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Elastic and absorption cross sections for electron—hydroxyl radical collisions
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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-totalelastic + inelasticand 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 elecgOrebllisions has revealed remark-
able similarity even at incident energies as low as 2 eV.
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I. INTRODUCTION total ionization cross sectiond1CS’s) for electron-OH col-
lisions. Theoretically, studies for electron-OH scattering are
Cross sections for electron scattering from a variety Ofequally scarce. Low-energy electron scattering from the
molecules and free radicals are demanded in different fieldground electron statéH) of OH was investigated by Chen
of the pure and applied sciencgis-3]. In particular, interest and Morgan[26] using theR-matrix method. In that work,
in electron collisions with reactive radicals has grown re-they reported calculated cross sections for the D vibra-
cently [4-8§], in view of their important role in physical and tional transition of OH by electron impact in the 0—3-eV
chemical processes involved in a number of applicationgnergy range as well as the differential cross sections
such as laserf], gas discharges, plasmgdd)], etc., as well  (DCS’s) for elastice-OH scattering at a single incident en-
as in the atmospheric and astrophysical studie§. The ergy of 1.58 eV. Also, Joshipurat al. [5] have calculated
hydroxyl (OH) is one of such radicals. The OH radicals cantotal cross section§TCS’s) and total absorption cross sec-
be produced in Earth’s atmosphere by vuv photolysis of wations (TACS'’s), and estimated TICS's for electron-OH colli-
ter [12]. Due to its high reactivity, OH is an important reac- sions inthe 10—2000-eV range. A complex optical potential
tion intermediate in the atmospheric chemidit$-16G. The  for electron-atom interaction combined with the additivity
OH radicals have also been identified in the extreme carborule was used in their calculations. Although this method
star IRC+1021617] as well as in the comets Hale-Bopp may provide reliable cross sections for incident energies
[18] and C/1999 HiLee) [19]. Moreover, OH plays an im- above 100 eV, it is expected to fail at lower energies. In this
portant role in biology and medicine. It is well known that work, we present a theoretical study on electron-OH scatter-
the nuclear radiation that penetrates into the human boding covering a wide incident energy range. More specifically,
may cause several types of cancer. The OH radicals am®CS'’s, integral(ICS’'s) and momentum transfgMTCS's)
pointed out as a precursor of this disease because it mayoss sections for elast&-OH scattering as well as TCS's
cause damages in cell80-23. In the human body, OH is and TACS's in the 1-500-eV energy range are calculated
formed by the interaction of the water molecule and secondand reported. The present study made use of a complex op-
ary electrons with appreciable kinetic energy, which are protical potential to represent the electron-radical interaction,
duced by nuclear radiatioj24]. whereas a combination of the Schwinger variational iterative
Because of its relevant application in a number of fieldsmethod(SVIM) [27,28 and the distorted-wave approxima-
the knowledge of the electron-OH collisional dynamics istion (DWA) [29-31] is used to solve the scattering equations.
certainly of interest. However, there is a lack of either ex-This procedure has already been applied to treat electron
perimental or theoretical studies on such matter in the literascattering by a number of molecul§32-35 and radicals
ture. Due to its high chemical reactivity, it would be very [6—8] and has provided reliable DCS’s, ICS’s, and MTCS'’s
difficult to generate a OH radical beam to be interacted withover a wide energy range.
electron beam, thus experimental studies on electron-OH The organization of this paper is as follows. In Sec. Il, we
collisions would be a very hard task. To our knowledge,describe briefly the theory used and also some details of the
there is only one articlg25] that reports the measurement of calculation. In Sec. Il we present our calculated results.
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[l. THEORY AND CALCULATION account for absorption effects into electron-molecule scatter-

. ing calculations. Several model absorption potentials have

Details of the SVIM[27,2§ and the DWA[29_3IJ have_ een proposed and used, but version 3 of the quasifree scat-

already been presented previously, and will only be outline ering model(QFSM) proposed by Staszewsle al. [40]

here. Within the fixed-nuclei framework, the electron- and lately modified by Jain and Baluja1], has shbwn ,to

mot!eclule tscagtelzrlng dynamics is represented by a Comple))ﬁeld cross sections in better agreement when compared with

optical potential, experiments. We have chosen the latter to account for the
Vo (F) = VSERF) + iV (7). 1 absprpuon component of the .elecyron—radmgl interaction po-

o) (1) +1Vay(7) @ tential. The absorption potenti®l,, in Eq. (1) is given by

where theVSEP is the real part of the interaction potential 2 5 3 ’

composed by the statitV,), the exchangdV,,), and the Va(f) = = p(N)(TU/2) " (87/5kke)H(a + B~ k) (A+ B+ C),

correlation-polarization contributionéV.,) whereasV,, is (2

the absorption potential. In our calculatiov,; and V,, are where

derived exactly from a restricted open-shell Hartree-Fock

(ROHPF) self-consistent-fieldSCH target wave function. A T, =k?—VSEP (3)
parameter-free model potential introduced by Padial and
Norcross [36] is used to account for the correlation- A=5K3/(a-k2), (4)
polarization contributions. In this model, a short-range cor-
relation potential between the scattering and target electrons B=-— k,3:[5(k2 -pB)+ 2k,2:]/(k2 - B2, (5)

is defined in an inner interaction region and a long-range
polarization potential in an outer region. The first crossing ofand
the correlation and polarization potential curves defines the NEJ2
: - : : (a+ -1
inner and outer regions. The short-range correlation potential C=2H(a+B-K)—F—5—
is derived using the target electronic density according to Eq. k=B

(9) of Padial and Norcrosg36]. In addition, an asymptotic In Egs.(2 K2 is th in R f the inci
form of the polarization potential is used for the long-range r;ec?rso.r(l I)<_(t6r)1e Fgr:nienigrirgr}ftlzm yggg(r%s t%et |§clglmglir;t.
electron-target interactions. The model potential of Padiaf F '

o e ronic density of the targetH(x) is a Heaviside function
and Norcross is in fact rather crude. Specifically, the use o fined byH(x)=1 f ~0 andH(x)=0 f <0. In th
the free-electron-gas approximation in the inner region maﬁ}e ined by (x)= or x=4 an (x)=0 for x<0. In the
not reflect realistically the properties of targets. Also, the odified QFSM version 341],
junction of the potentials calculated separately in the inner a(f,E) = k2 + 2(2A — 1) — VSEP, (7)
and outer regions is somehow arbitrary. Despite that, the
simplicity of this model makes it quite useful in theoretical and
studies of electron scattering by atoms and molecules. More- > L2 _ A\ _ \/SEP
over, V¢, generated by this model has the correct asymptotic BB = ke +2(1 = 4) =V, ®
form of polarization potential which is very interesting for whereA is the average excitation energy anis the ioniza-
low-energy electron-molecule scattering, due to the low pention potential. In the original version of Staszewsiaall,
etration capacity of these electrons into targets. The applicasSEP present in Eqs(3), (7), and (8) are replaced by the
tion of this model requires dipole polarizabilities to generatestatic-exchange potenti®>E in the calculation of the local
the asymptotic form ol/.,. Since there is no experimental velocity of the scattering electron. In the present study, the
and/or theoretical values available in the literature for theexperimental first ionization potentigll3.17 eV} [42] is
OH radical, they were calculated in this work at ROHF levelused as the average excitation energy as suggested by Jain
of approximation. The calculated values arg=7.885 a.u. and Baluja[41].
and a,,=5.942 a.u. No cutoff or other adjusted parameters Since OH is an open-shell target, the coupling of the in-
are needed in the calculation 9, cident electron with the unpairedrlelectron of the target

Although the main features of the absorption effects ardeads to two spin-specific scattering channels, namely, the
known, taking these effects into account inaminitio treat-  singlet(S=0 and triplet(S=1) couplings. The main differ-
ment of electron-molecule scattering is very difficult. Pres-ence between the singlet and triplet scattering channels
ently, despite the aimitio methodge.g.,R matrix [37], Kohn  would reflect on the treatment of the electron-exchange term
variational[38], and Schwinger multichanngB9], etc) are  in the potential operator. On the other hand, contributions
routinely applied to electron-molecule collisional studies,such asVy, V., andV,, are calculated in the present study
these applications are in general limited in the low incidentusing the target electronic density and some molecular prop-
energy rangé<30 e\) where the absorption effects are ab- erties such as ionization potential, dipole polarizability, etc.
sent or small. In order to treat the absorption effects, thos&hus they are not explicitly dependent on the spin couplings.
methods of close-coupling nature would require all discrete Further, the spin-specific Lippmann-SchwinggLs)
and continuum open channels to be included in the operequation is solved using the SVIM. In principle, this scatter-
channelP space, which are still computationally unfeasible.ing equation for elasti@™-OH scattering should be solved
In view of the difficulties, the use of the model absorptionwith the full complex optical potential. Nevertheless, a tre-
potential seems to be presently the only practical manner tmendous computational effort would be required, particu-

(6)
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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 pagiabsorption 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

[

S
»
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_
[=]
1l

. l R
=S Lisova®,  ©
Im

where the superscripts) and(-) denote the incoming-wave
and outgoing-wave boundary conditions, respectivBlys
the total spin of théelectron + targetsystem, and,,(k) are

the usual spherical harmonics. The absorption part ofTthe
matrix is calculated via the DWA as

Tabs= 1| Vanlx)- (10 A S 60 90 120 150 180
In the present work, we have limited the partial-wave ex- Scattering angle (deg)
pansion ofT-matrix elements up t4,,,=40 andm,,,,=17. A

Born-closure procedure is used to account for the contribuz FIG. 1. DCSs for elastic™-OH scattering atg) 2 eV and(b)
ure p ure 1S u u IDUg ev. solid line, present rotationally summed results; dotted line,

tion of higher partial-wave dipole components to scatteringy,. r.matrix DCS’s at 158 eV: the calculated results &¢H,O

amplitu.des. In order to' avqid the divergent pehavior of _thescattering are of: short-dashed line, Rescigno and Lengg#éld
DCS’s in the forward direction, nuclear-rotational dynamicsashed line, Machadet al. [47]; long-dashed line, Gianturd@s].

is treated explicitly. _ _ _ _ The experimental results far-H,O scattering are of: open circles,
The spin-specific rotational scattering amplitude is €X-Shyn and Chq52]; full circles, Johnstone and Newes3]. The
pressed as quoted experimental uncertainties of the DCS'’s vary from 9% to
s —im £ m. 15%. Representative error bars of some selected data are also
fjmj<—]'0mj0 - <Jm]|fS|JOmJO>v (11) shown.

where [jm;) are the rigid-rotor wave functions arfé® the _ . . _
spin-specific fixed-nuclear electron scattering amplitude irfunctions for oxygen atom and a Gaussian basis set of Huzi-
the laboratory frame(LF). Accordingly, the spin-specific Nnaga[44] augmented by three(a=1.0,0.5, and 0)luncon-

DCS's for the rotational excitation from an initial levgjto  tracted functions for the hydrogen atom are used for the cal-
a final levelj is given by culation of the SCF wave function of the target. At the

s experimental equilibrium geometry of the ground-state OH
(_‘7> (i —ijo= ke 1 > 7S (12 (R=1.830 a.u.[42], this basis set yielded the dipole moment
dQ ko(2jo+ mm Mo, of 1.789 D, which agrees reasonably well with the experi-
’ mental value of 1.688 [p42].
wherek; andk, are the final and initial linear momenta of the
scattering electron, respectively. IIl. RESULTS AND DISCUSSION
Moreover, the spin-specific rotationally unresolved DCS’s
for elastice™-OH scattering are calculated via a summation In Figs. 1-4 we show our calculated spin-averaged DCS'’s

of rotationally resolved DCS's, (rotationally summey for elastic €-OH scattering in the
4o\ 4o\ 2-500-eV energy range. Thematrix DCS’s, calculated by

(—U) => <—U) (—jo- (13) Chen and Morgan26] at the single incident energy of

dQ/ 5 \dQ 1.58 eV, are shown in Fig.(4) to be compared with our

results of 2 eV. Since no experimental or other theoretical
is_ calculated using .the statistical weight for sindlet4) and \r;es uelli(;) fuzg?hsef%rx?g?ngarg;éj;&a_lfg IZ:; t?}qeeg[:ljr?;tére,
triplet (3/4) scattering channels, as [50-53 results for elastie™H,O collisions to compare with
do\ 1 do\S! [ do \SO our data. A similar procedure has already been adopted in
(d_ﬂ> = Z[ (d_Q> (d_Q) } (14)  some previous studies for C}8] and SiH[7] radicals. Thus
we expect that it may provide some insight of the dynamics
In the present study, a standard basis set of DunfdB8f for elastice™OH collision. It is interesting to see, in Fig.
augmented by three (¢=0.05,0.02, and 0.0050nep (o«  1(a), that there is a fairly good agreement between our cal-
=0.04, and threed («=1.7,0.85, and 0.34uncontracted culated results at 2 eV and tiematrix DCS’s at 1.58 eV at

Finally, the spin-average DCS'’s for elaséc-OH scattering
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FIG. 2. Same as Fig. 1 except@ 10 eV and(b) 20 eV. Open
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FIG. 4. Same as Fig. 3, except(aj 300 eV andb) 500 eV.

squares, experimental DCS’s fer-H,O scattering of Danjo and

Nishimura[50].

the intermediate and large scattering angles. However, th
R-matrix results present a deep falloff at small scatterin
angles, due to the nonconvergent partial-wave expansions.
addition, one notes that at 2 eV, there is a good agreemelgto
between the present calculated results for OH and those cdlf
culated for HO, particularly at small scattering angles. It is

—~10*3
4 E

o DCS (107*® em?®/sr)

FIG. 3. Same as Fig. 1 except(@ 30 eV and(b) 100 eV. Full
squares, experimental data fer-H,O scattering of Kataset al.
[51]; dashed line, calculated results fop® of Machado[49].

—T T T
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well known that at such a low incident energy, the long-
range interaction potentials of either permanent and/or in-
uced natures are dominant in the collisional dynamics. The
act that the similarity of the permanent dipole of the targets,
68 D for OH and 1.85 D for kD [42], may explain this
od agreement, despite the larger difference in the average
olarizability, 7.4 a.u. for OH and 10.5 a.u. fop® [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 0 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™-H,O scattering may provide some indications
of the reliability of the present study.

In Figs. X&) and %b) we show our spin-averaged ICS’s
and MTCS'’s for elastie™-OH collisions, respectively, cal-
culated in the 1-500-eV range. Again, comparison is made
with the calculated45-49 and experimentgb0-57 results
for e-H,O 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 ih®s and![1 scattering channels. A
similar resonance feature is also seen, at about the same en-
ergies, ine"-H,O scattering.

In Fig. 6@ we show our spin-averaged TCS's for
€ -OH collisions calculated in the 1-500-eV range. The
TCS’s for this radical calculated by Joshipwtaal. [5] using
the additivity rule as well as calculat¢84] and experimen-
tal [55-58 TCS’s fore™-H,O scattering available in the lit-
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FIG. 5. (a) ICS’s and(b) MTCS'’s for elastice-OH scattering. FIG. 6. (@) TCS’s and(b) TACS's for € -OH scattering. Solid

Solid line, present rotationally summed results; the calculated reline, present results; dashed line, the calculated results f@H

sults fore™-H,O scattering are of: short-dashed line, Rescigno andscattering of Joshipurat al. [5]; short-dashed line, the calculated
Lengsfield[46]; dashed line, Machadet al. [47]; long-dashed line, results fore™-H,O scattering of Jairj54]; full circles, the experi-
Gianturco[45]. The experimental results f&-H,O scattering are mental TICS for OH of Tanovskyet al. [25]. The experimental

of: open squares, Danjo and Nishim{i&®]; open circles, Shyn and TCS's for e-H,O scattering are of: open triangles, Sokolov and
Cho[52]; full squares, Kataset al. [51]; full circles, Johnstone and Sokolova[55]; full squares; Sueokeat al.[56]; open circles, Szmyt-
Newell [53]. The quoted experimental uncertainties of the ICS’'skowski [57]; open squares, Zeccaa al. [58]. The quoted experi-
vary from 13% to 22% and those of the MTCS’s are from 13% tomental uncertainties of the TCS’s vary from 1% to 10% and those
55%. Representative error bars of some selected data are alsbthe TICS’s are 15%. Representative error bars of some selected
shown. data are also shown.

erature are shown for comparison. In general, there is a goo

r%le as well as the experimental TICS’s of Tanovsyal.
agreement between the present data and those of Joskipur : : . i
al.. However, the calculated TCS of JajB4] for e-H,0 a[25] for this radical are also shown for comparison. In gen

scattering lie systematically above our data. On the otheeral’ there is a good qualitative agreement among the calcu-
g lie systematically a ' fated and experimental data. Quantitatively, the agreement
hand, there is a significant discrepancy among the exper

mental TCS's fore™-H,O scattering, particularly at the low %:):r[ween the present TACS's and the experimental TICS's is

incident energies. It is seen that the present calculated data
agree better with those of Sokolov and Sokol¢%8] at low
energies and with those of Sueodtaal. [56] at high incident
energies. In Fig. ®) we show our spin-averaged TACS's for

e -OH collisions calculated in the 10-500-eV range. The This work was partially supported by the Brazilian agen-
TACS's calculated by Joshipust al. [5] using the additivity  cies FAPESP, CNPq, and CAPES.
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