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In this work, we report a theoretical study on electron collisions with OH radicals in the low and interme-
diate energy ranges. Calculated elastic differential, integral, and momentum-transfer cross sections as well as
grand-total(elastic + inelastic) and total absorption cross sections for electron-OH collisions are reported in the
1–500-eV range. A complex optical potential composed by static, exchange, correlation-polarization plus
absorption contributions, derived from a fully molecular wave function, is used to describe the interaction
dynamics. The Schwinger variational iterative method combined with the distorted-wave approximation is
applied to calculate scattering amplitudes. Present calculated results are compared with the existing data for
electron-OH scattering in the literature. Also, comparison made between our calculated cross sections for
elastic scattering with the theoretical and experimental results for electron-H2O collisions has revealed remark-
able similarity even at incident energies as low as 2 eV.
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I. INTRODUCTION

Cross sections for electron scattering from a variety of
molecules and free radicals are demanded in different fields
of the pure and applied sciences[1–3]. In particular, interest
in electron collisions with reactive radicals has grown re-
cently [4–8], in view of their important role in physical and
chemical processes involved in a number of applications
such as lasers[9], gas discharges, plasmas[10], etc., as well
as in the atmospheric and astrophysical studies[11]. The
hydroxyl sOHd is one of such radicals. The OH radicals can
be produced in Earth’s atmosphere by vuv photolysis of wa-
ter [12]. Due to its high reactivity, OH is an important reac-
tion intermediate in the atmospheric chemistry[13–16]. The
OH radicals have also been identified in the extreme carbon
star IRC+10216[17] as well as in the comets Hale-Bopp
[18] and C/1999 HI(Lee) [19]. Moreover, OH plays an im-
portant role in biology and medicine. It is well known that
the nuclear radiation that penetrates into the human body
may cause several types of cancer. The OH radicals are
pointed out as a precursor of this disease because it may
cause damages in cells[20–23]. In the human body, OH is
formed by the interaction of the water molecule and second-
ary electrons with appreciable kinetic energy, which are pro-
duced by nuclear radiation[24].

Because of its relevant application in a number of fields,
the knowledge of the electron-OH collisional dynamics is
certainly of interest. However, there is a lack of either ex-
perimental or theoretical studies on such matter in the litera-
ture. Due to its high chemical reactivity, it would be very
difficult to generate a OH radical beam to be interacted with
electron beam, thus experimental studies on electron-OH
collisions would be a very hard task. To our knowledge,
there is only one article[25] that reports the measurement of

total ionization cross sections(TICS’s) for electron-OH col-
lisions. Theoretically, studies for electron-OH scattering are
equally scarce. Low-energy electron scattering from the
ground electron states2Pd of OH was investigated by Chen
and Morgan[26] using theR-matrix method. In that work,
they reported calculated cross sections for the 0→1 vibra-
tional transition of OH by electron impact in the 0–3-eV
energy range as well as the differential cross sections
(DCS’s) for elastice−-OH scattering at a single incident en-
ergy of 1.58 eV. Also, Joshipuraet al. [5] have calculated
total cross sections(TCS’s) and total absorption cross sec-
tions (TACS’s), and estimated TICS’s for electron-OH colli-
sions inthe 10–2000-eV range. A complex optical potential
for electron-atom interaction combined with the additivity
rule was used in their calculations. Although this method
may provide reliable cross sections for incident energies
above 100 eV, it is expected to fail at lower energies. In this
work, we present a theoretical study on electron-OH scatter-
ing covering a wide incident energy range. More specifically,
DCS’s, integral(ICS’s) and momentum transfer(MTCS’s)
cross sections for elastice−-OH scattering as well as TCS’s
and TACS’s in the 1–500-eV energy range are calculated
and reported. The present study made use of a complex op-
tical potential to represent the electron-radical interaction,
whereas a combination of the Schwinger variational iterative
method(SVIM) [27,28] and the distorted-wave approxima-
tion (DWA) [29–31] is used to solve the scattering equations.
This procedure has already been applied to treat electron
scattering by a number of molecules[32–35] and radicals
[6–8] and has provided reliable DCS’s, ICS’s, and MTCS’s
over a wide energy range.

The organization of this paper is as follows. In Sec. II, we
describe briefly the theory used and also some details of the
calculation. In Sec. III we present our calculated results.
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II. THEORY AND CALCULATION

Details of the SVIM[27,28] and the DWA[29–31] have
already been presented previously, and will only be outlined
here. Within the fixed-nuclei framework, the electron-
molecule scattering dynamics is represented by a complex
optical potential,

VoptsrWd = VSEPsrWd + iVabsrWd, s1d

where theVSEP is the real part of the interaction potential
composed by the staticsVstd, the exchangesVexd, and the
correlation-polarization contributionssVcpd whereasVab is
the absorption potential. In our calculation,Vst and Vex are
derived exactly from a restricted open-shell Hartree-Fock
(ROHF) self-consistent-field(SCF) target wave function. A
parameter-free model potential introduced by Padial and
Norcross [36] is used to account for the correlation-
polarization contributions. In this model, a short-range cor-
relation potential between the scattering and target electrons
is defined in an inner interaction region and a long-range
polarization potential in an outer region. The first crossing of
the correlation and polarization potential curves defines the
inner and outer regions. The short-range correlation potential
is derived using the target electronic density according to Eq.
(9) of Padial and Norcross[36]. In addition, an asymptotic
form of the polarization potential is used for the long-range
electron-target interactions. The model potential of Padial
and Norcross is in fact rather crude. Specifically, the use of
the free-electron-gas approximation in the inner region may
not reflect realistically the properties of targets. Also, the
junction of the potentials calculated separately in the inner
and outer regions is somehow arbitrary. Despite that, the
simplicity of this model makes it quite useful in theoretical
studies of electron scattering by atoms and molecules. More-
over,Vcp generated by this model has the correct asymptotic
form of polarization potential which is very interesting for
low-energy electron-molecule scattering, due to the low pen-
etration capacity of these electrons into targets. The applica-
tion of this model requires dipole polarizabilities to generate
the asymptotic form ofVcp. Since there is no experimental
and/or theoretical values available in the literature for the
OH radical, they were calculated in this work at ROHF level
of approximation. The calculated values areazz=7.885 a.u.
and axx=5.942 a.u. No cutoff or other adjusted parameters
are needed in the calculation ofVcp.

Although the main features of the absorption effects are
known, taking these effects into account in anab initio treat-
ment of electron-molecule scattering is very difficult. Pres-
ently, despite the abinitio methods(e.g.,R matrix [37], Kohn
variational[38], and Schwinger multichannel[39], etc.) are
routinely applied to electron-molecule collisional studies,
these applications are in general limited in the low incident
energy rangesø30 eVd where the absorption effects are ab-
sent or small. In order to treat the absorption effects, those
methods of close-coupling nature would require all discrete
and continuum open channels to be included in the open-
channelP space, which are still computationally unfeasible.
In view of the difficulties, the use of the model absorption
potential seems to be presently the only practical manner to

account for absorption effects into electron-molecule scatter-
ing calculations. Several model absorption potentials have
been proposed and used, but version 3 of the quasifree scat-
tering model(QFSM) proposed by Staszewskaet al. [40],
and lately modified by Jain and Baluja[41], has shown to
yield cross sections in better agreement when compared with
experiments. We have chosen the latter to account for the
absorption component of the electron-radical interaction po-
tential. The absorption potentialVab in Eq. (1) is given by

VabsrWd = − rsrWdsTL/2d1/2s8p/5k2kF
3dHsa + b − kF

2dsA + B + Cd,

s2d

where

TL = k2 − VSEP, s3d

A = 5kF
3/sa − kF

2d, s4d

B = − kF
3f5sk2 − bd + 2kF

2g/sk2 − bd2, s5d

and

C = 2Hsa + b − k2d
sa + b − k2d5/2

sk2 − bd2 . s6d

In Eqs.(2)–(6), k2 is the energy(in Rydbergs) of the incident
electron,kF the Fermi momentum, andrsrWd the local elec-
tronic density of the target.Hsxd is a Heaviside function
defined byHsxd=1 for xù0 andHsxd=0 for x,0. In the
modified QFSM version 3[41],

asrW,Ed = kF
2 + 2s2D − Id − VSEP, s7d

and

bsrW,Ed = kF
2 + 2sI − Dd − VSEP, s8d

whereD is the average excitation energy andI is the ioniza-
tion potential. In the original version of Staszewskaet al.,
VSEP present in Eqs.(3), (7), and (8) are replaced by the
static-exchange potentialVSE in the calculation of the local
velocity of the scattering electron. In the present study, the
experimental first ionization potentials13.17 eVd [42] is
used as the average excitation energy as suggested by Jain
and Baluja[41].

Since OH is an open-shell target, the coupling of the in-
cident electron with the unpaired 1p electron of the target
leads to two spin-specific scattering channels, namely, the
singlet sS=0d and tripletsS=1d couplings. The main differ-
ence between the singlet and triplet scattering channels
would reflect on the treatment of the electron-exchange term
in the potential operator. On the other hand, contributions
such asVst, Vcp, andVab are calculated in the present study
using the target electronic density and some molecular prop-
erties such as ionization potential, dipole polarizability, etc.
Thus they are not explicitly dependent on the spin couplings.

Further, the spin-specific Lippmann-Schwinger(LS)
equation is solved using the SVIM. In principle, this scatter-
ing equation for elastice−-OH scattering should be solved
with the full complex optical potential. Nevertheless, a tre-
mendous computational effort would be required, particu-
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larly due to the large number of coupled equations involved,
which makes such calculations practically prohibitive. On
the other hand, our calculation has revealed that the magni-
tude of the imaginary part(absorption) of the optical poten-
tial is considerably smaller than its real counterpart. So, it
can be treated as a perturbation. Therefore, in the present
study, the LS scattering equations are solved using SVIM
considering only the real part of the optical potential. In the
SVIM calculations, the continuum wave functions are single-
center expanded as

x
kW
±,SsrWd = s2/pd1/2o

lm

sidl

k
xklm

±,SsrWdYlmsk̂d, s9d

where the superscriptss+d ands−d denote the incoming-wave
and outgoing-wave boundary conditions, respectively,S is

the total spin of the(electron + target) system, andYlmsk̂d are
the usual spherical harmonics. The absorption part of theT
matrix is calculated via the DWA as

Tabs= ikx f
−uVabuxi

+l. s10d

In the present work, we have limited the partial-wave ex-
pansion ofT-matrix elements up tolmax=40 andmmax=17. A
Born-closure procedure is used to account for the contribu-
tion of higher partial-wave dipole components to scattering
amplitudes. In order to avoid the divergent behavior of the
DCS’s in the forward direction, nuclear-rotational dynamics
is treated explicitly.

The spin-specific rotational scattering amplitude is ex-
pressed as

f jmj← j0mj0

S = k jmjufSu j0mj0
l, s11d

where u jmjl are the rigid-rotor wave functions andf sSd the
spin-specific fixed-nuclear electron scattering amplitude in
the laboratory frame(LF). Accordingly, the spin-specific
DCS’s for the rotational excitation from an initial levelj0 to
a final level j is given by

S ds

dV
DS

s j ← j0d =
kf

k0

1

s2j0 + 1d o
mjmj0

uf jmj← j0mj0

S u2, s12d

wherekf andk0 are the final and initial linear momenta of the
scattering electron, respectively.

Moreover, the spin-specific rotationally unresolved DCS’s
for elastice−-OH scattering are calculated via a summation
of rotationally resolved DCS’s,

S ds

dV
DS

= o
j=0
S ds

dV
DS

s j ← j0d. s13d

Finally, the spin-average DCS’s for elastice−-OH scattering
is calculated using the statistical weight for singlets1/4d and
triplet s3/4d scattering channels, as

S ds

dV
D =

1

4
F3S ds

dV
DS=1

+ S ds

dV
DS=0G . s14d

In the present study, a standard basis set of Dunning[43]
augmented by threes (a=0.05,0.02, and 0.005), one p sa
=0.04d, and threed (a=1.7,0.85, and 0.34) uncontracted

functions for oxygen atom and a Gaussian basis set of Huzi-
naga[44] augmented by threep (a=1.0,0.5, and 0.1) uncon-
tracted functions for the hydrogen atom are used for the cal-
culation of the SCF wave function of the target. At the
experimental equilibrium geometry of the ground-state OH
sR=1.830 a.u.d [42], this basis set yielded the dipole moment
of 1.789 D, which agrees reasonably well with the experi-
mental value of 1.688 D[42].

III. RESULTS AND DISCUSSION

In Figs. 1–4 we show our calculated spin-averaged DCS’s
(rotationally summed) for elastic e−-OH scattering in the
2–500-eV energy range. TheR-matrix DCS’s, calculated by
Chen and Morgan[26] at the single incident energy of
1.58 eV, are shown in Fig. 1(a) to be compared with our
results of 2 eV. Since no experimental or other theoretical
results of DCS’s for this target are available in the literature,
we also use the existing calculated[45–49] and measured
[50–53] results for elastice−-H2O collisions to compare with
our data. A similar procedure has already been adopted in
some previous studies for CH[6] and SiH[7] radicals. Thus
we expect that it may provide some insight of the dynamics
for elastic e−-OH collision. It is interesting to see, in Fig.
1(a), that there is a fairly good agreement between our cal-
culated results at 2 eV and theR-matrix DCS’s at 1.58 eV at

FIG. 1. DCS’s for elastice−-OH scattering at(a) 2 eV and(b)
6 eV. Solid line, present rotationally summed results; dotted line,
the R-matrix DCS’s at 1.58 eV; the calculated results fore−-H2O
scattering are of: short-dashed line, Rescigno and Lengsfield[46];
dashed line, Machadoet al. [47]; long-dashed line, Gianturco[45].
The experimental results fore−-H2O scattering are of: open circles,
Shyn and Cho[52]; full circles, Johnstone and Newell[53]. The
quoted experimental uncertainties of the DCS’s vary from 9% to
15%. Representative error bars of some selected data are also
shown.
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the intermediate and large scattering angles. However, the
R-matrix results present a deep falloff at small scattering
angles, due to the nonconvergent partial-wave expansions. In
addition, one notes that at 2 eV, there is a good agreement
between the present calculated results for OH and those cal-
culated for H2O, particularly at small scattering angles. It is

well known that at such a low incident energy, the long-
range interaction potentials of either permanent and/or in-
duced natures are dominant in the collisional dynamics. The
fact that the similarity of the permanent dipole of the targets,
1.68 D for OH and 1.85 D for H2O [42], may explain this
good agreement, despite the larger difference in the average
polarizability, 7.4 a.u. for OH and 10.5 a.u. for H2O [39]. It
is due to the fact that polarization effects are less important
for strongly polar targets. At higher incident energies, re-
markable similarity between the calculated DCS’s for elec-
tron scattering by OH and H2O are more apparent. This good
agreement clearly indicates that the electron interaction with
the heavier oxygen atom is dominant for both targets and the
loss of one hydrogen atom in OH is not relevant. Also, the
good agreement between the calculated and experimental
DCS’s for e−-H2O scattering may provide some indications
of the reliability of the present study.

In Figs. 5(a) and 5(b) we show our spin-averaged ICS’s
and MTCS’s for elastice−-OH collisions, respectively, cal-
culated in the 1–500-eV range. Again, comparison is made
with the calculated[45–49] and experimental[50–52] results
for e−-H2O scattering. In general, ICS’s and MTCS’s for
elastic electron scattering by both targets agree well with
each other, which again reinforces that the electron-oxygen
atom interaction is dominant. Also, a broad enhancement
centered at around 13 eV is seen in both ICS’s and MTCS’s.
In fact, this enhancement is a consequence of the occurrence
of weak resonances in1,3S and 1,3P scattering channels. A
similar resonance feature is also seen, at about the same en-
ergies, ine−-H2O scattering.

In Fig. 6(a) we show our spin-averaged TCS’s for
e−-OH collisions calculated in the 1–500-eV range. The
TCS’s for this radical calculated by Joshipuraet al. [5] using
the additivity rule as well as calculated[54] and experimen-
tal [55–58] TCS’s for e−-H2O scattering available in the lit-

FIG. 2. Same as Fig. 1 except at(a) 10 eV and(b) 20 eV. Open
squares, experimental DCS’s fore−-H2O scattering of Danjo and
Nishimura[50].

FIG. 3. Same as Fig. 1 except at(a) 30 eV and(b) 100 eV. Full
squares, experimental data fore−-H2O scattering of Kataseet al.
[51]; dashed line, calculated results for H2O of Machado[49].

FIG. 4. Same as Fig. 3, except at(a) 300 eV and(b) 500 eV.
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erature are shown for comparison. In general, there is a good
agreement between the present data and those of Joshipuraet
al.. However, the calculated TCS of Jain[54] for e−-H2O
scattering lie systematically above our data. On the other
hand, there is a significant discrepancy among the experi-
mental TCS’s fore−-H2O scattering, particularly at the low
incident energies. It is seen that the present calculated data
agree better with those of Sokolov and Sokolova[55] at low
energies and with those of Sueokaet al. [56] at high incident
energies. In Fig. 6(b) we show our spin-averaged TACS’s for
e−-OH collisions calculated in the 10–500-eV range. The
TACS’s calculated by Joshipuraet al. [5] using the additivity

rule as well as the experimental TICS’s of Tanovskyet al.
[25] for this radical are also shown for comparison. In gen-
eral, there is a good qualitative agreement among the calcu-
lated and experimental data. Quantitatively, the agreement
between the present TACS’s and the experimental TICS’s is
fair.
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