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Electric dipole moments of H(n =2) induced by H+-He and H-He collisions are investigated at
incident energies of 5-25 keV. For these collision systems, an energy-dependent forward-
backward asymmetry (dipole moment) of the emitted Lyman-a radiation as a function of an
external electric field is observed. In H -He collisions, the measured dipole moment is positive,
corresponding to an electron trailing behind the proton. The same analysis applied to the H-He
system shows the electron riding in front of the proton. The observed diAerences between H and
H+ impact are partly explained with the help of a simple model which assumes diferent cross
sections for excitation into the diAerent Stark states.

The excitation of a hydrogen atom to the H(n =2)
states is a prototype case for the study of coherent excita-
tion mechanisms operating during atomic collision pro-
cesses. This is because of the near degeneracy among the
diA'erent H(n =2) levels, for which, due to the small ener-

gy splitting h,E ~10 eV, significant diff'erences in the
time development occur after z=A/AE= 10 '' s (It is
Planck's constant); this time is considerably larger than
typical collision times of z„i=10 ' s. In this Rapid
Communication we present and discuss new results for the
electric dipole moment induced in the excited
H(n =2) state by (positively charged) hydrogen ion im-
pact, H++He H(n =2)+He+, and by (neutral) hy-
drogen atom impact, H+He H(n =2)+He. Since in
the present experiment we integrate over all scattering an-
gles of the projectile, the excited H(n =2) state is best de-
scribed in terms of a density matrix p„=2 at the instant of
the collision (t =0):

a2„0 Op

0 a2p, 0

0

pn=2 =
~Sp 0 a2p, 0

0 0 0 o2p„

where the ot = ( Ift I ) are the partial cross sections for
excitation into the H(2s) and H(2p ) (m =0, ~ 1) sub-
states, ft„, is the corresponding excitation amplitude,
o,t, =(fottflo) is the so-called s pcoherence, and-where
( . ) denotes an integration over all scattering angles.
An electric dipole moment corresponds to a shift of the
center of charge with respect to the center of mass (for ex-
ample, an electron trailing behind a proton) and thus
manifests itself in a forward-backward asymmetry with

regard to an external electric field; it is related to the real
part Re(o,~) of the s pcoheren-ce. Collision-induced di-
pole moments (D), have, for example, been observed pre-
viously for charge-exchange excitation of H(n =2) and
H(n =3) in H+-He collisions at incident energies above
20 keV. The imaginary part Im(o,~) is related to the
product (L x A)„where L and A are the angular momen-
tum vector and the Runge-Lenz vector, respectively; clas-
sically, the vector LxA points along the orbital electron
velocity at the perihelion of its Kepler orbit. Hence, we
have

6 Re(o,p) 2 Im(cr, p)D LxA, =— (2)

where o, =+crt is the total cross section for H(n =2)
excitation. To extract all the relevant elements of the
p„=2 density matrix, we utilize Stark mixing of the H(2s)
and H(2p) states in an external electric field and measure
(perpendicular to the direction of the electric field and as
a function of the field strength) the linear and circular po-
larizations of Lyman-a radiation (X=121.6 nm) emitted
during the decay of the excited H(n =2) state to
the H(l s) ground state. The linear polarization
Pt =(Iii I&)/(Iiii+Iz ) was inv—estigated for axial (with
respect to the projectile direction, z axis) electric fields,
with IIi and I& the integrated light intensities with the
electric vector parallel and perpendicular, respectively, to
the z axis. These measurements were performed with the
help of a Brewster-type linear polarizer; i.e., we used a
lithium-Auoride (LiF) plate inclined at —60 with
respect to the optical axis resulting in a polarization sensi-
tivity of 90%. The circular polarization P, =(I —I+)/
(I —+I+), where I+ and I — are the integrated light in-
tensities with positive and negative helicity, respectively,
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I,(t) =l g (IsI/qlerlk&e
'"" "" '(kl'p&l (3)

was measured for transverse electric fields. For circular
polarization measurements, a quarter wave plate made
from magnesium Iluoride (MgF2) was inserted in front of
the linear polarizer; its polarization sensitivity is —98%.
Details of the apparatus have been described previously '

and shall not be repeated here.
The measured degree of linear polarization PI for 20-

keV H+-He collisions is displayed in Fig. 1; it shows a
pronounced forward-backward asymmetry which is due to
the collision-induced electric dipole moment. In the fol-
lowing, we concentrate on the evaluation of a,~; details of
the evaluation procedure and results for the partial sub-
state cross sections will be published in a forthcoming pub-
lication. To extract the real part Re(cr,~) from the mea-
sured PI, we (i) have to expand the initial state 4' in terms
of Stark states lk), (ii) take the time evolution of the
Stark states into account, and (iii) calculate matrix ele-
ments for the radiative decay of these states to the H(ls)
ground state. The corresponding intensities It~(t) and
I&(t) of the emitted light with electric vector parallel and
perpendicular, respectively, to the z axis are calculated us-
ing

+ -f+ I+&+f I
—&+fI

—12p I &+f—
I 12p —

I & (4)

where l+') = -t (I/J2)(l2so)+ l2po&) are the (large-
field) Stark states, and where f+. = T- (I/J2)(foo~ fIo)
are the corresponding excitation amplitudes. Rewriting
Eq. (2) we obtain

(D)
3(a+ —o )

(sa)

The measured linear polarization was fitted according to
Eq. (3) and the dipole moment (D), was extracted. In
Fig. 2 we display our results; in general, (D), is small
around incident energies of 5-15 keV and rises towards
higher energies. The sign of the measured dipole moment
indicates that the captured electron is lagging behind the
proton. This result is intuitively acceptable, as it corre-
sponds to an electron which is attracted by both the in-
cident proton and by the product helium ion and, there-
fore, tends to stay in-between. This argument seems to be
further supported by measurements for the neutral H-He
collision system, where significantly smaller dipole mo-
ments and of opposite sign are observed (Fig. 2). In order
to illustrate the origin of the collision-induced dipole mo-
ment (D), on a more quantitative basis, we express the
coherently excited H(n =2) wave function %' at t =0 as

where Aroq and yl, are the electronic binding energy and
the radiative width, respectively, of the lk) Stark state.
Following Liiders, the (relatively weak) external field
causes a mixing of the unperturbed hydrogenic states
@;= l jm~. ); the perturbed H (n =2) eigenstates (Stark
states) l k) are then given as linear combinations
lk) =pat;@;, where the ak; (k =1, . . . , 4) are expansion
coefticients which depend on the electric-field strength
F. ' The time-dependent intensities I(t) have been in-
tegrated over the finite observation interval over which
production and decay of the excited H(n =2) atoms
occurs to yield the integrated intensities Ill and I&, this
smears out the rapid intensity oscillations (Stark beats)
which were not observable in the present experiment. '"

2jo+o(LxA). =- sing,
~r

(sb)

with g the average phase between f+ and f . The two-
Stark states l

~ ) possess an electric dipole moment
d =+' 3eap (e is the electron charge, and ao is the Bohr
radius); a net dipole moment hence results, if the two ex-
citation cross sections o+ =(lf ~ l ) are not equal. Un-
equal cross sections may result, for example, if the two ex-
citation energies E+ and E are diff'erent. Since during
the collision the atomic states are considerably perturbed
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FIG. 1. Degree of linear polarization vs electric-field strength

for 20-keV H -He collision; the solid line is a least-squares fit to
the data (see text).
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FIG. 2. Dipole moment (D)- for H(n =2) excitation in H+-
He collisions: 0, present results; ~, Ref. 4; AO+ calculations
(solid line, Ref. 3); CDW-PCI calculations (dashed line, Ref.
4); present model (dash-dotted line); H-He collisions:
present results; present model (dash-two-dotted line) (see text).
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FIG. 3. Binding energies of the relevant quasimolecular
states correlating with the ~+) and

~

—) Stark states in H+-He
(solid lines) and H-He (dashed lines) collisions estimated from
calculated molecular energies. (Refs. 14 and 17).

by the presence of the other collision partner, significant
energy splittings among formerly degenerate electronic
states may arise. At low incident energies, the two col-
lision partners form a transient quasimolecule;' for the
singlet (H-He)+ system we use calculated molecular en-
ergies' to estimate the energy splitting among the diabat-
ic 2sa and 3pa molecular states' which, for large inter-
nuclear separations R ~, correlate with the +) and

~

—) Stark states, respectively (Fig. 3). Qualitatively, due
to the largely different excitation energies in the (H-He) +

system, we expect significantly diA'erent cross sections a.+
and a.—. As estimates of a+ and a — we use the
Oppenheimer-Brinkman-Kramers (OBK) approxima-
tion, ' using at low incident velocities the molecular 2sa
and 3pa energies at R=0. At large incident velocities,
due to the short interaction time, the atomic states experi-
ence little perturbation and we have to take the energies of
the unperturbed states. In between, we average the
molecular energies over the typical response time
r, = 6/E, of the atomic system to obtain average energies

f r, /2

E,=,t~E, [R(t)]dt .
S

The estimated dipole moment (D), is displayed in Fig. 2
and shows the expected behavior: it is large at small in-
cident velocities and approaches zero for high velocities.
Qualitatively, the predicted behavior is in reasonable
agreement with predictions from the continuum-dis-
torted-wave approximation accounting for post-collision-
interaction effects (CDW-PCI, Ref. 4) and with the
atomic-orbital expansion (AO+) calculations of Jain, Lin,
and Fritsch. The same analysis applied to the H-He sys-
tem ' shows that the relevant energy splitting is consider-
ably smaller; the predicted (D), is, hence, less pronounced
although still significantly larger than zero (Fig. 2). '

Our simple model qualitatively explains the observed
differences between (H-He)+ and H-He collisions. Its

a i s i as ~ I
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FIG. 4. The moment (LXAl.- for H(n =2) excitation in
H+-He collisions: ~, present results; &, Ref. 4; AO+ calcula-
tions (solid line, Ref. 3); CDW-PCI calculations (dashed line,
Ref. 4); present model (dash-dotted line); H-He collisions: o,
present results; present model (dash-two-dotted line) (see text).

apparent failure below ~20 keV is most likely due to the
radial couplings' ' which operate in the transient quasi-
molecule but have not been considered here.

In Fig. 4 we display our results for (LXA&, which were
extracted from measurements of the circular polarization
P, in transverse fields. As before the dipole moment,
(LXA), is small in H+-He collisions up until 15 keV and
rises towards larger energies. In connection with previous
measurements of DeSerio et al. , our data indicate an os-
cillatory behavior whose origin becomes evident if we real-
ize that the relative phase g is at least in part due to the
accumulated phase diA'erence

f OO

„~ AE(R)dR
AU~

among the
~
+ ) and

~

—) substates. This quantity is thus
sensitive to the very details of the collision process. The
fair agreement with the present model is fortuitous, how-
ever, since a constant phase pc =tr/2 which possibly arises
from the above-mentioned radial couplings was added to
the calculated dp. In H-He collisions, (L&&A)„as expect-
ed because of the considerably smaller dt's, is negative at
the energies considered here and in fair agreement with
our calculation.

Note added in proof. Recent calculations by Shingal
and Lin ' confirm the general trends of the present experi-
mental results for H+-He.
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