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Symmetric resonant charge transfer (RCT) in H* +H and He** +He collisions has been investi-
gated in the ultralow-collision-energy range 1073—10~7 eV. The RCT cross section has been com-
puted by partial-wave expansion in the molecular-orbital expansion method within the fully
quantum-mechanical formalism. The calculated RCT cross sections become constant below
E~107° eV, corresponding to a scattering length of ~6ao and ~2a, for H,* and He,**, respec-

tively.

Resonant charge transfer (RCT) for one-electron
transfer in symmetric HT + H collisions, and two-
electron transfer in symmetric He?* + He collisions, has
been a popular subject of theoretical! = as well as experi-
mental'*~!® investigations since the early 1920s, when
quantum mechanics was being developed. With regard to
the theoretical investigation of RCT collisions, almost all
the available theoretical approaches ranging from pertur-
bation>*3 to close-coupling®*®~13 methods, and based
on either a semiclassical or fully quantum-mechanical for-
malism, have been applied to these processes as stringent
and convenient tests of the theory over quite a wide ener-
gy range, from a few meV to a few MeV. Owing to these
efforts, the fundamental collision dynamics for the RCT
process is now well known, and qualitative as well as
quantitative agreement of calculated RCT cross sections
with measurements is generally very good. For low-
energy collisions, the molecular-orbital (MO) expansion
method [or the perturbed-stationary-state (PSS) method]
is considered to be appropriate for the study of elastic and
inelastic phenomena in ion-atom collisions. Below 100
eV, the RCT process is the dominant state-changing event
in symmetric ion-atom collisions (more than 5 orders of
magnitude larger in terms of cross section than any other
inelastic state-changing process). In the MO (PSS) pic-
ture, the RCT process is determined by two electronic
states which are of different symmetries (one gerade 13,
and the other ungerade 1X,) but both of which correlate
to the asymptotic ground state of the system. Although
these two states do not couple through the usual dynami-
cal process, the corresponding internuclear potentials in-
duce the charge transfer due to the fact that the
quantum-mechanical phase factors for each trajectory
evolve differently as functions of the time.

Several attempts to investigate the RCT in H* + H and
He’* + He collisions using the MO expansion method
have been reported at energies down to the range of
107*—~1072 eV. For both systems, the shape of the calcu-
lated RCT cross section shows an increasing trend, with
decreasing energy, at the lowest energy studied so far.
This trend is partly interpreted by the semiempirical for-
mula'® o~(B —Inv)?, which qualitatively describes the
behavior of RCT cross sections at low-to-intermediate col-

34

lision velocities v. To the best of our knowledge, no ex-
perimental or theoretical investigations have been reported
for collision energies below ~ 1073 eV. Our main aim in
this paper is to report the results of applying the standard
MO approach to symmetric RCT cross sections in the ul-
tralow energy range, extending down ~ 1077 eV.

In a sense there is nothing fundamentally new in this
paper. It is well known from quantum-mechanical con-
siderations that the RCT cross section will turn over at
low energies and remain finite as E—0, and only a single
partial wave (/=0) continues to contribute. However, the
precise shape of the cross section in the ultralow energy
regime has, to the best of our knowledge, not been previ-
ously reported. We find it to be of interest.

The theoretical method used in the adiabatic MO (PSS)
approach familiar in ion-atom collision theory,>!3 is here
applied in a fully quantum-mechanical treatment. The
gerade and ungerade phase shifts are obtained by solving
the uncoupled radial Schrodinger equations

d*X;(R)
dR?

[{I+1)

+ |2uE — R? —2uW;(R) | X;(R)=0 ,

(1)

for the asymptotic form of the radial functions X;(R),
where p is the reduced mass of heavy particles and the
W;(R) represents the adiabatic potentials for the gerade
(i =g) and ungerade (i =u) states. Then, the RCT cross
section can be calculated from the corresponding phase
shifts, 7}, from the equation (see, for example, Ref. 13),

k2

where k  describes the wave number with
k ={2u[E —E(®)]}'/%2. The radial Schrédinger equa-
tions (1) have been solved numerically to obtain phase
shifts by the log-derivative method.!” Adiabatic potential
curves for the 12, and 12, states of the H,* system have
been calculated “exactly” by the method of Bates et al.?
including the diagonal matrix elements of the energy
operator of the nucleus’! and those of the He,>* system
have been obtained by the full configuration interaction

oRT= T 3 (21 + DsinX(nf—7}) , @
1=0
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method with the Slater-type-orbital bases.??

Figure 1 1llustrates the potential-energy dlfferences,
AE(R)=E(1%,)—E(13,), for both the H,* and He,?
systems as functlons of mternuclear distance R. For the
H,* system the 1 22 and 123, states correlate with He*
(1s) at —2.0 a.u. and Het(n= 2) at —0.5 a.u., respective-
ly, in the united atom limit R —O0, although these states
are  asymptotically  degenerate, representing an
H* + H(ls) state. No curve crossings occur for the 1 22
and 123, energy curves at any internuclear separatlon
Hence, the energy difference between the 123, and 123,
states decreases exponentially as R increases. The situa-
tion is more complex for the He,®>* system. The
(1s042po,) 'S, * state correlates with Be**(1s2p 'P) at
R=0 and He’* + He(ls?) at R =, and no avoided
crossing for this state exists at any R value. The
(2po,*) 'S, state exhibits a narrow avoided crossing
with the (1s0,2s0,) 125,* state at R ~1.35 a.u., with an
energy gap between the two of 0.085 a.u. This and subse-
quent avoided crossings with the (2po,?) 123+ state are
now well known to be diabatic and to play an important
role in interpreting the collision dynamics for the charge
transfer in He* + He as well as He?* + He collisions at
the intermediate energy (see Lichten®). However, at a suf-
ficiently low energy, such as that of the present work, the
avoided crossing with the (2po,*) '3, state is adiabatic,
resulting in a correlation of the Be™(1s2s) state at R=0
with the He?* + He(1s2) state at R = oo.

Due to this sharp avoided crossing explained above, the
energy difference AE between the 2, and X, states that
describe the collision shows a prominent maximum
around R ~1.35 a.u., and decreases at smaller and larger
values of R. However, since the energy of the Bet(15s2s)
state is lower than that of the Be™(1s2p) state, the energy
difference passes through zero at small R before increas-
ing again to 0.19 a.u. at R=0. The energy difference for
the He,?* system falls off much faster with respect to R
than that of the H,* system. Since the energy range of
present interest lies below 10~* eV, the distance of closest
approach of the colliding partners is relatively larger than

~5ay. Therefore, in the present study, the regions of R
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FIG. 1. Energy difference between gerade and ungerade
states. A schematic correlation diagram for the He,2t is also

shown. States used in the calculation are indicated in bold lines.
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FIG. 2. H* + H resonant charge-transfer cross sections vs
collision energy. Contribution for each partial wave is shown.

where AE~0 and AE =max play no role in the RCT col-
lision dynamics.

Figures 2 and 3 depict the symmetric RCT cross sec-
tion for the H,* and He,?* systems, respectively, at col-
lision energies from 10~7 to 1073 eV. Individual partial-
wave contributions to the RCT cross section are also in-
cluded. For the H,™ system, the cross section exhibits a
maximum (~1.2X 107" cm?) around E~2x10"*
and then decreases, with some structure, in the
10~4—1077 eV region, until it reaches a constant value
(~1.3x107"* cm?) below E~10"°eV. Below 107 eV,
the cross section becomes a constant, consisting solely of
an s wave (/=0) contnbutlon The gerade and ungerade
s-wave phase shifts 7] and %% (radians) have been comput-
ed to be 1.494, 2.487x 10~*, and 0.873, 2.523% 10~ for
1=0 and 1, respectively, at E =2.7X10~° eV. These are
of sufﬁcient convergence in partial waves. The structure
observed in the RCT cross section around E =4Xx10"°
eV is due to a growing p wave (/=1) contribution and the
sharp rise near E =8X 1077 eV results from the d wave
(I=2) contribution. Our calculated results at E>107*
eV are in good agreement (within 10%) with the fully
quax}gum-mechanical calculation of Hunter and Kuri-
yan.

Next, we consider the Hez2+ cross sections, which are
given in Fig. 3. The overall energy dependence of the
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FIG. 3. He’* 4 He resonant charge-transfer cross sections vs
collision energy. Contribution for each partial wave is shown.



34 BRIEF REPORTS

RCT cross section for the He,?* system is quite similar to
that of the H,* system. However, the RCT cross sections
for the two systems differ in detail. For example, the
magnitude of the cross section is an order of magnitude
smaller for the Heq“’ system, attaining a maximum value
of ~1Xx107" cm? at E~3.5X10"* eV. This difference
relates most directly to the fact that the energy difference
AE (R) for the He,>* system is much smaller at the dis-
tances (R >3a,) relevant at these collision energies as
compared to that of the H,* system. In other words, a
difference in polarization may play a role for smaller
cross sections for He,?* relative to H,". Because of
these, the phase difference between the gerade and
ungerade phase shifts would not be developed enough. In
addition, the structure observed in the cross section is not
so marked in this case. This is because the p- and d-wave
contributions are relatively similar in the magnitude of
their energy dependence. At the maximum of the cross
section, the f wave seems to be a dominant source in the
He,* system, whereas it is the d wave in the H,* system.
The gerade and ungerade phase shifts { and 5} (radians)
have been obtained by ensuring sufficient convergence
with 3.669, 1.459 1073, and 2.760, 5.463 X 10~* for /=0
and 1, respectively, at 2.8 X108 eV,

This obviously indicates that only the s wave contri-
butes to the RCT cross section at large impact parameters
below 1076 eV. Although no other theoretical or experi-
mental data are available in the energy range matched
with the present result, extrapolation of our result calcu-
lated at highest energy toward higher energies seems to be
about a factor of 2 larger than that of Ferguson et al.’s*
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lowest energy point. However, the general shape of the
cross section in the higher energy region (E > 102 eV) is
in good agreement. A complication of this system in con-
trast to the H,™ system arises from the fact that a single-
electron, change-transfer channel, He*(1s) 4+ He*(1s),
lies energetically below the RCT channels. The inelastic
single charge transfer occurs predominantly through a ra-
diative transition from !X, to a single-electron charge-
transfer state '3, (Ref. 23), in this energy regime. An ear-
lier calculation of the radiative charge-transfer cross sec-
tion by Cohen and Bardsley?® shows that the cross section
increases monotonically as the energy is decreased, at least
down to 10~% eV. However, since the radiative charge-
transfer cross section is not known for energies within the
range of our interest, it is impossible to assess the influ-
ence of radiative charge transfer on the RCT process. We
believe that since the largest contributions to the RCT
cross section come from large impact parameters
(b >15a,), whereas radiative charge transfer is more
probable for small impact parameters (R < 5a,), the RCT
cross sections calculated here are not likely to be affected
by the inclusion of the radiative charge transfer channel.

This work was supported in part by the U.S. Depart-
ment of Energy, Division of Chemical Sciences, Office of
Basic Energy Sciences, under contract with Rice Universi-
ty. The authors wish to express their appreciation to the
staff of the Joint Institute for Laboratory Astrophysics
and the University of Colorado at Boulder and Colorado
Springs for their hospitality and support.

*Permanent address: Argonne National Laboratory, Argonne,

IL 60439, and Rice University, Houston, TX 77251.
Permanent address: Physics Department, Rice University,

Houston, TX 77251.

'H. C. Brinkman and H. A. Kramers, Proc. Acad. Sci. Amster-
dam 33, 873 (1930).

2J. D. Jackson and H. Schiff, Phys. Rev. 89, 359 (1953).

3A. Dalgarno and H. N. Yadav, Proc. Phys. Soc. London Sect.
A 66, 173 (1953).

4A. F. Ferguson and B. L. Moiseiwitsch, Proc. Phys. Soc. Lon-
don 74, 457 (1959).

5R. H. Bassel and E. Gerjuoy, Phys. Rev. 117, 749 (1960).

6R. McCaroll, Proc. R. Soc. London Ser. A 264, 547 (1961).

D. R. Bates and A. H. Boyd, Proc. Phys. Soc. London 80, 1301
(1962).

8W. Lichten, Phys. Rev. 131, 229 (1963); 139, 27 (1965).

9M. B. McElroy, Proc. R. Soc. London Ser. A 272, 542 (1963).

10B. M. Smirnov, Zh. Eksp. Teor. Fiz. 46, 1017 (1964) [Sov.
Phys.—JETP 19, 692 (1964)].

11M. J. Fulton and M. H. Mittleman, Proc. Phys. Soc. London
87, 669 (1966).

12F. J. Smith, Proc. Phys. Soc. London 92, 866 (1967).

13G. Hunter and M. Kuriyan, Proc. R. Soc. London Ser. A 353,
575 (1977).

14w, L. Fite, A. C. H. Smith, and R. F. Stebbings, Proc. R. Soc.
London Ser. A 268, 527 (1962).

I5SL. 1. Pivovar, M. T. Novikov, and V. M. Tubaev, Zh. Eksp.
Teor. Fiz. 42, 1017 (1962) [Sov. Phys.—JETP 15, 1075
(1962)).

16G, W. McClure, Phys. Rev. 148, 47 (1966).

17y, A. Belyaev, B. G. Brezhnev, and E. M. Erastov, Zh. Eksp.
Teor. Fiz. 52, 1170 (1967) [Sov. Phys.—JETP 25, 777 (1967)].

18], D. Cogan, D. L. Ziegler, D. E. Nitz, R. D. Rundel, K. A.
Smith, and R. F. Stebbings, Phys. Rev. A 25, 2976 (1982).

19B. R. Johnson, J. Comput. Phys. 13, 445 (1973).

20D, R. Bates, K. Lesham, and A. L. Stewart, Phil. Trans. R.
Soc. London Ser. A 246, 215 (1953).

21A. Dalgarno and R. McCarroll, Proc. R. Soc. London Ser. A
237, 383 (1956).

22M. Kimura and R. E. Olson (unpublished).

23]. S. Cohen and J. N. Bardsley, Phys. Rev. A 18, 1004 (1978).



