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A treatment of the He -H collision is presented in an impact-parameter formalism for

collision energies 0.5 —30 keV. The origin dependence of the calculated total cross sections

is studied in detail. It is shown that the branching ratio between reactions He+(1s)+H(1s)
~He+(1s)+H(2p) and He+(1s)+H(1s) ~He(1s2p)+H+ oscillates as a function of the

origin of electronic coordinates chosen in the calculation. This oscillation is strong enough

so that at nuclear velocity 0.5 a.u. , either both reactions are competitive or one of them can

have a cross section twice as large as that of the other. Likewise the cross section for the

reaction He( ls )+H+ ~He+(1s)+H(1s) can either be negligible or comparable to those

of the other reactions. We study the oscillatory behavior of the charge-exchange-transition

probability as a function of 1/v. We show the similarity, for high velocity, between non-

resonant and resonant charge-exchange processes, the origin of the damping factor, and the

influence of the rotational coupling on the transition probabilities as functions of 1/v. A

connection between Lichten's and Demkov's models is established.

I. INTRODUCTION II. TOTAL CROSS SECTIONS

This paper presents a treatment of
He+( ls}+H( ls} collisions with the use of a molec-

ular approach with some of the energies and cou-

plings calculated in the preceding article. ' Its aim

is to provide a molecular treatment that includes as

many relevant states as possible within the frame-

work of the standard perturbed stationary states ap-

proach. We also study an important consequence of
the well-known difficulty of the standard molecular

method, which is the origin dependence of the cal-

culated cross sections. Although this problem is, in

principle, solved by using a modified molecular ap-

proach which includes translation factors, in our

opinion there are not sufficient examples in the

literature to enable workers to realize to what extent

calculated cross sections depend on the origin
chosen to calculate them, when translation factors
are not used. Moreover, as discussed in the previ-
ous article' (see also Errea et al, ), this origin
dependence may appear in disguise when using a
treatment that incorporates translation factors. It
is, therefore, of utmost importance to ascertain the
extent of the problem using the standard treatment.
Finally, we shall also discuss the behavior of the
charge-exchange transition probability versus the
inverse nuclear velocity, for fixed 6E. Our analysis
of this behavior is still valid when translation fac-
tors are included.

Total cross sections for the reactions

He+(Is)+H(ls)~ He+(ls)+H(2p),

He+(ls)+H(ls)~ He(ls2p ' P}+H+,

He(ls )+H+~He+(Is)+H(ls),

(2)

(3)

have been calculated in an impact-parameter for-
malism, using the energies and couplings for the
states O'X and 1' X described in Ref. 1, and 1' II
and 2' lI described in Ref. 3. The other X states
presented in the previous paper cannot be included

because of the residual radial couplings as R ~Do,
unless translation factors are included in the molec-

ular expansion.
The basic mechanism which is responsible for the

processes (1), (2), and (3} is as follows. The system

is initially represented by a statistical mixture of
1'X+13X molecular states [see Figs. 1 (a} and 1(b}
of the previous article']. These states are coupled
rotationally to the states 1' II and 2' II (primary
mechanism). ~ The radial couplings

( l~ 3II
~

(d/dR)
~

2'3II) provide the secondary
mechanism that further governs the branching ratio
between reactions (1) and (2); the radial coupling
(O'X

~
(d /dR)

~

1'X) determines the cross section of
the inverse of reaction (3)

The program PAMPA of Gaussorgues et al. was
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modified to integrate the anomalous rotational cou-
plings, as explained in the appendix of Ref. 3. Our
results for reactions (1) and (2) are plotted in Figs. 1

and 2, respectively, with the origin of electronic
coordinates placed on either the hydrogen atom or
the nuclear center of mass. These results are very
similar to those found in Ref. 1. We have also in-

cluded the experimental data without the (very
wide) error bars, for the sake of clarity. For the
whole energy range considered {0.5 —30 keV), the
cross sections calculated with the origin placed on
the center of mass agree better with experiment
than those obtained with the origin on the proton.
Clearly, one would also obtain similar results using
the center of nuclear charge, which lies close to the
center of mass for HeH+. These facts were ex-
plained in Ref. 1 with the help of a mechanism in-
volving a two-state (1' H and 2' ll) model. We
have also included in Fig. 2 the results for the in-
verse of reaction {3),and the total cross section for
the reaction
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FIG. 2. Total cross section for reaction
He+( ls)+H( ls)~ He(ls2p, ' P)+H+ (a and b). Total

cross section for reaction He+(ls)+H(ls)~ He(lsd)
+H+ (c), with origin at the center of mass. This cross
section is

4 of that for reaction (3) of text since triplet

states cannot contribute to reaction (c). Total cross sec-
tion for reaction He+(ls)+H(ls)~ He(ls, 'S; ls2p,' p)+H+ with origin at the center of mass (d). Experi-
mental data: ~, see Ref. 8; Q, see Ref. 9.

4He+(ls)+H(ls)~ He{ ls, is2p)+H+ (4)

because the experimental data in that figure corre-
spond to all possible final states of He. Our calcu-
lated contribution of the inverse of reaction (3) to
reaction (4) falls within the experimental errors.

In Fig. 3 we present our calculated total cross
section for reaction (3) with the origin placed on the
center of mass, together with the experimental
data' '" and the low-velocity theory of Hughes and
Crothers'; their agreement with experiment is re-
markable taking into account the approximations
involved in their calculation.

III. ORIGIN DEPENDENCE
OF THE CROSS SECTIONS

It is interesting to explicitly study the dependence
of the cross sections on the origin of electronic
coordinates chosen to perform the collision calcula-
tions, for the three reactions (1)—(3), and for a
fixed nuclear velocity. As an example, in Fig. 4 we
present our results for U =0.49 a.u. (impact energy
24 keV). The results for reactions (1}and {2}oscil-
late with the position of the origin while those for
reaction (3}vary monotonically, in that range. De-
pending on the origin chosen, reaction (3) may be
negligible {origin on He +), or it may compete with
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FIG. 1. Total cross section
4He+( ls)+ H( ls) —+ He+( ls)+ H(2p).
data: 0 see Ref. 6; ~ see Ref. 7.

for reaction
Experimental
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FIG 3 Total cross section for reaction
He(ls )+H+~ He+(ls)+H(ls). , Our results;———,low velocity theory. See Ref. 12. Experimental

data: 6, see Ref. 10; 0, see Ref. 11.
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with a corresponding expression for 8', where —I, I
is the matrix of the electronic linear momentum
along the z axis. Accordingly, for R =0 we have

FIG. 4. Origin dependence of reactions (1), (2), and (3)
of text. We plot the total cross section for impact E=24
keV as function of p=QA/R, where OA is the distance
from He + to the origin of electronic coordinates. The
positions of the center of mass (c.m. ) and center of charge
(c.c.) are also indicated.

»»(0»= I (Xi X» dR
He

+p I, &x, lrlx2&dR

= 8 H.(0)+pP (9)

Xi-cos8$ i
—sin8iti2,

Xi -sin8'p'i +cos8'p'2,

X2-sin8$i+ cos8$2,

X2-—cos8'pi+sin8'i})z . (5)

for the singlet (Xi,X2) and triplet (X'i,X2) II states.
The functions (('i and P' represent diabatic states,
which at large R are quasiatomic in character:

'P i (1'H» 0 i 0H ~

R~co R~m

02 (('He» (( 2 NHeR-+ co R~no
(6)

At high-impact energies, the transition probabili-
ty for reactions (1}and (2) will be

pH cc cos 8(0)+3 sin 8'(0)

for reaction (I), and

pH, a: sin 8(0)+3 cos 8'(0)

for reaction (2). The dependence of both 8 and 8'
on the origin of electronic coordinates is easily seen
to be linear in the parameter p, which is the distance
of the origin from the He + nucleus divided by R:

the processes (1) and (2) (origin H+). This is a
striking example of the limitations of the standard .

molecular approach, and it shows quite clearly that
there is no privileged origin for the study of these
reactions.

On the other hand, given the form of the cou-
plings, the shape of the curves in Fig. 4 can be easi-
ly predicted. As explained in Ref. 1, a two-state
model can be used to explain qualitatively the
behavior of the radial couplings
&1' Il

I (d/dR)
I

2' ll) and cross sections:

with a similar expression for 8'(0}. From Fig. 2 of
Ref. 3, we calculate

8 H,(0}=1.65, P= —1.79

O' H,(0)=—0.22, P'=1.75 . (10)

Substitution of Eq. (9) in Eq. (7) yields the oscillat-
ing structure seen in Fig. 4. A similar reasoning us-

ing an exponential model can explain the shape of
the curve corresponding to reaction (3).

IV. OSCILLATION OF THE
NONRESONANT ELECTRON

CAPTURE PROBABILITY

In Fig. 5(a), 5(b), and 5(c) we present our results,
with origin on the center of nuclear mass, together
with those of Keever and Everhart, ' corresponding
to the transition probability of reaction (3) for fixed
8E and as a function of the inverse nuclear veloci-

ty. To do this we have made a correspondence be-
tween the scattering angle 8 and the input parame-
ter of the trajectory, according to Rutherford's for-
mula. We also include the results of Burns and
Crothers' obtained using the same low-energy
theory as Hughes and Crothers. ' The same remark
can be made as the goodness of their agreement
with experiment, while our results reproduce the
structure and position of the extrema. Our calcula-
tions permit us to study an important point which
is the purpose of the work Burns and Crothers':
What is the origin of the oscillations in the transi-
tions probabilities?

Fite et al. , ' and Lichten' mention that there is
no experimental evidence in favor of the distinction



216 A. MACIAS, A. RIERA, AND M. YANEZ 27

ui
I

o0.1-
CL

j \

1

j
I

0
0.5 1.5 2 1/y

0.2-

I
l

\

1.5 2 1/y

0.2-

o0.1-
I—
Ulz

0
0.5 1.5 2 1/y

FIG. 5. Transition probability for reaction (3) of text
at fixed BE. +, Our results;, low velocity theory
(see Ref. 14); —.—.—,experimental data (see Ref. 23).
BE=20 degkeV (a); BE=40 degkeV (b); BE=400
degkeV (c). E is the impact He2+ energy. Notice the
change of scale with respect to Refs. 14 and 23 where H+
impact energy was used.

made by Bates and Lynn' between resonant and
nonresonant charge exchange. In his discussion,
Lichten uses for the probability of charge exchange
an empirical modification of the formula employed
for the symmetric case, introducing a damping
term. To calculate the phase of the oscillations, he
stops the integration of the energy difference at a
given point A,, which corresponds to a sudden tran-
sition from the separated atoms to a molecular ion.
It is not clear, however, which is the justification of
this cutoff, and how to determine it a priori. In
view of our results, and more specifically, of the
fact that when the center of nuclear mass is used as
the origin of electronic coordinates, the area under
the radial coupling (O'X

~
dldR

~

I'X) is approxi-
mately m/4, we can establish a connection between
the symmetric resonant, symmetric nonresonant,
and nonsymmetric nonresonant cases.

In a resonant case, when adiabatic wave functions
are used for large internuclear distances, the system
is initially represented by a mixture of two molecu-
lar states, gerade and ungerade, which evolve in-

dependently, and the interference between the corre-
sponding wave functions for t~ ao produces the os-
cillations in the transition probability; the area be-
tween the g and u energy curves determines the
phase of the oscillation [Fig. 6(a)]. In an analogous

way to the H+ + H case, Lichten' explained the
oscillations in the transition probability correspond-
ing to double charge exchange in He + + He col-
lisions, using a nonadiabatic [molecular orbital
(MO)] representation for all internuclear distances.
Then, the two energies have different limits as
R~ 00, and as the integral of the energy difference
diverges, Lichten also introduced a cutoff parame-
ter A,. We have shown' that this parameter should
be taken to characterize the boundary zone between
the regions where MO and valence band (VB)
descriptions are adequate. Lichten's model must
then be interpreted as a sudden approximation
method, in which the interference that produces the
oscillations arises solely from the energy difference
between the MO curves, and a change of representa-
tion to the atomic states place for R =A,.

Lichten used again the same approach' for the
nonsymmetric nonresonant case (HeH+) where the
energy difference between the exact adiabatic states
is nonzero as R ~ cx). Although this case is physi-
cally different from the previous one, it is formally
similar, and it can be treated in the same way. The
difference is that in the nonsymmetric nonresonant
case the adiabatic energies are not degenerate for
R~ao, while they are exactly so in the resonant
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FIG. 6. Equivalence between resonant and (high-
velocity) nonresonant charge exchange. Phase of the
transition probability vs 1/v is determined by (a) the area
between the g and u energy curves, and (b) the area be-
tween the energy curves up to approximately the value of
R for which the radial coupling has a maximum.
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case: the situation Lichten found in this case is due
to his using a nonadiabatic representation at large
R. The similarity between the two cases is that a
cutoff is also needed in the integration of the energy
difference. In the nonsymmetric nonresonant case,
this cutoff represents a transition from the VB (lo-

calized) to the MO (delocalized} regions; in an adia-

batic representation, the transition zone is charac-
terized by a maximum in the radial coupling [Fig.
6(b}]. At high velocities and large-R values the sys-

tem is well represented by VB structures, and it
suffers a (sudden) transition to MO structures at a
distance which corresponds to the maximum of the
radial coupling R =A, ). Using the standard
molecular model, the phase of the oscillations is
then determined by the shaded area in Fig. 6(b}. On
the other hand, at very low velocities there will be
no oscillations in the transition probability, because
the system will follow adiabatically the molecular
curve which corresponds to the entrance channel.
The damping of the oscillations follows from the
change between the two velocity regimes.

Since the process we are discussing is due to delo-

calization effects, the Demkov exponential model
is applicable, because the area under the coupling
(0'2

~

d/dR
~

1'2) equals approximately n /4 when

the origin of electronic coordinates is placed near
the nuclear center of mass. This model assumes
that the two states involved have a constant energy
difference, and are coupled by an exponential elec-
trostatic interaction H~2. At high velocities, this
model also implies a sudden transition from a VB
to a MO structure at the point where H~q ——hE/2.
The phase of the oscillations of the transition pro-
bability is then determined by the integral over the
interaction term Hiq. We shall now establish the
connection between Lichten's and Demkov's ap-

FIG. 7. Transition probabilities for reaction (3) of text
at BE=400 degkeV. (a) Results for a two-X-state
model. (b) Same as (a) including the rotational coupling
to a II state. Just as in the resonant case, including the
rotational coupling causes a phase shift of ~/4 in the
transition probability.

proaches.
The wave functions used in Demkov's model to

represent the states of interest can be added and

subtracted to obtain a new representation for
R &R,„(where H&z

——~/2). This change of rep-

resentation takes us from a model with constant en-

ergy difference and exponential interaction to
another with constant interaction and exponential

energy difference. For R &R, Demkov's treat-
ment is equivalent to assuming that the collision is
elastic for each state of the new model and, there-

fore, the phase of the oscillations is determined by
the integral of the energy difference up to the tran-

sition point R,„,just as in Lichten's approach.
An important characteristic of the resonant

charge-exchange process is that when one of the
two X states involved in the transition is rotational-

ly coupled to a II state, there is a phase shift of ~/2
on the oscillations of the charge-exchange-transition
probability versus v '. In our work we have tested
whether the same phenomenon appears for the non-

resonant case. We have calculated (see Fig. 7) the
transition probability for eE =400 deg keV using a
two-X-state model and a two-X, one-II-state model.
The ~/2 phase shift is clearly shown in this figure
and is due to the fact ' that at high velocities the ef-
fect of the rotational coupling is simply to change
the sign of the coefficient of the wave function that
represents the X state.

In short, our findings support the claim' ' that,
at high velocities, there is no real difference between
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resonant and nonresonant charge-exchange-
transition probabilites versus u ', and this applies
both to the phase of the ascillations and to the m/2
phase shift (see Refs. 19 and 21}.

It should be noticed, however, that the previous
discussion has been made for one specific choice of
origin (in the region of the center of nuclear mass,
or of nuclear charge, of HeH+) of electronic coor-
dinates. For other choices, the shape of the ascilla-
tions is very different, and does not conform to the
experimental values.

V. CONCLUSIONS

We have presented a collisional treatment of exci-
tation and charge-transfer processes in He+{is}
+H(ls) collisions. Reasonable agreement with ex-
perimental data is obtained, for the energy range
2—30 keV, when a seven-term molecular expansion
is used, and the origin of electronic coordinates is
chosen to be in the neighborhood of the center of
nuclear mass.

We have explicitly calculated the origin depen-
dence of the total cross sections of reactions (1)—(3}
for fixed nuclear velocities. Dramatic effects of this
dependence are as follows.

(a) The oscillations in the branching ratio of reac-
tion (1) and (2) begin to be important at v =0.3 a.u.
For example, at v =0.49 a.u. (see Fig. 4) reactions
(1} and (2) can be competitive, or either one can
have a cross section twice as large as that of the
other one.

{b} The calculated cross section for reaction (3}
can either be negligible or comparable to those for
reactions (1) and (2).

These results illustrate the extent af the
momentum-transfer problem in the standard molec-
ular approach to atomic collisions.

Furthermore, we have shown the following: (i}
the similarity, for high nuclear velocities, between
nonresonant and resonant charge-exchange transi-
tion probabilities versus u ', for high nuclear veloc-
ities, Demkov's model yields ascillatians far this
probability, just as the simple elastic scattering in
the resonant case. (ii) The lower the nuclear veloci-

ty, the less diabatic is the behavior of the system,
Wd therefore, the similarity between the resonant
and nonresonant cases, resulting in a damping of
the oscillations. {iii) For velocities which are not
too low, the rotational coupling 1X—1II has exactly
the same effect as for the symmetric resonant case,
that is, it adds a constant m/2 phase shift to the
transition probability.

Burns and Crothers' have presented two treat-
ments for reaction (3} in a range of energies going
up to high values of E. Since for the energy range
considered in our work their high-velocity
approach —which includes the effect of translation
factor yields results which are in worse agree-
ment with experiment than those from their low-

velocity theory, we only have compared our calcu-
lated transition probabilities with their results with
the latter theory.

Finally, a point of interest is to see whether the
origin of electronic coordinates that yields results in
good agreement between calculated and experimen-
tal cross sections also yields gaod results for the
phase and position of the extrema of the charge-
exchange transition probability versus u '. This is
not necessarily so, in principle, because the trajec-
tories which dominate the charge-exchange cross
sections are not, in general, those which determine
the transition probabilites for fixed 8E. While it is
significant that the same origin (center of mass, or
center of charge) reproduces well both experimental
quantities, from our study it is clear that one should
nat conclude that these centers are, in any sense,
privileged origins.

At high velocities, the dependence of total cross
sections and transition probabilities on the origin of
electronic coordinates chosen to perform the calcu-
lations should be taken into account, since either
agreement or disagreement with experimental data
may be a consequence of the origin chosen. In aur
opinion, this is a point which, at present, is not suf-
ficiently emphasized in the literature.
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