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In this paper we have calculated total cross sections of H2 and O2 and CO2 molecules by 

positron impact using the method of partial wave analysis, originating from a complex 

potential formalism of e+ - molecules. The present work reports total QT, elastic Qel, total 

ionization Qion cross sections of H2, O2 and CO2 targets. Our total inelastic (Qinel) cross 

section contains Qion, QPs, ∑Qexc. Our goal of the paper is to calculate Qion from Qinel because 

it is difficult to calculate theoretically. We have bifurcated Qion from Qin (Qion +∑Qexc) using 

the method ‘Complex Scattering potential – ionization contribution’ (CSP- ic) of electron – 

atom/molecule scattering in the energy regime of 15 to 2000 eV. 
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Positron interactions with matter play important roles in many physical processes of interest. 

Examples include the origin of astrophysical sources of annihilation radiation, the use of 

positrons in medicine, the characterization of materials, and the formation of antihydrogen. 

The present work assumes significance in view of its potential applications in the fields like 

plasma physics and planetary atmospheres. Molecular hydrogen being the most abundant 

astrophysical molecule has been very extensively studied by theory and experiments for 

electron scattering as well as for positron scattering. Plasmas containing H2 are widely used 

in plasma technology for thin film deposition and material treatment. Molecular oxygen (O2) 

makes up about 21% of the earth’s atmosphere by volume, and it plays a key role in cellular 

respiration and photosynthesis in order to sustain complex forms of terrestrial and marine 

life. It also possesses several interesting physicochemical properties that make it interesting 

to investigate from a fundamental perspective. These include that O2 is an open-shell 

molecule, which makes it a rather challenging species to tackle from a structural point of 

view and also more difficult to treat the scattering process computationally [1]. Carbon 

dioxide is an important molecule in view of its presence in atmosphere of Venus and Mars. 

On the earth its presence is carefully deliberated with respect to global warming process. 

CO2 is widely used in gaseous discharges and or in low temperature plasma devices. It is 

interesting to study positron scattering with atoms and molecules as it has different channels 

like positronium formation with compare to electron scattering. 

Previously we have calculated positron impact total and ionization cross sections for inert 

gases like He, Ne, Ar, Kr  and diatomic molecules like N2 & CO [2-4] using Complex 

Scattering Potential – ionization contribution’ (CSP- ic) method of electron – atom/molecule 

scattering . We made comparative study of positron impact with electron impact for atoms 

and molecules   [2-4].  The total cross sections of positron impact with H2 reported by [5 – 

8]. Baluja and Jain [9] and Sun et al [10] had calculated total cross sections for many 

diatomic and polyatomic molecules. Machacek et al [11] measured total cross sections of H2 

molecule between 0.5 eV to 200 eV.  

Reid and Wadehra [12] had calculated the total cross sections (QT) and elastic cross sections 

(Qel) of molecules by additively rules and solve the Schrodinger equation using numerov 

INTRODUCTION 
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technique. The total cross sections for O2 measured by Charlton et al [6].  De- Heng et al 

[13] calculated total cross sections of O2 by additivity rules in energy range of 30 to 3000 

eV. The total cross sections of CO2 molecule reported by different group of experiments [6, 

14-16]. 

Recently Brunger et al [1] have recommended positron–molecule cross section data for 

various diatomic and polyatomic molecules.  

The ionization cross sections of H2 measured by Knudsen et al [17], Jacobsen et al [18] and 

Fromme et al [19]. The Chen et al [20] had calculated ionization cross sections for H2 

molecule using distorted wave model. Previously we had calculated electron impact 

ionization cross sections of H2 molecule in ground sate as well as for metastable state [21]. 

To make the result comparative with electron impact we have compared the electron impact 

ionization of Straub et al [22] with present positron impact ionization cross section of H2. 

Marler & Surko [23] and Laricchia [24] measured ionization cross sections of O2 by positron 

impact.  Here we had compared electron impact ionization cross sections of Krishnakumar 

& Srivastava [25] with present positron impact ionization cross section of O2 molecule. The 

ionization cross sections of CO2 molecule measured by Bluhme et al [26] from low energy 

to 1000 eV. The results of electron impact ionization of Orient & Srivastava [27] compared 

with present result of positron impact ionization of CO2 molecule. 

Present paper provide positron impact total cross sections of H2, O2 and CO2 molecules using 

Spherical Complex Optical Potential (SCOP) method which we had used previously for 

electron impact for various targets [28-33]. Our main interest is to analyze positron impact 

ionization cross sections using CSP-ic method of electron impact scattering [28-33]. Here 

we have calculated cross sections in the range of 15 to 2000 eV. The details of method are 

explained in theory part. 
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The dynamics of e+ - molecule scattering is treated presently in the complex potential 

formalism. For positron scattering the real part of the total complex potential V(r, Ei) consists 

of static and polarization potentials while the imaginary part Vabs (r) accounts for the inelastic 

absorption effects. So we can represented the potential as V(r, Ei) = VR(r, Ei) + iVI(r, Ei). Here 

r is the radial distance from the mass centre of the target. The potential components are 

derived from the target charge density of the atom, which is constructed from the wave 

functions of Bunge and Barrientos [34]. The molecular charge density is constructed through 

a single centre expansion of the atomic charge density at the molecular centre of mass [29]. 

While the (repulsive) static potential Vst(r) is directly calculated from the target charge 

density, the polarization effects are included through the positron polarization potential 

Vpol(r) as given by Baluja and Jain [35]. The polarization potential is attractive and dynamic 

i. e. energy dependent. Thus at low to intermediate energies the static and polarization 

potentials tend to cancel each other and at high energy only the static potential dominates. 

Induced polarization plays a special role in the collision between an electron or positron with 

a molecule. As the projectile comes closer to the molecule, the distortion of the molecular 

charge cloud becomes different for different projectiles [36] so total cross sections QT have 

large difference at low energies for both projectiles. 

The polarization potential for positron scattering is defined below as per the detailed 

expression given in [35]. 

                                       

4

( ) ( ) ,

, (1)
2

pol corr c

d
c

V r V r r r

r r
r



 

  
   

Where rc is the radial distance of the first crossing of the correlation term Vcorr(r) and the 

asymptotic form –αd/2r4. The absorption potential Vabs(r) used presently to account for all 

inelastic channels with incident positrons was developed by Reid and Wadehra [37].  

               The total complex potential consists of these three potentials as under,  

                                          V(r, Ei) = Vst(r) + Vpol (r) + i Vabs(r)                                               (2) 

THEORY 
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After generating all potential terms of equation (4), we treat it exactly in partial wave analysis 

by solving the first order differential equations for the real (δR) and imaginary (δI) parts of 

the complex phase shift function. This is done in the variable phase approach of [38] as done 

in electron – atom/molecule scattering.               

The absorption potential Vabs depends on incident positron energy Ei, target charge density 

ρ(r), and energy gap Δ as per the expressions given by [37]. The energy-gap parameter Δ 

accounts for the energy conservation in the inelastic processes [37]. Basically it is a threshold 

such that if incident energy Ei ≤ Δ then the Vabs = 0 and neither excitation nor ionization can 

take place. Therefore, the choice of Δ proves to be crucial in obtaining the cross sections 

especially at low to intermediate energies. Baluja and Jain [9] had taken the value of Δ = EPs, 

positronium formation threshold in their calculation of positron molecule scattering. Here if 

we keep Δ at fixed value of ionization energy then even excitation channels are prevented in 

the lower energy end. So we have required that the value of Δ should lower than ionization 

threshold. In our electron scattering calculations we considered Δ to be Ei – dependent as 

discussed in [28-33].  

                                                      Δ (Ei) = Δmin + β (Ei - Δmax)                                                    (3) 

In this linear equation, we choose Δ (��)  =
∆���∆�

�
  for O2 and CO2 targets. Here Δps is 

Positronium formation threshold, and ΔI is ionization potential. Whereas for H2 molecule we 

have keep Δ (Ei) = Δps.  Similar form of Δ we have used in our previous papers [2-4] for He, 

Ne, Ar, Kr, N2 and CO targets. 

The above form of Δ (Ei) balances all aspects and also gives reasonably satisfactory cross 

sections in the present work. With the Vabs modified in this way, the cross sections Qel and 

Qinel are evaluated in a standard formulation [28-33]. Qinel attains its maximum value is 

labelled as Ep.  

                        Total (complete) cross section labeled as QT is such that   

                        
( ) ( ) ( )T i el i inel iQ E Q E Q E 

                                    (4) 

Where, Qel is total elastic cross section and Qinel is the total (cumulative) inelastic cross 

section at a given incident energy Ei. The total inelastic contribution comprises of Ps 

formation, electronic excitation and ionization of the target atom, so that 
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( ) ( ) ( ) ( )inel i Ps i exc i ion iQ E Q E Q E Q E                                         (5) 

The first term on the right hand side of equation (5) is the positronium formation cross 

section which is large at low energies. The second term in equation (5) accounts for the sum 

of all accessible excitations in the target induced by the incident positrons. The third term 

indicates the sum of the total cross sections of all allowed (single, double etc.) ionization 

processes. In the present energy range, which is from almost ionization threshold to 2000 

eV, the first ionization is more dominant than double and higher ionization. Therefore the 

last term will be denoted simply by Qion. 

The positronium formation and excitations are dominating at lower energies. At incident 

energies well above I the ionization becomes more important than all other inelastic 

channels. Our aim is now to deduce the Qion from our calculated Qinel in the same way as in 

electron scattering. Hence to find the contribution of Qion in Qinel we introduce a method 

which we have previously [28-33] applied to electron impact on several atomic and 

molecular targets. In order to proceed along these lines we have to first obtain Qinel without 

Ps- formation cross section. To this end we define, 

                                                               Qin = Qinel – QPs                                                         (6) 

and adopt the QPs values from Zhou et al [8] for H2 target, for O2 we have used QPs of Marler 

and Suerko [23], for CO2 we have used QPs of Murtagh et al [39].  Next let us introduce the 

following ratio function, to bifurcate the ionization cross section from the Qin cross section. 

                                                          
 

 
 

io n i
i

in i

Q E
R E  =  

Q E
                                               (7) 

The ratio R = 0 when Ei ≤ I. Since the ionization corresponds to transitions in continuum the 

Qion is expected to dominate in the Qin at high enough energy.  Therefore, as in the case of 

electrons [28-33], the present ratio function may also be expected to rise as Ei increases 

above I, and approach almost unity at high energies, such that  

                                      R (Ei) =0,    for Ei   ≤ I                                  (8a)  

                                     R (Ei) = Rp,   for Ei = Ep
’
                                                  (8b)     

                                     R (Ei) = R’,    for Ei >> Ep
’
                                   (8c) 
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Here Rp is the value at incident energy equal to peak of Qin. Ep
’
 is the energy peak where Qin 

attains maximum value. The value of Rp is somewhat lying in range of 0.7 - 0.8 in case of 

electron. We choose Rp = 0.8. The choice of this value is approximate but crucial. It indicates 

80% contribution of ionization in the cumulative inelastic scattering at the incident energy 

Ei = Ep
’. This in turn indicates the dominance of ionization channel over discrete electronic 

excitations. Now in equation (8c) the value of R’ is nearly equal to 1 at high energies say 

10Ep, same as in electron scattering. Only molecules like H2 we have to considered RP = 0.5 

at peak energy of Qinel as explained in [33]. Now, for the actual calculation of Qion from our 

Qin we need R (Ei) as a continuous function of energy Ei. Therefore,                                                                                                                   

R (Ei) = 1 - f (U)   =













U

U

aU

C
C

ln

)(
1 2

1

                                 (9) 

                          With,                                   

iE
U

I


                  (10)             

The reason for adopting a particular functional form of f (U) equation (9) is discussed in our 

previous papers [28-33]. The two term representation of f (U) given in equation (9) is more 

appropriate since the 1st term in the square bracket ensures a better energy dependence at 

low and intermediate Ei. Equation (9) involves dimensionless parameters C1, C2, and a, that 

reflect the target properties. The three conditions stated in equation (8a-c) are used to 

determine these three parameters, in an iterative manner. Thus we first assume a = 0 and 

consider a two-parameter expression in equation (9). We employ therein the two conditions 

(8a) and (8b) to obtain C1 and C2. The two-parameter equation is then used to determine the 

value of R at a high energy Ei =10 Ep, and the same value is employed in equation (8c) to 

obtain the new set of three parameters C1, C2 and a. Having thus obtained the parameters we 

calculate Qion from equations (7) and (9), and therefore generate Rp value from these Qion. 

The resulting Rp value is used next as an input to the equation (8b) iteratively to finally 

calculate Qion.  

The target properties of interest, viz., the CSP-ic parameters a, C1, and C2, ionization 

potential, polarizability, energy at the peak Ep
’, Cut-off polarization parameter (rc), are 

shown in table 1.                                   
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   Table 1   Properties and parameters of H2, O2 and CO2 molecules used in the 

present calculations                                

Target 

Properties 
H2 O2 

        

CO2 

I.P(eV)a 15.42 12.06 13.77 

Polarizabilitya 

αd (Å3) 
5.4 10.68 

19.66 

Bond length(Å)a 0.74 1.20 1.16 

Ep
’(eV) 50 60 75 

Cut-off 

polarization 

parameter (rc) 

(Å) 

1.65 1.83 

 

2.18 

Δps 8.62 5.26 6.97 

Δ 8.62 8.66 10.37 

a 21.19 23.52 8.86 

C1 -1.12 -1.14 -1.29 

C2 -19.72 -21.37 -7.61 

                                           a-[40] 
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In positron scattering it is difficult to calculate Qion from total Qinel so it is meaningful to 

calculate it. Here we have shown total cross sections of QT, Qion and Qinel of H2, O2 and CO2 

molecules. We have calculated Qion for so many targets [21, 30, 31, 33] from our developed 

CSP-ic method of electron scattering. From the same approach we have calculated ionization 

cross sections of inert gases and N2 & CO molecules [2-4]. Here we have shown all total 

cross sections H2, O2 and CO2 in the energy range of 15 to 2000 eV and we have also 

tabulated QT, Qel and Qion of H2 and O2 and CO2 in table 2. We have organized discussion of 

present results along with comparison in three parts. 

3.1 e+ - H2 scattering  

In figure 1 we have compared total cross sections of positron scattering with H2 molecule. 

In figure 1 the upper solid curve and compared results are (QT) total cross sections of 

positrons. The lower solid curve and compared results are ionization cross sections of 

positron scattering. The measurements of total cross sections QT of Deuring et al [5], 

Charlton et al [6], Zecca and Chiari, [7] and Zhou et al [8] are well matched with present 

results after 50 eV. Only at low energies below 50 eV our present results are higher than 

measurements. Present results are in good agreement with the measured results of Charlton 

et al [6] in energy range of 50 eV to 600 eV. 

As discussed in discussion part to obtain Qion from Qinel we have used positronium formation 

cross sections (QPs) of Zhou et al [8]. The present ionization cross sections Qion are in good 

agreement with non-dissociative single ionization of Jacobsen et al [18] after 100 eV. At 

peak position of Qion, results of Knudsen et al [17] are higher than our present Qion results as 

well as not in agreement with Jacobsen et al [18]. We observed significant difference in 

measurements and calculated result below 100 eV. The electron impact ionization cross 

sections of [21] are lower than present as well as measured Qion results at peak energies. 

Below 40 eV our results predicted higher than measurements but the theoretical results of 

Chen et al [20] lies same as our results from threshold to 200 eV. After 80 eV all results of 

theory and experiment matches well with each other. 

RESULTS AND DISCUSSION 
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Figure 1 Total cross sections of H2 by positron impact 

Solid black line – Present QT; White triangle – Deuring et al [5] QT; White star – Charlton 

et al[6]QT; Cross – Zecca and Chiari, [7]QT; Black filled star- Zhou et al[8]QT; Magenta 

solid line – Present Qion; White circle – Knudsen et al[17] Qion; Black filled circle – Jacobsen 

et al[18]Qion; Blue solid line – Chen et al[20]Qion; White square – Straub et al[22]Qion of 

electron.   

3.1 e+ - O2 scattering  

In figure 2 we have compared total cross sections of positron scattering with O2. We have 

compared our results of total cross sections QT of positron scattering with Charlton et al [6].  

Our calculated results remain high at entire energy range with compare to [6]. But energy 

peak of our present QT is same depicted as in Charlton et al [6].  Below 90 eV the theoretical 

results of Heng et al [13] differs from us and also from Charlton et al [6]. After 90 eV our 

calculated results and theoretical results of Heng et al [13] agree well with each other. Our 

present results of Qion are higher than measurements of Marler & Surko [23]. But our results 

are well matched with Laricchia et al [24] at low energies which are different from Marler 
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& Surko [23]. Surprisingly QT of [6] is matches with our present Qion at 600 eV which is not 

possible. We have compared electron impact Qion of Krishnakumar and Srivastava [25] with 

our present results. Our positron impact Qion lies higher than electron impact cross sections 

at entire energy range. 

 

Figure 2 Total cross sections (QT) of positron impact with O2 

Solid black line – Present QT; Dash dot – Heng et al [13] QT; Magenta filled circles – 

Charlton et al [6]QT; Blue solid line - Present Qion of positron; Black filled square – Laricchia 

et al [24] Qion; White open circle – Marler and Surko [23]Qion; Black filled triangle - 

Krishnakumar and Srivastava [25] Qion of electron 

3.2   e+ - CO2 scattering  

In figure 3 we have shown total cross sections of CO2 molecules by positron impact with 

experimental and theoretical results. Total cross sections QT of CO2 are compared with Kwan 

et al [14], which are closed to our results with entire energy range. At 30 eV, peak position 

there is significant difference between Charlton et al [6] and other measurements [14, 15]. 

The measurements of Hoffman et al [15] are also in general good agreement with our present 
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QT.  In table 2 we have tabulated QT, Qel and Qion of all targets. The ionization cross sections 

of present results are in general accord with results of Bluhme et al [26]. Our results are 

higher than Bluhme et al [26] at low energies but at peak position they are closed to our 

results. The electron impact ionization cross sections of Orient and Srivastava [27] are lower 

than positron scattering ionization cross sections at low energies. 

 

Figure 3   Total cross sections of CO2 molecule with positron impact 

Green solid line – Present QT; Black filled square – Kwan et al [14] QT; White circle – 

Charlton et al [6] QT; Star – Hoffman et al [15] QT; Blue solid line – Present Qion; Red filled 

circle- Bluhme et al [26] Qion; Cross – Orient and Srivastava [27]Qion  of electron.  

Table 2 Present QT, Qel, Qion of H2, O2, and CO2 molecules by positron impact (all in Å2) 

 H2 O2 CO2 

E(eV) QT Qel Qion QT Qel Qion QT Qel Qion 

15 5.39 1.44 0 7.76 2.35 0.91 8.33 3.53 0.25 

20 5.61 1.42 0.45 9.11 2.64 2.00 9.95 3.51 0.99 

30 5.42 1.36 0.93 9.50 2.89 2.95 10.47 3.50 1.95 
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40 4.97 1.23 1.10 9.29 2.94 3.38 10.05 3.35 2.45 

50 4.49 1.10 1.22 9.05 2.93 3.63 9.71 3.27 2.79 

60 4.07 0.98 1.20 8.71 2.85 3.77 9.35 3.16 3.01 

70 3.72 0.87 1.19 8.36 2.75 3.81 8.97 3.04 3.25 

80 3.42 0.79 1.16 8.03 2.64 3.82 8.61 2.92 3.42 

90 3.17 0.71 1.10 7.72 2.54 3.80 8.28 2.81 3.51 

100 2.95 0.63 1.05 7.45 2.45 3.79 7.99 2.71 3.48 

150 2.20 0.43 0.92 6.39 2.09 3.64 6.83 2.31 3.33 

200 1.76 0.32 0.79 5.64 1.80 3.37 6.06 2.05 3.09 

300 1.26 0.22 0.64 4.61 1.38 2.96 5.06 1.71 2.76 

400 0.98 0.16 0.52 3.92 1.10 2.65 4.41 1.48 2.60 

500 0.80 0.12 0.47 3.42 0.90 2.40 3.93 1.31 2.33 

600 0.68 0.10 0.40 3.03 0.75 2.19 3.55 1.17 2.19 

700 0.59 0.08 0.35 2.72 0.64 2.01 3.24 1.06 2.04 

800 0.52 0.07 0.32 2.47 0.56 1.86 2.99 0.97 1.90 

900 0.47 0.06 0.30 2.26 0.49 1.73 2.77 0.89 1.78 

1000 0.42 0.05 0.29 2.09 0.43 1.62 2.58 0.82 1.63 

2000 0.21 0.02 0.16 1.16 0.19 0.96 1.51 0.45 1.03 

 

Our positron impact total cross sections and experimental measurements have significant 

difference at low energies, which also shows disagreement in ionization cross sections at 

lower energies mainly for H2 and O2 molecules. The positrons impact ionization cross 

sections are higher than electron impact ionization cross sections means that positrons have 

more efficiency to ionize the molecular targets then electron impact studied here. For H2 

molecule we noted significant difference in measurements and in our calculated results of 

QT at threshold energies. The measured data of [17, 18] have also discrepancies at peak 

energy of Qion of H2. 

CONCLUSION 
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As discussed in introduction part O2 molecule has open shell structure so it appears difficult 

to calculate scattering cross section computationally which depicted in our results. Our 

ionization and total both cross sections over estimate experimental results. In case of CO2 

our calculated results of QT have very good agreement with measured data for almost in 

entire energy range.     

 Δ parameter also plays crucial role in our calculation. The main advantage of our method is 

that by simple semi-empirical CSP-ic method we are able to find ionization and total 

excitation cross sections as by product of atoms and molecules for both projectiles electrons 

as well as positrons. So our important conclusion is that our formalism can produce 

ionization cross section calculation ‘faster’ with accuracy of about 10-15 %, and this is 

comparable with experimental uncertainties. 
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