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Using a merged-beam apparatus, we have measured the absolute cross section for the associative ion-

ization process H(1s)+H(2s)— Hy%e ~

between 0.5 and 10 eV. The total cross section rises until a

maximum of 2.4x10 ~'" cm? at the H,* dissociation threshold (3.4 €V) and exhibits a minimum around
2 eV. We attribute this feature to interferences between two reaction paths. Calculations combining a
quantum-defect treatment of the multichannel ionization with a close-coupling treatment of the atom-
atom half collision yield results in good agreement with experiment.

PACS numbers: 34.50.Lf, 82.30.Nr, 82.40.Dm

Associative ionization (AI) is the most elementary col-
lisional process to form molecular bonds. The net result
of an Al reaction is the transfer of the translational ener-
gy of the colliding atoms into kinetic energy of the
departing electron. Considering the reduced-mass ratio
between the entrance and exit particles, it is clear that
this energy transfer must proceed through short-range
Coulomb and exchange interactions, resulting in a com-
plete rearrangement of the electronic clouds. Associative
ionization therefore provides a simple inelastic process to
investigate fundamental aspects of chemical reactivity
and bound-free transitions in atomic collisions. !

We have previously investigated the ionic case H*
+H ™, both experimentally? and theoretically.®> This
highly exothermic reaction is dominated by the Coulom-
bic attraction, and therefore allows little insight into the
details of the reaction mechanisms. Here we consider
the simplest case of neutral H+H?* collisions, i.e., H(1s)
+H(2s), that involves a minimal number of molecular
potential curves with a threshold at 0.75 eV. Molecular
data extracted from a combination of different types of
calculations and spectroscopic observations are available
and are used here in a careful quantal treatment of the
dynamics. On the other hand, we have performed abso-
lute measurements of the cross section that cover the
whole energy domain where the AI reaction is signif-
icant. From the comparison between experimental and
theoretical results, we think we have reached a thorough
understanding of the main aspects of this elementary re-
action.

The experimental setup (Fig. 1) is an improved ver-
sion of the merged-beam single-source apparatus previ-
ously used to study ion pair production in H(1s) +H(2s)
collisions.*

An intense 6.5-keV hydrogen beam is extracted from a
discharge source in the focalizing field of a twin extrac-

tor. The initial compression of the beam is maintained
by the strongly focusing lens preceding the mass
analysis. The protons are separated from the major H,*
and H3* components in a 45° magnetic sector, the coni-
cal pole pieces of which ensure a stigmatic focusing. The
resulting proton beam is then decelerated down to 2 keV
inside a lens doublet. The whole transportation line
(from the extractor to the decelerator) is electrically fed
with respect to the source potential, and is therefore in-
dependent of the actual acceleration voltage. This
feature allows us to sweep the proton energy without dis-
turbing the primary focusing and mass selection.

Excited hydrogen atoms are obtained from electron
capture by protons on cesium, a resonant process leading
to the different n=2 states. The major 2p fraction
quickly decays to the ground state. Electric-field calcu-
lations indicate that the metastable 2s fraction, 25% of 2
keV,> is quenched to 15% before the interaction region is
reached. A pure H(1s) beam is produced upstream by
charge exchange in a xenon cell. The neutral beams are
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FIG. 1. Experimental setup: (1) duoplasmatron source, (2)
twin extractor, (3) electrostatic lens, (4) magnetic sector, (5)
lens doublet, (6) 3-mm-diam aperture, (7) xenon cell (bias
voltage V), (8) cesium oven, (9) 1-mm-diam aperture, (10) ob-
servation cell (bias voltage Vo), (11) three-aperature lens, (12)
magnetic sector, (13) slit, (14) cylindrical deflector, (15) ion
detector, and (16) secondary-emission probe.
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given a velocity difference by applying a bias voltage on
this first cell. The geometry of the merged beams is
determined by two diaphragms located on either side
of the neutralization stage. Under these conditions,
neutral-atom fluxes of the order of 5x10' cm ~2s~!
have been achieved in both beams, providing an unpre-
cedented luminosity in fast merged-beam experiments.

The interaction length is defined, as previously, by
means of an observation voltage applied on a gridded box
surrounding the beam. This voltage determines the ki-
netic energy of the H,% jons, so that these can be
separated, in the subsequent energy analysis, from ions
produced elsewhere. This is performed by a 90° magnet-
ic sector followed by a narrow slit. The ions are detected
on a Johnston mesh multiplier, behind an additional 60°
cylindrical electrostatic deflector that screens it against
the important flux of UV photons produced by the com-
plete quenching of the H(2s) inside a three-aperture lens
preceding the analyzer. The detection efficiency has
been determined by controlled attenuation of a 4-keV
H,* beam.

The flux of neutral atoms is measured downstream, us-
ing a negatively biased copper probe coupled to a fast
electrometer. Its secondary-emission coefficient for
atomic-hydrogen impact has been assumed to be 1.15
times that measured for protons. °

Absolute values of the total cross section have been ob-
tained’ between 0.5 and 10 eV by repeated sweep of the
relative velocity of the reactants. The kinetic energy of
the outgoing H,* was kept constant by synchronously
varying the proton acceleration voltage and the xenon-
cell bias voltage. A detailed description of the experi-
mental method will be published elsewhere. The experi-
mental values are shown in Fig. 2. Error bars represent
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FIG. 2. Total cross section for the reaction H(1s)+H(2s)
— Hy*+e ™. The theoretical results (solid line) have been
convoluted with the experimental energy resolution.
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the standard deviation of the ion yield. Errors in the
determination of the metastable fraction, detection
efficiency, and neutral fluxes amount to a 20% uncertain-
ty on the absolute size of the cross section.

A theoretical study of the Al process measured above
has been performed’ and will be described at length in a
forthcoming publication. Here we analyze the basic
mechanisms for the ion formation, from which a qualita-
tive understanding of the experimental features can al-
ready be obtained. We then outline the main points of
the treatment and present numerical results.

Even for such a simple system as H+H?*, the theory
of AI must account for several features.

(i) Two types of continua—electronic and nuclear
—are involved simultaneously. The whole process may
be viewed as a reactive collision involving two arrange-
ments: atom-atom (entrance associative channels) and
electron-molecular ion (outgoing ionization channels).

(ii) Several types of interactions couple the different
channels. Among the electron-ion channels, vibrational
interactions couple Rydberg and/or continuum states
with the same ion core but different vibrational wave
functions. Dielectronic interactions couple this set of
singly excited states with the core-excited dissociative
states. Finally, the atom-atom channels experience addi-
tional couplings at long range, on their way to dissocia-
tion.

(iii) Two reaction mechanisms coexist and can inter-
fere: the direct electronic autoionization of a doubly ex-
cited molecular state, and the indirect formation of
molecular ions via vibrational autoionization of excited
Rydberg levels. These levels are temporarily formed
through electronic coupling with a neutral doubly excited
state and induce resonances in the total cross section.

The overall energy behavior observed for the cross sec-
tion may be roughly understood from examination of the
main potential curves involved in the process [Fig. 3(a)l.
The ion formation is mainly due to electronic autoioniza-
tion of the doubly excited state (labeled 2) and the reac-
tion probability increases with energy above the reaction
threshold for H>* (v =0,N =0) as new rovibrational lev-
els open for ionization. When the ion dissociation limit
(3.4 eV) is reached, the cross section begins to decrease
[Fig. 3(b)] due to competition with dissociative ioniza-
tion into H+H T +e ~.

However, these basic mechanisms do not explain the
local minimum exhibited by the cross section around 2
eV. The separated-atom limit consists of the two almost
degenerate H(1s)+H(2s,2p) combinations. Nonadia-
batic transitions occur between these channels® when
they transform into the hybrids H(2s = 2p) [region P in
Fig. 3(a)]. The adiabatic energies then split apart due to
the avoided crossing with the ionic HY*+H ~ channel.
At shorter internuclear distances, the two states get a
dominant singly or doubly excited character, respective-
ly, and the transitions around region Q are now governed
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FIG. 3. Dynamics of the process. (a) Diabatic curves from
Ref. 16: curve 1, lsog2so,; curve 2, 2po,2po,. P and Q are
transition regions. (b) Measured cross section. Calculated
electronic coupling (% 10 between Sao and 20ao).

by dielectronic interaction. The probability amplitudes
developing independently along paths 1 and 2 [Fig. 3(a)]
interfere when resumming at the inner crossing point and
cause the oscillatory behavior observed in the cross sec-
tion. As pointed out by Rosenthal for He* +He col-
lisions,? the two transition regions allow the interference
to show up in the total cross section with a single pas-
sage of the collision partners.

The actual calculations use a two-step version of the
multichannel quantum-defect theory (MQDT),'® ex-
tended here to include a quantitative treatment of the
atom-atom multichannel half collision. In a preliminary
step, the channels corresponding to the electron-ion ar-
rangement, on one hand, and to the atom-atom arrange-
ment, on the other hand, are treated independently. The
first set consists of ionization channels defined by the /
partial wave of the external electron outside the ion core,
and by their thresholds which are the successive rovibra-
tional levels of the ion ground state. For each value of /
and A (projection onto the molecular axis) the quantum-
defect function u; (R) is sufficient to account for the in-
terchannel vibrational coupling, through the mixing
coefficients

o= 2M(R)coslrun(R)Z¥(RIGR,,
1
e?l’.‘lf'=f1£V(R)sin[ﬂulx(R)]xl{y(R)dR ,

where y[ is the vibrational wave function for the ion ro-
vibrational level (v,N). We assume the rotational quan-
tum number NV to be conserved for each collision, thus

neglecting any rotational coupling. Following the
MQDT approach,'! we treat open and closed channels
identically at this stage.

The second set of channels consists of the entrance
channel and the molecular states coupled to it at large
distance. Using the close-coupling method, we solve the
system of coupled radial equations for the full collision
and extract the corresponding reactance matrix Ky,
from the asymptotic forms of the channel wave functions

v¥(g,R) =§<Dd'(q,R)F§Yd (R), )

where ®; are the Born-Oppenheimer electronic wave
functions of the molecular states and g stands for the
electronic coordinates. We also obtain the matrix of ra-
dial solutions F2(R) with proper normalization, to be
used in the next step of the treatment, which accounts
for the interaction between the two types of arrange-
ments.

The basic quantities for this step are the dielectronic
couplings V#(R) between a given Rydberg configuration
(external orbital /A) and the doubly excited component
of each dissociative state d. The corresponding interac-
tion matrix elements

V=3 [ RV RFN(R)AR (3)

form the off-diagonal blocks between the two sets of
channels (ionization and dissociation). This interaction
matrix is identified with the partial reactance matrix K,.4
associated with the electronic part of the total Hamil-
tonian. This treatment is thus essentially equivalent to
the multichannel distorted-wave Born approach devel-
oped for reactive scattering.'> Whenever a new dissocia-
tion threshold H+H(n = 3) is reached, one more disso-
ciative channel is introduced with matrix elements Ky,
calculated at first order. We then combine the K., and
Kaa matrix elements with the set of vibrational mixing
coefficients and build a generalized scattering matrix in-
volving the total number of channels. Finally, this ma-
trix is contracted!' to yield the physically relevant
scattering matrix S restricted to open channels. The to-
tal cross section for associative ionization is obtained
through a partial-wave and vibrational summation of
matrix elements |SY|% The partial waves of a given
parity are weighted according to the prescriptions of
nuclear-spin statistics. '3

Among the four molecular symmetries correlated with
the H(1s) + H(n=2) limit, the '=} and 3% ones lead
to doubly excited diabatic states at short range.” How-
ever, we disregard the triplet symmetry because the
(2po,3scg)’E;) configuration state has a very small au-
toionization width and lies way up in the ionization re-
gion. The relevant 'S;" states are the 150,250, Rydberg
state and the first core-excited state (2po,)? [curves 1
and 2 in Fig. 3(a)]l. The large autoionization width of
the latter is known both from electron-ion scattering cal-
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culations'# and from deperturbation of ab initio adiabat-
ic curves.!> The diabatic quantum defects u;,(R) and
Has(R) are taken from the global MQDT deperturbation
of the adiabatic curves performed by Ross and Jungen.'®
The corresponding diabatic curves, connected at larger
distances with the adiabatic ones, are used in the close-
coupling calculation for the atomic half collision. This
step also involves the long-range interaction between the
asymptotic H(1s)+H(2s,2p) channels. As suggested
by Beswick and Glass-Maujean,17 this nonadiabatic ra-
dial coupling, known from ab initio calculations,'® has
been transformed, through an R-dependent 2-by-2 rota-
tion, into the potential-like coupling function shown in
the right-hand part of Fig. 3(c). Note that this transfor-
mation does not alter the short-range diabatic picture
since the two transition regions do not overlap.

The results are reported in Fig. 2 together with the ex-
perimental values. The absolute value of the cross sec-
tion, in good agreement with experiment, is roughly
twice as large as the theoretical results of Takagi and
Nakamura,!® who divided their results by a factor of 2,
which comes from a different interpretation of nuclear-
spin statistics. In the high-energy range, the discrepancy
between theory and experiment probably originates in
our first-order treatment of the ionization loss due to the
H+H(n=3) escape channels. We plan to account
more properly for this competition by including these ad-
ditional channels in the close-coupling treatment.

Most satisfying is that the interference pattern ana-
lyzed above is well produced when the close-coupling cal-
culation for the entrance half collision is combined with
the MQDT treatment. A similar interference effect has
been recently demonstrated for the H(2p) to H(2s)
branching ratio in the photodissociation of molecular hy-
drogen. %

For the energy range of pure associative ionization
(below 3.4 eV), we think that the present calculations do
account for the most important features in the dynamics
of this Al process. The strong interference effect demon-
strated by the experimental results emphasizes the need
for a detailed multichannel treatment in each particle ar-
rangement. The theoretical approach reported here
could be applied to the interpretation of polarization-
sensitive experiments like Na(3P)+Na(3P) associative
ionization, and to the calculation of branching ratios in
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the dissociative recombination of molecular ions.
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