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Model absorption potential for electron-molecule scattering in the intermediate-energy range
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Calculated elastic differential, integral, and momentum transfer cross sections as well as total~elastic1

inelastic! cross sections for electron-CH4 collisions are reported in the (20–500)-eV energy range. Four model
potentials of both a nonempirical and semiempirical nature are used to represent absorption effects. The
Schwinger variational iterative method combined with the distorted-wave approximation is used to solve the
scattering equations. Through the comparison of our calculated results with available experimental data, two of
these model absorption potentials are recommended as more convenient for treating electron-molecule colli-
sion problems.

PACS number~s!: 34.80.Bm
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I. INTRODUCTION

Recently, there has been significant progress in the de
opment of both theoretical and computational methods
studies on the dynamics of electron-molecule collision p
cesses. In the present, elastic cross sections, shape-reso
positions, as well as Ramsauer-Townsend minima for co
sions of low-energy electrons with small polyatomic mo
ecules can be accurately predicted using an interaction
tential consisting of an exact static-exchange part p
polarization contributions, which can be obtained either
ab initio methods@1,2# or via parameter-free local electron
density distribution models@3–5#. Nevertheless, when suc
approximations are used to study elastic electron-mole
scattering in the intermediate energy range~from ionization
threshold to a few hundreds eV!, the calculated differentia
cross sections~DCS’s! usually lie significantly above the
measured data, particularly at intermediate and large sca
ing angles. The reason for this discrepancy is the well-kno
existence of absorption effects@6#: at impact energies abov
excitation and ionization thresholds, the flux of the scatte
electrons is distributed over all the open channels, con
quently resulting in a reduction of the flux corresponding
the elastic scattering.

Although the main features of the absorption effects
known, taking these effects into account in anab initio treat-
ment of electron-molecule scattering is a very difficult ta
For instance, close-coupling calculations would have all d
crete and continuum open channels included in the op
channel P space, which would make the calculations com
tationally unfeasible. Therefore, the use of model absorp
potentials seems to be presently the only practical manne
treating electron-atom and electron-molecule collisions
the intermediate energy range. Indeed, several model abs
tion potentials of both empirical@7–9# and nonempirical
@10,11# natures for electron-atom scattering have been p
posed for more than 20 years. Among these model potent
the quasifree scattering model~QFSM! proposed by Stasze
wska et al. @11# is particularly interesting. The QFSM wa
derived nonempirically to reproduce the absorption proba
ity per unit time for an electron passing through a fre
1050-2947/2000/62~6!/062710~7!/$15.00 62 0627
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electron gas, where the electron-electron absorption c
sections are calculated using the Pauli-allowed bina
encounter approximation. The target is modeled locally a
free-electron gas~FEG! with Fermi momentumkF depend-
ing on the density. Lately, the QFSM was modified emp
cally by Staszewskaet al. @12# in order to introduce some
target properties, such as ionization potentials and thres
excitation energies, into the collisional dynamics. Althou
some modified versions of that method have been presen
two of them, namely the versions 2~STV2! and 3~STV3! of
QFSM, are the most successful. With those modificatio
the agreement between theory and experiment is impro
but the method loses itsab initio nature. On the other hand
the use of semiempirical QFSM versions does not requ
any parameters to be adjusted for a given target and fo
given incident energy. Therefore, it is easy to use and
provide cross sections for predictive purposes, rather t
just for correlation and interpolation of a preexisting da
basis. In fact, a modified version of the STV3~to be referred
to as JB3 below! has been successfully applied by our gro
to study the electron scattering by N2 @13#, CO2 @14#, and
CH4 @15# in the intermediate energy range. Very recent
however, Blanco and Garcı´a @16# have identified and cor-
rected an error in the derivation of the original version
QFSM of Staszewskaet al. @11#. Furthermore, some im
provements on the QFSM were also suggested by Bla
and Garcı´a. Nevertheless, their model absorption poten
has not yet been sufficiently tested.

In view of the presence of various nonempirical and se
empirical versions of QFSM in the literature, it is interestin
to verify how each of these versions works in an act
cross-section calculation for electron-molecule collisions.
this work, we report a systematic study on the electron-C4
scattering in the (20–500)-eV energy range. As an extens
of our previous work@15#, various versions of QFSM are
used here to represent the absorption effects. Through
comparison of calculated results with experimental data,
expect to find a more effective version for the study
electron-molecule scattering in the intermediate ene
range. Because of the existence of a large amount of exp
mental data in the literature@17–24#, electron scattering by
©2000 The American Physical Society10-1
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methane is chosen for this purpose.
The organization of this paper is as follows. In Sec. II, w

briefly describe various QFSM versions and some detail
the calculation. In Sec. III, we compare our calculated res
with the existing experimental data.

II. THEORY AND CALCULATION

A. The QFSM of Staszewskaet al.

The absorption potential in the QFSM versions is giv
by

Vab~rW !52
1

2
r~rW !v locs̄b , ~1!

where v loc(rW,E) is the local speed of an incident electro
given by

v loc~rW,E!5@2~E2VSE!#1/2. ~2!

In Eqs.~1! and~2!, VSE is the static-exchange potential,r(rW)
is the target electronic density, ands̄b is the average binary
encounter cross section for electron-electron collisions. T
quantity is obtained by averaging the Rutherford cross s
tions over a free-electron gas of densityr(rW) subjected to the
constraints

k2>a, ~3!

p2>b, ~4!

wherek andp are the final momenta of the bound and sc
tering electrons, respectively, anda and b are model-
dependent parameters defined below. A semiclassical co
tion factor of 1

2 is introduced to approximately account fo
the effects of exchange. The resulting cross section is g
by

s̄b~rW,E!5
32p2Nk

15p2 ~ f 11 f 2!H~p22a2b1kF
2 !, ~5!

where

Nk~rW !5
3

4pkF
3

, ~6!

p~E!5~2E!1/2, ~7!

f 1~rW,E!5
5kF

3

~a2kF
2 !

2
kF

3@5~p22b!12kF
2 #

~p22b!2 , ~8!

f 2~rW,E!52H~a1b2p2!
~a1b2p2!5/2

~p22b!2 , ~9!

kF5@3p2r~rW !#1/3. ~10!
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In Eqs. ~5!–~10!, p(E) is the incident momentum of the
scattering electron,kF is the target Fermi momentum, an
H(x) is a Heaviside function defined byH(x)51 for x>0
andH(x)50 for x,0.

In the original QFSM version~STV1!, a andb are given
by

a~rW,E!5kF
22D, ~11!

b~rW,E!5kF
2 , ~12!

whereD is the threshold excitation energy.
On the other hand, in STV2,

a~rW,E!5kF
21D2VSE, ~13!

b~rW,E!5a; ~14!

and in STV3,

a~rW,E!5kF
212@D2~ I 2D!#2VSE, ~15!

b~rW,E!5kF
212~ I 2D!2VSE, ~16!

whereI is the ionization potential.

B. The modified version of Jain and Baluja

In 1992, Jain and Baluja@25# reported a total~elastic plus
inelastic! cross section~TCS! calculation for a large numbe
of molecules. In their study, they employed a model abso
tion potential ~JB2! which is a modified version of STV2
given as

Vab~rW !52 1
2 r~rW !@Tloc/2#1/2s̄b , ~17!

where r(rW) and s̄b have the same meaning as in STV
while

Tloc5p222VSEP, ~18!

VSEP being the static-exchange-polarization potential. Al
D in JB2 is the mean excitation energy of the target inste
of the threshold excitation energy. More recently, the J
and STV3 models have been combined@13#, resulting in a
new version of the semiempirical absorption potential t
will be referred to as JB3. JB3 has the same form as J
except that the definition ofa andb follows STV3.

C. The modified versions of Blanco and Garcı´a

Very recently, Blanco and Garcı´a @16# have reviewed the
derivation of the original QFSM and found an error in it. Th
corrected absorption potential in the version that we w
refer to as BG1 is exactly that of the original STV1, divide
by 2. Furthermore, an additional term based on the M
scattering formula has been introduced by Blanco and G
cı́a, which has the form
0-2
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VC5
2u

pp
H~p22kF

222D!@ f d~kF /p!2 f d„H~d!d1/2
…#,

~19!

whereu is the local speed of the scattering electron, given

u5@2~E2VSEP!#1/2, ~20!

d~rW,E!5
2~kF

21D!

p2 21, ~21!

and

f d~x!>
x~12d!

4~12x!
1

1

16
@112x1~x23!d# log10~12x!

1~a12db1!x1~a22db2!x2, ~22!

with a150.4353, a250.012 33, b1520.1084, and b2
50.056 91. We will refer to the potential model with Mo
scattering correction as BG2.

In addition, Blanco and Garcı´a @16# have also attempted
to account for the screening of the inner electrons by
outmost ones. They have suggested the replacement o
local speed~u! by the incident speed~p! in all the final po-
tential expressions. Nevertheless, we have verified that
change affects only slightly the calculated cross sections
thus will not be considered in the present study.

D. Some details of the calculation

The details of the calculation have been published e
where@15#, so only a brief discussion of the calculations w
be presented here. Within the fixed-nuclei framework,
electron-molecule scattering dynamics is represented b
complex optical potential, given by

Vopt~rW !5VSEP~rW !1 iVab~rW !, ~23!

whereVSEPis the real part of the interaction potential forme
by the static (Vst), the exchange (Vex), and the correlation-
polarization (Vcp) contributions. In our calculation,Vst and
Vex are derived exactly from an self-consistent-field~SCF!
target wave function, whileVcp is derived, in the framework
of FEG, from a parameter-free local density as prescribed
Padial and Norcross@26#. Four versions of model potentials
namely STV3, JB3, BG1, and BG2, were used to repres
the absorption effects.

In the two-potential formalism, the interaction potential
split as

Vopt5U11U2 , ~24!

where U1 is taken as the real part of the complex optic
potential, whereasU2 is the imaginary absorption potentia
The corresponding distorted wave functions satisfy the
lowing scattering equation:

~H01U12E!x50, ~25!
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which is solved using the Schwinger variational iterati
method~SVIM! @27#. Furthermore, the absorption part of th
T matrix is calculated via the distorted-wave approximati
~DWA! @28,29# as

Tab5 i ^x f
2uVabux i

1&, ~26!

where the superscripts (6) denote the incoming-wave an
outgoing-wave boundary conditions.

In our study,U1 is derived from the ground-state wav
function of methane. This one-determinant near-Hartr
Fock wave function is composed of linear combination
atomic orbitals molecular spin orbitals that are calcula
using the same contracted Cartesian Gaussian basis set
Ref. @15#. At the equilibrium C-H bond distance (RC-H
52.0503a0) this basis set gives a SCF energy
240.1987 a.u. which can be compared with t
240.2155 a.u., value of Nishimura and Itikawa@30#. Vcp is
constructed using the electronic density given by the S
wave function. The asymptotic form of this potential is give
~for Td molecules! by

Vcp~rW !52
1

2

a0

r 4 , ~27!

wherea0 is the spherical part of the molecular dipole pola
izability. In our calculations, the experimental valuea0
517.5 a.u. was taken@31#. The parametersI andD used for
generating the absorption potentials were taken from J
and Baluja@25#.

Furthermore, both the target bound orbitals and the st
potential are partial-wave expanded in terms of symme
adapted basis functions. These expansions are truncat
some cutoff parametersl c516 andh< l for a givenl. With
this cutoff, the normalization of all bound orbitals is bett
than 0.999. In SVIM calculations, we have also limited t
partial-wave expansions tol c516. Additional terms which
account for the contributions of angular momenta high
thanl c are included in the scattering amplitude calculation
follows:

f ~ k̂8,k̂08!5 (
l ,h,l 8,h8

l c ,l c8

f l ,h,l 8,h81 f (higher), ~28!

where

f (higher)5
1

2ik (
l 5 l c11

l max

~2l 11!~e2id l21!Pl~cosu! ~29!

and d l is the partial-wave phase shift, given by a clos
formula:

tand l52
pk2a0

~2l 21!~2l 11!~2l 13!
. ~30!

In this work, terms with angular momentum phase shifts
to l max5200 were used in Eq.~29!.
0-3
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The DCS’s and ICS’s for elastic electron-CH4 scattering
are calculated by the usual manner@32#. Moreover, the total
cross sections~TCS’s! are obtained via the optical theorem

s tot5
4p

k
Im f ~ k̂850!. ~31!

III. RESULTS AND DISCUSSION

In Figs. 1–6 we compare our calculated DCS’s for elas
e2-CH4 scattering using STV3, JB3, BG1, and BG2 wi
some selected experimental data at incident energies o
50, 100, 200, 300, and 500 eV, respectively. At 20 eV,
calculated results using STV3, JB3, and BG1 agree very w
with each other. On the other hand, the DCS’s obtained
ing BG2 are in general overestimated. With the increase
the incident energy, although the calculated DCS’s us
these model potentials still agree well with each other
small scattering angles, the discrepancy among them at l
angles becomes more significant. At 50 eV, there is a g
agreement between the results calculated with JB3 and
and with the experimental data. The calculated DCS’s us
BG2 lie again systematically above the measured data, w
the DCS’s from STV3 lie below. At 100 eV, good agreeme
is seen between the DCS’s of JB3 and BG2 and the exp
mental data while the results of STV3 and BG1 lie belo
Above 100 eV, the discrepancies between the results ca
lated using JB3 and STV3 become smaller with increas
incident energies and both agree well with the experime
On the other hand, the results obtained using BG1 and B
lie systematically below the experimental data. In additi

FIG. 1. DCS’s for elastice2-CH4 collision at 20 eV. Solid line,
calculated results using JB3; short-dashed line, calculated re
using BG1; dashed line, calculated results using BG2; long-das
line, calculated results using STV3; full triangles, experimental d
of Curry et al. @17#; open triangles, experimental data of Vuskov
and Trajmar@19#; full squares, experimental data of Boesten a
Tanaka@22#; asterisks, experimental data of Shyn and Cravens@21#.
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unphysical oscillations are seen in the DCS’s calculated w
BG2 for energies of 200 eV and above. Such oscillations
also present in the BG1 results at 500 eV.

Figures 7 and 8 compare the calculated ICS’s a
MTCS’s, respectively, for elastice2-CH4 scattering in the
(20–500)-eV energy range using STV3, JB3, BG1, and B
with some selected experimental data@15,21,22,33#. The cal-
culated ICS’s using the four model potentials agree very w
with each other for incident energies above 80 eV. This
somehow expected since the large-angle scattering cont
tions to ICS’s are not important in the energy range of hu
dreds of eV. On the other hand, they contribute significan

lts
ed
a

FIG. 2. Same as Fig. 1, but for 50 eV. The symbols are the sa
as in Fig. 1.

FIG. 3. Same as Fig. 1, but for 100 eV. The symbols are
same as in Fig. 1, except full circles, experimental results of
et al. @15#; open squares, experimental data of Sakaeet al. @33#.
0-4
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to MTCS’s. It is shown in Fig. 8 that the calculated MTCS
of JB3 agree very well with the experimenatl data in t
entire energy range covered herein, while the results of o
model potentials underestimate the MTCS’s at higher in
dent energies. Nevertheless, BG2 overestimates both
ICS’s and MTCS’s at lower incident energies.

In Fig. 9, we show our calculated TCS’s using the abo
four model potentials in the (20–500)-eV energy ran
along with some selected experimental data@34–37#. All cal-
culations underestimate the TCS’s at higher incident en
gies. This is in accordance with early studies of Staszew
et al. @12# on electron scattering by rare gases and shows
this discrepancy is inherent to the proposed model poten
Despite that, the TCS’s obtained by the STV3 are still
reasonable agreement with the experiments in the entire

FIG. 4. Same as Fig. 3, but for 200 eV.

FIG. 5. Same as Fig. 3, but for 300 eV.
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ergy range, followed by those of JB3. On the other hand,
TCS’s calculated using BG2 lie systematically below expe
mental and other calculated data. In particular, at incid
energies below 100 eV, the BG2 TCS’s are smaller than
corresponding ICS’s reflecting the contribution of unphysi
negative absorption cross sections.

In summary, we report calculated elastic DCS’s, ICS
and MTCS’s as well as TCS’s fore2-CH4 scattering in the
(20–500)-eV incident energy range using four different fo
mulations of absorption model potentials based on QFS
Our study has revealed that, in general, the cross sect
calculated using the semiempirical versions JB3 and ST

FIG. 6. Same as Fig. 3, but for 500 eV.

FIG. 7. ICS’s for elastice2-CH4 collision in the~10–500!-eV
energy range. The symbols are the same as Fig. 3.
0-5
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are in better agreement when compared with experiment
particular, the use of JB3 leads to better results than STV
the calculation of elastic DCS’s, ICS’s, and MTCS’
whereas STV3 provides more reliable TCS’s. On the ot
hand, the nonempirical version BG1 fails mainly at high
incident energies while BG2 can even yield unphysical ne
tive absorption cross sections. Therefore, despite the los
the ab initio nature, the application of JB3 and STV3
electron-molecule scattering is still very convenient since
can provide reliable cross sections and does not require
parameter to be adjusted for a given target and for a gi

FIG. 8. MTCS’s for elastice2-CH4 collision in the ~10–
500!-eV energy range. The symbols are the same as in Fig. 3.
s.
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incident energy. Some preliminary results on electron-N2O
scattering@38# have also led to the same conclusions. Simi
studies on other molecular systems are underway.
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FIG. 9. TCS’s for elastice2-CH4 collision in the~10–500!-eV
energy range. The symbols are the same as in Fig. 3 except
circles, experimental results of Zeccaet al. @34#; pluses, experimen-
tal results of Nishimura and Sakae@35#; open diamonds, experimen
tal results of Sueoka and Mori@36#; crosses, experimental results o
Kanik et al. @37#.
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