calculation will be required in order
to resolve this discrepancy.

Note added in proof. The paper by G. Ramanan and
G. R. Freeman [J. Chem. Phys. 95, 4195 (1991)] reports
measurements of the momentum-transfer cross section in
the energy range 0.002—0.3 eV that are in very good
agreement with the present results (the solid curve in
Figs. 14 and 15).
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