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Abstract. The differential and total cross-sections have been investigated in the forma-
tion of H-atom in the 2s excited state of proton-lithium and proton-sodium scattering by
using the Coulomb projected Born (CPB) approximation in the energy range from 50 to
10,000 keV. The results thus obtained are compared with the available results and found
to be in reasonable agreement.

Keywords. Total cross-section; differential cross-section; Coulomb projected Born ap-
proximation.

PACS No. 34.70+e

1. Introduction

A process in which a projectile ion captures an electron from the neutral target
and turns into a bound state is known as electron capture (charge transfer, charge
exchange, electron transfer). The case of electron capture is more difficult to treat
than excitation or ionization. The theory of direct reactions is essentially straight-
forward leaving aside the technical details; most of the attention within the field
of non-relativistic ion—atom collisions has been focused on electron capture. This
subject hence needs broader attention. The reason for the difficulties encountered
in the theoretical description, lies in the fact that electron capture is a rearrange-
ment collision governed by two different atomic Hamiltonians, one for the target
and the other for the projectile. The importance of electron processes in man-
made plasma (Tokomak), controlled thermonuclear fusion, astrophysical plasmas
and cometatry’s atmosphere are found in different texts. Another manifestation of
electron capture is seen in the radiation damage in human tissues. Within the track
of the primary radiation, secondary particles such as electrons and ions are found.
It is the interaction of these secondaries with biologically relevant structures such
as DNA that may cause major biological damage [1-3].

Different approximate methods have been proposed by previous workers which
are discussed in review articles [4-7]. The formation of H(2s) atom in the process
H*+Li—H (2s)+LiT has been studied only in low energy ranges. The electron cap-
ture cross-section from Li by high energy (for heavy particle collision on atoms the
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ratio of the projectile velocity to the orbital electron velocity is much larger than 1)
incident protons in the energy range between 200 and 10,000 keV have been investi-
gated by Banyard and Shirtcllife [8] by using the continuum distorted wave (CDW)
approximation. Basuchoudhury and Sural [9] have also studied proton-alkali atom
(Na, K, Rb, Cs) collisions in the wave formulation of the impulse approximation in
the energies ranging from 50 to 500 keV.

We have considered a typical electron capture reaction process capable of yielding
intense energetic neutral beams of the type

H* + A — H(25) + A™, (1)

where A stands for Li and Na in their ground state. We have employed the
Coulomb projected Born (CPB) approximation of Geltman [10], which is the first
order high-energy approximation, to calculate the cross-section for the process (1).
Our Li-atom results are in good agreement with those of Banyard and Shirtcllife.
We have also compared our results with those of Ferrante et al [11] in Oppen-
heimer, Brinkman and Kramers (OBK) approximation. Na-atom results have
been compared with ref. [9]. Throughout this paper atomic units have been used
(m =e=h=4mey = ap = 1) and the total cross-sections which are expressed in
units of a3 (= 8.8 x 10717 ¢cm?) and energy in units of keV.

2. Theory

The position vectors of the atomic electron (e~ ) with respect to the prOJeCtlle (HT)
and the target nucleus (A™) are denoted by 7 and 7 respectlvely R is the position
vector of the projectile with respect to the target nucleus. R is the position vector
of the projectile with respect to the CM of target nucleus and the electron and Ry is
the position vector of the CM of the projectile and the atomic electron with respect
to the target nucleus. The differential cross-section for the process (1) from initial
state i to final state f can be written as [12]

do_ papekr | cpB)2

— = T 2

dQ 42k | B 2)
where p; and pr are the reduced masses in the initial and final channels respectively.

Ei and l%} are the wave vectors in the respective channels.
The transition matrix elements are given by

™" /ff) )08 (Re) Vis (7)) s (Ry) A d Bs, (3)
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where  ¢¢ (i) = e ( ) =05 (3a)

wf(éf) = eiﬂa/QF(l — i(){)lFl (ZO[, 1, —ikf — ZEf . Ef)eigf'ﬁf (3b)

i=—T0 (3¢)
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n=2,3

B (1) W_ Z ( >n_1c5n’“l. (3e)

¢i(™) are the wave functions of the alkali atoms (Li and Na) in their ground state
due to Simsic and Williamson, Jr [13] and have been written in the differential
form to generate the various terms. For Li and Na, n varies from 1 to 2 and 1 to 3
respectively.

The values C,, and S, are determined by the Slater’s method where for Li:
Cy = 0.39888, S1 = 0.65, Cy = —1.496099, Sy = 2.7 and for Na: C; = 1.5628976,
S1 =10.7, Cy = —2.2325131, Sy = 3.425, C5 = 0.1429190 and S5 = 0.733.

Substituting eqs (3a)—(3e) in eq. (3), we get

CPB __ 3 —ma/ . 9 n
TEPE = yoyo 2F(1+za)(1+ﬁaﬁ) 862@((95)

—5re—S 71

></e“’?ﬂ'éi—’?fﬁf)lFl(—m;1;z'kfRf+i/€f-ﬁf)—e drdR;  (4)

rri

n—1

P, . . —Bra—Snr1 .
I= /el(k"R‘_kf'Rf)lFl(—ia;1;ikfRf +ikf~Rf)%dF1dRi. (6)
1

Using the Fourier transform

e—)ﬂ“ 1 / eiﬁr‘"
r o2 ] AR

eq. (6) takes the form

1
—~
EN|
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[ 2 /eiwb'%ﬁ—’?f)'élel(—m;1;—ik:fRf—il’c’f-éf)

) = d(jdﬁf, (8)
i [I§+ puckil? + ff—] [¢* + 53]

where pe = (up — —) Using the Feynman identity [14]

1 ! dx
7)) oz +b(1 = 2)]? Y

eq. (8) can be written as

K +(z—1) ] Ry N N o =
// t2 T 77 1F1(7Z‘Ol; ]., ikfRf + Zkf . Rf)dtldediﬂ, (10)
1

where K, = ki — ks, 1 = ¢+ (1 — 2)C, n} = (1 — 2)C? + S2x + (1 — 2)(5?/u2)
and C = MCE1~
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Again applying the Fourier transform
QiPT 2
5 = ¢ 11
|G =5 "
eq. (10) takes the form
2 ! 55 - o =d
I= i;// oM AHQRe [y (i 1 ike Ry + ike - Re)d Ry — (12)
Ha 0 m
where Cj = Zf; — Ef + ,ud%.

Equation (12) may easily be integrated by using Nordseik integral [15] of the
type

/ef)‘TJ“i‘T'FlFl(—ioz; 1;ipr +ip'- 7)d7

2 2\ —ta—1 2 2 (2o}
g -+ A g+ A Lo
( 5 > ( 5 +p~qz>\> ] (13)

A 2 1 d 2 o\ —ita—1 2 2 . . L2e7 d
,__dn? [(M) (MW.Q_WW) dz

d

= 27

w2 Jo dm 2 2 m

Equation (14) is a one-dimensional integral which can be numerically solved by
using the Gauss—Legendre quadrature method. We have used 32 Gaussian points by
taking proper care of convergence. Since in heavy particle collisions, the scattering
amplitudes are sharply peaked in the forward direction and the angular spread of the
scattering angle 6, we have used z as our integration variable instead of 6 to obtain
the total cross-section, where z is related to 6 by the following transformation:

k2 (1 —cosf) = (1+2)/(1 — 2). (15)

The integration over z from —1 to +1 has been numerically performed by using
Gauss—Legendre quadrature method by taking proper care of convergence.

3. Results and discussions

We have reported here the differential and total cross-sections when proton collides
with either lithium or sodium atoms. The hydrogen atoms thus formed are always
considered in the 2s excited state. All the results for total cross-sections have been
presented in tabular form and the differential cross-sections in the graphical form.

Our total cross-sections data for lithium and sodium atoms (as shown in table
1) have been compared with available theoretical predictions obtained by CDW
[8] and OBK [11] approximations and with those of Basuchoudhury and Sural [9]
which they obtained by impulse approximation.

Our results are found in reasonably good agreement with the above-mentioned
theoretical results. In figures 1-4, we have presented our differential cross-section
results for proton-lithium and proton-sodium collisions. We considered here the
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Table 1. Total charge transfer cross-section for proton-lithium and proton-
sodium collisions are given in units of 7ad (the bracketed numbers denote the
powers of ten by which each entry should be multiplied).

Incident proton H* + Li(2s)—H(2s)+LiT H* + Na(3s)—H(2s)+Nat

energy (keV)

OCPB OCDW OOBK OCPB gIp

50 0.3596(—2) 0.65(0) 0.5269(—2) 0.116(—2)
100 0.6746(—3) 0.10(—2)  0.4912(—2) 0.827(—4)
150 0.1294(—3) 0.49(—2)  0.1827(—2) 0.241(—4)
200 0.3204(—4)  0.1048(—4)  0.28(—2)  0.5206(—3) 0.103(—4)
250 0.1327(—4)

300 0.8489(—5)

500 0.9828(—6)  0.5212(—6) 0.6022(—6) 0.291(—6)
800 0.2278(—6)  0.7711(—7) 0.1029(—6)

1000 0.9366(—7)  0.2906(—7) 0.1105(—7)

2000 0.1079(—8)  0.1122(—10) 0.7331(—10)

5000 0.5069(—11)  0.1032(—10) 0.1593(—11)

8000 0.3234(—12)  0.8230(—12) 0.5387(—12)

10,000 0.7195(—13)  0.2423(—12) 0.2088(—12)

ocpp — Total cross-section in Coulomb projected Born approximation; occpw — Total cross-

section in continuum distorted wave approximation; ook — Total cross-section in OBK approx-

imation by Ferrante et al [11]; orp — Total cross-section in impulse approximation by Basuchoud-
hury and Sural.
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Figure 1. Differential cross-section (labo- Figure 2. Differential cross-section (labo-

ratory system) for H+Li(2s)—H(2s)+Lit.

ratory system) for H+Li(2s)—H(2s)+Lit.

incident energies from 200 to 10,000 keV, for different scattering angles ranging
from forward to high angular distributions.

We notice that in figure 2, at the incident energy 500 keV, there is a pronounced
dip at about 2 mrad scattering angle. At incident energies 800 and 1000 keV, the
nature of the curves are identical having small dips at about 2 and 1.5 mrad scat-
tering angles. For the incident energies 200 keV, the nature of the curve is simply
monotonically decreasing with the increase in the scattering angles. In figures 1
and 2 at incident energies 5000, 8000 and 10,000 keV, the dips at about 0.2 mrad
scattering angles are very interesting. At 200 keV the nature of the curve is simply
monotonically decreasing with increase of scattering angles. Similarly in figures 3
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Figure 3. Differential cross-section (labo- Figure 4. Differential cross-section (labo-
ratory system) for HT+Na(3s) — H(2s) ratory system) for H'+Na(3s) — H(2s)
+Na™. +Na't.

and 4 differential cross-sections for proton-sodium are presented. At incident ener-
gies 500 and 800 keV, the nature of the curves are somewhat similar but the dips
occurred at 1.4 and 2 mrad. At incident energy 1000 keV, the differential cross-
section decreases monotonically having a slight tendency of dip at about 1.9 mrad
and then decreasing continuously with increase of angles. Similarly, at incident
energies 200 and 5000 keV the nature of the graph seems to be similar having dips
at about 1.2 and 3 mrad. It is not possible to compare our differential cross-section
values with others, as no such results are available at higher incident energies as
far as we know. Further investigations are needed at higher incident energies.
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