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ABSTRACT

Theoretical calculations of capture cross sections of magnesium by the impact of proton have been calculated

using modified Binary Encounter Approximation (BEA). In the present calculation we have consider the

impact energy range 90keV/amu-1000KeV/amu for which experimental data is available in the literature. The

calculated results of capture cross-sections of Mg atoms are in good agreement with the experimental

observations. We have used Hatree-Fock (HF) velocity distribution function in present calculation.
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I. INTRODUCTION

When a positively charged particle incident on atoms
or molecules there is a possibility that projectile
capture an electron of the target atoms. The capture
cross section is estimated in several cases for ion-
atom collisions. [1-3]. The projectile with different
impact energies interact with the target electron and
the capture cross sections study suggests about
different electronic states and the coupling of
electrons. Charge transfer and exchange reaction in
several kind of ionic/atomic collisions are of great
importance due to their wide utility in controlled
thermo-nuclear fusion, ion penetration in solids,
radiation physics, astrophysics and many more.
Apart from these charge transfer reactions are
particularly important in influencing certain lines
spectra in atmosphere. A theory proposed by
(OBK) for the

calcution of electron capture cross-sections due to

Oppenheimer-Brikman-Kramers

omission of nucleus-nucleus (n-n) interaction. The

several approaches like continuum distorted wave
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(CDW), Belkie and Gayet Crothers and Todd and
Crothers (1981), fixed scattered approximations by
Roy and Ghosh (1979), the multi state perturbation
stationary state approximation of Crothers and
Hugges and impact parameter method of Morrison
and Opik, were implemented for the study of

electron capture processes.

An important method of healing and fueling a
Tokomak Fusion Plasma is by injection of energetic
H or D atmos, some cases helium in velocity range
3x10"8 cm/s -5x10"8 cm/s [4]. The application of
charge changing process in the formation of vacuum
Ultra-Violet radiation and X-Rays [5] and the
investigations of solar corona [6] involved the
electron capture processes [7]. Charge changing
processes provide valuable information about design
of radiation detector, radiation damage, production
of negatively charged ions in applied accelerator
technology particularly in design of accelerator and
thermos-nuclear fusion. Charge changing process is

particularly important in plasma diagnostics (see

a8 L
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McDowell and Ferendeci [8], Jochain and Post [9]).
Owing to the large number of applications and
interest of the workers in the field of collisional
physics, the interest has rapidly grown in study of
charge transfer phenomenon in recent decades.
Electron captures, basic mechanism of
rearrangement collision is rather a complicated
problem and so its experimental and theoretical
studies are a notable concern. Apart from different
complexities intricate in the electron capture and
charge changing mechanism due to the collision of
different positively charged particles, several
theoretical as well as experimental works have been
done. In recent past Bates and McCarrol [10]
Bransden [11], Bates and Kigston [12], Mapleton [13-
16], Biswas et al. [17] , F. Fremon [18], Basu et al. [19
], Amaya-Tapiya et al [20] etc. have reviewed the
theoretical investigations of charge exchange
processes in different quantal and semi quantal

approximations.

Due to mathematical complexities and numerical

challenges fully quantal and semi classical
calculations of capture cross section are limited to
the lighter target only. For this reason, it has been
always a great matter of interest in thinking and
developing for ion-atom collisions based on classical
picture and model. These models are supposed to
provide information about cross sections of moderate

accuracy. Among the classical models, The Classical

Carlo (CTMCQC)

Encounter Approximation have been found in high

Trajectory Monte and Binary
degree of success for the theoretical investigation of

ion-atom collision process.

Thomas [21] proposed a theoretical classical model in
1927 improved and extended by Bates and Mapleton
[22] and Mapleton [13-16]. Two Binary Encounter
theories (the original as good as modified), one
between incident positive charge and the atomic
target electron and next the interaction between
ejected electron and target nucleus have been taken
in consideration for electron capture. Original and
modified model of Thomas [21] in found to give
reliable estimate for electron capture cross-section
from heavy atoms by energetic light nuclei. Bates
and Snyder [23] proposed a classical model for
electron capture involving single binary encounter
between projectile (ionic) and target electron. Later
on, a classical model for charge-changing with single
binary encounter was proposed by Gryzinski [24]
and in recent past Roy and Rai [25] given a new limit
for energy transfer AE using Thomas [21] condition.
In the present work, Modified Binary Encounter
Approximation (BEA) is proposed for the calculation
of electron capture from the atomic target. This
method is based on Gryzinski Double Binary
(1927)

following the conditions for the electron capture in

Encounter model and Thomas

theory

the estimation of electron capture cross-sections.

II. THEORETICAL CONSIDERATION

When a positively charged, particle is allowed to collides with target electron/ atomic electron it gets ejected

providing the energy transfer AE greater thean the electronic binding energy. Taan and Lee (1981) based on

Thomas (1927) second condition, proposed a theoretical framework for the calculation electron capture cross

section by the impact of positively charged particle. This is shown that on the impact of positively charged

particle to the target electron, ejected electron will be captured by the projectile satisfying the following

condition.

F(AE,®) = (AE — U) + %mVZ — V[2m(AE — U)]2 €056 — g < 0 (1)
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Where g = Ze?/ (%) and 6 is the angle between impact velocity (V) and the velocity of the ejected electron. r
is the shell radius, Ze represents charge on the projectile, m is electronic charge, U is given for the binding
energy of the electron and u = VV'Z + v2 where v is the velocity of the bound electron.

In case of AE > U and F(AE,0) > 0 electron capture by the projectile will not take place but, the

electron will be eject and left free directing to impact ionization. Following two conditions will be achieved
during the ion-atom impact. Firstly, charge transfer and impact ionization both will take place if %mV2 >gin
the energy transfer range AE; < AE < AE,and0<60 <6,, < % Secondly, impact ionization will take place
only for energy transfer U < AE < AE; and AE;, < AE < E where E being maximum energy imparted to the
target bound electron by the projectile. AE,, , AE; and 6,, are expressed by (Tan and Lee 1981)
AEy, =U+5mV2+g¥F v(@2mg): ©)
cosby, = [1 = g/GmV™)] 72 ©)
For energy transfer AE; < AE < AE,, a correction fraction C = %(1 — c0s0,,) in case of charge transfer on the

projectile impact. In this case the electron capture cross-section and impact ionization is given by

AE,
Ocap = NeC fAEl opp A(AE) (4) and
AE, AE,
Oion = Me (fu ops A(AE) + (1 - C) fAEl opg A(AE) +
AE
Jae, UAEd(AE)) (5)

where, 0, represents cross-section for energy transfer AE to the bound electron and n, number of egivalent
electron in the shell.

The electron capture process may also take place in case of %mV2 < gevenif A E <A E; (see Tan and

Lee 1981) and therefore the capture cross section and impact ionization is given as
AEy, 1 (AEy,
Oeap = e (3™ 0z A(AE) + 2 [ 00 d(0E)) ©

1 (AEy E
and Oion = Me (E fAEl ope A(AE) + fAEu OAE d(AE)> (7)
The details outline and theoretical description of calculation electron capture cross-section is provided

by Roy and Rai [25] introducing two dimensionless variables s and ¢ (See Catlow and Mc. Dowell) where, s? =
2 2

Z—; and t? = Z_Zz v§ = Uj is the target binding energy in rydbergs v, and v, are the velocities of incident particle
0 0

and target electron respectively in atomic units. The lower and upper energy limits for the electron capture can

be given as
AE; = (s2+1D)U;+ g — Zs(Uig)% (8)
AE, = (s2 + DU, + g + 25(Uig)? ©)
where g = ZZS/ 1 (10)
r(s? + t?)z

Corresponding to various values of E; and E,,, the expressions for cross-sections denoted by Q(s,t) can be
determined by integrating Vriens expression for o,g (See Chatterjee and Roy [26] also Tan and Lee [27-28]).

Due to the angular divergence the correction factor for the solid angle is given as

c=%{1—(1—%)%} (1)
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The different conditions for the possibility of electron capture, energy transfer by the projectile to the
atomic target limit E; and E;, is explained by chatterjee and Roy [26] relative to the value of s, 4su(s — t) and
4su(s + t). The expression for the electron capture so obtained is integrated over Hartree-Fock (HF) velocity

distribution for the target electron of the shell in considerations. Equation for the electron captures given as

Q(s) = e ;7 Q(s, ) F(0)Vde (12
where f(t) is momentum distribution function n, is the number of equivalent electrons in the shell.
The final expression for the electron capture may be obtained by multiplying the expression of Q(S) by
solid angle correction factor C as
Q=0Q(s)xc (13)
Hartree-Fock (HF) radial function is given by Clementi and Roetti [29]. Also, Shell radii the quantum

mechanical values of the maximum radial probability density reported by Lotz [30] and Desclaux [31].
III. RESULT AND DISCUSSION

The present theory is based on the method proposed by Tan and Lee [27-28] for calculation of electron capture
cross-sections for atoms due to impact of fast light nuclei and the work of Chatterjee and Roy [26] on the BEA
calculations of double electron capture cross-sections from atoms due to impact of light multi charged nuclei.
The experimental result for double electron capture is reported by Shah et al. [32]. The double electron
captures cross sections have been calculated due to proton impact energy range 90 KeV/amu-1000 KeV/amu. In
the present calculation the contributions of the electron capture are considered from (3s, 3s), (3s, 2p) and (3s, 2s)
shells respectively. The theoretical observation indicates that (3s, 2p) shells having major contributions in
capture cross-sections. At the impact energies 90 KeV/amu, 110 KeV/amu, 130 KeV/amu and 150 KeV/amu the
ratio of theoretical to experimental observation is 2.6, 1.89,1.62 and 1.55 respectively. In the intermediate
energy range (170 KeV/amu-280 KeV/amu) the calculated results of double electron capture cross section is in
agreement with experimental data. From the theoretical observation this is reflected that double electron
capture process by the impact of proton with Mg atoms is prominent in intermediate energy range and the
capture of both the electrons from the shell 3s and 2p dominates. At the higher impact energies, the capture
cross section reduces and the ionization probability increases.

The double ionization process is supposed to take place via two successive encounters between incident
ion and the target atom. In the first binary encounter the projectile with energy E, transfers energy AE to one
of the bound electrons; as a result of which the electron is emitted into free space leading to impact ionization.
The projectile with remaining energy (E, — AE) makes a second binary encounter with the residual target
capturing one of its electrons.

In transfer ionization process by an ion incident on atomic target, after the ionization of the target in
the first process, if the collision is slow, the target will get sufficient time for rearrangement and therefore for
the second process the binding energy, the radius and momentum distribution function of the target ion can be
used. However, in case of fast collision the target will not get sufficient time for rearrangement and the values
of the binding energy, the radius and the momentum distribution function of the neutral atom would be proper
choice.

The capture cross-sections by the impact of fast proton with Mg atoms have been estimated

theoretically using method described in the previous section. For these calculations the binding energies and
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the momentum distribution function for the target electrons have been computed using the Hartree-Fock
radial function given by Clementi and Roetti [29]. Shell radii the quantum mechanical values of the maximum
radial probability density reported by Lotz [30] and Desclaux [31] have been taken into account. The calculated
capture cross-sections for Mg atoms due to impact of proton and the experimental results of Shah er al [32]
have been compared and shown in Figure and Table.

Table : Proton impact double capture cross-sections of Mg in units of 1017 cm?

Contribution . .
Contributions | Contributions
Energy S Expt
Of (3s, 2p) Of (3s, 2s) Total
(eV) Of (3s, 3 s) [32]
shells shells
shells

90 0.108 6.098 0.300 6.506 2.42740.11
110 0.046 4.255 0.216 4517 2.38%0.13
130 0.022 3.120 0.161 3.303 2.03%0.10
150 0.012 2.324 0.121 2.457 1.8810.12
170 0.007 1.750 0.091 1.848 1.63%0.09
190 0.004 1.329 0.070 1.403 1.33%0.09
210 0.002 1.020 0.053 1.075 1.21%0.08
240 0.001 0.697 0.037 0.735 0.98+0.06
280 0.000 0.433 0.023 0.456 0.66%0.04
330 0.000 0.250 0.013 0.263 0.48%0.03
500 0.000 0.167 0.009 0.176 0.37%0.02
570 0.000 0.095 0.005 0.100 0.24%0.02
650 0.000 0.053 0.002 0.055 0.155%0.11
750 0.000 0.031 0.001 0.032 0.105%0.010
870 0.000 0.018 0.001 0.019 0.069 £0.005
1000 0.000 0.003 0.000 0.003 0.012%0.001

7
‘s * » ¢ o ¢ Contributions Of (3s, 3 s) shells
- 6 - s Contributions Of (3s, 2p) shells
-~ R Contributions Of (3s, 2s) shells
= 8 Total
425
Sea g A Expt [32]
= B
S 3
2L 5
® =
a1
=
'G 0 - ‘
1 1 201 401 601 801 1001
Energy( ( KeV/amu)

Figure : Double electron capture cross-section by impact of proton for Mg atoms.
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Proton impact the present results and the experimental observations are in reasonably good agreement and it is

observed that at low input energies the calculated cross-sections are higher than the experimental values. With

the increase of energy values, the calculated cross-sections come closer to the experimental values. At impact

energy 170 keV/amu, 190 KeV/amu and 120 KeV/amu the theoretical cross sections are 1.84 x 10-'7 cm?, 1.40 x

1077 cm? the 1.0 x 107 cm? respectively, which is almost same as the theoretical results.

IV. CONCLUSION

The theoretical calculation of proton impact electron
capture cross-section of Mg atoms is in very good
agreement with the experimental observation
throughout. In intermediate energy range theoretical
result is becoming more and more prominent. This is
also noted that BEA having high degree of success in
the theoretical study of charge changing processes
and also give viable theoretical description for the
justification of experimental observations.
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