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Total (elastic plus inelastic) cross sections (TCSs) for the scattering of positrons by molecules Oz, HoO and

CHy4 in the energy range from 30 to 3000eV are calculated using the additivity rule model at Hartree—Fock level. A

complex optical model potential modified by incorporating the concept of bonded atom which takes into consideration

the overlapping effect of electron clouds between two atoms in a molecule is firstly employed for the TCS calculation of

positron—molecule scattering. TCSs are quantitatively compared with those obtained in experiments and other theories

wherever available, and good agreement is obtained in the energy range from 30 to 3000eV. It is shown that the additivity

rule model together with the modified complex optical model potential is completely suitable for the TCS calculations

of the positron—molecule scattering.
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1. Introduction

It is well known that positron—molecule collision
processes play an important role in numerous areas,
such as gaseous lasers, industrial production, chemi-
cal physics and planetary atmosphere. Positrons, on
the other hand, are very short-lived when produced in
our world of ordinary matter because of their natu-
ral tendency to annihilate with electrons. During the
past decades, experimental investigations of positron
scattering by molecules not only provided some di-
rect information leading to a better understanding of
the above-mentioned processes, but also lead to a bet-
ter understanding of approximations used in various
scattering theories.!!) Positrons differ from electrons
only by the sign of their electric charges. As a result,
one significant difference is that the projectile electron
is indistinguishable from the atomic electrons, which
gives rise to an exchange interaction that is not present

in positron—molecule scattering.

Based on the properties of positrons and the

importance of positron—molecule scattering processes

mentioned above, many experimental investigations
of positron—molecule scattering have been made.
Positron—molecule scattering presents a more complex
problem than the corresponding positron—atom scat-
tering due to the multi-centre nature and its nuclear
motion. Thus, few accurate theoretical calculations
have been carried out so far. Though many the-
oretical calculation methods have been proposed in
the past decades,?79! in the intermediate- and high-
energy range, these methods cannot give accurate re-
sults of total cross sections (TCSs) since acquiring a
molecular wavefunction is very difficult, as almost all
inelastic channels (rotational, vibrational, electronic
excitation and ionization, etc) are open. It is there-
fore unsurprising that many previous calculations on
TCSs for positron—molecule scattering are restricted

to low-energy region.

Recently, a fairly simple approach, namely the ad-
ditivity rule (AR) model, wherein a molecular cross
section is an incoherent sum of the cross sections of
the constituent atoms, was employed successfully by

Raj% to obtain the TCSs for positron scattering by a
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sample of seven molecules (Og, CO, CO3, SOz, CS,,
OCS and SFg) at 100-500eV. Very recently, Reid and
Wadehral” also calculate the TCSs for positron scat-
tering from molecules consisting of C, N and O atoms
at 100-5000eV. Though many authors!% " have given
the T'CSs for positron scattering by molecules through
the use of the AR model, large differences are noted
between calculated results and experimental data be-
low 1000eV.

In this paper, the complex optical model potential
which takes into consideration the overlapping effect
of electron clouds between two atoms in a molecule
is firstly employed to calculate the TCSs for positron
scattering from the molecules O, HoO and CH, at in-
termediate and high energies. In the next section, we
describe in detail the modified potential and the AR
model. In Section 3, we present the calculation results
and discussion for the TCSs of the target molecules
and compare them with the available results in exper-
iments and other theories. Concluding remarks are
made in Section 4. Atomic units are used throughout

this paper unless otherwise specified.

2.Theory and method

TCSs QT (F) of the AR model for a molecule con-

taining N atoms is given by

Qr(E) = 1mF, (6 = 0)

k
i N N
MY 50=0= Y dE). O
j=1 j=1
where Fy,,(0 = 0) is the positron-molecule scatter-

ing amplitude in the forward direction; qu(E) and
fj(6 = 0) are the TCS due to the jth atom of the
molecule and the complex scattering amplitude for
the jth constituent atom of the molecule, respectively.
Here, it is obvious that no molecular geometry is in-
volved in the AR model. So, the positron—molecule
scattering problem is reduced to the positron—atom
scattering problem which is easier to tackle.

In the present study, we employ the complex op-
tical model potential method to obtain the TCS for
positron scattering from the constituent atoms of the
molecule. In the method, the potential of a con-
stituent atom in the molecule can be expressed as fol-

lows:

Vopt (1) = Vi +1V,1 (1), (2)

here,
Vi=Vvir+vt

rel =

Thus V¢ incorporates all the important physical ef-
fects. In detail, the repulsive static potential V_"(r)
for an positron—atom scattering system is calculated
by using the atomic charge density, determined from
the well-known Hartree-Fock atomic wavefunction.!®!
The parameter-free polarization potential VP+ (r) was
given by our group.[®! It may be pointed out that the
polarization potential for positron scattering will be
the same as for the electron while the repulsive static

And the ab-

sorption potential Va'{;s(r)[m] represents the combined

potential will have the opposite sign.

effect of all the inelastic channels, and is of the follow-

ing form:

Vb, = —5p(r)3u(kr, K)o, 3)
here,
_ 32m? 9
o (kr, k) e N H(k* —w)

{?—%—%+H(k§+w—k2)

2(k2 +w — k)25
()
3
Ny = Py

kp = [3m%p(r)]'/3,
w = 2A.

Here p(r) is the atomic charge density, and A is the
mean excitation energy. k and v are the momen-
tum and the local velocity of incident positron, re-
spectively. H(z) is a Heaviside function defined by
H(z)=1for z > 0, and H(z) =0 for z < 0.

Now, in Eq.(2), we take into consideration the for-
mation of the chemical bond and the overlapping effect
of electron clouds between two atoms in a molecule.
That is to say, in Eq.(2), we incorporate the concept of
bonded atom.[''] According to the concept of bonded
atom, electron charge density p(r) may be modified as

follows:
p'(r)=f-p(r), (4)
here,
r VA
f=1- XN

where f is a structural factor; r and R are the bond
length and the sum of the radius of the two atoms,
respectively; Z and N are the number of electron in
the outmost shell and the total number of electron in

the atom, respectively. So, Eq.(2) can be modified as

Vopt (T) = V;i_] + lf ) V;};s (T)v (5)
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here,

‘/;l_lzf"/;++vp+'
The q% in Eq.(1) is obtained by the method of partial

waves,

74 (E) =q)(E) + ¢} (E)

=5 > @+D[L- S+ - Is{), (6)
=0

where ¢/(E) and ¢/ (E) are elastic and absorption
cross sections of the jth atom in the molecule, respec-
tively. Slj is the Ith complex scattering matrix element
of the jth atom in the molecule, which is related with
the partial wave shift as S/ = exp(2i6;;). To obtain
Slj , we solve the following radial equation:

I(1+1)

d? 9
<d7’2+k _‘/opt_ T2

w(r)=0. (7)
)

Under the boundary condition r — co, we obtain the

asymptotic solution of Eq.(7),

u(r) ~ kr(ji(kr) — ing(kr)]
+ Sikr[ji(kr) + ing(kr)], (8)

where j; and n; are spherical Bessel and Neumann
functions, respectively. The limit lyjax is taken, which
is enough to generate the higher partial-wave contri-
butions until a convergence of less than 0.5% is again
achieved in the TCS calculation.

Values of the parameter R in target molecules
(O2, HyO and CH,) are obtained by using the
atomic charge density, determined from the well-

known Hartree—Fock atomic wavefunctions.[®!
3. Calculations and discussion

Employing the AR model together with the com-
plex optical model potential modified and unmodi-
fied by incorporating the concept of bonded atom, we
have calculated the TCSs for positron scattering from
molecules O3, HyO and CHy in the energy range from
30 to 3000eV. The modified and the unmodified TCS
results, together with the available experimental and

theoretical datal5—7-12=15]

are given in Figs.1-3 and
Table 1, respectively.

Figure 1 shows TCSs for positron scattering from
O5 together with the available experimental data ob-
tained by Charlton et al['?l in the energy range from
30 to 600eV and Dababneh et all*®! in the energy
range from 30 to 600eV, and the theoretical results

obtained by Baluja and Jain[! in the energy range

from 30 to 3000eV, Raj® in the energy range from
100 to 500eV and Reid and Wadehral™ in the energy
range from 100 to 3000eV. From Fig.1, we can see
that the modified calculations are in excellent agree-
ment with all the experimental datal'213] and the the-
oretical results obtained by Baluja and Jain®! in the
corresponding energy range. For example, the differ-
ences between the modified calculations and the ex-
perimental data obtained by Charlton et all'? are
about 15.6% at 50eV and 9.0% at 100eV. And the
differences between the modified calculations and the
data obtained by Dababneh et all'3l are only about
8.8% at 30.2eV and 13.3% at 60.4eV, too. Obviously,
the modified calculations are much closer to the ex-
perimental datal'®'3] than the theoretical results ob-
tained by Rajl®/ and Reid and Wadehra.!”!
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Fig.1. Total cross sections for et —O2 scattering. The-
oretical results: solid line, present modified results;
dashed line, present unmodified results; dotted line,
Baluja and Jain;[5] triangle, Reid and Wadehra;[7]
star, Rajl8] Experimental results: square, Charlton et
al;[lz] circle, Dababneh et al.[13]

Large differences exist between the modified cal-
culations and the experimental data obtained by
Dababneh et all*3! at 100-300eV. And the largest one
reaches 30.2%. Fortunately, the difference decreases
quickly as the incident energy of electron increases.
For example, it is 21.1% at 300eV, but goes down to
16.3% at 400eV.

From Fig.1, we can easily see that the results of
unmodified calculations are much higher than that
of the modified calculations and all the experimental
data and theoretical results over a wide energy range.
Thus we can say that using the AR model together
with the complex optical model potential which takes
into consideration the overlapping effect of electron
clouds can give better TCS calculations.

Figure 2 shows TCSs for positron scattering from

H>O together with the experimental data obtained by
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Sueoka and Moril'¥ in the energy range from 30 to
400eV and the theoretical results obtained by Baluja
and Jainl! in the energy range from 30 to 3000eV.
Very obviously, there is an excellent agreement be-
tween the modified calculations and the experimental
data obtained by Sueoka and Moril'¥ and the theoret-
ical results obtained by Baluja and Jain!®! in the cor-
responding energy range. But there still exist large
differences between the unmodified calculations and

the above-mentioned results.
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Fig.2. Total cross sections for eT-HyO scattering.

Theoretical results: solid line, present modified re-
sults; dashed line, present unmodified results; dotted
line, Baluja and Jain.[®] Experimental results: circle,

Sueoka and Mori.[14]
As to the TCSs of positron—-CH, scattering, ex-
perimental data obtained by Charlton et all*?! in the
(13]

energy range from 30 to 600eV, Dababneh et all*! in

the energy range from 30 to 500eV and Sueoka and

Moril’®! in the energy range from 30 to 400eV, and
the theoretical results obtained by Baluja and Jain!®!
in the energy range from 30 to 3000eV are shown in
Fig.3. In experiments, the modified calculations are
in good agreement with the data obtained by Charl-
ton et all'?l in the corresponding energy range from
30 to 600eV, but are in slightly poorer agreement with
the data obtained by Dababneh et al('3] below 300eV.
In theories, the modified calculations are in excellent
agreement with the results obtained by Baluja and
Jain[% in the corresponding energy range from 30 to
3000eV. In other words, the modified calculations are

encouraging, but the unmodified ones are not.
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Fig.3. Total cross sections for et-CHy scattering.

Theoretical results: solid line, present modified re-
sults; dashed line, present unmodified results; dotted
line, Baluja and Jain.!5] Experimental results: square,
Charlton et al;['? circle, Dababneh et al['3! triangle,

Sueoka and Mori.[15]

Table 1. Total cross sections for positron scattering from Oz, HoO and CH4 with modified

potential in units of ag.

Energy/eV (o2} H2O CHy4 Energy/eV (o) H>O CH4 Energy/eV (o2} H>0 CHy4
30.0 21.37 21.99 53.26 500.0 11.32 7.50 11.90 1600.0 4.12 2.57 3.35
40.0 22.72 21.84 52.10 600.0 9.88 6.49 10.01 1700.0 3.87 2.41 3.11
50.0 23.55 21.28 50.86 700.0 8.76 5.70 8.57 1800.0 3.65 2.27 2.90
60.0 25.12 21.70 47.14 800.0 7.85 5.07 7.45 1900.0 3.45 2.14 2.71
70.0 25.85 21.49 43.50 900.0 7.09 4.56 6.56 2000.0 3.27 2.02 2.54
80.0 26.06 20.99 41.15 1000.0 6.46 4.13 5.83 2200.0 2.95 1.81 2.25
90.0 25.93 20.35 39.14 1100.0 5.93 3.77 5.24 2400.0 2.68 1.64 2.02
100.0 25.60 19.67 36.49 1200.0 5.46 3.46 4.73 2600.0 2.45 1.50 1.92
200.0 19.99 14.01 25.33 1300.0 5.06 3.19 4.31 2800.0 2.25 1.37 1.62
300.0 15.84 10.79 18.52 1400.0 4.71 2.96 3.94 3000.0 2.08 1.26 1.46
400.0 13.21 8.85 14.54 1500.0 4.40 2.76 3.63

At low energies, as seen from Figs.1-3, the modi-

fied calculations substantially exceed the experimental
data because we have ignored the multi-centre scatter-
ing and the valence-bond effect!'® in the AR model.

But with the increasing of the incident energy, the
wavelength of the incident positron becomes smaller
and smaller compared with the bond length of the

molecule. Then the valence-bond effect and shielding
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effect contribute less and less. Therefore, the higher
the energy is, the better the modified calculations are.
At above 200-300eV, the contribution of molecular
structure and shielding effect to the TCSs may be ne-
glected. So, the AR model and the complex optical
model potential modified by the concept of bonded
atom can give excellent calculation results within the

experimental errors, as verified in Figs.1-3.
4. Conclusions

The AR model neglects molecular geometry and
its nuclear motion, so the molecular scattering is
reduced to the atomic scattering problem which is
easier to treat. The modified calculations are in

good agreement with all the available measurements,

even though we ignore the molecular multi-centre na-
ture (in the case of polyatomic and hetero-nuclear
molecules). It is shown that the AR model together
with the complex optical model potential modified by
taking into consideration the overlapping effect of elec-
tron clouds between two atoms in a molecule can be
successfully used to calculate the TCSs of positron—
molecule scattering above 30eV. Since the contribu-
tions from the interference occurring between the scat-
tering amplitudes originating from the different con-
stituent atoms of the molecule and molecular shielding
effect are not included in the AR model, the results of
TCS using the rule show large differences as high as
30.2%.
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