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We present an experimental and theoretical study of the branching ratios in the dissociative
recombination ofHD* with low energy electrons. The results give direct insight into the dynamics of
the avoided curve crossing process between the dissociative state and the Rydberg series of the neutral
molecule. Excellent agreement between the experimental results and the theory, based on a Landau-
Zener formulation of the crossing process, is obtained. [S0031-9007(97)03965-3]

PACS numbers: 34.80.Gs

When a molecular ion collides with a low-energy elec-the experimental verification, a valuable tool is provided
tron, it can capture the electron and dissociate. The reor predicting final-state branching ratios in the DR of
sulting process of dissociative recombination (DR) [1] ismolecular ions.
one of the most important reactions of molecular ions in The relevant potential energy curvesldf; symmetry
astrophysical plasmas. For example, final-state branchHer HD [3] are shown in Fig. 1(a) in the quasidiabatic
ing ratios and the associated distribution of the fragmentrepresentation [4,5]. The autoionizing statgpo,)?
kinetic energies after DR are important quantities inlﬁg, populated from the continuunHD™(X) + e, is
planetary ionospheres as they determine fragment escaperrelated to the neutral channel labeled= 2, i.e.,
probabilities from the gravitational field and isotopic con-H(n = 2) + D(n = 1) or D(n = 2) + H(n = 1). On
centrations in the atmospheres [2]. The species impor-
tant in these environments comprise many diatomic and
polyatomic molecules, includingl,” and its isotopomer s
HD™" which are particularly amenable to a detailed theo- ol
retical treatment of the recombination reaction.

The DR processHD* + ¢ - HD™ — H + D can
be viewed as a two-step reaction consisting of the for- or
mation, by inverse autoionization, of a doubly excited
neutral-molecule stat¢ HD**) and its subsequent dis-

sociation into neutral atomic fragments. Characteristi- R
cally, a single doubly excited state provides the coupling i
to the electronic continuum necessary for the capture step,

but then the way toward a large number of final states is r
opened up as, with increasing internuclear distance, the 2

dissociating state crosses the Rydberg series of bound po-
tential energy curves of the neutral molecule which con-

verge to the ionic ground state. In this Letter, we present 0
the first detailed experimental study of this dissociation -
phase of the DR process, using vibrationally cold ions
and a novel three-dimensional, highly resolving fragment
imaging method for the final-state analysis. With the
data we demonstrate that a surprisingly simple theoreti- 5
cal model, based on Landau-Zener transitions in multiple R (ay,)
avoided curve crossings, yields excellent agreement with L .
the observations. Due to its simple structure controlle IG. 1. (a) Relevant quasidiabatic potential curves for HD and

. D* [3], showing the ground state ¢{D* (dashed line), the
by few parameters, the theoretical model appears tranﬁydberg series for the neutral states, and thpo,)> 'S

ferable to other molecular systems of more compli-autoionizing state. (b) Relevant adiabatic potential curves of
cated electronic structure; therefore, in connection withHD* and HD [6].
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the other hand, the adiabatic states of symmé‘fry [6], differenceAtr between the impacts for each pair of H and
shown in Fig. 1(b), must strictly obey the noncrossingD fragments, their three-dimensional distantg upon
rule of von Neumann and Wigner [7]. In the DR process,arrival at the detector can be determined using the relation
diabatic transitions occur at the avoided crossings betwee#®, = (voAr)? + dap, Wherev is the ion beam velocity.
these adiabatic states so that various final states can beThe kinetic energy releas&; in the c.m. frame is
populated if energetically accessible, as was discussaépresented by the difference between the c.m. elec-
by many authors [1,8]. The size of thetal DR cross tron energyE. and the internal (electronic) energy of
section can be predicted rather well without consideringhe fragments, measured relative to the initial (rovibra-
the distribution of flux at the avoided crossings. Crosdional) energy level of HD*. Recombination events
section calculations were found to be in good agreemerdssociated with a kinetic energy reledgeyield the three-
with recent measurements using relaxed molecular ions idimensional fragment distance
storage rings [9—12]. No experiments so far have dealt . /
with the partial cross sections into different final states dsp = L(M//mymz W Ex/Eo. Sy
for low-energy DR via thg2po,)? curve, which reflect where E, is the ion beam energy, the distance from
the diabatic transition rates at the avoided crossings. It ithe dissociation point to the detectd¥] the molecular
important to point out that these transitions also form arion mass, andn; andm, are the fragment masses. The
integral part of other types of dissociation processes (suctlistribution of the measured three-dimensional distances
as photodissociation) and as such their understanding i&p for events with a given fixedE, is broadened in
of high relevance in the unfolding of the dynamics of this experiment by the finite extension of the interaction
molecular breakups. region (1.5 m= 23% of the average distancgé, =

In this work we have measured and calculated th&.47 m) and by the 170-ps time resolutior={7% of
branching ratios for DR oHD* in the range of center-of- the typical relative time difference of<l1 ns). The
mass (c.m.) electron energi€s of 0—2.5 eV, combining measured!;p distributions also contain some background
the heavy-ion storage ring technique with a new threeeoming mainly from the bending regions of the electron
dimensional imaging method for the molecular fragmentscooler [15], which produce DR events with higher-
Using storage rings one can produce fast and intensenergy electrons, but these events mostly have higher
vibrationally cold molecular ion beams [9—-15]. The first kinetic energy releases. The measurement of the time
experiment probing the branching ratios into differentdifferenceAr allows one to suppress completely random
atomic final states in molecular DR was carried out bycoincidences between two unrelated single fragments
our group [16] using a two-dimensional fragment imagingproduced by collisions with the residual gas.
technique. Data obtained in this earlier work showed that The three-dimensional distance spectra as measured
atE, = 0 DR of HD* leads only to thes = 2 channels. for three different electron energies in a time interval

The Test Storage Ring (TSR) [17], located at theof 1-15 s after the injection are shown in Fig. 2.
Max-Planck-Institut fur Kernphysik, Heidelberg, was Background subtraction and correction for the efficiency
filled by a beam of 2-MeVHD™" ions from a Van de of the photomultiplier, considering its detailed anode
Graaff accelerator and a standard Penning ion source. Thsructure [18], have been applied. The expected relative
basic experimental setup has been described previoustiistancesdsp for recombination into the different final
[15] and will be presented here only shortly. Typically channelsn = 2,3, 4, calculated forHD™" ions in the
107 particles circulated in the ring with a lifetime of rovibrational ground state and fdr = L,, are marked
=15 s. The circulating ion beam was merged with thewith arrows. As can be seen, the different contributions
5-cm diam, quasimonochromatic electron beam of theshow up as separate peaks centered close to the calculated
electron cooler over a length of 1.5 m, providing electrongositions, which confirms both the relaxation of the
at a typical density o2 X 10° cm 3 and a temperature ions stored in the ring and the resolution obtained in
of =0.015 eV in the comoving reference frame. An the fragment imaging. AtE, = 0 [Fig. 2(a)], only a
80-mm diam chevron microchannel-plate (MCP) detectosingle peak is found as only the = 2 final channels
was mounted straight ahead of the cooler section at are accessible. AE, = 1.81 eV [Fig. 2(b)] then = 3
distance of 6 m to detect the neutralized particles fronthannels are accessible and indeed formed with relatively
the cooler region. Each impact on the MCP producedigh branching ratio; at, = 2.12 eV [Fig. 2(c)], also
a light spot on a phosphor screen located behind théthe n = 4 channels are open and do yield a sizeable
MCP. The positions and times of impact of each of thecontribution. Hence, it is immediately apparent that DR
fragments were analyzed using a new three-dimension&tads to substantial production of excited products as soon
position and time detector [18]. In this detector setupas the electron energy is above the threshold for their
a CCD camera digitizes the spatial coordinates with dormation.
resolution of 50um; in addition the screen is imaged onto  For the whole series of measurements, the branching
a 16-strip multianode photomultiplier which measuresratios were obtained by integrating the surfaces of the
the time of impact of each fragment with a resolutionobserved peaks and normalizing the results to yield a
of 170 ps. From the relative positiafyp and the time unity sum. The results foE, > 1.1 eV are shown in
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FIG. 2. Distributions of the three-dimensional distance be-
tween the DR fragments as measured for different electron en- Electron Energy (eV)

ergies: (E, = 0, (b) E, = 1.81 eV, and (C)E, = 2.12 eV. . : + :
Each peak in the spectra is marked with its corresponding fina'i]!% egél eEtrr?)rrllcglr]ne%gr;/itflgft:\%rfitI?aeI EtgbeosH;Dz fi% f’l;nzcnfn

state and kinetic energy releaBg, and with an arrow pointing ndn = 5.6. The symbols are the experimental results and the

to the expected three-dimensional distance for dissociation frorﬁneS the results of the calculation. The theory for 5 and 6
the average distande, (see text). is shown by full and dotted lines, respectively.

Fig. 3; for E, = 1.1 eV only the neutral channel with lso, nlo, series. The parametets, V;, and V,, are

n = 2 is populated. The error bars are mainly due tofunctions of the internuclear distan®e Haziet al. [21]

the background subtraction and to the uncertainties in themade use of these relations to extract the width of the
detector efficiencies for different fragment distances. Th&2p¢,)? resonance and thereby confirm thedir initio cal-
results show that the opening of each new channel occugulations. A multichannel quantum-defect analysis of the
very fast at its energetic threshold. However, when moreb initio potential energy curves has been performed by
and more channels open with increasing electron energRross and Jungen [22], yielding parameters in good agree-
no single asymptotic state is really predominant. ment with the previous determination.

In order to analyze the results in a more quantitative Provided (2po,)* is the only diexcited state to be
way, we have developed a theoretical description of thgopulated by the low energy DR considered hefg €
branching process based on the Landau-Zener formula:5 eV), the branching ratio problem is restricted to the
tion. As described above, th@pa,)’ 'S/ state (the multiple curve crossing scheme depicted in Fig. 1(a),
first member of theD, series of diexcited states converg- where the lowes, state crosses the two Rydberg se-
ing to the2p o, ionic core) has been recognized for longries 1so, nso, andlso, ndo, in a very narrow range of
as the main route toward dissociative recombination ainternuclear distance(6a, < R < 3a,). At such short
low energy forH," and its isotopomers [19,20]. The distances, the configuration states, i.e., singly and doubly
diabatic curve of this state can be easily traced in thexcited configurations of molecular orbitals, constitute a
bound part of the spectrum since it produces a charactettiabatic basis. It seems therefore appropriate to adopt a
istic pattern of double minima [see Fig. 1(b)]. Precisely,Landau-Zener formulation for the transition probabilities
this avoided crossing series has been used to diabatize thesociated with the successive crossing points. The rele-
set of potential energy curves to obtain that of thes,)*>  vant parameters were already given in the early work of
12; resonant state and, as a by-product, its autoionizatioRlazi et al.[21], and are used here to treat the redistribu-
width I through the relatiod” = 27 Y ,_, 4,IV,I>, where  tion of flux taking place along the Rydberg series, fol-
V, stands for the electronic interaction with the scatterdowing the multistate-curve-crossing model (MSCC) of
ing continuas andd. The latter parameters are related toCohen [23].
the two-state interactiof,; responsible for the avoided  For the final results the assignment of correct asymp-
crossing between th@p o,)? state and a given Rydberg totic final states to the different configuration states within
state through the Rydberg formula = (n — w;)*?V,;,  the tWOIE; Rydberg series is of particular importance.
where u; is the quantum defect associated with theThe case of the series is relatively simple, each state
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dissociating intoH + D(n) or D + H(n) according the internal excitation states of the fragments after DR and
to the principal quantum number of its Rydberg or-other similar breakup processes. Radiative emission, frag-
bital nso,. The fact that both the2po,)*> and the ment reactivities, and fragment escape probabilities from
lso, 250, configurations dissociate into identical atomic gravitational potentials can be modeled with this informa-

states brings in some interference, as discussed by Urbaiion. For the specific case ¢fD ", both experiment and

et al.[3]. Thed series is characterized by the phenome-+theory show that a considerable part of the fragments ac-
non of orbital promotion, by which thedo, orbital is  quire a high degree of internal excitation and correspond-
correlated to a lower separated atom lintit,+ D(n —  ingly low kinetic energies as soon as the related channels
1) or D + H(n — 1), due to the (quasi) degeneracy ex- are energetically open. Similar studies on other systems
isting between these two arrangements. This effect proappear desirable in order to verify if this behavior gener-

duces the humps exhibited by the states? 'S+, and0  ally occurs in molecular dissociation.

'S¢ [see Fig. 1(b)]. According to the diabatic correlation ~ This work has been funded in part by the German Fed-
diagram, thelso, 3do, configuration state should disso- eral Minister for Education, Science, Research and Tech-
ciate intoH + D(n = 2) or D + H(n = 2). However, nology (BMBF) under Contract No. 06 HD 8541, the EU/

its avoided crossing with the ionic state At= 11q¢, HCM program, and by the German Israel Foundation
makes it turn around and exchange its correlation wit{GIF) under Contract No. 1-0452-200.07/95. X.U. is Re-
that of the(2po,,)* state. The first member of theseries search Associate of the Belgian National Fund for Scien-
therefore has not been considered as a neutral dissociatiffic Research (FNRS).
channel.
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