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Introduction

Half a century ago, when this journal was founded, interstellar clouds were thought to be essentially atomic with a small component of diatomic molecules. Now the situation is radically different. The realization that the Universe is highly molecular has led to new areas of astronomy such as astrochemistry and molecular astrophysics. Prestigious conferences, such as several Faraday Discussions [1,2], International Astronomical Union meetings [3,4,5,6,7,8], and the Nobel Symposium No 133 [9] have been devoted to these new areas. Astrochemistry was also a theme in the 5 th International Chemical Congress of Pacific Basin Societies (PACIFICHEM) [10] and a special feature issue on the subject has been published in the Proceedings of the National Academy of Sciences [11]. Molecules are ubiquitous almost anywhere in the Universe cooler than sunspots.

Dissociative recombination (DR) of molecular ions with electrons was first discussed in connection with the Earth's ionosphere, with photoionisation being the source of free electrons and DR the sink [12]. When synthetic schemes based on ion-molecule reactions were introduced to explain molecular abundances [13,14], they scored an immediate success with the prediction of HCO + [15] as the carrier of the interstellar 89.190 GHz line [16], later confirmed by laboratory molecular spectroscopy [17], dissociative recombination became an important part of the scheme for interstellar molecule formation. In this article we Recent reviews of dissociative recombination have been written by Florescu-Mitchell and Mitchell [18], Adams, Poterya and Babcock [19], and Thomas [20], and a research monograph by Larsson and Orel [21] has just been published. It would by far exceed the scope of this article to cover all dissociative recombination processes that are relevant in the interstellar medium and planetary atmospheres. Instead, we would like to focus on several examples of dissociative recombination reactions, where interesting developments have been made during the last decade. These fields include the DR of H 3 + , hydrocarbons, sulphur compounds and protonated methanol.

General role of DR reactions in low-temperature plasmas

Dissociative recombination can be schematically described as AB + + e -→ A + B (1) where AB + is an arbitrary molecular ion interacting with an electron. It is a complex process and applying a historical perspective it was not at all obvious whether it would be slow or fast. Bates [22] conceived a twostep mechanism in which the electron first is captured by the molecular ion by electronically exciting one of the bound electrons. A neutral molecule is formed in a doubly excited, usually strongly repulsive, state located above the first ionization potential. In the second step the molecule dissociates rapidly along the repulsive potential energy curve. Transfer of the electron back to the continuum is prevented, or at least mitigated, by the rapid dissociation, which lowers the electronic energy below the first ionization limit. The molecule stabilizes the electron capture by destroying itself. Bates [22] estimated that DR would proceed at rate of about 10 -7 cm 3 s -1 ; what is remarkable is not that this turned out to be a very good estimate of the rate constant but the fact that most molecular ions recombine at this rate, give or take no more than a factor of ten.

The large rate constant for molecular ion recombination render DR the dominant neutralizing process in a plasma where the gas temperature is a few thousand degrees or less and the electron temperature is lower than a few eV. These conditions prevail in the interstellar medium and in planetary ionospheres. Dissociative recombination does not only destroy molecular ions, it also leads to the formation of neutral molecules. For example, when HCO + recombines with electrons one decay channel is

HCO + + e -→ CO + H (2) 
i.e. carbon monoxide is formed. In chemical networks constructed by ion-molecule reactions, DR is often the final terminating step in a particular branch. This is illustrated by Fig. 1, which shows a network of ionmolecule chemistry applicable in the interstellar medium. The important role played by H 3 + stands out conspicuously in this network, and will be discussed in Section 3. 

1. The primeval universe

Since only the first three elements of the periodic table (H, He, and, to a much lesser extent Li) can undoubtedly be synthesised in the early universe, one could assume that chemistry was fairly limited in this environment. Nevertheless, more than 200 reactions involving 23 different atomic and molecular species are thought to be involved in the chemistry going on in the primeval cosmos [24] and processes leading to molecular hydrogen (H 2 ) are very crucial for the formation of the earliest high-mass stars. Even traces of this species greatly augment the cooling abilities of the primordial gas, since Lyman-α cooling of atomic hydrogen is inefficient at temperatures below 8000K. This is well above the matter and radiation temperature in the post-recombination era, whereas the presence of molecules allows cooling even at temperatures around 1000 K through collisional excitation followed by spontaneous emission [25]. Cooling of the primeval gas, however, is vital for the formation of density fluctuations, which in turn lead to formation of the first stars that can form heavier elements by stellar nucleosynthesis [26]. Therefore, detailed knowledge of the mechanisms and the overall efficiency of H 2 formation in the early stages of our universe is vital for understanding its further evolution. In the present cosmos H 2 is believed to be formed almost exclusively on grain surfaces. Due to the absence of solid matter in the early universe, gas phase mechanisms must account for H 2 formation in this environment. Also other molecular species like HD, LiH and H 3 + can be involved in cooling processes in the primordial universe: Due to its dipole moment (allowing transitions with ∆J=1), HD might be important at lower temperatures, whereas LiH could play a role in the final stages of collapse where it might survive longer than H 2 [24]. Since H 2 has no dipole moment, the direct formation of this molecule by radiative association of two H atoms via the ground state X 1 Σ + potential curve is not feasible [27], since radiative deactivation via vibrational transitions is impossible. In addition, formation via the excited 2 Σ u + would involve a highly forbidden triplet-singlet transition. However, H + can recombine with an H atom via the excited A 2 Σ + state, which undergoes radiative decay to the X 2 Σ + state in an allowed transition [28]. Generally, H 2 is believed to be produced in the early universe by two main reaction pathways: 

H + + H → H 2 + + hν (3) 
Whereas the first process is regarded as dominant at higher temperatures, the second one is thought to be pivotal at later stages where the photodetachment of H -by the background radiation field is less efficient [24]. The rate for the radiative electron attachment (Reaction 5) has been calculated by de Jong using the principle of detailed balance [29]. Dissociative recombination of H 2 terminates the first formation channel and is therefore can be a very crucial process already in very early stages of our universe. Its role is further complicated by the fact that its temperature dependence (unlike the one of the dissociative recombination of many larger ions) does not show a simple exponential behaviour, but exhibits many resonances even at comparatively low collision energy of the reactants. Furthermore, the behaviour of ortho-and para-H 2 has been found to differ considerably [30].

+ H 2 + + e - → 2H (7) 
Dissociative recombination is also regarded to affect the abundance of H 2 D + in the early universe [31]. Due to its dipole moment and available transitions in the relevant wavelength regions, it was suggested that this ion could be observable in the early universe since protoclouds containing it could cause spatial anisotropies in the cosmic background radiation by Thomson scattering [32]. However, abundances of H 2 D + in the primeval universe are regarded too low to enable such a detection with the currently available observational techniques [33].

2. Dark molecular clouds

Dark molecular clouds, whose absorbance is caused by tiny dust grains, were first discovered by Herschel [34] (who regarded them as "holes in the sky") and identified as matter obscuring light from stars behind by Barnard [35]. They mostly consist of molecular hydrogen. Almost 2500 dark clouds have been identified in the galactic plane [36] and they exhibit a great variety of often irregular and filamentary shapes [37]. Dark clouds are also not homogeneous, but contain denser regions (dark cores). Although these higher-density regions constitute only a minute fraction of the total cloud mass [38], they are of pivotal importance, since they can serve as birthplaces of stars.

Dust grains are not only responsible for the high opacity of dark molecular clouds, they also play an important role in the chemistry of these objects. Due to the low temperature, molecules (e. g. CO and H 2 O) freeze out onto grains forming ice layers, which reduces their gas-phase abundance. Furthermore, a rich chemistry is thought to take place on icy grain surfaces, and most importantly, the most abundant molecule in dark clouds, namely H 2 , is formed there, a process, which has found to be efficient even at very low temperatures [39]. The high mobility of hydrogen atoms on grains also has another effect: it enables successive hydrogenations of absorbed species (e. g. CO) leading to partly or totally saturated molecules like formaldehyde and methanol [40]. Also, in many cases no reasonable gas-phase mechanisms exist for the formation of molecules observed in dark clouds and one has to resolve to surface processes to explain their abundance. In star-forming regions, the species frozen out or formed on grain surface evaporate and their increased abundance can trigger further reactions leading to a versatile chemistry in these environments.

Temperatures of gas phase molecules and ions in dark clouds mostly lie in the range of 7 -20K [41].

Although electrons produced by cosmic radiation (which can penetrate into dark clouds further than to an opacity of ~6) have a mean energy of 30 eV [42], they are cooled very efficiently by interaction with H 2 (at higher energies through ionisations and electronic excitations, at lower energies by rotational excitations) [43]. Therefore it is fair to assume that electrons are in thermal equilibrium with molecules in dark clouds.

Owing to that fact it is necessary to perform measurements of dissociative recombination reactions that are relevant for dark cloud chemistry at the low collision energies corresponding to the temperatures encountered there. UV photons are responsible for ionisation in the outer, more diffuse regions of dark clouds. Although the more opaque inner parts of (A v > ~6) of dark clouds are impenetrable for visible and UV light, cosmic rays can enter them and cause ionisation of molecules. In the vicinity of embedded low-mass stars, also X-ray photons can cause ionisation. The ionisation of H 2 rapidly leads to H 3 + :

H 2 + CR → H 2 + + e - (8) 
H 2 + + H 2 → H 3 + + H (9)
which, in turn, can form many important interstellar ions (HCO + , N 2 H + , etc.) through proton transfer to the respective neutral molecules. The degree of ionisation is crucial for the dynamics of dark clouds, since it governs the interaction between the magnetic field and the molecular gas and thus influences the timescale of gravitational collapse and star formation. Ion fractionation is usually determined by assessing the electron abundance, assuming that (a) molecular clouds are electroneutral and (b) the negative charge is exclusively located in electrons. The latter statement might be questioned through the possible presence of negative charges on grains and the recent detection of carbon chain anions in the dark cloud TMC-1 [44]. More severely, only indirect methods exist for the determination of the electron abundance. Models to assess the ionisation fractionation are based on the prediction that dissociative recombination is the only efficient process in reducing the total ion number density [45]. Measuring rates of dissociative recombination reactions are crucial to verify this assumption. They also yield information to what extent this process is able to compete with other destruction pathways of ions, such as charge transfer, proton transfer and depletion onto grains, which are regarded as negatively charged and thus can neutralize impinging cations [46]. If ionisation is entirely due to cosmic radiation and ions are solely destroyed by dissociative recombination, the ionisation fraction x e =(n e /n H2 ) follows the equation: (10) with ζ being the cosmic ionisation rate constant and C = 3.2 ×10 3 cm -3/2 s 1/2 .

Observational studies of the ion fractionisation (i. e. the ratio of the total ion abundance to the H 2 abundance in dark clouds) have focused on determining the numbers of electrons by indirect methods. Most commonly it is derived from the comparatively easily observable deuteration fraction of the HCO + ion [47,48]: (11) The factor f is defined as:
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x Cn where n(X) are the number densities of species (N 2 , CO, etc..) that are protonated/deuteronated by H 2 D + and k X are the rate coefficients of these reactions. n e denotes the electron number and k f and k b are the forward and backward reactions of the deuteration of H 3 + :

H 3 + + HD → H 2 D + + H 2 ( 13 
)
k DR is the dissociative reaction rate of H 2 D + and it is easily seen that the electron density obtained using this formula will be quite affected by this number, which was very controversial for some time. It has been determined in a storage ring experiment together with the product branching ratio of this reaction [31]. In low-mass as well as massive cores, the ionisation fractions determined by the above-mentioned method lie in the range of 10 -7.5 to 10 -6.5 relative to hydrogen [48,49]. However, the electron density in molecular clouds is not necessarily uniform: Some regions can be affected by X-rays emerging from newly formed stars [50], and an inhomogeneous clumpy structure [51] or turbulences in the cloud [52] might cause an enhancement of the ionisation fraction in the more central part of the object. In this context it also should be noted that the abundance of individual ions strongly depends on the opacity [37] in the cloud region they populate.

Dissociative recombination also plays an important role in the synthesis of many common interstellar molecules (CH 4 , H 2 O). It constitutes the final step of their formation pathway, when the protonated form of the molecules is subjected to this process under ejection of a hydrogen atom, leading to the desired species. Generally ions often function as intermediate steps in the formation of interstellar molecules. This is due to the fact that at the stage of formation of dark clouds H 2 is very probably the only important neutral molecule in the gas phase. However, no atoms (apart from fluorine) can undergo exoergic reactions with H 2 to form a diatomic molecule by cleaving the H-H bond under production of a H atom. Ion reactions like the following have to fill the gap [53]: Since this reaction has a small barrier of about 7 meV, its rate constant is much lower at interstellar cloud temperatures than at 300 K [54,55]. Such small endoergicities are not uncommon for H-abstraction reactions. However, it has been shown that in magnetohydrodynamic shocks relative velocities between ions and neutrals of up to 5 kms -1 can been reached, which would enable ion-neutral reactions possessing small energy barriers [56]. Also the reaction enthalpy of some processes might be converted to a large extent into kinetic energy of the products. This generates fast ions, which can subsequently undergo a reaction with e. g. H 2 that has a low barrier. This holds especially for N + , which is produced by charge transfer from He + to N 2 followed by dissociation of the N 2 + intermediate into N + and N. The NH + ion resulting from Reaction (14) Interestingly, the rate constant of the last reaction shows a minimum at 80 K [54,57], possibly another reaction pathway opens above that temperature. The last step of ammonia synthesis then consist of a dissociative recombination:

f k k k H D n n H k n X n H f b DR e X X = + +       + - ∑ F o
NH 4 + + e - → NH 3 + H (18) 
The thermal rate of the reactions was determined as 9.43 ×10 -7 (300/T) (0.605) cm 3 s -1 [58] in a storage ring experiment, which also showed that the dissociative reaction mostly leads to the "desired" product NH 3 . This is not always the case. The high exoergicities of dissociative recombination reactions often bring about a multitude of energetically possible reaction channels, whose relative importance is not straightforward to predict. In earlier theoretical treatment, Bates argued that the preferred pathway in such processes should be the one involving the least rearrangement of valence bonds [59]. However, dissociative recombination reactions do not tend to follow this prediction, and three-body break-ups (which should be extremely unlikely following Bates's prediction) have been found to be more common than expected [60]. For example, in the dissociative recombination of H 3 O + , the channel leading to OH + 2H is by far the most important (branching fraction 0.60), whereas H 2 O + H is only produced in 25 % of all dissociative recombination events [61,[START_REF] Herbst | [END_REF], which was somewhat lower than the values used in previous models [63].

A sequence of ion-neutral reactions concluding with a dissociative recombination was also held responsible for the formation of methane in dark clouds. However, the process analogous to Reaction ( 14):

C + + H 2 → CH + + H ( 19 
)
is endoergic by 0.4 eV [53] and thus not feasible under dark cloud conditions. However, C + can react with molecular hydrogen in a radiative association process leading to CH 2 + [64]: Radiative associations tend to be slow (a value of 7.897 × 10 -16 cm 3 s -1 at 10K is used in standard model calculations [65]), but could play a crucial role in the absence of other formation pathways. CH 2 + is capable of abstracting hydrogen atoms from H 2 :

C + + H 2 → CH 2 + + hν (20) 
CH 2 + + H 2 → CH 3 + + H ( 21 
)
whereas the relatively stable CH 3 + ion cannot undergo a similar reaction. Again, a radiative recombination process has to fill the gap:

CH 3 + + H 2 → CH 5 + + hν ( 22 
)
The rate constant of this reaction was measured as 6 × 10 -15 cm 3 s -1 at 80K in an ion trap experiment by Gerlich and Kaefer [66]. This value was almost a factor of 50 lower than the theoretically predicted value [67]. Finally, dissociative recombination should function as the final step:

CH 5 + + e - → CH 4 + H (23) 
Unfortunately, Reaction ( 23) is only a minor channel in the dissociative recombination of CH 5 + (branching fraction 0.05). As in the case of H 3 O + , the pathway involving ejection of two hydrogen atoms is predominant (branching fraction 0.70) [68]. Introduction of these unexpected data into a model calculations have lead Viti et al. [69] to conclude that the proposed gas phase reaction sequence (Reactions 20-23) is not a feasible formation scheme in the interstellar medium and therefore methane should be produced by alternative routes like surface processes.

These two examples should illustrate that dissociative recombination often constitutes the crucial final step in the gas-phase synthesis of important interstellar molecules. Branching ratios of the process are often pivotal and determine the viability of the whole sequence, and sometimes also, if the compound can be produced in the gas phase or not. We will discuss several such cases later in the article.

Hot cores

Hot cores are regions in dense clouds that are warmed by an associated protostar to a temperature of about 100K. They are important intermediate stages in star formation and an ongoing subject of intense discussion. A very diverse chemistry is found in these environments and many large organic molecules like dimethyl ether, methyl formate and ethanol have been detected there. In the early ages of hot cores, when temperatures are low, dust grains build up icy mantles of organic substances, which can be evaporated at later times when the protostar has been formed [70,71]. At this stage, a considerable amount of methanol and formaldehyde, amongst other compounds, is released into the gas phase, which triggers a complex chemistry. It would exceed the scope of this article to discuss the details of hot core chemistry, but we would like to give two examples of reactions induced by these two species. Due to its high proton affinity, methanol can be easily protonated (e. g. by H An alternative pathway to protonated dimethyl ether is the following radiative recombination:

CH 3 + CH 3 OH 2 + → CH 3 OHCH 3 + + hν (25) 
Again, dissociative recombination is the last step of synthesis:

CH 3 OHCH 3 + + e - → CH 3 OCH 3 + H ( 26 
)
Since a lot of other products of Reaction ( 26) are energetically possible, the branching ratio of the dimethyl ether formation could be crucial for the feasibility of the invoked synthesis. If the gas-phase mechanism would be unable to account for the production of sufficient abundances of dimethyl ether a radical-radical reaction on grain surfaces could be invoked [72]:

CH 3 O + CH 3 → CH 3 OCH 3 ( 27 
)
Model reactions by Garrod and Herbst [70] have shown that even a branching ratio of 0.01 for dimethyl ether formation in Reaction (26) would allow the production of the abundances observed in hot cores like the Orion Hot Core [73] (in a recent storage ring experiment, a branching fraction of 0.05 was measured [74]) Reaction ( 27) only plays a role in early stages of the core and does not contribute substantially to the dimethyl ether formation, if not a long warm up-phase is assumed [70].

For the production of methyl formate, a somewhat similar reaction sequence was suggested: CH The protonated methylformate could also be formed by condensation of protonated formaldehyde with the unprotonated compound [75] or by reaction of protonated methanol with formaldehyde:

CH 3 + + HCOOH → HC(OH)OCH 3 + + hν ( 30 
)
CH 3 OH 2 + + CH 2 O → HC(OH)OCH 3 + + H 2 (31) 
Ab initio calculations yielded that both processes have high barriers to the right isomeric form of HC(OH)OCH 3 + , namely the protonated methylformate. However, in an ICR experiment, a small number of ions with a mass corresponding to HC(OH)OCH 3 + had been detected, but was probably formed by a byprocess [75]. From all other conceivable pathways leading to this species, only the following radiative association

CH 3 OH + HCO + → HC(OH)OCH 3 + + hν ( 32 
)
proceeds without a threshold [75]. In a Fourier Transform Ion Cyclotron Resonance experiment, a rate constant of 2.2 × 10 -11 cm 3 s -1 has been determined, although it has to be stated that HC(OH)OCH 3 + is not the main product of the reaction between CH 3 O and HCO + [75]. Nevertheless, model calculations using the available data on the above-mentioned reactions predict (with a branching ratio of 0.01 for methylformate production in Reaction (29)) that all gas-phase mechanisms together only account for a minor part (25 % according to Garrod and Herbst [70]) of the methylformate abundance [75]. There is however, some uncertainty, since no laboratory studies of the dissociative recombination of HC(OH)OCH 3

+ have yet been performed. Also, other isomers of HC(OH)OCH 3 + formed by ion-neutral processes could produce methylformate in their dissociative recombination, when this process involves fundamental structural rearrangement. Such processes have been deemed possible for other ions, which adds another uncertainty in the model predictions [76]. Nevertheless, the majority of methylformate is thought to be formed on grain surface according to:

CH 3 O + HCO → HCOOCH 3 ( 33 
)
This pathway is enabled due to the elevated mobility of HCO on grain surfaces at higher temperatures. The different formation sites (surface and gas phase) of dimethyl ether and methylformate should serve to illustrated that there is no general pathway of production of more complex molecules in hot cores and the different channels have to be studied in detail (including determination of rates and branching rations) to allow some substantiated conclusions about their relative importance.

It should be noted that dissociative recombination also can play a role in deuterium fractionation of interstellar molecules. This subject has attracted considerable attention during the last years. Especially in protostellar regions, but also in dark cores a degree of deuteration exceeding the statistical values derived from the interstellar D/H ratio by orders of magnitudes has been observed for many molecules. Even multiply deuterated species have been detected [77].

In the case of ND 3 , a D/H ratio of 0.15 in the gas phase would be requested for a surface process to account for the observed deuterium fractionation, which exceeds the value used in the models. Therefore, gas-phase processes involving deuteronation by H 2 D + and subsequent dissociative recombination are held responsible for production of deuteronated isotopomeres of ammonia. It was assumed that the branching ratios of different isotopomeres are statistical in both the ion transfer as well as the dissociative recombination reactions [78]:

NH 3 + H 2 D + → NDH 3 + + H 2 (34) 
NH 3 D + + e - → NH 2 D + H ( 35 
)
Due to the high deuterium fraction of H 3 + at low temperatures, such a mechanism seems feasible and deuteron transfers from D 3 H + , DH 2 + and even D 3 + are held responsible for the comparatively high abundance of deuterated ions like DCO + and DN 2 + . In colder regions many proton/deuteron acceptors like CO and N 2 freeze out and the abundance of deuterated H 3 + isotopomeres is enhanced [79]. Dissociative recombination is then an important removal pathway of H 3 + and its isotopomeres and its rate is crucial to their abundance [80].

Repetition of this reaction sequence leads to formation of higher deuterated isotopomeres. However, model calculations [77] would predict a NH 3 /ND 3 abundance ratio of 1000, a factor of 10 higher than the actually observed one. This shows that Reactions (34) and ( 35) cannot be the only way of formation of deuterated ammonia. 

Diffuse and translucent clouds

Clouds that do not block the visible light from stars behind were in the early days called diffuse clouds. Translucent clouds occupy an intermediate place between dense and diffuse molecular clouds. However, their definition has not been consistent in the literature, which led Snow and McCall [81] to propose to group interstellar clouds in 4 categories (atomic and molecular diffuse clouds, translucent and dark clouds). Following their nomenclature molecular diffuse clouds have a visible opacity of 0.2, a particle density of 100-500 cm 3 and show a temperature 30 to 100 K, whereas for translucent clouds the respective figures are A v ~ 1-2, T = 15-30K and ρ = 500-~1000 cm -3 . Since atomic diffuse clouds are very poor in molecular species, we will restrict our discussion to the two aforementioned classes of objects [81].

An important chemical difference between diffuse and translucent clouds is, according to models, the state of ionisation of carbon atoms. In translucent clouds, C mostly exists in its neutral atomic form (with CO getting more and more abundant with increasing opacity, whereas C + ions produced by ionisation through high-energy photons dominate in diffuse clouds. In dense clouds carbon tends to be present in the form of CO. Hydrogen mostly appears in its molecular form, whereas H atoms, which roughly have similar abundances in dark and translucent clouds, become more abundant in diffuse ones [82].

Reactions induced by photons play a crucial role in these environments and H and H 2 can be effectively ionised. This can lead to considerable abundances of H 3 + , which has been recently detected in a diffuse cloud [83]. Also other polyatomic ions have been identified along diffuse sightlines, like HCS + , HCO + and its isomer HCO + [84,85,86]. Even larger molecules like polyaromatic hydrocarbons (PAHs) are to some extent expected to be present in their ionic forms and have been suggested to be partly responsible for the elusive diffuse interstellar bands (DIBs) [87]. Consequently, the abundance of electrons is also enhanced by several orders of magnitude (n(e -)/n(H)~10 -4 ) in diffuse clouds compared to dark ones. Fast dissociative recombination reactions can then play a major role as a destruction mechanism of ions, which may even hamper molecular ion chemistry when most carbon atoms are ionised and electrons are, therefore, very abundant [81]. Regarding the production of ions in diffuse clouds it should be mentioned that the cosmic ionisation rate in these objects was very controversially debated and its determination relies heavily on the accurate determination of the dissociative recombination of this ions. Experimental measurements of the rate constants differed by orders of magnitude and earlier models consequently used very low dissociative recombination rates for H 3 + [88]. Only recently the results from storage ring and afterglow measurements could be reconciled. These issues are discussed in detail in Section 3 of this article. Also other ionic species pose a challenge for modelists, namely CH + . Since the direct formation by Reaction (19) is highly endoergic, one has to resort to other pathways involving radiative association, e.g.

C + + H → CH + (36) 
However, CH + is rapidly destroyed by reactions with H 2 , H and also by dissociative recombination. Therefore, models tend to substantially underestimate the CH + abundance in diffuse clouds [88]. One way out of this difficulty is to invoke acceleration of C + ions by magnetohydrodynamic effects, which can result in collision energies sufficient to overcome the barrier in Reaction (19) [89,90]. Another possibility is to assume that the destruction mechanisms, including dissociative recombination are much less efficient at lower temperatures than previously assumed. In the case of CH + , the rate constant of the latter process has been determined as 3.1 × 10 -7 cm 3 s -1 at 120 K in a merged beam experiment [91]. In many cases, the temperature dependence of dissociative recombination reaction follows a simple exponential behaviour, as one would expect for a barrier-less reaction. However, exceptions exist. Opening of additional autoionisation channels at higher collision energies might induce a steeper rate/temperature dependence under these conditions. In the case of polyatomic ions, even other product channels might become energetically viable. Vibrationally excited states might have much higher velocities due to intersections with dissociative potential energy surfaces, which do not exist for the ground state, as seen in the case of H 2 + [92]. Last, but not least, resonances emerging from indirect processes (where a long-lived intermediate Rydberg state, which subsequentially decays into the dissociative recombination fragments) can result in higher dissociative recombination rates at elevated temperatures, as seen e. g. in H 2 + and HeH + [30,93]. In the former ion also the nuclear spin plays a considerable role, and many resonances observed in para-H 2 + are not found in the ortho form and vice versa. The temperatures of translucent and diffuse clouds span a large range, therefore such effects might substantially affect the ion chemistry in these objects.

Dissociative recombination is also involved in the transformation of C + into CO, a very crucial process in translucent clouds. C + probably first forms CO + in a reaction with OH:

C + + OH → CO + + H ( 37 
)
which can then rapidly react with H 2 [94]:

CO + + H 2 → HCO + + H (38) 
The HCO + ion undergoes dissociative recombination that has been shown to lead almost exclusively to CO [95]:

HCO + + e - → CO + H (39) 
Interestingly, also the OH radical necessary for the first step is produced by dissociative recombination, namely from H 3 O + :

H 3 O + + e - → OH + 2H (40) 
H 3 O + + e - → OH + H 2 (41) 
The sum of the branching fractions of Reaction ( 40) and (41) in the dissociative recombination of H 3 O + has been determined in a storage ring experiment as 0.74 [61,[START_REF] Herbst | [END_REF], whereas flowing afterglow measurements yielded a somewhat lower value of 0.65 [96] and the relative importance of both channels was different in the two experiments. One could state that, if diffuse clouds would be transformed into translucent and dark clouds, dissociative recombination reactions would be crucial steps in this hiatus.

Ionospheres of planets and their satellites

The atmospheres of the outer giant gas planets consist mostly of hydrogen and helium, with smaller amounts of methane and ammonia being present. Therefore, not surprisingly, H 3 + is the most abundant ion in higher layers of their ionospheres. In lower regions, H 3 + undergoes proton transfer to methane or ethylene according to the reactions [97]:

H 3 + + CH 4 → CH 5 + + H 2 (42) 
H 3 + + C 2 H 4 → C 2 H 5 + + H 2 (43) 
Dissociative recombination serves as the main destruction mechanism for these ions and considerable research efforts have been devoted to investigate the rate constants and the product distributions, not only because of their significance to the chemistry of planetary atmospheres, but for the role dissociative reaction plays in combustion processes. The results of these investigations are discussed in detail in Section 4. With regard to minor constituents of the Jovian atmosphere, it could be mentioned that dissociative recombination might be involved in the formation of water in the planet's ionosphere [98]. In this environment O + is thought to be transformed into H 3 O + by a chain of reactions, which then forms water through

H 3 O + + e - → H 2 O + H ( 44 
)
with a branching fraction of 0.25 [61].

Ion chemistry is not only happening on planets, it also plays a pivotal role in satellites like Titan. Titan's atmosphere is one of the most peculiar of the solar system. It consists mostly of nitrogen, methane and other hydrocarbons and is thus suspected to somewhat resemble the one of early Earth. Consequently, chemical processes involving hydrocarbon ions are fundamental in Titan's ionosphere. Since some hydrocarbons (e.g. cyclic C 3 H 3 + ) are unable to react with other abundant molecules, dissociative recombination is their only feasible destruction mechanism. The role of DR reaction in the hydrocarbon chemistry of this satellite is discussed further below in this article.

One class of ions in Titan's ionosphere that re-emerged in the focus of interest are protonated nitriles. The Mass Spectrometer (INMS) on board the Cassini spacecraft. During one of its flybys recorded abundances of ions with masses corresponding to these ions (e.g. protonated acetonitrile, protonated acrylonitrile), which were in some cases several orders of magnitude higher than predicted by pre-Cassini models [99]. Therefore destruction and formation mechanisms of these species have to be included in chemical models of Titan's ionosphere [100]. Since nitriles possess comparatively high proton affinities and are therefore unlikely to transfer protons to N 2 or hydrocarbons (the dominating species in this moon's atmosphere), DR is probably their most important degradation mechanism in Titan's ionosphere. Protonated nitriles can therefore be formed by protonation of their parent substances on the N-atom and, if dissociative recombination leads to cleavage of the N-H bond the nitrile will be recycled. On the other hand, they can undergo association reactions with neutral molecules forming larger protonated nitriles, which can then again form the unprotonated species upon dissociative recombination. Larger cyano compounds can be formed in Titan's atmosphere according to this mechanism [101]. Experimental investigations on protonated acetonitrile [102] and cyanoacetylene [103] have shown that the dissociative recombination of protonated nitriles only partly leads to the unprotonated species, although complete branching ratios for all pathways could not be established. Dissociative recombination might be also involved in the formation of nitriles. In the case of HCNH + (one of the most abundant ions in Titan's ionosphere) it can lead to HNC, which can react with methyl radicals to form acetonitrile [104]: Since the new data from the Cassini-Huygens mission suggests a much more versatile nitrogene chemistry than previously assumed, it is fundamental to establish rates and branching fractions of reactions involving nitrogen-containing neutrals and ions. Such information is, for the time being, only available to a very limited extent.

F
Dissociative recombination is not only an important process in the formation and destruction of substances in planetary atmospheres, but also for their removal of molecules from the planetary gravitation field. In the uppermost layers of the atmospheres of Mars and Venus, dissociative recombination is regarded as pivotal to the non-thermal escape of oxygen. Hot oxygen atoms are thought to be exclusively produced from O 2 + in these environments:

O 2 + + e - → O( 3 P) + O( 3 P) ∆H =6.99eV (46a) → O( 3 P) + O( 1 D) ∆H =5.02eV (46b) → O( 1 D) + O( 1 D) ∆H =3.06 eV (46c) → O( 3 P) + O( 1 S) ∆H =2.80 eV (46d) → O( 1 D) + O( 1 S) ∆H =0.84 eV (46e)
The energy gained by the atoms in dissociative recombination reactions can enable them to escape the gravitational field of lighter bodies like Mars and Titan. If their energy is insufficient to fly off (e.g. in atmospheres of heavier bodies like Earth end Venus), they might spend some time at high altitudes before falling down again, thus forming a hot atom corona [105]. Whereas a hot oxygen corona has been identified by the Pioneer mission for Venus [106], the existence of hot oxygen atoms in the exosphere of Mars has not yet been proven. According to model calculations, however, O 2 + is the predominant ion in the lower ionosphere of Mars, since it is readily produced by the reaction of O + ions with CO 2 , which is the most abundant species in the Martian atmosphere [107]:

O + + CO 2 → O 2 + + CO (47) 
With an escape rate of 6 × 10 24 s -1 [108], dissociative recombination could play a major role in the oxygen loss from the Martian atmosphere and, consequently the loss of water from this planet. However, newer model calculations ascribe oxidation process a larger role [109]. The overall rate of Reaction (46) and its branching into the different channels (46a-e) have been investigated in detail by Petrignani et al. [110].

Their results show that both parameters vary strongly on the vibrational state of the O 2 + cation. Generally, the rates increase with lower vibrational quantum numbers and the importance of channel (46e) grows with increasing vibrational quantum numbers, whereas the opposite is true for channel (46a), which almost disappears at v=2. Channel (46d) has been found to be closed at low collision energies [111]. These facts are of particular relevance for the ionosphere of Venus, where 60% of the O 2 + ions are produced by Reaction (47) in vibrationally excited states [112].

It was also assumed that dissociative recombination of CO 2 + is also instrumental in the carbon atom escape on the planet. Energetically, two pathways are possible for this process: Whereas it was generally thought that Reaction (48a) was the exclusive pathway in the dissociative recombination of CO 2 + , a storage ring experiment [113] determined a branching fraction of 0.09 for Reaction (48b). According to model calculations incorporating the data from this measurement, the latter process should be a major source for atomic carbon in the Martian atmosphere [114]. However, the models did not predict the formation of a sufficient amount of high-energy carbon atoms by Reaction (48b) to account for carbon escape (which is due to hot atoms stemming from CO photodissociation). Furthermore, a recent experimental investigation cast doubts on the presence of this pathway in the dissociative recombination of CO 2 + [115]. Also, the escape of hot nitrogen atoms produced by the dissociative recombination of N 2 + has been discussed as responsible for the nitrogen loss in the atmospheres of Mars and Titan. Whereas it plays an important role in Mars where it is the most important mechanism at high solar activity, it is not considered to be the major pathway in the latter body [116,117]. In Mars, it is also a possible reason for the high isotope fractionation of N 2 (75 % enrichment of 15 N compared to the terrestrial isotope ratio) measured in the Viking 1 mission [118], since the lighter hot 14 N atoms are more prone to non-thermal escape [119].

CO 2 + + e - → CO + O ∆H =8.3 eV (48a) → C + O 2 ∆H =2.3 eV (48b) 
Due to their exoergicities several dissociative recombination reactions are productive mechanisms in the generations of highly excited states of atoms and molecules. Radiative deactivation of these states leads to characteristic emissions found in light phenomena as auroras and airglows. In the terrestrial and Martian atmosphere, dissociative recombination accounts for night glow emission of O( 1 D), which is produced by Reactions (46b, c or e) [120]. In addition the green line emission of O( 1 S) atoms in the F2 region is exclusively due to production of this species by Reaction (46d or 46e). Airglows are not exclusively due to excited atoms formed through dissociative recombination, also excited states of molecules can be responsible for these phenomena. An interesting example are the Cameron (a 3 Π → X 1 Σ) and Fourth positive (A 1 Π → X 1 Σ) bands of CO observed in the airglow of Mars and Venus, which are due to electronically excited states of this molecule produced in Reaction (48a) [121]. Furthermore, highly excited states of atoms and molecules can undergo reactions, which are energetically unfeasible for their ground states under atmospheric conditions. For example the dissociative recombinations of N 2 + and NO + can produce N atoms in the ground ( 4 S) as well as in the excited ( 2 P) and ( 2 D) states [122,123]. The latter has an extremely long lifetime (~40s) and is thought to be instrumental in the formation of nitriles in Titan's atmosphere [124]:

C 2 H 4 + N( 2 D) → CH 3 CN + H (49) 
In addition, dissociative recombination reactions may influence the temperature in planetary thermospheres. They tend to be highly exoergic and, if the reaction enthalpy is partly converted into kinetic energy of the fragments, can, as we have seen above, lead to fast molecules and atoms. A collisional energy transfer from these particles to other species result in heating of the thermosphere [125], whereas radiative deactivation of excited species produced by dissociative recombination can lead to a cooling of this environment [126].

Dissociative recombination is also an important destruction mechanism of cluster ions (e.g. NH 4 + (H 2 O) n , and, especially H + (H 2 O) n ), which have been detected in the D layer of Earth's ionosphere [127]. For these ions dissociative recombination might be a competing process for mutual neutralisations of cluster cations and anions, which are regarded as playing a crucial role in aerosol formation [128]. Aerosols are not only of great significance for Earth's atmosphere: evidence of extensive aerosol chemistry has been found on Saturn's moon Titan by the Huygens probe [129]. The dissociative recombination rates of H + (H 2 O) 3 have been measured in storage ring and afterglow experiments and found to be higher than the ones of the lighter homologue ions H + (H 2 O) 2 and H 3 O + and even increase for higher clusters. Interestingly, the dissociative recombination of H + (H 2 O) 3 leads almost exclusively to the break-up into a hydrogen atom and three water molecules [130,131]. A similar pattern (preference of break-up into neutral monomers and increasing rate coefficient for larger clusters) was observed for the ions NH 4 + (NH 3 ) 2 and NH 4 + ( NH 3 ) 3 [132]. It could therefore be concluded that dissociative recombination functions as an efficient termination process in clustering by breaking up larger cluster ions into small neutral fragments.

It should be pointed out that the importance of dissociative recombination in planetary atmospheres is not necessarily restricted to singly charged cations. Although O 2+ ions have been identified in auroral spectra [133], no doubly charged molecular ions were so far identified in planetary atmospheres. However, model calculations invoked the existence of a CO 2 2+ layer in the Martian atmosphere [134] and other doubly charged molecular ions like O 2 2+ and N 2 2+ have been included in simulations of Earth's upper atmosphere [135,136]. A N 2 2+ layer of considerable density was also predicted to exist at high altitudes (1100-1200 km) in Titan's atmosphere and dissociative recombination is regarded as the principal degradation pathway of this ion there [137]. There is not much data available on dissociative recombination of dications, but the group working at the ASTRID storage ring at Aarhus (Denmark) measured the dissociative recombination reactions of the three dications CO 2+ , CO 2 2+ and N 2 2+ as 3.0 × 10 -7 (300/T) 0.5 cm 3 s -1 , 6.2 × 10 -7 (300/T) 0.5 cm 3 s -1 and 5.8 × 10 -7 (300/T) 0.5 cm 3 s -1 , respectively [138,139]. In the case of CO, the branching ratios of the C + + O and the O + + C channel were almost equal.

Finally it should be reported here that the importance of dissociative recombination is not necessarily restricted to solar planets. Also, models of extrasolar planets include this process as an important destruction pathway for water [140], which might have repercussions on the habitability of these bodies.

4 Experimental methods to study DR reactions in the ISM and planetary ionospheres: their aptitude, merits and shortcomings

Afterglow methods

Thomson and Rutherford [141] found that a gas exposed to x-rays 1 retained its conducting property for a short time after the rays had been turned off. This was the birth of gas discharge physics, or gaseous electronics and plasma physics in modern terminology. It took more than half a century from the first recombination experiment by Thomson and Rutherford to the first experimental study of dissociative recombination experiment by Biondi and Brown [142]. The principle was the same as in the very first experiment, but the technology obviously much advanced. Both the ionising discharge and the electron density measurement in the post-discharge (afterglow) plasma were made by means of microwave techniques. This stationary afterglow technique dominated the study of DR for the next two decades, and the focus was very much on the atmospheric gases (N 2 , O 2 and NO) because of their importance and the rare gases because dimer ions such as Ne 2 + and Ar 2 + are unusually well suited to the stationary afterglow technique. The first twenty years of DR studies were reviewed by Bardsley and Biondi in 1970 [143]. Some problems inherent in the stationary afterglow technique, such as clustering and microwave heating of molecular gases (see ref. [144] for a detailed discussion), led to the development of the flowing afterglow technique [145,146,147]. Figure 2 shows schematically the flowing afterglow technique; the ionising discharge pulse is separated from the ion formation region, which prevents vibrational heating of molecular gases. The flowing afterglow is a robust technique, which is capable of delivering reliable DR rate constants for molecular ions that often can be assumed to be in low vibrational levels. It is less suited for detailed comparisons with theoretical calculations since cross sections cannot be obtained. In astrophysical applications the recombination product branching ratios are often of more critical importance than the rate constant. This was recognized by researchers in the flowing afterglow community and efforts were made to measure branching ratios. The first efforts were concentrated on measuring H-atom and OH-molecule production by means of optical techniques, see ref. [148]. More recently a new technique based on electron impact ionisation of the products followed by mass selective detection has been introduced [149] Figure 2. Schematic drawing of flowing afterglow apparatus (redrawn from ref. [150]. The flow tube is typically 1 to 2 meter, with a diameter of 5 to 10 cm. Helium at a typical pressure of 0.5-1 torr is the carrier gas, and in the microwave discharge, metastable and ionised helium is formed. Argon at a pressure of about 15% of the helium pressure is ionised by metastable helium by Penning ionisation or charge exchange, and acts as the ioniser by ion-molecule reactions: Ar + + AB → Ar + AB + . The electron density in the recombination zone is measured by a movable Langmuir probe. The parent ion composition in the flowing afterglow plasma is determined by a mass spectrometer.

Merged beams and ion storage rings

Not all ions are suitable for studies by means of afterglow techniques. It is for example difficult to produce a hydrogen plasma for which H 2 + is the dominant ion because of the very rapid ion-molecule reaction

H 2 + + H 2 → H 3 + + H ( 50 
)
DR studies of H 2 + did not occur until the development of the inclined-and merged-beam techniques in the 1970s [151,152]. By merging beams of electrons and molecular ions, and by counting the number of neutral particles that are produced in the merging (interaction) region, absolute DR cross sections over a wide energy range and at high energy resolution can be obtained. The main disadvantages are that the excitation state of the reactant ion is not well determined and that the upper mass limit is 32 amu. The merged-beam technique was used extensively during the 1970s, 1980s and 1990s to study DR of molecular ions [18].

A remedy against the problem with an undetermined vibrational state distribution is to delay the merging of the ions and electrons so that the ions have time to undergo vibrational relaxation. The technical implementation of this remedy was the ion storage rings [153], a ring composed of an ultrahigh vacuum system of circumference 40-60 m, and dipole magnets and magnetic focusing elements to keep the ions in closed orbits. In one section of the ring the stored ion beam is merged with an electron beam. In this arrangement time becomes an additional parameter; the ion beam can be kept store for an arbitrary time (say up to 30 s) before the production of neutral reaction products from the interaction region are sampled. This allows the ions to vibrationally relax before measurements are performed. It also enables the application of beam phase-space cooling by means of the electron beam, which at velocity matched conditions acts as a heat sink for the stored ion beam. In some experiments on lighter ions, beam cooling plays an important role In some cases they are further accelerated by the Radio Frequency Quadrupole (RFQ), and injected into the ring. The interaction region, i.e. the region in the electron cooler where the ion and electron beams are merged, is 85 cm in length.

Ion storage rings are typically operated at much higher beam energiesin the MeV rangethan are singlepass merged-beam experiments. This is advantageous for several reasons: (i) the mass range is wide, and although there is no sharp upper limit, useful results for ions around 100 amu have been obtained [154]; (ii) the resolution in the product channel is much improved as compared with the single-pass case owing to the much higher beam energy; (iii) the high beam energy means that the ions have a high speed, which much reduces the cross section for ions to capture electrons from residual gas molecules; (iv) the ultra-low pressure in the ring (< 10 -11 torr) also contributes to a reduction background events; (v) the electron beam is approximately homogeneous and its cross sectional area quite a bit larger than that of the stored ion beam, which renders a measurements of the form factor unnecessary. The main drawback is that absolute cross section measurements require that the circulating beam current is measured. This is usually not a problem, but for very weak beams it can be cumbersome.

Ion storage rings have been used extensively to measure product branching ratios by means of a grid technique, which relates the redistribution of the pulse height spectrum of the neutral products to the branching ratios. The technique is powerful in that it can give a complete set of branching ratios in a single experiment. Isotope contamination always represents an element of risk, which has to be carefully assessed. Even when this is done, the experimental conditions in CRYRING in one case, the N 2 H + , ion beam was increasingly affected during the data taking through a contamination of 15 N 14 N + which resulted in an overestimate of the branching ratio for the NH + N channel [155]. When the electron impact flowing afterglow technique was applied to the study of N 2 H + , the NH + N channel was found to have an upper limit of 5% [149]. A reinvestigation at CRYRING revealed the problem and the NH + N channel was measured to be about 10%, in reasonable agreement with the afterglow result. This shows how important it is to use different techniques to the study of dissociative recombination.

The H 3 + conundrum

Discrepancies between different experiments, and between experiment and theory

The H 3 + ion occupies such an important role in molecular astrophysics, molecular spectroscopy and theoretical molecular physics that it has been the topic of two Royal Society Discussion Meetings [156,157]. The dissociative recombination of H 3 + has a long and unusually controversial and complicated history, which would occupy too much space if we would tell it here. The situation as it was at the first Royal Society Discussion Meeting has been described in detail by Larsson [158], and the development until early 2007 is described in the research monograph by Larsson and Orel [21].

At the time of the first Royal Society Discussion Meeting, the DR rate coefficient was for the second time on its way down to very low values, at least according to state-of-the-art theoretical calculations [159] [160]. History repeated itself; just like the Birmingham group used [161] the calculations by Michels and Hobbs [162] to support its < 2×10 -8 cm 3 s -1 rate constant measured using the flowing afterglow technique, the Prague group [160] could invoke theory [159] to support its ∼10 -9 cm 3 s -1 rate constant. Theory was now also vastly improved, so it did indeed seem like there would be at least some likelihood that the rate constant might, after all, be very small, at least at interstellar conditions. If H 3 + would have been discovered in diffuse interstellar clouds during the first "depression" era, which started in 1984 [161] and lasted into the 1990s (the rate constant was for a while even down to 10 -11 cm 3 s -1 [163]), this would have been taken as strong evidence of a low DR rate. In diffuse clouds H 3 + is primarily destroyed by dissociative recombination and if the DR rate constant were very low, one would anticipate high H 3 + number densities. The discovery came a decade after the height of the "depression" era [164] and was surprising since the rate constant around 1998 was believed to be about 10 -7 cm 3 s -1 . By the time a possible second "depression" era was approaching, the observation of H 3 + in diffuse clouds suggested that the DR rate constant might be low at interstellar conditions.

New results: time to close the books

The present position concerning the dissociative recombination of H 3 + has been reached by experimental work in Stockholm/Berkeley/Urbana-Champaign, Heidelberg and Prague, and theoretical work in Boulder, Colorado. In a collaboration between groups at Stockholm University, UC Berkeley and the University of Illinois, a pulsed supersonic discharge source was constructed and used as injector at CRYRING. This ensured the production and injection of rotationally cold H 3 + ions, and the resulting rate constant was 6.8×10 -8 cm 3 s -1 at an electron temperature of 300 K and a rotational temperature of about 30 K [83,165]. In Heidelberg a cryogenically cold ion trap was used as injector to the Test Storage Ring [166], and the result was in excellent agreement with the CRYRING result. Greene and Kokoouline worked out a new theory for the DR of H 3 + [167,168,169], which gives results in quite good agreement with those from the storage rings.

In Prague the afterglow experiments have been continuing since the late 1990s, and a consistent view of these and other plasma experiments is now emerging [170]. In a hydrogen plasma experiment, Ar and He are used in addition to the hydrogen gas. Recombination in the afterglow plasma is driven by dissociative recombination and ternary, H 3 + + e -+ He, processes. This implies that the rate constant in plasma experiments would depend on the He number density. In ref. [170] all plasma experiments for the past 30 years have been surveyed and a linear dependence of the rate constant on the He number density was found in regions of the plasma experiment where the H 2 density was larger than 2×10 12 cm -3 . Figure 4 shows the electron density as a function of distance in the flow tube in original Birmingham experiment [161]. The electron density drops quickly at the point R of ion creation (about 58 cm from the mass spectrometer orifice, which is at z = 0) and then flattens out at about z = 50 cm. This was explained at the time as a result of the presence of fast recombining vibrationally excited H 3 + in the early part of the afterglow followed by a long section where vibrationally relaxed H 3 + ions recombined so slowly that the electron density decreased mainly by ambipolar diffusion to the walls of the flow tube. This electron density plot has been at the core of the H 3 + conundrum ever since it was first measured: why do the H 3 + ions present in the afterglow in the region z < 50 cm not recombine? A tentative explanation has been put forward [170]. If long-lived Rydberg states of H 3 are formed in ternary collisions with He, and these states are destroyed in collisions with H 2 , a low density of H 2 would allow the H 3 * Rydberg states to survive in the plasma much longer and act as a reservoir that would release H 3 + ions at a slow pace by autoionisation. The apparent effect would be that the ionisation of the plasma would decay much slower than the binary DR rate constant would suggest. In Fig. 4 the region z = 58-50 cm is dominated by the high H 2 density and the rate constant deduced from the initial slope, about 7×10 -8 cm 3 s -1 , should be the binary DR rate constant. Similar arguments hold for the stationary afterglow experiment in Prague, where the binary DR rate coefficient now has been measured to be 7.5×10 -8 cm 3 s -1 [170], which is close to the storage ring results. Johnsen [171] discussed in some detail the various H 3 + DR experiments during the past 30 years and concluded that a slow recombination rate for vibrationally excited H 3 + would offer an explanation to the results of the different plasma experiments. This possibility now seems to be rejected by theory [169], which predicts a faster recombination rate for vibrationally excited ions, and the more plausible explanation of the plasma results is the one put forward in Reference 170.

There are still questions surrounding the dissociative recombination of H 3 + that need to be addressed, for example whether the theoretically predicted difference in DR rate between para-and ortho-H 3 + [169] can be observed experimentally, but the broader picture is now clear. This poses the question why H 3 + has been observed in so many diffuse interstellar clouds [172]. In diffuse interstellar clouds H 3 + is formed as a result of two reactions: cosmic-ray ionisation of H 2 followed by the ion-molecule reaction H 2 + + H 2 → H 3 + + H. In their investigation of the DR of H + ions at interstellar conditions, the cosmic-ray ionisation rate must be increased from its canonical value of 3×10 -17 s -1 to 1.2×10 -15 s -1 . Whether this was a peculiarity of ζ Persei or a feature of generality to diffuse cloud was not known at the time. Indriolo et al. [172] used high-resolution infrared spectroscopy to survey sight lines for H 3 + absorption and concluded that the cosmic-ray ionisation rate typically is 2×10 -16 s -1 in the diffuse interstellar medium, i.e. an order of magnitude larger than the previously inferred value. Dalgarno gets the final word [80] (p. 12272): "In conclusion, considerable uncertainties attend the values of the cosmic ray ionisation rate in the interstellar medium, but there are indications that the range could be narrow, lying between 10 -16 and 10 -15 s -1 from dense cores to in molecular clouds to the intercloud medium. The interesting question may not be why they are so different but why they are so similar".

Dissociative recombination of hydrocarbon ions

Interstellar clouds

More than 20 of the hitherto detected interstellar and circumstellar molecules are pure hydrocarbons and processes involving hydrocarbons form the backbone of interstellar cloud chemistry. They are not only fundamental to the build-up of large hydrocarbons including polyaromatic hydrocarbons (PAHs) but also stand for the formation of many non-hydrocarbonic species. The chemistry of hydrocarbons is complicated by the fact that many hydrocarbons with more than two carbon atoms can have two or more isomers, often both cyclic and linear ones. Unfortunately, only in some special cases (C 3 H and C 3 H 2 ) more than one isomer has actually been observed [173].

Principally, hydrocarbon chemistry in dark clouds proceeds via CH 3 and CH 4 , whose formation pathways have been discussed in Section 1.2. Larger hydrocarbon ions can be formed from these neutrals by insertion of C + ions.

CH 4 + C + → C 2 H 3 + + H (51a) CH 4 + C + → C 2 H 2 + + H 2 (51b) CH 3 + C + → C 2 H 2 + + H (52) 
The overall rate of Reaction ( 51) has been measured in earlier flowing afterglow and ICR experiments and found to be around 1.4 × 10 -9 cm 3 s -1 (and is assumed to have a negligible temperature dependence in models) and the branching fractions of Reactions (51a) and (51b) have been determined as around 0.7 and 0.3, respectively [174,175,176]. A similar rate is expected for Reaction (52). The emerging C 2 H 2 + ions can react with H 2 in two different ways:

C 2 H 2 + + H 2 → C 2 H 4 + + hν (53) 
C 2 H 2 + + H 2 → C 2 H 3 + + H (54) 
Reactions ( 53) and ( 54) have been experimentally found to be efficient at low temperatures [177,178].

C 2 H 3 + can also undergo dissociative recombination to form acetylene or the very reactive C 2 H radical:

C 2 H 3 + + e - → C 2 H 2 + H (55a) C 2 H 3 + + e - → C 2 H + 2H (55b) 
In a storage ring experiment, [179] the overall rate constant of the dissociative recombination of C 2 H 3 + has been measured as 5 × 10 -7 (T/300) -0.84 cm 3 s -1 . Reaction (55a) proceeds with a branching fraction of 0.29 and for Reaction (55b) the respective number is 0.59. Reactions leading to C 2 or fragmentation of the carboncarbon bond only are of minor importance. The formed acetylene then can undergo another cycle with C + insertion and radiative association with H 2 [180]:

C 2 H 2 + C + → C 3 H + + H (56) 
C 3 H + + H 2 → C 3 H 3 + + hν (57) 
Several other processes also lead to C 3 H 3 + , which constitutes a bottleneck for interstellar hydrocarbon synthesis. Also, this ion appears in two stable isomers, the linear propargyl ion (HCCCH 2 + ) and the cyclic cyclopropenyl cation, the latter being more stable by 2.28 eV [181]. For the fairly unreactive c-C 3 H 3 + ion, dissociative recombination is the only destruction pathway. Rowe and co-workers measured the rate + as 7 × 10 -7 cm 3 s -1 in a flowing afterglow experiment at room temperature. It is assumed that this process mostly leads to the following products [182]:

C 3 H 3 + + e - → C 3 H + 2H (58a) 
C 3 H 3 + + e - → C 3 H 2 + H (58b)
The authors assumed that the only ion present was c-C 3 H 3 + , which is questionable, since in their experiment the C 3 H 3 + species were produced by reaction of C + with acetylene. No branching ratios have so far been measured for the different channels of Reaction (58) and it can be questioned if the two C 3 H 3 + isomers really show the same behaviour upon dissociative recombination. Generally it has been expected that the carbon skeleton of the ion is not changed in this process [183], whereas other processes like carbon insertion can produce cyclic and linear isomers. This is not only a problem in interstellar chemistry; in afterglow measurements and especially in storage ring experiments, where ions are commonly produced in hollowcathode ion sources by electron impact (at temperatures of several thousand K allowing the ions to surmount isomerisation barriers), the question of production of different isomeric ions arises. To gauge which of them are present in the source, one has often to reason from thermodynamical arguments, ab initio calculations rate constants or production pathways. This has been discussed in detail for the C 3 H n + isomers present in a storage ring measurement [184]: For C 3 H + , C 3 H 4 + and C 3 H 2 + it was concluded that both linear and cyclic forms exist in the ring, although afterglow measurements point to a prevalence of the linear form in the latter case [185,186]. According to theoretical studies only the cyclic C 3 H 3 + has favourable curve crossings of a dissociative surface with the doubly excited states produced in the recombination events, which could account for the high rate coefficients observed [187].C 3 H 5 + probably exists in two linear forms (allyl and 2-propenyl), whereas for C 3 H 6 + the propane form is dominant. In C 3 H 7 + and C 3 H 8 + only linear forms exist.

Actually, both isomers of C 3 H and C 3 H 2 have been detected in the interstellar medium [188], and they can be produced by Reaction (58) from the l-and c-C 3 H 3 + or from ground-state carbon and acetylene. Both isomers have been observed in this environment with a ratio (c-C 3 H)/(l-C 3 H) of 3.4 [START_REF] Balucani | AIP Conference Proceedings[END_REF]. Processes, which favour one specific product, can lead to asymmetries between cyclic and linear isomers. C 3 H can subsequently undergo another cycle of C + insertion, H 2 association and dissociative recombination of the formed C 4 H 2 + ion. The latter process had been investigated by two independent storage ring experiments and, despite the multitude of available channels, probably has only two product pathways [190,191]:

C 4 H 2 + + e - → C 4 H + H (59a) C 4 H 2 + + e - → 2 C 2 H (59b)
with a branching ratio of 0.75 and 0.25 for Reaction (59a) and (59b), respectively, and a rate of 1.1 × 10 -6 (T/300) -0.80 cm -3 s -1 . It is interesting that the majority of the dissociative recombination events preserve the carbon chain. If that is a consistent pattern with C n H 2 + ions, the aforementioned cycle can be regarded as feasible pathway for the formation of higher linear C n H molecules, which have been detected in the interstellar medium up to a carbon chain length of 8 [192]. Nothing definitive can be stated about possible isomers of large hydrocarbons existing there, since only linear C n H molecules have hitherto been detected. As mentioned, dissociative recombination of hydrocarbon ions tend to proceed with fairly high branching fractions of channels retaining the carbon skeleton, as seen as in the case of C 2 H + [193], C 2 H 2 + [194], C 2 H 3 + [179], all C 3 H n + ions [184,195], as well as C 4 H 2 + [190,191], C 4 H 5 + and C 4 H 9 + [196]. This behaviour that is different from other ion types like protonated alcohols (see below) and ethers [74] Since benzene has also been found in circumstellar envelopes [197] and probably exists in dark clouds (due to a lack of dipole moment it cannot be observed by mm and sub-mm radiotelescopes), the question of formation of aromatic compounds arises. McEwan et al. [178] proposed the following synthesis pathway starting from C 4 H 2 + (which can, as we discussed above, be formed by radiative association of C 4 + with H 2 ) involving several radiative associations of hydrocarbon ions and, again, a dissociative recombination as the final step:

C 4 H 2 + + H → C 4 H 3 + + hν (60) 
C 4 H 3 + + C 2 H 2 → c-C 6 H 5 + + hν (61) 
C 6 H 5 + + H 2 → c-C 6 H 7 + + hν (62) 
C 6 H 7 + + e - → c-C 6 H 6 + H (63) 
The first and second reaction can face competition from dissociative recombination, especially at high ion fractionation, when electrons are abundant. The rate coefficient of Reaction (63) was estimated by the authors as 5 × 10 -7 (T/300) -0.5 cm -3 s -1 , based on experimental results on the dissociative recombination of large hydrocarbon ions.

Benzene can further serve as template for synthesis of polyaromatic hydrocarbons (PAHs) in the interstellar medium. Albeit no such compounds have been unambiguously observed there so far, PAHs and their corresponding ions could be responsible for spectral phenomena like the diffuse interstellar bands [198] and the galactic extended red emission [199].

To sum up, five different key processes of formation of larger hydrocarbons in the interstellar medium can be identified: (a) insertion of C + into neutral hydrocarbons, (b) insertion of C, (c) condensation of hydrocarbons, (d) hydrogenation by H 2 through H abstraction or radiative association and (e) dissociative recombination [173]. Insertion processes are often barrier-less and lead to loss of hydrogen, which does not usually apply to hydrogen abstraction, which is only efficient for very highly unsaturated hydrocarbons ions like C n + and C n H + . These facts lead to the observed abundance of highly unsaturated hydrocarbons. Radiative association is very slow for most hydrocarbons with chain lengths longer than 2 and more than one hydrogen atom [178,200]. A compilation of important insertion and condensation reaction is found in Reference 178. It should be noted that we are referring only to hydrocarbon formation in this section and ignoring reactions leading to other species, which the above-mentioned hydrocarbon molecules and ions may undergo. The total abundance of hydrocarbons will be, of course, affected by the velocities of these processes that compete with hydrocarbon formation steps. Especially important in this respect is the overall C/O ratio in the cloud; the higher this figure becomes, the higher the hydrocarbon abundance will be there [173].

Generally, hydrocarbon chemistry in translucent clouds resembles the one of dark ones, although their abundances are slightly elevated in the former objects. Hydrocarbons have also been observed in translucent clouds and many of the species hitherto identified are fairly unsaturated, i. e. contain multiple bonds and/or have long carbon chains [173]. Diffuse clouds also expose a rich hydrocarbon chemistry, since the abundance of C + promotes formation processes of larger hydrocarbon ions through insertion processes of this ion into neutrals. On grain surfaces, C + ions can also be neutralized and successively hydrogenated to CH 4 , which is released into the gas phase under diffuse cloud conditions or retained on the grain in the form of hydrogenated amorphous carbons. The former mechanism is regarded as an important methane formation pathway in these environments. Dissociation of methane escaped from the surface and insertion reactions of the ubiquitous C + ions can then trigger the versatile hydrocarbon chemistry in diffuse clouds starting from Reactions (51a-c) and finally leading to neutral species by dissociative recombination of the intermediate ions [69].

Ionospheres of planets and their satellites

Giant gas planets

As discussed in section 3.5, the upper atmosphere of outer gas giant planets (Jupiter, Saturn, Uranus and Neptune) mostly consists of hydrogen. Therefore the major primary ion formed through EUV radiation and particle impact there is H 2 + , which quickly is transformed in to H 3 + . However, this ion is rapidly consumed by dissociative recombination due to the high electron densities in the ionospheres of gaseous planets, which peak between ~ 1.2 × 10 4 cm -3 (Saturn) and 10 5 cm -3 (Jupiter) [201,202]. Since H + ions that are also formed in the higher atmospheres can only recombine very slowly, atomic hydrogen ions become the dominant ionic species in the upper ionospheres of these planets. Below the maximum electron density, hydrocarbon molecules become abundant and hydrocarbon ions are produced by photoionisation or proton transfer from hydrogen ions [203]. It is assumed that proton transfer to hydrocarbons outclasses dissociative recombination as the major H 3 + degradation pathway in this region [204]. Exact knowledge of the dissociative recombination and proton transfer rates are necessary to validate this assumption.

Since methane is the most abundant hydrocarbon in Jupiter's atmosphere (a fractional abundance of around 2.1 × 10 -3 has been measured by the Galileo probe [205]), CH x + ions form the starting points for hydrocarbon chemistry. Models predict that Iovian ion abundances peak at an altitude of about 350 km [204]. The relative importance of ion production pathways in this area is dependent on the height: At higher altitudes (~400km) proton transfer dominates, whereas below the maximum photoionsiation of CH 4 dissociative recombination, but at lower heights they can efficiently react with neutral hydrocarbons to form larger species. Again, exact knowledge of rate constants and product distributions of dissociative recombination and competing ion-neutral reactions is crucial to get an exact idea about the relative importance of these degradation pathways. These data undoubtedly affect the hydrocarbon ion abundance profile predicted by model calculations.

Satellites

On Titan, the GCMS spectrometer on board the Cassini Huygens spacecraft measured an interesting abundance profile of methane. In the stratosphere above a height of 32 km the mole fraction of this substance was measured as constant at 1.41 × 10 -2 (a somewhat higher value, 1.41 × 10 -2 at 1176 km altitude was concluded from the Ion neutral mass spectrometer (INMS) [206]). Going to lower levels, this number increases to 4.9 × 10 -2 at a height of 8 km, from when on it stays constant at this level due to saturation [207]. The data from the GCMS also point to a presence of liquid methane on the moon's surface. It is clear that an atmosphere with such a high abundance of methane forms an almost perfect environment for a rich and diverse hydrocarbon chemistry. Photochemical reactions, however, also destroy methane continuously [208], therefore it has to be replenished from the moon's interior.

Above 800 km height, solar EUV radiation, photelectrons and fast electrons from Saturn's magnetosphere ionise the neutral molecules. The formed ionosphere is pivotal to the thermal and chemical balance of the upper layers of Titan's atmosphere [209]. In a measurement by the Cassini Radio and Plasma Wave Science Langmuir probe a maximum electron density of 3800 cm 3 and electron temperatures between 1200 and 1400 K were encountered at the closest approach of the spacecraft (1176 km height), with the temperatures rising with increasing heights [210]. Under such conditions, dissociative recombination is undoubtedly an important destruction process for ions.

In the ionosphere methane is ionized to yield CH + , CH 2 + , CH 3 + and CH 4 + ions. Also CH 5 + can be formed efficiently by proton transfer:

CH 4 + CH 4 + → CH 5 + + CH 3 (64) 
By subsequent neutral-neutral reactions, these primary ionization products can be converted into larger hydrocarbon ions. Radical hydrocarbon ions (i. e. those with an even number of hydrogen atoms) quickly lose their charge through proton transfers to apt acceptors like HCN, nitriles and acetylene and, have, not surprisingly not been regarded as abundant species in Titan's ionosphere. with the rest undergoing proton transfer to HCN and acetylene) is lost by dissociative recombination: the branching fractions and rates of this process has been recently investigated for the deuterium isotopomer of this ion [212] and 5 different channels have been identified:

C 2 H 5 + + e - → C 2 H 4 + H (67a) C 2 H 5 + + e - → C 2 H 3 + 2H (67b) C 2 H 5 + + e - → C 2 H 2 + 3H (67c) C 2 H 5 + + e - → C 2 H 2 + H 2 + H (67d) C 2 H 5 + + e - → C 2 H 4 + H (67e) C 2 H 5 + + e - → CH 3 + CH 2 (67f)
As with most hydrocarbon ions, the carbon chain stays intact, but there is no clear major pathway. The obtained branching fractions are 0.12, 0.27, 0.13, 0.29, 0.17 for channels (67a-e), respectively. Interestingly, a four-body break-up (67c) was also detected for this system.

Amongst the ions with three carbon ions, C 3 H 5 + and C 3 H 3 + have been observed in Titan's ionosphere. The former mostly undergoes dissociative recombination, whereas in the case of C 3 H 3 + the situation is complicated through the existence of two isomers (c-C 3 H 3 + and l-C 3 H 3 + ), as discussed in section 6.1. Whereas the linear one can undergo condensation reaction with ethylene forming heavier hydrocarbon ions, c-C 3 H 3 + can only be destroyed by dissociative recombination. Therefore, knowledge of the isomer fractionation in the most important production reactions of C 3 H 3 + in Titan's ionosphere is vital to understand the hydrocarbon chemistry there. . Dissociative recombination is regarded as their main degradation pathway in Titan's ionosphere [211]. Many isomers of these ions exist and their relative abundance will be very difficult to establish. Unfortunately no reaction rates and product branching fractions have so far been measured and one has to resolve to educated guesses [213]. Some of these ions are too heavy to be investigated using contemporary storage rings, maybe future devices with a higher rigidity can allow such studies.

Although a widely branched hydrocarbon chemistry undoubtedly exists in Titan's ionosphere, it should be mentioned that also nitrogen containing ions play a major role. Especially in the case of protonated nitriles, much higher abundances have been measured by the INMS than predicted by previous models [100]. However, a detailed discussion of these processes would be beyond the scope of this article. More than a dozen interstellar and circumstellar sulphur-containing molecules and ions have been detected in the interstellar medium and circumstellar envelopes [START_REF] Irvine | [END_REF] and interstellar sulphur chemistry has a couple of interesting peculiarities. It widely still remains a book with seven seals and cannot be easily likened with the one of oxygen compounds. Sulphur molecules in the interstellar medium can be grouped into three classes: carbon-sulphur compounds, oxygen-sulphur compounds and hydrides. Whereas in clouds or cloud environments with opacities lower than 2.5, the chemistry of carbon-sulphur and oxygen-oxygen compounds are rather independent from each other, the S-O chemistry precedes the C-S chemistry in darker regions [215]. This is due to two competing mechanisms leading to CS + :

S + + CH → CS + + H (68) C + + SO → CS + + O ( 69 
)
At lower opacities S + is sufficiently abundant to let Reaction (68) dominate, whereas at higher ones Reaction (69) stands for the CS + production and, consequently removes SO.

Though sulphur compounds are abundant in the gas phase in diffuse clouds, they tend to deplete at higher densities and it is not yet clear in which form that happens. In photon-dominated regions sulphur ions have a strong influence on the electron abundance, which governs the efficiency of dissociative recombination reactions [216]. The ratio of some containing-containing molecules like CH 3 SH, CS and H 2 CS to their oxygen analogues resembles the S/O ratio in dark clouds, on the other hand, C 2 S and C 3 S show an enhanced abundance ratio to C 2 O and C 3 O [217]. Whereas new model calculations for dark clouds like TMC-1 can reasonably predict the abundance of several containing-containing compounds [218], two main problems remain:

a) the underestimation of the H 2 S abundance in dark clouds by models b) the failure of models to predict the surprisingly high HCS + /CS ratio observed in these environments Dissociative recombination plays a considerable role in both phenomena. In dense interstellar clouds, the production of H 3 S + starts with an ion-neutral process [219]:

H 3 + + S → SH + + H 2 (70) 
Other reactions like the radiative association of H 2 and S + and the reaction of hydrogen molecules with atomic sulphur ions have been disregarded by experimental studies as efficient production mechanisms for SH + under dark cloud conditions, albeit they might play some role in magnetohydrodynamic shocks [220,221] Although the rate constant of Reaction ( 72) is rather low at 10 K (3.5 ×10 -15 cm 3 s -1 ) [222], it should, according to an earlier model, be sufficient to produce the observed densities of H 2 S in dense clouds [223]. However, during the time of these studies, it was tacitly assumed that the dissociative recombination of H 3 S + entirely leads to H 2 S, just in accordance with Bates´s theory. Recent studies of the deuterated isotopomer of this ion, D 3 S + , in a storage ring experiment have yielded that its dissociative recombination only leads to D 2 S in 17 % of the reaction events, and the three-body break-up to SD + 2D is the most important reaction channel (branching ratio 0.57). Further minor pathways are the S + D + D 2 and SD + D 2 (branching ratios 0.15 and 0.10 % respectively). The reaction rate has been measured as 2.8 ± 0.7×10 -7 (T/300) -0.86 ± 0.03 cm 3 s -1 . The obtained branching ratios follow the same pattern as in the oxygen analogue H 3 O + [61,224], but disagree with an earlier flowing afterglow experiments, which showed a dominance of the D 2 + DS channel. This could be concluded from the observation that the observed average H production per dissociative recombination event amounted to only 0.18 to 0.48 in these studies [225,226], which leaves the only pathway not producing hydrogen atoms (i. e. the D 2 + DS channel) to stand for the rest, which seems at odds with branching ratios of similar species like H 3 O + . Furthermore, our findings are in good agreement with earlier theoretical statistical phase-space model study [227]. The reaction rate constants measured in flowing afterglow measurements lie in the range between 3.2 and 5.8 ×10 -7 cm 3 s -1 [225,228,229] and are in good agreement if one assumes a slightly (30-50%) higher rate of light hydrogen isotopomeres due to the easier tunneling of highly excited intermediate neutrals into dissociative surfaces due to the higher vibrational zero-point energy.

Inclusion of these new findings into model calculations of dark clouds yielded a slight exacerbation of the discrepancy between the model prediction (fractional abundance 2.2×10 -11 ) and the observed fractional abundance in TMC-1 (5×10 -11 ), which is almost a factor of 20 higher [218]. Dissociative recombination also affects the deuterium fractionation in TMC-1, since H 2 S can be deuterated by reaction with deuterated H 3 + followed by dissociative recombination:

H 2 S + H 2 D + → H 2 DS + + H 2 (74) 
H 2 DS + + e - → HDS + H (75) 
However, the observed branching ratios bring about that the models also fail to reproduce the observed HDS/H 2 S and D 2 S/HDS ratios, which are in the range of 0.1 [230,231]. In light of all these discrepancies, it is fair to assume that the vast majority of H 2 S in dark clouds is produced on grain surfaces, as suggested earlier by Tielens and Allamandola [START_REF] Tielens | Interstellar Processes[END_REF].

The important HCS + ion is formed mainly by the following ion-neutral reactions [233]:

CS + + H 2 HCS + + H (76) C + + H 2 S HCS + + H (77) 
In dense interstellar clouds, proton transfer by ubiquitous ions may play a more crucial role in dark clouds [234]: As mentioned, the high ratio of HCS + /CS in the interstellar medium, which is vastly superior to the one of the isovalent oxygen species (HCO + /CO), is one of the long-standing riddles in interstellar sulphur chemistry. For a long time this has been attributed to a fast production of HCS + rates by proton transfers (Reactions ( 78) and ( 79)) and a lower dissociative recombination rate constant in HCS + than in HCO + [START_REF] Markwick | [END_REF]236]. The higher dipole moment ion CS should ease protonation and the formed HCS + ions can only react with very strong proton acceptors like ammonia and thus are probably mainly destroyed by dissociative recombination and reaction with oxygen atoms :

F
HCS + + e - CS + H (80a) HS + C (80b) CH + S ( 80c 
)
HCS + + O COS + + H (81) 
Reaction (79) has not yet been studied experimentally. Assuming the protonation with H 3 + (Reaction 78) as the sole formation process of HCS + and Reactions ( 80) and ( 81) as the only destruction pathways of this ion in dark clouds, the following equation holds under steady-state conditions: (82) In standard models, a quite low rate constant of (T/300) -0.75 cm 3 s -1 has been employed for the dissociative recombination of HCS + and the process was assumed to lead exclusively to CS [237,238]. Nevertheless, the [HCS + ]/[CS] ratios produced by dark cloud models of 0.01 (OSU model [237]) and ~0.001 (UMIST model [238]) still fall short of the observed ones by a factor of 10 and 100, respectively. However, these assumptions have now been challenged by a recent storage ring experiment, which lead to the conclusion that (a) the branching fraction of Reaction (80a) is only 0.19 and (b) the total dissociative recombination rate constant is considerably higher, namely 9.7 × 10 -7 (T/300) -0.57 cm 3 s -1 [239].

Inclusion of the new results on Reaction (80) exacerbates the discrepancy between the observed abundances and the predictions of the UMIST model by a factor of 3-5 due to the new higher rate constant of Reaction (80), if one ignores Reaction (81) as destruction process. Introduction of the latter pathway results in a [HCS + ]/[CS] ratio of 10 -4 only, which is completely at odds with observations. Under such circumstances Reaction ( 81) is almost the exclusive destruction mechanism for HCS + . The effect of the rate constant augmentation is partly counterpoised by a net destruction of CS through Reaction (78) followed by Reactions (80b) and (80c). In the OSU model, a rate constant of Reaction (81) that was 100 times higher than in the UMIST model was employed, which led to a complete domination of this process over the dissociative recombination of HCS + .

Dissociative recombination of sulphur compounds also very probably plays a role in planetary ionospheres like Venus, whose atmosphere is fairly rich in SO 2 . It is of considerable importance in Jupiter's satellite Io, which has a thin atmosphere that is dominated by this compound. Consequently, SO 2 + is the most prevalent molecular ion in Io's ionosphere and dissociative recombination of this species can be regarded as an important sink for electrons. It was suggested that this process indirectly could affect the far-UV emission of excited oxygen and sulphur atoms observed in Io's atmosphere [240]. This emission was suggested to be caused by collisional excitations of S, O and SO 2 through photoelectrons in the satellite's ionosphere [241]. Dissociative recombination removes the electrons and therefore could cause the decay in the FUV emission observed when Io enters Jupiter's shadow during an eclipse. Clarke et al. predicted that a recombination rate of 1 × 10 -7 cm 3 s -1 for SO 2 + would be in line with the 20 min upper limit for the reduction of the aforementioned emission under eclipse conditions [240]. The rate constant of this reaction has been experimentally determined as 4.6 ± 0.2×10 -7 (T/300) -0.52±0.02 [242]. Estimating an ionospheric temperature of 200 K, this rate should be by far sufficient to account for this phenomenon. Since all possible channels including the three-body break-up are possible in the dissociative recombination of SO 2 + also the branching fractions have been measured.

SO 2 + + e - → SO + O (83a) → S + O 2 (83b) → S + 2 O (83c)
Interestingly, the three-body break-up plays a definitive role (branching fraction 0.39), whereas pathway (83b) is non-existent and the majority of DR events yields SO + O. Although dissociative recombination cannot provide the excited atom states responsible for the FUV emission, an increased S and O atom production by Reaction (83c) could increase the abundance of atoms available for excitation through photoelectrons and thus enhance the intensity of S(I) and O(I) FUV lines, which are grossly underestimated by models [243]. Furthermore, Reaction (83a) can, due to its high exoergicity, provide O ( 1 D 2 ) atoms, which causes the emission at 6300 Å detected in the vicinity of Io [244]. Also the production of excited SO, which is held responsible for emission bands in Io's atmosphere [245] by this process cannot be ruled out.

In the interstellar medium, the dissociative recombination of SO 2 + is only of limited importance. Although the reaction of SO 2 + with H 2 has a low rate constant and, additionally, has a significant activation barrier [94,246], the ion readily reacts with H and CO. The latter two reactions successfully compete against dissociative recombination as degradation mechanism for this ion [246,247].

Finally, it should be mentioned that not very many dissociative recombination reactions of containingcontaining ions have yet been experimentally investigated. Modellers, therefore, have often to rely on educated guesses for rate constants and branching ratios, a fact that also might contribute to our still somewhat limited understanding of the containing chemistry in the interstellar medium and planetary atmospheres.

Dissociative recombination and the interstellar production of methanol

Methanol is one of the most ubiquitous and interesting interstellar molecules and has been detected in a multitude of astronomic objects, including extragalactic sources [248]. Observations of methanol have during the last years proven themselves as excellent tools to investigate star formation. Methanol abundance profiles can serve as an evolution indicator for star formation regions [249] and maser emission from the compound is regarded as a secure tracer for star forming regions [250]. In those environments, the abundance of methanol is greatly enhanced to n/n(H 2 )~10 -6 [251] (compared to n/n(H 2 )~10 -9 [252] in dark clouds) due to evaporation from grain surfaces (where methanol has been frozen out during colder phases and forms a significant part of interstellar ices [START_REF] Tielens | Interstellar Processes[END_REF]) and can trigger a widely branched and versatile chemistry and form complex molecules, which are observed in star-forming regions [253]. Methanol has also some other interesting properties, which makes it an interesting target for observational astronomers. Being a slightly asymmetric rotor, ratios between several lines of the molecule are sensitive to both kinetic temperature and spatial density. Therefore multi-line observation on methanol can be used to determine these two parameters in an interstellar cloud with one molecule only, thereby avoiding the problem of different spatial distributions of different tracers [254].

The formation pathway of interstellar methanol, however, has been a subject of intense discussion. Although leading modellers have long cast doubts about the feasibility of gas-phase processes to produce the large amounts of methanol observed in dark clouds and star-forming regions [255], a gas-phase process including a radiative association of CH 3 + and water followed by a dissociative recombination of the emerging protonated methanol was invoked for producing the compound:

CH 3 + + H 2 O → CH 3 OH 2 + + hν (84) 
CH 3 OH + + e - → CH 3 OH 2 + H (85) 
According to model calculations, a rate coefficient between 8 × 10 -12 cm 3 s -1 and 8 × 10 -8 cm 3 s -1 at interstellar temperatures has to be assumed for Reaction (84) [256] under the assumption that the dissociative recombination of protonated methanol (Reaction (85)) entirely leads to the unprotonated species. Results from an earlier selected ion flow tube (SIFT) experiment, from where reaction rate coefficient of 2 × 10 -9 cm 3 s -1 had been concluded for 20 K seemed to be in line with this requirement [257]. However, a recent cold ion trap experiment by Gerlich and co-workers determined an upper boundary of 2 × 10 -12 cm 3 s -1 for this process [258], which clearly falls short of the required rate constant.

Reaction (86) has recently been studied in a storage ring experiment [259]. Due to the availability of no less than 16 energetically possible reaction pathways in the dissociative recombination of protonated methanol, the product pattern could be expected to be complicated. Nevertheless, only 6 different product channels have been experimentally detected: The branching fractions have been determined as 0.03, 0.51, 0.21, 0.09, 0.06 and 0.10 for Reactions (86 af), respectively. As in the dissociative recombination of the related H 3 O + ion [61] the three-body break-up dominates and the break-off of a single hydrogen atom only plays a very modest role. From this data it becomes clear, that Reactions ( 84) and ( 85) cannot constitute a feasible pathway for interstellar methanol. Consequently inclusion of the new branching ratio in a model calculation for TMC-1 using the UMIST code reduces the predicted steady-state abundance of methanol by more than an order of magnitude. If one also includes the new rate for Reaction (84), this number plummets to 8 × 10 -12 , which is in no agreement whatsoever with the observed value [252].

CH 3 OH + + e - → CH 3 OH + H (86a) → CH 3 + OH + H (86b) → CH 2 + H 2 O + H (86c) → CH 3 + H 2 O (86d) → CH 3 O + H 2 ( 
Therefore, a surface process has to be invoked for interstellar methanol production. A very plausible candidate is the successive hydrogenation of carbon monoxide [260], which has already been included in model calculations [261]:

CO + H → HCO ( 87 
) HCO + H → H 2 CO (88) 
H 2 CO + H → H 3 CO (89) 
H 3 CO + H → CH 3 OH (90) 
However, there are two grave problems with this sequence in dark clouds: (i) Reaction ( 87) and ( 89) have small thresholds (26.4 and 73.6 meV, respectively) and (ii) it is doubtful if methanol formed on the surface can evaporate to a sufficient extent to account for the observed methanol abundances. Recently, an experiment conducted by Watanabe et al. showed that the formation of methanol by hydrogenation of CO proceeds efficiently at 10 K on both pure CO and mixed CO/H 2 O ices [262]. The formed methanol is also not destroyed by irradiation. Nevertheless, these findings were in disagreement with findings of Hiraoka et al. [263] who observed the formation of formaldehyde in a similar experiment, but did not detect any methanol. This discrepancy was attributed to the difference in hydrogen atom fluxes in the two set-ups [262], an assumption, which was recently corroborated experimentally [264].

The presence of a grain surface mechanism to produce interstellar methanol is also corroborated by the high degree of correlation between CO and methanol abundances in star-forming regions [265]. Also the low 12 CH 3 OH/ 13 CH 3 OH ratio detected in these objects points to a formation from CO, which is enriched in 13 C in cold environments. Furthermore, the observed deuterium fractionations in methanol indicate a grain surface process for its production [START_REF] Parise | [END_REF].

The overall reaction rate constant of the dissociative recombination of CH 3 OH 2 + has been measured as 8.9 ± 0.9 × 10 -7 (T/300) -0.59±0.02 cm 3 s -1 [259]. Also this number has some astrophysical implication. Since dissociative recombination can be regarded as the dominating degradation pathway of this ion in the inner coma of comet Halley, the CH 3 OH 2 + /H 3 O + ratio was used to determine the electron temperature there [267]. The rate coefficient used for the DR of CH 3 OH 2 + was a rounded down value of to the one determined by Adams and Smith [228], namely 8 × 10 -7 (T/300) -0.50 cm 3 s -1 . Although the DR rate coefficient appears as a squared term in the formula formula for the electron temperature, a dramatic change of the latter emerging from the slightly higher DR rate coefficient found in our experiment is unlikely.

Conclusions

We have reviewed the dissociative recombination of molecular ions of relevance to the chemistry in diffuse and dark molecular clouds, and in ionospheres of planets and their satellites. The work presented here should be seen in the broader perspective of laboratory astrophysics, an interdisciplinary field spanning traditional disciplines of physics, chemistry, and astronomy.

The knowledge of molecular dissociative recombination processes have expanded vastly in recent years owing to advances in measurement technologies, such as ion storage rings and flowing afterglows, and to some extent also through theoretical calculations. However, ab initio studies of dissociative recombination of most molecular ions of astrophysical importance remain a daunting task, and in particular product branching ratios derive exclusively from experimental work.

Dissociative recombination is a complex process and there is not one and a single technique that can answer all questions. The comparison of results obtained with different experimental techniques is very important and can lead to the disclosure of problems with measurements by means of different techniques. In this review this is exemplified by the problems of afterglow techniques to determine the DR rate constant of H 3 + and a problem with the branching ratios measured for N 2 H + measured in a storage ring and disclosed by an afterglow experiment.

In the past, modellers of astrochemical environments have been forced, due to the lack of experimental data, to make educated guesses of DR rate constants and branching ratios. Fortunately DR rate constants do not spread over a wide range of values (with H 3 + periodically being the prime exception!), which means that educated guesses have not been widely off. The situation is different with the branching ratios. Chemical intuition has not served well as predictive instrument, and statistical methods have a mixed record. The major finding at ion storage rings is that the break-up of a recombining molecule is much more violent than previously anticipated. This has serious consequences to the chemical networks in which the end point of a synthesis sequence often is dissociative recombination. In this topical review we have discussed several such cases, and we have shown that in some incidents one has to discard gas-phase reaction schemes as the major formation sources and resort to grain-surface reactions.

Many questions remain and they will require concerted efforts by the laboratory astrophysics community. We can just hope that this community is allowed to stay strong and healthy since it provides important data for the preparation of space missions and evaluation of data gained from these endeavours. Half a century ago, when this journal was founded, interstellar clouds were thought to be essentially atomic with a small component of diatomic molecules. Now the situation is radically different. The realization that the Universe is highly molecular has led to new areas of astronomy such as astrochemistry and molecular astrophysics. Prestigious conferences, such as several Faraday Discussions [1,2], International Astronomical Union meetings [3,4,5,6,7,8], and the Nobel Symposium No 133 [9] have been devoted to these new areas. Astrochemistry was also a theme in the 5 th International Chemical Congress of Pacific Basin Societies (PACIFICHEM) [10] and a special feature issue on the subject has been published in the Proceedings of the National Academy of Sciences [11]. Molecules are ubiquitous almost anywhere in the Universe cooler than sunspots.

Dissociative recombination (DR) of molecular ions with electrons was first discussed in connection with the Earth's ionosphere, with photoionisation being the source of free electrons and DR the sink [12]. When synthetic schemes based on ion-molecule reactions were introduced to explain molecular abundances [13,14], they scored an immediate success with the prediction of HCO + [15] as the carrier of the interstellar 89.190 GHz line [16], later confirmed by laboratory molecular spectroscopy [17], dissociative recombination became an important part of the scheme for interstellar molecule formation. In this article we Recent reviews of dissociative recombination have been written by Florescu-Mitchell and Mitchell [18], Adams, Poterya and Babcock [19], and Thomas [20], and a research monograph by Larsson and Orel [21] has just been published. It would by far exceed the scope of this article to cover all dissociative recombination processes that are relevant in the interstellar medium and planetary atmospheres. Instead, we would like to focus on several examples of dissociative recombination reactions, where interesting developments have been made during the last decade. These fields include the DR of H 3 + , hydrocarbons, sulphur compounds and protonated methanol.

General role of DR reactions in low-temperature plasmas

Dissociative recombination can be schematically described as

AB + + e → A + B ( 1 
)
where AB + is an arbitrary molecular ion interacting with an electron. It is a complex process and applying a historical perspective it was not at all obvious whether it would be slow or fast. Bates [22] conceived a twostep mechanism in which the electron first is captured by the molecular ion by electronically exciting one of the bound electrons. A neutral molecule is formed in a doubly excited, usually strongly repulsive, state located above the first ionization potential. In the second step the molecule dissociates rapidly along the repulsive potential energy curve. Transfer of the electron back to the continuum is prevented, or at least mitigated, by the rapid dissociation, which lowers the electronic energy below the first ionization limit. The molecule stabilizes the electron capture by destroying itself. Bates [22] estimated that DR would proceed at rate of about 10 -7 cm 3 s -1 ; what is remarkable is not that this turned out to be a very good estimate of the rate constant but the fact that most molecular ions recombine at this rate, give or take no more than a factor of ten.

The large rate constant for molecular ion recombination render DR the dominant neutralizing process in a plasma where the gas temperature is a few thousand degrees or less and the electron temperature is lower than a few eV. These conditions prevail in the interstellar medium and in planetary ionospheres. Dissociative recombination does not only destroy molecular ions, it also leads to the formation of neutral molecules. For example, when HCO + recombines with electrons one decay channel is

HCO + + e -→ CO + H (2) 
i.e. carbon monoxide is formed. In chemical networks constructed by ion-molecule reactions, DR is often the final terminating step in a particular branch. This is illustrated by Fig. 1, which shows a network of ionmolecule chemistry applicable in the interstellar medium. The important role played by H 3 + stands out conspicuously in this network, and will be discussed in Section 3. 

1. The primeval universe

Since only the first three elements of the periodic table (H, He, and, to a much lesser extent Li) can undoubtedly be synthesised in the early universe, one could assume that chemistry was fairly limited in this environment. Nevertheless, more than 200 reactions involving 23 different atomic and molecular species are thought to be involved in the chemistry going on in the primeval cosmos [24] and processes leading to molecular hydrogen (H 2 ) are very crucial for the formation of the earliest high-mass stars. Even traces of this species greatly augment the cooling abilities of the primordial gas, since Lyman-α cooling of atomic hydrogen is inefficient at temperatures below 8000K. This is well above the matter and radiation temperature in the post-recombination era, whereas the presence of molecules allows cooling even at temperatures around 1000 K through collisional excitation followed by spontaneous emission [25]. Cooling of the primeval gas, however, is vital for the formation of density fluctuations, which in turn lead to formation of the first stars that can form heavier elements by stellar nucleosynthesis [26]. Therefore, detailed knowledge of the mechanisms and the overall efficiency of H 2 formation in the early stages of our universe is vital for understanding its further evolution. In the present cosmos H 2 is believed to be formed almost exclusively on grain surfaces. Due to the absence of solid matter in the early universe, gas phase mechanisms must account for H 2 formation in this environment. Also other molecular species like HD, LiH and H 3 + can be involved in cooling processes in the primordial universe: Due to its dipole moment (allowing transitions with ∆J=1), HD might be important at lower temperatures, whereas LiH could play a role in the final stages of collapse where it might survive longer than H 2 [24]. Since H 2 lacks a dipole moment, the direct formation of this molecule by radiative association of two H atoms is impossible. Generally, H 2 is believed to be produced in the early universe by two main reaction pathways:

H + + H → H 2 + + hν (3) H 2 + + H → H 2 + H + (4) and H 
+ e - → H - (5) H - + H → H 2 + e - (6) 
Whereas the first process is regarded as dominant at higher temperatures, the second one is thought to be pivotal at later stages where the photodetachment of H -by the background radiation field is less efficient [24]. Dissociative recombination of H 2 + .

H 2 + + e - → 2H (7) 
terminates the first formation channel and is therefore can be a very crucial process already in very early stages of our universe. Its role is further complicated by the fact that its temperature dependence (unlike the one of the dissociative recombination of many larger ions) does not show a simple exponential behaviour, but exhibits many resonances even at comparatively low collision energy of the reactants. Furthermore, the behaviour of ortho-and para-H 2 has been found to differ considerably [27].

Dissociative recombination is also regarded to affect the abundance of H 2 D + in the early universe [28]. Due to its dipole moment and available transitions in the relevant wavelength regions, it was suggested that this ion could be observable in the early universe since protoclouds containing it could cause spatial anisotropies in the cosmic background radiation by Thomson scattering [29]. However, abundances of H 2 D + in the primeval universe are regarded too low to enable such a detection with the currently available observational techniques [30].

2. Dark molecular clouds

Dark molecular clouds, whose absorbance is caused by tiny dust grains, were first discovered by Herschel [31] (who regarded them as "holes in the sky") and identified as matter obscuring light from stars behind by Barnard [32]. They mostly consist of molecular hydrogen. Almost 2500 dark clouds have been identified in the galactic plane [33] and they exhibit a great variety of often irregular and filamentary shapes [34]. Dark clouds are also not homogeneous, but contain denser regions (dark cores). Although these higher-density regions constitute only a minute fraction of the total cloud mass [35], they are of pivotal importance, since they can serve as birthplaces of stars.

Dust grains are not only responsible for the high opacity of dark molecular clouds, they also play an important role in the chemistry of these objects. Due to the low temperature, molecules (e. g. CO and H 2 O) freeze out onto grains forming ice layers, which reduces their gas-phase abundance. Furthermore, a rich chemistry is thought to take place on icy grain surfaces, and most importantly, the most abundant molecule in dark clouds, namely H 2 , is formed there, a process, which has found to be efficient even at very low temperatures [36]. The high mobility of hydrogen atoms on grains also has another effect: it enables successive hydrogenations of absorbed species (e. g. CO) leading to partly or totally saturated molecules like formaldehyde and methanol [37]. Also, in many cases no reasonable gas-phase mechanisms exist for the formation of molecules observed in dark clouds and one has to resolve to surface processes to explain their abundance. In star-forming regions, the species frozen out or formed on grain surface evaporate and their increased abundance can trigger further reactions leading to a versatile chemistry in these environments.

Temperatures of gas phase molecules and ions in dark clouds mostly lie in the range of 7 -20K [38].

Although electrons produced by cosmic radiation (which can penetrate into dark clouds further than to an opacity of ~6) have a mean energy of 30 eV [39], they are cooled very efficiently by interaction with H 2 (at higher energies through ionisations and electronic excitations, at lower energies by rotational excitations) [40]. Therefore it is fair to assume that electrons are in thermal equilibrium with molecules in dark clouds.

Owing to that fact it is necessary to perform measurements of dissociative recombination reactions that are relevant for dark cloud chemistry at the low collision energies corresponding to the temperatures encountered there.

UV photons are responsible for ionisation in the outer, more diffuse regions of dark clouds. Although the more opaque inner parts of (A v > ~6) of dark clouds are impenetrable for visible and UV light, cosmic rays which, in turn, can form many important interstellar ions (HCO + , N 2 H + , etc.) through proton transfer to the respective neutral molecules. The degree of ionisation is crucial for the dynamics of dark clouds, since it governs the interaction between the magnetic field and the molecular gas and thus influences the timescale of gravitational collapse and star formation. Ion fractionation is usually determined by assessing the electron abundance, assuming that (a) molecular clouds are electroneutral and (b) the negative charge is exclusively located in electrons. The latter statement might be questioned through the possible presence of negative charges on grains and the recent detection of carbon chain anions in the dark cloud TMC-1 [41]. More severely, only indirect methods exist for the determination of the electron abundance. Models to assess the ionisation fractionation are based on the prediction that dissociative recombination is the only efficient process in reducing the total ion number density [42]. Measuring rates of dissociative recombination reactions are crucial to verify this assumption. They also yield information to what extent this process is able to compete with other destruction pathways of ions, such as charge transfer, proton transfer and depletion onto grains, which are regarded as negatively charged and thus can neutralize impinging cations [43]. If ionisation is entirely due to cosmic radiation and ions are solely destroyed by dissociative recombination, the ionisation fraction x e =(n e /n H2 ) follows the equation: (10) with ζ being the cosmic ionisation rate constant and C = 3.2 ×10 3 cm -3/2 s 1/2 .

F
Observational studies of the ion fractionisation (i. e. the ratio of the total ion abundance to the H 2 abundance in dark clouds) have focused on determining the numbers of electrons by indirect methods. Most commonly it is derived from the comparatively easily observable deuteration fraction of the HCO + ion [44,45]:

(11)
The factor f is defined as:
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k DR is the dissociative reaction rate of H 2 D + and it is easily seen that the electron density obtained using this formula will be quite affected by this number, which was very controversial for some time. It has been determined in a storage ring experiment together with the product branching ratio of this reaction [28]. In low-mass as well as massive cores, the ionisation fractions determined by the above-mentioned method lie in the range of 10 -7.5 to 10 -6.5 relative to hydrogen [45,46]. However, the electron density in molecular clouds is not necessarily uniform: Some regions can be affected by X-rays emerging from newly formed stars [47], and an inhomogeneous clumpy structure [48] or turbulences in the cloud [49] might cause an enhancement of the ionisation fraction in the more central part of the object. In this context it also should be noted that the abundance of individual ions strongly depends on the opacity [34] in the cloud region they populate.

Dissociative recombination also plays an important role in the synthesis of many common interstellar molecules (CH 4 , H 2 O). It constitutes the final step of their formation pathway, when the protonated form of the molecules is subjected to this process under ejection of a hydrogen atom, leading to the desired species. Generally ions often function as intermediate steps in the formation of interstellar molecules. This is due to the fact that at the stage of formation of dark clouds H 2 is very probably the only important neutral molecule in the gas phase. However, no atoms (apart from fluorine) can undergo exoergic reactions with H 2 to form a diatomic molecule by cleaving the H-H bond under production of a H atom. Ion reactions like the following have to fill the gap [50]:

N + + H 2 → NH + + H ( 14 
)
Since this reaction has a small barrier of about 7 meV, its rate constant is much lower at interstellar cloud temperatures than at 300 K [51,52]. Such small endoergicities are not uncommon for H-abstraction reactions. However, it has been shown that in magnetohydrodynamic shocks relative velocities between ions and neutrals of up to 5 kms -1 can been reached, which would enable ion-neutral reactions possessing small energy barriers [53]. Also the reaction enthalpy of some processes might be converted to a large extent into kinetic energy of the products. This generates fast ions, which can subsequently undergo a reaction with e. g. H 2 that has a low barrier. This holds especially for N + , which is produced by charge transfer from He + to N 2 followed by dissociation of the N The thermal rate of the reactions was determined as 9.43 ×10 -7 (300/T) (0.605) cm 3 s -1 [55] in a storage ring experiment, which also showed that the dissociative reaction mostly leads to the "desired" product NH 3 . This is not always the case. The high exoergicities of dissociative recombination reactions often bring about a multitude of energetically possible reaction channels, whose relative importance is not straightforward to predict. In earlier theoretical treatment, Bates argued that the preferred pathway in such processes should be the one involving the least rearrangement of valence bonds [56]. However, dissociative recombination reactions do not tend to follow this prediction, and three-body break-ups (which should be extremely unlikely following Bates's prediction) have been found to be more common than expected [57]. For example, in the dissociative recombination of H 3 O + , the channel leading to OH + 2H is by far the most important (branching fraction 0.60), whereas H 2 O + H is only produced in 25 % of all dissociative recombination events [58,59], which was somewhat lower than the values used in previous models [60].

A sequence of ion-neutral reactions concluding with a dissociative recombination was also held responsible for the formation of methane in dark clouds. However, the process analogue to Reaction ( 14):

C + + H 2 → CH + + H (19) 
is exoergic by 0.4 eV [50] and thus not feasible under dark cloud conditions. However, C + can react with molecular hydrogen in a radiative association process leading to CH 2 + [61]:

C + + H 2 → CH 2 + + hν ( 20 
)
Radiative associations tend to be slow (a value of 7.897 × 10 -16 cm 3 s -1 at 10K is used in standard model calculations [START_REF] Herbst | [END_REF]), but could play a crucial role in the absence of other formation pathways. CH 2 + is capable of abstracting hydrogen atoms from H 2 :

CH 2 + + H 2 → CH 3 + + H ( 21 
)
whereas the relatively stable CH 3 + ion cannot undergo a similar reaction. Again, a radiative recombination process has to fill the gap:

CH 3 + + H 2 → CH 5 + + hν ( 22 
)
The rate constant of this reaction was measured as 6 × 10 -15 cm 3 s -1 at 80K in an ion trap experiment by Gerlich and Kaefer [63]. This value was almost a factor of 50 lower than the theoretically predicted value [64]. Finally, dissociative recombination should function as the final step:

CH 23) is only a minor channel in the dissociative recombination of CH 5 + (branching fraction 0.05). As in the case of H 3 O + , the pathway involving ejection of two hydrogen atoms is predominant (branching fraction 0.70) [65]. Introduction of these unexpected data into a model calculations have lead Viti et al. [66] to conclude that the proposed gas phase reaction sequence (Reactions 20-23) is not a feasible formation scheme in the interstellar medium and therefore methane should be produced by alternative routes like surface processes.

These two examples should illustrate that dissociative recombination often constitutes the crucial final step in the gas-phase synthesis of important interstellar molecules. Branching ratios of the process are often pivotal and determine the viability of the whole sequence, and sometimes also, if the compound can be produced in the gas phase or not. We will discuss several such cases later in the article.

Hot cores

Hot cores are regions in dense clouds that are warmed by an associated protostar to a temperature of about 100K. They are important intermediate stages in star formation and an ongoing subject of intense discussion. A very diverse chemistry is found in these environments and many large organic molecules like dimethyl ether, methyl formate and ethanol have been detected there. In the early ages of hot cores, when temperatures are low, dust grains build up icy mantles of organic substances, which can be evaporated at later times when the protostar has been formed [67,68]. At this stage, a considerable amount of methanol and formaldehyde, amongst other compounds, is released into the gas phase, which triggers a complex chemistry. It would exceed the scope of this article to discuss the details of hot core chemistry, but we would like to give two examples of reactions induced by these two species. Due to its high proton affinity, methanol can be easily protonated (e. g. by H 3 + ) to CH 3 OH 2 + . This compound can be subject to methyl transfer from methanol:

CH 3 OH + CH 3 OH 2 + → CH 3 OHCH 3 + + H 2 O ( 24 
)
An alternative pathway to protonated dimethyl ether is the following radiative recombination:

CH 3 + CH 3 OH 2 + → CH 3 OHCH 3 + + hν (25)
Again, dissociative recombination is the last step of synthesis:

CH 3 OHCH 3 + + e - → CH 3 OCH 3 + H ( 26 
)
Since a lot of other products of Reaction ( 26) are energetically possible, the branching ratio of the dimethyl ether formation could be crucial for the feasibility of the invoked synthesis. If the gas-phase mechanism would be unable to account for the production of sufficient abundances of dimethyl ether a radical-radical reaction on grain surfaces could be invoked [69]: Model reactions by Garrod and Herbst [67] have shown that even a branching ratio of 0.01 for dimethyl ether formation in Reaction (26) would allow the production of the abundances observed in hot cores like the Orion Hot Core [70] (in a recent storage ring experiment, a branching fraction of 0.05 was measured [71]) Reaction ( 27) only plays a role in early stages of the core and does not contribute substantially to the dimethyl ether formation, if not a long warm up-phase is assumed [67].

CH 3 O + CH 3 → CH 3 OCH 3 (27) 
For the production of methyl formate, a somewhat similar reaction sequence was suggested:

CH 3 + + HCOOH → HC(OH)OCH 3 + + hν (28) HC(OH)OCH 3 + + e - → HC(O)OCH 3 + H ( 29 
)
The protonated methylformate could also be formed by condensation of protonated formaldehyde with the unprotonated compound [72] or by reaction of protonated methanol with formaldehyde:

CH 3 + + HCOOH → HC(OH)OCH 3 + + hν ( 30 
)
CH 3 OH 2 + + CH 2 O → HC(OH)OCH 3 + + H 2 (31) 
Ab initio calculations yielded that both processes have high barriers to the right isomeric form of HC(OH)OCH 3 + , namely the protonated methylformate. However, in an ICR experiment, a small number of ions with a mass corresponding to HC(OH)OCH 3 + had been detected, but was probably formed by a byprocess [72]. From all other conceivable pathways leading to this species, only the following radiative association

CH 3 OH + HCO + → HC(OH)OCH 3 + + hν ( 32 
)
proceeds without a threshold [72]. In a Fourier Transform Ion Cyclotron Resonance experiment, a rate constant of 2.2 × 10 -11 cm 3 s -1 has been determined, although it has to be stated that HC(OH)OCH 3 + is not the main product of the reaction between CH 3 O and HCO + [72].

Nevertheless, model calculations using the available data on the above-mentioned reactions predict (with a branching ratio of 0.01 for methylformate production in Reaction ( 29)) that all gas-phase mechanisms together only account for a minor part (25 % according to Garrod and Herbst [67]) of the methylformate abundance [72]. There is however, some uncertainty, since no laboratory studies of the dissociative recombination of HC(OH)OCH 3

+ have yet been performed. Also, other isomers of HC(OH)OCH 3 + formed by ion-neutral processes could produce methylformate in their dissociative recombination, when this process involves fundamental structural rearrangement. Such processes have been deemed possible for other ions, which adds another uncertainty in the model predictions [73]. Nevertheless, the majority of methylformate is thought to be formed on grain surface according to:

CH 3 O + HCO → HCOOCH 3 ( 33 
)
This pathway is enabled due to the elevated mobility of HCO on grain surfaces at higher temperatures. The different formation sites (surface and gas phase) of dimethyl ether and methylformate should serve to illustrated that there is no general pathway of production of more complex molecules in hot cores and the different channels have to be studied in detail (including determination of rates and branching rations) to allow some substantiated conclusions about their relative importance.

It should be noted that dissociative recombination also can play a role in deuterium fractionation of interstellar molecules. This subject has attracted considerable attention during the last years. Especially in protostellar regions, but also in dark cores a degree of deuteration exceeding the statistical values derived from the interstellar D/H ratio by orders of magnitudes has been observed for many molecules. Even multiply deuterated species have been detected [74].

In the case of ND 3 , a D/H ratio of 0.15 in the gas phase would be requested for a surface process to account for the observed deuterium fractionation, which exceeds the value used in the models. Therefore, gas-phase processes involving deuteronation by H 2 D + and subsequent dissociative recombination are held responsible for production of deuteronated isotopomeres of ammonia. It was assumed that the branching ratios of different isotopomeres are statistical in both the ion transfer as well as the dissociative recombination reactions [75]:

NH 3 + H 2 D + → NDH 3 + + H 2 ( 34 
)
NH 3 D + + e - → NH 2 D + H ( 35 
)
Due to the high deuterium fraction of H 3 + at low temperatures, such a mechanism seems feasible and deuteron transfers from D 3 H + , DH 2 + and even D 3 + are held responsible for the comparatively high abundance of deuterated ions like DCO + and DN 2 + . In colder regions many proton/deuteron acceptors like CO and N 2 freeze out and the abundance of deuterated H 3 + isotopomeres is enhanced [76]. Dissociative recombination is then an important removal pathway of H 3 + and its isotopomeres and its rate is crucial to their abundance [77].

Repetition of this reaction sequence leads to formation of higher deuterated isotopomeres. However, model calculations [74] would predict a NH 3 /ND 3 abundance ratio of 1000, a factor of 10 higher than the actually observed one. This shows that Reactions (34) and ( 35) cannot be the only way of formation of deuterated ammonia.

Diffuse and translucent clouds

Clouds that do not block the visible light from stars behind were in the early days called diffuse clouds. Translucent clouds occupy an intermediate place between dense and diffuse molecular clouds. However, their definition has not been consistent in the literature, which led Snow and McCall [78] to propose to group interstellar clouds in 4 categories (atomic and molecular diffuse clouds, translucent and dark clouds). Following their nomenclature molecular diffuse clouds have a visible opacity of 0.2, a particle density of 100-500 cm 3 and show a temperature 30 to 100 K, whereas for translucent clouds the respective figures are A v ~ 1-2, T = 15-30K and ρ = 500-~1000 cm -3 . Since atomic diffuse clouds are very poor in molecular species, we will restrict our discussion to the two aforementioned classes of objects [78].

An important chemical difference between diffuse and translucent clouds is, according to models, the state of ionisation of carbon atoms. In translucent clouds, C mostly exists in its neutral atomic form (with CO getting more and more abundant with increasing opacity, whereas C + ions produced by ionisation through high-energy photons dominate in diffuse clouds. In dense clouds carbon tends to be present in the form of . Hydrogen mostly appears in its molecular form, whereas H atoms, which roughly have similar abundances in dark and translucent clouds, become more abundant in diffuse ones [79].

Reactions induced by photons play a crucial role in these environments and H and H 2 can be effectively ionised. This can lead to considerable abundances of H 3 + , which has been recently detected in a diffuse cloud [80]. Also other polyatomic ions have been identified along diffuse sightlines, like HCS + , HCO + and its isomer HCO + [81,82,83]. Even larger molecules like polyaromatic hydrocarbons (PAHs) are to some extent expected to be present in their ionic forms and have been suggested to be partly responsible for the elusive diffuse interstellar bands (DIBs) [84]. Consequently, the abundance of electrons is also enhanced by several orders of magnitude (n(e -)/n(H)~10 -4 ) in diffuse clouds compared to dark ones. Fast dissociative recombination reactions can then play a major role as a destruction mechanism of ions, which may even hamper molecular ion chemistry when most carbon atoms are ionised and electrons are, therefore, very abundant [78]. Regarding the production of ions in diffuse clouds it should be mentioned that the cosmic ionisation rate in these objects was very controversially debated and its determination relies heavily on the accurate determination of the dissociative recombination of this ions. Experimental measurements of the rate constants differed by orders of magnitude and earlier models consequently used very low dissociative recombination rates for H 3 + [85]. Only recently the results from storage ring and afterglow measurements could be reconciled. These issues are discussed in detail in Section 3 of this article. Also other ionic species pose a challenge for modelists, namely CH + . Since the direct formation by Reaction (19) is highly exoergic, one has to resort to other pathways involving radiative association, e.g.

C + + H → CH + (36) 
However, CH + is rapidly destroyed by reactions with H 2 , H and also by dissociative recombination. Therefore, models tend to substantially underestimate the CH + abundance in diffuse clouds [85]. One way out of this difficulty is to invoke acceleration of C + ions by magnetohydrodynamic effects, which can result in collision energies sufficient to overcome the barrier in Reaction ( 19) [86,87]. Another possibility is to assume that the destruction mechanisms, including dissociative recombination are much less efficient at lower temperatures than previously assumed. In the case of CH + , the rate constant of the latter process has been determined as 3.1 × 10 -7 cm 3 s -1 at 120 K in a merged beam experiment [88]. In many cases, the temperature dependence of dissociative recombination reaction follows a simple exponential behaviour, as one would expect for a barrier-less reaction. However, exceptions exist. Opening of additional autoionisation channels at higher collision energies might induce a steeper rate/temperature dependence under these conditions. In the case of polyatomic ions, even other product channels might become energetically viable. Vibrationally excited states might have much higher velocities due to intersections with dissociative potential energy surfaces, which do not exist for the ground state, as seen in the case of H 2 + [89]. Last, but not least, resonances emerging from indirect processes (where a long-lived intermediate Rydberg state, which subsequentially decays into the dissociative recombination fragments) can result in higher dissociative recombination rates at elevated temperatures, as seen e. g. in H 2 + and HeH + [27,90]. In the former ion also the nuclear spin plays a considerable role, and many resonances observed in para-H 2 + are not found in the ortho form and vice versa. The temperatures of translucent and diffuse clouds span a large range, therefore such effects might substantially affect the ion chemistry in these objects.

Dissociative recombination is also involved in the transformation of C + into CO, a very crucial process in translucent clouds. C + probably first forms CO + in a reaction with OH: which can then rapidly react with H 2 [91]:

CO + + H 2 → HCO + + H ( 38 
)
The HCO + ion undergoes dissociative recombination that has been shown to lead almost exclusively to CO [92]:

HCO + + e - → CO + H ( 39 
)
Interestingly, also the OH radical necessary for the first step is produced by dissociative recombination, namely from H 3 O + :

H 3 O + + e - → OH + 2H (40) 
H 3 O + + e - → OH + H 2 ( 41 
)
The sum of the branching fractions of Reaction ( 40) and ( 41) in the dissociative recombination of H 3 O + has been determined in a storage ring experiment as 0.74 [58,59], whereas flowing afterglow measurements yielded a somewhat lower value of 0.65 [93] and the relative importance of both channels was different in the two experiments. One could state that, if diffuse clouds would be transformed into translucent and dark clouds, dissociative recombination reactions would be crucial steps in this hiatus.

Ionospheres of planets and their satellites

The atmospheres of the outer giant gas planets consist mostly of hydrogen and helium, with smaller amounts of methane and ammonia being present. Therefore, not surprisingly, H 3 + is the most abundant ion in higher layers of their ionospheres. In lower regions, H 3 + undergoes proton transfer to methane or ethylene according to the reactions [94]:

H 3 + + CH 4 → CH 5 + + H 2 (42) 
H 3 + + C 2 H 4 → C 2 H 5 + + H 2 ( 43 
)
Dissociative recombination serves as the main destruction mechanism for these ions and considerable research efforts have been devoted to investigate the rate constants and the product distributions, not only because of their significance to the chemistry of planetary atmospheres, but for the role dissociative reaction plays in combustion processes. The results of these investigations are discussed in detail in Section 4. With regard to minor constituents of the Jovian atmosphere, it could be mentioned that dissociative recombination might be involved in the formation of water in the planet's ionosphere [95]. In this environment O + is thought to be transformed into H 3 O + by a chain of reactions, which then forms water through 13 with a branching fraction of 0.25 [58].

H 3 O + + e - → H 2 O + H ( 44 
)
Ion chemistry is not only happening on planets, it also plays a pivotal role in satellites like Titan. Titan's atmosphere is one of the most peculiar of the solar system. It consists mostly of nitrogen, methane and other hydrocarbons and is thus suspected to somewhat resemble the one of early Earth. Consequently, chemical processes involving hydrocarbon ions are fundamental in Titan's ionosphere. Since some hydrocarbons (e.g. cyclic C 3 H 3 + ) are unable to react with other abundant molecules, dissociative recombination is their only feasible destruction mechanism. The role of DR reaction in the hydrocarbon chemistry of this satellite is discussed further below in this article.

One class of ions in Titan's ionosphere that remerged in the focus of interest are protonated nitriles. The Mass Spectrometer (INMS) on board the Cassini spacecraft. During one of its flybys recorded abundances of ions with masses corresponding to these ions (e.g. protonated acetonitrile, protonated acrylonitrile), which were in some cases several orders of magnitude higher than predicted by pre-Cassini models [96]. Therefore destruction and formation mechanisms of these species have to be included in chemical models of Titan's ionosphere [97]. Since nitriles possess comparatively high proton affinities and are therefore unlikely to transfer protons to N 2 or hydrocarbons (the dominating species in this moon's atmosphere), DR is probably their most important degradation mechanism in Titan's ionosphere. Protonated nitriles can therefore be formed by protonation of their parent substances on the N-atom and, if dissociative recombination leads to cleavage of the N-H bond the nitrile will be recycled. On the other hand, they can undergo association reactions with neutral molecules forming larger protonated nitriles, which can then again form the unprotonated species upon dissociative recombination. Larger cyano compounds can be formed in Titan's atmosphere according to this mechanism [98]. Experimental investigations on protonated acetonitrile [99] and cyanoacetylene [100] have shown that the dissociative recombination of protonated nitriles only partly leads to the unprotonated species, although complete branching ratios for all pathways could not be established. Dissociative recombination might be also involved in the formation of nitriles. In the case of HCNH + (one of the most abundant ions in Titan's ionosphere) it can lead to HNC, which can react with methyl radicals to form acetonitrile [101]:

HNC + CH 3 → CH 3 CN + H (45) 
Since the new data from the Cassini-Huygens mission suggests a much more versatile nitrogene chemistry than previously assumed, it is fundamental to establish rates and branching fractions of reactions involving nitrogen-containing neutrals and ions. Such information is, for the time being, only available to a very limited extent.

Dissociative recombination is not only an important process in the formation and destruction of substances in planetary atmospheres, but also for their removal of molecules from the planetary gravitation field. In the uppermost layers of the atmospheres of Mars and Venus, dissociative recombination is regarded as pivotal to the non-thermal escape of oxygen. Hot oxygen atoms are thought to be exclusively produced from O 2 + in these environments: The energy gained by the atoms in dissociative recombination reactions can enable them to escape the gravitational field of lighter bodies like Mars and Titan. If their energy is insufficient to fly off (e.g. in atmospheres of heavier bodies like Earth end Venus), they might spend some time at high altitudes before falling down again, thus forming a hot atom corona [102]. Whereas a hot oxygen corona has been identified by the Pioneer mission for Venus [103], the existence of hot oxygen atoms in the exosphere of Mars has not yet been proven. According to model calculations, however, O 2 + is the predominant ion in the lower ionosphere of Mars, since it is readily produced by the reaction of O + ions with CO 2 , which is the most abundant species in the Martian atmosphere [104]:

O 2 + + e - → O( 3 P) + O( 3 P) ∆H =6.99eV (46a) → O( 3 P) + O( 1 D) ∆H =5.02eV (46b) → O( 1 D) + O( 1 D) ∆H =3.06 eV (46c)
O + + CO 2 → O 2 + + CO (47) 
With an escape rate of 6 × 10 24 s -1 [105], dissociative recombination could play a major role in the oxygen loss from the Martian atmosphere and, consequently the loss of water from this planet. However, newer model calculations ascribe oxidation process a larger role [106]. The overall rate of Reaction (46) and its branching into the different channels (46a-e) have been investigated in detail by Petrignani et al. [107].

Their results show that both parameters vary strongly on the vibrational state of the O 2 + cation. Generally, the rates increase with lower vibrational quantum numbers and the importance of channel (46e) grows with increasing vibrational quantum numbers, whereas the opposite is true for channel (46a), which almost disappears at v=2. Channel (46d) has been found to be closed at low collision energies [108]. These facts are of particular relevance for the ionosphere of Venus, where 60% of the O 2 + ions are produced by Reaction (47) in vibrationally excited states [109].

It was also assumed that dissociative recombination of CO 2 + is also instrumental in the carbon atom escape on the planet. Energetically, two pathways are possible for this process:

CO 2 + + e - → CO + O ∆H =8.3 eV (48a) → C + O 2 ∆H =2.3 eV (48b) 
Whereas it was generally thought that Reaction (48a) was the exclusive pathway in the dissociative recombination of CO 2 + , a storage ring experiment [110] determined a branching fraction of 0.09 for Reaction (48b). According to model calculations incorporating the data from this measurement, the latter process should be a major source for atomic carbon in the Martian atmosphere [111]. However, the models did not predict the formation of a sufficient amount of high-energy carbon atoms by Reaction (48b) to account for carbon escape (which is due to hot atoms stemming from CO photodissociation). Furthermore, a recent experimental investigation cast doubts on the presence of this pathway in the dissociative recombination of CO 2 + [112]. Also, the escape of hot nitrogen atoms produced by the dissociative recombination of N 2 + has been discussed as responsible for the nitrogen loss in the atmospheres of Mars and Titan. Whereas it plays an important role in Mars where it is the most important mechanism at high solar activity, it is not considered to be the major pathway in the latter body [113,114]. In Mars, it is also a possible reason for the high isotope fractionation of N 2 (75 % enrichment of 15 N compared to the terrestrial isotope ratio) measured in the Viking 1 mission [115], since the lighter hot 14 N atoms are more prone to non-thermal escape [116]. Due to their exoergicities several dissociative recombination reactions are productive mechanisms in the generations of highly excited states of atoms and molecules. Radiative deactivation of these states leads to characteristic emissions found in light phenomena as auroras and airglows. In the terrestrial and Martian atmosphere, dissociative recombination accounts for night glow emission of O( 1 D), which is produced by Reactions (46b, c or e) [117]. In addition the green line emission of O( 1 S) atoms in the F2 region is exclusively due to production of this species by Reaction (46d or 46e). Airglows are not exclusively due to excited atoms formed through dissociative recombination, also excited states of molecules can be responsible for these phenomena. An interesting example are the Cameron (a 3 Π → X 1 Σ) and Fourth positive (A 1 Π → X 1 Σ) bands of CO observed in the airglow of Mars and Venus, which are due to electronically excited states of this molecule produced in Reaction (48a) [118]. Furthermore, highly excited states of atoms and molecules can undergo reactions, which are energetically unfeasible for their ground states under atmospheric conditions. For example the dissociative recombinations of N 2 + and NO + can produce N atoms in the ground ( 4 S) as well as in the excited ( 2 P) and ( 2 D) states [119,120]. The latter has an extremely long lifetime (~40s) and is thought to be instrumental in the formation of nitriles in Titan's atmosphere [121]:

C 2 H 4 + N( 2 D) → CH 3 CN + H (49) 
In addition, dissociative recombination reactions may influence the temperature in planetary thermospheres. They tend to be highly exoergic and, if the reaction enthalpy is partly converted into kinetic energy of the fragments, can, as we have seen above, lead to fast molecules and atoms. A collisional energy transfer from these particles to other species result in heating of the thermosphere [122], whereas radiative deactivation of excited species produced by dissociative recombination can lead to a cooling of this environment [123].

Dissociative recombination is also an important destruction mechanism of cluster ions (e.g. NH 4 + (H 2 O) n , and, especially H + (H 2 O) n ), which have been detected in the D layer of Earth's ionosphere [124]. For these ions dissociative recombination might be a competing process for mutual neutralisations of cluster cations and anions, which are regarded as playing a crucial role in aerosol formation [125]. Aerosols are not only of great significance for Earth's atmosphere: evidence of extensive aerosol chemistry has been found on Saturn's moon Titan by the Huygens probe [126]. The dissociative recombination rates of H + (H 2 O) 3 have been measured in storage ring and afterglow experiments and found to be higher than the ones of the lighter homologue ions H + (H 2 O) 2 and H 3 O + and even increase for higher clusters. Interestingly, the dissociative recombination of H + (H 2 O) 3 leads almost exclusively to the break-up into a hydrogen atom and three water molecules [127,128]. A similar pattern (preference of break-up into neutral monomers and increasing rate coefficient for larger clusters) was observed for the ions NH 4 + (NH 3 ) 2 and NH 4 + ( NH 3 ) 3 [129]. It could therefore be concluded that dissociative recombination functions as an efficient termination process in clustering by breaking up larger cluster ions into small neutral fragments.

It should be pointed out that the importance of dissociative recombination in planetary atmospheres is not necessarily restricted to singly charged cations. Although O 2+ ions have been identified in auroral spectra [130], no doubly charged molecular ions were so far identified in planetary atmospheres. However, model calculations invoked the existence of a CO 2 2+ layer in the Martian atmosphere [131] and other doubly charged molecular ions like O 2 2+ and N 2 2+ have been included in simulations of Earth's upper atmosphere [132,133]. A N 2 2+ layer of considerable density was also predicted to exist at high altitudes (1100-1200 km) in Titan's atmosphere and dissociative recombination is regarded as the principal degradation pathway of this ion there [134]. There is not much data available on dissociative recombination of dications, but the group working at the ASTRID storage ring at Aarhus (Denmark) measured the dissociative recombination 2+ and N 2 2+ as 3.0 × 10 -7 (300/T) 0.5 cm 3 s -1 , 6.2 × 10 -7 (300/T) 0.5 cm 3 s -1 and 5.8 × 10 -7 (300/T) 0.5 cm 3 s -1 , respectively [135,136]. In the case of CO, the branching ratios of the C + + O and the O + + C channel were almost equal.

Finally it should be reported here that the importance of dissociative recombination is not necessarily restricted to solar planets. Also, models of extrasolar planets include this process as an important destruction pathway for water [137], which might have repercussions on the habitability of these bodies.

4 Experimental methods to study DR reactions in the ISM and planetary ionospheres: their aptitude, merits and shortcomings

Afterglow methods

Thomson and Rutherford [138] found that a gas exposed to x-rays 1 retained its conducting property for a short time after the rays had been turned off. This was the birth of gas discharge physics, or gaseous electronics and plasma physics in modern terminology. It took more than half a century from the first recombination experiment by Thomson and Rutherford to the first experimental study of dissociative recombination experiment by Biondi and Brown [139]. The principle was the same as in the very first experiment, but the technology obviously much advanced. Both the ionising discharge and the electron density measurement in the post-discharge (afterglow) plasma were made by means of microwave techniques. This stationary afterglow technique dominated the study of DR for the next two decades, and the focus was very much on the atmospheric gases (N 2 , O 2 and NO) because of their importance and the rare gases because dimer ions such as Ne 2 + and Ar 2 + are unusually well suited to the stationary afterglow technique. The first twenty years of DR studies were reviewed by Bardsley and Biondi in 1970 [140]. Some problems inherent in the stationary afterglow technique, such as clustering and microwave heating of molecular gases (see ref. [141] for a detailed discussion), led to the development of the flowing afterglow technique [142,143,144]. Figure 2 shows schematically the flowing afterglow technique; the ionising discharge pulse is separated from the ion formation region, which prevents vibrational heating of molecular gases. The flowing afterglow is a robust technique, which is capable of delivering reliable DR rate constants for molecular ions that often can be assumed to be in low vibrational levels. It is less suited for detailed comparisons with theoretical calculations since cross sections cannot be obtained. In astrophysical applications the recombination product branching ratios are often of more critical importance than the rate constant. This was recognized by researchers in the flowing afterglow community and efforts were made to measure branching ratios. The first efforts were concentrated on measuring H-atom and OH-molecule production by means of optical techniques, see ref. [145]. More recently a new technique based on electron impact ionisation of the products followed by mass selective detection has been introduced [146] Figure 2. Schematic drawing of flowing afterglow apparatus (redrawn from ref. [147]. The flow tube is typically 1 to 2 meter, with a diameter of 5 to 10 cm. Helium at a typical pressure of 0.5-1 torr is the carrier gas, and in the microwave discharge, metastable and ionised helium is formed. Argon at a pressure of about 15% of the helium pressure is ionised by metastable helium by Penning ionisation or charge exchange, and acts as the ioniser by ion-molecule reactions: Ar + + AB → Ar + AB + . The electron density in the 

Merged beams and ion storage rings

Not all ions are suitable for studies by means of afterglow techniques. It is for example difficult to produce a hydrogen plasma for which H 2 + is the dominant ion because of the very rapid ion-molecule reaction

H 2 + + H 2 → H 3 + + H (50) 
DR studies of H 2 + did not occur until the development of the inclined-and merged-beam techniques in the 1970s [148,149]. By merging beams of electrons and molecular ions, and by counting the number of neutral particles that are produced in the merging (interaction) region, absolute DR cross sections over a wide energy range and at high energy resolution can be obtained. The main disadvantages are that the excitation state of the reactant ion is not well determined and that the upper mass limit is 32 amu. The merged-beam technique was used extensively during the 1970s, 1980s and 1990s to study DR of molecular ions [18].

A remedy against the problem with an undetermined vibrational state distribution is to delay the merging of the ions and electrons so that the ions have time to undergo vibrational relaxation. The technical implementation of this remedy was the ion storage rings [150], a ring composed of an ultrahigh vacuum system of circumference 40-60 m, and dipole magnets and magnetic focusing elements to keep the ions in closed orbits. In one section of the ring the stored ion beam is merged with an electron beam. In this arrangement time becomes an additional parameter; the ion beam can be kept store for an arbitrary time (say up to 30 s) before the production of neutral reaction products from the interaction region are sampled. This allows the ions to vibrationally relax before measurements are performed. It also enables the application of beam phase-space cooling by means of the electron beam, which at velocity matched conditions acts as a heat sink for the stored ion beam. In some experiments on lighter ions, beam cooling plays an important role in that it radically improves the ion beam quality. Figure 3 shows 52-m-circumference storage ring CRYRING at the Manne Siegbahn Laboratory in Stockholm.

Figure 3.

Schematic view of CRYRING. Molecular ions are created in a hollow cathode ion source (MINIS), accelerated and mass selected. In some cases they are further accelerated by the Radio Frequency Quadrupole (RFQ), and injected into the ring. The interaction region, i.e. the region in the electron cooler where the ion and electron beams are merged, is 85 cm in length.

Ion storage rings are typically operated at much higher beam energiesin the MeV rangethan are singlepass merged-beam experiments. This is advantageous for several reasons: (i) the mass range is wide, and although there is no sharp upper limit, useful results for ions around 100 amu have been obtained [151]; (ii) the resolution in the product channel is much improved as compared with the single-pass case owing to the much higher beam energy; (iii) the high beam energy means that the ions have a high speed, which much reduces the cross section for ions to capture electrons from residual gas molecules; (iv) the ultra-low pressure in the ring (< 10 -11 torr) also contributes to a reduction background events; (v) the electron beam is approximately homogeneous and its cross sectional area quite a bit larger than that of the stored ion beam, which renders a measurements of the form factor unnecessary. The main drawback is that absolute cross 18 section measurements require that the circulating beam current is measured. This is usually not a problem, but for very weak beams it can be cumbersome.

Ion storage rings have been used extensively to measure product branching ratios by means of a grid technique, which relates the redistribution of the pulse height spectrum to the branching ratios. The technique is powerful in that it can give a complete set of branching ratios in a single experiment. Isotope contamination always represents an element of risk, which has to be carefully assessed. Even when this is done, the experimental conditions in CRYRING in one case, the N 2 H + , ion beam was increasingly affected during the data taking through a contamination of 15 N 14 N + which resulted in an overestimate of the branching ratio for the NH + N channel [152]. When the electron impact flowing afterglow technique was applied to the study of N 2 H + , the NH + N channel was found to have an upper limit of 5% [146]. A reinvestigation at CRYRING revealed the problem and the NH + N channel was measured to be about 10%, in reasonable agreement with the afterglow result. This shows how important it is to use different techniques to the study of dissociative recombination.

The H 3 + conundrum

Discrepancies between different experiments, and between experiment and theory

The H 3 + ion occupies such an important role in molecular astrophysics, molecular spectroscopy and theoretical molecular physics that it has been the topic of two Royal Society Discussion Meetings [153,154]. The dissociative recombination of H 3 + has a long and unusually controversial and complicated history, which would occupy too much space if we would tell it here. The situation as it was at the first Royal Society Discussion Meeting has been described in detail by Larsson [155], and the development until early 2007 is described in the research monograph by Larsson and Orel [21].

At the time of the first Royal Society Discussion Meeting, the DR rate coefficient was for the second time on its way down to very low values, at least according to state-of-the-art theoretical calculations [156] and a new generation stationary afterglow experiments [157]. History repeated itself; just like the Birmingham group used [158] the calculations by Michels and Hobbs [159] to support its < 2×10 -8 cm 3 s -1 rate constant measured using the flowing afterglow technique, the Prague group [157] could invoke theory [156] to support its ∼10 -9 cm 3 s -1 rate constant. Theory was now also vastly improved, so it did indeed seem like there would be at least some likelihood that the rate constant might, after all, be very small, at least at interstellar conditions. If H 3 + would have been discovered in diffuse interstellar clouds during the first "depression" era, which started in 1984 [158] and lasted into the 1990s (the rate constant was for a while even down to 10 -11 cm 3 s -1 [160]), this would have been taken as strong evidence of a low DR rate. In diffuse clouds H 3 + is primarily destroyed by dissociative recombination and if the DR rate constant were very low, one would anticipate high H 3 + number densities. The discovery came a decade after the height of the "depression" era [161] and was surprising since the rate constant around 1998 was believed to be about 10 -7 cm 3 s -1 . By the time a possible second "depression" era was approaching, the observation of H 3 + in diffuse clouds suggested that the DR rate constant might be low at interstellar conditions. 

New results: time to close the books

The present position concerning the dissociative recombination of H 3 + has been reached by experimental work in Stockholm/Berkeley/Urbana-Champaign, Heidelberg and Prague, and theoretical work in Boulder, Colorado. In a collaboration between groups at Stockholm University, UC Berkeley and the University of Illinois, a pulsed supersonic discharge source was constructed and used as injector at CRYRING. This ensured the production and injection of rotationally cold H 3 + ions, and the resulting rate constant was 6.8×10 -8 cm 3 s -1 at an electron temperature of 300 K and a rotational temperature of about 30 K [80,162]. In Heidelberg a cryogenically cold ion trap was used as injector to the Test Storage Ring [163], and the result was in excellent agreement with the CRYRING result. Greene and Kokoouline worked out a new theory for the DR of H 3 + [164,165,166], which gives results in quite good agreement with those from the storage rings.

In Prague the afterglow experiments have been continuing since the late 1990s, and a consistent view of these and other plasma experiments is now emerging [167]. In a hydrogen plasma experiment, Ar and He are used in addition to the hydrogen gas. Recombination in the afterglow plasma is driven by dissociative recombination and ternary, H 3 + + e -+ He, processes. This implies that the rate constant in plasma experiments would depend on the He number density. In ref. [167] all plasma experiments for the past 30 years have been surveyed and a linear dependence of the rate constant on the He number density was found in regions of the plasma experiment where the H 2 density was larger than 2×10 12 cm -3 . Figure 4 shows the electron density as a function of distance in the flow tube in original Birmingham experiment [158]. The electron density drops quickly at the point R of ion creation (about 58 cm from the mass spectrometer orifice, which is at z = 0) and then flattens out at about z = 50 cm. This was explained at the time as a result of the presence of fast recombining vibrationally excited H 3 + in the early part of the afterglow followed by a long section where vibrationally relaxed H 3 + ions recombined so slowly that the electron density decreased mainly by ambipolar diffusion to the walls of the flow tube. This electron density plot has been at the core of the H 3 + conundrum ever since it was first measured: why do the H 3 + ions present in the afterglow in the region z < 50 cm not recombine? A tentative explanation has been put forward [167]. If long-lived Rydberg states of H 3 are formed in ternary collisions with He, and these states are destroyed in collisions with H 2 , a low density of H 2 would allow the H 3 * Rydberg states to survive in the plasma much longer and act as a reservoir that would release H 3 + ions at a slow pace by autoionisation. The apparent effect would be that the ionisation of the plasma would decay much slower than the binary DR rate constant would suggest. In Fig. 4 the region z = 58-50 cm is dominated by the high H 2 density and the rate constant deduced from the initial slope, about 7×10 -8 cm 3 s -1 , should be the binary DR rate constant. Similar arguments hold for the stationary afterglow experiment in Prague, where the binary DR rate coefficient now has been measured to be 7.5×10 -8 cm 3 s -1 [167], which is close to the storage ring results. Johnsen [168] discussed in some detail the various H 3 + DR experiments during the past 30 years and concluded that a slow recombination rate for vibrationally excited H 3 + would offer an explanation to the results of the different plasma experiments. This possibility now seems to be rejected by theory [166], There are still questions surrounding the dissociative recombination of H 3 + that need to be addressed, for example whether the theoretically predicted difference in DR rate between para-and ortho-H 3 + [166] can be observed experimentally, but the broader picture is now clear. This poses the question why H 3 + has been observed in so many diffuse interstellar clouds [169]. In diffuse interstellar clouds H 3 + is formed as a result of two reactions: cosmic-ray ionisation of H 2 followed by the ion-molecule reaction H + ions at interstellar conditions, the cosmic-ray ionisation rate must be increased from its canonical value of 3×10 -17 s -1 to 1.2×10 -15 s -1 . Whether this was a peculiarity of ζ Persei or a feature of generality to diffuse cloud was not known at the time. Indriolo et al. [169] used high-resolution infrared spectroscopy to survey sight lines for H 3 + absorption and concluded that the cosmic-ray ionisation rate typically is 2×10 -16 s -1 in the diffuse interstellar medium, i.e. an order of magnitude larger than the previously inferred value. Dalgarno gets the final word [77] (p. 12272): "In conclusion, considerable uncertainties attend the values of the cosmic ray ionisation rate in the interstellar medium, but there are indications that the range could be narrow, lying between 10 -16 and 10 -15 s -1 from dense cores to in molecular clouds to the intercloud medium. The interesting question may not be why they are so different but why they are so similar".

Dissociative recombination of hydrocarbon ions

Interstellar clouds

More than 20 of the hitherto detected interstellar and circumstellar molecules are pure hydrocarbons and processes involving hydrocarbons form the backbone of interstellar cloud chemistry. They are not only fundamental to the build-up of large hydrocarbons including polyaromatic hydrocarbons (PAHs) but also stand for the formation of many non-hydrocarbonic species. The chemistry of hydrocarbons is complicated by the fact that many hydrocarbons with more than two carbon atoms can have two or more isomers, often both cyclic and linear ones. Unfortunately, only in some special cases (C 3 H and C 3 H 2 ) more than one isomer has actually been observed [170].

Principally, hydrocarbon chemistry in dark clouds proceeds via CH 3 and CH 4 , whose formation pathways have been discussed in Section 1.2. Larger hydrocarbon ions can be formed from these neutrals by insertion of C + ions.

CH 4 + C + → C 2 H 3 + + H (51a) CH 4 + C + → C 2 H 2 + + H 2 (51b) CH 3 + C + → C 2 H 2 + + H (52) 
The overall rate of Reaction (51) 

Reactions ( 53) and ( 54) have been experimentally found to be efficient at low temperatures [174,175]. It can also undergo dissociative recombination to form acetylene or the very reactive C 2 H radical:

C 2 H 3 + + e - → C 2 H 2 + H (55a) C 2 H 3 + + e - → C 2 H + 2H (55b) 
In a storage ring experiment, [176] the overall rate constant of the dissociative recombination of C 2 H 3 + has been measured as 5 × 10 -7 (T/300) -0.84 cm 3 s -1 . Reaction (55a) proceeds with a branching fraction of 0.29 and for Reaction (55b) the respective number is 0.59. Reactions leading to C 2 or fragmentation of the carboncarbon bond only are of minor importance. The formed acetylene then can undergo another cycle with C + insertion and radiative association with H 2 [177]:

C 2 H 2 + C + → C 3 H + + H (56) 
C 3 H + + H 2 → C 3 H 3 + + hν (57) 
Several other processes also lead to C 3 H 3 + , which constitutes a bottleneck for interstellar hydrocarbon synthesis. Also, this ion appears in two stable isomers, the linear propargyl ion (HCCCH 2 + ) and the cyclic cyclopropenyl cation, the latter being more stable by 2.28 eV [178]. For the fairly unreactive c-C 3 H 3 + ion, dissociative recombination is the only destruction pathway. Rowe and co-workers measured the rate constant of the dissociative recombination of C 3 H 3 + as 7 × 10 -7 cm 3 s -1 in a flowing afterglow experiment at room temperature. It is assumed that this process mostly leads to the following products [179]:

C 3 H 3 + + e - → C 3 H + 2H (58a) 
C 3 H 3 + + e - → C 3 H 2 + H (58b)
The authors assumed that the only ion present was c-C 3 H 3 + , which can be discussed, since their probe ions were produced by reaction of C + with acetylene. No branching ratios have so far been measured for the different channels of Reaction (58) and it can be questioned if the two C 3 H 3 + isomers really show the same behaviour upon dissociative recombination. Generally it has been expected that the carbon skeleton of the ion is not changed in this process [180], whereas other processes like carbon insertion can produce cyclic and linear isomers. This is not only a problem in interstellar chemistry; in afterglow measurements and especially in storage ring experiments, where ions are commonly produced in hollow-cathode ion sources by electron impact (at temperatures of several thousand K allowing the ions to surmount isomerisation barriers), the question of production of different isomeric ions arises. To gauge which of them are present in the source, one has often to reason from thermodynamical arguments, ab initio calculations rate constants or + isomers present in a storage ring measurement [181]: For C 3 H + , C 3 H 4 + and C 3 H 2 + it was concluded that both linear and cyclic forms exist in the ring, although afterglow measurements point to a prevalence of the linear form in the latter case [182,183]. According to theoretical studies only the cyclic C 3 H 3 + has favourable curve crossings of a dissociative surface with the doubly excited states produced in the recombination events, which could account for the high rate coefficients observed [184].C 3 H 5 + probably exists in two linear forms (allyl and 2propenyl), whereas for C 3 H 6 + the propane form is dominant. In C 3 H 7 + and C 3 H 8 + only linear forms exist.

Actually, both isomers of C 3 H and C 3 H 2 have been detected in the interstellar medium [185], and they can be produced by Reaction (58) from the l-and c-C 3 H 3 + or from ground-state carbon and acetylene. Both isomers have been observed in this environment with a ratio (c-C 3 H)/(l-C 3 H) of 3.4 [186]. Processes, which favour one specific product, can lead to asymmetries between cyclic and linear isomers. C 3 H can subsequently undergo another cycle of C + insertion, H 2 association and dissociative recombination of the formed C 4 H 2 + ion. The latter process had been investigated by two independent storage ring experiments and, despite the multitude of available channels, probably has only two product pathways [187,188]:

C 4 H 2 + + e - → C 4 H + H (59a) C 4 H 2 + + e - → 2 C 2 H (59b)
with a branching ratio of 0.75 and 0.25 for Reaction (59a) and (59b), respectively, and a rate of 1.1 × 10 -6 (T/300) -0.80 cm -3 s -1 . It is interesting that the majority of the dissociative recombination events preserve the carbon chain. If that is a consistent pattern with C n H 2 + ions, the aforementioned cycle can be regarded as feasible pathway for the formation of higher linear C n H molecules, which have been detected in the interstellar medium up to a carbon chain length of 8 [START_REF] Balucani | AIP Conference Proceedings[END_REF]. Nothing definitive can be stated about possible isomers of large hydrocarbons existing there, since only linear C n H molecules have hitherto been detected.

As mentioned, dissociative recombination of hydrocarbon ions tend to proceed with fairly high branching fractions of channels retaining the carbon skeleton, as seen as in the case of C 2 H + [190] Since benzene has also been found in circumstellar envelopes [194] and probably exists in dark clouds (due to a lack of dipole moment it cannot be observed by mm and sub-mm radiotelescopes), the question of formation of aromatic compounds arises. McEwan et al. [175] 

The first and second reaction can face competition from dissociative recombination, especially at high ion fractionation, when electrons are abundant. The rate coefficient of Reaction (63) was estimated by the authors as 5 × 10 -7 (T/300) -0.5 cm -3 s -1 , based on experimental results on the dissociative recombination of large hydrocarbon ions.

Benzene can further serve as template for synthesis of polyaromatic hydrocarbons (PAHs) in the interstellar medium. Albeit no such compounds have been unambiguously observed there so far, PAHs and their corresponding ions could be responsible for spectral phenomena like the diffuse interstellar bands [195] and the galactic extended red emission [196].

To sum up, five different key processes of formation of larger hydrocarbons in the interstellar medium can be identified: (a) insertion of C + into neutral hydrocarbons, (b) insertion of C, (c) condensation of hydrocarbons, (d) hydrogenation by H 2 through H abstraction or radiative association and (e) dissociative recombination [170]. Insertion processes are often barrier-less and lead to loss of hydrogen, which does not usually apply to hydrogen abstraction, which is only efficient for very highly unsaturated hydrocarbons ions like C n + and C n H + . These facts lead to the observed abundance of highly unsaturated hydrocarbons. Radiative association is very slow for most hydrocarbons with chain lengths longer than 2 and more than one hydrogen atom [175,197]. A compilation of important insertion and condensation reaction is found in Reference 175.

It should be noted that we are referring only to hydrocarbon formation in this section and ignoring reactions leading to other species, which the above-mentioned hydrocarbon molecules and ions may undergo. The total abundance of hydrocarbons will be, of course, affected by the velocities of these processes that compete with hydrocarbon formation steps. Especially important in this respect is the overall C/O ratio in the object, the higher this figure becomes, the higher the hydrocarbon abundance will be in the object [170].

Generally, hydrocarbon chemistry in translucent clouds resembles the one of dark ones, although their abundances are slightly elevated in the former objects. Hydrocarbons have also been observed in translucent clouds and many of the species hitherto identified are fairly unsaturated, i. e. contain multiple bonds and/or have long carbon chains [170]. Diffuse clouds also expose a rich hydrocarbon chemistry, since the abundance of C + promotes formation processes of larger hydrocarbon ions through insertion processes of this ion into neutrals. On grain surfaces, C + ions can also be neutralized and successively hydrogenated to CH 4 , which is released into the gas phase under diffuse cloud conditions or retained on the grain in the form of hydrogenated amorphous carbons. The former mechanism is regarded as an important methane formation pathway in these environments. Dissociation of methane escaped from the surface and insertion reactions of the ubiquitous C + ions can then trigger the versatile hydrocarbon chemistry in diffuse clouds starting from Reactions (51a-c) and finally leading to neutral species by dissociative recombination of the intermediate ions [66]. The upper atmosphere of outer gas giant planets (Jupiter, Saturn, Uranus and Neptune) mostly consists of hydrogen. Therefore the major primary ion formed through EUV radiation and particle impact there is H 2 + , which quickly is transformed in to H 3 + . However, this ion is rapidly consumed by dissociative recombination due to the high electron densities in the ionospheres of gaseous planets, which peak between ~ 1.2 × 10 4 cm -3 (Saturn) and 10 5 cm -3 (Jupiter) [198,199]. Since H + ions that are also formed in the higher atmospheres can only recombine very slowly, atomic hydrogen ions become the dominant ionic species in the upper ionospheres of these planets. Below the maximum electron density, hydrocarbon molecules become abundant and hydrocarbon ions are produced by photoionisation or proton transfer from hydrogen ions [200]. It is assumed that proton transfer to hydrocarbons outclasses dissociative recombination as the major H 3 + degradation pathway in this region [201]. Exact knowledge of the dissociative recombination and proton transfer rates are necessary to validate this assumption.

Since methane is the most abundant hydrocarbon in Jupiter's atmosphere (a fractional abundance of around 2.1 × 10 -3 has been measured by the Galileo probe [202]), CH x + ions form the starting points for hydrocarbon chemistry. Models predict that Iovian ion abundances peak at an altitude of about 350 km [201]. The relative importance of ion production pathways in this area is dependent on the height: At higher altitudes (~400km) proton transfer dominates, whereas below the maximum photoionsiation of CH 4 and CH 3 takes over. CH + , CH 2 + and CH 4 + ions react efficiently with molecular hydrogen to form CH 3 + and CH 5 + ions. In the absence of large amounts of hydrocarbons the former ion is transformed into the latter by threebody association with H 2 , whereas CH 5 + undergoes dissociative recombination, leading mostly to CH 3 radicals [65]. At altitudes lower than 380 km CH 3 + and CH 5 + ions can react with acetylene and methane to hydrocarbon ions containing 2 or three carbon atoms. In this region the C 2 H x + ions are destroyed mostly by dissociative recombination, but at lower heights they can efficiently react with neutral hydrocarbons to form larger species. Again, exact knowledge of rate constants and product distributions of dissociative recombination and competing ion-neutral reactions is crucial to get an exact idea about the relative importance of these degradation pathways. These data undoubtedly affect the hydrocarbon ion abundance profile predicted by model calculations.

Satellites

On Titan, the GCMS spectrometer on board the Cassini Huygens spacecraft measured an interesting abundance profile of methane. In the stratosphere above a height of 32 km the mole fraction of this substance was measured as constant at 1.41 × 10 -2 (a somewhat higher value, 1.41 × 10 -2 at 1176 km altitude was concluded from the Ion neutral mass spectrometer (INMS) [203]). Going to lower levels, this number increases to 4.9 × 10 -2 at a height of 8 km, from when on it stays constant at this level due to saturation [204]. The data from the GCMS also point to a presence of liquid methane on the moon's surface. It is clear that an atmosphere with such a high abundance of methane forms an almost perfect environment for a rich and diverse hydrocarbon chemistry. Photochemical reactions, however, also destroy methane continuously [205], therefore it has to be replenished from the moon's interior. Above 800 km height, solar EUV radiation, photelectrons and fast electrons from Saturn's magnetosphere ionise the neutral molecules. The formed ionosphere is pivotal to the thermal and chemical balance of the upper layers of Titan's atmosphere [206]. In a measurement by the Cassini Radio and Plasma Wave Science Langmuir probe a maximum electron density of 3800 cm 3 and electron temperatures between 1200 and 1400 K were encountered at the closest approach of the spacecraft (1176 km height), with the temperatures rising with increasing heights [207]. Under such conditions, dissociative recombination is undoubtedly an important destruction process for ions.

In the ionosphere methane is ionized to yield CH + , CH 2 + , CH 3 + and CH 4 + ions. Also CH 5 + can be formed efficiently by proton transfer:

CH 4 + CH 4 + → CH 5 + + CH 3 (64) 
By subsequent neutral-neutral reactions, these primary ionization products can be converted into larger hydrocarbon ions. Radical hydrocarbon ions (i. e. those with an even number of hydrogen atoms) quickly lose their charge through proton transfers to apt acceptors like HCN, nitriles and acetylene and, have, not surprisingly not been regarded as abundant species in Titan's ionosphere. 

As with most hydrocarbon ions, the carbon chain stays intact, but there is no clear major pathway. The obtained branching fractions are 0.12, 0.27, 0.13, 0.29, 0.17 for channels (67a-e), respectively. Interestingly, a four-body break-up (67c) was also detected for this system. . Dissociative recombination is regarded as their main degradation pathway in Titan's ionosphere [208]. Many isomers of these ions exist and their relative abundance will be very difficult to establish. Unfortunately no reaction rates and product branching fractions have so far been measured and one has to resolve to educated guesses [210]. Some of these ions are too heavy to be investigated using contemporary storage rings, maybe future devices with a higher rigidity can allow such studies.

F

Although a widely branched hydrocarbon chemistry undoubtedly exists in Titan's ionosphere, it should be mentioned that also nitrogen containing ions play a major role. Especially in the case of protonated nitriles, much higher abundances have been measured by the INMS than predicted by previous models [97]. However, a detailed discussion of these processes would be beyond the scope of this article.

Dissociative recombination of sulfur-containing ions in the interstellar medium and planetary ionospheres

More than a dozen interstellar and circumstellar sulphur-containing molecules and ions have been detected in the interstellar medium and circumstellar envelopes [211] and interstellar sulphur chemistry has a couple of interesting peculiarities. It widely still remains a book with seven seals and cannot be easily likened with the one of oxygen compounds. Three main classes of containing-containing interstellar molecules exist, carbon-sulphur compounds, oxygen-oxygen compounds and hydrides. Whereas in clouds or cloud environments with opacities lower than 2.5, the chemistry of carbon-sulphur and oxygen-oxygen compounds are rather independent from each other, the S-O chemistry precedes C-S the chemistry in darker regions [212]. This is due to two competing mechanisms leading to CS + :

S + + CH → CS + + H (68) C + + SO → CS + + O (69) 
At lower opacities S + is sufficiently abundant to let Reaction (68) dominate, whereas at higher ones Reaction (69) stands for the CS + production and, consequently removes SO.

Though sulphur compounds are abundant in the gas phase in diffuse clouds, they tend to deplete at higher densities and it is not yet clear in which form that happens. In photon-dominated regions sulphur ions have a strong influence on the electron abundance, which governs the efficiency of dissociative recombination reactions [213]. The ratio of some containing-containing molecules like CH 

Although the rate constant of Reaction ( 72) is rather low at 10 K (3.5 ×10 -15 cm 3 s -1 ) [219], it should, according to an earlier model, be sufficient to produce the observed densities of H 2 S in dense clouds [220]. However, during the time of these studies, it was tacitly assumed that the dissociative recombination of H 3 S + entirely leads to H 2 S, just in accordance with Bates´s theory. Recent studies of the deuterated isotopomer of this ion, D 3 S + , in a storage ring experiment have yielded that its dissociative recombination only leads to D 2 S in 17 % of the reaction events, and the three-body break-up to SD + 2D is the most important reaction channel (branching ratio 0.57). Further minor pathways are the S + D + D 2 and SD + D 2 (branching ratios 0.15 and 0.10 % respectively). The reaction rate has been measured as 2.8 ± 0.7×10 -7 (T/300) -0.86 ± 0.03 cm 3 s -1 . The obtained branching ratios follow the same pattern as in the oxygen analogue H 3 O + [58,221], but disagree with an earlier flowing afterglow experiments, which showed a dominance of the D 2 + DS channel. This could be concluded from the observation that the observed average H production per dissociative recombination event amounted to only 0.18 to 0.48 in these studies [222,223], which leaves the only pathway not producing hydrogen atoms (i. e. the D 2 + DS channel) to stand for the rest, which seems at odds with branching ratios of similar species like H 3 O + . Furthermore, our findings are in good agreement with earlier theoretical statistical phase-space model study [224]. The reaction rate constants measured in flowing afterglow measurements lie in the range between 3.2 and 5.8 ×10 -7 cm 3 s -1 [222,225,226] and are in good agreement if one assumes a slightly (30-50%) higher rate of light hydrogen Inclusion of these new findings into model calculations of dark clouds yielded a deterioration of a slight exacerbation of the discrepancy between the model prediction (fractional abundance 2.2×10 -11 ) and the observed fractional abundance in TMC-1 (5×10 -11 ), which is almost a factor of 20 higher [215]. Dissociative recombination also affects the deuterium fractionation in TMC-1, since H 2 S can be deuterated by reaction with deuterated H 3 + followed by dissociative recombination:

H 2 S + H 2 D + → H 2 DS + + H 2 (74) 
H 2 DS + + e - → HDS + H (75) 
However, the observed branching ratios bring about that the models also fail to reproduce the observed HDS/H 2 S and D 2 S/HDS ratios, which are in the range of 0.1 [227,228]. In light of all these discrepancies, it is fair to assume that the vast majority of H 2 S in dark clouds is produced on grain surfaces, as suggested earlier by Tielens and Allamandola [229].

The important HCS + ion is formed mainly by the following ion-neutral reactions [230]:

CS + + H 2 → HCS + + H (76) 
C + + H 2 S → HCS + + H (77) 
In dense interstellar clouds, proton transfer by ubiquitous ions may play a more crucial role in dark clouds [231]:

H 3 + + CS → HCS + + H 2 (78) 
HCO + + CS → HCS + + CO (79) 
As mentioned, the high ratio of HCS + /CS in the interstellar medium, which is vastly superior to the one of the isovalent oxygen species (HCO + /CO), is one of the long-standing riddles in interstellar sulphur chemistry. For a long time this has been attributed to a fast production of HCS + rates by proton transfers (Reactions ( 78) and ( 79)) and a lower dissociative recombination rate constant in HCS + than in HCO + [START_REF] Tielens | Interstellar Processes[END_REF]233]. The higher dipole moment ion CS should ease protonation and the formed HCS + ions can only react with very strong proton acceptors like ammonia and thus are probably mainly destroyed by dissociative recombination and reaction with oxygen atoms : 80) and ( 81) as the only destruction pathways of this ion in dark clouds, the following equation holds under steady-state conditions: (82) In standard models, a quite low rate constant of (T/300) -0.75 cm 3 s -1 has been employed for the dissociative recombination of HCS + and the process was assumed to lead exclusively to CS [234,[START_REF] Markwick | [END_REF]. Nevertheless, the [HCS + ]/[CS] ratios produced by dark cloud models of 0.01 (OSU model [234]) and ~0.001 (UMIST model [START_REF] Markwick | [END_REF]) still fall short of the observed ones by a factor of 10 and 100, respectively. However, these assumptions have now been challenged by a recent storage ring experiment, which lead to the conclusion that (a) the branching fraction of Reaction (80a) is only 0.19 and (b) the total dissociative recombination rate constant is considerably higher, namely 9.7 × 10 -7 (T/300) -0.57 cm 3 s -1 [236].

HCS
Inclusion of the new results on Reaction (80) exacerbates the discrepancy between the observed abundances and the predictions of the UMIST model by a factor of 3-5 due to the new higher rate constant of Reaction (80), if one ignores Reaction (81) as destruction process. Introduction of the latter pathway results in a [HCS + ]/[CS] ratio of 10 -4 only, which is completely at odds with observations. Under such circumstances Reaction ( 81) is almost the exclusive destruction mechanism for HCS + . The effect of the rate constant augmentation is partly counterpoised by a net destruction of CS through Reaction (78) followed by Reactions (80b) and (80c). In the OSU model, a rate constant of Reaction (81) that was 100 times higher than in the UMIST model was employed, which led to a complete domination of this process over the dissociative recombination of HCS + .

Dissociative recombination of sulphur compounds also very probably plays a role in planetary ionospheres like Venus, whose atmosphere is fairly rich in SO 2 . It is of considerable importance in Jupiter's satellite Io, which has a thin atmosphere that is dominated by this compound. Consequently, SO 2 + is the most prevalent molecular ion in Io's ionosphere and dissociative recombination of this species can be regarded as an important sink for electrons. It was suggested that this process indirectly could affect the FUV emission of excite oxygen and sulphur atoms observed in Io's atmosphere [237]. This emission was suggested to be caused by collisional excitations of S, O and SO 2 through photoelectrons in the satellite's ionosphere [238]. Dissociative recombination removes the electrons and therefore could cause the decay in the FUV emission observed when Io enters Jupiter's shadow during an eclipse. Clarke et al. predicted that a recombination rate of 1 × 10 -7 cm 3 s -1 for SO 2 + would be in line with the 20 min upper limit for the reduction of the aforementioned emission under eclipse conditions [237]. The rate constant of this reaction has been experimentally determined as 4.6 ± 0.2×10 -7 (T/300) -0.52±0.02 [239]. Estimating an ionospheric temperature of 200 K, this rate should be by far sufficient to account for this phenomenon. Since all possible channels including the three-body break-up are possible in the dissociative recombination of SO 2 + also the branching fractions have been measured. Interestingly, the three-body break-up plays a certain role (branching fraction 0.39), whereas pathway (83b) is non-existent and the majority of DR events yields SO + O. Although dissociative recombination cannot provide the excited atom states responsible for the FUV emission, an increased S and O atom production by Reaction (83c) could increase the abundance of atoms available for excitation through photoelectrons and thus enhance the intensity of S(I) and O(I) FUV lines, which are grossly underestimated by models [240]. Furthermore, Reaction (83a) can, due to its high exoergicity, provide O ( 1 D 2 ) atoms, which causes the emission at 6300 Å detected in the vicinity of Io [241]. Also the production of excited SO, which is held responsible for emission bands in Io's atmosphere [242] by this process cannot be ruled out.

In the interstellar medium, the dissociative recombination of SO 2 + is only of limited importance. Although the reaction of SO 2 + with H 2 has a low rate constant and, additionally, possesses a threshold [91,243], the ion readily reacts with H and CO. The latter two reactions successfully compete against dissociative recombination as degradation mechanism for this ion [243,244].

Finally, it should be mentioned that not very many dissociative recombination reactions of containingcontaining ions have yet been experimentally investigated. Modellers, therefore, have often to rely on educated guesses for rate constants and branching ratios, a fact that also might contribute to our still somewhat limited understanding of the containing chemistry in the interstellar medium and planetary atmospheres.

Dissociative recombination and the interstellar production of methanol

Methanol is one of the most ubiquitous and interesting interstellar molecules and has been detected in a multitude of astronomic objects, including extragalactic sources [245]. Observations of methanol have during the last years proven themselves as excellent tools to investigate star formation. Methanol abundance profiles can serve as an evolution indicator for star formation regions [246] and maser emission from the compound is regarded as a secure tracer for star forming regions [247]. In those environments, the abundance of methanol is greatly enhanced to n/n(H 2 )~10 -6 [248] (compared to n/n(H 2 )~10 -9 [249] in dark clouds) due to evaporation from grain surfaces (where methanol has been frozen out during colder phases and forms a significant part of interstellar ices [229]) and can trigger a widely branched and versatile chemistry and form complex molecules, which are observed in star-forming regions [250]. Methanol has also some other interesting properties, which makes it an interesting target for observational astronomers. Being a slightly asymmetric rotor, ratios between several lines of the molecule are sensitive to both kinetic temperature and spatial density. Therefore multi-line observation on methanol can be used to determine these two parameters in an interstellar cloud with one molecule only, thereby avoiding the problem of different spatial distributions of different tracers [251].

The formation pathway of interstellar methanol, however, has been a subject of intense discussion. Although leading modellers have long cast doubts about the feasibility of gas-phase processes to produce the large amounts of methanol observed in dark clouds and star-forming regions [252], a gas-phase process including a radiative association of CH 3 + and water followed by a dissociative recombination of the emerging protonated methanol was invoked for producing the compound: According to model calculations, a rate coefficient between 8 × 10 -12 cm 3 s -1 and 8 × 10 -8 cm 3 s -1 at interstellar temperatures has to be assumed for Reaction (84) [253] under the assumption that the dissociative recombination of protonated methanol (Reaction ( 85)) entirely leads to the unprotonated species. Results from an earlier selected ion flow tube (SIFT) experiment, from where reaction rate coefficient of 2 × 10 -9 cm 3 s -1 had been concluded for 20 K seemed to be in line with this requirement [254]. However, a recent cold ion trap experiment by Gerlich and co-workers determined an upper boundary of 2 × 10 -12 cm 3 s -1 for this process [255], which clearly falls short of the required rate constant.

F
Reaction (86) has recently been in a storage ring experiment [256]. Due to the availability of no less than 16 energetically possible reaction pathways in the dissociative recombination of protonated methanol, the product pattern could be expected to be complicated. Nevertheless, only 6 different product channels have been experimentally detected: 

CH
The branching fractions have been determined as 0.03, 0.51, 0.21, 0.09, 0.06 and 0.10 for Reactions (86 af), respectively. As in the dissociative recombination of the related H 3 O + ion [58] the three-body break-up dominates and the break-off of a single hydrogen atom only plays a very modest role. From this data it becomes clear, that Reactions ( 84) and ( 85) cannot constitute a feasible pathway for interstellar methanol. Consequently inclusion of the new branching ratio in a model calculation for TMC-1 using the UMIST code reduces the predicted steady-state abundance of methanol by more than an order of magnitude. If one also includes the new rate for Reaction (84), this number plummets to 8 × 10 -12 , which is in no agreement whatsoever with the observed value [249].

Therefore, a surface process has to be invoked for interstellar methanol production. A very plausible candidate is the successive hydrogenation of carbon monoxide [257], which has already been included in model calculations [258]: [259]. The formed methanol is also not destroyed by irradiation. Nevertheless, these findings were in disagreement with findings of Hiraoka et al. [260] who observed the formation of formaldehyde in a similar experiment, but did not detect any methanol. This discrepancy was attributed to the difference in hydrogen atom fluxes in the two set-ups [259], an assumption, which was recently corroborated experimentally [261].

CO + H → HCO ( 87 
)
The presence of a grain surface mechanism to produce interstellar methanol is also corroborated by the high degree of correlation between CO and methanol abundances in star-forming regions [262]. Also the low 12 CH 3 OH/ 13 CH 3 OH ratio detected in these objects points to a formation from CO, which is enriched in 13 C in cold environments. Furthermore, the observed deuterium fractionations in methanol indicate a grain surface process for its production [263].

The overall reaction rate constant of the dissociative recombination of CH 3 OH 2 + has been measured as 8.9 ± 0.9 × 10 -7 (T/300) -0.59±0.02 cm 3 s -1 [256]. Also this number has some astrophysical implication. Since dissociative recombination can be regarded as the dominating degradation pathway of this ion in the inner coma of comet Halley, the CH 3 OH 2 + /H 3 O + ratio was used to determine the electron temperature there [264]. The rate coefficient used for the DR of CH 3 OH 2 + was a rounded down value of to the one determined by Adams and Smith [225], namely 8 × 10 -7 (T/300) -0.50 cm 3 s -1 . Although the DR rate coefficient is goes in as square into the formula for the electron temperature, a dramatic change of the latter emerging from the slightly higher DR rate coefficient found in our experiment is unlikely.

Conclusions

We have reviewed the dissociative recombination of molecular ions of relevance to the chemistry in diffuse and dark molecular clouds, and in ionospheres of planets and their satellites. The work presented here should be seen in the broader perspective of laboratory astrophysics, an interdisciplinary field spanning traditional disciplines of physics, chemistry, and astronomy.

The knowledge of molecular dissociative recombination processes have expanded vastly in recent years owing to advances in measurement technologies, such as ion storage rings and flowing afterglows, and to some extent also through theoretical calculations. However, ab initio studies of dissociative recombination of most molecular ions of astrophysical importance remain a daunting task, and in particular product branching ratios derive exclusively from experimental work. Dissociative recombination is a complex process and there is not one and a single technique that can answer all questions. The comparison of results obtained with different experimental techniques is very important and can lead to the disclosure of problems with measurements by means of different techniques. In this review this is exemplified by the problems of afterglow techniques to determine the DR rate constant of H 3 + and a problem with the branching ratios measured for N 2 H + measured in a storage ring and disclosed by an afterglow experiment.

In the past, modellers of astrochemical environments have been forced, due to the lack of experimental data, to make educated guesses of DR rate constants and branching ratios. Fortunately DR rate constants do not spread over a wide range of values (with H 3 + periodically being the prime exception!), which means that educated guesses have not been widely off. The situation is different with the branching ratios. Chemical intuition has not served well as predictive instrument, and statistical methods have a mixed record. The major finding at ion storage rings is that the break-up of a recombining molecule is much more violent that previously anticipated. This has serious consequences to the chemical networks in which the end point of a synthesis sequence often is dissociative recombination. In this topical review we have discussed several such cases, and we have shown that in some incidents one has to discard gas-phase reaction schemes as the major formation sources and resort to grain-surface reactions.

Many questions remain and they will require concerted efforts by the laboratory astrophysics community. We can just hope that this community is allowed to stay strong and healthy in a society where big missions (satellite and ground based) and large experimental facilities tend to attract most funding. 
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  . The C 3 H n + and C 4 H n + ions deserve as special interest regarding their branching ratio. Whereas in the case of C 4 H + and C 4 H 5 + breakage into two C 2 fragments is possible in dissociative recombination and disintegration in a C 3 and a C product is not happening, the opposite is true for C 4 H 9 + . The authors ascribe this phenomenon that the C 4 H + and C 4 H 5 + ions produced from the hollow-cathode source employed are linear, whereas the C 4 H 9 + ions formed from n-butane quickly rearrange into the very stable t-butyl cations.

  Hydrocarbon cations with odd numbers of hydrogen atoms, on the other hand, show considerable stability and have, generally, been found in higher concentrations in Titan's ionosphere by the INMS on board the Cassini orbiter[211].

	Most C 2 H 5	+ (31 % according to a recent model calculation [211]
		F o r			
			P		
			e	
				e r	
					R
					e
						v i e
						w
							O n l
	The most + , with a density of 2× 10 2 cm -3 . It is presumably formed by + with acetylene or reaction of CH 3 + with methane: abundant ion detected with this device is C 2 H 5 proton transfer of CH 5 y
		CH 4 +	CH 3	+ →	C 2 H 5 + +	H 2	(65)
		CH 5	+ +	C 2 H 4 →	C 2 H 5 + +	CH 4	(66)

  ) are the number densities of species (N 2 , CO, etc..) that are protonated/deuteronated by H 2 D + and k X are the rate coefficients of these reactions. n e denotes the electron number and k f and k b are the forward and backward reactions of the deuteration of H 3
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  has been measured in earlier flowing afterglow and ICR experiments and found to be around 1.4 × 10 -9 cm 3 s -1 (and is assumed to have a negligible temperature dependence in

	models) and the branching fractions of Reactions (51a) and (51b) have been determined as around 0.7 and
	0.3, respectively [171,172,173]. A similar rate is expected for Reaction (52). The emerging C 2 H 2	+ ions can
	react with H 2 in two different ways:						
	C 2 H 2 + +	H 2	→	C 2 H 4 +	+	hν	(53)
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  Hydrocarbon cations with odd numbers of hydrogen atoms, on the other hand, show considerable stability and have, generally, been found in higher concentrations in Titan's ionosphere by the INMS on board the Cassini orbiter[208]. The most abundant ion detected with this device is C 2 H 5 + , with a density of 2× 10 2 cm -3 .

									It is presumably formed by
	proton transfer of CH 5	+ with acetylene or reaction of CH 3	+ with methane:
			CH 4 +	CH 3	+ →	C 2 H 5 + +	H 2	(65)
			CH 5	+ +	C 2 H 4 →	C 2 H 5 + +	CH 4	(66)
	Most C 2 H 5	+ (31 % according to a recent model calculation [208] with the rest undergoing proton transfer to
	HCN and acetylene) is lost by dissociative recombination: the branching fractions and rates of this process
	has been recently investigated for the deuterium isotopomer of this ion [209] and 5 different channels have
	been identified:						
			C 2 H 5 + +	e -	→	C 2 H 4 +	H	(67a)
			C 2 H 5 + +	e -	→	C 2 H 3 +	2H	(67b)
			C 2 H 5 + +	e -	→	C 2 H 2 +	3H	(67c)
			C 2 H 5 + +	e -	→	C 2 H 2 +	H 2	+	H	(67d)
			C 2 H 5 + +	e -	→	C 2 H 4 +	H	(67e)
			C 2 H 5 + +	e -	→	CH 3 +	CH 2

  3 SH, CS and H 2 CS to their the S/O ratio in dark clouds, on the other hand, C 2 S and C 3 S show an enhanced abundance ratio to C 2 O and C 3 O[START_REF] Irvine | [END_REF]. Whereas new model calculations for dark clouds like TMC-1 can reasonably predict the abundance of several containing-containing compounds[215], two main problems remain: a) the underestimation of the H 2 S abundance in dark clouds by models b) the failure of models to predict the surprisingly high HCS + /CS ratio observed in these environments Dissociative recombination plays a considerable role in both phenomena. In dense interstellar clouds, the production of H 3 S + starts with an ion-neutral process[216]:Other reactions like the radiative association of H 2 and S + and the reaction of hydrogen molecules with atomic sulphur ions have been disregarded by experimental studies as efficient production mechanisms for SH + under dark cloud conditions, albeit they might play some role in magnetohydrodynamic shocks[217,218]. Since subsequent hydrogenation reactions by hydrogen abstraction of SH n + ions from H 2
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  ) has not yet been studied experimentally. Assuming the protonation with H 3 + (Reaction 78) as the sole formation process of HCS + and Reactions (
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  However, there are two grave problems with this sequence in dark clouds: (i) Reaction (87) and (89) have small thresholds (26.4 and 73.6 meV, respectively) and (ii) it is doubtful if methanol formed on the surface can evaporate to a sufficient extent to account for the observed methanol abundances. Recently, an experiment conducted by Watanabe et al. showed that the formation of methanol by hydrogenation of CO proceeds efficiently at 10 K on both pure CO and mixed CO/H 2 O ices
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	H 2 CO +	H	→	H 3 CO	(89)
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It is interesting to note that Thomson and Rutherford, publishing in an English journal very soon after Röntgen's discovery, used the name "Röntgen rays" in both the title and the text.
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