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Selective Excitation of Parabolic Stark States of He I by Proton Impact
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Resonancelike intensity variations of the impact radiation were observed at electric-field anticrossings
of 1snl 'L and 3L Stark sublevels (n =5,6, 7; l ~ 2), when investigating excitation of helium atoms by
12.5 keV proton impact. The measured signal amplitudes provide strong evidence that the collision
process excites the electron selectively to the (n~, n2, m) hydrogenic Stark states (0, n —1,0) and
(0, n —2, + 1), indicating that the electron is promoted along in-saddle sequences of H2+-like molecular
orbitals during the final phase of the collision.

PACS numbers: 34.50.—s

Excited atomic states formed in inelastic atomic col-
lisions are usually superpositions of atomic eigenstates
with some degree of coherence. Here we consider co-
herent excitation of neighboring energy levels with oppo-
site parity and diA'erent angular momenta L. An impor-
tant property of atoms excited to such coherent superpo-
sition states is an asymmetry of the electric charge distri-
bution. In particular, for levels with hL =1, a suitable
coherence parameter is the electric dipole moment of the
transient impact-excited state [1]. Such electric dipole
moments have been detected for both hydrogen [1-4] and
helium atoms [5,6]. In integral measurements, the dipole
moments are parallel or antiparallel to the projectile
beam and can be determined by investigating the impact
radiation as a function of an electric field varied from
pointing upstream to downstream. Thereby, the electric
dipole moments of the impact-excited states are corn-
pared with the electric-field-induced dipole moments of
atomic Stark states [6]. In the measurements performed
so far, the investigated impact radiation originated from
the decay of a multiplet of Stark sublevels and, therefore,
gave rise to complex superposition signals. More detailed
information is obtained when analyzing the population of
single Stark sublevels separately. For impact-excited
helium states, such measurements are possible without
high-resolution spectroscopic equipment by investigating
the eAect of electric-field singlet-triplet anticrossings [7]
on the impact radiation. A particularly clear situation is
encountered when investigating H+-He collisions. Ac-
cording to Wigner s spin conservation rule, the helium
atom can be excited by proton impact to singlet states
only [8]. Therefore, as long as mixing of singlet and trip-
let states is negligible, the spectral lines of the Her triplet
system are absent in the radiation spectrum induced by
proton impact. However, at an anticrossing, where a
singlet and a triplet Stark state become mixed completely
due to spin-orbit interaction, a spectral line of the triplet
system appears. This intensity increase of the triplet line
and the intensity decrease of the corresponding singlet
line is proportional to the number of helium atoms excit-
ed to the singlet substate of the anticrossing.

In the present work we studied helium atoms excited

by 12.5 keV proton impact to states with principal quan-
tum numbers n =5, 6, and 7. A proton beam was crossed
with a beam of thermal helium atoms excusing from a
capillary multichannel plate. An electric field F of up to
11 kV/cm pointing upstream (F (0) or downstream (F)0) with respect to the proton beam was established in

the collision volume by applying voltages —5 ~ U +
~ + 5 kV with opposite signs to a pair of tubes (diam=8
mm, spacing between the tubes d =7 mm) upstream and
downstream of the collision volume. Details of the exper-
imental setup were published earlier [61.

We measured the intensities Iq(F) of the HeI spectral
lines corresponding to the transitions 1snd'D-1 s2p 'P and
1snd D-ls2p P for n=5, 6, and 7 as functions of the
electric field —11 F ~ +11 kV/cm. Since the spectral
lines were selected by interference filters with typical
bandwidths hX —10 nm, the Stark components of the
nd-2p transitions as well as the electric-field-induced
Stark components of the neighboring singlet or triplet
nl-2p transitions with I ~ 3 were detected with approxi-
mately the same efticiency.

Recordings of Ix(F) for the two spectral lines at
X(is5d' D-Is2p' P) =439 and 403 nm, respectively,
are shown in Fig. 1. A surprising feature of these record-
ings is their pronounced asymmetry with respect to the
sign of the electric field. There are four resonancelike in-

tensity variations at electric fields directed upstream.
These intensity maxima of the triplet line and the corre-
sponding minima of the singlet line can be attributed to
the four 'A& A anticrossings of the 1s5d Stark sublevels
(Fig. 2) discussed by Kaiser, Liu, and von Oppen [7].
The resonances at F= —4.7, —7.8, and —10.0 kV/cm
are due to the anticrossings of the 1s5d'H sublevel with
the ls5d 5,, H, and Z, respectively. The strongest reso-
nance at F = —5.7 kV/cm is due to the ls5d 'Zx II an-
ticrossing. Surprisingly, these resonances are almost not
visible at fields directed downstream. Instead, there are
less pronounced intensity variations which can tentatively
be ascribed to anticrossings of the ls5f and ls5g
configuration (Table I). Similar results were found for
n =6 and 7.

Besides these resonances at nonzero electric fields, the
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FIG. 2. Electric-field splitting of the 1s5d configuration.
Term energies as E/hc (cm ') are plotted vs electric field F
(kV/cm). The sublevels are characterized by Stark quantum
numbers 6=iIi. i. The three anticrossings of the 'fl sublevel
are marked by filled circles and the anticrossing of the 'Z sub-
level by an open circle.
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FIG. 1. Recordings of the intensities of the impact radiation
at X=439 and 403 nm as a function of the electric field F;
above: F pointing upstream (triplet and singlet transition) and
below: F scanned from upstream to downstream (triplet transi-
tion).

intensity variations around F =0 also contain valuable in-

formation about the asymmetry of the electronic charge
distribution after the collision process [6]. However, a
detailed analysis of these signal structures is elaborate,
since the mixing of opposite-parity states caused by the
electric field interferes with the demixing of singlet and
triplet states [8] due to the same field. Moreover, the in-

tensity variations near zero field are complicated superpo-
sition signals with contributions from all Stark sublevels
of the 1s5d'D level as well as from various cascade pro-
cesses.

In what follows we shall concentrate on the interpreta-
tion and evaluation of the anticrossing signals at nonzero
electric fields. The observation that the signal amplitudes
are extremely diA'erent for F & 0 and F & 0 indicates that
the excitation process is highly selective not only with

respect to the spin quantum number S but also with

respect to orbital quantum numbers of the excited elec-
tron. On the one hand, the Zeeman substates of 1snl lev-

els with A ~ 1 are predominantly populated as is well

known from polarization measurements on the impact ra-
diation [9]. On the other hand, we infer from our mea-
surements that the impact-excited HeI states are almost
orthogonal to the ls5d Stark states ils51'A;F) in an

electric field pointing downstream, whereas the 1s 5d

TABLE l. Electric-field strength F„of the ls5d, ls5f, and
1s5g singlet-triplet anticrossings, the measured relative popula-
tion numbers P p of the singlet Stark substates at the anticross-
ings for F (0 and F & 0, and the squared moduli ic(F„)i of
the expansion coefficients c(F„) (see text).

Crossing
sublevels

Fac in

k V/cm
Pexp

F&0 F)0 F&0 F)0
1s5d 'Hx 6

'Xx 'rI

[rI x 'ri
rix g

ls5f 'fIx g
'xx 'rl

]rex 'rl
Qx p

1s5g 'nx
gx Q

4.71
5.74

7.82
10.01
6.50
6.60

7.06
9.73
6.36
8.90

1.0
1.6

0.9
0.9

& 0. 1

& 0,2
& 0.2
& 0.2
& 0.3

& 0. 1

0. 1

& 0.2
& 0. 1

0.3

& 0.2
& 0.2

0.6
0.4

0.86
0,49

(o.41)
0.89
0.91
0.00
0.02

(0.25)
0.00
0.00
0.00
0.02

(o.o2)

0.06
0.04

(o.oo)
0.03
0.02
0.08
0.05

(o.oo)
0.07
0.09
0.56
0.15

(o.77)

Stark states in fields pointing upstream are strongly popu-
lated.

The selectivity of the excitation process can be ex-
plained by assuming that the excitation of I » 2 states of
Hei by 12.5 keV p-He collisions proceeds in two steps:
the close encounter and the final phase [6,10]. The exci-
tation mechanism taking place during the close encounter
has been extensively discussed [11,121 in connection with
experimental investigations of charge-transfer excitation
of n =2 states of hydrogen atoms by H+-He collisions at
moderate energies [13-15]. According to the molecular
orbital (MO) model [11],one electron can be promoted
to n=2 united-atom states after an initial diabatic 1so-
2po. transition. During the final phase the collision sys-
tem then evolves from the n =2 united-atom states via the
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molecular 2po, 2px, or 2so. states to the separated-atom
states observed in the experiments. Since the transition
from the molecular states to the separated-atom state is

strongly nonadiabatic, not only n =2 separated-atom
states but also n & 2 states with A ~ 1 are populated.
Recently, when analyzing Hz+-He [5] and He-He col-
lisions [6], we pointed out that the promotion to n & 2

states is provoked by inertial forces.
Considering H -He collisions, the promotion of elec-

trons during the final phase can be described more pre-
cisely. After the close encounter, the n =2 state electron
is moving in an H2++-like two-center Coulomb potential
of the proton and the He+ core. This motion can be de-
scribed by MO saddle dynamics introduced by Rost and
Briggs [16]. According to the MO saddle dynamics of
the H2+ system, an electron starting from the united-
atom states 1so., 2so., and 2pz can be promoted during
the final phase of the collision along the in-saddle se-
quences of MO potentials 1so.-3do.-5go. . . . , 2so.-4do-
6ga. . . , and 2prr 4' 6hrr-. . . -, respectively. The orbitals
of a sequence are connected by avoided crossings at in-
teratomic separations where the molecular state trans-
forms to a separated-atom state. Each sequence gives
rise to the excitation of exactly one parabolic Stark state
~n;n~, nz, m) of each separated atom with given principal
quantum number n. For n=5, one finds that the isa,
2so, and 2pz sequences lead to the parabolic states
~5;0,4, 0), ~5;1,3,0), and ~5;0, 3, + 1), respectively.

Assuming that these parabolic states are excited selec-
tively by 12.5 keV proton impact, we calculated the ex-
pansion coe%cients c (F) = (5;n ~, n2, m

~
I s 5l 'A;F) and de-

duced the relative population numbers ~c(F)~ of the
singlet Stark substates at the anticrossings for F & 0 and
F & 0 (Table 1). The relative population of the 'X Stark
states may arise from promotion along the 1so. or the
2so. sequence. Accordingly, we calculated the popula-
tion numbers resulting from the impact-excited states
~5;0,4, 0) and ~5;1,3,0) (Table I; the latter ones are in

parentheses). The relative population of the 'II states
was calculated by assuming that the impact-excited states
are ~5;0, 3, +'1). The population numbers ~c(F)

~
are to

be compared with the experimental values P p They
were deduced from the relative amplitudes of the an-
ticrossing signals taking into account the broadening of
the signals due to the field inhomogeneity and calculated
branching ratios for the decay of the Stark states. Re-
garding the 'H states, the calculated population numbers
~c(F)

~
agree reasonably well with the experimental

values P,„p. This agreement confirms that saddle dynam-
ics, predicting a unique population distribution for the H
states, are well suited for describing the final phase evolu-
tion. Excitation of the 'Z states, which may be reached
via the 1so and 2so in-saddle sequences, proceeds mainly
via the 1so sequence. In particular, the signals found at
F =+5.7 and +8.9 kV/cm and the absence of a signal at
—6.6 kV/cm show that the 2scr sequence is less impor-
tant. Overall agreement between the calculated and ex-

perimental populations numbers is obtained by assuming
that the parabolic Stark states ~5;0,4, 0) and ~5;0, 3, + 1)
are collisionally excited in the ratio 3:1. This interpreta-
tion of our experimental results clearly emphasizes that
quasimolecular eAects are essential for H+-He collisions
at proton velocities v& =0.7 a.u. It should be noted that
for these collisions a molecular excitation mechanism had
already been conjectured by van Eck, de Heer, and
Kistemaker in 1964 [9], when discussing maxima of lsnd
excitation cross sections in the energy region of 10-15
keV.

Some important conclusions can be drawn from these
results regarding the basic mechanism responsible for ex-
citation in H+-He collisions. In particular, we conclude
that during the close encounter excitation of an electron
to the 3do state is more likely than to the 2so state. This
finding sheds new light not only on the excitation of heli-
um atoms but also on the charge-exchange excitation of
the n =2 states of hydrogen by H+-He collisions, and
may dissolve discrepancies so far existing between theory
and experiment. Polarization studies on the Ly-e line
[15] indicated that the population of the 2p Zeeman sub-
state with I=0 is significantly higher than expected
theoretically [11]. However, the theoretical treatment
was based on the assumption that only promotion via the
2po. MO contributes to the excitation process. We con-
clude from our experimental results that the excitation of
o states proceeds more likely via an initial evolution
along the (Isa) potential (which predominates by 2 or-
ders of magnitude [11]). Only when the atoms separate
is one electron promoted to the 3do. orbital by a mecha-
nism similar to 1so.-3do. transitions in the symmetric
H2+ system as suggested by MO saddle dynamics.

This close-encounter process may then be followed by
either an adiabatic transition to the parabolic Stark state
~2;0, 1,0) of the separated atoms which has an asym-
metric charge distribution agreeing in sign with that ob-
served experimentally [4], or by diabatic transitions along
the 1so in-saddle sequence leading to higher excited
states of hydrogen and helium. Though this mechanism
seems to be predominantly responsible for the excitation
of m =0 states by H+-He collisions, it is certainly much
less important in collisions of hydrogen atoms with heli-
um. In this three-electron system, one electron is always
initially promoted along the 2pcr orbital [17]. Therefore,
population of the 2so orbital by radial coupling may be
more likely than population of the 3do. orbital by MO
saddle dynamics. Indeed, that seems to be the case. The
2so. orbital of H2+ is adiabatically connected to the
~2;1,0,0) state. Therefore, it is not surprising that the
measured electric dipole moments of H(n =2) states ex-
cited by H+He collisions [3,4] are opposite to the elec-
tric dipole moments found for H+-He collisions.

In summary, the electric-field anticrossing technique
provides an excellent experimental tool for measuring
electric dipole moments of impact-excited states of He[.
These dipole moments are formed by inertial forces. MO
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saddle dynamics seem to be the appropriate basis for a
basic understanding of the evolution of the impact-
excited state during the final phase of the collision pro-
cess, and allows us to identify the precursor molecular
state of the collision system arising from the close en-
counter. The conclusions drawn here with respect to the
H+-He system may initiate new theoretical investigations
of this fundamental collision system.

The authors thank the Deutsche I.orschungsgemein-
schaft for financial support.
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