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Water is probably the most important molecule for the thermal properties of dense, interstellar gas,
and as such plays a decisive role in establishing the rate at which molecular clouds collapse towards
star formation. The synthesis of water is thought to be mainly due to dissociative recombination of
H;O* with electrons, although experiments have, as yet, provided no evidence ;Daista product
of the reaction. Here we present the first observation of water synthesis from the recombination of
H;O", with a branching ratio of 33%. This value is in good agreement with existing observations of
the[H,O]/[H;0"] ratio in interstellar clouds. [S0031-9007(96)01850-9]

PACS numbers: 34.80.Gs, 95.30.Ft

Chemical models of interstellar clouds are based on the H,O + H 64eV Np,
knowledge of the rates and products of important reactions. .o+ 1 , — OH + H, 57eV Ny, @)
Dissociative recombination, a reaction in which a molecu- OH+H~+H 1.3eV Ns,
lar ion recombines with an electron and dissociates into O+H,+H 1.4eV Ny,

neutral fragments, is among the least understood processgghere the energy releases are for the production of
Rate coefficients for this process have been measured Rj¢ound-state products, amd (i = 1,4) are the branching
a variety of techniques [1,2], but the branching ratios forratios for the dissociative-recombination reactidny; =
the production of neutral fragments are known completely)). Thus, one of the approaches to establish the interstel-
only for two reactions (Kl + e, H,O" + ¢)[3,4]. Onthe |ar concentration of KO has been through observations of
theoretical side, a complete quantum-mechanical treatmep{; O+ [8,9]. Of course, this requires the rate coefficient
of the dissociation process is extremely complex due tgor the recombination reaction depicted in Eq. (2) to be
the large number of neutral potential surfaces on whictknown, as well as the branching raté for the produc-
the process can occur, which has caused conflicting resulign of water.
[5,6]. The dissociative recombination of;@* is critical for

Of all the molecular species thus far detected in thanterstellar molecular-synthesis models, since if the frac-
interstellar medium, water is among the more importantion of the recombination resulting in OH production is
chemical compounds because of its central role in oxygesmall, then the dominant oxygen-containing species is
chemistry and in the cooling of interstellar clouds. Un-H,0, whereas if this fraction is large, the dominant species
fortunately, the abundance of this critical species is quitgs O, [10,11]. Theoretical attempts to predict the branch-
difficult to determine accurately. In general,® does ing ratios for this reaction have yielded contradictory re-
not have favorable transitions for observation by groundsuylts. Under the so-called valence-bond approach [12],
based receivers, and its detection has been accomplishgdtes originally predicted that the;® production is domi-
only through lines subject to maser emission, weak linegant, the other channels being minor, whereas Herbst [5]
of isotopic species, or lines of high excitation observedcalculated that OH production via channais (80%) and

from high altitudes. _ _ N3 (10%) is dominant. The results depend on the appro-
The first step in the production of water is a sequenc@riate crossings of the potential curve(s) for the polyatomic
of ion-molecule reactions leading to;8" [7]: molecular ion and the repulsive potential energy curve(s)

for the products. After reconsideration, Bates [6] con-

H, + (cosmic ray — Hy + e + (cosmic ra ,
> + (cosmic ray 2 e + (cosmic ray, cluded that channél, would indeed be enhanced on the

Hy + H, — Hj +H, basis of more favorable crossings than first assumed.
L0 — + o4 Some partial information on the products has been
H; O~ OH Ha, @) provided by the experiments of Herd, Adams, and co-
OH' + H, — H,0" + H, workers [13,14] in which laser-induced fluorescence and

VUV (vacuum ultra violet) absorption were used in
an ion-flow tube and flowing afterglow. It was shown
The H;O* ion does not react with molecular hydrogen that 0.65 + 0.15 OH radicals andl = 0.2 H atoms are
but is depleted via dissociative recombination accordingproduced on average per recombination. Although this
to does not permit the extraction of the branching ratio

H20+ + H, — H30+ + H.
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for the production of waterN;), it does set an upper  One method, which has been very successful in discrimi-
limit of Ny < 0.35. The absolute rate coefficient for nating among the various fragmentation patterns, is to set
the reaction depicted in Eq. (2) has been measured using a grid with a given transmission in front of the detector
many different experimental techniques, producing resultf20]. Such a method has been used for the study of various
in good agreement [15]. The rate coefficient at 2000 K igdissociation processes [21] and has recently been applied to
about2 X 1077 cm?s™ L. extract the branching ratios for the dissociative recombina-
In the present Letter, we report on a direct and simultion of H3 [3]. When a grid with transmissiofi is placed
taneous measurement of the branching ratios for the disn front of the detector, the probability for a single particle
sociative recombination of ¥D*. The experiment was (atom or molecule) to pass through the gridriswhile it
carried out at the Aarhus Storage Ring Denmark (ASTRID)s 72 for two and7? for three particles. The fragment(s)
[16]. Heavy-ion storage rings have become a very powhblocked by the grid will not reach the detector surface, and
erful tool in the study of dissociative recombination of the energy deposited in the detector by the transmitted par-
simple diatomic and triatomic molecular ions [17-19]. ticle(s) will be lowered by an amount which is proportional
There are many advantages of using heavy-ion storage the mass of the blocked fragment(s). Thus, the energy
rings. Among them is the long storage time (several secspectrum will split into a series of peaks, the area under
onds) that can be achieved, which makes it possible foeach of these peaks representing the number of events with
infrared active molecular ions (such as®) to relax the same combination of particles. For example, the peak
vibrationally through radiative decay. This is very im- at beam energ¥g, represents the impact of three hydrogen
portant as under interstellar conditior® € 10-100 K),  atoms and one oxygen atom, in any possible combination.
essentially all the molecular ions are in their ground vi-A peak at%Eo will be due to one H atom being stopped by
bratlonal state. Also,_ it is possible to store ions at MeVine grid, a peak agEo occurs when two H atoms or one
energies where reaction products can readily be detected, molecule have been stopped, and so forth. Itis possible
with about 100% efficiency, by standard particle detectorsyg re|ate the number of counts under each of these peaks to
In addition, the circulating molecular ion beam is easilythe pranching ratio, using the transmission probability: If
merged with an intense, cold electron beam (from the so;, ,,, 4, andn, are the numbers of recombination events
called electron cooler) of the same velocity, allowing theleading to channel®;, N», N3, andNy in Eg. (2), then the
process of dissociative recombination to be studied at loyymper of counts under each peak (with the grids in front

temperature. _ of the detector) is given by
In the present experiment, a beam of 4 was pro- 5 ) 3 3
duced from water vapor and,Hn an electron-impact ion N(Eo) = T7ny + T7ny + T'nz + Ty,

source and injected, with an initial energy of 150 keV, into 18 5
the ASTRID storage ring. The beam was then accelerated N(ﬁ Eo> =T( — T)ny +2T°(1 — T)n3
in the ring to an energy of 5.93 MeV and stored for a to- 5

tal time of ~10 s. The ion beam was merged at each turn + T°(1 = T)ng,

(40 m) with the intense, cold electron beam of equal ve- 17
locity, so that the center-of-mass energy was zero. The N<—Eo> =T(1 — T)ny + T(1 — T)*n3

3)

electron beam is not exactly monoenergetic and is char- 19 5

acterized by a transversal temperatur&Bf = 20 meV + T°(1 = T)ng,
and a longitudinal temperature &) = 0.5 meV. The 16 )
electron-beam density is almost constant over its cross- N(@ Eo) =T —T)ny.

sectional area, which is several tmmuch larger than the
cross-sectional area of the ion beami(cn?). The ion Solving the above linear equations fer yields imme-
beam was adjusted so as to be in the center of the electreliately the values ofV; after normalization. The chan-
beam and aligned with the downstream detector (see beels yielding I-(l—lgEo) and2H(%Eo) are also available and
low). The dissociative-recombination products were meawere used to obtain the optimal solution.

sured by detecting the neutral fragments produced in the Two corrections have to be made to the above scheme
interaction region, using an energy-sensitive semicondude extract the branching ratios. First, dissociations due
tor detector mounted straight ahead of the electron coolép the collision of the HO* with the remaining gas in

at a distance of~-6 m. After dissociation, each fragment the ring are also measured by the detector and have to be
carries a part of the beam energy which is proportional tsubtracted from the energy spectrum. In order to ensure
its own mass [the Kinetic-energy release is much smalleproper normalization, the electron beam was chopped at a
than the beam energy; see Eq. (2)]. However, because alite of 50 Hz, and measurements of recombination (with
the fragments reach the detector at the same time, the ealectrons) and background (without electrons) were carried
ergy spectrum consists in principle of a single peak at theut simultaneously. Figures 1(a) and 1(b) show the energy
beam energy. Thus, itis not immediately possible to sepaspectra (without grid) as measured by the semiconductor
rate the four different channels in Eq. (2). detector for the background only (no electrons) and for
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FIG. 1. Energy spectra as measured by the detector (no gridsflG. 2. Energy spectra as measured by the detector when a

(a) electron beam off (background), (b) electron beam orgrid of transmissionT = 0.285 is placed in front: (a) elec-

(background+ recombination), and (c) recombination only.  tron beam off (background), (b) electron beam on (back-
ground + recombination), and (c) recombination only. The
solid line is the result of the fit (see text).

the recombination and background (with electrons). Fig-

ure 1(c) shows the_recombinati(_)n s.ignal with backgrouncben atoms. The fact that hardly any oxygen atoms were
subtracted. The highest peak in Fig. 1(c) (at enétgy  produced in the recombination process implies that chan-
corresponds to recombination events as given 1|8n Eq. ( el N, in Eq. (2) is very small. Indeed, this will appear in
(all channels). The small peak on the left (at enef®¥,)  the full solution of Egs. (3).

is due to a small number of hydrogen atoms “missing” the  The experiment was carried out with two different grids.
detector. The large kinetic-energy release (in the centerfhe exact transmissions were calibrated by storing an
of-mass frame) in the dissociative recombination can leagtomic beam of the same mas8r’) and energy K, =

to spatial separation of fragments which are larger thag 93 MeV) as HO* and measuring the time-normalized
the size of the detecto6 X 40 mnv) after traveling the  count rates of the electron-capture process with and with-

distance of~6 m from the center of the electron cooler gyt grids. The resulting transmissions obtained Are
to the detector surface. It can easily be shown that thg 285 + (.02 for the first grid andl’ = 0.635 =+ 0.02 for

only channel that can produce enough kinetic energy Sghe second grid.

that a Single H atom would miss the detector is channel The energy spectrum shown in F|g 2(C) was fitted us-
N,. The amount of hydrogen missing the detector can béhg a sum of four Gaussian functions (solid line) in order to
extracted from the ratio of the peaks in Fig. 1(c) and repextract the areas under each of these peaks. After correct-
resents(10 = 1)% of the total recombination events. In ing for the 10% of hydrogen atoms missing the detector,
fact, because the only channel that produces a single Hgs. (3) were solved for the value of. Normalizing this

atom with such a large (center-of-mass) kinetic energy igalue to unity yields the following branching ratios for the
channel 1this peak represents a direct proof that water dissociative recombination of 4@

is formed in dissociative recombination BO™ with a

branching ratio which is at least 10%. N (H,O + H) = 0.33 = 0.08,
Figures 2(a) and 2(b) show the energy spectra for the N> (OH + Hy) = 0.18 = 0.07, (4)

background only and recombination background, re- N3 (OH+H+ H) =048 = 008,

spectively, when a grid of transmissidh = 0.285 is Ny (O+H+Hy) =001=004.

placed in front of the detector. Figure 2(c) shows the reMore details about the precise analysis of the results,
sulting energy spectrum after background subtraction. Thincluding all the peaks present in the spectra, will be
most striking result is that only three peaks are left afteigiven in a forthcoming paper [22]. However, it might

background subtraction [Fig. 2(c)]. The peak at energye important to point out that the above solution was also
%Eo would have corresponded to the impact of single oxytested by including more peaks from the energy spectrum
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(the hydrogen peaks) and more unknowns (such as the O sociative recombination of GHshows the same pattern,
H + H + H channel, which is energetically forbidden). the three-body dissociation channels being important [22].
No differences were found in the results, and the forbiddemmplications of this fragmentation have to be investigated,
channels were found to have a very small contribution taising chemical models of molecular synthesis in interstel-
the branching ratios. Also, in order to check for vibrationallar clouds.
relaxation effects, the measurement was carried out at We thank A. Sternberg, A. Dalgarno, and E. Roueff for
different storage times. The results were found consisterdtimulating discussions. This work has been supported
with each other. The branching ratios given in Eq. (4) ardoy the Israel Science Foundation and by the Danish
valid for an electron temperature of 20 meV. Also, theNational Research Foundation through the Aarhus Center
state of excitation of the various fragments produced irfor Advanced Physics (ACAP). We thank the ASTRID
the recombination is unknown. staff for support and help during the experiment.
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