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The full n 3 density matrices of hydrogen atoms formed after electron capture in H+-He col-
lisions at 25-100 keV are calculated in a modified two-center atomic-orbital close-coupling expan-
sion method. The integrated (over impact parameters) density matrix and its first-order moments
are compared with recent experimental results. A charge-density plot is used to illustrate that the
electron is lagging behind the projectile after the capture in the energy range considered. From
the differential density matrix analysis, a "classical" orbital picture of the captured electron is
proposed.

The density-matrix formalism provides a complete char-
acterization of collisionally produced excited atoms. For
hydrogenic excited final states, the full density matrix
within a given n manifold can be determined experimental-
ly by measuring the four Stoke's parameters of the emitted
radiation as a function of applied external electric field.
Recently, there has been a considerable experimental
effort to determine the full n 3 density matrix for the H
atoms produced by electron capture in H++He collisions
at 40-80 keV. ' Stoke's parameters for the Balmer-a
transitions are determined in an axial and in a transverse
electric field from which the full density matrix for the
n 3 manifold has been deduced. ' In a different experi-
ment, the diagonal elements of the H(n 3) density ma-
trix have also been measured by observing the Balmer-a
emitted light from the final atoms which pass through a
radio-frequency field after the collision process.

The above experiments have certain practical difficulties
in deducing the final density-matrix elements. In the ex-
periment of Brower and Pipkin the major source of error
for partial nlm cross sections is derived from cascading
effects, while in the work of Havener and co-workers'
and Stone the difficulty is in the numerical fitting pro-
cedure for obtaining accurately the 14 unknown density-
matrix parameters. Theoretically, the complete density
matrix for the n 3 level of H atoms has been calculated
in higher-Born and in the continuum distorted-wave
(CDW) approximations. There have been questions con-
cerning whether these high-energy methods can be applied
to deduce charge-transfer parameters at the intermediate
energies carried out in these experiments.

In this Rapid Communication we report the results of a
close-coupling calculation of the full n-manifold density
matrix for the excited H atoms formed in the H++He
charge-transfer process, using a modified two-center
atomic-orbital expansion (AO+ ) model. In this type of
close-coupling AO+ calculation, one faces several
difficulties. First, the cross sections for the present n=3
manifold are quite small compared to the dominant 1s
channel. These small channels are greatly affected by tar-

get excitation and ionization processes. Second, the final-
state mixing of the degenerate hydrogenic levels due to the
Stark field of the residual target ion has to be included.
Third, we found that a major contribution to electron cap-
ture occurs at small impact parameters. This is under-
stood from the "molecular orbital" viewpoint that the
dominant mechanism for electron capture is a promotion
via low-lying molecular orbitals near the united-atom
(UA) limit. In the AO+-type expansion, the Stark mix-
ing of the final states is automatically included in the solu-
tion of the close-coupling equations, while the mechanism
of promotion via molecular orbitals and the effects of ion-
ization and excitation channels are included by a judicious
choice of pseudostates.

In this work, each electron in He is treated independent-
ly in a model potential. A total of 19 states were used in
the AO+ expansion. On the projectile center, there are
ten (n = 1, 2, and 3) hydrogenic states and two is pseudo-
states with exponents 1.5 and 0.5. On the target center,
two ls orbitals with exponents 1.453 and 2.78 represent
the He ground state; three 2s, 2po, and 2p i, states with ex-
ponents 0.25, 1.194, and 1.194, respectively, and two ls or-
bitals with exponents 1.5 and 0.5 are also included to
represent approximately the target excitation and ioniza-
tion channels. The precise nature of these pseudostates is
not crucial. (We will address this question further in a
later publication. ) We noted that the capture cross sec-
tions to n 1, 2, and 3 manifolds and excitation and ion-
ization cross sections obtained from the present basis set
are in good agreement with experiments in the 25-100-
keV region. ' In this Rapid Communication we are con-
cerned only with the capture to the n -3 manifold.

Although the experimental studies have been performed
in the 40-80-keV region, the recent improved data are
available only for 60-keV energy. "' We first compare
our integrated n 3 density matrix at 60 keV with the re-
cent data of Westerveld "and Brower 'z groups (only diag-
onal elements from the later group) in Table I. It is clear
from this table that there is good agreement in the whole
density matrix except for small channels. From the off-
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TABLE I. Integrated density matrix (normalized to the 3s cross section) for the n 3 manifold of H
atoms formed in H++ He collisions at 60 keV.
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diagonal elements, we also calculated the averaged values
of the z component of the dipole moment (D, ) and the ve-
locity vector (Lx A), „where L is the angular momentum
and A is the Runge-Lenz vector. (For the definition of
these parameters, see Ref. 13. Note that both these pa-
rameters have been normalized by the trace of the density
matrix for the n 3 manifold and that z is the quantization
axis parallel to the beam direction. ) The vector A (which
is proportional to the dipole moment) points from the pro-
jectile center to the perihelion of the electronic orbit, while
the vector Lx A is in the direction of the electronic orbital
velocity (see Fig. 3). As shown in Table I, our values are
in good agreement with the experimental data. In passing,
we mention that the dipole moment calculated using the
CDW theory is a factor of 2 smaller.

To examine the energy dependence, we show in Fig. 1

the calculated (D, ) and (LxA), , parameters at 25-100
keV. In this figure, the earlier experimental results3 for
both parameters are shown along with the new value" for
(D, ) at 60 keV. Our calculated values indicate that
(LxA), , changes sign around 90 keV. For comparison,
the CDW resultss for (D, ) are shown in dashed lines. The
dipole moment for n 3 shown in Fig. 1 is positive
throughout, which means that the electron cloud lags
behind the projectile in the energy range considered. At
high velocities, the dipole moment drops rapidly, reflecting
that capture to 3p and 3d states becomes relatively smaller
compared with 3s channel at these energies. For lower ve-
locities, it acquires a maximum value of 5.4 a.u. at 35 keV
(the maximum allowed is 7.35 a.u.).

The density matrix contains all the information extract-
able from scattering experiments. The two first-order mo-
ments discussed above are just the two convenient parame-
ters which offer some simple physical interpretations. To
illustrate the electron cloud distribution of the n 3 mani-
fold after the collision, we show in the same Fig. 1 density
plots at 35- and 60-keV energies. One can see clearly that
the electron cloud indeed lags behind the projectile. In
fact, the front-behind asymmetry is quite striking. The
asymmetry decreases rapidly as the collision velocity in-
creases in agreement with the (D,) curve A (Fig. 1).

To understand the results of Fig. 1 it is necessary to ex-
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FIG. 1. &D, ) (curve A) and &LxA)... (curve B) at 25-100
keV for the charge transfer H++He H(n 3)+He+ process.
The CDW Born calculations (Ref. 6) are shown by curve C. Ex-
perimental data: ~, Ref. 3. 0, Ref. 11. The three-dimensional
plots are for the charge density of the captured electron around
the projectile in the xz plane at 35- and 60-keV impact energies.

amine the impact-parameter (b) dependence of the above
quantities. We display in Fig. 2 the "decomposition" of
the dipole moment and the (LxA), , at 60 keV at each
impact parameter. In this case, we can also show the
D„(b). Notice that all quantities in Fig. 2 are not normal-
ized. We note that the D, (b) is positive at all impact pa-
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FIG. 3. A "classical" orbital picture of the electron after the
capture in the small- and large-b regions.
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FIG. 2. Calculated b-dependent dipole (D, and D, ) and
(LXA), , parameters at 60 keV.

rameters, indicating that the center of the electron cloud
always lags behind the projectile at all impact parameters.
For D, (b), we note that there is a sign change. At large b,
D„(b) is positive while it is negative for small b. The
quantity (LXA), , (b) is positive for small b and negative
for large b; this changeover of sign in its b dependence, in
fact, illustrates that the charge cloud and current distribu-
tions at the end of the collision are quite different for
large- and small-b regions.

In Fig. 3, we sketch a classical analog of the behavior of
the quantities D, (b), D, (b), and (LXA), , (b) for small
and large b as shown in Fig. 2. Classically, the electron is
described by a Kepler orbit. The Kepler orbits of the cap-
tured electron, consistent with the calculated D„, D„and
(LXA), „are shown in Fig. 3(a) for small b and in Fig.
3(b) for large-b values. Notice that the speed of the elec-
tron is slowest at the aphelion and fastest at the perihelion
and that the (LxA), , is in the direction of the orbital ve-

locity at the perihelion. In Fig. 3(a), the orbit is oriented
such that it gives a positive D, and a negative D and the
arrows indicating the orbiting direction of the electron are
consistent with a positive (LXA), , In contrast, the orbit
and the sense of rotation in Fig. 3(b) correspond to a posi-
tive D„a positive D, and a negative (LXA), , The
above "classical" Kepler orbits are consistent with a sim-
ple intuitive picture of electron capture. At large impact
parameters, due to short interaction time, we can expect
that the electron is pulled towards the projectile
throughout the collision time; thus the electron lags behind
the projectile nucleus and lies between the two heavy parti-
cles. On the other hand, for collisions at small-b values,
the electron has to swing back toward the projectile as it
overshoots to the right during the early stage of the col-
lision.

In summary, we have shown that the two-center AO+
model allows us to extract detailed information about elec-
tron capture to excited states in H++He collisions at in-
termediate energies. The calculated integrated density
matrix for the H(n 3) manifold at 60 keV is in good
agreement with the measured results. By analyzing the
differential density matrix in terms of the dipole moments
and the velocity vector (LXA), „we have been able to
provide a simple "classical" orbital picture of the average
electron density and current distributions after electron
capture.
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