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Excitation of positive ions by heavy particles
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The Coulomb-Born approximation has been used to study the excitation of positive ions by
heavy-particle impact. Slater-type wave functions are used for the ionic target states. This choice
enables us to calculate the excitation rate coeScients between arbitrary initial and Sna1 states. %'e

calculate the dilerential and total cross sections and alignment parameters for excitation of He+

ions from the ground state to the 2p state by proton impact. The alignment parameters for the pro-
jectile velocity range considered here are found to be positive in contrast to negative values of the
corresponding parameters for electron-impact excitation of the same target states.

INTRODUCTION

Excitation is one of the important processes among
ion-atom or ion-ion inelastic collisions. Other inelastic
processes like capture or ionization can be mediated
through excitation. For example, if heavy particles like
protons or a particles can first excite an atomic or ionic
electron to its higher excited states then the excited elec-
tron can be captured or ionized rather easily, instead of
direct capture or ionization. This may be one of the
reasons we can talk about simultaneous excitation and
capture or ionization. Moreover, excitation of ions by
lleavy lolltc projectiles ls different ffonl excltatloll of 1011s

by electron impact. Because of the fact that electrons are
indistinguishable, exchange of electrons can take place
for electron-impact excitation, which is not possible for
the excitation by heavy particles. Furthermore, the
Coulomb force between the incident electron and the
electron associated w'ith the target nucleus is repulsive in
nature, whereas for protons or tz particles as the projec-
tile the analogous Coulomb force is attractive. It would
be worthwhile to see how this attractive force influences
the cross sections.

By virtue of the strongly dominant Coulomb force, the
Coulomb-Born (CB) approximation for scattering of posi-
tive ions is more accurate than the Born approximation
for scattering of neutral atoms, since the perturbation
series is expected to converge more rapidly. In the initial
applications' of the CB approximation and its variants
for electronic impact, use of partial-wave analysis was
made. But partial-wave analysis has some limitations.
First, it is not suitable at high energies, as one then re-
quires the inclusion of a large number of partial waves.
Secondly, in the case of impact by heavy particles, it is a
formidable task to deal with the partial-wave analysis.
To free the method of calculation from the above hmita-
tions the necessity of a straightforward evaluation of the
scattering amplitude without resorting to partial-wave
analysis is apparent.

During the last decade much attention has been drawn

to the excitation of positive ions by electron impact.
References to important works in this line can be found
in the review by Henry. In contrast, very little effort has
been made for excitation of positive ions by heavy-
particle impact. Simony et al. presented a method for
calculating excitation cross sections by the impact of
charged particles of arbitrary nuclear charge. In their
formulation they included Coulomb distortion effects
both in initial and final states within the framework of
the Coulomb-projected-Born approximation. But in their
actual calculation they neglected Coulomb distortion
effects from the initial state and computed cross sections
for ls-2s excitation of hydrogenlike ions by electron im-
pact. Potter and Macek calculated cross sections for ls-
2s excitation of the He+ ion by proton im act. They
used the closed-form expression of Oh et al. for the 1s-
2s amplitude with minor changes for proton impact.
Winter et al. calculated charge-transfer and excitation
cross sections for the H++ He+ system using the
coupled-molecular-state approach with and without
plane-wave translational factors. They however, present-
ed cross sections for center-of-mass energies up to 14
keV. Recently Scheibner et al. investigated the role of
plasma screening in fine-structure excitation of n =2
states of hydrogenic ions in collision with protons. They
obtained substantial reduction of unscreened cross-
section values due to plasma screening.

To our knowledge there is no calculation for ls-2p ex-
citation of He+ ion by proton impact in the Coulomb-
Born approximation. But there are many such calcula-
tions for the e +He+ system. From those calculations
it is our understanding that very near to the threshold en-
ergy, the plane-wave Born (PB) approximation results for
the 1s-2p transition are an order of magnitude less than
both the corresponding CB results and the experimental
data (cf. Ref. 6). Up to a few times the threshold energy,
the discrepancy is about 20%. Beyond this energy range
total cross sections and alignment parameters may be, to
ofdel rrt /M, 1de11tlcal 111 tl1e CB and PB appfoxllllatlolls
where m and M are electron and proton masses, respec-
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tively. This near-threshold energy range corresponds to a
projectile velocity v less than 5 a.u. When we talk about
heavy-particle collisions, we consider higher or lower
projectile energy depending on how large the projectile
velocity is. In these cases, U &5 a.u. corresponds to the
energy region where the PB approximation may not give
good results. So it is necessary to employ a better ap-
proximation like the CB approximation, which is

de6nitely more complex than the PB approximation.
Moreover, Oh, Macek, and Kelsey argue that PB results
lose information regarding anisotropy for all energies.
The alignment parameters we report in this paper are
concerned with this anisotropy; we believe that the CB
approximation will provide better results than the PB ap-
proximation.

In the present theoretical investigation we employ the
CB approximation to study the excitation of positive ions

by heavy-particle impact. In the next section we present
an approximate form of the CB amplitude for the system

2++8+(n, l, m)~ 3++8+(n', !',m'},

where A+ is a bare ion like a proton or a particle and
8+ is a one-electron ion like He+. We then choose ini-
tial and Anal target ionic states as a combination of
Slater™type orbitals of various angular momenta, which
allow us to evaluate the amplitude as well as to select the
arbitrary initial and 6nal target states. The Coulomb dis-
tortion efFect has been included in both initial and 6nal
channels. Atomic units are used throughout the calcula-
tion.

1s-2p AMPLITUDE

The CB amplitude for the excitation of an initial state
of a He+ ion into a final state P„by proton impact

can be obtained' "as

PAzf = — f fX( ia„,——K„,p)P„'(r)

the interaction 1 ip will not contribute to the matrix ele-

ment due to the orthogonality of the initial- and final-

state wave functions. To evaluate the second term we

choose initial and Anal bound states as a combination of
Slater-type orbitals of diferent angular momenta. The
six-dimensional integral for the scattering amplitude is
then reduced to a one-dimensional integral, following

closely the method of Deb and Sil, ' and this one-
dimensional integral is then evaluated numerically by the
Gaussian quadrature method.

RESULTS AND MSCUSSION

We apply this method to calculate cross sections for
excitation of a He+ ion from the ground state to the 2p
state by proton impact. Since most of the contribution to
the total cross sections comes from extremely forward an-

gles we use the transformation
T

1 1+Zcos8=1-
@,'

where Z represents Gaussian quadrature points and L9 is
the scattering angle. Unlike the case of electron-impact
excitation of He+ (cf. Ref. 10), the present calculation in-
volves numerical cancellation among the terms of equal
orders. To avoid this problem the computation has been
done in double precision. Moreover, we employed the
approximation K; —K„=I —lu(e„—e;)iK;.

In Fig. 1 we plot the difFerential cross sections (in units
of a o ) for proton impact excitation of He+ ion from
ground-state to 2p states. These cross sections fall very
fast as 8 increases. For example, as 8 varies from 0.1 to
OA mrad differential cross sections fall ofF almost three
orders of magnitude, whereas for electron-impact excita-
tion these cross sections fall at a slower rate. The pri-
mary reason for that is the mass asymmetry between pro-
ton and electron. Since the proton is much heavier than

1 1
X ———, (f (r)

P 1
™

xX( ia;, K, ,p)d—r dp,

where the Coulomb wave functions g are de6ned as

X( ia„,K„—,p}=e " I (1+ia„}e

&& iF, [—ia„;I;i(K„p+K„.p)],

IO
oa

o
.p IO

E 500 KIV

p+He'(Is) p+He'(2p)

g( ia, , K, ,—p)= e ' l l 1+ia, )e

X,F, [ ia;;1;i(K,p——K; p)],
r'=m&r —p,
m, =MTi(MT+ I },

ere o,' =p Az/II a =phiz/K ~ K. and K. an:
tial and Anal momentum vectors, respectively, and MT is
the target mass. p is the reduced mass and Az is the pro-
jectile charge. The first term in Eq. (1) corresponding to

I

0.0 O.l 0.2 0.3 0.4 0.5

8 (mrad)

FIG. 1. Di8'erential cross sections (in units of ao} as a func-
tion of scattering angle in milliradians.
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the electron, it does not get deflected as much as the elec-
tron (as projectile) does. Another, possibly less impor-
tant, reason is the following. As one can notice from the
theory the internuclear distance 8 has been approximat-
ed by p, the distance between the projectile and the
center of mass of the target electron. But the matrix ele-
ment consisting of the interaction 1/p does not contrib-
ute due to the orthogonality of the initial and 6nal bound
states. The only contributing term of the matrix element
consists of the interaction between the proton and the
target electron which is attractive in nature. This attrac-
tive Coulomb force may prevent the incident proton from
being deflected much.

We also calculate total cross sections o 0 and o
&

for cal-
culating Pano-Macek alignment parameters '

Ao" ——(ao —a, )/(ao+2a, ) .
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These parameters are required to determine the anisotro-
py of the source atom or molecule for collision in a gas.
Light emitted in the subsequent decay manifests this an-
isotropy through its angular distribution and polariza-
tion. In Fig. 2 we plot these parameters as a function of
energy. For energy greater than 100 keV the alignment
parameters remain positive and tend to unity as the ener-

gy increases. This means that total cross sections for ex-
clta'tioll of 2@0 are larger than the corresponding quanti-
ties for 2p, states. Here we note that the alignment pa-
rameters for electron-impact excitation of He+ at similar
velocities are negative In other words, proton-impact
excitation is different from electron-impact excitation of
ionic targets.

More refined methods such as the close coupling (CC)
approximation may be used to yield more reliable results
at low energies since only the first few partial waves are
important. But at higher energies it is necessary to in-
clude quite a large number of partial waves, the evalua-
tion of which becomes very diScult as well as too much
time consuming. In such cases the present technique can
provide an useful means for obtaining corrections for
higher partial waves. For example, let us write

N
~cc cc

l=0

where o c is the total cross section in the CC approxima-
tion and o.

&
are contributions from the Ith partial wave.

Here E is a large integer for high energies. Calculating
the contributions for the first few partial waves in the CC
approximation one may correct for the contributions of
higher partial waves by adding the full CB contributions
(in the present method} and then subtracting the contri-
butions of the same number of partial waves in the CB
approximation, namely,

FIG. 2. Fano-Macek alignment parameters as a function of
incident proton energy in keV.

L I.
acc y acc+acB y acB

I=O 1=0

where oca, oc& are analogous to o c &cIc and L is a sui
able value of I up to which the CC calculation is possible
without much diSculty.

In the present investigation we have extended our ear-
lier method' for the excitation of positive ions from an
arbitrary initial state to an arbitrary fjnal state by heavy-
particle impact. This extension involves some changes
and approximations to our earlier method. The calcula-
tion is done within the framework of the Coulomb-Born
approximation, which is a better approximation for
electron-ion or ion-ion collision than the Born approxi-
mation usually valid for neutral target atoms. Here we
have calculated differential and total cross sections, and
hence the Fano-Macek alignment parameters for
@++He+ ion collision at several energies. We 6nd that
the alignment parameters are positive at projectile veloci-
ties where the corresponding parameters for electron-
impact excitation are negative.
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