PHYSICAL REVIEW A

VOLUME 16, NUMBER 5

NOVEMBER 1977

Electron remo_val from atomic hydrogen by collisions with fully stripped carbon*

A. Salop and R. E. Olson
Molecular Physics Center, Stanford Research Institute, Menlo Park, Cahforma 94025
(Received 30 June 1977)

Total cross sections for charge transfer and impact ionization in C*5-H collisions have been calculated for
the range of relative velocities (0.1-10) X 10® cm/sec. At the lower velocities [(0.1-2) X 10® cm/sec]
coupled-state calculations in an impact-parameter approximation were made of the charge-transfer cross
sections using a basis set of exact one-electron two-center wave functions. An investigation of the origin
dependence of these perturbed stationary-state calculations showed that differences of about 30% in the cross
sections occur when the origin is shifted fromthe target to the ion center. At the higher velocities a classical-
trajectory Monte Carlo approach was employed to determine both the charge-transfer and impact-ionization
cross sections. The two sets of calculations are in reasonable agreement in the overlapping energy range, and
give a comprehensive picture of the overall electron-removal cross section. They show that electron capture
dominates in the region between 0.1 X 10°® and 3 X 10® cm/sec with a peak cross section of ~ 5 X 10'* cm? at
v =7X 107 cm/sec. The capture is predominantly into the n = 4 levels of the product C*° ion. Impact
ionization is found to bg the most important electron removal process at velocities above 4 X 10® cm/sec.

INTRODUCTION

The mechanisms of electron removal from atom-
ic hydrogen in collisions with highly charged pro-
jectile ions are of considerable interest, not only
from a theoretical point of view, but also in con-
nection with some very practical technological
problems. For example, in neutral hydrogen-
beam-heated Tokamak plasmas where a small per-
centage of highly stripped impurity ions of C, O,
N, and heavier atoms are present,' such electron-
loss processes are believed responsible for a de-
leterious beam-trapping instability.?

The reactions leading to electron loss in colli-
sions between a fully stripped ion A*? of charge
state ¢ and a hydrogen atom can be represented as

A*+H—-A*""'1+H* (charge transfer) (1a)

and
A*" "+ H—~A*"+H* +e (impact ionization). (1b)

Each of these reactions is significant in a different
velocity range with charge transfer most impor-
tant at the lower velocities, generally below

(1 or 2)x10® cm/sec, and the ionization process
dominating at higher energies.

In this paper we report calculations of total cross
sections for both charge transfer and impact ion-
ization for the C*® +H system. Previous work on
the charge-transfer process has included a study
using a multistate Landau-Zener method® and an-
other investigation which employed an absorbing
sphere model also based on the Landau-Zener ap-
proximation.* Recently, Bottcher® has calculated
charge-transfer cross sections for a number of
stripped ion-hydrogen atom systems including
C*$+H. His model also involves a number of

crossings between diabatic states, but in this ap-
proach, a simple analytic form is found for the
coupling matrix elements and the transition pro-
babilities are constrained to preserve unitarity.

In the present work, a more rigorous approach
is followed to study the capture process in the ve-
locity range (0.1-2)x10® cm/sec. For one-electron
diatomic molecular systems, exact adiabatic ei-
genenergies (potential curves), wave functions and
coupling matrix elements can be calculated with
comparative economy.®*” We have therefore made
coupled-state calculations within the impact-para-
meter approximation using an appropriate trun-
cated molecular basis set to calculate the total
charge-transfer cross sections. A related study
onthe O*®+H, B**+H, and Be*®+H systems has
recently been reported by Harel and Salin.® Com-
plementing the coupled -state calculations, a
classical-trajectory Monte Carlo approach, ° '°
that has been found to give results which compare
well with recent multicharged-ion charge-transfer
experiments, ' !? was used to calculate both the
charge-transfer and the impact-ionization cross
sections in the velocity range (2-10)x10® cm/sec.

THEORETICAL METHODS

A. Coupled-state calculations

In these cross-section calculations, we have used
the rectilinear trajectory-impact parameter version
of the method of perturbed stationary states. Since
the method has been thoroughly discussed in the
literature,®: !> we present here only a brief des-
cription of the approach. Atomic units are used
throughout.

The time-dependent Schrddinger equation for the
colliding system
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A\

(Hel ~igp)¥=0 (2)
is solved for each given impact parameter. Here
¢ is the time-dependent molecular wave function
and H is the electronic Hamiltonian of the collis-
ion system. With y expanded in a suitable basis
set of one-electron two-center wave functions cal-
culated from

[Hel "Ej(R)]q’j =0, (3)

we obtain from Eq. (2) the standard set of coupled
equations for the amplitudes a;,
5,)

%ﬂ#h—%ﬁﬂﬁ@,
xexp{ —1[S,.(t) = S; (t)]} . 4)

In these equations, &, are the adiabatic molecular
wave functions, €; the corresponding energy eigen-
values obtained as a function of the nuclear separa-
tion R, (adiabatic potential curves), j denotes the
molecular quantum state (usually the united atom
quantum numbers), and the phase factors S ; are
given by

S ,(6)= e, ®)at | (5)

Detérmination of the matrix elements of Eq. (4)
necessitates the calculation of either the radial
coupling (®,/3/3R| &,,) or rotational coupling
(@, 1L,|®;,) matrix elements depending on the sym-
metries of the states involved.

Power’s code'* !5 is used to compute the relevant
potential curves for this system. The Schrédinger
Eq. (3) for the one-electron two-center system is
separable in prolate-spheroidal coordinates such
that

9

at

&, = L(EM ()Rp), (6)
where

£=(@r,+7,)/R, (7

n=,-7,)/R, ‘ (8)

and 71 and 7, are the position vectors of the elec-
tron with respect to the target proton and the pro-
jectile, respectively. A very efficient continued-
fraction algorithm is employed giving the energy
eigenvalues and separation constants as a function
of R.

The matrix elements required in the calculations
are determined using a code developed by Salin and
his associates in Bordeaux.® In this program, the
series representations for L(¢) and M(n) are iden-
tical to that used by Hunter and Pritchard,'® and
the radial and rotational coupling matrix elements
between states &; and ;. are obtained using the
operators

8 _=(2/R?) @+1)i+(@-1)n

9R €; —€; (82 =n?)
9 )
L 5(1—52)5—g+n(n2—1)-a—n— o
R g -7
and
. B (52_1)1/2(1_,72)1/2 < ) 9 )
iLy = E_ cosy 77'8‘%“‘5‘5%‘
~ g0 sing (£ - 1)-”2(1-772)'1/2%, (10)

where g is the projectile charge. (The target atom
is assumed to be hydrogen.)

The above operator expressions were derived for
an origin of coordinates chosen at the midpoint be-
tween the nuclei, but they can be easily generalized
for any arbitrary origin.

Once the relevant truncated basis set is deter-
mined and the associated potential-energy curves
and matrix elements computed, the coupled equa-
tions (4) are integrated using standard methods.
The initial condition corresponds to the electron
bound to the proton in ground-state hydrogen.

In this study we have adopted a procedure related
to that discussed by Piacentini and Salin® which is
designed to avoid the problems associated with
momentum transfer to the electron in the capture
process. In this prescription, the origin for com-
puting the matrix elements is placed on the target
proton.'” Under these conditions, the charge-ex-
change probability, corresponding to a given im-
pact parameter pis given by

[ox (P12 =1 =2 1aju(+ =), (1)

where the summation is taken over all states j’ for
which the electron asymptotically remains on the
proton. The total charge-transfer cross section is
then obtained by an integration over impact para-
meters.

B. Classical-trajectory calculations

The classical-trajectory Monte Carlo method
used in this work is based on the procedures de-
veloped by Abrines and Percival® for H* + H colli-
sions and by Karplus ef al.,’° and has been des-
cribed in detail in recent papers.'’*!? The general
approach involves the solution of the classical equa-
tions of motion for a three body system (in the pre-
sent case, the electron, proton and the C*® pro-
jectile). Hamilton’s equations (12 coupled first-
order differential equations) are solved numeri-
cally for a large number of trajectories which in-
cludes a random selection of impact parameters.
Following Abrines and Percival,® the spherically
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symmetric hydrogen ground states is represented
classically by a microcanonical momentum dis-
tribution corresponding to a bound-state energy of
0.5 atomic units.

For each trajectory, the projectile is placed at
a large (effectively asymptotic) distance from the
target atom. The equations of motion are integrated
and the projectile is followed as it approaches, in-
teracts strongly with and then separates from the
target atom. The integration is halted when once
again the projectile is far enough from the target
so that the interaction is negligible. If, at the ter-
mination of the trajectory, the electron is still
bound to the proton, then no reaction has occurred.
If, at termination, the electron is bound to the pro-
jectile, then charge transfer has occurred. If the
electron is not bound either to the target or to the
projectile, then ionization has occurred. The num-
ber of ionizations and electron captures occurring
during approximately two thousand trajectories at
each collision energy are separately counted and
the cross sections and associated statistical errors
calculated. The computer time required to calculate
each pair of charge exchange and ionization cross
sections was approximately 0.4 minonaCDC 7600
computer.

RESULTS

Potential curves for a number of the molecular
states for the C*%-H collision system were com-
puted as discussed and the relevant curves are
given in Fig. 1. Each state is labeled by its set of
united atom quantum numbers »# Im. The initial
system corresponding to H(1s) and C*® at infinite
separation correlates to a 6o state. However, a
pseudocrossing exists at about R =16 between the
6no and the 5go states which is “diabatic” in the
velocity range considered here. Hence, we for-
mulate a model in which we represent the initial
state by a diabatic curve obtained by smoothly join-
ing the 610 to the 5go curves through the avoided
crossing.

In the spirit of this model, the calculations are
made as follows. The integration of the coupled
equations (4) begins and ends at R =14.5 just within
the outer pseudocrossing. We set a;,,=1 as the
approximate initial condition assuming this is
equivalent to agz,,=1 as ¢ — — = because of the dia-
batic crossing at R ~16. Similarly, upon termin-
ation of the integration, a,,, is regarded as the
probability amplitude corresponding‘to the electron
remaining with the proton. The choice of the origin
on the proton seems appropriate here since just
within the outer crossing, the 5go state has strong
H(ls) character.

In the previous Landau-Zener study, where only

radial couplings were considered, the dominant
transition was found to be associated with a pseudo-
crossing between the 5g 0 and 4fo potential curves
close to R =8.0. However, as shown in Fig. 1, over
a considerable range of R, the 5go curve is close
to the 4pw, 4dm, and 4f 7 curves suggesting the pos-
sibility of significant rotational coupling to these

7 levels. Other close-lying states such as the 5gn
level may also have some influence on the overall
electron-transfer process and so a systematic in-
vestigation was made to study the effects of these
various couplings. :

The first step involved the computation of the
coupling matrix elements corresponding to tran-
sitions between the various states which might be
involved. From. an examination of these quantities,
it became clear that the radial coupling between the
5g0 and 4fo states was indeed very important, and
that the rotational coupling between the 5go and 4fn
and 4fo0 and 4f 7 levels could be expected to have a
significant effect. Moreover, couplings involving
the 4dn, 4pm, and S5gn states could not be discount-
ed. The most important matrix elements (antici-
pating the results of the coupled-state calculations
which are discussed further on) are presented (sol-
id line curves) in Fig. 2. Note the significant max-
imum in the radial coupling matrix element curve
at the position corresponding to the pseudocrossing
at R~ 8.

Three sets of calculations of the total cross sec-
tions were then made using progressively larger
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C*6+H

R (a.u.)

FIG. 1. Relevant adiabatic potential curves for the
C*®_H collision system. Each curve is labeled by its
associated united atom quantum numbers. The nuclear
repulsion energies have not been included in these curves.
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FIG. 2. The three important rotational and radial
coupling matrix elements for the C*®+H collision system,
computed both with origin of coordinates on proton
(solid lines) and on C*® projectile (dashed lines).

(a) @frliLyl4fo); () 4frmliL,|580); () 4fold/oR|5g0.

basis sets. The first was a two-state calculation
involving only the radially coupled 5go and 4fc
states. The second was a three-state calculation
which included these two and also the 4f 7 state.
The last and most comprehensive calculation was a
six-state calculation which involved all of the pre-
vious plus the 5gm, 4dm, and 4pr states.

The results of the two-state and six-state calcu-
lations are shown in Fig. 3 where they are com-
pared with the previous multistate Landau-Zener
and absorbing sphere calculations. (In the case of
the C*® — H system, the Landau-Zener calculation
actually involved only two states.) The three-state
calculations which are not included in the figure
were in close agreement with the six-state results
(within +10%) showing that coupling to the 5gn, 4dw
and 4p7 states had negligible effect on the total .
cross sections.

The two-state cross sections are in reasonable
agreement with the Landau-Zener results in the
threshold region, but appear to reach a peak value
60% to 80% higher than that projected from the
Landau-Zener values.?'®* The inclusion of rota-
tional coupling to the 4fr state clearly has (in the
six- or three-state calculations) a very important
influence on the cross sections giving results in
the 10" cm/sec velocity region which are 1.5 to 3
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FIG. 3. Calculated electron removal cross sections
for the C*®-H collision system. Two-state close-coupling
charge-exchange values A; six-state close-coupling
charge-exchange values O; Monte Carlo charge-exchange
values B, Monte Carlo impact ionization values O. The
lines drawn in for each set of points are intended to guide
the eye. The Landau-Zener (Ref. 3) and absorbing sphere
(Ref. 4) results are indicated.in the figure.

times larger than the two-state calculations and
with a slight shift to lower velocities of the peak
cross section. It is interesting to note that the
absorbing sphere model* gives results in its re-
gion of validity v~7x 10" cm/sec which agree well
with the six-state calculations. This is not sur-
prising when one considers that the conceptually
simple absorbing sphere method implicitly includes
the effects of rotational coupling in its formulation.

Classical-trajectory cross sections for ioniza-
tion and charge transfer were calculated in the
higher velocity range [(2-10)x10° cm/sec] and are
also plotted in Fig. 3. The Monte Carlo charge-
transfer cross sections join quite smoothly to the
molecular results in the intermediate region and
the overall curve gives a comprehensive picture of
the electron-loss process.over the.complete range
(0.1-10)x10® cm/sec. Clearly, electron capture
of the H-atom electron dominates the electron re-
moval process in the lower velocity region up to
about 4x10® ¢cm/sec, reaching a peak value of
close to 5x107'® ¢m? at a velocity ~0.7x10% cm/sec.
The impact-ionization process becomes appreciable
at about 3x10® cm/sec and becomes dominant at
velocities above 4 x10° cm/sec.
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ORIGIN DEPENDENCE OF COUPLED-STATE
CALCULATIONS

Because of the diabatic crossing between the 6z0
and 5go states at R =16, it was found, as discussed
previously, that the collision system could be ana-
lyzed in terms of a three-state expansion involving
the 4fo and 4fn states and an initial state which
corresponds to 5go below the R =16 crossing and
to 6ro above the crossing. The location of the ori-
gin on the proton appears to be a reasonable
choice in these total cross-section calculations in
light of the arguments advanced by Piacentini and
Salin.® Nevertheless, it is of interest to study the
origin dependence of the coupled-state calculations
since this dependence is related to the failure of
the perturbed stationary-state method to take into
account momentum transfer. This was done by
making two additional sets of computations using
the same three-state molecular expansion, but
with different coordinate origins. In one set, the
origin was placed on the C*® ion, and in the other,
it was located on the center-of-mass of the collid-
ing particles. The matrix elements computed in
the former case are plotted as the dashed curves
in Fig. 2.

The cross sections obtained with the origin lo-
cated on the ion @, and on the center of mass Qu
are compared in Table I with the corresponding
values @, obtained in the initial calculations. The
@, and @ values are in general lower than @, and
the differences increase significantly with increase
in relative velocity. One should perhaps view
these deviations as an indication of the uncertain-
ties in the calculated cross sections which seem to
be on the order of 30%.

SUMMARY AND CONCLUDING REMARKS

We have calculated electron-removal cross sec-
tions (electron capture and impact ionization) for
C*S-H collisions in the range of relative velocities
(0.1-10)x10® ¢cm/sec using two fundamentally dif-
ferent approaches. Below 2x10® cm/sec, we have
used a semiclassical close-coupling method with
a basis set of one-electron two-center molecular
orbitals to determine the electron-capture cross

sections. Above 2x10° cm/sec, a classical-tra-
jectory Monte Carlo technique was employed to
determine both electron-capture and impact-ion-
ization cross sections. (Impact ionization appears
to be negligible below 2x10® cm/sec.) The two
sets of charge-transfer calculations are in reason-
able agreement in the overlapping velocity range
giving a comprehensive picture of the overall elec-
tron removal processes. The coupled-state calcu-
lations indicate that a three-state molecular ex-
pansion (5go, 4fo, and 4fn) is sufficient for char-
acterizing the collision system, and that rotational
coupling to the 4fr state significantly increases the
capture cross sections in the 107 cm/sec region of
velocities. Thus, the coupled-state determinations
are a factor of two or three larger than the pre-
vious Landau-Zener results, although they are in
excellent agreement with the absorbing sphere
model values at 7x10” cm/sec. The capture pro-
cess is shown to be very selective with the product
C*5 jon left primarily in the »=4 level. In general,
charge transfer dominates the electron removal
processes below about 4x10% cm/sec with impact
ionization becoming most important at the higher
velocities.

At the present time, there are no expé‘rir’nental
data with which to compare these calculations. The
only other theoretical values are the charge-trans-
fer cross sections of Bottcher® which are in sig-
nificant disagreement with our results with respect
to magnitude, velocity dependence, and the pres-
ence of oscillations. It is noted that Bottcher’s
theory does not take into account rotational cou-
pling which appears to have an important influence
in these collisions. It is surprising, however, that
for those calculations in the present study where
only radial coupling is considered such as the two-
state Landau-Zener or the two-state close-coupling
curves shown in Fig. 3, the disagreement with
Bottcher’s theory is still so significant. The rea-
son for such a discrepancy is not understood.
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TABLE I. Comparison of three-state C*$-H charge-transfer cross sections computed with

differing coordinate origins.

. vm/ @ (origin on H)
(10" em/sec)

Qqp (origin on C)

Qqpp (origin on c.m.)

(10718 cm?) (10718 cm?) (10718 cm?)
2 15.2 13.9 14.9
5 43.2 34.9 36.0
10 46.3 34.3 36.0
22.3 25.1

20 34.3
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