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Product-state distributions in the dissociative recombination ofHeD* and “HeH*
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Asymptotic atomic-state branching ratios for the dissociative recombination of %teBb* and “HeH*
have been studied using the CRYRING and TSR heavy-ion storage rings. The kinetic-energy release in the
recombination process was measured for incident electron energies between 0 and 15 eV. It was found that the
He(1s?) +D,H(n=2) channel completely dominates at zero electron energy. The branching ratios observed
slightly above the threshold for the=3 state of the HD) atom indicate a rapid switchover of the final-state
population to this level. At collision energies above 10 eV many channels leading to excited He atoms are
found to contribute, and also a strong angular anisotropy of the dissociation products is observed.
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PACS numbgs): 34.80.Gs, 34.80.Ht

Dissociative recombinatiofDR) has been known for of the tunneling mode. Results from a single-pass merged-
many years to be a very fast process if the ground electronibeams experimeritl3] and a flowing afterglow Langmuir
state of the molecular ion is crossed by a neutral, doublyrobe experimen{14], on the other hand, indicate that
excited state close to the equilibrium geometry. In recentieH™ recombines very slowly. Regarding the comparison
years it has become apparent that the occurrence of thigith theory, the positions of the resonances in the low-
crossing is in fact a sufficient but not necessary criterion forenergy DR cross section observed at CRYRING for
efficient recombinatiofil]. In the noncrossing mode of dis- *HeH" [8] and “HeH* [9] are not in particularly good
sociation(“tunneling mode”), a single-electron radiationless agreement with the respective calculatigr$2,15. This
transition replaces the two-electron radiationless transitiosomewhat unsatisfactory situation is balanced by the good
that controls the crossing mode, and the DR is driven by thegreement concerning the overall absolute value of the DR
kinetic-energy-derivative operator. Being the simplest caseross section for botiHeH" and “HeH™.
of tunneling-mode recombination, HéHhas recently been In the present work we investigated the kinetic-energy
the subject of theoretical calculations by Sarpalal. [2] release in dissociative recombination ofHeD' and
using theR-matrix method for*HeH*, and by Guberman “HeH™ for incident electron energies in the range 0—15 eV.
[3] using multichannel quantum-defect theqiyQDT) for ~ These experiments were carried out fsteD™ at the heavy-
SHeH™. Although a qualitative agreement exists between
both theories with regard to the mechanism driving the DR 30
and to the overall size of the DR cross section, they predict
different dissociation limits at near-zero electron energy.
Whereas, according to thie-matrix calculation[2], recom-
bination to the ground state of HelX 23 "; see Fig. 1,
yielding hydrogen in the ground electronic state at large in-
ternuclear distance, has the dominant cross section, the
MQDT calculation[3] predicts that theC 23" state, leading
to the asymptotic state HE2), totally dominates the re-
combination route. However, since the DR is driven by the
nuclear kinetic-energy operator, strong influences of isotopic
effects on the final-state population cannot be excluded. The
present experiments try to resolve the above theoretical dis-
crepancy by measuring the final quantum state of the frag-
ments released in the DR éHeH"' and *HeD™*.

lon storage rings have recently emerged as powerful tools
for the study of processes involving the interaction between
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ions and electrons[4—6]. Experiments on HeH at FIG. 1. Potential-energy curves 6HeH" and *HeD™, heavy
CRYRING [7-9], TARN Il [10,11, and TSR[12] have solid curves showing ionic states, thin solid curves showibg
found quite large DR cross sections in favor of the efficiencyand dashed curvedI neutral state$3,25].
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ion storage ring CRYRING, located at the Manne Siegbahrions (E,), and the angle of the molecular axis during dis-
Laboratory at Stockholm University, and fdHeH™ at the  sociation with respect to the electron beam, and can be ex-
TSR storage ring located at the Max-Planck-Institut fu pressed asD=L3&,sind with 8,=VE, o/Ep(Myet my)/
Kernphysik, Heidelberg. The experimental methods Wera/m [16,18,19. The excitation energ¥, of the frag-
similar: A molecular ion beam is stored for a period which isments relative to the initial rovibrational state of the molecu-
longer than the lifetime of the vibrational stafds]. The ion lar ion is then given by energy conservation Bs=E
beam is then merged with a monoenergetic electron beam, Exn- The spectrum of transverse distanc&(D), is
which is used both for phase-space cooling of the ion beargroadened by the finite ion-electron interaction length and by
and as an electron target. The center-of-mass eri&rgyfor  the angular distribution of dissociation products. Analytical
electron-molecule collisions can be set by varying thegynressions can be derived for various initial angular distri-
electron-beam velocity while keeping the ion velocity f'xed'bution and are given in Ref18]. The final projected dis-

The neutral fragments created in the electron cooler exit th?ance spectrur®(D) is a sum of distribution®, (D) for the
ring after the next dipole magnet, and impinge on a detector )

i . ) . “‘eénergetically allowed final states with weights represent-
where they are analyzed employing an imaging technique . .
introduced at the TSIRL6]. ing the branchmg ratios. . . .

At CRYRING, the 3HeD™ molecules were created in an By controlling the electron-ion relative velocity, trans-
electron-impact ion source MINIS, injected into the ring atVerse dlstan(_:e spectra were measured at various coII|S|on en-
30 keV, and further accelerated to an energy of 19.2 MeV€'91€SEcm with a c.m. energy spread full width at half maxi-
The collinear electron beam had a transverse electron tenf?Um [20] ranging from the transverse electron temperature
perature of 10 meV and an overlap region with the ion beanfit Near-zero energies up40150 meV forE, , =15 eV. The
of 0.9 m. The beam was stored ferl0 s prior to starting the electron and the ion beam could be aligned to each other
measurement, which lasted for 3.5 s; the mean storage lifévithin =1 mrad by optimizing the electron cooling process
time of the ions was 15 s. Dissociation products hit a two-in the storage ring, so that the c.m. energies arising from
dimensional imaging detector, located at a distance of 6.3 rheam misalignments could be kept below 1 meV. Analytical
from the midpoint of the electron cooler. The detector con-expressions of the projected distance spectrum, taking into
sists of three microchannel platddCP) with a diameter of account the finite electron-ion interaction length and angular
18 mm, and a phosphor screen. The light from the phosphatistributions specified below, were fitted to the data. Contri-
was imaged onto a free-running charge-coupled-device canbutions to the transverse distance spectra from different
era controlled by a personal computer via a fast frame grabchannels overlapped and could be resolved if their KER dif-
ber interface card {1400 frames per secopdThe frame  fered by=10%.
grabber was initialized by a pulse generated at the beginning |n Fig. 2 we show the transverse distance spectra mea-
of each measurement gate. The detector was operated iNggred at low c.m. energy fofHeD* (CRYRING) and for

trigger mode[16] in order to suppress random coincidencesap g+ (TSR). Different projected-distance scales apply to

between two unrelated single fragments produced by COI_”The two setups since the beam energies and the flight paths of

BR products are different. At zero c.m. energy the only two
voltage between MCP and phosphor screen is switched off in. T " o .
~40 1us whenever an impact on the MCP is detected by ;alssomatlon limits energetically allowed for molecular ions

fast photomultiplier. Only frames containing hits from two In the ground v!bratlonal level arf T‘@ ++H(D)(n—1,2),
fragments were analyzed, and the relative distances betwei?:e corresponding KER fofHeH™ (*HeD™) being 11.75
these fragments were extracted. The resolution of the systeft}-74 €V and 1.551.54 eV forn=1 and 2, respectively
is 260 wm. [21—24_. Both spectra ;hoyvn in Fig. 2 were flttgd assuming
At the TSR, the*HeH* beam was produced by a Van de |s_otrop|c angular distributions of the d|§soqat|on products
Graaff accelerator with a standard Penning ion source anith the KER as a free parameter. The fits yield 1.55 eV for
circulated in the TSR at a fixed energy of 1.99 MeV. The ‘HeH™ and 1.52 eV for®HeD", indicating a final state
beam was merged with the electron beam of the electron=2 for the H (D) fragments. No events corresponding to
cooler over a length of 1.5 m, the transverse electron temthe production of ground-state kD) atoms were found
perature here being near 15 meV. The beam was electraabove the background level. Also, the distributions do not
cooled for~5 s before starting the measurement, and daténdicate the presence of any vibrationally or electronically
were recorded for=26 s. The imaging detector used for excited components in the ion beam. This last point contra-
measuring the distance between the fragments was locatelicts the suggestiofl3] that the relatively high DR rate
6.46 m away from the center of the electron cooler and conebserved for*HeH™ could be due to ions in the metastable
sisted of a 80-mm-diam Chevron MCP and a phosphor 33" state, for which curve crossings with doubly excited
screen. The imaging system at the TSR worked at a rate afeutral states exist. In such a case, the KER would have
25 frames per second and with auk-switching time for the been~0.2 eV. The present results are clearly in agreement
phosphor screen. The position resolutior<i$00 um. More  with  the theoretical calculations performed for
details can be found elsewhdr&5,1§. 3HeH™ [3] using the MQDT approach, which predict the
The transverse separati@h (i.e., the projected distance dominant dissociative route to be ti®23* state yielding
on the surface of the detecjobetween two dissociation excited HD)(n=2) atoms. They are in disagreement with
products with masses,;, and m,, at a distancé. from the  the R-matrix theory[2] for the DR of “HeH™, which pre-
electron cooler depends on the kinetic-energy relé&dR) dicts that the main channel near-zero electron energy should
Ex n in the center-of-mas&.m,) frame, the initial energy of yield ground-state hydrogen atoms.
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FIG. 2. Projected distance distributions for low c.m. energies: FIG- 3. Projected distance distributions for higher c.m. energies

(a) 3HeD+ at Ec.m.:O (CRYR|NG); (b) 4HeH+ at Ec.m.:O (TSR); (CRYR|NG)Z (a) Ec.m.: 11 eV, (b) Ec.m.: 13 eV, (C) Ec.m.: 15 eV.
(0) *HeH* atE,,=0.577 eV(TSR. The solid lines are the fitted The solid lines are fits with individual contributions indicated by the
distributions and the dashed line {a) is a fit to the background. broken lines and a background indicated by the dashed lines.
Expected positions are shown {g) and (b) for the D(H)(n=1)
fragment and ir(c) for H(n=2). He[3S(1s2s)] and 0.48 0.1 to He(k2p). At an electron
energy of 11 eV, the values are left basically unchanged
Figure 2c) shows the projected distance distribution re-(0.49+0.08 and 0.5+ 0.06, respectively Because of the
sulting from the DR of*HeH ™ obtained for an electron en- Vvery small KER leading to théS(1s3s) state(40 meV at
ergyE.m=0.577 eV, lying 0.244 eV above the threshold for Ecm=11 €V), the projected distance between the two frag-
He(1s?)+H(n=3). Using the fitting procedure described ments was too small to be measured with the present system.
above, a KER of 0.243 eV was found. No trace of theNo contribution from the'S(1s2s) limit was found at these
H(n=2) state was seen above the background, which Su@nergies.
gests that a rapid switchover in the branching ratios occurs as At higher collision energies, more excited final states be-
soon as the H{=3) state becomes energetically allowed.come energetically allowed. The branching ratios at
The exact reason for this drastic change is not clear, as neem=12 eV were found to be 0.320.05 for ®S(1s2s),
theoretical calculations have been performed yet for thes8.40=0.09 for 1s2p, 0.10+0.04 for 1s3s, and 0.1&0.04
electron energies. for other Heq=3) levels. Figure @) shows the spectrum
Transverse distance distributions were also measure@i€asured at a collision energy of 13 eV. The fit resulted in
(Fig. 3 at various electron energies around the high-energjpranching ratios of 0.380.05 for *S(1s2s), 0.310.05 for
resonance of the DR cross sect[@9,10. The spectra mea- 1s2p, 0.08+0.03 for He=3), 0.18- 0.08 for Heg=4),
sured for3HeD™ atE, =10 and 11 eV show very similar and 0.1@-0.05 for higher limits. Since the number of free
features; the projected distance distributiorEat, =11 eV~ parameters makes it difficult to obtain a reliable fit, a
is shown in Fig. 8). There appear two prominent peaks cos-like distribution, as found foE, ,=10 and 11 eV, was
with very different shapes, the one at higher KHRrger  used for dissociation intosPp also at higheE. ,, whereas
distance having a form characteristic of isotropic fragmen- the remaining channels were fitted assuming an isotropic
tation, whereas the other one suggests that the molecular iofr@gmentation.
dissociate mainly parallel to the electron-beam direction A strong tendency to produce highly excitétle atoms
[16,18,19. At these energies, the recombination can yield(n=4) in a direction parallel to the electron beam was found
several asymptotic states whiffor E. ,,=10 eV) combine a  at an electron energy ¢t 15 eV[see Fig. &)]. The branch-
ground-state D atom with an excitetHe atom in the con- ing ratio for these dissociation limits is 0.2®.08.
figurations B2s or 1s2p; at E.,=11 eV, the >S(1s3s) The dissociation decreases for théS(1s2s) limit
state is also open. To fit the spectrum shown in Fig,3an  (b,=0.19+0.03) but remains still significant for thes2p
anisotropy=cos6 in the angular distribution was used for limit (b,=0.28+0.08). The formation of 43s states occurs
the low-KER peak, whereas the high-KER peak was fittedvith a branching ratio of 0.1%0.03, and that of other
with an isotropic angular distributiof.6,18. At E.,,=10 He(n=3) states withb,=0.17=0.03. It is important to
eV, a fraction 0.520.08 of the molecules dissociates to point out that the exact functional dependence of the angular
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anisotropy is difficult to extract from the two-dimensional theoretical developments by O’Malley and Tay|@i7] have
data, so that a céslistribution should be considered as rep- demonstrated that Dunn’s rules are valid only when the low-
resentative of an orientation effect in which the moleculeest partial wave of the incident-electron wave function is
dissociates preferentially along the electron-beam directionabsorbed in forming the resonant state. This assumption
As discussed by Oradt al.[25], there are five’S, states might be in default for HeH, and detailed theoretical cal-
and two °I1 states converging to the 33" andA 'S " ion  culations of general angular distributions for DR fragments
states(see Fig. 1 that contribute to the DR cross section in are thus needed.
this energy range. Our results are in partial agreement with To conclude, the branching-ratio measurement for the DR
the calculation of Oreét al.. The branching ratios measured of HeH™ with low-energy electrons is in excellent agree-
at E.,=10 eV show that indeed these are the importaniment with the MQDT theory3] but in contradiction with the
states for the DR. However, the population distributionR-matrix theory[2]. The reason for the difference between
among these states is found to be different: Whereas thghe two theories is not clear, especially as both of them seem
theory indicates that 100% of the recombination would leadto be in qualitative agreement with the shape of the measured
to the H§3S(1s2s)] limit through the lowest?S, (1o20?) cross section and in quantitative agreement with its absolute
molecular state foE. ., up to 12 eV, it is found that more value. The disagreement might be due to an avoided crossing
states are populated, and the lowéXt level does not carry between two of the dissociative curves at very short internu-
more than 50% of the population. Also, at 15 eV, the Heclear distances. Indeed, one of the ingredients of the
[3S(1s2s)] fraction is measured to be less than 20%, whileR-matrix type of calculation is that it requires the orbitals’
the theoretical prediction puts this branching ratio to 50%.character to remain fixed for all internuclear distanf2s
Although the calculations were done f6HeH™, the elec- However, detailed calculations are required in order to shed
tronic matrix elements for the direct DR should be the samemore light on this interesting discrepancy.
and only a small shift in the resonance shape is expected due We are very grateful to the staff members of the Manne
to the difference in the vibrational wave function for the Siegbahn Laboratory for valuable help during the experiment
different isotopes. at CRYRING. A special thanks we address to L. Bagge for
Another important aspect of these measurements is thieelping in rebuilding of the beamline. For efficient assistance
anisotropy which is observed for the angular distribution ofin the TSR experiment we thank the accelerator staff of the
the fragments at high electron energies. Zajfreal. [16] MPI. The CRYRING work was supported by the Swedish
and Amitay et al. [18] have observed angular anisotropies Natural Science Research Council and by thea@d5ustafs-
also in the DR of HD" and CH". The exact physical reason son Foundation; the TSR work by the German Federal Min-
for these effects is not clear. Although a propensity rulejster for Education, Science, Research and Technology
given by Dunn[26] based on symmetry arguments, offers a(BMBF) under Contract No. 06HD56@&). W.J.v.d.Z. ac-
theoretical basis for predicting angular anisotropies inknowledges support from the Foundation for Fundamental
electron-molecule interaction, the present results cannot beesearch on MattefFOM) and financial support from the
reconciled with these rules. Dunn’s rules predict either isoNetherlands Organization for Resear@$WO). We grate-
tropic or transversally peaked distributions for our casefully acknowledge the support of this joint activity from the
whereas the experimental distributions are either isotropic oHuman Capital and Mobility Programme of the European
cos-like (i.e., longitudinally peaked However, subsequent Community.
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