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Alignment and orientation of the excited H(2p) orbital following H+ He
collisions at intermediate energies
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A systematic theoretical study of alignment and orientation of the excited H(2p) orbital in

H+ He collisions in the energy range from 0.8 to 8 keV is carried out with use of a molecular-
orbital representation. The present model takes the active electron in the H atom explicitly into ac-
count, while treating the He atom as a frozen core, Calculated alignment and orientation agree very
well with recent measurements, implying that the dominant excitation mechanism for H(2p) excita-
tion is the strong X X—A X radial coupling for all energies studied. Hence, the integral alignment

320 is negative and slowly varying with energy. Present partial excitation cross sections for H(2s)
and H(2p) agree well with the corresponding measurements, except at energies below 1-2 keV.

I. IWTRuOUCTIOX

Only recently has it been possible to carry out detailed
experimental and theoretical studies of alignment and
orientation of electronic charge clouds of atoms resulting
from excitation or charge transfer during ion-atom col-
lision processes. ' Such studies provide deeper insight
into our understanding of excitation and charge-transfer
collision dynamics in heavy-particle collisions than does
the simple determination of probabilities or cross sections
for the same processes, However, an accurate determina-
tion or extraction of orientation and alignment parame-
ters from either experiment or theory requires very care-
ful treatment, since these parameters are extremely sensi-
tive to any of the collision parameters.

Although there exist some theoretical studies of many-
electron systems including H+ + He (Refs. 2 and 3) and
I.i+ + He, most alignment and orientation studies have
been concentrated on one-electron or quasi-one-electron
systems, i.e., collision systems characterized by the pres-
ence of a one-valence electron outside two tight cores.
These one-electron and quasi-one-electron systems could
provide the more decisive tests of the theory. Unfor-
tunately, there have been no fully satisfactory theoretical
efforts to treat these one-electron systems until the very
recent results for excitation of the Na(3p) state by proton
impact obtained by Fritsch, who used the so-called
"AO+ method. "

Very interesting experiments on the determination of
polarization parameters for H + rare-gas collisions have
been carried out by Hippler et a/. These measurements
appear to ofFer information that will help with our under-
standing of the important excitation mechanisms in the
general case of atomic colhsions involving rare-gas
atoms. %'e have conducted a systematic study of the
alignment and orientation of excited H(2p) orbitals result-

ing from H + He collisions using a molecular-orbital rep-
resentation in the energy regime from 0.8 to 8 keV. The
two electrons in the He atom are tightly bound and,
hence, are only slightly influenced during the collision for
these collision energies. It is felt to be a good approxima-
tion to assume that only the electron in the H atom is ac-
tively involved in the actual collision dynamics. Our
theoretical model takes advantage of this simpli6cation in
obtaining the molecular states of this system.

II. THKORKTICAI. M(ODKI

For the purpose of simplifying subsequent related pub-
lications, we will discuss the theoretical approach in some
detail in this paper.

A. Molecular state

One-electron, configuration-interaction (CI) structural
calculations were carried out in order to obtain the
molecular wave functions and energies. Pseudopoten-
tials were used to represent the inactive electrons.
Within the Born-Oppenheimer approximation, the calcu-
lation of the eigenvalues reduces to determining the solu-
tion of the one-electron Schrodinger equation (atomic
units are used throughout)

I ——,'~', + V~(r~ )+ Vtt(rtt)+ Vcr(rtt» )

+ V„tt(R) E;(R)]P,(r, R )=—0, (1)

where r„ is the position vector of the single active elec-
tron with respect to the A atom and r~ represents the
electron with respect to the 8 atom. Correspondingly,
V„(r„) and Vtt(rid) are the efFective interactive poten-
tials between the electron and the A core and the 8 atom,
respectively. The potential VcT(rtt, R) is the three-body
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2V„(r„)=a„&exp( b„,r —)— O'xd

2(r„+d„)

interaction which arises from the polarization of the 8
atom by both the electron and the A atom, and V„ti(R)
is the potential that approximates the interaction between
the A and 8 atoms.

The 1-dependent pseudopotentials V„(r„)and Vs(r~ )

for the interaction of the electron with X = A or 8 are
given in the general case by

co I

V„(.„)= y y V„(.„)~
I;.(".„)& & Y;.(".„)~, (2)

I =0 m = —1

with

expanded in an electron-translation-factor (ETF)
modified-molecular-state basis, '

(('( rt)= ga;(t)p; (r, R (t))exp —v if„(r,R)

where f„(r,R ) is the switching function, which is re-
quired to approach +1 asymptotically (R ~ ao), depend-
ing upon the site to which an electron attaches itself. '

Note that the P, 's are the usual Born-Oppenheimer
states, which satisfy Eq. (1), and which are obtained by
the method described in Sec. II A. Substitution of Eq. (4)
into the time-dependent Schrodinger equation yields the
first-order, linear, coupled equations, according to the
standard procedure"

O'xq

2( r 2 +d 2
)

3
ia, =E;a;+ g v (P+ A);, a, , (5)

The Gaussian parameters a& and bI are determined by
iterative fits to spectroscopic data. The parameter Z„ is
the charge of the core as seen by the electron at large dis-
tances, and o.d and 0,

&
are the dipole and quadrupole po-

larizabilities, respectively. The quadrupole polarizability
for the He atom also includes a dynamical correction
term —6P (P=0.706). The cross term VcT(rs, R ) has
been defined previously, and was incorporated in order
to have the correct behavior of the adiabatic potentials at
large internuclear distances.

The pseudopotential parameters for He are given in
Table I. These values were taken from the work of Pas-
cale. The cutofF parameter d serves to limit the range of
the dipole and quadrupole forces to the region outside the
core.

The Slater-type orbital basis sets centered on the H
atom were employed in the calculations. Of importance
for the scattering calculations was the reproducibility of
the atomic energy splittings, which are found to agree
with spectroscopic values to better than 1 meV for H.
Spin-orbit efFects were not included in the calculations.

8. Coupled equations

Assuming that the nuclear motion is described classi-
cally by R (t), we solved the resulting time-dependent
Schrodinger equation for the electron. The state vector is

TABLE I. Pseudopotential parameters (in a.u.).

(6a)

(6b)

The matrix element P; is designated as the nonadiabat-
ic coupling, and A; represents the ETF correction. %e
have adopted a switching function of the form

f; ( r, R ) = tanh( R p; rt ),
where p, is a parameter and rt is the "angular" spheroidal
coordinate. The parameter p, was determined to mini-
mize the sum of the square of the ETF-corrected nonadi-
abatic coupling matrix elements to H(n =4) excited
states. " In a rotating coordinate frame, Eqs. (6a) and
(6b) are made up of two distinct contributions, namely,
radial and rotational coupling and their corresponding
ETF corrections. Equations (5) are solved numerically to
obtain the scattering amplitude for various channels, sub-
ject to appropriate initial condition. The square of the
scattering amplitude gives the transition probability for a
selected channel of interest at a specific collision energy
and impact parameter. Straight-line trajectories were
employed for the heavy particles.

C. Polarization parameters

BrieAy, the alignment angle y and angular momentum
(orientation) t, l.i ) for the electron cloud for the P state
are defined in terms of three Stokes parameters
(P„P2,P3) [Refs. 1(a) and 12] as

Qo

Ql

Q2

bo

bl
b2

d

+ 2.030
—1.000

+ 0.463
+ 1.000

+ 0.0
1.00
1.3834
0.8573

P~
tan(2y ) =

P)

The Stokes parameters are defined as

P) ——2k.—I,
Pz ———2&A,(1—A, )cosX,

(8a)

(8b)

(9b)
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Pi =2&%.(1—A, )sinX,

P =P)+P~+P3,

(9c}

(9d)

~ l.O

CL

o
X=arg

Q~

where a and a are the o and m state amplitudes, re-
spectively. The integral alignment A zo is defined as

+1 +0
~2o=

go+20

where o& and ao are the m-substate cross sections for
H(2@+, ) and H(2po) excitation, respectively. (See Ref.
12 for details. )

III. RKSUI.TS AND DISCUSSIONS

iO-0.2

-Q4
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Li(Is 3s)-
L i(ls Zp)

Li (Is 2s) -H(n=~} + He

FIG. 1. (a) Adiabatic potentials for the HHe system. Solid
line: X state; dashed line: H state. (b) Schematic molecular
correlation diagram of the HHe system.

~e have carried out seven-state [H(ls), H(2s}, H(2@0),
H(2p~ ), H(3s), H(3@0), and H(3p+&)] close-coupling cal-
culations to obtain the excitation amplitudes by solving

1,~ ~sz-sz

5
R (au)

FIG. 2. Important radial and rotational couplings.

Eqs. (5) for collision energies in the range 0.8 to 8 keV.
From these amplitudes, all polarization parameters, as
well as partial cross sections, were determined and will be
reported in the following paragraph.

(i) Adiabatic potentials and coupling matrix elements.
The adiabatic potential energies for the HeH system are
displayed in Fig. 1(a). The X (solid lines) and the 2II

(dashed lines) molecular states are shown. The schematic
molecular correlation diagram of the system is also
shown in Fig. 1(b).

A general feature of the potential energies is the oc-
currence of strong configuration mixing between the 1X
and 2X molecular configurations at R S0.5ao. This is
because the 1X and 2X correlate to Li(ls 2p) and
Li(ls 2s) atomic states at the united atom limit as seen in

Fig. 1(b). This curve crossing at R =0.5ao plays a
significant role in causing Aux promotion during the in-
coming part of the collision. However, Aux given to the
2X configuration will be redistributed by additional
strong radial and rotational couplings within the H(n =2)
manifold. The 1X and 1H configurations are degenerate
in the united atom limit, coinciding with the Li(ls 2p)
atomic level [see Fig. 1(b)j. Thus, one expects a relatively
strong rotational coupling between these states at small
R. The 2X and 1H configurations are almost identical ex-
cept for the small-8 region (5 1.5ao) and thus, outside
this region, the corresponding rotational coupling might
be expected to cause some Aux redistribution within the
H(n =2) manifold.

The behavior exhibited by the adiabatic energy curves
is borne out by the radial coupling matrix elements. The
important coupling terms between the ground and
H(n =2) levels are shown in Fig. 2. The calculations in-
dicate strong radial coupling between the 1X and 2X
states that peaks at R =0.2ao. Other radial couplings in-

volving the ground 1X state are relatively weak at all in-
ternuclear separations. The radial coupling between 2X
and 3X states possesses a long-range tail extending
beyond R =5ao. This tail may play an important role in
Aux redistribution in the outgoing part of collision. The
rotational coupling between the 1X and 1H states is
found to be of secondary importance. The close-coupled
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FIG. 3. Co11ision history excitation probabilities vs collision
time at E =4 keV and b =0.2 a.u.

FIG. 4. H(2s) excitation cross section.
13; 4, Ref. 14.

, present; , Ref.

scattering calculations included all X and II molecular
states up to H(n =3) levels, along with all possible radial
and rotational coupling matrix elements between these
states.

(ii} Collision dynamics and excitation cross section A.
collision history, i.e., excitation probabilities plotted as
functions of collision time, at E=4 keV and impact pa-
rameter b =0.2 a.u. , is displayed in Fig. 3. As is clearly
indicated, the H state couples with the X states only at
small R„and then completely decouples soon after. This
behavior is rejected in a flat and constant probability for
the II state just beyond the classical turning point. The
2X and 3X states continue to couple with one another un-
til quite large internuclear separations, and therefore con-
tribute signi5cantly to the redistribution of flux between
the H(2s) and H(2p) states. As b is increased, flux promo-
tion to the excited II state through 1X-1II rotational cou-
pling quickly disappears, as is apparent from the coupling
shown in Fig. 2. However, certain general features of the
coupling scheme, namely, short-range 1X-1II coupling
and long-range 2X-10, 3X-lH, and 2X-3H coupling,
remain unchanged regardless of the collision energy and
impact parameter chosen. From a collision-dynamics
point of view, no drastic change of coupling scheme is ex-
pected to occur in the energy range studied. Also, it
should be pointed out that all probabilities fall off beyond
b -3 a.u. in the energy region studied.

Partial-excitation cross sections for the H(2s) and
H(2p) states are depicted in Figs. 4 and 5, respectively,
along with experimental data. For H(2s} excitation
above E=5 keV, present theoretical results are in excel-
lent accord with the measurements of Birely and
McNeal' and Sauers and Thomas. ' In the energy re-
gion from 0.8 to 5 keV, the experimental cross sections
are significantly larger than our results. Moreover, one
set of data, that of Birely and McNeal, ' show a quite
diferent energy dependence, with the cross section in-
creasing with decreasing energy. The calculated cross
section shows a peak around E=3.5 keV and then de-
creases at lower energies, a behavior that is qualitatively
similar to the measurement of Sauers and Thomas. '

For H(2p) excitation, the present results are in good
accord with experimental measurements above -3

-Ie
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I0 I I I Il I I

I t

ENERGY (keV)

FIG. 5. H(2p) excitation cross section.
Ref. 15; A, Ref. 13.

, present; ,

keV as shown in Fig. 5. However, at lower energies we
again see discrepancies between the present result and the
measurements. The theoretical cross section seems to fall
o8'rather more rapidly compared to the experimental re-
sults.

Although there exist other theoretical treatments, in-
cluding the Born approximation' and the one-center
atomic-orbital (AO) expansion method, ' ' in the ener-

gy regime which overlaps the present study for H(n =2)
excitations, these approaches are considered not to be ap-
propriate in this energy regime' ' since flux population
in excited states involves the multiple-step mechanism
and therefore will not be discussed further. (See Ref. 20
for detail criticism on this point. } Additional experimen-
tal studies in this energy range would be helpful to
resolve these discrepancies.

(iii) Alignment and orientation The pres. ent integrated
(over the impact parameter) alignment 320 for the excit-
ed H(2p) states is shown in Fig. 6 along with the mea-
surement by Hippler et al. The negative values ob-
served for A &0 indicate that excitation to the H(2po) level
is the overwhelmingly dominant process; theoretically
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FIG. 6. Integrated (over impact parameter) alignment A2p.

, present; 0, Ref. 7.
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FIG. 8. Transferred angular momentum (L, ) at E =1 and
1.5 keV. and ———,present; o, 6, Ref. 7.

this is found to occur through the strong 1X-2X radial
coupling in this energy regime. The less prominent struc-
ture seen in the A2o measurements also indicates that
there is very little interference from other types of cou-
pling. From a theoretical perspective, this is clear from
the collision history illustrated in Fig. 3. The small varia-
tion of 320 with respect to collision energy can also be
explained in terms of the dominance of a single strong ra-
dial coupling. A similar energy dependence of A2O is also
found for H on Ne and Ar target cases both experimen-
tally and theoretically. ' Since the general nature of the
adiabatic potential curves, apart from details, is qualita-
tively quite similar for all three systems, the observed
similarity in A zo is not surprising.

The difkrential alignment 320 is plotted as a function
of impact parameter b in Fig. 7 at E =1 and 1.5 keV
along with the measurements of Hippler er al. The
differential alignment Azo clearly reveals details of the
coupling scheme active in the excitation of H(n =2) lev-
els during the collision which are, to a large extent,
masked in the study of the integrated (over b} alignment
(see above). Below b=la (0o.5ao) for E=1 keV (1.5
keV), respectively, the contribution to the differential 820

comes predominantly from the H(2po} sublevel due to
the strong 1X-2X radial coupling. However, as the im-
pact parameter is increased, strong rotational couplings
within the H(n =2) manifold, i.e., 2X-1II and 3X-ll1
coupling, became effective in promoting flux mixing
among the 2X, 3X, and 1H configurations and in giving
rise to increased population of the H(2@+, ) sublevel.
Correspondingly, this is refiected in a pronounced
impact-parameter dependence of the differential A 20. Al-
though the general shapes of the di8'erential A 2o parame-
ters at the two energies are relatively similar, the magni-
tudes are obviously diferent at a given impact parameter.
This implies that the coupling scheme is somewhat sensi-
tive to the collision energy.

The calculated transferred angular momentum (L~ )
(or orientation) perpendicular to the scattering plane is
depicted in Fig. 8 as a function impact parameter for the
two energies 1.0 and 1.5 keV along with the experimental
results of Hippler et a1. Agreement between the present
theory and the experiment is reasonably good. Neither
the theoretical nor the experimental curves show any not-
able structure except for a slightly increasing trend of the
calculated angular momentum (L~ ) at larger b, whereas

0,5

l.5 keV ~ I60-
CD

O

l20 '

I l I

0.2 0.6 I.O

IMPACT PARAMETER (o u. )

FIG. 7. Differential alignment A20 at E =1 and 1.5 keV.
—and ———lines, present; o, 6, Ref. 7.

G.P 0.6 l.G

IMPACT PARAMETER (o.u. }

FIG. 9. Alignment angle y at F =1 and 1.5 keV.
———,present; 0, 8, Ref. 7.

and
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a relatively strong energy dependence is observed. The
factor in front of the phase I in Eq. (9c) has a relatively
weak dependence on b. However, the relative phase J of
the excitation amplitudes for the H(2po) and H(2p, ) sub-
levels is sensitive to the collision energy. This sensitivity
gives rise to the strong energy dependence of the angular
momentum which, in turn, rejects the strength and the
"attractive" or "repulsive" nature of the interaction po-
tential, corresponding to positive or negative value of
(,I.i ), respectively. This interpretation of our finding is
in good qualitative agreement with the "rolling ball"
model proposed by Hertel et al.""and "propensity rule"
of Andersen et al.""'

The alignment angle y defined in Eq. (8a) is displayed
in Fig. 9 as a function of energy and impact parameter,
along with the experimental results of Hippler et al. 7

Again, the present results reproduce the measurement
reasonably well, showing a decreasing trend of y with in-
creasing b. As argued above, the phase X is relatively in-
sensitive to impact parameter, but very sensitive to col-
lision energy. Hence, the b dependence of the alignment
angle y is considered to be due primarily to that of the
ratio of the H(2@0) and H(2p, ) amplitudes in Eq. (8a).
Thus, the situation here is quite similar to that described
earlier for the differential Azo, where again only ratio of
the amplitudes determines the shape of the curves.

IV. CONCLUSION

A systematic study of the H(n =2) excitation process
in H+ He colhsions in the energy regime from 0.8 to 8
keV was carried out using a molecular-orbital expansion
method, The present study clearly identi6es the collision
dynamics of H(n =2) excitation strongly suggesting the
dominance of X-X radial coupling, followed Aux mixing
due to strong X-II coupling in the H(n =2) manifold for
the exit channel. Calculated alignment, orientation pa-
rameters, and alignment angle are in good accord with
recent measurement. Some discrepancies between the
present results and the measurements are seen in the
H(2s) and H(2P ) excitation cross sections at the lower en-
ergies. Additional measurement at lower energies mould
be desirable.
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