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Angular scattering in slow multiply-charged ion, atom
collisions
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Physics Department, University of Missouri-Rolla, Rolla, MO 65401 USA

Received 28 June 1982

Abstract. The C®*+H system is used to illustrate the importance of large-angle scattering
in collisions between slow multiply-charged ions and atoms. A quantum mechanical
description based on a diabatic formalism of the collision system is used to obtain
differential cross sections for electron capture in the relative velocity range v =1 X 107 to
3%x107 ems™" (E.n =48 to 430eV). The threshold for angular scattering is at Ef =
0.2 keV deg which correlates with the curve crossing between initial and final molecular
states located at R, =8a,. The centre-of-mass acceptance angles required to observe fixed
fractions of the total electron capture cross sections are presented. Representative
examples for the detection of 90% of the total electron capture cross section requires
angular acceptances of 78° at 1 x 107 cms™! and 8.5° at 3x 107 cms ™7,

1. Introduction

Advances in experimental techniques have made possible the measurement of electron
capture cross sections for low-energy collisions of multiply-charged atoms with atomic
targets. The development of a laser ion source by Phaneuf (1981) has led to the
measurement of C** +H cross sections in the range of 11 to 387 eV amu~'. Recoil
ions produced by the passage of a high-energy, highly charged ion beam through a
gas cell have made possible cross section measurements down to 100 eV/projectile
charge in Ar?" + Ne systems (Justiniano et al 1981) and product state determinations
in Ne?" +Ne systems (Beyer et al 1980),

However, a serious consideration for cross section measurements at low energies
is the angular scattering of the products. For the general reaction

AT +B> ATV LBY (1)

the incident channel is covalent and imparts little deflection to the particles at
moderately large impact parameters. In contrast, after electron capture, the ionic
products are deflected by a strong Coulomb repulsive potential of the form +(q —
1)e?/R, where R is the internuclear separation. In general, reaction (1) is exothermic
and induced by curve crossing interactions in the range R =5 to 10 g, for incident
charge states g =4 to 10 (Olson and Salop 1976). Thus, the deflection is appreciable
and must be considered in the design of experimental set-ups. Hasted and colleagues
(Makhdis et al 1976, Sharma et al 1979) recognised the importance of the angular
scattering very early and employed the relationship between deflection angle and
impact parameter to perform collision spectroscopy measurements for many systems
of the reaction (1) prototype.
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It is the purpose of this paper to emphasise the importance of the angular scattering
in low-energy measurements. As an illustrative example we have chosen the C**+H
system

C*+H-C*+H" (2)

because the dominant curve crossing interaction lies at R =8 a, and the system has
been fully tested (Green et a/ 1981). A two-state calculation is also valid to determine
the total cross section at low energies with an accuracy of approximately +£25%.
Thus, in this paper we are able to present a representative example of the differential
cross sections and the acceptance angles required to observe fixed percentages of the

total cross section for relative velocities from 1x 107 to 3x 10" cms™ .

2, Theory

Since we are concerned with the low-velocity differential scattering for reaction (2),
it is necessary to use a quantum mechanical treatment to achieve a valid result.
In the present study, we employed two states, Sgo- (incident channel diabatically
connected to C®*+H) and 4fc (C**(n =4)+H") which are connected by strong
radial coupling at an avoided crossing at R =8 ay. These adiabatic states and
their 9/dR coupling term were transformed into the diabatic representation where
the radial coupling matrix element vanishes and the off-diagonal elements of the
potential coupling matrix induce the transitions between the levels.

The scattering problem then requires the numerical solution of the coupled
equations (Smith 1969):

(—iv%zl—V(R)+El)F(R)=o (3)
2u

where V(R) is the potential matrix
V(R)=W'(R)e(R)W(R) (4)

and €(R) are the eigenenergies of the electronic Hamiltonian obtained using the
Born-Oppenheimer (BO) approximation. The transformation matrix for the two-state
case is given by

_( cosB(R) sinf(R)
WR)= <—sin 8(R) cos G(R)) )
where
6(R) = L Pis(R) dR (6)

with P1»(R) being the radial coupling matrix elements determined in the adiabatic
frame:

Pu(R) = (1%, R)| i | #7°(, R)). ™

The radial wavefunctions F(R) have the asymptotic form

Fy(R) ~_84Ui(ky R)=SiU}(kp R) (8)
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where § Ef is the scattering § matrix for a given orbital angular momentum quantum
number /. For the elastic channel i, U are composed of regular and irregular Riccati—
Bessel functions (Calogero 1967)

Ui=n%ij 9)

For the inelastic channel f, U } can be written as a linear combination of regular and
irregular Coulomb wavefunctions (Messiah 1958)

U; =exp(Fi8)(Gi(kR, 1) £iF (kR, 1)) (10)
where §; is the Coulomb phaseshift

S;=argl'({+1+in) 11
and

n=(q=1)e/ho. (12)

To solve equation (3) numerically, we have employed the logarithmic derivative
method of Johnson (1973) with asymptotic matching conditions using equation (9)
for the elastic channel and equation (10) for the inelastic channel. The radial coupling
matrix elements in the adiabatic representation, equation (7), have been calculated
with electron translational factor corrections (Thorson et al 1981). These matrix
elements were fitted to a Lorentzian form (Melius and Goddard 1974) and used in
the evaluation of §(R), equation (6). The deviation from this Lorentzian form was
less than +15% for R =5 a,. The diabatic interaction and coupling potentials used
in our study are presented in figure 1. Cross section determinations were made using
standard procedures.
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Figure 1. The full curves show the diabatic potentials and coupling matrix elements used
for the C®* +H calculations. The dotted curves denote the adiabatic potential around the
avoided crossing at R, =8 a,.
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3. Results and discussion

As an example of the computed transition probabilities for reaction (2), we show the
results for v =1x 10" cms™" in figure 2. Transitions occur for impact parameters
b=<8.5a, and display characteristic oscillatory structure due to a curve crossing
interaction with two possible trajectories for internuclear separations less than R,.
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Figure 2. Calculated electron capture transition probabilities for C+H at v=
1%107 cms™h

The angular scattering associated with transitions for impact parameters 6 <R,
for our test case can be crudely estimated assuming zero interaction in the initial
channel and Coulomb scattering for the product channel. The Rutherford formula
can be applied assuming half the trajectory follows the covalent and half the Coulomb
potential, to obtain

— o
9.—_%77'—COS 1((—&_2'*'—4-)_1/—2) (13)

where

2 2
22,2087 ZazZpe

a = 2 =
wvo b Ecmb :

and z, and z, are the charges of the product ions. For our case, z, =5 and z, =1, so
thatat v =1x10" cms™!
2.8488
a= . (15)
b
Thus, a crude estimate of the minimum scattering angle will be to set 6 = b, =8 a,
and obtain §=8.8° at v=1x10"cms™'. Such an approach overestimates the
minimum scattering angle because the particles do not follow an average potential
for 5 <b,. However, equations (13) and (14) do show the parameter dependence of
the scattering angle which for small values of « is directly proportional to the product

(14)
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of the final charge states and inversely proportional to collision energy and impact
parameter.

One can use the procedure of Olson and Smith (1971) to obtain a more accurate
estimate of the trajectories the particles follow for 4 <b, For C*"+H at v=
1x10" cms ™" (E.m=47.8 eV), the classical deflection functions are given in figure 3.

E0(keV deq)

Figure 3. Classical deflection functions for the C**+H reaction at v =1%10"cms™".

The notation is the same as used by Olson and Smith (1971).

For one branch, there is a large range of impact parameters, 4 =<b <7 ao, for which
the scattering is centred around E6 = 0.2 keV deg. These trajectories corfespond to
the particles following the diabatic covalent potential into the classical turning point
and then switching to the repulsive Coulomb potential at R, on the outward portion
of the trajectory. Because two trajectories are possible for scattering to a given angle,
Stueckelberg oscillations are expected with angular frequencies

Af(rad) = (16)

lIV - lIII
where lyy; and {1y are the orbital angular momenta corresponding to scattering to angle
8.

The results of the differential scattering cross section calculations at v =
1%107,2x10” and 3x 10" cms™! (Ecn=47.8, 191.0 and 429.8 eV, respectively) are
presented in figure 4. Here, we have departed somewhat from the traditional ‘rho-tau’
plot and have used sin 9 do/d€} on the y axis because this is the quantity one integrates
to obtain the total cross section

m

o=2x J dé sin 6 do/dQ2. a7
0
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Thus, it is easier to visualise the contribution of the large-angle scattering to the total
cross section.

The differential cross sections displayed in figure 4 show an ‘inelastic rainbow’ at
T =Ef=0.2 keV deg due to the large range of impact parameters that contribute to
the III branch of the deflection function, figure 3, and because déy;;/d/ = 0. Stueckel-
berg oscillations follow at large angles. The integrated cross sections are within £25%
of the precise numerical values of Green et al (1981) and the benchmark measurements
of Phaneuf (1981).

v=1x10" cm s~

z.: 0=3.83 A? 1
{x10)

1

v=2x10"cm s
o=153 A2

sin® do/dQ (cm? sr™")
N

v=3x10" cm s
02228 A

07 0k R
£6(keV deg)

Figure 4. Reduced differential cross sections as a function of +=E6 for C**+H-
C*(n=4)+H". Results for relative velocities of 1,2 and 3x 10" cms™! are presented.

The major reason for this work, however, is to emphasise the importance of
large-angle scattering in reaction (1). Thus, displayed in figure 5 and presented
numerically in table 1 are calculations giving the centre-of-mass angles required to
observe fixed percentages of the electron capture total cross section. The large-angle
scattering is appreciable and must be seriously considered in the design of an experi-
mental apparatus to measure cross sections for reaction (1) at low velocities. If
acceptance angles are not large enough, the measured cross sections will be too small.

The experimental acceptance angle requirement will not be as severe for the
measurement of cross sections for heavy projectiles on light targets. For small angles
and E ., » AE, laboratory scattering angles are related to the centre-of-mass angles by

a0 = (") e (18)

me+my,

where m, and m, are the masses of the target and projectile, respectively. Thus, for
measurements on atomic or molecular hydrogen targets, few problems should arise.
However, observation of low-velocity cross sections for light projectiles on heavy
targets, such as Ne? +Xe, can lead to serious errors.
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Figure §. Centre-of-mass acceptance angles required to observe fixed percentages of the

total electron capture cross section.

Table 1. Centre-of-mass acceptance angles required to observe fixed percentages of the
total electron capture cross section for C®* +H collisions as a function of the relative

collision velocity.

Urei (107 cm s‘l)

% 1.0 2.0 3.0
20 5.9° 1.4° 0.5°
50 26° 7.0° 2.1°
80 54° 17° 5.6°
90 78° 25° 8.5°
95 98° 29° 10°

99 150° 47° 19°

o6,5(107"¢ cm?) 3.83 15.3 22.8

4. Concluding remarks

The C**+H system was used to illustrate the importance of large-angle scattering in
electron capture reactions between multiply-charged ions and atoms at low collision
velocities. The angular scattering is appreciable due to the deflection imparted by the
Coulomb potential of the products. Thus, unless the angular deflection is recognised,
experimental observations may underestimate the magnitude of the electron capture
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cross sections, especially for light projectile ions on heavy target atoms or molecules.
Likewise, final-state determinations in such measurements will preferentially sample
only the large impact parameter collisions which populate the high-#n principal quantum
numbers of the A“ V*(n)+B™ products.
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