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Models of Interstellar Chemistry: the Tug-of-War Between Astronomical and Chemical Complexity

E. Herbst

Department of Physics, Ohio State University

Current gas-grain chemical models of assorted regions in the interstellar medium must deal with several types of complexity. First among these is chemical complexity.  Although most classes of gas-phase reactions are reasonably if not completely understood, processes occurring on dust particles are more complex for a variety of reasons, including small numbers of reactants and poorly characterized and time-dependent surfaces.  But chemical complexity is not the only problem afflicting interstellar models. Increasingly detailed observations of interstellar regions, especially those associated with star formation, show a complex picture of small-scale heterogeneity and dynamics, both of which affect the chemical processes and their rates. 

In our models to date, we have been able to incorporate only one type of complexity at the level of detail desired.  If we handle surface chemistry in a detailed fashion with our microscopic Monte Carlo technique, then it is even difficult to incorporate gas-phase chemistry let alone changing and heterogeneous physical conditions. If, on the other hand, we treat the dynamics in detail by hydrodynamical techniques, it is difficult if not impossible to treat the surface chemistry as well as it should be treated.  So, at the current level of understanding and computer technology, our models reflect a tug-of-war between astronomical and chemical complexity. Nevertheless, the models provide our best means of interpreting interstellar spectral data in terms of both current physical conditions and their history.  Several examples will be given.

The Dust Content in Hot Core Models

E. Bayet, S. Viti, D. A. Williams and J. Rawlings

Department of Physics and Astronomy, University College London

The hot core models developed in the Department of Physics and Astrophysics of the University College London have already opened a new perspective to better understand the star formation activity in galaxies. Especially, in the Milky Way, it has been observed an unusual complex chemistry surrounding newly formed stars which now could be reproduced and explained by Galactic hot core models.

To perform it, the hot core models are based on the assumption that, during the collapse of the molecular cloud which forms stars, the complex molecules are frozen out onto the grains, keeping them safe from any gas reactions. After the star reached a sufficient density to start its nuclear reactions, the temperature of the ISM surrounding the newly formed star increases suddenly allowing the complex molecules stuck on the grains to be released in the gas phase. 

The role of the grains are thus crucial in these models. In this talk, I will first present more in details the hot core models pointing out the assumptions we made concerning the grains treatment. Our goal is to develop hot core models for distant object (z~10) to gather information on the chemistry surrounding the first generation of stars. The dust and grains properties at high z, very different from those found in the Milky Way hot cores, appear thus primordial clues to succeed doing it.
 Shock Processing of Ices in Protoplanetary Disks 

G. Hassel and W. Roberge
Department of Physics, Rensselaer Polytechnic Institute
The water ice mantles on interstellar grains trap more volatile molecules with an efficiency that depends on the amorphous or crystalline structure of the ice.  The ice structure therefore affects the composition of comets formed from the icy grains.  We present a detailed study of the processing of mantled grains by shock waves in protoplanetary disks.  The grains suffer a sudden increase in temperature that can evaporate the mantles, followed by an extended cooling time during which the mantles recondense.  We find that water ice most efficiently transforms to the cubic crystalline phase by removal and recondensation, particularly for models at the higher ends of the density and shock speed ranges.  We evaluate different scenarios for re-deposition of the mantle, and determine the degree of retention of guest molecules for different water:guest ice mixtures.  The results show distinct changes in the solid abundances of the guest species over a range of conditions representative of the giant planets region of the solar nebula.  We associate hydrodynamic parameters with radial positions in protoplanetary disks by means of a viscous accretion disk model (Aikawa et al. 1998) in order to make this connection.  In particular, the crystallization of ice and the exclusion of volatiles from the matrix may explain the volatile-depleted composition observed in Comet C/1999 S4 (LINEAR), an Oort cloud comet originating from the Jupiter-Saturn region. (Mumma et al. 2001)
Are Molecular Clouds Clumpy?

W. Whyatt, J. M. Girart, S. Viti, R. Estalella and D. A. Williams

Department of Physics and Astronomy, University College London

Herbig Haro (HH) objects are bright bows shocks formed when jets of fast moving gas ejected from young stars collide with the surrounding material. Clumps of enhanced molecular emission are seen ahead of a number of HH objects. Prior to the arrival of the HH object these cold, dense, quiescent clumps will have a significant proportion of their molecular content frozen out onto the surface of the grains. This material will be returned to the gas phase when UV radiation from the approaching Herbig-Haro object initiates a complex photochemistry in these dynamically undisturbed objects. As such HH objects can be used as a torch to probe these chemically rich regions, and more importantly indirectly probe the composition of the icy mantles surrounding the dust grains. In recent years we have developed a long term observational program (using JCMT, SEST and IRAM) of molecular observations of clumps ahead of HH objects with the aim of determining whether such clumpiness is an intrinsic characteristic of molecular clouds or whether instead it is a product or a consequence of the presence of the HH objects. As such we present a survey of 21 HH objects, our current analysis of which indicates that dark clouds, where star formation has not yet occurred, are by nature, clumpy.

Ices and Molecules – From Dust to Exoplanets
G. White

The Open University and Rutherford Appleton Laboratory
Mapping Ices on 1000 AU Scales in Pre-Stellar Cores

H. J.Fraser1,  Z. Bahandi2, E.F. van Dishoeck2  and K. Pontoppidan3
1.

Department of Physics, Strathclyde University, Glasgow
2.

Leiden Observatory, Leiden University, Leiden, The Netherlands

3.

Affiliation to be Completed
Although the presence of ice in cold, dark regions of the interstellar medium is now well established through observational spectra and its requirements as a molecular 'sink' in the modelling of star-formation chemistry, observational astronomy has yet to exploit this repository to tie down prevailing physical and chemical conditions and use ices to trace the star-formation process. We know the major constituents of ices, H2O, CO2 and CO, yet have little understanding of exactly how and where these materials form, or at what rate, and coupled to exactly which gases. More minor species, e.g. NH3, CH3OH, OCS and HCOOH are even harder to identify and place constraints on. With the advent of 8 m class telescopes, and recent high-sensitivity space telescopes such as SPITZER and AKARI, we have been able, for the first time, to move from 1-D spectra of ices in our sight-line to 2D spatial maps of the distribution of ices in space. This powerful technique offers us the opportunity to start to use ices as mapping tools of star-forming regions.

Here I will present some key ice-mapping results and questions they raise, and illustrate the prospects for ice-mapping in the near future, through two key programme son the AKARI IR satellite. I will also illustrate how observational astronomy provides questions to laboratory and theoretical astrochemists, and visa versa.

Future prospects for astronomical observations of Minerals and Ices from Space

B. M. Swinyard

Rutherford Appleton Laboratory

Forthcoming space missions working in the mid and far infrared offer the possibility of mapping minerals and ices in many more astrophysical objects and environments through a combination of increased sensitivity and spatial and spectral resolution.  This contribution will cover the planned facilities such as Herschel and JWST and future missions such as the Japanese SPICA mission.

New Techniques to Study Homogeneous and Heterogeneous Chemistry Relevant to the ISM

S. D. Price

Department of Chemistry, University College London

This talk will review recent progress in the laboratory study of the formation of molecular hydrogen on astrophsyically relevant surfaces, with particular reference to new mass spectrometric approaches to determine the internal energy content of the nascent molecule using imaging techniques.  An overview of imaging techniques and their use in other fields of reaction dynamics of relevance to the ISM will also be discussed.
4GLS – the UK’s Fourth Generation Light Source Project

W. R. Flavell1, E. A. Seddon2, F. M. Quinn2, J. A. Clarke2, M. W. Poole2, N. Bliss2, 

P. Weightman3 and S. L. Smith2
1. School of Physics and Astronomy, University of Manchester,
2. Daresbury Laboratory 
3. Department of Physics, University of Liverpool
4GLS is a suite of accelerator-based light sources planned to provide state-of-the-art brightness and short-pulsed radiation in the THz-soft X-ray regime.  Superconducting energy recovery linac (ERL) technology will be utilised in combination with free electron lasers (IR to XUV), undulators and bending magnets.  The undulators will generate spontaneous high flux, high brightness synchrotron radiation (SR), of variable polarisation from 3 - 800 eV, optimised in the lower harmonics up to about 200 eV.  Viable radiation at energies up to several keV may be provided from multipole wiggler magnet radiation.  The ERL technology of 4GLS will allow shorter bunches and higher peak photon fluxes than is possible from storage ring sources. VUV and XUV free electron lasers (FELs) will be used to generate fs-regime pulses that are broadly tuneable and more than a million times more intense than the equivalent SR.  4GLS will probe ultra-fast dynamics in a wide range of fields.  Pump-probe experiments will allow the study of chemical reactions and short-lived intermediates (such as multiply-charged ions) on the timescale of a few tens of fs, even for very dilute species.  High intensity circularly polarised light sources in the VUV will allow studies of the influence of this radiation on molecules and ions.  It will also be used to manipulate and monitor carrier charge and spin transport in device structures.  The high intensity of the FEL radiation will allow high resolution in imaging and the opportunity to probe nonlinear regimes.   The lower intensity, high repetition rate ERL SR provides ideal sources for ultra-high energy resolution spectroscopy, especially from solids and surfaces.  Around £22 M funding has been obtained for the first stages of the project (construction of a prototype source, science demonstrations and design study work, currently nearing completion at STFC Daresbury Laboratory).  It is anticipated that the full 4GLS facility will be available to users in 2014.

Could Interstellar Molecular Hydrogen Form on PAHs?

E. Rauls and L. Hornekaer
Department of Physics, University of Aarhus, Denmark

Molecular hydrogen, the most abundant molecule in the interstellar medium, is observed under a wide range of physical conditions ranging from those found in the interior of cold dense molecular cloud to those found in PDRs and post-shock gasses. Since no efficient gas phase route exist for H2 formation, molecular hydrogen is believed to be formed on the surface of interstellar dust grains, typically in the 100 nm size range. Formation on smaller grains has largely been ruled out due to the expected limited lifetime of hydrogen atoms on very small grains which undergo large thermal fluctuations. Polycyclic Aromatic Hydrocarbons (PAHs) form the border between very small grains and large molecules and are believed to be ubiquitous in the interstellar medium. We present recent Density Functional Theory calculations which reveal that molecular hydrogen formation on PAHs could be a viable H2 formation route under select interstellar conditions.

Experimental Evidence of Water Formation on Amorphous Ice

A. Momeni, F. Dulieu, L. Amiaud, J. -H. Fillion, J. –L. Lemaire, V. Pirronello, and E. Matar

Observatoire de Paris, Neuville sur Oise, France

The synthesis of water is one necessary step in the origin and development of life. It is believed that pristine water is formed and grows on the surface of icy dust grains in dark interstellar clouds. Until now, there has been no experimental evidence whether this scenario is feasible or not. We present here the first experimental evidence of water synthesis under interstellar conditions. After D and O deposition on a water ice substrate (H2O) held at 10 K, we observe production of HDO and D2O.
The water substrate itself has an active role in water formation, which appears to be more complicated than previously thought. Amorphous water ice layers are the matrices where complex organic prebiotic species may be synthesized. This experiment opens up the field of a little explored complex chemistry that could occur on interstellar dust grains, believed to be the site of key processes leading to the molecular diversity and complexity observed in our universe.

Laboratory Studies of Water/Methanol/Carbon Monoxide Ice Mixtures

S. Green, J. D. Thrower, M. P. Collings and M. R. S. McCoustra

School of Engineering and Physical Sciences, Heriot-Watt University

Knowledge of the gas-grain interaction is important for understanding the rich chemistry of dense molecular clouds in the interstellar medium (ISM).  For example, the gas phase production of H2 from hydrogen atoms is not efficient enough to account for the observed abundance of molecular hydrogen.  The hydrogen atoms must react on the surface of dust grains.  The carbonaceous or silicate cores of the dust grains are covered in icy mantles consisting mostly of water, but also containing CO, CO2, CH3OH, NH3 as well as other molecules.  The formation and desorption of these icy mantles is important in astronomical processes such as star formation.

Previous experimental laboratory studies have shown when a mixed ice of porous amorphous solid water and carbon monoxide is formed, considerable trapping of the CO in the water pores occurs, resulting in retention of the CO on the grain at higher temperatures than otherwise expected.  Similar results have also been seen for CH3OH/CO ice mixtures.  This study begins to look at three component ice systems, in particular the H2O/CH3OH/CO system to investigate the effect of the mixed polar layer on CO trapping.  The experiments have been carried out using the Nottingham Surface Astrophysics Experiment (NoSAE), a cryogenic ultrahigh vacuum (UHV) system designed to try to mimic the conditions in dense clouds and now located at Heriot-Watt University.

The Adsorption and Desorption of Mixed Ethanol/Water Ices from a Model Grain Surface

D. J. Burke, J. L. Edridge, A. J. Wolff and W. A. Brown

Department of Chemistry, University College London

Ethanol has been observed in the interstellar medium (ISM) in both the gas and condensed phase, and shows relatively high abundances in star forming regions, known as Hot Cores. It is widely considered that even the lowest abundances of ethanol in these regions cannot arise from purely gas phase processes, and is determined by the sublimation of the molecule that has been formed on the surface of icy mantles of interstellar dust grains. To begin to fully understand these processes, and hence to facilitate accurate modelling of the ISM, a detailed characterization of adsorption and desorption of small molecules, such as ethanol, from ice covered surfaces is essential.

Reflection absorption infrared spectroscopy (RAIRS) and temperature programmed desorption (TPD) have been used to probe the adsorption and desorption of ethanol from model interstellar ices using an underlying graphitic dust grain analogue surface. Specifically, we have investigated three different ice configurations: pure ethanol adsorbed on highly ordered pyrolytic graphite (HOPG); binary layered ices consisting of ethanol deposited onto amorphous solid water; well defined mixtures of ethanol/water co-deposited on to the HOPG surface.

RAIR spectra show that ethanol adsorbs reversibly on the HOPG surface and forms physisorbed multilayers at 98 K. TPD reveals the presence of three different species in desorption: monolayer, bilayer and multilayer. For the binary system, RAIRS demonstrates that ethanol adsorbs on water-ice in a layered morphology. The corresponding ethanol TPD traces are characterized by a more complex desorption profile compared to the pure system. Desorption peaks assigned to ethanol multilayer and co-desorption with crystalline water-ice are observed. A desorption peak corresponding to that observed for the co-deposited ethanol/water system, provide evidence that intermixing of the ethanol and water films is induced during the heating process.
The Role of Energetic Processing on Interstellar Icy Grain Mantles
M. E. Palumbo

Catania Observatory

Most of our knowledge on the physical and chemical properties of interstellar ices is based on the comparison between observations and laboratory experiments performed at low temperature (10-100 K). Experimental results show that after ion irradiation and UV photolysis the chemical composition and the structure of the sample is modified. Both more volatile and less volatile species are formed and if a C-bearing species is present in the original sample a refractory residue is left over after warm-up to room temperature.

Icy grain mantles in dense molecular clouds form after direct freeze out of gas phase species and after surface reactions of atoms and radicals on grains. Thus chemical composition of icy mantles differs from that of the gas phase. Due to cosmic ion irradiation and UV photolysis the chemical composition and structure of icy mantles is further modified. After thermal annealing segregation, crystallization, and sublimation take place. Thus molecular species are released to the gas phase which could be enriched by species formed in the solid phase.

As an example carbon dioxide is the most abundant species formed after irradiation of CO-rich ice mixtures. Carbon chain oxides (such as CCO and C3O) are also formed after irradiation of frozen CO. A quantitative analysis of laboratory experiments has shown that an amount of CCO and C3O compatible with that observed in the gas phase in the TMC-1 cloud can in fact be formed after cosmic ion irradiation of CO icy mantles. Based on these laboratory results we suggest that carbon chain oxides observed in dense molecular clouds can be formed in the solid phase after irradiation of CO ice mantles and can be released to the gas phase after sublimation of volatile mantles.

Low Energy Ions and Astrophysical Ices

R. W. McCullough1, A. Hunniford1, T. Merrigan1, N. Mason2, A. Dawes2, B. Sivaraman2, M.E. Palumbo3 and D. Fulvio3
1. Department of Physics and Astronomy, Queen’s University Belfast

2. Department of Physics and Astronomy, The Open University

3. Catania Observatory
Ices within the astrophysical environment may be subjected to bombardment from photons, electrons and ions. The interactions of these ices and projectiles are the subject of significant study as the understanding of the underlying processes may better explain the origins of complex molecules within the universe. 

One species which has received less attention is low energy ions. Many studies have been carried out at higher energies (>10s of keV) but very limited information is available for ions in the low keV range. Such ions may, for example, be found in planetary magnetospheres or stellar winds. Ions of these energies will also be of importance because higher energy ions lose energy as they traverse an ice and thus will have lower energies at some depth within the ice. The collaboration between Queen's University Belfast, The Open University and the University of Catania has studied, in detail, the interaction of keV carbon ions with water ices. It was found that the principle product was carbon dioxide with no signature observed for carbon monoxide. The effect of ion charge state was also studied. 
Mechanistic information on the formation and destruction of the product carbon dioxide was obtained and compared with that in existing studies. Current studies are investigating ices with a composition of both water and carbon dioxide. The products formed by irradiation with various low energy ions are being investigated with the use of isotopic species to elucidate further mechanistic information. This work is currently funded under the EU program ITS-LEIF (www.its-leif.org).

 Surface Reactions Induced by XUV Laser Radiation
B. Siemer, T. Hoger, C. Thewes, M. Rutkowski and H. Zacharias
Physikalisches Institut, Westfälische Wilhelms-Universität, 48149 Münster, Germany

R. Treusch and S. Düsterer

FLASH, DESY, 22603 Hamburg, Germany
The interaction of high-energy photons in the XUV with adsorbate/substrate systems may lead to new and unexpected results due to the large number of accessible product states. In the past this photon energy regime has mainly been investigated using synchrotron radiation sources1. The development of the Free Electron Laser at Hamburg (FLASH) now opens a new area in this spectral range. It provides pulsed radiation in the photon energy range from 20 to 200 eV, with a pulse energy in the tens of microjoule regime, and a pulse duration of 20 to 50 fs 2. This intensity is sufficient to further analyze, by a second and synchronized tunable laser, the products with respect to internal and external degrees of freedom. Thereby dynamic properties of the reaction dynamics can be assessed. 
At present we want to report first results from two measurement sessions. Highly-oriented pyrolytic graphite (HOPG) surfaces covered with various adsorbates are irradiated and desorbing products are analyzed. The graphite sample is mounted in UHV and prepared by abrasive tape, annealing to 800 K, and then being then cooled to 95 K. A pulsed valve re-doses the surface with NO molecules which adsorb as dimers at this temperature. This surface is irradiated by the Free Electron Laser, operated at h( = 38.8 eV and 57.1 eV with an average pulse energy of about 2 μJ and 20 μJ. The pulse duration was about 25 to 50 fs and the FEL repetition rate 5 Hz. The desorbing NO molecules are measured rotationally state selectively by (1+1) REMPI via the A 2( ( X 2( (-bands employing a dye laser tunable around 226 nm and operating at 10 Hz repetition rate. An adjustable time delay allows to measure the velocity distribution of the desorbing neutral NO molecules. The rovibrational population distribution is shown in Fig. 1 in form of a Boltzmann plot, revealing a non-thermal rotational and a hot vibrational population. Similarly, hot D atoms are dosed onto the surface. Since the desorption cross section turned out to be small, the FEL could irradiate the same spot on the surface for about 2 000 pulses, and is then moved to a new spot on the surface. Desorbing D atoms are detected by (2+1) REMPI via the 2 S ( 1 S transition. By varying the time delay the velocity distribution of these D atoms could be measured.
[image: image1.emf]
Fig. 1: Internal state distribution of NO desorbed from graphite (0001) by h( = 57.1 eV.
1.
P. Feulner and D. Menzel, in Laser Spectroscopy and Photochemistry on Metal Surfaces
(H.-L. Dai, W. Ho, eds), World Scientific, 1995

2.
V. Ayvazyan et al., Eur. Phys. J. D, 2006, 37, 297
Photoprocesses Mediated by Surfaces and Nanostructures

D. Chakarov

Department of Applied Physics, Gothenburg University

This work addresses the mechanisms for optical excitation of photoactive nanostructures covered with adsorbates and thin films. The structures are fabricated in situ or ex situ and characterized with optical spectroscopy, scanning probe and transmission electron microscopy methods. Our interest in the physical and chemical processes that follow such excitation is motivated by their universal appearance and presumably important role; in particular by the special function of ice films in cometary science, and astrophysics. In these examples, the structure of ice and its chemical properties are strongly influenced and altered by (i) nanoparticle size and structure and (ii) incoming photons. I will describe model systems and schemes for utilization of the photon energy deposited by enhanced absorption in substrates and nanostrured materials to drive chemical and morphological transformations. Specific examples will be given for (i) water ejection from amorphous ice films; (ii) water desorption and dissociation on Pt(111) and graphite surfaces, (iii) the influence of the size and shape of nanometer-scale silver particles on the photodesorption of NO from a graphite surface and (iv) the micro structural changes in silver and gold nanoparticles upon pulsed laser irradiation.
Desorption of Hot Molecules from Photon Irradiated Interstellar Ices 

J. D. Thrower1, D. J. Burke2, M. P. Collings1, A. Dawes3, P. J. Holtom3, F. Jamme4, P. Kendall3, W. A. Brown2, I. P. Clark5, H. J. Fraser6, M. R. S. McCoustra1, N. J. Mason3 and A. W. Parker5
1. School of Engineering and Physical Sciences, Heriot-Watt University

2. Department of Chemistry, University College London

3. Department of Physics and Astronomy, The Open University

4. School of Chemistry, University of Nottingham

5. Central Laser Facility, Rutherford Appleton Laboratory

6. Department of Physics, University of Strathclyde.
Polycyclic aromatic hydrocarbons (PAHs) are thought to be present within the H2O dominated icy mantles surrounding dust grains in the Interstellar Medium (ISM). There is experimental evidence that PAHs may be processed by ultraviolet (UV) radiation, leading to larger organic molecules, many of which have been detected in the ISM. There is, however, a need to study the more fundamental processes that occur when UV radiation interacts with PAHs in a H2O ice dominated environment. The photoprocessing of benzene/water layered systems has been studied. 
Such systems provide a simple model of a PAH/H2O ice in the ISM. Following adsorption on a sapphire disk held under ultrahigh vacuum (UHV around 10-10 mbar) at around 100 K, the ice was irradiated by UV radiation from a Nd:YAG pumped, nanosecond pulsed dye laser. Three frequencies were used; 248.8 nm and 250.0 nm are within the main absorption band in the benzene UV/visible absorption spectrum, whilst 275.0 nm was used as an off-resonance reference. The photon induced desorption of both water and benzene was monitored using time-of-flight mass spectrometry (TOF-MS) and line-of-sight mass spectrometry (LOS-MS). The observed benzene TOF components can be attributed to both desorption following resonant absorption by the benzene molecules and substrate mediated absorption. More water desorption is observed when benzene is present, indicative of energy transfer from benzene molecules to the surrounding water matrix following resonant absorption. For the desorption of benzene, Maxwell-Boltzmann fits yield molecular temperatures in excess of 1000 K. These “hot” molecules are likely play an important role in the chemistry of the low temperature environment of the ISM. In future work, electron stimulated processes are to be studied, along with an investigation of any photochemistry that is initiated. This will utilise Reflection-Absorption Infrared Spectroscopy (RAIRS) and Temperature Programmed Desorption (TPD) to identify reaction products.
 Molecular Dynamics Simulations of Water Ice Photochemistry

S. Andersson1, G. –J. Kroes2 and E. F. van Dishoeck3
1. Department of Chemistry, Gothenburg University, Gothenburg, Sweden

2. Department of Chemistry, Leiden University, Leiden, The Netherlands

3. Leiden Observatory, Leiden University, Leiden, The Netherlands

UV irradiation of an ice-coated interstellar grain may cause evaporation of the ice and can drive the formation of complex molecules through the release of reactive radicals by photodissociation. The photodissociation of water molecules in amorphous ice has been simulated using Molecular Dynamics (MD). The results indicate that upon absorption of UV photons water molecules and/or H atoms and OH radicals may desorb if the absorption occurs in the outermost layers of the ice. The desorption of water however constitutes a relatively minor event, whereas desorption of H atoms has a high probability. Deeper into the ice the H and OH released following photodissociation are about equally likely to recombine or to be trapped at separate locations in the ice. In most cases H atoms travel 5-10 Å and OH up to 5 Å from their original location, but sometimes they can actually travel tens of Å. This could have profound importance for their possibility to react with other species in the ice.

Electron-stimulated Reactions within Condensed Chiral Layers
M. Kadodwala

Department of Chemistry, University of Glasgow

Monte Carlo Simulations of Water Ice
H. Cuppen

University of Leiden

In the denser ISM, water is observed to be the third most abundant molecule after gaseous H2 and CO. It is the main constituent of icy mantles covering the grains but its formation and desorption behaviour is not fully clear. Laboratory simulations give us valuable information but interstellar fluxes and heating rates are not feasible.

The continuous-time, random-walk Monte Carlo simulation method is a powerful tool that can handle both the relatively high fluxes used in the laboratory and the low interstellar fluxes. It can also simulate relatively large system over a long period of time, allowing for multiple processes to occur and to study their relative importance and interaction. I will present results of the application of this method to two different systems both involving water ice: water ice formation under interstellar conditions and the simulation of Ic water ice desorption using different heating rates.

 H-atom Bombardment Experiments on HCOOH, CO2 and CH3CHO

S. Bisschop, G. Fuchs, E. F. van Dishoeck and H. Linnartz

Raymond and Beverly Sackler Laboratory for Astrophysics at Leiden Observatory,
Leiden University, The Netherlands
Hydrogenation reactions are thought to be among the most important grain surface reactions, because of the high abundance of H-atoms as well as their relatively high mobility with respect to other atoms. A number of species that are detected in the gas phase toward high mass young stellar objects, such as C2H5OH, are thought to have formed through these reactions. Previously, H2CO and CH3OH have been found to be formed from H+CO in the laboratory. Ultrahigh vacuum experiments will be presented where HCOOH, CO2 and CH3CHO interstellar ice analogues are bombarded with H-atoms. Reflection absorption infrared spectroscopy and temperature programmed desorption are used to monitor the ices and ice temperature, ice thickness and H-atom flux are varied. From the integrated intensities of the infrared absorption features reaction rates are determined and formation yields are derived from temperature programmed desorption. This information can be incorporated into new astrochemical models of grain-surface reactions to more accurately predict the formation of complex organics in interstellar ices.
Silica Grain Surface-catalysed Formation of Methanol and Formaldehyde

T. Goumans1, W. A. Brown1, A. Wander2 and C. R. A. Catlow1
1. Department of Chemistry, University College London

2. Daresbury Laboratory

Silica grain surface catalysed formation of methanol and formaldehyde Grain particles play an essential role in interstellar chemistry. The exact composition of the dust grains remains unknown, although there is strong evidence that they are composed of carbonaceous and silicate material. Thus, we have set out on a combined experimental and theoretical approach to study graphite, silica(te), and water ice surfaces and their relevance to astrochemistry. Our computational goal is to reveal astrochemical reaction mechanisms on surfaces, complementing experimental studies of gas-grain reactivity in our group.
We present our results for the hydrogenation of CO on silica surfaces, employing an embedded cluster approach (QM/MM with the B97-1 functional and a molecular force field). The two activation barriers for the reaction of H with CO and H2C=O are only marginally lowered with respect to the gas phase when the reactants are adsorbed on a silanol (Si-O-H) group. However, the negatively charged silanolate (Si-O-) group acts as a catalyst and lowers the H + CO barrier considerably (to 9.5 kJ/mol). On this defect, the second barrier (H + H2C=O) is still considerable (18.5 kJ/mol), but in this case the H-addition to the SiO- group is much more facile (~10 kJ/mol). The formation of methanol is completed by the barrierless addition of the fourth H atom to the oxygen atom of H2C=O with concomitant transfer of the H atom from SiO-. The calculated transmission coefficients for tunnelling through the H + CO barrier in the gas phase are large at the low temperatures prevalent in the ISM (1068 and 1030 at 10 K and 20 K respectively). The combined effects of catalysis and the high tunnelling probability show that, in dark clouds, formaldehyde and methanol could be efficiently formed on a negatively charged silica surface by hydrogenation of CO.

List of Poster Presentations
Computational Study of OCS Formation on Dust Grains

D. A. Adriaens1, T. P. M. Goumans1, W. A. Brown1, C. R. A. Catlow1 and S. Viti2
1. Department of Chemistry, University College London
2. Department of Physics and Astronomy, University College London
Grain particles play an essential role in interstellar chemistry. The exact composition of the dust grains remains unknown, although there is strong evidence that they are composed of carbonaceous and silicaceous material. We have recently set out on a combined experimental and theoretical approach to study the formation and behaviour of ices on surfaces. In this poster we study the formation of OCS from CO and S and from CO and HS on a model carbonaceous surface, i.e. coronene.

We present preliminary computational results for OCS formation on coronene using DFT. Sulphur-bearing species have often been proposed as good evolutionary tracers of star-forming regions. However, uncertainties regarding sulphur’s chemical form upon vaporisation, as well its highly reactive nature, mean that particular attention must be paid to surface reactions. The detection of solid OCS and the non-detection of H2S ices have raised the possibility that OCS is the main reservoir of sulphur on the grains, possibly formed from HS or S from photodissociated H2S.

Calculations show that OCS, HS and S are physisorbed weakly onto the surface, through van der Waals interactions with coronene. As the sulphur has a triplet ground state, gas phase OCS is thought to be formed from CO + S(3P). The activation energy for this reaction is too high for the reaction to occur at a significant rate. Calculations are therefore being performed to determine whether the coronene surface can act to catalyse this reaction.

The direct formation of OCS through the reaction of HS + CO is energetically unfavourable. Calculations show that the gas phase reaction needs a second hydrogen atom, which can react with HSCO to form OCS + H2. OCS formation starting from both S + CO and HS + CO is being studied on the coronene surface to investigate any catalytic effect.

Identifying Key Trends in NH3-H2O Ices from Laboratory Spectra to Compare and Constrain Solid-NH3 Abundances in Star-forming Cores

A. Craigon and H. J. Fraser

Department of Physics, Strathclyde University

NH3 is thought to be a key source of nitrogen in the interstellar medium, and is potentially a precursor molecule in the formation of many large nitrogen-containing pre-biotic interstellar molecules. The 9.0 micron umbrella mode vibration is one of the NH3 features to have been identified in interstellar ices on lines of sight towards high mass YSOs [Gibb et al. (2001)]. The 2.0 and 2.21 micron NIR combination / overtone modes have been observed on similar lines of sight [Taban et al. (2003)]. Recently the 9.0 micron feature has been observed in SPITZER IRS data towards low-mass YSOs [Boogert et al. (2007)]. It is difficult to determine the exact abundance of NH3 from these features, (or other bands in the NH3 spectrum), which often overlap with other ice spectral features. NH3 bands well separated from other ice bands (especially CH3OH and H2O) are generally weak [Gerakines et al. (2005)].

It is assumed that NH3 forms on grain surfaces (i.e. does not freeze out) via hydrogenation of N-atoms, potentially at similar evolutionary times as H2O-ice formation. Using laboratory spectra of mixed H2O:NH3 ices, formed at 15 K and subsequently heated to 160 K, the effects of concentration and temperature on NH3 features were investigated. We show that some NH3 features are invariant with concentration, limiting their use in constraining NH3 abundances in interstellar ices. Other NH3 features are invariant with ice temperature. By studying dangling OH bond features and regions where H2O-NH3 spectra overlap, we can comment on the likelihood of complex formation between H2O and NH3 and the inability for spontaneous proton transfer to occur, forming the NH4+ feature [Schutte et al. (2003), van Broekhuizen et al. (2004)]. Our work provides information central to the analysis of NH3 features in interstellar ice spectra.
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Studies of water and carbon monoxide ices on interstellar dust grains

J. L. Edridge, D.J. Burke and W.A. Brown

Department of Chemistry, University College London

H2O and CO are the two most commonly detected molecular species found frozen out on the surface of interstellar dust grains1. A number of other molecules have also been found frozen out on dust grains, such as methanol. Methanol is found in abundances that are too large for it to be made in the gas phase alone and hence it is thought to be formed, on the dust grain surface, via the successive hydrogenation of CO2,3. We are therefore undertaking studies of the formation of methanol on model dust grain surfaces. Investigations are being performed on both a bare highly oriented pyrolytic graphite (HOPG) surface and on a H2O ice covered HOPG surface. Previous work has been conducted to investigate the interaction of CO and H2O4 on dust grain surfaces and to investigate the formation of methanol2,3 on the surface of an interstellar dust grain analogue. However, a full study of the interaction of H2O and CO at low H2O coverages has not yet been conducted and there is also contradicting data on the formation of methanol in the literature.

Preliminary work has been conducted to investigate the interaction of CO at 14 K with both a HOPG surface and with a pre-adsorbed layer of H2O physisorbed on HOPG. Reflection absorption infrared spectroscopy (RAIRS) has shown that different CO ice phases are formed when the background pressure, and thus adsorption rate, of CO is varied. These ice phases will be investigated further using both RAIRS and temperature programmed desorption, including the study of their impact on the interaction of CO with H2O and in the formation of methanol.
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The Formation of H2O on Interstellar Dust Grains

V. Frankland, M. P. Collings and M. R. S. McCoustra

School of Engineering and Physical Sciences, Heriot-Watt University

The conditions in the interstellar medium limit the range of gas-phase reactions possible. The gas-phase chemistry alone is now known to be insufficient for explaining the detection of over 200 molecules. Instead, the dust grains provide a surface on which these reactions occur. Surface chemistry within an ultrahigh vacuum (UHV) chamber will be used to explore the formation of H2O by reaction of hydrogen and oxygen atoms. The products will be analyzed and monitored using a combination of Mass Spectroscopy (MS) and Temperature Programmed Desorption (TPD) techniques. It is expected that the temperature and morphology of the surface will play a vital role in the efficiency of the reaction, as observed in the formation of H2. The results will provide information on the formation of ice on the grains as well as a comparison to the formation of other molecules.
Low Energy 13C+ and 13C2+ Ion Irradiation of Water Ice

C. A. Hunniford1, R. W. McCullough1, A. Dawes2 and N. J. Mason2
1. Department of Physics and Astronomy, Queen’s University Belfast

2. Department of Physics and Astronomy, The Open University
Ion processing plays an important role in the chemical and physical modification of ice surfaces in astrophysical environments. Magnetospheric ions surrounding the Gas Giants in the outer Solar System impinge upon and modify the icy satellite surfaces creating new chemical species, incorporating elements not originally present in the local ice composition. Here we report the results of the first experimental study of the irradiation of low temperature water ice (30 and 90 K) using low energy (2 and 4 keV) 13C+ and 13C2+ ions.
Ions were produced by an Electron Cyclotron Resonance ion source, accelerated by a low energy accelerator and were incident upon a pure water ice sample. Modifications to the ice were measured using an FTIR spectrometer. 13CO2 and H2O2 were readily formed within the H2O ice with the product yield and growth rate observed to be highly dependent on both the sample temperature, morphology and ion charge state.

This experiment has been performed at the QULEIF facility, part of the distributed LEIF infrastructure. The support received by the European Project ITS LEIF (RII3/026015) is gratefully acknowledged.

Studies of Hydrogen Formation on Interstellar Dust Grain Analogues

F. Islam, E. Latimer and S. D. Price

Department of Chemistry, University College London

The most abundant molecule in the interstellar medium (ISM) is H2, which is formed via heterogeneous catalysis on the surfaces of dust grains. Laboratory experiments have been conducted which probe the rovibrational excited states of nascent HD molecules formed on the surface of an analogue of an interstellar dust grain, under conditions of low temperature (15 K) and pressure (UHV). For experimental reasons, studying the formation of HD on a surface which is irradiated by H and D atoms is much easier than studying the formation of H2 from H atoms. The laser technique of Resonance Enhanced Multiphoton Ionisation (REMPI) is employed to determine the populations of the rovibrational states of the nascent HD molecules. We report the first observations of HD formed in the rovibrational states v” = 3, J” = 0-6, v” = 4, J” = 0-6, v” = 5, J” = 0-6, v” = 6, J” = 0-4 and v” = 7, J” = 0-3, following irradiation of a graphite surface (T = 15 K) with H and D atoms. These observations follow on from our previous detection of HD formed in the v” = 2 and v” = 1 vibrational states. Analysis of this new data indicates that the level populations are strongly peaked in the v” = 4 state, with J” = 1 or 2 being favoured in each vibrational state.

Irradiation of a Homogenous Mixture of Ammonia and Carbon Dioxide (NH3:CO2) at Low Temperatures

S. Jheeta1, A. LaFosse2, B. Sivaraman1, S. Ptasinska1 and N. J. Mason1
1. Department of Physics and Astronomy, Open University
2. Laboratorie des Collisions Atomiques et Moleculaires, Paris
Carbon dioxide and ammonia and two of the most abundant ices to be found in the solar system.  Carbon dioxide ice is prevalent on Mars (being the common species in the polar ice caps) and Jupiter while ammonia ice has recently been detected  in the upper atmosphere of Saturn and is a strong surface signature of Pluto with ammonia hydrate having been detected on surface of  several Kuiper Belt objects (e.g. Quaoar). Therefore a comprehensive study of the processing of such ices under planetary conditions is important.

In this experiment we report the results of electron irradiation of a homogenous gaseous mixture of NH3 and CO2 deposited on a zinc selenide (ZnSe) substrate at a temperature of ~ 30 K. The electron energy used to irradiate the resulting ice formation was in the region of 1 keV and electron currents of ~ 10 (A were used. The results were analysed by infrared spectroscopy and are outlined below:

(a)
Two new IR peaks were observed. The first peak was at 2140 cm-1 and is associated with a stretching vibration of the CO molecule. The second was at ~ 2167 cm-1 and this was attributed to (as(N=C=0) of OCN- ions by Brucato et al. [1] and Raunier et al. [2], and to a nitrile compound containing some O that is bound to the organic residue v(R-O-C(N) by Palumbo et al. [3]. This suggests that electron induced chemistry within the ice is liberating a rich range of reactive species;

(b)
When the temperature of the irradiated sample was slowly raised (220-270 K), ammonium carbamate was formed [4].

These preliminary investigations lend themselves for future experimentation in that the effect of lower electron energies (20-500 eV) levels should be explored. Such energy levels are feature of various solar system bodies mentioned above.
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Stochastic Kinetics of Grain Surface Chemistry

C. M. L. –V. Kroon and I. Ford

Department of Physics and Astronomy, University College London

We intend to examine the effects of spatial fluctuations in the processes of one- and two-species chemical reactions within a framework of stochastic kinetics. The stochastic model can be used to treat diffusive chemistry occurring on the surfaces of interstellar grains.

The traditional birth and death equations involve a term proportional to the product of the mean concentrations of reactants. However, one has to develop alternative schemes for circumstances where it is not good enough to write population evolution equations in terms of mean populations, that is situations when fluctuations and correlations are important. Chemical reactions taking place in very small open systems do not necessarily proceed at the scaled down rates of similar processes taking place in large systems. The crucial difference is that the populations of reactants in the smaller system are lower, and therefore more susceptible to statistical fluctuations. Normal classical chemical properties can therefore differ from expectations. The effect of this small system stochasticity in zero dimensions was explored by Lushnikov, Bhatt and Ford (2003).

With the aim to include diffusive transfers, we employ novel techniques in a manner analogous to the treatment of quantum systems to develop a stochastic treatment of kinetic processes beyond the mean field approximation. We consider the chemical reaction between two reaction partners producing another chemical compound on the surface of a grain particle. We generate a solution to the stochastic kinetic equation for the single-spatial site model by numerical means with the intention to compare these results to the classical solution.

Molecular Dynamics Simulations of Amorphous Solid Water under Extraterrestrial Conditions

J. McCann1, M. Sweatman1 and H. J. Fraser2
1. Department of Chemical Engineering, Strathclyde University
2. Department of Physics, Strathclyde University
The formation of stars, planets and life itself is fundamentally dependent on chemistry that occurs in molecular clouds in interstellar space. In turn, this (astro-)chemistry is crucially dependent on the properties of 'amorphous solid water' (ASW), a phase of H2O ice formed at very low pressures and temperatures on the surface of dust particles prevalent in molecular clouds. Not only is this ice thought to act as a catalyst/support-matrix in a wide range of astrochemical reactions (which has implications for the formation of pre-biotic molecules), but it is also thought to help dust particles agglomerate, thereby initiating the formation of planetesimals, comets and planets. Unfortunately, little is known about the physical properties of ASW, except that it forms via vapor deposition onto dust particle surfaces and, at the relevant temperatures, it forms a highly metastable and porous structure that is strongly influenced by deposition kinetics. The aim of this work is to apply the molecular dynamics simulation technique to model ASW on molecular and microscopic scales, in order to understand its formation and properties, and its interaction with other space-borne gases. A key element of this study is the very long time and length-scales observed in experiments, and particularly in space. We will design special simulation techniques to tackle these issues.
Simulation results will be compared with experimental data produced by the Physics department.
 An Alcohol Problem! Understanding the first Step in the Formation of Methanol in Star-forming Regions from H2O:CO Reactions
J. Noble, H. Cottin and H. J. Fraser

Department of Physics, University of Strathclyde

This poster details the analysis of laboratory surface science experiments on the reaction of water and carbon monoxide under interstellar conditions.

Methanol is an abundant species in pre-stellar clouds. It is present in the gaseous phase, but no reaction mechanism has been established to explain the generation of gas-phase CH3OH. It is believed to form in the solid state, by successive hydrogenation of CO, and then later desorb.

On the surface of SiO2 grains, solid CO and H2O molecules interact when energy is provided by cosmic rays. One possible reaction path produces HCO, an intermediate in the production of larger molecules such as methanol. By analysing the data from lab-based experiments I have studied this first crucial reaction step, looking at the formation of CO2.

This work has proven, for the first time, that in irradiated CO:H2O mixed astrophysical ices, CO in different environments reacts at different rates.
Electron-induced Ozone Isotopomer Formation in a Binary Oxygen Mixture

B. Sivaraman1, R. I. Kaiser2 and N. J. Mason1
1. Department of Physics and Astronomy, Open University

2. Department of Chemistry, University of Hawaii

The origin of oxygen isotopic variations in different material found across the solar system has been the topic of much research and speculation since it was discovered nearly 30 years ago. First measured in chondritic meteorites such differences have since been found in Martian rocks and are now routinely used to identify Martian meteoritic material that deposited on Earth. Taylor in 1965 made a classification of rocks in the solar system according to 18O/16O ratio and recently Ozima   [1] have classified 400 bulk meteorite samples using their oxygen isotopic data. The NASA Genesis and Stardust missions were recently launched to measure, respectively, the proportions of oxygen isotopes in the solar wind and from a comet by collecting (and returning) dust samples to the Earth.  Such studies are expected to provide vital information on the chemical origins of our solar system and may reveal how the different planets were formed [2]. 
Oxygen isotopes may also be used to understand the formation of Earth-Moon system [3]. Nor is the study of oxygen isotopic variations confined to the solar system, the first detection of molecular oxygen isotopomer (16O18O) in the interstellar medium was reported in 1993 [4] and current space telescopes (e.g. Spitzer) are capable of developing maps of isotopic variations in many star forming regions.

Despite the increasing use of oxygen isotope monitoring as an analytical tool for classification of astronomical material to date there have been few laboratory experiments to explore the isotopic fractionation during chemical synthesis experiments. In this paper we report the first results exploring the formation of different isotopomers of ozone by electron irradiation of an oxygen ice prepared under astrochemical conditions.
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Electron Irradiation on Solid Nitrous Oxide relevant to Interstellar and Planetary ices

B. Sivaraman, S. Ptasinska, S. Jheeta and N. J. Mason

Department of Physics and Astronomy, Open University
Nitrous oxide (N2O) plays an important role in the stratosphere in depleting Ozone (O3​) through two reaction channels forming nitric oxide and molecular oxygen & nitrogen. Therefore it is interesting to study the chemistry of nitrous oxide in an environment where ozone is present. On the other hand nitrous oxide can also be used for indirect detection of molecular nitrogen. Nitrous oxide is also found in the interstellar medium and it is the third molecule to be discovered containing an NO bond. Rich nitrogen atmospheres have been found in Pluto (Charon) and Neptune (Triton). Hence it is interesting to study the chemical changes induced in a N2O ice by electron irradiation.


Here we present the results of 1 keV electron irradiation on solid N2O kept at ~25K. Upon onset of irradiation, the 1038 cm-1 band of O3 is observed together with bands corresponding to other molecules such as N2O2, NO2 and N2O5 etc. The chemical changes that took place by electron irradiation will be discussed in this poster.
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