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Classical trajectory calculations have been used to predict the charge-transfer and impact-ionization cross
sections for collisions of 4 *¢ + H in the velocity range of (2-7) X 10® cm/sec. The calculations employ a
three-dimensional Monte Carlo approach that uses a classical description of the H atom and the Coulomb
forces among all particles to obtain the cross sections. The positive ions studied include fully stripped 4 *9,
with ¢ = 1-8, 10, 14, 18, 26, and 36, and partially stripped B*¢, C*9, N*9, and O*%, with ¢ > 3. The
total electron-loss cross sections (sum of charge exchange and impact ionization) vary only slightly with
velocity for the higher charge states and reach a value of 2 X 10~'* cm? for Kr** 4+ H collisions. The
importance of impact ionization relative to charge transfer is found to decrease with increasing g in the
velocity range studied. Transition probabilities versus impact parameters are presented for the H* + H and
Ar*'® L H reactions. The calculations ‘are in reasonable agreement with experimentally measured cross

sections for the HY, C*9, N*9, and O*9 4 H systems.

I. INTRODUCTION

Inelastic collision processes involving multi-
charged ions and H atoms are of considerable in-
terest, not only theoretically but also in connec-
tion with practical aspects of controlled thermo-
nuclear fusion development. Thus, one of the most
promising methods of heating and fueling a Toka-
mak fusion plasma is by injection of energetic H
or D atoms in the velocity range of (3-5) x 10°
cm/sec. However, a serious problem in this
method arises because of the small percentage
[(1-10)%)] of highly stripped impurity ions* such as
C, N, O, Si, Fe, Mo, or W contained in the plas-
ma. When the injected H or D atom collides with
one of these impurity ions, it is highly probable
that the injected particle will lose its electron
either by charge exchange or impact ionization. If
this occurs on the outer edge of the plasma, the
ionized H or D atom is magnetically deflected out
of the plasma to strike the container walls. As a
result, more impurity atoms are sputtered off the
walls and enter the plasma region, with the result
that it becomes increasingly difficult to heat the
plasma.?

In this paper, we address the problem of calcul-
ating the electron-loss cross sections in the vel-
ocity range from 2 x'10° to 6 X10° cm/sec for the
reactions
A% H/A =1+ H* (charge transfer), (1a)

A*¥+H*+e (impact ionization). (1b)

Past theoretical work on these problems have
been confined mainly to the H*-H and He**-H syst-
ems with only a limited attention paid to the heav-
ier ion collisions.*** Most of the quantum-theory
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calculations of ionization have been in various ver-
sions of the Born approximation,®™ although some
recent studies have applied higher-order theories
such as the Glauber approach.® The charge-trans-
fer process® has received a great deal of attention
with a variety of techniques being utilized such as
the Oppenheimer-Brinkman-Kramers!®!! and Born
approximations,'? '3 and coupled-state theories in-
volving both atomic'*™® and molecular'® basis set
expansions. Classical approaches such as the bin-
ary encounter theory**~?? and the classical trajec-
tory Monte Carlo approach?®®:?* have also been ap-
plied in these problems with success, particularly
in the latter case, comparable to that of the quant-
al calculations.

In the present study, the classical trajectory
method was used in the calculation of the stripped-
ion cross sections. The method was chosen for a
variety of reasons. Abrines and Percival®®:? had
obtained good results with it for H*-H scattering.
It has the advantage of giving both the ionization
and electron-capture cross sections consistently
in the same calculation. Quantum theories are
particularly difficult to apply in the region of col-
lision velocities comparable to the orbital elec-
tron velocities of the target atom. Finally, per-
turbation theories such as lower-order Born ap-
proximations are not really appropriate where
strong interactions are involved such as in the case
of a heavy multicharged ion colliding with a light,
low-Z target. '

The results obtained in the present study indicate
that these stripped-ion cross sections do not have
the simple ¢® scaling property one might expect on
the basis of high-energy theories such as the bin-
ary encounter approximation,°~22 gnd it seems
clear that one cannot hope to obtain cross sections
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for the heavier stripped ions at these collision en-
ergies by a simple scaling of the H*+H values.

Few experimental data exist for fully stripped
A*ions, except for the®®~%! H*+H and®*'3 He**+H
reactions, although measurements are being plan-
ned for reactions of low-Z ions such as B*.** How-
ever, data are now becoming available® for par-
tially stripped ions such as C*?, N*?, and O*.

In Secs. II-1V, we present the theoretical de-
scription of the problem, followed by the cross-
section calculations for stripped positive ions and
partially stripped positive ions.

II. THEORY

By averaging over many appropriately chosen
three-dimensional trajectories, the Monte Carlo
method has been successfully used to estimate the
cross sections for chemical reactions. Pioneering
work began with the study of the H+H, reaction by
Hirschfelder et al.*® four decades ago. However,
because the classical trajectories had to be cal-
culated by hand, only one trajectory was undertak-
en in this early study. Since the advent of the com-
puters, the classical trajectory method has become
an extremely powerful technique for calculating
cross sections for chemical reactions®” and has
been used quite sucessfully for calculating the
charge exchange and ionization cross sections for
the H*+H system.?*?* We outline the approach
used here in which the formulation is in terms of
appropriate center-of-mass coordinates®® rather
than the relative coordinates used by Abrines and
Percival.?%2¢

Hamilton’s equations of motion for a three-body
system (12 coupled equations) are numerically solved
for numerous trajectories. The impact parameter
of projectile A colliding withtarget BC, and the orien-
tation and momentum of C moving about B are ran-
domly selected by the Monte Carlo method. For
this discussion of reaction (1a) and (1b), A repre-
sents the A*? positive ion, B the H atom nucleus,
and Cthe electroninitially moving about the hydrogen
nucleus. The forces between the three bodies are
taken to be Coulombic, which is exact for the case
of a fully stripped A*? ion.

Individual trajectories for the A + BC reaction
are evaluated by placing A a large distance from
BC and integrating the equations of motion until
A is a large distance from B. If at the end of the
collision C is still in an orbit around B, then there
was no reaction. However, if C is found bound to
A, charge transfer occurred and is appropriately
tabulated in the computer program. If C is found
not bound to either A or B, then ionization oc-
curred during the collision. To estimate the cross
sections for charge transfer and impact ionization,

it is normally necessary to calculate 1000 to 2000
trajectories to reduce the statistical error to a
reasonable level.

Because Karplus et al.’® present the classical
trajectory method in detail, we will discuss only
the formulation of the method that is pertinent to
determining the cross sections for reactions (1a)
and (1b). We simplify this presentation by employ-
ing the generalized coordinate C,(j=1,2,...,9),
where C,,C,,C, represent the Cartesian coordin-
ates of particle C (the électron) with respect to
B (H atom nucleus). C,,C,,C, are the Cartesian
coordinates of particle A (the A* ion) with respect
to the center of mass of the BC pair, and C,,C,,C,
are the Cartesian coordinates of the center of mass
of the entire three-body system. Likewise,
P,(j=1,2,...,9) represent the momenta that are
coupled to the C; coordinates.

Hamilton’s equations of motion are then given by
the 12 coupled equations

. /1 1 -
cj=<~_+—7-n——>pj (j=1,2,3),

Mp c

1 1
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The terms containing the center of mass of the
three-body system, j=T7-9, have been subtracted
from Egs. (2) because they are constants of mor
tion. In Egs. (2), Z,, Z,, and Z are the charges
of the three particles; for our purposes, Z,=gq,
Zp=+1.0, and Z_,=-1.0. The internuclear separ-
ation R, is taken between A and B, R, between B
and C, and R, between A and C. The internuclear
separations are evaluated in terms of the Cartes-
ian coordinates C; to yield
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To begin the numerical integration of Egs. (2),
initial values of the C; and P; must be defined. If
the z axis is chosen as the direction of the initial
relative velocity vector, then

Pi=P=0
and (4)

Pg:(.l_ +~1—_>vre1 .
mA mB+mc

Furthermore, if the coordinate system is oriented
so that A and the center of mass of BC lie in the
y-z plane, then

c%=0, C2=b,
and (5)
C‘§=—(1‘~82*—b2)1/2 R

where b is the impact parameter and R is the ini-
tial distance of A from the center of mass of BC.
For the case at hand, R, was normally set equal to
10g Bohr radii.

The initial coordinates for particle C, with B as
the origin (the electron orbiting about the H atom
nucleus), are given in terms of the spherical polar
coordinates R,, 6, and ¢:

C}=R,sinfcos¢,

(6)

C3=R,sinf sing , and C3=R,cosf .

In Eq. (6), R, is the distance between B and C, and
0 and ¢ are determined by the Monte Carlo method.
The initial components of the momenta of C relative
to B are given in terms of P,, the magnitude of

the momentum of C with respect to B, and an ad-
ditional angle 7n that is selected randomly in the
Monte Carlo method:

P?=—P (sing cosn+ cosy cosf sin) ,
Py=P,(cosy cosn— sing cosf sinn) , (7)
P=P,sin6 siny .

A difficulty arises in determining R, and P, to
accurately represent BC, which for our purposes
is the H atom. Fortunately, Abrines and Perci-
val?®2* have carefully formulated a classical de-
scription for the H atom. They argue that the
spherically symmetric hydrogen atom ground state
can be represented by a microcanonical ensemble.
The method requires, for each randomly selected
orbit, an iterative solution of Kepler’s equation

6,=u—€siny, ) (8)

where u is the eccentric angle and € is the eccen-
tricity of the orbit. The angle 6,, along with €, is
determined by the Monte Carlo method. Given 6,
and €, an iterative solution is required to define

the angle u.

Once € and u are defined, it is then possible to
calculate R, and P,. For a hydrogenic atom or ion
target

R,=(Z/2U)(1 - € cosu)
and
P,=(2U)*/3(1 - €® cos®u)'/2/(1 - € cosu) , (9)

where U is the binding energy in atomic units of
the electron on the target atom or ion.

Given Egs. (2)-(9), we need only choose six
pseudorandom numbers, and the initial positions
and velocities before numerically integrating the
classical trajectory. The six parameters, which
are varied for each trajectory, are given in the
following along with their limits:

-Ts@=7m; -1=cosf=1, —-m1=n=m;

(10)
0=e?=<1; 0=g =27; 0=b2=bZ .

In Eq. (10), b,,, is the largest value of the impact
parameter for which charge transfer or impact
ionization can occur. With experience, one can
choose an appropriate b, for a given system quite
rapidly; initially, however, one must repeat the
calculations to obtain the best value. If b, is
given too large a value, an excessive number of
trajectories must be calculated before the statisti-
cal error on the cross sections reduces to a rea-
sonable level.

After each trajectory has been integrated (we
employed the Runge-Kutta-Gill method with vari-
able step size) to the distance of closest approach

and then outto at least a distance between A and B
of 10q (a,), it is necessary to check for reaction.

If particle C is still bound to B, then no reaction
has occurred. However, if C is found bound to par-
ticle A, it is counted as charge transfer. If C is
found receding from both A and B, it is counted as
impact ionization. A problem arises, however,
with a limited number of trajectories for which C,
the electron, is left dangling between A and B. One
must then be careful to integrate to much larger
internuclear separations to make sure that C is not
subsequently captured by either particle A (charge
transfer) or particle B (no reaction). For these
few trajectories, it is not unusual to integrate un-
til the A-B internuclear separation is 1000 g(a,).

Once a significant number of trajectories have
been calculated (usually on the order of 1000-2000),
it is possible to calculate the cross sections by

Qg =(Ng/N)TbZ,, . 1y

In Eq. (11), the cross section for reaction @, (R
may represent charge transfer, ionization, or the
sum of the two) is proportional to the number of
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FIG. 1. Calculated charge exchange total cross sec-
tions for fully stripped A*® ions colliding with H atoms.
The indexing numbers refer to the Z=g¢ of the A*® ions.
Points with error bars have statistical errors greater
than 10% and should be viewed with caution.

collisions satisfying the criteria for reaction N,
divided by the total number of trajectories calcul-
ated N. Likewise, the standard deviation for the
reactive cross section is given by

AQL=QR[(N=NL)/NN /2. (12)

We emphasize that the classical trajectory meth-
od incorporates all the forces between the three
bodies; hence, the deflection of the particles is in-
cluded in the calculations. Curvilinear trajectories
are important for more accurately representing
the collisions of highly charged A*? ions that collide
with H atoms because the strong Coulomb force
can significantly distort the reactive trajectories
for low-keV-energy collisions.

III. CROSS SECTIONS

A. Fully stripped A" jons

Equations (2)-(12) have been programmed and
used to calculate the charge exchange and impact
ionization cross sections for a wide range of fully
stripped positive ions (H* to Kr**®) colliding with H
atoms. Each cross section determination took ap-
proximately 0.1¢ min of CDC 7600 computing time.
Note that the charge exchange cross section corre-
sponds to a capture into any of the bound states of

the ion; that is, a total capture cross section
rather than a capture into the ground state only.
The collision energy range covered was from an
equivalent H atom energy E of 37.5 to 200 keV.
(At lower collision energies, molecular processes
become important and the classical method is in-
appropriate. The calculations were not made at
higher energies because the transition probabilities
become small; in addition, quantum-mechanical
effects, which are not incorporated in our present
theoretical treatment, would negate the validity of
the classical cross sections.)

The results of the classical trajectory calcula-
tions for the charge exchange cross sections Q gy,
impact ionization cross sections @ .y, and the sum
of the charge exchange and ionization cross section
QLoss are presented in Figs. 1-3. We include the
Qross values because the statistical errors for this
cross section are smaller than either of its com-
ponents; hence, the cross sections should be more
reliable. _

The charge exchange cross sections, Fig. 1,
show a progressively weaker energy dependence
as the ¢ =Z of the stripped projectile increases
from H* or Kr*®. In fact, in the velocity range
studied, the high-Z projectiles possess almost
constant cross sections over a wide range of vel-
ocities. At lower energies, they seem to approach
the values given by an absorbing-sphere method,*
which is applicable for low-keV-energy collisions.
Note that a simple Z ? scaling of the H*+H cross
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FIG. 2. Calculated impact ionization total cross sec-
tions for fully stripped A* ions colliding with H atoms.
The indexing numbers refer to the Z=¢ of the A* ions.
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FIG. 3. Calculated total cross sections for electron
loss (sum of charge exchange and impact ionization)
from H atoms by collisions with fully stripped A ions.
The indexing numbers refer to the Z=g of the A*® jons.

section would not reproduce the magnitude or the
shape of the cross sections presented here. The
cross sections that are shown with error bars have
statistical errors in excess of 10% and should be
viewed with caution. '

The impact ionization cross sections in Fig. 2
have very different energy dependences from that
predicted by the binary encounter approximation®
for which the cross sections scale as Z?2 times the
H*+H results. These ionization cross sections
peak at higher and higher velocities as Z increases
because any electron removed from the H atom is
preferentially captured by the strong Coulomb field
of the projectile. This results in charge transfer,
not ionization. Our calculations also show that the
ionization cross sections for all Z have the same
exponential velocity dependence in the threshold
energy region.

The sum of the charge exchange and impact ion-
ization cross sections Q55 are presented in Fig.
3. These cross sections are almost constant in
velocity for the higher-Z values. At a collision en-
ergy of E,; =50 keV, the cross sections scale ap-
proximately as 2.5 % 1071625/4(cm?).

Our cross sections for H*+H are in agreement
with the Monte Carlo results of Abrines and Per-
cival and the more recent work of Banks et al.,*
and were in fact used to check our computer code.
The earlier calculations had been shown to be in
reasonable agreement with the available experi-
mental data, and this was a strong motivation for
carrying out the present study. Indeed, to date,

H*+H is till the only relevant stripped-ion colli-
sion system for which comprehensive experimental
data exist in the velocity range of interest. The H*:
+H results are of special importance in these cal-
culations because they serve as a frame of refer-
ence in which to view the entire set of stripped ion-
hydrogen calculations. We therefore present in
Figs. 4 and 5, plots of the computed charge trans-
fer and ionization H*+H cross sections and com-
parisions with other available results notwith-
standing the similarities to the data previously
given by Abrines and Percival.?%2¢

In Fig. 4, the classical trajectory calculations for
charge exchange (denoted by the solid line) are
compared with the experimental values of Mc-
Clure®® (open circles). The agreement is good,
except at the lowest and the highest energies where
the theoretical values underestimate the experi-
mental results. Other experimental studies give
similar good agreement.?”2%:3¢ At collision veloci-
ties comparable to the orbital velocity of the elec-
tron on the H target (v=2.2 x 10® cm/sec, E, =25
keV), molecular processes become important;-as
a result, we can expect the classical trajectory
calculations to give only a rough estimate of the
cross section. At the highest collision energies,
the probability for charge transfer becomes very
small, and it is necessary to run several hundred
trajectories before obtaining a positive test for
charge transfer. Hence, not only are the statisti~
cal errors larger, but we must also be concerned
that our pseudorandom number generator used for
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FIG. 4. Classical trajectory calculations for the
charge exchange cross sections for collisions of H' +H
. (solid line) versus the experimental data of McClure,
Ref. 28 (open circles).
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FIG. 5. Classical trajectory calculations for the im-
pact ionization cross sections for collisions of H' +H
(solid line) versus the experimental data of: Fite et al ,
Ref. 29 (solid squares); Gilbody and Ireland, Ref. 26
(solid circles); and Park et al., Ref. 31 (solid triangles).

the initial conditions is not truly random and thus
biases the results. A further complication is that
we are not allowing for quantum tunneling in the
description of the electron about the H nucleus,
this tunneling may be important when the transi-
tion probabilities become small. Given these prob-
lems, it is not surprising that our results are not
in good agreement with experiments at the highest
energy shown in Fig. 4.

In Fig. 5, various experimental H*+H impact
ionization cross sections®%?%:3! are compared with
the present Monte Carlo results. At energies
E, above ~75 keV, theory and experiment are in
good agreement. However, at the lower energies,
the classical trajectory values tend to greatly un-
derestimate the experimental cross sections.

By extrapolating the Monte Carlo charge-trans-
fer values for the He**+H systems to slightly
lower energies, we can compare our results with
experimental measurements. The results are in
reasonable agreement (~20% low) with the measure-
ments of Shah and Gilbody®? but are almost a factor
of 2 below the values of Bayfield and Khayrallah.*®
Hence, a conclusive test of the classical calcula-
tions on the He**+H system is impossible until this
experimental discrepancy is removed.

To more clearly demonstrate the differences be-
tween low-Z and high-Z projectile collisions with

FIG. 6. Calculated cross sections for H' +H and Ar*'?

+H collisions. The charge transfer cross sections are
denoted by open triangles, the impact ionization cross

sections by open squares, and the total H electron-loss
cross sections by open circles.

H, we present, in Fig. 6, the cross sections for
H*+H and Ar*®+H. It is apparent that, as the Z
of the projectile increases, charge transfer dom-
inates impact ionization as the principal mechan-
ism of electron loss from the H target to higher
collision velocities.

We also present the impact parameter depend-
ence of the transition probabilities for charge ex-
change and impact ionization for a limited number
of selected systems. For this study, we have again
chosen the H*+H and Ar*®+H systems. The cal-
culated values for H*+H for a series of collision
energies are shown in Figs. 7 and 8, and values

06 T l T
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.. .
o4yt H* + H
e &-ns
x [ :'. —
18 « o .
02 Lt _
C P e B
0 I I ATty
0 1 2 4

bla,y)

FIG. 7. Transition probabilities vs impact parameter
for charge exchange in Ey=50-keV collisions of H* + H.
Each point represents the result of 100 classical trajec-
tories.
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Pion (b)

bla,)

FIG. 8. Transition probabilities for impact ionization
in Ey=50-, 100-, and 200-keV collisions of H* + H.
Each circle represents the result of 100 classical tra-
jectories.

for Ar*®+H are given on Figs. 9 and 10. Each
point on the figures represents the result of 100
trajectory calculations. For the H*+H system in
Figs. 7 and 8, all transition probabilities have a
maximum at the zero impact parameter and then
decrease monotonically to zero at b=(3-4)a,. The
range of the coupling also decreases slightly as
the collision energy increases.

Probably more interesting are the results of the
Ar*®+H calculations, Figs. 9 and 10. Charge
transfer in Fig. 9 is found to proceed with almost
unit probability for the small impact parameter
collisions at £, =50 and 100 keV; unexpectedly,
the ionization transition probabilities in Fig. 10
at 100 keV display a maximum at b =10q,. This
behavior occurs because, for small impact param-
eter collisions at the lower collision energies, the
electron initially orbiting about the H nucleus is
strongly attracted by the —18/R Coulomb potential
to the Ar*8 jon, thus charge transfer occurs. Not
until the collision proceeds with higher velocity
or a large impact parameter collision occurs, can
the electron escape the Coulomb fields of the two
nuclei to ionize into the continuum.

We have also investigated the possibility of iso-
tope effects on the cross sections. For collisions
of A¥*+H vs A*+D, we could discern no observ-
able change in the cross sections for ¢g=2 as a
function of relative velocity.

B. Partially stripped A" jons

The formulation of the classical trajectory meth-
od assumes we are dealing with a three-body prob-
lem. However, a considerable amount of interest
lies in the prediction of the cross sections for par-
tially stripped A ™ ions colliding with H. It is ex-
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FIG. 9. Transition probabilities for charge exchange
in E=50-, 100-, and 200-keV collisions of Ar*!8+H.
Each circle represents the result of 100 classical tra-
jectories.
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FIG. 10. Transition probabilities for impact ionization
in Ey=100- and 200-keV collision of Ar*'®+H. Each
point represents the result of 100 classical trajectories.

perimentally difficult to strip heavy atoms of all
their electrons for experiments in the low-keV-
energy range. Moreover, experimental data are
now becoming available®® %! for partially stripped
systems such as C*%, N*¢, O*, and Fe*™. There-
fore, we have attempted to modify the classical
method to address this problem.

From the results of our calculations for fully
stripped ions, we can argue that the dominant re-
gion of interaction between A* and H is at inter-
nuclear separations that are comparable to the
mean radii of excited electronic levels of the A*¢
ion. Hence, we must determine the effective
charge g, of the ion as felt by an electron cap-
tured in one of the ion’s excited states whose ra-
dius is approximately the same as the impact para-
meters that predominately determine the cross
sections. Because of correlation effects between
the excited state electron and the core electrons,
the effective charge of the ion will normally be less
than its asymptotic value.
~ An effective potential method of the Hellman
type*? can be used to determine the R dependence
of ¢..;- However, as an alternative approach, we
have assumed that the A*<! ion can be reasonably
approximated by a hydrogenic model and have used
spectroscopic energy level data to determine G osse
The principal quantum numbers of the excited elec-
tronic levels were reordered in the same manner
as employed in the effective potential approach of

Simons*? so that the ground state corresponds to
n=1, the first excited level of a higher n value
ton=2, etc. The ionization energies (in atomic
units) were then set equal to ¢2,,/(2x%) to determine
qos- The value of g, obtained for the excited level
~13.6 eV below the ionization limit was then used
in the classical trajectory calculations. Such a
choice assumes zero energy exchange during a
charge-transfer collision. (Other reasonable
choices of the excited-state level did not appreci-
ably change ¢q.,.) By determining g, with this
procedure, it was unnecessary to modify the com-
puter program used in the fully stripped-ion cases.
Rather, we only needed to set Z ,=q,,.

We have used this method to calculate the cross
sections for B*?, C*, N*? and O**+H, when g =3.
The calculated cross sections are presented in
Figs. 11-14, and the ¢,,, values used in the com-
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FIG. 11. Calculated cross sections for B*¢(¢ =3-5)+H
collisions. The open squares denote the charge-transfer
cross sections, the open triangles the impact ionization
cross sections, and the open circles the total cross
sections for electron loss by the H atom.
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FIG. 12. Cross sections for C*¢(g =3—6)+H collisions.
The open squares denote the theoretical charge transfer
cross sections that should be compared to the experi-
mental measurements for ¢=3,4 by Phaneuf el al., Ref.
35 (solid squares). The theoretical cross sections for
impact ionization are denoted by the open triangles, and
the open circles denote the total cross sections for
electron loss by the H atom.

putations are given in Table I. We would also have
liked to calculate the cross sections for Fe* to
compare with the recently available experimental
data.* However, insufficient spectroscopic data
were available on the excited states of Fe*? to de-
termine g .

Although no experimental data now exist on the
B* systems, charge transfer (capture of the H
electron by the positive ion) cross sections have
been measured by Phaneuf et al.*® for some of the
C*?, N* and O* systems. The experimental val-

TABLE 1. Effective charge g used in the B*¢, C*?,
N*? and O*? + H calculations.

q B*? Ccte Nte ot

3 2.2 24 2.5 2.6

4 4.0 3.2 3.2 3.4

5 5.0 5.0 4.1 4.3

6 cee 6.0 6.0 5.1

7 ree ovce 7.0 7.0

8 LN aoce LY 8.0
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FIG. 13. Cross sections for N*?(¢=3-7) +H collisions.
The open squares denote the theoretical charge transfer
cross sections that should be compared to the experimen-
tal measurements for ¢ =3—5 by Phaneuf et al., Ref. 35
(solid squares). The theoretical cross sections for im-
pact ionization are denoted by the open triangles, and
the open circles denote the total cross sections for
electron loss by the H atom.
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I«I(‘ 14. Cross sections for O*?(¢ =3-8)+H collisions.
The open squares denote the theoretical charge-transfer
cross sections that should be compared to the experi-
mental measurements for ¢=3,4 by Phaneuf ef a., Ref.
35 (solid squares). The theoretical cross sections for
impact ionization are denoted by the open triangles, and
the open circles denote the total cross sections for
electron loss by the H atom.

ues are given by the solid squares in Figs. 12-14
and should be compared to the calculated values
denoted by open squares. The agreement between
theory and experiment is quite good and thus pro-
vides support for the classical trajectory approach
in these types of collisions. The use of a simple
q.¢; appears to be partially justified even for the
O* system that has an open 2p shell which interacts
strongly with the H atom electron during the col-
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lision. We have also calculated the impact ioniza-
tion cross sections for these partially stripped
systems and anticipate these values will be tested
by experimental measurements within a year.**

IV. SUMMARY

We have employed the classical trajectory meth-
od to calculate the charge transfer and impact ion-
ization cross sections for a wide range of fully
and partially stripped positive ions colliding with
an H atom. The calculated charge-transfer cross
sections are in reasonable agreement with several
measured values. However, as seen in the H*+H
calculations, these values may underestimate the
“true” cross sections at the lowest energies
(E4 =50 keV). A complete test of the calculated
ionization cross sections is not now available, but
from the H*+H case there is some indication that
the theoretical values may also underestimate the
true results at the lowest energies. At the highest
energy studied in this investigation (200 keV), the
theoretical ionization cross sections are in good
agreement with the only system studied experi-
mentally, H*+H.

The calculations also indicate the competition
between charge transfer and impact ionization
processes as the charge of the A* ion is varied.
They predict that charge transfer will dominate the
electron removal from H at higher velocities as the
charge ¢ is increased. In addition, the impact ion-
ization cross sections tend to exhibit the same ex-
ponential growth in the threshold energy region for
all values of ¢ and to peak at higher velocities as
q increases.

We have also addressed the problem of calculat-
ing the cross sections for partially stripped A*?
ions colliding with H. A simple method has been
devised to use an effective charge ¢, for the A*
ion, which is appropriate to the internuclear sep-
aration range that determines the cross sections.
Comparison with experimental data indicates that
this approach is reasonable.

The cross sections calculated here indicate that
no simple ¢ % scaling of the H*+H cross sections
can be used to obtain the cross sections for a wide
range of A'*+H systems. Only in the high-velocity
region where the charge transfer cross sections
decrease rapidly is it possible to scale the charge-
transfer cross sections as ¢® for the fully stripped
ions or ¢, for the partially stripped ions. Ata
collision velocity corresponding to E, =50 keV,
the sum of the charge transfer and impact ioniza-
tion cross sections were found to scale roughly
as 2.5 x107%45/¢ (cm?).
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