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Dissociative recombination and excitation of HO* and HDO*
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Dissociative recombination and excitation of®" and HDO' in the vibrational ground state have been
studied at the heavy-ion storage ring ASTRID. Absolute cross sections have been measured in the energy range
from ~0.1 meV to~50 eV. The total cross sections for dissociative recombination are essentially the same for
the two molecular ions. Complete branching ratios for all possible product channels in dissociative recombi-
nation atE=0 have been determined. Three-particle breakup accounts60f6 of the recombination events.

With HDO", recombination into OB-H is twice as probable as recombination into ®B. An isotope effect
is also evident in the cross sections for dissociative excitation of HDhere H production is more likely
than D' production.[S1050-294709)01910-1

PACS numbsd(s): 34.80.Ht, 34.80.Lx

[. INTRODUCTION place in a plasma, and hence products are more difficult to
identify.
Dissociative recombinatiofDR) is the reaction in which In the present paper, we report on DR and DE gDH

a positively charged molecular ion recombines with an elecand HDO". Three dissociation channels are energetically al-
tron and dissociates into neutral fragments. DR of poly-owed in the dissociative recombination o®" with elec-
atomic molecular ions has attracted a great deal of interestions at relative energg=0:

because of its importance for the chemistry of interstellar

clouds [1]. Knowledge about absolute cross sections and OH+H, AE=7.5eV (N,),
branching ratigs .is vitallfor' the mpdeling of the;e en\{iron- H,0"+e —{ O+H,, AE=7.6eV (Np), (1
mer_1ts. Dl_ssomatlve excﬂgtlotDE) is _the process in which O+tH+H, AE=3.1eV (N,

an incoming electron excites and dissociates the molecular

ion_ without be_ing bound to any fragm_ent in the final state. here AE is the energy release for production of ground-
This process is normally not energetically allowed at lowg;aia product§10,11 andN; are the branching ratios. Cor-

energy, but is 'important for collision§ engrgies in the regio”respondingly, in the case of HDO the following four dis-
=10 eV, and is consequently a topic of interest when congociation channels are energetically allowed:

sidering plasmas at relatively high temperatures. From a

more fundamental point of view, DR and DE experiments OD+H, AE=75eV (Ng),

may provide information about highly excited electronic _

states and dissociation pathways, which is complementary to  ypo*+e~ OH+D, AE=7.5eV (Nao), (2)

what can be obtained from photodissociation experiments. O+HD, AE=7.6eV (Nyp),
Various experimental techniques have been used to obtain O+H+D, AE=3.1eV (N,).

cross sections and branching ratios for DR and DE. Tradi-

tionally, single-pass merged or crossed beam experiments Previously, a number of studies have been conducted on
and plasma-afterglow experiments have dominated the fieldhe DR of H,O". In 1983, Mulet al. measured the absolute
However, in recent years, storage rings have proven to be @oss section for DR of 50" in the energy range 0.005-1
valuable tool for studying in particular dissociative recombi-eV [12]. A few years later, Rowet al. performed the first
nation, and several polyatomic molecular ions have beebranching ratio measurement with,®" in a flowing-
studied using the storage ring technigi®-9]. The long afterglow experimenf13]. The branching ratios were mea-
storage time allows infrared active vibrational modes to relaxsured again recently by Vejby-Christensenal. [7] at the
to the ground state, producing a better defined target than IASTRID storage ring, where also the present experiment was
single-pass experiments. The high storage energy¢V) conducted. General theories predicting branching ratios for
simplifies the detection of reaction products compared to thaDR of polyatomic molecules have proven difficult to de-
of flowing-afterglow experiments, where the reactions takevelop. Attempts have been made by Bdtk$,15 and Herbst
[16]. However, Bates was unable to obtain agreement with
experiments, and the theory of Herbst was concluded to pos-
*Present address: Department of Physics and Astronomy, Mcsess no predictive power, even though the model was modi-
Master University, Hamilton, Ontario, Canada L85 4ML1. fied in order to match experimental results for a number of
TPermanent address: Department of Particle Physics, Weizmarsystemg 17].
Institute of Science, Rehovot, 76100, Israel. We present here measurements of the DR and DE of
*Permanent address: ‘partment de Physique, Universite HDO™, and accordingly a study of isotope effects in the DR
Catholique de Louvain, B1348, Louvain-la-Neuve, Belgium. and DE of water. Hydrogen exchange reactions have become
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FIG. 1. Schematic diagram of the ASTRID storage ring. TheWith the 70%

. ) transmission grid in front of the detector.
inset shows a close-up on the detector region.

important for studying protein structure, stability, and dy-ional ground state before the data taking starts.

namics[18]. In such experiments, hydrogen and deuterium
are exchanged between NH groups of a peptide or protein A. Cross sections
and solvent hydrogens from,B® and B,O. The present

study involves a controlled study of OH and OD bond break- DR and DE cross seqtions as a function of relative energy
ing in water molecules and may eventually be of help inwere measured by varying the electron energy. The relative

understanding more complex isotope effects in complex bio€Ner9YE is related to the electron and ion energies in the
andE;, through the equation

logical systems. Isotope effects in DR have been studied in Poratory framek,
few other systems. Tanala al. have compared cross sec- 1 Me
tions for DR of HeH and HeD' [19], and several authors E= EmE(Vi_Ve)ZZHW) JE;— VE,
have studied isotope effects in the DR of I#,5,20-23. In '

the case of water, isotope effects have been studied in a

variety of other fragmentation processes. PhotodissociatiowhereM; is the ion massay, is the electron mass, ang and
of HDO has received special attentifP?4—33, but also bi- v, are the corresponding velocities.

2
l

)

molecular reaction$34], electron-impact dissociatiof85], Neutral particles produced by DR and DE in the electron
and the decay of the doubly charged water [86] have  beam(or by collisions with the residual gasvere detected
been studied. by an energy-sensitive 6040 mn? surface-barrier detector
located 6 m downstream, behind the dipole magnet following
Il. EXPERIMENT the electron coolefsee Fig. 1 This detector enabled sepa-

ration between DR and DE events. After dissociation, each

The present experiment was carried out at the heavy-iofiagment carries an energy proportional to its mass. Since
storage ring ASTRID in Aarhus, Denmarsee Fig. 1 neutrals produced in one event hit the detector essentially
H,O" ions were produced in a radio-frequentF) ion  sjmultaneously, a DR event will always deposit the full beam
source from HO vapor. Two different methods were used in energyE, in the detector, whereas a DE event will deposit
the production of HDO. The ions were produced in an only a fraction ofE,, corresponding to the fraction of the
electron-impact ion sourd@7] from D,O vapor and Hgas  total mass carried by the neutral fragments. In th@H
for the cross-section measurements, and in an RF ion soure@se, for example, the DE channel leading to OH and H
from vapor from a mixture of KO and DO for the branch- il contribute to a peak a};E,, and the DE channel leading
ing ratio measurements. After preacceleration to 150 keVio O and H will contribute to a peak afSE,, etc.(see Fig.
the ions were injected into the ring and by means of a radioz)_
frequency system further accelerated to 6 MeV. The average | order to subtract backgrourfdeutrals produced by col-
pressure in the ring was-(3-5)x 10 ** mbar, which re- jisions with the residual gasthe electron beam was turned
sulted in a storage lifetime of-4 s for both HO™ and o and off(chopped at a frequency of 20 Hz. The absolute

HDO™. After reaching the final storage energy, the ionyate coefficient for a given channel in terms of measurable
beams were merged with an essentially monoenergetic elegyantities is then given by

tron beam provided by the electron cooler. The electron

cooler is described elsewhef@8,39. Since all vibrational

modes in HO* and HDO" are infrared active, the 6-s-long (vor)= Ns—Np @
acceleration period allowed the ions to decay to their vibra- Nion hNeAL €’
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where v is the relative velocityo the cross sectiony; the  this case chopped in order to allow for proper background
ion velocity, n, the electron densityAL (= 0.85 m) the  subtraction. AtE=0, only DR channels are open, thus the
length of the electron cooler, ard(= 1) the detection effi- energy spectrum will, after background subtraction, in prin-
ciency.Ng andN,, are the rates of neutrals in the given en- ciple consist of a single peak at the full beam endegy In
ergy window on the detector measured with the electrororder to separate the different DR channels, a grid with a
beam on and off, respectively,,, is the flux of ions through finite transmissiom was inserted in front of the detectzee
the electron cooler. The ion-beam current was measured byFRig. 1). This method has been used in a number of DR ex-
beam current transformer capable of measuring bunched iogperimentd2—7]. The present measurements were performed
beam currents down to 10-50 nA. with two different grids,T;=25% andT,=70%.
Relative rate coefficients as a function of energy were Particles stopped by the grid will not contribute to the
obtained by normalizing the signal to the rate of neuthys signal, and the original peak due to DRE§ will split up
in a given energy window produced from collision with the into a series of peaks as shown in Fig. 2. Branching ratios
residual gas, i.e., measured when the electron beam was offan then be obtained since the probability for one particle to
be transmitted id, whereas two and three particles will be
~ Ns—Ny g  transmitted with probabilitie3? and T3, respectively. As an
(vo)retaive= None ® example, the channel in the DR of KO* contributes to the
E, peak with probabilityT?, to the £ E, peak with probabil-
Relative rate coefficients were put on an absolute scale usingy T(1-T), and to the ZE, peak with probability
Eq. (4) at a single relative energy. T(1-T). A set of equations connecting the counts in each

When extracting cross sections from the measured rat@nergy peak to the number of e\/emsin each DR channel
coefficients, the electron velocity distribution must be takencan be set up. In the case of®", the equations read
into account. The rate coefficient is the velocity-weighted

cross section averaged over the electron velocity distribution N(O+2H)
f(v) in the rest frame of the ions: N(O+H) n,
N(O =T n , 8
(vo)= J vor(v)f(v)dv. 6) ©) H0( TP ®
N(2H) Ne
f(v) is given by the flattened Maxwell function N(H)
Me  mov2i2kT Me  m(vi—a)2/2kT, where
= e —_— V]| [
V=0T ® ™ VamkT,© !
(7) T? T? L
_ 201 _
wherev, andv are the relative electron velocities perpen- T(1-T) 0 2T°(1-T)
dicular and parallel to the ion-beam direction, and Th.o= 0 T(1-T) T(1-T)% |. 9
A=|v;— v, is the detuning velocity between electrons and ? _ 201_
: . 0 T(1-T) T%1-T)
ions[38]. In the present experiment, the electron beam was 5
adiabatically expanded in a magnetic field decreasing by a T(1-T) 0 2T(1-T)
factor of 4.5[40]. The resulting temperatures were expected
to bekT, ~25 meV andkT;~0.5 meV. A similar set of equations was used for HDO

Throughout this paper, cross sections are defined as In the analysis, we introduced two different transmission
(o)=(vo)!A. A significant deviation from the true cross coefficients,T, for heavy particle§O and heavigrand T,
section will occur only at low energyE=<kT,) where the for light particles(HD and lightej. With the geometry of our
electrons have velocities deviating frain experiment, a minor fraction of the light particlés, D, and

The measured cross sections consist of contributions froril,) produced in the two-particle breakup channels missed
the central region of the cooler where the electron and iorthe detector. The loss coefficients were determined from the
velocities are parallel, and from the toroid regions where thespectra taken without a grid in front of the detector. In these
electron and ion beams merge and separate. In the centgectra, loss of light particles was responsible for peaks at
region, the relative energy is well defined, whereas in thdractions ofE,, and the loss coefficients were obtained from
toroid regions a range of larger relative energies is encoura comparison of the count numbers in these peaks with the
tered. The measured rate coefficient at a given energy thereount number in thé&, peak. With these modifications, we
fore contains contributions from higher energies. These comebtain five equations with five unknowrsT,, T,, and
tributions can be calculated and subtracted using the; (i=a,b,c)] in the case of HO", and seven equations
measured rate coefficients. The cross sections presented with six unknowns in the case of HDO

this paper were corrected for these toroid contributions. The equations were solved numerically, utilizingy@
minimization, yieldingT,, Ty, and n;. Branching ratios
B. DR branching ratios were obtained after normalization:

Branching ratios at cooling were obtained using the en-
ergy spectra from the energy-sensitive surface barrier detec- N =n / E Ny (10)
tor mentioned in Sec. Il A. The electron beam was also in o K
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1M i . i TABLE I. Vibrational excitation energies in eV, extracted from
molecular constants given [150].
" Mode H,O" HDO*
107

(010 0.175 0.154
%‘ (020 0.345 0.305
~ 105 (100 0.398 0.295
@ (001) 0.403 0.400

tionally excited Rydberg states are importpit,42. In Fig.
3, a cross sectionrE~13° convoluted with our experimen-
. . . tal electron velocity distribution in accordance with the equa-
0.00001 0.001 0.1 10 tion (o)=(vo)/A is demonstrated to fit the measured cross
E(eV) sections up to~0.3 ev. _
In the energy region 0.3-0.4 eV, the cross section drops

FIG. 3. Cross sections for DR of @ (O, dashed lineand by @ factor of 3 approximatelgshown in the inset in Fig.)3
HDO" (@, solid line as a function of energy, error bars represent-NO New electronic states appear at this energy, and the fea-
ing the uncertainty in the relative measurement. The full curveturé must therefore be related to the nuclear motion. The

shows(a)=(va)/A calculated forocE~13%5 The HO* results of drop is clearly too abrupt to be accounted for by a change in
Mul et al. [12] are shown a§7. A close-up on the region around SOmMe Franck-Condon overlap. Instead, we suggest that the

0.3 eV is shown in the inset. drop is caused by the opening of a new autoionization chan-
nel of the neutral systertiormed by electron captuyénto a
Il. RESULTS AND DISCUSSION vibrationally excited state of the ion. Such a process will
compete with DR and act as a depletion mechanism. Thresh-
A. DR cross sections olds for vibrational excitation are given in Table I. For both

Cross sections for dissociative recombination ofOH H,O" and HDO', the drop coincides with thresholds for

and HDO" are shown in Fig. 3. The uncertainty associated®citation of the symmetri¢100 and antisymmetric001)
with the absolute measurement, mainly due to the unCel_s_tretchlng modes. The thresholds for excitation of the bend-

tainty in the ion-beam current measurement+i85% for ing mode(010), on the other hand, appear at lower energies

H,O" and+45% for HDO' . Earlier H,O" results obtained but cannot be associated with any clear features in the cross

) : sections. Assuming the branching ratios measured-=a0
from a single-pass merged beam experiment performed b

¥V to be roughly valid at energies up 0.5 eV, the DR
. + " 1
(I\:/:(ljlssetsgtt%ﬁ]s 2’2 ?Aoggg dfgrgrceoenr:]pea;r;son. The two,6 process is seen to proceed mainly throughatsdc chan-

- nels (see Sec. Ill ¢ The nuclear motion associated with
Rate coefficients afl'=3QO K are extracted from _the these channels is expected to have a more favorable Franck-
present meas_urements by. integrating the cross sections &ondon overlap with the excited stretching states than the
accordance with the equati¢fiZ] excited bending states. Therefore, the depletion mechanism
suggested here will be of considerable importance only in

a(T)= &ftﬁg(a e EXTEJE, (11  connection with the stretching modes as observed in the ex-
(27mekT)¥2J 0 periment.

Two pronounced peaks appear around 5 eV and 15 eV,

yielding respectively. These structures can be attributed to electron

capture to Rydberg states converging to electronically ex-
(12) cited states of the molecular ion, followed kyre)dissocia-
tion. Vertical transition energies to the lowest excited states
are available from experimental work, whereas information
Our measurements reveal a marked resemblance betweeahout higher excited states is available from theory only.
H,O" and HDO" concerning the energy dependence of theExcited states for KD* have been treated theoretically by
cross sections, showing no visible isotope effects. This deviseveral author§43—47. The calculated surfaces are ex-
ates from the behavior observed in similar experiments wittpected to apply reasonably well also for HDORecently,
H3 and the corresponding isotopically substituted molecule$chneideret al. [43] have performed an extensive study of
H,D", HD, , and D} [4,5,20-23. The DR cross sections C,, potential-energy surfaces of the doublet states gD H
for HeH" and HeD also show different energy depen- Since the ground state is G, symmetry, these calculations
denceq19]. In the present experiment, no such effects wereyield information about the positions of the excited states
observed. On the absolute scale, the cross sections,fof H (also of C,, symmetry reachable by a vertical transition
and HDO" are identical within the uncertainties, although from the ground state. The full picture of possible dissocia-
we cannot exclude a possible isotope effect. tion pathways, however, must involve states of other sym-
The DR cross sections decrease monotonically at energi¢getries. The observed peak around 5 eV can be explained by
lower than~2 eV. This decrease is significantly faster thancapture to a band of Rydberg states converging to the second
the E~* behavior expected for the “direct” process, which excited stateB 2B, of H,O' (vertical transition energy
may indicate that “indirect” processes involving vibra- 18.55 eV[48]). These Rydberg states are bound against dis-

(2.6+0.7x10° 7 cm’ls, HO0",

*(300K)= [ (1.5+0.7)x10°7 crffs, HDO'.
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FIG. 4. Cross sections for DE of " as a function of energy.
The error bars represent the uncertainty in the relative measure- FIG. 5. The measured cross sections for DE of HD@s a
ment. The cross sections are denoted according to the detector wifnction of energy, error bars representing the uncertainty in the
dow in consideration; for instance, reactions leading to+®H relative measurement.

and O+H+H™ define the cross section labeled “OH.”
C. DR branching ratios

sociation [43,46,47, but can be predissociated by other Typical energy spectra from the surface barrier detector
Rydberg states converging to higher-lying states gbHas  aré shovyn in Fig. 2. Counts from each peak are ext_racted by
observed in electron-impact dissociation of,GH [49]. f|tt|ng wlth Qaussn’:m functions. Thg sgt of equations for
Schneideet al. have calculated a number of ionic states with 720" _given in Eq.(8) are solved, yielding, in accordance
excitation energies around 9-20 eV. The correspondin 'ih .Eq. (10), the branching ratios for DR of 40" at
Rydberg states may be responsible for the observed peak at -

~15eV. Na(OH+H)=0.30+0.05,

Np(O+H,)=0.13+0.03, (13
B. DE cross sections

The measured cross sections for dissociative excitation of N¢(O+H+H)=0.57+0.06.

L . ove
H,O" as a function of energy are shown in Fig. 4. Except forry o0 narticle breakup is the dominating process, taking

the H channel, which exhibits a sharp rise at 5 eV, all cross,,,t 5794 of the flux. This process has been observed to be

sections rise relatively smoothly after threshold. Th'e H andmnortant also in the dissociative recombination ofCH

OH channels are seen to dominate the cross sections, in 71 and CH [7], and in H [2—4]. Within the uncertain-

lceégg}g thtz;t é?tigEHpgoﬁfS;pﬁfirgﬁ'?g?' |t_)|r+eikos+a|[|1)02tbon es, the results presented here are in agreement with our
i 9 . . ) o earlier resultd7], but the uncertainties have now been re-

higher energies the O channel is of increasing |mportanceg/

Besides a few structures, the DE cross sections are relative uced by more than a factor of 2. Branching ratios for dis-
’ ociative recombination of $0* have also been measured

smooth functions of energy. We observe a peak-a2 eV . - -

. i . n a flowing-afterglow experiment performed by Roefeal,
" tgeb? C(;‘a”r;e' a‘icomrﬁ’a:t'ed by"";‘] drtOp " thefztr'? Ch)"’(‘”i?eck:ho obtained N,(OH+H)=0.55, Ny(O+H,)<0.21, and
probably due to a resonant coupling to one of the excite (O+H+H)>0.24[13].

states in the region 9—20 eV. Several structures appear in the
H channel, which may be associated with electron capture tﬂ
highly excited Rydberg states followed by autoionization to

The following branching ratios are obtained for DR of
DO" atE=0:

ionic states. The ionic states may be repulsive states or N, (OD+H)=0.21+0.03,

bound states that are predissociated. The calculations by

Schneideret al. predict several states in the considered en- Nao(OH+D)=0.10+0.04,

ergy rangd43]. (14)
In the case of HDO, the DE cross sections for the OH Np(O+HD)=0.10+0.04,

and OD channels were measuresgte Fig. 5. These cross

sections reveal a significant isotope effect, with the branch- N,(O+H+D)=0.59+0.07.

ing ratio of the two channels being approximately 2:3 in the

energy range with appreciable cross sections. The OH chaf-heb andc channels for HO™ are evidently not affected by
nel consists of DE events leading to @®* or O+H+D™", the isotope substitution. Tha channel in the HO™ case

and likewise for the OD channel. OH and OD bonds posses&~30%) is shared by the corresponding channels,

no significant differences in the electronic structure, and th¢~20%) anda2 (~10%), in HDO". This is in contrast to
observed isotope effect must therefore originate from the efthe results of the KH'/H,D* experiment performed by Datz
fect of the mass difference on the nuclear motion. et al, who observe that the three-particle breakup process is
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ference between H and D. LE,, andF gp denote the com-
ponents of the force in thBgy and Rgp directions, respec-
tively. Then the force vector can be written &

=(Fon.Fop). The corresponding acceleration vector is ob-
tained from Newton’s second law:

5;(@ @), (15)

MoH Mop

where uoy and uop are the reduced masses moving in the

Ron andRgp directions. If both componentsy,, andF g of

a given force vector are nonzero, the corresponding accelera-

tion vector will be rotated towards the GEH exit channel,

_ _ - sinceuou<pmop- Consequently, this effect favors dissocia-

FIG. 6. Schematic model potential-energy surface for fixed;, along the OB-H pathway. The same effect is present in

HOD angle. Internuclear distances and energies of equipotentieﬂoth resonant and nonresonant DE.

curves are given in arbitrary units. The gray ellipse depicts the b, ceeding along a dissociation pathway, the actual relax-

nuclear wave function immediately after excitation. ation of the system must be considered. The newly formed

neutral system relaxes by autoionization or dissociation. In-

dependent of the exact shape of the repulsive potential-
nergy surface, the time a fragment needs to travel a certain
istance scales as

more important in the DR of i than in the DR of HD*
[4,5]. The only significant isotope effect observed in the
present DR measurements, is the 2:1 ratio betwee
N,1(OD+H) and N,,(OH+D). This effect was also ob-
served by Datezt al, although in that case the isotope effect
was not as pronounced as in the present experiment. After toc i (16)
correcting for the statistical predominance of H, Datzl.
obtained a ratio of 1.2 between H releg$tD+H) and D
release (H+D). Since autoionization is possible only within a confined re-
A full explanation of the observed 2:1 ratio between gion of space, the time needed for the fragments to leave this
N,;(OD+H) and N,,(OH+D) requires knowledge about region is crucial. If the rate of autoionization does not de-
the initial wave function and the potential-energy surfacegPend strongly on the chosen dissociation pathway, the auto-
participating in the process. The shape and position of théonization probability scales agu. Thus, the effect of auto-
nuclear wave packet formed after electron capture are deteienization also favors th@l channel compared to tha2
mined by the Franck-Condon overlap between the initiakchannel in the DR of HDO. Resonant DE is subject to a
ionic state and the repulsive neutral potential-energy surfaceimilar effect.
on which the dissociation process takes place. This neutral The above discussion of kinematic effects does not take
potential-energy surface in turn determines the evolution ofnto account the details of the initial vibrational wave func-
the wave packet. Since H and D are electronically equivation of the molecular ion. This wave function is broader in
lent, isotope effects can originate only from asymmetries irthe Roy dimension than in th&Rgp dimension, and hence
the nuclear motion caused by the mass difference of H antsotope effects may arise if the capture process is sensitive to
D. In the following, two kinematic effects which are inde- the tails of the wave function, i.e., if the intersection between
pendent of the potential-energy surfaces are discussed. the two potential surfacggonic and neutralis at the edge of
Consider capture into a repulsive potential-energy surfacéhe initial vibrational wave function and not near the center
having the two possible dissociation pathways,HDand as assumed in the discussion above. In such a situation, how-
OH+D. Since the two dissociation pathways are electroni-ever, the cross section is likely to be small, which is obvi-
cally equivalent, we focus on the nuclear dynamics, and irously not the case for #0* and HDO'". The nodal structure
the present description the nuclear motion is restricted to thef the initial vibrational wave function has not been consid-
stretching degree of freedom. This approximation is onlyered here, since the present experiment has been performed
valid if the coupling between the stretching and bending deen molecular ions in the vibrational ground state. However,
grees of freedom is relatively weak. Figure 6 depicts a modelesults obtained from photodissociation of vibrationally ex-
potential-energy surface of the type expected to account fasited HDO[25] and bimolecular reactions of vibrational ex-
the excited state in consideration. The gray ellipse illustratesited HDO with hydrogen atomf34] indicate that vibra-
the nuclear wave packet immediately after capture. It is centional preexcitation may have a strong influence also on the
tered around thd&Roy=Rgp line and has an elliptic shape, DR branching ratios.
which will be the case if the ionic and neutral potential- In conclusion, isotope effects may be caused by several
energy surfaces intersect at the center of the initial nucleahings, all resulting from the influence of the mass difference
wave function of the molecular ion. However, this aspect isof H and D. Whereas the consequences of some of these
not important for the present discussion. The force on theffects cannot be determined without knowledge about the
system is perpendicular to the equipotential curves. Thipotential-energy surfaces, the two kinematic effects pre-
does not apply for the acceleration, because of the mass di$ented here unambiguously favor H release over D release.
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IV. CONCLUSION Branching ratios for dissociative recombination ofG{
and HDO" atE=0 have been determined. The®" results

Absolute cross sections for dissociative recombination o e mor rate than our earlier results. Th . ndin
H,O" and HDO" have been measured as a function of en-2f€ More accurate than our earlier results. 1he correspo 9

ergy. The relative cross sections for the two moleculeranching ratios for dissociative recombination of HD@-
closely resemble each other, only the absolute values ma‘fﬁal an isotope effect favoring H release. We have discussed

deviate somewhat. This is in contrast to the case gf Bnd WO kinematic effects, which support this observation.
HeH' and the corresponding isotopically substituted sys-

tems. The cross sections exhibit structures at low energy due

to the opening of autoionization channels, and at high energy ACKNOWLEDGMENTS
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